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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 NHOOPMALIUA O XXYPHAIE

International Journal for Computational Civil and Structural Engineering
(Me>KAYHAPOAHBIH >KyPHAA II0 PACYETY IPAXKAAHCKHUX U CTPOUTEABHBIX KOHCTPYKITHIL)

MesknyHapoanblii HayuHblil kKypHaa “International Journal for Computational Civil
and Structural Engineering (Me:knyHapoIHbIH KypHAJI 110 pacyeTy rpakIaHCKUX U CTPOUTEIb-
HbIX KoHcTpykumii)” (IJCCSE) sBisiercs BemyllMM HAayYHbIM IE€PUOAWYECKUM H3JaHHUEM IIO
HanpaBieHuio «HKeHEepHbIE W TEXHUYECKHE HayKH», h3aaBaeMbIM, HauuHas ¢ 1999 roma (ISSN
2588-0195 (Online); ISSN 2587-9618 (Print) Continues ISSN 1524-5845). B »ypHaie Ha BBICOKOM
HAY4YHO-TEXHUYECKOM YPOBHE pPacCMaTpHUBAIOTCS MPOOJIEMbl YUUCIEHHOIO U KOMITBIOTEPHOTO MOJIEIIH-
POBaHHS B CTPOUTENBCTBE, aKTyalbHBIE BOIIPOCH! pa3pabOTKU, MCCIICIOBAHUS, PA3BUTHA, BepH(PUKa-
UM, anpoOaluu M TNPUIOKEHUH YHMCIEHHBIX, YMCICHHO-aHAIUTHUYECKUX METO/O0B, MPOrpaMMHO-
AITOPUTMUYECKOTO OOECIICUCHHSI W BBITIOJHEHUS! aBTOMATU3UPOBAHHOTO TPOSKTHPOBAHMUS, MOHHUTO-
PHHIa U KOMIUIEKCHOTO HAyYKOEMKOI'O PacueTHO-TEOPETUYECKOr0 M SKCIEPUMEHTAIILHOIO 000CHOBA-
HUSI HANPSDKEHHO-1e(hOPMHUPOBAHHOTO (M HHOTO) COCTOSHHSL, TIPOYHOCTH, YCTOHYUBOCTH, HA/ICKHOCTH
1 0€30I1aCHOCTH OTBETCTBEHHBIX OOBEKTOB TPAXIAHCKOTO M IPOMBIIUIEHHOTO CTPOUTENBCTBA, SHEP-
T€TUKH, MAIMHOCTPOCHHUS, TPAHCIIOPTA, OMOTEXHOJIOTUH U IPYTUX BHICOKOTEXHOJIOTUIHBIX OTPACIIEH.

B penakunoHHBIM cOBeT *KypHaia BXOIAT U3BECTHBIE POCCUICKHE U 3apyOexkHbIe AeATeNn
HAYKU U TEXHHUKH (B TOM YHCJIC aKaJeMUKH, WICHBI-KOPPECIIOHICHThI, MHOCTPAHHBIC 4WICHBI, T10-
YeTHbIE WIEHBl U COBETHUKHU Poccuiickoil akaseMuu apXUTEKTypbl U CTPOUTENbHBIX HayK). OCHOB-
HOM KpuTepuil ordopa crarel Juist MyOJUKallUY B )KypHaJle — UX BBICOKHI Hay4YHbIH YPOBEHb, COOT-
BETCTBHE KOTOPOMY OMpEENAeTCS B X0Jl€ BRICOKOKBAIM(UIIMPOBAHHOTO PEIIEH3UPOBAHUSA U 00b-
€KTHUBHOM 3KCIIEPTU3HI, MOCTYIMAIONINX B PEAAKIIHIO MATEPUAIIOB.

Kypnan exooum ¢ Ilepeuenv BAK P® geoywjux peyensupyemvix HayuHvlx U30aHui, 8 Komo-
DpbIX 00MICHbL OblMb ONYOIUKOBAHBI OCHOBHBIE HAYVUHbIE PEe3VIbmambvl OUCCEPMAYUN HA COUCKAHUE
VueHoU cmenenu KaHouoama HayK, Ha COUCKaHue YYeHou cmeneHu 0OKmopa HayK TO HaydHbIM CIie-
[IUATTBHOCTSIM U COOTBETCTBYIOLIMM MM OTPACIISIM HAYKH:

e (01.02.04 — Mexanuka ae)opMUPYEMOTO TBEPJIOTO Tea (TEXHUIECKUE HAYKH),

e (5.13.18 — Maremarnueckoe MOJEINPOBAHUE YUCIECHHBIE METOJbl U KOMIUIEKCHI MPO-
rpamm (TEXHUYECKHE HAyKH),

05.23.01 — CrpoutenbHble KOHCTPYKIIUH, 3JaHUS U COOPYXKEHUS (TEXHUYECKUE HAYKH),
05.23.02 — OcHoBanus 1 (HyHIaMEHTHI, TOJI3EMHBIE COOPYKEHUS (TEXHUIESCKUE HAYKH),
05.23.05 — CrpoutenbHble MaTepUANIbl U U3/ETIHS (TEXHUYECKUE HAYKH ),

05.23.07 — I'uapoTexHHUUECKOe CTPOUTENBCTBO (TEXHUYECKHE HAYKH),

e (05.23.17 — CtpouTtenbHas MeXaHUKA (TEXHHYECKUE HAYKH).

B Poccuiickoin @eaepanuu xypHail HHACKCHPYETCsl POCCHIICKMM MHIEKCOM HAyYHOTO M-
tupoBanus (PUHLI).

Kyprnan exooum 6 6azy oannwvix Russian Science Citation Index (RSCI), noainocmoto unme-
epuposannyio ¢ niamegpopmou Web of Science. XXypHan umeer Mex1yHapOIHBIN CTaTyC U BBICHLIA-
eTcs B BeAylIre ONOIMOTEKH U HayYHbIE OPTaHU3aI[iH MUPA.

H3partenn xypHana — Mzoamenvcmeo Accoyuayuu cmpoumenbhvix 8biCUIUX YYEOHbIX 3a-
seoenuii /ACB/ (Poccust, T. Mocksa) u 10 2017 roga Mzoamenvckuii oom Begell House Inc. (CILA,
r. Heto-Mopk). OduuuansHeIMU apTHEPAMH M3JaHus ABIseTcs Poccuiickas akademus apXxumex-
mypor u cmpoumenvivix Hayk (PAACH), ocyluecTBisiomas HayYHOE KypHPOBAaHUE HW3JTAHUS, W
Hayuno-uccreoosamenvcruii yenmp Cma/[uO (3A0 HULL Cta/IuO).

Ilesn KypHaaa — JeMOHCTPUPOBATh B IMYOJIMKALMAX POCCHICKOMY U MEXIyHApOAHOMY
poeCCUOHATTLHOMY COOOIECTBY HOBEHUIIINE TOCTHKEHUSI HAYKU B 00J1aCTH BBIYMCIUTEIBHBIX Me-
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TOJOB peleHus (HyHIaMEHTAIbHBIX M MPUKIAIHBIX TEXHHUECKUX 3ajay, MPeKae BCEro B 00jacTu
CTPOUTEJILCTBA.
3agaum xxypHana:

° MMpeaOCTaBJIICHUC pOCCHﬁCKHM u 3ap}76e)KHI)IM YUY€HBIM U CII€HAJIMCTaM BO3MOXHO-
CTH HYGJ'II/IKOBaTB PE3YIbTAaThl CBOUX HCCHeﬂOBaHHﬁ;
L4 IMPUBJICYCHUC BHUMAHUA K HauoOoce AKTYaJIbHBIM, NICPCIICKTHUBHBIM, IIPOPBLIBHBIM U

MHTEPECHBIM HAINpaBJICHUSM DPAa3BUTHA M NPUWIOKEHUH YHCICHHBIX M YUCIICHHO-aHAUTHYECKUX
METOJIOB pelieHus] (yHIaMEHTAIbHBIX U MPHUKIAJHBIX TEXHUYECKUX 33/a4, COBEPUICHCTBOBAHUS
TEXHOJIOTUI MaTeMaTU4YeCcKOro, KOMIBIOTEPHOT'O MOJICTUPOBAHMS, Pa3padOTKU U Bepu]pUKaLuu pe-
AJIU3YIOLIET0 MPOrPaMMHO-aJITOPUTMUYECKOTO 00eCTIeUeHUS;

o obecriedyeHre 0OMeHa MHEHUSIMH MEXIY HCCIEIOBATEISIMU U3 Pa3HBIX PETHOHOB H
rocyJ1apcTB.

Tematuka :xypHana. K paccMoTpeHHIO U yOIHKAIUU B KypHaJlle MPUHUMAIOTCS aHAIU-
TUYECKHE MaTepHalIbl, HAYYHBIE CTaThH, 0030PbI, PEIICH3UU U OT3BIBBI HA HAyYHBIE MyOJIMKALIUU IO
(dyHIaMEHTAJIbHBIM U MIPUKIIATHBIM BOIIPOCAM TEXHHUYECKUX HayK, MPEXJIe BCEro B 001aCTU CTPOU-
TeNbCTBA. B )KypHaie Takke MyOIuKyTCsS HH()OPMAIIMOHHBIE MaTepPHabl, OCBEIIAOIIIE HAYIHbIC
MEpPOIPUATHS U MEpeIoBble TOCTHKeHUsT Poccuiickoll akaJeMuu apXUTEKTYpbl U CTPOUTEIbHBIX
HayK, HAy4HO-00pa30BaTEIbHBIX U MPOEKTHO-KOHCTPYKTOPCKUX OPTaHU3aALINM.

Temaruka craTeil, IPUHUMAEMBIX K TyOJIMKAIH B )KypHaje, COOTBETCTBYET €r0 Ha3BaHHUIO
1 OXBATbIBACT HAIPABJICHUS HAYYHBIX MCCIIEI0BAaHUN B 00J1aCTH pa3pabOTKU, UCCIIEI0BAaHUS U IPU-
JIO’)KEHUH YMCICHHBIX W YHUCICHHO-aHAIUTUYECKUX METOJIOB, IPOTPAMMHOI0 00eCredeHus, TeXHO-
JIOTUH KOMITBIOTEPHOI'O MOJEIUPOBAHNS B PELICHUH MPUKIAIHBIX 3a]1a4 B 00JaCTH CTPOUTEILCTBA,
a TaK)Ke COOTBETCTBYIOLIME NMPO(UIbHBIE CHEIUATbHOCTH, MPEICTABICHHbBIE B JUCCEPTALMOHHBIX
coBeTax NpOoPUIbHBIX 00pa30BaTENIbHBIX OPraHU3aUAX BBICIIET0 00pa30BaHUSI.

Penaknnonnas mosmtuka. [lonutuka peqakiimoHHON KOJUIETHH KypHasia 6a3upyercs Ha
COBPEMEHHBIX IOPUINYECKHX TPEOOBAHUSAX B OTHOIIEHWH aBTOPCKOTO MpPaBa, 3aKOHHOCTH, TUIarua-
Ta M KJIEBETHI, M3JI0KEHHBIX B 3aKoHoJaTenbcTBe Poccuiickoit denepannu, U STUUECKUX NPUHIU-
nax, MoAJep>KUBaeMbIX COOOIIECTBOM BEYILIUX U3AATeIei HAyYHO! NEpUOIUKH.

3a nybauxayuio cmameii niama ¢ agmopos He @3vimaemcs. Ilyonuxayus cmameii 8 xHcyp-
Hane becniamuas. Ha miuaTHOW OCHOBE B KypHaje MOTYT OBITh OMyOJIMKOBAaHBI MaTEpHANIbI pe-
KJIAaMHOT'O XapakTepa, UMEIOIIHEe MPSIMOE OTHOIIEHUE K TEMaTHKe KypHaJa.

KypHan mpenocTaBisieT HEMOCPEICTBEHHBI OTKPBITHIN JOCTYII K CBOEMY KOHTEHTY, HC-
XOJIsl M3 CIIEAYIOIIEro MPHUHLUIA: CBOOOJHBINH OTKPBITHIA JOCTYH K pe3yibTaTaM HCCelOBaHUN
CIOCOOCTBYET YBEIMUCHHIO TJI00AILHOTO 0OMEHA 3HAHUSIMH.

HNupexcupoBanue. [1yGnukanun B )KypHaie BXOJAT B CUCTEMBbl pacueTOB MHIEKCOB LU-
THPOBAHUS aBTOPOB M KypHaJoB. «/HAEKC MUTUPOBAHUS» — YHUCIOBOM MOKa3aTellb, XapaKTepu-
3YIOIIMN 3HAYUMOCTh JAHHOM CTaTbU M BBIYMCISIOIIMICS Ha OCHOBE MOCIEAYIOMNX MyOIMKaINi,
CCBUIAIOIIMNXCS Ha TaHHYIO paboTy.

ABTopam. [Ipex/e yemM HalpaBUTh CTaThIO B PEAAKIIMIO KypHAJIa, aBTOpaM CIleayeT 03Ha-
KOMUTBCSI CO BCEMHU MaTepuaiaMM, pa3MEIIEHHbIMH B pa3fenax caiTa )KypHaja (MHTEpHET-CaiT
Poccuiickoii akaieMun apXUTEKTYpbl U cTpouTenbHbIX Hayk (http://raasn.ru); mompasznen «13nanus
PAACH» wnun unrepuer-caiit UsnarenscrBa ACB (http://iasv.ru); noapasaen «XKypuaia IJCCSE»):
C OCHOBHOW MH(OpMaLMEH 0 KypHaie, ero HelsIMU U 3aJauaMi, COCTAaBOM PEIaKIIMOHHOW KoJljie-
UM U PEaKIIMOHHOTO COBETAa, PENAKIIMOHHOW MOJUTUKOM, MOPSIKOM pEleH3UPOBAHMSI HaIlpaBIIs-
€MBIX B )KypHAJI CTaTel, CBEJICHUAMHU O COOJIIOJICHUH PEIAKIIMOHHOM 3TUKH, O MOJIUTHKE aBTOPCKO-
ro MpaBa M JIMLEH3UPOBAHUS, O MPEACTABICHUN KypHalla B HH()OPMALIMOHHBIX CHUCTeMax (MHIEK-
CUpPOBaHUM), HHPOPMAIHEH O TOJMUCKE HA KypHaI, KOHTAKTHBIMU JaHHBIMU | TIp. JKypHan pado-
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taet o Jurensun Creative Commons Tuma cc by-nc-sa (Attribution Non-Commercial Share Alike)
— JIunensus «C ykazanueMm aBTopcTBa — Hekommepueckas — Konunedy.

PenensupoBanne. Bce HayuHbIe CTaTh, MOCTYNHBIIUE B PEJAKIUIO KypHAJIA, TPOXOIST
o0s13aTeNbHOE ABOMHOE CJIeNoe peleH3upoBaHue (PELEeH3eHT He 3HaeT aBTOPOB PYKOIUCH, aBTOPbI
PYKOIIMCH HE 3HAIO PELIEH3EHTOB).

3auMcTBOBaHMA M IUIaruat. PenakunonHast KOJUierus xypHaijia Ipyu pacCMOTPEHUH CTa-
THU NPOBOAUT MPOBEPKY MaTepuaia ¢ MOMOUIbI0 CUCTEMBI «AHTHILIaruaT». B ciyyae oOnapyxe-
HUSI MHOTOYHCJIEHHBIX 3aMMCTBOBAaHUN peaKlIMs IeUCTBYET B cOOTBETCTBUH ¢ ITpaBuiamu COPE.

Hoanucka. JXypnan 3apeructpupoBan B @enepaqbHOM areHTCTBE 110 CPEACTBAM Macco-
BOM MH(OPMAIIMK M OXpaHbl KyJIbTypHOTO Hacieaus Poccuiickort deneparnuu. MHaekc B obmepoc-
cutickom katainore POCIIEUATD — 18076.

[To Bompocam MOANMUCKHA Ha MEXAYHApOAHBIN HayuHbIH kypHan “International Journal for
Computational Civil and Structural Engineering (MexyHapOIHBII )KypHAJ 10 pacueTy rpakaaH-
CKUX U CTPOMTENBHBIX KOHCTPYKIHI{)’ oOpamaiitech B ArentctBo «Pocneuats» (OduimanbHbiit
caiit B cetn MHTepHeT: http://www.rosp.ru/) uim B U31aTeIbCTBO ACCOLMAINN CTPOUTEIHHBIX BY-
30B (ACB) B COOTBETCTBUU CO CIEAYIOIUMUA KOHTAKTHBIMUA JaHHBIMU:

000 «H30amenvcmeo ACB»

KOpunnuecknii anpec: 129337, Poccus, r. Mocksa, SIpociaBckoe 1., a. 26, oduc 705;

®daktuueckuit aapec: 129337, Poccust, r. Mocksa, Apocnasckoe 1., 1. 19, kopm. 1, 5 atax,
oduc 12 (TL[ Mebens Poccun),

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

WuTepHeT-caiiT: www.iasv.ru. Afipec 3J1eKTpOHHON MOYTHI: 1asv(@iasv.ru.

KontakTHas undopmanus. ITo Bcem Borpocam paboThl peakiiuy, pereH3upOBaHUS, CO-
TJIACOBaHMS MPABKU TEKCTOB W MyOJIMKAIlMK CTaTeil cieayeT oOpamarhesl K TIaBHOMY PEIaKTOPY
XypHaia wieny-koppecrnonaenty PAACH Cuooposy Braoumupy Huxonaesuuy (aapeca 3JaeKTPOH-
Hoii moutsl: sidorov.vladimir@gmail.com, sidorov@iasv.ru, iasv@iasv.ru, sidorov@raasn.ru) mim K
TEXHUYECKOMY penakTopy xypHana coBeTHUKY PAACH Katimykosy Tatimypaszy bampasosuuy (an-
peca anekTpoHHO# nouthl: tkaytukov@gmail.com; Kaytukov@raasn.ru). Kpome toro, mo ykasaH-
HBIM BOIPOCAM, a TAaKXKe MO BOIPOCAM pPa3MEIICHHUS B JKypHAJIE PEKIAMHBIX MAaTEPHUAIIOB MOKHO
obpamiarbkest kK reHepasibHoMy aupektopy OOO «M3narensctBo ACB» Huxkumunoti Haoescoe Cep-
2eesHe (aapeca dJCKTPOHHOM MOUTHI: iasv(@iasv.ru, nsnikitina@mail.ru, ijccse@iasv.ru).

Kypnau cranoButcst TexHosornunee. MznarensctBo ACB ¢ centsiops 2016 rona sBis-
eTcs wieHOM MeXayHapoaHOW accomuanuu u3zgareneid HayuHou jureparypel  (Publishers
International Linking Association (PILA)), ocymecTBisitolieil CBOO JIEATEILHOCTh Ha matdopme
CrossRef. OpuruHaabHBIM CTAThsIM, MyOJIMKYEMBIM B XKYpHAje, OyayT MPUCBAauBAThCS YHHKAIbHBIC
nomepa (umajmekcel DOl — Digital Object Identifier), 4To 3HaAYNUTETEHO OOJIETYHT MTOMCK METATaHHBIX
U MECTOHAXOXJIEHHUE MOJHOTEKCTOBOrO npousBeaeHus. DOI — 3To cucrema onpeseneHust HayyHOTro
KOHTEHTa B ceTH ITHTEepHeET.

C okTs6ps 2016 roga cran BO3MOXKEH MPHEM CTaTel Ha pacCMOTPEHUE U PELIEH3UPOBaHUE
yepe3 OHJIaH cucteMy npuema ctateit Open Journal Systems Ha caiite xypHaia (3JIeKTpOHHAs pe-
nakius): http://ijccse.iasv.ru/index.php/IJCCSE.

ABTOp UMEET BO3MOXKHOCTH CIIEIUTH 32 MPOJBUKEHHEM CTaThbH B PENAKIMH >KypHala B
nugHoM kaburete Open Journal Systems u monydaTh COOTBETCTBYIOIIME YBEAOMIICHHSI IO DJICK-
TPOHHOM MOYTE.

B depane 2018 rona xypHan Obu1 3apeructpuponan B Directory of open access journals
(DOAJ) (310 omMH M3 caMBIX M3BECTHBIX MOMCKOBBIX CEPBHCOB B MHPE, KOTOPBIH MPEIOCTABISACT
OTKPBITBHIN TOCTYI K MaTepuaaM U MHJEKCUPYET He TOJIbKO 3arojIOBKH KypHAJIOB, HO U Hay4YHbIE
cratbn), B ceHTsa0pe 2018 rona Bxuimouer B mpoayktel EBSCO Publishing.
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SELECTION OF THE COMPUTATIONAL MODEL OF WIND
FLOW IN THE PROBLEMS OF COMPUTATIONAL
ARCHITECTURAL AND CIVIL ENGINEERING
AERODYNAMICS IN ACCORDANSE WITH
REGULATORY AND TECHNICAL DOCUMENTS

Andrei V. Deineko, Aleksey I. Shamshurin, Narek A. Kazaryan
Spectrum Group of Companies, Moscow, RUSSIA

Abstract: An overview of the main directions of numerical simulation of problems of architectural and civil en-
gineering aerodynamics based on Computational Fluid Dynamics (CFD) is presented. The main advantages of
numerical simulation in comparison with traditional methods of aero-physical modeling in wind tunnels are
highlighted. The basic principles of numerical simulation of wind loads and actions on buildings and structures
are outlined. In modern practice, numerical modeling by finite volume method is used with the decomposition of
the velocity of the turbulent wind flow into the average and pulsation component within the averaged by Reyn-
olds solution of Navier-Stokes equations using the semi-empirical turbulence model k- SST. In practice, the
problem of the legitimate (in accordance with the requirements of building codes) selection of a computational
model of wind flow is very important. This is equivalent to the assignment of boundary conditions within numer-
ical simulation. The computational model of the wind, presented in the Russian building codes, requires addi-
tions to solve the problems of numerical simulation of architectural and civil engineering aerodynamics. A de-
tailed comparison of the computational models of wind flow in Russian and foreign building codes is carried out.
The following wind flow parameters are analyzed: the profile of the average wind speed, the profile of the inten-
sity of turbulence, the profile of the scale of turbulence. A table of correspondence of terrain types according to
the classification of Russian and foreign codes is proposed. The possibility of determining the parameters of the
computational wind flow model based on the joint use of building codes in force in Russia and Belarus is shown.
A set of measures is proposed with the goal of creating a regulatory and technical environment for the practical
application of computational architectural and civil engineering aerodynamics in real design.

Keywords: numerical simulation, computational architectural and civil engineering aerodynamics,
computational fluid dynamics (CFD), wind loads, pedestrian comfort

BBIBOP PACUETHOM MOJIEJIU BETPOBOI'O IIOTOKA
B 3AJIAUAX BBIUUCJUTEJBbHON APXUTEKTYPHO-
CTPOMTEJILHON ASPOJUHAMUKU B CBETE
HOPMATHUBHO-TEXHUYECKOW BA3bI

A.B. /leiinexo, A.U. lllamwypun, H. A. Kazapan
I'pynna komnanuit «Cnexktpym», . Mocksa, POCCUA

Annortanus: [IpencraBineH 0030p OCHOBHBIX HAIPABJICHUI YUCICHHOTO MOJCIMPOBAHHS 337ad apXUTEKTYPHO-
CTPOUTETBHOU adPOJMHAMHUKK Ha OCHOBE BBIUMCIMTENHLHON MeXaHHMKH KUAKOCTH W rasa (CFD-rexHosoruii).
OTMEYCHBI OCHOBHBIC MPEHMYIIECTBA YUCICHHOTO MOJCIUPOBAHUS M0 CPABHEHUIO C TPAIUIIMOHHBIMH CIIOCO-
06aMu a’3poGU3NIECKOr0 MOICITUPOBAHUS B adPOIMHAMHYCCKUX TpyOax. V3a0KeHbl 0a30Bble MPUHIIMITEI YHC-
JIEHHOTO MOJIENIMPOBAaHMsI BETPOBBIX HArpy30K U BO3ACHCTBUM Ha 3/1aHUS U COOPYKEHHUA. B cOBpeMeHHOH npak-
THKE MMPUMEHSIETCS YUCICHHOE MOJICITUPOBAHNE METOAOM KOHEUHBIX 00BEMOB ¢ Pa3I0KEHHEM CKOPOCTH TypOy-
JICHTHOTO BETPOBOTO MTOTOKA HA CPEIAHIOK U MyJILCAIIMOHHYIO COCTABIIIOIIYIO B pAMKAX PEIICHHS OCPEAHEHHBIX
o PeitHonmpacy ypaBHenuil HaBre-CTOKca ¢ HCIOJIB30BAHUEM MOTYIMITHPUYSCKOW MOACTH TYpOyIeHTHOCTH K-
® SST. Ha mpakTuke 0oJblIoe 3HaYEHHE MMEET MpoOJieMa JICTUTHMHOTO (B COOTBETCTBHH C TPeOOBaHUSAMU
CTPOMTENBHBIX HOPM) BBIOOpA pacuEéTHON MOJEIH BETPOBOTO MOTOKA, YTO SKBUBAICHTHO HA3HAYCHUIO TPAHUY-



Selection of the Computational Model of Wind Flow in the Problems of Computational Architectural and Civil
Engineering Aerodynamics in Accordance with Regulatory and Technical Documents

HBIX YCIOBHUH B paMKax YHCICHHOTO MOJEIHPOBaHus. PacuéTHas Moznens BeTpa, NpeACTaBICHHAsA B POCCUICKHX
CTPOUTEIBHBIX HOPMax, TpeOyeT JOMONHEHHS IS PEIICHHS 3aad YNCICHHOTO MOJCTHPOBAHUS apXUTEKTYyPHO-
CTpOHTENbHON adpoanHaMuky. [IpoBeneHO feTanbHOE CONOCTaBIEHUE PACUETHBIX MOJIeNIel BETPOBOTO IIOTOKA B
POCCHICKHMX W 3apyOeXHBIX CTPOUTEIBbHBIX HOpMax. [IpoaHann3upoBaHbl CiEAyIOIIME MapaMeTpbl BETPOBOTO
MOTOKa: MpOoGHIb CpelHEH CKOPOCTH BeTpa, MpOoQHiIb MHTEHCUBHOCTH TypOyJeHTHOCTH, npodwib MaciTada
TypOyneHTHocTH. [Ipeoxkena Tabuna COOTBETCTBUS TUIIOB MECTHOCTH 1O KJIacCH(UKAIIMK POCCUICKUX U 3a-
pyOexHbsIx HopM. [TokazaHa BO3MOKHOCTB ONpPEEICHUS apaMeTPOB pPacu€THONW MOJENH BETPOBOTrO MOTOKA HA
OCHOBE COBMECTHOT'O HCIIOJIb30BaHUS CTPOUTEIBHBIX HOpM, AedcTByromux B Poccun u benopyccuu. Ilpemo-
XKEH KOMIUIEKC MEp C LENbI0 CO3IAHHUs HOPMATUBHO-TEXHHUUYECKHN YCIOBHH [UIA MPAKTHUECKOTO MPHUMEHEHUS
BBIYHCIIUTENHHON apXUTEKTYPHO-CTPOUTEIHHON a3pOANHAMUKY B PEATEHOM IIPOSKTHPOBAHNH.

KiioueBble cjI0Ba: YHCICHHOS MOJICTUPOBAHHE,
BBIYHCIIUTEIIbHAS apXUTEKTYPHO-CTPOHUTEIbHAS a9POJMHAMUKA,
BBIYHCITUTEIIbHAST MeXaHnKa XuaKkocTH 1 ra3a (CFD-TexHomornm), BEeTpoBbIe HATPY3KH,
neniexoaHas KoM(popTHOCTh

1. INTRODUCTION
IN COMPUTATIONAL
ARCHITECTURAL-
CONSTRUCTIONAL AERODYNAMIC

A major achievement of the theory and practice
of design justification for buildings and struc-
tures in the 21st century becomes the develop-
ment of a new direction of calculation - numeri-
cal modeling of architectural-constructional
aerodynamics using computational fluid dynam-
ics, CFD technology. The following areas of
practical application of computational architec-
tural-construction aerodynamics, as well as the
environmental and wind energy aerodynamics
that are close to one in the methodological
sense, were formed [1-7]:

e external aerodynamics (environmental
aerodynamics), i.e. modeling of wind
flows in the surface boundary layer, tak-
ing into account the influence of the sur-
rounding buildings and terrain:

o determination of wind loads and impacts
on buildings and structures;

o determination of snow loads on buildings
and structures;

o evaluation of wind pedestrian comfort and
justification of wind-protective measures;

o modeling the spread of air pollution, eval-
uating the effectiveness of sanitary protec-
tion zones (SPZ), modeling accident sce-
narios;
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o assessment of environmental comfort and
justification of measures for environmen-
tal protection;

o modeling of the wind energy potential of
the area, optimization of the arrangement
of wind generators within wind power
plants;

e internal aerodynamics, i.e. simulation of
air movement in the premises, taking into
account the operation of the heating sys-
tem, ventilation and air conditioning
(HVAC):

o room microclimate modeling to optimize
the HVAC system in order to achieve op-
timal (and not only acceptable) microcli-
mate parameters in 100% of the working
area, as well as to increase energy effi-
ciency due to rationalization of air distri-
bution;

o modeling of the distribution and disposal
of industrial air pollution and scenic
smoke;

o modeling of smoke removal and gas fire
extinguishing.

Let us note the “flagship” role of numerical
modeling of wind loads, the methodology of
which summarizes the main scientific and prac-
tical issues of architectural-constructional aero-
dynamics, and the requirements for wind loads,
methodological and reference data are regulated
by regulatory and technical documents [8-12].
Let us reveal the advantages and new possibili-
ties of numerical modeling of wind loads in
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comparison with traditional methods of aero-
physical research in wind tunnels:

e practical one, related to the expansion of
the possibilities of computational justifica-
tion:

o consideration without any decrease in the
accuracy of arbitrary area of the territory,
arbitrary configuration of the building, ar-
bitrary surrounding building, any terrain;

o detailing the distribution of wind load dur-
ing 100% of the facade area;

o the ability to analyze the results at any
point in the problem area of the numerical
model, including the one that is not origi-
nally planned;

e calculational-theoretical advantages relat-
ed to the refinement of the modeling
statement:

o modeling in natural scale of space and
speed, that solves the problem of similari-
ty;

o transfer to the setting of the external flow
(from the setting of the internal flow), that
reduces the influence of the borders of the
simulation region;

o the absence of flow distortions from
measuring instruments, which allows to
obtain any necessary discretization of the
results.

2. CFD-TECHNOLOGIES IN XXI
CENTURY

The formation of continuous flow mechanics in
the meaning, that is close to the modern, began
in the XVIII century, that is associated with the
names of academicians of the Russian Academy
of Sciences Leonard Eyler and Daniel Bernoulli.
In the 19th century, Navier, Poisson, Saint-
Venant and Stokes formulated a general law of
flow motion in the form of a system of differen-
tial partial differential equations (Navier-Stokes
equations), which are the basis of modern nu-
merical simulation.

The development of computational mechanics
of liquids and gases (CFD-technologies) [13—

14] dates back to the 1980s, when the first in-
dustrial software systems were developed, the
new versions of which are used to this day:
PHOENICS (Great Britain 1981); FIDAP
(USA, 1982), Fluent (USA, 1983), TASCflow
(Canada, 1985), Flow3D / CFX (United King-
dom, 1980s), the last four soft wares have been
merged into ANSYS CFD now; Flow-3D (USA,
1985); Star CD (UK / USA, 1989); FlowVision
(USSR / Russia, 1991).

Currently, CFD-technologies are widely imple-
mented in practical engineering work in many
industries, with deep integration into the design
and design processes.

The technologies of high-performance compu-
ting are being improved, in particular, parallel
computing on the graphic processors of the
CUDA technology [15].

Multi-physical (interdisciplinary, connected)
calculations are being actively implemented,
based on the modeling of various physical as-
pects of the design scheme (such as stress-strain
state, heat transfer, aerohydrodynamics) in in-
teraction. In particular, this allows calculations
of buildings and structures in an aeroelastic ar-
rangement.

3. AN APPROACH TO NUMERICAL
MODELING OF WIND FLOWS

Numerical modeling of aerodynamic problems
is performed, as a rule, by the finite volume
method (FVM). For this, a grid approximation
of the calculated area of the airspace is carried
out, and boundary and initial conditions are as-
signed. Analogously to the strength finite-
element calculations, the construction of an ef-
fective finite-volume grid requires rational dis-
cretization of the characteristic regions of the
aerodynamic design scheme taking into account
the factor of grid convergence.

It is convenient to accept a cylindrical form of
the calculated area of the airspace, in order that
the conditions of numerical simulation are simi-
lar for any wind direction. The lower surface of
the model reproduces the investigated building,
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the surrounding building and the terrain. The
height of the model equals to approximately 10
characteristic height of the highest object in the
design scheme, but not less than the height of
the prism boundary layer

0.5 km, within which the boundary conditions
vary significantly throughout the height. The
model's radius is assigned taking into account
the specific features of the investigated building,
surrounding constructions and terrain, and
reaches 1-2 km.

Due to frictional forces, viscous air near the sur-
face (ground or wind front of the building) is
braked, as a result of which the air velocity at
the surface tends to zero. In the wall laminar
sublayer air velocity is small. As the distance
from the surface increases, the speed increases
according to the logarithmic law until the speed
of the main flow is reached.

The thickness of the near-wall layer and the na-
ture of the distribution of velocity in it depend
on the roughness of the surface. It is formed, for
example, by niches of window openings in the
facade of a building or by trees on the surface of
the earth. There are two approaches to the mod-
eling of roughness: explicit or using near-wall
functions. For the wind front of the building, the
first method is suitable, which assumes accurate
reproduction of the geometry of the wind front
of the building (parapets, window openings,
etc.). For large areas of the earth's surface, the
second method is suitable, when the roughness
(formed by vegetation and the construction of
settlements) is assigned as a parameter of the
wall function based on reference data. Approx-
imate parameters of roughness for various types
of terrain are given, for example, in foreign
standards, discussed below.

Wind flows are assumed to be incompressible
(since the wind speed is substantially lower than
the speed of sound) and isothermal [1-5].

The simulation of turbulent air movement is
based on the decomposition of velocity into the
average and pulsating component. Reynolds-
averaged Navier-Stokes equations (Reynolds-
Averaged Navier-Stokes, RANS) proposed by
Reynolds in 1895 are solved. In this case, turbu-
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lent stresses, or Reynolds stresses, are intro-
duced that takes into account the losses and re-
distribution of energy in the turbulent flow (as
compared to the laminar flow), which are ran-
dom in nature. For its definition, semi-empirical
models of turbulence are used.
For solving a wide range of practical engineer-
ing problems when modeling incompressible
flows, the model of the type k-g is used most
often. For near-wall flows, models of the k-w
type are widely used, in particular, the shear
stress transfer model k-w SST (Shear Stress
Transport) [16].
Since the interaction of flow with surfaces plays
a large role in wind aerodynamic problems, it is
advisable to use k- SST as the main model of
turbulence.
According to the Euler method, the results of
aerodynamic calculations are presented as flow
parameters at a particular point in the non-
moving space at certain points in time, i.e. the
fields of flow parameters and the change of
fields in time are considered. The trajectories of
the movement of elementary volumes of air can
be restrictedly represented as current lines.
The main engineering results of numerical
simulation are:
e distribution of the main and peak wind
load on the wind front of the building;
e spectrum of the main wind load;
e total aerodynamic force on the building
and torque relative to the selected point;
e distribution of wind speeds at the height
of pedestrians, assumed to be 1.5 m from
the ground [12].
The wind load is understood to be the wind
pressure (active pressure or wind suction, the
sum of the average and pulsation component)
determined in design conditions according to
building codes.
The main wind load is the wind load at a specif-
ic wind direction.
Peak wind load is the largest wind loado6 that is
possible on the considered fragment of the wind
front.
The main wind load is taken into account in
constructive calculations of the bearing system
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of the building as a set of loads of different size
and direction, acting simultaneously on the en-
tire area of the wind front (on the windward,
leeward and lateral sides, on the envelop). Ac-
cordingly, the main wind load is determined for
those wind directions for which constructive
calculations of the bearing system are necessary

(usually at four directions along the main axes).

Peak wind load is taken into account in con-

structive calculations of facade, large window,

advertising and other structures, located at the
wind front of the building and working locally,
regardless of the load on the other parts of the
wind front. Peak wind load corresponds to the
lower and upper envelope (min / max imposi-
tion) of wind pressures obtained from calcula-
tions for various wind directions. Accordingly,
it is necessary to take into account the repre-
sentative number of directions of the wind. In
practice, from 16 to 32 directions are taken into
account, usually 24 directions (an angular step

of 15 °) [1, 3].

The results of numerical simulation can be

compared with the results of aero-physical tests

in a wind tunnel:

e main and peak wind load, as well as the
wind load spectrum - with the results of
drainage tests, when the wind pressure is
measured on the scale model at the points of
drainage (holes connected to a pressure
gauge);

e total aerodynamic force and torque — with
the results of weight tests, when the force
and torque are measured on a scale model
using aerodynamic weights;

e wind speeds in the pedestrian zone - with
the results of airflow visualization using the
method of mulberry or a digital tracer visu-
alization method.

4. SELECTION OF THE DESIGN MODEL
OF A WIND FLOW

The legitimate choice of the design model of the
wind flow, which corresponds to the purpose of
the boundary conditions at numerical simula-

tion, is one of the key issues that has been ad-
dressed by experts in the field of computer and
experimental aerodynamics.

Let us emphasize that in wind aerodynamics,
the design scheme of the airspace corresponds
to the conditions of strong wind. The purpose of
the calculations is to determine the wind load on
the buildings, to study the interaction of the
building and the wind flow in the aero elastic
formulation, and also to estimate the wind pe-
destrian comfort. Consequently, the wind flow
model should cover the range of average speeds
starting from the level of wind discomfort of
about 6 m/s and up to 45 m/s (which corre-
sponds to the VII wind region according to Ta-
ble 1 below). Other speed modes do not require
regulation in documents on wind loads on build-
ings and structures.

The ability of the wind to exert wind pressure is
due to the kinetic energy of the moving air and
is characterized by the velocity head W:

W = pV?/2 1)

where V is velocity of air moving; p is air densi-
ty.

The atmosphere is turbulent. The velocity of the
air (and hence the velocity head) undergoes ran-
dom fluctuations or pulsations, which are sub-
ject to statistical laws. In accordance with the
above RANS-approach, the velocity is de-
scribed by the average component of the veloci-
ty Vm, equal to its expectation, and the standard
deviation ov. The degree of turbulence is con-
veniently characterized by the intensity of tur-
bulence I, expressed in relative units or percent-
ages:

I'=0y/Vin )

In a gust, the wind speed deviates from V,,, more
than ay,. Deviations of more than the pulsation
velocity component V, = yy0, rarely occur,
where yy is usually called the coefficient of se-
curity, which usually takes values from 3 to 4.
Similarly, the velocity head W,,, its standard
deviation gy, the velocity pulsation component
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can be considered head W, and coefficient of
security yy, .

It is fundamentally important to take into ac-
count the duration of the wind as the implemen-
tation of a random process, which determines
the probability of deviation of the wind flow
parameters from the expected values during the
considered period of time.

Changes in wind speed occur in a wide range
[17-20], and the spectrum is divided into two
parts, as shown in figure 1 [17]. The left part is
macro meteorological, in which changes in wind
force are associated with changes in weather
and have periods from several hours to a month.
The right side is micrometeorological, where
changes in speed are associated with turbulence
and have periods from 3 seconds to 10 minutes.
From this it follows that it is rational to conduct
statistical processing of wind measurements on
two time scales - macro meteorological and mi-
crometeorological, which is customary in world
wind engineering.

For definiteness, let us denote the speed and
wind pressure, given by specific recurrence, in
lower case letters v and w.

The average wind speed v, is usually under-
stood as a speed averaged over a 10-minute pe-
riod, exceeding on average 1 time in 5 years
(the annual probability of exceeding 0.2 or 1
case for 262,980 10-minute observation cycles),
or 1 time in 50 years (annual probability of ex-
ceeding 0.02 or 1 case per 2,629,800 observa-
tion cycles).

The pulsation component of the wind speed v,
means the maximum value of the speed aver-
aged over a time interval significantly less than
10 minutes. As a rule, a 3-second period is con-
sidered. Accordingly, the standard deviation
o_V characterizes the distribution of the velocity
deviation with a 3-second averaging of the cor-
responding speed with a 10-minute averaging
under strong wind conditions. The probability of
exceeding v, in the regulatory documents is not
specified. Moreover, the characteristic period
for estimating the probability of exceeding v, is
10 minutes, i.e. 200 cycles of 3 seconds.
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Thus, the computational model is a wind flow
with an average speed v, with gusts up to the
speed v, +v,. To describe the wind flow with
engineering accuracy must be considered:

e average speed and its change in height
v (2);

e turbulence intensity and its change in
height 1(2);

o the periodicity of the velocity pulsation,
which can be represented by the scale of
turbulence and its variation in the height
L(2).

The scale of turbulence is the length of the larg-
est eddies. In the atmosphere, large eddies break
up into smaller ones (turbulent cascade), which
is taken into account in numerical simulation
using the turbulence model. The passage of dif-
ferent-scale vortices carrying different Kkinetic
energy forms the spectrum of wind impact.

The Russian regulatory documents [8-12] are
based on regionalization by wind pressure; wind
speed is not considered. The standard wind
pressure w, is the velocity head of the wind
flow in an open area at a height of 10 m, aver-
aged over a 10-minute period, exceeding on av-
erage 1 time in 5 years.

The wind load is considered as the sum of the
average w,, and the pulsation w, component

with a wind load coefficient y of 1.4:

yw(ze) = vy (Win(ze) + wy(z))  (3)

The wind load reliability coefficient y, plays the
role of a probabilistic transition coefficient from
5-year to 50-year repeatability [20].

The change in wind pressure in height and the
influence of the type of terrain are taken into
account separately for the average and pulsating
component:

Vme(Ze) = YfWOk(Ze)C (4)
YrWyp (Ze) = VmeE((Ze)V (5)

where k(z,) is coefficient depending on the
type of terrain, taking into account the change in
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the average component for the equivalent height
Zo;

{(z,) is wind pressure ripple factor, depending
on the type of terrain, taking into account the
change in the pulsation component for the
equivalent height z,;

c is aerodynamic pressure coefficient depending
on the shape of the wind front;

v is the coefficient of spatial correlation of the
wind pressure fluctuations, depending on the
size and aspect ratio of the building surface un-
der consideration;

& is the dynamic factor, depending on the height
and first frequency of the building’s natural os-
cillations, not taken into account for the majori-
ty of buildings of ordinary height.

Let us clarify, that to describe the wind flow in
the framework of numerical modeling, instead
of wind pressure, we consider a velocity head
equivalent to wind pressure without taking into
account coefficients depending on the building,
i.e. with unit values of the coefficients c, v, §, as
well as with an equivalent height z, equal to the
ordinary height z. The wind load is formed tak-
ing into account the geometry of the building
and the mode of wind flow around it as a result
of aerodynamic calculation.

The relationship between velocity head and
wind speed, taking into account the frequency
of occurrence, is determined by the formulas
[8-10]:

wo = 0,43v2, (6)
wy = 0,61v2 (7)

where vo and vsg are, respectively, wind speed
exceeded on average once every 5 and 50 years.
Let us note that the coefficient of 0.61 is equal
to p2 at an air density of 1.22 kg/m?, which cor-
responds to the conditions of the international
standard atmosphere.

The coefficient 0.43 has a similar physical
meaning and additionally includes a probabilis-
tic coefficient of transition from 5-year to 50-
year repeatability.

Therefore, we have:

7.750/170 = 119 (8)
Wso/Wo = 1.42 = yp = 1.4 9)

The estimated average wind speed, determined

taking into account the coefficient y, has a 50-
year repeatability:

0.5

vm(2) = (yfwok(z)/0.61) (10)

The maximum wind speed in the gust is deter-
mined in the formula

Vimax(2) = (Ypwok(2)(1 + {(2))/0.61)"° (11)

Russian norms [8-12] do not provide infor-
mation on the definition of the standard of speed
0,(z), standard of velocity head a,,(z), intensi-
ty of turbulence 1(z), scale of turbulence L(z).

To estimate these values, additional data are
needed that are not included in the materials [8—
12]. Consider 2 variants for determining 1(z).
Variant 1. According to data [19-20], the coef-
ficient of provision of the pulsation component
of the wind load is 3.0, i.e.

0 (2) = Wy (26) /3,
whence we have:

1(z) = (1+(2)/3)*° -1
Variant 2. According to the data of [2], the coef-

ficient of security of the pulsation component of
the wind speed is 3.5, i.e.

(12)

0y(2) = Vp(Ze)/3-5,

whence we have:

1) =((1+ ()" - 1)/35  (13)

Thus, the assessment of the intensity of turbu-
lence 1(z) is contradictory and requires addition-
al data that are not fixed in the normative litera-
ture.

20 International Journal for Computational Civil and Structural Engineering



Selection of the Computational Model of Wind Flow in the Problems of Computational Architectural and Civil
Engineering Aerodynamics in Accordance with Regulatory and Technical Documents

It is not possible to estimate the profile of the
scale of turbulence L(z) using normative data.

In general, the determination of turbulence pa-
rameters, in our opinion, is beyond the limits of
the applicability of the method [8-10], there-
fore, formulas (12) and (13) cannot be used for
practical calculations.

Thus, the computational model of wind flow,
which forms the basis of Russian norms, is not
enough for numerical simulation. This necessi-
tates the recourse to foreign norms. The most
detailed design model of wind flow, according
to our assessment, is presented by Eurocode
[21] and in the Italian CNR-DT standards [22].
These documents allow to explicitly define the
desired parameters v,,(z), 1(z), L(z). Let us
note that the Russian translation of the Eurocode
[21] was officially introduced in Belarus as a
technical code of established practice [23].
Foreign standards [21-23] use zoning by wind
speed, which is taken as the speed in an open
area at a height of 10 m, averaged over a 10-
minute period, exceeded on average once every
50 years. This speed is equivalent to vg, accord-
ing to the notation adopted above, or v,, at a
height of 10 m, determined taking into account
the coefficient y;.

