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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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OBLWAA MHOOPMALIUA O XKYPHAIE

International Journal for Computational Civil and Structural Engineering
(Me>XKAYHAPOAHBII JKYPHAA II0 PACYETY I'PAXKAAHCKHUX M CTPOUTEABHBIX KOHCTPYKIIUI)

MexayHapoaHblii HayYHbIi KypHaJ “International Journal for Computational Civil and
Structural Engineering (Mex1yHapoaHblIii sKypHAJI 110 pacyeTy rPakIaHCKUX M CTPOUTEJILHBIX KOH-
crpykumii)” (IJCCSE) siBisiercst BeTyIIMM Hay4YHBIM MEPUOANIECKAM M3JaHUEM 10 HanpasiieHuto « Hxke-
HEpHBIE ¥ TEXHUUYECKHE HAyKW», n31aBaeMbiM, HaurHas ¢ 1999 roma (ISSN 2588-0195 (Online); ISSN 2587-
9618 (Print) Continues ISSN 1524-5845). B >xypHasie Ha BBICOKOM Hay4YHO-TEXHUUECKOM YPOBHE paccMaTpH-
BAIOTCSI ITPOOJIEMBI YUCIIEHHOTO M KOMITBEOTEPHOIO MOJIETIMPOBAHUS B CTPOUTENBCTBE, aKTyaJIbHbIE BOIPOCHI
Ppa3pabOTKH, UCCIIEIOBAHMS, PA3BUTHS, BEPUDHUKAIHH, AITPOOAITH U TTPUJIOKEHUH YUCIICHHBIX, YMCIICHHO-aHa-
JUTHYECKUX METOIOB, POrPAMMHO-aJITOPUTMUIECKOTO 00ECTIEUSHHS U BBITTOTHEHHUS aBTOMATH3UPOBAHHOTO
MPOEKTUPOBAHNS, MOHUTOPUHIA U KOMIUIEKCHOTO HAyKOEMKOTO pacueTHO-TEOPETUUECKOTO U SKCTIEPUMEH-
TaJILHOTO 000CHOBAHUSI HAITPSHKEHHO-IE()OPMUPOBAHHOTO (M HTHOTO ) COCTOSIHUS, IIPOYHOCTH, yCTOMYMBOCTH,
HAJIOKHOCTH 1 0€30MaCHOCTH OTBETCTBEHHBIX OOBEKTOB IPAKIAHCKOTO U MPOMBIIIIIEHHOTO CTPOUTENNLCTBA,
SHEPIeTUKH, MAILIMHOCTPOEHMS, TPAHCIIOPTa, OMOTEXHOJIOIUH 1 IPYTUX BHICOKOTEXHOIOTMYHBIX OTpacieil.

B penakunoHHbI COBET *KypHalia BXOJIAT U3BECTHBIE POCCUICKUE U 3apyOeKHBIE e TeNIN HAyKU
Y TEXHUKH (B TOM YHCIIE aKaIEMUKH, YJICHBI-KOPPECTIOHIEHTHI, THOCTPAHHBIE YICHBI, TOYETHBIC YWICHBI
U COBETHUKU Poccuiickoll akaileMuu apXUTEKTYpbl U CTPOUTENBHBIX HayK). OCHOBHOM KpUTEpHid OT-
Oopa crarteii 11 MyOJIMKaluuy B )KypHaje — X BBICOKHI HayYHbIH YPOBEHb, COOTBETCTBHE KOTOPOMY
OTIpENIETISIETCS B XOJI€ BHICOKOKBAM()UIIMPOBAHHOTO PEIIEH3UPOBAHUS U OObEKTUBHON SKCIIEPTU3HI,
MOCTYHAIOUIUX B PEIAKIINIO MaTEPUAJIOB.

Kypuan exooum 6 l[lepeuernv BAK P® sedywjux peyenzupyemvix HayuHulX U30aHUll, 8 KOMopblx
0012ICHBL ObIMb ONYONUKOBAHBL OCHOBHBLE HAYYHbIE Pe3YbMambl OUCCEPMayUuli Ha COUCKAHUE YUeHOl
cmenenu KaHouoama HayK, Ha COUCKaHue Y4eHol cmeneHu 0OKmopa HAayK 10 HayYHBbIM CHEeHallb-
HOCTSIM U COOTBETCTBYIOLIUM MM OTPACIISM HayKu:

* 1.1.8 — Mexanuka nehopMUpyeMOro TBEPIOTo Teja (TEXHUYeCKHUe HayKu),

* 1.2.2 — Maremaruueckoe MOJIEIMPOBAHUE YUCIEHHbBIE METO/Ibl U KOMIUIEKCHI IPOTpaMM

(TexHUYECKHE HAYKH),

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

* 2.1.2 — OcHoBaHus ¥ PyHIAMEHTEHI, TOJI3EMHBIC COOPYKEHUS (TEXHUUECKHE HAYKH ),

* 2.1.5 — CtpouTtenbHble MaTepUabl U U3AeNus (TEXHUUYECKHE HayKH),

* 05.23.07 — 'maporexHUYECKOE CTPOUTEILCTBO (TEXHUUECKHE HAyKH),

* 2.1.9 — CtpoutenbHas MeXaHUKa (TEXHUUYECKUE HAYKH)

B Poccuiickoii ®enepanun xypHasl HHACKCUPYETCs POCCHIICKMM MHIEKCOM HAy4YHOTO IUTH-
posanus (PUHL).

JKyprnan exooum 6 6azy oannwvix Russian Science Citation Index (RSCI), nonnocmobto unmezpu-
posannyto ¢ niamgpopmoti Web of Science. KypHan umeeT MeXITyHAPOIHBIA CTaTyC U BHICHUIACTCS B
BeAylIre OMOMMOTEKH U HAyYHbIE OpraHu3alluy MUpa.

M3narenn xypHanaa — Hzoamenbcmeo Accoyuayuu cmpoumenbHuiX 8blCULUX YYEOHbIX 3a6e-
oenuti /ACB/ (Poccusi, . Mocksa) u 1o 2017 rona Hzoamenvckuii oom Begell House Inc. (CUIA, T.
Heto-Hopk). OpuImanbsHpIMU IAPTHEPAMH W3IAHAS ABIACTCS PoCcutickas akademusi apXumexmypbl
u cmpoumensuuix Hayk (PAACH), ocyiiecTBisonias HaydHoe KypupoBaHue usnianus, u Hayuno-uc-
cnedosamenvckutl yeump Cma/luO (3A0 HUL] CtalunO).

Lean :xxypHaIa — TeMOHCTPUPOBATH B MYOIUKAIUAX POCCUICKOMY U MEXTyHapOIHOMY Tpodec-
CHOHAJILHOMY COOOIIIECTBY HOBEHIINE JJOCTUKEHUS HAYKH B 00J1aCTH BBIYMCIUTEIBHBIX METO/IOB peLIe-
HUS PyHIaMEHTAJIbHbBIX U MPUKIAHBIX TEXHUUECKUX 3a/1a4, PEeXk/Iie BCEro B 00JacTH CTPOUTENHCTBA.
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3agaum KypHaa:

* IPEIOCTABICHUE POCCUICKUM U 3apyOeKHBIM YUEHBIM U CIIELUAINCTAM BO3MOKHOCTH Ty O~
KOBATh PE3YJIbTaThl CBOUX MCCIIEI0BAaHUI;

* NpUBJIEYEHUE BHUMAHUSA K Hanbosee aKkTyalbHbIM, NEPCIIEKTUBHBIM, IPOPHIBHBIM U UHTE-
PECHBIM HaIPaBJIEHUAM Pa3BUTHSI U IPUIIOKEHUM YUCIIEHHBIX U YUCIEHHO-aHAJIMTUYECKUX METOI0B
peuieHus GyHIaMeHTaIbHBIX U MPUKJIAJIHBIX TEXHUYECKUX 3aja4, COBEPIIEHCTBOBAHMS TEXHOIOT M
MaTeMaTu4ecKoro, KOMIIBIOTEPHOTO MOJEJIMPOBaHMs, pa3pabOTKU U BepU(PUKALUU PEATU3YIOLIETO
IPOTPaAaMMHO-aJITOPUTMUYECKOTO 00eCIICUCHHS;

* obecreueHre 0OMeHa MHEHUSMU MEX/1y UCCIIEI0OBATEISIMU U3 Pa3HBIX PETHOHOB U TOCY/IapCTB.

Temarnka xypHana. K paccMoTpeHuto 1 myOiaMKaIuy B )KypHajie IPUHUMAIOTCS aHATUTUYECKHE
MaTepHabl, HAyYHbIE CTaThu, 0030Pbl, PELIEH3UU U OT3bIBBI HA HAyYHbIE MyOIMKALNY 110 (pyHIaMEH-
TaJbHBIM U MPUKIJIATHBIM BOIIPOCAM TEXHUYECKUX HayK, MPEeXk/Ie BCero B 001acTu CTpouTenbcTBa. B
XKypHaJe Takke MyOIuKyroTcs HH(OPMALMOHHbIE MaTepUallbl, OCBEIIAOLIIE HAYYHbIE MEPOTIPHUSTHS
U TIepe/loBbIe NOCTIKeHU PoCcCUCKOI akaleMUH apXUTEKTYpPbl U CTPOUTEIbHBIX HayK, HAYYHO-00-
pa3oBaTeIbHbIX U MPOEKTHO-KOHCTPYKTOPCKUX OpPraHU3alni.

Temaruka crareil, MpMHUMaeMbIX K MyOIMKALMU B JKypHaJe, COOTBETCTBYET €r0 HAa3BaHUIO U
OXBAaTBIBACT HAIIPABJICHUS HAyYHBIX UCCIIEOBAaHUI B 001acTH pa3pabOTKU, UCCIENOBAHUS U TIPUIIO-
YKEHUI YNCIICHHBIX U YUCIIEHHO-aHATUTHYECKUX METO/IOB, IPOrPaMMHOI0 00eCTIeUeHU s, TEXHOJIOT Ui
KOMIIbIOTEPHOI'O MOJICJINPOBAHMSI B PEIICHUH TPUKIIAQJAHBIX 33/1a4 B 001aCTH CTPOUTEBCTBA, a TAKXKE
COOTBETCTBYIOIIME MPOQPHUIbHBIE CHEIHATbHOCTH, MPECTABICHHBIE B JUCCEPTAIIMOHHBIX COBETaX
poUIBHBIX 00pa30BaTEIbHBIX OPraHU3aUAX BbICIIETO 00pa30BaHMSL.

Pepakumonnas noautuka. [TonuTrka pe1akinOHHOM KOJUIETHH KypHasia 6a3upyeTcs Ha co-
BPEMEHHBIX IOPUINYECKUX TPeOOBAaHUSAX B OTHOIICHWH aBTOPCKOTO MpaBa, 3aKOHHOCTH, IUIaruara
1 KJIEBETHI, U3JIOKEHHBIX B 3aKoHoOnaTenbCcTBE Poccuiickoit denepannn, U STUYECKUX MPUHIUIIAX,
MOJ/IeP’KUBAEMbIX COOOLIECTBOM BEAYIIMX U3JaTeIei HayuHOU NEePUOAUKH.

3a nybnukayuro cmameti niama ¢ asmopos He e3vimaemcs. Ilyonukayus cmameii 8 JcypHane
becnnamuas. Ha nnatHoil OCHOBE B JKypHajie MOTYT ObITh OIyOJIMKOBaHbI MaTepHalibl PeKIaMHOIO
XapakTepa, UMeoIlue MPsIMOe OTHOLICHHUE K TEMaTHKE XKypHaJa.

JKypHai npenocTaBisieT HEMOCPEACTBEHHBIN OTKPBITBIA JOCTYII K CBOEMY KOHTEHTY, MCXOs U3
CJIEIYIOILETO MPUHIIMIA: CBOOOJHBIN OTKPBITHIN TOCTYII K pe3yJIbTaTaM UCCIIE0BaHUHN CIIOCOOCTBYET
YBEJIMYEHUIO TNI00aTbHOT0 0OMEHA 3HAHUSMH.

NupexcupoBanue. [lyOnukaimu B KypHaie BXOIAT B CUCTEMBI PACUeTOB MHIEKCOB IIUTUPOBAHMS
aBTOPOB U JKypHAJIOB. «VHIEKC IUTUPOBAaHMS» — YHCIIOBOM NOKA3aTellb, XapaKTEpU3YOLHI 3HAYUMOCTb
JIAHHOM CTaThU 1 BBIYUCIISIOIINICS HAa OCHOBE IMOCIIETYOIIMX ITyOIMKALIHI, CChIIAFOLIMXCS HA TAHHYTO padoTy.

Astopam. [Ipexxie uem HarpaBUTh CTATHIO B PEJAKLIUIO XKYpHAaJIa, aBTOPaM CJIEAYET 03HAKOMHUTHCSI CO
BCEMHU MaTeprajaMu, pa3MelIeHHbIMU B pa3/ienax cailta »kypHaiia (MHTepHeT-cailT Poccuiickoit akageMun
apXHUTEKTYPBI U CTpoUTENbHBIX HayK (http://raasn.ru); moapasznen «3nanus PAACH» nnm nHTEpHET-CalT
Wznarenscta ACB (http://iasv.ru); moapaznen «Kypuan [JCCSE»): ¢ ocHoBHOM HH(MOpMAIIHEH 0 KypHATe,
€ro LEeJIIMU U 3a]1Ja4aMH, COCTaBOM PEAAKLIMOHHOMN KOJUIETMU U PEIaKIMOHHOIO COBETA, PEAAKLIMOHHON
MOJIMTUKOM, OPSAKOM pEeLIeH3UPOBAaHHS HAIIPABIISIEMBIX B )KypHAII CTaTei, CBEICHUSIMU O COOJTIOICHUN
PENAKLIMOHHOMN 3TUKH, O MOJUTUKE aBTOPCKOIO IIpaBa Y JULIEH3UPOBaHMs, O NPEICTABICHUH KypHaia B
MH(QOPMAILIMOHHBIX cUcTeMaX (MHIEKCUPOBAaHUH), UH(OpMALIUEN O MOANUCKE Ha KypHaJl, KOHTaKTHBIMU
narHbIME 1 T1p. JKypHaut pabotaer mo qunensun Creative Commons tuma cc by-nc-sa (Attribution Non-
Commercial Share Alike) — JInnensus «C ykazanuem aBropctBa — Hekommepueckast — Kormmuie .

PeunensupoBanme. Bce HayuHble CTaThu, MOCTYIUBIINE B PENAKIUIO JKypHaja, MPOXOJAT
o0s13aTeNbHOE JIBOMHOE CJIenoe pelieH3upoBaHue (PELEH3EeHT He 3HAeT aBTOPOB PYKOIHCH, aBTOPbI
PYKOIMCH HE 3HAIOT PELIEH3EHTOB).
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3anMcTBOBaHUS M MJaruar. PenakunoHHast KoJierus *ypHaia Mpu pacCMOTPEHHH CTaThU
IIPOBOAMT IPOBEPKY MaTepualia ¢ MOMOILBIO CUCTEMBI «AHTUIIArMaT». B ciiyyae oOHapyx eHUs
MHOT'OYHCIIEHHBIX 3aUMCTBOBAaHNN PEIAKIUS JEUCTBYET B cCOOTBETCTBUH ¢ ITpaBuiamu COPE.

IMoanucka. XXypnan 3apeructpupoBad B deaepaqbHOM areHTCTBE MO CPEACTBAM MacCOBOM
MH(OPMAIMH U OXpaHbl KyJIbTypHOTO Hacnenus Poccuiickoit @enepanun. Muaekc B o01epoccuiickom
karanore POCIIEYATD — 18076.

ITo Bompocam NOAMMCKU Ha MEXIyHapOIHBIA HayuyHbIH kypHan “International Journal for
Computational Civil and Structural Engineering (MexxyHapOoaHBIii )ypHAJ 10 PacueTy IPaKJaHCKUX
U CTPOUTEIbHBIX KOHCTPYKITHI)” oOpamaiitech B AreHTcTBO «Pocneuars» (OduimaabHbIi CaiT B
cetu UHTepHert: http://www.rosp.ru/) unu B u31arenbcTBO ACCOIMALIMU CTPOUTEIbHBIX By30B (ACB)
B COOTBETCTBUU CO CJIEAYIOIIMMU KOHTAKTHBIMU JJAHHBIMHU:

000 «H30amenvcmeo ACB»

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

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

oduc 12 (TL Cone Momn);

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

WNuTepHeT-caiiT: www.iasv.ru. Azpec 3JeKTPpOHHOM MOYTHI: 1asv(@iasv.ru.

KonrakTHas mndopmanms. [lo Bcem BonpocaMm paGoThl pelakiiy, PELEH3UPOBAHUS, CO-
IJ1aCOBaHMSI TIPABKU TEKCTOB U MyONUKALMU CcTaTel cieayeT oOpaliarbes K ITIaBHOMY PEAaKTOPY
xypHana akanemuky PAACH Cudopogy Bradumupy Huxonaeeuuy (ampeca SJIEKTPOHHOU TOYTHI:
sidorov.vladimir@gmail.com, sidorov(@iasv.ru, iasv(@iasv.ru, sidorov(@raasn.ru) uiu K TEXHHY€CKOMY
penakropy xypHaia coBeTHUKY PAACH Kaiuimykosy Taiimypazy bampazosuuy (afgpeca 3IeKTpOHHOM
noutsl: tkaytukov@gmail.com; kaytukov(@raasn.ru). Kpome Toro, mo ykazaHHbIM BOIIPOCaM, a TAKXKe
10 BOMPOCaM pa3MelIeHUs B )KypHaJje PeKIaMHbIX MaTepHaioB MOKHO 00pallaThCs K TeHEpaIbHOMY
mupekropy OO0 «M3narenbctBo ACB» Hukumunoti Haoeoscoe Cepeeesre (aapeca 31€KTPOHHOM TO-
9THI: iasv(@iasv.ru, nsnikitina@mail.ru, ijccse@iasv.ru).

/Kypnaa cranoButcsi TexHosioruuHee. M3narensctBo ACB ¢ centsiopsa 2016 roga siBasieTcst
yIeHOM MeXIyHapoqHOW acconuanuu usaareneii Hayunoi jautepatypsl (Publishers International
Linking Association (PILA)), ocymecTBisitonieii cBor aesTenbHOCTh Ha miaatdopme CrossRef.
OpuruHajabHBIM CTaThAM, NMyOJIMKYEMbIM B JKypHalle, OyIyT MpHUCBaWBaThCS YHUKAJIbHbIE HOMEpPA
(uanexcel DOI — Digital Object Identifier), 4to 3HaYNTENHEHO OOJIETYUT MOUCK METAJAHHBIX U MECTO-
HaXOKIEHHE MOJTHOTEKCTOBOTO pou3seneHus. DOI —3To cuctema onpeneneHuss HAyYHOro KOHTEHTa
B cetu MIHTEpHET.

C okTs16ps 2016 roga cran BO3MOMKEH IPUEM CTaTel Ha pacCCMOTPEHHE U pelieH3MPOBaHUE Yepes
OHJIaliH cuctemy npuema crareir Open Journal Systems Ha caiite xypHasia (3E€KTPOHHAs pelIaKIINs):
https://ijccse.iasv.ru.

ABTOp MeeT BOZMOKHOCTb CJIETUTH 32 MPOJIBHKEHUEM CTaThU B PEJAKIIUHU KypHaja B TUYHOM
kabunete Open Journal Systems 1 Moy4aTh COOTBETCTBYIOIINE YBEAOMIICHHS 10 SIEKTPOHHOM MouTe.

B despase 2018 rona sxypHai 011 3apeructpuponan B Directory of open access journals (DOAJ)
(3TO OAMH M3 CaMbIX U3BECTHBIX MOMCKOBBIX CEPBHUCOB B MHUPE, KOTOPBIN MPEAOCTABISAET OTKPHITHII
JOCTYIl K MarepuajaM U MHAEKCHUPYET He TOJBKO 3arojIOBKH XKYpPHAJOB, HO U HAayYHbIE CTAaThH), B
cenTs10pe 2018 roga BxitoueH B nponyktel EBSCO Publishing.

B HOs16pe 2020 roma )KypHaJl Hadyall HHISKCUPOBAThCS B MEXTYHApPOIHOM 6a3e Scopus.

Kypnan International Journal for Computational Civil and Structural Engineering Bxoaur B
IIEpPBbIN YPOBEHb EIMHOIO roCy1apCcTBEHHOIO IEPEYHs HayYHbIX u3gaHuil — «benoro cnucka» — Mu-
HucrepcTBa Hayku u Beiciiero oopazoBanus Poccuiickoit ®@enepamuu (EI'TIHN)
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THE ADVISABILITY OF APPLICATION OF A UNIFIED
ENVIRONMENTAL ASSESSMENT TO BUILDING OPERATIONS
THROUGHOUT ALL LIFE CYCLE STAGES

Dmitriy Yu. Zheldakov ', Vladimir T. Erofeev’, Yury L. Skolubovich 3,
Sergey I. Pakhomov *, Valery P. Meshalkin °, Irina V. Stepina *

! Research Institute of Building Physics of the Russian Academy of Architecture and Building Sciences, Moscow,
RUSSIA
2 National Research Moscow State University of Civil Engineering, Moscow, RUSSIA
3 Novosibirsk State University of Architecture and Civil Engineering (Sibstrin), Novosibirsk, RUSSIA
4 Russian Academy of SciencesMoscow, RUSSIA
> D.I. Mendeleev Russian University of Chemical Technology, Moscow, RUSSIA

Abstract: This paper proposes a method for calculating the environmental impact of constructional materials
used in buildings and structures. The method is based on a broader - as compared to the currently accepted as-
sessment pertaining solely to greenhouse gas emissions - approach to environmental impact assessment of build-
ing operations and erected structures. As a functional unit, the proposed method employs the maximum single-
exposure permissible concentration (MPC) of carbon dioxide in the air of the work zone. This approach enables
the assessment of a building’s environmental impact with account to all harmful gas emissions into the atmos-
phere, expressed in CO; equivalents. The assessment encompasses all stages of the life cycle. The paper presents
the results of surveys of enterprises engaged in manufacture of constructional materials along with a methodolo-
gy for converting gas emissions into equivalent to CO; quantities. The analysis of emission calculations reveals
that prioritizing CO, emissions in the latter provides a distorted picture of the manufacture’s burden on the envi-
ronment. The paper also describes a technology for purifying manufacture emissions from harmful gases as a re-
sult of using the methodology to identify the most environmentally damaging areas of manufacture.

Keywords: harmful gas emissions, carbon footprint, constructional material manufacture, calculation method,
survey methodology
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AnHoTanus: B paGote npearaercs MeTo 1 pacyeTa SKOJOTHYHOCTH CTPOUTEIbHBIX MAaTEPUAIOB 30aHUH U co-
opykeHHH. B ocHOBY MeToma mosnoxkeH Oolee MIMPOKHMA, IO CPAaBHEHUIO C OOIIETIPHHATON B TOCIIEAHEE BPEeMs
OIIEHKOH MPOM3BOJCTBA TONBKO ITO BEIOPOCAM ra30B, CO3MAIOIINX MapHUKOBEIN 3G EKT, TOAX0 K OIICHKE BO3-
JISHCTBUSI Ha OKPY’KAIOIIYI0 CPely CTPOUTENbCTBA M AKCIUTyaTaluu 31aHuil. IIpu 3ToM B KaduecTBe (yHKIIHO-
HaJIbHON €AMHMIBI IPEUIOKEHO CUUTATh 3HAaYCHHE MaKCUMAalIbHO Pa3oBoil B Bo3ayxe padoueii 3oubI [1JIK nnox-
cuza yriepoja. Taxkol moaxo 1aeT BO3MOXKHOCTh OLEHMBATh BO3JCHCTBUE 3/1aHUSI HA OKPY’KaIOLLyI0 Cpely 0
BCEM BBIOpOCAaM BpeJHBIX ra30B B aTMoc(hepy B 00beMax, SKBUBAICHTHBIX BEIOpOCcaM yriekucaoro raza. OneHka
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MPOU3BOJIUTCS Ha BCEX CTaMsIX JKU3HEHHOTO IMKJa. B pabore mpuBOIsATCS pe3ynbTaThl 00CIIEI0BaHUS TIpel-
MIPUSATHI IO BBIIYCKY CTPOUTEIBHBIX MAaTEPHANIOB, METO/IMKA IlepecyeTa BEIOpocoB B skBHBajeHTHOE CO, KO-
4ecTBO ra3oB. [IpoBoanTcs ananm3 pacyera BEIOPOCOB, JIEJIA€TCsl BEIBO O TOM, YTO pacyer 1o Beiopocy CO; B
aTMoc(epy JaeT MCKaXEHHYIO KapTUHY Harpy3Kd IPOM3BOJICTBA Ha OKPY’KaloIlyro cpexay. [IpuBoaurcst TexHO-
JIOTHSI OYMCTKH BBIOPOCOB ITPOM3BOICTBA OT BPEAHBIX TA30B, KAK PE3YJbTAaT NCIIOJIB30BAHMUSI METOANKH C IO
oIpezieIeH s HanboJee BPeTHBIX YIaCTKOB MPOM3BOCTBA.

KiroueBblie cj10Ba: BEIOPOCH! BPEAHBIX Ta30B, YITIEPOAHBIH Clie]], TPOM3BOJICTBO CTPOUTEIBHBIX MaTePHAIIOB,
METOJMKA PacueTa, MeTOANKa 00CIeI0BaHMSA

TITLE

The life cycle of any building or structure
consists of the following stages: raw material
extraction, transportation to factories, prepara-
tion and manufacture of constructional mate-
rials; delivery of materials to the construction
site, building operations, operation of a capital
facility; demolition and waste processing (dis-
posal) of a capital facility [1, 2].

There is a significant number of methodolo-
gies assessing the environmental impact of
each stage of a life cycle [3, 4, 5]. However,
the main problem is that, to date, there is no
methodology that makes it possible to com-
pare each of these stages using a unified set of
characteristics.

A second, equally important problem is that
when assessing pollution, it is not taken into
account that any manufacture, generation of
heat and power (electricity), operation of ve-
hicles, release a significant amount of gases
into the atmosphere. The impact of these gases
on the human body is much more significant
than the impact of CO2. These gases include
the well-known nitrogen and sulfur oxides,
carbon monoxide, saturated and unsaturated
hydrocarbons, ammonia, and others. The dan-
ger of these gases to humans is defined in the
Sanitary Rules and Norms SanPiN 1.2.3685-
21 «Hygienic standards and requirements for
ensuring the safety and (or) harmlessness of
environmental factors for humansy» [6], which
specifies over 2300 substances for which per-
missible concentration limits (PCLs) of pollu-
tants in the air of the work zone are defined. A
significant amount of harmful gases, posing a
danger to humans that in some cases exceeds
the danger of CO2 by millions of times [7, 8],
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is released into the atmosphere during the
manufacture of constructional materials and
the population breathes them in.

Meanwhile, the GOST standards, which are
identical to the ISO 14000 series, only consid-
er carbon dioxide emissions, neglecting other
harmful gases [9, 10]. This, in turn, disincen-
tivizes factories from adopting manufacture
technologies that would reduce the quantity of
these emissions [11-13].

Quantifying carbon dioxide emissions during
the production of various wall structures is
essential for accounting for anthropogenic
greenhouse gas emissions. Research [14] has
shown that timber and wood-frame buildings
sequester more carbon compared to the energy
consumed in their production, making these
types of building structures the most environ-
mentally friendly. The combination of a tradi-
tional renewable material—wood—and mod-
ern insulation materials provides the required
energy efficiency of buildings, as mandated
by European legislation. In North America
and Scandinavia, a set of measures has been
developed to promote the use of wood in con-
struction. Traditionally, brick buildings are
widely common in Hungary and Russia, indi-
cating a significant additional potential for
carbon sequestration. The recent trend of in-
creasing the share of wooden housing con-
struction could be further enhanced through
specific state support measures [14].

It’s important to note that our reliance on for-
eign standards focused on reducing the so-
called “carbon footprint” is often inappropri-
ate in many cases. A telling example of issu-
ing non-operational documents is the standard.
The authors of this standard write that it was
copied not even from foreign standards, but
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from the documents of Western public organi-
zations such as BREEAM, LEED, Code for
Sustainable Homes, Living Building Chal-
lenge, Home Quality Mark, and Green Globes.
This article proposes a unified methodology
developed to enable comparative analysis of
the environmental performance of any build-
ings and structures throughout all stages of its
life cycle. Furthermore, the methodology al-
lows for the assessment of environmental im-
pact not only from gases defined as green-
house gases, but also considering all harmful
emissions into the atmosphere. As a specific
outcome of the calculation, the environmental
performance of a single stage can be deter-
mined, or an assessment can be made focusing
only on specific gases. For example, assessing
the environmental performance of the con-
structional material manufacturing stage will
allow for evaluating the environmental impact
of each material used in the construction,
while calculations of CO2, CHa4, and N2O con-
tent let assess the greenhouse effect.

The results obtained from calculating the en-
vironmental performance of a construction
project will incentivize the formulation of
measures and proposals as well as their im-
plementation in order to reduce environmental
impact during the building operations.

This work was conducted in accordance with
the Development Strategy of the Construction
Industry and Housing and Communal Services
of the Russian Federation for the period up to
2030, with a forecast until 2035, approved by
the Resolution of the Government of the Rus-
sian Federation No. 3268-r dated October 31,
2022.

ASSESSMENT METHODOLOGY

1.1 Key Indicators

The main goal of the developed assessment
method is to justify the need for moderniza-

tion of the manufacture of materials, products,
and structures in order to improve the envi-
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ronmental performance of manufacture pro-
cesses throughout all stages of the building’s
life cycle. It also aims to conduct a compara-
tive environmental analysis of technological
measures implemented at the enterprise.

In the developed methodology, it is proposed to
introduce a functional unit for assessing envi-
ronmental impact, equal to the value of the max-
imum permissible single-exposure concentration
(MPC) of carbon dioxide in the air of the work
zone. The value of the maximum permissible
single-exposure concentration in the air of the
work zone was set on condition that there is no
assessment of the maximum permissible con-
centration of CO2 under other exposure condi-
tions (e.g., average daily or average per work
shift) using SanPiN [5].

Table 1 presents the results of the analysis of
MPCs using SanPiN as per [5, Table 2.1]. It can
be seen that the harmful effect of all gases on hu-
mans is much more significant than that of carbon
dioxide, and for some, such as benzo(a)pyrene,
this difference is 180 million times greater.

Table 1. Harmful emissions and conversion
factors with account to the functional unit for
assessing environmental impact

Ne | Gas Maximum Posi- Conver-
Permissible | tion in | sion
Single Ex- | table Factor to
posure Con- | 2.1 Equiva-
centration [5] lent
(MPC) in CcO2
the Air of Quantity
the  Work
Zone,
mg/m?
1 | Carbon 27000 2124 1,0
Dioxide, CO,
2 | Carbon Mon- | 20 2122 1350
oxide, CO
3 | Nitrogen 2 4 13500
Dioxide, NO,
4 | Nitric Oxide, | 5 5 5400
NO
5 | Ammonia, 20 178 1350
NH;
Nitric  Acid, | 2 7 13500
HNO;
6 | Sulfur 10 1837 2700
Dioxide, SO,
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7 | Inorganic
Dust: 70-20%
SiO,
8 | Benzo(a)pyren | 0,00015* 253 1,8-108
e, CyoHpo
9 | Mixture of | 900 2120 30
Saturated Hy-
drocarbons,
CnHm
1 | Formaldehyde | 0,05 2172 5,4-10°
0
1 | Phenol 0,1 2171 2,7-10°
1
*

average daily MPC per work shift

It is proposed that the carbon dioxide-equivalent
amount of gas entering the atmosphere, consid-
ering the concept of the functional unit, be cal-
culated by multiplying the mass of the emitted
gas by the ratio of the MPC of CO: against the
MPC of the emitted gas. The calculations use
maximum permissible single-exposure concen-
trations in the air of the work zone, as this is the
only mention of carbon dioxide in [5].

It should be noted that the indicator of the car-
bon dioxide-equivalent amount of gas differs
significantly from the indicator defined in the
normative documents for the carbon footprint as
per ISO 14001:2004 11, where the carbon diox-
ide-equivalent amount of gas is determined by
emissivity.

A carbon load factor (CLF) is introduced, equal
to the ratio of pollutants (by mass) entering the
atmosphere in the amount equivalent in hazard
to the amount (by mass) of carbon dioxide at the
stages of raw material extraction and transporta-
tion, construction materials manufacture, build-
ing operation and its disposal to the mass of the
building materials [kg/kg]. Also, a building en-
vironmental performance indicator (BEPI) is
introduced, defined against the amount of CO2
equivalent the total mass of the materials used
in construction to the volume of the building.

1.2 Calculation of Key Indicators and Values
The mass of pollutants entering the atmosphere
in the amount equivalent in hazard to the carbon
dioxide amount during the raw material extrac-
tion and transportation stage is calculated con-
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sidering the electrical and thermal energy con-
sumed by machinery and equipment during
loading and transport of the raw materials to the
manufacturing facility.

The mass of pollutants entering the atmosphere
during the constructional materials manufacture
stage in the amount equivalent in hazard to the
amount of the carbon dioxide is calculated
based on emissions of pollutants into the atmos-
phere during manufacture, as well as the electri-
cal and thermal energy consumed when manu-
facturing the materials [15, 7].

The mass of pollutants entering the atmosphere
during the building operations in the amount
equivalent in hazard to the amount of COz is
calculated based on the electrical and thermal
energy consumed directly on the construction
site by machinery, equipment, and transport
vehicles, including the transportation of con-
structional materials to the site and for every-
day needs.

The mass of pollutants entering the atmosphere
during the operational stage in the amount
equivalent in hazard to the amount of CO2 is
estimated based on the electrical and thermal
energy consumed by building’s dwellers over its
entire operational period (design life), excluding
urbanistic loads. In this case, the total heat loss
of the building during the heating period,
kWh/year, should be determined according to
Appendix G SR 50.13330.

The mass of pollutants entering the atmosphere
during the demolition and disposal stage in the
amount equivalent in hazard to the amount of
carbon dioxide is calculated considering the
electrical and thermal energy consumed directly
during demolition and disposal by machinery,
equipment and transport vehicles, including the
transportation of dismantled constructional ma-
terials for recycling and disposal.

Therefore, the impact on atmosphere at all
stages of the life cycle can be expressed
through fuel consumption, making the calcula-
tion universal. During the constructional mate-
rials manufacture, the environmental load de-
termined by manufacture emissions is addi-
tionally assessed.
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1.3 Calculation of emissions from the genera-
tion of thermal and electrical energy

When an enterprise consumes thermal and elec-
trical energy, the emissions of pollutants are
converted to the emissions from the combustion
of natural gas at combined heat and power
(CHP) plants and enterprise’s boiler facilities.
The specific heat of natural gas combustion is
taken to be equal 8000 kCal/m3 (9.3 kW/m3,
33.5 MJ/m3) [16, 17]. The composition of natu-
ral gas is assumed to be 75% CHa4 and 25% Ha,
with fuel combustion occurring at a = 1.05. The
calculation is performed according to the meth-
odology presented in [18]. These characteristics
of natural gas are provided as being the most
common to the majority of natural gas fuel con-
sumed by CHP plants, but they can be modified
and recalculated using the presented methodol-
ogy.

The amount of natural gas consumed to generate
electricity and heat at the enterprise is then cal-
culated.

Vg = Q/8000 kCal, m? (1)
The volume of combustion products is equal to:
chb.pr = Vco02+Vozexcesst VH20+ VN2, m’ (2)
where Vcoz is the volume of carbon dioxide en-
tering the atmosphere with the combustion
products Vcoz = 0.75Vg, m? 3)
Then the mass of CO2 with the exit gases is:
Mcoz = Vco2*44/22 4, kg 4)
VH20 - the volume of water vapor entering the
atmosphere with the combustion products:
From hydrogen combustion:
Vo = 0.25*Vg, m’ (%)

From methane combustion:

V0 = 0.75%2*Vg, m? (6)
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V2 - the amount of nitrogen in the combustion
products is derived from the volume of oxygen
required for the combustion of methane and hy-
drogen:

Vnz = 2%0.75%Vg+0.25*Vg, m*  (7)

Vozexcess — the volume of excess oxygen in the
combustion products. At a = 1.05, the following
holds:

Vo2excess = V02*((1 - 1), l'Il3 (8)
V2= V02*79 /21, m? 9)

Since the concentration of pollutants is deter-
mined in dry combustion products, we deter-
mine their volume, Vdg, considering (2), (5),
and (6):

Vdg = VcortVozexeesstVaz, m*  (10)
1.4 Calculation of Emissions for Diesel En-
gines
The calculation of emissions for diesel engines
is based on the chemical composition of diesel
fuel, which is assumed to be as follows: carbon
86,2%, hydrogen 12,8%, oxygen 1,0%. Fuel
combustion occurs with an excess air coefficient
of a = 1,10. The theoretical (stoichiometric)
amount of air required for complete combustion
of 1 kg of fuel is calculated according to [18].
1. The theoretical (stoichiometric) amount of air
required for complete combustion of 1 kg of
fuel is calculated using the formula:

Vo = Vmolar/0.21(C/12+H/2-0/32) =
=(22.4/0.21)*(0.862/12+0.128/2 — 0.01/32) =
=12.1 m’/kg (11)

2. The volume of carbon dioxide in the combus-
tion products is calculated as:

Veo2=22.4%C/12 = 22.4%0.862/12 = 1.61 m’/kg
(12)

Then, the mass of CO2 emissions is:
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Mcoz = Veo2 * 44 /22.4=3.16 kg/kg  (13)

3. The volume of oxygen and nitrogen in the
combustion products is calculated as:

Vo2=0.21*(a-1)*Vo=0.21*(1.1 - 1)*12.1 =

= 0.254 m¥/kg (14)
VN2 =0.79 *a*Vo=0.79 * 1.1 * 12.1 =
=10.51 m/kg (15)

4. The volume of dry combustion products is:

Vdg = Vco2+Vor+Vne=1.61+0.254+10.51 =
=12.374 m’/kg (16)

The amount of emissions is calculated as the
volume of dry gases multiplied by the concen-
tration of the pollutant.

The concentration of pollutants in the combus-
tion products of diesel fuel [19] and natural gas
[20, 21] are taken from Table 2.

Table 2. Concentration of Pollutants in
Combustion Products

Emission Concentration,
Ne| Pollutant mg/m?
From Diesel | From
Fuel Natural Gas
Combustion Combustion
1 | Carbon Monoxide, | 1250 300
CO
2 | Nitrogen Oxides | 200 125
on conversion to
NO,
3 | Sulfur  Dioxide, | 28,6 --
SO,
4 | Formaldehyde 13,4 --
5 | Unsaturated 67 --
hydrocarbons
7 | Benzo(a)pyrene 0,0005 2-10°
8 | Carbon  Dioxide | As per calcu- | As per
(CO») lation calculation
RESULTS AND DISCUSSION

The authors have conducted a survey calculat-
ing the environmental load for several enterpris-
es using the developed methodology. This arti-
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cle presents an analysis of the survey results
from the Rockwool mineral wool production
plant in Zheleznodorozhny, Moscow Oblast.
The first two stages of the life cycle are exam-
ined in detail: raw material extraction, transpor-
tation, and the manufacture stage itself. The
production volume is 1,390,000 m*® or 98,000
tons of mineral wool per year. The plant has 42
emission sources. Electricity consumption is
126,777,532 kWh (2022-year data). On-site
transportation is provided by 7 diesel-powered
forklifts.

During the manufacture, a survey encompassed
all 42 emission sources. At each sampling point,
the diameter of the process pipeline, the gas ve-
locity, and the gas temperature were recorded.
When selecting a gas analyzer for analyzing
harmful emissions in industrial gas samples and
hydrocarbon fuel combustion products, it is im-
portant to consider their potential concentra-
tions. For example, the concentration of carbon
dioxide in combustion products is approximate-
ly 10%, while in process gases, it is often equal
to the concentration in air, that is, 0,03% by
volume. The concentration of NO2 also varies
from 150 — 350 mg/m?® in combustion products
to 0,1 — 1 mg/m’ in urban air. A «Polar-7» port-
able multi-component gas analyzer (manufac-
tured by Promekopribor LLC) was used to
measure high concentrations, and a «Signal —
44y gas analyzer (manufactured by Gasoanalit
LLC) to deal with low concentrations.

A summary of the survey and calculated emis-
sions of harmful gases released into the environ-
ment during manufacture are shown in Table 3.
Diesel fuel consumption at the enterprise is
18,772 1 or 14,435.7 kg, and electricity con-
sumption is 126,777,532 kWh, which is equiva-
lent to 13,631,993 m? of natural gas.

The calculation of harmful substance emissions,
converted to the equivalent hazard-weighted
emission, is performed using equations (1) —
(10) for natural gas and (11) — (16) for diesel
fuel. The concentration of harmful gases in the
emissions is taken from Table 2. The results of
calculating harmful substance emissions from
the operation of diesel transport and electricity
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consumption at the manufacturing stage are
shown in Table 4.

Table 3. Manufacturing emissions

Table 4. Calculation results concerning harmful
substance emissions from diesel transport
operation and electricity consumption during

Ne| Emission | Total | % of | Conve | Amou | % of
substanc- | emis | gene | rsion nt of | total
es sion | ral factor | Gas emis

in emis Equiv- | sion
tons | sion alent
per to
year Car-
bon
Diox-
ide,
tons/ye
ar
2 3 4 5 6

1 | Nitrogen | 39,6 | 0,20 | 13500 | 535 15,3
Dioxide 39 126,5

2 | Nitric 8,17 | 0,04 | 5400 44 1,26
Oxide 5 145,0

3 | Ammoni | 53,8 | 0,27 | 1350 72 2,07
a 37 680,0

4 | Sulfur 7,07 2700 19 0,55
Dioxide 8 110,6

5 | Inorganic | 177, | 0,90 | 2700 239 6,85
Dust: 70- | 368 (in 446,8
20% SO,

Si0O, with
ac-
count
of
50%)

6 | Carbon 157, 0,80 | 1350 213 6,10
Monoxid | 973 263,6
e

7 | Benzo[a] | 4,18 1,8*10 0,00
pyrene *107 8 75,2 2

8 | Mixture 2,10 30 0,00
of Satu- | 1 63,0 2
rated
Hydro-
carbons

9 | Formalde | 3,95 | 0,02 | 5,4*10 | 2 137 | 61,1
hyde 9 3 860,0 5

1 | Phenol 0,79 2,710 214 6,14

0 5 3 650,0

1 | Carbon 1967 | 97,7 |1 19 0,56

1 | Dioxide 1,9 6 671,9
Total 3496

092,6

20

manufacture
Pollutant Emissions
Ne| Pollut | Diesel vehicle | Electricity from
ant operation CHP (Combined
Heat and Power
Plant)
Conce | Emi | Equi | Conce | Emi | Equi
ntratio | ssio | vale | ntratio | ssio | vale
n, n, nt n, n, nt
mg/m | tons | emis | mg/m | tons | emis
3 sion |3 sion
tons tons
1| Carbo | 1250 | 0,22 | 297 | 300 30,3 1409
n 5 72,5
Mono
xide,
CO
2 | Nitro- | 200 0,03 | 482, | 125 12,6 | 170
gen 6 3 5 775,
Ox- 0
ides,
as
NO,
3 | Sulfur | 28,6 5,1% | 13,7 | --
Dioxid 10- |9
e, SO, 3
4 | Forma | 13,4 24*% 1129 | --
ldehyd 103 | 6,0
e
5| Unsat | 67 0,01 | 0,36 | --
urated 2
hydroc
arbons
7 | Benzo | 0,000 | 0,09 | 16,1 | 2-10° | 2,02 | 36,4
[alpyr | 5 *10° *
ene 6 107
8 | Carbo | As 45,6 | 45,6 | As 20 200
n per per 039, | 39,0
Dioxid | calcu- calcu- | 0
e CO, | lation lation
3,16 1,47
kg/kg kg/m?
of of
fuel natu-
ral
gas
Total 215 231
1,15 822,
9
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During the raw material extraction and trans-
portation stage for mineral wool production,
according to the survey results, the plant re-
ceives per year up to 125000 tons of dolomite,
bauxite, tuff, and blast furnace slag as raw ma-
terials, with an average transportation distance
of 400 km.

The excavator’s work rate is 20 m*/h, and its
fuel consumption is 30,0 L/h. The density of
bauxite and dolomite can be assumed to be 3000
kg/m?. The excavator loads 60 tons per hour on-
to transport vehicles; therefore, extracting and
loading 125000 tons (calculated for bauxite and
dolomite) will require 2083.3 hours of opera-
tion. The fuel consumption will be 62,500 L, or
48062,5 kg of diesel fuel.

Transportation is carried out by rail. The specif-
ic electricity consumption depends on the track
profile, type of rolling stock, speed, weather
conditions, etc. In freight traffic on flat terrain,
it is 10-12 W-h/(ton-km), and on mountainous
sections, it is 25-32 W-h/(ton-km). We will as-
sume 15 W-h/(ton-km). Then, the electricity
consumption for transporting 125 000 tons of
raw materials to the distance of 400 km will be:
15 W-h/(ton-km) * 125000 t * 400 km = 750
000 kW-h, which corresponds to a calorific val-
ue of 80 645,2 m® of natural gas.

The calculation of pollutants’ emissions, con-
verted to the equivalent hazard-weighted emis-
sion, is performed using equations (1) — (10)
for natural gas and (11) — (16) for diesel fuel.
The concentration of harmful gases in the
emissions is taken from Table 2. The results of
calculating harmful substance emissions during
the extraction and transportation stage, in the
volume required for manufacture, are presented
in Table 5.

Table 5. Calculation results for pollutants
during the extraction and transportation stage

1 | Carbon | 1250 0,74 | 1004 | 300 0,18 | 243,
Monox ,6 0
ide, CO

2 | Nitro- 200 0,12 | 1606 | 125 0,07 | 1009
gen S5 5 94
Oxides,
as NO»

3 | Sulfur 28,6 0,01 | 459 | --

Dioxid 7
e, SO

4 | Formal | 134 8,0*% | 4305 | --
dehyde 10° | 4

5 | Unsatu | 67 0,04 | 1,20 | --
rated
hydroc
arbons

7 | Ben- 0,0005 | 0,3* | 54,0 | 2-10° 1,61 | 0,22
zo[alpy 106 *
rene 108

8 | Carbon | As per | 151, | 151, | As per | 118, | 118,
Diox- calcu- 88 88 calcu- 55 55
ide lation lation
CO2 3,16 1,47

kg/kg kg/m?
of fuel of
natural
gas
Total 716 137
9,48 1,71

The total emission of pollutants during the ex-
traction, transportation, and manufacture stage
is presented in Table 6.

Table 6. Total emission of pollutants during the
extraction, transportation,
and manufacture stages

Pollutant emissions
Ne| Polluta | Raw material extrac- | Raw material transpor-
nt tion tation
Conce | Emi | Equi | Con- Emi | Equi
ntratio | ssio | va- centra- | ssio | vale
n, n, lent tion, n, nt
mg/m® | tons | emis | mg/m? | tons | emis
sion, sion,
tons tons
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Ne | Source of emission Equivalent
emission,
tons/year

1 Extraction and transporta- | 8 541,19

tion stage
(Table 5)
Extraction 7 169,48
1.2 | Transportation 1371,71
Manufacture stage

1 Release of toxic gases from | 3496 092,6
manufacturing process (Table
3)

2 Harmful gas emissions from | 2 151,15
enterprise’s vehicles (Table 4)

3 Harmful gas emissions from | 231 822,9
electricity/power  generation
(Section 4)
Total 3 730 066,65
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Considering the production volume of 1 390
000 m?*/year or 98.0 tons/year, the Carbon Foot-
print Coefficient (CFC) will be 3 730 066.65 /
98 000 = 38,06.

The analysis of the survey results and the pro-
posed calculation methods allows us to draw
several important conclusions:

1. If the enterprise’s emissions are assessed
solely by the mass of harmful gases released
into the atmosphere, carbon dioxide emissions
significantly outweigh the emissions of other
gases. For example, according to Table 3, which
assesses the technological emissions from min-
eral wool production, carbon dioxide emissions
account for 97,76% by mass. However, when
considering the same production process against
the amount of gas equivalent in hazard to the
amount of carbon dioxide the carbon dioxide
emission only accounts for 0,56%. In this case,
the highest value, equal to 61,15%, belongs to
formaldehyde emissions — an aliphatic aldehyde
of methanol and formic acid, which is a color-
less gas with a pungent odor. This approach,
defined by the developed calculation method,
leads to the conclusion that, to reduce atmos-
pheric pollution, it is primarily necessary to re-
duce the formaldehyde content in the enter-
prise’s emissions. In [22], it was shown that a
technological solution could be the afterburning
of formaldehyde by directing it to the burners of
the production boiler plant.

2. The developed method provides the oppor-
tunity to assess the environmental burden on the
atmosphere at each stage of the life cycle, as
well as for different functional production pro-
cesses within a single stage. Table 6 shows that
the extraction and transportation of raw materi-
als contributes only 0,23% of the pollution re-
leased into the atmosphere across the two stag-
es: extraction - transportation, and the produc-
tion of mineral wool. Within the production
stage, according to Table 6, it can be estimated
that the enterprise’s diesel motor transport emits
only 0,06% of the total hazard-equivalent mass
of emissions, while the generation of electrici-
ty/power sourced externally by the enterprise
accounts for 6,6%.
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3. The method allows, if necessary, for the esti-
mation of greenhouse gas emissions alone. Fur-
thermore, a comparison of the results for carbon
dioxide emissions, according to the developed
methodology and that one approved by Order
No. 15-r issued by the Ministry of Natural Re-
sources and Ecology of the Russian Federation
dated April 16, 2015 [20], shows complete cor-
relation. However, the developed methodology
provides an opportunity to assess carbon diox-
ide emissions more accurately, taking into ac-
count the chemical composition of the fuel con-
sumed.

4. Calculation of the Carbon Footprint Coeffi-
cient (CFC) using the developed methodology
allows to determine the environmental perfor-
mance of constructional materials and life cycle
stages as objectively as possible.

CONCLUSION

The proposed methodology gives a more accu-
rate account of the environmental burden
throughout all stages of the buildings and struc-
tures’ life cycle due to calculation of emissions
of all harmful gases released into the atmos-
phere. The method is based on the introduction
of a functional unit for assessing environmental
impact, equal to the maximum permissible con-
centration (MPC) of carbon dioxide in the air of
the work zone at a single exposure. This makes
it possible to compare emission quantities at
each stage, as well as to identify the most envi-
ronmentally sensitive areas at each stage of
manufacture. Of great importance in the pre-
sented methodology is its simplicity and illus-
trative nature.
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DEFORMATION OF REINFORCED HIGH-STRENGTH
LIGHTWEIGHT CONCRETE ELEMENTS UNDER COMBINED
ECCENTRIC COMPRESSION AND TORSION
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Abstract: This paper presents the results of an experimental study on the deformation and failure of reinforced
high-strength lightweight concrete elements under combined eccentric compression and torsion. The physical
patterns and characteristics of deformation for such elements under the specified stress state have been
established. The investigated parameters include concrete and reinforcement strains, crack patterns and crack
widths, as well as deflections and angles of twist for the elements under consideration. The study demonstrates
that crack formation in high-strength lightweight reinforced concrete structures has its own specificities: under
loading with an eccentrically applied compressive force and a torque, one or several spatial cracks develop. As
the load increases, one dominant crack emerges, leading to failure along this crack. A further characteristic of the
deformation behavior is that after crack initiation, the deformation stage range leading to failure is more than two
times shorter compared to structures made of conventional normal-weight concrete. A comparison of the
obtained experimental data with the results of calculations based on the proposed analytical model confirms its
reliability and potential for practical application.

Keywords: High-strength lightweight concrete, complex stress state, torsion, eccentric compression,
experimental studies
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pa3pyuicHusd Oojlee 4eM B JABa pasa MeHBHIPIfI, YeM B KOHCTPYKOHUAX U3 OOBIYHOTO TSIKEIIOro OeToHA.
ComnocTaBlIeHUEM IMOJYYCHHBIX OIIBITHBIX HTAaHHBIX C pE3yJIibTaTaMU pacyeTa 1o HpeﬂHO)KCHHOﬁ aHAITUTUYSCKON
MOJECIH MMOATBEPIKACHA €€ JOCTOBCPHOCTh U BO3MOXKHOCTD IMPAKTHUYCCKOTO UCIIOJIb30BaAHUA.

KatoueBble c10Ba: nerkuii 6ETOH MOBBIIIIECHHON ITPOYHOCTH, CIOKHOE HANPSDKEHHOE COCTOSHIE, KPYUEHHE,
BHEIIEHTPEHHOE CXKATHE, SKCIIEPUMEHTAIbHBIC HCCIIEIOBAHIS

INTRODUCTION

Currently, both domestically and
internationally, intensive research is being
conducted aimed at the development and
application  of  high-strength  structural
lightweight concrete. In current Russian [11]
and foreign codes for the design of reinforced
concrete structures [12, 13], the class of
structural lightweight concretes is limited.
Consequently, these documents lack the
physico-mechanical characteristics of high-
strength lightweight concrete. At the same
time, in Russia, an experimental self-
compacting high-strength lightweight concrete
with density grades below D2000 and strength
classes B50-B65 [1-3] has been developed,
which appears to be a highly promising
material for lightweight load-bearing walls,
columns, and floors of high-rise buildings
[2,7]. This direction, associated with the use
of a new generation of lightweight concretes
in the construction industry aimed at reducing
building mass, is gaining new relevance,
especially for construction in seismically
active regions and for the design of buildings
and structures considering special impacts
[2,5,6,14]. However, due to the low initial
modulus of elasticity of lightweight concretes
and other physico-mechanical peculiarities of
the material, a problem arises in ensuring the
stiffness of floors and other flexural and
eccentrically loaded compression members.

An analysis of Russian [1-6] and foreign [8-
10] publications on lightweight concrete
research shows that lightweight concrete as a
material in reinforced concrete structures can
possess good performance characteristics in
construction due to its expectedly lower
contribution to the structure's self-weight.
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However, as noted in the publications, despite
some experience in using such concrete for
load-bearing elements of buildings, existing
research on this material in Russia and abroad
is limited to the study of mixes [2] and some
physico-mechanical  properties.  Recently
completed studies on the strength and
deformation characteristics of self-compacting
high-strength expanded clay concrete of
classes B50-B65 [1-3], as well as the long-
term deformation of such concretes with
different structures [4], can be noted here.

Foreign research is increasingly focusing on the
study of the physico-mechanical properties of
lightweight concrete with various types of fiber

reinforcement. For example, study [8]
experimentally investigated the mechanical
properties and the complete stress-strain

diagram of lightweight concrete reinforced with
steel and carbon fibers. The research was
conducted on cylindrical specimens with
strength classes from LC40 to LC60 and a fiber
volume fraction from 0% to 0.9%. The results
of these tests showed that steel fiber can
significantly increase flexural strength and split
tensile strength.

Publication [9] presents a series of tests on
cylinders made of steel fiber-reinforced
lightweight aggregate concrete (SFRLWAC)
aimed at developing a physical deformation
model for this material (SFRLWAC) under
monotonic compressive loading. Experiments
established that adding steel fiber to lightweight
concrete has an insignificant effect on the
ascending branch of the stress-strain curve but
has a noticeable effect on the descending (post-
peak) branch of deformation. The publication
also includes some analysis results for beam
structures (1200mm span, 200x150 mm cross-
section) made of steel fiber-reinforced
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lightweight concrete. It is shown that adding
steel fiber changes the pattern of crack
propagation in the structures. In conventional
lightweight concrete, cracks propagate parallel
to the load direction (normal cracks), whereas in
steel fiber-reinforced lightweight concrete
structures, the direction of crack development
under load changes, and the cracks gradually
incline and become perpendicular to the load
direction.

Research on  the  physico-mechanical
properties of lightweight concrete with a
strength of 50-70 MPa, reinforced with carbon
and polypropylene fibers both individually
and in hybrid form, is presented in publication
[10]. As a result, these studies obtained
parameters such as slump cone flow, density,
segregation resistance, compressive strength,
split tensile strength, flexural strength,
compressive stress-strain diagrams, and other
characteristics  of  the  fiber-reinforced
lightweight concrete.

Research works on the stress-strain behavior
of structures made from the new generation of
high-strength  lightweight concretes are
practically absent in open sources. Apart from
the mentioned publication [9], which studied
beam structures made of high-strength
lightweight concrete and steel fiber-reinforced
lightweight concrete under a complex stress
state—bending from a concentrated force—a
few other publications dedicated to studying
the stress-strain state of beam structures made
of high-strength lightweight concretes under
simple stress states are known, such as works
[15-18]. Separate recent studies conducted for
structures made of high-strength normal-
weight concrete under various stress states
[19-21] have shown a number of specific
features of their deformation, cracking, and
failure compared to structures made of
normal-strength concrete.

In this regard, the goal of this research was to
conduct experimental studies of the deformation
and failure of reinforced concrete elements
made of high-strength lightweight concrete
under eccentric compression with torsion, and to
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establish the features, physical nature, and
parameters of their load-bearing capacity in
comparison with calculated values obtained
using a developed analytical model [22].

METHODS

To achieve the goal and objectives of the
research, a program of experimental studies
was developed accordingly. This program
included the design and fabrication of test
specimens, a methodology for measuring test
parameters, and methods and equipment for
loading the test specimens. Three series of test
specimens were designed and manufactured
(Figure 1):

Series 1K-1 (1K-1.1, 1K-1.2, 1K-1.3) —
Reinforced concrete columns, 3 units, each
2000 mm long with a cross-section of 100x50
mm. Longitudinal reinforcement: 8 mm
diameter (4 bars) and 6 mm diameter (2 bars).
Transverse reinforcement: 2 mm diameter with
a spacing of s=120 mm (Figure 1a).

Series 1K-2 (1K-2.1, 1K-2.2, 1K-2.3) —
Reinforced concrete columns, 3 wunits, each
2000 mm long with a cross-section of 100x50
mm. Longitudinal reinforcement: 8 mm
diameter (4 bars). Transverse reinforcement: 2
mm diameter with a spacing of s=/20 mm
(Figure 1b).

Series 1K-3 (1K-3.1, 1K-3.2, 1K-3.3) —
Reinforced concrete columns, 3 wunits, each
2000 mm long with a cross-section of 100x50
mm. Longitudinal reinforcement: 6 mm
diameter (4 bars). Transverse reinforcement: 2
mm diameter with a spacing of s=/20 mm
(Figure Ic).

Materials used for manufacturing the test
specimens: High-strength lightweight concrete
B40. The structural reinforcement was of class
AS500C, and the transverse reinforcement was
made from wire with characteristics equivalent
to class A240 reinforcement.
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Manufacturing of the test specimens for all
series was carried out in specially designed
and manufactured formwork made of

waterproof plywood (Figure 2a). The
concreting of the test specimens was
performed at the "MonArkh Group of

Companies" construction materials plant
(Figures 2b, 2c). The experimental research
was conducted in the laboratory of the
Mytishchi branch of the National Research

100 100

1000
i

T
s

Y I I T

\.\.\.\.\.\
JLILLIL
:

Figure 1. Design of the test column
specimens of series 1K-1 (a), 1K-2
(b), 1K-3 (c): formwork and

reinforcement layout; (d) general view

of the fabricated specimens

Moscow State University of Civil Engineering
(MGSU).

Concurrently with the main structural
specimens, auxiliary prism and cube
specimens were fabricated and tested using
concrete from the same batch as that used for
the main test specimens. The characteristics of
the tested cubes and prisms are presented in
Table 1.
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a)

K1 K1

Layout of reinforcement assemblies in the formwork

K1

K3

Figure 2. Formwork layout with installed rebar cages (a, b) and a general view of the test
structures during concreting (c)

Table 1. Key Properties of Cube and Prism Specimens

Series / Dimensions, Mass, g | Average Density, Avg. Failure | Avg. Failure
Specimen ID mm Mass, g kg/m? Density, Load, Load, kN
kg/m? kN
Series 1K / 104x100x99 1815 1762,62 375
Cube 1
Series 1K / 104x100x100 1860 1826,6 1788,46 1762,05 420 381,6
Cube 2
Series 1K / 101x100x103 1805 1735,07 350
Cube 3
Specimen . . Modulus of Elasticity . v .
Ne Series* Failure Load (kN) (MPa)* Poisson's Ratio R, MPa| Rp, MPa
1 1K-1 200 22-10% 0,24 40 30,77
Volume 21, Issue 4, 2025 31
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2 1K-2 200 21,7 -10° 0,28 40 30,77
3 1K-3 200 20-103 0,29 40 30,77
Average 1K 200 21,3-103 0,27 40 30,77

* Average Value for Each Specimen Series

RESULTS AND DISCUSSION

To test the experimental specimens, special non-
standard  equipment was  designed and
manufactured in the form of a rigid frame with tie
rods, fixed support, and rotational devices (Figure
3). One end of the test specimen was rigidly fixed
in the crosshead. A compressive force with a
specified eccentricity was applied to the other end
using a jack. Simultaneously, a torque was applied
to the specimen via a lever rigidly connected to it
through a roller assembly.

The applied compressive force and the torque
acting on the specimen were measured. During
the experiment, mechanical instruments were
used to measure deflections in two planes of
the specimen and at several sections along its
length, as well as the angles of twist due to the
torque, longitudinal strains, and shear strains.
A digital video camera was used to record the
crack formation pattern and measure the crack
width at different stages of loading the
structure.

a)
I\:?ﬂ A _
I\VAVAV r _/,:r/ % Eii"_ = N
Bis 1 sl
ﬁ[j L/2 L L/2 B
b)

Figure 3. Experimental test setup. (a) schematic diagram,; (b) general view
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Based on the experimentally measured strains in
the investigated sections of the columns, "load-
strain" dependencies were constructed for the
test columns 1K-1, 1K-2, and 1K-3. He
experimental values of the cracking load for the
test specimens were determined from the
principal strain values. For specimen 1K-1 made
of B40 concrete, the cracking load
(Ne)_,.+Tpe was 0.544 kKN-m. For specimen
1K-2, it was 0.429 kN-m, and for specimen 1K-
3, it was 0.413 kKN-m.

Comparing the experimental values of the
principal concrete strains (curves 2, 3) with the
calculated ones (curves 1, 4) obtained from the

Tyg-1+ (Ne)yg—q kNm

strain data of strain gauges oriented at 0°, 45°,
and 90° to the longitudinal axis of the specimen
(see Figure 3), it can be observed that the
proposed computational model satisfactorily
describes the deformation in complexly stressed
sections of the structures at different loading
levels. A similar conclusion can be drawn from
the analysis of the tensile reinforcement strains.
The obtained strain graphs (Figure 5) show that
after crack formation in the reinforcement, a
sharp increase in strain occurs, and yielding is
reached relatively quickly.

Tik-—2 + (Ne)1g—2 kNm

-0,003 -0,002 -0,001 0 0,001 0,002 0,003

Average Value for Each Specimen Series

-0004 0003 0002 -0,00 0 0001 0002 0003 0004 0005
Average Value for Each Specimen Series

For lightweight expanded clay concrete, within
the load range (up to 40-50% of the ultimate
load), the relationship between stresses and
strains, both compressive and tensile, can be

Volume 21, Issue 4, 2025
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Figure 4. Plots of the principal concrete
strains versus the total load for test
specimen IK-1 (a); 1K-2 (b); 1K-3 (c).
1 — calculated value of the principal
tensile strains, 2 — experimental value of
the principal tensile strains, 3 —
experimental value of the principal
compressive strains, 4 — calculated value
of the principal compressive strains.

considered with sufficient accuracy as close to
linear. An increase in load causes a non-linear
growth of deformations in both compressed and
tensile concrete.
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Figure 5. Plots of tensile reinforcement strain
versus load: 1 — strain values for 1K-1, 2 — for
IK-2, 3 — for 1K-3, 4 — crack formation load
(Ne)cretTere for specimen 1K-1, 5 — same for
specimen 1K-2, 6 — same for specimen 1K-3

Analyzing the experimental "load-deflection"
and "load-angle of twist" graphs (Figures 6,
7), the following can be noted. The
deformation range of the structures, from the
moment a spatial crack forms until the failure
of the test specimen, constitutes 15-20%. It is
pertinent to note that for high-strength
heavyweight concrete, the formation of the
first crack also occurs at a relatively high load
level, typically in the range of 70-90% of the
failure load [23,24]. This indicates significant
differences in the physical phenomena
governing the resistance of such structures
compared to structures made of conventional
concrete.

The crack pattern (Figure 8a) obtained for
specimen 1K-1 appeared at load stage VIII
under a load of 0.544 kN-m. Subsequently, with
a slight increase in load, a brittle failure of the
test specimen occurred along the section of one
of the initially formed spatial cracks and
through the compressed concrete.

A similar process of crack formation was
observed for the test specimens of series 1K-2
(Figure 8b) and 1K-3. Cracks appeared at load
stage IX under a load of 0.429 kN-m and at load
stage VII under a load of 0.413 kN-'m,
respectively.

A similar crack pattern was also obtained during
the testing of structures made of high-strength
heavyweight concrete [23, 24].

Ne + T, kNm

01234586878 351011121314 15161718192021222324 2528
Deflections, f (mm)

Figure 6. Load-deflection curves for the
specimens: 1 — IK-1, 2—1K-2, 3 - 1K-3; 4 —
crack formation (Ne)crc+Tere for specimen 1K-1,
5 — same for specimen 1K-2, 6 — same for
specimen 1K-3

Ne + T, kNm

0 0,004 0,008 0,012 0,016 0,02 0,024 0,028 0,032 0,038 0,04 0,044 0,048 0,052
Rotation angle, rad

Figure 7. Load-rotation angle curves for the
specimens. 1 — 1K-1, 2— 1K-2, 3 — IK-3;
4 — crack formation (Ne)crc+Tere for specimen
1K-1, 5 — same for specimen 1K-2, 6 — same for
specimen 1K-3
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Figure 8. Experimental crack pattern for specimen 1K-1 (a) and specimen 1K-2 (b)
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CONCLUSION

1. Experimental studies of three series of test
column specimens made of high-strength
lightweight concrete B40 under eccentric
compression with torsion revealed the
specific characteristics of their load-
bearing resistance at all loading levels,
including up to the point of ultimate
capacity exhaustion.

2. It was established that under the considered
complex stress state—eccentric compression
with torsion—several spatial cracks form in
the reinforced concrete structures made of
high-strength lightweight concrete. The
width of one of these cracks increases
intensively as the load increases, and the
ultimate load-bearing capacity is exhausted
along a spatial section passing through this
crack and the compressed concrete.

3. The obtained experimental data on the
deformation of concrete and
reinforcement, deflections, and rotation
angles for the test specimens, both before
and after crack formation, made it possible
to identify the physical specifics of the
load-bearing resistance of structures made
from high-strength lightweight reinforced
concrete. Crack formation in such
structures occurs at a relatively high load
level, constituting 80-85% of the failure
load. After crack formation, the relative
range of their deformation until failure
constitutes 15-20% of the structure's load-
bearing capacity. This indicates significant
differences in the physical phenomena
governing the resistance of such structures
compared to structures made of
conventional concrete.
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EFFICIENT ALGORITHM OF THE BUCKLING LENGTHS
METHOD IN ANALYSIS OF SPATIAL FRAME SYSTEMS
FOR STABILITY

Eugene I. Britvin !, Moshe Eisenbeger *

'"DANRAZ Ltd. Haifa, ISRAEL
2 Israel Institute of Technology, Haifa, ISRAEL

Abstract: An effective computational algorithm has been developed that allows finding the buckling lengths of
the rod elements of frame structures. A matrix of unit reaction from the side the rest of the structure is formed for
each element and eigenvalues problem of longitudinal bending equation of the rod is solved. When searching for
eigenvalues, the stress state in all elements of the system except the tested rod is fixed. The algorithm takes into
account the interaction of each studied element with all other elements of the structure. The constructed algorithm
allows, in a limited time, commensurate with the expenditure of a conventional static calculation, to find an exact
solution to the problem of eigenvalues for each rod and to determine the buckling lengths of all rod elements
included in the structure.

Keywords: buckling, buckling of the rod systems, buckling length, effective length, check local buckling

IODOEKTUBHBINA AJITOPUTM METOJA PACUETHBIX JJIUH
MPU AHAJIM3E YCTOHMYUBOCTHU MPOCTPAHCTBEHHBIX
PAMHBIX CUCTEM

E.U. Bpumeun ', M. Jiicebepzep *

'DANRAZ Ltd. Xaiia, USPAUJIb
2Israel Institute of Technology, Xaiida, U3PAWUJIb

Annoranus: [ToctpoeH 3 QpeKTUBHBII BEIYMCIUTEIBHBINH aITOPUTM, O3BOJISIOIINI HAXOJUTh PACUETHBIE JJTHHBI
CTEP)KHEBBIX JJIEMEHTOB PaMHBIX KOHCTPYKLMH. It KaXkmoro siaeMeHTta (GOpMHUpPYETCsl MaTpHIA €IMHUYHBIX
peaknuii co CTOPOHBI OCTATbHONW KOHCTPYKLIHMH M, C YYE€TOM 3THX PEaKIHH, pelaeTcsi 3a1a4a 0 cOOCTBEHHBIX
3HAQUEHMAX YPaBHEHMS TPOAOJIBHOTO M3ruba cTepkHs. lIpu momcke COOCTBEHHBIX 3HAUCHWH HANPSHKEHHOE
COCTOSIHHE BO BCEX DJIEMEHTaX CHCTEMBI, KPOME TECTHPYEMOTO CTEPKHS, (PUKCHPYETCs. AJITOPUTM YUHUTHIBACT
B3aMMOJIEHCTBHE Ka)XIOTO HCCIEAYEMOrO JJIEMEHTa CO BCEMH OCTAJIbHBIMU DIIEMEHTAMH KOHCTPYKIIHH.
[TocTpoeHHBIN aNrOpUTM MO3BOJISIET 32 OrPaHUYEHHOE BpEMs, COM3MEPHMOE C 3arparaMH Ha OOBIYHBIH
CTaTHYECKUIl pacyer, HaWTH TOYHOE pEIleHHE 33/1a4d O COOCTBEHHBIX 3HAUCHHMSX JUIs KaXJOro CTEPXKHSI U
OIIPEJEIIUTh PACYETHBIE AJIMHBI BCEX CTEPKHEBBIX 3JIEMEHTOB BXOIAIMX B KOHCTPYKIUIO.

KaioueBble ci10Ba: ycTOWYNBOCTD, YCTOHUMBOCTD CTEPIKHEBBIX CHCTEM, pacdeTHast JJIMHA, CBOOOIHAS JJTHHA,
MPOBEPKa JOKAILHOH yCTOWYNBOCTH

1. INTRODUCTION

Checking the local stability of rod elements is one
of the most important checks necessary to ensure
reliable operation of building structures. A
significant contribution to the development of
methods for calculating the local stability of rod

Volume 21, Issue 4, 2025

elements was made by both foreign and domestic
authors. Here, first of all, it is necessary to note the
works of G.I. Belyj [1], A.V. Alexandrov [2,3],
ID. Grudev [4], G.A. Manuilovl [5], A.M.
Belostotsky [6,7], A.V. Perelmuter, V.I. Slivker
[8] and many other authors. In foreign
publications, the modern concept of the method
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for checking the local stability of rod elements,
based on the concept of the calculated length, is
presented in the work of Y. Duan and W.F. Chen
[9].Currently, two methods have been established
for checking the local stability of frame structures
- the direct analysis method [10,11,12] (a number
of standards allow the direct setting of the initial
irregularities of the rod elements within the
framework of the P-Delta analysis [13,14]) and a
method based on the specifying of the effective
lengths of rod elements. The value of the effective
length method is that it provides a simple
approach to assessing the stability of frame
members. It is based on solving the problem of
longitudinal bending of a hinged rod with a
sinusoidal shape of the initial roughness. As a
result, the so-called buckling factor ¢ for central
compression is found, which makes it possible to
calculate the longitudinal force at which a stress
equal to the design resistance R,, arises in one of
the fibers of the rod (in European standards this
coefficient is called “reduction” factor for the
relevant buckling mode” and is indicated by the
letter y). The canonical form defining the
coefficient ¢ has the form

1

P=—F=
P

- R .
where A =% ’Fy is the reduced slenderness of

(1)

the rod, A = % is the slenderness of the rod, £ is

the elastic modulus of the material, and the
parameter ¢ is calculated by the formula: ¢p =

%(1 + &+ %), where & = % is the reduced

eccentricity of the roughness normalized in a
certain way (here 4 and W are the area and
modulus of section). Domestic standards CII
16.13330.2017 [15] use the same formula with
some ritual changes. When moving to the case of
arbitrary restrictions of the ends of the rod, it is
proposed to substitute in the formula for
calculating the slenderness A, instead of the
physical length of the rod [, the effective length
of the rod [, — the distance between the inflection
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points on the buckling shape curve. This
substitution is justified by the fact that in this way
an arbitrary rod with arbitrary boundary
conditions is, as it were, reduced to a hingedly
supported one. In [16] it was shown that, indeed,
if we take the form of the initial irregularity
proportional to the form of buckling of the rod
under the appropriate boundary conditions, then
formula (1) remains valid, and the role of the
physical length of the rod is transferred to the
effective length. This proof can be considered
some justification for the method of checking the
local stability of rods based on the concept of the
“effective length” of the rod, although the
approach itself requires additional research.

But, whatever it was, the key problem in the
methodology for checking the local stability of
rods is the determination of these same effective
lengths. Many works are devoted to this problem.
Since in the general case it is not possible to
determine the boundary conditions for each
individual rod (the boundary conditions for an
individual rod are determined by the system of
pushback reactions from all other elements of the
structure), a certain fragment of the structure
adjacent to the tested rod is identified and,
introducing some simplifying assumptions, solve
for the selected rod the problem of bucklnug [17-
28]. Based on the found eigenvalues, the required
effective length is determined. In this regard, it is
worth mentioning the important work of R.H.
Wood [17], which established the theoretical
basis for the calculation of buckling in the
European BS EN 1993 [13], as well as in the
American standards AISC/AISC 360-16 [14].
For a more accurate analysis of buckling, F.
Cheong-Siat-Moi [18] drew attention to the need
to take into account the influence on the behavior
of an individual member, both the elements
surrounding it, and the influence of the entire
system. J. Heldesland and R. Bjerhovde [20]
showed the importance of fully accounting for
the contribution of adjacent elements to the
rotational stiffness of the ends of the element.
R.K. Bridge and D.J. Fraser drew attention to the
fact that if a significant longitudinal force acts in
the elements adjacent the member, this can
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weaken its rigidity and reduce the critical force
[19]. To solve the problem of lightly loaded
members, A.V. Perelmuter and V.I. Slivker [§8]
applied the method of “additional loading of
passive elements”. The ‘“additional loading”
method was implemented in the industrial
software package SCAD [33]. Many other
authors contributed to the solution of the problem
of local stability of rods based on the effective
length method [21-29]. And this list of works is
far from exhaustive. A good overview of works
in this direction can be found, for example, in
[29]. The disadvantage of this approach is that,
firstly, the selected fragment of the structure does
not always reliably provide real boundary
conditions for the element under study.
Secondly, the critical load of an individual rod
inside a frame structure cannot be obtained
without taking into account the forces in the
remaining elements of the structure, since the
stress state in the remaining elements of the
structure affects the stiffness of the end reactions
of the selected element and changes its effective
length. And thirdly, since each element requires
an individual approach when choosing a
calculation fragment, this approach does not
allow us to formalize the problem of determining
effective  lengths. This complicates its
implementation within computer systems. Thus,
following this path, the engineer is forced to
either make difficult arithmetic calculations in
advance, or use various reference books [13-
15,30], which, as a rule, makes the analysis even
more inaccurate.

In an effort to avoid complex mathematical
calculations, engineers very often use the results
of a structural buckling analysis to assign
effective lengths to structural members. The
calculation for overall stability involves a
proportional increase in the forces in the
elements to the level at which the structure loses
stability, and the resulting values of the critical
forces in the elements are used to determine the
effective lengths. This approach could be
considered valid if the actual internal forces were
equal to the critical ones. In fact, the actual
distribution of forces is always much less than

Volume 21, Issue 4, 2025

the critical one. An overestimation of the axial
forces leads to a softening of the boundary
conditions for each individual rod. As a result,
with this approach, the effective length of all rod
elements always turns out to be overestimated.
This paper presents a universal algorithm that
allows you to determine the effective lengths of all
rod elements that make up a structure, regardless of
its complexity and taking into account the real
stress state in the structural elements, allowing you
to fully automate this procedure.

2. ANALYSIS

Consider the structure depicted in Figure 1a. Let
us want to find the effective length of the rod
attached to nodes r and s. To do this, it is
necessary to construct a matrix of unit reactions
of the system reduced to nodes r and s (Fig. 15).
Let's denote this matrix §,. Next, we exclude
from this matrix the unit reactions of the element
r — s itself, and instead of them we add the
reactions of the same element as a function of the

critical parameter « = [\/N/EI, where | — rod
length, £ — modulus of elasticity of the material,
I is the moment of inertia of the cross section of
the rod, and N— the value of the axial force in the
element. Let us denote the own matrix of unit
reactions of the tested rod Sy, (a).

a

- — - -

Figure 1. a — design model of the structure; b —
design model reduced to the attachment points
of the tested element — all superimposed
restrictions of the main system, except those
superimposed on nodes r and s, are reset
(dotted lines with arrows conventionally depict
the mutual influence of the nodes)
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Thus, the task of determining the effective length
of the element r — s reduces to solving the
equation

det [ S;s — Sy(ag) + Sy(@)]|=0 (2)
? 0 0
12E1 6EI
0 13 T]l l_2n2
0 615177 415177
— 12 — N3
Su(@) = v ;
" -2 o 0
12E1 6EI
0 T T2
6EI 2EI
0 =2 M
where
3 2
@ a) @
3 5
W e @y T a a)
3(tg—) 3(tg—j
2 2 2 2
4)
- % o
tga singa

) S(t a_a)’ o 4(1; a_a)

a 8 2 2 a & 2 2

And, of course, before including the matrices
Sy (ay) and Sy (@) in equation (2), they must be
converted to the global coordinate system. After
the solution to equation (2) has been found, the
value of the effective length coefficient is
calculated according to the formula y =mn/a
(effective length coefficient — the ratio of the
effective length of the rod to the physical length).
The main difficulty of the described procedure is
the construction of a stiffness matrix reduced to
the attachment points of the tested rod (matrix
S,s) . If, for example, we use the Gaussian
elimination procedure for this, we will need to
place the rows corresponding to the nodes of the
tested rod at the end of the system stiffness
matrix and process them with all the overlying
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relative to the parameter o (here Sy (a,) — the
matrix of unit reactions of the element r — s at the
current value of the longitudinal force N;). For
example, for a rigidly clamped rod (plane
problem) in the local coordinate system of the
rod, the matrix §,;(a) has the form [31]

EA

. 0 0
0 12EI 6EI
- 13 771 l_z T’Z
6EI 2EI
0 ——z 12 N4
EA : : 3)
- 0 0
12EI 6EI
0 ERRL! —z N2
6EI 4EI
0 —z N2 - 3

rows. That is, in fact, it is necessary to perform a
direct sweep along the entire matrix of the
system. And this procedure will need to be
performed for each rod. It is clear that if our
structure consists of hundreds or thousands of
rods, such a procedure becomes impossible.

3. FORMATION OF THE SYSTEM
STIFFNESS MATRIX REDUCED TO
NODES r AND s.

Let's assume that we somehow managed to
construct a matrix inverse to the original stiffness
matrix of the system — the flexibility matrix. Let's
denote this matrix by the letter F. Note that the
physical meaning of the coefficients in this
matrix f;; is movement in direction of the i-#4
degree of freedom from a unit force applied in
the direction of j-th degree of freedom. The
flexibility matrix has one remarkable property —
if you select in it the blocks corresponding to the
deformations of individual nodes, form a
common (truncated) matrix from these blocks
and calculate its inverse matrix, then the matrix
thus obtained is nothing more than the stiffness
matrix of the entire system reduced to the
selected nodes.
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Figure 2. Formation of a truncated flexibility matrix and its transformation
into a stiffness matrix of the entire system, reduced to the selected nodes

Indeed, let us introduce a vector of forces whose
components for all degrees of freedom, except
those corresponding to the selected nodes, are
equal to zero (Fig. 2, first column of force
vectors). We  select the components
corresponding to the selected degrees of freedom
(in the figure — degrees of freedom related to
nodes r and s) in such a way that, when
multiplied by the flexibility matrix for the first
degree of freedom, related to the selected group
of nodes, we obtain a value of generalized
displacement equal to 1, and for all others — 0
(Fig. 2, first column of matrix 7). Obviously, the
force vector selected in this way is nothing other
than the reactions in the restrictions imposed on
the nodes r and s from a single displacement of
the first of these reactions, provided that all other
nodes, except for those actually fixed, are free
(the force vector is defined in such a way that the
reactions in these reactions are zero).
Continuing this procedure for all other
restrictions of the truncated system, we arrive at
the obvious equality:

F -S =1,

S (5)
where F, is a truncated flexibility matrix formed
from cells of the general flexibility matrix related
to selected nodes, S, — stiffness matrix of the
entire system reduced to selected pair of nodes, 1
unit matrix. Hence, the required stiffness matrix
of the system reduced to the selected nodes is
determined by the equality

Volume 21, Issue 4, 2025

S =F! (6)
Thus, in the presence of flexibility matrix for the
entire system, it is possible to select in it the
blocks associated with a specific element and
form a stiffness matrix reduced to the selected
nodes. The next step is to subtract the unit
reactions of the tested element Sy, (a,) from the
given stiffness matrix S,; and substituting
instead the matrix of the same element S,,(a),
but depending on the parameter a — eigenvalue
of the boundary value problem. But here
everything is being hampered to the very matrix
of flexibility of the entire system S. Firstly, the
system’s flexibility matrix is completely filled,
which causes problems with storing the matrix,
and secondly, even taking into account the
symmetry of the flexibility matrix, the costs of'its
formation may turn out to be incommensurate
with the capabilities of modern household
computers. However, the peculiarities of the
problem allow us to solve this problem with very
little computational effort.

4. FORMATION OF THE FLEXIBILITY
MATRIX OF THE ENTIRE STRUCTURE

First, we note that, despite the fact that the
flexibility matrix is completely filled, all the
matrix blocks of interest to us will be located
within the same band structure as the original
stiffness matrix. Secondly, since the flexibility
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matrix (like the stiffness matrix) is symmetrical,
it is sufficient to form, for example, only the
elements lying below or above the main
diagonal.  Formally, the procedure for
constructing a flexibility matrix is reduced to
solving a system of equations

(7)

where § and F are the stiffness and flexibility
matrices of the entire system, I is the identity
matrix. To calculate the flexibility matrix F, we
will consider equation (7) as a system of n
equations with » columns of right-hand sides.

Stiffness matrix § reduced
to triangular shape

Eugene 1. Britvin, Moshe Eisenbeger

The i -th column of the right-hand sides contains
a unit in the i-zh position. All other elements of
the i-#4 column initially contain zeros. Let us
divide the procedure for solving equation (7) into
3 stages: the first is the reduction of the stiffness
matrix § to a triangular view using the Gauss
method; the second is a forward Gaussian sweep
on the matrix 7; third — Gaussian inverse sweep
on matrix I. Figure 3 on the left shows the
stiffness matrix of the system, reduced to a
triangular form by a forward Gaussian sweep. On
the right is the process of converting the identity
matrix into a flexibility matrix.

Formation of the flexibility
matrix F

12

Figure 3. The process of forming the system flexibility matrix

As a result of a direct sweep on the matrix I the
entire triangle below the main diagonal will be
filled, and the zeros above the main diagonal and
the ones on the main diagonal will remain in their
original state. Let's consider the reverse sweep
procedure using the example of the j-74 column
of the formed flexibility matrix (Fig. 3). Let, as a
result of the backward procedure, all elements of
the j-th column lying below the main diagonal
were calculated. To find the diagonal element
(indicated by the sign '?"), you need to multiply
the previously calculated elements of the j-t4
column (A,C] of the generated flexibility matrix
by the elements of the j-t& row (A,C] of the
stiffness matrix. Then subtract the resulting

46

amount from unity (element A matrix located on
the right) and divide the result by the diagonal
element of the stiffness matrix (element A matrix
located on the left). Obviously, the values of the
previously calculated elements of the j-th
column lying below point B, located on boundary
of the band structure of the flexibility matrix, will
not affect the value of the diagonal element A of
the flexibility matrices, since all of them will be
multiplied by the zeros of the j-th row of the
stiffness matrix, located above the width of the
band. Similarly, when forming all elements of
the j-th columns located above the main
diagonal, elements located below element B, will
also not affect their values in any way for the
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same reason. Thus, the procedure for reverse
sweep by the j-th column of matrices I can be
written as follows:

1 ;-1
1- Zsi,i+k ki | 1=
f Sii k=1
hj T -1
1% . .
- Zsi,Hk ik, jo i=j-1,7-2,.,1

Sii k=1

(8)

where [; — bandwidth of the i-#4 row. This means
that there is no need to either calculate or store
flexibility matrix elements located outside the
bandwidth. Thus, if there is a way to calculate the
elements of the j-t4 columns of the flexibility
matrix located within the width of the band
below the diagonal element, without preliminary
calculation of the elements located outside the
band, then the problem of forming a flexibility
matrix will be solved.

The following algorithm solves this problem. We
perform the first step of the algorithm — reducing
the matrix S to triangular form using the Gaussian
procedure. The second step is a direct sweep
through the matrix 1. But, since the last column of
matrix I remains unchanged after the forward
sweep (recall that the last n-#4 column of matrix 7
contains the only non-zero element — one in cell
[n,n]), then by omitting the forward sweep, you
can immediately perform a reverse sweep along
this column. And, since the elements of matrix F
outside the width of the band are of no interest to
us, the reverse sweep can be made not to the entire
height of the matrix, but only within the width of
the band — section [ab] (see Fig. 3). Since the

flexibility matrix is symmetric, we reflect the
elements of the [ab] column onto the [ab’] row.
Let's move on to the (n-1)-t4 column of matrix F.
Since the subdiagonal element in this column is
already known, we immediately perform the
reverse sweep, starting with the diagonal element
and also within the width of the band. We reflect
the calculated elements of the (n-1)-# column onto
the (n-1)-th row. Continuing this procedure, we
successively fill in the band structure of the matrix
F. The algorithm can be constructed in such a way
that it will not be necessary to fill the subdiagonal
part of the matrix F. Therefore, the required
external memory for storing the required data of
matrix F no more than what is needed to store the
band structure of the system’s stiffness matrix.

To avoid reloading the rows of the factorized
triangular matrix S, the elements of the matrix F
should be calculated in the sequence shown in
Figure 4.

--d—--d—I-d—I-d—l}
--—I-—I-d—l-d—ij
- — - — g —y

c b
'-ﬂ—--ﬂ—'-ﬂ—"_}

:-ﬂ—-ﬁ—q
:-ﬂ—q
iy

.ndnlon
Figure 4. Sequence of formation of elements of
the flexibility matrix

Column:

The coefficients of the matrix F are found using
recurrent formulas.

1 (& -1
fi,i+m = _S zsi,i+k irkiem T Z Siivkivmivk [» M> 0,
ii

k=1

.fi,i =

Index i is go over through the sequence i =
n,n—1,..,1, and for each value of index i
index m runs through values m =1; — 1,[; —
2, ...,0. Table 1 shows the number of operations
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1 ll_l
- l_zsi,i+k pivk | m=0.
Sj,j k=1

k=m+1

)

required to reduce a matrix of order n and
bandwidth [ to triangular form, and the number
of operations required to form the band structure
of the inverse matrix
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Table 1. Number of operations

Operation Direct Gaussian move Fgrmmg the tqpe
Imverse matrix
- -1
Division nl — = nl - UGl)]
2 2
C e I(/-1) I(/-1)(2/-1 I(I-1)(2/-1
Multiplication ‘ (2 )_U )6( ) nl (1—1)—%
. I(/-1) I(I-1)(2]-1 -1)(27-1
Subtraction mi(i=)_1i=ner-h nl(l—l)—w
2 6 3
As you can see, the number of operations for 5. EXAMPLE
forming a band of the inverse matrix is
approximately 2 times greater than the number of The  algorithm  described above  was

operations for the Gaussian elimination
procedure, which is much more efficient than
forming a system stiffness matrix and processing
it according to Gaussian for each element
separately.

After the “band” of the system’s flexibility
matrix F is formed follow the procedure
described above. For each rod, we “pull out”
from the flexibility matrix the cells
corresponding to the attachment points of the rod
and form a truncated flexibility matrix of the rod
attachments F . This is a relatively small matrix
— in the case of a spatial system, it is a 12x12
matrix. We calculate its inverse matrix — the
stiffness matrix of the system reduced to the
nodes of the tested rod Sg. Since the initial
matrix of the system is formed taking into
account the single reactions of the tested rod, we
subtract the rod’s own stiffness matrix $,, (@)
from the given matrix. We add to the given
stiffness matrix the rod’s own stiffness matrix as
a function of the parameter a //~ S, (a). We find
the eigenvalues of the parameter a. For each
value of allwe construct a mode of buckling.
Based on the mode, we determine relative to
which principal axis of the section the bending
occurs according to this mode. We continue the
search for eigenvalues until we find the smallest
eigenvalue for each principal axis of the section.
Using the formula wu=mn/a [ we
determine the coefficient of the effective length
of the rod relative to both principal axes of the
section.
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successfully implemented on the SELENA
computing complex [32]. As an example,
consider the flat frame shown in Figure 5. I-
section columns HE 320C (A = 2.3695:102 m?,
I1=48711-10%m*) . Crossbars — box section
RVS 300x300x15 (A = 1.6521-102 m?, I =
2.1959:10* m*). The elastic modulus is taken
equal to E =2.0594-10'! N/m?.

2P

P P
5p ® o o
Ol ®| |,y D fn
5P 1 @ =] l l
@ ® @
H H H

WTZ'. TR TR —
I

6m | 6m
|

Figure 5. Example of a flat frame

This flat frame structure loses stability at a
force value P equal to 1.005-107 N. Figure 6
shows the curves of changes in the values of
the effective length coefficient i depending on
the load intensity P for six columns calculated
in accordance with the described algorithm.

Let’s perform “manual” testing of the algorithm

using column No.5 as an example (in Figure 7a
this element is designated AB ). For simplicity,
we will assume that there is no external load.
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Figure 6. Graphs of the dependence of the
coefficient of the effective length 1 of columns
on the load level P
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R ,=45110" p/m
— e
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M, _~1.32:10 " Aim/rad
g
posed
A
Figure 7. Example of “manual” check for
element No.5.

- -
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Element No.5 is excluded from the design
diagram and constraint is added at node B (node
A is initially fixed, Fig. 7b). We give node B a
unit  horizontal  displacement A = 1and
determine the reactions Ry and Mg, (Fig. 7c).
We rotate node B by an angle ¢ =1 and
determine the reactions Rp, and Mg, (Fig.
7d oppWe add our own unit reactions of rod
No.5 as a function of the parameter o (see
formulas (3,4)).As a result, the system stiffness
matrix reduced to nodes A and B will have the
form

aY aY a
12E1 2 6FEI \ 2 2
Ry, + 5 RB¢+ ———
Fogfg?-2 Foalg2-2
£, £, 72
S = ,
@ a ajp, «
6El \2) &2 4E1 2| tga
MBA 12 a o By / a o
3(t _j 4(t _j
2 2 2 2
(10)
12E1
For element No.5 we have: =

13

. 11, -4
12:2.0594 10""-4.8711 10 — 04458 108N/m

33
6EI  12:2.05941011-4.8711107%
== 32 = 0.6688 108N.
4EI 12:2.0594 1011-4.8711 10™%
T = 3 = 13375 108Nm

Now it remains to find a parameter value « that
satisfies the requirement det(S (a)) = 0. The
zero value of the determinant is reached at a =
3.977, which exactly corresponds to the value
U= g = 0.790 found by the program at zero

load (see Fig. 6, point P = 0).

Figure 8 shows graphs of changes in the function
det(S) = f(a) at different load levels P. The
results are summarized in Table 2. Based on the
found values of zero points of function f(a)
(Fig. 8) the coefficient x values corresponding to
four load levels were determined and
superimposed on the graph u = p(P) for element
No.5 (Fig. 6). As you can see, all the shown
marks fall exactly on the curve calculated in
accordance with the algorithm.
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Figure 8. Graph of the function det(S) = f(@)
for rod AB at various levels of external load

Table 2. Coefficient o at 4 levels of external load

P RBA MlgAUD MB(p

) (N/m) (]‘f;)f’ (Nmirad) | ¢ #
0 | 4.507-107 | 6.993-10° | 1.316-10° | 3,977 | 0.790
2.5-10° | 3.982:107 | 7.231-10° | 1.161-10° | 3.799 | 0.827
5.0-10° | 3.386:107 | 7.166-10° | 0.973-10° | 3,554 | 0.884
8.0-10° | 2.473-107 | 5.278-10° | 0.636-10° | 3.137 | 1.002

Fig. 9 shows the design model of a 4-story 4-span
frame. All rods are of the same cross-section. The
floors and the ceiling are loaded with the same
distributed load.

The graphs in Fig. 10 show the curves of the
buckling length coefficient u dependence on the
load level for columns (A, B, C), calculated
programmatically based on the algorithm
described above. The load level in relation to the
critical state is plotted on the abscissa scale. The
numbers indicate the floor numbers.

THIRTTARTHTA TR R TATn

M

TR TR T LTI T

2m

R IR RN RN A Y IR AN

2 =
R IR NN RN RN Y 1NN Y
1| E D D E =
T oawm T om T owm T am
A B C B A
Figure 9. Design model of a 4-storey 4-span
frame
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Figure 10. Graphs of the dependence of the
coefficient u on the load level

Table 3 shows the limit values of the coefficient
pu corresponding to the critical state of the
structure. Note that these limit values correspond
to the “standard” calculation scheme of analysis
of overall stability, when searching for a critical
state, the load increase in all elements of the
system proportional to the same parameter.

Table 3. Values of the coefficient u when the
load reaches a critical value

Floor A B C
4 3.141 2.055 | 2.131
3 2.192 1.464 | 1.501
2 1.785 1.197 | 1.225
1 1.545 1.037 | 1.064
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It is somewhat more difficult to check the
algorithm works if the acting load does not reach
the critical value. To do this, it is necessary to find
a way to fix the stress state of the structure at a
certain level (below the critical value), and vary the
force in one tested rod, bringing it to a loss of
stability. Of the programs known to us, only the
SCAD software package can provide such an
possibility [33]. We are talking about the method
of “additional loading of passive elements”,
described in the work [8]. The program allows,
having formed a calculated combination of
loadings for performing the overall buckling
analysis, to fix individual loadings, and to carry out
“additional loading” on the remaining loadings.

In order to test the algorithm operation, the
following scheme was implemented - a design
combination was created consisting of two
loadings. The first loading included a distributed
load, as shown in Figure 9. This loading was
included in the design combination with a
combination factor of 0.9 and was fixed. The
second loading consisted of two unit forces
applied to the ends of the tested rod and directed
towards each other, thus simulating its
compression. Variation was allowed only for the
second loading. Based on the found critical force,
the coefficient of the buckling length of the rod
was calculated wusing the formula pes =

s EI ; 1
— |[——L — where Nj ;o5 — is the force in
L \| Ny test+Nz test '

the tested rod from the first loading, and N ;o5; —
is the critical force in the same rod from the
second loading. All column elements in rows A,
B and C were tested. Table 4 shows the results of
the experiment.

Table 4. Values of the coefficient u when the
load reaches 0.9 of the critical value

Floor A B C
4 0.668 0.636 | 0.632
0.668 0.635 | 0.631
3 0.784 0.748 | 0.749
0.784 0.747 | 0.747
) 1.082 0.930 | 0.935
1.083 0.929 | 0.934
1 1.039 0.859 | 0.867
1.039 0.857 | 0.865
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The numerator of each fraction contains the value
of the coefficient p obtained by the SCAD
program, and the denominator contains the value
obtained by the described algorithm
implemented in the SELENA program. As can be
seen, the results are almost identical.

6. CONCLUSION

The speed of the algorithm described above is
ensured by the fact that, as has been shown, the
boundary conditions at both ends of a particular
element can be obtained by inverting a very small
fragment of the overall flexibility matrix of the
structure. In turn, it is shown that to solve the
problem, not the entire flexibility matrix is
needed, but only that part of it that lies within the
band structure of the system’s stiffness matrix.
An effective method for forming the required
flexibility matrix band is proposed. Experiments
show that the time required to calculate the
effective lengths of all structural elements is
comparable to the time required for one static
calculation per one load. And the fact that only
the band structure of the flexibility matrix is used
does not impose excessive demands on the use of
external memory.

Some notes on using the algorithm. Since the
stiffness of a structure depends not only on the
geometric characteristics of the elements, but
also on their stress state, when preparing the
initial stiffness matrix, the unit reactions of the
elements must be included taking into account
the longitudinal forces acting in them. To ensure
a certain safety factor of structural strength, it can
be recommended to increase the values of forces
from the design combination of loads by 15-20%.
A more strong option — perform a preliminary
search for the most unfavorable combinations of
loads and for each element set the largest value
of longitudinal force over the entire sample of
possible load combinations. This seems all the
more appropriate since calculators, as a rule, do
not recalculate the effective lengths of bars for
various combinations of load cases. And some
overestimation of longitudinal forces in
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individual rods only affects the boundary
conditions of neighboring rods, which will
contribute to a certain robustness of stability. In
this case, it is necessary to ensure that the given
combination of forces does not take the structure
beyond the limits of loss of overall stability.
Considering that in reality, in the vast majority of
cases, structures have a significantly larger
robustness of overall stability, such a cautious
approach would provide a guaranteed robustness
of strength without excessive waste of material.
The algorithm, in the form in which it is
presented in this work, cannot be applied to
compound rods and rods with intermediate
nodes. With a little modification this
shortcoming can be eliminated. The authors hope
that they will have the opportunity to continue
work in this direction.
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DYNAMIC MODEL OF HIGH-FREQUENCY VIBRATION
DAMPERS FOR POWER LINE CONDUCTORS

Alexander N. Danilin ', Andrey P. Zakharov ?, Alexander E. Fedorov,
Valery A. Feldstein '?

! Institute of Applied Mechanics of the Russian Academy of Sciences, Moscow, RUSSIA
2 Moscow Institute of Physics and Technology, Moscow, RUSSIA

Abstract: A dynamic model of an aeolian vibration damper for overhead power transmission line conductors has
been developed, taking into account energy dissipation in the material structure. Based on the model, a dynamic
stiffness matrix of the damper has been obtained, intended for use in a combined dynamic model of "conductor —
damper". The damper's cable consoles are considered as beams made of a material with internal friction, to
which the concept of microplastic deformations is applied. It is believed that the damper design is symmetrical
relative to the vertical plane of the conductor sag, and during oscillations, it moves in this plane. The equations
of oscillations are obtained in Lagrange form in matrix notations. The influence of the damping coefficient on
energy dissipation power and oscillation amplitudes in resonance modes has been studied. The coefficients of
amplitude and phase distribution (shape factor) of translational and rotational oscillations of loads have been de-
termined depending on the radius of inertia and load eccentricity. Dimensionless nomograms of the damper
arm's natural frequencies have been constructed in relevant parameter change ranges. The dependence of dimen-
sionless dissipation power on frequency has been investigated.

Keywords: overhead power line, acolian vibration, Stockbridge dampers, energy dissipation,
dynamic model, dynamic stiffness matrix, parametric analysis, amplitude-frequency characteristics

JAUHAMHUYECKAS MOJAEJIb TACHUTEJIEN _
BBICOKOYACTOTHBIX BUBPALIUU ITPOBOA0OB JIMHUHU
JEKTPOIIEPEJIAYH
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! UncTuTyT NpuKIaaHol Mexanuku Poccuiickoli akageMun Hayk, T. Mocksa, POCCHSI
2 MoCKOBCKHI (DM3UKO-TEXHUYIECKUH HHCTUTYT, T. Mocksa, POCCH I

AnHoTanusi: Pa3zpaboraHa JuMHAMUYECKash MOJCIb TaCHTENsl S0J0BOI BUOpAIMK [TPOBOOB BO3AYIIHBIX JTHHHIA
JNIEKTpornepeiaull ¢ Y4ETOM SHepropaccesiius B CTpyKType MaTepuana. Ha ocHoBe Mozenu mosydeHa MaTpHLia
JMHAMHYECKON >KECTKOCTH TaCHTeNs], NMpeJHa3HauCHHas ISl MCIIOJIb30BaHMs B OOBETMHEHHOW JIMHAMUYECKOMN
MOJIEITN «IIPOBOJI — I'ACUTENbY». TpOCOBbIe KOHCOJIM racUTENsl pacCMaTpHUBAIOTCS Kak OajKH U3 Marepuaia, ooa-
JIAIOIIer0 BHYTPEHHUM TPEHHEM, K KOTOPOMY IPHUMEHSETCS KOHLENIUS MHUKPOIIACTHYECKUX JAedOopMaryii.
Cunraercs, 4YT0O KOHCTPYKLHS TacHUTEIs] CUMMETPHYHA OTHOCHTENIFHO BEPTUKAIBHOM IIOCKOCTH TPOBUCAHUS
TIPOBO/IA U TIPU KOJICOAHMSAX OHA COBEPINACT JBIKCHUE B ATOH IIOCKOCTH. YpaBHEHUsI KOJIEOAHUI TTOTyYCHBI B
dopme Jlarpamxka B mMaTpudHoM Bune. MccienoBano BinusiHHE Kod(duumeHTa 1eMIQUpoBaHUs Ha MOIIHOCTh
JUCCHTIAIIMN SHEPTHH W aMIUTUTYIBI KOJIeOaHWH B pe30HAHCHBIX pexumax. OmpeneneHsl ko3 QuuneHTs! pac-
TpeesieHus aMIUTUTY I U Pa3-(kodpuimerT hopmbl) MOCTYMATENBFHBIX U BPAIIaTeIbHBIX KOICOAHUI TPy30B B
3aBHCHUMOCTH OT Pajnyca MHEPLHH M 3KCLEHTpUcHTeTa rpy30B. [locTpoeHs! Ge3pa3MepHble HOMOIpaMMBl cO0-
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KaroueBble ciioBa: BO3AYyLIHAA JIMHUA 3JICKTpoIepeaain, 50J10Ba BI/I6paHI/I$I, racuTeimn CTOKGPHZ[)Ka,
Auccunanusa SHEPruv, AMHaMu4iceCKas MOACJb, MaTpuiia ﬂHHaMH‘IeCKOﬁ KECTKOCTH, HapaMeTpI/ILIeCKI/Iﬁ aHaJus3,
AMIUTUTY JHO-9aCTOTHBIC XapaKTCPHUCTUKHN

International Journal for Computational Civil and Structural Engineering



Dynamic Model of High-Frequency Vibration Dampers for Power Line Conductors

1. INTRODUCTION

The paper examines dynamic models of Stock-
bridge dampers utilized on overhead power
lines (OHL) for the mitigation of aeolian vibra-
tions, which arise from the intermittent release
of Karman vortices from the conductor in wind
flow [1]. Figure 1 depicts a frequently employed
damper along with a schematic representation of
its installation on a conductor [2].

b)
Figure 1. Vibration damper (a) and its
installation diagram on the OHL conductor (b)

Mechanically, the damper consists of a pair of
double arms (oscillators), with the inertial ele-
ments constructed as massive weights and the
elastic elements designed according to tradition-
al principles using elastic console cables. These
cables also serve as dampers due to friction
among the spiral wires that comprise them. In
the presence of aeolian vibrations, a stationary
transverse wave is established within the span,
leading to kinematic excitation of the damper
connected to the conductor. This excitation re-
sults in translational movement primarily in the
vertical direction and rotation around an axis
perpendicular to the plane of the conductor's
sagging. Typically, the damper designs exhibit
symmetry concerning the vertical plane of the

Volume 21, Issue 4, 2025

conductor's sagging, and during oscillations,
they perform planar motion within this plane.
The Stockbridge damper was developed in 1925
by George H. Stockbridge following several in-
stances of damage to power transmission lines
attributed to aeolian vibration [3]. Subsequently,
the Stockbridge damper entered an extended
phase of development and enhancement [3-7].
In 1932, R. Monroe and R. Templin proposed a
two-degree-of-freedom damper.

Modern designs were developed as a result of
extensive research conducted in the late 1960s
and 1970s [6]. In 1968, R. Claren and G. Diana
developed a variant of an asymmetric damper
with various weights and arms of cable ele-
ments. A damper with two attachment points to
a conductor, known as the Haro damper, was
developed by L. Haro and T. Seppa in 1970.
The Dogbone variant is another modern damper
design that resembles a dog bone in shape. The
damper was proposed by the Australian engi-
neer and inventor Philip W. Dulhunty around
1976. The weights of the damper are slightly
shifted to the side to create a third torsional de-
gree of freedom, which allows the cable not on-
ly to bend vertically, but also to twist.

Despite the successful development of aeolian
vibration dampers, practically no rules for de-
signing dampers, analyzing their effectiveness
and use were published at that time. Since the
early 1970s, the first mathematical models of
vibrations of Stockbridge dampers and similar
variants began to appear [8-16]. H. Wagner et
al. (1973) investigated the dynamic response of
a symmetrical Stockbridge damper, which was
modeled as a massless cable with weights at-
tached to its ends [9]. P. Hagedorn (1980) pro-
posed the concept of optimal the mechanical
impedance of the damper, using a simple com-
putational model [13]. The correctness of P.
Hagedorn's approximate calculations was sub-
sequently confirmed by B. Schaefer (1981) [15].
Based on these works, new design concepts for
dampers with increased efficiency were consid-
ered [14].

In 1995, M. Markiewicz published a method
and computational model for estimating the op-
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timal dynamic characteristics of Stockbridge
dampers designed for installation near anchor
supports [16]. It is shown that the efficiency of a
standard damper used in such spans can be in-
creased due to its correct location on the con-
ductor.

The bibliography of further research is exten-
sive and covers various aspects of the vibrations
of dampers themselves and the "conductor —
dampers" systems. Significant results have been
published, for example, in works [17-29].

In this paper, a dynamic vibration model of the
damper is constructed, focused on further use in
the combined dynamic model "conductor —
damper". Such a combination is easily carried
out if the dynamic stiffness matrix of the damp-
er is known, which relates the amplitudes of the
generalized forces applied to the clamp to the
amplitudes of the generalized displacements
caused by them. This article describes a dynam-
ic model of the damper and a method for con-
structing the mentioned dynamic stiffness ma-
trix, analyzes the spectrum of natural vibrations
of the damper depending on the dimensionless
values of the radius of inertia, the eccentricity of
the weights and the damping coefficient. The
dissipation in the elastic console is taken into
account based on the model of internal friction,
according to which the modulus of elasticity of
the material is considered a complex quantity,
the imaginary part of which characterizes the
dissipation of vibration energy.

2. PHYSICAL MODEL AND VIBRATION
EQUATIONS

The main function of a vibration damper is to
dissipate mechanical energy due to friction and
to change the shape of the conductor in the edge
zone of the span in order to reduce bending de-
formations. In traditional Stockbridge type
dampers with a console made of a cable, friction
is provided by internal friction when the spiral
wires that make up the cable slip. This allows
consoles to be considered as beams made of a
material with internal friction, to which the con-

cept of microplastic deformations is applied [30,
31]. According to this model, the modulus of
material elasticity is assumed to be complex:
E, = E(1+in), where n is the damping coeffi-

cient, which has the order of the logarithmic
decrement of vibrations. Usually, due to the
smallness of the internal friction, it is assumed

that n* << 1. However, in this case, the damping

1s not assumed to be small. A refined version of
relation is also known [31], which is used fur-
ther:

E, =E(a+ib),
2 1
a=1 n2/4’ b n2 ' (1)
1+n°/4 1+1/4
Since a*+b*=1, then a°+b*=1, where

y =arctg(b/a) and E, = Ee" . Therefore, tak-
ing into account the designation D =EI, the
flexural rigidity of the console —

D, =EI=Ele" =De" . (2)
The primary mass of the damper is concentrated
in the weights and the clamp; therefore, the iner-
tia of the console is not taken into account.
The inertial elements of the damper — the clamp
(along with the segment of conductor it encom-

passes) and the weights — are considered as rigid
bodies characterized by their masses m,, mo-

ments of inertia in the vertical plane J, = m
relative to their centers of mass C,, and the dis-
tances (eccentricities) |di| =PC, between the

centers of mass and the point designated as the
pole. The indices i=0,1,2 refer to the clamp,
the left arm, and the right arm, as illustrated in
figure 2.

Depending on the configuration of the weight,
its center of mass C, can be located on different

sides of the attachment point P to the console.

This option is used, for example, in VORTX™
vibration dampers by the well-known company
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PLP (Preformed Line Products). This circum-
stance is taken into account by the sign of the
eccentricity: d, <0, d, >0. Both possible at-
tachment options for the weights are schemati-
cally shown in figure 1.2.

(0] X
P P
1oty
d)| |P,
h i R,
C,
X, a, X,
P 0, o, PN 7
2b L, 4] C
d\C,
2T A

Figure 2. On deriving the vibration
equations of the damper

It is assumed that the inertial characteristics of
the loads, the lengths of the consoles L, and the

eccentricities d; in the arms of the damper are

different. This difference expands the frequency
range of the damper and is used in practice.