Let us consider the parameters of the calculated
wind flow model according to [21, 23]:

vm(2) = Cr(Z)Co(Z)vbCprob
¢r(z) = kyIn(z/2)

14
k, = 0.19(20/0.05)0'07 ( )
Up = CgirCseasonVp,0
I(Z) = O-U/Um(z)}
oy, = kvpk; (15)
L(z) = Ly (z/z)* }
a = 0.67 + 0.051In(z,) (16)
Zmin <z< Zmax (17)

where vy, o is the main value of the base wind
speed according to wind zoning (normal value);
vy, IS the basic value of wind speed;

cqir 1S Wind direction coefficient of 1.0 unless
otherwise indicated in the Eurocode national
application;
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Cseason 1S @ Seasonal coefficient of 1.0, if there
are not another indication in the national Euro
code application; k, is area coefficient; c¢,.(z) is
coefficient taking into account the type of ter-
rain; ¢, (z) is orographic coefficient equal to 1.0
for an average slope less than 3 ° (approximate-
ly 5%); cprop is probabilistic coefficient of 1.0
with 50-year repeatability; a,, is pulsation stand-
ard deviation of wind speed; k; is turbulence
coefficient of 1.0 unless otherwise indicated in
the Eurocode national application; L, is base
turbulence scale; z; is turbulence base height; z,
is roughness parameter according to type of ter-
rain according to Eurocode (table 2); z,,;, is the
minimum height according to the Eurocode lo-
cality (Table 2), if z < z,,;, it should be accept-
ed Z = Zpin, Zmax = 200 m is a maximum
height for applying formulas.

For comparison, we consider the parameters of
the calculated wind flow model according to
[22].

Um(z) = vrcm(z)

cm(2) =k In(z/z,) c(2) (18)
Vy = VpCyh

I(z) = 1/In(z/z,) c(2) (19)

L(z) = L(z/Z)* (20)

Zmin <z= Zmax (21)

where v, is the base value of wind speed ac-
cording to wind zoning (standard value); v, is
design value of wind speed; c, is probability
coefficient equal to 1.0 with 50-year repeatabil-
ity; ¢,,(2) is wind velocity profile coefficient;
k.. is area coefficient; c, is a topographical coef-
ficient of 1.0 with an average slope less than
5%; L = 300 wm is base turbulence scale; z is tur-
bulence base height; k — coefficient accepted by
table from CNR-DT 207/2008 (Table 2); z, is
roughness parameter according to type of terrain
according to CNR-DT 207/2008 (Table 2); z,in
is the minimum height according to CNR-DT
207/2008 (table 2), if z < z,,;,, it should be ac-
cepted z = Zyin: Zmax = 200 M iS @ maximum
height for applying formulas.
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A comparison of the calculated wind models is
shown in Figures 2-4 using the example of the |
wind region according to Russian standards.
Accordingly, the base wind speed is assumed to
be 23.0 m/s according to Table 1.

In all variants of the calculated model of wind,
wind flow parameters are constant up to a cer-
tain z,,;, takes the value from 2 to 12 m, de-
pending on the type of terrain. It is in the section
z < Zmin that the difference in wind models is
most noticeable. At z > z,,;,,, the profiles of the
calculated parameters of the wind flow in all
models converge.

The averaged velocity profile v,,(z) increases
with height (Figure 2). For z < z,,;,, Russian
norms give the highest estimate of speed.

The turbulence intensity profile 1(z) decreases
with height (Figure 3). The estimation of the
intensity of turbulence using formulas (12) and
(13) should be considered as unrepresentative.
For z < zp,n, the Eurocode gives the greatest
estimate of the intensity of turbulence.

The turbulence scale profile L(z) increases with
height (Figure 4). The greatest estimate of the
scale of turbulence give Italian standards.

Since the physical characteristics of wind flows
in the framework of wind aerodynamics are uni-
form for the entire prism boundary layer of the
Earth, it seems appropriate to use data on the
intensity and scale of turbulence borrowed from
foreign norms in calculations for the territory of
Russia. Namely, on the basis of the Technical
Code of Established Practice [23], published in
Russian and introduced in the Union State of
Belarus. At the same time, the standard wind
pressure w, should be taken according to wind
zoning in accordance with current Russian
standards [8-9]. It is advisable to take the pro-
file of average wind speed according to Russian
standards as the most conservative.

5. NUMERICAL MODELING OF WIND
LOADS AND NORMATIVE BASE

In general, against the background of the pro-
gress of CFD-technologies and it widespread

use for solving practical engineering problems

in many industries, the method of numerical

modeling of wind loads and impacts [1, 3]

should be considered as formed part of the sys-

tem of global engineering knowledge. The nec-
essary initial data are fixed in the normative-
technical literature of a number of countries

[21-22], including Belarus [23]. In Russia and

abroad, great experience has been gained in

practical calculations of wind loads in real de-
sign problems.

The urgency of the tasks of architectural-

constructional aerodynamics in modern con-

struction is growing:

» the complicity of buildings' architectural
formation increases, that makes it impossible
to determine wind loads and impacts analyti-
cally according to the engineering methodol-
ogy of the Rules;

« the use of light facade systems, for which it
is important to correctly take into account the
actual distribution of peak wind pressure
over the facade area, is expanding;

« construction of buildings closes to each other
(for example, towers on a common stylo-
bate), and construction in conditions of dense
urban development, where the influence of
air flow interference on wind loads cannot be
neglected, grows;

« high-rise construction is expanding, in par-
ticular, Russia owns records for the height of
buildings in Europe (the “Federation Tower”
with a height of 374 m in the Moscow Inter-
national Business Center; the Lakhta Center
under construction with a height of 462 m in
St. Petersburg);

* increasing social and regulatory requirements
for comfort, in particular, the assessment of
wind pedestrian comfort is provided in [8, 9
and 12].

At the same time, the degree of implementation

of computational architectural-construction aer-

odynamics in real design significantly lags be-
hind existing capabilities and international expe-
rience. The main reason for this state of affairs
is the lack of a regulatory base, that does not
allow us to present the results of numerical
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modeling of wind loads as part of the mandatory
expertise of the project documentation.

In the Russian system of regulatory documenta-
tion, numerical modeling of wind loads and im-
pacts is considered only in GOST R 56728-2015
“Buildings and structures. Method for determin-
ing wind loads on enclosing structures™ [13].
However, this standard is focused on conducting
experimental design studies and provides for
numerical simulation exclusively in the formu-
lation of a virtual wind tunnel, when the numer-
ical model reproduces the conditions of an aero
physical experiment in a wind tunnel, taking
into account the scale of the simulation. Such a
statement devaluates the computational and the-
oretical advantages of numerical simulation,
which lies precisely in the simulation on a natu-
ral scale under external flow conditions.

In our opinion, the following solutions are nec-
essary for the further development of computa-
tional architectural-constructional aerodynamics
in Russia.

1. Adopt the Handbook to SP 20.13330.2016
“Loads and Impacts” for calculating wind loads
and impacts using the methods of numerical ar-
chitecture and roof aerodynamics based on the
detailed proposals declared in [3]. The manual
should contain specific requirements for aero-
dynamic design schemes and methods of nu-
merical simulation.

In particular, the Manual should contain an al-
gorithm for the purpose of the calculated model
of the wind. We believe it is advisable to rec-
ommend the use of the algorithm considered in
this article, based on the sharing of normative-
technical documents in force in Russia and Bel-
arus.

2. To verify the software implementing CFD
technology in relation to the determination of
wind loads of impacts (similar to the verifica-
tion of software for strength calculations, which
has been carried out at RAACS for a number of
years).

3. To supplement GOST R 56728-2015 with the
section “Computer (numerical) modeling in the
conditions of natural and man-made environ-
ment”, in which to take into account the specif-
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ics of the development of numerical aerodynam-
ic models of cylindrical configuration on a natu-
ral scale in the formulation of external flow.

In our opinion, among the common problems,
the greatest advantages of numerical simulation
of wind loads manifests itself in determining the
peak wind load on buildings of ordinary height
with light facade and stained glass systems.

CONCLUSIONS

1. The ability to numerically simulate the tasks
of architectural-constructional aerodynamics
using computational fluid and gas mechanics
(CFD technologies) is due to the fundamental
theoretical basis and many years of interdis-
ciplinary experience in solving applied engi-
neering problems in a wide range of parame-
ters of the studied currents.

2. The necessary data for the purpose of the de-
sign model of the wind flow should be con-
tained in the aggregate of regulatory and
technical documents adopted in Russia and
Belarus. The standards are available in Rus-
sian and, in our opinion, it should be recom-
mended for joint use.

3. The development of the regulatory and tech-
nical base for wind loads and impacts, in our
opinion, should go along the path of adopting
the Handbook for SP 20.13330.2016 “Loads
and Impacts” for calculating wind loads and
impacts using computational architectural-
constructional aerodynamics.
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Table 1. Wind zoning of the territory of Russia.

Wind region Ia I I i v \Y VI VIl
Sv‘zgg;atory wind pressure 170 | 230 | 300 | 380 | 480 | 600 | 730 | 850
Regulatory average wind 167 | 194 | 222 | 250 | 281 | 314 | 346 | 37.3
speed Vo, m/s
Estimated average wind speed | g5 | 930 | 262 | 295 | 332 | 37.1 | 40.9 | 442
Vm=Vsg, M/S
Table 2. Approximate compliance of types of terrain
according to Russian and foreign norms.
Design codes [TapameTpsl THUIBEI MECTHOCTH
Russian design codes Type of terrain — | — | A | — | B C
SP20.13330.2011 [9], MuHuManbHas BBICOTA Zmin, M - - 5 . 5 10
SP 20.13330.2016 [8]
Eurocode Type of terrain
EN 1991-1-4:2005 [21]; (terrain category) 0 I o — ur v
Belarusian design codes Roughness parameter zo,
TKP EN 1991-1-4-2009 | meters 0.003)0.01)005) — | 0310
[23] Minimum height zmin, meters 1 1 2 | — | b 10
Italian design codes Type of terrain
CNR-DT 207/2008 [22] | (exposure category) B I I eIV v
Roughness parameter zo, — loo1loos! 011031 07
meters
Minimum height zmin, meters _ 2 4 5 8 12
Area coefficient ki — 10.1710.19]0.20|0.22]0.23
Table coefficient « — 10441052055/ 0.61|0.65
o : o
5 i B i
o ! ! !
- | | |
v s | | |
525 | | |
g2 | | |
" | | |
03 | | |
0
0.0001 0.001 0.01 0.1 1 10 100 1000 10000
10000 1000 100 10 1 0.1 0.01 0.001 0.0001
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Figure 1. The character of the spectral density of wind speed according to [17].
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Figure 2. The nature of the profile of the average wind speed v,, (z) in different types of terrain
according to Russian and foreign design codes.
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Figure 3. The nature of the profile of the intensity of wind turbulence I(z) in various types
of terrain on the modifications of Russian and foreign design codes.
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Figure 4. The nature of the profile of the scale of turbulence of the wind L(z)
in various types of terrain according to foreign design codes.

28 International Journal for Computational Civil and Structural Engineering



International Journal for Computational Civil and Structural Engineering, 15(1) 29-40 (2019)

TO THE QUESTION OF THE DETERMINATION
OF GEOMETRIC CHARACTERISTICS OF THE SECTION
OF CORRUGATED BEAMS WITH TRAPEZOIDAL WEBS
BASED ON THE SIMULATION RESULTS

Tatiana L. Dmitrieva, Khukhuudei Ulambayar
Irkutsk National Research Technical University, Irkutsk, RUSSIA

Abstract: An algorithm for calculating the geometric characteristics of steel I1-beams with plate corrugated webs
of arbitrary type is proposed. The algorithm is implemented using the I-beam with plate trapezoid webs as an ex-
ample. The determination of reduced area and moments of inertia in the axes of the cross section of the trapezoi-
dal profile based on the finite element modeling of the beam with shell elements in calculations for bending and
axial compression in the “ANSYS 14.5” software package is described. The verification procedure has been per-
formed for a shell finite element model using the example of an I-beam with a standard flat web. A table has
been compiled of geometric characteristics of rod corrugated elements of a trapezoidal profile in order to realize
their finite element calculation using a rod diagram. An example of the calculation of a flat frame with a horizon-
tal corrugated element, made in software package “LIRA-SAPR” using a flat rod diagram is given.

Keywords: shell finite element, rod finite element, simulation results, numerical analysis,
maximum deflection, moment of inertia, software “ANSYS”

K BOIIPOCY OHPEJAEJEHUA 'TEOMETPUYECKUX
XAPAKTEPUCTHUK CEYEHUSA 'OPPOBAJIOK
C TPAHIEHEUJAJIBHBIMU CTEHKAMHMN HA OCHOBE
KOMIIBIOTEPHOI'O MOIAEJIUPOBAHUSA

TJL /Imumpuesa, X.Ynamoanp

HpkyTckuii HallMOHANbHBIN UCCIIEA0BATENbCKUN TEXHUUECKUI yHUBepcureT, I. Upkyrck, POCCUA

AnHoTanusi: [Ipeqyio)keH alnropuT™ BBIYHCICHHS T€OMETPHUECKMX XapaKTEePUCTHK CTAJIbHBIX JABYTaBPOBBIX Oa-
JIOK C IUIACTHHYATHIMHU TO(PPUPOBAHHBEIMU CTEHKaMH ITPOMU3BOJIBLHOTO BUa. ANTOPUTM pealM30BaH Ha IpuMepe Oa-
JIOK C TpaneleuIaIbHbIMU CTeHKaMH. OIMCaHO HAXO0XIEHNE IPUBEACHHOMH IO U MOMEHTOB UHEPLIUU B OCAX
HONEPEYHOTO CEUCHHUs TpAleleHIaIbHOIO NPOQUIT HA OCHOBE KOHEYHO-3JIEMEHTHOTO MOJEIUPOBAHMA OanKu
000JI0YEYHBIMH 3JIEMEHTAMH B pacuyeTax Ha U3ru0 U oceBoe cxkaTue B nporpammuHoM kommuiekce “ANSYS 14.5”.
BeinonHena npouenypa Beprdukanusi 000I04eYHON KOHEYHO-3JIEMEHTHON MOJIENIM Ha IIPUMEpe JUIsl IByTaBPOBOM
Oanku co craHgapTHOM mpsamMol cTeHkod. CocTaBiieHa TaONWIIA TEOMETPUYECKUX XapaKTEPUCTHUK CTEP>KHEBBIX
ro(po-3JIeMEHTOB TparnelnenJaJbHOr0 MPOQUIIs C TeM, YTOObl PEeaTM30BaTh UX KOHEUHO-3JIEMEHTHBIH pacyer 1o
cTepKHeBoi cxeme. [IpuBeneH nprMep pacyera INIOCKOH paMbl ¢ TOPU3OHTAIBHBIM TO(PO3IEMEHTOM, BBIIOIHEH-
ubii B [1K “JIMPA-CATIIP” ¢ npuMeHEeHHeM IIIOCKOH CTEPKHEBOH CXEMBL

KnioueBble c10Ba: KOMIBIOTEPHOE MOJIETMPOBAHNE, YUCIICHHBIH aHAIN3, 000JI0YEYHBIH KOHEUHBIH JIEMEHT,
CTEpPKHEBOI KOHEUHBIN 3JIEMEHT, MOMEHT UHEPLIUHU, IPOorpaMMHbIi koMiuieke «ANSY S»

INTRODUCTION decade, it has been recognized that cold-formed
steel beams of various corrugation configura-

I-beams with plate corrugated webs have not tions can be effectively used as bearing

widely used in the design of buildings and components of the framework.

structures until a certain time [1]. In the past
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Figure 1. Calculation scheme.

The use of corrugated webs allows the use of
thin plates without the need to install stiffeners,
which contributes to reducing the weight and
cost of the beam [2-4]. Economical expediency
of corrugated elements is substantiated in [1, 5-
8]. Same source notes main flaws in design of
such constructions, which are mainly caused by
lack of normative documents, literature and spe-
cial computation software. The use of such
structures is difficult the complexity to analyze
their  stress-strain state [9-14]. The standard
scheme for calculating frameworks of
buildings is based on a rod finite element model
using geometric characteristics of the cross
sections of rod elements. Meanwhile, tabulated
values of the geometric characteristics are
known for certain corrugation types — triangle
[15] and wave types (SIN beams) [16]. For
corrugations of an arbitrary profile there are no
assortments containing bending, axial and other
characteristics of section stiffness. This article
proposes an algorithm for determining the geo-
metric characteristics of corrugated beams using
the example of beams with corrugated trapezoi-
dal webs.

1. CALCULATION SCHEME MODEL

As an example, consider a single-span model
(Figure 1).

The system of differential equations describing
the displacement of the beam y (z) has the form
given flexural shear

dy(z) _ M(2).

dz E-l’ "
dy _ k-P
dz—y(Z)+G.A2f

Substituting from the second equation of system
(1) into the first, we obtain the second order
equation:

d’y M) d [ k-P
dz? i

E-1 dz G-Azfj' @

where, Pis the applied load, Eand G are
modulus of elasticity and shear modulus,
respectively, | is the moment of inertia of the
cross section, k is a factor related to the cross
section shape, A, is the area of two flange, M
is the bending moment.

The solution of the differential equat.2 taking
into account the conditions for fixing the beam
is as follows:

P.L2 P ., kP
16-E-1 = 12-E-I G-A,

y z,

Then, at z=L/2, we get at mid-span deflection
with allowance for bending and shear defor-
mations:

oo = P.L° JkPL
=Lz Tma A8 El 2-G-A

(4)

From condition (4) we express the moment of
inertia:

where, A, is the area of one flange.

This addiction can be used in determining the
geometric characteristics of the cross section of
steel I-beams with corrugated webs. In this case,
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the maximum deflection f__ is determined by

automatic calculation using certified software
systems that use the spatial model of FE of steel
I-beams with corrugated webs.

2. ALGORITHM FOR DETERMINING
GEOMETRIC CHARACTERISTICS
OF THE CROSS-SECTION OF BEAMS
WITH CORRUGATED WEBS
OF ARBITRARY TYPE

The algorithm for selecting geometric character-
istics of a section for an I-beam with a corrugat-
ed web from an arbitrary profile includes the
following steps:

e revealing of analytical dependences of dis-
placements from the applied load through
stiffness parameters of the beam;

e selection of rational dimensions of the cross
sections of beams;

¢ selection of rational dimensions I-beams with
trapezoidal webs;

e definition of deflections based on the finite
element model of the shell when bending the
beam;

e determination of axial displacement based on
shell finite element model under axial com-
pression;

e determination of geometric characteristics of
sections of beams with corrugated webs and
tabulation of results.

2.1. Analytical dependences of displacements
from the stiffness parameters of the beam.

Consider a corrugated beam with trapezoidal
webs when loaded with concentrated forces P,

and P, in the middle of a span in two planes

(Figure 2, Figure 3).

Based on the expression (5), we write down the
relations for moments of inertia of cross sec-
tions of the beam in two planes.

a. Moment of inertia 1, :

Volume 15, Issue 1, 2019

Figure 2. Isometric projection of calculation
model with concentrated load at mid-span
(in the plane ZQY).

Figure 3. Isometric projection of calculation
model with concentrated load at mid-span
(in the plane ZOX).

P,-L°
I, = (6)

3P, LY
48-E-| f - —
Y 20-G-A

b. Moment of inertia I

l, = Pl (7)
y_ .
gl 3Pl
X 20-G-A

where, P,and P are applied loads, f,,and
f are maximum deflections along axis X

max,y

and Y.

To determine the reduced area, which is a geo-
metrical parameter under axial impact, the beam
is loaded with an axial compressive force P,
(Figure 4).

Formula for determining axial deformation:
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Figure 4. Isometric projection of calculation
model with concentrated load along axis Z
(in the plane ZQOY).

A= 2 ) (8)

where, A is amount of Z-axis displacement.
From here, reduced area is determined by the
expression:

©9)

2.2. Selection of cross-sectional dimensions of
beams with corrugated web.

For the study were selected five models of I-
beams with trapezoidal webs (BTW1- BTWS5).
The parameters of the sections of beams were
taken in the range of the external height H from
200 to 600 mm with a step of 100 mm (Table
1), which corresponds to assortments of welded
I-beams with flat wall.

If

i

tw

Ir

| |
| B

Figure 5. Cross section of models BTW.

Tatiana L. Dmitrieva, Khukhuudei Ulambayar

Table 1. Parameters of cross section
of models BTW.

Accepted H,| h, | B, | t, | t,
models mm | mm | MM | mm | mm
BTW1 200|184 100 8 | 2
BTW2 300 282|150 | 9 3
BTW3 400 | 374 | 200 | 13 | 3
BTW4 500 | 468 | 200 | 16 | 4
BTW5 600 | 564 | 200 | 18 | 4

2.3. Selection of trapezoidal webs dimensions
for calculation models.

Studies of various trapezoidal profiles were
performed in [17,18]. The results of these re-
searches have shown that the most rational in
terms of bearing capacity is a beam with a cor-
rugation angle ¢ = 45%. Optimal sizes of pa-
rameters a, b and d were determined on basis
of comparative automated calculations. The cor-
rugation parameters corresponding to the ac-
cepted models are given in table 2 and in Figure

g it
<

= < a1 a

S

,od a

R e

Figure 6. Trapezoidal web dimensions.

Table 2. Parameters of corrugated

web beams.
Models | b, mm | a, mm | d, mm Q,
BTW1 50 180 50 45°
BTW2 76 150 76 45°
BTW3 100 200 100 45°
BTW4 80 200 80 45°
BTW5 100 300 100 45°
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2.4. Numerical determination of displacement
value based on shell finite element model.

The study consisted in calculation of beams
based on shell finite element model. Preliminary
verification of this model was performed using a
flat wall 1-beam as an example and subsequent
comparison of results with theoretical values of
deflections taking into account the shear defor-
mations. Results obtained by numerical analysis
in software package “ANSYS”, correlated with
the analytical calculation with a maximum error
of 0.93%, which is within the limits of permis-
sible (taking into account the fact that errors
adopted in the construction design should not
exceed 3%).

Next, the calculation was carried out corrugated

beams BTW1-5 to determine:

a) maximum deflections in a beam loaded with
concentrated forces in two planes (Figure 2 ,
Figure 3);

b) axial deformation of the beam under axial
impact (Figure 4).

The calculation was performed in software

package “ANSYS 14.5”, where shell finite ele-

ments SHELL181 were used. Generation of a

grid of quadrangular type was made automati-

cally. The size of finite elements was within 47

mm on long side. Near the junction of webs and

flanges, the mesh dimensions were reduced to 7

mm.

Figure 7. Finite element model of a beam.

Figure 8. Deformed scheme in YZ plane for the BTW1 model.

a)
Figure 9. Deformed scheme for the BTW1 model: a) in XZ plane;
b) deformed circuit for axial compression.

The maximum axial displacements and deflec-
tions obtained in the calculation are shown in
Table 3.

Volume 15, Issue 1, 2019

b)

Table 3. Results of calculation.

Models Ty s A,
mm mm mm
BTwW1 15.6 11.34 0.326
BTW?2 11.1 12.2 0.25
BTW3 10.45 11.2 0.247
BTW4 19.1 33.7 0.34
BTWS5 17.45 43.7 0.38
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2.5. Calculations of geometric characteristics.
Using obtained maximum deflections (f,,,,

facx ) USING the formula (4), moments of inertia

about the axes of cross section X and Y were
determined for each model of corrugated
beams. Reduced area is determined by formula
(9). In calculations were used material charac-
teristics

E=200 kN/mm?, G=76,9 kN/mm?.

Determination of moments of resistance and
radius of gyration, perform on the basis of well-
known analytical formulas for strength of mate-
rials [19].

Tatiana L. Dmitrieva, Khukhuudei Ulambayar

W, , 1, - were determined similarly by formulas
(10), (11). Static moment of the half-section ar-
ea relative to the X - axis was calculated by fol-

lowing formula:

Sz = ﬂ—tf .tw.l. i—tf +B-t, - H 4 _
2 2\ 2 2 2

(12)

3. RESULTING TABLE OF GEOMETRIC
CHARACTERISTICS OF SECTIONS
OF BEAMS WITH CORRUGATED WEB

According to research results, was compiled a
table of parameters and geometrical characteris-
tics of welded I-beam with a corrugated web

T H/2! (10) (similar to tabulated values standard I-beams).
_ | The resulting table can be used to solve the
I = ;x (11)  problem of the finite-element analysis of flat

frames according to rod diagram, which greatly
simplifies the calculation compared to calcula-
tion using shell model.

Table 4. Geometric parameters of steel I-beams profiles with corrugated web.

Cross-section specifications, cm Corrugation specification, cm
Models
H B tr ty h b a d 1
1 2 3 4 5 6 7 8 9 10
BTW1 20.0 10.0 0.8 0.2 18.4 5.0 10.0 5.0 45°
BTW2 30.0 15.0 0.9 0.3 28.2 7.6 15.0 7.6 45°
BTW3 40.0 20.0 1.3 0.3 37.4 10.0 20.0 10.0 45°
BTW4 50.0 20.0 1.6 0.4 46.8 8.0 20.0 8.0 45°
BTW5 60.0 20.0 1.8 0.4 56.4 10.0 30.0 10.0 45°
Table 5. Geometric parameters of steel I-beams profiles with corrugated web.
Area, I\ngs L, W, Iy, 1, Wy, iy, S;/Z,
cm? 1m. kg cm* cm? cm cm® cm® cm cmd
11 12 13 14 15 16 17 18 19
19.68 16.13 | 1484.2 | 148.42 8.68 136 27.2 2.63 85.3
35.46 29.24 5712 380.8 12.7 520 69.3 3.83 226.3
63.22 5154 | 18922 | 946.1 17.3 1765.5 | 176.6 5.3 555.6
82.72 67.8 38312 | 1532.48 | 21.52 2172 217.2 513 | 1212.45
94.56 77.3 61893 | 2063.1 25.6 2472 247.2 5.11 1763.4
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4. CALCULATION OF A FLAT FRAME
WITH CORRUGATED ELEMENTS

Using the geometrical characteristics of corru-
gated beams, it was possible to perform
calculations of flat frames according to rod dia-
gram. Let us give an example of the calculation
of a flat frame with a horizontal corrugated ele-
ment, made in software «LIRA-SAPR» using a
flat rod diagram.

Example. Consider the frame shown in Fig. 11.
For this frame requires: a) build the internal
forces diagrams(the axial force N, the shear Q,
and the bending moment M); b) determine the
maximum normal and stress shearing in the rod
of the column and beam.

Initial data: L=12 m; g=14 kN/m; E=200
KN/mm?2,

The cross section of the beam - corrugated beam
with plate trapezoidal web (BTWS5), columns —
the standart 1-beam with flat wall (501LIC2). The
geometric characteristics of the cross section for
the beam are selected from Table 5 and 6.

Calculated geometric characteristics of the cross
section of elements: elements 1 and 2: 1=7,22
-10* m* W=29,5 -10* m?; A=176,25 -10* m?;
Sx2=16,65 10 m?; the element 3: 1=6,2 -10™
m* W=2,63 -10*m3, A=9456 -10* m?
Sx?=17,63 -10" m®.

Assign stiffnesses rod elements: for elements 1
and 2: EI=144400 kN - m? EA=3525000 kN:;
for element 3: EI=124000 kN - m?;
EA=1891200 kN.

Calculation results

a. The internal forces diagrams, received in
software «LIRA-SAPR» shown in Fig. 11,
Fig.12.

b. The calculation of normal stresses in rods of
column and beam of frame:

- (13)

where, i =1, 2, 3 — numbers of rod.

q
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Figure 10. The rod model of a flat steel frame: a) frame geometry; b) calculation scheme.
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Diagram My
Units of measurement - kN*m
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Figure 11. The calculation in Software “LIRA-SAPR ”: the diagram of bending moment My.
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Figure 12. The calculation in Software “LIRA-SAPR ”: a) the diagram of shear Q ;
b) the diagram of axial force N.
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Table 6. Results of calculations.

Elements O max » MPa | 0; min , MPa
1 44,7 54,4
2 44,7 54,4
3 65,2 76,43

c. The calculation of stress shearing in rods of
column and beam of frame:

Q‘Sllz

X

(14)

w

Table 7. Results of calculations.

Elements 7; , MPa
1 8,23
2 -8,23
3 59,73
CONCLUSION

1. The developed method makes it possible to
determine the values of geometric charac-
teristics for corrugated web I-beams with
various corrugation configurations.

2. The use of the obtained geometric charac-
teristics makes it possible to carry out the
calculation of flat frames with corrugated
elements according to the rod scheme.

3. Further research direction involves the gen-
eralization of the above method to solving
problems of static calculation of spatial rod
structures with corrugated elements.

REFERENCES

1. Dmitrieva T.L., Ulambayar Kh.
Ispolizovanie Balok s Gofrostenkoi v Sov-
remennom  Proektirovanii  [Use  of
Corrugated Beams in Modern Design]. //
Izvestiya Vuzov. Investitsii. Stroitelstvo.
Nedvizhimost, 2015, Vol. 15, No. 4, pp.
132-138 (in Russian).

2. Limaye A.A., Alandkar P.M. Strength of
Welded Plate Girder with Corrugated Web

Volume 15, Issue 1, 2019

Olate. // International Journal of Engineer-
ing Research and Applications, 2013, Vol.
3, Issue 05, pp. 1925-1930.

Bryantsev A.A., Absimetov V.E., Lalin
V.V. Effiktivnosti Primeneniya Dvutavrov
s Gofrirovanniimi Stenkami v Proizvod-
stvenniikh Zdaniyakh [Effective Applica-
tion of I-beams With Corrugated Webs in
the Industrial Building]. // Construction of
Unique Buildings and Structures, 2017,
Vol. 54, No. 3, pp. 93-104 (in Russian).
Lukin A.O., Alpatov V.Yu., Chernyshev
D.D. Sovershensvovanie Konstruktivnogo
Resheniya Balki s Gofrirovannoi Stenkoi
[Improving Constructive Solution of Beam
With Corrugated Wall]. // Vestnik SGASU.
Town Planning and Architecture, 2016,
Vol. 23, No. 2, pp. 4-8 (in Russian).
Akshay Bankar, Pallavi Pasnur. Experi-
mental Stress Analysis of Trapezoidal Cor-
rugated Steel Web Beam — A Review. //
Imperial journal of Interdisciplinary Re-
search, 2017, Vol. 3, Issue 06, pp. 621-624.
Jayaraman S., Suresh babu S. Experi-
mental Investigation on Flexural Behavior
of Cold Formed Corrugated Steel Section. //
International Journal for Scientific Re-
search and Development, 2017, Vol. 5, Is-
sue 02, pp. 1670-1675.

Bondarenko O.S., Kikot A.A. Analiz
Balok s Gofrirovannoi Stenkoi [Corrugated
Beam Analysis]. // Polzunovski Almanakh,
2016, No. 3, pp. 38-41 (in Russian).
Kudryavtsev S.V. Raschet Dvutavrovoi
Balki s Gofrirovannoi Stenkoi na lzgib v
Svoei Ploskosti pod Deistviem
Staticheskikh Nagruzok. Rashet Metodom
Konechniikh Elementov [Calculation of an
I-Beam With a Corrugated Web for Bend-
ing in its Plane Under the Action of Static
Loads. Calculation Finite Element Method].
Ekaterinburg, GOU BPO UPI, 2007, 11
pages (in Russian).

Basher M.A., Shanmugam N.E., Khalim
A.R. Horizontally Curved Composite Plate
Girders With Trapezoidally Corrugated

37



10.

11.

12.

13.

14.

15.

38

Webs. /I International Journal of
Constructional Steel Research, 2011, Vol.
67, Issue 06, pp. 947-956.

Wang Z.Y., Wang Q.Y., Jiang R.J. Finite
Element Based Fatigue Assessment of
Corrugated Steel Web Beams in Highway
Bridges. // International Journal of Civil
Engineering, 2015, Vol. 13, Issue 04, pp.
419-431.

Revathi N., Satheshkumar
Arunkumar Dr.G. Numerical
Investigation on Flexural Behaviour of
Cold Formed Steel I — Section With
Triangular Corrugated Web. // International
Journal of Research and Innovation in
Engineering Technology, 2016, Vol. 02,
Issue 12, pp. 48-53.

GK,,

Siddharth  R.P.,, Magdum M.M.
Comparative ~ Study  of  Innovative
Corrugated  Hollow  Columns  and
Conventional  Column. //  Technical

Research Organization India, 2017, Vol.
04, Issue 07, pp. 30-37.

Arunkumar G., Sampathkumar P.,
Sukumar S. Investigation on Cold —
Formed Steel Lipped I-Beam With
Trapezoidal Corrugation in Web by
Varying Depth. // International Journal of
Innovative Research and Development,
2013, Vol. 02, Issue 05, pp. 938-949.
Denan F., Osman M.H., Saad S. The
Study of Lateral Torsional Buckling
Behavior of Beam with Trapezoid Web
Steel Section by Experimental and Finite
Element Analysis. // International Journal
of Research and Reviews in Applied
Sciences, 2010, Vol. 02, Issue 03, pp. 232-
240.

Maksimov  Yu.S., Ostrikov G.M.
Sortament Svarniikh Dvutavroviikh Profilei
Obiichnogo Tipa 1 s Gofrirovannimi
Stenkami, Sootvetstvuiushie po
Prochnostniim Kharakteristikam
Prokatniim [Mix of Fabricated [-Beam
Sections of Regular Type and With
Corrugated Walls Meeting  Strength
Properties of Rolling Sections]. RDS RK

16.

17.

18.

19.

Tatiana L. Dmitrieva, Khukhuudei Ulambayar

5.04-24-2006, Astana: Kaz Steel Project,
2007, 22 pages (in Russian).

Rekomendatsii po Proektirovaniiu: Balki
Dvutavroviie Gofrirovanniie Oblegchenniie
[Design Recommendations: Lightweight I-
Beams Corrugated] (Sin beams TU U
B.2.6-28.1-30653953-007:2007) Kh., et.
project, 2013, 110 pages (in Russian).
Prabha V.C., Shalini A., Saravanaganesh
S., Selvakumar K. Study on Behaviour of
Cold Formed Built-Up I-Section With
Trapezoidal Corrugation in Web by
Varying the Aspect Ratio and Angle of
Corrugation. // International Journal of
Chemical Sciences, 2015, Vol. 13, Issue 04,
pp. 1935-1946.

Divahar R., Joanna P.S. Lateral Buckling
of Cold Formed Steel Beam With
Trapezoidal Corrugated Web. 1
International Journal of Civil Engineering
and Technology, 2014, Vol. 05, Issue 03,
pp. 217-225.

Alexandrov  A.V., Potapov  V.D.,
Derzhavin B.P. Soprotivlenie Materialov
[Mechanics of Materials with Elements of
Theory of Linear Elasticity]. Moscow,
Visshaya shkola, 2003, 560 pages (in Rus-
sian).

CIIUCOK JINTEPATYPBI

1.

JAmutpueBa T.JI., Yaamoasap X. Mcnomns-
30BaHMe OaloK ¢ roppocTeHKOH B coBpe-
MEHHOM TIpoeKkTupoBanud. /| Uzeecmus 6y-
308. HUnsecmuyuu. Cmpoumenvcmeo. He-
osuocumocmso, 2015, Tom 15, Ne04, c. 132-
138.

Limaye A.A., Alandkar P.M. Strength of
Welded Plate Girder with Corrugated Web
Olate. // International Journal of Engineer-
ing Research and Applications, 2013, Vol.
3, Issue 05, pp. 1925-1930.

bpsinueB A.A., A6cumeros B.J., Jlaaun
B.B. D{dexTuBHOCTh NPUMEHEHUS JBY-
TaBpPOB C TOQPUPOBAaHHBIMH CTCHKAMH B
MPOU3BOJICTBEHHBIX 31anHusX. /| Cmpou-

International Journal for Computational Civil and Structural Engineering



To the Question of the Determination of Geometric Characteristics of the Section of Corrugated Beams
with Trapezoidal Webs Based on the Simulation Results

10.

11.

MmenbCmeo VHUKAIbHLIX 30aHULL U COOpY-
orcerunt, 2017, Tom 54, Ne03, c. 93-104.
Jlykun A.O., AnnaroB B.IO., YepnbieB
A.JA. CoBepiieHCTBOBaHUE KOHCTPYKTHB-
HOro pemieHust Oanku ¢ TO(PUPOBAHHOU
crenkoit. /| Becmnux CIACY. Ipadocmpo-
umenvcmeo u apxumexkmypa, 2016, Tom 23,
Ne(2, c. 4-8.

Akshay Bankar, Pallavi Pasnur. Experi-
mental Stress Analysis of Trapezoidal Cor-
rugated Steel Web Beam — A Review. //
Imperial journal of Interdisciplinary Re-
search, 2017, Vol. 3, Issue 06, pp. 621-624.
Jayaraman S., Suresh babu S. Experi-
mental Investigation on Flexural Behavior
of Cold Formed Corrugated Steel Section. //
International Journal for Scientific Re-
search and Development, 2017, Vol. 5, Is-
sue 02, pp. 1670-1675.

bonpapenko O.C., Kukorb A.A. AHanus
0anok ¢ rodpupoBanHoi crenkou. // [lox-
synosckuti aromarnax, 2016, Ne03, c. 38-41.
Kynpssues C.B. Pacuer nByraBpoBOit
Oayiku ¢ ro)pUPOBAHHOM CTCHKON Ha M3rH0
B CBOEH MJIOCKOCTH MOJ JSUCTBUEM CTaTH-
YCCKUX HArpy3okK. Pacuer METOAOM KOHCY-
HBIX 3yeMeHToB. — Exatepunbypr: 'OV
BITO VIIN. 2007. - 11 c.

Basher M.A., Shanmugam N.E., Khalim
A.R. Horizontally Curved Composite Plate
Girders With Trapezoidally Corrugated
Webs. // International Journal of
Constructional Steel Research, 2011, Vol.
67, Issue 06, pp. 947-956.

Wang Z.Y., Wang Q.Y., Jiang R.J. Finite
Element Based Fatigue Assessment of
Corrugated Steel Web Beams in Highway
Bridges. // International Journal of Civil
Engineering, 2015, Vol. 13, Issue 04, pp.
419-431.

Revathi N., Satheshkumar G.K,,
Arunkumar Dr.G. Numerical
Investigation on Flexural Behaviour of
Cold Formed Steel I — Section With
Triangular Corrugated Web. // International
Journal of Research and Innovation in

Volume 15, Issue 1, 2019

12.

13.

14.

15.

16.

17.

18.

Engineering Technology, 2016, Vol. 02,
Issue 12, pp. 48-53.

Siddharth  R.P.,, Magdum M.M.
Comparative ~ Study  of  Innovative
Corrugated Hollow  Columns  and
Conventional  Column. //  Technical

Research Organization India, 2017, Vol.
04, Issue 07, pp. 30-37.

Arunkumar G., Sampathkumar P.,
Sukumar S. Investigation on Cold -
Formed Steel Lipped [-Beam With
Trapezoidal Corrugation in Web by
Varying Depth. // International Journal of
Innovative Research and Development,
2013, Vol. 02, Issue 05, pp. 938-949.
Denan F., Osman M.H., Saad S. The
Study of Lateral Torsional Buckling
Behavior of Beam with Trapezoid Web
Steel Section by Experimental and Finite
Element Analysis. // International Journal
of Research and Reviews in Applied
Sciences, 2010, Vol. 02, Issue 03, pp. 232-
240.

MaxkcumoB 10.C., Ocrpukos I''M. Cop-
TaMEHT CBAPHBIX JIBYTaBPOBBIX Ipoduiieit
OOBIYHOTO THMAa U C To(PUPOBAHHBIMU
CTCHKaMM, COOTBCTCTBYIOIIHWEC II0 IIPOY-
HOCTHBIM  XApaKTCPUCTUKaM IIPOKATHBIM
PIC PK 5.04-24-2006. — Acrana: Kas.
ctanb mpoekt, 2007. — 22 c.

Pexomenpanuu 1o npoekTupoBaHuio: bai-
KA JBYTaBpOBBIE TO(QpPUpPOBaHHBIE OOJIET-
yernble (['odpodanku TY VY B.2.6-28.1-
30653953-007:2007). X.:  MeT.poeKT,
2013. - 110c.

Prabha V.C., Shalini A., Saravanaganesh
S., Selvakumar K. Study on Behaviour of
Cold Formed Built-Up I-Section With
Trapezoidal Corrugation in  Web by
Varying the Aspect Ratio and Angle of
Corrugation. // International Journal of
Chemical Sciences, 2015, Vol. 13, Issue 04,
pp. 1935-1946.

Divahar R., Joanna P.S. Lateral Buckling
of Cold Formed Steel Beam With
Trapezoidal Corrugated Web. 1
International Journal of Civil Engineering

39



and Technology, 2014, Vol. 05, Issue 03,
pp. 217-225.

19. Anekcanapor A.B., Iloranos B./., [lep-
s;kaBuH B.II. ConpoTuBiieHre MaTepuaioB.
— M.: Beicmag mkona, 2003. — 560 c.

Tatiana L. Dmitrieva, Dr.Sc., Professor, Department of
Theoretical Mechanics and Strength of Materials, Irkutsk
National Research Technical University, Lermontov
street, 83, Irkutsk, 664074, Russia; phone/fax: +
7(914)9136125;

E-mail: dmitrievat@list.ru.

Khukhuudei Ulambayar, Ph.D. Student, Department of
Automated Systems, Irkutsk National Research Technical
University, Lermontov street, 83, Irkutsk, 664074, Russia;
phone/fax: + 7(914)8746115;

E-mail: Ulambayar_kh@yahoo.com.

JmutpueBa TarbsiHa JIbBOBHA, JOKTOP TEXHUYECKHUX
HayK, mpodeccop, Kadeapa TCOPETUUCCKOH MEXaHUKH H
COIPOTHBJICHUSI MaTepuanos, MpKyTckuii HallMOHaNbHbIN
HCCIIeIOBATENIbCKU TEXHUUECKH YHUBEpcHuTeT, 664074,
Poccus, r. Upkytck, yin. JlepmonToBa, 83;

ten. + 7(914)9136125, E-mail: dmitrievat@list.ru.

Xyxyymait Yaambasp, aCIHpaHT, Kadenpa
ABTOMAaTHU3MPOBAHHBIX CHCTEM, WpkyTtckuii
HalMOHAJIBHBIHA NCCIIEIOBATEIbCKUN  TEXHWYECKHUH
yHuBepcurer; 664074, Poccus, r. MHpkyrck, yi.
JlepmonroBa, 83, ten. + 7(914)8746115;

E-mail: Ulambayar_kh@yahoo.com.

Tatiana L. Dmitrieva, Khukhuudei Ulambayar

40 International Journal for Computational Civil and Structural Engineering



International Journal for Computational Civil and Structural Engineering, 15(1) 41-53 (2019)

THE METHOD OF LOCAL AUTOMATIC CONTROL
OF THERMOPHYSICAL PARAMETERS OF EXTERNAL
WALLS OF BUILDINGS AT THE LOCATIONS
OF CONDENSATE LOSS

Sergej V. Fedosov !, Pavel N. Mureev ?, Vitalij G. Kotlov 2,

Aleksandr N. Makarov 2, Andrej V. Ivanov 2
! lvanovo State Politechnical University, lvanovo, RUSSIA
2Volga State University of Technology, Yoshkar-Ola, RUSSIA

Abstract: Today the buildings of the 60-80th of the XX century do not satisfy to modern requirements for ener-
gy saving. The low value of the resistance to heat transfer leads overcooling of the wall surface in the cold period
of the year and to overheating in the warm period. In addition, over the years of operation building envelopes
subjected to numerous of climatic changes that were not envisaged in the design earlier. The lowering of micro-
climate parameters in the room negatively affects to the comfort and health of a person. As a result, the specific
heat consumption for heating increases, the resistance to heat transfer decreases, and the thermal diffusivity in-
creases. Therefore, a new method for calculating the actual value of the resistance to heat transfer is developed.
The problem of providing sanitary and hygienic and thermophysical comfort conditions in the premises of the
student hostel of the Volga State University of technology is also being solved. This occurs by controlling the
temperature of the internal surface of the outer walls with a heating cable. Such a design will not only keep the
difference between the wall surface temperature and the internal air temperature within the limits of the norm,
but will also help to solve the problem of condensate precipitation by raising the temperature of the inner surface
of the wall above the dew-point temperature. The developed technique takes into account the conditions of the
heat transfer regime at a particular time, and also makes a correction to the final value of the design resistance.
This makes the technique applicable for processing the results of field experiments and determining the actual
resistance to heat transfer. Also results of field experimental researches of external walls of buildings are resulted
and the scheme of laboratory installation is shown.