The oscillations of the damper are considered
with respect to a stationary right coordinate sys-
tem Oxyz, the origin of which is located on the

axis of the stationary conductor that is in equi-
librium, and the longitudinal axis x is directed
along the tangent. When aeolian vibration oc-
curs, the clamp, along with the conductor, per-
forms vertical and rotational oscillations relative
to the axis Oz. Horizontal movements of the
clamp can be neglected, as the longitudinal
stiffness of the conductor is significantly greater
than the transverse stiffness. The position of the
clamp is determined by the vertical displace-
ment y, of the point F, and the angle of rota-

tion @, relative to the stationary coordinate sys-

tem. In addition to the stationary coordinate sys-
tem, movable systems O,x,y,z,(i=1,2) are in-
troduced for each arm, which are associated
with the clamp and therefore convenient for de-
termining the deformations of the consoles.

As generalized coordinates for the clamp, the

absolute coordinate y, and the angle of rotation
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¢, are chosen. It is advisable to choose the other

generalized coordinates in such a way that the
potential energy can be expressed as simply as
possible in terms of the deflections and angles
of rotation of the extreme sections of the con-
sole. This is convenient for further development
of the model towards a more accurate account
of the mechanical characteristics of the console,
for example, to account for the dependence of
the bending stiffness of the cables on their de-
flection [32]. For this purpose, movable coordi-
nate systems O.x,y,z, are used, relative to which

the position of the weights is defined by the ver-
tical displacements y,, of the points £, and

the angles of rotation ¢,,. Then, the potential

energy of the elastic deformations of the console
takes the simplest form:

1
11,=>(8!'v} +28"v0,+ 707

where y,, ¢, are deflection and angle of rota-
tion at the extreme section of the console, and

mn

g'" — elements of the stiffness matrix of the
i-th console:

12D,/L; -6D,/L;
G = :

i

In the case under consideration
_ l 3 11_2 2 12 22 2
=23 (8" +2¢y0+870). G)
i=1

7

The total potential energy consists of the energy
of elastic deformations of the console /7 and
the energy of the change in the center of gravity
of the weights U . Let's evaluate these compo-
nents. The inertia force of the weight, deforming
the console, is of the order of F =mA®®, where
A — the amplitude of oscillations with frequen-
cy o, and creates an average bending moment
M ~mAw’L in the console, which corresponds
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to the deformation energy I7: M’L/D, . The

gravitational part of the potential energy
U =mgA. Comparing these values, we find:

/U : mAo'L’/(D,g). in the

frequency range of aeolian vibration, at the am-
plitude 4~0.01m and typical parameters of the

Even low-

dampers [33], the elastic energy exceeds the
gravitational energy by 1-2 orders of magnitude.
It follows that the "pendulum" effect is insignif-
icant for the operation of the system as an oscil-
lation damper.

Kinetic energy of the damper:

K= 2( +r0(§b)+—[V2+rl (& — (&)}
F Ve (G4 ) .

where V> are the squares of the absolute veloci-
ties of the centers of mass of the clamp (i =0)
and weights (i=1,2), expressed in terms of
their vertical and horizontal components:

B0,
VP=(%+%k+d&-R cosocl)2+
+R’& sin’ a,,
=(K+B+d,& +R2(§bcosa2)2+

2 2 a2
+R;¢& sin” a,.

It is indicated here: sz (le +d,, +b) +h,

and further it is taken into account that
R ,cosa,,=L,+d,+b=1, (see figure 2).

The elementary work of the external forces ap-
plied to the clamp from the conductor side is
equal to: 64, = F.0y,, 64,=M_00,.

The equations of vibrations in the Lagrangian
form [34, 35] can be presented in matrix nota-
tions. We will introduce a column vector of
generalized coordinates and generalized exter-
nal forces:

q:(yo Po V1 §1 ) (Pz)T =(q0 49 qZ)T’

' @)
Q=(F.M.0000),
as well as the inertia and stiffness matrices,

which can be conveniently represented in block
form:

Mll M12 M13
M= M, M, 0 |
Mlg 0 M33 (5)
0 0 0
C=D,|0 C, 0 |;
0 0 C,

where:
my =m,+m, +m,,

0, :mo(’"o2 +d02)+ml(R12 +712)+m2(R22 +V22)

— mass and moment of inertia of the entire
damper relative to the pole O; 0, =m. (1> +d?)
— moments of inertia of weights relative to the

poles P; ¢, =md,, N, =ml, w,=m(r’+dl)
(i=12); C,, =G, C;;=G,; 0 — zero 2x2-
matrix.

Then the equations of vibrations will be written
in the form:

M@ Cq=0. (6)
The forced vibrations of the damper installed on
the vibrating conductor in the OHL span (span

mode) [36] are excited by the action of periodic
force and moment from the conductor, so that

60 International Journal for Computational Civil and Structural Engineering



Dynamic Model of High-Frequency Vibration Dampers for Power Line Conductors

the vector of generalized forces in the right part
of (6) has the form

Q=(F.e” M 0000). (7)

This mode is further considered when determin-
ing the dynamic stiffness matrix used in con-
structing the combined "conductor — damper"
model.

Important characteristics of vibration dampers
include  natural frequencies, amplitude-
frequency characteristics (AFC), and the power
of mechanical energy dissipation performed by
the damping element of the damper. Current
regulatory documents, for example [36], provide
for its experimental determination through tests
on a vibration stand that implements harmonic
oscillations of the platform with an amplitude
that changes according to the law A().

In this case, the damper clamp is fixed immova-
bly on the stand platform, while the weights per-
form a complex motion: a translational motion
together with the stand platform and a relative
motion with respect to the platform (stand
mode). Then the loads are affected by the inertia
of the portable motion, which reduces to a force

and a moment with amplitudes m Aw> and

dmAw’, as follows from (5), at

v, =Ae™, ¢, =0.

Therefore, in relation to this mode, in the gen-
eral equation (6), the vector ¢ defines the rela-
tive motion, and the vector @ defines the port-

able inertia forces. When testing the dampers,
the frequency amplitude is scanned in such a
way that the set amplitude of the platform speed

is maintained 4o =V =(0.05-0.2)m/s, so that

0=(0 0 moV dmoV moV dmoV)" .

In the experiments, the damper arms oscillate
practically independently; the weak mutual in-
fluence due to the elasticity of the clamp should
be attributed to nonlinear effects that are insig-
nificant in this case and is not taken into ac-
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count. Such independent — partial oscillations of
individual arms are also of interest and are de-
scribed by equation (6), if instead of the general
matrices 4, C, we use their blocks 4,,, C,,,

or, 4, Cy;:

(sz_szzz)% =0, ®)
(C33 —0)2M33)q2 =0,.

2. DYNAMIC CHARACTERISTICS OF
THE DAMPER

In the following, we will focus on the design
parameters that are typical for practically used

vibration dampers (see table 1).

Table 1. Parameters of a typical vibration

damper
Weight
Mass Radius of in- Eccentricity
m, kg ertia », mm d, mm
1 40 15
Console
Bending stiffness Length
D, N-m’ L, mm
1-6 100
Clamp
Mass Moment of inertia
m,, kg J,, kg-m’
0.3 0.0003

Setting the bending stiffness in the form of a
range is due to the fact that this parameter for a
console made of a spiral cable depends on the
amplitude of the weight vibrations. At low am-
plitudes, the individual wires are pressed against
each other and the console deforms like a solid
section beam; in this case, the stiffness has the

maximum value D~6 H-m>. At high ampli-

tudes, the wires slip each other in the console, as
a result of which each of them bends inde-
pendently; as a result, the stiffness of the con-
sole decreases and reaches a minimum value
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D ~1 H-m?. This means that the elastic element

in the form of a spiral cable, generally speaking,
has a non-linearity.

Partial oscillations realized in the stand mode
are described by equations (8). Due to the iden-
tity of the equations, the subscripts will be omit-
ted when considering a single equation. Let us
write down the system of equations with respect
to the oscillation amplitudes in an expanded

, ¢ =De

iwt it

o

form, assuming: y = Ye

gll_m(DZ glz—g(nz y
12 2 22 2 :(DV
g —co g7 -0 \®

In the following, the notation is used:

p=r/L,8=d/L, f=Y/L,

p=oymL[3D = w/o,,

where o, is the lowest natural frequency of the

console with bending stiffness and point mass
m at the free end of the console. Turning to
these variables, we transform the system (9) to
the form

4e" - p* 2" —§p° an
26V —8p*  4eV[3-(8"+p*)p? )\ @
_ (!
Loy \8)

Considering (1), (2), the solution of these equa-
tions is written as:

(10)

f=-l Pl (2+8jpp2=V%>
Lo, A 3 Lo,
|4 |4 (b
o =—2Loe" (1425)=—&
Lo, A Law,
Here:
A(p):pzp 4p2 "“c+462i“’/3:AR+iAI

is the determinant of the system (10); dimen-
sionless variables:

A, =p’p* —4pzca+4(a2 —bz)/3,
A, =4b(2a—p2c);
7= (12)

= - ’i 21+ 28)(a+ib)(Ay ~id)

R 1

(fR if[)(AR - iAI)a

A2

with coefficients:

c=1/3+p> +5(8+1),

(13)
i =2a(2/3+8)-p’p*, 1, =2b(2/3+3).

The ratio of amplitudes during frequency scan-
ning varies according to the law:

& 2(1+23)
14
p= SN — 2 BB, (14
where are the real and imaginary parts:
Br =afx +bf1, By =0bfr—df,. (15)

Let's first consider the characteristics of the
damper without taking into account damping.

The equation Re[A(p)]=0 defines the natural

frequencies of free harmonic oscillations of a
conservative system. In the expanded form —
(3p°/4)

—3¢cp”+1=0 (16)

—-3p° >0.

It is fundamentally important that the natural
frequencies of the damper are located in the cur-
rent frequency range characteristic of aeolian
vibration. As can be seen, the dimensionless
partial frequencies of the damper are determined
by two parameters & and p, moreover, a pair

of values 8=-1/2, p=1/412=0,289 (solu-

with discriminant 3(8,p) =9¢’

62 International Journal for Computational Civil and Structural Engineering



Dynamic Model of High-Frequency Vibration Dampers for Power Line Conductors

tion of the system of equations 93/05=0,
09/0p=0) plays a special role: for these val-

ues, the discriminant of equation (16) is zero
and its roots are multiples. In dimensional vari-

ables, this means that when d =—+/3r both fre-
quencies coincide: ®, = o, =+/12D/mL’ .

Figure 3 shows the dependences of the dimen-
sionless frequencies p,, on the eccentricity of

the load (parameter 0 ) at different values of the
radius of inertia (parameter p ).

The curves corresponding to
8=-1/2, p= 1/\/5 ~(0.289 are limiting:
at 8—>—1/2, the frequencies approach each
other: the lower frequency p, reaches its max-
imum, and the upper frequency p, reaches its
minimum, and p,(-1/2) = p,(-1/2)=2.

0 : ;
-1 —0.5 0 0.5 1

Figure 3. Dependencies p,,(d) for
different parameter values p =0.2, 0.289, 0.4
(curves 1, 2, 3, respectively)

The symmetry of the curves relative to the ver-
tical 8 =—1/2 shows that from the point of view

of controlling the natural frequencies by choos-
ing the geometry of the damper, the schemes at

|8|>1/2 are irrational. For designing a low-

frequency damper for damping vibration, for
example, in the band ~5Hz and below, a

Volume 21, Issue 4, 2025

scheme in which both frequencies lie in a nar-
row low-frequency region may be rational. The
proximity of the frequencies is achieved by
purely geometric means: negative eccentricity
and mass distribution, and the "smallness" of the
frequencies is achieved by choosing the parame-
ters that determine the scale frequency

o, =+/3D/mL’ .

From the point of view of practical properties
of the damper, designs with multiple frequen-
cies should be considered irrational for the
following reasons. Firstly, instead of two fre-
quencies at which the damping effect is mani-
fested, there remains one, which narrows the
operating frequency range of the device. Sec-
ondly, transverse and torsional vibrations are
realized independently, i.e. there is no connec-
tion between them, which leads to a decrease
in the damping efficiency. In this regard, it is
possible not to consider variants with a strong
negative eccentricity, when &§<-1/2. The
proximity of 8~-1/2 is also inappropriate,
since in this case the amplitude distribution
coefficients (shape factor) and phase relation-
ships of translational and torsional vibrations
of loads, determined from the first equation
(10) at y =0, reveal a strong dependence on

the geometric parameters 6 and p:

_ (Dl,z _ 4—]?12,2 (699)
Yip =

= ) (17)
fh2 2+8-pi2 (S,p)

Note the difference between relations (14) and
(17). The first relates to forced oscillations and
is a function of the excitation frequency; the
second relates to free oscillations at natural fre-
quencies. Of course, at natural frequencies in
the absence of damping they coincide:
T2 =Bia-

The signs of the quantities y,, determine the
relationship of the oscillation phases. With a
positive eccentricity (0>0), the denominator

is positive and the sign of the coefficients 7, ,

depends only on the frequency. As follows
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from the graphs in figure 3 p <2, p,>2.

Therefore, at the first natural frequency, the
generalized coordinates change in phase, and
at the second, they are in antiphase, regardless
of the parameters J, p and, therefore, the ge-

ometry of the weights. However, with a nega-
tive eccentricity (8<0), the signs and values

of the shape factors depend in a complex way
on the relationship of the geometric parame-
ters O, p, as evidenced by the curves in figure

4. In practical terms, such a strong depend-
ence can manifest itself in instability of the
oscillation modes.

Taking into account the above, nomograms of
the natural frequencies of the damper arm in
the current ranges of change of the eccen-
tricity (p) and the radius of gyration of the

load (0) are calculated (figure 5). The given
dependencies can be used for rational "tun-
ing" of the damper to the required frequency
range.

Ya
30

20¢

10f

=20}

—30 . i
0.6 0. 4 0 2

Figure 4. Dependencies of the form factor
v,(8) for different values of the parameter

p=0.2,0.3,0.35, 0.4, 0.5 (curves 1-5)

With small damping, the natural frequencies
practically coincide with the resonant frequen-
cies of the real system. However, in the case of
a damper, the function of which is to dampen

oscillations, it is advisable to make the attenua-
tion sufficiently large, which can lead to a di-
vergence of the natural and resonant frequen-
cies.

The latter are revealed in the amplitude-
frequency characteristics, determined experi-
mentally during tests on a vibration stand or
theoretically from the solution of non-
homogeneous equations. Since the conditions
for excitation of forced oscillations can be dif-
ferent, the AFC also differ. Of practical im-
portance are the conditions of the stand and
the conditions of the flight, that is, excitation
from the side of the wire on which the damper
is installed.

Let us consider a variant of an equal-shoulder
damper under stand conditions, returning to
equations (10) and their solution (11). In ac-
cordance with formulas (12), expressions for

modules of functions jo/?p), (%(p) have the
form:

2

7p)| =1
[#p)=p

A2 ’
2(1 +28)

P lnar

Formulas (18) represent the AFC of the damper
under stand conditions. They are graphically
shown in figure 6 a) and b). The calculations
were performed using the values of the parame-
ters: n=0.1...0.5, p=0.4, 6=0.15.

The graphs of the functions

(18)

show that in this case damping plays a signifi-
cant role only at resonances; at intermediate fre-
quencies, the calculation results with and with-
out internal friction are almost identical. The
resonant frequencies of the damped and con-
servative systems (the latter are equal in this
case p, =0.72, p, =4.02) also practically coin-

cide.

64 International Journal for Computational Civil and Structural Engineering



Dynamic Model of High-Frequency Vibration Dampers for Power Line Conductors

f(p)
100
a)
o 2|1 S ]
37\ 4
5 i
1 i — R ——(— L E—
0‘1 NI A e IS IS SN MG (SRUH S SR, . ¥ ., MR IENeiiee.

0.01
0.

10}

0.1

0.01 )4
0.1 1 10

Figure 6. AFC of the damper at different val-
ues of the damping coefficient (curves 1-5)

Note that, as follows from (11), at

p= ,/4/3+28/p , the amplitude of vertical vi-

brations of the load drops sharply (in the ab-
sence of friction, it turns to zero). This is a
manifestation of the Den Hartog effect [37],
when, during forced oscillations of a system
with two degrees of freedom at a certain fre-
quency, one of the generalized coordinates
"freezes", which is used to dampen vibrations.
This effect is clearly manifested in the absence
of friction (the first curve in figure 6 a), how-
ever, in relation to the damper, it is rather a
negative factor. Note also that the dimension-

less AFC |/%p) C%(p)| do not depend on the

b
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frequency scanning mode, which appears only
when returning to the dimensional values ac-
cording to (11).

P

W a)

2

1.6

0.8

! of |
!
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B £ ////‘/

)

0

d

2 i I ! i i

0.5 0 0.5 |
Figure 5. Dependences of the dimensionless

natural frequencies of the damper arm p, ,(J)

at p=0.2-1.2 (curves 1-11 in increments

0.1), the dotted line shows the dependences at
the "boundary” value p =0.289

Next, we consider the frequency dependence of
dissipation on the frequency of forced oscilla-
tions. The power dissipation of mechanical en-
ergy due to internal friction in each arm of the
damper, as follows from (3), is equal to the im-
aginary part of the amplitude value of the poten-
tial energy divided by a quarter of the oscilla-
tion period:
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12Dw

W= siny .

) fCD+;CD2

Considering (11) and the relation (14) between
the amplitudes of translational and rotational
oscillations, we find:

W =mV’e,0(3,p.v.,p),

where

siny (19)

1
2 1_ += 2
p 3[3

4
O(8,p,y,p)=—p
V4
is a dimensionless function of only the dimen-
sionless geometric parameters of the damper,
the damping coefficient in the form (2) and the

frequency. Using (12)-(15), it is not difficult to
obtain expressions for modules:

sz+f1
|f|_ AIZ’
1o 1 2 2
‘1—B+§B _f2+ﬁ2 O +0;,
where
®R:f1{2+ﬁ2_
_2(1+26){BR §f1+2§ (B - Bf)},
—2(1+26)B{ 4;”}‘? By }

Then, instead of (19), we will have the formula:
O(3,p,v,p) =

3
_4_r \JO: +O7 siny.

T A +A
Figure 7 shows the dependences of the dimen-
sionless dissipation power (20) on the frequency
p atvalues n=0.1,0.5.

(20)

®
10°

10*

10° T4 A

& P
o :

0.1 | 10

Figure 7. Dependence of the dimensionless
dissipation power on the frequency at values
n=0.1,0.5 (curves 1, 2); p=0.4, 5=0.15

107

i

Note that as the damping coefficient increases,
the dissipation power at the resonances de-
creases, while away from the resonances, on
the contrary, it increases. At first glance, this
strange phenomenon is explained by the fact
that as m increases, the resonant amplitude of

oscillations a decreases For example, for a
single-degree oscillator with internal friction,
excited by a vibration stand with a table am-
plitude A4, it is inversely proportional to n:

a~ A/n. At the same time, the power of dis-

sipation w~ a’n. It follows that w~ 4%/n. A

similar result holds for an oscillator with vis-
cous Rayleigh friction. In the practice of de-
signing and testing dampers, it is known that
the dissipation power is reduced by artificially
increasing damping by increasing interwire
friction, which led to the "locking" of the ca-
ble console.

In a system with two degrees of freedom, the
situation is different. Figure 8 shows the de-
pendences of the dissipation power at the
damper resonances on the damping coefficient
(solid curves).
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Figure 8. The influence of the damping
coefficient on the dimensionless dissipation
power (solid curves 1, 3) and the amplitude of
vertical oscillations (dashed curves 2, 4) in
resonant modes at p, =0.719 (curves 1, 2) and

p, =4.02 (curves 3, 4); p=0.4, 5=0.15

Similar dependences for the amplitudes of verti-
cal oscillations are also shown here. As can be
seen, for each resonance frequency there is a
value at which the dissipation reaches a maxi-
mum. However, these maxima are achieved at
the cost of too large amplitudes, which are un-
acceptable in practice for reasons of strength.
Note that the damping coefficient in this case is
considered constant, whereas it can depend on
the amplitude of oscillations, especially in ca-
ble-type consoles, in which the interwire friction
obviously depends on the manufacturing tech-
nology. It follows that the choice of the design
parameters of the damper should be based on an
experimental study of its damping characteris-
tics. The same applies to the amplitude depend-
ence of the bending stiffness.

3. DYNAMIC STIFFNESS MATRIX OF
THE DAMPER

When combining a conductor in the overhead

line span with a vibration damper, it is conven-
ient to characterize the latter with a dynamic

Volume 21, Issue 4, 2025

stiffness matrix calculated at the attachment
point to the clamp. Dynamic stiffness has the
same meaning as static stiffness, but differs
from it in that it does not relate force to dis-
placement, but rather their amplitudes during
forced vibrations, and thus depends on frequen-
cy [38].

We will proceed from equations (6), taking into
account the internal damping, which now plays
a significant role. We will represent the vector
of amplitudes of the generalized forces acting
on the clamp from the wire side in accordance
with formulas (7) in the form: Q = Q°"". We
will use a similar form for the desired solution:

qg=4q'e"", where ¢° is the complex amplitude

of the oscillations.
Let us introduce the following notation by anal-

ogy with (1.4): QF=(F. M), 0=(0 0),
q) =" ®))", which allow us to rewrite the
system (6) in expanded form:
~o’ (Mllq(()) ""]‘412‘110 +M13qg): Q(())a
_szszqg +(G1 _szzz)qlo =0,
—o’ Mgy +(G, -’ M, )q; = 0.

From the last two equations we express the vec-
tors qﬁ , through the vector qg :

-1

qlozwz(Gl_szzz) Mq;,
-1

q;):(x)z(Gz—(x)zME) Mq;.

Then from the first
C'q, =0, , where

equation we have:

C" = —o> {M” + [Mlz (G, -o'M,, )’1 M+

M, (G~ M) Mﬂ}

is the desired matrix of the dynamic stiffness of
the damper. Note that the elements of the matrix
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are complex quantities. Therefore, for example,
the modulus of the displacement determined us-
ing the rigidity matrix determines its amplitude,
and the argument is the phase shift of the dis-
placement relative to the harmonic force caus-
ing it.

The obtained stiffness matrix allows to easily
include the damper in the dynamic model of the
span, since it can be considered as a set of con-
centrated “springs” characterized by dynamic
stiffnesses and connected to the conductor.

CONCLUSION

The developed dynamic model covers the main
properties of Stockbridge vibration dampers,
widely used to reduce the amplitudes of aeolian
vibration of overhead power transmission line
conductors. The model and the results obtained
on its basis can be used for design calculations
of damper natural frequencies. The obtained dy-
namic stiffness can be used to include the
damper in the dynamic span model, which is
necessary to assess the effectiveness of the
damper and determine the best position of the
damper in the span.

Taking into account the nonlinearity of the elas-
tic characteristics of the console is the subject of
further development of this model.
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Abstract: This study presents an experimental investigation into the thermomechanical behavior of wood
structures assembled with densified wooden dowels under fire exposure. The research focuses on Adhesive-Free
Engineered Wood Products (AFEWPs), particularly adhesive-free cross-laminated timber (AFCLT) panels, and
timber connections incorporating either thermo-mechanically compressed wooden dowels or conventional steel
dowels. A series of thermal and thermomechanical tests were conducted to evaluate internal temperature
distribution, charring behavior, and structural displacement at elevated temperatures. The fire performance of
dowel-type connections was assessed by comparing the thermal response and deformation of joints using
wooden and steel dowels. The results indicate that timber connections incorporating densified wooden dowels
exhibited better thermal insulation and lower charring rates compared to those with steel dowels, thereby
improving the overall fire resistance of the jointed assemblies. This study highlights the potential of densified
wood dowel as a sustainable and fire-resilient alternative to metallic fasteners in engineered wood. structures.

Keywords: Thermomechanical behavior, Densified wooden dowels, Adhesive-Free Engineered Wood Products
(AFEWPs), Adhesive-Free Cross-Laminated Timber (AFCLT), Timber connection, Sustainable fasteners,
Engineered wood structures

SKCHEPUMEHTAJBHOE UCCJIEJOBAHUE
TEPMOMEXAHUYECKNUX XAPAKTEPUCTHUK JEPEBSIHHBIX
KOHCTPYKIMI1, COBPAHHBIX C TIOMOIIBIO
YIIJIOTHEHHBIX JEPEBSIHHBIX HAT'EJIEN, ITPU OI'HEBBIX
BO3JIEMCTBHUAX

T.T. Tpan ', M. Xenugpa °, M. Yoocene 3, M. Jleoan ?, IO. Pozaym ?

! XaHoiickuii apXUTEKTYpHBIN yHHBEpCUTET, T. Xanoii, BLETHAM
2 Vuusepcurer Jlorapunruu, JJEPMAB, . Dnunan, ®PAHLIAS
3 dakynbTeT rPaXkIaHCKOTO M BOJHOTO CTPOUTENLCTBA, Y HuBepcuteT Jlasans, r. Keebex, KAHAJIA

AHHoTanusi: B 1aHHOM HcCleOBaHUM MPEICTABICHbl PE3yJbTaThl AKCIEPHUMEHTAIBHOIO HM3Y4YEeHHUs
TEPMOMEXaHUYECKOTO MOBEJACHUS JIEPEBSHHBIX KOHCTPYKIMH, COECIUHEHHBIX C IIOMOIIBI0 YIJIOTHEHHBIX
JIepEBSIHHBIX Harelsel, Ipy OrHeBOM BO3/I€HCTBIY. B MccinenoBanny paccMaTpuBaloTes: Oe3KIIeeBbIe COeTMHEHHS
nepeBsHHBIX dnmeMeHToB (AFEWP), B uacTHocTH, maHenmel W3 TepeKpecTHO-IAMUHHPOBAHHON IPEBECHHBI
(AFCLT) m pepeBsSHHBIX COEAMHEHWH, B KOTOPHIX HCIIOIB3YIOTCSA TEPMOMEXAaHWYECKH CIPECCOBAHHBIC
JICPEBSIHHBIC HAareJd WM OOBIYHBIE CTaJbHbIC Hareaw. bbina TpoBeAeHa Cepust TEPMHUYECKUX |
TEPMOMEXAHUYECKUX HCTBITAHUN JUIS OLEHKH BHYTPEHHETO DPACHPENENICHHUS TEMIIEpPaTypbl, HMOBEICHUS IPH
o0yrnuBaHuM U Ae(opMaIi KOHCTPYKIMH TPH MOBBIIIEHHBIX TemIepaTypax. [1okapocToiikocTh coeuHEeHH
C HCIIOJBb30BAHMEM Harelieil OIIGHMBAJIACh IIyTEM CpaBHEHHs TEIJIOBOTO COINMPOTUBICHHUS W jaedopManuu
COGIIMHEHUH ¢ MCHOJIb30BAHUEM ACPEBSIHHBIX U CTAIBHBIX Haresiel. Pe3ysnbTaThl MOKa3bIBAIOT, YTO JACPEBSIHHBIC
COCIMHEHUS C HCIOJb30BAHMEM YIJIOTHEHHBIX JEPEBSHHBIX Harejlel JAEMOHCTPUPOBAIM  JIYUIIYIO
TEIJION30JISIIMI0 U OoJiee HU3KHE TNMOKA3aTelId OOYIJIMBaHMS IO CPABHEHMIO C COCJMHEHHSIMH CO CTAIbHBIMH
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HareJsIMH. OJTO yiay4dimaio O6H.[yIO HO)KapOCTOP‘IKOCTB COCIMHCHHBIX KOHCprKL[PIﬁ. I[aHHOC HCCICO0BAaHUC
NOAYCPKUBACT MOTCHIHAI YINIOTHCHHBIX JCPCBAHHBIX HareJei Kak 3KOJOTHYHOM M OTHECTOMKOM AJIbTCPHATHUBBI
MCTAJUIMICCKUM KPCIICIKHBIM DJICMCHTAM B KOHCTPYKIUAX U3 APCBCCHUHDI.

KnroueBble c10Ba: TepMOMEXaHNIECKOE TIOBEICHNE, YIUIOTHECHHBIE JICPEBSIHHBIC HATEIN,
JIepeBSHHBIC 3JIECMEHTHI C Oe3kiIeeBbIM coequaenneM (AFEWP),
nornepeyHo-IaMIHUpoBaHHas qpeBecuHa 6e3 kiest (AFCLT), coennHeHne 31eMeHTOB U3 APEBECHHBI,
SKOJIOTUYHBIE KPETICKHbIE IEMEHTHI, KOHCTPYKLIUHU U3 JiepeBa

INTRODUCTION

The environmental impact of the construction
industry is  substantial, with  buildings
accounting for approximately 40% of global
energy consumption and up to 33% of
greenhouse gas (GHG) emissions worldwide. In
response, recent initiatives have promoted the
use of renewable and low-carbon materials,
particularly engineered wood products (EWPs)
such as glued laminated timber (glulam) and
cross-laminated timber (CLT). These materials
store carbon and are derived from renewable
resources, making them attractive for
sustainable  construction. However, their
widespread use is constrained by the reliance on
petrochemical-based adhesives, which pose

challenges in terms of recyclability,
environmental compatibility, and long-term
durability.

To address these limitations, the North-West-
European Interreg research initiative “Towards
Free Adhesive Buildings (AFTB)” has
introduced a new class of Adhesive-Free
Engineered Wood Products (AFEWPs), which
utilize thermo-mechanically densified wood
dowels as mechanical connectors in place of
traditional adhesives. These dowels exhibit a
shape-memory effect—commonly referred to as
“strain recovery”’—that allows them to swell in
pre-drilled holes and form tight, durable joints
under varying humidity conditions [1]. This
connection concept not only eliminates
synthetic adhesives but also supports the
development of scalable, fully wooden
structural systems aligned with sustainability
goals.

While the mechanical performance of densified
wood dowel joints has been studied to some

extent [2-14], their behavior under elevated
temperatures remains underexplored. Given the
inherent combustibility of timber, understanding
the thermal and thermomechanical response of
these adhesive-free connections is essential for
assessing their viability in fire-exposed
environments. Recent research has begun
addressing this gap through both experimental
and numerical investigations [15], highlighting
the need to evaluate fire-induced thermal

degradation, heat transfer, and structural
deformation in  dowel-connected  wood
assemblies.

To further this understanding, the present study
conducts an experimental program focusing on
both adhesive-free cross-laminated timber
(AFCLT) panels and dowel-type timber
connections. The AFCLT panels were exposed
to radiant heat fluxes of 49 and 60 kW/m?, with
the primary objective of assessing charring
depth as an indicator of fire-induced
degradation. These panel-scale tests are
designed to complement prior cone calorimeter
experiments conducted on natural and densified
wood [15], providing additional insight into heat
penetration and material loss under realistic fire
exposure.

In parallel, timber connections assembled with
either densified wooden dowels or conventional
steel dowels were subjected to the same heat
flux levels. For these connections, detailed
measurements were performed to capture
temperature profiles, char layer evolution, and
thermally induced displacements.
Instrumentation included embedded
thermocouples and displacement sensors to
monitor the coupled thermal-mechanical
response of each joint configuration, while a 3D
laser scanning technique was employed to
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quantify the charring profile on exposed
surfaces. This two-part experimental approach
enables direct comparison between panel-level
and connection-level behavior, offering a
comprehensive understanding of the influence
of connector type on fire performance. Overall,
the findings aim to validate the use of densified
wood dowels as a viable, fire-resilient, and
sustainable alternative to metallic fasteners in
engineered wood structures.

EXPERIMENTAL SETUP

Fire testing of CLT panels asembled with
densified wooden dowels

Fire resistance tests were conducted on
adhesive-free cross-laminated timber (CLT)
panels to evaluate the thermal performance of
densified wooden dowels used as mechanical
connectors. Each CLT specimen consisted of
three orthogonally laminated layers, with each
layer composed of three oak panels measuring
150 x450 mm and 25 mm in thickness. The
detailed panel dimensions are provided in
Figure 1. The layers were connected using
densified spruce dowels with a diameter of
16 mm. Both the oak panels and dowels had a
uniform moisture content of 10%.

48, 54 _ 48

£ - — -

108 150 150 42

Figure 1. Adhesive—free CLT panel geometry
and specimen dimensions

The experimental setup for the fire test of

Adhesive-free CLT panels is illustrated in
Figure 1. A dedicated test furnace was

Volume 21, Issue 4, 2025

developed for this purpose, employing four
radiant panels as the heat source. Each panel
delivered a nominal heat flux of 100 kW/m? and
could reach surface temperatures up to

approximately 2000 °C. The CLT specimens
were horizontally exposed to constant external
heat fluxes. Depending on the desired intensity,
the distance between the panels and the
specimen surface was set at either 20 cm for
60 kW/m? or 30 cm for 49 kW/m?2. Two replicate
tests were conducted for each heat flux level.

Figure 2. Testing diagram of fire test of -
Adhesive-free CLT panels

Thermo-mechanical testing of L-shaped
connection assembled with densified wood
dowels

To evaluate the structural performance of
densified wooden dowels, fire tests were
conducted on L-shaped timber connections
composed of a column and a beam. Each
specimen incorporated four dowels with a
diameter of 16 mm, joining three-layer laminates
with 32 mm thickness per layer. The CLT panels
were made from the same material described
previously. The experimental results were used
to compare the performance of densified dowels
with conventional steel dowels. Geometrical
details of the connection and the finite element
model are provided in Figure 3. Oak wood was
used for the laminates in both tests, with an
average measured moisture content of 10%. The
fire tests were conducted for two types of dowel
materials: conventional steel and densified
spruce. This comparison enables an evaluation of
the effectiveness of using compressed wooden
dowels as an alternative to traditional steel
connectors.
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Exposed zone

H
i 1180mm

190mm
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190m
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Figure 3. Detailed structure of L-shaped
connection

Figure 4 illustrates the fire testing setup for L-
shaped timber connections. Radiant panels, each
rated at 100 kW/m? and capable of reaching
2000 °C, provided controlled heat exposure. To
limit edge effects, gypsum plasterboards were
used as thermal shields. Specimens were
exposed horizontally to constant heat fluxes of
49 and 60 kW/m? achieved by adjusting the
heater distance to 30cm and 20cm,
respectively. The heating regime was calibrated
to match the ISO 834 [16] standard, ensuring
consistency with Eurocode 5 [17] assumptions.

Figure 4. Experimental setup for thermo-
mechanical testing of connections

Surface temperatures were monitored using a
multispectral infrared camera, while internal
temperatures were recorded every second via a
USB TC-08 PICO system. Type K
thermocouples (1 mm diameter) were embedded
at multiple depths in both timber layers and
dowels. Deflections were tracked using LVDTs
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at the free end of each specimen. Two repeated
tests were conducted for each dowel type and
heat flux condition.

RESULTS AND DISCUSSION

Time-temperature profiles in reinforced L-
joints

Figures 5-8 present time—temperature profiles
recorded in an L-joint specimen reinforced with
either densified wooden dowels (Figs. 5 and 6)
or steel dowels (Figs. 7 and 8) under radiant
heat fluxes of 49 kW/m? and 60 kW/m?. Each
plot shows temperature traces at the joint
surface (0 mm) and at increasing depths (2 mm,
3 mm, up to 6 mm), thereby capturing the
thermal response of both the wood layer and the
dowel material. By juxtaposing these data, one
can directly assess how heat-flux intensity,
dowel thermal conductivity, and sensor depth
govern the rate of temperature rise, peak
temperatures achieved, and overall thermal
gradient across the connection. The following
discussion elaborates on these interactions and
their implications for fire performance.

Under a 60 kW/m? heat flux, the L-joint heats
up significantly faster than under 49 kW/m?. For
example, the surface sensor (Test-0 mm)
reaches 400 °C in about 350 s at 60 kW/m?2,
compared to roughly 500 s at 49 kW/m?
Likewise, the temperature difference between
shallow and deeper sensors grows larger at the
higher flux, indicating a steeper thermal
gradient through the joint.

200 200 800 200 1000 1 200 400 800 800 000 1

Time [s]
(a) Temperature in wood layer

Figure 5. Temperature evolution in an L-joint
reinforced with densified wooden dowels under
a 49 kW/m? heat flux

Time [g]
(b) Temperature in densified wooden dowels
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Figure 6. Temperature evolution in an L-joint
reinforced with densified wooden dowels under
a 60 kW/m? heat flux
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Figure 7. Temperature evolution in an L-joint
reinforced with steel dowels under a 49 kW/m?
heat flux
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Figure 8. Temperature evolution in an L-joint
reinforced with steel dowels under a 60 kW/m?
heat flux

When reinforced with densified wooden dowels,
the joint exhibits a much slower heat-up rate
than with steel dowels. After 1 200 s at 49
kW/m?, the wooden dowel surface remains
below 700 °C, whereas with steel dowels it
approaches 900 °C in only ~1 000 s. The low
thermal conductivity of the wooden dowels
provides additional insulation, while the high
conductivity of steel creates a pronounced
thermal bridge that accelerates heat transfer into
the wood substrate.

Sensor depth  further highlights these
differences. In wooden-dowel joints, Test-2 mm
and Test-3 mm lag the surface by 100-150 °C
at equivalent times, demonstrating effective heat
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resistance. In contrast, steel-dowel joints show
only a 20-30 s delay between the surface and a
6 mm depth, reflecting rapid conduction through
the metal dowel even at greater depths.

Overall, densified wooden dowels markedly
extend the time to critical temperatures and
improve fire performance of L-joints, making
them preferable where fire resistance is
paramount. Steel dowels, while mechanically
robust, accelerate heat ingress and risk earlier
structural compromise. These effects intensify
at higher heat fluxes. For fire-sensitive
connections, designers should favor wooden
dowels or incorporate thermal insulation when
steel dowels are unavoidable.

Post-fire residual cross-section measurement
Figure 9 illustrates the laser-scanning
arrangement used to capture the post-fire
geometry of the CLT panel and L-joint
specimens.

Figure 9. Laser-scanning setup for post-fire
residual cross-section measurement

After carefully removing the charred surface
layer, a high-resolution terrestrial laser scanner
was mounted on a fixed tripod at a known
distance and orientation relative to each joint.
The scanner emitted a dense grid of laser pulses
across the exposed cross-section, generating a
3D point cloud with sub-millimetre accuracy in
less than two minutes per specimen. Custom
software then interpolated these points to
reconstruct the true residual timber profile,
enabling precise measurement of section loss
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and deformation. Compared with conventional
caliper or ruler methods, this non-contact
approach greatly accelerates data collection,
minimizes human error, and delivers a
comprehensive, high-fidelity record of the
remaining cross-section.

Figure 10. Residual cross-sections after fire
exposure: (a) CLT panel; (b) L-joint reinforced
with densified wooden dowels; (c) L-joint
reinforced with steel dowels

Figure 10 displays the residual char across three
specimens: in the unreinforced CLT panel (a),
the char layer forms uniformly across the cross-
section, indicating surface-controlled heat
transfer; similarly, the L-joint reinforced with
densified wooden dowels (b) maintains a
generally even char depth, with only slight
deepening  adjacent to  each  dowel,
demonstrating their insulating effect; by
contrast, the steel-dowel joint (c) exhibits
pronounced, irregular charring along and around

each metal connector, evidencing thermal
bridging that accelerates interior wood
degradation.

Tables 1-3 summarize char depths measured in
CLT panels and L-joints reinforced with
densified wooden or steel dowels after
exposures to 49 kW/m? or 60 kW/m? for 15 min
or 20 min.

Table 1. Charring depth in CLT panels after fire

exposure
Speciment  Heat flux ~ Time a b
(kW/m?)  (min) (mm) (mm)
Panel 1 49 15 13 10,5
Panel 2 49 15 15 11
Panel 3 60 15 15 11,5

Table 2. Charring depth in L-joint reinforced
with densified wooden dowels after fire

exposure
Speciment Heat Time a b
flux (min)  (mm) (mm)
(kW/m?)
Connection 1 49 20 15 12
Connection 2 49 20 14,5 10
Connection 3 60 15 16 11
Connection 4 60 15 16.5 11

Table 3. Charring depth in L-joint reinforced
with steel dowels after fire exposure

Speciment Heat Time a b
flux (min)  (mm)  (mm)
(kW/m?)
Connection 1 49 20 17 -
Connection 3 60 15 17 -
Connection 4 60 15 17 -

Quantitatively, CLT panels exhibited a = 13 mm
and b = 10.5 mm at 49 kW/m? for 15 min, and a
=15 mm and b = 11.5 mm at 60 kW/m? for 15
min. In comparison, wooden-dowel L-joints
showed slightly greater surface char, a = 14.5
mm (A +1.5 mm) and b = 10 mm (A —0.5 mm)
at 49 kW/m?/15 min, and increased further to a
= 15 mm and b = 12 mm at 49 kW/m?/20 min,
indicating that longer exposure narrows the a-b
gap from 4.5 mm to 3 mm. Under the higher
flux of 60 kW/m?/15 min, wooden-dowel joints
reached a=16.5 mm and b =11 mm, versus a =
16 mm and b = 11 mm at 60 kW/m?/20 min,
demonstrating aggressive surface charring but
relatively stable dowel charring. Steel-dowel
joints, by contrast, consistently reached a = 17
mm under both 49 kW/m?%*20 min and 60
kW/m?*/15 min, exceeding wooden
configurations by approximately 0.5-2.5 mm.
These results confirm that densified wooden
dowels moderate heat penetration, maintaining
20-30% lower char depths in the dowel zone,
while steel dowels create a pronounced thermal

bridge that accelerates surface charring.
Increased heat flux and longer durations
uniformly deepen char layers across all

specimens, but the effect is most pronounced
with steel dowels.
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Deflection at the free end

Progressive perimeter charring under radiant
heating steadily erodes the joint’s effective
cross-section and flexural rigidity, driving a
monotonic increase in free-end deflection. A
potentiometer mounted on the top plate
continuously tracked this displacement while
each L-joint carried a constant vertical load of
51 kg. Figures 11 and 12 document the resulting
time-dependent  deflection  histories  for
specimens exposed to uniform heat fluxes of 49
kW m? and 60 kW m?2, respectively. By
presenting duplicate tests for both densified-
wood and steel dowel configurations, the plots
provide a clear basis for assessing how
connector material alters the onset, rate, and
ultimate magnitude of thermally induced
deformation.

20
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Connection with densified dowel(Test1)
Connection with steel dowel (Test 2)

-40 4

Deflection at the free end [mm]

-50

T T T T T
0 200 400 600 800 1000 1200
Time [s]

Figure 11. Deflection of the specimen under 49
kW/m? heat flux

Figure 11 records the deflection history of two
connections, one assembled with densified-
wood dowels and the other with steel dowels,
while they are exposed to an external heat flux
of 49 kW m-2. Both specimens gradually lose
stiffness as charring progresses, but the rate
differs markedly: the steel-dowel assembly
deflects almost —45 mm after 1,200 s, whereas
the densified-dowel counterpart reaches only
about —25 mm. The near-linear trajectories in
this plot suggest a steady decline in bending
stiffness, yet the steeper slope of the steel-dowel
curve points to earlier thermal weakening or
local slip at the steel-to-wood interface.

Figure 12 reveals that elevating the radiant heat
flux to 60 kW m™ magnifies the performance
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gap between connector types: densified-wood
dowel joints level off at roughly —20 to —30 mm
of free-end deflection after 900 s, whereas steel-
dowel joints plunge far deeper, terminating near
—55 mm in Test 1 and almost —100 mm in Test
2—roughly two- to four-times the residual
displacement of their wooden counterparts. The
divergence emerges within the first 200 s, when
both steel-dowel curves steepen sharply, but it is
this final displacement gap of up to 70 mm that
most clearly wunderscores the connectors’
contrasting fire behaviour: densified dowels
appear to stabilise once peripheral charring
reaches them, while steel dowels act as thermal
bridges that accelerate internal charring and
trigger runaway stiffness loss, producing both
larger and more scattered ultimate deformations.
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Figure 12. Deflection of the specimen under 60
kW/m? heat flux

Under identical thermal exposures, joints
reinforced with thermo-densified wooden
dowels consistently outperform those assembled
with steel fasteners. At both 49 and 60 kW m™
the wooden-dowel specimens retain flexural
stiffness for longer and limit peak free-end
deflection to substantially lower values. The
contrast is most striking at 60 kW m™:
densified-wood dowels keep the connection in
the elastic , whereas steel-dowel joints have
already entered inelastic deformation and
experience rapid stiffness loss. Replicate tests
with wooden dowels also follow nearly identical
trajectories, while the steel-dowel tests diverge
more noticeably—evidence of the greater
predictability and repeatability achieved when
metallic heat sinks are eliminated.
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From a design perspective, substituting steel
dowels with densified wooden dowels can
meaningfully delay critical deformation, thereby
extending the window for evacuation or active
fire-fighting intervention. By avoiding the
thermal-bridge effect inherent to steel, wooden
dowels reduce peak deflections and enhance the
fire resilience and sustainability of mass-timber
connections.

CONCLUSION

The experimental programme confirms that
replacing conventional steel dowels with thermo-
densified wooden dowels markedly enhances the
fire performance of  engineered-wood
connections and CLT panels. At both 49 kW m™
and 60 kW m™ incident heat fluxes, wooden-
dowel joints (i) delay the attainment of critical
temperatures, (ii) reduce char penetration in the
dowel zone by 20-30 %, and (iii) limit free-end
deflection to roughly 20-30 mm, compared with
55-100 mm for comparable steel-dowel joints.
The advantage is most pronounced at the higher
flux: densified-wood dowel joints stay in the
elastic while their steel-reinforced counterparts
have already entered inelastic deformation and
begun to shed stiffness, while the duplicate
wooden-dowel tests align far more closely—
evidence of tighter repeatability.

Char-pattern analyses reinforce these findings.
Unreinforced CLT panels and wooden-dowel
joints develop relatively uniform char layers,
whereas steel-dowel joints exhibit deep,
irregular charring around each connector,
evidencing a pronounced thermal-bridge effect
that accelerates interior degradation. Measured
residual char depths corroborate this behaviour,
showing only 0.5-2.5 mm additional char
adjacent to densified dowels but substantially
deeper local charring around steel fasteners.
From a design perspective, substituting steel
dowels with densified wooden dowels can
postpone excessive deformation and lengthen
the evacuation or intervention window during a
fire without introducing metallic heat-sink

effects. The results therefore position densified
wooden dowels as a sustainable, fire-resilient
alternative to metallic fasteners in mass-timber
structures. Future work should evaluate long-
term durability under hygro-thermal cycling,
explore hybrid fastening strategies, and translate
these laboratory insights into performance-
based design guidelines for adhesive-free
engineered-wood construction.
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Abstract: Additives with various functional purposes are used to modify concrete. Ultra- and nanodispersed
additives produced using sol-gel technologies show great promise. The article examines different methods for
producing modifying additives of silicon dioxide sol and metal hydroxides to enhance the properties of concrete
for unique structures, civil engineering projects, and road construction.

The research utilized aluminosilicate materials—perlite rocks with varying degrees of crystallinity—as active
mineral additives. Ultra-dispersed additives were obtained through the hydrolysis of a strong base and weak acid
salt—sodium silicofluoride (Na,SiF¢), hydrolysis of Portland cement, and hydrolysis of inorganic salts such
as CaCl,, Ca(NOs),, and CaSO4. Another method for producing a colloidal additive to modify cement stone and
concrete involved mixing liquid colloidal fungicidal sulfur with water.

Modification with sulfur sol increases concrete strength by 10-25% for constructing fuel storage buildings and
hydraulic structures of nuclear power plants.

Concrete for hydraulic structures using a complex additive containing silicic acid sol and superplasticizer is
characterized by high physical-mechanical, hydrophysical, and operational performance.

When using an ultra-dispersed additive obtained through Portland cement hydrolysis, the strength of heavy
concrete increases by 24% at the design age.

It has been established that modifying concrete for road pavements with micro-dosages of colloidal solutions of
inorganic salts (CaCl,, Ca(NO3),, CaSO,) increases the compressive and flexural strength of the composite.
Ultra-dispersed additives have the greatest impact on accelerating the gain of concrete strength within the first 7
days of curing.

Keywords: heavy concrete, Portland cement, ultrafine additives, sol-gel method, silicic acid sol,
superplasticizer, vitreous perlite, crystallized perlite, compressive strength, flexural strength,
dense concrete structure
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TEXHOJIOTHSIM. B crarbe paccMOTpeHBI pa3iMyuHble CHOCOOBI MOJIYyYeHHs MOAMMUIMPYIOUIMX T00aBOK 301
JMOKCH/Ia KPEMHHUSI U THAPOKCHIOB METAIIJIOB JUISl YIIYUIICHUS! CBOMCTB OETOHOB JUIsl YHUKAJIBHBIX COOPY>KECHHH,
00BEKTOB TPAKIAHCKOTO U JOPOKHOTO CTPOHUTEITHCTBA.

B nccnenoBaHMAX B KauyecTBE aKTHBHBIX MHHEPAIBHBIX J00ABOK OBUIM HCIOJIB30BAHBI ATIOMOCHIMKATHBIC
MaTepuasbl - TEPIUTOBBIE MOPOABI C PA3HOW CTEMEHBIO KPHCTAUIMYHOCTH. YJIBTPAIUCHEPCHBIE 100aBKH
MOJTydYaJId TyTE€M THIPOJN3a COJIM CHIBHOTO OCHOBAaHMS M CJA00W KUCIOTBHI - KPEMHE()TOPHCTOrO HATPHA
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Na,SiFs, rumponmsa TOpTIaHAIEMEHTa, THAPOJIHM3a HeopraHmueckux conedd, Ttakux kak CaCly,, Ca(NOs),,
CaSO4. Eme ogHuM crnocoOOM TMOJTyYeHUs] KOJUIOWAHOW J00aBKH Uil MOAM(UKAIMK IIEMEHTHOIO KaMHS H
OeToHa SIBJIAIICS TPOLECC MEPEMEIIMBAHIS C BOIOH )KUAKOHM KOJUTOMIHON (QYHTUIIMIHOM CepHl.
Moan¢punrupoBanue 30JeM Cepbl MO3BOJSIET YBEIHMYUTH NMPOYHOCTH OetoHa Ha 10-25% mms cTpomTenbcTBa
3/TaHUI XpaHWINII TOIIMBA M THAPOTEXHNIECKUX COOPY>KEHUI ATOMHBIX AJICKTPOCTAHIIHNI.

BeToHBI IS THAPOTEXHUYECKUX COOPYKECHHH C MPUMEHEHHEM KOMIDICKCHOW HO0OaBKH, conepiKameil 30ib

KPEMHUEBOM KHUCJIOTBI

U cymnepmiaacTU(GUKaTOp, XapaKTepU3YIOTCS BBICOKMMHU (U3HKO-MEXaHUYECKUMH,

rUApOo(GU3NIECKUMHI U SKCIIITyaTallMOHHBIMU TIOKA3aTEeNsIMH.

[Tpu ucnonb30BaHUM yIbTPAUCIEPCHOM J00ABKH, OIYUYSCHHOW TIPH THAPOJIM3E NOPTIAHAIEMEHTa, TPOUCXOAUT
yBEJIMYEHHUE TPOYHOCTHU TsDKEJIOro 6eToHa Ha 24% B MPOEKTHOM BO3pacTe.

YcraHoBIeHO, YTO NMpH MOAMGUKAIMK OETOHA Ul TOKPHITUH aBTOMOOMJIBHBIX JOPOT MHKPOAO3UPOBKAMH
KOJUTOMJHBIX pacTBopoB Heopranndeckux coieir CaCly, Ca(NO3),, CaSO4 nponcxoautr yBeaudeHHE TIPOYHOCTH
IpyU CXKaTHM M H3rube Kommnosnta. Hawmbonbliee BIMSHWE YIBTpaJWCIIEPCHbIC J00aBKM OKa3bIBAIOT Ha
yYCKOpeHHEe Habopa MPOYHOCTH OeTOHA B BO3pacTe 70 7 CYyTOK TBEPCHMSI.

KiroueBbie c10Ba: TsOKeIbIM OETOH, MOPTIIAHALIEMEHT, YIbTPaAUCIIEPCHBIE J0OABKH, 30JIb-T€IIb METOI, 30JI1b
KPEMHHUEBOM KUCIIOTHI, CYTEpIUIacTU(HUKATOP, CTEKIOBHUIHBII NEPIINT, 3aKPUCTAIIIM30BAHHBIN MTEPJIMT,
MIPOYHOCTD IPHU CKATHH, TPOYHOCTH MPH U3rHOE, IUIOTHASA CTPYKTYypa OeToHa

INTRODUCTION

The use of concrete in modern construction is

unimaginable  without various functional
additives: plasticizing agents with water-
reducing effects or providing rheological

properties of the concrete mix [1-3], active
mineral additives that increase the strength and
density of the cement system [4, 5], modifying
additives that improve the deformation and
special properties of cement material, for
example, elastic properties or corrosion
resistance [6, 7].

Among the wide variety of used additives, the
modification of concrete with ultra- and
nanodispersed  additives, especially  SiO2
nanoparticles as a basis for the pozzolanic
reaction, is considered one of the most promising
methods for improving the physicomechanical
properties of the composite and is gradually
being introduced into domestic construction
practice. ~ However, the low rate of
implementation is associated with the lack of
available industrial technologies for synthesizing
additives and, as a consequence, limited practical
experience in using them to modify the structure
and properties of concrete [1].

Among all known methods for producing ultra-
and nanodispersed particles, the sol-gel
technology is particularly popular due to its
accessibility and low-cost raw materials [8]. At

the same time, sol-gel technologies for
synthesizing additives differ in the type of
precursor used, the composition of catalysts, the
structure of the solvent, and the type of
stabilizer [9].

The effectiveness of controlling the shape and
size of particles and the nature of their surface
during synthesis can be ensured by changing
external conditions: pH of the medium, precursor
concentration, solvent, aging temperature and
time, nature of the catalyst, etc. Varying these
parameters affects the reaction rate, the
mechanism of the sol-gel transition, the nature of
the polymerized particles formed in the sol, and
the volumetric nature of the gel [9, 10].

The type of precursor wused and the
concentration of the aqueous solution determine
the composition, shape, and size of the ultra-
and nanodispersed particles of the obtained
additives, resistance to external influences,
aggregative and sedimentation stability,
reactivity in the environment of hydrating
cement, and cost.

Taking into account modern physicochemical
concepts and approaches to producing ultra- and
nanodispersed particles, the research team
conducted studies on modifying the structure
and properties of cement concrete for unique
structures, civil and road construction facilities
using additives of various compositions
obtained using sol-gel technology.
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Ultra-dispersed additives of silicon dioxide and
metal hydroxides in the form of sol will help
reduce porosity and improve the microstructure of
cement stone, enhancing the physicomechanical
properties of concrete when used.

MATERIALS AND METHODS

To improve the properties and enhance the
physical-mechanical and operational
characteristics of concrete based on ultrafine
additives, oPtland cement CEM 1 42.5
N (GOST 31108-2020) was used as a binder.
The cement was supplied by Tmlyuicement
LLC and Cementum Center LLC.