Keywords: internal wall insulation, dew point, temperature, humidity, heat flux, heat transfer resistance,
the quasi-stationary mode

CMOCOB JOKAJTBHOI'O ABTOMATHYECKOTO
YIIPABJIEHUSA TEIUIO®U3NYECKAMHU MAPAMETPAMU
HAPYKHBIX CTEH 3JJAHUI B MECTAX BBITIA IEHUSA
KOHJEHCATA

C.B. ®eoocos *, I1.H. Mypees ?, B.I'. Komnoé >, A.H. Maxapoe %, A.B. Heanoe >
! BanoBCKMIT rOCYIapCTBEHHBIN MOJIUTEXHUYECKUH YHUBEPCUTET, T. MiBanoBo, POCCU S
2 T10BOJDKCKMI TOCYIapCTBEHHBIN TEXHOJIOTHYECKUI YHUBEPCHTET, T. Monikap-Ona, POCCUS

AuHoTanusi: B Hactosiee Bpems 3nanus 3actpoiiku 60-80-x rogoB XX Beka He OTBEYarOT COBPEMEHHBIM Tpe-
OoBaHUSIM 1O 3HeprocOepexeHnto. Huskoe 3HaueHHE CONMPOTUBIIEHHS TEILIONepeaue MPUBOJUT K IEpeoxia-
JKIACHUIO NTOBEPXHOCTH CTEHOBOI'O OTPAKIACHMSI B XOJOLHBIM NEPHOJ rojla U K NEpPErpeBy B TEIUIBIA NEPUOL.
Kpome sTOro, 3a rojpl 3KCIUIyaTallUd OIPa)AaloOlMe KOHCTPYKLMM 34AHUM HCHBITBIBAIOT MHOTOUYHCIICHHBIE
KJIMMAaTU4eCKHEe U3MEHEHUs], He MPEeAyCMOTPEHHBIE paHee MpU NpoeKTUpoBaHNH. CHUXKEHUE MapaMeTpOB MHUK-
pOKJIMMaTa B OMELICHUH HEraTUBHO BO3/IeHCTBYET Ha KOM(OPT M 370pOBbE YenoBeka. B pesynbprare Bo3pacTa-
€T yJENbHBINA pacXo/| TeIUla Ha OTOIUIEHHE, CHIXKAETCS CONPOTUBICHUE TEILIONEpeaue, MOBIIAETCS TEMIIEpa-
TyponpoBoHOCTb. [TosTOMy paspaboraHa HOBas METOJMKa pacyera (PaKTHYECKOTO 3HAUYEHUsI CONPOTHBIICHUS
teruionepenade. Takxke penraercs 3agada 00eCHEYSHUS! CAHUTAPHO-TMIMEHHYECKUX M TEIUIOQU3NUECKHX KOM-
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(OPTHBIX YCIOBHUH B MMOMEIICHUAX CTYACHIECKOTO OOMEKUTHS [10BOIKCKOTO TOCYIapCTBEHHOTO TEXHOJIOTHYe-
CKOTO YHHMBEPCHTETa. JTO NMPOUCXOAUT C MOMOINBIO PETYIHPOBAHUS TEMIEPATyphl BHYTPEHHEH HMOBEPXHOCTH
Hapy>XHBIX CTEH IPH MOMOIIM HarpeBaTeibHOro kabeins. [TomoOHas KOHCTPYKIMS MO3BOJIUT HE TOJBKO COXpa-
HATH Mepenaj MeXAy TeMIepaTypoil IOBEPXHOCTU CTEHBI U TEMIIEpPaTypoi BHYTPEHHETO BO3JyXa B Mpeaenax
HOPMBI, HO U OyJIeT criocoOCTBOBATh PELICHUIO MPOOIEMBbI BBITaAEHUs] KOHJCHCATA ITyTEM IOBBIIICHUS TEMIIe-
parypsl BHYTPEHHEW IOBEPXHOCTH CTEHBI BBIIIE TEMIIEPATYpbl TOYKH pockl. PazpaboTaHHass METOAMKA YUHUTHI-
BaeT yCJIOBUS PEeKUMa TeIUIoNepefad B KOHKPETHBI MOMEHT BPEMEHH, a TaKXKe BHOCHUT IOIPABKY B UTOIOBOE
3HAQUEHHE PAaCUYETHOTO CONPOTHBICHUS. DTO JeJaeT METONUKY INPHUMEHUMOH aisi oOpabOTKM pe3ysbTaToB
HATypHBIX 3KCIEPUMEHTOB U ONpeAeicHUs (PaKTHIECKOro CONMPOTHBICHNUS Temuonepenade. Takke NPUBOAIATCS
PE3YNBTAaThl HATYPHBIX YKCIIEPUMEHTAIBHBIX HCCICAOBAHNI HAPYKHBIX CTEH 3aHUH U II0Ka3aHa cxema Jabopa-

TOPHOHN YCTaHOBKHU.

KaioueBble ciioBa: BHYTPCHHEC YTCIUICHUC CTCHBI, TOYKaA POCHI, TEMIICpATYypa, BJIAKHOCTD, TEIJIOBOM IIOTOK,
COIIPOTUBJICHUC TETIJIONIEpEaaUC, KBa?;I/ICTaIII/IOHapHLIﬁ PEKUM

Currently, the construction of residential build-
ings in Russia is rising with high speed. As a
result, the country's housing stock is being up-
dated. However, a large share in the housing
stock still consist of buildings built in the 1960-
1980th of the 20th century (up to 45% accord-
ing to Rosstat). These houses were built by ob-
solete requirements for today [4]. For such a
long period of time, both the external climatic
conditions and the operating conditions of the
buildings were subject to changes. All these
conditions ultimately lead to a significant de-
crease in the heat-shielding characteristics of the
exterior walls of buildings [9,10,11,12]. Under
the condition of elevated temperatures and hu-
midity of indoor air in the room, associated with
domestic heat generation and insufficient venti-
lation of air, there are times when the tempera-
ture of the internal surface of the wall drops be-
low the dew point temperature, i.e. there is a
moment of condensation, which can lead to the
formation of mold.

The basis for the development of new methods
for determining the actual resistance to heat
transfer was the method of V.l. Zuev and co-
authors "Method for determining the thermal
resistance of a structural element area under
non-stationary heat transfer mode™ [5], the es-
sence of which is in determining the conditions
for the existence of a quasi-stationary heat trans-
fer mode and its criterion Omax. In this method,
the negative sides were identified, which were
taken into account when developing a new tech-
nique.

The aim of this investigation is to develop a new
technique that will reduce the calculation of the
actual value of the heat transfer resistance to the
determination of the minimum measurement
time and the correction for thermal resistance
AR; development of a local automatic room
climate control system using a proportional-
integral-differential controller.

Due to the fact that the constancy of the heat
flux is an insufficient condition for the station-
ary heat transfer mode, the criterion for deter-
mining the quasi-stationarity of the heat transfer
mode is the temperature distribution through the
thickness of the fence in a straight line from
outside to inside temperature.

In the case of a quasi-stationary heat transfer
mode, when determining the actual heat transfer
resistance, we distinguish two components: the
heat transfer resistance and the AR
amendment caused by the quasi-stationary heat
transfer mode (1):

RI}.‘}Z

092 _ 0,52
Tk
Qo=

Rypur = R*P + AR = + AR ()

where Ry, is the fact resistance against heat

H;T = TP is tem-
perature of internal surface with probability of
0,92(0,98), °C; T** is temperature of external
surface with probability of 0,92(0,98), °C; Q%%

is heat flow with probability of 0,92(0,98), —=.:

transfer of the wall’s part,

1

T
M
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AR is a amendment to heat resistance of the

M= oC

wall’s part,

Taking the heat transfer mode close to station-
ary, the value R*#? is calculated by the standard
formula with the difference that the value of the
temperature of the inner and outer surface and
heat flux are taken with a probability of 0.92
(0.98). The amendment to the heat transfer re-
sistance takes into account the quasi-stationarity
of the heat transfer mode. The criterion of the
stationary mode is the linear temperature distri-
bution in the thickness of the outer wall, there-
fore, the amendment depends on the deviation
of the actual temperature distribution from the
theoretical (linear) and heat flux passing
through the outer wall (2):
AR =Xf |R,,

— R, )

where

is theoretical resistance to heat transfer of i-th
layer, calculated for quasi-stationary mode,
e og

ET

¥

0,92 092
p = li=a Tl

1 Q_D.'?i

z o

calculated in accordance sensor readings,

In Figure 1, the dashed line shows the theoreti-
cal temperature distribution in the thickness of
the outer wall, the solid one shows the actual
temperature distribution in the thickness of the
outer wall.
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Figure 1. The actual and theoretical temperature distribution in the thickness exterior wall.

In practice, this technique is implemented using
software, in which it can be put the selection
criteria for the processed time intervals, the val-
ue of amendment AR in fractions of R*#2 or ab-
solute values. Measurements are made during
the entire heating period, which allows us to
find a set of values with the same criteria for the
selection of time intervals. On the basis of the
obtained values, the total value is determined
with the help of the technique with the required
probability, which is recommended to be taken

Volume 15, Issue 1, 2019

as the actual value of the heat transfer resistance
for the heat engineering calculation of the re-
constructed buildings.

Using the classical formula to determine the ac-
tual resistance to heat transfer without taking
into account the amendment AR deprives the
meaning of the method using this approach for
determining R,_... In natural conditions it is

impossible to create a stationary mode of heat
transfer. In some techniques to bring the heat
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transfer mode to the stationary it uses the vari-
ous heating elements, which are located on the
inner, outer, or on both surfaces. The use of
such heating elements violates the thermal state
of the outer wall section, that leads to a large
error in the measurement results. Also unknown
is there an affecting of these heating elements
on the accuracy of data from heat flow and tem-
perature sensors. The only correct solution is to
conduct a full-scale experiment without chang-
ing the thermal state of the object, taking into
account the degree of non-stationarity of the
heat transfer mode.

The main conveniently controlled parameter of
the stationary mode of heat transfer is the linear
distribution of temperatures in the thickness of
the outer wall during a time interval not less
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than the time of thermal inertia of this outer
wall. If the temperature distribution in the
thickness of the outer wall differs more signifi-
cant from the linear one, then the degree of qua-
si-stationarity of the heat transfer mode is great-
er.

The developed technique takes into account the
conditions of heat transfer at a particular point
in time, and also amends the final value R,

This makes the technique applicable for pro-
cessing the results of experiments and determin-
ing the actual resistance to heat transfer.

The decision of wall insulation becomes the
structure, which is a heating element mounted in
the inner plaster layer of the wall (Fig. 2) [6].

CYIENMIEAY 1 3 w7 .
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| \j\ I/ ] /://—8
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Figure 2. Designed wall fencing with adjustable temperature of the inner surface: 1-outer wall;
2 plastering layer; 3-heating element; 4-thermostat; 5-surface temperature sensor; 6-humidity and
air temperature sensors; 7-insulation (mineral wool 6 = 100 mm); 8 gypsum plasterboard;

9 products; 10-air gap; 11 temperature sensor.

Such a design not only maintain the difference
between the wall surface temperature and the
internal air temperature within the normal range
(<40 ° C according to [7]), but also help to solve
the problem of condensate by increasing the
temperature of the internal wall surface above
the dew point temperature. In addition, the de-
sign variant with insulation (Fig. 2) increases
the resistance to heat transfer of the wall enclo-
sure, while the heating element will prevent the

insulation from getting wet by shifting the dew
point deep into the wall thickness.

The operation of the thermostat is based on the
observance of two parameters: the provision of
standardized temperature difference and con-
densation on the inner surface.

The fulfillment of these tasks will lead to the
solution of other important requirements: the
prevention of the possibility of mold formation
on the inner surface of the walls; exclusion of

44 International Journal for Computational Civil and Structural Engineering



The Method of Local Automatic Control of Thermophysical Parameters of External Walls of Buildings at the Locations

of Condensate Loss

the probability of human contact with heated
surfaces that are below the level required for a
person’s comfort; and the obstruction of wetting
of the walls and, as a result, the reduction of
heat loss through the building envelope.

The mathematical description of the dynamics
of the thermal process of heat transfer to build-
ing structures are partial differential equations.
For the synthesis of algorithms for automatic
control of technological processes, when de-
scribing the dynamics of processes, the transfer
functions of the ratio of the input signal to the
output type (3) are used:

= YIE ) (3)

where X(s), Y(s) are Laplace transformations of
input and output signals respectively.

To determine the transfer functions of the
masonry, the physical model of the control
object is presented in Figure 3, which
schematically depicts a heterogeneous masonry
with a built-in heating element in the form of a
nickel-chrome alloy heating cable, similar to
that used in floor heating systems. In the
physical model of the control object (Fig. 3), the
following descriptions are adopted: Qo is a heat
flow in the direction from the heating element to
the room; Q1 is a heat flow in the direction from
the heating element to the outside of the
building; Q2 is a heat flow in the direction from
the room to the outside of the building; Qs is a
heat flow in the direction outside the building to
the room; to is the indoor temperature; t; is the
temperature of the inner surface of the building
wall; t2 is the temperature of the outer surface of
the building wall.
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Figure 3. Physical model of the object of control.

V.S. Tkachev, A.V. Kostenko [1,8] proposed to
represent the transfer function of heterogeneous
masonry in the form of the sum of the transfer
functions of its layers, that is, consider the ma-
sonry in layers. In this case, in the physical
model of a masonry with a heating element, it is
possible to distinguish two main layers: 1 is a
layer from the heating element into the interior,
through which the heat flow Qo passes; 2 is lay-
er from the heating element to the outside of the
building, through which the heat flux Q1 passes.
Taking into account the small depth of installa-
tion of the heating element in the wall relative to

Volume 15, Issue 1, 2019

the inner side of the wall (no more than 5 cm),
this layer can be considered conventionally ho-
mogeneous and describe it as one transfer func-
tion of the aperiodic link of the first order of the
following form (4):

1
W(s)= —— 4
where T is time constant; s is Laplace operator.
The purpose of the operation of the automatic
control system is to maintain the temperature
difference inside the room to and the tempera-
ture of the inner surface of the building wall t;
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at a level less or equal to 40 ° C, which ensures
the spatial shift of the dew point inside the
building wall [2]. This protects the interior sur-
face of the wall with decorative trimming from
condensation, the spread of fungus and ensuring
a comfortable location of the person inside the
room.

In order to control the indoor temperature to and
the temperature of the inner surface of the build-
ing wall ty, it is necessary to install two primary
transducers - resistance thermometers. To pre-

vent the possibility of self-oscillations in the
automatic control system caused by abrupt
changes in the readings of the thermometer of
resistance of the internal temperature in the
room to, it is necessary to ensure its sufficient
inertia by using thermal screens or installing
away from the main air flow caused by short-
term opening of doors or windows in the room.
The block diagram of the automatic control sys-
tem is shown in Figure 4.
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Figure 4. Block diagram of the automatic control system.

The basis of the automatic control system is a
controller made according to the scheme of a
classical proportional-integral-differential
controller (PID controller), the operation of
which is described by the expression (5):

1

U(t) =Ke() + = )

where t is time, K, Ti, Tq are proportionality
coefficient, integration constant and
differentiation constant respectively.

A signal on the mismatch Ax (t) of the measured
air temperatures inside the room Xo(t) and the
inner layer of the wall xi(t) is sent to the input
of the PID controller. The output control signal
U(t) is formed according to expression (5),
while the proportional coefficient, the integra-
tion constant and the differentiation constant are
chosen experimentally from the point of view of
minimizing the transition process or the over-
shoot value. The output control signal U (t) is
actually the power control signal of the heating
element built into the wall and takes values
from 0 to 100 as a percentage of the maximum
power of the heating element.

The transient graph obtained during simulation
in VisSim is shown in Figure 5 and describes
the temperature change t1 of the inner wall sur-
face with an abrupt change in indoor tempera-
ture from 20 ° C to 25 °© C at time T = 30
minutes. As can be seen from the graph, the use
of the PID controller allows us to significantly
reduce the time of the transition process.

For maximum reliability of the results, it is de-
cided to conduct research in natural conditions
(Figure 6). A residential dormitory is chosen as
an object of study, in the corner rooms of which
mold formations are observed.

Characteristics of the dormitory building: year
of construction - 1975, number of floors - 9,
building volume - 26,708 m3, total area -
6,335.9 m?, external walls made of silicate
bricks of 640 mm thick, plastered on the inside
and outside with a cement-sand mortar 20 mm.
To improve the accuracy of the results, experi-
mental facilities were located in several problem
dormitory rooms located on the north-west side
on different floors of the building (Fig. 7).

46 International Journal for Computational Civil and Structural Engineering



The Method of Local Automatic Control of Thermophysical Parameters of External Walls of Buildings at the Locations
of Condensate Loss

—

Te-mperaluré("C)
SRR

0 5 1 15 2 25 3 35 4
Time (hour)

Figure 5. Transient graph of the heating of the inner layer of the wall using the PID controller.

Figure 7. The location of rooms 225, 235, 245, 265 on the floor plan of a typical dormitory
(indicated by color).
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Figure 8. Diagram of the laboratory setup for determining the actual resistance to heat transfer.

The main installation with the control module is
located in room number 245 on the fourth floor
(Figure 8). The room has two exterior walls, one
facing north, the other toward the west, and one
window with a PVC profile facing north.

The data obtained from the experimental facili-
ties allow us to track changes in temperature
and humidity outside, on the surface and in the
thickness of the wall enclosure.

Figure 9 shows a graph of the distribution of
temperature fields on the surface and in the
thickness of the wall fencing for the heating pe-
riod of 2014-2015, which has 5 time intervals
(1-V), when the difference between the tempera-

IIIA

tures of the inside air and the inner surface of
the wall fencing exceeds the required value of 4
OC. The total duration of time when At >4 ° C
for the heating period 2014-2015 is 68 days,
which is about 37% of the total duration of the
heating period [3].

The graph (Figure 9) shows that the selected
intervals | — V are characterized by a decrease in
the values of the outdoor temperature, which
indicates a high thermal conductivity of the wall
material and a low resistance to heat transfer of
the wall enclosure design.
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Thus, it is visually shown that a low value of
heat transfer resistance leads to overcooling of
the wall surface in the cold period of the year
and to overheating in the warm period, which
leads to a person being uncomfortable in the
room. The temperature distribution in the sec-
tion of the wall thickness (Fig. 10) for the point
in time when the outdoor temperature assumed
the lowest value tmin = -19.49 0C (5:00,
01.23.2015) shows that the actual temperature
values deviate from the line connecting the tem-
perature of the outer and inner surface, which
indicates the non-stationarity of heat transfer.
When analyzing the graph of changes in relative
humidity in the thickness of the structure (Fig.
11), it can be seen that the values are not dis-
tributed linearly (straight from the inside to the
outside of the room), which is clearly shown in
Figure 12 at an arbitrary time 02.03.15.

From figures 11 and 12 it can be seen that the
relative humidity takes maximum values in 4
sections - at a distance of 1/3 from the outer sur-
face of the wall enclosure.

In one of the time intervals during the meas-
urement period, a moment of condensate was
observed on the inner surface of the wall (Fig.
13), when the values of the relative humidity of

the internal air reached values of up to 76%, and
the maximum temperature of the internal air is
24 ° C, and does not exceed 17 ° C, which is
lower than the dew point temperature.

Based on the above, it should be noted that the
thermal state of the outer wall during the entire
heating period is not constant. The thermophys-
ical characteristics of the material of the outer
wall change during the entire heating period,
which confirms the need for carrying out field
studies for a long time.

Analysis of the experimental data shows that the
thermal state of the outer wall during the entire
heating period is not constant. The thermophys-
ical characteristics of the material of the outer
wall vary throughout the heating period.

To reduce labor and time costs, it is proposed to
use a computer-aided design (CAD) system for
modeling and forecasting heat fluxes in the
thickness of a wall fence. CAD will reduce the
number of sensors used to two (on the outer and
inner surfaces of the wall). In this case, inter-
mediate values will be determined automatical-
ly, taking into account probabilistic characteris-
tics, reflecting the deviation of the actual values
of temperatures from the theoretical ones.
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Figure 10. The distribution of temperature values in the thickness of the wall at time 5:00
01.23.2015.
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Figure 11. Distribution of the relative humidity values by section of the wall fence.
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Thus, the developed design will allow:

1) Prevent condensation on the inner surface of
the wall;

2) Observe the normalized difference (<4 ° C)
between the temperature of the inner surface of
the wall and the air temperature in the room.

In the future, it is planned to conduct similar
experimental studies on wall fences made of
other materials, such as concrete, wood, etc., in
order to determine the previously agreed addi-
tional coefficients in determining the actual re-
sistance to heat transfer. The need to develop an
automated regulator of the heating element with
the smallest possible number of unknown pa-
rameters and with a more "sensitive" mode of
operation has been identified. It is also planned
to link the work of the developed design with
automated ATP thermal points, which will al-
low to avoid overheating of the premises and
will contribute to energy efficiency.
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Abstract: This paper describes the approach implemented in SCAD for the analysis of behavior of fragments of
thin-walled reinforced concrete structures taking into account the elastic-plastic behavior of both concrete and

reinforcement.

Keywords: reinforced concrete structures, nonlinear analysis, stress-strain diagram

PEA/IM3AIIUA HEYIIPYT'OI'O PACYETA
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The report describes the features of software
implementation and new SCAD [7] modules for
nonlinear analysis of thin-walled reinforced
concrete structures based on a specially
developed method [9].

It should be noted that in this case plastic behavior
implies that loading and unloading are performed
according to different laws and the residual
deformations are taken into account. This is a
fundamental difference from some developments
where the so-called ““physical nonlinearity” was
used, which, in fact, reflects not the plastic behavior,
but the nonlinear elasticity. Another important point
is that all calculations are performed for a structure
with specified reinforcement, i.e. we are dealing
with a verification analysis (examination of the
structural design).

The analysis of reinforced concrete structures
taking into account the inelastic behavior of the
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material is implemented in SCAD by using
special finite elements: a bar element, triangular
and quadrangular shell elements (Figure 1).
When creating a design model the mode for
specifying the reinforcement layout is used
(Figure 2). It implies well-defined options for
the placement of rebars, both in bar and in shell
elements. The latter assume an orthogonal mesh
design, the same orientation of the upper and
lower reinforcement and the arrangement of
rebars consistent with the direction of the
alignment of forces Nyi.

This corresponds to common cases of
reinforcement design, although it narrows the
fundamental possibilities of the calculation
method, when the number of reinforcement
layers in shells can be greater than four and the
direction of reinforcement bars in each
reinforcement layer can be arbitrary.
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This calculation mode is invoked by checking the
Physical nonlinearity checkbox in the
Rigidities dialog box. If this checkbox is
checked, the Materials dialog box appears,
where you can specify the physical and
mechanical properties of the material.
The software provides two options of the plastic
behavior of the material:

e according to the strain

plasticity;
e according to the theory of plastic flow.

theory of
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Figure 2. The “Reinforcement of Plates ” dialog box.
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The strain theory of plasticity has given the best
agreement with experiment in most tested cases.
This option is used by default. In this case only
the “stress-strain” diagram is required to describe
the behavior of the system. The conditions of the
elastic volume change and elastic unloading, as
well as the proportionality of the stress deviator
and the strain deviator, responsible for the shear
and shape changes, respectively, are satisfied.
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Figure 3. The ¢ — ¢ diagram: act- —active
loading in the tension area; pas- —unloading
in the tension area; act+ —active loading in

the compression area; pas+ —unloading in the
compression area; X —start of unloading.

In the second case, the behavior of the system
also defines the vyield surface, which in the
program can be represented either by the
Drucker-Prager plasticity condition [1] or by the
Genie's plasticity condition [5].

The stress-strain relationship with a descending
branch in the tension area can be used to describe
the behavior of concrete (Figure 3). The
degradation of concrete caused by crack opening
is modeled in this way. It is known that the
presence of a descending branch of the ¢ - ¢
diagram is a source of instability of
computational  algorithms.  The approach
implemented in SCAD is based on the fact that
only reinforced concrete (and not concrete)
structures are considered, and the reinforcement,
the o - € diagram for which does not have any
descending regions, regularizes the numerical
solution.

Since in the numerical implementation of a
nonlinear problem, an arbitrary assignment of the
o — ¢ diagram can lead to a lack of convergence
(see for example [4]), they are automatically
reduced to a form that ensures the stability of the
computational process. For this purpose, the
parameter & is used, which specifies the length of
the descending branch (Figure 4).
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Figure 4. Regularization parameter.

The role of the parameter ¢ is illustrated by a
simple example of a tensile reinforced concrete
bar (Figure 5).
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Figure 5. Tension of a reinforced concrete
bar.

When & = 15 (§ > &min) the equilibrium curve
increases monotonically and corresponds to
stable equilibrium states at all points. When & =
Emin = 7.912 the equilibrium curve has a plateau.
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When & =3 (& <&min) a descending region appears
on the equilibrium curve, corresponding to
unstable equilibrium states. Therefore, a jump
occurs from the point A, which corresponds to
the beginning of the descending branch of the o -
¢ diagram for concrete, to a new stable
equilibrium state (point B). Here

Emin= 1 + E/(psEs),
where us = As/A
is the reinforcement ratio, A is the concrete area,
As s the reinforcement area [9].
In the considered simple problem the jump from
point A to point B occurs simultaneously for all
finite elements when & < Emin. However, in real
problems such jumps in different finite elements
occur at different values of the load parameter.
The equilibrium curve contains many regions
corresponding to unstable equilibrium states, and
obtaining the correct numerical solution for such
a problem becomes too time-consuming.
Therefore, the program always takes & > Emin .
Allowing for the degradation of concrete in the
tension area during cracking when obtaining the
numerical results for the curve a can lead to a
time-consuming  solution.  Obtaining  the
numerical results for the curves b and ¢ without
taking into account the degradation of concrete
and the strength of concrete in the tension area
(Figure 6) is significantly less time-consuming.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, b
€
e=c,/E
-+
éet
Figure 6. Diagrams for concrete in the tension

area.

The performed calculations show that the curve
b gives an upper-bound estimate of the solution,

Volume 15, Issue 1, 2019

and the curve c gives a lower-bound estimate. If
the difference between the curves b and c turns
out to be small, then we can take the curve c as
the final result, when using the curve a leads to
considerable computational difficulties.

The work of the program can be illustrated by the
analysis of a fragment of a multistory building
(Figure 7). The design model was created from
triangular and quadrangular shell elements [3].

The results of the calculation enable to detect
critical states of finite elements, which in turn
indicate that the structure has experienced some
irreversible changes. It means that the finite
element has reached its limit state, but the system
may still be serviceable.
Figure 8 shows critical events in the considered
example. Apparently, such states of the structure
require close attention. It can only be noted here,
that this problem is not solved in the design
codes, which consider the plastic redistribution
of forces only in particular cases.

Calculations performed when testing the

software have indicated some unusual results:

1. When there are developed deformations, some
floor slab elements turn out to be tensile! This
effect is caused by the fact that strong walls
form a closed loop for the floor. The applied
vertical load from the weight of the above floors
compresses the walls in the vertical direction,
simultaneously causing the lateral expansion.
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Figure 8. Results of the calculation: a — the reinforcement of the compression area has reached
the yield point; b — the concrete of the compression area has reached the yield point;
¢ — the reinforcement of the tension area has reached the yield point.

2. Due to the fact that when plastic deformations
develop, the tangential stiffness of concrete is
distributed asymmetrically across the section
height, and also in the case of asymmetrical
reinforcement, nonzero components appear in
the stiffness matrix of a finite element relating
membrane and bending internal forces.

Tension-compression stresses and shear stresses

arise while transverse bending. At the same time

when internal forces act at the middle surface the
transverse bending is manifested. None of this is

true for elastic finite elements from a

homogeneous material.

Finally, let us point out some general problems

that arise in the nonlinear structural analysis. In

particular, the nonlinear analysis can be
extremely challenging for the majority of SCAD
users since their professional experience is based
on linear problems. It should also be noted that
there is a contradiction between the results of the
refined elastoplastic calculation and the rule for
applying the method of design limit states, where
the safety factors are justified by the linear
probabilistic analysis.

After all, both the distribution of internal forces
and the strength parameters are defined by the
same diagram of the material behavior, so the
question arises about the possibility of their
separate consideration (Figure 9).

Uncertainty in representative » bl
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- V70N S -
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] | actions and their results , /55 Nonlinear analysis |
| uncertainty model |
| | Structural resistance N 1
| | uncertainty model » {Rd |
e e - LU B
ncertainty in materia !
properties » {m i

Figure 9. Selection of design factors.

A complete transition to nonlinear analysis is
hardly possible due to the fundamental
difficulties arising here [8]. And the long history
of using the linear calculations, apparently,

speaks in favor of the fact that they should not be
abandoned yet. Nonlinear analysis should serve
as an auxiliary tool to complement and clarify the
results of linear calculations.
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For example,

when designing a high-rise

complex “Federation” in Moscow [6], all linear
calculations were preliminarily performed, and
the peculiarities of the structural behavior were
determined. And only then was the behavior of
the considered fragments refined taking into
account the nonlinear behavior of reinforced
concrete.
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THE NEW PHYSICALLY NONLINEAR FINITE ELEMENTS
IN SOFTWARE PACKAGE LIRA 10.8

Yuriy D. Geraymovich, Isaak D. Yevzerov, Dmitriy V. Marchenko
LIRA Group of Companies, Kiev, UKRAINE

Abstract: The new physically nonlinear finite elements, based on the theory of elastic plasticity, are proposed
for bending rods and plates. These new elements can be used for static and dynamic problems, including seismic.
The iterative method is used for static problems, the finite differences method — for dynamic.

Keywords: elastic plasticity, iterative method, finite differences method

HOBBIE ®U3NYECKHU HEJUHEWHBIE KOHEYHBIE
QJEMEHTbBI B TIPOI'PAMMHOM KOMIIJVIEKCE JIUPA 10.8

0. /1. I'epaiimosuu, U./]. Ee3zepos, /I.B. Mapuenko
I'pynna komnanuit «JIMPA», r. Kues, YKPAHA

Annoranust: [Ipennaratorcs HOBble (DU3MUYECKH HENMHEWHBbIE KOHEUHBIC DJIEMEHTHI U3THOaeMbIX CTEp)KHEH M
IUTAaCTHH, OCHOBaHHbIE HA TEOPHM YIPYTO-IUTACTUYHOCTH. DTH HOBBIC 3JIEMEHTHI MOTYT NPUMEHATHCS Kak s
CTaTUYECKHUX, TaK U JUI1 JUHAMUUYECKHUX pacyeTOB, B TOM YHUCIIE U JJIs pEeLICHU 3aAad CeCMUKU. B cTatuueckon
3a/1a4e IPUMEHSETCS IHar0BO-UTEPALMOHHBIN METOJI, B AMHAMUUYECKOI — METOJI KOHEUHBIX PA3HOCTEN.

KiroueBble c10Ba: ynpyro-acTHYHOCTh, HTEPAIIMOHHBIM METO/], METOJ KOHEUHBIX Pa3HOCTeH

INTRODUCTION

In the previous versions of the LIRA software
package (SP LIRA), physically nonlinear finite
elements (FE) for bending rods and plates,
based on the nonlinear theory of elasticity, were
realized. These FE are successfully used for
static calculations, but are not applicable to dy-
namics problems. Then, two-dimensional and
three-dimensional physically nonlinear FE,
based on the theory of elastic-plasticity, were
developed. These elements are used for both
static and dynamic calculations, but they do not
solve bending problems. In the version of SP
LIRA 10.8 new physically nonlinear FE of
bending rods and plates are proposed, based on
the theory of elastic-plasticity. These new ele-
ments have all the possibilities that physically
nonlinear bending elements have — the same set
of loads, shear calculation, the presence of an

elastic basis, which can be one-sided. New ele-
ments can be used for both static and dynamic
calculations, including seismic problems. The
stepwise iteration method is used in the static
problem, the finite difference is applied in the
dynamic problem the finite difference method is
applied. Convergence is proved in [1].
Dependences between stresses and strains in the
theory of elastic-plasticity are studied in [2]. Let
us introduce in stress space

O-:{Gij}

a closed convex set K, which contains pointO ,
determined by inequality

®(c) <0,

where @(s) — continuous convex function. De-
note as p, (o) nearestto o point of set K,
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g(o)=0c—-P (o),

where g()=0 If oeK. Assume that the
strains ¢;; are sums of elastic and plastic de-

formations, where elastic deformations satisfy
Hooke’s law, whereas velocities of plastic de-
formations are equal to vector g(s). Inequali-
ties, which determine set K, are formulated in
terms of main stresses .,i =123, o,>0, >0,
or invariants

S,=0,+0,+0;,

S, = \/(01 ~0,) +(0,-0,)" +(05—-0,)" .

Prandtl model

R. <o, <R,

for rods and Geniev model
®(0)=—(R, +R,)S,/3+S? +R, *R,

for plates are used, R, <o<R,_ are uniaxial com-
pression and tension limits.

EXAMPLES

Examples of static and dynamic problems solu-
tion with new physically nonlinear finite ele-
ments of bending rods and plates, based on the
nonlinear theory of elasticity, are given.

An example of solving a static problem.

As an example, demonstrating the differences in
the work of physically nonlinear and elastically
plastic FE, a cantilever beam loaded with a uni-
formly distributed load of intensity g=12 tf/m is
considered and then unloaded by a uniformly
distributed load of the same intensity. Simula-
tion was performed by both rod and shell FE.
The rod (FE 210) and shell (FE 244) physically

nonlinear FE and rod (FE 510) and shell (FE
544) elastic-plastic FE were used. The calcula-
tion scheme consists of 5 elements (Figure 1).
All the dimensions in figure 1 are given in mil-
limeters. The cross-section of the cantilever
beam is reinforced with one rod 56 mm in di-
ameter, installed as shown in Figure 1.
Diagrams of work and numerical values de-
scribing the law of deformation for concrete and
reinforcement are shown in figure 2 and Fig-
ure 3.

The load is selected so that approximately 10
percent does not reach the limit moment. In
Figure 4, vertical displacements (Z) of the free
edge of the console are superimposed in the
case of simulation by the rod (FE 210) and shell
(FE 244) physically nonlinear FE.

In Figure 5, vertical displacements (Z) of the
free edge of the console are superimposed in the
case of modeling by elastic (FE 510) and shell
(FE 544) elastic-plastic FE.

The static task is considered in the above exam-
ple. The first part of the graph (from 0 to 1) is
the process of loading the calculation scheme,
the second part of the graph (from 1 to 2) is the
process of unloading the calculation scheme. It
is easy to see that under load the results for
physically nonlinear and for elastic-plastic finite
elements are very close. When unloading, there
are residual deformations in elastic-plastic ele-
ments (figure 5).

An example of solving a dynamic problem.
The solution of the dynamic problem and com-
parison with the results obtained in the ANSYS
finite element analysis package are given be-
low. Here, too, a cantilever beam of square
cross section was considered for a seismic ac-
tion given in the form of an accelerogram of an
earthquake (Figure 6).

The damping was represented by a damping
matrix in the Rayleigh form C = a-M + - K,
with the following parameter values a =
0.0 sec™, = 0.0023016 sec.
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200

Figure 1. Calculation scheme of the static problem.
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Figure 3. The diagram of the work of reinforcement.
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Figure 7. Comparison of the X displacements of the upper node.

The initial modulus of elasticity is equal to

E =2.0e7ZL,
m
yield strength

or = 2000,

All the dimensions in Figure 6 are given in mil-
limeters.

First, a linear dynamic problem was solved, the
results of which showed a complete coincidence
between the SP LIRA 10.8 and ANSYS. Next,
we solved a nonlinear dynamic problem, whose
results are shown in Figure 7, in the form of
graphs of the time variation of the X displace-
ments of the upper node.

Thanks to the new nonlinear FE, based on the
theory of elasticity, the developers of
SP LIRA 10.8 (http://www.liral0.com) provid-
ed an opportunity for the practical use of direct
dynamic calculation by design engineers. The
structure of the SP LIRA 10.8 includes a spe-
cialized calculation and graphic system DY-
NAMICS+ for calculating structures for arbi-
trary dynamic effects by the method of direct
integration of the equations of motion in linear
and nonlinear formulations. Below is a brief de-
scription of the capabilities of this system:

e setting of time-dependent loads, such as
polyline with equidistant and variable
steps, harmonic load, accelerogram and
earthquake seismogram;

e animation of the integration process;

Volume 15, Issue 1, 2019

e plotting of graphs as time functions for
displacements and stress components in
selected nodes and elements;

e visualization of diagrams, mosaics and
isofields for the components of dis-
placements and stresses in selected
nodes and elements at the current time;

e tables of the results of the values of the
displacement and stress components in
the selected nodes and elements.
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INVESTIGATION OF HEAT-HUMIDITY TRANSFER
IN HIGH-POROUS GAS-FILLED POLYMERS
TO CALCULATE ITS HEAT CONDUCTIVITY
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! Federal Centre for Regulation, Standardization and Technical Assessment in Construction, Moscow, RUSSIA
2Pope John Paul 11 State School of Higher Education, Biata Podlaska, POLAND
3 Brest State Technical University, Brest, BELARUS

Abstract: A method for calculating the effective thermal conductivity of moisture-containing highly porous
foamed polymers is proposed. In this method a non-additive scheme for taking into account the effect of steam
diffusion on heat transfer is used. The sequential binary systems (interstitial substance from a liquid and a vapor-
gas mixture, as well as a polymer skeleton and an intra-porous substance) are described by models of structures
with interpenetrating components and isolated inclusions. The conditions for the transition from one model of
structure to another are defined and there is not necessity to define empirical coefficients. A geometric model of
wet foamed polymer has been developed, that allows us to find a way to determine the value of the boundary
moisture content of pores or wetting angle at which the transition from partial wetting of the surface of the pores
with liquid to full wetting and vice versa occurs. A mathematical description of the process of heat transfer in the
model structure of a wet foamed polymer has been made, taking into account the diffusion of water vapor in the
pore space.

Keywords: effective heat conductivity, interpenetrating components, high-porous gas-filled polymers,
polyurethane foam, vapor diffusion, wetting angle

NCCIEAOBAHHME TEIIJIOBJJATI'OOBMEHA
B BBICOKOITIOPUCTbBIX 'A3OHAIIOJTHEHHbBIX
HOJIMMEPAX HPUMEHUTEJIBHO K PACUETY
UX TEIVIOITPOBOAHOCTH

B.B. I'ypves, B.U. Huxumun?, B.A. Kogpanoe*

! ®epiepanbHbIi HEHTP HOPMUPOBAHMS, CTAHAAPTH3AIUM U TEXHMYECKON OLIEHKHM COOTBETCTBHUS
B cTpouTenbeTBe MuHcTpost Poccun, . Mocka, POCCHUSA
2TocynapcTBeHHas BhICIIas Kona uMenu Ilamsl Pumckoro Moanna IMasna |1, r. Bana Hoanscka, ITIOJIBIIA
3 BpecTckuii rocyjapcTBeHHbIN TeXHUYecKuii yHusepcuret, r. bpect, PECITYBJIMKA BEJIAPYCh

AnHoTanusi: B nanHoii pabote npezaraetcst MeTox pacueTa 3pQEeKTUBHOH TETIIONPOBOIHOCTH BJIAr0coepiKa-
IIAX BBICOKOTIOPUCTHIX NEHOIIACTOB, B KOTOPOM HCIIONb3YeTCsl HEaINTUBHAS CXeMa ydeTa BIUSHUS TuQPy3un
napa Ha nepesoc Teruia. [IpuBenena pazpaboTaHHasi reoMeTpUYecKast MOJIEIb BIAYKHOTO ITEHOIUIACTA, IT03BOJISIO-
ast HaifTH c1oco0 ompeneneHNs 3HaYeHUs TPAHUYHOTO BIArocoAepKaHus MOp MIIM KPAaeBOTo yIjla CMadynBaHUS,
IIPHU KOTOPBIX MPOUCXOINUT MEPEXO OT YACTHYHOTO CMAYUBAHUS [TOBEPXHOCTH TIOP KUIKOCTHIO K OJTHOMY CMa-
YHBAHUIO U HA000pOT. PacueTamu moka3aHo, 4To TaKOH Mepexo ] COMPOBOKAACTCI CKAUKOOOpa3HBIM H3MEHECHHEM
TEIUIONPOBOAHOCTH IIEHOIUIACTOB. BHIMOTHEHO MaTeMaTHdecKoe OIMCaHKe MpoIiecca IepeHoca Teria B MOAETb-
HOW CTPYKTYpE BIAXKHOTO IEHOITacTa ¢ yueToM Au(y3run BOASHOTO MMapa B HOPOBOM IPOCTPAHCTBE. PacueTHRIM
ITyTeM yCTaHOBJIECHO 3aMETHOE BIIMSHIE BIIArOCOAEPIKAHMS M CPEIHEH TeMIlepaTypsl EHOIUIacTa Ha ero ¢ dex-
TUBHYIO TEIUIONIPOBOAHOCTD MPU aJUIMTHBHOW M HEAJIMTHBHON cxeMaM ydeTa Mud(y3HOHHOW COCTaBIISIONIEH
TEIUIONPOBOAHOCTH.

KaioueBble ci10Ba: TeruIoBnarooOMeH, BHICOKOIIOPHCTHIE Ta30HATIOHEHHBIE TIOJIMMEPBI,
pacyer TeIIoNpOBOAHOCTH, TU(PQY3Hs Mapa, yroin CMa4uBaHHs

67



INTRODUCTION

Rigid polymeric foams (foamed polymers) are
widely used in construction and other industries
as an effective thermal insulation of buildings
and structures. A generalized characteristic of the
complex process of heat conduction in foamed
polymers is the effective thermal conductivity
coefficient A, used to determine the heat-shield-
ing properties of thermal insulation structures.

It is obvious that the thermal conductivity coeffi-
cient of foamed polymers depends on the thermal
conductivity of the dense polymer skeleton and
the interporous substance, which in moisture-
containing materials consists of a vapor-gas mix-
ture and water. When determining the thermal
conductivity of such an interporous substance, it
is necessary to take into account the influence of
a diffusive flow of steam-like moisture moving
in the direction of heat flow and accompanied by
phase transformations of moisture in the pores
(evaporation in the warm zone and condensation
in the cold) [1, 2, 3, 4]. At the same time, due to
condensation of the diffusing vapor, the thermal
conductivity of wet materials and, above all, of
highly porous foamed polymers, may signifi-
cantly increase.

Evaluation of the influence of steam diffusion on
heat transfer is currently performed using addi-
tive and non-additive schemes. Thus, in [4], the
effective thermal conductivity of a wet foamed
polymer consists of heat conduction due to con-
densation of diffusing steam, which is deter-
mined using the relation that is similar to the Fou-
rier law for heat flux, recommended for use in the
temperature range from 20 to 90 ° C and contain-
ing empirical coefficients, and thermal conduc-
tivity of the wet material, determined by the
Krischer formula, also containing the empirical
coefficient. The presence of empirical coeffi-
cients imposes certain restrictions on the use of
these dependencies in the calculations.

The authors of [3] estimate the effect of vapor
diffusion on heat transfer by using a non-additive
calculation scheme, simulating a wetted material
by a structure with interpenetrating components.

Vladimir V. Gur’ev, Vadim 1. Nikitin, Valeriy A. Kofanov

An analysis of a three-component system con-
taining a polymer skeleton, liquid moisture and a
vapor-gas mixture was carried out using the
method of sequential reduction of a multicompo-
nent system to a binary one. First, the effective
thermal conductivity of the pore space containing
the liquid and the vapor — gas mixture (binary
system with interpenetrating components) was
determined, and then the effective thermal con-
ductivity of the wet material consisting of the
polymer skeleton and the inter-porous substance
was determined. The thermal conductivity of the
vapor — gas mixture was represented as the sum
of the thermal conductivity of dry gas and the
thermal conductivity of steam, caused by diffu-
sive transfer of steam in the pore space.

In highly porous foamed polymers, liquid mois-
ture wets the surface of the pores partially (more
often) or completely (less often). In the first case,
the pore space model should be represented in the
form of a binary system with isolated inclusions,
and in the second case, in the form of a binary
system with interpenetrating components. When
changing the moisture content of the pores or the
wetting angle, it is possible transition from one
binary system to another. In this case we need to
know the value of the boundary (critical) mois-
ture content or wetting angle. However, the de-
scribed calculation schemes do not take into ac-
count this important feature.

STRUCTURE'S MODEL
OF WET FOAMED POLYMER AND ITS
CALCULATIONAL RELATIONSHIPS

When developing the model of wet foamed plas-
tic, the real cellular structure of the polymer skel-
eton is replaced by an adequate model with an
ordered rod structure consisting of identical ele-
mentary cells of a cubic form. This form of the
unit cell is fairly reasonable and the simplest. In
order to assess the character of the distribution of
liquid moisture in this cell, it is necessary to take
into account the moisture content of the material
v and the wetting angle © formed at the bound-
ary of the solid, liquid and gas. From the analysis
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of the results of numerous experimental studies
that carried out in laboratory and natural condi-
tions and partially presented in [4, 5, 6], it fol-
lows that at constant contact with the environ-
ment for which humidity and temperature are
changing, the volume moisture content of polyu-
rethane and phenolic foamed polymers can reach
v = 0.06-0.07 m®/ m3. To determine the wetting
angle ©, it is used the method of a large drop of
liquid (3-4 cm?®) wetting the flat horizontal sur-
face of the polymer [7]. After five independent
measurements of the wetting angle with water of
a polyurethane surface at a temperature of 20 ° C,
it turned out that the measured random variable

is characterized by an arithmetic average value 6
=56 ° and a sample standard deviation s=3.2 °.

AN

A/ iiiiii’tdtd?z

X

1-60=0°%2-60=45°3-60=90°
Figure 1. View of the liquid surface in the
dihedral angle at various wetting angles.

Figure 1 shows the nature of the distribution of a
very small amount of liquid in the form of a strip
of constant cross section in a two-sided angle
formed by two mutually perpendicular half-
planes at different wetting angles. If we start
from the average cell sizes of polyurethane foams
given in [8], it can be assumed that the size x in
Figure 1 does not exceed 200 um. In this case,
under normal conditions, gravity will not be able
to distort the surface of the liquid (water) shown
in Figure 1, since the values of the gravitational
forces are no more than 0.5% of the values of the
surface tension forces. Then it is not difficult to

Volume 15, Issue 1, 2019

imagine the nature of the distribution of fluid in
the unit cell. As an example, Figure 2 shows the
eighth part of a unit cell containing an isolated
fluid inclusion at a wetting angle © = 45 °.

>

Figure 2. The nature of the distribution
of isolated inclusion of liquid in the unit cell
at a wetting angle © = 45°.

With an increase in moisture content, the size x
(Figure 2) increases and at

XxX=L-4

isolated fluid inclusions merge and porous space
should be considered as a binary system with in-
ter-penetrating components. Thus, when calcu-
lating the thermal conductivity of the pore space,
it is necessary to know its boundary moisture
content, at which the binary system with isolated
inclusions transforms to the system with inter-
penetrating components and vice versa.

The volume moisture content of pores p iS re-
lated to the volume of a liquid Vw and pores V,
by a ratio

w, =V, IV,

or to the volume moisture content of a material y
and its porosity m by ratio
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w,=yim.
From Figure 2 it follows that
V,=3-x*-4/2+x°16.
Pore volume

V,=(L-4)+3-4-(L-4).