As active mineral additives (fillers) in the
concrete mix composition, finely ground
vitreous and crystallized perlite from the
Mukhor-Tala deposit (Republic of Buryatia)
were used, depending on the composition. The
chemical compositions of vitreous and
crystallized perlite are presented in Table 1.
Table 1-Chemical composition of glassy and
crystallized perlite, mass.%

As surfactants (surface-active agents),
superplasticizers based on modified
polycarboxylates (from Poliplast-Siberia LLC)
and naphthalene-formaldehyde superplasticizer
S-3 were used. These were added to the mixing
water in amounts of 0.2% and 0.7% of the
cement mass, respectively.

The  study  proposed  low-temperature,
technologically simple, and accessible methods
for producing ultrafine additives (UFA) through
the hydrolysis of a salt of a strong base and a
weak acid — sodium silicofluoride (Na2SiFs).
The aim was to modify the properties of cement
stone with colloidal particles of silicofluoride
acid and hydrolysis salt products, as well as
Portland cement (PC) [11, 12].

The multicomponent sol obtained during PC
hydrolysis contains simultaneously silicic acid,
aluminum hydroxide, iron hydroxide, and
calcium hydroxide [12]. Additionally, UFA
were obtained through the hydrolysis of
inorganic salts such as CaClz, Ca(NOs3)2, CaSOs,
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and CuSOas. As a result of the multistage salt
hydrolysis process, hydroxide salts of the
corresponding metals are formed [13,14].
Another method for producing a colloidal
additive to modify cement stone and concrete
was the process of mixing liquid colloidal
fungicidal sulfur (LCFS) with water. LCFS was
obtained through the processing of sulfur-
containing industrial waste and contains 40%
sulfur. When mixed with water, LCFS turns into
a suspension due to the nanoscale size of sulfur
particles — 15-35 nm [15].

The additive consumption, at mother liquor
concentrations of 0.75% and 2.0%, ranged from
0.2-3.0% of the cement mass. This, when
recalculated to dry matter, amounted to
thousandths of a percent, depending on the type
of additives and the water-cement ratio.

The concrete mix, with workability grade P1-P3
depending on the concrete application area, was
prepared by mixing pre-dosed components in a
laboratory concrete mixer for 1 minute. These
components included Portland cement, finely
dispersed perlite, sand with a fineness
modulus M=2.1, crushed stone fractions of 5—
10 and 10-20 mm, and water containing dosed
additives obtained by sol-gel technology and
superplasticizers.

From the concrete mix of equal mobility, cube
samples measuring 100 x 100 x 100 mm were
molded and tested using standard methods. For
each type of test, samples were manufactured in
accordance with the requirements of GOST
10181-2014  «Concrete mixtures. Testing
methods», GOST 10180-2012 «Concretes.
Methods for determining strength using control
samplesy, GOST 12730.5-2018 «Concretes.
Methods for determining water resistancey,
GOST 24452-2023 «Concretes. Methods for
determining prismatic strength, elastic modulus,
and Poisson’s ratio».

RESULTS AND DISCUSSION

It is known that one of the main problems
arising during the synthesis of additives using
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the sol-gel method is the aggregative and
sedimentation instability of their aqueous
solutions, which subsequently transform into a
gel. To stabilize the ultrafine additives (UFA),
surfactants based on naphthalene-formaldehyde
and polycarboxylates were added to the reaction
solution. These surfactants tend to adsorb onto
the hydrophilic surface of ultrafine particles,
preventing their further aggregation and
extending the storage life of the additives to 15—
20 days without altering their properties.

All the studied additives, when used in rational
quantities, ensure the improvement of the
physical and mechanical properties of concrete

for various functional purposes, accelerating the
hardening process during the initial hardening
period. The introduction of micro-dosages of
sulfur sol allows for an increase in concrete
strength by 10-25% for the construction of fuel
storage buildings and hydraulic structures of
nuclear power plants, or to reduce cement
consumption when designing the composition of
the concrete mix. Simultaneously, this
accelerates the hardening processes and the
achievement of design strength, while
increasing the corrosion resistance of concrete,
which leads to an extension of the service life of
the structures (Table 2).

Table 1. Chemical composition of glassy and crystallized perlite, mass.%

Material SlOz A1203 F€203 FCO CaO MgO TlOz SO3 Kzo Naz Rzo LOI
0

Vitreous perlite 68,40 | 13,75 | 0,50 0,06 | 0,50 0,30 0,15 0,10 | 3,91 3,37 | - 5,97

Crystallized 73,13 | 11,7 1,08 1,71 | 0,55 0,30 - - - - 6,4 | 7,65

perlite

Table 2. The effect of the amount of liquid colloidal fungicidal sulfur additive on the rate of strength
gain of concrete for nuclear power plant structures

Amount of additive, % of Compressive strength, MPa, Ratio of strength
cement mass after hardening, days indicators, Rt/ Rag
A type of sulfur sol counting based on d
on the ased on ary 3 7 28 =13 days =7 days
. weight
solution
0.6 4.8-103 22 34 39 0.39 0.76
o . 1 6.4-107 21 35 40 0.56 0.87
;‘r‘}uilcdigflus?ﬁﬁl 1.5 8.0-10° 20 34 49 0.53 0.90
& 2 9.6-107 19 31 46 0.52 0.87
3 14.4-1073 19 27 44 0.49 0.78
Conerete without : . 15 30 39 0.39 0.76
additives

Taking into account the modern requirements of
the construction industry, it is necessary to ensure
an appropriate level of safety for massive concrete
and reinforced concrete hydraulic structures,
primarily those that have been in long-term
operation and require repair or reinforcement.

One of the main problems of hydraulic concrete
is dangerous cracking, which leads to the rapid
decommissioning of hydraulic structures.

86

Obtaining hydraulic concrete with enhanced
operational properties can be achieved through
multi-level regulation of the structure and
properties of the binder using a complex
additive containing silicic acid sol and
superplasticizer, which interacts with cement
hydration products at the nano-, meso- and
macro-levels, and also affects the formation of
the structure and properties of cement stone.
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As research results have shown, concretes using
a complex additive are characterized by high
physical-mechanical, hydro physical and
operational indicators, which confirms the
creation of a dense material structure and the
strengthening effect of the additive.

The use of vitreous perlite in concrete improves
the technological properties of the concrete mix,
reduces the content of Portland cement in the
mix composition, and together with the complex
additive leads to an improvement in the basic
properties of hydraulic concrete with composite
binder (Table 3).

One of the promising methods for producing
multicomponent silicic acid sol is the hydrolysis

of Portland cement. The process of Portland
cement hydrolysis occurs in several stages, with
the formation of hydroxide salts containing the
corresponding metallic elements at one of the
intermediate stages.

A heavy concrete was developed for
modification for monolithic construction having
the following composition: Portland cement —
420 kg, sand — 760 kg, crushed stone with a
fraction of 5-20 mm — 930 kg, water — 215
liters. The consumption of the ultrafine additive
in the form of a 2% solution amounted to 5% of
the binder mass (Table 4).

Table 3. Effect of a complex additive containing silicic acid sol (sodium fluorosilicate hydrolysis)
and surfactants on the properties of hydraulic concrete

Compositio | Compressive | Flexural Crac | Wat | Water | Frost Corro | Modulus Prism | Poiss | Total
n strength, strength, k er resista | resista | sion of streng | on's porosity
MPa MPa resis | abso | nce nce, resista | elasticity | th, ratio , cm’/g
tanc | rpti cycles | nce Eb, MPa
3 28 7 28 € on, , F2 coeffi | MPax10?
days | days | days | days | inde | % cient
X
PC 24.6 | 38.7 | 4.1 7.1 0.18 | 490 | W10 150 1.32 32.362 34.6 0.216 | 0.096
PC+20% 28.8 | 48.1 | 43 7.5 0.19 | 3.66 | W12 200 1.62 35.680 40.2 0.202 | 0.090
perlite  +
superplastic
izer
PC+ 302 | 455 | 6.9 10.6 | 0.21 | 3.05 | W14 300 1.79 34.493 39.6 0.191 | 0.089
complex
additive
PC+ 20% | 352 | 534 | 7.8 109 | 0.22 | 243 | W16 300 1.86 37.345 46.3 0.199 | 0.081
perlite  +
complex
additive

Table 4. Effect of ultrafine additive obtained by hydrolysis of Portland cement on the properties of

heavy concrete

Properties Indicators of concrete

control with additives
Concrete mix mobility (slump), cm 13 12
Volume of entrained air, % 43 4.5
Average density of concrete, kg/m? 2320 2335
Compressive strength, MPa, at age
3 days 14.5 18.5
7 days 21.3 29.3
28 days 32.1 39.8
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The introduction of a multicomponent sol in the
form of an ultrafine additive provides a
significant improvement in the strength
characteristics of concrete: the compressive
strength of concrete increases by 37% compared
to the control composition at an age of up to 7
days of hardening and by 24% at the design age.
This effect is achieved due to the active
interaction of the ultrafine additive with the
hydration products of Portland cement clinker
minerals.

During the hydrolysis of Portland cement, active
dissolution is observed not only of exchange
ions, but also of hydrated forms of ions
Ca(OH)" and (H2SiO4)*", which sequentially
saturate the aqueous solution. After that, the
formation of new crystalline phases occurs in
the volume and on the surface of the particles
(Fig. 1).

Concrete mix for road pavements must comply
with the requirements and conditions of
regulatory documents [16].

The production of high-quality concrete for road
construction requires the wuse of quality
components: cement, mineral additives, sand,
crushed stone, chemical additives. It is also
necessary to create optimal conditions for
concrete hardening, which will increase the
durability and reliability of cement-concrete

oy

-

i g

structures by regulating the properties of the
composite [16, 17].

When producing concrete mix, it is important to
ensure uniformity, workability, and a rational
water-cement ratio.

According to GOST R 59300, the concrete mix
for road pavements constructed in sliding
formwork must meet the P1 grade (cone slump
from 1 to 4 cm) in terms of workability and the
required volume of entrained air from 5% to
7%. This mobility class was adopted to ensure
better placement and compaction of the concrete
mix without surface defects, in combination
with other properties of the concrete mix.

For research purposes, a concrete mix design
calculation was carried out for road pavements
of technical category I with a compressive
strength class of B30. The dosage of additives in
the form of a 2% solution in the concrete mix
was 0.1-0.2% of the cement mass, calculated on
dry salt.

The analysis of the results obtained showed that
CaCl, and CaSO, additives increase the
strength of concrete by an average of 22-42%
during the design hardening time, effectively
accelerating the concrete hardening process in
the early stages of hardening and increasing its
strength by 40-90% on the 3rd day of hardening
(Fig. 2).

Figure 1. Microstructure of cement stone modified with an ultrafine additive obtained by hydrolysis
of Portland cement (x2000): a — control, b — with an ultrafine additive
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Figure 2. Kinetics of hardening of concrete for road surfaces with modifying additives obtained
using sol-gel technology

The increase in strength of Portland cement and
concrete with micro-dosages of additives is
associated with changes in the porosity of the

hydrate stone,
microstructure.

its phase composition,

and

The tensile strength index in bending of
concrete is important for ensuring the durability
and safety of road surfaces. Road surfaces are
constantly exposed to dynamic loads, including
bending loads that occur under vehicle loads

and temperature deformations.

Various methods are known to increase the
tensile strength in bending of concretes for road
pavements — mainly micro-reinforcement with

fiber [18]. However, it is also possible to
increase the strength characteristics of concrete
by modifying the structure of the cement stone
in concrete using chemical or electrophysical
methods [18-21].

A study of the tensile strength in bending of
concrete samples using micro-dosing of CaCl,
salt (Table 4) showed that the use of an additive
in the form of a 2% solution in an amount of
0.2%, calculated on dry salt from the mass of
cement, increases the tensile strength in bending
by 45% in 28 days of hardening.

Table 4. Results of tensile testing of cement concrete under bending

Composition Flexural tensile strength of concrete, MPa, at age, days

1 3 7 28
PC 0.6 1.1 1.5 2.9
PC+CaClz 1.6 1.9 2.7 4.2

Volume 21, Issue 4, 2025

89



Larisa A. Urkhanova , Solbon A. Lkhasaranov, Andrey A. Ivanov, Dmitry V. Dobrynin, Imad Jamal Moslemani

The hydroxides formed by multivalent metals in
the form of colloidal solutions with varying
time-dependent stability immobilize part of the
water into the hydration shell. This leads to a
decrease in the water-to-cement ratio while
maintaining the rheological characteristics of
the cement paste and the formation of a denser
structure of the cement stone.

Such constrained conditions promote the growth
of fibrous calcium hydrosilicates, thereby
increasing the tensile strength in bending of
concrete.

CONCLUSION

Here are the results of the authors’ research on
improving the  physical-mechanical and
operational properties of concrete for various
functional purposes in civil, hydraulic, and road
construction  using modifying  additives
produced by sol-gel technologies.

The processes of producing additives using
various precursors and their concentrations have
been studied. It has been substantiated that the
selection of stabilizers and optimization of
production conditions allows for the targeted
regulation of the synthesis of modifying
additives with the required particle morphology
and size, as well as physicochemical properties.

It has been proven that the use of additives
accelerates the hardening processes and the rate
of strength gain in concrete, which is associated
with changes in the structure and phase
composition of cement composites. The
developed methods and approaches for
producing modifying additives must meet the
technical and economic criteria for the effective
use of concrete for its intended purpose, taking
into account the requirements of regulatory
documents and design documentation.
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Abstract: The physical-mechanical and rheological properties of fibre-reinforced polymer bars (FRP bars) have
been studied predominantly under short-term static loading. In real-world operation, reinforced concrete
structures are subjected to a complex combination of various factors, including sustained loads, cyclic dynamic
loads (including fully reversed), temperature effects, and exposure to aggressive environments. Russian
regulatory documents for the design of reinforced concrete structures partially account for these factors using
generalized reduction factors. Standard test methods for determining the combined influence of these factors on
the properties of FRP bars are currently lacking.

The aim of this research is to identify a number of features in the preparation and implementation of tests to
assess the combined influence of operational factors on the strength and deformation characteristics of FRP bars.
The paper presents the prerequisites for developing a test program to study the behavior of reinforcement under
long-term static loading under conditions of elevated temperature and alkaline environment of concrete, as well
as under repeatedly applied dynamic load (including the fully reversed «compression-tension» mode) with
varying cycle parameters. The goal is to derive analytical relationships and diagrams for the long-term strength
and fatigue strength of FRP bars, which consider the influence of temperature, aggressive environment, and
loading cycle parameters.

The obtained results form the basis for a comprehensive program of experimental research, the development of
test methods, and the prediction of the behavior of FRP bars in real-world operating conditions as part of
concrete structures. They enable a transition from using generalized coefficients to calculations that account for
specific exposures. This is a key step towards improving the regulatory framework and designing reliable,
durable, and safe reinforced concrete structures with FRP bars.

Keywords: fibre-reinforced polymer bars, strength, durability, sustained load, dynamic load, cyclic load,
alkaline environment of concrete, temperature effect

HEKOTOPBIE ACIIEKTHI UCIIBITAHU APMATYPBI
KOMITIO3UTHOM MOJIMUMEPHOM IPU JUINTEJIBHOM N
JTUHAMUUYECKOHN HATPY3KAX U PA3JIMUHBIX
BO3JENCTBUAX

E.IO. IOpun ', C.K. Xneonuxoe 2, ¥.B. Kyoakoea ', K.JI. Kyoaxoe ',
A.B. Byukun’

HayuHno-uccnenoBarenbCckuid, MPOSKTHO-KOHCTPYKTOPCKUH W TEXHOJIOTHYECKUI HHCTUTYT OETOHA 1 jKee300eToHa
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2 HauuoHanbHBINH HCCIIEN0BATENBCKUI MOCKOBCKHI TOCYIaPCTBEHHBINA CTPOUTENLHBINA YHUBEPCUTET,
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AnHoTanusi: PU3NKO-MEXaHMUECKHE M PEOJIOTHUECKHE CBOICTBA apMaTypbl KOMIIO3uTHOW nonmmepHoit (AKII)
W3y4YeHbl TPEHMYIICCTBEHHO B YCIOBHAX KPAaTKOBPEMEHHOTO CTaTWYECKOrO HarpyxeHus. B peanmbHOH
9KCIUTyaTalliy >KeJIC300€TOHHBIE KOHCTPYKIMHM MOABEPraroTCs KOMIUIEKCHOMY BO3JCHCTBHIO Pa3IMYHBIX
(axTOpOB, B T.4. JUTUTENbHBIC HATPY3KH, IUKINYECKUC TUHAMUUECKHE (BKIIIOYAsT 3HAKOTIEPEMEHHbIC) Harpy3KH,
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TEMIIEpATypHbIE BO3JIEUCTBUS, BO3AEHCTBUS arpeccuBHbIX cpea. HopmartuBHble pokymeHTsl P®  mno
MIPOCKTUPOBAHUIO APMUPOBAHHBIX OETOHHBIX KOHCTPYKIMH YaCTUYHO YYMTHIBAIOT IAHHBIE (DAKTOPBI IIPH
oMoy 0600meHHbIX K03 durmenToB. CTaHAapTHRIE METOABI WCIBITAHUN IO OIPEASNICHIIO KOMIUIEKCHOTO
BJIMSIHUSA TaHHBIX (hakTopoB Ha cBoiicTBa AKII B HacTosiee BpeMst OTCY TCTBYIOT.

Llenbio TaHHOTO MCCIIEAOBAHUS SIBISICTCS OIpE/ACICHHE psijla OCOOCHHOCTEH MpPU TOATOTOBKE M pealn3aliu
HUCIIBITAHUI 1A OLCHKHM KOMIUIEKCHOTO BJIMAHHA OKCIUTyaTalluOHHBIX (baKTOpOB Ha TIPOYHOCTHBLIE U
nedopmanmonnsie xapakrepuctukun AKII. B pabore nmpuBeneHbI NPEAIIOCHUIKN ISl COCTABICHHS MPOTPaMMEI
WCTIBITAaHUH TI0 M3YYCHMIO IOBEICHHS apMaTypbl NPH JIUTEIFHOM CTaTHYECKOM HArpy)KeHHH B YCIIOBHSIX
TIOBBIIICHHON TeMIEpaTyphl M MIEJIOYHON Cpeibl, a TaKXKe MPHU MHOTOKPATHO MOBTOPSIOUICHCS THHAMHYECKOH
Harpyske (BKJIIOYasi 3HAKOTIEPEMEHHBIN PEXXKUM «CKaTHE-PACTSDKEHNE») C BapbUPYEMBIMH TTapaMeTpaMu LUK,
C BBIIBJICHHEM AHAIWTHYECKHX 3aBUCHMOCTEH M AWArpaMM JUIMTEIbHOW M ycramocTHOW mpounocta AKII,
KOTOpBIE YUNTHIBAIOT BIMSHUE TEMIIEPATYPbI, arPECCUBHON CPEJIbl M MApaMETPOB LIUKIIA HATPYKECHHUSL.
IlomydeHHble pe3ynbTaThl SIBJISIIOTCS OCHOBHOM  AJIs1  BBINOJHEHMS KOMIUIEKCA 3KCHEPHMEHTAIbHBIX
HCCIIEI0BaHNUHN, pa3pabOTKH METO/I0B UCHBITaHUI K mporHo3upoBanus noseneHns AKII B peanbHbIX ycrnoBHsxX
9KCIUTyaTallid B COCTaBe OCTOHHBIX KOHCTPYKIIMH W TMO3BOJISIIOT MEPEUTH OT HMCIIOJIBb30BaHMS OOOOIEHHBIX
K0O(D(OUIIMEHTOB K pacyeTy C Y4eTOM KOHKPETHBIX BO3ACHCTBHIL. DTO SBISETCS KIIOYEBBIM IATOM JIJIS
COBEPIICHCTBOBAHUSI HOPMAaTUBHOM 0a3bl M TPOSKTHPOBAHUSI HAJIEKHBIX, JOJTOBEYHBIX M OE30MacHBIX
xeJe300eToHHbIX KoHCeTpyKimid ¢ AKII.

KuroueBble cjioBa: apmMaTypa KOMIO3UTHAS OJIUMEPHAsi, IPOYHOCTb, JONTOBEYHOCTD, JUINTENIbHAS HArpy3Ka,
JMHAMHWYECKasi Harpy3Ka, UKJINUecKas Harpys3Ka, IeIoYHas cpeja 6eToHa, TeMIIepaTypHOe BO3ICHCTBIE

INTRODUCTION

The characteristics of fibre-reinforced polymer
bars (FRP bars) have been primarily studied
under short-term static loads [I, 2, 3, 4, 5].
Meanwhile, during the standard operation of
reinforced concrete structures of buildings and
facilities, other loads and exposures arise that
must be considered in design, among which the
following can be highlighted:

- sustained load (dead weight of structures and
materials, the sustained part of live load,
prestressing of reinforcement) [6, 7, 8, 9];

- short-term dynamic and repeatedly applied
cyclic load with different cycle parameters

(including  fully reversed  «compression-
tensiony), seismic actio [5, 9, 10, 11, 12];
- temperature  effects (including those

approaching or exceeding the glass transition
temperature of the polymers);

- exposure to the alkaline environment of
concretea [3, 4, 6, 13];

- others.

Currently, in domestic and foreign codes for the
design of reinforced concrete structures with
FRP bars, the consideration of these loads and
exposures (separately or in combination) is
performed using generalized reduction factors
or is not performed at all. However, in some

Volume 21, Issue 4, 2025

cases, these parameters can have a critical
impact on the mechanical safety and reliability
of such structures. For example, with poorly
manufactured FRP bars, the combined action of
elevated temperature and an  alkaline
environment can lead to degradation of the
interphase layer, disrupting the bond between
concrete and reinforcement. The manifestation
of fatigue or creep in polymers under long-term
dynamic or static loading, depending on the
load parameters and material, can significantly
reduce the strength of FRP bars. The resistance
of FRP bars to compressive loads, which arise
in the sections of compressed and eccentrically
compressed reinforced concrete elements under
long-term static and fully reversed dynamic
loads, is currently not accounted for in the
Russian codes and has been insufficiently
studied [14].

MATERIALS AND METHODS

Along with leading research organizations, the
Research Institute of Reinforced Concrete named
after A.A. Gvozdev in JSC Research Center of
Construction is engaged in comprehensive
research in these areas, considering both
individual factors and their combined influence.
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A test program is being implemented to evaluate
the strength of FRP bars under the separate and
combined action of elevated temperature,
alkaline environment, and sustained load with
variation of their parameters.

Sustained load tests are performed on a special
test stand with a wvertical arrangement of
specimens (Figure 1). A constant tensile load is
applied to the specimens through a system of
levers and calibrated weights, without restricting
their strain. The load is monitored by a load cell.

Testing 1is performed according to the
methodology of GOST 32492-2024, considering
the provisions of ASTM D7337/D7337M-12
(2019), ACI 440.3R-2012, CAN/CSA S806-12
(R2017), FIB Bulletin 40 [15, 16, 17, 18, 19].

In 2025, the automation of the test stand and its
modernization for new types of tests are planned.

Figure 1. General view of long-term testing of
FRP bar specimens (before test stand

modernization)
The influence of an aggressive liquid
environment 1is produced via additionally

installed vessels in the form of tubes sealed at the

ends. Local controlled heating of the specimens
is achieved using a heating cable.

Monitoring of longitudinal strain is performed
automatically using high-precision LVDT
sensors  (prior to modernization, using
mechanical strain gauges with dial indicators).
The exact time and nature of failure are recorded
using video recording.

A research program is also being implemented
to study the strength and deformability of FRP
bars under repeatedly applied dynamic load
with various cycle parameters (including fully
reversed loads and assessment of fatigue
strength). The test methodology is based on the
provisions of GOST 32492-2024 [15].

Tests are performed on specially prepared
specimens  (Figure 2) in  automatic
servohydraulic testing systems (Instron 8802,
etc.), which allow applying an axial cyclic load
with specified amplitude-frequency
characteristics.

Measurement of longitudinal strain is carried
out using high-frequency measurement systems
connected to  strain  gauges, clip-on
extensometers, and COD (Crack Opening
Displacement) sensors.

strain measuring area

Figure 2. Schematic diagram of testing FRP bars
under cyclic load with different values of the
stress ratio (R)
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It should be noted that this test scheme
technically  allows for the  additional
consideration of the influence of an aggressive
environment and elevated temperatures, similar
to the long-term tests.

It is also reasonable to investigate the possible
influence of the specimen gauge length on the
fatigue strength under axial fully reversed cyclic
load according to the «compression-tensiony
mode.

RESULTS AND DISCUSSION

The described tests are aimed at obtaining
analytical relationships and diagrams used for
predicting the strength and strain of FRP bars in
the design of reinforced concrete structures
(Figures 3 and 4). These relationships and
diagrams can be obtained based on GOST 32492-
2024, taking into account the provisions of ASTM
D7337/D7337M-12 (2019), ACI 440.3R-2012,
CAN/CSA S806-12 (R2017) [15, 16, 17, 18].

0
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Figure 3. Characteristic predictive relationships

and diagrams of the long-term strength of FRP

bars under exposure to aggressive environments
and elevated temperature

Figure 3 shows a characteristic predictive
diagram of the long-term strength of FRP bars
under normal operating conditions, as well as
diagrams accounting for the influence of ambient
temperature (t-factor) and exposure to aggressive
environments (Alc-factor) under sustained tensile
load (the diagrams are shown schematically and
can be refined based on test results).
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Figure 4. Characteristic predictive diagrams of
the fatigue strength of FRP bars under cyclic
repeatedly applied tensile load with different
cycle asymmetry ratios (R)

Figure 4 shows characteristic predictive
diagrams of the fatigue strength of FRP bars
under cyclic repeatedly applied tensile load
depending on the nature of the loading cycle.
The Wohler plots (S-N diagrams) show the
change in the strength of FRP bars (oi) after
Ni loading cycles (the diagrams are shown
schematically and can be refined based on test
results).

The importance of validating the obtained
results through additional studies of the stress-
strain state of concrete structures reinforced
with FRP bars under characteristic loadings
and exposures should be noted.

CONCLUSION

1. The design of reliable and durable concrete
structures reinforced with FRP bars requires
accounting for multiple factors, including the
influence of different types of loads and
exposures on material characteristics. The
insufficient number of studies is a barrier to
the application of FRP bars.

2. The features of the tests on FRP bars under
sustained and dynamic load, considering
external exposures, being implemented at the
Research Institute of Reinforced Concrete
named after A.A. Gvozdev in JSC Research
Center of Construction, are outlined.
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3. Characteristic analytical graphs and
relationships are proposed, which, considering
the test results, can serve as a tool for
designing concrete structures reinforced with
FRP bars, accounting for the predicted degree
of degradation of FRP bar properties under
sustained loads and exposures.

4. The importance of validating the obtained
results through additional studies of the stress-
strain state of concrete structures reinforced
with FRP bars under characteristic loadings
and exposures should be emphasized.
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Abstract - Soft first story buildings, including Reinforced concrete frameworks, are particularly vulnerable
during severe earthquakes, making them a critical concern in densely populated cities where such buildings are
necessary. The Boumerdes earthquake stands out as one of Algeria's most devastating natural disasters in recent
history due to the significant loss of buildings and lives. A notable observation from this earthquake was the
collapse of many homes that had open retail spaces or parking areas on their first floors. Several factors
contributed to the collapse of these soft first story buildings:

1. Insufficient Transversal Reinforcement: There was a lack of adequate transverse reinforcement in terms
considering both of quantity and detailing.

2. More Flexible or Weaker First Story: The first story of these buildings was often more flexible or weaker
compared to upper stories.

3. Absence of Shear Walls: The absence of shear walls compromised the lateral load resistance of buildings,
especially those with open spaces on the first floor.

Due to the vulnerabilities highlighted by the Boumerdes earthquake, it is imperative to revise and strengthen the
Algerian Earthquake-Resistant Design Code (RPA) It is vital to implement stricter guidelines, particularly
regarding the construction of soft first-story buildings. These revisions should focus on improving the structural
integrity and seismic resilience of such buildings to reduce future risks during earthquakes. By updating the
seismic code with rigorous standards for the construction of soft first-story buildings, Algeria can enhance
building safety and reduce the potential for catastrophic damage and loss of life in future seismic events.

The objective of this analytical study is to propose amendments to the Algerian seismic code to mitigate the
collapse of soft first-story buildings during earthquakes. The study uses the energy constant law as its analytical
framework.

In this research, the buildings of interest were modeled using the SAP2000 software. The Pushover analysis
method was employed to analyze the seismic behavior of these structures.

Keywords: Soft story collapse, Algerian seismic design code (RPA), stiffness, story shear, drift, displacement,
shear wall, natural time period, Pushover Analysis

HOBBIN AJIbTEPHATUBHBIN MOJIXO1 K
MMPOEKTUPOBAHUIO CEUCMOCTOMKHNX
’KEJE3OBETOHHBIX 3IAHUN
C TMBKUM HEPBBIM 3TAKOM JJI51 CTPOUTEJIBHBIX
HOPM AJI’KUPA (RPA)

Xamy Kaoa, Xeiip I00un Pamoan, Maopyx Xaman

YHuBepcurer Hayku 1 TexHosoruu Opana, r. Opan, AJDKIP

AHHOTauus. 37JaHUSA C THOKAM TIEPBBIM 3TaXKOM, BKITIOYAs BHINIOJIHEHHBIE B KEJE300€TOHHOM KapKace,
YSI3BUMBI TIPH CHJTBHBIX 3eMileTpsiceHmsIx. OOecreueHne uX CeHCMOCTOMKOCTH SBISIETCS KPUTHUYSCKH BasKHOW
po0JIeMOoil B TyCTOHACEICHHBIX TOPOaX, TAC B TAKUAX 3/IaHUAX CYIIECTBYET HEOOXOAUMOCTE. 3eMIICTPSCCHHE B
Bbymepne sBisieTcss OTHUM M3 CaMBIX Pa3pyLIUTENbHBIX CTUXMUHBIX OCICTBUI B HOBEHIIEH MCTOpUU AJDKHpa
M3-32 3HAUMTENBHBIX Pa3pyHICHUN 3JIaHUN M YuCia TOCTPaAaBIInX. B pesynbrare 3TOro 3eMieTpsceHus: ObUIo
OTMECUYCHO o6pymem/1e MHOTHX JJOMOB, Ha IIE€PBBIX dTaAXKaX KOTOPbIX HAXOJAUIUCH OTKPBITHIE TOPT'OBLIC IJIOIAAN

102 International Journal for Computational Civil and Structural Engineering



New Alternative Approach for the Algerian Seismic Design Code (RPA) of RC Building with Soft First Story

WIN TapKoBOYHbIE 30HBL. OOpYLIEHWIO 3[aHWil ¢ THOKMM IEPBBIM ATaXOM CIIOCOOCTBOBAIM HECKOJIBKO
(hakTopoB:

1. HenmocraroyHoe morepedyHoe apMHPOBAaHHME: KaK C TOYKHM 3PEHUS] PACUETHBIX, TaK M KOHCTPYKTHBHBIX
TpeboBaHuil ObUIO HETOCTATOYHOE KOJIMUYECTBO TIOIIEPEYHOM apMaTyphl.

2. Bonee rubkuii miu 6osiee craOblid IEPBBIA 3TaXK: MEPBBIM 3TaX dTUX 3AaHUH YacTo ObUT Oosiee THOKUM WITH
GoJtee c1a0BIM 110 CPAaBHEHUIO C BEPXHUMH ITAXKAMHU.

3. OrcyterBue nuadparMm >KECTKOCTH: OTCYTCTBHE AnadparM >KeCTKOCTH CHHXKAJIO COIPOTHBIICHHWE 3JaHMI
TOPHU30HTAIBHBIM Harpy3KaM, OCOOCHHO JUIsl 3AaHHUH C OTKPBITHIMU IIPOCTPAHCTBAMH HA ITEPBOM 3TaXKe.

B cBsi3u ¢ ys3BUMOCTSIMH, BBISIBICHHBIMHU B pe3yJbTaTe 3eMiieTpsiceHus B bymepae, HeoOXxoanmo nepecMoTpeTh
W YCHWINTh AJDKUPCKUN KoJieKe ceiicmocToiikoro mpoektupoBanus (RPA). KpaiiHe BakHO BHeApUTH Ooiiee
CTpOrHe MpaBHiia, OCOOEHHO B OTHOIIEHUN CTPOUTEIBCTBA 31aHUN C TMOKMM MEPBBIM ATAXKOM. JTH U3MEHEHUS
JIOJDKHBI OBITh HamlpaBJICHbl Ha YJIyYLIEHHE CTPYKTYpPHOM LEIOCTHOCTH M CEHCMOCTOMKOCTH TaKUX 3[aHUM,
4TOOBl CHU3UTh PHUCKM B ciydae 3emieTpsiceHuid B Oyaymiem. OOHOBIICHHME KOJEKCa CEHCMOCTOMKOTO
CTPOUTEJBbCTBA, BKJIIOUCHHE B HErO CTPOTMX TPeOOBaHMU Ul CTPOUTENbCTBA 3/aHMH C TUOKMM IEPBBIM
9TaXXOM, TI03BOJIMTH TIIOBBICHTH O€30IIaCHOCTh 3/IaHMH M CHU3UTH BEPOSTHOCTh KaTacTPOPHUIECKUX
TTOBPEXKICHUH W THOEIHN JIIOAEH B CiTydae 3eMIICTPsICEHUH B AJDKHpE B OyXyIieM.

Llenplo MaHHOTO AHAIMTHYECKOTO HCCIEOBAHMS SABJSETCS pa3paboTKa MpeAyoKeHWH MO aKTyaJIn3alnuu
MOJIO’KEHUH aJDKHUPCKOTO KOJEKCa CEMCMOCTOMKOTO CTPOMTENBCTBA C LENBIO NMPEAOTBPALICHUS OOpYyIIEHUS
3aHAH C THOKMM TIEPBBIM 3TAXKOM BO BpEMs 3eMJICTpsiICEHMH. AHAIMTHYIECKOE HCCIEe0BaHUE Oa3upyercs: Ha
UCTIOJIb30BaHUH 3aKOHA COXPAHEHNUS SHEPTUH.

B naHHOM wHcClieoBaHMM paccMaTpHBaeMble 3aHus ObLIM CMOJEIMPOBAHBI C IMOMOIIBIO MPOrPaMMHOTO
obecieuenns SAP2000. Jlns aHamm3a CeMCMOCTOMKOCTM KOHCTPYKLUHMH OBIT HCHOJB30BAH HETMHEHHBIN
craruueckuii pacuer (Pushover-ananus).

KaroueBbie ciioBa: oOpyIieHNne THOKHX dTaXKeH, alDKUPCKHIA KOJIEKC CEHCMOCTOHKOTO cTpouTenbcTBa (RPA),
JKECTKOCTb, C/IBHT JTaka, CMEIICHHUE, TIepeMeIIeHIe, TuadparmMa KeCTKOCTH, IIEPHOJT COOCTBEHHBIX KOJICOaHNUH,
Pushover-anaius

1. INTRODUCTION

On May 21, 2003, a magnitude 6.8 earthquake
hit the Zemmouri region, located approximately
70 kilometers east of Algiers. With a focal
depth of roughly 10 km, it was the strongest
earthquake in Algeria since 1980, causing
widespread destruction. Over 2,200 people lost
their lives and more than 11,000 were injured,
largely due to the collapse of residential and
public buildings. This disaster revealed critical
shortcomings in seismic design and highlighted
the need to update and enforce Algeria’s
building codes.

The main structural
reinforced concrete
summarized below:

1. Soft First Story Effects: This occurs when the
ground floor is less stiff compared to the upper
floors, making it more susceptible to collapse
during an earthquake.

2. Short Column Effects: Short columns
experience higher shear forces, which can lead
to failure if not properly designed.

observed in
buildings are

issues
(RC)

\Volume 21, Issue 4, 2025

3. Use of Weak and Slender Columns Poorly
Reinforced (Generally Unconfined): Columns
that are not adequately reinforced or are too
slender can buckle and fail under load.

4. Poor Detailing of Structural Joints:
Improperly designed connections between
beams and columns can weaken the overall
structure.

5. Inadequate Transverse Reinforcing Steel
Detailing (Tie Spacing and 90-Degree Hook):
Insufficient detailing of ties (spacing and hooks)
can lead to poor confinement and shear
resistance.

6. Poor Material Quality and Unsound
Construction Practices: The use of substandard
materials and inadequate construction methods
can significantly compromise the strength and
durability of a structure.

7. Neglect of Lateral Loads in Design: Failure
to account for lateral forces, including seismic
and wind actions, may result in inadequate
structural performance and potential collapse
under dynamic loading.
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8. Inappropriate Anchoring of eam and Slab
Reinforcement: Improper anchoring can lead to
weak connections and potential failure points.

9. Use of Irregular uilding Configurations
with  Discontinuities in  Mass, Strength,
Stiffness and Ductility: Irregularities in the
buildings  design  can  create  stress
concentrations and weak points.

10. Use of Weak Materials for Facades: Weak
facade materials can fail and contribute to
overall structural failure.

11. Use of Stiff Spandrel Masonry Walls
Resulted in Short Captive Columns that
Increased the Shear Demand eyond the Shear
Capacity Supplied: Stiff walls can create
captive columns that are subjected to higher
shear forces than they can handle, leading to
failure.

These issues highlight the importance of proper
design, detailing, material selection, and
construction practices to ensure structural safety
and resilience of RC buildings.

The field investigation revealed that the
collapse of soft first-story buildings was
notably prevalent during the  oumerdes
earthquake, as illustrated in Figure 1.

This category of damage was even more severe
during the 1995 obe Earthquake is shown in
figure 2 and table 1. Therefore, the, the Japanese
Seismic Design Guidelines recommended a
design procedure to prevent the column side-
sway mechanism, or soft first-story collapse 1,
2-3.

Such structural deficiencies primarily result
from sudden variations in stiffness, strength, or
ductility, combined with the lack of shear walls
in the lower stories. Their detrimental impact is
amplified by poor mass distribution within the
structure.

Consequently, multistory reinforced concrete
commercial and residential buildings with
insufficient or absent lateral resistance at the
first story represent one of the most vulnerable
structural types.

his study introduces a procedure for
determining the failure modes of buildings
exhibiting a soft first story, derived from the
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failure mechanisms of columns and walls at that
level. Subsequently, a strength amplification
factor, denoted as a, is formulated according to
the energy conservation principle to represent
the additional capacity required at the soft story
for its ductility factor to be equivalent to that of
a total collapse mechanism 6,8 9 .

.- -

Figure 1. Soft first story collapses during
Boumerdes Earthquake, Algeria 2003. [1-4]

Figure 2. Chuo-ku, Kumamoto city, Japan [5]

Table 1. Damage observation in chuo-ku
Earthquake [5]

Damage Soft Shear Ground
Type story deformation to severe moderate Total
Failure columns damage damage

Moderate minor to

Number of 8 4 3 4 3 22
buildings

2. METHODS

Following the damage caused by the presence
of flexible floors in buildings during the 1995
obe earthquake, Japanese researchers

International Journal for Computational Civil and Structural Engineering
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D

The dimensions and reinforcement of the
structural elements (beams, columns, etc.) used
in our case study are presented in Figure 6.

PRINCIPAL BEAM SECONDARY BEAM COLUMN SECTION
(40&0)em* {40xC)orn” (35+35)cm*
AT cad lep.08 4T14 cad fep.o8 gr14 [ 97
‘SD 45 ) BED 35 ‘ 2
o - o |4T14 ol [
LY larz & ¥ = % 9N\
a1 ’ 4112 L35 ®
40 40

Figure . eams and column reinforcement

D
The loads are distributed in a triangular form,
expressed by the following equation:

Qi h.wi.hf/z wi. hf 5)

a le2. oad cases
Name Dead Live Eax Eqy PSHx PSHy

Type | Linearstatic  Linearstatic | Linear static | Linear static | Lateral Load | Lateral Load

Model Analysis:
The numerical model developed using the
software is shown in Figure 7.

R 5. R 7.

Figure . uilding model in 2 [1112]
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The fragility curve was obtained from the
analysis of the numerical model, as illustrated
in Figure 8.

Spectral Displacement
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Figure 8. ushover curve for 5 uilding
The performance point is defined by the
structure s capacity to respond to applied forces
and sustain stability under those forces,
identified at the intersection of the base shear
and displacement. 13 14 15 16.

The R 7 building with a 4 m ground-floor
height exhibits more significant damage,
demonstrating that the severity of damage is
directly affected by the first-story height: the
taller the first story, the greater the damage.

It is reported that the damage plastic hinges are
concentrated at the first story (ground floor),
highlighting the structural weakness of this
level in all three models.
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At the soft-story level, displacement can reach
up to 25 of the building’s total roof drift.
However, in structures characterized by a
pronounced soft-story mechanism, the first-
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story displacement may rise dramatically,
reaching 80 90 of the total top displacement.
For an equivalent seismic demand, the
displacement at the first story of a soft-story
building can increase by a factor of two to three
compared to a regular structure. This
demonstrates the considerable sensitivity of soft-
story configurations to lateral deformations.
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.CONC U ION

The May 2003 oumerd s earthquake caused
significant damage, much of which experts found
could have been prevented. This prompted
authorities to devise comprehensive prevention
plans, especially in major cities like Algiers,
Oran, and Constantine, where earthquake risks
are high. The adage prevention is better than cure
highlights this need.
= Minor damages were observed in the
structural elements, particularly on the first
soft story. This is attributed to the
discontinuity of the frame s mass, as well as
its strength, stiffness, and ductility.
= Nonlinear analyses revealed a required
lateral load factor (apxDs) of 0.50 for 6-
story buildings, increasing to 0.55 for 10
stories and 0.60 for 14 or more, according to
the Japanese code. For the Eurocode, the
factors are 0.60, 0.65, and 0.70 for the RPA
code, they are 0.65, 0.70, and 0.75,
respectively.
= The nonlinear analysis yields a required
lateral load factor of 0.50 for 6-story
buildings, increasing to 0.55 for 10 stories
and 0.60 for 14 or more. In comparison, the
Eurocode specifies 0.60, 0.65, and 0.70,
while the RPA code specifies 0.65, 0.70, and
0.75.
= Eurocode 8 and the Japanese code permit
larger relative drift displacements than the
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RPA 99 code (2003 version), due to the
higher local ductility levels specified in these
codes.
The RPA code specifies a behavior
coefficient RRR that indicates the capacity
of dissipative structural systems to endure
seismic actions in the inelastic domain (see
Table 4.3, Chapter | , p. 39). This
coefficient requires that lateral rigidity does
not exceed 70 of the rigidity of the story
above (Appendix 1, p. 111). However, the
code lacks details on how to obtain this
coefficient or its applicability to existing
buildings versus new designs with a soft first
story.
Calculating earthquake forces for reinforced
concrete (RC) buildings with an open ground
floor often underestimates the design forces
and moments for ground floor columns.
Analyses show that base shear can exceed
twice the amount predicted by the equivalent
force method, whether or not infill is present.
Since the response spectrum method is rarely
used in practice, it is advisable to double the
design shear and moment from the static
method to ensure ground floor column
safety.

uildings with open ground floors are
particularly vulnerable to seismic actions,
especially in developing countries where this
construction type is common. The results of
this study demonstrate that such buildings
should not be treated as conventional
reinforced concrete (RC) structures. The
sway analysis reveals that columns at the
open ground  floor level  require
approximately 75  greater drift capacity
than that estimated by the equivalent static
method. To accommodate these high
ductility demands, special reinforcement
detailing designed in accordance with
moment-resisting  frame  principles is
essential.
A deeper understanding of this phenomenon is
crucial, as it should be identified as a localized
issue before it progresses into a broader
structural problem.
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PREDICTION OF GROUND SUBSIDENCE BY MODELING
TUNNEL BORING MACHINE TECHNOLOGY
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Abstract: Tunneling using tunnel boring machines (TBMs) induces ground settlement, leading to deformations
in buildings and structures located within the zone of influence of the planned construction. Settlement
prediction based on volume loss is one of the established practices in Russia; however, this method relies on
construction experience and does not directly account for the primary technological parameters affecting soil
settlement. In some cases, to obtain accurate deformation predictions using this method, it is necessary to
perform a back-calculation of volume loss, considering the tunnel section already excavated. This study
examines the modeling of all technological factors involved in TBM tunneling for forecasting settlement
resulting from metro tunnel construction. A division of the TBM excavation process into sequential phases is
introduced for finite element analysis. Two calculation schemes were formulated for different sections of the
Rublyovo—Arkhangelskaya line of the Moscow Metro, in two variants: (1) using volume loss, and (2) accounting
for all technological factors. In the latter variant, parameters such as shield face pressure, grout injection
pressure, TBM weight, structural stiffness of the TBM, shield tail gap, and others were incorporated.
Displacement plots for adjacent buildings were generated from the resulting calculations and compared with
measured displacements. A comparative analysis between the volume loss method and the alternative
comprehensive technological-factor method was conducted. The comprehensive method demonstrated a high
degree of quantitative and qualitative agreement with measured values and allows assessment of the soil’s
mechanical behavior over time during TBM excavation.

Keywords: TBM, volume loss, face pressure, grouting pressure, subsidence, FEA, tunneling, Plaxis 3D

MPOTHO3 OCAJIKA 3EMHOM MOBEPXHOCTH IPU
MOJAEJIMPOBAHUU TEXHOJIOT'MU TPOXOAKHU TOHHEJIA
MEXAHU3NPOBAHHbBIM KOMIVIEKCOM

A.3. Tep-Mapmupocan’, H.0. Hcaee?, E.H. Kproukoe', M.H. Illnanax’

! HanmoHansHeIi HecienoBaTenbekuii MOCKOBCKHIA TOCYIapCTBEHHBIN CTPOUTENBHBINA YHUBEPCHTET, I. Mocksa, POCCU S
2 Muctutyt MocunsknpoekT, . Mocksa, POCCHU S

AnHoTanus: IIpoxoaka TOHHeneW HpPHU TOMOIIM TOHHEJIENPOXOJYECKUX MEXaHW3MPOBAHHBIX KOMILIECKCOB
(TTIMK) BBI3BIBacT OCAAKy MMOBEPXHOCTH, YTO MPUBOIUT K MePOPMALIUAM 3TaHAN M COOPYKCHUH, HAXOIAIIIXCS
B 30HE BIMSHHUSA IPOCKTHPYEMOTO CTPOMTENbCTBA. [IpOorHO3 ocagok ¢ wucnonb3oBaHueM Koddduimenta
niepedopa SBISIETCS] OAHUM W3 YCTOSIBIIMXCS B POCCHHMCKOW MPAKTHKE, OAHAKO 3TOT METOJ OCHOBAH HA OIIBITE
CTPOUTEIHCTBA U HE YUMTBHIBACT HANPSIMYIO OCHOBHBIC TEXHOJOTHYECKHE IapaMETpbl, BIMAIOIINE HA OCAIKY
rpyHTa. B pszme ciiydaeB Ui MOdydeHMs KOPPEKTHBIX Aedopmanuii 3TUM METOJOM HEOOXOIUMO JAENaTh
o0OpatHbIi IepecueT ko3 duureHTa nepedopa ¢ yIeToM yxKe MPOHAEHHOI0 yJacTKa Tpacchl. B mpeacTaBieHHOM
UCCJICIOBAaHUN pacCMaTpPUBAETCsS MOJICIMPOBAHUE BCEX TexHoyorumueckux (akropoB mpoxoaku TIIMK mms
MIPOTHO3a OCAJKH OT CTPOUTENLCTBA TOHHEJNEeH MeTpomnonuTeHa. [IpeqioskeHo pa3bueHHe Ha 3Tanbl NPOXOIKU
TIIMK  jns mopenupoBanusi MKD. Paspaboranel 2 pacyeTHble CXEMbl pa3HbIX Y4acTKoB PyGieBo-
ApxaHrenbckol JMHUM MOCKOBCKOTO METpPOIIOJIMTEHA B JIByX BapHaHTax: C MCIIOJIb30BaHHEM Kod(pHIMeHTa
nepebopa, ¢ y4eTOM BCEX TEXHOJOrHm4yeckux (aktopoB. [Ipu MozmenupoBaHHM aIbTEPHATUBHBIM METOIOM
YUUTBHIBAINCH TAKHE TEXHOJIOTHUECKHE MTApaMETPhl Kak: JaBJICHUE NIPUTPY3a, JaBieHne HarueTanus, Bec TIIMK,
KecTkocTh KoHcTpykimit TIIMK, kombrieBoir 3a3op m ap. B pesymprare pacdera mocTpoeHBI rpaduku
TepeMelIeHN 3IaHui OKpy»Karomiel 3acTpoiiku. Ilpow3BeseH aHamM3 TONYYEHHBIX pPE3yJIbTaTOB M HX
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Prediction of Ground Subsidence by Modeling Tunnel Boring Machine Technology

CpaBHEHHE CO 3HAYCHUSIMM (AKTHUECKHX IepemenieHui. [IpoBeneHO cpaBHEHME pacdera ¢ HCHOJIb30BAHHUEM
kodpdunmenta nepebopa M AIbTEPHATHBHOIO MeToAa pacyera. [IpeanoskeHHBIH albTepHATHBHBI MeETOX
pacuera IOKa3bIBaeT BHICOKYIO KOJMYECTBEHHYIO M KaUECTBEHHYIO CXOAUMOCTh ¢ (PaKTHYECKMMH 3HAUCHUSIMH, a
TaK)Ke IMO3BOJIIET OIIEHUTh MEXaHHKY IOoBeeHus rpyHTa npu npoxojke TIIMK Bo Bpemenwu.

Kiaruennie cioBa: TIIMK, koaddunmenT nepedopa, qaBieHHe MPUTPy3a, JaBICHHE HAaTHETaHHS, OCaIKa,
MKD, tonnenupoBanue, Plaxis 3D

1. INTRODUCTION

Tunnel boring machine (TBM) is a high-
technology equipment used for the construction of
underground tunnels. It was first employed in 1825
during the excavation of the Thames Tunnel in
London, marking a major milestone in the history
of tunneling. Today, TBMs are widely used for the
construction of metro lines, road tunnels, water
supply conduits, and other underground structures,
especially in densely populated urban areas where
usual excavation methods may be impractical. In
international practice, TBMs with active face
support have been successfully applied in
challenging geological conditions for tunnel
construction [1-2].

Despite their advantages, tunnel excavation using
TBMs involves certain risks and adverse
consequences. One of these consequences is the
movement of the ground mass [1], which depends
not only on the geotechnical conditions of the
excavation site but also on the operational
parameters of the shield-driven excavation [3].
These settlements can lead to deformations and
damage of buildings, structures, and infrastructure
located above or adjacent to the tunnel [4-6]. This
factor necessitates rigorous monitoring to
minimize environmental impact and ensure safety.
Surface settlements induced by tunnel excavation
has been investigated by numerous foreign
researchers, including R. B. Peck [7], N.
Loganathan [8], M. O’Reilly and B. New [9], P.
B. Attewell [10], and many others. Among
domestic scholars, notable contributions have
been made by Protosenya A.G. [11], Tupikov
M.M. [12], Mazein S.V. [13], and others.

To minimize these risks and ensure construction
safety, monitoring of ground surface settlement is
employed. This method involves observing soil
movements and deformations of buildings within
the TBM tunneling influence zone. Geotechnical
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monitoring encompasses visual and instrumental
inspections as well as automated systems that
collect real-time data. Monitoring enables timely
detection of critical changes such as cracks, tilts,
or excess settlement and the implementation of
corrective measures to prevent emergency
situations [14-16].

To assess potential displacements of the soil
mass and surface structures within the projected
construction influence zone geotechnical
calculations are used.

In practice, ground surface settlement due to
TBM excavation is calculated using the volume
loss, defined as the ratio of the excavation cross-
section to the designed lining cross-section
according to SP 249.1325800.2016
“Underground utilities. Design and construction
by closed and cut-and-cover methods”. It should
be noted that this standard applies to trenchless
installation of utilities by microtunnel boring
machine (MTBM) and horizontal directional
drilling (HDD) machine and does not directly
cover metro tunneling with TBMs, it is used in
the absence of more specific regulations. This
approach represents an established practice in
Russia and has been described by domestic
authors such as Ter-Martirosyan A.Z., Isaev 1.O.,
et al. [17-20], Isaev O.N., Sharafutdinov R.F.
[21], and others. Despite its widespread use, the
volume loss is grounded in construction
experience rather than the physical processes
driving soil settlement [1]. It permits
determination of settlement on the moment of
tunnel completion, and finite-element modeling
based on this ratio is further complicated by the
lack of a regulated methodology for defining the
boundaries of the calculation model — parameter
that can significantly affect the accuracy of
results [22].

Ground settlement induced by TBM-driven
excavation is caused by factors such as shield
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tail gap, taper of shield, and backfill shrinkage
[23]. In addition, parameters influencing
settlement include excavation gradient, tunnel
overburden depth, face pressure and grouting
pressure [24]. In the study by H. Liu, J. Shi, J.
Li, and C. Liu [25], a method was presented for
calculating surface settlement that accounts for
various technological parameters: face pressure,
grouting pressure, shield dimensions, shield tail
gap, changes in shield alignment, and hardening
of the cement slurry in the annular space behind
lining.

The aim of the present work is to establish an
optimal methodology for predicting surface
settlement induced by TBM excavation, as well
as to evaluate an alternative calculation
approach that omits the volume loss while
incorporating all technological factors affecting
settlement, or to refine the existing limits of the
volume loss for given excavation conditions.

2. MATERIALS AND METHODS

The article models several TBM tunneling cases
along different sections of the Rublyovo-
Arkhangelskaya line of the Moscow Metro: from
Bulvar Karbysheva station to Zhivopisnaya
station, and from Zvenigorodskaya station to
Karamyshevskaya station.
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For the alignment section considered in the first
case, the geological structure is as follows:
anthropogenic soils (tQIV); alluvial deposits of
the 3rd (Khodynka) terrace above the floodplain
of the Moscow River (aQIIl); fluvioglacial
deposits of the Oka-Dnieper horizon (fQII
O-D). Beneath these lie Carboniferous rocks of
the upper part of the Kasimovian stage: Upper
Carboniferous deposits of the Voskresensk
subformation (C3vs), and Upper Carboniferous
deposits of the Suvorovo subformation (C3sv),
represented by fractured limestones degraded to
boulders, gravel, and rubble, as well as stiff
clays.

For the alignment section in the second case, the
geological profile is as follows: anthropogenic
soils (t-QIV), alluvial deposits of the 3rd terrace
above the floodplain of the Moscow River (a—
QIII), moraine deposits of the Dnieper
glaciation (g-QIId), fluvioglacial deposits of the
Oka—Dnieper horizon (f—Qllo-d), Oxfordian
deposits of the upper part of the Jurassic system
(J30x), Bathonian—Callovian deposits of the
upper and middle parts of the Jurassic system
(J2+3bt—k), Voskresensk subformation (C3vs),
and Suvorovo subformation (C3sv) of the upper
Carboniferous system.

Geological profiles along the proposed tunnel
alignments are shown in Fig. 1 and Fig. 2.
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Figure 1. Longitudinal profile of the section from Bulvar Karbysheva station to
Zhivopisnaya station
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Figure 2. Longitudinal profile of the section from Zvenigorodskaya station to

c1. 3BEHUIOPO[ICKAR

Karamyshevskaya station

Finite Element Model

The first model represents a section measuring
145 x 151.2 m with a depth of 45.4 m; tunneling
is carried out at a depth of 40 m. Within the
calculation scheme, the total tunneling length is
151.2 m, with the excavation length per phase
equal to the ring width — 1.8 m.

The calculation scheme for this section is shown
in Fig. 3a.

The model includes two buildings (Fig. 3a)
located at: Moscow, Marshala Tukhachevskogo
Street, 56 bldg.3 (1) and Moscow, Parshina

a)
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Street, 21 bldg. 2 (2), both at a distance of 0 m
from the tunnel axis.

The second model has dimensions of
163.9 x 248 x 35.4 m. In the model, tunneling is
carried out at a depth of 32.4 m, and its length
within the calculation scheme is 248 m for both
the right and left tunnels. The excavation length
per phase is equal to the installed ring width —
1.2 m.

The calculation scheme for this section is shown
in Fig. 3b.

b)
Figure 3. Calculation schemes:
a) section from Bulvar Karbysheva station to Zhivopisnaya station,
b) section from Zvenigorodskaya station to Karamyshevskaya station
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On the ground surface above the model, there is
a building located at 2nd Silikatny Passage, 9
bldg. 2, at a distance of O m from the tunnel
axis.

For settlement calculations using volume loss, a
value of 0.78% was adopted in accordance with
[17] for the section from Bulvar Karbysheva to
Zhivopisnaya station, and a value of 1.14% in
accordance with [20] for the section from
Zvenigorodskaya to Karamyshevskaya station.
In developing an alternative calculation method,
the approach proposed by H. Liu, J. Shi, J. Li,
and C. Liu [25] was used as the basis. In their
work, the authors accounted for face support
pressure, grouting pressure, TBM shield
stiffness, tunnel lining stiffness, the shield tail
gap, and grout hardening. In the present study,
in addition to these parameters, the TBM shield
weight was considered; stiffening ribs were
added inside the shield to ensure TBM rigidity;
tail grouting pressure in the over-lining space
was modeled as hydrostatic pressure instead of a
surface-applied load to account for soil pressure
and uniform compression of the lining; a sealed
TBM brush element was included, enabling
simulation of tunnel lining installation under
shield protection; and stiffness values for certain
materials were corrected.

The tunneling from Bulvar Karbysheva to
Zhivopisnaya station is carried out using an
Earth Pressure Balance (EPB) TBM with a

diameter D = 10.87 m, length 9.38 m, and
weight of about 1,000t. The external lining
diameter is d = 10.5 m, ring width is 1.8 m, and
lining thickness is 0.45 m. The face support
pressure is set according to the actual pressure
during excavation of each ring.

In the area near the buildings, the face support
pressure is 2.8 atm, and the tail grouting
pressure is 4 atm.

The tunnel section from Zvenigorodskaya to
Karamyshevskaya station of the Rublyovo-—
Arkhangelskaya line was constructed using two
different imported EPB TBMs. The technical
characteristics of both shields are similar:
diameter — 6.56m, length - 945m,
weight — about 225t, external tunnel lining
diameter — 6.3 m, ring width — 1.2 m, and lining
thickness — 0.3 m. The face support pressure
was set at 3 atm, and the tail grouting pressure
at 4 atm.

Tunneling sequence

The tunneling on the section from Bulvar
Karbysheva to Zhivopisnaya station is modeled
according to the scheme presented in Table 1.

A similar tunneling simulation is performed in
the calculation model for the section from
Zvenigorodskaya to Karamyshevskaya station,
taking into account the ring width and the shield
length used during the construction of that
section.

Table 1. Staged modeling of excavation using the alternative method

Tunneling

phase No Changes at the stage

Model

The first shield shell segment
(1) is activated; face support
pressure (2) is applied at the
front plane; at the rear plane of
the first section, a bulkhead
(3) is activated.
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Tunneling
phase No. Changes at the stage
The shield shell segment (1) is
activated, and a bulkhead
element (3) is activated at the
rear plane of the section.
2
The shield shell segment (1) is
activated, and a bracing frame
(4) is activated at the rear
plane of the section.
3
The shield shell segment (1) is
activated.
4

Volume 21, Issue 4, 2025
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Tunneling
phase No.

Changes at the stage

Model

The shield shell segment (1)
and the tunnel lining (5) are
activated; within the space
between the shield shell (1)
and the tunnel lining (5), the
TBM tail brush-seal element
(6) is activated, and interface
elements are assigned at the
shell-brush and lining—brush
boundaries.

6-10

The tunnel lining (5) is
activated; the void between
the cutting diameter and the
lining diameter is represented
by a grout material (7) with
low stiffness, and its
hydrostatic pressure is set
equal to the grout-injection
pressure.

11

The cement slurry is replaced
by hardened backfill grout (8)
characterized by increased
stiffness parameters.

Properties of the modeled elements are provided 3. RESULTS
in Tables 2 and 3, and the geological boreholes

used in the models are listed in Table 4
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Contours of vertical displacements for the first
and second models are shown in Fig. 4. The
results of the numerical models are presented as
graphs of vertical deformation in Figs. 5 and 6.
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.l

b)
Figure 4. Contours of vertical displacements:

a) section from Bulvar Karbysheva station to Zhivopisnaya station,
b) section from Zvenigorodskaya station to Karamyshevskaya station

%
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Table 2. Properties of soils and auxiliary ground elements (1st model)

Soil elements modeled using Linear Elastic 1 Mohr-Coulomb

Soil element y/ kN/m’? E/ MPa v c/kPa o' (phi)
Anthropogenic layer (1-40) 16 12 0,3 1 29
Medium sands (10-5-3-2) 17 27 0,3 2 34
Loams with grus and crushed stone (24-3-3 21,4 19 0,35 54 27
S SISO — 15 S 5
Fine sands (25-5-4-1 18,7 40 0,3 5 35
Medwmend 05550 w5 5
Clays with sand pockets (41-2-2) 17,8 22 0,35 120 18
Clays with faunal remains (43-2-2) 19,4 29 0,3 85 18
Materials modeled using Linear Elastic 1 Mohr-Coulomb
0,1 100 0,3 - -
Backfill grout material 0,1 1 0,4 - -
_ 24.8 700 03 43,2 28
Materials modeled using Plate elements
Material name y / kN/m’? E/MPa v G/ MPa d/m
400 360000 0,3 138500 0,075
34,8 210000 0,3 80770 0,05

Table 3. Properties of soils and auxiliary ground elements (2" model)

Soil elements modeled using Linear Elastic 1 Mohr-Coulomb

Soil element y / kN/m? E/ MPa v c/kPa o' (phi)
Anthropogenic layer (1-40) 17,8 14 0,3 2 32
Fine sands (15-5-4-2) 17,9 27 0,3 2 32
Fine sands (25-5-4-1) 20,1 34 0,3 3 36
Limestones (51-16-3) 22,7 50 0,25 - -
Clays (52-2-2) 19,8 26 0,2 61 21
Materials modeled using Linear Elastic u Mohr-Coulomb
0,1 100 0,3 - -
Backfill grout material 0,1 1 0,4 - -
24,1 700 0,3 43,2 28
Materials modeled using Plate elements
Material name y / kN/m? E/ MPa v G/ MPa d/m
7,35 360000 0,3 138500 0,04
3552 210000 0,3 80770 0,05
Volume 21, Issue 4, 2025 121
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Table 4. Geological boreholes used in the models

1%t model borehole

2" model borehole

Soil elements h/m Soil elements h/m
Anthropogenic layer (1-40) 0,8 Anthropogenic layer (1-40) 6,0
Medium sands (10-5-3-2) 11,3 Fine sands (15-5-4-2) 10,6
Loams with grus and crushed stone (24-3-3) 3,2 Fine sands (25-5-4-1) 11,0
Fine sands (25-5-4-1) 4,5 Limestones (51-16-3) 1,4
Silty sands (25-5-5-1) 6,2 Clays (52-2-2) 6,6
Fine sands (25-5-4-1) 4,1
Silty sands (25-5-5-1) 2,4
Fine sands (25-5-4-1) 1,6
Medium sands (25-5-3-1) 0,9
Silty sands (25-5-5-1) 0,9
Medium sands (25-5-3-1) 1,6
Clays with sand pockets (41-2-2) 5,1
Clays with faunal remains (43-2-2) 2,8

For the first computational scheme, the plot in
Fig. 5 is given for the building at Parshina
Street, 21 bldg. 2. The plot includes the
measured ground-surface displacements. To
generate the first plot, the timing of the actual
installation of the tunnel lining rings was
aligned with the corresponding installation
phases in the numerical model, which enabled a
proper comparison of the observed building
deformations with the calculated time histories.

4. DISCUSSING

The plot in Fig. 5shows that the alternative
method provides sufficient agreement in
determining the maximum displacement: the
difference is about 027 mm or 2.5%
(throughout the article, comparisons are made
relative to the maximum observed ground-
surface displacement; for this plot it 1is
10.9 mm). At the same time, the maximum
deviation at individual points is 1.4 mm, or
12.8%, at point 6.4, which corresponds to the
permissible error of in-situ measurements of
vertical displacements of 2 mm for Class II
accuracy in accordance with [26], as well as to
external factors that may affect the absolute
measurement values, including temperature,
vibration, etc. In addition, the plot shows that
the values obtained from the calculation using
the volume loss method are higher than the
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observed values at every monitoring point, with
a maximum difference of 5.0 mm, or 45.9%, at
point 6.7, which may lead to an incorrect
assessment of the geotechnical situation and to
unnecessary additional compensation measures.
The difference between the maxima is 2.6 mm,
or 23.9%. It should be noted that the calculation
using the volume loss coefficient is much
simpler and less computationally intensive and
gives results with sufficient agreement for a
preliminary analysis. However, the volume-loss
approach does not explain the physical
mechanisms  that cause  ground-surface
settlement. Similar results were obtained in [1].

However, different patterns are observed for the
plot in Fig. 6 The alternative calculation
likewise  agrees  with  the  measured
displacements, with a difference between the
maxima of 3.1 mm (13.6%), and a maximum
pointwise deviation of 4.3 mm (18.9%) at point
15.3. By contrast, the results obtained using the
volume-loss approach are substantially lower
than the observations: the difference between
the maxima is 5.5mm (24.1%), and the
maximum pointwise deviation reaches 12.3 mm
(53.9%) at point 15.3. To reconcile the
measured displacements with those predicted by
the volume-loss method in this case, the
volume-loss coefficient must be increased to
2.85% (obtained by back-analysis). The
discrepancy between the adopted coefficient and
the back-calculated value may indicate the
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influence of additional unaccounted factors on
the effective volume loss relative to the design
assumption. It should be noted
inaccurate assessment of the geotechnical
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conditions in such circumstances may lead to

operational incidents during tunneling and
that an necessitate complex and costly remedial
measures.
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Figure 5. Displacement plot for the building shown in Fig. 3a
m6.1-6.8 — monitoring results
6.1-6.8 — staged modeling of all tunneling processes
Cref 6.1-6.8 — calculation using the volume-loss coefficient

Furthermore, comprehensive stage-by-stage or to incorrectly specified face-support pressure

modeling may reveal uplift of surface structures
at certain points, caused by the structural
stiffness of the buildings — as reported in [3, 5] —
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or tail-void grouting pressure. This deformation
mechanism is not reflected in calculations based

on the volume loss coefficient.
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Figure 6. Displacement plot for the building shown in Fig. 3b
ml5.1-15.5 — monitoring results
15.1-15.5 — staged modeling of all tunneling processes
Cref'15.1-15.5 — calculation using the volume-loss coefficient
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5. CONCLUSIONS

The proposed method exhibits a high degree
of qualitative agreement with the monitoring
results.  Discrepancies in  quantitative
agreement may be attributable to measurement
error in field observations, inaccuracies in the
input data for the analysis, and other external
factors. A more rigorous treatment of input
parameters — such as geological conditions —
together with proper modeling of structural
behavior and higher-accuracy geotechnical
monitoring, would enable closer quantitative
agreement.

Consistent with Liu H., Shi J., Li J., and Liu
C. [25], the calculation shows uplift of the
ground surface as the shield passes the
monitoring point and significant settlement
after the shield has passed, which corresponds
to the actual behavior of the ground during
tunneling. The uplift effect may be caused by
the stiffness of the building, as well as by
improperly specified face support pressure
when the TBM operates close to the surface.
The volume-loss coefficient does not describe
the mechanics of ground behavior during
TBM excavation.

If additional, unaccounted factors influence
the selected design value of volume loss,
calculations based on that coefficient can
differ substantially from the results of the
alternative method presented in article.

It can also be observed (Fig.5 — plots Cref
6.1-6.8; Fig.6 — Cref 15.1-15.5) that the
volume-loss approach allows the building-
wide maximum displacement to be estimated
with reasonable accuracy, whereas
displacements at individual points may be
entirely inconsistent with their measured
values; by contrast, the alternative calculation
yields closer agreement with the measured
displacements at individual points on the
structure.

Note that in [17-21], calculations using a
prescribed  volume-loss  coefficient in
accordance with the regulatory standards do
not allow surface settlement to be predicted
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accurately. Accordingly, the only way to
obtain an actual volume-loss coefficient is to
adjust it by back-analysis using the already
constructed section of the alignment.

Results obtained with the volume-loss
coefficient differ from monitored values for
the structural elements by 24.1%, which
suggests that the coefficient is suitable for
preliminary, approximate calculations.

For refinement under complex geotechnical
conditions, it is recommended to verify results
using the method presented in present article,
which models all stages of the tunneling
process.

Further research is required to refine the
calculation methodology and to ensure the
necessary accuracy in predicting ground-
surface settlement and the response of
adjacent structures.
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NUMERICAL MODELING OF CAST-IN-PLACE REINFORCED
CONCRETE BUBBLE DECK FLOOR SLABS UTILIZED IN
EARTHQUAKE-PRONE REGIONS. PART TWO
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Tatiana N. Vasileva '
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Abstract: This article presents developed techniques for numerical modelling of lightweight cast-in-place rein-
forced concrete bubble deck floor slabs and a comparative analysis of different approaches to numerical model-
ling of buildings and structures with such lightweight floors, that are constructed in earthquake-prone regions.

Keywords: finite element method, modal analysis, earthquake excitation, mechanical safety, void formers,
lightweight cast-in-place reinforced concrete floor slabs

YU CJEHHOE MOJIEJINPOBAHUE MOHOJIMTHBIX
KEJIE3OBETOHHBIX MEPEKPBITHUM C
MMYCTOTOOBPA3OBATEJISIMUA, IPUMEHSIEMbBIX B
CEMCMHNYECKH AKTUBHBIX PAMOHAX. YACTD 2

A.M. Benocmouxuii ', A.U. Hazuéoeuu ', C.B. Il[epouna %, T.H. Bacunveea '

! HaroHanbHeIi MccnenoBaTenbekuii MOCKOBCKHUM MOCYIapCTBEHHBI CTPOUTENBHBIN yHUBEPCHUTET, T. Mocksa, POCCUSI
2 AO «Hayuno-uccnenosatensckuii nentp CtaJluO», r. Mocksa, POCCHUA

AHHOTanus: B HacTosmei cratee mpencTaBieHbl pa3pabOTaHHbIE aBTOPAMH METOAMKH YHCICHHOTO MOJIEINH-
pOBaHMS OOJETUYCHHBIX MOHOJIMTHBIX XKeJIe300€TOHHBIX MEPEKPHITHH C MyCTOTOOOPAa30BaTEISIMU U CPABHUTEIb-
HBIH aHaNIN3 Pa3IMYHBIX MOAXO0I0B K YHCICHHOMY MOJACIMPOBAHUIO 3MaHUH U COOPYKEHHH, CTPOSIINXCS B CEH-
CMHMYECKN aKTUBHBIX PaifoHaX U MMEIONINX B CBOEM COCTABE MOI00HbIE 00IETUEHHBIE TUTUTHI IEPEKPBITHH.

KiroueBble cjioBa: METO KOHSUHBIX DJIEMEHTOB, MOJAJILHBIM aHAJIN3, CCHCMHYECKOE BO3/ICHCTBHE, MEXaHHIC-
cKasi 0€30MacHOCTh, yCTOTOO0Pa30BaTEIH, 00JICTYCHHBIC MOHOIUTHBIC JKEJIC300€TOHHBIC TICPCKPBITHS.

1. INTRODUCTION

A reinforced concrete bubble deck floor slab
solution is widely used as a building design so-
lution in earthquake-prone regions. Utilization
of void formers is one of the ways to decrease
the dead weight of concrete structures, that
leads to reduced seismic loads and loads on ver-
tical load-bearing structures and foundation.

The finite element method is widely used to
solve structural mechanics problems, eigenvalue
problems, and to perform a response spectrum
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analysis. The best way to extract eigenmodes
and eigenfrequencies of a system with structural
elements having complex cross-sections, to de-
termine its stress-strain state is spatial discreti-
zation of such a system with solid elements.
However, such a technique is computationally
ineffective. Therefore, a common practice is to
use structural finite elements, shell and beam
ones, to spatially discretize a structural mechan-
ics problem.
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Figure 1. An example of void formers used in
reinforced concrete floor slabs, and their geo-
metrical parameters

The first part of the present research [1] has
considered a single floor cell of a reinforced
concrete frame building (see Fig. 2). The chosen
part of the floor slab has dimensions of 5.6x5.6
meters and comprises 16 void former cells in
each direction. The floor slab has the following
values of its geometrical parameters: the floor
slab thickness 4s = 250mm; the void former
height 4, = 140mm; the concrete cover at the
upper slab face cnomo = 20mm; the concrete
cover at the lower slab face ciomu = 20mm; the
distance between bubbles centers ¢ = 350mm;
the void former diameter d = 315mm. A cross-
section of the single void former cell is shown
in Fig. 3.

Properties of the considered bubble deck floor
slab material are given in Table 1.

The verified ANSYS software [2] has been
used for all simulations (a static loading anal-
ysis and a modal analysis). A reference finite
element model of the simulated part of the
floor slab has been assembled using solid fi-
nite elements of the type SOLID185 for spa-
tial discretization of the problem. Correspond-
ing mesh within the void former cell is illus-
trated in Fig. 4. Because only elastic part of
the problem has been considered, utilization

Volume 21, Issue 4, 2025

of the numerical solution obtained using the
FE model meshed with solid elements is ap-
propriate, since high accuracy of finite ele-
ment simulations within the theory of elastici-
ty has been verified multiple times (see, for
instance, [2]).

\HH'

g ==

\flodeled part nf e
the floor slab

i & & o

Figure 2. The drawing of a bubble deck floor
slab in the reinforced concrete frame building
(a part of the slab chosen for a comparative
analysis of various numerical modelling tech-
niques is outlined in red)

”

’ it ’
’ 73 ’

Figure 3. The cross-section of a void former cell
used in the considered bubble deck floor slab

Table 1. Bubble deck floor slab

material properties
Material Elastic Poisson’s | Density
Modulus ratio v p, kg/m’
E, GPa
Concrete B25 30 0.2 2500
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Figure 4. Mesh within the void former cell used
in the reference model of the considered cast-in-
place reinforced concrete bubble deck floor slab

According to the results of the first part of the pre-
sent research [ 1], within which the modal analysis
and static analysis have been performed for the
models of the considered bubble deck floor slab
meshed with either solid finite elements (the refer-
ence model) or structural finite elements, the clos-
est agreement to the results calculated with the
reference finite element model has been obtained
for the following two cases. In the first case, the
slab has been simulated as two horizontal layers of
shell finite elements of the type SHELLI181, in
which the Reissner-Mindlin plate theory is im-
plemented, with effective density (increased by a
factor of k, = 1.1484 to match the mass of the
model to that of the reference model) connected
together with a honey-comb structure also meshed
with shell finite elements of the type SHELLI181
with effective density (increased by the same fac-
tor of k, = 1.1484) and effective elastic modulus
(iteratively changed to match the results of the
modal analysis with the reference ones) (see Table
2). In the second case, the slab has been modeled
with one layer of shell finite elements of the type
SHELL181 with effective density (decreased by a
factor of k, = 1.4376) and effective elastic modu-
lus (see Table 3).

In the present paper, various approaches to numer-
ical simulation of structural assembly comprised
reinforced concrete bubble deck floor slab and
reinforced concrete vertical load-bearing structural
elements, in particular a column and wall with an
embedded column, are considered.
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Table 2. Parameters of the double-layer engi-
neering finite element model

# Element

1 Horizontal
plate of the
floor slab

2 | Vertical rib of
the floor slab

Note: parameters different from the reference
ones are colored in blue

Table 3. Parameters of the single-layer engi-
neering finite element model

# Element E, GPa v p, kg/m® | ¢, mm
1 Floor slab 250

Note: parameters different from the reference
ones are colored in blue

2. PROBLEM ONE. INTERACTION OF
THE BUBBLE DECK PART AND THE
SOLID PART OF THE FLOOR SLAB

The reinforced concrete bubble deck floor slab,
as illustrated in Fig. 5, has two distinct areas.
The central part of the slab contains void for-
mers, while the perimeter of the slab is solid to
provide mechanical safety of the structural ele-
ment.

Figure 5. The simulated part of the bubble deck
floor slab (the part of the slab with void formers
is outlined in red, the solid area of the slab is
colored in blue)

International Journal for Computational Civil and Structural Engineering
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Boundary conditions: Ux, Uy, Uz

550 350x16-5600 1550

b)
Figure 6. The numerical model meshed with sol-

id finite elements: a) geometrical parameters
and boundary conditions, b) cross-section view

To simulate various structural assemblies in-
cluding bubble deck floor slab, it is necessary to
accurately model transition between the part of
the slab with void formers and the solid one.

A finite element model of the whole floor slab
utilized for reference simulations is shown in
Fig. 6. All DOFs (Ux, Uy, Uz) of the nodes lo-
cated at the slab boundaries are restrained.

Two different techniques to simulate the bubble
deck floor slab, including its solid part, using
structural finite elements are considered.

Within the first technique, the void former cell
of the slab is modelled as a honeycomb struc-
ture with top and bottom cover plates, which are
all discretized through shell finite elements,
while the solid part of the slab is discretized via

Volume 21, Issue 4, 2025

a single layer of shell finite elements located at
the middle surface (see Fig. 7).

L 185 |

d)

Figure 7. Finite element model for the first sim-

ulation technique: a) cross-section of the actual

structure; b) computational model of the struc-
ture, ¢) computational model of the structure

with displayed element thickness, d) orthogonal
view (red — solid floor slab; light blue — cover

plates of the bubble deck part of the floor slab;

purple — vertical ribs of the bubble deck part of

the floor slab)

With the first engineering technique (Model 1),
two different sets of material properties have
been adopted (see Tables 4, 5).

In the first parameter set, 1A, vertical ribs be-
tween the solid and the bubble deck parts of the
floor slab have effective properties (density,
elastic modulus) similar to those of other verti-
cal ribs for parameter set 1 A.
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Table 4. The parameters set 14

Table 6. The parameters set 24

# Element E,GPa | v | p,kg/m® | {, mm

1| Horizontal plate
of the bubble
deck part of the
floor slab
2| Vertical rib of
the bubble deck
part of the floor
slab

30 0.2 2871.1 55

87 0.2 2871.1 35

3| Solid part of the 30

floor slab 0.2 2500 250

Note: parameters different from the reference
ones are colored in blue

The parameter set 1B is based onto the parame-
ter set 1A. In the parameter set 1B, the elastic
modulus of the vertical ribs between the solid
part and the bubble deck parts of the floor slab
elastic modulus has been significantly increased
for the simulation results to match eigenfre-
quencies, eigenmodes, and static response of the
reference model.

Table 5. The parameters set 1B

# Element E, GPa v p, kg/m® | ¢, mm

1| Horizontal plate
of the bubble
deck part of the
floor slab

30 0.2 2871.1 55

2| Vertical rib of

the bubble deck

part of the floor
slab

87 0.2 2871.1 35

3| Solid part of the 30 02

floor slab 2500 250

4| Vertical rib at

the perimeter of

the bubble deck

part of the floor
slab

400 0.2 2871.1 35

Note: parameters different from the parameters
set 1A are colored in yellow

Within the second engineering technique (Mod-
el 2), both the solid part and the bubble deck
part of the floor slab are discretized through one
layer of shell finite elements. To match mass,
stiffness, and dynamic response characteristics
of the actual structure, effective values of mate-
rial properties — a parameters set 2A — have
been used (see Table 6).
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# Element E,GPa | v | p,kg/m® | t, mm
1| Bubble deck
part of the floor 24 0.2 1739.1 250
slab
2| Solid part of the 30 0.2 2500 250
floor slab

Note: parameters different from the reference
ones are colored in blue

In the finite element models utilized within both
considered techniques, all DOFs (Ux, Uy, Uz,
Rotx, Roty, Rotz) of the nodes located at the
slab boundaries are restrained.

Results of the modal analyses performed using
different numerical models are given in Table 7.
Results of the static response analyses per-
formed using different numerical models are
presented in Tables 8, 9, and Fig. 8.

Top face of the slab
11 :
0.9 e )

0.7

bubbledeck - solid
floor slab contact line

0.5

MPa

0.3

0.1

0.3

0.5
Lenght, m

—ox, reference FE model
FE model for the 2nd engineering
%% approach (parameters set 2A)
FE model for the 1st engineering
" approach (parameters set 1B)
Figure 8. Normal stress along X-axis at the top
face of the slab in the central cross-section due
to the slab dead weight

The finite element model created within the first
engineering technique using the values of the
parameters given in the set 1B and the finite el-
ement model created within the second engi-
neering approach using the values of the param-
eters given in the set 2A have yielded the closest
agreement with the results of the modal analysis
and the static response analysis obtained using
the reference finite element model. The finite
element model implementing the first engineer-
ing approach with the parameters set 1B has
been chosen for further research.
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Table 7. Results of the modal analyses (In Table 8. Comparison of the vertical displace-

brackets given are the discrepancy, in percent, ments due to the slab dead weight (In brackets
from the results obtained with the reference fi- given are the discrepancy, in percent, from the
nite element model) results obtained with the reference finite ele-
Reference Model 1 (pa- | Model 1 (pa- | Model 2 (pa- ment mode l)
# rameters set rameters set rameters set
model s
Reference : Uimax =
1 -0.31
model s
mm
36.6 Hz 32.1 Hz 34.8 Hz 36.0 Hz T
|‘ T
2 E .m .‘"r f |
- iEr
Model 1 o x UZmax =
72.8 Hz 69.4 Hz 71.5 Hz 72.2 Hz (parameters My _034 mm
set 1B) £ (-9.7%)
3 ﬂ
Model 2 e UZmax =
(parameters | || -0.32 mm
set 2A) i (-3.2%)
4 I__,
105.3 Hz 101.5 Hz
(-3.6 %)

Table 9. Comparison of the normal stress along
X-axis at the top face of the slab in the central
cross-section due to the slab dead weight (see

w

126.5 Hz 125.9 Hz 126.7 Hz 127.0 Hz also Fig. 8)
Finite ele- Min o, Pa | A, % Max oy, A, %
ment model Pa
n Reference | yq8349 | . | 1005472 | -
6 model
Model 1
127.2 Hz 126.4 Hz 127.7 Hz (parameters | -466473 -4 831076 -19
-0.6 % (+0.4 %) set 1B)
F Model 2
(parameters -376800 +16 901916.2 -12
7 set 2A)

156.2 Hz 154.5 Hz 157.4 Hz

Lt 3. PROBLEM TWO. A STRUCTURAL

ASSEMBLY COMPRISING A BUBBLE
DECK FLOOR SLAB AND A COLUMN

(o]

156.2 Hz

The second formulated problem deals with sim-

(1.8 %) (-1.1 %) (+0.8 %)

ulation of a structural assembly comprising a
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bubble deck floor slab and a column using shell
and beam finite elements for its spatial discreti-
zation. To determine the most accurate and effi-
cient engineering technique for this problem,
several models based on shell finite elements
have been assembled and tested. Accuracy and
efficiency of the particular engineering tech-
nique has been evaluated through comparison of
the results of modal analysis with those obtained
using a reference finite element model. As in the
first case considered in the present work, as well
as in the first part of the research [1], the refer-
ence model is the one constructed using solid
finite elements. The reference finite element
model is shown in Fig. 9.

According to the solution of the first problem
describe in the previous section, the constructed
engineering models are all based onto represen-
tation of the bubble deck part of the floor slab as
a honey-comb structure covered with top and
bottom plates, and discretization of the solid
part of the floor slab with one layer of shell fi-
nite elements located at its middle surface. A
total of three engineering models have been
constructed, which use the same mesh (shown
in Fig. 10) and differ from each other only in
their parameter values.

The first parameters set, 1A, (see Table 10) is
based onto the parameters set 1A from the pre-
vious section (see Table 4) with an extension to
include column parameters.

In the second parameters set, 1B, (see Table 11)
which is based onto the parameters set 1A, an
area of the floor slab within the projection of the
column cross-section (see Fig. 11) has the
Young’s modulus several orders of magnitude
greater than that for the rest of the slab to more
precisely simulate a column-slab intersection
which response within the considered problem
is close the rigid body one.

In the third parameters set, 1C, (see Table 12)
the Young’s modulus of the vertical ribs at the
perimeter of the bubble deck part of the floor
slab (see Fig. 11) has been increased by several
times, like in the parameters set 1B of the previ-
ous section (see Table 5).
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Normal displacement restraint (symmetry condition)

,__JEUX&ZHQH‘,L_JW_L_}E&&Z&W_,

a) » 6700
Normal displacement restraint (symmetry condition)
Boundary conditions: Ux, Uy, Uz
500
350x8-2800 L mg ) 250x8=2600
b)’ ]
C) e

Figure 9. Geometrical parameters and bounda-

ry conditions (red lined) of the reference model

of the structural assembly comprising the bub-

ble deck floor slab and the column: a) top view;
b) side view, c) orthogonal view

All DOFs (Ux, Uy, Uz, Rotx, Roty, Rotz for
the models constructed using shell and beam
finite elements and Ux, Uy, Uz for the refer-
ence model discretized with solid finite ele-
ments) of the nodes located at the column top
and bottom are restrained. Boundary condi-
tions at the simulated slab perimeter take into
account symmetry of the problem, in particu-
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lar horizontal displacements in the normal junction with the parameters set 1C (see in Ta-
direction to a corresponding edge are re- ble 11) has yielded the closest agreement with
strained. the eigenproblem solution obtained using the
reference finite element model discretized with
solid finite elements. The largest discrepancy
amounts to 5%.

Table 11. The parameters set 1B

# Element E, GPa v p, kg/m? ¢, mm

1 Horizontal
plate of the
bubble deck 30 0.2 2871.1 55
part of the
floor slab

2| Vertical rib of
the bubble
deck part of

the floor slab

87 0.2 2871.1 35

3| Solid part of
the floor slab 30 0.2 2500 250

4 Column 30 0.2 2500 500x500

Floor slab
b) within the

. .. . 5| projection of 3e06 0.2 0 250
Figure 10. Finite element mesh used to simulate the column

the structural assembly comprising the bubble cross-section

deck floor slab and the column: a) element Note: parameters different from the parameters
thickness displayed; b) element thickness is not  set 14 are colored in yellow
displayed

Table 12. The parameters set 1C

3
Table 10. The parameters set 14 #| FElement | E,GPa| v | pkeg/m’ | 7 mm
#| Element E,GPa | v | p,kgm® | ¢, mm 1| Horizontal
plate of the 30 0.2 2871.1 55
1 Horizontal floor slab
plate of the 2 | Vertical rib of 87 0.2 2871.1 35
bubble deck 30 0.2 2871.1 55 the floor slab ) ’
part of the 3| Solid part of
floor slab the floor slab 30 0.2 2500 250
2 | Vertical rib of 4 Column 30 0.2 2500 500x%500
the bubble 87 | 02 | 28711 35 5| Floorslab
deck part of within the
the ﬂOOI’ slab projection of 3e06 0.2 0 250
3| Solidpartof |35 | o5 | 2500 250 the column
the floor slab cross-section
4] Column 30 02 | 2500 | 500x500 Vertical rib at
. ; the perimeter
. 'y 7, A 14 4 A
Note: paramete s different from the reference 6| ofthebubble | 400 | 02 | 2871.1 35
ones are colored in blue itk s o
the floor slab

The results of the modal analysis of the struc- Note: parameters different from the parameters
tural assembly comprising the bubble deck floor set 1B are colored in yellow

slab and the column are given in Table 13. The

engineering finite element model used in con-
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Table 13. Results of the modal analysis (In
brackets given are the discrepancy, in percent,
from the results obtained with the reference fi-
nite element model)

14.3 Hz

" Reference | Parameter set | Parameter set | Parameter
model 1A 1B set 1C
1
14.3 Hz 14.5 Hz 14.8 Hz
(+1.5 %) (3.6 %)
2

14.5 Hz

14.8 Hz

v

16.3 Hz

l .

(+1.5 %)

(+3.6 %)

4 i
1
205 Hz 19.6 Hz .
(-4.1%) (-1.7 %) (-0.7 %)
5
37.4 Hz 31.9 Hz 36.3 Hz
(-14.7 %) (:3.1%)
491Hz | 41.6Hz 46.6 Hz
(-15.2 %) (-5.0 %)
1“
7 i : 4
W el
49.1 Hz 41.6 Hz 432 Hz 46.6 Hz
152%) | (-12.0%) | (-5.0%)
8
58.6 Hz 50.0 Hz 52.7 Hz 56.11 Hz
147%) | (10.1%) | (-43%)
138

Vertical ribs at the perimeter of
the bubble deck part of the slab

Figure 11. The finite element model used in con-

Junction with the parameters set 1C (finite ele-

ments within the projection of the column cross-
section are colored in green)

4. PROBLEM THREE. A STRUCTURAL
ASSEMBLY COMPRISING A BUBBLE
DECK FLOOR SLAB AND A WALL WITH
AN EMBEDDED COLUMN

Another problem considered in the present pa-
per deals with simulation of a structural assem-
bly comprising a bubble deck floor slab and a
wall with an embedded column using shell and
beam finite elements for its spatial discretiza-
tion. Three engineering approaches have been
tested to determine the most accurate and effi-
cient one. Accuracy and efficiency of the par-
ticular engineering technique has been evaluated
through comparison of the results of modal
analysis with those obtained using a reference
finite element model. As in the first two cases
considered in the present work, as well as in the
first part of the research [1], the reference model
is the one constructed using solid finite ele-
ments. Geometrical parameters and spatial dis-
cretization of the reference finite element model
are given in Fig. 12.

All DOFs (Ux, Uy, Uz, Rotx, Roty, Rotz for the
models constructed using shell and beam finite
elements and Ux, Uy, Uz for the reference mod-
el discretized with solid finite elements) of the
nodes located at the column top and bottom are
restrained. Boundary conditions at the simulated
slab perimeter take into account symmetry of
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the problem, in particular horizontal displace-
ments in the normal direction to a corresponding
edge are restrained.

restraint ( y condition)

Normal displ

L 350x8-2600 l 10 l I0x8:2800
Cl) ) 6700
Normal displacement restraint (symmetry condition)
Boundary conditions: Ux, Uy, Uz

l 350x8=2800 I50x8=2500 j.

c)
Figure 12. Geometrical parameters and bound-
ary conditions (red lined) of the reference model

of the structural assembly comprising the bub-
ble deck floor slab and the wall with the embed-

ded column: a) top view, b) side view; c) or-
thogonal view

The engineering finite element model used to

solve the considered problem is based onto the
model constructed in the previous section with

Volume 21, Issue 4, 2025

the only difference that the wall has been added
(see Fig. 13). As in the previous case, a differ-
ence between the three tested engineering tech-
niques concerns values of the parameters de-
fined in each case (see Tables 14—16).

Figure 13. Finite element mesh used to simulate
the structural assembly comprising the bubble
deck floor slab and the wall with the embedded
column: a) element thickness displayed, b) ele-

ment thickness is not displayed

Table 14. The parameters set 14

#| Element E,GPa | v | p,kgm® | £ mm
1 Horizontal
plate of the
bubble deck 30 0.2 2871.1 55
part of the
floor slab
2| Vertical rib of
the bubble 87 | 02 | 28711 35
deck part of
the floor slab
3| Solid part of
the floor slab 30 0.2 2500 250
4 Column 30 0.2 2500 500x500
5 Wall 30 0.2 2500 250

Note: parameters different from the reference
ones are colored in blue
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Table 15. The parameters set 1B

Element E,GPa| v |pkg/m?®| ¢ mm

1 | Horizontal plate
of the bubble
deck part of the
floor slab

30 0.2 2871.1 55

2 | Vertical rib of

the bubble deck

part of the floor
slab

87 0.2 2871.1 35

3 | Solid part of the

floor slab 30

0.2 2500 250

Column 30 0.2 2500 500x500

5 Wall 30 0.2 2500 250

Floor slab with-
in the projection
of the column
cross-section

3e06 0.2 0 250

Note: parameters different from the parameters
set 14 are colored in yellow

Table 16. The parameters set 1C

Element E,GPa| v |pkg/m®| ¢ mm

1 | Horizontal plate
of the bubble
deck part of the
floor slab

30 0.2 2871.1 55

2 | Vertical rib of

the bubble deck

part of the floor
slab

87 0.2 2871.1 35

3 | Solid part of the

floor slab 30

0.2 2500 250

Column 30 0.2 2500 500x%500

5 Wall 30 0.2 2500 250

Floor slab with-
in the projection
of the column
cross-section

3e06 0.2 0 250

Vertical rib at
the perimeter of
7 | the bubble deck
part of the floor

slab

400 0.2 2871.1 35

Note: parameters different from the parameters
set 1B are colored in yellow

The results of the modal analysis of the structural
assembly comprising the bubble deck floor slab
and the wall with the embedded column are given
in Table 17. The engineering model used in con-
junction with the parameters set 1C (see in Table
16) has yielded the closest agreement with the so-
lution obtained using the reference finite element
model discretized with solid finite elements. The
largest discrepancy amounts to 5.7%.
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Table 17. Results of the modal analysis (In
brackets given are the discrepancy, in percent,
from the results obtained with the reference fi-
nite element model)

Reference
model

Parameter set

Parameter set

Parameter set

16.1 Hz

(-17.0 %)

14.1 Hz
(-12.8 %)

(-2.9 %)

15.9 Hz
(-1.4 %)

(+2.2 %)

16.4 Hz

249 Hz

22.0Hz

(-11.5 %)

22.6 Hz
(-9.5 %)

(+1.6 %)

 239Hz
(-4.0 %)

AN
het
o
jan)
N

=

n
’
‘

1

244 Hz

37.7 Hz
(-12.7%)

(-5.7 %)

a8

.
[ .

56.8 Hz

(-14.2 %)

48.4 Hz
(-14.9 %)

%"l‘ll

442 Hz

50.6 Hz
(-10.9 %)

93.5Hz

81.7 Hz

(-12.6 %)

84.3 Hz

(-9.8 %)

(-12.1 %)

i
91.8 Hz

(-1.8 %)
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CONCLUSION

The following conclusions can be made based
on the first part of the research [1], the present
paper, and their comparison:

1. Three types of finite element models have
been constructed to perform static response
analysis and modal analysis of a reinforced
concrete bubble deck floor slab as a separate
unit or as a part of a structural assembly
comprising the slab and a column or the slab
and a wall with an embedded column:

— Models of the first type have been spatially
discretized with solid finite elements, that has
allowed one to precisely repeat the bubble deck
floor slab geometry. Numerical results ob-
tained with such models have been considered
as reference ones.
— Models of the second type have been spa-
tially discretized with shell and beam finite el-
ements. In these models the void former cell of
the slab is modelled as a honey-comb structure
with top and bottom cover plates.
— Models of the third type have also been spa-
tially discretized with shell and beam finite el-
ements, but in these models the part of the
floor slab with void formers is modelled
through one layer of shell finite elements locat-
ed at the slab middle surface and been assigned
effective mass and stiffness properties.

2. Numerical models based on solid finite ele-
ments allow one to accurately simulate stat-
ic and dynamic responses of structural ele-
ments with a complex cross-section, like the
considered bubble deck floor slab. Yet, ap-
plication of such an approach to a building
arises enormous difficulties during model
construction and is very time consuming at
the analysis stage. Moreover, common tools
to design reinforcement are not applicable
within such an approach.

3. The engineering approach, within which the
void former cell of the slab is modelled as a
honeycomb structure with top and bottom
cover plates, all discretized with shell finite
elements, significantly reduces human and
computational resources necessary to con-
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struct and analyze the model of a building, in
which the considered lightweight structural
solution is adopted. It provides sufficient ac-
curacy and allows one to use standard design
tools, in particular to determine the required
amount of reinforcement. This developed
technique is recommended to be utilized for
simulation of building with similar light-
weight structural elements solutions, in par-
ticular located in earthquake-prone regions.

4. The engineering approach, in which the rein-
forced concrete bubble deck floor slab is
modelled with one layer of shell finite ele-
ments located at the slab middle surface and
been assigned effective mass and stiffness
properties, provides relatively low accuracy
with respect to both static and dynamic re-
sponses of such structural elements and as-
semblies comprising them, and, given the
more accurate alternative exists, should not be
utilized for simulation of buildings with bub-
ble deck floor slabs exposed to seismic loads.
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PROBABILISTIC DYNAMIC ANALYSIS OF A SINGLE-MASS
VIBRATION ISOLATION SYSTEM

Viadimir A. Smirnov, Marina V. Shitikova
Moscow State University of Civil Engineering. Moscow, RUSSIA

Abstract: The article considers the problem of probabilistic calculation of a single-mass oscillatory system
intended for solving problems of force or kinematic vibration isolation. The solution of three problems for the
mode of free and forced oscillations is considered depending on the element, the probabilistic characteristics of
which are determined. The first problem includes the case of a known probabilistic distribution of the load and
constant system parameters. The second problem includes the case of a known probabilistic distribution of the
system parameters under a constant external influence. The third problem will combine known probabilistic
characteristics for both the external influence and the system parameters. The purpose of solving these problems
is to obtain the distribution of the system response under the specified types of influences, as well as to test the
methodology for their numerical solution using the Monte Carlo method.

Keywords: vibration isolation, probabilistic calculations, randomness, force vibration protection,
kinematic vibration protection, single-mass system

BEPOSITHOCTHBINA PACUET OJHOMACCOBOH
BUBPO3AIIIMUTHON CUCTEMBI

B.A. Cmupnoe, M.B. Illumukosa

HannonanbsHslii nccnenoBarensckuii MOCKOBCKHI TOCYAapCTBEHHBIN CTPOUTENBbHBIN yHUBEpCHUTET, I'. MockBa, POCCIA

AHHOTanusi: B crathe paccMaTpuBaeTcsl 3ajada BEPOSTHOCTHOIO PAcuéra OJHOMAcCOBOHM KoyebaTenbHOH
CHCTeMbl, TIPEJHA3HAUYCHHOW JUIS peIIeHMs 3a7ad CHJIOBOW WM KHHEMAaTHYeCKOHW BHOPOM3OIISLIUH.
PaccmaTpuBaetcs perieHre TPEX 3a1a4 A pekUMa CBOOOJHBIX M BBIHYK/ICHHBIX KOJICOaHHH B 3aBUCUMOCTH OT
3JIEMEHTA, BEPOSITHOCTHBIE XapPAKTEPUCTUKM KOTOpOro ompezaeneHsl. K mepBoil 3asaue OTHOCHM  Cilydai
M3BECTHOTO BEPOSITHOCTHOTO PACIpe/ENeHNs Harpy3KH U IOCTOSHHBIMU IapaMeTpamu cuctemsl. Ko BTOpOIt —
Cilydail HM3BECTHOTO BEPOSTHOCTHOTO paclpeseleHUs] MapaMeTpoB CHCTEMbl MPU IOCTOSHHOM BHEIIHEM
Bo3zeiictBun. Tperhst 3amgada OyneT OOBEAMHSTH W3BECTHBIE BEPOSITHOCTHBIC XapaKTEPUCTHKU Kak JUls
BHEIIIHETr0 BO3ACHCTBYS, TaK U JUI TapaMeTPOB CUCTEMBI. Lenbio peleHus JaHHBIX 3a/1a4 SBISETCS MOTydeHUe
pacrpeseneHust OTKIMKAa CHCTEMbl TPH yKa3aHHBIX BHAAX BO3JCHCTBHI, a TakKe amnpoOarus METOIUKH
YHCIEHHOTO UX pelleHus, ucnonb3ys meron Mounre-Kaprno.

KiroueBbie ci10Ba: BHOPON30ISINS, BEPOSITHOCTHBIE PAaCUETHI, CIIy4aifHOCTh, CHIIOBAsI BHOPO3aIINTa,
KMHEMaTH4ecKasi BHOPO3aINTa, 0JJHOMACCOBasi CHCTEMA

1. INTRODUCTION where m is the mass of the object, kg; ¢ is the
coefficient of viscous damping, Ns/m; k is the
The single-degree-of-freedom (SDOF)  dynamic stiffness of the elastic element, N/m;

mechanical model is widely used as the simplest
model for analyzing oscillations and vibration
isolation of various objects. The equation of
motion of such a linear system is written as [1]

mii(t)+ cii(t) + ku(t) = F(1), (1)
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and F(¢) is the external force, N.

The natural frequency of the system could be
determined as @, =+k/m, while the relative

c

2\ km '

damping coefficient is defined as ¢ =
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The deterministic approach to vibration isolation
calculation assumes that the system parameters

(m, c, k) and the external loading f(¢) are

precisely known and constant. However, in real
conditions, both factors could vary significantly,
being random in nature due to manufacturing
tolerances, changes in material properties and
unpredictability of external loads [2, 3]. Ignoring
this random variability leads either to
unreasonably high safety margins (and an
increase in the mass and cost of vibration
isolation system) or to reduced reliability if the
actual deviations exceed the calculated tolerances
[3, 4]. Considering the  probabilistic
characteristics of both the load and system
parameters allows for a more realistic assessment
of the dynamic response of the vibration-isolated
object and the reliability of vibration protection
[1]. Modern design standards for structures and
machines are increasingly based on the concepts
of reliability and the probabilistic approach,
especially for critical structures under severe
dynamic loads (seismicity, explosion, road
disturbances, etc.) [3].

For vibration isolation systems, the statistical
approach means determining the probability
distribution of the response (displacements,
and/or| accelerations) instead of a single
deterministic value. In this way, it is possible to
estimate the probability with which critical
vibration levels will be exceeded and to select
the system parameters that ensure a given level
of reliability under random impacts [3]. In
practice there are problems in which the
external impact on the system could be
represented as a random variable (or random
process) with known distribution parameters. A
large body of work is devoted to the study of
this issue, including the monographs by Bolotin
[5], Biderman [6], Mondrus [7], Raiser [8], etc.
Such types of random loads include wind loads
[9, 10], transport loads [11, 12], pedestrian loads
[13, 14], microseismic activity [15, 16], and
many others. There is also a class of problems
in which the system parameters (bearing
capacity, deformation characteristics) could be
expressed as random variables with known
distribution parameters [18 — 20].

Volume 21, Issue 4, 2025

This article is aimed at the assessment of the
response probabilistic characteristics for a
simple SDOF system subjected to an external
load, provided that either the load is a random
variable with a known distribution, or the
system parameters have known probabilistic
characteristics. Since the materials used in
vibration isolation systems for buildings,
structures, and various units have a certain
manufacturing  error: either  geometric
dimensions or mechanical parameters, this
problem is of high interest. In addition, the
forces acting on vibration isolation system often
vary greatly over time, which leads to the need
to use probabilistic approaches in their
calculation justification.

In connection with the above, we consider
problems of three types:

1. Random characteristics of system parameters.
2. Random load with a known distribution.

3. Combination of tasks of types 1 and 2.

2. MODEL

We consider the SDOF model for the vibration
isolation system shown in Figure 1, in which the
isolated body of mass m rests on the Kelvin-
Voigt element, which has an elastic element of
stiffness k& and a viscous element ¢. The body m
is subject to either an external load of the type
Fi1(x,7) (to simplify the problem, we will assume
that its value does not depend on the
displacement x of mass m), or a kinematic
disturbance of the base of the type Fa(f) = z() is
applied.

m @L F4(x,t)

% Fa(t)

Figure 1. Calculation scheme of a single-mass
oscillatory system
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The equation for an oscillating mass m under
the action of an external load F1(¢) is described
by equation (1) subjected to the initial
conditions

H0)=xy,  H(0)=x,. )
In the case of an external motion of the base
Z(t) , equation (1) is reduced to the form:

mx+cx+kx =—mz .

€)

The quality of the vibration isolation is assessed
by the value of the transfer function:

7Y
1 o
“7[]%}

AL =20log — G
/ o S
1—| 4 e
(fo] o m

where f'is the external load frequency, Hz; fo is
the natural frequency of the system, Hz,
w, =2rf,; and =2 is the loss coefficient of

the system.

To account for the spread of parameters in
calculations of single-mass systems, both
numerical Monte Carlo methods and
analytical approaches are used [21, 22]. The
direct Monte Carlo method involves multiple
modeling of the system response with
different realizations of random load
parameters or stiffness/damping (generated
according to a known distribution law) and
subsequent statistical analysis of the response
(assessment of the amplitude distribution,
probability of exceeding threshold wvalues,
etc.). This approach is universal and is easily
implemented for the SDOF model [23].
However, it does not provide an explicit
analytical understanding of the influence of
parameter uncertainty and may require large
computational costs when it is necessary to
estimate small failure probabilities. Therefore,
analytical methods have been developed in the
literature that make it possible to obtain
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response characteristics without directly
enumerating a set of realizations. One of the
classical results is the so-called "damping
effect" in stochastic oscillators: it was shown
that random fluctuations of the natural
frequency @, lead to a decrease in the average

resonant response as if the system had more
damping, smoothing out the resonance [24].
Adhikari and Pascual [1] considered a linear
oscillator with a given distribution of the
natural frequency (uncertainty in k for fixed
m, c¢) and obtained an analytical expression for
the mean square response in the vicinity of
resonance. In particular, for the case of
@, uniform distribution, a closed formula for

the equivalent damping coefficient was
derived, explaining the decrease in the
amplitude of the average response compared
to a deterministic system [24]. In addition,
they developed a hybrid analytical-numerical
method (the Laplace method) for calculating
not only the average, but also the variance of
the response function (frequency
characteristic) of the SDOF system for various
specified parameter distributions (normal,
lognormal, gamma distribution, etc.) [25, 26].
The obtained approximate formulas were
successfully verified by comparison with
direct simulation using the Monte Carlo
method [27]. An important conclusion was
that standard small parameter methods (series
expansion in small parameter variance) or
polynomial chaos could give large errors near
resonance [28]. This is due to the nonlinear
dependence of the forced vibration amplitude
on the natural frequency near the resonant
point. Thus, special approaches that take the
stochastic nature of resonance into account are
required for a reliable estimate of the
maximum response. Since for the vibration
isolation system its operational range is
usually far from resonance, the Monte Carlo
method was used for the calculations in
further analysis.

2.1. Problem 1
In real wvibration isolators, the system
parameters — primarily the elastic element

International Journal for Computational Civil and Structural Engineering
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stiffness (k) and the damping coefficient (c¢) —
are not strictly constant values, but have a
spread due to such technological features as
material degradation over time, variations in
temperature and humidity conditions, and so
on [29]. This leads to the fact that the resonant
frequency ®o and the quality factor of the
system also become random variables. If the
external influence (e.g., harmonic force or
acceleration of the foundation) is fixed and
defined, then the system response (oscillation
amplitudes, transmitted forces) will be random
due to the uncertainty in k, ¢ (or m) [29]. Such
a scatter in properties is incidental for
elastomeric vibration isolators and rubber
mounts: the actual elastic moduli and damping
properties may differ from sample to sample.
In addition to the discrepancies between the
nominal and actual parameters due to
manufacturing tolerances, additional changes
occur during operation (e.g., rubber aging
leads to changes in stiffness and damping).
The spread of stiffness and loss factor values
is usually described by statistical distributions
determined based on experiments. There are
various hypotheses about the distribution law
of such parameters in literature. In the absence
of sufficient experimental data, some
researchers assume a uniform spread of £5%
from the nominal value or use a normal
distribution with a variation coefficient of
about 10-25% [30]. However, recent studies
indicate that actual distributions could differ
significantly from the normal one. For
example, for rubber-metal building supports
(seismic isolators), it was shown that the
distributions of horizontal and vertical
stiffness are better described by a lognormal
law or a generalized extreme distribution,
whereas the assumption of a “normal”
distribution yields large systematic
discrepancies [31, 32]. In Wu et al. [2], the
characteristics of 224 rubber bearings were
measured and statistical processing of
different distributions was performed. Thus,
based on the goodness-of-fit criteria, it was
found that the lognormal and generalized

Volume 21, Issue 4, 2025

extreme distributions (type I) provide the best
fit to the experimental stiffness histograms,
while the normal distribution deviates
significantly [33, 34]. At the same time, the
stiffness variation coefficients obtained in
these tests lie in the range of ~1-5%, which
reflects the relative homogeneity of serial
isolators during controlled production [35,
36]. Nevertheless, even such a spread
significantly affects the dynamic properties of
the system. Vibration isolation systems often
use vibration damping mats laid along the
base of the foundation of the protected
building, structure or machine. Let us assume
a design situation in which a vibration
damping mat with plan dimensions a x b and
thickness ¢ is laid along the base of the
protected mass m. In this case, the system
parameters have statistical characteristics
presented in Table 1.

In the case of using vibration damping mats,
their dynamic rigidity k4y» could be determined
by the formula:

E, A .
k — dyn surf ) (5)

dyn
Y t

where Ean 1s the value of the dynamic modulus
of elasticity corresponding to the specified load
on the sample, the frequency of load application
and its shape factor, N/m?; Asuris the area of the
loaded sample, m?; and ¢ is the thickness of the
loaded sample, m.

Assuming that the specified parameters have a
normal distribution, it is possible to evaluate the
quality of the specified vibration protection
system and to estimate the sensitivity to a set of
factors.

Figures 2 a — f show the normal distribution
curves of the parameters used in the
calculations. The curves were obtained by the
Monte Carlo method (at least 100,000 tests)
taking into account the distribution parameters
according to Table 1.
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Table 1. Statistical characteristics of vibration protection system elements

Parameter Mean Dimension | Variance Notes
value
Geometric dimensions of vibration damping mats
a 1200 mm 5%
b 1500 mm 5% 1SO3302-1:1999 (Class L3)
t 25 mm 5%
Physical and mechanical characteristics of mats
Edyn 0.75 N/mm2 7%
Author data
n 0.13 - 7%
Isolated mass
. 10500 ke 10% Considering safety factors + errors in dimensions

+ errors in material density
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By setting the parameters in formulas (4) and (5)
in the form of random variables having a normal
distribution with the characteristics given in Table
1, it is possible to estimate the distribution of the
calculation results, namely: the natural oscillation
frequency of the vibration protection system, as

9,8

well as the efficiency of vibration isolation in the
frequency range from 1 to 100 Hz (a 1/3-octave
spectrum was selected for calculation).