Accepting x=L-A, after simple transfor-
mations, we obtain the volumetric boundary
moisture content of pores at a wetting angle
©=45°

. 1+8-c
= FOC oA/l 1
Yr 76 i 2-0) @

Analogically for wetting angle value 6=90° we
obtain

C 7[-(1+3.5-C)

Yo T e r2c) @

For wetting angle value 6=0° the unknown value
of moisture content is determined by formula

(4-7)-(1+14-c)
20-(1+2-c)

v, = 3
Using formulas (1), (2) and (3), it can be deter-
mined the relationship for pore moisture content

w, from wetting angle © for different values of

the rods’ relative sizes c=A/L of elementary
cell. This relationship is illustrated in Figure 3.
The relative size of the rods is calculated using
the ratio [9]:

(4)

c=05+ Sin[arcsin(Zg- M _1)} :

where m; is concentration of the i-th component
(i=1, 2), for which the value c should be deter-
mined.
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Figure 3. The relationship between boundary

moisture content of the pores w'p and

the wetting angle O at different relative sizes
of the rods of the unit cell c.

In order to determine effective heat conductivity
for binary system with known components' con-
centrations my, my and its heat conductivities 11,
J2, let us apply relationships, turned out on the
basis generalized conductivity theory [3].

For the structure with interpenetrating compo-
nents, the dependence obtained by G.N. Dulnev
in 1965 is used.

A=2[c® +v-[L-c) +
+2-v-c-(1-c)-(v-c+1-c)7,

()

where v=A414.

The components of this structure are geometri-
cally equal and in the calculations it does not
matter which of the two components is taken as
the first.

For the structure with closed inclusions, the fol-
lowing dependence is chosen:

1+ (v —1)- (1—m2®)- mi3
v—(v-1)-m"

A=2

. (6)
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where my is volumetric inclusion's concentration,
v=A4,14.

In this case, the components of the structure are
geometrically unequal and the continuous com-
ponent is always the first with the concentration
ms.

When calculating the thermal conductivity of wet
foamed polymer, let us consider the vapor-air
mixture as one of the continuous components,
since during the operation of the thermal insula-
tion structures there is a diffusion replacement of
gas, formed in the pores of the foamed plastics
during its manufacture, by air and water vapor.
According to [1, 2, 3], the thermal conductivity
of the vapor — air mixture Ava equals to the sum of
the thermal conductivities of air 1, and vapor Av.
Thermal conductivity of steam /Ay, caused by dif-
fusive vapor transfer in the pore space, can be de-
termined by the formula [3]

D M P, dP
A==t g, (7)
4 R-T P_—P, dT

where D is coefficient of water vapor diffusion in
still air, m?/s; u is coefficient of resistance to va-
por diffusion through the pore space; M is molec-
ular weight of steam, kg/mole; R is universal gas
constant, J/(mole-K); T is vapor temperature, K;
Pva is total vapor and air pressure, Pa; Py is vapor
partial pressure, Pa; q: is specific heat of vapori-
zation at temperature T, J/kg.

In determining the coefficient D, it is widely used
dependence, which was justified by R. Schirmer
[10] in 1938

5_230510°-F, (T}
- 273)

P

va

P =101323Pa. (8)

The experimental value of the coefficient p is de-
termined from the ratio

u=DI3, ©)
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where 9y is vapor permeability coefficient of the
porous medium, m?/s.

Experiments can be avoided if it is possible to
choose the most suitable formula for the de-
scribed material from a large number of the pro-
posed formulas. A preliminary analysis showed
that, for wet foamed polymers with an open-cell
structure, for the concentration of the vapor-air
mixture

m—y >0.93,
it can be suggested a simple formula [4]

1

ﬂZW,Wﬁlﬂp'm- (10)
For values
m—y <0.93
it can be applied dependence [11]
u=7"l(m-y), (11)

where 7 is the tortuosity coefficient, which ac-
cording to [9] is proposed to be found from the
relationship:

r=(m-y)/c?. (12)

Here the parameter ¢ is determined by the for-
mula (4) for

m=m-y.

Substituting the relation (12) in (11) we finally
obtain

p=(m-y)/ct (13)
It seems to be expedient to begin the calculation
of the diffusion component of thermal conductiv-
ity Av of foamed polymers when a moisture con-
tent is not less than the maximum gyroscopic one
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wh and constant at a given temperature and pres-
sure of the saturated vapor pun.

SCHEME OF A CALCULATION

Let us illustrate the recommended calculation
scheme using the example of calculating the ef-
fective thermal conductivity of a foamed poly-
mer specimen with a porosity of m =0.93, a den-
sity of p = 80 kg / m3, moisture content y = 0.06
m?/ m? that is close to the largest operating value,
average temperature t = 20 ° C and wetting angle
0=060°.

At the beginning, using the formula (7), we cal-
culate the diffusion component of thermal con-
ductivity at Ay, T = 293 K, Pva=10° Pa. According
to reference data we find M = 0.018 kg / mol, R
=8.3144 J / (mol - K), Py=Py+=0.02338-10° Pa,

% = 148 Pa/ K (for dT = 1 K),

0t =2.38-10° J/ kg. According to the formula (8),
we determine the diffusion coefficient of vapor
in the air D = 2.65-10° m? / s. To calculate the
coefficient p, we use formula (13) with the vol-
ume concentration of the vapor-air mixture and
the parameter ¢ = 0.7743, found by formula (4)
for m; =m=0.87. Then we have p = 2.42.

As a result, we obtain v =0.03 W/ (m - K) and,
taking into account the thermal conductivity of
dry air, 4y =0.0257 W / (m - K), the thermal con-
ductivity of the vapor-air mixture is

A=A +4, =0.0557 W/ (m - K).

The volume moisture content of the pore space is
equal to

w,=w/m =0.06/0.93 = 0.0645 m*/ m’.

At a wetting angle © = 60 ° and the parameter ¢
= 0.1614, calculated by the formula (4) with a
polymer volume concentration of m; = 0.07, us-
ing Figure 3, the boundary moisture content of
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pores y, =0.38 m®/ m® was found, which ex-
ceeds the actual w, =0.0645 m*® / m® almost 6

times. In this case, the pore space containing the
vapor-air mixture and water is considered as a bi-
nary system (structure) with isolated inclusions.
The first component of this system is a vapor-air
mixture with a volume concentration of m; =
0.9355 and thermal conductivity

Ay = Ay =0.0557W / (m - K),

and the second one is water with a volume con-
centration of mz =0.0645 (m, + m, =1) and ther-
mal conductivity

A, =A,=0.596 W/ (m - K).
Now, using the formula (6) with the ratio
v=2A4,14 =0.596/0.0557 = 10.7,

we calculate the effective thermal conductivity of
the pore substance

daz = 0.0608 W / (m - K).

At the final stage of calculation, using formula
(5) for a structure with equal interpenetrating
components, we determine the effective thermal
conductivity A of a wet foamed polymer. As the
first component, we consider the inter-porous
substance, for which we have

m =m =0.93, 4, =4, =0.0608 W/ (m - K)
and the parameter ¢ = 0.8386, obtained by for-
mula (4). The second component is a polymer

skeleton characterized by m> =0.07 and 2, = 0.25
W/ (m - K). Then we have a relationship

v=1,14 =0.25/0.0608=4.1118.

For the obtained values of parameters ¢ and v, we
calculate the effective thermal conductivity of
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the wet foamed polymer A = 0.068 W / (m - K)
using formula (5).

For comparison, according to the considered
scheme, a calculation is performed in which,
when determining the thermal conductivity of the
pore substance A2, the heat transfer due to con-
densation of the diffusing vapor Ay is not taken
into account. In this case, the value of the effec-
tive thermal conductivity of the wet foamed pol-

ymer is 4 =0.0354 W / (m - K), that is almost
two times less than the result of the previous cal-
culation. If we use the additive calculation
scheme and determine the effective thermal con-
ductivity of the wet foamed polymer as a sum, we
get the result

2=0.0354+0.03 = 0.0654 W / (m - K),

which is only 3.8% less than the result calculated
by the non-additive scheme. Let us note that,
when implementing another additive calculation
scheme using the formulas recommended in [4]
and containing empirical coefficients, the effec-
tive thermal conductivity is obtained equal to A =
0.0745 W / (m - K), which is 9.6% higher than
the value calculated from proposed non-additive
calculation scheme. Exactly the same result is
given by the proposed calculation scheme using
the value of the vapor diffusion coefficient p =
2.016, which is obtained using formula (10).

NUMERICAL EXPERIMENT
AND ITS RESULTS

A numerical experiment is carried out to assess
the effect of moisture content y and the average
temperature t of the considered foam plastic on
its thermal conductivity A. To this end, the pre-
sented example of calculating A, which takes into
account different approaches to estimating A, was
repeated for other values of moisture content for
the range from 0.01 to 0.3. According to the re-
sults of repeated calculations, graphs are con-
structed reflecting various dependencies of A on
v, that are shown in figure 4 together with exper-
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imental data taken from [4]. Comparing depend-
ence 1 in figure 4 with the other dependences, it
follows that the diffusion component of thermal
conductivity Ay for various ways of taking it into
account makes a significant contribution to the
effective thermal conductivity A of wet foamed
polymer. Using formula (10) to determine the va-
por diffusion resistance coefficient u instead the
formula (13) we obtain noticeable differences
(qualitative and quantitative) in calculating the
effective thermal conductivity A (dependences 3
and 4). Comparison of dependences 2 and 3
shows that the additive and non-additive schemes
for taking the diffusion component Ay into ac-
count when determining the effective thermal
conductivity of the foamed polymer gives similar
results within the maximum operating moisture
content of y < 0.07. In this case, the results of the
non-additive calculation exceed the results of the
additive calculation no more than 4%. With an
increase in the moisture content of the material to
v = 0.3, this difference increases to 15%.

From figure 4 it can be seen that for the same ma-
terial with moisture holding v > 0.2, the experi-
mental data of some authors (triangles) exceed
the experimental data of other authors (circles)
approximately two times, and the calculated
curve 3 obtained using the recommended calcu-
lation schemes, well predicted by experimental
data, indicated by circles. It was also experimen-
tally established [3] that the thermal conductivity
of the same material with the same moisture con-
tent may differ several times. First of all, this can
be explained by the fact that at the same moisture
content, but different wetting angles, the mois-
ture can wet the surface of the pores fully or par-
tially.

For the considered foamed plastic (m = 0.93 and
v = 0.3), we have a moisture content of pores

v, =wlm =0.323,

which corresponds to the boundary wetting angle
0 =52 ° (figure 3).
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Figure 4. Dependence of effective thermal conductivity A on moisture content y for foamed plastic
with porosity m = 0.93 at a temperature of 20 ° C and wetting angle © = 60 ° and various ways
of accounting for thermal conductivity of water vapor Ay due to its diffusion:
1 - excluding; 2 - additive; 3, 4 - non-additive with different formulas for calculating the coefficient
of resistance to vapor diffusion.

At wetting angles © <52 ° and moisture content
v = 0.3, the surface of the pores is completely
wetted with water and the pore space can be rep-
resented as a binary system with interpenetrating
components, the thermal conductivity of which is
determined by formula (5). In this case, the value
of the effective thermal conductivity of a wet
foamed polymer is

A=0.136 W/ (m - K),
that exceeds the value of thermal conductivity
calculated for the same foam with partial water
wetting of the pore surface (6> 52 ©), 1.71 times.
It accurately predicts the experimental value

A=0.15W/(m - K)
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presented in Figure 4. For another moisture con-
tent w = 0.25 (yp = 0.269) and a wetting angle ©
<45 °, the calculated value

A=0.121 W/ (m - K)
is close to another experimental value
A=0.13 W/ (m - K) (Figure 4).

Thus, with the correct quantitative assessment of
the wetting of the surface of the pores with a liquid
(partially or completely), determined using the pa-
rameters y and ©, the proposed method for calcu-
lating the thermal conductivity of foamed polymers
)\ can satisfactorily predict experimental data.

The calculations confirm the well-known effect
of increasing the heat conductivity of a wet
foamed polymers with an increase in its average
temperature.
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Figure 5. Dependence of the effective thermal conductivity 1 on the average temperature of the
foamed polymer with a porosity of m = 0.93 with a moisture content of v = 0.3 and a wetting angle
of © = 60 ° and various ways of accounting for the thermal conductivity of water vapor Jv due to
its diffusion
1 - excluding; 2 - additive; 3 - non-additive.

At the same time, within the limits of the opera-
tional moisture content of the material v < 0.07,
the difference between the values of thermal con-
ductivity calculated by additive and non-additive
calculation schemes does not exceed 4%. With
an increase in the moisture content of the mate-
rial to v = 0.3, this difference increases, that is
shown by dependences 2 and 3 in figure 5.

CONCLUSIONS

A geometric model of wet foamed polymer has
been developed, that allows us to find a way to
determine the value of the boundary moisture
content of pores or wetting angle at which the
transition from partial wetting of the surface of
the pores with liquid to full wetting and vice
versa occurs. Calculations have shown that such
a transition is accompanied by an abrupt change
in the thermal conductivity of foamed polymers.
A mathematical description has been made for
the process of heat transfer in the model structure
of a wet foamed polymer, taking into account the
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diffusion of water vapor in the pore space. By
calculation, a significant influence of the mois-
ture content and average temperature of the
foamed polymer on its effective thermal conduc-
tivity with additive and non-additive schemes for
accounting for the diffusion component of ther-
mal conductivity has been established. Compari-
son of the calculation results with experimental
data revealed its rather exact coincidence.
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USING THE CRITERION OF THE MINIMUM MATERIAL
CAPACITY OF RODS UNDER STABILITY RESTRICTIONS
FOR THE CASE OF MULTIPLE CRITICAL LOAD
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Abstract: As it is known, special criteria are formulated to evaluate the obtained solution of some optimization
problems. In particular, we formulate a criterion that allows us to estimate the proximity of the decision on the
rod of the lowest weight and the restrictions on the resistance to the minimum material-intensive for rectilinear
rods for certain types of cross sections. The criterion is based on the analysis of stresses from bending moments
arising from the loss of stability. If the least critical force is not a multiple, then the form of loss of stability and
the corresponding diagram of moments are the only ones. At multiplicity of the least critical load there are mul-
tiple forms of loss of stability, and any of their linear combination is also its own form. To estimate the obtained
solution, it is necessary to form a combination of multiple forms of buckling and the corresponding diagram of
bending moments, which will serve as the basis for the use of the criterion. This paper proposes an approach that
allows to determine such a combination of multiple forms, which will be the basis for the application of the crite-
rion of proximity of the obtained solution to the minimum material-intensive.

Keywords: optimization, system minimal consumption of materials, stability, critical force, buckling,
bending moments, multiplicity, tension, evaluation criteria for solutions of optimal problems

HCIOJIb30BAHUE KPUTEPUSI MUHUMAJIbBHOM

MATEPUAJIOEMKOCTHU CTEPKHEHN INTPU OTPAHUYEHUAX
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AnHoTanus: Kak U3BeCTHO, U1 OIICHKH MOJYYEHHOTO PEIIeHUs HEKOTOPBIX 3aJad ONTUMH3AIMU CHOPMYITH-
POBaHHI ClieMabHBIE KpuTepuu. B wacTHOCTH, chopMyTHUpOBaH KpUTEPHiL, MO3BOISIOMINI OLEHUTD IS TpS-
MOJIMHEWHBIX CTEp)KHEH NpH ONpeNeNeHHBIX THIIAX ITONEPEYHBIX CEUEHHH ONM30CTh PEIICHHS O CTep>KHE
HAaUMEHBIIETO BeCa U OIPAaHUYEHMAX I0 YCTOMYMBOCTH K MMHHUMAaJbHO MaTepuanoeMkoMy. Kpurtepuii ocHOBaH
Ha aHalM3e HANpsDKEHHH OT M3ruOaromuX MOMEHTOB, BO3HMKAIONIMX IIPH TOTepe ycToWumBOCTH. Ecmu
HaMMEHBIIIasg KPUTHYECKas CHJIa He KpaTHas, TO ¢opMa MOTEpH yCTOMYMBOCTH M COOTBETCTBYIOUIAS €l 3Imopa
MOMEHTOB €AMHCTBEHHBIC. [Ipy KpaTHOCTH HaWMEHBIIEH KPUTHYECKOW HAarpy3KH BOZHHMKAIOT KpaTHBIE (POPMEI
MIOTEPH YCTOWYHMBOCTH, M Jr00ast MX JHMHeHHass KOMOMHAIMS TaKoKe sBIsieTCsl coOCTBEHHOM hopMmoit. Jlist oneHKH
MIOJYYEHHOTO penIeHus] Heo0X0AMMO COPMHUPOBATH KOMOWHALIMIO KPAaTHBIX (DOPM MOTEPH YCTOHYMBOCTU U CO-
OTBETCTBYIONIYIO € SMIOpY M3rHOA0IINX MOMEHTOB, KOTOpasi U OYAET CIIy>)KUTh OCHOBOMW ISl MCIIOJIb30BAHUS
Kputepus. B naHHO# cTaThe mpezaraeTcs MoJaxo/, MO3BOJISIIOMINI ONPeneNsITh TaKyl0 KOMOWHAIIUIO KPaTHBIX
(dopM, KOoTOpasi CTaHET OCHOBOM JUIS NPUMEHEHHsI KPUTEPHsI OJIM30CTH MOIYYSHHOTO PEIICHHS K MHUHUMAIbHO
MaTepHaJOeMKOMY.



Using the Criterion of the Minimum Material Capacity of Rods Under Stability Restrictions for the Case

of Multiple Critical Load

KnroueBble c10Ba: ONTUMH3AINS, CHCTEMBl MUHIMAJIbHON MaTepPHAIOEMKOCTH, YCTOHIHBOCTS,
KpHUTHYECKas CUia, JOPMBI IIOTEPH YCTOMUMBOCTH, N3TNOAIOIINE MOMEHTHI, KPAaTHOCTh, HATIPSKCHUS,
KPUTEPUH OLIEHKH PELICHHH ONTHMAIIbHBIX 3a/1a4

The theoretical foundations of the creation of
rods of the lowest weight, prone to buckling,
originate from the research works of Lagrange
[1], T. Clausen [2], EL. Nikolai [2] and later
N.G. Chentsova [4]. J.L. Nudelman [5], A.F.
Smirnov [6], A.l. Vinogradov [7], N. Olkhoff
[8] and other authors.

In the contemporary literature, the considering
problem is normally formulated in terms of non-
linear mathematical programming.

Let us consider a centrally compressed straight
line rod (for example, shown in Figure 1, alt-
hough the boundary conditions in the planes of
inertia may be different).

If F(x) is the cross-sectional area of the rod, P

is the acting force, P1,,[1] and P2, [1] are the

minimum critical forces in the main inertia
planes of the section, then we need to find an
expression F(x) at which the rod would remain

stable and the volume of the material of the rod
V would be minimal. Thus, the objective func-
tion can be written as

\Y :j.F(x)dx, 1)

Besides, we have the following restrictions
P<PL,[1]=P2,[1]. (2

There are a considerable number of methods for
solving this problem. Most of them use finite-
dimensional approaches. The process of optimi-
zation within the implementation of such meth-
ods most often stops at a stage when the objec-
tive function in the adjacent search steps de-
creases less than a predetermined value. Such a
criterion for stopping the process of searching
for a minimum in most cases gives an accepta-
ble result. However, it does not allow researcher
to confidently estimate the proximity of the so-
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lution obtained to the solution of minimum ma-
terial consumption (minimum material-intensive
solution).

As a result of several research works [1, 2, 3]
for rectilinear centrally compressed rods with
certain types of cross sections (for example,
those in which the moment of inertia is propor-
tional to the square of the section area), a crite-
rion was formulated to estimate the proximity of
the solution to the solution of minimum material
consumption.

In [3], it was shown that in the considering case,
the rod of the smallest volume will be a bar of
equal resistance with respect to the moment di-
agram arising in the event of loss of stability.
Thus, with a loss of stability with a rod of the
smallest volume, the normal stresses in the ex-
treme fibers of the rod, found from the resulting
moment diagrams, should be the same in all sec-
tions. That is, for the case when the loss of sta-
bility occurs in the two main planes of inertia,
the criterion is written as

ol(x) = const; ©2(x) =const. 3)

Under conditions (3), o1(x) and o2(x) are the
absolute values of the normal stresses in the ex-
treme fibers of the rod determined from the dia-
grams of the moments that occurred in the cor-
responding principal planes of inertia during
loss of stability.

Since the buckling modes and the corresponding
moment and stress diagrams are determined to
within a constant factor, c1(x) and c2(x) are

normalized. If the corresponding normalization
is made so that the largest values of c1(x) and

o2(x) would be equal to one, then the proximi-

ty of the obtained solution to the solution of
minimum material consumption is estimated by
the proximity of c1(x) and c2(x) to unity.
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Figure 1. Considering centrally compressed straight line rod.

If the first critical force is not a multiple, then
the moment diagram that occurs when stability
is lost is unique. In this case, criterion (3) can be
used on the basis of this diagram, including in
combination with some other restrictions (see,
for example, [9]).

If the first critical force is multiple, then multi-
ple buckling modes and the corresponding mo-
ment diagrams appear. It is also known that any
linear combination of multiple buckling modes
will also be proper.

The multiplicity of critical forces that occurs
when minimizing the volume of the rod for rig-
idly restrained rods was identified in [8]. How-
ever, the multiplicity of critical forces also oc-
curs in other cases, for example, when optimiz-
ing the volume under constraints on the stability
of some continuous beam schemes.

In these cases, it is necessary to establish a line-
ar combination of bending moments diagrams
corresponding to multiple buckling modes. This
combination will serve as the basis for the use
of the criterion (3).

Let us consider an approach to determination of
such combination. We represent the approach
for one main plane of inertia and threefold criti-
cal force. For the second plane and the other
multiplicity of critical forces, all actions will be
similar.

Let it be required to estimate the closeness of
the search stage for the solution of the consider-
ing optimization problem to the minimum mate-
rial-intensive one.

At the estimated stage of the search, in the con-
sidered main plane of inertia, the first critical
forces in P1,[1], P1,[2] and P1,[3] are

found, the corresponding forms of buckling and

the estimated optimal cross-section sizes and
their moments of resistance w(x).
The following steps are performed in the fol-
lowing order:
Using the three first forms of buckling found
at the estimated stage of the research, the cor-
responding diagrams of the absolute values of
the bending moments M,(x), M,(x) and

M, (x) are constructed. Plots are normalized,
for example, so that

Ij[Ml(x)lzdx=1; Ij[lvlz(x)lzdx=1;

j[M 3(x)]Pdx =1.

0

2. On the basis of the assumption about the op-
timality of the found dimensions of the cross-
sections, a conditionally optimal diagram of
the absolute values of the bending moments

M, (X) is constructed, according to which re-
lation (3), that is, the condition,

o1(x) = Mol _y
W(X)
must be fulfilled. Thus, we have

M, (X) =w(X) . The plot is also normalized.

3. If the considering solution is optimal, then
the combination of arising diagrams

My, (X) =a*M, (X) +b*M, (X) +c*M,(X)
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should coincide with M (x). The equations

for finding the coefficients a, b and ¢ will
be obtained from the minimum condition of
the quadratic deviation of the diagram
Mg (X) from M,(x). That is, from the min-

imum condition of the integral
AM (a,b) =

= .I[[Mo(x) —aM, (x) —bM,, (x) —cM, (x)]* dx,

we get three equations

04M (a,b,c) 0AM (a,b,c)

0; 0
oa ob
0AM (a,b,c) 0
oc '

After solution of the system, we can find the
coefficients a, b and c.
4. From the
M, (X) =aM, (x) + bM, (X) +cM, (x)

plot, we can determine

M, (X)
w(X)

ol(x) =

and normalize it, and by the proximity of the
stress o’1(x) in sections and its average value

along the length of the rod
]
Acl=[ j a1(x)dx] /1
0

to one, we estimate the optimality of the so-
lution.

5. Besides, the optimality of the considering
solution can also be evaluated by the proxim-
ity of the diagrams of M (x) and My (X).
The proximity is estimated by the values of
the differences

Volume 15, Issue 1, 2019

A (X) =M, (X) =M (X)

in the sections and the average value of their
absolute values along the length of the rod

AM :{jsgn[AM 0 ()]AM , (x)dx}/ 1.

6. If the multiplicity of critical forces for the
considering system is not known in advance,
then its presence or absence is revealed in the
process of optimization. If the multiplicity is
detected, then the differences

APL={PL,,[2] - PL, [1]}/ PL,,[1]-100%
AP2 ={P1,,[3] - PL,, [}/ P1,, [1]-100%

in the limit tend to zero. Let us give an illus-
tration of the described approach with sam-
ples.

7. For a rod whose scheme is shown in Figure
1, the doubling of the critical force was con-
sidered in detail in [8]. Although the possibil-
ity of using of the criterion (3) was not con-
sidered in [8], taking into account the de-
tailed analysis in [8] of the doubly critical
load of a rigidly clamped rod, it seems ap-
propriate to illustrate the proposed approach
using other examples. Two numerical sam-
ples are considered. The first one deals with
two-time critical force, and the second one
deals with three-time critical force.

The first numerical sample. Let us consider a
rectilinear square rod, compressed by a centrally
applied longitudinal force with supporting con-
ditions in both main planes of inertia of sec-
tions, shown in Figure 2.

A preliminary analysis showed that the critical
force will be twofold.

Let 1=9 meters be width of
P =3000000 N be magnitude of force;
E = 206000MPa be the modulus of elasticity of
the material. The analysis was performed on the
basis of a discrete model ([10]) of 41 fragments.

span,
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Figure 2. The first numerical sample.

For a discrete model, the objective function (1)
IS written as

V=Y R0/ =Y O A, @

where b[i] is the size of the square section of
the rod; n is dimension of a discrete model.
Diagrams of M, (x), M,(x), M,(x), My (X),
AM,(x) are represented by M, [i], M,]i],
M,[i], My l[i], AM[i].

Since the boundary conditions in both main
planes of inertia are the same, and the critical

forces are assumed to be twofold, the stability
constraints are written as

P < PL,[1 = PL,[2]. (5)

Criterion (3) for the discrete model in this case
takes the form

oli] =const. (6)

Optimization was performed by one of the vari-
ants of the method of random search. The esti-
mation of the proximity of the solution to the
minimum material-based on criterion (6) was
carried out at several stages of the computing
(Tables 1 and 2).

Four stages were considered. The results of each
stage are presented in the corresponding col-
umns of Tables 1 and 2. Stage 0 corresponds to
the results corresponding to the first access to
the boundary of the allowable area for a rod of
constant square cross-sectional length. The re-
maining columns show the results, respectively,
at 300, 1300 and more than 40,000 tests of the

random search method. Table 1 shows the
cross-section dimensions b[i] for each stage.
The bottom five lines show the values of the
objective function — V, meters®; the magnitudes
of its decrease compared with stage 0 — 4V , %;
the difference between the first two critical
forces — AP , %; the values of the coefficients a
and b.

Table 2 shows the values of the differences

AM,[1I]=M,[i] =M [i]

and stresses ofi], and in the last line the aver-
age values for each stage are the values of these
quantities AM, and Aol.

Analysis of the data in tables 1 and 2 shows that
despite the small difference in the values of the
objective function in the last two stages, the dif-
ference in cross sections between the values of

differences AM,[i] and stresses ofi] at these

stages of the search is more significant. At the
last stage, in almost all cross sections, the dif-

ferences AM[i] are close to zero, and the

stresses ofi] to unity.

The result obtained confirms that, even with a
double critical force, criterion (3) can estimate
the proximity of the obtained solution to the
minimum material-intensive one.

Let us consider one more example, in which,
according to preliminary calculations during
optimization, the critical force turns out to be
threefold.

Let us consider a rectilinear square rod, com-
pressed by a centrally applied longitudinal force
with supporting conditions in both main planes
of inertia of sections, shown in Figure 3.
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Table 1. Results of analysis.

b[i] by stages of search for optimum

t 0 300 1300 >40000
1 2 3 4 5

1 0.0915 0.0626 0.0420 0.0426
2 0.0915 0.0655 0.0600 0.0596
3 0.0915 0.0789 0.0696 0.0692
4 0.0915 0.0784 0.0761 0.0761
5 0.0915 0.0835 0.0806 0.0813
6 0.0915 0.0821 0.0855 0.0854
7 0.0915 0.0927 0.0878 0.0888
8 0.0915 0.0883 0.0921 0.0916
9 0.0915 0.0949 0.0943 0.0938
10 0.0915 0.0984 0.0966 0.0957
11 0.0915 0.0949 0.0960 0.0971
12 0.0915 0.0924 0.0985 0.0982
13 0.0915 0.0944 0.0982 0.0990
14 0.0915 0.1110 0.0987 0.0995
15 0.0915 0.0975 0.1000 0.0997
16 0.0915 0.1010 0.0990 0.0997
17 0.0915 0.0995 0.1000 0.0993
18 0.0915 0.0929 0.0987 0.0986
19 0.0915 0.1189 0.0988 0.0977
20 0.0915 0.1021 0.0967 0.0964
21 0.0915 0.1053 0.0944 0.0948
22 0.0915 0.0833 0.0925 0.0927
23 0.0915 0.0998 0.0905 0.0902
24 0.0915 0.0799 0.0877 0.0872
25 0.0915 0.0857 0.0829 0.0834
26 0.0915 0.0787 0.0784 0.0787
27 0.0915 0.0806 0.0724 0.0728
28 0.0915 0.0654 0.0639 0.0647
29 0.0915 0.0743 0.0522 0.0523
30 0.0915 0.0701 0.0255 0.0049
31 0.0915 0.0730 0.0524 0.0518
32 0.0915 0.0603 0.0644 0.0640
33 0.0915 0.0636 0.0731 0.0719
34 0.0915 0.0793 0.0776 0.0777
35 0.0915 0.0736 0.0828 0.0823
36 0.0915 0.0834 0.0852 0.0859
37 0.0915 0.0966 0.0899 0.0888
38 0.0915 0.1000 0.0917 0.0912
39 0.0915 0.0911 0.0924 0.0931
40 0.0915 0.0889 0.0944 0.0946
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1 2 3 4 5
41 0.0915 0.0852 0.0956 0.0957
V. meters® 0.07539 0.06904 0.06492 0.06476
AV 0.00% 8.43% 13.89% 14.10%
AP 195.00% 130.49% 17.74% 0.03%
a 0.48987 0.83099 1.01063 1,02480
b 0.49986 0.13279 -0.01283 -0,02805

Table 2. Results of analysis.

AM [i] by stages of search for optimum

o by stages of search for optimum

t 0 300 1300 | >40000 0 300 1300 | >40000
1 2 3 4 5 6 7 8 9

1 0.1396 0.0388 | 0.0008 | 0.0000 | 0.076842 | 0.135799 | 0.978754 | 0.9988
2 0.1070 0.0284 | 0.0019 | 0.0001 | 0.228466 | 0.301949 | 0.893968 | 0.9973
3 0.0757 0.0202 | 0.0024 | 0.0000 | 0.373973 | 0.476454 | 0.902065 | 0.9984
4 0.0465 0.0256 | 0.0019 | 0.0000 | 0.509501 | 0.441546 | 0.913346 | 0.9986
5 0.0202 0.0003 | 0.0010 | 0.0000 | 0.631502 | 0.597886 | 0.923345 | 0.9985
6 0.0025 0.0103 | 0.0032 | 0.0000 | 0.736850 | 0.541898 | 0.952999 | 0.9988
7 0.0210 0.0334 | 0.0064 | 0.0000 | 0.822944 | 0.718689 | 0.971152 | 0.9988
8 0.0350 0.0815 | 0.0001 | 0.0000 | 0.887779 | 0.941500 | 0.930939 | 0.9987
9 0.0441 0.0678 | 0.0041 | 0.0000 | 0.930011 | 0.827215 | 0.910997 | 0.9990
10 0.0481 0.0215 | 0.0091 | 0.0000 | 0.948989 | 0.662066 | 0.889453 | 0.9990
11 0.0472 0.0239 | 0.0144 | 0.0000 | 0.944770 | 0.514969 | 1.000000 | 0.9987
12 0.0415 0.0293 | 0.0056 | 0.0000 | 0.918104 | 0.487964 | 0.907040 | 0.9989
13 0.0312 0.0782 | 0.0094 | 0.0001 | 0.870409 | 0.867698 | 0.973216 | 0.9991
14 0.0169 0.1005 | 0.0105| 0.0000 | 0.803706 | 0.381801 | 0.977651 | 0.9987
15 0.0010 0.0407 | 0.0069 | 0.0000 | 0.720548 | 0.468211 | 0.902845 | 0.9987
16 0.0218 0.0869 | 0.0025 | 0.0000 | 0.623928 | 0.350193 | 0.921093 | 0.9986
17 0.0448 0.0572 | 0.0006 | 0.0001 | 0.517169 | 0.765660 | 0.929211 | 0.9991
18 0.0347 0.0903 | 0.0021 | 0.0001 | 0.564413 | 0.924885 | 0.940865 | 0.9990
19 0.0191 0.1114 | 0.0039 | 0.0000 | 0.636604 | 0.402981 | 0.914728 | 0.9988
20 0.0061 0.1037 |0.0092 | 0.0001 | 0.697070 | 0.312453 | 0.888763 | 0.9984
21 0.0038 0.0158 | 0.0016 | 0.0000 | 0.743026 | 0.556928 | 0.923710 | 0.9985
22 0.0101 0.0800 | 0.0006 | 0.0001 | 0.772075 | 1.000000 | 0.928379 | 0.9992
23 0.0123 0.0377 | 0.0066 | 0.0000 | 0.782309 | 0.485707 | 0.894467 | 0.9988
24 0.0101 0.0041 | 0.0022 | 0.0001 | 0.772383 | 0.572689 | 0.918233 | 0.9982
25 0.0035 0.0387 | 0.0057 | 0.0000 | 0.741573 | 0.416936 | 0.973638 | 0.9984
26 0.0077 0.0122 | 0.0055 | 0.0000 | 0.689821 | 0.669361 | 0.979892 | 0.9989
27 0.0232 0.0177 | 0.0015| 0.0000 | 0.617743 | 0.497582 | 0.915495 | 0.9984
28 0.0428 0.0142 | 0.0031 | 0.0000 | 0.526627 | 0.744256 | 0.982150 | 0.9985
29 0.0661 0.0478 | 0.0002 | 0.0000 | 0.418400 | 0.256604 | 0.938477 | 0.9988
30 0.0723 0.0574 | 0.0035| 0.0000 | 0.389795 | 0.110365 | 0.055568 | -0.0546
31 0.0772 0.0454 | 0.0007 | 0.0000 | 0.366997 | 0.255342 | 0.910506 | 1.0000
32 0.0843 0.0037 | 0.0032 | 0.0000 | 0.333614 | 0.644771 | 0.880962 | 0.9992
33 0.0933 0.0282 | 0.0051 | 0.0000 | 0.292105 | 0.915174 | 0.876885 | 0.9992
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1 2 3 4 5 6 7 8 9
34 0.0969 0.0431 | 0.0044 | 0.0000 | 0.275390 | 0.343807 | 0.971364 | 0.9987
35 0.0660 0.0390 | 0.0017 | 0.0000 | 0.418961 | 0.881604 | 0.919258 | 0.9988
36 0.1541 0.0365 | 0.0028 | 0.0001 | 0.554891 | 0.412768 | 0.950408 | 0.9995
37 0.1713 0.0655 | 0.0045| 0.0000 | 0.679382 | 0.384630 | 0.905781 | 0.9986
38 0.1864 0.0676 | 0.0004 | 0.0001 | 0.788944 | 0.399366 | 0.929533 | 0.9985
39 0.1994 0.0502 | 0.0013 | 0.0001 | 0.880504 | 0.402443 | 0.938544 | 0.9992
40 0.2099 0.0156 | 0.0064 | 0.0000 | 0.951507 | 0.661024 | 0.899818 | 0.9987
41 0.2179 0.0131 | 0.0077 | 0.0001 | 1.000000 | 0.657937 | 0.968563 | 0.9983

z/n 0.0408 0.0435 | 0.0040 | 0.0000 0.6449 0.5461 0.9094 | 0.9731
P

z,

8.2m

\
$
;

Figure 3. The second numerical sample.

The second numerical sample. Let us consider
a rectilinear square rod, compressed by a cen-
trally applied longitudinal force with supporting
conditions in both main planes of inertia of sec-
tions, shown in Figure 3. The analysis was per-
formed on the basis of a discrete model ([10]) of
41 fragments.

Since the boundary conditions in the two main
planes of inertia are the same, and the critical
forces are assumed to be threefold, the stability
constraints are written as

P<PL[M=PL[2=PL[3. (7

In the same way as in the first sample, optimiza-
tion was performed by one of the variants of the
random search method. The estimation of the
proximity of the solution to the minimum mate-
rial-based on criterion (6) was carried out at
several stages of the calculation (Tables 3 and
4). Similarly to the first sample, four stages of
finding the optimal solution were considered.
The results are presented in the corresponding
columns of Tables 3 and 4. The designations in
these tables are the same as in the first sample.
In addition, Table 3 also lists the values of the
coefficient ¢ and the difference AP2.
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Analysis of the data in Tables 3 and 4 shows
that in the last two stages of the search, the ob-
jective functions differ little.

However, at the same time, differences AM [i]
and reduced stresses ofi] show that, despite the
small difference in the values of the objective
function in the last two stages, the difference
between the values of differences AM,[i] and

stresses ofi] at these stages of the search is

more significant. At the last stage, in almost all
cross sections, the differences AM [i] are close

to zero, and the stresses ofi] to unity. In sec-

tions 16 and 31, the stresses are far from unity.
This is due to the significantly smaller com-
pared with the other sizes of sections, which in
such cases reduces the accuracy of the selected
model.

From Table 3 it can be seen how the critical
forces approach each other in stages. So, if at
stage number O the difference 4P1 is 102.54%,
and 4AP2 — 236.62%, then at the last stage these
differences are 0.01% and 0.03%.

Table 4 shows how the mean values of differ-
ences AM,, and stresses change Aol.
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Table 3. Results of analysis.

b[i] by stages of search for optimum
t 0 300 1300 >40000
1 2 3 4 5

0.0893 0.0500 0.0503 0.0513 0.0893
0.0893 0.0724 0.0711 0.0705 0.0893
0.0893 0.0745 0.0818 0.0808 0.0893
0.0893 0.0865 0.0882 0.0875 0.0893
0.0893 0.0972 0.0925 0.0920 0.0893
0.0893 0.0936 0.0951 0.0950 0.0893
0.0893 0.1072 0.0967 0.0968 0.0893
0.0893 0.0991 0.0987 0.0976 0.0893
0.0893 0.0968 0.0950 0.0973 0.0893
0.0893 0.0980 0.0951 0.0960 0.0893
0.0893 0.0990 0.0930 0.0936 0.0893
0.0893 0.0901 0.0913 0.0898 0.0893
0.0893 0.0779 0.0848 0.0842 0.0893
0.0893 0.0807 0.0765 0.0759 0.0893
0.0893 0.0637 0.0631 0.0623 0.0893
0.0893 0.0477 0.0260 0.0057 0.0893
0.0893 0.0557 0.0609 0.0618 0.0893
0.0893 0.0748 0.0758 0.0753 0.0893
0.0893 0.0872 0.0832 0.0834 0.0893
0.0893 0.0881 0.0894 0.0889 0.0893
0.0893 0.0908 0.0925 0.0925 0.0893
0.0893 0.0879 0.0943 0.0947 0.0893
0.0893 0.0967 0.0959 0.0958 0.0893
0.0893 0.0898 0.0947 0.0958 0.0893
0.0893 0.0869 0.0941 0.0947 0.0893
0.0893 0.0963 0.0922 0.0925 0.0893
0.0893 0.0867 0.0888 0.0888 0.0893
0.0893 0.0811 0.0831 0.0834 0.0893
0.0893 0.0798 0.0757 0.0753 0.0893
0.0893 0.0604 0.0622 0.0618 0.0893
0.0893 0.0457 0.0242 0.0057 0.0893
0.0893 0.0676 0.0611 0.0602 0.0893
0.0893 0.0785 0.0733 0.0731 0.0893
0.0893 0.0807 0.0811 0.0806 0.0893
0.0893 0.0884 0.0849 0.0854 0.0893
0.0893 0.0957 0.0880 0.0883 0.0893
V, meter33 0.1149 0.1003 0.0978 0.0973

AV 0.00 12.69 14.90 15.35

AP1 102.54 31.20 5.72 0.01

AP2 236.62 71.35 9.42 0.03
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1 2 3 4 5

a 0.2813 0.8000 0.8283 0.5434

b 0.3571 0.1761 0.1846 0.4334

c 0.3932 0.0045 -0.0101 0.0516

Table 2. Results of analysis.
AM [1] by stages of search o by stages of search for optimum
for optimum

t 0 300 1300 | >40000 0 300 1300 | >40000
1 2 3 4 5 6 7 8 9
1 0.1302 | 0.0087 | 0.0043| 0.0000 0.1554 0.4562 | 0.9797 | 0.9995
2 0.0610 | 0.0332 | 0.0035| 0.0000 0.4501 0.4111 | 0.8332 | 0.9992
3 0.0029 | 0.0161 | 0.0075| 0.0000 0.6979 0.5343 | 0.8202 | 0.9991
4 0.0385 | 0.0139 | 0.0031| 0.0002 0.8741 0.6878 | 0.8815| 0.9974
5 0.0591 | 0.0696 | 0.0043| 0.0002 0.9623 0.4408 | 0.8482 | 0.9998
6 0.0578 | 0.0032 | 0.0030 | 0.0000 0.9565 0.6429 | 0.8547 | 0.9988
7 0.0355 | 0.0852 | 0.0131| 0.0000 0.8616 0.4575 | 0.9148 | 0.9988
8 0.0042 | 0.0033 | 0.0048 | 0.0000 0.6924 0.6418 | 0.8495| 0.9987
9 0.0319 | 0.0418 | 0.0144| 0.0001 0.5743 0.5161 | 0.9224 | 0.9984
10 0.0299 | 0.0824 | 0.0012 | 0.0001 0.5827 0.4106 | 0.8710| 0.9992
11 0.0391 | 0.0502 |0.0028 | 0.0001 0.5436 0.7646 | 0.8545| 0.9995
12 0.0111 | 0.0683 | 0.0133| 0.0001 0.6630 0.8699 | 0.8078 | 0.9984
13 0.0007 | 0.0358 | 0.0067 | 0.0000 0.7133 0.8247 | 0.8294 | 0.9985
14 0.0055 | 0.0431 | 0.0063 | 0.0000 0.6869 0.4253 | 0.8194 | 0.9989
15 0.0292 | 0.0192 | 0.0029 | 0.0000 0.5859 0.4439 |0.8273 | 0.9990
16 0.0505 | 0.0094 | 0.0007 | 0.0000 0.4952 0.8522 | 1.0000 | 0.5329
17 0.0533 | 0.0249 | 0.0017 | 0.0000 0.4831 1.0000 | 0.8408 | 0.9987
18 0.0199 | 0.0160 | 0.0038 | 0.0000 0.6253 0.5361 | 0.8372 | 0.9989
19 0.0013 | 0.0875 | 0.0052 | 0.0002 0.7048 0.2975 |0.8363 | 1.0000
20 0.0002 | 0.0171 | 0.0114| 0.0000 0.7092 0.5696 | 0.8127 | 0.9988
21 0.0053 | 0.0234 | 0.0053 | 0.0001 0.6877 0.5537 |0.8886 | 0.9984
22 0.0104 | 0.0662 | 0.0010 | 0.0000 0.7544 0.8805 | 0.8702 | 0.9989
23 0.0077 | 0.0523 | 0.0051 | 0.0000 0.7430 0.4862 | 0.8467 | 0.9988
24 0.0115 | 0.0459 | 0.0006 | 0.0000 0.6612 0.7939 | 0.8686 | 0.9986
25 0.0213 | 0.0236 | 0.0032 | 0.0001 0.6193 0.5421 | 0.8790 | 0.9983
26 0.0129 | 0.0406 | 0.0087 | 0.0000 0.7653 0.7485 | 0.9035| 0.9990
27 0.0305 | 0.0474 |0.0042 | 0.0001 0.8400 0.4487 | 0.8862 | 0.9996
28 0.0275 | 0.0163 | 0.0098 | 0.0001 0.8275 0.7107 | 0.9236 | 0.9993
29 0.0028 | 0.0230 | 0.0039 | 0.0001 0.7223 0.5182 | 0.8358 | 0.9979
30 0.0422 | 0.0090 |0.0020| 0.0000 0.5305 0.7365 | 0.8940 | 0.9990
31 0.0851 | 0.0091 | 0.0020 | 0.0000 0.3474 0.3901 | 0.3920 | 0.1702
32 0.0945 | 0.0139 |0.0011| 0.0000 0.3074 0.5187 | 0.8505| 0.9981
33 0.0855 | 0.0221 | 0.0006 | 0.0000 0.3460 0.7489 | 0.8712 | 0.9984
34 0.0183 | 0.0742 | 0.0054 | 0.0000 0.6321 0.9912 | 0.8322| 0.9989
35 0.0349 | 0.0245 | 0.0016 | 0.0001 0.8589 0.7232 | 0.8750 | 0.9993
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1 2 3 4 5 6 7 8 9
36 0.0680 | 0.0961 | 0.0004 | 0.0000 1.0000 0.3548 | 0.8682 | 0.9987
>/n 0.0339 | 0.0366 |0.0047 | 0.0001 0.6572 0.6091 | 0.8535| 0.9629
So, if in the first three stages the average value Structures]. Moscow, Transzheldorizdat,

of the differences AM, is far from zero. Be-

sides, the average stress Aol is far from one.
Thus we have  4AM,=0.0001 and

Aol=0.9993 at the last stage.

The result obtained in this sample confirms that
with a triple critical force criterion (3) can esti-
mate the closeness of the obtained solution to
the minimum material-intensive one.

The approach proposed in this paper is based on
using the criterion (3) of estimating the proximi-
ty of a solution for optimizing rods with con-
straints on resistance to the least material-
intensive. This approach can be extended to
cases of multiplicity of critical forces.

REFERENCES

1. Lagrange J.-L. Sur la Figure Des Col-
lonnes. // Mescellanea Taurinensia, 1770-
1773, Vol. 5, pp. 123.

2. Clausen T. Uber die Form Architek-
tonischer Séulen. // Bull. cl. physico-raath.
Acad. St.-Petersbourg, 1851, Vol. IX, pp.
371-380.

3. Nikolay E.L. Zadacha Lagranzha o Na-
ivygodnejshem Ochertanii Kolonny [La-
grange's Problem About the Most Advanta-
geous Outline of a Column]. // News. Of St.
Petersburg Polytechnic Institute, 1907, Vol.
VIII (in Russian).

4. Chentsov N.G. Stojki Naimen'shego Vesa
[Stands of a Minimum Weight]. // Trudy
TSAGI, 1936, Vol. 265 (in Russian).

5. Nudelman Ya.L. Metody Opredelenija
Sobstvennyh Chastot i Kriticheskih Sil Dlja
Sterzhnevyh Sistem [Methods for Deter-
mining Natural Frequencies and Critical
Forces for Rod Systems]. Maoscow,
Gostekhizdat, 1949, 175 pages (in Russian).

6. Smirnov A.F. Ustojchivost' i Kolebanija
Sooruzhenij [Stability and Oscillations of

1958 (in Russian).

7. Vinogradov A.l. Problema Optimal’nogo
Proektirovanija v Stroitel'noj Mehanike
[The Problem of Optimal Design in Struc-
tural Mechanics]. Kyiv, Vyscha Shkola
Publishing House in Kharkiv University,
1973, 167 pages (in Russian).

8. Olhoff, N, Rasmussen S.Kh. O Prostyh i
Dvuhkratnyh ~ Optimal'nyh  Kriticheskih
Nagruzkah Poteri Ustojchivosti Dlja Zash-
hemlennyh Sterzhnej [On Simple and Two-
Fold the Optimal Critical Load of Buckling
for the Clamped Rods]. // Mechanics. New
in Foreign Science. Optimal Design of
Structures, 1981, Vol. 27, pp. 139-154 (in
Russian).

9. Lyakhovich L.S. Osobye Svojstva Opti-
mal'nyh Sistem i Osnovnye Napravlenija ih
Realizacii v Metodah Rascheta Sooruzhenij
[Special Properties of Optimal Systems and
the Main Directions of Their Implementa-
tion in the Methods of Calculation of Struc-
tures]. Tomsk, Tomsk State University of
Architecture and Construction, 2009, 372
pages (in Russian).

10. Malinovsky A.P. Chislennyj Metod
Rascheta  Sterzhnej na  Prochnost',
Ustojchivost' i Kolebanija [A Numerical
Method of Calculation of the Studs for
Strength, Stability and Fluctuations]. //
Studies in Structures and Structural Me-
chanics. Tomsk: Publishing House of TSU,
1978, pp. 85-96 (in Russian).

CIIMCOK MYBJIHUKAIIUIA

1. Lagrange J.-L. Sur la Figure Des Col-
lonnes. /I Mescellanea Taurinensia, 1770-
1773, Vol. 5, pp. 123.

2. Clausen T. Uber die Form Architek-
tonischer Séulen. // Bull. cl. physico-raath.

88 International Journal for Computational Civil and Structural Engineering




Using the Criterion of the Minimum Material Capacity of Rods Under Stability Restrictions for the Case

of Multiple Critical Load

Acad. St.-Petersbourg, 1851, Vol. IX, pp.
371-380.

3. Huxonam E.JI. 3agaua Jlarpamxka o
HAMBBIFOJHEUIIIEM OYEPTAaHUU KOJOHHBI. //
Hzeecmusa Cankm-Ilemepbypeckozo nonu-
mexnuyeckoeo uncmumyma, 1907, . VIIL.

4. Yenunon H.I'. CToliku HAMMEHBIIIETO BECAIO
Il Tpyowr IJAT'H, 1936, Bein. 265.

5. Hyneabman S.JI., Metonsl onpeneneHus
COOCTBEHHBIX YaCTOT U KPUTUYECKUX CHJI
JUISL CTEP>KHEBBIX cucTteM. — M.: T'ocrexus-
nmat, 1949. — 175 c.

6. CmupnoB A.®. YcToiiunBOCTH U KOJEOa-
HUs coopyxkeHuul. — M.: Tpancxkengopus-
nat, 1958.

7. BunorpamoB A.U. IlpoGiema onTumab-
HOTO TIPOSKTUPOBAHUS B CTPOUTEIHHON Me-
xaHuke. — XapbkoB: Buma mkomna, M3na-
TEIBCTBO MPU XapPbKOBCKOM YHUBEPCHUTETE,
1973. - 167 c.

8. Ouabxodd H, Pacmyccen C.X. O mpocTbix
U JABYXKPAaTHBIX ONTHUMAJbHBIX KpUTHYE-
CKUX Harpy3kax IMOTEPH YCTOWYUBOCTH JUIS
3alleMICHHBIX CcTep:kHei. /| Mexanuxka.
Hoeoe 6 3apybescnou nayke. Onmumans-
Hoe npoexmuposanue koHcmpykyutl, 1981,
Ne27, ¢. 139-154.

9. JIaxoBuu JI.C. OcoOble cBoOIiCTBa ONTH-
MaJbHBIX CHCTEM M OCHOBHBIC HaIpaBlie-
HUS UX pealu3alii B METO/ax pacyuera co-
opyxennil. — Tomck: M3narensctBo Tom-
CKOTO TOCYJIapCTBEHHOTO apXHUTEKTYpHO-
cTpouTenbHOTO YHUBepcutera, 2009. — 372
c.

10. MaaunoBckuii A.Il. YucneHHBIH MeTOxq
pacdera CTEp)KHEH Ha IPOYHOCTh, YCTOM-
YUBOCTh M Kojebanus. // UccnenoBanus mno
CTPOUTEIILHBIM KOHCTPYKIIUSM ¥ CTPOH-
TeJIbHOW MexaHuke. — Tomck: M3nmarens-
ctBo TI'Y, 1978, c. 85-96.

JIaxoBuu Jleonun CemeHoBUY, akajeMHK Poccuiickoii
aKaJeMUU AapXUTEKTYpbl M CTPOUTENbHBIX Hayk (PA-
ACH), npodeccop, TOKTOp TEXHUYECKUX HayK, mpodec-
cop Kadeapsl CTPOUTEIbHON MeXxaHUKH, TOMCKHi rocy-
JTAPCTBEHHBIN apXUTEKTYPHO-CTPOUTENBHBI YHUBEPCHU-
teT; 634003, Poccus, 1. Tomck, ConsHas mi. 2;

Volume 15, Issue 1, 2019

E-mail: lls@tsuab.ru

AxumoB IlaBen AnekceeBuu, akageMuk Poccuiickoi aka-
JeMHH apXUTEKTYphl U cTpouTedbHbix Hayk (PAACH),
npodeccop, JOKTOp TEXHUUECKUX HAYK; TJIABHBIA YYEHBIN
cekperapb Poccuiickoil akageMuu apXUTEKTYpbl U CTPOU-
TENBHBIX HAYK; 3aMECTUTENb [€HEPANBLHOTO TUPEKTOpa 110
Hayke 3AO «Hayuno-uccnenoBatensckuii neHtp Cra-
HduO»; mpodeccop JlemapraMenTa apXUTEKTyphl U CTPOH-
TenbcTBa Poccmiickoro yHHBepcHuTeTa ApYKOBI HapoOIOB;
npogeccop Kapeapsl CTPOUTETFHON MeXaHUKH TOMCKOTO
TOCYAApPCTBEHHOTO aPXHTEKTYPHO-CTPOUTEIHFHOTO YHH-
Bepcutera; 107031, r. Mockga, yn. bonpmas JIMUTpOBKa,
1. 24, ctp. 1; Ten. +7(495) 625-71-63;

daxc +7 (495) 650-27-31; email: akimov@raasn.ru,
pavel.akimov@gmail.com.

ManunoBckuii Anatonuii IlaBaoBuY, JOIGHT, KaHIAUOAT
TEXHHMYECKUX HAyK, H.0. 3aBeIyIOIIero kadeapoi crpou-
TENbHOM MEXaHWKH, TOMCKHMH TrOCYAapCTBEHHBIA apXu-
TEKTYpHO-CTPOUTENbHBIN yHUBepcuTeT; 634003, Poccus,
r. Tomck, Consaas . 2; e-mail: bat9203@gmail.com.

Leonid S. Lyakhovich, Full Member of the Russian
Academy of Architecture and Construction Sciences
(RAACS), Professor, Dr.Sc., Head of Department of
Structural Mechanics, Tomsk State University of Archi-
tecture and Building; 634003, Russia, Tomsk, Solyanaya
St., 2; e-mail: lls@tsuab.ru

Pavel A. Akimov, Full Member of the Russian Academy
of Architecture and Construction Sciences (RAACS),
Professor, Dr.Sc.; Executive Scientific Secretary of Rus-
sian Academy of Architecture and Construction Sciences;
Vice-Director for Science Activities, Scientific Research
Center “StaDyO”; Professor of Department of Architec-
ture and Construction, Peoples’ Friendship University of
Russia; Professor of Department of Structural Mechanics,
Tomsk State University of Architecture and Building; 24,
Ul. Bolshaya Dmitrovka, 107031, Moscow, Russia;

phone +7(495) 625-71-63; fax: +7 (495) 650-27-31,;
E-mail: akimov@raasn.ru, pavel.akimov@gmail.com.

Anatoly P. Malinowski, Associate Professor, Ph.D, H.T.
Head of Department of Structural Mechanics, Tomsk
State University of Architecture and Building; 634003,
Russia, Tomsk, Solyanaya St., 2;

E-mail: bat9203@gmail.com.

89



International Journal for Computational Civil and Structural Engineering, 15(1) 90-97 (2019)

BEARING CAPACITY OF DEEP PILE FOUNDATION
FOR HIGH-RISE FACILITY ON WEAK SOILS: COMPARING
OF ANALYSIS RESULTS AND EXPERIMENTAL DATA

Rashid A. Mangushev !, Nadezhda S. Nikitina?

! Saint-Petersburg State Architecture and Construction University, Saint-Petersburg, RUSSIA
2 National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: The results of static testing of the pile and comparative results of analytical and numerical calculations for the
experimental deep pile (length 65 m, diameter 1.2 m) under the high-rise building, designed in the area of a large thickness
of weak soils, are presented in the paper. At the same construction site, an experimental barrette pile of rectangular cross-
section with a size of 3.3 x 1.1 and a length of 65 m with the location of the base in solid Proterozoic clays was made.
This pile was tested with the use of Osterberg cells, for which strain gauges were mounted in its reinforcement cage at 9
levels. In the first stage, a standard test of the entire experimental barrette pile in the top-down direction was conducted,;
in the second, after reaching the maximum possible load, the tests were carried out using the “O-cells” located at a depth
of 50 m in the thickness of solid clays and transmitting the load in two directions (up and down). A General assessment
of the bearing capacity of the barrette pile obtained by three methods is given.

Keywords: bearing capacity, analytical methods, numerical methods, experimental studies, pile, high-rise building,
weak soils

HECYIIASI CHOCOBHOCTh CBAMHOI'O ®YHJAMEHTA
I'JIYBOKOTI'O 3AJIOKEHUSA J1JIS1 BBICOTHBIX OB BEKTOB
HA CJABBIX I'PYHTAX: COITOCTABJIEHHUE PE3YJIBTATOB
PACYETA U DKCIIEPUMEHTAJIbBHbBIX TIAHHBIX

P.A. Manzywes', H.C. Hukumuna*?
! Canxr-TTetepOyprekuii Tocy1apcTBEHHBIN apXUTEKTYPHO-CTPOMTENbHBIA YHHBEPCHUTET,
r. Cankr-Ilerep6ypr, POCCUA
2 HauuoHaJIbHBIH KCCIEN0BaTENbCKUH MOCKOBCKHI FOCYIaPCTBEHHBINA CTPOMTENbHBIA YHUBEPCHUTET,
r. Mocksa, POCCHSL

AHHOTanuA: B HacTosmiel crarbe NpeACcTaBlIEHbl PE3yJbTaThl CTATUYECKUX HCIBITAHUN M COOTBETCTBYIOUIUE
CpaBHUTEIBHBIC PE3YIbTATHI AHATUTHYCCKUX W YACIICHHBIX PACYCTOB JUIS ONBITHOH ITyOOKOW cBau (uthHA — 65 METPOB,
nuaMeTp — 1.2 MeTpa) o/ BEICOTHBIM 37JaHHEM, CIIPOSKTHPOBAHHBIM B 30HE OOJIBIION ToNIH cIadbix TpyHTOB. Ha Toit
e CTPOUTEIHHOH TUIOMaAKe OblJIa H3TOTOBJICHA OIBITHAS CBas-OapeTTa MpsIMOYTOJIBHOTO ceueHus pasmepom 3.3 x 1.1
METpa U JUTMHOH 65 METPOB C PacHoOI0KEHUEM OCHOBAHUS B TBEPIBIX MPOTEPO30HCKIX IITMHAX. DTa CBasl ObLIA UCTIBITAHA
¢ ucnonb3oBanueM staeek OcrepOepra. i 3TOTo pH YCTPOMCTBE CBAM B €€ apMaTypHOM KapKace ObLIH YCTaHOBIICHBI
TEH30JIaTUYMKH Ha JIEBSITH YPOBHSIX. VICTIBITaHNE OTIBITHOM CBan-0apeTThl MPOBOAUIIOCE C JIBa 3Tama. Tak, Ha MepBOM 3Tare
OBLJIO BBHITMIOJHEHO CTAHIAPTHOE WCTBITAHHUE BCEH CBaW B HAIPaBJICHWW CBEPXY BHHM3, a Ha BTOPOM JTale, MOCHe
JOCTHIKEHHMST MaKCHUMaJbHO BO3MOXKHOM HArpy3Kd, WMCHBITAHUS TNPOBOIWIKCH C HCIOJb30BaHMeM sdeex “O-cell”,
KOTOpBIE pacrojiarajguch Ha riyouHe 50 MeTpoB B TOJIIIE TBEPABIX IIMH, MEPEIAIONTUX HATPY3KY B IBYX HAINPaBIECHUSIX
(BBepx u BHU3). [laHa 001Ias oIleHKa HECYIIEeH CITIOCOOHOCTH CBar-0apeTThl Ha OCHOBE TPEX METOJIOB.

KiaroueBrble ciioBa: Hecylias CHOCOGHOCTL, AHAJIUTHYCCKUEC METOAbI, YUCJICHHBIC MCTOIbI,
OKCIICPUMCHTAJIbHBIC UCCIICAO0BAHNs, CBAad, BBICOTHBIC 3JaHUs, cnadbie TPYHTBI
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Bearing Capacity of Deep Pile Foundation for High-Rise Facility on Weak Soils:

Comparing of Analysis Results and Experimental Data

1. INTRODUCTION

Modern large-scale underground construction in a
cramped town planning and a sharp increase in the
number of facilities' storeys requires careful
consideration of the pile construction affecting
(especially in weak soils) and changes in soil
properties directly under the foundation and in the
surrounding area under the influence of man-made
factors that appear during construction process. It
is the most important to consider such changes in
complex geotechnical conditions. An important
aspect in this case is the assessment of the bearing
capacity of piles by analytical methods. Therefore,
it is very valuable to compare reliability of such
analytical methods with full-scale tests.

A large number of analytical methods for
calculating the bearing capacity of a single pile,
taking into account pile geometric dimensions and
the characteristics of the surrounding soil [1], is
known. Unfortunately, often the calculated values
differ significantly from the natural ones obtained
when loading such piles with vertical load.
Especially acute this problem arises with a large
length of piles and their production under the
protection of a clay mortar or casing pipe.
Comparing of the differences between results of
calculations for Building Codes of the Russian
Federation SNiP 24.13330 [2] and SP 50-102-
2003 [3] and results of standard tests for vertical
load according to Standard of the Russian
Federation GOST 5686 [3] show that the first, as a
rule, is much smaller for first ones than the second.
In addition, the anthropogenic impact on the soil
under the foundation can be local and general
(territorial) in nature and differs depending on the
adopted technology [1,2].

In accordance with the mentioned above,
relevant assessments and comparisons carried
out with respect to pile foundations of high-rise
buildings in the conditions of their construction
on weak soils are of interest.

The mentioned problem was investigated during
of design work on the building of "Okhta-Center"
(height 396 m). In order to determine the total
bearing capacity of bored piles and barrette piles,
as well as, separately of bearing capacity on the

Volume 15, Issue 1, 2019

lateral surface and the base, two experimental
bored piles under the protection of a casing pipe
with a diameter of 1.2 m and a length of 52.8 m
(piles BN), and five experimental barrette piles
with a size of 3.3 x 1.0 m and a length of 65 m
(piles SB) were built and tested.

2. ENGINEERING GEOLOGICAL
CONDITIONS OF THE TEST SITE

According to the results of drilling to a depth of
170 m, the ground sediments were revealed at the
base, kinds and average characteristics of which
are given in the table 1.

3. EVALUATION OF BEARING
CAPACITY OF EXPERIMENTAL
PILE BN

In accordance with the regulatory documents of
the Russian Federation [1, 2] the calculated
bearing capacity of friction piles is determined by
the formula

Fa= 7 [xrRA+u X yifihi], (1)

where . is coefficient of working conditions of a
pile in a ground, which takes the value for driving
piles y. = 1; R is design resistance of the soil
under the lower end of the pile; A is area of pile
cross section, m?; u is perimeter of the pile cross
section; fi is design resistance of i—th soil layer
along the lateral surface of the pile, kPa; h; is
thickness of i-th soil layer surrounding the pile
surface, m, that should be hi <2 m; yr, 5 fare the
coefficients of working conditions of the ground
under the lower end of the pile and surround the
pile surface respectively which take in account
affecting of the pile production technology.
Tests of piles BN were conducted using
hydraulic jacks until a maximum load of 3500 T
(35000 kN; Production and testing of bored piles
were carried out by the company “Geoizol” in
2009).
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Table 1. Characteristics of soil.

A name of soil Geological v, wW e IL E, o0, c,
index kN/m3 MPa | degree | MPa
Bulk soil tg IV 17.5 -
Marine and lake m,l1V 19.6 | 0.256 | 0.683 | 0.71 14 24 0
sediments
Upper glacial lake Ig llb 186 | 0.360 | 0.980 | 1.1 4.5 7 0.006
sediments

(upper sediments) of
the Baltic glacial lake
Lower glacial lake Iglliz 204 | 0.220 | 0.600 | 0.87 10.5 17 0.030
sediments of the
Luga moraine
(lower sediments)

Moraine sediments gllliz 215 | 0.160 | 043 | 0.25 17 22 0.036
of the Luga moraine

Dislocated Vendian Vkt2 214 | 0.176 | 0.503 | -0.35 16 14 0.130
clays

Undislocated Vkt2 22.3 | 0.129 | 0.367 | -0.79 113 22 0.840

Vendian clays

o = .
— <
T .
= - a2
14%‘ L2’ ¥

& 4%, o . 567t . ’:“:J-;.‘ P ke <L ;_-,_,T_,- -\_,";'._;~,., s
Figure 1. General vi

=

w of loading yste for testin of BN piler static vertical load.
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Table 2. Results of assessment of BN

pile overall bearing capacity by different methods.

Method for determining the bearing capacity
of a pile

Overall bearing capacity of the BN
experimental pile, kN

Calculation by the formula (1), Fa,calc

8320 (- 301%)

Calculation by PC PLAXIS 3D, Fqpiaxis

11000 (- 227%)

Experimental data, Fysite

25000

tIv

m,l IV

Ig i b

Ig itz

glillz

Vktz?

Vktz?

+3.90

Level 9 (-9.37)

Level 8 (-19.37)

Level 7 (-24.37)

Level 6 (-31.37)

Level 5 (-37.37)
| Level 4 (-41.37)
Level 3 (-43.90)
O-cell

Level 2 (-54.37)

Level 1-(58.00)

-59.50

Figure 2. Situation scheme of O-cell element and strain gauges in the experimental barrette pile.

In order to provide these tests, a special loading
platform of cross beams, based on a system of 33
drilling-injection anchors of the “Titan” type
(Fig. 1), was arranged.

According to [4] the overall pile bearing capacity
was assessing by the value of load for which pile
gets vertical deformation A =20 mm that in the
considered case corresponds to loading Fagsite =
25000 KkN.

Calculation by the formula (1) gave the value of
overall bearing capacity of the experimental pile
Fa,calc = 8320 kN, that includes 5985 kN (71% )
under the tip and only 3145 kN (29% ) on the
lateral surface.

The value of overall bearing capacity obtained by
[2, 3] is similar to analysis result of pile under
vertical load in PC PLAXIS 3D (FapLaxis =
11000 kN).
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Results of assessment of BN pile overall bearing
capacity by different methods are given in table
2.

4. EVALUATION OF BEARING
CAPACITY OF EXPERIMENTAL
BARRETTE PILE SB

At the mentioned building site it was provided
experimental testing of barrette pile with length
of 65 m and cross section of 3.3 x 1.0 m. The pile
was immersed into Vendian clays layer (Vkt2).
During the tests, it was used Osterberg cells (O-
cells) and strain gauges the situation scheme of
which is presented in Figure 2.
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Load, MN
0 5 10 15 20 25 30 35
000 e e ———
5,00
4\
[~ \

=
=4
o
o

ki
o
o
o

N
o
[=]
o

Displacement, mm

25,00

30,00

35,00

40,00

Figure 3. Load-deformation diagram for barrette pile under vertical loading.

Tests of the pile under vertical static load were
conducted in two stages: first one is standard test
under vertical load applied Top-down; second
one is test conducted when load reached its
maximum value with usage of O-cell at depth
value -45.00 m. Using O-cell, the loading was
transmitted in two direction: up and down [5].
The test results for experimental barrette at first
stage by Top-down method are shown in Figure
3. At the maximum load 35000 kN deformation
does not exceed 20 mm.

Extrapolation of load-deformation diagram until
horizontal line corresponding to A =20 mm
allows assessing overall bearing capacity of the
experimental barrette pile at it first loading by
Fd,Top-Down = 32000 kN.

An analytical calculation of the experimental
barrette pile by the formula (1) [2, 3] gives value
of the overall bearing capacity Fq,caic = 31244 kN,
that is enough close to test results obtained by
Top-down method.

Calculational results obtained by PC PLAXIS 3D
give value of the overall bearing capacity

Fa,pLaxis = 27800 kN (Figure 4) that is smaller
than results of Top-down experimental method.
The results of the tests using the Osterberg O-
cell, performed after the Top-down loading are
shown in Figure 5.

The upper curve corresponds to the bottom-up
test of the upper part of the pile and makes it
possible estimating the bearing capacity of the
barrette on the lateral surface; the lower curve
reflects the tests from top to bottom of the pile
and allows estimating the bearing capacity of the
barrette base.

Extrapolation of the upper curve to the
intersection ~ with  the  horizontal  axis
corresponding to the value of A = -20 mm gives
the opportunity to evaluate the bearing capacity
of the lateral surface of pile Fqo-cen =29500 kN,
and the bottom graph allows evaluating the
bearing capacity under the tip of barrett which is
not less than Fq Ro.cen =13000 kN. The total
bearing capacity of the pile according to the
described test method is not less than Fg o-cen =
42500 kN.
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Figure 4. Calculational results obtained by PC PLAXIS 3D for experimental barrette pile
under vertical loading.
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Figure 5. Displacement diagram for pile under vertical loading by O-cell method.

As expected, the total bearing capacity of the Table 3 summarizes the test results by the
barrette pile under repeated loading by the "O- method of "O-cell" and analytical calculations of
cell' method is higher than under primary bearing capacity of the barrette piles.

loading by the "Top-down™ method (more than

30%).
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Table 3. Summary of test results by the method of “O-cell”
and analytical calculations of bearing capacity of the barrette piles.

Method of bearing capacity
determining for barrette pile

Total of bearing capacity of the
experimental barrette pile Fq, xH

Calculation by the formula (1), F,caic

31244 (-2,5%)

Calculation by PLAXIS 3D, FgpLaxis

27800 (-15%)

Natural tests’ result by Top-Down method

(primary loading), Fd,top-Down 32000

Natural tests’ result «O-cell» method

(secondary loading),
Fd ,o-cell 42500
Fa' ocell 29500
Fa R o-cel 13000

5. CONCLUSIONS

1. The bearing capacity of the experimental piles
with a diameter of 1.2 m and a length of 52.8
m according to the test results is significantly
higher (more than 200%) than the calculated
values according to Russian standards [2,3]
and the PLAXIS 3D program.

2. The bearing capacity of the experimental pile-
barrette with a length of 65 m and a cross
section of 3.3 % 1.0 m according to the results
of full-scale tests is very close to the
calculated values according to Russian
standards [1,2] (deviation of 2,5%) and the
program PLAXIS 3D (deviation of 15%).

3. The bearing capacity of the soil on the tip
(13000 kN) equals half value of one's on the
lateral surface (29000 kN), despite the
presence of a large thickness of weak soils
along the trunk of the barrette pile.
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RESTABILIZATION OF THE POSTCRITICAL
EQUILIBRIUM OF ELASTIC SYSTEMS

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

Abstract: The application of the Appel-Vozlinsky theorem on the stability or instability conditions for
bifurcation points of conservative elastic systems with a symmetric bifurcation diagram to evaluate
restabilization possibility of structures under loads substantially larger than the first critical force. It is shown that
restabilization is possible if the first eigenvalue of the Hesse matrix is a continuous alternating function of the
load parameter, and the remaining eigenvalues are sign-definite quantities. The examples of the systems with
restabilization are given: a high Mises girder and an elastic system composed of compressible rods.

Keywords: equilibrium, restabilization, bifurcation point, stability

O BOSBMOKHOCTHU PECTABWIN3ALIUU 3BAKPUTUYECKOI'O
PABHOBECHUSA HEKOTOPLIX YIIPYI'UX CUCTEM

I''A. Manyiinos, C.b. Kocuyvin, M.M. becuuee
Poccuiickuit yausepcurer tparcmopta (MUUT), r. Mocksa, POCCHUA

AHHoTanusi: PaccmarpuBaroTcss OCOOGHHOCTH TPHMEHEHHUs TeopeMbl Amnmens-BozmmHckoro o0 ycrnoBusx
YCTOWYMBOCTH WJIM HEYCTOMYMBOCTH TOUYEK OM(pYpKalMK KOHCEPBATHBHBIX YHNPYTHX CHCTEM C CHMMETPHYHOM
OudypKalMOHHOM TMarpaMMoii, K BOIpOcaM BO3MOXHOW pecTaOMIN3aluy IIPH HArpy3Kax, CyHIeCTBEHHO 0OJIb-
X nepBoil kpurudeckoil. Ilokasano, 4to pecrtabuinm3anys BO3MOXKHA, €CIIH IEPBOE COOCTBEHHOE 3HAUYEHHUE
Marpulbl ['ecce ecTh HempephiBHAs 3HAaKOIepeMeHHas (DYHKLHUS OT HapaMeTpa Harpy3ku, a OCTalbHble cO0-
CTBCHHBIEC 3HAUYEHUs — 3HAKOIOCTOSHHbBIE BeJIMYUHBI. [IpuBeIeHBI IPUMEPHI CHCTEM C pecTadMiIn3aIueii: BICO-
Kas pepma Museca 1 yrpyro COwIeHEHHAs! CHCTEMa, COCTABJICHHAS M3 C)KUMAEMBIX CTEPXKHEH.

KaioueBble ciioBa: paBHOBecHe, pecTabmiIn3anys, Touka oudypKranny, ycToHuuBOCTb

1. SYMMETRIC SYSTEMS, SYMMETRIC 1) Changing of the stability character of the

DIAGRAMS OF BIFURCATION AND basic equilibrium always is caused by reach-
APPEL - VOZLINSKY THEOREM ing of the first bifurcation point (at
Prp min=Pnir1), and it not always occurs at

Appel-Vozlinsky theorem formulates stability reaching of high bifurcation points.
(or instability) conditions of bifurcation points 2) Stability character of “new” equilibrium
for so-called “entirely symmetric systems”. forms, branching out from the basic equilib-
Such systems include all elastic systems with rium in the bifurcation point, is determined
symmetric bifurcation diagram as it is shown in by stability or instability of this bifurcation
Figure 1. Usually, these systems have two plane point in accordance with \V.T. Stability char-
(two directions) of symmetry (rods, plates, flat acter of “new” equilibriums branching out
and spatial frames or trusses, symmetric arches, from the basic one in the bifurcation point is
some symmetric shells and another structures). determined by stability or instability of this

Let us note two important moments: bifurcation point (W. T. Koiter [1]).
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0

Figure 1. Bifurcation diagrams for scenarios “fold” and “butterfly ”: a, ¢) standard “butterfly”
and “‘'fold”; b, d) dual “butterfly” and “fold’’; P* is critical load in the ultimate point.

Further, let us note that symmetric bifurcation
point appears if decomposition of full potential
energy to power series by bifurcation coordinate
corresponds to features of the failure type
“fold”:

V ~q*+e,0° +&0,
or standard “butterfly” type [2]:
V~0®+e,0'+6,0° +6,0° +&.

The stability of the “first” bifurcation points at
load P = Psug1 is determined by positive branch-
es of these features (+q* and +g°). Negative
signs of branches (-q* and -g°) give instability
symmetric diagrams. Types of symmetric dia-
grams which presented in figures 1 (a) and 1(b)
corresponds to features of “fold” as well as fea-
ture of “butterfly” at some combination of man-
aging parameters (g — ¢,). Here the distinctive

feature is existing of only two “new” postbifur-
cation half-branches of equilibrium states.
However, in the case of “butterfly” feature it is
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possible such combination of parameters, when
near bifurcation point an elastic system have not
two, but four “new” equilibrium states at some
range of load P values as it is shown in figures 1
(c) and 1 (d). In accordance with diagrams in
figure 1 the system has 4 “new” states of post-
critical equilibrium at the range of loads Puif -
P”(that is until ultimate points will be reached).
There are only two (P < Pyir1, figure 1 c, and
P > Pyir1, figure 1 d) or none post critical equi-
libriums (figure 1 ¢ at P > P”, and figure 1 d at
P <P") beyond the boundary of these “new”
postcritical equilibriums’ ranges.
Appel-Vozlinsky theorem [3-5] allows us to
predict a character of the closest bifurcation
point: stability of symmetric bifurcation point is
determined by stability single equilibrium half-
branch closing to it (from the side of load val-
ues, that smaller (P < Puir) or larger (P > Puir)
than bifurcation load.

Presented in figures 1 (a) and 1 (c) single half-
branch, closing to bifurcation point, is sustaina-
ble branch of OC. Hence, the first bifurcation
point at load Puir1 is sustainable. Also growing
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“new” branches of postbifurcation equilibriums
are sustainable.

On the contrary, single half-branches of systems
with bifurcation diagrams by types presented in
figures 1 b and 1 d are unsustainable the basic
postbifurcation equilibriums (at P > Pyif1). Con-
sequently, bifurcation point is unsustainable as
well as new branching out equilibriums “fall-
ing” by load. Unsustainable equilibrium branch-
es are signed as “-*.

Let us note, that bifurcation diagrams P = P(q)
are intersection line for surfaces of equilibriums
near bifurcation curvature (dv/dgq=0) and

plane POq (at null value of initial imperfection
parameter &1(&1= 0)). Possible variants of sym-
metric sustainable diagrams, that have simple
bifurcation points for systems with co-
dimension less or equal 4 (number of managing
parameters), are bounded by diagrams as it is
shown in figures 1 (a) — 1 (d). However, Appel-
Vozlinsky theorem also is acceptable to sym-
metric system with large (even) number of man-
aging parameters.

Let us note for system with two or in some cas-
es 4 managing parameters, that sufficient condi-
tion of simple symmetric bifurcation point sta-
bility (figures 1 a, 1 ¢) is singularity and stabil-
ity of under critical equilibrium.

Necessary stability condition is geometric sym-
metry of system and symmetry of acting loads.
However, this condition is not sufficient.

The sufficient instability condition for simple
symmetric bifurcation point is singularity and
instability of initial (basic) postbifurcation equi-
libriums’ half-branch (figurel b).

It should be noted, that V.l. Vozlinsky formu-
lated and proved theorem of stability (instabil-
ity) of symmetric bifurcation point in 1967 [3].
However, formulation of the same theorem can
be found in the paper of P. Appel [5], the origi-
nal of which appeared in 1932. There it was
written ... Stability character in the curvature
with vertical tangential is the same if it would
be in half-branch of “intersecting” curvature
that is not bounded by branches of the first ones
(that is singular).
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2. ENERGY MEANING
OF BIFURCATION POINTS AND
CHANGING STABILITY CHARACTER
OF THE BASIC EQUILIBRIUM STATE

In accordance with energy position the bifurca-
tion point of the basic equilibrium appears then
and only then, when there is orthogonal in ener-
gy aspect non-null addition component D.
Reaching of bifurcation point by load (or Kine-
matic compression) proves that basic subcritical
stress-strain state exhausts possibilities to accu-
mulate growing energy of an elastic defor-
mation, caused by load rising, in the form, spec-
ified by initial (sub bifurcation) stress-strain
state.

System self-organizes to have possibility to con-
tinue loading. It switches on additional accumu-
lators to absorb new portions of potential energy
of elastic deformation. Such additional forms
are “new” equilibrium forms, that do not exist at
subcritical equilibrium but exist in non-null ad-
dition D, that have spoken before. If such addi-
tion is null (D = 0), then bifurcation loss of sta-
bility becomes impossible. This aspect is deter-
mined by form of the first null Eigen vector W,
calculated for subcritical equilibrium (P = P.. —
0). If this vector is orthogonal to external load
vector [5]

W0 LP=(P-W°)=0,

then critical point is bifurcation point, the initial
stress-strain state of which is filled by new
components [6]. It principally allows to contin-
ue loading of the system.

If reduced scalar product is not equal to zero,
then loss of stability occurs at ultimate point.
For this point, the “null” eigen vector (Wlo) of

subcritical equilibrium usually is similar to form
of such equilibrium [7]. Therefore, there is not
any postcritical addition of subcritical equilibri-
um at reaching ultimate point. Critical equilibri-
um is unsustainable and system searching for a
new sustainable equilibrium transforms to dy-
namic splash state.
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However, at bifurcation case or reaching of ul-
timate point a “new” initial postcritical equilib-
rium Wijposter iS @ sSum of subcritical equilibrium
Wsuber and “null” eigen vector, taken with scale
factor &:

+ Wy’

nlnkp = npedkp

3. CHANGING OF STABILITY FORM
AT BIFURCATION POINT AND
RESTABILIZATION OF THE BASIC
EQUILIBRIUM

It is believed that at the reaching of the bifurca-
tion point there is always a change in the quality
of the equilibrium: the sustainable equilibrium
existing before bifurcation point reached be-
comes unsustainable after the bifurcation point
exceeds this value (at load P = Ppir+ &). In gen-
eral, this is always true only for the first bifurca-
tion point (or for the first point on the "new"
postcritical equilibrium branch of the secondary
bifurcation). There are many systems for which,
when passing by the basic equilibrium of the
second, third, ..., m-th bifurcation point (m=2,3,
m, ...), the instability property acquired by this
equilibrium as a result of the first bifurcation
point does not change after passing the higher
bifurcation points. In other words, the stability of
the basic equilibrium under load above the first
bifurcation is not restored. An example of a such
situation is an ordinary Eulerian rod (Figure 2),
for which the "new" compressed-curved forms
of equilibrium branching out in the second, third
and subsequent points of bifurcation-increasing
by load and unsustainable equilibrium. After loss
of stability at passing of the first bifurcation
point, further the basic linear equilibrium re-
mains unsustainable (Fig. 2) at all load values,
exceeding the first critical one (P > Pyir1). In the
figure 2, unsustainable branches of postcritical
equilibrium are marked with crosses; sustainable
forms are shown by solid lines.
Sustainable postbifurcation equilibrium is com-
pressed-curved equilibrium (at P > Pcrl) branch-
ing out at the first point of bifurcation. At "high-
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er" "curved" forms of "new" equilibriums that
branch out from the main linear equilibrium at

_2r E/
kp2

_3r E/
Kp3

_m7r E/’

all of these equilibriums may really exist and
can be observed, if we input additional cross
hinge supports at nodes (or equivalent points of
bend). Then the higher critical load Pxp2, Pxp3,. ..,
Pcrm, acquire a certain "optimization” meaning.
For example, the second critical load of Pcr is
the highest critical load for a double-hinged rod
with one intermediate support.

If this support is placed in the middle point of
the rod, it divides rod into two identical and
equal-sustainable parts, each of which does not
affect the stability margin of the neighbor one.
Equal-stability property gives

max P, :47TZE%2 .

Strict energy proof of the instability of all
"higher" buckling forms of the compressed Eu-
lerian rod was given by E. Reyes [6]. He
showed that at the same norms (the same values
for all forms of the sinusoid amplitudes) the
values of the full potential energy for the first
form V1 and the higher forms of buckling Vo, ...,
Vn form a steadily increasing sequence.
Vi <V, <V <...<V, <...

All members of this sequence are greater than
the value of the first member V1 corresponding
to the potential energy of the stable first form of
the post-bifurcation equilibrium. Therefore, if
you compress the Euler rod by load, exceeding
the third critical load (for system with additional
hinge supports), and further remove the sup-
ports, the compressed-curved s-form will in-
stantly become unsustainable and "switch" on
the first sustainable post-critical form of Euler
elastics, corresponding to value of acting load.
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Figure 2. Sustainable (first) and unsustainable (all following) branches of the "new"
compressed-curved equilibriums that bifurcate from the basic linear equilibrium
of a Eulerian rod in the first and higher bifurcation points.

In accordance with the above, it should be note
that the "new" higher forms of post-bifurcation
equilibrium growing by load are not always
forms of sustainable equilibrium. The equilibri-
um curve should grow by load to achieve condi-
tion when it consists of points corresponding to
sustainable equilibrium. But this requirement is
only a necessary but not sufficient sign of the
stability of the mentioned above equilibriums.
An additional requirement is that the load-
increasing equilibriums have a minimum poten-
tial energy. Just considered the highest forms of
post-critical equilibrium of Euler rod are a good
"reverse" illustrations to this provisions. At the
same time, the "falling " (descending) branches
of equilibrium are always unsustainable.
Theorem 1. For systems with a symmetric bifur-
cation diagram, it is possible to restabilize the
basic equilibrium after passing an even number
of the bifurcation point (2nd, 4th, etc.) if:

a) at each point of bifurcation the basic equilib-
rium changes the nature of stability;

b) "new" equilibriums branching out from this
point of bifurcation (m=2,3,4...) are rising and
unsustainable (Fig. 3).

Without reducing the generality of reasoning, let
us consider a symmetric system with two degrees
of freedom, which has a bifurcation diagram, as
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it is shown in Figure 3, and the basic equilibrium
loses its stability when P > Poudl and it be-
comes unsustainable in the interval of loads Pyift
< P < Priro. These equilibriums under loads P <
Prir> form a single half-branch suitable to the sec-
ond bifurcation point from the left. Therefore,
according to theorem Appel-Vozlisky, the sec-
ond bifurcation point "is not sustainable”; the
branching out at this point the "new" equilibri-
ums, increasing by the load, also are unsustaina-
ble. According to the condition, the change in the
nature of the stability of the basic equilibrium
after passing the second bifurcation point, this
equilibrium should become sustainable at P >
Prir2. This theorem has been proved.

Note that the nature of stability of "new" equi-
libriums branching out at the first bifurcation
point (at P = Pyir1) does not affect the conditions
of this theorem. But if we assume that the "new"
equilibriums branching out at the second bifur-
cation point (at P = Pupirz) form unsustainable
"falling” branches (Fig. 3), then the basic equi-
librium under load P > Pyirz should also be un-
sustainable. But this provision contradicts the
condition of changing the nature of the stability
of the basic equilibrium in the bifurcation
points. Therefore, there is not restabilization in
this case.
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Restabilization of the Postcritical Equilibrium of Elastic Systems

For conservative systems, the possibility of
restabilization of the basic equilibrium is deter-
mined by the behavior of the eigenvalues u1(P),
u2(P)...., un(P) of the Hesse matrix of the total
potential energy as a function of the parameter
P. If the numbers are monotonically decreasing
functions of P

(%<Odﬁ<0, ,dﬁ<0)

dp dp “dp

and each function passes through zero (from
positive values to negative) to its point of bifur-
cation, then restabilization of the basic (initial)
equilibrium at loads greater than the first critical
(P>Pcr1=Puir1) is impossible (example - elastic
frame system).

If the degeneration of the Hessian matrix at the
bifurcation points is associated with zero pad-
ding only one function pl (P) (in this case it
must be alternating), and all other numbers are
positive functions (Fig. 4), then the basic equi-
librium can be restabilized in the intervals loads
of Ppirz < P < Pyifs, Prifa < P < Ppits and so on.

0 H1---q12+++
+ + + ] )
IL|
a) b)
0 “11 12 =2 P
DERS SV
q q i
c) d)
Figure 3. An illustration of Theorem 1 on the conditions for re-stabilization.
T :(P)
w® - ~ — W (P)
we(P)
w(P)

"'m\/ dugl

| NN N

Pl

Figure 4. The graph of changes in the eigenvalues of the matrix NE: - 1 (P) periodic function.
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Figure 5. To the problem of the stability of straight-linear equilibrium of a system
of 2 compressible rods connected by an elastically-flexible hinge.

]
S Pong Poupr " P2k
. e e = - - 1(P) (k2
0 \‘\‘ : ,/ H()(>): p
+ 4+ +++

Figure 6. Curves of the trajectories of eigenvalues 1 (P) and u2 (P)
and the stability region of the rectilinear equilibrium of the system in Fig. 10.

4. SAMPLES OF SYSTEMS WITH
RESTABILIZATION

Let us consider a system with the re-
stabilization of the main equilibrium under
loads P> Pbif2 (Fig. 5). It consists of two com-
pressible rods connected by an elastic-flexible
hinge with a spring of rigidity ¢ = 1. The initial
lengths of the compressible rods are L = 1, the
relative longitudinal rigidity is K, the initial un-
buckled equilibrium is rectilinear and horizon-
tal. The stability of one such compressible rod
with an “elastic” hinge was studied in detail by
V.I. Theodosiev [8]. He constructed characteris-
tic graphs of post-critical equilibrium curves for
the state of the observing rod and investigated it
stability at various combinations of stiffness and
geometric parameters. T. Poston and I. Stewart
[2] investigated this system heuristically to
demonstrate some properties of the butterfly
failure. The system was considered in more de-
tail by M. Golubitsky and D. Schaeffer [9].
However, in their work, the curves of the post-
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critical (“broken”) equilibriums near the point
of the secondary bifurcation were constructed
inaccurately.

Our interest in this system is determined by the
desire to show the non-monotonic behavior of
the eigenvalue pul (P) of the Hesse matrix,
which allows us to obtain a re-stabilization of
the rectilinear equilibrium under loads of large
loads of the second bifurcation (P> Phuit 2, as it is
shown Figure 6).

Let a is the angle of deflection of the rods from
the horizontal, X is the value of the current
length of the compressible rod, P is the com-
pressive load,

X = (%)cosa .

Potential energy of the system:

V(K,P,a, X) =k(X —1)? +%a2 +2PX cosa
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Equilibrium equations:

g:a—2PX sinae =0
oa

N a1k —2Pcosa =0
ox

Hesse matrix (or the Jacobi matrix of the system
of equilibrium equations):

0*X oV
2
H, 8? daoX | _
oV oWV
oXoa  OX?
_|1-2PX cosx —2Psina
| —2Psina 2k

For the initial rectilinear equilibrium (o = 0),
this matrix takes the diagonal form:

H(X=O):f—_2PX OJ

0 2k

Consequently, the eigenvalues of this matrix (or
stability coefficients) are

1, (P) =1-2PX :1—2P(1—%) =

2
:1—2P+2P—;
k

1o (P) =2k =const

From these expressions it follows that only one
eigenvalue pl (P) depends on the load; the sec-
ond eigenvalue p2 (P) = 2k does not depend on
the load and is a constant number. The condi-
tions for the equality to zero of the first eigen-
value pl (P) = O determine the bifurcation
points of the basic (initial) rectilinear equilibri-
um of the system:

4(P) =0 By, = (kK — 2K)
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The basic equilibrium is sustainable at loads
lower than the first critical one, as well as at
loads greater than the second critical one:

P<P,, =%(k kP —2),
P>P,, :%(k k2 —2K)

(state of re-stabilization).

A square parabola describing the dependence of
ul (P) can have either two real roots (ie, two
bifurcation points) or none.

The last case occurs when k < 2. When k = 2,
the two points of the bifurcation merge into one
(Pyif @ = 1). Graphs of the functions pl (P) and
u2 (P) are shown in fig. 6.

Curves of "broken™ equilibriums (initial sec-
tions) for some characteristic values of the com-
pressibility parameter K are given in Fig. 7.

The study of the bifurcation points of the basic
equilibrium shows that

k>2E
3

at symmetric points of the bifurcation, two
curves of “broken” equilibriums, that grow by
load, branch out (Fig. 7a). However, only one
branch is stable, branching out at P = Pgir1. The
equilibriums that are branched out at the second
point of the bifurcation Pyir, although growing,
but are unsustainable. If

k=22,
3

then on the curve of the primary “broken” equi-
libriums at the point of the first bifurcation, the
curvature becomes zero, and further at

k<2g
3

it becames negative. This means that at

105



a) :
x@«
Poug2
N\ j)/
-0 o o
0

30Ha pecTabus mnmm

8) P/

s

Poutf)l Pou(bl

-0 o

0

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

0)

9?2(\ 30Ha pecmomusamm XS&’&VX)X

Pou(bl

\X)X;W

o

0

Figure 7. Sustainable state curves and areas of it stability for a two-rod system
with various combinations of its stiffness and geometrical parameters:

a) k>2§;b) 2<k<2§;c)k:2;z) k<2.

k<2g
3

the number of equilibriums of the system at P *
<P <Puyir there is five equilibrium points (initial
and four “new” equilibriums) instead one (ini-
tial). In this case, the first point of the bifurca-
tion from a sustainable one transforms to an un-
sustainable one. Consequently, at the initial part
the post-bifurcation “broken” equilibriums are
also unsustainable (up to the achievement of the
lower ultimate point P * (Fig. 7b)).