The distribution of the natural oscillation
frequency of the vibration protection system is
shown in Figure 3.

13,28

9
| 2,5% 95,0% 2,5%

® o o

i (@]
i b} i

™ < LN O
i i i i

Figure 3. Probability density of the natural oscillation frequency of the vibration protection

system
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The calculation results show that the 95%
confidence interval includes fo values from 9.89
to 13.28 Hz with the median value being 11.42
Hz. The standard deviation for f» is 0.86 Hz.
The graph in Figure 3 illustrates a slight
asymmetry relative to the median value, the
asymmetry coefficient is 0.34 (i.e. the right tail
of the distribution is larger than the left). When

a)
30

20

o +$;¢

O - I e
4

1 2 5 63 8

-10

AL

-20

-30

10 12,5 1
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performing a deterministic calculation, fo =
11.41 Hz, which coincides with the median
value.

To assess the efficiency of the vibration
protection system, we will estimate the
distribution of the transfer function (4). The
results are presented in the form of a Whisker
diagram in Figure 4.

$+%%++
:

Geometric mean frequency of a 1/3 octave band, Hz

b)

613 8

AL

10 (12,5| li6

25 31,5 40 50 63 80 100

Geometric mean frequency of a 1/3 octave band, Hz

Figure 4. Distribution of calculation results for the AL function: a) with due account for the
probability distribution; b) deterministic case
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According to the graph in Figure 4a, it can be
noted that, in contrast to the deterministic graph
of the frequency response of the system (Figure
4b), the account for the statistical distribution of
the parameters of the vibration isolation system
leads to an expansion of the resonance zone
(which corresponds to an increase in the spread
of the natural oscillation frequency according to
Figure 3 - from 9.89 to 13.28 Hz). The median
value shown in Figure 4a repeats the graph in
Figure 4b. But at the same time, the spread of

a) 6,3 Hz
2,202 4,459
2,5% 2,5%

0,81

6,5

0,12 1

0,10

0,08 1

0,06 1

0,04 1

0,02 1

0,00

n o wn o n o

the maximum and minimum values (end points
of straight lines) in the resonance region has the
greatest significance. In this case, the vibration
isolation system is extremely sensitive to the
reliability of the specified values. It could be
emphasized that the pre-resonance mode has a
distribution of results shown in Figure 5a - with
a predominance of the right tail. i.e. the
asymmetrical coefficient has positive values
increasing to the resonance mode.

b) 10 Hz

7,10 17,79

2,5% 95,0%

d) 25 Hz

-14,18 7,091

0,25

0,20

0,15 1
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@ o] < ] o 4] U] ¥

Figure 5. Distribution of the AL function depending on the geometric mean frequency of the
1/3-octave band.

In the resonance mode in the 1/3-octave band
with the geometric mean frequency of 12.5
Hz, the asymmetry coefficient has negative
values, as does the value of the standard
deviation. The spread of the value of the

Volume 21, Issue 4, 2025

resonance increase of oscillations has
significant values from 2.5 to 4 dB.

2.2. Problem I1
Another fundamental source of uncertainty in
vibration protection problems is the random
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nature of the external dynamic impact. Many
disturbing forces and impacts are random
processes by their nature: for example, seismic
shocks, turbulent wind gusts, uneven road
surfaces under a car, technological vibrations
from equipment with a chaotic operating mode,
etc. Even if the system parameters (m, c, k)
could be considered as constant and known, the
time implementation of the load A)
continuously changes and is not exactly
predictable, although it could have statistical
regularities  (spectral density, probability
distribution of amplitudes, etc.). For the second
type of problem, we consider the solution of
equation (1) for an external load with a known
distribution [23] shown in Figure 6. Many
studies have shown that logistic distribution
allows the most reliable assessment of the
dynamic impact created, for example, by the
movement of rail trains [11, 37].

FO
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Figure 6. External load probability density

The solution for the response of the system
(spectral displacement of the vibration-isolated
mass) under the action of a known external
force is

(6)
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By using the numerical Monte Carlo method, it
is possible to consider various variants of
distributions for the Fo load, obtained, among
other things, from the results of field tests. In
particular, according to the results of the studies
in [11], it is shown that in different octave
bands, the form of the distribution function
differs significantly (which is associated with
different mechanisms of generating the
specified vibration). Since the parameters of the
system in the problem of the second type are
deterministic, the distribution function will be a
single curve, and not a family of realizations. In
this case, of particular interest is the assessment
of the spectral distribution for the mass
displacement (6), which is shown in Figure 7 as
a Whisker plot.
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+ S
S T T e N - O LN~ = < AL = T =S - = I =
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-3,E-04 .
Geometric mean frequency of a 1/3 octave band, Hz

Figure 7. Response spectrum of the vibration
protection system in the 2d type problem

The nature of the graph shown in Figure 7 (at least
its median values) corresponds to the theoretical
deterministic frequency response curve of a
single-mass system, but differs in the magnitude
of the spread. A significant spread is observed
(between the maximum and minimum recorded
values) in the pre-resonance region - one-third
octave bands with a geometric mean frequency of
1 — 8 Hz. In this case, the largest values of the
spread of the calculation results occur at resonance
- one-third octave bands with geometric mean
frequencies of 10 and 12.5 Hz. In the post-
resonance region, the spread is reduced, thus, in
one-third octave bands with geometric mean
frequencies above 25 Hz it becomes of little
influence. The 25% and 75% percentile, which are
the extreme shelves of the boxes on the graph of
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Figure 7, behaves similarly, however, the spread
between these values is approximately an order of
magnitude smaller than the spread between the
maximum values.

2.3. Problem 111

The most complex, but also the most realistic
situation is when uncertainty is present both in the
parameters of the vibration-isolated system and in
the external dynamic impact. In this case, to
adequately assess the response, it is necessary to
conduct a joint probabilistic analysis that
considers two sources of variability [5]. The
problem is complicated by the fact that the
response distribution is determined by the
convolution (combination) of the distributions of
random parameters and a random input process. A
rigorous analytical approach is often impossible,
and one must resort to either rough estimates (for
example, assuming that the total effect of
randomness is equivalent to some effective
uncertainty) or large-scale numerical experiments.
The Monte Carlo method was used in the problem
precisely for this purpose. In the direct approach, a
pair was generated: a random realization of a set
of system parameters (m, ¢, k) and a random
realization of the loading process f(7), after which
the response was calculated using formula (6).
Having repeated this process tens of thousands (or
millions) times, the response distribution was
empirically constructed. The calculation result is
shown in Figure 8.
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Figure 8. Response spectrum of the vibration
protection system in the 3d type problem

The system response in the 3d type problem is

characterized by the same principles as in the 2d
type problem - repetition of the frequency

Volume 21, Issue 4, 2025

response curve of a single-mass system.
Comparison of the calculation results shown in
Figures 7 and 8 reveals that the spread both in
maximum values and in percentiles of 25% and
75% in the case of the 3d type problem is much
higher. This is especially observed in the
resonance region, where for the 3d type
problem not only the external load contributes
to the spread of values, but also the system
parameters themselves (in this case, the natural
frequency) fluctuate in a wide range of values
(similar to the 1s type problem). Figures 9 a and
b present comparative graphs of the
mathematical expectation and the root mean
square deviation (RMS), respectively.

The mathematical expectation (Figure 9a) in the
problem of the 3d type, as predicted, is higher
than in the problem of the 2d type by in average of
1-7% (larger values correspond to one-third
octave bands near the resonance band), but at
resonance this difference increases to 6.4 times. A
similar observation could be made based on the
results of the standard deviation analysis shown in
Figure 9b. On average, the standard deviation in
problems of the 3d type is higher than in problems
of the 2d type by 14-79%, but at resonance this
difference increases to 2000 times.

In this work, a comparison of the probability
density of the response in characteristic one-third
octave bands corresponding to the pre-resonance,
resonant, and post-resonant operating modes was
performed. The distribution curve for a problem
of the 2d type is shown in red on the graphs in
Figures 10a—c, and in blue — for a problem of the
3d type. The nature of the distribution density
graph in the pre-resonance mode (in the one-third
octave band with a geometric mean frequency of
6.3 Hz) for the problem of the 3d type partly
repeats the nature of the frequency response
distribution shown in Figure 5a with the
predominance of the right tail of the distribution:
the asymmetry coefficient is 0.63 versus 0.0088
for the problem of the 2d type. For the post-
resonance region shown in Figure 10c, the
behavior is identical to the pre-resonance one.

The largest and most significant difference
between the calculation results is observed at
resonance, as is seen in Figure 10b. For ease of
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display, the calculation results for problems of
the 2d and 3d types are presented as a
distribution function.

The resonance mode (Figure 10b) is
characterized by a significant scatter in the
measurement results, only 81.1% of the values
for the problem of the 3d type fall within the
displacement range from 0.0001 to 0.001 m,
with 99.8% for the problem of the 2d type. The
distribution for the 3d type problem has a large
right tail — the asymmetry coefficient is 211
versus 0.01 for the 2d type problem, what
indicates a higher probability of high
displacement values of the vibration-isolated
mass and a higher probability of exceeding the

Vladimir A. Smirnov, Marina V. Shitikova

established  criterion of the threshold
displacement value. The influence of the model
parameters on the calculation results is shown in
Figure 11 for the resonance vibration mode.
Considering the results shown in Figure 11, it could
be stated that the control of the dynamic state of
objects depends significantly on their mass,
namely, the accuracy with which this parameter is
determined. In second place is the accuracy of
determining the geometric dimensions of vibration
damping materials and the spread of dynamic load
values. Under the current restrictions shown in
Table 1, in third place are the dynamic
characteristics of vibration damping materials used
in a specific vibration isolation system.
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Figure 9. Spectra of mathematical expectation (a) and root mean square value (b) for problems of
the 2d and 3d types
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a) 6,3 Hz 3. CONCLUSION

70,9 1484

The conducted calculations of SDOF systems and
their analysis demonstrate that accounting for
random factors significantly alters the assessment
of dynamic behavior in such systems. When
system parameters are stochastic, distributions of
resonant frequencies and amplitude-frequency
characteristics (for example, within each band of a
one-third octave spectrum) can be predicted to
estimate the probabilistic range of vibration

Values in Millionths

b) 12,5 Hz isolation  efficiency. For random external

L T L - | excitations, advanced spectral and statistical

1o 2% 8 Ja0% ' analysis tools provide mean and extreme estimates
> / of response considering actual load characteristics.
071 Consideration of both types of uncertainties
- simultaneously is more complex and currently
041 addressed by combining analytical and numerical
] methods, including Monte Carlo simulations. The
il approach developed in this work enables

determination of probabilities of exceeding
threshold values established for the isolated object
using experimental results, while remaining
within the linear operating region of vibration
isolator components. Additionally, the Monte
Carlo method numerically evaluates how element-
to-element variability contributes to probabilistic
response characteristics, allowing variation of
these parameters as needed to increase accuracy.

These approaches enable engineers to make more
informed decisions when selecting vibration
isolator parameters, balancing mass-stiffness
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STRESS-STRAIN STATE OF SLIP-CRITICAL CONNECTIONS IN
METAL STRUCTURES, WITH REGARD TO THE SPECIFICS OF
BOLT TENSION CONTROL

Andrey A. Vasilkin, Georgiy V. Zubkov

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

Abstract: The load-bearing capacity of a slip-critical connection depends on two factors: the bolt tension force
and the friction coefficient between the coupled surfaces. Reliably achieving the specified tension force is
necessary to guarantee the design performance of the connection. A number of methods for accomplishing this
task are known, but only one of them is sufficiently well regulated and used in practice — the torque method.

This article analyzes the requirements and guidelines of foreign and domestic regulatory documents, research
conducted in this area in the construction industry and adjacent fields, and identifies the most reasonable methods
for further study of bolt tension control.

An analytical model of the stress-strain state of a slip-critical connection is proposed, and the relationship between
the bolt tension force and the nut rotation angle is determined. The results obtained are compared with the
recommendations of foreign regulations.

An experimental study of the tensioning process for high-strength bolt sets of various diameters — M16, M20, and
M24 — has been carried out. The relationships between the nut rotation angle, torque, and tension in the bolt body
were described and analyzed. The obtained data were compared with the proposed calculation model. The nut
rotation angles that allow the design bolt tension force to be achieved were established.

Keywords: slip-critical connection, bolted joint, bolt pretensioning, high-strength bolts

HANPS)KEHHO-IE®OPMHUPOBAHHOE COCTOSIHUE
®PUKIIUMOHHbIX COEJUHEHUN METAJUVIMYECKHUX
KOHCTPYKIIUM C YYETOM OCOBEHHOCTEHN KOHTPOJIS
HATSIKEHUS BOJITOB

A.A. Bacunvkun, I'.B. 3yoKoe

HanumonanbsHslil nccnenoBarensckuii MockoBCKuii Tocy1apCTBEHHBIN CTPOUTENbHBIN yHUBEpCUTeT, I. Mocksa, POCCUA

AnHotanusi: Hecymast crocoOHOCTh CABHUTOYCTOWYMBOTO COCAMHEHUSI 3aBUCHT OT JBYX BEIMYHMH: YCHIIHS
HaTsHKEHUs! 0onTa M Kod(pQUIIEHTa TPEeHHUST MEKAY COCAMHACMBIMU TOBEpXHOCTAMHU. HanexxHoe obecriedeHue
3aJJaHHOTO YCHJINS HATSDKEHUST HEOOXOAMMO TSI TOTO, YTOOBI FapaHTHPOBATh MPOSKTHYIO PAOOTy COCANHEHUS.
V3BeCTHO HECKOJBKO CIIOCOOOB pEIIeHUs] ATOW 3a/aud, OJHAKO B HACTOSIIEE BpPEMs JOCTAaTOYHO ITOJHO
perilaMeHTHPOBAH U UCIIOJIb3yeTCs Ha MPAKTUKE TOJIBKO OJMH — II0 MOMEHTY 3aKpy4HBaHUSI.

B nanHO cTaTthe mpoaHANM3UPOBAaHBI TPEOOBaHMSA M yKazaHUS 3apyOeKHOW M OTEUECTBEHHOW HOPMATHBHOM
JOKYMEHTALUH, HUCCIEJOBAHNU, IPOBEACHHBIC B 3TOI 00JaCTH B CTPOUTEIBHOM cdepe U B CMEXKHBIX 00IacTsX,
BBIJICJICHBI HaNOoJIee paloHaIbHBIE JUIS JAIbHEHIIEro N3yUeHNs] METOIbI KOHTPOJISI HATSDKEHUs 0OJITOB.
[IpeanoxkeHa aHalIUTHYECKasi MOJIENb HAIPSHKEHHO-EPOPMUPOBAHHOTO COCTOSHHS OOJNTOBOrO (PPUKIIMOHHOTO
COE/IMHEHUs, OIpe/eeHa 3aBUCHMOCTh YCWINSI HaTsDKeHMs 0oiTa OT yriia rnoBopora raiiku. [lomydeHHbIe
Ppe3yIIbTaThl COMOCTABIICHBI C PEKOMEHIALUSIMH 3apyOeKHBIX HOPM.

BEINoHEHO 3KCIIEpUMEHTAIBHOE HCCIIE0BAaHUE MpOLecca HATSDKEHUS! BBICOKONPOYHBIX OOJITOKOMILIEKTOB
pa3znuuHbIX AuameTrpoB — M16, M20 u M24. OnucaHbl U NPOAaHAIN3UPOBAHBl 3aBHCHUMOCTU MEXIY YIJIOM
MIOBOPOTA Ak, KPYTSIIMM MOMEHTOM 1 YCHIIMEM B Telie 6onra. IIpoBesieHo cpaBHEHHE MOTyUYEHHBIX JAHHBIX C
MPENJIOKEHHON pacueTHON MOJIENbIO. Y CTAHOBJIEHBI YIJIbl IOBOPOTA FaliKH, O3BOJISIOLIME JOCTUYD PACUETHOTO
yCUIIMS HAaTsDKEHUs O0MTa.

KiroueBblie ciioBa: ppuKIIMOHHOE COeTMHEHHUE, OOITOBOE COeTUHEHHE, TTPEIHANIPSKEHNE OOITOB,
BBICOKOTIPOYHBIC OOJITHI
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INTRODUCTION

Slip-critical connections with pretensioned bolts
are widely used in construction. The specific
features of this type of connection, which involve
the transfer of forces by means of friction, ensure
reliability and high fatigue resistance of the
connection under various types of loads and
stresses, including seismic, dynamic, and
vibrational. Currently, research 1is being
conducted in the domestic scientific community
and abroad to study various factors affecting the
load-bearing capacity of joints [1...8].

One of the main conditions for achieving the
design load capacity of a slip-critical connection
is to ensure sufficient bolt pretension. Currently,
two methods of pretension control are described
in the normative documentation applicable: by
tightening torque and by nut rotation angle. The
method of controlling the pretension force by
moment of tightening has been sufficiently
researched and is widely used in practice. In turn,
the method of controlling the pretension force by
nut rotation angle has not been fully researched,
and there are no guidelines for its use for a wide
range of bolt diameters. It ensures that the design
tension force is achieved in the fasteners used to
execute the connection with a higher degree of
reliability, and eliminates the influence of the
tightening coefficient on tension force, which
allows increasing the load-bearing capacity of
the connection [10, 15, 16].

The purpose of this study is, firstly, to analyze
the methods of pretension control used in
international construction practice and related
industries, the application of which can improve
the reliability of controlled-tension bolted
connections, increase labor productivity in the
assembly of metal structures, and reduce the cost
of their installation.

Secondly, the aim is to describe the stress-strain
state of a friction connection during bolt
tensioning. Research into this process has been
undertaken previously, for example in [12], but
most of the relationships proposed were
empirical. An analytical description of the
performance of different connection elements
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during bolt tensioning will allow for
experimental and numerical studies of the
method of controlling bolt tension by angle of
rotation and for the development of
recommendations for its use, thereby increasing
the load-bearing capacity of friction connections
in metal building structures.

Thirdly, to confirm the hypotheses adopted in the
formation of the calculation model of the stress-
strain state of the connection, it is necessary to
conduct an experimental study, describe and
analyze the dependencies between the nut
rotation angle, torque, and tension in the bolt
body, compare them with the proposed
calculation model and with the values obtained
by other researchers and recommended in foreign
and domestic documentation. The result of the
work should be recommendations that allow the
use of various methods of controlling bolt tension
and identified directions for further research.

METHODS

The article analyzes the requirements of
domestic and foreign regulatory documents
regarding methods for controlling bolt
pretension, domestic and foreign research on this
topic, and identifies the most promising methods
for further study of controlling the pretension of
bolts in shear-resistant connections.

Stress-strain state mathematical models of shear-
resistant joints proposed in previous studies are
analyzed. Research experience and calculation
methods in related disciplines, such as
mechanical engineering, are examined and
applied to analyze joints used in construction.
The theoretical values of the nut rotation angle
required to achieve the design bolt tension in the
joint are calculated, and methods for determining
the initial reference point of the nut rotation angle
are analyzed.

During the experiment, 15 bolt sets with
diameters of M24, M20, and M16 ‘5 samples of
each diameter) of strength class 10.9 according
to GOST R 52644-2006 were tensioned. The
thickness of the package formed by the testing
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setup described below was 110 mm for all bolt
set diameters.

The bolt tensioning setup is shown in Figure 1. It
consists of a 260x260 mm, 30 mm thick support
plate made of C345 steel, which is attached to a
solid fixed base with four M20 bolts of strength
class 10.9 according to GOST R 52644 -2006
through steel spacers made of C245 steel, which
provide the necessary distance from the bottom
of the support plate to the base surface for the bolt
head to be placed. Three plates with different
central hole diameters were manufactured for the
experiment, which made it possible to test bolts
of three different diameters. For testing M24
bolts, the hole diameter is 26 mm, for testing
M20 bolts — 22 mm, and for M16 bolts — 18 mm.
The drawing of the support plate for the M24 bolt
is shown in Figure 2.

Figure 1. Testing setup
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A calibrated load cell capable of measuring
forces in the range from 0 to 500 kN is attached
to the base plate with two M12 bolts. A 95x95
mm distribution plate with a thickness of 10 mm,
made of C245 steel, is installed on the upper
surface of the load cell. Three distribution
washers with different central hole diameters
were manufactured for the experiment. The hole
diameter is 26 mm for testing M24 bolts, 22 mm
for testing M20 bolts, and 18 mm for testing M16
bolts. The drawing of the distribution washer for
the M24 bolt is shown in Figure 3.
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Figure 3. Distribution washer for the M24 bolt

Preparation for the bolt pretensioning procedure
was carried out in accordance with the
mstructions of SP 70.13330.2012. Bolts, nuts,
and washers were deconserved by washing them
in a mixture consisting of 70-75% unleaded
gasoline and 30-25% mineral oil. After
deconservation, the threads of the bolts and nuts
were lubricated with mineral oil in accordance
with GOST R 51634.

The bolt set was installed in the assembled unit.
Washers of the appropriate diameter were placed
under the bolt head and nut. The bolt head was
secured against movement.

The first step in testing the bolt set was to tighten
the nut by hand, without using tools. The nut was
screwed onto the bolt thread with the fingers,
applying as much force as possible.

Two torque wrenches were used to tighten the
bolt. The first, with a handle length of 0.5 m, was
used to tighten the bolt to a torque of up to 400
N*m. The second, with a handle length of 2 m,
was used to tighten the bolt to a torque of more
than 400 N*m. Before the experiment, the
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wrenches were calibrated in accordance with the
procedure described in GOST 33530-2015.
Further tightening of the bolt was carried out in
accordance with the following algorithm:

1. Setting the required torque value on the
torque wrench;
2. Fixing the initial angle between the

wrench handle and the reference point on a
specially designed dial;

In the first tensioning step, the initial angle value
was fixed as the force in the bolt increased from
a starting value of 0.6-0.9 kN to 1-2 kN. In the
steps following the first, the initial angle was
taken to be equal to the previous final one if the
tensioning was performed without repositioning
the wrench handle. If the wrench handle was
repositioned between steps, a force equal to that
applied in the previous step was applied to the
wrench handle to measure the initial angle, and
the initial angle was measured with the wrench in
the “tensioned” position;

3. Tensioning the bolt to the torque setting
on the wrench. Tensioning was performed
smoothly, without sudden movements;

4. Measuring the final angle between the
wrench handle and the angle measuring axis. The
final angle was recorded when the wrench was in
the “tension” position, with a force applied to the
wrench handle corresponding to the required
torque;

5. Measuring the force in the bolt after
tightening to the torque set on the wrench.

In this way, the bolt tightening process was
broken down into steps, each of which recorded
the torque applied to the nut, its angle of rotation
relative to the starting position, and the force in
the bolt. The torque increase step was selected so
that the calculated torque, determined in
accordance with the instructions of SP
70.13330.2012 at a tightening coefficient of 0.17,
was achieved in 10 steps. The calculated forces
for bolt sets were determined in accordance with
the instructions of SP 16.13330.2017.

The design force for M24 bolt sets of strength
class 10.9 is 257.0 kN, for M20 bolt sets — 178.4
kN, for M16 bolt sets — 114.3 kN. The design
torque for M24 bolt sets is 1048.5 N*m, for M20
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bolt sets — 606.4 N*m, and for M16 bolt sets —
310.8 N*m.
The tested bolt set specimens are shown in Figure 4.

-

Figure 4. Bolt set specimen "

RESULTS AND DISCUSSION

The test results shown below were compared
with the values specified in the standards of the
Russian Federation (SP 70.13330.2012 Load-
bearing and enclosing structures), the United
States (RCSC Specification for Structural Joints
Using High-Strength Bolts 2020), the European
Union (BS EN 1090-2:2018 — Execution of steel
structures and aluminum structures) and Canada
(CSA S16-09 — Design of steel).

The reference point for the nut rotation angle
when using the single-stage rotation angle
control method is not clearly defined in foreign
standards, however, SP 70.13330.2012 specifies
the torque at which the angle measurement can

be started — 176.4...240.1 N*m, with an average
af 207 O N*¥m Thic valne ic 207 /1148 S =0 1R
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of the design torque value at a tightening
coefficient of 0.17. There are no
recommendations for determining the initial
torque for bolt sets of other diameters in the
normative documentation, so we will assign the
torque at which the nut rotation angle is counted
to be proportional to the calculated torque with a
tightening coefficient of 0.17. Then, for bolt sets
with a diameter of M20, it will be equal to
606.4*0.18 = 109.15 N*m, and for bolt sets with
a diameter of M 16, it will be equal to 310.8*0.18
= 55.9 N*m. Due to the characteristics of the
experimental setup, we will round the values to
200, 100, and 60 N*m, respectively.

The standard values for nut rotation angles are
given in Table 1.

Andrey A.Vasilkin, Georgiy V. Zubkov

using this method, in the first stage of pre-
tensioning, the bolt set is tightened to a torque
equal to 0.75 of the design torque. In the second
stage, the nut of the bolt set is turned to a specific
angle.

The torque of the first stage for a bolt set with a
diameter of M24 is 557 N*m, for a bolt set with
a diameter of M20 — 322 N*m, and for a bolt set
with a diameter of M16 — 165 N*m. We shall
round these figures to 600, 300, and 150 N*m.
The rotation angles recommended by the
combined method described in BS EN 1090-
2:2018 are shown in Table 2.

Table 2. Standard values for nut rotation angles
for combined method, EN 1090-2:2018

Table 1. Standard values for nut rotation angles d thi(c}liglss EN 1090-2:2018
d Grip RCSC CSA t<2d 60
thickness 2020 S16-24 Ml16 | 2d<t<6d 90
t<4d 120+60 120+30 t>6d 120
M16 4d<t<8d 180+60 180+30 t<2d 60
t>8d 240+60 | 240+30 M20 | 2d<t<6d 90
t<4d 120+60 120+30 t>6d 120
M20 4d<t<8d 180+60 180+30 t<2d 60
>8d 240+60 | 240+30 M24 | 2d<t<6d 90
t<4d 120+60 120+30 t>6d 120
M24 4d<t<8d 180+60 180+£30
t>8d 240+60 | 240+30 It should be noted that the approach used in

Table 1(cont.). Standard values for nut rotation
angles, SP 70.13330.2012

Grip
d thickness SP 70.13330.2012
M16 - -
M20 - -
40...140
M24 (1.7...5.8d) 180+30

A comparison was also made with the combined
method described in BS EN 1090-2:2018. When
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conducting the experiment made it possible to
compare the values obtained as a result of
tensioning the same sample with the values
regulated by various methods.

The analytical model of the connection was
formulated based on the following hypotheses:

¢ the joint components fit tightly together, their
geometry is close to ideal;

e A certain angle of rotation of the nut
corresponds to a certain displacement, depending
on the thread pitch;

e By determining the nut rotation angles
corresponding to the deformations of various
parts of the connection, it is possible to determine
the total angle required to achieve the specified
force.
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The angle of rotation of the nut and the
displacement caused by this rotation are related
by the following relationship:

Al Q

s 360° (D

The following values were identified as
components of the total nut rotation angle:

Q=@+ @, + Ors+ @y ()

where: ¢ — nut rotation angle required to create
the design bolt tension;

@s — nut rotation angle corresponding to the
displacement caused by the elongation of the bolt;
@, — nut rotation angle corresponding to the
displacement caused by thread deformation;

¢ — nut rotation angle corresponding to the
displacement caused by deformation of the bolt
head;

@, — nut rotation angle corresponding to the
displacement caused by the flexibility of the joint
components.

The design force in a bolted connection, in
accordance with the requirements of the
normative documentation, is taken to be equal to:

P = 0'7Abanunr

Then the nut rotation angle corresponding to the
displacement caused by the bolt elongation, if the
deformable part of the bolt is equal to the grip
thickness:

t-0,7Rpyun (3)
=360 —,
Ps E-s

However, the research [9] has shown that the
strained part of the bolt, where axial stresses
occur, includes several threads inside the nut in
addition to the thickness of the package. In
Figure 5, it is marked asL,.

L,=t+3"s;
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- Lz- >

Figure 5. Scheme of bolt assembly under
preload, according to [9]

Therefore:

(t+3-5)-0,7Rpun
@

@g2 = 360

The results of the.gg calculation are shown in
Figure 6.
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Figure 6. Nut rotation angle corresponding to
the displacement caused by the elongation of the
bolt

In [12], required rotation angles were calculated
assuming that the bolt head and thread are not
flexible; however, this approach cannot be
considered entirely correct. In mechanical
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engineering [11, 13, 14], relationships have been
established for determining the deformations of
these parts of the connection during tightening.
In [13], a relationship is proposed for
determining the flexibility of the thread during
bolt tightening. By deriving the angle of rotation
of the nut corresponding to the displacement
caused by thread deformation, we receive:

_0,49360 * 0,7Ap,Rpum
Pp = d,Es

. (5)
: ’1,44 + 9,28 P

where d, — average thread diameter

The same source suggests an alternative method
for determining thread flexibility: when
calculating bolt flexibility, increase its tensile
strength by 1/3 to 1/2 of the nut height.

0,28 - 0,7Rpyy
Es ; (6)

Ppz = 360

However, experimental studies have shown that
these equations significantly overestimate thread
stiffness, which doesn't match up with
experimental data. In [14], an alternative
equation for thread flexibility was proposed,
allowing for a more accurate determination.
When using this relationship, the nut rotation
angle is:

(pp3

360 0,7Ap,Rpyy - (0,8 —12,04d) - 10 (7)
S

The results of the calculations utilizing equation
7, which more closely matches the experimental
data, are presented in Table 3.

In addition to thread deformation, bolt head
deformation must also be taken into account. To
account for its flexibility, it is possible to assume
that the bolt head only experiences shear
deformation. In this case, the nut rotation angle
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corresponding to the displacement caused by bolt
head deformation will be:

0,15 " 360 - 0’7AbanuTl
Ehs ®)

Prg =

Table 3. Nut rotation angle corresponding to
the displacement caused by thread deformation

8.8 10.9
Bolt o Bolt o
diameter Pp3» diameter Pp3
Ml16 9,97 M16 12,50
M20 11,46 M20 14,36
M24 12,58 M24 15,76
M27 15,20 M27 19,04
M30 14,71 M30 18,43

The results of the calculation are shown in Table 4.

Table 4.Nut rotation angle corresponding to the
displacement caused by deformation of the bolt

head
8.8 10.9
Bolt o Bolt o
diameter Prsr diameter Pro
M16 1,20 M16 1,50
M20 1,19 M20 1,50
M24 1,19 M24 1,50
M27 1,37 M27 1,72
M30 1,31 M30 1,64
Finally, a significant portion of the
deformations in the joint occur in the

components of the joint itself. The main issue
in  calculating these deformations is
determining the area of the compressed part of
the component. For small joint thicknesses, it
can be assumed that this area can be taken as
equal to the cross-sectional area of a cylinder
with a circular cutout, the outer diameter of
which is equal to the size of the bolt under the
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wrench S, and the diameter of the cutout is
equal to the diameter of the bolt hole.
Assuming the diameter of the bolt hole d, =
d + 2, we obtain:

 4+360 0,7 ApnRpun
P =R, (ST (d+2)2)

@®)

However, such a linear relationship between
the thickness of the joint and its deformations
is not entirely accurate. Thus, [13] describes
another calculation hypothesis that is much
more consistent with the results of bolt joint
tests. It is assumed that the stresses are evenly
distributed across the cross-section of the part
in the form of a cone starting from the bearing
surface of the bolt and nut. The angle of
inclination of its sides a is about 22...25
degrees to the vertical. The connection
performance diagram according to this
hypothesis is shown in Figure 7.

Figure 7. Stress distribution diagram in
compressed parts of the assembly, [13]
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Nut rotation angle corresponding to the
displacement caused by the flexibility of the joint
components, with the assumption of a compressed
part of the component limited by pressure cones:

¢A2
360 0,7Ap,Rpun 2

s E,-m-dy-tga
(a+dy)a+ltga—dy)
n(a —dy)(a+ltga+d,)

)

* |

The results of the ¢,, calculation are shown in
Figure 8. The final total theoretical nut rotation
angle required to achieve the design bolt tension in
a shear-resistant connection is shown in Figure 9.

12
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01 2345678 9101112=M30,
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Figure 8. Nut rotation angle corresponding to
the displacement caused by the flexibility of the
joint components

The relationships between tensile force in the
bolt and torque are shown in Figures 10-12,
while the relationships between tensile force in
the bolt and nut rotation angle are shown in
Figures 13-15.
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Figure 15. Force vs. nut rotation angle
relationship, M16, 10.9

Now we will describe the relationship between
the preload force in the bolt and the angle of
rotation of the nut. From the point of view of
this relationship, the bolt tightening process
can be divided into four stages.

The first stage, not shown in the graphs, will
be the free rotation of the nut onto the bolt,
occurring until the nut comes into contact with
the washer. At this stage, no force is generated
in the bolt and is equal to zero.

The second stage involves tightening the
connection and compressing the washers and
other elements. A significant part of the
displacement caused by the rotation of the nut
is “consumed” not by creating preload in the
bolt, but by elastic and plastic deformation of
the connection elements, bringing them into
contact. The dependence of the force in the
bolt on the angle of rotation at this stage is
nonlinear.

The third stage is characterized by a linear
relationship between the angle of rotation
(displacement) and the force in the bolt. It can
be assumed that after all the elements of the

171



connection have been brought into contact, its
complete “compression”, elastic deformations
occur in the connection. Elements such as the
thread in the nut and bolt, the plates that make
up the connection, the bolt head, and the bolt
body itself are deformed. The elastic nature of
the deformations occurring in the connection
results in a linear relationship between the
angle of rotation (displacement) of the nut and
the force in the bolt.

The fourth stage is presumably characterized
by the onset of plastic deformation in the
connection elements. Not all samples reached
this state during the experiment; it can be
observed in specimen Nel with a diameter of
M24. At this stage, the linear dependence of
the prestressing force again becomes
nonlinear.

We shall compare the test results with the
recommendations of various normative
documents.

Andrey A.Vasilkin, Georgiy V. Zubkov

Table 5 shows the rotation angles at which the
bolt assemblies achieved the design force,
interpreting the process as tightening by nut
rotation angle. The rotation angle was
determined taking into account the starting
reference points defined above (200 N*m, 100
N*m, and 60 N*m, respectively).

Table 6 shows the rotation angles at which
bolt assemblies achieved the design force,
when interpreting the process as tightening
using a combined method. The rotation angle
was determined taking into account the
reference points defined above (600 N*m, 300
N*m, and 150 N*m, respectively).
Determining the angles from these reference
points also allows the experimental results to
be compared with the values obtained from the
calculation.

Table 5. Comparison of experimental results with recommended RCSC and CSA values

RCSC
Bolt . Nut rotation Achieved Mean nut 2020 CSA
. Specimen .
diameter angle force, kN rotation angle S16-24

1 134,5 271,25
2 143,5 274,68

M24 3 119,5 255,06 129,4
4 130,5 271,74
5 119,0 273,70
1 132,0 176,58
3 133,0 183,45

M20 123,75 180+60 180+30
4 107,5 176,58
5 122,5 181,49
1 152,5 114,78
2 158,0 110,36

M16 3 141.,5 112,82 141,0
4 126,0 113,40
5 127,0 115,27
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Table 6. Comparison of experimental results with recommended EN values and values obtained

from calculations

Bolt . Nu_t Achieved Mean. nut EN Calculated nut
diameter Specimen | - rotation force, kN rotation 1090-2:2018 | rotation angle
angle angle
1 80,5 271,25
2 102,5 274,68
M24 3 72,5 255,06 77,0 74,6
4 61,0 271,74
5 68,5 273,70 90
1 69,0 176,58
3 76,0 183,45
M20 4 65.0 176,58 70,1 84,1
5 70,5 181,49
1 152,5 114,78
2 158,0 110,36
M16 3 141,5 112,82 77,2 120 96,0
4 126,0 113,40
5 127,0 115,27
CONCLUSION margins included in the standard values and the

As shown by foreign experience and domestic
and foreign research, the method of controlling
bolt tension by nut rotation angle is more
accurate than by tightening torque, eliminating
the need for time-consuming calibration of
torque wrenches and experimental determination
of bolt tightening coefficients. It seems relevant
to expand the scope of application of this method,
which is currently very limited by the guidelines
of SP 70.13330.2012.

As a result of developing the proposed
calculation model and conducting the
experiment, it was possible to obtain the values
of the angles of rotation required to achieve the
calculated force. The initial hypotheses of the
calculation model make its application somewhat
limited, but when these hypotheses are satistied,
the values obtained by means of the model
correspond to the experimental values.

The nut rotation angles obtained as a result of the
experiment are slightly lower than those given in
the literature, which may be due to both the large

Volume 21, Issue 4, 2025

differences between the experimental setup and
the actual operating conditions of bolt
assemblies. To study the operation of connection
elements at large rotation angles, it is necessary
to slightly modify the experimental procedure,
bringing the samples to significant plastic
deformation. To confirm the obtained data, it is
also necessary to conduct a study on a
statistically significant sample.
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DRAWING THE NOMOGRAM FOR OVERHUMIDIFICATION
OF THE BUILDING ENVELOPE

Kirill P. Zubarev, Yulia A. Sapronova, Viadimir D. Fedoseev
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Abstract: In the current paper, a new method of protecting building envelopes from waterlogging based on the
construction of specialized nomograms has been developed. During the analysis of the Russian climate, it was
determined that for the entire territory of the country the period of moisture accumulation does not exceed 8
months. It was found that the criterion of waterlogging of the building envelopes depends on three main
parameters: temperature and relative humidity of the outside air during the period with negative average monthly
temperatures, and the duration of the period of moisture accumulation. Based on the critical value of criterion 1, a
nomogram of waterlogging of the enclosing structure was constructed, according to which a decision on the
construction of the designed building can be taken. An algorithm of constructing and applying a nomogram of
waterlogging of a building envelope has been presented. The effectiveness of the proposed method is shown in
comparison with the classical approach by calculating protection against waterlogging in such cities as
Blagoveshchensk and Yerofey Pavlovich.

Keywords: protection against waterlogging, operating conditions, temperature, relative humidity,
duration of moisture accumulation

INOCTPOEHUE HOMOI'PAMMBbI IIEPEYBJIA’KHEHHSA
OI'PA’KJAIOINEN KOHCTPYKLUUMU 3TAHUSA

K.I1. 3ybapes, F0.A. Canponoesa, B./]. @edocees

HanmonanbsHslii uccnenoBarenbckuii MOCKOBCKUH rocyJapcTBEHHBIN CTPOUTENbHBIN yHIBEpCHTET, T. Mocksa, POCCHU

AnHoTanusi: B crathe pa3paboTaH HOBBII METOJ 3aIIUTHI OT MEPEYBIAKHEHUS OTPAKTAOIINX KOHCTPYKIIHN
3/1aHW{, OCHOBAaHHBII Ha TOCTPOCHNH CIICTIHATM3UPOBAHHBIX HOMOTpaMM. B xore ananmm3a kimmmara Poccnn 0110
OTIPEZIETICHO, YTO ISl BCEil TEPPUTOPHH CTPAHBI IEPHOJ BIIarOHAKOIICHHUS He TpeBbImaeT 8 Mecsues. [Tomyueno,
YTO KPUTEPHUIl NEPEYyBIAKHEHUS OrPAKIAIOLICH KOHCTPYKLUMHM 3aBUCUT OT TPEX OCHOBHBIX IapaMeTpOB:
TEMIIEpaTypa MW OTHOCHUTCIIbHAA BJIAXXHOCTb HAPYXHOI'o BO3AyXa 3a MHOEpuoJa C OTpULATCIIbHBIMU
CPCAHEMECAYHBIMU TEMIIEpATYpaAaMU W HNPOAOJDKUTECIBHOCTL IMEpHUOJa BJIarOHaKOIIJICHHUA. Ha ocHoBanumn
KPUTHYECKOTO 3HAa4YeHWss Kpurepus /, Oblla TOCTpPOEHa HOMOTpaMMa MepeyBIKHEHUS OrpakIaroIeit
KOHCTPYKLIUH, TI0 KOTOPOI MOYHO MPUHATH PELICHUE O CTPOUTEILCTBE IPOEKTUPYEMOI CTeHBI 31aHus. [IpuBeneH
ANTOPUTM TOCTPOEHUS! U IIPUMEHEHUSI HOMOTpaMMBbI NEePeyBIIAXKHEHUS orpakaaroleil koHeTpykuuu. Ilokazana
3¢ GEeKTUBHOCTD MPEAT0KEHHOTO METO/Ia B CPABHEHUH € KIIACCHYECKUM IOAXOIO0M ITyTEM pacdeTa 3alluThl OT
nepeyBlakHEeHUs B ropoxax brarosemenck u Epodeit [TaBnoBuy.

KuaroueBsble ci1oBa: 3ammTa OT epeyBIaXXHEHUS, YCIOBUS YKCIUTyaTalll1, TEMIIEPATypa,
OTHOCHTEJbHAS BIAXKHOCTb, IPOJIOJDKUTEIEHOCTh BIarOHAKOIUICHUS

INTRODUCTION

When designing buildings and structures [1],
engineers face various tasks: calculating the
strength of reinforced concrete and metal
structures, calculating the thickness of shells,
determining the temperature influences on the
building [2-7].
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When calculating the protection of the building
envelope against waterlogging, the Russian
regulatory  document Set of  Rules
50.13330.2012  “Thermal protection of
buildings” is used. The method of protection
against waterlogging presented in the
regulatory document appears to be quite
effective, but at the same it is complicated for
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engineering use. Therefore, the research on the
development of a new simplified method of
protecting the building envelope from
waterlogging is currently relevant [8].

In calculating building structures, it is
important to take into account the physical
characteristics of building materials: humidity,
density, vapor permeability, etc. However, the
choice of thermal conductivity value depends
on the humidity conditions in residential
premises and the humidity zone in which the
building structure is placed. Therefore, there
are 2 operating conditions: A and B.

Thermal conductivity values for some building
materials have been given (Table 1).

Table 1. Thermal conductivity values for some
building materials

Thermal conductivity,
Material Wim- C
A B
Mineral wool slabs
made of stone fiber 0.045 0.048
Gravel
expanded clay 0.13 0.145
Gas and foam
concrete 0.38 0.43
on cement binder
Reinforced concrete 1.92 2.04
Cement-sand mortar 0.76 0.93
Plywood 0.15 0.18

To simplify calculations of protection against
waterlogging, the waterlogging criterion
found wusing the following formula was
introduced:

R req
= R .

n

[

(1)
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where R

n

— vapor permeation resistance,
req req
R RS

mz-s-Pa/kg; S
permeation resistances, m*-s-Palkg.

— required vapor

Using the waterlogging criterion, it is possible
determine whether the structure will be
waterlogged. However, the criterion is
calculated for each city taking into account
climatic conditions, which complicates the
method of protection against waterlogging. In
this regard, there is a need to develop
alternative methods of studying the balance of
moisture transfer in more simplified ways. This
article develops a method of assessing the
construction of a building envelope using a
waterlogging nomogram.

1. THE PROBLEM

To develop a method of calculating protection
against waterlogging of external building
envelopes using a waterlogging nomogram.

2. MATERIALS AND METHODS

2.1. Studying the value of the waterlogging
criterion at different duration of the moisture
accumulation period

Analyzing the obtained values of the criterion
of waterlogging of the building envelope in
different cities in Russia, it was found that the
criterion | depends on climatic parameters. It
was determined that the period of moisture
accumulation does not exceed 8 months.
Graphs of the dependence of the
waterlogging criterion on the values of the
average monthly negative outdoor air
temperature at different durations of the
period of moisture accumulation were
obtained (Figure 1, Figure 2).
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Figure 1. Dependence of the waterlogging criterion on the outside air temperature and the duration
of the moisture accumulation period for 1, 2, 3 and 4 months of moisture accumulation (A — 1
month,; B — 2 months; C — 3 months; D — 4 months; the relative humidity of the outside air during

the period with negative average monthly temperatures: 1 — @,,, ... =70 %;2— @, . =75%; 3~
(Dout.neg = 80 % , 4 - gpout.neg = 85 % ; 5 - (oout.neg = 90 %’. 6_ ¢out.neg = 95 %’. 7_ l: 1)

%
’ « building envelope !
£

- R

Figure 2. Dependence of the waterlogging criterion on the outside air temperature and the duration
of the moisture accumulation period for 5, 6, 7 and 8 months of moisture accumulation (4 — 5
months; B — 6 months; C — 7 months; D — 8 months, the relative humidity of the outside air during

the period with negative average monthly temperatures: 1 — @,,, .. =70 %;2— ¢, . =75%; 3~
¢out.neg =80 % ; 4- (oout.neg =85 % ; 5— (oout.neg =90 %; 6— (oout.neg =95 %’. 7—1= 1)
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2.2.  Construction of a nomogram
waterlogging of the building envelope
While analyzing the obtained graphical
dependencies (Figure 1, Figure 2), it was found
that waterlogging is influenced by 3 main factors:
the temperature of the outside air during the
period of moisture accumulation, the relative
humidity of the outside air during the period with
negative average monthly temperatures, and the
duration of the period of moisture accumulation.
By varying the values of the main factors, it is
possible to construct a dependence graph when
the criterion of waterlogging of the building
envelope is equal to one. The values of the
outside air temperature are plotted on the
abscissa axis, the relative air humidity values are
marked on the ordinate axis, and dependence
lines that depend on the duration of the period of
moisture accumulation are obtained. Due to the
fact that there are operating conditions A and B,
two waterlogging nomograms are obtained
(Figure 3, Figure 4).

of

2.3.  Algorithm for constructing and using a
nomogram of waterlogging of building
envelopes

To construct a nomogram of waterlogging of a
building envelope based on the method of
protection against waterlogging the following
measures are taken:

1. The required design is selected;

2. The operating conditions of the building
envelope are determined;

3. The value of the relative humidity of the
outside air is set in increments of 5% and the
duration of moisture accumulation;

4. The range of outdoor air temperature values
during the period of moisture accumulation
varies in increments of 1 °C;

5. The criterion of waterlogging of the building
envelope is calculated;

6. The criterion values /=1 are selected, and the
corresponding values of the outside air
temperature, relative humidity of the outside air
and the period of moisture accumulation are
recorded;
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Figure 3. Nomogram of waterlogging of the
building envelope for operating conditions A
(duration of moisture accumulation period. 1 —
three months, 2 — four months, 3 — five months;
4 — six months, 5 — seven months, 6 — eight
months)
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Figure 4. Nomogram of waterlogging of the
building envelope for operating conditions B
(duration of moisture accumulation period: 1 —
three months, 2 — four months, 3 — five months;
4 — six months, 5 — seven months, 6 — eight
months)

7. After finding all the points at which /=1, the
values of the average outdoor air temperature for
the period of moisture accumulation at the
corresponding relative humidity and the period
of moisture accumulation are reduced to a
waterlogging nomogram, which enables us to
arrive at decision on the possibility of the
building envelope construction.

For structures under different operating
conditions, different waterlogging nomograms
are constructed.

To calculate the protection of the building
envelope from waterlogging using the
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waterlogging nomogram, the following steps are
taken:

1. A nomogram that corresponds to the
calculated building envelope taking into account
operating conditions is selected.

2. The abscissa axis marks the outside air
temperature for the period of moisture
accumulation in accordance with the city in
which the calculation is performed.

3. A vertical straight line is drawn from the
found outside air temperature point until it
intersects with the line of the desired moisture
accumulation period.

4. A horizontal line is drawn from the found point
until it intersects with the ordinate axis, thereby
determining the critical value of the relative
humidity of the outside air.

5. The value of the relative humidity of the
outside air is determined from the ratio of the
average partial pressure of water vapor of the
outside air during the period with negative
average monthly temperatures to the pressure of
saturated water vapor in the plane of greatest
moisture for the period of moisture
accumulation, and then a horizontal straight line
is drawn.

6. If the horizontal straight line of the critical
humidity value is higher than the horizontal line
of the relative humidity of the outside air, the
structure has passed the waterlogging protection
test successfully.

7. If the horizontal line of the critical humidity
value is lower than the horizontal line of the
relative humidity of the outside air, the structure
fails to pass protection test against waterlogging.

3. RESULTS AND DISCUSSION

A calculation of protection of the building
envelopes from waterlogging located in
Blagoveshchensk and Yerofey Pavlovich has
been conducted.

For a structure designed in Blagoveshchensk, the
criterion of waterlogging of the building
envelope is calculated using formula (1):
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R 096
R, 1.655

n

[ =0.58.

The value of the waterlogging criterion
according to the calculation is less than one,
therefore,  the  building  structure in
Blagoveshchensk has passed the test against
waterlogging successfully.

Let us carry out calculations of protection of the
building structure against waterlogging using the
waterlogging nomogram. In Blagoveshchensk,
the structure is operated under conditions B, and
the main climatic parameters are: outside air
temperature during the period with negative
average monthly temperatures is -15.3 °C, the
duration of moisture accumulation is 5 months.
Relative humidity is determined by the formula:

__ oul.neg
¢out.neg - E

0

2)

where e

out.neg
vapor of the outside air during periods with
negative average monthly temperatures, Pa; £, —

— average partial pressure of water

pressure of saturated water vapor in the plane of
greatest moisture for the period of moisture
accumulation, Pa.

Taking into account formula (2) we obtain:

_ eouz.neg _ &

o = =0.77.
¢Ollt.}’l£é EO 192

We plot the obtained values of the outdoor air
temperature for the period with negative
temperatures per month and the relative humidity
of the outdoor air on the nomogram (Figure 5).
The critical humidity horizontal line is higher
than the horizontal line of relative humidity of
the outside air, so the structure passes the test
against waterlogging successfully.

Let us calculate the value of the waterlogging
criterion for a building structure in such city as
Yerofey Pavlovich using formula (1):
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R 1.655

n
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It was found that the waterlogging criterion was
greater than one, therefore, the building envelope
Yerofey Pavlovich fails the waterlogging test.
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Figure 5. Nomogram of critical ratios of
temperature and relative humidity of outdoor
air and the duration of the period of moisture
accumulation, used to make a decision on the
construction of the enclosing structure of a
building wall in Blagoveshchensk (duration of
the period of moisture accumulation: 1 — three
months; 2 — four months, 3 — five months, 4 —
six months, 5 — seven months, 6 — eight months)
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Let us consider a possibility to construct a
building structure in Yerofey Pavlovich using a
new method such as the waterlogging
nomogram. The enclosing structure is located in
the second humidity zone (normal), which
corresponds to operating conditions B. Basic
climatic parameters: outside air temperature is -
17.4, the duration of moisture accumulation is 7
months. Relative air humidity is calculated using
formula (2):

e
__ out.neg — E = 0945
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The values of outside air temperature and relative
humidity are plotted on the waterlogging
nomogram (Figure 6).

The horizontal line of critical humidity is lower
than the horizontal line with the value of relative
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air humidity, therefore, it is impossible to design
a building envelope in such city as Yerofey
Pavlovich, since it fails the test against
waterlogging.

The proposed method, namely, a nomogram of
waterlogging of the enclosing structure has a
number of advantages compared to the classical
method of protection against waterlogging. The
main advantage compared to the classical
approach is that no calculations are required.

0n9s T L T o)
% E our.ney=0.94;
e e ——
LE oo i ‘
ER | | — y :
EE =085, :
| ey =2
28 oms 7 g -z ”
g % “R \
LE H / X Zontneg=7 months I
R e o AR
£; \< 4,
i 3
3 ? 0.75 2
z

tourneg=-17.4 |
[ &)
28 26 24 22 20 18 16 14 12 -10 s
Outdoor air temperature for the period with neative average monthly temperatures

Figure 6. Nomogram of critical ratios of
temperature and relative humidity of outdoor
air and the duration of the period of moisture
accumulation, used to make a decision on the
construction of the enclosing structure of the

building wall in Yerofey Pavlovich (duration of
the period of moisture accumulation: 1 — three
months; 2 — four months, 3 — five months; 4 —

six months; 5 — seven months; 6 — eight months)

Also, this method can be applied by
manufacturers of building materials who develop
facade solutions. For each solution, the
manufacturer can develop a series of
waterlogging nomograms, with the help of which
engineers can decide on the construction of the
chosen building structure. This method will
accelerate the process of designing buildings and
structures and will facilitate decisions about
constructing in a more convenient and visual
form.

4. CONCLUSIONS

In the current work, a new effective method of
determining the protection of a building envelope
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from waterlogging has been developed as a
waterlogging nomogram constructed using the
following main climatic  characteristics:
temperature and relative humidity of the outside
air, and the period of moisture accumulation. An
algorithm of constructing and using a nomogram
of waterlogging of a building envelope for
various operating conditions has been presented.
Classic method of protection against
waterlogging and a new method of determining
waterlogging of a building structure using a
nomogram have been compared. The new
method may be used by engineers when
calculating and assessing the protection of a
building envelope against waterlogging.
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NUMERICAL MODELLING OF WIND LOADS.
VERIFICATION AND VALIDATION FOR THE KEMEROVO
MUSEUM, THEATRE AND EDUCATION COMPLEX

Alexander M. Belostotsky, Oleg S. Goryachevsky, Sergey G. Saiyan,
Alexandra M. Efimova

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

Abstract: This paper presents the results of numerical modelling of mean and peak pressure coefficients for a
unique facility, conducted within the verification procedure of Ansys Fluent in the RAASN system. The
applicability of the steady-state (RANS) simulations and three turbulence models (SST k-0, EARSM, GEKO
k-m) is verified for the wind loads determination. The results are compared against experimental data obtained in
the MSUCE wind tunnel. The weak applicability of often recommended methods of grid extrapolation (Richardson
extrapolation and approximate error spline) is revealed. It is shown that the GEKO k- turbulence model with the
separation parameter Csgp= 1.25 provides a better fit to the wind tunnel data than SST k- and EARSM.