At k value decreasing, the two points of the bi-
furcation approach to each other and at k = 2 it
converges into one point Poif 1 = Ppif 2 = 1
(Fig. 7¢). When k < 2, the original rectilinear
equilibrium is sustainable for all compressive
loads. Any bifurcation load values disappear
(“compressibility” win the aspire to loss of sta-
bility). “Broken” equilibria exist by themselves,
and do not intersect with straight-line equilibria
(Fig. 7c). At the same time, the branches of
these equilibria that are closest to the original
(oo = 0) are the branches of unsustainable saddle
equilibria and form a “watershed” between the
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sustainable basic rectilinear equilibrium and the
far equilibrium (but sustainable!) in the extreme
parts of the isolated branches.

Another example of a system having zones of
postcritical restoration is the “high” Mises truss
(Fig. 8) with an initial angle of inclination of the
rods ao > 67°,36 (Fig. 8, b). For the Mises truss
in the paper of V.I. Slivker and A.V. Perlmuther
[10] the Hesse matrix is calculated. This matrix
has the following eigenvalues:

tgox

(1+tg 2oz)E cosaq

1
E )
(1+tg°a)2 cosag
a=a(P).

u(P)=21-
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Tpaexropus dudypkay coOCTBEHHOTO

sHaCHIA L0, (P)

Here, the first number uwif(P) determines the
stiffness of the truss node against horizontal per-
turbations, the second number p*(P) determines
stiffness against vertical ones. The case, when
stiffness pwitf(P) becomes zero, corresponds to
the moment of the bifurcation of symmetric
equilibrium. The second number u*(P) equals to
zero at the limit point. The bifurcation loss of
stability of the Mises truss is possible only if the
truss is sufficiently high (a0 > 67°,36). At this
value of oo, a double bifurcation point appears
on the equilibrium curve, which then at large ao
angles splits into two simple bifurcation points.
These points are on the ascending branch of
equilibria (i.e. before reaching the limit point) if
the initial tilt angle ao is in the range of 67 °, 36
<ap <69 °, 22.

Until the load angle a > awif1, the both numbers
w(P) >0, u* (P)> 0 and the symmetrical equi-
librium of the truss is sustainable. When o =
anif1, the load is P = Ppir1 and the eigenvalue pit
(P) passes through zero from positive to nega-
tive values. Symmetrical form equilibrium be-
comes unsustainable. However, when o = opif
and, accordingly, the second critical load P =
Pui, the eigenvalue pir (P) again passes through
zero (from negative values to positive values).
Since, in this case, the second eigenvalue p* (P)
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Figure 8. Equilibrium re-stabilization of the high Mises truss.

does not change its sign and remains positive,
(until to reaching the ultimate point), then at
loads P > Puir2, the both eigenvalues pwis (P) and
pu * (P) are positive, the Hesse matrix is posi-
tively defined, and the Mises truss is again sus-
tainable (at loads of Puir 2 <P <P*) (as it is
shown in Fig. 8). So, for a truss with an initial
angle ao = 68 °, 5 critical values of the tilt an-
gles of the rods are awin = 61°,903, apiz =
47°.347. These values are determined by solv-
ing the equation cos®a - cosa + cosao = 0. The
corresponding bifurcation loads are calculated
by the formula

Pyif = 2¢l (Sinawif - COSol * tgawif), C = EA /I

For the critical load at the ultimate pointis P * =
2cl - sin®o*, where the tilt angle o* is deter-
mined from the relation coso* = cosao. At ap =
68°,5 this angle is a* = 44°,305.

The eigenvalue of the Hesse matrix is it at a =
47° > opifr (Mbif (47°)=0.1437; at o= 55 ° (owif =
47°,347 < a. = 55° <apift = 61°,9) eigenvalue is
negative (it (55 °) = -1.886); at a. =47 ° (o* =
44°.305 < 47 ° < apire = 47°.347) it is again posi-
tive. The re-stabilization interval is determined
by the tilt angles 44°,305 < a <47°.347, since in
this range ppir (P) > 0 and pu* (P) > 0. The ap-
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pearance of the re-stabilization zone and the
non-monotonous nature of the dependence of
the eigenvalue it under the load P is unex-
pected [10, p. 377]. In our opinion, the non-
monotonicity of the function pwir (P) is ex-
plained by the fact that there are three points of
critical equilibriums for trusses with initial an-
gles oo (67°.36 < 0 <69°.22) on the ascending
branch of symmetric equilibriums: two points of
bifurcation and one ultimate point. Meanwhile,
the Hesse matrix takes a second order, and,
therefore, there are only two continuous by load
P functions of eigenvalues uwir (P) and u*(P).
The function p*(P) within the ascending branch
is positive and zero padding at the ultimate
point (at P = P *). For existing of two bifurca-
tion points at loads 0 < P <P*, the continuous
function i (P) must two times “go over”
through zero values: the first time from plus to
minus, and the second time from minus to plus.
Therefore, it cannot be monotonous, as dis-
cussed in paragraph 3. And it explains the exist-
ence of a re-stabilization zone for such forms.

REFERENCES

1. Koiter W.T. Elastic Stability and Post-
Buckling Behavior. // Proc. Symp. Nonline-
ar Problems. Madison University Press,
1963, 257 pages.

2. Poston T., Stuart I. Teoriya Katastrof i
Yeye Prilozheniya [Catastrophe Theory and
its Applications]. Moscow, Mir, 1980, 366
pages (in Russian).

3. Vozlinskiy V.I. Ob Ustoychivosti Tochek
Vetvleniya Ravnovesiy [On the Stability of
the Branch Points of Equilibria] // PMM,
1978, Vol. 42, pp. 259-267 (in Russian).

4. Vozlinskiy V.I. O Chislennoy Otsenke Ob-
lasti Ustoychivosti. Voprosy Ustoychivosti
Tochek Vetvleniya Ravnovesiy [On the
Numerical Estimate of the Stability Do-
main. Questions of Stability of Branch
Points of Equilibria]. //  Teoriya
ustoychivosti i yeye prilozheniya. Novosi-

108

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

birsk, Nauka, 1978, pp. 94-100 (in Rus-
sian).

5. Appel P. Figury Ravnovesiya Vrashchayu-
shcheysya Odnorodnoy Zhidkosti [Equilib-
rium Figures of a Rotating Homogeneous
Fluid]. Moscow, Leningrad, ONTI, 375
pages (in Russian).

6. Reyyes E. Poterya Ustoychivosti Kolonny —
Elementarnyy Primer Bifurkatsii [Loss of
Column Stability — An Elementary Example
of Bifurcation]. // Teoriya Vetvleniya i
Nelineynyye Zadachi na Sobstvennyye
Znacheniya. Moscow, Mir, 1974, pp. 9-18
(in Russian).

7. Manuylov G.A., Kositsyn S.B., Begichev
M.M. O Kriticheskikh i Posle-kriticheskikh
Ravnovesiyakh v Zadachakh Ustoychivosti
Uprugikh Sistem. // Stroitel'naya Mekhani-
ka Inzhenernykh Konstruktsiy i Sooru-
zheniy, 2015, No. 5, pp. 47-54 (in Russian).

8. Feodosyev V.I. Izbrannyye Zadachi i Vo-
prosy po Soprotivleniyu Materialov [Select-
ed Problems and Questions of the Strength
of Materials]. Moscow, Nauka, 1967, 376
pages (in Russian).

9. Golubitsky M., Schaeffer D. A Theory for
Imperfect Bifurcation via Singularity Theo-
ry // Communications on Pure and Applied
Mathematics, Vol. XXXII, pp. 21-97.

10. Perelmuter AV, Slivker V.L
Ustoychivost' Ravnovesiya Konstruktsii i
Rodstvennyye Problemy. Vol. 1. Moscow,
SCAD Soft, 2007, 655 pages.

CIIUCOK JINTEPATYPBI

1. Koiter W.T. Elastic Stability and Post-
Buckling Behavior. // Proc. Symp. Nonlin-
ear Problems. Madison University Press,
1963, 257 pages.

2. ITocrton T., Ctioapt U. Teopus karactpod
u ee npuioxenus. — M.: Mup, 1980.-366 c.

3. Bozauuckmii B.A. O6 ycroitunBocTH TO-
4yeK BeTBJIeHHs paBHOBecuit. // [IMM, 1978,
TOM 42, ¢. 259-267.

International Journal for Computational Civil and Structural Engineering



Restabilization of the Postcritical Equilibrium of Elastic Systems

4. Bozumnckuii B.M. O uncieHHON OlLIEHKe
obnacTu ycTroWumBocTH. Bompockl ycToii-
YUBOCTU TOYEK BETBIICHUS pPaBHOBECH. //
Teopust yCTOWUUBOCTH U €€ TMPUIIOKECHUS.
Hosocubupck: Hayka, 1978, c. 94-100.

5. Anmeas II. ®urypsl paBHOBecHs Bpala-
FOLIENCA OOHOPOIHON KUJIKOCTH. — M.:-JL.:
OHTH, 1936. - 375 c.

6. Peiiec E. IloTepss ycTOHYMBOCTH KOJIOHHBI
— DJIEMEHTapHBI npumep Oudypkanum //
Teopust BETBICHHS W HEIUHEWHbBIC 3aJa4u
Ha COOCTBeHHBbIC 3HaueHus. — M.: Mup,
1974, c. 9-18.

7. Manyiino I'.A., Kocuusin C.b., beru-
yeB M.M. O KpUTHYECKHUX U MOCIEKPUTH-
YeCKUX PaBHOBECHUAX B 3a/layaxX YCTOWYH-
BOoCcTH ynpyrux cucrem. /| Cmpoumenvhas
MEXAHUKA UHIICEHEPHLIX KOHCMPYKYULl U
coopyoicenuit, 2015, No5, c. 47-54.

8. ®eogocveB B.U. 130panHbIe 3a1a4M U BO-
MPOCHI TIO COMPOTHUBJICHUIO MaTEPHAJIOB. —
M.: Hayxka, 1967. —376 c.

9. Golubitsky M., Schaeffer D. A Theory for
Imperfect Bifurcation via Singularity Theo-
ry // Communications on Pure and Applied
Mathematics, Vol. XXXII, pp. 21-97.

10. Mepeasmytep A.B., CauBkep B.H.
VY cToiuMBOCTh paBHOBECHSI KOHCTPYKIIUHU U
ponctBeHHble mpobiembl. Tom 1. — M.:

SCAD Soft, 655 c.

ManyiinoB ['alik AnexkcaHApOBUY, KaHIUAAT TEXHUYE-
CKHX HayK, JOIEHT, MoueHT Kadeapsl «CTpouTenbHas
MexaHuKa» PoccHiickoro yHHBEpPCHTETa TpPaHCIOPTa
(MUUT); 127994, r. Mocksa, yi. Obpasnosa, 9, ctp. 9;
ten./akce +7(499) 972-49-81.

Kocuupma Cepreit bopucosmy, coBetank PAACH, moxrop
TeXHUYECKHX HayK, Tpodeccop, 3aBenyrommii kadeapoi
«Teopernueckass MeXaHuka» POCCHICKOIO yHHBEPCUTETA
tpancnopta (MUUT); 127994, r. Mockga, yi. O6pasio-
Ba, 9, cTp. 9; Ten./akc +7(499) 978-16-73;

E-mail: kositsyn-s@yandex.ru, kositsyn-s@mail.ru.

bernueB Makcum MuxaiioBud, KaHIHIAT TEXHUYCCKUX
HayK, noueHT Kadeapsl «Teoperndeckas mexaHukay Poc-
cuiickoro yHmBepcuteTa Tpancmopra (MUUNT); 127994,
r. Mockga, yi. O6pasuosa, 9, crp. 9; ten./dhaxc +7(499)
978-16-73; E-mail: noxonius@mail.ru.

Volume 15, Issue 1, 2019

Gaik A. Manuylov, Ph.D., Associate Professor, Depart-
ment of Structural Mechanics, Russian University of
Transport (MIIT); 127994, Russia, Moscow, 9b9
Obrazcova Street; phone/fax +7(499)972-49-81.

Sergey B. Kosytsyn, Dr.Sc., Professor, Head of Depart-
ment of Theoretical Mechanics, Russian University of
Transport (MIIT); 127994, Russia, Moscow, 9b9
Obrazcova Street; phone/fax: +7(499) 978-16- 73;

E-mail: kositsyn-s@yandex.ru, kositsyn-s@mail.ru.

Maxim M. Begichev, Ph.D., Associate Professor, De-
partment of Theoretical Mechanics, Russian University of
Transport (MIIT); 127994, Russia, Moscow, 9b9
Obrazcova Street; phone/fax: +7(499) 978- 16-73;

E-mail: noxonius@mail.ru.

109



International Journal for Computational Civil and Structural Engineering, 15(1) 110-118 (2019)

FIRE DESIGN OF STEEL STRUCTURES

Anatolii V. Perelmuter
SCAD Soft, Kyiv, UKRAINE

Abstract: This paper describes new software features for the fire design of steel structures. This analysis is per-
formed according to Eurocode. An example is used to demonstrate the role of secondary effects and show that
the estimation based on the critical temperature may differ significantly from the revised calculation.

Keywords: fire design, thermal properties, critical temperature, secondary effects

PACYET OTHECTOMKOCTHU CTAJIBHBIX KOHCTPYKIUIA

A.B. Ilepenvmymep
HITO «CKAJl Cod1», r. Kues, YKPAUHA

Annoranust: [IpuBoasrcs cBegeHus: 00 0COOSHHOCTSIX MPOrPaMMHON pean3alii MOJyJIel pacdyera CTalbHbIX
KOHCTPYKLIMM Ha OTHECTOMKOCTh. MeTonuka pacyeTa cielyer ykazaHusMm EBpokxona. Ha npumepe nemoHcTpu-
pyeTcst poib BTOPUYHBIX 3(P(EKTOB M MOKA3BIBACTCS, YTO OLCHKA IO KPUTHYECKOH TEMIepaType MOXKET CyIle-

CTBCHHO OTJIMYATLCA OT YTOUYHCHHOI'O pacucTa.

KaroueBble ciioBa: OrHECTONKOCTD, TEINIOTEXHIYESCKUE CBOMCTBA, KPUTHIECKAsl TEMIIepaTypa,
BTOpPUYHBIC 3P PEKTHI

1. BASIS OF FIRE DESIGN

A structure is fire resistant when the necessary
safety margin can be provided for a certain peri-
od of time. It is also necessary to take into ac-
count the variation of the thermal and mechanical
properties of steel under the fire heating of the
structure along with the mechanical actions.
Evaluation of fire resistance includes:

e determination of structural heating — a
thermal analysis performed in order to pre-
dict the temperature (select the fire type)
and structural heating patterns;

e strength analysis, which takes into account
the variation of physical properties of the ma-
terial under the action of high temperature.

The calculation is performed for one of the four

standard variants of the temperature variation

during a fire (Figure 1).

Thermal analysis of steel structures is greatly

simplified due to the fact that high thermal con-

ductivity of steel and relatively small thickness
of bearing structures allow us to accept the hy-
pothesis of a uniform temperature in the cross-
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section, which makes it possible to use analyti-
cal relationships between temperature, thermal
conductivity A(T), specific heat ¢(T) of steel

and external temperature 7' (Figure 2).
Moreover, it is assumed that the temperature of
the element is constant along its length.

The strength analysis takes into account the var-
iation of the mechanical properties of the mate-
rial (Figure 3).

Since the structure was designed to take all ac-
tive loads, and only dead and long-term loads
are taken into account in the fire analysis, there
is a certain safety margin characterized by the
degree of utilization p.

The critical temperature can be determined for
any degree of utilization p as:

1
0,9674.%

0., =39, 19lnL 1J +482 .

Moreover, it is important to determine the time
it takes to reach this temperature, so that it could
be compared with the fire resistance time.
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Figure 5. Results of the

2. SOFTWARE INTERFACE

[ ]
Kristall enables to perform the fire design if the o
respective option is enabled in the Resistance of
Sections mode (Figure 4). o
The results of the calculation include (Figure 5): o
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calculation.

graph of the temperature increase for the
selected fire;

graph of the temperature variation of the
structure;

critical temperature;
time to reach the critical temperature.
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Figure 6. Frame.

3. SECONDARY EFFECTS

The role of secondary effects is demonstrated by
an example. Let’s consider a three-story build-
ing (Figure 6) with steel columns, beams, and
minor beams. The floor is simply-supported on
minor beams and only transfers the load to them
without taking it. The fire action is applied in a
section of the first floor shown in color in Fig. 6
The column cross-section is an I-beam 35K1,
GOST 26020-83, the beam cross-section is an I-
beam 46B1, GOST 26020-83, and a minor beam
cross-section is an I-beam No. 20, GOST 8239-
89.

The floor is assumed to be sufficiently fire-
resistant and therefore the columns are heated
from 4 sides, and beams and minor beams from
3 sides.

The dead load on the floor is G =150 kg/m?, the
live load is Q = 400 kg/m?. The live load factor
is taken as 0,25.

Volume 15, Issue 1, 2019

A standard fire is considered when the tempera-
ture in the fire compartment varies according to
the following equation

0, =20+345lg(8t+1),

where t is time in minutes. The heating of steel
structural elements was calculated in incre-
ments, which was determined according to the
following formula for the time interval At

AO, =L%]i{25(eg -0, )+

+6,67-10, (6, +273)" - (0, + 273)“}} At

where p, = 78590 kg/m? is the density of steel.

The results of the thermal analysis are given in
the Table 1. This table also provides the values
of the reduction factors for the elastic modulus
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and design resistance caused by the heating (Figure 7 and Figure 8).
Table 1. The results of the thermal analysis.

Time from the Temperature, °C Reduction factor £ Reduction factor Ry
s':c?rr;orl;me Column | Beam 'E)/lelgr?]r Column | Beam 'glégr?]r Column | Beam I\él(;gr%r
0 20 20 20 1,000 | 1,000 | 1,000 | 1,000 | 1,000 | 1,000
1 41 44 64 1,000 | 1,000 | 1,000 | 1,000 | 1,000 | 1,000
2 72 80 133 1,000 | 1,000 | 1,000 | 1,000 | 1,000 | 1,000
3 99 112 200 1,000 | 1,000 | 1,000 | 1,000 | 1,000 | 1,000
4 134 152 277 1,000 | 1,000 | 0,897 | 1,000 | 1,000 | 1,000
8 291 326 625 0,878 |0,832 | 0,297 | 1,000 | 1,000 | 0,510
10 374 419 794 0,767 | 0,709 | 0,210 | 1,000 | 0,930 | 0,187
12 461 514 947 0,653 | 0,560 | 0,131 | 0,830 | 0,770 | 0,116
15 592 658 | 1128 | 0,333 | 0,280 | 0,037 | 0,522 | 0,344 | 0,033
1,100 | |
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. 0,800 \\\\\
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§0,600 \\\\
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Figure 7. Reduction of the elastic modulus.

1,100 | | |
1,000 -

.. 0,900 \\\

= 0,800

£ 0,700

£ 0,

£ 0,600 \\\

§ 0,500 \C

§ 0,400 N\

o 0,300 .

* 0,200 ————
0,100 Te———

0,000 ! i . i i i
0 2,5 5 75 10 12,5 15 17,5 20 22,5 25

Time, min

Beam Minorbeam

Column

114 International Journal for Computational Civil and Structural Engineering



Fire Design of Steel Structures

Figure 8. Reduction of the design resistance.

{} El.138

iz

Figure 9. Controlled elements.

Table 2. The results of the calculation.

Time, | Displacements, node 52 | Displacements, node 72 | Displacements, node 527

min X Y Z X Y Z X Y Z
0 08| 001| -097| -001| 0,01|-10,28| -0,02| 0,00 -11,06
4 085| -209| 494| -039| -152]|-13,74| -0,21| -0,41 -23,39
8 1,14| -200| 11,11| -1,02| -133]|-1573| -0,81| -0,57 -23,42
10 130| -2,25| 1386| -1,20| -150]|-2042| -0,95| -0,67 -29,14
12 134| -181| 1652 | -131| -1,19|-2531| -1,10| -0,63 -32,21
15 186| -053| 17,32| -042| -0,42|-38,06| -0,34| -0,24 -42,18

The strength analysis was performed in SCAD Beam strength failure occurs between 4-th and

(the Erection mode) for the state of the
structure at the beginning of the fire and on the
4-th, 8-th, 10-th, 12-th and 15-th minute from
the start of the fire. The results of the calcula-
tion are given below.

Internal forces are tracked in columns (finite
element 58), the middle of the beam (finite ele-
ment 138), and the middle of the minor beam
(finite element 978). These elements are shown
in Figure 9.

Control nodes 52, 72 and 527 are selected to
track the displacements. They are shown in Fig-
ure 9 as well.

The results of the calculation are given in the
Tables 2 and 3.

Volume 15, Issue 1, 2019

8-th minutes, minor beams fail on the 4-th
minute, and columns fail between 8-th and 10-th
minutes, although their temperature is far from
the critical value (Fig. 10). The critical time is
about 16 minutes for columns, 14 minutes for
beams, and 11 minutes for minor beams.

The strong discrepancy is caused by a funda-
mental change in the type of the stress-strain
state (drastic difference in eccentricities). In this
example, the so-called secondary effects have
created large longitudinal forces in the elements
some of which were considered as only flexural.
The fact that the fire area was a section of the
floor turned out to be less favorable for the col-
umns. If all columns on the floor were equally
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be closer to the design behavior of the structure.
Table 3. The results of the calculation.

Forces in the element 58 Forces in the element Forces in the element
138 978
Time, M,
min N, t M,tm | Q,t N, t tm Q,t N,t | Mtm| Q,t
0| -7290 | 0.00 0.00 -72.70 | 0.00 | 0.00 8.57 234 | 1.25
41 -251.29 | -6.85 | 450 | -250.69 | 2.15 | 450 | -276.01 | 10.58 | 4.83
8| -331.76 | -10.45 | 6.66 | -330.96 | 2.87 | 6.66 | -489.23 | 12.52 | 5.62
10 | -655.95 | -17.30 | 11.16 | -654.36 | 5.02 | 11.16 | -756.67 | 25.44 | 11.70
12 | -481.76 | -8.09 | 5.07 | -480.56 | 2.03 | 5.07 | -514.84 | 13.64 | 6.15
15| -541.81 | -1.58 0.97 | -540.41 | 0.34 | 0.97 | -327.65 | 9.89 4.22
1400 | |
1200
@ 1000 /..--""
f=a]
X ) ® -~
" 800 ._,::._....
% 600 /’:’:’/
a ~
200 /
D L
0 2,5 5 7,5 10 12,5 15 17,5 20 22,5 25
Time, min
—— Column @ Critical temperature
Beam

Minor beam

v Strength failure

Figure 10. Comparison of results.

4. CHALLENGING ISSUES

All the above calculations are based on the
strength check performed according to the codes
(but taking into account changes in the yield
strength and elastic modulus of steel). In other
words, plasticity has been practically ignored.

If we assume deep plastic deformation, then
additional forces from thermal heating can drop
rapidly. This is evidenced by experiments
carried out at the University of Sheffield (UK)
by Allam A.V., Burgess LW., Plank R.J.
(Figures 11 and 12).
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Moreover, it is necessary to answer the follow-
ing important questions:

1. A building has different structural compo-
nents with various fire resistance limits. The
following question arises: should the calculation
of the entire structure be performed to the min-
imum or to the maximum limit? This problem is
not considered in European fire regulations,
where fire resistance requirements are set not
for individual components, but for the whole
structure.
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2. It is not clear how to simulate a fire — which
fire area should be considered when a structure

)

is not divided into fire compartments.
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= |
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Figure 11. Experimental setup.
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Figure 12. Fire test results.
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SIMULATION OF A DEFECTLESS LIFECYCLE OF UNIQUE

UNDERGROUND STRUCTURES OF THE SEWAGE SYSTEM

AT THE STAGE OF THEIR CONSTRUCTION IN DIFFICULT
SOIL CONDITIONS

Nickolai A. Perminov
Emperor Alexander | Saint-Petersburg State Transport University, Saint-Petersburg, RUSSIA

Abstract: Simulation of the parameters of a defectless lifecycle of large caissons at the stage of their plunging
into heterogeneous soil milieu allows considerable expansion of the area of rational use of underground areas of
megacities for deep transport facilities and engineering infrastructure due to provision of structural safety and
sustainable operation of a special underground structure. Mega sizes of an RC caisson allow creating open
underground areas, unique in volumes and deepness. The analysis of behavior of a massive gravitational fencing
caisson at its incrementing and plunging into heterogenenous soil milieu allowed identifying the nature of its
non-linear and unsteady behavior. Unsteadiness of the processes of interaction of a large structure and soil milieu
accompanied by geometrical changeability causes the necessity to create methods of adaptive control of strain-
stress behavior of the system “gravitational large body — heterogeneous host medium” for decreasing
aggravating influence of these effects on strength, deformability and reliability of the structure at the subsequent
stages of its lifecycle. Due to joint step-by-step implementation of geotechnical and structural calculations a
history of the processes of caisson-soil milieu interaction is modeled and the parameters of adaptive control of
strain-stress behavior are predicted, thus providing conditions of controlled lowering. The paper demonstrates
results of consistent implementation of the given concept at the lifecycle stages of the unique caissons for the
sewage system of the megacity beginning from numerical modeling during design to computer models of control
of strain-stress behavior of the system “large caisson — soil bulk” using the methods of geotechnology with
subsequent monitoring provision of the defectless stage of construction.

Keywords: simulation, unique underground structure, heterogeneous soil milieu, geometrical changeability,
non-linear models, control of strain-stress behavior of the system, structural safety, defectless lifecycle

MOIEJUPOBAHUE BE3/IE®@EKTHOI'O JKU3HEHHOI'O
[UKJA YHUKAJIBHBIX ITOJ3EMHBIX COOPY KEHUI
CUCTEMBbI BOAOOTBEAEHUA HA CTAIUU UX
BO3BEJAEHUA B CJIOKHBIX 'PYHTOBBIX YCJTOBUSAX

H.A. Ilepmunos

Tl'ocynapcTBeHHBIN YHUBEPCUTET IyTel coobmenus Ummnepartopa Anexcanapa I, r. Cankr-ITerepoypr, POCCUA

AHHoTanus: MojenupoBaHue mapaMeTpoB 0e31e(eKTHOrO KU3HEHHOTO IHKJIA KPYIHOTa0apHUTHBIX 000JI0YeK
Ha CTagudl MX IMOTPY)XEHHS B HEOJHOPOIHBIE TPYHTOBBIE Cpenbl IO3BOJISIET 3a CYET OOecredeHHs
KOHCTPYKIIMOHHOM 0€301acHOCTH M yCTOWYNBOTO (DYHKIIHOHUPOBAHUS CIICLMAIBEHOTO MOJ3€MHOTO COOPYKEHHS
CYIIECTBEHHO PacUIMPHUTh 00JACTh PALMOHAIBHOTO HCIIOJIb30BAHMS ITOA3EMHOTO IMPOCTPAHCTBA MEraIojiCcOB
JUIsi 00BEKTOB TPAHCIOPTHOM M MHXKEHEPHOH MH(PacTpyKTyphl . Mera pa3smepsl keiae300eTOHHOW 000JIOUKH
TIO3BOJISIIOT  CO3/1aBaTh OTKPBITHIE IIOJ3€MHBIE IIPOCTPAHCTBA YHUKAJIBHBIMH 110 O0OBEMaM MW TIIyOMHAMH
3aJI0KEHMS. AHaNN3 MOBEJECHUS] MAaCCHBHOW I'PaBHTAllMOHHOHN OTrpakaaroleil 000JIOYKH NPH MOCTETIEHHOM ee
HapallMBaHUU U NOTPYKEHUHM B HEOJHOPOJHYIO T'PYHTOBYIO CpPely Cpelbl MO3BONMIM BBIIBUTH XapakKTep HX
HEJIMHEHHOTO M HECTAI[MOHAPHOI'O TOBeAeHMs. HecTanmnoHapHOCTh MPOIECCOB B3aMMOJEHCTBHS MAacCCHBHOTO
COOPY)KEHHSI C TpPYHTOBOW CpeIOH, CONpOBOXKAaeMas TeOMETPHYECKOM HW3MEHUYHMBOCTHIO, BBI3BIBACT
HEOOXOIUMOCTh CO3JJaHHMS METOJOB aJalTUBHOIO YIPAaBJICHHUS HAIMPSDKEHHO-Ae(HOPMUPOBAHHBIM COCTOSHHEM
CHCTEMBI «TPaBUTALMOHHOE KPYIMHOTrabapuTHOE TEJNO — HEOJAHOPOIHAS BMEMIAIOIIAs Cpeaay Ul YMEHBIICHUS
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OCJIOXKHSIIOIETO BIMSHUSA 3TUX 3(P(EKTOB HAa MPOYHOCTH, AeHOPMHUPYEMOCTh M HAJEKHOCTh COOPY)KEHHS Ha
MOCIEAYIONIMX CTaaUsIX €ro JKM3HEHHOro KA. [locpencTBOM COBMECTHOTO [IOIIATOBOTO BBIMOIHEHUS
TFCOTEXHHUUYCCKUX M KOHCTPYKTOPCKHX PAcYCTOB MOJCIHUPYETCS UCTOPHUS MPOIECCOB B3aMMOJICHCTBHS 000IOUKH
C TPYHTOBOUW CpeJIOW M MPOTHO3UPYIOTCS MapamerTpsbl afgantuBHoro yrnpasienus HJIC cucremsl, odecrieunBas
YCIIOBHSL PErYJIMPYEMOro MOrpyXeHHs. B cTaThe mpeacTaBieHBI Pe3yibTaThl MOCICIOBATEIBHON peaau3aiuu
U3JI0KCHHOW KOHIICMIMM HAa CTAJMAX JKHU3HCHHOTO ITUKJIA YHUKAIBHBIX OIMYCKHBIX COOPYXCHHUH CHCTEMBI
BOJIOOTBE/ICHUSI METamojiuca OT YHUCICHHOTO MOJCIHPOBAHUS TMPH TNPOCKTUPOBAHHHM 1O KOMITBIOTCPHBIX
MOJIeJieH YIpaBJICHUSA C MOMOINBI0 METOJOB T'E€OTECXHOJOTHUH HAMPSKCHHO-IC(HOPMUPYEMBIM COCTOSIHHEM
CHUCTEMbI «KpymHorabapuTHasi 000JOYKa — TPYHTOBBIH MAcCHBY» C MOCJICAYIOIIUM MOHHUTOPHHTOBBIM
obecrnieueHreM 0e3epeKTHON CTaANN CTPOUTEIBCTBA.

Keywords: MmopennpoBanue, yHIKaIbHOE TIOA3EMHOE COOPYKEHIE, HEOJHOPOJHAS TPYHTOBAs Cpesa,
reoMeTpuYecKast I3MEHINBOCTh, HEITMHEITHBIE MOJIENH, YIIPABICHUE HANIPSKEHHO-Ae()OPMHUPYEMBIM
COCTOSIHAEM CHCTEMBbI, KOHCTPYKIIOHHAs 0€30MacHOCTh, 0e37e(heKTHBIH )KN3HEHHBIH [IHUKII.

1. NON-LINEAR AND UNSTEADY
PROCESSES OF INTERACTION
OF A LARGE CAISSON
IN THE CONDITIONS
OF SIMULTANEOUS INCREMENTING
AND PLUNGING
OF THE STRUCTURE

Characteristic ~ parameters and indicators,
according to which underground structures of
the sewage system of large cities can be
regarded as the unique ones, first and foremost,
include abnormal depth of more than 70 m as
well as a high degree of requirements to their
ecological safety. Special requirements to
preservation of structural integrity during long-
tem exploitation should be set for these
structures as particulary dangerous facilities
accumulating and transporting agressive sewage
discharge through their internal culverts under
residential urban areas.

Structural integrity of an underground sewage
structure means the capacity of its resistance to
decrepit and corrosive damages at all stages of
its lifecycle. One can achieve these conditions
only by means of joint gradual solution of
geotechnical and structural problems when pre-
limit stress-strain states of an RC culvert during
its interaction with a soil bulk are modeled and
predicted at the stage of design of its life cycle,
then using the methos of geotechnology and
monitoring they are provided at the stage of
construction of a structure, and later applying
the same or modified monitoring system they

120

are supported at the stage of long-term operation
under the conditions of technically generated
effects. There is a need to consider another
factor which defines the category of structure
uniqueness as a particular and specific one. It
implies limited or complete unavailability of
repair of underground structures of this type.
Firstly, it is associated with the fact that
according to the present schemes of sewage,
which exist in megacities nowadays, these
facilities cannot virtually be put out of operation
without a threat of violating sustainment of the
city engineering infrastructure.

Therefore, in order to provide safe and
sustainable operation of large underground
structures of the sewage system it is necessary
to provide internal integrity of fencing
structures with high degree of water resistance
at all stages of their lifecycle.

The existing norms and sets of regulations
envisage verification calculations of caisson
underground structures for the stages of
construction and exploitation. However for
large-size caisson structures due to specific
conditions of their interaction with a soil bulk
and inclusion the large scale effect (factor):
according to hyper sizes of the area of lateral
surface of a culvert interacting with
heterogeneous soil and a super large weight,
which creates a powerful kinetic impulse at
instant, often sudden drops of a caisson
structure, joint manifestation of these factors
causes specific non-linear behavior of the
structure at its driving and the embedding soil
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bulk. Strength and deformability of a large-size
massive structure, its geometrical variability
should be calculated not only for the final stage
of construction but also for a whole history of
driving considering a history of caisson-soil
bulk interaction at driving, and, consequently
the effect of gradual inheritance of stress-strain
state, that is possible to make only using
solutions of non-linear problems, non-linear
models and computer non-linear simulation.

The analysis of test and experimental results
presented in the paper showed that the main
defects leading to violation of culvert integrity
and crack occurrence emerged in the period of
construction of the underground part in the soil
bulk. Therefore, the main task is reduced to
provision of operation of a structure at pre-limit
states at the stage of construction of its lifecycle.
In order to implement these conditions the
decisive role is played by evaluation of real
work of structures with account of the process
of their gradual construction in the soil bulks
and non-linear properties of structural materials
and soil. Consideration of these conditions
allows constructing an adequate model of the
process of culvert interaction at its stage-by-
stage embedment into the soil bulk. Calculation
substantiation of a range of pre-limit changes of
the stress-strain state of a megamassive culvert
at its embedment into heterogeneous soils
provides defectless operation of the lifecycle of
an underground structure at the stage of its
construction [1]. The analysis of the processes
of caisson loading at the stage of its
construction with account of the effect of
inherited stress-strain behavior allows creating
an adequate calculation-analytical model of an
underground structure and selecting a rational
method of calculation to predict dynamics and
spatial borders of changing stress-strain state of
an RC  caisson  structure  providing
defectlessness of the structure at all stages of its
driving.

The methodological approach proposed in the
paper allows transferring from the earlier
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accepted methods of calculation of underground
sewage caisson structures to the concept of
simulation and prediction of defectless lifecycle
at the stage of construction. The results of
experimental and theoretical research, which are
given in the paper, substantively prove that
modeling and calculative substantiation of
schemes and parameters of preventive
protection of an underground structure at the
stage of its construction using geotechnical
methods provides its safety and resistance
against technically generated impacts at the
subsequent stages of the lifecycle during its
long-term regime operation.

2. THE ANALYSIS OF INTERACTION OF
A LARGE CAISSON WITH
HETEROGENEOUS SOIL MILIEU AT
THE STAGE OF ITS PLUNGING

In order to provide stable and safe operation of
large caisson structures there is a need to ensure
internal integrity of fencing structures with high
degree of waterproofness at all stages of their
life cycle.

The existing standards [1] and regulations [2]
envisage checking calculations of underground
structures to be lowered for the stages of their
construction and operation. However, based on
the experience one can say that in case of large
caisson structures it is not enough due to
specific conditions of their interaction with a
soil bulk and inclusion the effect (factor) of a
large scale: hyper sizes of an area of lateral
surface of the shell, which interacts with
heterogeneous soil, and its super large weight,
which creates a powerful kinetic impulse during
instant, often sudden subsidence, cause a
beyond-design situation for a caisson structure.
Joint actions of these factors stipulate specific
non-linear behavior of the structure at lowering
as well as the host soil bulk.
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Figure 1. The measurement of a radius R and displacement of the center of circle O during its
lowering to a depth H: a, b — respectively | —for H= 17 m; Il — for H =29 m, Il — for H =25 m;
IV—for H=29m; O (I-1I) = 0.108 m, O (Il[-1V) = 0.234 m.

Due to strength and deformability of the large
massive structure, its geometric changeability it
is necessary to calculate not only the final stage
of construction but also the whole history of
lowering taking into account a history of the
process of shell-soil bulk interaction during
caisson lowering and, consequently, the effect
of gradual inheritance of stress-strain behavior.
These problems could be solved only by
tackling non-linear problems, non-linear models
and computer non-linear simulation [3,4,5].

The analysis of the results of in situ and
calculation-experimental works and the data of
the comprehensive system of geotechnical
monitoring (fig. 1) of lowering large shells

showed the features of their interaction with
heterogeneous soil milieu [6]. The geotechnical
profile for the monitored facilities is
characterized as follows: the upper layer is
represented by Quaternary strata down to the
depth of 14.0-25.0 m (saturated silty sands of
medium density, E = 11 MPa, C = 0 MPa, ¢ =
30°; plastic silty clayey sands, E = 4 MPa, C =
0.01 MPa, ¢= 15°; liquid-plastic silty sandy
clays, E = 9 MPa, C = 0.025 MPa, ¢ = 16°
semi-solid silty sandy clays with gravel and
pebbles, E = 14 MPa, C = 0.028 MPa, ¢ = 28°),
the lower level represents the bed of dislocated
solid Proterozoic clays (E= 19 MPa, C =
0.04...0.06 MPa, ¢ = 18...21°).

1817161514131211109 8 7 6 5 4 210-1-2-3-45-6-7-8-9-10-11-12-13-14-15

80
I-1 40 W%
AH, cm 0
o M
-1 gol

b)

Figure 2. Graphs of shell lowering: a — D=51 m, H=53 m (1 —tilt graph; 2 — an elevation
of lower plane; 3 — soil elevation; 4 — increase of shell weight); b — the diagram of deviation
of the shell from the vertical axis.
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The monitoring identified a very important
phenomenon: the peak values of horizontal
stresses exceed the calculation values 2.3-2.5
times, and it is observed at deviation of the shell
from the vertical axis and changes of its
geometry (Figure 1, 2). It can be the reason of
suspension of the process of lowering the
massive shell with a subsequent sudden,
conditionally instant drop. Based on the analysis
of the graph of lowering (fig. 2a) it can be seen
that a value of drop reaches 1.5 m and more.
The shell structure takes impact beyond-design
loads by creating a powerful kinetic impulse by
its drop to the soil bulk of a pit bottom [7], that
can cause occurrence of microcracks in concrete
of the structure and inevitably leads to violation
of the structural hydro insolation. This
phenomenon has been identified after 10-15-
year-long operation of the gas and pumping
station complex of the water treatment facilities
of St. Petersburg [8].

Geomonitoring showed unsteadiness of the
processes of interaction of the external contour
of the massive structure [9]. Complex and, as a
rule, uncontrolled character of the processes
during conditionally instant embedment of the
shell into the host heterogeneous milieu as well
as the environment, that has physical and
genetic non-linearity [10], demonstrate that the
study of stain-stress behavior of the shell and
soil bulk can be carried out only on the basis of
computer modeling of this process using
geotechnical and structural software complexes.

3. THE SIMULATION OF
CONDITIONALLY INSTANT DROPS OF
THE MASSIVE SHELL DURING ITS
LOWERING INTO HETEROGENEOUS
SOIL MILIEU

The analysis of behavior of the caisson structure
during its sudden uncontrolled sliding (drop) to
the bottom of an open soil cavern from the
height 1.3 — 1.5 m with the angles of deviation

Volume 15, Issue 1, 2019

from the vertical axis 0.5°-5°C was conducted
with a help of the software complex Autodesk
Robot Structural Analysis Professional [11].
While developing the calculation model (figure
3) it was considered that the shell structure
consists of two cylinders, one stands on the
other: the upper cylinder: the external radius R
= 36 m, the internal radius R = 30.5 m, the
height H1 = 46 m; the lower cylinder: the
external radius R = 36 m, the internal radius R =
30 m, the height H2 = 25 m. Therefore, the
external diameter of the shell was D = 72 m, the
height of the shell was H = 71 m. Concrete
grade - B30.

In order to simulate a value of impact force at
dropping the shell in the model the cylinder fell
from the height H = 150-250 cm under the
action of its own weight with the tilt angle 0.5°-
5° to a flexible soil (green-gray clay: ¢ =21°, C
= 0.04 MPa, E = 19 MPa). A spatial calculation
scheme of the shell was modelled: the weight G
= 210000 tons; the amount of nodes 16944, the
amount of volumetric finite elements 12496; the
amount of static degrees of freedom 50828; the
amount of loadings 27; the acceleration of
gravity g = 9.81 m/kV.s; the time of drop

t=42*xH/g;

At=0.30-0.54 s. Due to the tilt angle friction
forces were applied in the upper part of the
caisson from one side and in the lower part —
from the opposite one.

As the simulation of the processes of drop at
different angles of deviation of the shell from
the axis -a and falling heights —AH was made in
quite a large range, table 1 gives only the most
typical results, which were taken for the
analysis. The total calculation table of the
results of integration of motion equation for the
shell during the drop (falling) at speeds VZ,
VX, VY (cm/s), acceleration AZ, AX,
AY(cm/s2) and displacements UZ, UX, UY
(cm) included 186385 lines.
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Figure 3. The schemes of calculation models of the lowered shell at different angles of its deviation
from the vertical axis: a- static support at tilt; b,c — drop and sliding at tilt
(deviation from the vertical axis).

28

n°=0.21 n%=0.56 n*=0.97
Aomax: Azmax: A4max=
0.0cm 3.1cm 26.1cm

Table 1. The simulation results.

The initial position
a=0.5°; AH=0m

Shape 2 Pre-limit
strain-stress behavior
a=0.5°; AH=1.25m

Shape 4 Limit strain-stress
behavior a=1°; AH=1.25m

nt=1.94 n'’=3.68 n%?=8.47
Allmax: Al?max: Azzmax:
43.5cm 62.3cm 183.4cm

Shape 22 Post-limit

Shape 11 Post-limit
strain-stress behavior
a=2.5°; AH=1.25m

Shape 17 Post-limit
strain-stress behavior

a=2.5°%, AH=2.5m

strain-stress behavior
a=3.5°; AH=2.5m

Based on the simulation results (Figure 4) there
were set admissible parameters of spatial
location of the shell and the ranges of its
conditionally instant drops, which provide pre-
limit strain-stress behavior of the shell.
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The simulation results show that for the large
shell the recommendations of regulatory
documents [12] have limited application and are
needed to be confirmed via calculative
modeling.
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Figure 4. The area of limit admissible values of conditionally instant drops 4H of the shell,
D=61m, height H=71m, weight G=210000 tons, at different angles of deviation of the structure
from the vertical axis a°(Concrete B30; ¢ = 21°, C = 0.04 MPa, E = 19 MPa)

4. THE SIMULATION OF CONTROLLED
REGIMES OF LOWERING THE
MASSIVE SHELL INTO A SOIL
OF DIFFERENT STRENGTHS USING
THE METHODS OF
GEOTECHNOLOGY

Taking into account the results of the previous
steps of modeling, at this stage the problem of
geotechnical simulation of the process of
lowering the shell into the soil bulk in a
controlled mode was solved. The geotechnical
methods served as external impacts on the
“shell-soil bulk” system.

An incremental model of deformation type was
used as the calculation soil model for solving the
non-linear problem. A stress-strain connection in
the model was taken separately for volumetric and
shear components of a stress tensor

ds, = 2G" - de,

(1)
ds, =3K"-d&,

where: dS; and de; are increments of

deviatoric components of stress and strain

Volume 15, Issue 1, 2019

tensors, respectively; do,

cp
increments of average stress and strain; G' and
K" — tangent moduli of deformation of shape
and volume.

Tangent moduli of deformation G'and

K" were approximated according to linear
polynomial of the second degree with one
variable:

and d¢&, are

GT =G(S;;6, )= A+ Ad,, +AS;

KT =K(5,)=B, +B,5, +B,52
(2)

Approximating dependencies 2 are
experimentally substantiated on the example of
stabilometer triaxial tests (STT) [1,2].

The model considers the conditions of loading
and unloading according to the following
criteria:

loading - ds; >@;dé, >0

(3)

unloading - dSy <@;dog, <0
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In order to fulfill the condition of “loading”
tangent moduli K/, and G/, were calculated

according to formulae (2) in compliance with
the current stress-strain behavior. For fulfilling

the condition of “unloading” K} and G} were
defined according to other dependencies (4).

Kp =const; G, = Ay + Ad,, (4)

The parameters of the calculation model AO;

Al; A2; Kp; BO; B1; B2 were defined based of
the data of STT. The medium-grained sandy soil

Tabmina nepeMeneHuH YIIOBbIX TOUEK COOpYKeHHT

Ne Q=30 kr/cn? Q=6,0 krfem? Q =90 xrfan?
ToukH Uy, [em] [Uz, [em] ||Uy, [em] | Uz, [a]| Uy, [em] | Uz, [cm]
1 721 | 1092 |-145 21.8 -21.79 3277
2 2200 | 1094 |-397 21.9 -59.7 328
3 r e | 3.14 -14.4 -6.28 -21.6 -9.04
4 -19.84 | -3.00 | -397 -6.01 -59.5 -9.01

Obnacte pasbypusanna Nel E=50,0 kr/cne
9.01

59.7

328 328

B - pacyeTHaA KoHt urypauma;
A - Q=60 wicm?

O- Q=30 wicmz
Q- Q=90 wicwm?

a)

Nickolai A. Perminov

of the density Pd=1.65g/cm3 and water content
W=10% was used as the tested soil. All
calculations were made using the numerical
method of finite elements with a help of
geotechnical software “PCK”. The procedure of
solving the non-linear problem was reduced to
the well-known method of variable rigidity [13],
according to which the matrix of rigidity was
transformed at each step of the solution in
accordance with the current level of stress-strain
behavior and orientation of the vector of
additional loading.