Keywords: computational fluid dynamics (CFD), wind loads, verification, validation, Richardson extrapolation,
Approximate Error Spline

BEPUOUKALINA U BAIMJAALIUA YNCJTTEHHOI'O

MOAEJHUPOBAHUSA BETPOBbBIX HAI'PY30K HA IIPUMEPE

MY3EHHOI'O U TEATPAJIBHO-OBPA30OBATEJILHOI'O
KOMIIVIEKCA B I'. KEMEPOBO

A.M. Berocmouxkuii, O.C. I'opaueeckuit, C.I'. Cauan, A.M. E¢pumosa

HammonansHsIil nccnenoBarensckuii MOCKOBCKHI TOCYIapCTBEHHBIN CTPOUTENBHBIN yHUBEpCHTET, T. Mocksa, POCCHUA

AHHoTamusi: 19 yHUKaJAbHOTO 3IaHUS  IPEJCTABICHBI  PE3yJNbTaThl YHUCICHHOTO  MOJACIHPOBAHUSA
a’pOJMHAMUYECKUX KOX(P(UIIMEHTOB CpeJHUX W IUKOBBIX IABJCHHUH, IMOJy4YEHHBIE B paMKax IPOIEIypbI
Bepudukanuu B cucreme PAACH nporpammuoro komruiekca ANSY'S Fluent. [TpoBepsieTcst npuMEHUMOCTD /ISt
OTIpeJIeTICHUs] BETPOBBIX HArpy30K cranmoHapHoi nocraHoBkH (RANS) n tpéx mozeneit typOynentHoctu: SST
k-0, EARSM, GEKO k-®. Pe3yapTaTbl cOmoCTaBIIsIOTCS C SKCIIEPUMEHTAIBHBIME JIAHHBIMH, TTOJTYYEHHBIMH B
aspoanHamudeckorr Tpyoe HUY MI'CVY. BrisiBneHa ciabasi IpUMEHHMOCTD 4acTO PEKOMEHIYEMbIX METOJIOB
CETOYHOM AKCTPATIONANNN: MeToAa PruapicoHa 1 anmpoKcHMAaIiy OMMOKN CIUTaifHOM. BEIsBIIEHO, 9TO MOJeNnb
typOyneatHocTH GEKO k-0 ¢ mapamerpom Csgp = 1.25 MO3BOJSAET MOTYyYUTH JyUIllee COOTBETCTBHE JAaHHBIM U3
asponmHamMmudeckoit TpyOsl, uem SST k- u EARSM.

KawueBble c10Ba: BEIUNCIUTEIbHAS a9POIMHAMUKA, BETPOBAs HArpy3Ka, BepUPHUKAIIMS, BATUIAIUS,
SKcTpanosaus Pudyapacona, annpokcumarysi OmmMOKy CIiTaitHOM

1. INTRODUCTION

Reliable and efficient methods of wind loads de-
termination for buildings and structures is still an
urgent task. Mass construction of unique and ar-
chitecturally outstanding facilities in dense urban

Volume 21, Issue 4, 2025

areas stimulates the search for new approaches to
solving this problem.

Currently, the following methods are used to de-
termine wind loads:

1. Engineering normative and analytical meth-
ods (do not meet the needs of modern construc-
tion);
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2. Physical modelling in wind tunnels (WTs) [1,2];
3. Numerical modelling [3-11];

4. Monitoring and in-situ measurements [12]
(suitable for academic research only);

5. Machine learning and neural networks [13]
(under study and yet unapplicable to design).
Physical (experimental) modelling in WTs is
currently the most used method to determine
wind loads. In the middle of the XX century, an
appropriate methodology was developed and
validated with in-situ measurements that pro-
vides a sufficient level of plausibility under a
number of limitations. Still, the high costs of
construction and maintenance of WTs, poor
scalability, significant experimentation time,
low information content and other limitations
gradually reduce the role of physical modelling
in practice.

Numerical modelling (using CFD), on the other
hand, appears to be a more prospective direction:
it is devoid of the WT limitations and promises
potentially faster research. Therefore, it has al-
ready been limitedly legitimised in the regula-
tions of technologically advanced countries [ 14],
STO [15], ASCE 7-22.

For the time of transition from physical to numer-
ical modelling, the most reliable approach is a
hybrid one, which means a synthesis of numeri-
cal and physical modelling [15].

Currently, the best fit to experimental data is
shown by utilising the LES turbulence model.
However, its high computational costs hamper its
application outside of specialised computational
clusters.

Therefore, steady-state (RANS-based) ap-
proaches [16] remain the most used ones for fast
wind loads determination.

In any case, verification and validation (V&V)
procedures are required to confirm the relia-
bility of numerical modelling results. The
most general definitions of V&V are given in
GOST [17] and ASME [18], but they do not
regulate specific procedures and features of
individual applications, such as structural aer-
odynamics.

186

Due to the lack of exact solutions of mathemati-
cal models, verification in applications to struc-
tural aerodynamics is reduced to evaluating the
errors of the numerical model (iteration, time,
grid, etc.) [19-21,15].

To assess the grid convergence, a number of
sources [19,22-27] recommend the use of such
methods, as Richardson extrapolation and ap-
proximate error spline. In the present paper, it is
shown that these methods do not provide any ad-
vantages to the wind loads determination prob-
lem.

The validation procedure in structural aerody-
namics is more straightforward and complies
with [17, 18], but it has one peculiarity: in the
vast majority of cases, the results of numerical
modelling can only be compared with experi-
mental data from WTs.

In the present paper the V&V procedure of the
numerical modelling was carried out for a unique
facility, the Museum, Theatre and Education
Complex (MTEC) in Kemerovo. Three turbu-
lence models were used: SST k-w, EARSM,
GEKO k-0 (with the separation parameter
Csep = 1.25, 1.75, 2.25). Iteration convergence
and three mesh variants were investigated.
The results of numerical modelling are com-
pared against experimental data obtained in the
MSUCE WT.

The work was carried out within the verification
procedure of Ansys Fluent for the problems of
“determination of wind and snow actions on
buildings and structures on the basis of numeri-
cal solutions of the equations of aero-hydrody-
namics” in the system of the Russian Academy
of Architecture and Construction Sciences
(RAASN) [28].

2. OBJECT AND METHODOLOGY

2.1 Object and task description

In the present paper, a unique facility of the Mu-
seum, Theatre and Education Complex (MTEC)
in Kemerovo (Fig. 1) was investigated.
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Complex

MTEC has a complex deconstructivist shape. Fa-
cades combine glass and metal elements. The
building has 10 floors with a total area of
~81100 m? and an underground car park. The
MTEC is planned to house branches of the Mar-
iinsky Theatre and the State Russian Museum, as
well as the Kuzbass Arts Centre. The ensemble
of the facility is conceived of four parts: a “float-
ing” theatre “cloud”, two “crystals” (a museum
and an art centre with workshops), and a public
foyer.

The paper investigates the mean (ce) and peak
(Ce,+, ce.) pressure coefficients at control points
on the facade and roof of the facility (Fig. 3):

Ap

A]_9+G+Gp A]_y—eicp
. 5 ce = : =
Qref

> C,
Qref Qref

(1)
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F igure 1. Renders of the MTEC in Kemerovo

where Ap = p— p,,, is the pressure drop; Orer- is

the reference wind pressure; o, is the standard
deviation of pressure; 0+(-) are the reliability co-
efficients.

In the experiment, 0+ = 3, and o is calculated
using a known formula from statistics. In the
numerical simulations, these parameters are
determined using the methodology for steady-
state modelling outlined in [8,16].

The simulations were carried out for the two
most typical wind directions (15°, from the sur-
rounding buildings, and 180°, from the unob-
structed side, Fig. 2).

Experimental values of pressure coefficients
were obtained in the MSUCE WT through phys-
ical modelling at a 1:200 scale (Fig. 3).
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Figure 2. Investigated wind directions

Figure 3. MTEC model in the MSUCE
(control points are coloured white)
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2.2 Mathematical models

In the present paper, the calculation of wind flow
and wind actions is reduced to the numerical so-
lution of time-averaged (RANS) three-dimen-
sional nonlinear Navier-Stokes equations. For
the determination of wind loads and actions on
buildings and structures with practically justified
simplification the wind flow is assumed to be in-
compressible and isothermal, and external mass
forces are omitted [10]:

ouu, 1o(_ 2
— = — | p+=pk |+
ox; p OX, 3
_ 2
0 ou Ou, (
+—| (v+v)| =+ ||,
ox, ox,  Ox,

where . are the components of the averaged flow
velocity, [m/s]; ¢ is the time, [s]; p is the aver-

aged pressure, [Pa]; p = 1.225 kg/m? is the air
density; v = 1.46:10° m?/s is the kinematic
viscosity of air; vr is the turbulent viscosity.

The continuity equation is given as:

ou, 0
ax, A3)
The following turbulence models are considered:
— Shear-Stress Transport (SST) k-w is a widely
used two-parameter model that combines the ad-
vantages of k-® and k-& models for more accurate
prediction of turbulent flows. A mixing function
[29] is used to transition from the k- formula-
tion near the boundaries to the k-¢ formulation in
the free flow;

— GEKO k-0 (Generalised k-o) is a two-param-
eter turbulence model developed by Ansys. It is
based on the classic Wilcox £-® formulation, but
rewritten in a “generalised” form: all dimen-
sional and dimensionless constants are replaced
by special functions that are controlled through
the model parameters to adjust for different types
of flow. In this paper, the parameter Csep (equal
to 1.25, 1.75 or 2.25), which governs the
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adverse pressure gradients and flow separation
[29], is varied.

— Explicit Algebraic Reynolds Stress Model
(EARSM) is an extension of the standard two-
parameter model derived from the Reynolds
stress transport equations to account for the
non-linear relationship between the Reynolds
stresses, the mean strain rate tensor and the
vorticity tensor. WJ-BSL-EARSM extends the
BSL model to account for the following effects
[29]:

e Anisotropy of Reynolds stresses;

e Secondary flows.

2.3 CFD models

In order to correctly compare the results of nu-
merical and physical modelling, the CFD model
reproduces the main parameters of the experi-
ment: the scale, the dimensions of the WT’s
working area section, and the boundary condi-
tions.

The numerical geometry of the MTEC with the
surrounding buildings totally corresponds to the
experimental one (Fig.4).

- N

.
LY .\
X

Figure 4. Geometric model of the facility with
the surrounding building in Ansys SpaceClaim

Finite-volume meshes were created in Ansys
Fluent Meshing using polyhexcore method and

Volume 21, Issue 4, 2025

combine polygonal, prismatic and cubic finite
volumes. Three meshes were developed to
analyse the mesh independence of the solution
and verify the CFD model: a coarse one (3.1
million cells), a basic one (5.6 million cells,
Fig. 6), and a fine one (12.8 million cells). All
meshes are similar to each other and differ only
in the size of the cells by a factor of 1.5. The
number of prismatic layers in the boundary
layer is 5 for the coarse mesh, 7 for the basic
mesh and 10 for the fine mesh.

(b)
Figure 5. Finite-volume mesh: a — in the cross-
section of the domain; b — on the surface of
MTEC and hotel with an elevated bridge

The boundary conditions are shown in Fig. 6:

— at the inlet, a flow velocity profile and turbu-
lent characteristics are set according to the exper-
imental data from the WT (Fig. 7);

— a free outlet with zero additional pressure;

— at the upper, lower, lateral boundaries and sur-
faces of the facility and surrounding buildings, a
no-slip wall condition is set.
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k.

Figure 6. Boundary conditions

A total of 30 3D steady-state simulations (2 an-
gles of attack x 3 finite-volume meshes x 5 tur-
bulence models) were performed using Ansys
Fluent (see Section 2.2).

The coupled velocity-pressure scheme and 2™
order schemes were used for the momentum, tur-
bulent transport and pressure equations. The total
number of iterations was set to 700, of which the
first 200 were calculated with the time scale fac-
tor equal to 1.0, while the next 500 were calcu-
lated with the said factor reduced to 0.25.

Data sampling for the iteration convergence anal-
ysis was performed on the last 100 iterations.

1.25 i 1.25 '
= -CFD approximate i I = -CFD approximate
© Wind tunnel : | : © Wind tunnel
) \\
i \\
0.75 4 0.75 .
E o & o
N o, N ‘o
0.5 g 0.5 \\s
Q
025 £ 025 3,
o‘ﬁ? %b
*
0----- - 0 €
0 10 20 0 5 10 15
V., m/s I %

Figure 7. Velocity [m/s] and turbulence
intensity [%] profile from WT measurements
and CFD approximations

2.4 Verification methods

A combined approach, based on two methods
outlined in [21-27], was used to estimate the spa-
tial discretisation error: Richardson Extrapola-
tion (RE) and Approximate Error Spline (AES).
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The Richardson extrapolation suggests extrapo-
lating the investigated parameter to an infinitesi-
mal grid (h — 0) using the values obtained on a
number of finite grids (/1 = h, ho= o1 h, h3= oz2h).
When the coefficient a is equal to both a1 and o2
dn this paper, to 1.5), we get:

€ =00, &=0, —0,, 4)
~ |1n|82/81|| _
_—ln(oc) 6[1,2], (5)
b, =0 (©)
a’ -1

where ¢n, Gun, Gon are the values of the sought
parameters on the fine, basic and coarse finite-
volume grid, respectively; p is the order of the
generalised numerical scheme used for extrapo-
lation; ¢ex is the extrapolated value (4 — 0).
Application of this method showed that the pa-
rameter p often reaches unrealistic values, result-
ing in inadequate values of ¢ex. Therefore, as rec-
ommended by the authors, the values of p were
restricted in the range of 1.0 to 2.0.

To estimate the range of grid error, Roache [26-
27] proposed the Grid Convergence Index (GCI)
(formula 7), which characterises the measure of
discrepancy between the numerical result on the
fine mesh and the asymptotic value, as well as
indicates the behaviour of the numerical solution
during further refinement of the finite-volume
mesh. When the GCI value is small, the solution
is within the asymptotic range:

GCI =125+, )
a’ -1
o [t . .
wheree, = is the relative approxima-
h
tion error.

Approximate Error Spline method [25] assumes
the proportionality between the error from the so-
lution E7and the error between the numerical so-
lutions E4:
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ET:(I)_(I)h: EA:(I)h_(I)ocha (8)
ET = BEA (9)
where ¢ is the unknown exact solution.
According to [25], for ¢ = dexr:
bus =0, + B, 0 (10)
1 ¢ 2 _(I)h
p=——"r : 11
20,,~20,+0, (o

The developers of AES [24] do not provide any
methods to estimate the error of the obtained ex-
trapolation. Since in the present work the AES
method is used only for oscillatory convergence
(see below), we propose to use the 3o rule on the
values obtained on three grids:

(12)

_ 1 _
where ¢ = 3 Zio ¢, is the average value on the

three grids.

Fig. 8 demonstrates the behaviour of the RE and
AES methods for typical possible situations.

As can be seen from the results, the AES method
gives incorrect predictions for monotone conver-
gence and tends to infinity if the values are lo-
cated on the same line, while the RE method
gives inadequate extrapolation for oscillatory
convergence. To avoid incorrect extrapolation, it
was decided to combine the two approaches and
utilise AES for oscillating values and RE for
monotone values. Thus, the resulting error is cal-
culated as:

2 (95 =00 ), =92, ) >0

36,0 (G =0y —0..)<0 )

g

v {GC1~|¢h
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0.8 Richardson Extrapolation
o ¢ Vil i
0.7 @ o .
* L0 2
§ 0.6+ (9]
Bost T S - VAR — ol
g ".
5 0.4%---. ‘,0
£ 03| ’
E03
s -
e 02 ks o]
¥, :
5ol L - S
0 '
0 0.2 0.4 0.6 0.8 1
Grid size (h)

(a) demonstration of RE failure for oscillatory
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(c) correct operation of the methods
Figure 8. Extrapolation examples
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To evaluate the iteration convergence, the val-
ues sampled at the last 100 iterations were pro-
cessed:

max(¢, ) —min(¢, )|
2mean(¢,)

€y :I > (14)

where ¢« are the values of an investigated vari-
able at the k' iteration (k = 601...700).

For mean(¢x) = 0, the iteration error e; takes
very large values, not characterising conver-
gence. In such cases, formula (14) is not appli-
cable and the corresponding points are dis-
carded.

2.5 Validation methods

When comparing the results of numerical and
physical simulations, in addition to qualitative
evaluations, the values of the validation met-
rics proposed in [8] were determined:

efd cfd
1¢j _¢j
D, =" EN:
Jj=1

R =M~100%,
N

-100%; (15)

¢7

(16)

eq

where ¢;99, ¢;“ are the iteratively averaged
values of the investigated variables achieved
from the physical and numerical modelling in
the j™ control point, respectively; M is the
number of control points with statistically co-
incident values; N is the total number of con-
trol points; D» is the normalised deviation of
the results; and Req 1s the fraction of the points
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that match taking into account the error esti-
mates or have a deviation of no more than
15%.

Metrics (11-12) are not subject to the disad-
vantage of the often-used R’ metric, which is in-
sensitive to linear shifts.

In the current work, the following criteria for val-
idation metrics are adopted:

Dy<15% — good (green);

15% < Du < 20% — satisfactory (yellow);
D»>20% — not satisfactory (red);

Req >75% — good (green);

50% < Req < 75% — satisfactory (yellow);

Req < 50% — not satisfactory (red).

3. RESULTS AND DISCUSSION

This section presents the iteration and grid in-
dependence analyses results for the numerical
solutions, and a comparison of the mean and
peak pressure coefficients against the experi-
mental data.

3.1 Iteration errors estimation

Iteration error can contribute significantly to
the numerical solution error (Fig. 9).

The analysis shows that SST k-® has the worst
iteration convergence, with ei reaching 38%
for some of the control points. The EARSM
and GEKO models show significantly better
convergence (eir < 15%), and reducing the
value of Csep leads to an even more improved
convergence (eir< 5% for Csep = 1.25).

For the most cases, refining the mesh reduces
eir, although this is not a general rule.

For all turbulence models, the influence of the
surrounding buildings (180°) worsens the
iteration convergence. This effect can be
explained by the complexity of the flow
structure.
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Figure 9. Iteration error eit[%] for different turbulence models
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3.2 Grid errors estimation

Grid independence analysis using a combina-
tion of RE and AES methods (formula 13) re-
sulted in plots of the absolute values of the er-
rors Eg (Fig. 10).

For all turbulence models, the influence of the
surrounding buildings (180°) worsens the grid
independence as well, which can be explained
by the complication of the flow structure, too.

The solution for all turbulence models mostly
demonstrates oscillatory behaviour (>80% of
points).

The best grid independence was achieved with
the EARSM model (Eg < 0.1), followed by
GEKO (Csep = 1.25), while the worst results
were obtained with GEKO (Csep = 2.25) and
SST (Eg < 0.4) models.

GEKO (Csep = 2.25)
H ---------- GEKO (Csep = 1.75)
- § T | N .. GEKO (Csep = 1.25)

20 30 40 50 60

70 80 90 100 110 120 130
point number
(a) 180° (not influenced by the surrounding buildings)

120 130

point number
(b) 15° (influenced by the surrounding buildings)

Figure 10. Grid error Eg for different turbulence models; the markers on the horizontal lines
indicate the convergence behaviour:
— oscillatory; 0 — monotone

3.3 CFD and EFD results comparison
(validation)

Figures 11-13 show the comparison of mean
and peak pressure coefficients from the
numerical (with different turbulence models)
and physical modelling. In the peak coefficient
plots, the shaded areas (negative for ce+ and
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positive for ce-) highlight values that are of no
practical interest.

Table 1 summarises the values of the validation
metrics (formulae 15-16). In calculating the
validation metrics for peak coefficients, points
in shaded areas were not considered.
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Figure 11. Comparison of mean pressure coefficients ce for numerical and physical modelling
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Figure 12. Comparison of positive peak pressure coefficients ce,+ for numerical
and physical modelling
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Table 1. Parameters of finite-volume meshes

c Grid 157 180°

Dn,% | Reg.% | D% | Req,%
SST k-o
ext 22,66 | 42,75 | 12,56 | 65,94
c fine 22,25 | 40,57 | 12,33 | 68,11
¢ | med. 22,62 | 47,82 | 14,08 | 68,84
coarse | 21,65 | 54,34 | 13,24 | 68,84
ext 34,00 | 48,64 | 24,37 | 36,11
. [ne 73379 4594 | 24,28 | 36,11
@ med. 36,80 | 48,64 | 21,44 | 38,88
coarse | 30,99 | 56,75 | 22,16 | 38,88
ext 27,48 | 40,49 | 20,07 | 46,08
c fine 26,36 | 41,32 | 19,29 | 46,95
¢ | med. 25,54 | 48,76 | 18,48 | 55,65
coarse | 23,09 | 61,15 | 18,78 | 57,39
EARSM
ext 20,36 | 59,42 | 14,21 | 75,36
c fine 20,29 | 64,49 | 14,16 | 77,53
¢ | med. 21,80 | 65,94 | 15,31 | 81,88
coarse | 20,88 | 65,94 | 14,76 | 81,88
ext 30,92 | 56,75 | 22,43 | 44,44
o fine 29,72 | 64,86 | 22,37 | 44,44
@ med. 30,32 | 64,86 | 21,76 | 47,22
coarse | 29,20 | 64,86 | 21,94 | 47,22
ext 22,86 | 58,67 | 16,31 | 71,30
c fine 22,35 | 67,76 | 16,08 | 73,04
¢ | med. 21,75 | 70,24 | 15,48 | 76,52
coarse | 21,73 | 70,24 | 15,26 | 77,39
GEKO k-0 (Csep = 2.25)
ext 19,35 | 66,66 | 13,15 | 83,33
c fine 19,60 | 70,28 | 12,90 | 84,05
¢ | med. 21,11 | 70,28 | 14,06 | 84,05
coarse | 20,37 | 70,28 | 12,98 | 84,05
ext 32,30 | 64,86 | 20,75 | 55,55
fine 33,09 | 70,27 | 20,52 | 61,11
Cet [med | 3127 | 70,27 | 20,12 | 61,11
coarse | 30,98 | 70,27 | 20,15 | 61,11
ext 24,80 | 69,42 | 18,08 | 75,65
. |fire 12439 174,38 [ 1753 [ 82,60
¢ | med. 22,49 | 74,38 | 16,61 | 82,60
coarse | 22,60 | 74,38 | 16,42 | 82,60
198

Grid 15° 180°

¢ "9 D% | Reg.% | Dn% | Reg,%
GEKO k-o (CSEP = 1.75)
ext 19,40 | 65,21 | 12,70 | 81,88
. fine 19,56 | 70,28 | 12,34 | 84,05
¢ | med. 21,59 | 70,28 | 13,87 | 84,05
coarse | 20,69 | 70,28 | 12,89 | 84,05
ext 30,74 | 62,16 | 20,24 | 55,55
o fine 32,04 | 70,27 | 19,97 | 61,11
é med. 30,77 | 70,27 | 19,57 | 61,11
coarse | 30,54 | 70,27 | 19,77 | 61,11
ext 23,28 | 69,42 | 16,96 | 75,65
c fine 23,37 | 74,38 | 16,11 | 82,60
" | med. 21,75 | 74,38 | 15,25 | 82,60
coarse | 21,81 | 74,38 | 15,10 | 82,60
GEKO k-o CSEP = 1.25)

ext 19,71 | 64,49 | 12,21 | 81,15
. fine 19,78 | 69,56 | 12,03 | 83,33
¢ | med. 22,75 | 69,56 | 13,86 | 84,05
coarse | 21,79 | 69,56 | 13,00 | 84,05
ext 31,51 | 62,16 | 19,18 | 55,55
o fine 31,22 | 64,86 | 19,36 | 58,33
“ med. 30,16 | 70,27 | 19,06 | 61,11
coarse | 31,07 | 70,27 | 19,28 | 61,11
ext 20,84 | 69,42 | 14,90 | 75,65
fine 21,56 | 72,72 | 14,86 | 79,13
€ [med | 20,59 | 74,38 | 14,74 | 82,60
coarse | 20,63 | 74,38 | 14,90 | 82,60

The results show that the GEKO k-o model
with Csep = 1.25 showed the best fit to the ex-
perimental data. In contrast, the widely used
SST k- model showed the worst fit.

For all the models, the cases without the influ-
ence of the surrounding buildings (180°) show
significantly better fits to the experimental data
than the ones accounting for it (15°).

3.4 Results visualisation

To better understand the flow regimes in the
domain, the contours of the mean pressure
coefficients and mean flow velocity obtained
for the SST k- (coarse grid) model are
presented.
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(a) 180° (windward)

(b) 180° (leeward)

(c) 15° (windward)

(d) 15° (leeward)
Figure 14. Mean pressure coefficient ce
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(b) 15°
Figure 15. Mean flow velocity at 0.045 m

4. CONCLUSIONS

The following conclusions are made from the
conducted research:

1. Numerical models of a unique facility, the
MTEC in Kemerovo, and the surrounding build-
ings have been developed in Ansys Fluent. A to-
tal of 2 wind directions (with and without the in-
fluence of the buildings), 3 levels of mesh detail-
ing (3.1, 5.6, 12.8 million cells) and 5 turbu-
lence models (SST k-0, EARSM, GEKO k-®
(Csep=1.25,1.75, 2.25)) were considered.

2. A thorough verification has been carried out
to investigate the iteration and grid independence
of the solution:

e [teration and grid error can contribute
significantly to the numerical solution results.
To minimise this effect, it is necessary to use
iterative averaging and improve the mesh
quality for the bad areas.
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e The often recommended methods for
extrapolating the solution to an infinitesimal
mesh cannot simply be applied in general.
Richardson extrapolation may give inadequate
predictions for oscillatory convergence, while
the approximate error spline may fail for
monotone convergence.

e For all turbulence models, the influence of
the surrounding buildings negatively impacts
the iteration and grid independence of the
solution. This effect can be explained by the
complexity of the flow structure.

e The solution for all the turbulence models
mostly (>80% of the points) demonstrates
oscillatory behaviour on different meshes.

e [t has been found that the SST k- show the
worst iteration and grid independence among
the studied models.

e The EARSM and GEKO models show
significantly better iteration independence
(eir < 15%), and decreasing the Csep further
improves it (eir < 5% for Csep = 1.25).

e The best grid independence is achieved for
the EARSM model (Eg < 0.1), followed by
GEKO (Csep = 1.25), and the worst for GEKO
(Csep=2.25) and SST (E; < 0.4).

3. A thorough validation has been carried out,
which is a comparison of the numerical (CFD)
and physical (WT) modelling results using the
special metrics Dy and Req.

e The application of RE and AES extrapolation
methods did not lead to a systematic improve-
ment of the results (the fit with experiment), so
these methods are not recommended the valida-
tion of structural aerodynamics problems.

e For all the turbulence models, the influence
of the surrounding building negatively impacts
the fit to the experiment. This effect can be
explained by the complexity of the flow
structure.

e The GEKO k-o turbulence model with the pa-
rameter Csep = 1.25 showed a significantly better
fit to the experimental data for both mean and
peak pressure coefficients’ values. This model is
recommended for use in wind loads determina-
tion for relatively low buildings (meaning their
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height is less than both their width and length) in
steady-state simulations.

4. It is confirmed that Ansys Fluent allows the
mean and peak wind loads determination on
buildings of complex shape with the accuracy
sufficient enough for practical purposes,
provided that modern turbulence models and
methods set out in the STO [15] are used.
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KINETICS OF SOLID-PHASE INTERACTION BETWEEN

DISSIMILAR CRYSTALLINE MATERIALS UNDER AN APPLIED

INTRODUCTION

LOAD IN A WIDE TEMPERATURE RANGE

Valery V. Abramov, Yulia G. Zheglova, Vera V. Dolgusheva

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

Abstract: In the paper, a functional dependence of the kinetics of plastic strain and the change in shape of
copper microprotrusions under the action of an applied load in a wide temperature range was obtained. The
equations obtained in the paper can further find wide practical application for calculating the microstresses of the
2nd kind arising at the interface of a metal - an inorganic material (for example, iron carbide, oxides, nitrides,
etc.) during plastic strain, and will also allow estimating the intensity of the processes of the first stage of a solid-
phase topochemical reaction between dissimilar crystalline materials with sharply different creep resistance,
leading to the formation of a real and physical contact between the surfaces. Synthetic monocrystalline
corundum was chosen as such a response material in the paper.

Keywords: kinetics, plastic strain, contact interaction, applied load in a wide temperature range,
correlation-regression analysis, microstresses of the 2nd kind, relay transmission of strain

KUHETUKA TBEPJJO®A3HOI'O B3AUMOJENCTBUA MEXIY

PAZHOPOJHBIMU KPUCTAIVIMUECKUMHU MATEPUAJTAMU

MNOoJ JEACTBUEM NNPUJIOKEHHON HATPY3KU B
HIMPOKOM JINANTAZOHE TEMIIEPATYP

B.B. Aopamos, IO.I'. /Keznoea, B.B. /loncywiesa

HanmonaneHslil nuccinenoBarensckuil MOCKOBCKHI ToCyTapCTBEHHBIN CTPOUTENBHBIN YHUBEpCUTET, I'. MockBa, POCCUA

AuHotamusi: B pabore monmydeHa (yHKIMOHAJbHAs 3aBUCUMOCTh KHHETHKH IUIACTHYECKOM JedopManmy u
(OpMOM3MEHEHUsST MUKPOBBICTYIIOB MEIHM IOJ JCHCTBHEM MPIJIOKCHHOW HArpy3kKd B IIMPOKOM JWaNa3oHe
temrepatyp. [loixydeHHble B paboTe ypaBHEHHUs B JAJbHEHIIEM MOI'YT HATH IIMPOKOE IIPUMEHEHUE Ha MTPAKTHKE IS
pacyera MUKpPOHAIIPSDKEHUH 2-0r0 poJia, BO3HUKAIOIIMX Ha TPaHHIE pasjena MeTalla - HEOpraHUYeCKU MaTepHal
(mampumep, KapOu jkene3a, OKCHIBI, HUTPUABI U T.I1.) TIPH TUIACTHYECKOH 1edopMarii, a TakKe IMO3BOJIAT OLCHUTD
MHTCHCHUBHOCTh TPOTEKaHMs IPOLECCOB IIEPBOH CTaau TBEpHO(A3HOH TOMOXUMHUECKOH PpEaKy MEXIy
Pa3HOPOIHBIME ~ KPUCTAUIMYECKUMH MaTepUalaMd C PEe3KO Pa3IMYHOW CONPOTHBISIEMOCTBIO — MOJI3YYECTH,
NPHUBOSIIMX K 00pa3oOBaHHIO JIEHCTBUTENHHOrO M (DM3MUECKOr0 KOHTAKTa MEXIy IOBEpXHOCTAMH. B kauecTtBe
TaKOro OTBETHOIO Mareprajia B paboTe ObLI BEIOPAH CHHTETHYECKUI MO HOKPHCTAIUTMYECKUI KOPYH/I.

KaoueBbie ciioBa: KHUHCTHKA, IJIaCTHYCCKasa ,ue(bopMauHH, KOHTAaKTHOC B3aHMOI[eI>iCTBPI€,

MIPUJIOKEHHAS HArpy3Ka B IIUPOKOM JAMANa30He TEMIIEPATyp, KOPPEISLHOHHO-PErPECCUOHHBIN aHAu3,
MHUKPOHAIPSDKEHHS BTOPOTO pojia, sctadeTHas nepenada eopmannu

contact formation between

dissimilar

Continuing the series of papers devoted to the
study of solid-phase interaction under the
influence of applied load in a wide range of
temperatures, in particular the kinetics of

Volume 21, Issue 4, 2025

crystalline materials using copper-corundum
as an example, this paper is devoted to
obtaining the dependence of the kinetics of
plastic strain of microprotrusions at different
levels of applied loads in a wide range of
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temperatures. A microprotrusion corresponds
to the size of one grain of metal.

The need for research

Establishing the kinetics of plastic strain of
microprotrusions (a microprotrusion
corresponds to the size and structure of one
grain) is a very important issue in the process
of obtaining a precision detachable or
permanent connection - a smoothing process
that allows obtaining high-frequency metal
surfaces with controlled and adjustable
mechanical properties or obtaining a
permanent precision connection (welding)
when establishing physical contact between
the surfaces.

The objective of the paper is to establish the
dependence of the formation of plastic strain
of copper microprotrusions &», determined in
%, on time ¢, determined in seconds, in a wide
range of temperatures from room temperature
to pre-melting (from 293 K to 973 K) and
nominal pressures from 5 to 30 MPa. Of
interest is the kinetics of the process of plastic
strain of microprotrusions and the influence of
temperature and nominal pressure on its
course, since in metal under the action of a
variable applied load in a wide range of
temperatures there is a transition from elastic
to elastic-plastic and plastic contact, which
must be taken into account in real
calculations. In this case, the formulas for

Valery V. Abramov, Yulia G. Zheglova, Vera V. Dolgusheva

calculating strains under elastic mechanical
contact cannot be applied. Also, under plastic
strain of metal grain, microstresses of the 2nd
kind arise, responsible for the relay
transmission of strains from soft to hard using
the example of copper-corundum or ferrite-
cementite Fe3C contact.

METHODS

Experimental study
The papers [1, 2, 3] describe in detail the
experiment and its methodology.
The data considered in the paper were
obtained using experimental processing of
changes in the roughness indices of the study
of contact surfaces of copper grade MB and
synthetic single-crystal corundum (sapphire)
a-A1>03, 60°-orientation, carried out using a
profilograph-profilometer mod. 201 with a
special computer program of the information
computing complex (ICC) [4, 5-9].
The experiment was carried out for a wide
range of temperatures T from 293 K to 973 K
and nominal pressures o» from 5 MPa to 30
MPa, the height of the processing
microprotrusions R: was within the range: 3.2
. 6.3 ... 10 pum and 40-80 pm. The data
obtained as a result of the experiment are
presented in Table 1.

Table 1. Experimental values of plastic strain em, between copper grade MB and synthetic single-

crystal corundum (sapphire) a-A1203

Em, %
O 1, S 1=293, | T=373, | T=743, | T=573, | T=673, | T=773, | T=873, | 1T=973,
MPa K K K K K K K K
30 3.9 5.7 11.5 12.3 17.7 15.7 19.7 21.7
150 7.8 8 15.3 16.4 21.5 23 26.4 28
330 8 9.5 17.1 17.7 24.2 24.3 28.8 29.9
5 570 8.9 9.8 17.3 17.8 25.9 25.4 29.9 31.1
870 27 25.9 32 32.2
1170 10.2 10.5 18.7 20.3 28 27.5 32.2 334
1470 28.5 29 33.1 34.2
2070 10.7 11.5 20.2 22 29.8 30.8 35.1 36.1
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Em, %
T t,s | T=293, | T=373, | T=743, | T=573, | T=673, | T=773, | T=873, | T=973,
MPa K K K K K K K K
30 6.8 8.5 12.7 14.4 17.5 18.3 21.1 22.6
150 11.5 13 16 17.4 20.9 23.1 26.2 29.8
330 13.4 14.7 18 19.7 23.9 26.1 29.8 34.2
10 570 13.8 15.6 19.2 20.5 25.7 28 30.5 36.7
870 26 29.3 32 37.9
1170 154 16.7 19.3 21 26.4 29.8 33 39
1470 27 30.2 33.5 394
2070 17.3 18.3 20.8 22.8 28.2 31.2 34.7 40.3
30 9.1 11.5 13.8 14.5 17.7 19 21.6 26.4
150 12 13.4 16 18.3 21.5 23.7 27 322
330 13.4 15.2 18 20 24.2 27.3 29.6 36.1
15 570 14.1 16 19 21 25.9 28.5 30.8 39
870 27 29 31.9 39.6
1170 14.8 16.7 19.7 22 28 30.2 32.8 40.2
1470 28.5 31 33.7 41.2
2070 16.3 17.7 21.3 23 29.8 33.1 359 42.2
30 10.30 11.90 14.10 15.60 19.00 20.60 23.70 29.00
150 12.30 13.80 16.30 18.30 21.90 25.10 28.50 35.50
330 13.40 15.20 19.00 21.00 25.90 28.50 32.00 39.40
20 570 14.10 16.00 20.00 21.60 27.20 30.00 33.80 41.20
870 27.50 30.50 34.50 41.80
1170 14.80 16.70 20.30 22.50 28.00 31.00 35.00
1470 28.50 31.50 35.50 42.60
2070 16.30 18.00 21.30 23.70 29.00 32.20 36.00 43.50
30 11 13 16 17 19.3 20.7 24.8 31
150 13 15.6 18.7 20.3 23.3 21.9 31.7 34.2
330 14.2 16.7 20.6 21.9 26.4 25.6 35 38.3
30 570 14.8 17.4 21.9 22.7 28.5 31.3 35.9 41.2
870 29 324 37.1 42.8
1170 15.2 17.7 22.5 23.7 29.6 33.6 39.6 44.5
1470 30 35 40.3 46.2
2070 16 18.7 23 24.2 31.5 37.1 42.2 47.5
RESULTS AND DISCUSSION The analysis carried out in the paper allowed

Obtaining Kinetic equations for plastic strain
of copper microprotrusions under the action
of an applied load in a wide temperature
range

Based on the analysis of the data in Table 1, a
one-to-one correspondence was obtained and
substantiated ~ using  correlation-regression
analysis methods, allowing one to obtain a
specific value of plastic strain &, arising in
copper depending on the contact time 7.

Volume 21, Issue 4, 2025

us to establish that the kinetics of plastic
strain of copper microprotrusions obeys the
logarithmic law

£ =a+bln(r). (1)

In accordance with formulas (2), the coefficients
a and b of the equation for determining plastic
strain (1) were determined
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where X =1Int; the overline in formulas (2)
denotes the average values.
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Table 2 presents the obtained equations for
calculating the kinetics of plastic strain in
copper under the action of variable load in a
wide temperature range.

Table 2. Values of the coefficients a and b included in equation (1) for temperatures T from 293 K
to 973 K and nominal pressures o, =5, 10, 15, 20 and 30 MPa

;Zpa 5 10 15 20 30

T,K a b a b a b a b a b
293 -0.9161 | 1.5599 | -0.839 | 2.3608 | 3.6918 | 1.6323 | 5.5765 | 1.3541 | 7.1514 | 1.1712
373 1.2949 | 1.3396 | 1.3314 | 2.2354 | 6.3405 | 1.4879 6.933 | 1.4182 | 8.8503 | 1.3047
473 5.1083 | 1.9699 | 6.5898 | 1.8851 | 7.6295 | 1.7592 | 8.1104 1.768 | 10.265 | 1.7332
573 4,998 | 2.1701 | 7.9196 | 1.9367 | 8.0523 | 1.9992 | 9.0525 | 1.9396 | 11.472 | 1.7292
673 7.5722 | 2.8797 | 8.8366 | 2.5327 | 7.5722 | 2.8797 | 10.506 2.493 | 9.4443 | 2.8802
773 5.3888 | 3.2136 | 7.8274 3.11 | 8.1487 | 3.1755 | 11.493 2.787 | 3.8381 | 4.1951
873 8.4701 | 3.4356 | 10.406 | 3.1947 10.91 | 3.1635 | 13.833 | 3.0077 | 11.546 | 3.9383
973 11.281 | 3.1703 | 8.5363 | 4.2907 13.63 | 3.8092 | 18.143 | 3.4553 | 15.521 | 4.0863

For all obtained equations type (1) of the
kinetics of plastic strain of copper with
coefficients a and b (Table 2), the coefficient of
determination R? was calculated in accordance
with formula (3), showing the quality of the
equations

G)

where & is the value of plastic strain of
copper microprotrusions at time 7, obtained as a
result of the experiment (in %), % is the value

of plastic strain of copper microprotrusions at
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time #, calculated using formula (1) (in %), &,

is the average value of plastic strain of copper
microprotrusions (in %).

The values of the determination coefficient
obtained in accordance with formula (3) are
presented in Table 3.

It is evident from Table 3 that all values of
the coefficient of determination exceed 0.9,
from which it follows that the equations
obtained in Table 2 describe the kinetics of
plastic strain in copper under the action of
variable load in a wide temperature range
with an accuracy of more than 90%. This
makes it possible to apply these equations in
practice for calculating plastic strains
occurring in copper in a wide range of
temperatures and pressures.
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Table 3. Values of the coefficient of determination R’ for kinetic equations (Table 2) for T
from 293 K to 973 K and o, =5, 10, 15, 20, 30 MPa

o,, MPa

e 5 10 15 20 30

293 0.960 0.984 0.990 0.987 0.988
373 0.987 0.987 0.989 0.991 0.979
473 0.984 0.973 0.987 0.961 0.977
573 0.975 0.982 0.989 0.981 0.983
673 0.996 0.985 0.996 0.964 0.989
773 0.962 0.994 0.987 0.980 0.908
873 0.989 0.994 0.990 0.981 0.988
973 0.987 0.988 0.988 0.967 0.966

An example of the application of the obtained
formulas in practice

The formulas obtained in the paper will allow
modeling the kinetics of plastic strain of copper
microprotrusions under the action of variable
load in a wide temperature range at each stage
of contact formation [2].

The process of contact formation can be
conditionally divided into three stages, each of
which is characterized by its own physical and
mechanical features of the behavior and activity
of atoms in the near-contact volume of
microprotrusions and is controlled by a certain
mechanism of plastic strain at each stage of the
kinetic curve [5, 6, 9].

As an example, we will consider the period of
active strain or the loading period corresponding
to a time ¢ from 10 to 30 seconds. Let us
construct kinetic curves of plastic strain of
copper microprotrusions for the temperature
range T considered in the paper from 293 K to

973 K and nominal pressures o, =5, 10, 15, 20
and 30 MPa (Figure 1).

Volume 21, Issue 4, 2025

In Figure 1 (a-e), the curves are designated by
numbers: 1 — T=293 K, 2 - T=373 K, 3 — T=473
K,4-T=573K,5-T=673 K, 6 -T=773 K, 7 —
T=873 K, 8§ - T=973 K.

Using the graphs in Figure 1, it is possible to
determine the value of plastic strain in copper
with an accuracy of 90% during the period of
active strain for a specific # from 10 to 30 s.
Taking into account the formulas obtained in the
paper (Table 2), it is possible to determine
plastic strain at any other stage (formation of
contact of transient and steady creep) with the
stated accuracy.

The modeling results obtained in the paper can
be confirmed by studies of copper

microhardness H P (Figure 2).

The greatest hardening of copper corresponds to
the period of active strain (corresponding to a
time ¢ from 10 to 30 seconds) and the stage of
unsteady creep (6-8 minutes). After completion,
the process of changing hardness stabilizes, i.e.
corresponds to the stage of steady creep.
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(c) G, =15 MPa (d) o, =20 MPa
Em
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(e) o, =30 MPa
Figure 1. Kinetics of plastic strain of copper microprotrusions, t=10-30 s, T=293, 373, 473, 573,
673,773,873, 973K: (a) 0,= 5 MPa, (b). o, = 10 MPa, (c) 0,= 15 MPa, (d) ©,= 20 MPa, (e)

o, =30 MPa
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Figure 2. Effect of pressure (0, = 5...30 MPa) and temperature (a): T =373 K, (b) T = 573 K,
(c) T =873 K on the magnitude and nature of the change in hardness ( H ) on the surface of the

contact pads of copper microprotrusions
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CONCLUSION

The paper presents kinetic equations that can be
used to determine plastic strains of copper
microprotrusions under the influence of applied
load in a wide range of temperatures, starting
with the period of active strain and ending with
the stage of steady-state creep.

Knowledge of the patterns of contact formation
due to plastic strain of microprotrusions and their
shape change at each stage of the solid-phase
topochemical reaction in the contact volumes of
the metal allows for a more complete
justification of the technological process for
obtaining a precision detachable or permanent
connection, to manage it and actively control its
flow. In addition, the established patterns allow
for the calculation of the level of acting normal
and tangential microstresses of the 2nd kind in
the contact volume of the metal and to explain
the mechanism of relay transmission of strains
from a soft metal to a harder material and
activate its contact surfaces (e.g.,
semiconductors, inorganic  dielectrics, etc.
materials) or the destruction of inclusions in
steels (carbides, oxides, nitrides) and the
subsequent sudden catastrophic destruction of
welded metal structures [3]. The established
mechanism of relay transmission of strain under
the action of microstresses of the 2nd kind
combines  macroscopic  concepts of the
mechanics of deformation of solids with
microscopic ones, considered from the standpoint
of dislocation theory [7, 10]. Knowing these
features, it is possible to control the process of
obtaining high-purity metal surfaces necessary
for high-tech industries such as aviation and
radio electronics, nuclear power engineering, as
well as the theory of sudden brittle failure of
welded metal structures [5, 6, 11].
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ABOUT DEVELOPMENT OF COMPUTATIONAL SCHEMES
OF GROUP TARGETED KINEMATIC DEVICES
FOR SOME ELASTIC SYSTEMS
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' Tomsk State University of Architecture and Civil Engineering, Tomsk, RUSSIA
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Abstract: For some elastic systems with a finite number of degrees of freedom of mass, in which the
directions of mass movement are parallel, methods have been developed for creating additional kinematic
devices, the introduction of each of which targetly reduces the value of only one natural frequency to a
given value, while not changing any of the other natural frequencies and not one of the forms of natural
oscillations. If it is necessary to precisely reduce the values of several natural frequencies, then this re-
quirement can be realized by creating an appropriate number of separate targeted kinematic devices. The
computational scheme of each of the individual targeted devices should include racks installed at the mass
application nodes and directed along the trajectory of their movement. In some cases, separate targeted
constraints can be independently installed in the source system. In most cases, on the basis of individual
targeted kinematic devices, a computational scheme of a single group targeted device is formed, which
reduces all the intended frequencies to the set values without changing any of the other natural frequencies
and not one of the forms of natural oscillations. The distinctive paper is devoted to the method for forming
a matrix of coefficients of additional inertial forces, which corresponds to a group targeted kinematic
device. An algorithm for the creation of group targeted kinematic devices is proposed. Algorithm is tested
with the use of “SCAD” and “Lira” software products.

Keywords: natural oscillation frequency, natural oscillation shape, natural modes,
separate targeted kinematic device, group targeted kinematic device,
coefficients of additional inertial forces

O ®OPMHUPOBAHHUHU PACHETHbBIX CXEM I'PYIITITIOBBIX
HPULEJBHBIX KHHEMATUYECKUX YCTPOUCTB
JJIAA HEKOTOPBIX YIIPYTI'UX CUCTEM

JI.C. JIaxoeuu ', I.A. Axumoe ?, 3.P. 'anaymounoe ', A.C. Ilnackun '

! ToMcKkuii rocy1apCTBEHHBII aPXUTEKTYPHO-CTPOUTENBHBINA yHUBEPCUTET, T. Tomck, POCCUS
2 HaumoHaJIbHBII McclleaoBaTe ekl MOCKOBCKHUIA rocy1apCTBEHHBII CTPOUTEIbHBIA YHUBEPCHUTET,
r. Mocksa, POCCHA

AHHOTanMsA: J{751 HEKOTOPBIX YIIPYTHUX CUCTEM C KOHEUHBIM YHCIIOM CTEeIeHEeH CBOOO B Mace, y KOTOPBIX
HANpaBJICHUS BHKCHHS Macc NapajlieibHbl, pa3paboTaHbl METOJIbI CO3/IaHUs JOMOJHUTEIBHBIX KHHEMa-
THYECKHX yCTPOMCTB, BBEJCHHUE KAXKIOI'O M3 KOTOPBIX IPUIEIBHO YMEHbLIACT BEIMYMHY TOJIBKO OJHOM
COOCTBEHHOU 4acTOTHI A0 3aJJaHHOTI'O 3HAYCHUS, HE H3MEHSET IIPH 9TOM HH OJIHY M3 OCTaJIbHBIX COOCTBEH-
HBIX 4acTOT M HHU OAHY W3 (GopM coOCTBeHHHBIX KojeOanui. Ecam HE0OXOOUMO MPUIENTBHO YMEHBIIUTH
BEJIMYMHBI HECKOJIbKUX COOCTBEHHBIX YaCTOT, TO 3TO TPEOOBaHHE MOXHO peayn30BaTh CO3JaHUEM COOT-
BE€TCTBYIOIICTO KOJIUYCCTBA OTACIBHBIX NPUICIbHBIX KHHEMATUYCCKHUX yCTpOﬁCTB. PacuétHas cxema kax-
JIOTO U3 OT/AEJBHBIX MPULEIbHBIX YCTPOUCTB JOJDKHA BKJIIOYATh CTOWKH, yCTAHOBJICGHHBIE B y3JaX HPHJIO-
JKEHUSI Macc M HalpaBJICHHbIE [0 TPACKTOPUHU MX JBHUKEHHUS. B HEKOTOPBIX ciydasX OTAE/bHbIE MPHUIIEIIb-
HBIE CBSI3M MOTYT aBTOHOMHO YCTaHaBJIMBAThCSl B NCXOJHOM cucteMe. B OonbIInHCTBE cllyyaeB Ha OCHOBE
OTIEJIbHBIX MPULEITBHBIX KHHEMATHYECKHX YCTPOUCTB (popMHUpyeTcs pacuéTHas cxemMa eIWHOro IpyIIo-
BOTO MPHUIEIBHOTO YCTPOHCTBA, KOTOPOE YMEHBINAET BCC HAMEUYCHHBIC YaCTOTHI O 3aJaHHBIX 3HAUCHHIA,
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HE M3MEHss IIPU 9TOM HU OJHY M3 OCTaJbHBIX COOCTBEHHBIX YAaCTOT W HHM OJHY M3 (OPM COOCTBEHHBIX
koJjebanuil. B maHHOW cTatbe paccMOTpeH cnocod GopMHpOBaHUS MAaTPULEI KOAPPUIIMEHTOB AOMOIHH-
TEJIbHBIX UHEPLUUOHHBIX CUJ, KOTOPOH COOTBETCTBYET I'PYIIIOBOE MPUIIEIbHOE KHHEMATHYECKOE YCTPOM-
ctBO. [Ipennoxxen anroput™ GopMUPOBAHUS I'PYIIIOBBIX NMPUIEIbHBIX KHHEMATHIECKUX yCTpoHcTB. Ilep-
BHYHas Mpodamnus (TECTUPOBAHNE) AITOPUTMa ObUIA peaTn30BaHA C UCIOJb30BaHUEM IIPOTPAMMHBIX TPO-

nykToB “SCAD” u «Jlupay.

KiroueBble ¢jioBa: 9acTOTa COOCTBEHHBIX KOeOaH, popMa COOCTBEHHBIX KOIEOaHUH,
OT/IeJIbHAS MIPULEIIBHOE KHHEMaTHYECKOE YCTPOHCTBO, IPYIIIOBOE MIPULIEJIBHOE KHHEMAaTHYECKOE YCTPOHCTBO,
KO3¢)¢)HHM€HTI}I JOMOJITHUTCIIbHBIX MTHEPIMOHHBIX CHUJI

1. INTRODUCTION

For some elastic systems with a finite number
of degrees of freedom of the masses, in which
the directions of motion of the masses are par-
allel, methods have been developed for creat-
ing additional kinematic devices, which intro-
duction specifically reduces the magnitude of
only one natural frequency to a given value,
without changing any of the other natural fre-
quencies or any of the natural oscillation
modes [2, 7, 10-13]. If it is necessary to spe-
cifically reduce the values of several natural
frequencies, this requirement can be realized
by creating an appropriate number of separate
targeted kinematic devices [1]. The computa-
tional scheme [3, 4] for each of the separate
targeted devices must include posts installed
in the nodes of mass application and directed
along the trajectory of their motion. In some
cases, individual targeted constraints can be
independently installed in the original system.
In most cases, a computational scheme for a
single group targeted device [8] is formed on
the basis of individual targeted kinematic de-
vices, which reduces all the intended frequen-
cies to given values, without changing any of
the other natural frequencies or any of the nat-
ural oscillation modes. The distinctive paper
is devoted to the method of forming of matrix
of additional inertial force coefficients corre-
sponding to a group kinematic targeted device.
An algorithm [9, 16-21] for forming group
kinematic targeted devices is proposed. Initial
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testing of the algorithm was carried out with
the use of “SCAD” and “Lira” software prod-
ucts [18].

2. ALGORITHM FOR CREATION

OF COMPUTATIONAL SCHEME

OF A GROUP TARGETED KINEMATIC
DEVICE

The following algorithm for creation of compu-
tational scheme for a group targeted kinematic
device is used:

1) Individual targeted kinematic devices are
generated; each of them reduces one of the in-
tended natural frequencies to a specified value;
2) All individual targeted kinematic devices are
placed at the nodes of the original system;

3) In areas where several posts are aligned, only
one is left;

4) Hinges are introduced at the intersections of
the rods.

During the first step of the algorithm, the natural
frequency spectrum of the original system with
n degrees of freedom is considered

o], of2], ..., @lq], ...
olg+Jj], @lg+(+D], .., ofn].

It is necessary to specifically clear the frequency
interval w[q], .., w[g+ j] from j frequencies,
reducing their values to values

als], ..,o[s+ j—1].
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3. NUMERICAL EXAMPLE

OF IMPLEMENTING OF ALGORITHM
OF CREATION OF COMPUTATIONAL
SCHEME OF GROUP TARGETED
KINEMATIC DEVICE

Let us demonstrate the implementation of the al-
gorithm described in the previous paragraph us-
ing the example of a system with five degrees of
freedom from [2]. The beam section is a compo-
site [-beam (Figure 1). The modulus of elasticity
of the system material is £ = 206000 MPa. The
mass values are equal to

m[1]=m[5] =400 kg;

m[2]=m[4]=800kg; m[3]=1200 kg.
The frequencies and modes of the natural oscil-

lations of the original system are determined by

the displacement method, in which the unknowns
are the displacements in the direction of mass
motion. The basic system of the displacement
method is shown in Figure 2.

The coefficients of the displacement method
equations and the values of the nodal masses
form matrices

A=|ai, k]

M =|m[i]|. (1)
The roots of the equation
|A - a)2M| =0 (2)

define the frequency spectrum of the system's
natural oscillations. The frequencies and modes
of natural oscillations of the original system are
presented in Table 1.

m][1] m[2] m[3] m|4] m|S] N
I I N\ .006 m
, \0.25 m
1.75m 2m 2m 2m 2Zm 2.25m _ 0.009 m
12 m »
- 0.12m

Figure 1. Considering structure (numerical example)

Figure 2. The basic system of the dzsplacement method (numerical example)

Table 1. Frequencies and modes of natural oscillations of the original system

®DopMbl COOCTBEHHBIX KOJICOAHMI
Number for for for for for mlk]
k frequency | frequency | frequency | frequency | frequency
14.07953 53.0752 109.5337 195.0757 226.8870
0 0.0000 0.0000 0.0000 0.0000 0.0000 0
1 -0.315087 | -0.502865 | -0.594382 | -0.73793 -0.369613 400
2 -0.565080 | -0.520103 | -0.174580 | 0.370387 | -0.264938 800
3 -0.606213 | 0.103822 0.432120 | -0.086169 | 0.212601 1200
4 -0.432097 | 0.574986 | -0.359747 | -0.137055 | -0.383591 800
5 -0.164932 | 0.367738 | -0.547801 0.540420 | 0.775147 400
6 0.0000 0.0000 0.0000 0.0000 0.0000 0
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In order to form individual targeted kinematic de-
vices, it is necessary to determine the forces that
should appear in the device's posts [2, 5-7, 10-15]

Ro[ia k]:m[i]v[ia k]s (3)

where i, k are the numbers of the components of

the k-th mode of natural oscillations, respec-
tively.

If in the considering example it is required to re-
duce the value of the first natural oscillation fre-
quency from 14.0715 sec™! to 10 sec™!, and the
second natural oscillation frequency from
53.0769 sec™ to 11 sec™!, then

Ry, N=m[iMi, 11; Ry[i, 2]1=m[iMi, 2].

The values are given in Table 2.

Table 2. Values of R,[i, k]

] 1 2 3 4 5
Rli, 1] 63.04 226.24 364.32 173.28 33.08
R,li, 2] -101.52 -210 62.88 232.16 74.24

Table 3. Frequencies and modes of natural oscillations of the modified system

®Dopmbl COOCTBEHHBIX KOJIeOaHU
Number for for for for for
m[k]
k frequency | frequency | frequency | frequency | frequency
10.0095 53.0752 109.5337 195.0757 226.8870
0 0.0000 0.0000 0.0000 0.0000 0.0000 0
1 0.315087 | -0.502865 | -0.594382 | -0.73793 -0.369613 400
2 0.565080 | -0.520103 | -0.174580 | 0.370387 | -0.264938 800
3 0.606213 0.103822 0.432120 | -0.086169 | 0.212601 1200
4 0.432097 0.574986 | -0.359747 | -0.137055 | -0.383591 800
5 0.164932 0.367738 | -0.547801 0.540420 | 0.775147 400
6 0.0000 0.0000 0.0000 0.0000 0.0000 0

In order to construct a computational model for a
kinematic targeted device that reduces w[q] to

w[s], a matrix of additional inertial forces is
formed:

M, =m0 K[}, ®)
mo[i’ k]:m[i]m[k]va)[i: Q]vw[ka q] or

mo[ia k]:Ro[ia QJRo[ka Q]; (6)
M =

m0

Zn:i(a[i, k1= (@ls])’ mli, K], [i, qIv, [k, 4]

_ _i=l k=l

SN (@ls)mli, kv, [i, g, [k, 4]

i=l k=1

(7
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After forming the matrix, the following equation
is solved:

|40 (M + M,,,M,)|=0. (8)

The solution results determine the frequency
spectrum and natural oscillation modes of the
modified system.

For systems in which the directions of mass mo-
tion during natural oscillations lie in the same
plane, the method of creation of computational
model is based on the properties of a rope poly-
gon constructed from the forces R,[i, k]. For the

initial system considered in the distinctive paper,
such an approach is given, for example, in [2].
There we have R [i, 1]=m[i]V[i, 1] and corre-
sponding kinematic targeted device is formed,
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that reduces the first natural oscillation frequency
from 14.0715 sec’! to 10 sec™. The frequencies
and forms of natural oscillations of the modified
system are presented in Table 3.

The general view of this kinematic targeted de-
vice is shown in Figure 3. We have the following
lengths of posts:

1 [5]=2.7498 m.

The magnitude of the additional mass is deter-
mined by the relationship (see, for example, [2])

M, =M, (N[J])2 > )

1, [11=2.6934m; [ [2]=0.9406 m;
1,[3]=0.2000m; 1/ [4]=1.0879m;

2]

m[3]

-

-

nas.]

Im

12m

777
=

— 2 — e
L]

M add

le1.75m

P
L

Figure 3. The general view of computational scheme of targeted kinematic device

Table 4. Coordinates of the belt nodes

Number of Onode 1 2 3 4 5 6
Coordinate  of node4.0557 | 2.9725 | 1.6217 | 6.4406 | 94115 | 5.5631 | 4.0557
Table 5. Frequencies and modes of natural oscillations of the modified system
®DopMbl COOCTBEHHBIX KOJICOAHMI
Number for for for for for mlk]
k frequency | frequency | frequency | frequency | frequency
11.0062 14.07953 109.5337 195.0757 226.8870
0 0.0000 0.0000 0.0000 0.0000 0.0000 0
1 -0.502865 | -0.315087 | -0.594382 | -0.73793 -0.369613 400
2 -0.520103 | -0.565080 | -0.174580 | 0.370387 | -0.264938 800
3 0.103822 | -0.606213 | 0.432120 | -0.086169 | 0.212601 1200
4 0.574986 | -0.432097 | -0.359747 | -0.137055 | -0.383591 800
5 0.367738 | -0.164932 | -0.547801 0.540420 | 0.775147 400
6 0.0000 0.0000 0.0000 0.0000 0.0000 0
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where N[ ;] is the force in the outermost post of
the device's belt, to which the additional mass is
attached.

The additional mass for the formed device is
equal to M, =1586.5229kg. The cross-sec-

tional areas of the kinematic device rods are iden-
tical; their values can be chosen arbitrarily. A ca-
ble runs from the lower hinge of fifth post
through the block to the ground.

Similarly we have R,[i, 2]=ml[i]v[i, 2] and a
matrix of additional inertial forces is formed
based on the forces, reducing the second natural

m[1] m[2]

[3] m [4]

frequency from 53.0769 sec™! to 11 sec”!, and a
corresponding computational model for the tar-
geted kinematic device is created. A general view
of the computational model for this targeted kin-
ematic device is shown in Figure 4.

The additional mass is equal to

M., =6301.7206915414kg.

The frequencies and modes of natural vibrations
of this modified system are presented in Table 5.

m|[5]
T

N

-

* 12 »

N

M add
1.75m—

Figure 4. The general view of computational scheme of targeted kinematic device

Table 6. Coordinates of the belt nodes

Number f o nopde 0 1 2 3 4 5 6

Node coordinate 3.2000 | 2.6934 | 0.9406 | 0.2000 | 1.0879 | 2.7498 | 3.2000
(upper chord)

Node coordinate 4.0557 | 2.9725 | 1.6217 | 6.4406 | 9.4115 | 5.5631 | 4.0557
(lower chord)
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After creation of individual kinematic targeted
devices necessary for solving the problem, a
group matrix of additional inertial force coeffi-
cients can be formed. In order to do this it is
required simply sum the coefficients of the ad-
ditional inertial force matrices of the individual
kinematic devices.

By implementing the second step of the algo-
rithm described above, we form a group targeted
kinematic device. In order to do this, the gener-
ated computational schemes for the individual
targeted kinematic devices are placed at the
nodes of the original system. The general view of
this device is shown in Figure 5.

We have the following additional masses:

M., =1586.5229kg, M, =6301.72069kg.

In this version of the group targeted kinematic
device, both additional masses are attached to the
rightmost links of the individual kinematic devic-
es' belts.

In some cases, it may be necessary to attach ad-
ditional masses to different sides of the group
targeted kinematic device. Implementing this
requirement does not complicate the procedure
of creation of the group targeted device. In this
case, in the individual kinematic devices used,
the corresponding numbers ; of the outermost

belt links are selected when determining the
values (9).

Volume 21, Issue 4, 2025
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Figure 5. The general view of the device
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2]

m 3]

m (4]

-

* 12 m »
Figure 6. The variant of group targeted kinematic device.
Table 7. Frequencies and modes of oscillation of both variants
of the group targeted kinematic device
@opMbI COOCTBEHHBIX KOJICOaHMIA
Number for for for for for mk]
k frequency | frequency | frequency | frequency | frequency
11.0062 14.07953 109.5337 195.0757 226.8870
0 0.0000 0.0000 0.0000 0.0000 0.0000 0
1 -0.502865 | -0.315087 | -0.594382 | -0.73793 -0.369613 400
2 -0.520103 | -0.565080 | -0.174580 | 0.370387 | -0.264938 800
3 0.103822 | -0.606213 | 0.432120 | -0.086169 | 0.212601 1200
4 0.574986 | -0.432097 | -0.359747 | -0.137055 |-0.383591 800
5 0.367738 | -0.164932 | -0.547801 | 0.540420 |0.775147 400
6 0.0000 0.0000 0.0000 0.0000 0.0000 0

Table 8. Comparison of the natural frequencies of the original system
with the results of testing using the “SCAD” and “LIRA” software products

(1] 2] @[3] 4] o[5]
Proposed pproach 14.0715 53.0769 109.5339 195.0757 226.8873
“SCAD” and 14,0820 53,4030 111,5070 201,4150 237,1590
“LIRA” software
packages
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A version of the group sighting kinematic device
in which the additional masses are attached to
different sides is shown in Figure 6.

The frequencies and modes of natural oscilla-
tions of both variants of the group targeted kine-
matic device are identical and are presented in
Table 7.

The posts of the individual targeted kinematic de-
vices, mounted at the mass application nodes and
directed along their trajectory, are aligned.
Forces Ry[i, k]=ml[i]V[i, k] arise in the aligned
posts, each of which determines one of the indi-
vidual targeted kinematic devices.

The absence of mutual influence between the
forces determining the various individual kine-
matic devices is justified by the properties of the
forces R,[i, k]. The forces R,[i, k,] determining

the targeted device, which reduces the natural
frequency o[k, ], do not perform work on the dis-

placements of the natural oscillation mode of any
other natural frequency, that is,

if k, # k, we get > R)[i, ki, k,]1=0. (10)

i=1

Relationship (10) determines the absence of mu-
tual influence between the forces R [i, k] arising

in the posts of the group targeted device.

The results presented in Table 7 confirm that
the introduction of the group targeted kine-
matic device reduces only the first two selected
natural oscillation frequencies to the intended
values and does not lead to a change in the nat-
ural modes and values of the remaining fre-
quencies. The results presented in Tables 1, 2,
3, 5, 7 were obtained by the finite element
method (FEM) [18] by dividing (discretizing)
the length of the original beam into 24 sections.
A comparison of the natural vibration frequen-
cies of the original system with the test results
of the “SCAD” and “LIRA” software products
is presented in Table 8. Considering the differ-
ence in the calculation method for Tables 1, 2,
3,5, 7 between the “SCAD” and “LIRA” soft-
ware products, the agreement between the re-
sults can be considered fairly close, confirming
the reliability of the original data.

Table 9. Testing the group targeted kinematic device

o[1] o[ 2] o[3] o[4] o[3]
Initial 14,0820 53,4030 111,5070 201,4150 237,1590
Group 10,8000 11,1400 111,5200 201,4200 237,1600

We will now test the group targeted kinematic
device using the “SCAD” and “LIRA” software
products. The results are presented in Table 9.
The data presented in Table 9 prove that the test-
ing performed convincingly demonstrates a re-
duction exclusively in those frequencies targeted
by the group kinematic device, while the other
natural oscillation frequencies remained un-
changed.

In summary, the distinctive paper proposes an al-
gorithm of creation of group targeted kinematic
devices. Besides, a method of creation of a ma-
trix of additional inertial forces corresponding to
a group kinematic targeted device is considered.
We provide a rationale for the absence of mutual

Volume 21, Issue 4, 2025

interference between the forces R [i, k] arising

in the group kinematic device posts, and tests the
proposed algorithm using the “SCAD” and
“LIRA” software products.
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Abstract: Emergency situations calculation for the industrial buildings structures is an important element in en-
suring their reliability and safety in conditions that contribute to the emergence of significant social, environmental
and economic consequences. This calculation is mandatory for objects of a high responsibility level (class KS-3),
and can be carried out on a voluntary basis for objects of class KS-2, where a large number of people are expected
to be present. The article presents the calculation of the industrial building structures with a high responsibility
level and analyzes its results. The calculation was performed in accordance with paragraph 5.1 in SP
56.13330.2011 «Industrial buildings» for resistance to progressive collapse as an emergency situation result. A
secondary model was created based on the primary calculation model. An emergency failure case of the middle
load-bearing column in the frame along the 18/H axis was selected having analyzed the space-planning and design
solutions for this building. It was established that the required beams and the roof slab reinforcement obtained as
a calculation result of the secondary model does not exceed that obtained as a primary model calculation result
based on the calculations performed results. Also, based on the calculation results of the ozone-sorption block
building secondary model (fast filter section) for an emergency situation, it was determined that when such a
situation occurs - when one of the columns is turned off - the remaining load-bearing elements take on additional
forces without losing strength and stability, that is, resistance to the structure progressive collapse will be ensured.

Keywords: emergency situation, industrial structure, progressive collapse, load combinations,
load-bearing elements

PACUET ABAPUMTHON CUTYAIIUU KOHCTPYKLIMUN
IMPOU3BOJCTBEHHOT O 3JIAHUS

B.HU. Teauuenxo', B.H. Pumwun ', E.C. Keuko ?

! HaroHanbHbI# UCCIenoBaTenbekmuii MOCKOBCKHIA TOCYIapCTBEHHBIN CTPOUTENBHBIA YHUBEPCHTET», T. Mocksa, POCCHSI
2 Hay4Ho—HCCIIE10BATEILCKUIA MHCTUTYT CTPOMTENBHOM (pusnku Poccuiickoi akaeMuu apXMTEKTYPbl H CTPOMTENBHBIX
Hayk, r. MockBa, POCCU

AnHoTanus: Pacu€T Ha aBapuifHBIC CUTYAIUU JJIs1 KOHCTPYKIIMYA TPOW3BOJCTBEHHBIX 3[JaHUU SBIISICTCS BaXKHBIM
9JIEMEHTOM 00EeCIIeYeHUsI UX Ha/IS)KHOCTH 1 O€301IaCHOCTH B YCIIOBHSIX, CIOCOOCTBYIOIINX BO3HHMKHOBEHHIO 3HA-
YUTENBHBIX MOCIEACTBHI CONMAIBLHOTO, SKOJIOTMYECKOT0 U SKOHOMUYECKOTO XapakTepa. DTOT pacuéT sIBISETCS
00s13aTeNFHBIM TSI 00BEKTOB MOBEIINIEHHOTO YPOBHS OTBETCTBEHHOCTH, a MMEeHHO kiacca KC-3, n MoxkeT OBITh
MIPOBEICH Ha JTOOPOBOIBHON OCHOBE I 00BekToB Kitacca KC-2, rre mpearmonaraercss MaccoBoe IpeObIBaHIe
mozeii. B craThe mpuBen¢H pacuéT KOHCTPYKITHH MPON3BOACTBEHHOTO 3JaHHS TOBBIIIIEHHOTO YPOBHS OTBETCTBEH-
HOCTH W MPOAHATM3UPOBAHBI €ro pe3yibTaThl. PacuéT Obl BeIMONMHEH coryacHO myHKTY 5.1 CIT 56.13330.2011
«IIpon3BOACTBEHHbIE 3[aHMS» HA YCTOMYMBOCTH K MPOrPECCUPYIONIEMY OOPYIIEHUIO B Pe3yJIbTaTe aBapUHON
cutyanuu. Ha ocHOBaHMM nepBHYHOM pacu€THOW MOJENM BbINIOJIHEHA BTOpUYHAs MoAenb. [IpoaHanu3upoBas
00BEMHO—TUTAHUPOBOYHBIC M KOHCTPYKTHBHBIC PCIICHHSI TaHHOTO 3JaHus, ObLT BRIOpAH aBapUITHBIN ClTydyail BbI-
XO0/1a U3 CTPOsI CpeiHel HecyIei KoJoHHbI Kapkaca 110 ocu 18/H. I1o pesynbraTaM BBIIOJHEHHBIX pacyéTOB ycTa-
HOBIICHO, YTO TpeOyeMoe apMUPOBaHNE OANOK U IUTATHI ITOKPBITHS, IIOJTyYCHHOE B PE3YJIbTaTe pacuéTa BTOPHIHON
MOJICJIH HE MPEBHIIIACT MTOIYYCHHOTO B Pe3yiIbTaTe pacuéTa MepBUYHON Moend. Takxke 1Mo pe3yabTaTaM BBITION-
HEHHOTO pacyéra BTOPUYHON MOJICTH 3/1aHHSI 030HO—COPOIMOHHOT0 OJI0Ka (oTAeneHne ObICTPhIX (UIBTPOB) Ha
aBapUIHYIO CUTYalrio OBLIO OMpPEICNICHO, YTO MPHU BOSHUKHOBCHUU TaKOH CHUTYAIlH — BBIKIIOYCHUH OIHOW W3
KOJIOHH U3 PaOOTHI — OCTAIBHBIC HECYIITHE SJIEMEHTHI COOPYKEHIS BOCIIPHHUMAIOT Ha ce0s1 JOTIOJTHUTEIBHBIC YCH-
TIWSL, HE TEPSsA IPU STOM IPOYHOCTh M YCTOMYUBOCTH, TO €CTh YCTOHYNBOCTE K MPOTPECCUPYIOMEMY 00pYIICHIIO
coopyxeHus Oyaer obecredena.
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INTRODUCTION

Emergency situations calculation for the indus-
trial buildings structures is an important element
in ensuring their reliability and safety in condi-
tions that contribute to the emergence of signifi-
cant social, environmental and economic conse-
quences. This calculation is mandatory for ob-
jects of a high level of responsibility (class KS-
3), and can also be carried out on a voluntary ba-
sis for class KS-2 objects, where a large number
of people are expected in accordance with GOST
27751-2014 «Reliability of building structures
and foundations». Such measures are aimed at in-
creasing the safety and reliability level in con-
struction projects, which is especially important
in the conditions of modern construction and
buildings operation [1-10].

The structure considered in this article, the
ozone-sorption unit, is a structure of a high re-
sponsibility level KS-3, accordingly, this calcu-
lation is mandatory in its design.

The purpose calculation for the emergency situa-
tions occurrence is to check and ensure the safety
and reliability of the adopted design solutions,
and to determine the methods for protecting the
industrial building supporting structures from
progressive collapse in emergency situations.

METHODS

The following methods are used to assess the
structures resistance to emergency situations:

e A model describing possible emergency sce-
narios creation. For each scenario, external and
internal impacts combinations are taken into ac-
count.

o The load-bearing elements determination, the
failure of which can lead to the progressive col-
lapse of the entire system.

e The possible failures and their impact on the
overall structure stability research.

o The correlation analysis between the structure
elements. Possible sequential reactions that occur
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when one or more elements fail are considered
[11-18].

Calculation for the occurrence of an emergency
situation. The calculation of the ozone-sorption
block model in axes 4 - 19 m/o K - R (fast filter
section) was performed in accordance with para-
graph 5.1 in SP 56.13330.2011 «Industrial build-
ings» for resistance to progressive collapse as an
emergency situation result. A secondary model
was created based on the primary calculation
model.

A secondary model was created based on the
primary calculation model (Figure 1).

Figure 1. Calculation model

An emergency failure case of the middle load-
bearing column in the frame along the 18/H axis
was selected having analyzed the space-planning
and design solutions for this building (marked in
red in Figure 1).

The lower part of the column, 2.15 m high, was
removed to simulate the failure (the covering is
not shown). The calculation for progressive col-
lapse in the emergency was performed with a
special combination of standard load values, in-
cluding the failure of one of the load-bearing
structure elements.

The calculation is performed according to the cri-
terion of extreme stress values at characteristic
element sections points based on the rules estab-
lished by  regulatory  documents  SP
20.13330.2011 «Loads and Impacts», SP
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22.13330.2011 «Foundations of Buildings and .S o0 0 &
Structures», SP 63.13330.2012 «Concrete and "'"7" @ _ari® e
Reinforced Concrete Structures», SP <] P D
385.1325800.2018 «Protection of Buildings Q. ‘ - i =
from Progressive Collapse», SP @G { A ape S
296.1325800.2017 «Buildings and Structures. 2.~~~ i B e oo At T )
Special Impacts» [19-25]. R ot } - ’ =]
RESULTS AND DISCUSSION @ i J[ r D"l -
The spatial static calculation was performed us- Ex e M ® ~® -

ing the finite element method using the LIRA-
SAPR software package. The walls and floor
slabs and roofs were modeled using the finite el-
ements of a universal shell in the calculation
model, all rod elements were modeled using a
universal spatial rod finite element [26-30].

The roof slab vertical displacements isofields is

Figure 3. Longitudinal forces N in the frame
supporting elements after an emergency situa-
tion (fragment)

shown in Figure 2. Longitudinal forces N in the ®. 2 '\"
frame supporting elements after an emergency I % ©
situation fragment is shown in Figure 3. R <l ~ 1. .

The maximum value of N occurred in columns :
17/M, 18/M, 18/P, 19/N as a result of the forces B
redistribution. s B
The results of calculating the maximum force My~ @~ SRB< |
in the frame supporting elements after an -
emergency situation is shown in Figure 4. The i

roof beams vertical displacements mosaic is  Figure 4. Maximum forces My in the frame sup-
shown in Figure 5. porting elements after an emergency situation

(fragment)
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Figure 2. The roof slab vertical displace-
ments isofields (fragment)

Figure 5. The roof beams vertical displacements
mosaic (fragment)
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The results of calculating the required reinforce-
ment in beams with a cross-section of 40x80 cm
and the reinforcement calculation diagram are
shown in Figures 6, 7 and 8. The results of calcu-
lating the required reinforcement in columns are
shown in Figure 9.

Figure 9. Required reinforcement in columns
(fragment)

& o

Figure 6. Required reinforcement in beams
40x80 mm (fragment)

15.27

Figure 7. Required reinforcement in beams
40x80 mm (diagram)

Figure 8. Required reinforcement in beams
40x80 mm (fragment)

The authors proposed a reinforcement variant for
the considered column KmK74, shown in Figure
10. The KmK74column specification and the
steel specifications are given in Tables 1 and 2,
respectively.

—‘;!‘ ade 3
1 L ‘_il
400
L] = - -
zzu
4 T .

Figure 10. Column reinforcement option

Table 1. The column specification KmK74

Positio Name Quantity Weight, Notes

n kg

Specifications

0?32 A500

1=4630 mm 4 29.2

08 A240

1=1540 mm 9 0.6

Materials

Concrete class 0.6
B25 m?
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Table 2. Steel consumption statement

Reinforcement products
Reinforcement class

. A240 A500
Unit Total,
Gosgzs 781- 1 GosT 5781-82 kg
08 Total 032 Total
KmK74 5 5 117 117 122

The forces in the roof slab Mx and My, Nx and
Ny (fragments) are shown in Figures 11-14,
respectively.

T T —

Figure 11. Forces in the roof slab Mx
(fragment) Figure 14. Forces in the roof slab Ny (fragment)

The calculation results for the required
reinforcement in the roof slabs are shown in
Figures 15-18, respectively.

s "“:ﬁ
e

S

S

Figure 12. Forces in the roof slab M,
(fragment)
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slab. Lower along the X axis (fragment)
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ﬁ*, Ts}

Figure 16. Requzred remforcement in the roof
slab. Upper along the X axis (fragment)
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Figure 17. Requlred remforcement in the roof
slab. Bottom along the Y axis (fragment)
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Figure 18. Required reinforcement in the roof
slab. Upper along the Y axis (fragment)
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CONCLUSION

The maximum displacement along the Z axis of
a 7 m long roof beam is 22.6 mm. The required
column reinforcement (25.6 cm?) does not ex-
ceed that obtained as a primary model calculation
result (28.2 cm?).

The required beams and roof slabs reinforcement
obtained as a result of calculating the secondary
model does not exceed that obtained as a result
of calculating the primary model.

was established that when such a situation occurs
— when one of the columns is switched off from
operation — the remaining load-bearing elements
take on additional forces without losing strength
and stability, i.e., resistance to progressive col-
lapse is ensured based on the calculation results
of the ozone-sorption block building secondary
model in axes 4-19 m/o K-R (fast filter section)
for an emergency situation.
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ABOUT DEVELOPMENT OF COMPUTATIONAL SCHEMES
OF ADDITIONAL DEVICE ON A STRUCTURE,
THAT ALLOWS FOR TARGETED CHANGES
OF NATURAL FREQUENCIES TO PRESET VALUES

Leonid S. Lyakhovich ', Pavel A. Akimov ?, Zaur R. Galyautdinov ',

Andrey S. Plyaskin '

' Tomsk State University of Architecture and Civil Engineering, Tomsk, RUSSIA
2 National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: For some elastic systems with a finite number of degrees of freedom of masses, in which the directions
of mass movement are parallel, methods have been developed for creating additional constraints, the introduction
of each of which specifically increases the value of only one natural frequency to a given value, without changing
any of the other natural frequencies and any of the forms of natural vibrations. Methods have also been developed
for creating additional kinematic devices, the introduction of each of which specifically reduces the value of only
one natural frequency to a given value, without changing any of the other natural frequencies or any of the forms
of natural vibrations. If it is necessary to aim at increasing the values of some natural frequencies and reducing the
values of some others, then these requirements can be implemented by creating appropriate separate targeted con-
straints and separate targeted kinematic devices. If the operating conditions of the facility allow, then these indi-
vidual targeted devices can be independently installed in the source system. The distinctive paper proposes a
method for development of integrated (complex, unified) group targeted device that increases some intended nat-
ural frequencies to preset values and reduces other intended frequencies to preset values, without changing any of
the other natural frequencies and any of the forms of natural vibrations. An algorithm for the creation of such a
single targeted group device is proposed. It is shown that the group targeted device created in this way can be used
in special cases both as a group targeted kinematic device and as a group targeted constraint. The initial probation
(testing) of the algorithm was implemented with the use of the software products “SCAD” and “Lira”. Some
special cases of development of computational schemes of such devices are considered.

Keywords: natural oscillation frequency, natural oscillation shape, separate aiming kinematic device,

coefficients of additional inertial forces, separate aiming coupling, coefficients of additional stiffness,

aiming control of the natural oscillation frequency spectrum, group aiming device, building structures,
elastic systems

O ®OPMHUPOBAHUU PACUETHOM CXEMBI
NTOMOJIHUTEJBHOTO YCTPOUCTBA HA COOPYKEHUU,
IMO3BOJISIIOIIETO TPUIEJIBHO U3MEHSTH 10 3ATAHHBIX
SHAYEHUM YACTOTHI COBCTBEHHbBIX KOJEBAHUN

JI.C. JIaxoeuu ', I.A. Axumoe ?, 3.P. 'anaymounoe ', A.C. Ilnackun '

! ToMcKuii roCyIapCTBEHHBII APXUTEKTYPHO-CTPOUTENLHBIN YHUBEPCHUTET, T. ToMck, POCCU
2 HaumoHanbHbIN UCCIen0BaTenbekiii MOCKOBCKHI TOCYIapCTBEHHBINA CTPOUTENBHBIH YHUBEPCHTET,
r. Mocksa, POCCHA

AnHOTanus: J{jis HEKOTOPBIX YIPYTHX CUCTEM C KOHEYHBIM YHCIIOM CTEIEHeH CBOOOIbI MaccC, y KOTOPBIX HAalpaB-
JICHUSI IBIDKCHUS MACC MapajiebHbl, pa3paboTaHbl METOABI CO3/IaHMs OMOIHNTEIBHBIX CBA3CH, BBEICHHUE KakK-
JIOM M3 KOTOPBIX MPHLEIBHO YBEINUNBACT BEIMUNHY TOJIBKO OJJHOW COOCTBEHHON YacTOTHI /IO 33/IaHHOTO 3Haye-
HUSI, HE U3MEHSS ITPH 3TOM HHU OJIHY U3 OCTIBHBIX COOCTBEHHBIX YaCTOT U HU OJTHY U3 (DOPM COOCTBEHHBIX KOJIe-
6anwmii. Taxske pa3paboTaHbl METO/IbI CO3JAHNUS OTIOJHUTEIBHBIX KHHEMAaTHUECKNX YCTPOICTB, BBEJICHUE KaXK10H
U3 KOTOPBIX MPHILEIFHO YMEHBIIAET BEJIMUMHY TOJIBKO OJJHOM COOCTBEHHOM 4acCTOTHI [0 3aJaHHOTO 3HAUCHHUSI, HE
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M3MEHSISI IPU ATOM HU OJIHY M3 OCTAJIBbHBIX COOCTBEHHBIX YaCTOT M HU OJHY U3 ()OpM COOCTBEHHBIX KOJeOaHMUIL.
Ecni HeoOX0AMMO NPUIETEHO YBEIHYUTH BETMYMHBI HEKOTOPBIX COOCTBEHHBIX YaCTOT M YMEHBIIUTH BEJTMYHHBI
HEKOTOPBIX APYTUX, TO 3TU TPeOOBaHMSI MOYKHO PEaIM30BaTh CO3/IaHUEM COOTBETCTBYIOIINX OTACIBHBIX IPHULEIb-
HBIX CBSI3€H M OTAENBHBIX MPUIETBHBIX KHHEMATHUECKUX yCTPOHCTB. Ecu ycoBus SKCIUTyaTalluy COOPYKEHUS
TIO3BOJISIIOT, TO ATH OTJICNIBHBIE MPUIETIbHBIE YCTPOHCTBA MOTYT aBTOHOMHO yCTaHABIMBATHCS B MCXOJHOM CH-
creme. B nanHoii craTbe nmpemtaraercs cnocod GpopMUpOBaHNS KOMIUIEKCHOTO (€IMHOT0) TPYIIIOBOTO PHIEIIb-
HOTO yCTPOWCTBA, KOTOPOE YBEIMYMBAET OJHNW HAMEUEHHbIE COOCTBEHHBIC YAaCTOTHI JI0 33JAHHBIX 3HAUCHUH U
YMEHBIIIAET JI0 33/laHHBIX 3HAUEHUH JIpyrie HAMEUEHHbIE YaCTOThI, HE M3MEHSS IPH 3TOM HH OJHY U3 OCTaJIbHBIX
COOCTBEHHBIX YacTOT U HU OJHY U3 (opM cOOCTBEHHBIX KosieOanuii. [Ipeanoxken anroput™ GpopMUpOBaHHs Ta-
KOT0 KOMILJIEKCHOTI'O €IMHOTO IMPUIEIbHOr0 IPYIIIOBOr0 ycTpoicTBa. [lokasaHo, 4To c)OpMUPOBaHHOE TaKUM
00pa3oM KOMILIEKCHOE IPYIIIOBOE MPHIIEIbHOE YCTPOHCTBO B YaCTHBIX CIIydasiX MOYKET MCIOJIb30BAThCS U KaK
IPYIIOBOE NPHUIIEIbHOE KHHEMAaTHYECKOE YCTPOWCTBO U KaK IPyNITOBast MpUIebHAs CBs3b. [lepBrunas npodarus
(TecTupoBaHue) ANITOPUTMA OblIIa peaTi30BaHa C UCIOJIb30BAHUEM MTPOTrPaMMHBIX TPOAYKTOB “SCAD” n «Jlupay.
PaccMoTpeHBI HEKOTOpBIE YaCTHBIE ClTydan pOPMHUPOBAHMS PACUETHBIX CXEM TaKHX YCTPOMCTB.

KiroueBble cjioBa: 4acToTa COOCTBEHHBIX KOIeOaHH, popMa COOCTBEHHBIX KOJICOaHNUH,
OT/ICJIBHOE TIPHUIETBHOS KHHEMAaTHYECKOE YCTPOHUCTBO, KOI(MGHUIMEHTHI TONOJHUTEIbHBIX HHEPLUOHHBIX CHII,
OT/IeJIbHAS NIPULICNIBHAS CBSI3b, KO OUINEHTHI TOIOTHUTENBHbIX KECTKOCTEH,

[IPULIEJIBHOE PETYINPOBAHNE CIIEKTPa YaCTOT COOCTBEHHBIX KOJIEOaHHMH, IPYIIIOBOE MPULIEIEHOE YCTPOICTBO,
CTPOUTEIbHBIC KOHCTPYKIUH, YIPYTHE CUCTEMBI

1. INTRODUCTION

In [1-7, 16-22], theoretical approaches were for-
mulated and methods for development of compu-
tational schemes for targeted constraints and tar-
geted kinematic devices were proposed for elas-
tic systems with a finite number of degrees of
freedom of the masses, in which the directions of
mass motion are parallel. Each targeted con-
straint increases, and each targeted kinematic de-
vice decreases, the value of only one natural fre-
quency of oscillations to a specified value, with-
out changing any of the other natural frequencies
or any of the natural oscillation modes. If it is
necessary to specifically increase the values of
some natural frequencies and decrease the values
of others, then these requirements can be
achieved by creating appropriate individual tar-
geted constraints and individual targeted kine-
matic devices and autonomously placing them on
the original system. In [8], a method for develop-
ment of computational scheme for a single group
targeted constraint based on individual targeted
constraints is considered, which increases all the
intended frequencies to specified values.

The distinctive paper is devote to continuation of
research works, presented in papers [1-8, 16-22].
It is devoted to method for development of inte-
grated (complex, unified) group targeted device
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that increases some intended natural frequencies
to specified values and decreases other intended
frequencies to specified values, without changing
any of the remaining natural frequencies or any
of the natural oscillation modes. In specific cases,
the integrated group targeted device created in
this manner can be used both as a group kine-
matic targeted device and as a group targeted
constraint.

2. ALGORITHM FOR CREATION
OF COMPUTATIONAL SCHEME
OF A GROUP TARGETED CONSTRAINT

The following algorithm for creation of compu-
tational scheme for a group targeted constraint is
used:

1) In accordance with the considering particular
case individual targeted devices (individual tar-
geted constraints, individual targeted kinematic
devices) are formed, each of which changes only
one of the intended natural frequencies to a given
value, while all actions are performed [2], in
which the lengths of all the main posts will be of
the same sign.
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Figure 1. Considering structure (numerical example)
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Figure 2. The basic system of the displacement method (numerical example)

2) All individual targeted devices are placed in
the nodes of the structure;

3) In areas where several posts are combined,
only one is left.

4) Hinges are introduced at the intersections of
the rods.

When implementing the first step of the algo-
rithm, the frequency spectrum of the natural os-
cillations of the original system with n degrees
of freedom is considered,

oll], of2], ..., &lq], ..,
olg+jl, olg+(j+1)], ..., o[n].

It 1s necessary to specifically free the frequency
interval @[q], .., o[q+ j] from j frequencies,
reducing some of them to values smaller than
®[q] and increasing the remaining frequencies

from this interval to values greater than w[q + j].

3. NUMERICAL EXAMPLE

OF IMPLEMENTING OF ALGORITHM
OF CREATION OF COMPUTATIONAL
SCHEME OF GROUP TARGETED
KINEMATIC DEVICE

Let us demonstrate the implementation of the al-
gorithm described in the previous paragraph us-
ing the example of a system with five degrees of
freedom from [2]. The beam section is a compo-
site I-beam (Figure 1). The modulus of elasticity
of the system material is £ =206000MPa. The
mass values are equal to
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m[1] = m[5] =400 kg;
m[2]=m[4]=800kg; m[3]=1200 kg.

The frequencies and modes of the natural oscil-
lations of the original system are determined by
the displacement method, in which the unknowns
are the displacements in the direction of mass
motion. The basic system of the displacement
method is shown in Figure 2.

The coefficients of the displacement method
equations and the values of the nodal masses
form matrices

A=|ali, k]|; M =|m[i]|. (1)
The roots of the equation
[4-e’M|=0 )

define the frequency spectrum of the system's
natural oscillations. The frequencies and modes
of natural oscillations of the original system are
presented in Table 1.

In order to form individual targeted kinematic de-
vices, it is necessary to determine the forces that
should appear in the device's posts [1-8, 16-22]

Ry[i, j1=mliVli, j], 3)

where i, j are the numbers of the components of
the j-th mode of natural oscillations, respec-
tively.
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Table 1. Frequencies and modes of natural oscillations of the original system

Natural vibration modes
Number for for for for for mlk]
k frequency | frequency | frequency | frequency | frequency
14.07953 53.0752 109.5337 195.0757 226.8870
0 0.0000 0.0000 0.0000 0.0000 0.0000 0
1 -0.315087 | -0.502865 | -0.594382 -0.73793 -0.369613 400
2 -0.565080 | -0.520103 | -0.174580 | 0.370387 | -0.264938 800
3 -0.606213 0.103822 0.432120 | -0.086169 | 0.212601 1200
4 -0.432097 | 0.574986 | -0.359747 | -0.137055 | -0.383591 800
5 -0.164932 | 0.367738 | -0.547801 0.540420 0.775147 400
6 0.0000 0.0000 0.0000 0.0000 0.0000 0
Table 2. Values of R[i, k]
i 1 2 3 4 5
R[i, 1] 63.04 226.24 364.32 173.28 33.08
R,[i, 2] -101.52 -210 62.88 232.16 74.24

If in the considering example it is required to re-
duce the value of the first natural oscillation fre-
quency from 14.0715 sec™! to 10 sec™!, and the
second natural oscillation frequency from
53.0769 sec”' to 11 sec™!, then

Ry[i, N=m[iMi, 11; R,[i, 21=m[i]i, 2].

The values R,[i, k] are given in Table 2.

In order to construct a computational model for a
kinematic targeted device that reduces w[q] to

o[s], a matrix of additional inertial forces is
formed:

MO = MmOMm ) (4)
M, =l iK1 ©

myli, k]=mlilm[k]v,[i, q]v,[k, q] or
myli, k1= Ry[i, 1R [k, q]; (6)
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M =

m0
n_on

2. 2 (ali, K= (@ls]) mli, K1)y, [i, qlv,[k. g1 (7)

Y (@ls)Pmyli., kv, li, qlv, [k, q]

i=l k=l

After forming the matrix, the following equation
is solved:

|A—a)2(M+MmOMm)| =0. (8)

The solution results determine the frequency
spectrum and natural oscillation modes of the
modified system.

For systems in which the directions of mass motion
during natural oscillations lie in the same plane, the
method of creation of computational model is
based on the properties of a rope polygon con-
structed from the forces R [i, k]. For the initial

system considered in the distinctive paper, such an
approach is given, for example, in [2]. There we
have R [i, 11=m[i]v[i, 1] and corresponding kin-
ematic targeted device is formed, that reduces the
first natural oscillation frequency from 14.0715
sec’! to 10 sec™.
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Table 3. Frequencies and modes of natural oscillations of the modified system

Natural vibration modes
Number for for for for for mlk]
k frequency | frequency | frequency | frequency | frequency
10.0095 53.0752 109.5337 195.0757 226.8870
0 0.0000 0.0000 0.0000 0.0000 0.0000 0
1 0.315087 -0.502865 | -0.594382 | -0.73793 -0.369613 400
2 0.565080 -0.520103 | -0.174580 0.370387 -0.264938 800
3 0.606213 0.103822 0.432120 -0.086169 0.212601 1200
4 0.432097 0.574986 -0.359747 | -0.137055 | -0.383591 800
5 0.164932 0.367738 -0.547801 0.540420 | 0.775147 400
6 0.0000 0.0000 0.0000 0.0000 0.0000 0
1 2 3 4 5
o, mu | g g w N4
! N [l;LM
5 Y
3.2m
3IMm
L h J
M add
Pl | D— 9 be1.75m
-+ 12m >

Figure 3. The general view of computational scheme of targeted kinematic device

The frequencies and forms of natural oscillations
of the modified system are presented in Table 3.
The general view of this kinematic targeted de-
vice is shown in Figure 3. We have the following
lengths of posts:

[ [1]=2.6934m; [ [2]=0.9406 m;
[ [3]1=0.2000m; 7 [4]=1.0879m;
1 [5]=2.7498 m.

The magnitude of the additional mass is deter-
mined by the relationship (see, for example, [2])
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M, =M,, (N[”])z ) )

where N[n] is the force in the outermost post of

the device's belt, to which the additional mass is
attached.

The additional mass for the formed device is
equal to M, =1586.5229kg. The cross-sec-

tional areas of the kinematic device rods are iden-
tical; their values can be chosen arbitrarily. A ca-
ble runs from the lower hinge of fifth post
through the block to the ground.

In[3, 4, 18, 19, 22] it is shown that changing the
lengths of all the targeted device posts by the
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same amount does not affect the spectrum of nat-

ural frequencies and vibration modes.

5.2m

i)

m|2]

Figure 4 shows a kinematic device formed from

the one shown in Figure 3, by lengthening all the
posts by 2 m.

m|[3]

m[4]
O

m|[5]

P

v

N

F 3

R
N

/l\

2.2m

M

12m

Im

M 44

SIS M

[

Figure 4. The general view of computational scheme of targeted kinematic device

Table 4. Coordinates of the belt nodes

Number of node 0 1 2 3 4 5 6
Coordinate  of node4.0557 | 2.9725 | 1.6217 | 6.4406 | 9.4115 | 5.5631 | 4.0557
Table 5. Frequencies and modes of natural oscillations of the modified system
Natural vibration modes
Number for for for for for mlk]
k frequency | frequency | frequency | frequency | frequency
11.0062 14.07953 109.5337 195.0757 226.8870
0 0.0000 0.0000 0.0000 0.0000 0.0000 0
1 -0.502865 | -0.315087 | -0.594382 | -0.73793 -0.369613 400
2 -0.520103 | -0.565080 | -0.174580 | 0.370387 | -0.264938 800
3 0.103822 | -0.606213 | 0.432120 | -0.086169 | 0.212601 1200
4 0.574986 | -0.432097 | -0.359747 | -0.137055 |-0.383591 800
5 0.367738 | -0.164932 | -0.547801 0.540420 | 0.775147 400
6 0.0000 0.0000 0.0000 0.0000 0.0000 0

Similarly we have R [i, 2]=m[i]v[i, 2] and a

matrix of additional inertial forces is formed
based on the forces, reducing the second natural
frequency from 53.0769 sec™! to 11 sec™!, and a

Volume 21, Issue 4, 2025

corresponding computational model for the tar-
geted kinematic device is created. A general view
of the computational model for this targeted kin-
ematic device is shown in Figure 4.
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The additional mass is equal to

M, =6301.7206915414kg.

;72 ¢

f

m [3]

12 M >

The frequencies and modes of natural vibrations
of this modified system are presented in Table 5.

m [4]

v

m([5]
*

Figure 5. The general view of computational scheme of targeted kinematic device

Table 6. Coordinates of the belt nodes.

Number of 0 node 1 2 3 4 5 6

Node coordinate 3.2000 | 2.6934 | 0.9406 | 0.2000 | 1.0879 | 2.7498 | 3.2000
(upper chord)

Node coordinate 4.0557 | 2.9725 | 1.6217 | 6.4406 | 9.4115 | 5.5631 | 4.0557
(lower chord)

After creation of individual kinematic targeted
devices necessary for solving the problem, a
group matrix of additional inertial force coeffi-
cients can be formed. In order to do this it is re-
quired simply sum the coefficients of the addi-
tional inertial force matrices of the individual
kinematic devices.

By implementing the second step of the algo-
rithm described above, we form a group targeted
kinematic device. In order to do this, the gener-
ated computational schemes for the individual
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targeted kinematic devices are placed at the
nodes of the original system. The general view of
this device is shown in Figure 6.

We have the following additional masses:

M,,, =1586.5229kg, M, =6301.72069 kg.

In this version of the group targeted kinematic
device, both additional masses are attached to the
rightmost links of the individual kinematic devic-
es' belts.
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In some cases, it may be necessary to attach addi-  in the individual kinematic devices used, the cor-
tional masses to different sides of the group tar- responding numbers ;j of the outermost belt links
geted kinematic device. Implementing this re-  are selected when determining the values (9).
quirement does not complicate the procedure of

creation of the group targeted device. In this case,

%r[‘] m [5]

2] m[3]

* 12 M »

Figure 6. The general view of the device

2] [4]

- 12 >
Figure 7. The variant of group targeted kinematic device
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Table 7. Frequencies and modes of oscillation of both variants of the group targeted kinematic device

Natural vibration modes
Number for for for for for mlk]
k frequency | frequency | frequency | frequency | frequency
11.0062 14.07953 109.5337 195.0757 226.8870
0 0.0000 0.0000 0.0000 0.0000 0.0000 0
1 -0.502865 | -0.315087 | -0.594382 -0.73793 -0.369613 400
2 -0.520103 | -0.565080 | -0.174580 | 0.370387 | -0.264938 800
3 0.103822 | -0.606213 | 0.432120 | -0.086169 | 0.212601 1200
4 0.574986 | -0.432097 | -0.359747 | -0.137055 | -0.383591 800
5 0.367738 | -0.164932 | -0.547801 0.540420 0.775147 400
6 0.0000 0.0000 0.0000 0.0000 0.0000 0

Table 8. Comparison of the natural frequencies of the original system
with the results of testing using the “SCAD”" and “LIRA” software products

o[l] o[ 2] o[3] o[4] o[5]
Proposed pproach 14.0715 53.0769 109.5339 195.0757 226.8873
“SCAD” and 14,0820 53,4030 111,5070 201,4150 237,1590
“LIRA” software
packages

A version of the group sighting kinematic device
in which the additional masses are attached to

different sides is shown in Figure 7.

The frequencies and modes of natural oscilla-
tions of both variants of the group targeted kine-
matic device are identical and are presented in

Table 7.

The posts of the individual targeted kinematic de-
vices, mounted at the mass application nodes and
directed along their trajectory, are aligned.
Forces R [i, k]=ml[i]V[i, k] arise in the aligned
posts, each of which determines one of the indi-

vidual targeted kinematic devices.

The absence of mutual influence between the
forces determining the various individual kine-
matic devices is justified by the properties of the
forces R [i, k]. The forces R [i, k,] determining

the targeted device, which reduces the natural
frequency @[k, ], do not perform work on the dis-

placements of the natural oscillation mode of any

other natural frequency, that is,

if k, # k, we get Zn:Ro[i, ki, k,1=0. (10)

i=1

248

Relationship (10) determines the absence of mu-
tual influence between the forces R [i, k] arising

in the posts of the group targeted device.

The results presented in Table 7 confirm that the
introduction of the group targeted kinematic de-
vice reduces only the first two selected natural

oscillation frequencies to the intended values and

does not lead to a change in the natural modes
and values of the remaining frequencies. The re-
sults presented in Tables 1, 2, 3, 5, 7 were ob-
tained by the finite element method (FEM) [18]
by dividing (discretizing) the length of the origi-

nal beam into 24 sections. A comparison of the

inal data.
We will now test the group targeted kinematic

natural vibration frequencies of the original sys-
tem with the test results of the “SCAD” and
“LIRA” software products [9-15] is presented in
Table 8. Considering the difference in the calcu-
lation method for Tables 1, 2, 3, 5, 7 between the
“SCAD” and “LIRA” software products, the
agreement between the results can be considered
fairly close, confirming the reliability of the orig-

device using the “SCAD” and “LIRA” software

products. The results are presented in Table 9.
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Table 9. Testing the group targeted kinematic device

o[1] o[2] @3] o[4] @[3]
Initial 14,0820 53,4030 111,5070 201,4150 237,1590
Group 10,8000 11,1400 111,5200 201,4200 237,1600

m|3] m|4] m|5] k
- m|1] m|2] T
2M
!

Figure 8. The general view of the device

m[3]

R m(1] ngz]

P

Figure 9. The general view of the modified device

The data presented in Table 9 prove that the test-
ing performed convincingly demonstrates a re-
duction exclusively in those frequencies targeted
by the group kinematic device, while the other
natural oscillation frequencies remained un-
changed.

If for the initial system (Figure 1) it is required to
reduce the value of the first natural frequency
from 14.0820 sec™! to 10 sec! and to increase the
value of the second frequency from 53.4030 sec
"to @y, =110sec™, then one of the separate tar-

geted kinematic devices shown in Figure 3 and
Figure 4 can be used to reduce the first frequency.
In order to increase the value of the second fre-
quency, a separate targeted constraint, created in
[58], can be used.

For this purpose, a matrix of additional stiffness
coefficients is formed based on the forces

A, = A5 A4g s (11)

(12)

n

ik=1"

A =||a, [1,k]
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agli, k1= R[{]R[k]; (13)

— (ali, k1—-wi,mli, k), [i,2]v,[k,2]

33 el kI, 1120, .2

i=1 k=l

(14)

In accordance with [2], a separate targeted con-
straint is formed. The general appearance of this
device is shown in Figure 8.

The lengths of the posts of this device are of dif-
ferent signs. To avoid the complications associ-
ated with this circumstance, we will increase the
lengths of all legs by 0.8 m.

The general appearance of this modified device
is shown in Figure 9.

We have the following lengths of posts:

[ [1]=0.1264m; [ [2]=0.1212 m;
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Natural vibration modes
Number for for for for for mk]
k frequency | frequency | frequency | frequency | frequency
14.07953 109.5337 109.9983 195.0757 226.8870
0 0.0000 0.0000 0.0000 0.0000 0.0000 0
1 -0.315087 | -0.594382 | -0.502865 -0.73793 -0.369613 400
2 -0.565080 | -0.174580 | -0.520103 | 0.370387 | -0.264938 800
3 -0.606213 | 0.432120 0.103822 | -0.086169 | 0.212601 1200
4 -0.432097 | -0.359747 | 0.574986 | -0.137055 | -0.383591 800
5 -0.164932 | -0.547801 0.367738 0.540420 0.775147 400
6 0.0000 0.0000 0.0000 0.0000 0.0000 0
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Figure 10. The general view of the considering variant of integrated group targeted device

[,[3]=1.6981m; [ [4]=2.8000m;
[,[5]=2.1555m.

The cross-sectional areas of the belt rods and the
posts are, respectively, equal to:

F, =0.0003538 m?% F,=0.0007075 m?,

The diameters of the belt rods and the posts are,
respectively, equal to:

D, =0.02122m; D, =0.0007075 m.

The frequencies and modes of natural vibrations
of this individual targeted constraint are pre-
sented in Table 10. They are determined by the
roots of the equation
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(A+ Agy )~ M|=0. (15)

By implementing the second step of the above al-
gorithm, we create an integrated group targeted
device. Let us first consider the variant in which
the integrated targeted device is created based on
the individual targeted constraint shown in Fig-
ure 9 and the individual targeted kinematic de-
vice shown in Figure 3.

In order to achieve this, the selected computa-
tional schemes for individual targeted devices are
placed within the nodes of the original system.
The general view of this version of the integrated
group targeted device is shown in Figure 10.
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Figure 10. The general view of the consideri

It should be clarified that the symbol o denotes
a fixed flat hinge, with a cable running from the
fifth post to the block and down.

The additional mass is equal to

M, =1586.5229125936kg.

The cross-sectional areas of the red belt rods are
equal to

F, =0.0003538 m*.

The cross-sectional areas of the red posts are
equal to

F,=0.0007075 m".

The diameter of the belt rods is equal to

D, =0.02122m.

The diameter of the belt rods is equal to

D, =0.03001 m.
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Im 1. 75MP

12Zm >
ng variant of integrated group targeted device

The cross-sections of the black rods are the same.
Where posts overlap, the cross-sections are not
doubled.

In the considered computational scheme for the
integrated group targeted device, the belt of sep-
arate targeted constraint and belt of separate tar-
geted kinematic device intersect.

Let us now consider a variant in which the inte-
grated targeted device is created based on the
separate targeted constraint shown in Figure 9
and the separate targeted kinematic device shown
in Figure 4.

The general view of this variant of the integrated
group targeted device is shown in Figure 11. In
this computational scheme, the belt of separate
targeted constraint and belt of separate targeted
kinematic device do not intersect.

The posts of the separate targeted devices are su-
perimposed. Forces

Ry[i, k1= m[iMi, k]

arise in the combined posts, each of which deter-
mines one of the individual targeted devices.
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Table 12. Frequencies and modes of oscillation of both variants of computational schemes

Natural vibration modes
Number for for for for for mlk]
k frequency | frequency | frequency | frequency | frequency
10.07953 109.5337 109.9983 195.0757 226.8870
0 0.0000 0.0000 0.0000 0.0000 0.0000 0
1 -0.502865 | -0.315087 | -0.594382 -0.73793 -0.369613 400
2 -0.520103 | -0.565080 | -0.174580 | 0.370387 | -0.264938 800
3 0.103822 | -0.606213 | 0.432120 | -0.086169 | 0.212601 1200
4 0.574986 | -0.432097 | -0.359747 | -0.137055 | -0.383591 800
5 0.367738 | -0.164932 | -0.547801 0.540420 0.775147 400
6 0.0000 0.0000 0.0000 0.0000 0.0000 0
Table 13. Test of group targeted device
o[1] @[ 2] o[3] w[4] [5]
Table 12 10.0095 11.0062 109.5337 195.0757 226.8870
Test 10,8000 11.1400 111.5200 201.4200 237.1600

The absence of mutual influence between the
forces determining the different individual tar-
geted devices is explained by the properties of
the forces R,[i, k], which are represented by the

relationship (10).

The frequencies and modes of natural vibrations
of both variants of the computational schemes are
the same. They are determined by the roots of the
equation

|(A4+ Agyd)— @ (M + M, M, )| =0. (16)

Equation (16) is formed from equation (2) by
adding the matrix of additional stiffness coeffi-
cients (11), (12) to matrix A (1) and the matrix
of additional inertial forces (4) to matrix (1).
The frequencies and coordinates of the natural
oscillation modes presented in Table 12 were ob-
tained as the roots of Equation (16) before the
computational model of the integrated group
sighting device was created.

Table 2.3.12 shows that the intended changes in
the natural oscillation frequencies occurred with
sufficient accuracy. Only the first natural oscilla-
tion frequency decreased, and only the second in-
creased. The remaining frequencies and all natu-
ral oscillation modes remained unchanged.
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We will now test the group targeted device with
the use of “SCAD” and “LIRA” software prod-
ucts [9-15]. The results are presented in Table 13.
The data presented in Table 13 demonstrate that
the testing of the computational model convinc-
ingly demonstrates the closeness of the test re-
sults to the roots of equation (16) and confirms
the change in only those frequencies targeted by
the integrated group targeted device, while the
remaining natural oscillation frequencies re-
mained unchanged.

Thus, the distinctive paper proposes an algorithm
for generating an integrated group targeted de-
vice that increases some targeted natural frequen-
cies to specified values and decreases other tar-
geted frequencies to specified values, without
changing any of the remaining natural frequen-
cies or any of the natural oscillation modes. A
method for generating a matrix defining an equa-
tion whose roots determine the frequencies and
natural oscillation modes of the integrated group
targeted device is considered. A justification is
provided for the absence of mutual influence be-

tween the forces R,[i, k] arising in the posts of
the integrated group targeted device. The pro-

posed algorithm was tested with the use of
“SCAD” and “LIRA” software products [9-15].
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(hopMaTHKH ¥ IPUKITAIHON MaTeMaTk HarproHansHOTO Hc-
CIIE/IOBATENBCKOrO0 MOCKOBCKOTO TOCYI@PCTBEHHOTO CTPOU-
TerpHOrO yHUBepcutera; 129337, Poccws, T. Mocksa, Spo-
craBckoe Imocee, jgoM 26; Email: AkimovPA@mgsu.ru, rec-
tor@mgsu.ru, pavel.akimov(@gmail.com.

Tansymounoe 3ayp Pawudosuy, TOIEHT, TOKTOP TEXHAYEC-
CKUX HayK, JIOLEHT Ka(eapbl jKeJIe3006TOHHBIX 1 KaMEH-
HBIX KOHCTpyKLuil, TOMCKUI rOCYyJapCTBEHHBIH apXUTEK-
TYpHO-CTpOUTENbHBIA yHUBepcurer; 634003, Poccus, r.
Tomck, Comnstaast . 2; E-mail: gazr@yandex.ru.

Inackun Anopeii Cepeeesuu, NONCHT, KaHAUAAT TEXHUYC-
CKUX HAyK, 3aBeAyIOMNH Kadeapoil MEeTaJUIMIECKUX U JIe-
PEBSAHHBIX KOHCTPYKUMMA, TOMCKUI roCy1apCTBEHHBIN ap-
XUTEKTYpPHO-CTPOUTENbHBIN yHHUBepcuteT; 634003, Poc-
cust, r. Tomck, Comsnast mia. 2; E-mail: plyaskinan-
drei@mail.ru.

257




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1000
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /RUS <>
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [3200 3200]
  /PageSize [595.276 850.394]
>> setpagedevice