S=1(r,U.E) H.=30wm, p=30°,C~0,001 Mlla

E=30 MMNa;, —-— E=20 MNa, — E=10 MMNa.
1-U.=03m, 2-U.=025m 3.U.=02m, 4-U.=0,15mM; 5-U.=0,1mM;
6-U.=005m 7-Ui=0,01m.

b)

Figure 5. The displacement of the shell contour in continuous milieu: a - at correction of tilt under
the conditions of action of a lateral additional load Q = 0.3- 0.9 MPa; b — the influence of a value
of the shell contour displacement Ux on settlements of the soil surface at correction of tilt.

Figure 5a shows a characteristic graph of the
shell contour displacement to the design
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position with inclusion of a geotechnical impact
on strain-stress behavior of the surrounding soil
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bulk into the calculation. The results of
simulation show (Figure 5b) that rectification of
the shell contour displacement almost to the
design position (from 32.8 cm to 9.01 cm)
allows decreasing an area of distribution and a
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value of settlement of the soil bulk around the
shell several times (the area of distribution
reduces from 45 m to 9 m; the value of
settlement, respectively, from 150 cm to 8 cm).
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Figure 6. Electroosmosis deeping diagram phragments: a - even deeping; b - bank correction;
1,2,3,4 - fixed points; 5,6 - electrodes (catodes and anodes).

The control of strain-stress behavior of the
system “large caisson — heterogeneous host
medium” to provide structural safety of an RC
structure in the range of design parameters [4,7]
is achieved with a help of the methods of
geotechnology [8], which are accompanied by
the interactive system of monitoring of the
lifecycle at the stage of construction. Figure 6

shows the graphs of defectless plunging of a
large 57-m caisson at the elevation of 46 min
the mode of electroosmosis-controlled lowering
into heterogeneous soils (E1 = 45 MPa; E2 =
240MPa), which calculation regimes were
elaborated on the basis of step-by-step computer
modeling.

Figure 7. Examples of defectless and defective lifecycles of caissons at the stage of operation:
a — 'in the conditions of simulation and monitoring of the plunging process, b — without
simulation of the process at the drop of structures.
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The defectless lifecycle of a large massive
caisson at the stage of its construction is
demonstrated by its integrity and water
resistance of its structure after long-term
operation (fig.7a, b). Fig.7a and fig.7b - show
comparatively a caisson which was plunged into
heterogeneous soils  without geotechnical
support. Both long-operating structures belong
to the system of underground sewage facilities.

5. CONCLUSIONS

The analysis of behavior of the massive
gravitational fencing shell during its gradual
increasing and lowering into the heterogeneous
soil milieu allowed identifying a number of
factors, which characterize its non-linear
behavior in the conditions of joint interaction.
Physical non-linearity is caused by behavior in
the elasto-plastic area of the soil bulk, which
contacts with the lateral surface, during
deviation of the structure from the vertical axis.
Geometric non-linearity manifests itself when
its geometry changes asymmetrically during
instant-stepwise drops of the massive shell.
Unsteadiness of the processes of interaction of
the massive structure with the soil milieu as
well as itself causes the necessity of creating
methods of adaptive control of the stress-strain
behavior of the system “gravitational large body
— heterogeneous host milieu".

Due to joint step-by-step making geotechnical
and structural calculations a history of the
processes of shell-soil milieu interaction is
simulated, the parameters of the adaptive
control of the system of strain-stress behavior,
which are implemented with a help of external
geotechnical impacts at the stage of construction
of the structure, are predicted.

The results of the considered concept are
applied at geotechnical support of a lifecycle of
the unique underground structures of the sewage
system of St. Petersburg at the stage of
construction of large caisson shells during
simultaneous lowering and increasing of the
structure.
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TO THE ASSESSMENT OF VERTICAL CRANE LOAD

Sergii F. Pichugin, Yulia E. Patenko
Poltava National Technical Yuri Kondratyuk University, Poltava, UKRAINE

Abstract: The problems of analytical and statistical modeling of the travelling cranes loads are carried out in the
paper. The analytical model was expanded by the consideration of influence of the approach of cranes trolley,
consideration of zero realization areas and crane impact zones which allowed to precise the statistical
characteristics of the vertical crane loads. The numerical modeling which takes into account the accidental
position of the crane bridge and position of the trolley on the crane bridge was used for the calculation the
vertical crane loads from the four-wheel cranes. Comparison of the results showed that the design value of the
vertical load per wheel is rarely realized. This fact should be used to clarify the crane load combination factors.
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K OIIEHKE BEPTUKAJIbBHOM KPAHOBOM HATPY3KH

C.D. ITuuyzun, 10.3. Ilamenko

[TonraBckuil HaMOHANBHBIN TeXHUUYECKUN YyHUBepcuTeT uMeHu FOpus Konnpartoka, r. [TonraBa, YKPANHA

AHHoTanusi: B cratbe paccMOTpeHbl NPOOIEMBI AHAIUTHYECKOTO M CTAaTHUCTUYECKOTO MOAETHPOBAHUS
Harpy30K MOCTOBBIX KPaHOB. AHaJUTH4YecKass MOJENb ObUIa pacHIMpeHa 3a CUeT ydeTa BIUSHHS COMMKEHUS
TeJIe)KEK KPaHOB, ydeTa o0JacTell HyJIeBOM peajn3alyd M 30H BO3JCHCTBHS KPAHOB, YTO MO3BOJMIO YTOYHHUTH
CTaTUCTHYECKHE XapaKTEPHUCTHKH BEPTHKAIBHBIX KPAHOBBIX Harpy3ok. UHCIeHHOE MOJEIMPOBaHHUE, KOTOPOe
YUUTBIBACT CIy4dallHOE TIONOKEHHE MOCTOBOTO KpaHa U IIOJIOKEHHME TENEXKH Ha MOCTOBOM KpaHe,
UCTIONB30BAJIOCH JUISl pacdyeTa BEPTUKAIBHBIX HArpy30K OT BO3JICHCTBHUS YETHIPEXKOJECHBIX KpaHOB. CpaBHEHHUE
PE3yNIBTAaTOB II0KAa3ajlo, YTO pacyeTHOE 3HaUYCHNWE BEPTHKAIBHOW Harpy3Kn Ha KOJECO peaM3yeTcsl peaKo. DTOT
(akT ciieryeT HCIoJIb30BaTh ISl YTOYHEHHST KO3 (HIIMEHTa COYeTaHNsI KPaHOBBIX Harpy30K.

KaioueBble ci10Ba: KpaHOBBIE HATPY3KH, aHATMTHYECKAST MOJIEb; YUCICHHOE MOJIECIUPOBAHHE,
KO3 UITUEHT COUEeTaHUS

INTRODUCTION

The overhead travelling cranes which operate in
real workshops transmit on the structures the
complex loads. The determination of this loads
by the full scale investigations in a real
industrial building is very complicated due to
the great complexity of tests. In this regard,
statistical modeling of crane loads is justified
for the clarification the reliability estimations of
structures. Vertical loads from the influence of
bridge cranes on the constructions under real-
life conditions have a number of features, such
as the close connection with the technological
process of industrial buildings (IB), the
specificity of the transmission on the structure,

the dynamic nature, the probabilistic nature, etc.
The paper considers some specific features of
the realization of crane loads.

1. ANALYSIS OF RECENT RESEARCHES
AND PUBLICATIONS

The problems of overhead travelling cranes
actions which operate in the IB were examined
in the monograph [1] and in work [2]. The
detailed description of crane loads through the
different probabilistic techniques were done in
[3-5], where also the quantitative estimation of
reliability of steel structures under crane loads
were performed. Comparative analysis of
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different travelling crane producers was done in
the paper [6].

Further development the probabilistic models
and the calculation of numerical characteristics
values from vertical and horizontal crane loads
is done in [7]. The values of mathematical
expectation, variance and standard for vertical
and horizontal components of crane load were
received analytically. The time factor, stochastic
nature of loads and the strength of steel were
taken into account to reveal an effect of
different parameters (cranes capacity and mode
of cranes, columns step, type of connection the
column and girder, type of roofing, wind and
snow loads) on the reliability of steel
frameworks of IB [8, 9]. A moderate number of
random variables were taken into account in the
work [10]. Notwithstanding, some random
factors weren’t taken into account. The random
factors such as position of the crane bridge and
position of the trolley on the crane bridge were
considered in statistical modelling [11] where
were suggested to include load combination
factors into the calculation formulas using the
temporary load with combinational value which
should be reduced by the particular load
combination factor for each new temporary
load.

2. INFLUENCE OF THE APPROACH
OF CRANES TROLLEY

In case of the permanent equipment placement
in the workshop is unchanged, the vertical load
can be determined taking into account the actual
location of the crane maintenance zones and the
actual approach of the trolley to the columns.
Vertical pressure of the crane wheel, could be
calculated by:

P @) ] @

where Ger — weight of crane; § — accidental
value of lifting capacity of crane; Geran — Weight
of crab; a— accidental value of maximum
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closure of the crane hook to the column; L¢r —
crane span; no — number of crane wheels.

The random pressure of the wheel F is a
function of two accidental arguments Q and @,
which are multiplied in (1). As a result, the
distribution f (F) may vary depending on the
distribution of the arguments f (Q ) and f (@),
and their correlation.

We will consider the distribution of the
expression

Z=XY

of random variables, one of which X is
distributed by the normal distribution law,
another Y — by the uniform law:

FX) = g7mexn [~ 3]

—o <X <o, X =0,

FY) = ﬁL x<Y < B. )

_a’
The distribution function F (z) is defined as:
F(z) = P((X,Y)CD) =
= f f f(X,Y)dxady.
(D)
The domain of integration is in this case a band
of width p—a, which extends from —oo to the

intersection with a hyperbola Z = XY, at the
same time the projection of the section of the

intersection on the X axis has a length % — é

F(Z)= [dX[——= exp| ——— |dy+
= TN | g

% iix 1 1 2

+IdX J — = exp Y dy

= XN g

For f (Z) = F (2), after the reduction we obtain
the expression:
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To the Assessment of Vertical Crane Load

Using this expression for the vertical load (1),
we obtain for the density of distribution:

1
fZ) ==X
XV2n(f — a) F(F) = _ Lo _ %
J‘Z/oc 1 ( X2 > (3) V2mn(B — a)F @
X —=exp dX. G
z X 2X? >< —exp[ @- Q Tl dq.
a) b)
JE)
0,25‘ 2{ R
0,15 h I f |
[T e A :
' \ v AN R\
0,05 N / | ‘\\ Rl R
7 i RN
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Figure 1. Distribution of vertical crane loads:
a) vertical pressure on a wheel of cranes of different load-carrying capacity;
b) ordinates of crane load processes.
Legend: 1 and 1 '— empirical and normal distributions for the process;
2 and 2' — the same for a process without zeros.
Boundaries of integration: . —a)?
) P02 L2 (Gagex
CoNLom 12L% ng?
a=<F—%> T Gy, L B+ a) +(B+a)2 ©)
Gz(\)/[ L1, 12LCT ng?  4L,* ny?
()i
2ny/ B

An example of load distribution on a crane
wheel, constructed according to the derived
expression (4), is shown in Fig. 1, a.

On the basis of the theorem on the numerical
characteristics of the product of random
variables were determined:

— wheel pressure mathematical expectation:

(x +/>’)] 1

_ Gy -
F= 7+(QGT) (5)

— wheel pressure standard:
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The reducing coefficient for the taking into
account the limitation of the trolley crane
approach is proposed for the calculation the
vertical load:

FH(p)
FH

L= (7)

where FH (p) and FH are the standard pressures
with the same probability [P], respectively, with
the passport approaching to the considered
range of columns yo and with the limitation of
approaching ymin = yo + pLecr.
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In case of impossibility of approaching to a
range of columns at a distance ymin actual and
nominal load on the column and crane beam the
considered row:

Ffact _

max

— &-l- (Q +Gcrab)Lcr_y0]zY;
2 0,5n L.y

Fmax
— [& + (Q + Gcrab) Lcr - ymin] z Y,
2 0,5n Ler

where G, and G..q, — respectively the weight
of the crane and crab; n — number of wheels of
the crane; y,— passport minimum trolley
approximation to the row of columns
considered; )Y — the sum of the ordinates of
the influence lines.

We designated the ratio

_Q+Gy

k G

and took into account the expression
Ymin = Yo + PLcr
we obtained:

pkLy
2Lcr + k(Lcr — Yo ) .

l=1- (8)

It is considered that the statistical picture of the
change of vertical loads with limited approach
of cranes and in usual cases with the absence of
approaches — remains unchanged. This
assumption goes to the safety margin, which
leads to an increase of the factor | in comparison
with the actual values. Expression (8) defines a
minimum limit for reducing the vertical load
and provides a significant reduction of loads in
a number of cases (on average, the load is
reduced by 10 ... 12%). The values of the
coefficients | = 0,76 ... 0,94 were recommended
for practical calculations when p=0,1 ... 0,4.
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3. CONSIDERATION OF ZERO
REALIZATION AREAS

Realization of crane influences on a structure
usually takes into account breaks in loading —
zero areas. Such character of loads influences
on the numerical characteristics of crane loads.
Below is shown the analytical approach to
taking into account zero areas of
implementation of vertical loads of bridge
cranes.

In the case of statistical processing of
continuous realization of crane loads, the
stationary random process X, (t) is divided into
time intervals At, which gives, after framing, the
bimodal distribution of the process ordinates,
the estimation of the statistical mean X, and the
dispersion  X,. The normal distribution
constructed according to these characteristics
does not correspond to the experimental
distribution, therefore, it is interesting to pass to
the random process X, (t) without zero sections
with numerical characteristics X, and X,, for
which the ordinates of distribution are close to
the normal law.

Thus, the detailed characteristics of the random
process X, (t) for the vertical loads of bridge
cranes with a flexible suspension were detailed:

X, = (1 —ny)(0,66 — 0,243n);

X1 = (1 —mng) X
% [0,017 + +ny(, 66 — 0,243n)?];
X,=
= /(1 —n()[0,017 + ny(, 66 — 0,243n)2].

4. CONSIDERATION OF THE CRANE
IMPACT ZONES

The value of n, may be considered as a
possibility of the absence of a bridge crane in
the considered zone of influence and defined as
ny, = 1 — p;, where p; — is the probability of a
crane stay in the zone of influence under the
condition of its operation.
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Crane influence zone
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Figure 2. To determination of the probability of crane stay in the zone of influence:

a) 1-st scheme of intensity of work; b) 2-th scheme of intensity of work;
c) 3-rd scheme of intensity of work.

Value p; depends on the peculiarities of the
technological process in the span of the IB. The
three schemes of intensity of work of bridge
cranes practically completely cover possible
technological situations in spans, shown in Fig. 2.
The first scheme — is described by a uniform
distribution (Fig. 2, a). In this case, the
probability of staying the crane in the zone of
influence is defined as p; = [/L, where | — the
length of the zone of influence; L — total length
of the crane zone.
Then the frequency of zero load values is
defined as:
l
Ng = 1-— Z
The second scheme is described by a triangular
distribution (Fig. 2, b). The probability of a
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crane stay in the zone of influence is
determined as follows:
Then the expression for the desired frequency

will look like:

b(a + 0,50)% + a(b + 0,51)?
no = aL .

If a=>b = 0,5l the values p; and n, will be
follows:

(L —1)?
12

Ng =

The third scheme is described by a uniform
distribution, and the intensity of the
technological process in the zone of influence is
k times higher than outside (Fig. 2, c).
Ordinaries of density on areas are:
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1
M= T DD
k

“ AT
Thereby the probability of a crane in the zone of
influence is:

=kl = k
P1=rt =1

Then the frequency is:

1
Tl0=k1(L—l)=1+—k.

5. NUMERICAL MODELLING
OF CRANE LOADS

Recent numerical studies [11] have shown that

these combination factors of loads are too high.

Due to the low probability of implementing the

most disadvantageous position of all bridge

cranes with maximum loads, it is possible to

reduce the combination factors of efforts.

Modern programs allow to take into account

many variables. Such an approach is realized by

prof. A.V. Perelmuter in the development of a

load calculation program [11]. This program

was used for the calculations the loads of bridge

cranes with a payload of 32/16,5t. Accidental

values for each of the bridge cranes were:

e the position of the cranes on the crane
girders;

e the load weight;

e the position of the trolleys on the bridge of
the crane.

The distributions obtained by the modelling

were close to the distributions constructed by

the analytical method (Fig. 1, a). Load values

were calculated at different positions of the

crane with different weight of the load (Fig. 3,

items 1-6):

e 1 —a crab without a load near the right range
of columns;

e 2 —acrab with a load, near the right range;

e 3 —acrab without a load, near the left range;
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e 4 —a crab with a load, located in the middle
of the span;

e 5-—acrab with a load, near the left range, the
weight is equal to the average load-carrying
capacity Qav;

e 6 —a crab with a load near the left range, the
weight is Qav + 2.5Qst (Qst - the standard
load-carrying capacity);

e 7 — acrab with a weight, near the left range,
the weight is Qav + 3.5Qst.

The polygons of vertical loads on the crane

wheel, normalized by the value Q + G¢r + Geran,

showed that most of the values of the polygon
are concentrated between the estimated values
of positions 2 and 4 (Fig. 3). The characteristic
value of the wvertical load, calculated in
accordance with the requirements of the norms

DBN [12] (position 5), is in the zero zone, that

shows, the characteristic value is rarely

realized.

In addition, the vertical loads on the column of

the IB with span 22,5 m were numerically

modeled. The length of the building is 120

meters, the span of crane girder is 6 meters.

Crane base is 5,1 meters, the overall dimension

of crane is 6,3 meters, minimum approach to

the column is 1,5 meters. The polygons of
vertical loads on the crane wheel and the
column of the IB which were received by the
numerical modelling (Fig. 2) are similar to the
above-described distributions of the ordinates of

crane load processes with zero zones (Fig. 1, b):

e Cr 1 Fnom — vertical load on the crane
wheel;

e Cr 1 N — vertical load on the column from
the influence of one crane;

e Cr 2 N — vertical load on the column from
the influence of two cranes;

e Cr 2 N2 — vertical load on the column from
the influence of four cranes.

The comparative loads were put on the abscissa

axis. The comparative loads are the modelling

loads (q) which were divided by the design load
values (qa). The ordinate axis was trimmed for
the better visualization.
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Figure 3. Polygon of the vertical loads on the wheel.

The resulting vertical load on the crane wheel 0 to 0,4 of the calculated load on column. The
(Fig. 4) are within the range of 0,4 ... 0,6 of the greater part of the vertical load on the column
calculated load, while the loads on the column (up to 87 % of the tests) have zero values.

from one, two and four cranes have values from
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Figure 4. Vertical loads polygons on the wheel and on the 1B column.

6. CONCLUSIONS consider analytically such special features of

these loads as a trolley approximation, zero
Due to the great difficulty of experimental crane operation zones and crane impact zones.
investigations of the crane loads, which have the  Nowadays statistical computer modelling can
complicated statistical nature, it is possible to take into account a greater number of variable
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para

meters (position of the cranes in the span,

position of the crab on the bridge crane, crane
position relative to each other). Comparison of
polygons of vertical load on the crane wheel

with
valu
reali
mod
obta
com

the analytical results showed that design
e of load, calculated according codes DBN
zes very rarely. The further numerical
eling of loads arises an interest for
ining a more precise definition of the load
bination factors and efforts in the structures

of industrial buildings.
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THE STUDY OF COMPLEX STRESS STATES
OF ELEMENTS FILLING THE CELLS BETWEEN THE RIBS
OF WOODEN LARGE-SPAN DOMES

Konstantin P. Pyatikrestovsky, Boris S. Sokolov
JSC “Research Centre “Construction”, Moscow, RUSSIA

Abstract: The article is devoted to the research of complex stress states of anisotropic materials under long-term
loads. The article considers the design of criteria for short-term and long-term strengths proposed by G.A. Ge-
niev in connection with the calculation of large-span structures of domes of laminated and solid wood, where the
enclosure elements are included in the joint work with the power set in the form of meridional and circular ribs.
In this case, the elements of an enclosure-plate are at a complex stress state and they work under compression
with a shift. Joint work of such systems was studied by experiments on large-scale models and experimental
construction. Large reserves of strength resistance are revealed. In particular, in 1985, the indoor skating rink at
the stadium “Lokomotiv”” was built as an experimental facility which implemented these conditions and it has
been successfully operated for many years. However, there are some unsolved issues with the refinement of the
actual operation of the structures and the development of the calculation algorithm. Some generalizations of the
studied approaches are given.

Keywords: long-span structures, glued wood, mechanical models of anisotropic material, strength criteria,
long-term strength, shifting forces

NCCIEAOBAHHUE CJIOKHBIX HAITPAKEHHbBIX
COCTOSIHUIM DJIEMEHTOB 3AINIOJIHEHUS IUEEK
MEXAY PEBPAMMU BOJIBIIEITPOJIETHBIX KYIIOJIOB
N3 IPEBECHUHbI

K.II. ITamuxpecmosckuii, b.C. Cokonog
Hayuno-uccnenoBarenbckuil nuentp «CrpourensctBo», I. Mocksa, POCCUA

AnHoTanusi: CTaThsl NOCBALIEHA HCCIIEIOBAHUAM CIIOKHBIX HANPSKEHHBIX COCTOSHUI aHM30TPOIHBIX MaTepH-
aJI0B IPY JUINTENBHBIX BO3JEHCTBUAX HArpy3ok. PaccmarpuBaeTcst HOCTpOEHUE KPUTEPUEB KPATKOBPEMEHHON U
JUINTENIFHON MPOYHOCTH, NpeiokeHHoe I'.A. I'eHHeBbIM, B CBS3H C pacyeToM OOJIBIIEIIPONIETHBIX KOHCTPYKIUH
KYIIOJIOB U3 KJIECHOM U LIEJIbHOW IPEBECUHBI, B KOTOPBIX 3JIEMEHTBI OIPa)<JICHUs BKJIIOYAKOTCS B COBMECTHYIO
paboTy ¢ cUIOBBIM HAOOPOM B BHJIE MEPHUANOHAIBHBIX U KOJBIEBHIX pedep. Ilpu 3ToM 37eMeHTHI OrpaxIeHus —
IUTUTHI — OKa3bIBAIOTCS B CJIOKHOM HAIPSHKEHHOM COCTOSIHUM M paboTaroT IpH cKaTuu co ciBurom. CoBMecTHas
paboTa TakMX CHUCTEM H3ydajach HKCIHEPUMEHTANBHO Ha KPYNMHOMACIITAOHBIX MOJAETSIX M ONBITHOM CTPOWTEINb-
cTBe. BoLiBIIeHBI OObIINe pe3epBhl CHIIOBOTO COMPOTHBIEHUS. B yacTHOCTH, B 1985 rogy mocTpoeH skcrepu-
MEHTAJILHBIH OOBEKT. KPBITHII KaTOK Ha CTaanoHe «JIOKOMOTHBY», Ha KOTOPOM peajM30BaHbl yKa3aHHbIE Ipell-
MOCBUIKH, W OH YCHELIHO 3KCIIyaTHpyeTcss MHOro jeT. OJHaKO OCTaIUCh HEKOTOpPbIE HEPEIICHHBIE BOIPOCHI C
YTOYHEHHEM JIeHCTBUTENILHOIM paboThl KOHCTPYKIMH M TIOCTPOSHUEM alroputMa pacuera. Mcenenyrores norma-
TO-IBO3JI€BBIE TUIUTHI PA3IUUHON TOIIUHBI IPU ATUTEIHHOM BO3JEHCTBUU CABUTAIOIIUX yCUIUHN. JIatoTCs HEKO-
TOpBIE 000OIIEHNS HCCIIEyeMBIX TIOX0/I0B.

KunroueBble ciioBa: GOJBIIETIPONICTHBIE KOHCTPYKITHH, KIIECHAS IPEBECHHA,

MEXaHUYCCKHUE MOACIIN aHU30TPOITHOTO0 MaT€purajia, KPUTCPUU MPOYHOCTHU, TIIUTEIIbHAA IIPOYHOCTD,
CABUTAIOIHNE YCUITUA

140



The Study of Complex Stress States of Elements Filling the Cells Between the Ribs of Wooden Large-Span Domes

Current state of timber building is characterized
by mass appliance of large span and tall struc-
tures. Domes and similar to dome structures of
envelopes are widespread among large span
structures and multi-storey residential building,
for example 30-storey buildings in Canada, are
spread among tall structures. In Russia, currently
4 - 9-storey residential buildings are constructed.
The feature of such buildings and structures is
appliance of glued wood elements of large cross
section and especial internal forces distribution
between elements. In some case it is required
cross section sizes, which exceed technological
possibilities of timber structure plants, and it
leads to use structures like trusses.

However, there are another possibilities to de-
crease cross section sizes, which are provided by
designing of statically undetermined systems of
high order of indetermination that leads to joint
work of neighbor elements that is to creation of
spatial structures. In this case such system allows
plastic deformations and has property to redis-
tribute internal forces that gives economic effect
based on the material consumption decreasing.
There is a system of meridional and ring ribs in
spatial structures like a dome. The cells between
ribs can be filled by envelope structures such a
shield, panel or brace. At the same time, the el-
ements, filling these cells, work at complex
stress state (compression, tension and shear), if
the ribs are subjected stresses action as it is in-
herent to linear structures.

Calculation of such structures linked with some
troubles and requires introduction of strength
theories and criteria that can be incomprehensi-
ble for specialists of design institutions.

There are a large number theoretical and experi-
mental investigation of wood strength at two-
dimensional stress states, for example [1-7] and etc.
The majority of authors, which are classic to-
day, recognize that such theories are hard to
practical appliance.

G.A. Geniev [2, 8-10] devoted many years to
develop practically applicable strength criteria
for different materials.

Despite the main provisions for Geniev strength
criteria are published [2, 10, 11], let us present
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in the paper derivation of long term strength cri-
terion for anisotropic material and example of it
usage, and apply such criterion to investigate
two-dimensional stress state of envelopes of a
large span dome.

Mechanical and physical models of long term
strength for anisotropic material.

The mechanic model of anisotropic material is
presented in Figure 1. This one gives analytical
and quantitative performance of long term and
dynamic strength on the basis of general physi-
cal concept in the wide range of load action
time, from a few days or several months to tenth
or hundredth part of second.

Figure 1. Mechanical model
of anisotropic material.

The model consists of two elements connected
in series and signed in figure 1 as 0 and 1. Each
element represents by Kelvin-Voigt model of
parallel connected elements Ag and Bo, A1 and
B1, which are characterized by different values
of strength and deformation parameters.

The element signed in figure 1 as 0 is intended
to represent analytically the process of material
quick time deformation; element signed in fig-
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ure 1 as 1 is intended to represent long time de-
formation, linked with creep.

Components Ao and Az correspond to elastic
deformation of material. Components Bo and B:
correspond to viscous properties only. Rigidity
of By element significantly exceed that one of
Bo, that is the modulus of viscous resistance Kg:
exceed modulus Kgo by several orders: Kg >>
Kgo. At impact of resultant external force oj to
mechanical model, including elements 0 and 1,
where i = X, y are main axes of anisotropy, the
effective time of element Bo work continues
during small part of second. However during
this little time range (to) the element Bo pro-
motes to decrease force value, which acts to el-
ement Ao (parts of i), and decrease intensity of
deformation developing of Ao, that determines
fact of dynamic strength exceeding of strength
obtained during standard experiments, when
duration is measured by minutes.

Effective time of By element work is commen-
surate with large time range, corresponding to
calculations of long time strength, taking into
account accumulation of resultant deformations
of 0 and 1 elements during adjusted time tq.
There are not any mathematical difficulties at
analytical representation of mechanical model
of material work.

However, from practice position, it is more ex-
pedient the divided approach to determine long
term and dynamic strength of anisotropic mate-
rial, since time ranges tq and to take values of
different orders. Really, at determining of long
term strength (time scale to), the element Bo
work practically do not influence to result, and
at determining of dynamic strength (time scale
tq) the element 1 work cannot be occurring dur-
ing this time range.

In this way, it is expedient to apply the follow-
ing modification of general mechanical model
of material, presented in figure 1. At determina-
tion of long term strength, it is necessary to ex-
clude element Bo from element O, using Ao ele-
ment connected in series with element 1, as it is
shown in figure 2. And at determination of dy-
namic strength it is necessary to exclude ele-
ment 1 entirely using only element 0, that con-
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sists of parallel connected elements Ao and By,
as it is shown in figure 3.

Figure 3. Dynamic strength mechanical model.

The long term and dynamic strength criteria for
anisotropic material such as wood, which are ob-
tained in the paper, are formulated for finite ele-
mentary material volume, subjected to homoge-
nous complex two-dimensional stress state.

Short term strength criteria of anisotropic ma-
terial.

In accordance with [2] and [9], three independ-
ent mechanisms of anisotropic material destruc-
tion are possible. It is tear (tension), crumpling
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(compression) and shear, realization of which
depends on the type of stress state at reviewing
point of solid. These mechanisms may occur at
short term action of external loading, that corre-
sponds to time of standard experiments, as well
as at long term and dynamic loading action.

One of the main features of the ultimate states
of anisotropic materials is difference between
dangerous plane orientation for tear, crumpling
and shear cases and directions of main normal
stresses and greatest tangential stresses in gen-
eral case.

In accordance with it, the criteria of short term
strength for anisotropic material, obtained in the
papers [2] and [9], are derived on the basis of
the following obvious premises:

- for tear case

;—(p[on(cp)— R,(o)]=0, (@

- for crumpling case

Lo0)+RE]-0 @
¢

- for shear case

ol w)-R,0l=0 @
\j

where o, (p) and t,,(y) are normal and tangen-
tial stresses acting at dangerous planes of tear,
crumpling and shear, the direction of which are
determined by unknown angles ¢ and y; Rp(o),
Rc(p) and Reo(y) are absolute values of ultimate
normal and tangential stresses at tear, crumpling
and shear, obtained from experiments at action
of one-dimensional tension, compressive and
shear stresses as angle functions of ¢ and .
Wherein
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c,(p)= il ;Gy I ;Gy c0S2¢

+ Ty sin2¢;

(4)

o ()= 2= sin2y

—T,, COS2y,

where ox, oy, Ty are normal and tangential
stresses, acting along main anisotropy directions
(along and across fibers in wood), ¢ and y are
angles between axis X and normal to planes, as
well as

R,(9)=R,, cos’ @+R,,sin’ ¢;
R.(9)=R, cos* @+R, sin’ ¢; (5)
R, (w)=C, cos’y+C,sin’y;

where Ry, Ry, are values of short term ultimate
strength at tear along axis X and ¥ (along and
across fibers);

Rer, Rey are values of short term ultimate
strength at crumpling along axes X and V;

C: and C, are values of short term ultimate
strength at shear along planes, the normal of
which coincide with axes X and V.

On the basis of theses presented above and deri-
vations the following analytical relationships for
short term strength criteria of anisotropic mate-
rials are obtained in the papers [2] and [9]:

- for tear case

(Rpx _GXXRPV _Gy)_Tiy =0, (6)
- for crumpling case

(R, +5, )R, +0,)-72 =0, @)
- for shear case

(Gx _Gy)2 _4(Cx +17xyXCy _Txy)zo' (8)
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Long term strength criteria for anisotropic ma-
terial

As it is outlined above, it is expedient to use
mechanical model presented in figure 2 to de-
termine long term strength of anisotropic mate-
rials.

At applying of resultant external long term force
to connected in series elements 0 (AQ) and 1
(Al, Bl), the integral resultant deformations
take the form

€ =&jp T&,

8x = 8xO +8x1’

(9)

Sy =8y0 +8y11

'Sxy = 8xy0 +8xy1

Separate ultimate strength values (at tear, crum-
pling and shear) are determined at reaching by
resultant deformations values i it correspond-
ing ultimate ones — Dio — (Ox0, 2)0, In0), that
equals to ultimate deformations of Ao element at
short term external load acting

R.
Eio
R R
Dxo= Ry D D= —>; Dyo=—2 (10)
ExO Ey0 xy0

where
Rx:Rpx Or ch, Ry: pr Or RCy, ny:Cx Or Cy,

Exo, Eyo and Eyyo are linear elastic modulus of Ao
element through the directions X and V (along
and across fibers) and it generalized shear mod-
ulus respectively.

Element 1 deformations &1 are determined on
the basis of the following obvious relations

Ci = Cidl t Oisl;

de.
_ . _ il
Cim = Engis O =Ky at

(11)
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where Eiz is the generalized elastic modulus of
A1 element, Ki1 is viscous resistance modulus of
B1 element. On the basis of (11) we obtain

dey By i
T fn T o
dt K, Ky
andat t=0, ¢, =0 — (12)
& = i(l_ef 1), @y = i
Eil Kil
Thus, in accordance with (9) we obtain:
=l -et)= 2w ), (13)
EiO EiO

where
di = Eio/ Ein.
In accordance with (10) and (13), the long term

strength ultimate values of anisotropic material
through main anisotropy direction take the form

ﬁizﬁi(t_o) :

5 Eoei  Eodpw R

TN W) wG)
R, =
X_\Px(to),
_ R, (14)
)
R, =
YwL,)
where

¥, (to):1+ SX(l—e_“’“t" )>1;
P, (to):1+ Sy(l_e*wyﬁa )>1;
\ny (ta):1+ SXy(l—e_mxylt" )> 1,

(15)

and t = t, is adjusted ultimate time of external
long term load action.
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Thus, long term strength of anisotropic material
determination linked with changing or rather
decreasing of short term strength values through
main anisotropy directions in accordance with
relationships (14) and (15). Introducing (14) in-
to (6), (7), (8), we obtain finally the relation-
ships for long term strength criteria of aniso-
tropic material related with parameter t, :

— for tear case

RPX pr 2 _O 16
{—wmaa)“’XJ{—%@)‘%J‘%‘ - (19)

— for crumpling case

R. Rcy 2
[\ch(td)JrGXJ{—\PW(%)JrGyJ—er—0, @an

— for shear case

(0,0} -
i L)

Criteria (16), (17), (18) (besides short term ul-
timate strength Ry, Ry, Rex, Rey, Cx, Cy) include
three non-dimensional parameters

(18)

=0 -5 _&- S )
E,

XY_E !

Xyl
and three dimensional values wi1 (sec™) —
Ox1 =Ex/Kx1, (Dyl:Eyllely (DXyleXyllKXyl-

Numerical values 6i and i1 are determined on
the basis of experimental data. The results of &
and wi1 determination for wood are presented in
the paper below

Presented criteria of long term strength (16),
(17), (18) allows to obtain the A parameter val-
ue, corresponding a fracture mechanism of ani-
sotropic material, on the basis of relations be-
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tween stresses o, 16, :t,, and accepted time of

long term load action t,. Inverse problem formu-
lation is determination ty values on the basis of
accepted values of A— (Lo, ¢ ,Aeo).
Determination of characteristics, applying at
calculation of long term strength of wood, is
carried out in [10] on the basis of G.A. Geniev
proposals for anisotropic materials. The results
of experimental studies of long term resistance
of spruce wood, provided by N.L. Leontiev
from 1950 to 1955, are used in the paper
[15,16].

Experimental data, characterizing decreasing
percent of spruce wood ultimate strength in
comparison with corresponding values of ulti-
mate short term strength R (t,), obtained in ac-

cordance with load action time t;, measuring in
days, are presented in figure 5 (a), (b), (c).

For all three types of spruce wood resistance,
the relationships

§px (ta) / Rpx, ﬁcx (ta) /RCX, ﬁxy (to) /ny (19)

at ty — oo (at practically non limited load action
time) with enough accuracy order it appears
equal to 0.5, that is, maximum decreasing of
long term strength is 50 % from short term one.
It allows to evaluate values of dx and dxy param-
eters on the basis of [17] as well as reviewed
experimental result (W () = Wy, () = 1/0,5 =
2), that is

6x = 6xy =1. (20)
Below, the value of resistance across to fibers dy
accepted equal to 1.
Analytical approximation of wood long term
resistance graphs allows to determinate the fol-
lowing values of my1 :

— at tension — w1 = 1,65 - 10 cyr.?

— at compression — . = 2,50 - 10-3 cyr.t (21)
— at chopping — w1 = 7,25 - 10-3 cyt. !

Values my: at resistance across fibers in accord-
ance with significant creep influence in this
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main direction of anisotropy (K1 < K1) are ac-
cepted equal to:

—at tension — wy1 = 3,30 - 10 days™,
— at compression — 1 = 5,00 - 10-3 days™ (22)
— at shear — w1 = 7,25 - 10-3 days™.

Let us to present numerical example of wood
long term strength determination at following
values of it strength parameters corresponding
to time of short term (standard) tests:

Rpe=14.4MPa, Ry =2.4 MPa,
Re=22.8 MPa, R, =3.8MPa, (23)
C:=192MPa, C, =6.4MPa.

Let us to carried out calculation of long term
strength at the following times

ty =150 days, t, = 300 days,
to = 1000 days and ty— .

At the case of simple (proportional) loading, the
stress values along main anisotropy directions
G,y G, Ty, are:

X!

Cx= A&, Oy= A&, Ty = ANy, (24)
where &, : &, : n,, are accepted relations between
stress values, A is parameter of long term exter-
nal load.

Substituting relationships (24) into criteria of
long term strength [10, 12] and solving it for A,
we obtain three following quadratic equation for
A = Ao values (tear case), A = A. (crumpling
case) and A = Asn (shear case):

(ax&y _niy %20 -
R R
|Gy oGk [ho
\pr (to) \Ppy (td)
R R

px " Py

+ =
Yo ()Y, (t,)

(25)

146

Konstantin P. Pyatikrestovsky, Boris S. Sokolov
2 2
(&xay - T]xy >\‘c +

ch RCY x
AR
R,R

ox ' Yoy

+— =
Y, ()Y, ()
&X—i i 2 2

{%WW}M +

(Cx _Cy) Cny
v,0) TR

Xy

(26)

+ =0.

Let us to accept relation between stresses equal
to:

_ Eci&ing =2:(-1) 1 1, (28)
that is

& = 2 (tension along fibers)
& = -1 (compression across fibers)

Ny =1
(shear in plane formed by main axes x, y).

In accordance with (20), (21), (22) it is ob-
tained:

Y,r (150) = 1.2192 ; ¥, (150) = 1.3904;
Yo (150) = 1.3127 ; W, (150) = 1.5276;
Y., (150) = 1.6629; W)« (300) = 1.3904 ;
Y, (300) =1.6284; W, (300) = 1.5276 ;
Y, (300) =1.7769; V., (300) = 1.8864;
¥, (1000) = 1.808;

Y,y (1000) = 1.9631; Y. (1000) = 1.9179;
Y, (1000) = 1.9933; V¥, (1000) = 1.9993;
Wpr (0) =Wy (0) = ¥ex (0) =

=¥, (0) = ¥y (0) =1;

Wpx (0) = Wpy (0) = Wex () =

=Wy (0) = Wy () =2.

(29)

The values Lo, A, Ash presented in Table 1 are
obtained from equations (25-27). The reduced
values of these ones, presented in Table 1, are
obtained from relationships
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Table 1. Parameters.

to Tear Crumpling Shear Tear Crumpling Shear
days Ao Ae Ash Yo Y. Wsh
0 5.3523 3.4079 4.4873 1 1 1
150 4.3489 2.2551 2.6985 0.8125 0.6617 0.6014
300 3.8064 1.9387 2.3788 0.7112 0.5689 0.5301
1000 2.9427 1.7146 2.2444 0.5498 0.5031 0.5002
o 2.6762 1.7039 2.2437 0.5 0.5 0.5
A
5,352
5
4,483«% \
4 N\
™
3AOSQ§\ A
3

1
¢ 150 300

1000 © toyT

Figure 4. Graphs of external loading parameters Ao, A, Ash changing in time, obtained by table 1.

wohlt) y _2) § _Al) o

B0 A0 7T 4,0

which explicitly characterize material long term
strength changing in time.
Thus, at all values of tq we obtain:
ho> Aeo > e, (31)
that is, in the reviewed example external load
parameter takes the smallest value, that corre-
sponds to wood destruction caused by crum-
pling (values A. in table 1).

Wherein, the values of ultimate stresses acting
along main anisotropy directions are:

Volume 15, Issue 1, 2019

ox(150) = 8.6978 MIla, oy(150) =
=-2.2551 MPa, txy = 2.6985 MPa;
ox(300) = 7.7548 MPa, ¢y(300) =
=-1.9387 MPa, 13y = 2.9387 MPa;
6x(1000)= 3.4292 MPa, oy (1000) =
=-1.7146 MPa, txy = 1.7146 MPa.

(32)

The graphs of relations between parameters of
external loading Lo , Ac , Ash and time tq, ob-
tained in accordance with table 1 data are pre-
sented in figure 4.

It should be noted that

Yo > Ye = Ysh,

that is, relative (reduced) values of external
loading parameter for shear case wsh are
changed (decrease) in time greater than ..
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Figure 5. Assembling of short cylindrical shell of 42 m span.

Presented calculation results show calculation
principles for anisotropic envelopes subjected
plane stress state at long term action of static,
though changing in time, loadings. Such compu-
tation can be easily programmed and at real de-
signing it can be accepted a row of control
points, in which the stress-strain state and coef-
ficients, correcting ultimate stresses of material,
are determined. It is supposed that thickness of
envelope structure is enough to work without
local buckling. Here, the anisotropy of material,
subjected complex stress state, and duration of
loading action are taken in account.

The entire calculation of shell [11] in accord-
ance with envelope structures shows significant
influence of envelopes to resistance against
normal and especially shear forces.

It is chosen the simplest construction of cells
filling between the ribs in the form of shield,
made of cross placed planks jointed by nails, to
analyze.

In construction of cylindrical shell which is
shown in figure 4, the panels in the form of
frame, made of planks of 40 mm thickness and
enveloped at lower side by planks of 25 mm
thickness, are applied. Due to including such
approach to filling cells between ribs, it is
reached appliance of ribs with height of section
about 1/56 of span [11].

On the basis of general calculation of structure
under shear forces, it is obtained main parame-
ters of shields.

The average values of the cell sizes are accepted
2.49 x 2.49 m, the quantity of planks of 13 cm
thickness for each layer of shield is 19. The
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nails quantity at two nails placing in each inter-
section of planks equals to 1922 = 722. At
shield shift, caused by shear, nails cause wood
crumpling at contact zone. Bearing capacity of
it is determined in accordance with codes 7 =
0.8a-dn=0.8-4-0.3-722 =693 kN.

Here d is nail diameter (cm), « is shield thick-
ness, n is nail quantity.

Shear stresses at maximum shift after PC com-
putation are

T
T= Z‘ __ 093 =6957.8kN/m?* =
b-1 0.04-2.49

=6.96 MPa.

Obtained value of tangential stress t is signifi-
cantly exceed calculation strength even against
chopping across fibers 0.8 MPa. In accordance
with computation, provided in the paper [11],
such shear stress can be reached at 38" stage
only at loading 28 kPa and integral exposure
during 2580 days (7 years).

Let us present computation results correspond-
ing to 27th stage of loading at 6 kPa and initial
exposure during 1980 days (5.42 years) at con-
stant load acting from one side. In this way, the
maximum compressive stress is 1.45 MPa. At
load value 2 kPa it takes value 0.5 MPa.

It is carried out calculations of reviewed dome
at another sizes and thickness of shields to com-
pare. At 2 cm thickness and 2 kPa loading the
maximum stresses are equal to 2.43 MPa, and at
8 cm thickness and such loading the stress val-
ues decrease to 1.0 MPa.
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Figure 6. Maximum shear stresses zone.

It is seen, that instead plank shields it can be
applied filling by composite material of high
strength and small thickness as well as of po-
rous materials of low thermal conductivity.
Construction can resist against load of high in-
tensity during long time at meridional ribs of
reduced height of cross section to 1/60 dome
diameter. It shows that dome provides high or-
der of structural safety and can be applied to
erect structure, operating at hard condition of
environmental and technogenic impacts.

CONCLUSIONS

Currently it is required new approaches to de-
velop designing codes, that should take in ac-
count complex stress states and contain pro-
posals to effective computation by PC. At the
same time, it necessary to simplify techniques
of calculation and apply simple strength criteria.
It is expedient to provide row of experimental
investigations for two and three-dimensional
loading to effective applying of reviewed crite-
ria. It is required to develop new generation de-
signing codes, such as it was carried out 1950th,
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when ultimate state calculation method was in-
troduced.

Simplifying of PC computation can be reached
by automation of the most stressed sections
searching, when at each iteration step and de-
formation modulus correction provides at one
section only, and parameters of other section
corresponds to linear relationship or parabola in
accordance with moment distribution along
structure.

Also, there are some problems that requires of
experimental investigations at large scale or
natural samples. At first, it deals with increasing
accuracy of shear stresses distribution between
own shear resistance of elements and supporting
parts and connections resistance.
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SEARCHING SHEAR FORCES FLOWS FOR AN ARBITRARY

CROSS-SECTION OF A THIN-WALLED BAR: DEVELOPMENT

OF NUMERICAL ALGORITHM BASED ON THE GRAPH
THEORY

Vitalina V. Yurchenko
Kyiv National University of Civil Engineering and Architecture, Kyiv, UKRAINE

Abstract: Searching problem of shear stresses on outside longitudinal edges of an arbitrary cross-section
(including open-closed multi-contour cross-sections) of a thin-walled bar subjected to the general load case has
been considered in the paper. Detail numerical algorithm intended to solve the formulated problem using
mathematical apparatus of the graph theory has been proposed by the paper. The algorithm is oriented on
software implementation in systems of computer-aided design of thin-walled bar structures.

Keywords: thin-walled bar, an arbitrary cross-section, shear forces flow, closed contour, graph theory

MNOUCK MMOTOKOB KACATEJIbHBIX YCUJIUH
JJIS HTPOU3BOJIBHOI'O CEYEHUSA TOHKOCTEHHOI'O
CTEPXHS: PASBPABOTKA YUCJIEHHOI'O AJI'OPUTMA

HA OCHOBE TEOPUU I'PADPOB

B.B. IOpuenko

KueBckuil HallMOHaNbHBINA YHUBEPCUTET CTPOUTENLCTBA U apXUTEKTYphl, T. Kues, YKPANTHA

AHHoTanusi: PaccMoTpeHa 3ajaya IMOWCKAa 3HAYCHWH IOTOKOB KacaTEeNbHBIX YCHIMH IS IMPOU3BOJIBHOTO
cedeHus: (OTKPBHITO-3aMKHYTOTO MHOTOKOHTYPHOTO CEYEHMS) TOHKOCTEHHOTO CTEpXKHS A OOIIero ciydas
HarpyxeHusi. Pa3pa0oTaH JeTajbHBIA aJrOPUTM YHUCIEHHOIO pelleHus CcHOpMYIMpPOBAaHHON 3alaud c
UCIIOJIb30BAaHMEM MAaTeMaTHYeCKOro amnmapara Teopuu TIpadoB, OpPHEHTHPOBAHHBIH Ha MNPOTrPaMMHYIO
peanu3aIyio B CHCTEMaxX aBTOMAaTH3MPOBAHHOTO MPOEKTUPOBAHHUS TOHKOCTEHHBIX CTEP)KHEBBIX CHCTEM.

KnioueBble c10Ba: TOHKOCTCHHBIN CTEPKEHb, IPON3BOJILHOE CEUCHNE, TIOTOKH KAcaTeIbHBIX yCHIINH,
3aMKHYTBIH KOHTYp, TeopHs rpadon

INTRODUCTION

Let us consider the problem of shear stresses on
longitudinal edges of an arbitrary section of a
thin-walled bar that can consist of several closed
(connected and/or disconnected) contours
and/or also open parts. This problem has been
studied by V. I. Slivker [1, 2, 8] for the general
loading case of the thin-walled bar.

Further investigation in this area requires
development of detail algorithm intended to
software implementation in a computer-aided
design system for thin-walled bar structures. It is

reasonable to construct this algorithm using
mathematical apparatus of the graph theory [11].
The graph theory has been applied in [7, 10, 12]
for calculation the geometrical sectional
properties of thin-walled bars with hybrid
(open-closed) types of cross-sections. The graph
theory has been also used to analysis of thin-
walled bars with multi-contour cross-sections by
G. Alfano in [6] and A. Proki¢, A [10].
Herewith, the problem of the contoured
distribution of shear forces flows for hybrid
(including multi-contour, open-closed) thin-
walled sections was out of consideration.
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1. INITTIAL DATA AND SYSTEMS
OF COORDINATES

Let us introduce on the plane of thin-walled
section the Descartes rectangular system of
coordinates yOz with origin of the system
placed in center of mass of the section
(Fig. 1.1), direction of the coordinate system
axes coincides with direction of principle axes
of inertia uOv .

Figure 1.1. Cross-section of a thin-walled bar
with indication of positive directions of forces
and moments.

Let us introduce in further consideration the
system of angular position coordinate with
origin of such system in certain (in general case
randomly selected) sectional point. Each
considered sectional point can be associated
with angular position ¢ . The value ¢ should be
calculated as geometrical length of the curve
which is constructed from the origin to the
considered sectional point taken along sectional
contour. We also assume that increment of the
angular position ¢ corresponds to the positive
direction of section path tracing.

We assume that integral geometrical properties
of the section are known: A — cross-sectional
area, |, and I, — second moments of area

relating to the main axes of inertia which
coincide with axes of global Descartes system

of coordinates yOz; |, — sectorial moment of
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inertia; 1, — second moment of area for pure

torsion. We also assume that elasticity module E
and shear module G are constants for the whole
section of the thin-walled bar.

In general case a thin-walled bar is subjected to
the action of eight force factors. Axial force N,
bending moments M, and M, relating to the

principle axes of inertia and bi-moment B are
applied at the center of mass C (see Fig. 1.1) of
the section and caused normal stresses in section

o, (X¢):

! (1.1)

where Y;(s), z(¢), @,(c) — coordinates and
sectorial coordinate of the considered point in
cross-section of a thin-walled bar.

Shear forces Q, and Q,, free torsion moment

M, and moment of restrained torsion M are
applied at the shear center 4 of the section
(Fig. 1.1) and caused shear stresses in cross-
section, which can be written in terms of shear
forces flows T, (x,¢) as presented below:

T.(X,g)
i (X¢)=—""r=F (1.2)
where &,(¢) - thickness of considered j"

section element.
An arbitrary section of a thin-walled bar can be
described by the set of sectional points

P={5,~{y,2,}lp-in}

- th - -
(y, and z, — coordinates of p™ sectional point

in global Descartes coordinate system yOz) and
by the set of sectional segments
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Figure 1.2. Arbitrary cross-section of a thin-walled bar determined on the set
of sectional points P and set of sectional segments S.

s={s,={ps, p}Is=1n,}, s={g. ={s* s} I =1n, -1

which connect some two sectional points s actually intended to implement numerical
(Fig. 1.2), where n, and n, — numbers of integration taken along thin-walled section

sectional points and segments accordingly. contour (for example, when calculating
Specified segment thickness geometrical properties of the cross-section,
values of shear forces flows, etc.), where x —

6:{5 |s:1—n} ordinal number of segment, n_-1 — number of

sectional segments. It should be noted that an
angular positions are attributes of the ends of
sectional segments.

Initial data about a thin-walled section should be
mapped onto the set of angular positions

corresponds to each sectional segment.
The set of sectorial coordinates

o={o,|p=Ln,|

G y K :11 ng _15
and the set of normalized sectorial coordinates

o by means of formation corresponded sets of
@ ={wp | p =1,np} sectional segments

of the section correspond with the set of Sg:{§,f:{g,ita”,g,‘i”d}:gj‘a“,g,i"dgq},
sectional points P, assuming that the values of

the gectorlal _coordlr_lates and norma_llzed set of sectorial coordinates

sectorial coordinates in each cross-sectional

pOint are knOWﬂ [4] S —c start end | . __start end

The set of angular positions @ ={ K={COK 1 Oy }-COK ) Oy E(D}

for ends of sectional segments as well as the set
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of thicknesses

8 ={5: < 8}

for segments, x=1n_-1.

2. DISTRIBUTION OF SHEAR FORCES
FLOWS TAKEN ALONG CLOSED
CONTOURS OF AN ARBITRARY
CROSS-SECTION OF THIN-WALLED
BAR

2.1. Construction of connected graph
G={V,R} associated with a section of thin-

walled bar.

An arbitrary cross-section of thin-walled bar can
be associated with planar connected non-
oriented graph G determined on the sets of

G={V,R}, where V - finite set of graph

vertices, R — the set of graph edges or the set of
unordered pairs on V (see Fig.2.1) [9].
Herewith, for each graph edge

r={u,v}eR

we assume that u =v.

Vertices of the graph G are associated with
characteristic sectional points only, which are:
1) branch points — sectional points connected
with more than two sectional segments,

v":{ﬁv|v=1,nv},

here n, — number of these points;

2) end points — sectional points connected with
only one sectional segment

v]e)nd :{pg |g :]E}!
here n, —number of these points.

Edges of graph G are associated with sectional
parts located between characteristic sectional
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points (with unbranched sectional parts).
An edge of the graph G, as a rule, may contain
several sectional segments, so full information

about edge R’ of the graph can be described by
the set of sectional segments

cs —
S, r=Ln,,

from the array
Ss ={§l§ :{gstan’g;znd} | K:Lng _1} ’ §r§ eSs,

K

belonged to considered graph edge, S € R;:

R; ={57:57 eSS AS7 eR [r=1n ],
ith
here n_; — number of segments for j™ graph

edge. The set of all graph edges defined on the
set of segments S° can be expressed as

R§={R§|j=1,_nr}.

We also assume that an arbitrary section of thin-
walled bar may contain some quantity of closed
contours. Each closed section contour is
associated with cycle of graph G or with

vertices cortege vy, Vf, Vs, ..., V¥, such that

AR RN VA

i+l i+1?

where n, — number of closed contours in
section (number of graph G cycles).

Some closed section contour T',* (basic cycle of
the graph G) can be definitely determined by
the set of graph edges R € R® belonged to the
considered contour

r ={Rjli=1n |,

where n, ;. — number of graph edges belonged
to k™ closed section contour.
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Te)

Figure 2.1. Graph G={V,R} associated with cross-section of thin-walled bar
(graph vertices — v, , v, ...v,,, graph edges — r,, r,...r,).

Besides, it’s convenient to have the mapping of
closed section contour T',° onto the set of
sectional segments

Sey S eS°,
belonged to considered closed contour,
vm=1, Ng !
Iy =185: Sp€8°
"3RS R :5; RS ARE T

here n, — number of sectional segments

belonged to k" closed section contour.
Closed section contours (basic cycles of the

graph G) defined on the set of graph edges R®
and on the set of section segments S° can be

described as
@ ={ry |k=1n,}
and

@ ={r{ |k=1n,|

accordingly. It should be noted that
identification of closed contours in the section

Volume 15, Issue 1, 2019

®"” and ®° can be easily implemented using
depth-first search algorithms on the graph.

Let us compose incidence matrix 1 for graph G’
with dimensions n, xn,,

i:{gij |i:1'_nv1j:11nr}-

Components of the matrix take on following
values: g; =1 —if i"" graph vertex is start vertex

for j" edge; g, =-1 — if i'" graph vertex is end
vertex for j" edge; g; =0 — otherwise. Let us
also introduce in further consideration matrix

i ={o,[1i=Ln,.i=1n,]

composed using modulus of elements g, of

matrix I.
Next, we can compose the matrix of basic graph
cycles F with dimension n, xn,,

F:{fkj},kzl,nk,jzl,nr.

Components of the matrix take on following
values: f, =1 — if j"™ graph edge belongs to k™

basic graph cycle (R$ < T'; ) and edge direction
coincides with the positive direction of path
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tracing; f, =-1 —if j™ graph edge belongs to
k" basic graph cycle (R5cTf) and edge
direction does not coincide with positive
direction of path tracing; f, =0 — if j" graph
edge does not belong to k™ basic graph cycle
(RENT; =2).

2.2. Distribution of the shear forces flows

taken along closed section contours

ith _
Each j" edge RS, |= =1,n, of graph G
corresponds with a constant — edge weight,
Vk:S. e R]AS; eS°:

Y LE
P; (/J;é(g) rz—llz;géfkﬁé‘(g)
Skt Neg ¢ (2.1)

—z Jg 25

Let us also compose weighting matrix of
unbranched sectional parts (edges of graph G) —
square matrix W with dimensions n, xn, and

diagonal elements p,, j=1,n

p, O 0
0 ... 0O
w=| . Ffz S (2.2)
0 0 0 p,
I r)ll - p12 - plk
- p21 f)zz - pzk
“Pa P pkk
- pnkl - pnk 2 - pnkk
Ql Q2 Qk
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Besides, each j" graph edge RS corresponds
with the increment of sectorial coordinate

T
nr},

VK5 e RjAS; eS°:

Ao = {Aaf lj=1

ZIda):

r=1 ¢
{;<Rj

Aw; ;= J.pdgzjda):
: : 2.3)

3 T do= iAa)

r=l ¢

Each closed contour of the section T,
k :1,_nk, corresponds to the following constant
—contour weight, f; eF, Vj:RS < re:

r;l'k

\fkj\ P (24)

Let us consider the problem of free torsion for
an arbitrary thin-walled section which consists
of certain number of closed (connected and/or
disconnected) contours as well as of open parts.
In general case the following resolving system
of equation for calculation the distribution

factors & , k =1,n, , of shear forces flows taken
along closed contours of the section has been

formulated in [2] and presented below:
— Py, Q Tr & 1 707
P, €, a, 0
P, (x| 8 |=| O |; (2.5)
pnknk an énk 0
Q. 0 | 4] 1€
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here diagonal elements of the matrix are weights
of k™" closed contour,

Bu = B k=1n;

Q, — double area embraced by k™ closed
contour I'y,

Other elements of matrix p,, take on zero
value p,, = p, =0, when corresponded closed
contours have no common edges:

rENr; =g,

and the sum value of weights for all common
edges [3]:

Pus=Ps =D P, Vr I RE T AR T
r

Solution of the system of algebraic equations
returns the column vector of factors

A, ={&|k=1n]}

for distribution of shear forces flows taken
along closed contours of the section. Based on

A, we can generate the column vector of

factors for distribution of shear forces flows
taken along graph G edges:

A ={alj=1n},
where each element should be determined as:

k=1

Since each graph edge R5, j=Ln, is
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described by the set of sectional segments
5. €S° as:

R ={57 157 eS*n§7 R [r=1n},

then it is possible to determine for each
sectional segment S°eS° the value of
piecewise constant distribution function for
shear flows taken along section a° () as the set

of

a® ={af|x=1n -1

as follows:
a;=a;, Vk:S:N®° =,
and
a: =0,
otherwise.

3. RESOLVING EQUATIONS FOR AN
ARBITRARY CROSS-SECTION OF
THIN-WALLED BAR

Search problem of shear forces flows for an
arbitrary cross-section of thin-walled bar
(including open-closed multi-contour cross-
sections) can be transformed into minimization
problem of Castigliano’s functional C subject
to constraints-equalities of shear forces flows
equilibrium formulated for cross-section branch
points as well as subject to equilibrium equation
for the whole cross-section relating to
longitudinal axes of the thin-walled bar [2].

Let present the formulated problem as
mathematical programming task, namely as
searching of unknown values of shear forces
flows at start points of unbranched parts of a
section:
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T ={1,,}".i=1n (3.1)

r?

which ensure the least value of optimum
criterion — Castigliano’s functional C:

' =C(Ty) = min C(T;),

T €3¢

(3.2)

on hyperplane of feasible decisions 3J;

described by the follow system of constraints-
equalities:

(3.3)

where Ty — vector of design variables (searched

shear flows); n. — number of unknown shear
flows; T, — optimum decision of the problem;

*

C — minimum value of Castigliano’s
functional; f, — function of the vector argument
r

Tsi n,
equalities f,(T,) and f,(T;) which define

— general number of constraints-

Vitalina V. Yurchenko

hyperplane of feasible decisions 3, in search

space.

For Castigliano’s functional C in further we
will consider Euler’s equations only which
define strain compatibility conditions and are
expressed depending on shear forces flows

'I[S:{Tsyj}T,jzl,nr.

So it is well known that in case of quadratic
functional Euler’s equations don’t depend on
boundary conditions, then kinematic boundary
conditions can be accept as homogeneous. As it
was shown by V.Slivker in [2, p.405],
Castigliano’s functional in this case can be
identified with expression for strain energy
formulated in terms of stresses as presented
below:

2Ee(¢) ' 2Gg (¢)

< {J‘(G(g))z 5(g)dg+j (T(G))z 5(g)dg

or for isotropic material:

C%[i[f(a(é))z 5(g)dg+ljj—(r(é))z 5(§)ngJ;

= ny

¢ %[Z[I (2G(§i)v)) 5(s)ds+ II (v(e)) s (e‘)dGJJ;

Let rewrite Castigliano’s functional C (3.4)
with replacement normal stresses o (¢) by the

expression (1.1), and shear stresses 7(g) — by

160

(3.4)

the dependence from shear forces flows (1.2) as
presented below:

(3.5)

International Journal for Computational Civil and Structural Engineering



Searching Shear Forces Flows for an Arbitrary Cross-Section of a Thin-Walled Bar:
Development of Numerical Algorithm Based on the Graph Theory

2
n, M
_ 1 ZI ! ﬂ+—yzj+&yj+Ewj 5,dg +
2G| | S| 20w AT T, RN

w

2
Q, Q M Q, Q M_ d¢
+j[TS’{J.—2Tsyj|—soy,j—2TS,J.I—YSOZ,J.—2TS,J.I—SW+ I—soy,j+|—ysozyj+I Sewii | |5
Ij @

y z y z @

: : r
here we omitted functional dependence from yector T,. In this way we have obtain

angular position ¢ (to simplify - presented expression for Castigliano’s functional C in

formulas): _ terms of shear forces flows [2]
Let us leave in (3.6) those summands which are
dependent from shear forces flows values r

; Ts ={Ts,i}T
T={T.,} . i=Ln,,

as presented below:

and also denote by the symbol K all other
summands that are don’t dependent from the

Qz Qy Mm dg .
C= Z_];LIJ‘[ SJ GI Soy,J' TSJ GI S Tsvj Glm Sow,j ?J+K ! (37)
T pde Q Q de M d¢
C= =1 — =T = o o == Soz'__T | Sow +K (38)
j_l[ze ,I 5 el e GIZ,J:_ Te, Y le,f 'S,
where integral 021 g
hZJ = I g
J_g ; (3.9)
Nerj S
I - ( (s +asgm + 5 )j,
x=1 65,5
can be calculated according to (4.5), and g¢ .(g)dg
integrals ST J'L —
o 0(s)
e (3.10)
.[ Soyl 5 .[ SOZJ 5 = and I SW 5 :Z[G 5 (Sgoe +4s50 + 857 )]
Ss
— using following equations (3.9), (3.10) and S, ; = j%=
(3.11) accordingly presented below, by () 311
ol 1 (3.12)
Vik: §If S Ri /\gf (S Sg: = Z(Gé‘g (Songtiirt +4S()gwmtlcd Sgwe:]cd )]

Let us define the following column vectors
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consisting of n_ elements, Vj=1n, (according
to the number of edges of graph G):
Shz,l Shy,1
- S _ S
Shz _ h:z,2 , Shy _ h:y,2 ’
Shz,nr Shy,nr
(3.12)
Shm,l
_ S
S, = :

hw,n,

Using weighting matrix of unbranched sectional
parts W (2.2) introduced above as well as

column vectors S,,, S, and S, presented

above (3.12) we can rewrite Castigliano’s
functional (3.8) as the following vector-matrix
equation:

11,1 1.Qr
C=o TIWT T =55, -
1. § (3.13)
r r r r
g Qg Mg g
G, " Gl

Next, for each section branch point we can work
out equation of shear forces flows equilibrium
in terms of projections on the longitudinal axis
of the thin-walled bar. In order to obtain general
view for these equations (the system of
equations by the number of branch points in the

section) we can use incidence matrixes I and |I|

introduced above which reflect topological
structure of considered cross-section of the thin-
walled bar:

(i +1)7, ~(Ji|-1)T. =0, (3.14)

r S
where T, :{TS,J.}T, j=1n, — vector of shear
forces flows at start points of unbranched
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r _
sectional parts; T, = {TE, j}T , J=1,n, —vector of

shear forces flows at end points of unbranched
sectional parts:

(3.15)

r .
here AT :{ATj}T,jzl, n, — vector of shear

forces flows increments for each unbranched
sectional part:

roQr Qr M T
— y z @ .
AT =75+ 75+ 7%, (316)
z y @
rr r
where vectors S, ;, S, ;, S,; are presented
elow:
z,1 y1
- |S - | S
SZ = ?2 , Sy = vz ’
SZ n, SYvnr
(3.17)
Sm,l
- S
S, =| 77 |;
Sw,n,
rr r
and components of vectors S, ;, S ;, S_; can

be calculated as follow, Vi« :S; € R§ AS: €S°:

(3.18)

(3.19)
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S =

@, ]

| @ (s)d(s)ds =

ly

Z(ﬁl( oy L g g D
2

Let us rewrite the equation (3.14) taken into
account the equation (3.15), we obtain the
following:
(|i|+i)f —(|i|—i)x(fS—Af)=o;
(i) + )T = (|| =17, + (|i| - 1) AT =o0;

20T, +([i|-1)AT =0;

(3.20)

or taken into account the equation (3.16):

20T, + (|i| 1) x
_ _ _ (3.22)
X &Szj+—28yj+&8m =
N P
The system of equation (3.21) has n,

equilibrium equations. The last equation is
linear-dependent or a linear combination from
the previous equations. Let us rewrite the
system of equations (3.21) excluding the last
equilibrium equation:

20T, + (‘i" - i') X

(Cf_s 1O Mg, }o

z y @

(3.22)

where 1' — incidence matrix of the graph G
truncated by the last row with dimensions

Ne

M, _[ _%5 __M_

=1 J y @

Ne

M,

i=
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ZS

( s,fpdg——JSoz ,pdg——fSoy,pdg——ISW ,pdg} 0.

(ﬂv—l)xn I':{gijli: -1 j=1 r},

] — matrix composed using modulus of

elements g; of truncated matrix I'as

= {lau/li=

We also can work out the last equilibrium
equation relating to the longitudinal axes x—X
of a thin-walled bar as condition of static
equivalence of torsional moment caused by the
shear forces flows to the free torsional moment
M, acting in the cross-section of the thin-

X

walled bar:

Ln-Lj=1n}.

M, - TJ da) 0; (3.23)

=Yg

where T, (g) — shear forces flow at some point

of the cross-section which can be expressed
depending on shear forces flow T (¢) at start

point of the corresponded unbranched part of
the section as follow:

T-1 &g Qg Mg

j S,j 0z,]j oy, j
I l, I

(3.24)

0w,j !

here we omitted functional dependence from
angular position ¢ (to simplify presented

formulas).
Then:
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Vitalina V. Yurchenko

M, ‘i{T&JIpdg—%Isoz,jpdg—%I_Soy,jpdg—¥j8m,-png=o;

ZTS ijdg—_yz.[soz jpdg—_stoy deg

z l—ll y J—1I

here integrals
n,

ZISOZdeg ZISoprdg ZJ.SWdeg

=y =Ny LT

can be calculated using equations (3.26), (3.27)
and (3.28) accordingly as presented below,

- 3¢ S 53 G-
Vik:§; eR5 A5 €S°:

n,

ZJ.Sowdeg M, =0

w J—ll

(3.25)

equations (3.26), (3.27) and (3.28) as presented
below:

r
o1 Qs Qg
(3.29)

Thus, the formulated problem is presented as
mathematical programming task, namely as
searching of unknown values of shear forces

S, = _[Sffz i (@) pdg = flows at start points of unbranched parts of a
=l ion:
(3.26) section:
Ny Nerj Aa)g
— Sgstart+4sgm|d +Sgend : r T
j—l(x—l 6 ( o we ) T :{Ts,i} y1=1n (3.30)
S,y = I o (@) pdg = which ensure the least value of the following
=, ioli ’ i :
(3.27) Castigliano’s functional C (3.13):
n, n?’l A
— Sog s’t(art +4SOg n:(ld +S§e£d ; r r r
,-_L_l ( 8 8 =) cziTSTWTS TJ g S,, —
r 2G Gl, .
Spo = J.Sgwj(a))/?d§= —‘IET Q, Sr _I[T M_ [ -
=y S Gl hy S Gl
(3.28) y -

j=1\ =1

OZUI( 0w,k 0w Kk

gstart+4sgm|d +Sgend )J

Let us rewrite the constraints-equality (3.25)
using vector representation taken into account

subject to the following equilibrium conditions
(3.22) and (3.29):

zi'fs+(\i'\_i')[%§z,j+%s"y,j “I"_s J 0

z y (3.32)
~TT Q Qz Mw
a)TTS —I—ysz —I—Spy —I—Spw—l\/lx =0.
z y @
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Method of Lagrange multipliers can be used to  point of ; tpe following modified
reduce the mathematical programming task functional A(T. A7 4 ):
(3.30) — (3.32) to the searching of stationary ( ST “v)'
rr 1r..r rQ r r. ol I M
T T T T z T T
A(Ts,2 ,ﬂm):ETS WT, T, G—yzshz T, i Sy =TS i S
rlo.r . r r r
+AT | 20T+ (JU]-T) &szﬁ—zs Moo L (3.33)
O v (I o
r.-r Q Q, M_ i
+ {wTTS—I—ysz—I—Spy—I—Spw—Mx}%mm.
z y @
here Stationary conditions of the modified functional

ﬂl:={/1f}, f=1n, -1

— vector of Lagrange multipliers consisting of

n,—1 elements; A, - additional Lagrange follow [2]:
multiplier.
i lW 217 Ao)g_ = ] - _ i _
G r T Onr o G
2 ®nv’1*”\/’l Onrl x j =MXX Onv—l +|_y>< (i’_‘i")gz
(A0f) 0L, o | ™ 1 S,
Q o ©
z T’ 1 Mw , SN\ &
+fx (I_I)Sy +t>< (I—I)Sw
Soy S,
where:

}6 w27 Aol

n,-1,n,-1 n-1 1’

o0, 0
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rr
A(TS,AT,AHV) (3.33) can be transformed into

the system of n_+n, linear algebraic equations
and presented using vector-matrix form as

(3.34)
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M — square matrix with dimensions
(n,+n,)x(n,+n,), here n_and n, — number
of edges and vertices of the graph G
accordingly; Aw¢ — column vector of sectorial
coordinates increments

Awk ={Aaf, |j:1,nr}T

consisting of n_ components calculated

according to (2.3); S,, S,, S, — column
vectors (3.17) with n_ components calculated
according to (3.18), (3.19) and (3.20)

respectively; §hy, S,,, S,, — column vectors
(3.12) with n. components calculated according
to (3.9), (3.10) and (3.11) respectively; S,
S,.» S,, —integral section properties calculated
according to (3.26), (3.27) and (3.28)
respectively.

Solution of the system of equations (3.34)
determines column vector of shear forces flows

-Il:s :{Ts,j}T ,j=1n.,

r

at the start points Pf unbranched cross-section
parts. The vector T, can be also presented as
follow:

r r r r r
TS:MXbX+%bZ+%by+'\I/|“ b, . (3.35)

z y o]

In this case the system of algebraic equations
(3.34) disintegrates and transforms into the four

systems of n,+n, algebraic equations relating

rrr r
to the b,, b, and b,
consisting of n_ elements [2] as presented
below:

column wvectors b

X!
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BX 0nr
MX Zx = 0n\,—l '
ﬂ’n\,x 1
A
b, G
M x /Ty = (i'—‘i")xgy ;
ﬂnvy Spy
5, Eh (3.36)
Mx|| 1, |[= (i'—i’)xgz ,
Ao S,
S, |
b, G
Mx|| 4 |= (I'—i')x§w ;
/1an Spw
where

y) :{ﬂm}T, f=1n -1
— unknown column vectors of  Lagrange
multipliers consisting of n, —1 elements;

Ay Avy Aoas A

nx ! My Mz e

— additional Lagrange multipliers.
Projection of the vector

b, ={b,;j=1n}

defined of the set of n, unbranched sectional
parts into the set of sectional segments
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b7 ={b, | =1n_-1f
can be written as:

by . =b.; Vx

—

and

bs, =0 Vk:SSNRE =,

By analogy column vectors

6yz{by,jlj ’r}'b_{u“_ }
and b_ :{bm'j | :m} can be also projected

into the set of sectional segments obtaining
corresponded column vectors

NS
y

{bf, 1x=1n -1},
b ={bs, |x=1n. -1},

b; ={bg

The following transformations for the first
moments of inertia and for the sectorial moment

of inertia should be performed, Vx=1n_-1:

Llre=1n -1,

oz K {S oz,x bg }
3.37
oy K { oy,x bg } ; ( )
Om K { 0wk bg }
. (3.38)

4. SHEAR FORCES FLOWS AND SHEAR
STRESSES

Let us define the sets of shear forces flows

values for the start, middle and end points at the
middle line of the sectional segments

Volume 15, Issue 1, 2019

TSt :{

g
K
T end {

} Tgmld {Tgmld}
T, k=1n -1,

consisting of n_-1 elements (by the number of
sectional segments) as presented below [5]:

Testrt — $H as — Qy Gostart _

QO K IZ 0z,x (4 1)
_Q_8gstart I\I/Im Sogmst’irt, .

| oy,x
y

Tg,mid :@ s Qy ngld

Qo lc IZ 0z,k (42)
Q ngld Mw ngld, .
Iy oy,k Iw 0w,k

Tg,end — @ s Qy Sg end

K QO K IZ 0z,x (43)
Q Sgend Mm Sgend, .
Iy oy,k Iw 0w K

here the first moments of inertia S¢ Sjy . and

sectorial moment of inertia S - should be

calculated using transformations (3.37) and

(3.38) accordingly.
Shear stresses for each x ™ sectional segment

S _ )= ¢, start
T —{ ° —{r

K 1%k

g5:mid s .end }} , k=1n -1,

K

can be calculated as presented below:

" s
T =< oMl = T’f’mid |i (1_80) HOx (4.4)
K K 515 ‘ Ik ’ .
o [T, ()M
S I

here torsion moment of inertia |, and parameter
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¢ should be calculated as:

n.-1
|X=|k+|F:%Z|g(5,§)3+|F; (4.5)
=1

8021—:—";

X

(4.6)

and components

¢ start
TK

5§

T"g]mid | and
55|

K

¢.end
TK

5 |

in equations (4.4) define shear stresses values
for start, middle and end points at the middle
line of x™ sectional segment accordingly.
Besides, transition from the shear stresses
related to the middle line of x ™ segment to the
shear stresses at the outside longitudinal edges
of this segment can be performed by addition or
subtraction of the member

=0) 5.

L

CONSLUSIONS

Searching problem of shear stresses on outside
longitudinal edges of an arbitrary cross-section
(including open-closed multi-contour cross-
sections) of a thin-walled bar subjected to the
general load case has been considered in the
paper. Formulated problem has been
transformed into minimization problem of
Castigliano’s functional subject to constraints-
equalities of shear forces flows equilibrium
formulated for cross-section branch points as
well as subject to equilibrium equation for the
whole cross-section relating to longitudinal axes
of the thin-walled bar.

Detail numerical algorithm intended to solve the
formulated  problem using  mathematical
apparatus of the graph theory has been proposed
by the paper. The algorithm is oriented on
software implementation in systems of computer-
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aided design of thin-walled bar structures.
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CONTROL AND QUALITY OF PILES BY NON-DESTRUCTIVE
EXPRESS METHODS: LOW STRAIN METHOD
AND CROSS-HOLE SONIC LOGGING

Askar Zhussupbekov !, Yoshinori lwasaki 2, Eun Chul Shin 3, Nurgul Shakirova !
LL.N. Gumilyov Eurasian National University, Astana, KAZAKHSTAN
2 Geo-Research Institute, Osaka, JAPAN
% Incheon National University, Songdo, SOUTH KOREA

Abstract: This paper described using Low Strain Method and Cross-Hole Sonic logging (CSL) for identify of
integrity of bridge foundations of LRT in Astana, Kazakhstan. The CSL is a method prescribed by ASTM D6760
— 08, Standard Test Method for Integrity Testing of Concrete Deep Foundations. This method is considered to be
more accurate than sonic echo testing in the determination of soundness of concrete. The sonic access tubes do
not contribute to the structural capacity of the pile. The bored piles of LRT are 1.0+1.5 m of diameters and
10+55 m of lengths. Design bearing capacity of piles is more than 4500 kN. At the testing period were founded
defects in foundation bodies. To check of integrity were conducted by static load tests. The CSL test is based on
the length of time for an ultrasonic wave to be propagated between any two of the selected tubes. The velocity
of the propagated wave depends on the material through which the wave is transmitted. The aim of this paper is
to discuss the advantages and disadvantages of Low Strain Method and CSL methods by analysis of field testing.
For checking integrity applying two methods - Low Strain Method and Cross-Hole Sonic Logging. The aim of
this paper is to discuss the advantages and disadvantages of each method using the examples of a real application.

Keywords: Cros-hole section, PIT, integrity, concrete

KOHTPO.Ib KAYUECTBA CBAHM HEPA3PYIIAIOIIIUMU
3KCHPECC-METOJAMM: METO/AbI OTPA’KEHHOM BOJIHbI
IPU HU3KOM HATPY3KE U MEXKCKBAKVUHHOUN
JAE®EKTOCKOIINHU

A. Kycynoexoe ', H. Heacaxu ?, IOn Yyn Illun 3, H. lakupoea *
! Eppasuiickuii yuusepcuter umenn JI.H. T'ymunesa, r. Acrana, KASAXCTAH
2 Geo-Research Institute, r. Ocaka, SITTOHU S
% Incheon National University, r. Conrno, FOXXHASI KOPES

AHHoOTanusi: B gnaHHO# cTarhe NpencTaBiIeHBl METOABI OTPAKCHHOM BOJIHBI IIPM HU3KOM Harpyske u
MexCKBakuHHOU nedexrockormu  (CSL) s ompenesieHHs IEIOCTHOCTH MOCTOBBIX (DYHIaMEHTOB Ha
ctpoutenbHoi wiomanake LRT B Acrane, Kasaxcran. CSL — ato meron, mpennucannsiii ASTM D6760-08,
CraHnapTHBIA METOJ UCIBITAHUN JUIA POBEPKU LIEIOCTHOCTH OETOHHBIX ITTyOOKHX (DyHIAaMEHTOB. DTOT METO
cuynraerca Oojiee TOYHBIM, Ye€M TECTHPOBAHHME AaKyCTHYECKOTO 3Xa IPH ONPEAETICHHH MPOYHOCTH OeToHa.
3BYKOBBIE TPYOKH JOCTyHa HE BIMSIOT HAa CTPYKTYpHYIO €MKOCTh cBaW. byponabueHble cBam LRT mmeror
auametp 1,0 + 1,5 m u qmuny 10 + 55 M. Pacdetnast Hecymiast cmoco6HOCTH cBait coctaBiseT 6omnee 4500 kN. Ha
MIepUO/1 UCIIBITAHUH ObLIM BBISBIICHBI JeheKkThl B QyHaamenTax. [Jisi NpOBEPKH 1IEJIOCTHOCTH OBbUIN MPOBEICHBI
cTatuyeckue HarpyzouHble wucnbiTaHus. Tect CSL ocHOBaH Ha TPOAOIDKUTENBHOCTH PACHPOCTPAHEHHS
yIbTPa3BYKOBOH BOJIHBI MEXKIy JIIOOBIMH NBYMSI BBIOpaHHBIMH TpyOkamu. CKOpOCTh pacHpOCTpaHSIOIIEHCS
BOJIHBI 3aBHUCHUT OT MaTepHaja, yepe3 KOTOPBIH OHA MPOXOAMT. JlJIsi MPOBEPKU LEIOCTHOCTH NMPHUMEHSIOT J1Ba
METO0/1a - METOJI OTPAKEHHOM BOJIHBI IPH HU3KOW HArpy3Ke M MEKCKBaKMHHOHU aedexTockonuu. Llenpio nanHoi
CTaThH SIBISETCS OOCYXKAEHHE NPEHMYIIECTB W HEAOCTATKOB KaXKAOTO METOJIa C HMCHOJIB30BAaHHUEM IPHMEPOB
peasbHOTO IPUMEHEHUS.

KuaroueBble cjioBa: nonepeunoe ceuenue, PIT, ciomHOCTh, 6€TOH
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INTRODUCTION

At the present time, in Astana city is going on
works by construction public transport system
LRT (Light Railway Transport). The first stage
of construction is including construction of
overhead road (bridge) with 22,4 km length and
18 stations. Height of the bridge is 714 m
above the ground. Overhead road based on
columns every 30 meters. The foundation of
each column is include 4 or 6 bored piles with
cross-section 1.0+1.5 m and length 8+55 m.
Design bearing capacity of each bored piles is
from 4500 to 12000 kN.

Figure 1. Perspective view of LRT, Astana,
Kazakhstan.

In order to reduce the time for construction and
cost of piling works Chinese companies are use
Chinese drilling rigs Zoomlion without casing.
To maintain the walls of boreholes in sand and
gravel soils using polymer slurry. Application of
polymer slurry allow reducing time for drilling,
allow to use less powerful drilling rigs and
equipment, but at the same time increase the
risk of collapsing soil during drilling or
concreting piles. In these conditions, very
important to control integrity of concrete body
of each bored piles. For checking integrity of
bored piles applying two methods - Low Strain
Method and Cross-Hole Sonic Logging.

INTEGRITY TESTING

Everybody with experience in reinforced
concrete construction has encountered columns

172

that, upon dismantling of the forms, exhibit air
voids and honeycombing. Although these
columns may have been cast with good-quality
concrete, in properly assembled forms and with
careful vibration, they still exhibit defects. Cast-
in-situ piles are also columns, but instead of
forms made of wood or metal we have a hole in
the ground. This hole may pass through layers
of dumped fill, loose sand, organic matter, and
ground water, which may be fast flowing or
corrosive. Obviously, such conditions are not
conducive to a high-quality end product. The
fact that on most sites we still manage to get
excellent piles is only a tribute to a dedicated
team that makes this feat possible: geotechnical
engineer, structural engineer, quantity surveyor,
contractor, site supervisor and quality control
laboratory. This is obviously a chain, the
strength of which is determined by the weakest
link [7].

A flaw is any deviation from the planned shape
and/or material of the pile. A comprehensive list
of events, each of which can lead to the
formation a flaw in a pile: use of concrete that is
too dry, water penetration into the borehole,
collapse in soft strata, falling of boring spoils
from the surface, tightly-spaced rebars etc.
Therefore, we have to face the fact that on any
given site some piles may exhibit flaws. Of
course, not all flaws are detrimental to the
performance of the pile. Only a flaw that,
because of either size or location, may detract
from the pile’s load carrying capacity or
durability is defined as a defect. The
geotechnical engineer and the structural
engineer are jointly responsible to decide which
flaw comprises a defect.

The two techniques currently dominating pile
integrity testing, namely the Low Strain Method
and Cross-Hole Sonic Logging, both utilize
sound waves (Amir et al 2009).

Low Strain Method.

The low strain (sonic) method for the integrity
testing of piles is aimed at routinely testing
complete piling sites. To perform this test, a
sensor (usually accelerometer) is pressed against
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the top of the pile while the pile is hit with a
small hand-held hammer. Output from the
sensor is analyzed and displayed by a suitable
computerized instrument, the results providing
meaningful information regarding both length
and integrity of the pile.

Figure 2. Pile Integrity Tester - PIT-QV.

The sonic test is fast and inexpensive, with less
than a minute needed to test a given pile.

2525, M Pile: 0522. 1473 WA 110
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Figure 3. Example of normally result graph
(“good” pile).

The surface vibrations are measured by means
of an accelerometer attached to the top of the
pile. Although the acceleration curve could be
interpreted directly, integration to velocity
generally enhances the record by bringing out
details otherwise overlooked. The pile top
acceleration signal, is therefore digitized and
stored in the PIT device memory, and it is
numerically integrated to produce a velocity

Volume 15, Issue 1, 2019

signal. It should be noted that v is a particle
velocity, i.e., the actual velocity of movement of
the pile top surface.

Az

*3)

Figure 4. Characteristics for a rod with a
reduced cross-section (A2=A1/2, A3=Al).

Wave Speed in Concrete.

The Impact wave speed in concrete depends on
the quality of the concrete and for in-situ casted
piles the curing time of the concrete. The wave
speed is used to determine the length of the pile
based on the return signal. An example of the
wave speed in concrete is shown below.

Table 1. Soil Properties Used in Analysis.

Concrete quality Impact(vns;a;s\;e speed
Bad <2.700
Acceptable 2.700-3.300
Good 3.300-3.800
Very good 3.800-4.000
Excellent 4.000-4.500
Unlikely Normal
Coné/itions >4.500

Interpretation results Low
Strain Method.

An assessment by this method can give a rapid
and accurate appraisal of pile integrity. An
integrity test will indicate when a pile should be
investigated further but it cannot give
information about any load carrying capacity of

the pile.

obtained by
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Interpretation of the results obtained must take
into account the specific pile circumstances, i.e.
construction technique and localized soil
conditions. An anomaly does not necessarily
indicate a deficiency in the pile, but would
certainly merit further investigation to establish
the cause of the anomaly. Full interpretation of
the signal responses must only be undertaken by
fully trained personnel.

For interpretation ten classes are distinguished:

Low Strain Testing Constraints.

The following items may often be detected:

* Pile length.

* Inclusions of foreign material with different
acoustic properties.

 Cracking perpendicular to the axis.

« Joints and staged concreting.

» Abrupt changes in cross section.

« Distinct changes in soil layers.

All physical measurements have limitations, and

low strain (sonic) test probably has more

limitations than any other test. For instance, the

sonic test will normally not detect the following

items:

 The toe reflection when the L/D ratio roughly
exceeds 20 (In hard soils) to 60 (In very soft
soils).

» Gradual changes in cross-section.

* Minor inclusions and changes in cross-
section.

« Impedance changes of small axial dimension.

» Small variations in length.

 Features located below either a fully-cracked
cross section or a major (1:2) change in
impedance.

* Debris at the toe.

» Deviations from the straight line and from
the vertical.

 Load-carrying capacity.

« The consistency of concrete cover.

» The length of reinforcement.

Cross-Hole Sonic Logging.

“Crosshole Sonic Logging” (CSL) is a testing
method for the determination of pile integrity in
accordance with relative change of such
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acoustic parameters as sonic time, frequency
and amplitude attenuation when actual measured
sound wave transmitted in the concrete media,
shooting and receiving sound waves among pre-
buried sonic-testing tubes of the pile (ASTM
D6760 — 08 (2008)).

TRANSMITTER

RECEIVER

Figure 5. Transmitter and Receiver Probes.

The Low Strain method belongs to the external
test-methods, as it accesses only the top of the
pile. Ultrasonic logging, on the other hand, is
intrusive and necessitates the prior installation
of access tubes (usually two or more) in the pile.

~ Figure 6. Installation of Access Tubes.

Before the test they have to be filled with water
(to obtain good coupling) and two probes are
lowered inside two of the tubes. One of these
probes is an emitter and the other a receiver of
ultrasonic pulses. Having been lowered to the
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bottom, the probes are then pulled
simultaneously upwards to produce an
ultrasonic logging profile. The transmitter
produces a series of acoustic waves in all
directions. Some of these waves do eventually

reach the receiver.

cable length

ultrasonic signals
on screen

power supply
of test probes

water filled !!!
access tubes

_ transmitter
receiver

concrete pile
shoe (cover)

horizental (cross hole) measurements or
bent ("Fan-shape”) measurements

Figure 7. Cross-Hole Sonig Logging — Principle.

The testing instrument then plots the travel time
between the tubes versus the depth. As long as
this time is fairly constant, it shows that there is
no change in concrete quality. A sudden
increase of the travel time at any depth may
indicate a flaw at this depth.

The number of access tubes cast in the pile
concrete is a function of the pile diameter, the
importance of the pile and, of course, economic
consideration. A good rule of thumb is to

specify one tube per each 30 cm of pile diameter.

Thus for a pile with a diameter of 1.2 m, four
tubes will normally do. For best effect, the tubes
should be equally spaced inside the spiral
reinforcement and rigidly attached to it by wire
or spot welding. Where tubes are extended
below the reinforcement cage, they have to be
stabilized by suitable steel hoops.

Volume 15, Issue 1, 2019

Cross-Hole Sonic Logging Results.

Usually the report includes presentation of

Cross-Hole Sonic logs for all tested tube pairs

including:

» Presentation of the traditional signal peak
diagram as a function of time plotted versus
depth.

« Computed initial pulse arrival time or pulse
wave speed versus depth.

« Computed relative pulse energy or amplitude
versus depth.

A Cross-Hole Sonic log will be presented for
each tube pair. Defect zones, if any, will be
indicated on the logs and their extent and
location discussed in the report text. Defect
zones are defined by an increase in arrival time
of more than 20 percent relative to the arrival
time in a nearby zone of good concrete,
indicating a slower pulse velocity.

Tomography by the data of Cross-Hole Sonic
Logging.

The same procedure, which is carried out in two
dimensions on a single profile, can be used in
three dimensions for the whole pile. In this case,
the pile is divided into elementary voxels, or
volume pixels, this process is usually called a
tomography.

Results of good”pi/e

——9 vt

Information about pile
VL_' and measurements

No significant
changes in
travel time and
energy curve
overthe depth

5. s s

Traveltime
Energy

Cegen (m
RTINS VSN PR T 1)
o —

Flgure 8 Typlcal UItrasonlc Profile.
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Results of a “good” pile

o)

/4
Figure 9. Horizontal cross-sections of pile in
PDI-TOMO software.

Tomography is a mathematical procedure that is
applied to Crosshole Sonic Logging (CSL) data,
providing the user with a visual image of a
shaft’s internal defects. The procedure involves
solving a system of equations based on First
Arrival Times (FAT) in order to calculate wave
speeds at various points within the shaft.
Tomography  wave  speeds  distributed
throughout the shaft are directly proportional to
density, indicating concrete quality. PDI-TOMO
is an extension of the CHA-W software
designed for superior tomographic analysis
results from CHAMP data with increased
efficiency for the user.

Results of “good” pile

L

[

Figure 10. Three-dimensional visualizatioh in
PDI-TOMO software.

PDI-TOMO software features:
» Provides a more precise location, shape and
size of defective areas within a shaft.
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+ Offers an intuitive visual identification of the
damaged areas and generates easily
comprehensible and professional outputs for
the consumer of the CSL reports.

* Provides a valuable add-on service for the
testing engineer.

Cross-Hole Sonic Testing Constraints

The Cross-Hole Sonic Test will normally detect

the following items:

+ Finds multiple defects, depth and quadrant.

* Finds “soft bottoms” if tubes go to bottom.

* Finds voids better than soil inclusions.

 Finds larger defects easier than small defects.

» Waterfall, FAT (First arrival time), & energy
all help find defect.

* Not sensitive to surrounding soils or pile
length.

The Cross-Hole Sonic Test will normally not

detect the following items:

 Cannot find diameter changes or bulges.

+ If too few tubes, can miss a defect.

 Can find defect on direct path.

+ Cannot find defect outside cage.

» Major diagonal defects more difficult to find.

* Need more than 4 tubes for 1500 mm pile
(recommend 6 tubes for shaft this size).

Comparison test results obtained by two
methods.

In 2017-2018 at the construction site of LRT in
Astana city, more than 1500 bored piles were
integrity tested by using two methods: 45 % by
Cross-Hole Sonic Logging and other 55 % by
Low Strait Test. Client gives a technical
assignment for integrity testing piles:

- if one foundation of the bridge consists of four
bored piles, then one pile is tested by Cross-
Hole Sonic Logging and other three piles tested
by Low Strait Test.

- if one foundation of the bridge consists of six
bored piles, then two pile is tested by Cross-
Hole Sonic Logging and other four piles tested
by Low Strait Test.

One of the tested pile PR16-2 contained a
serious defect of integrity.
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Figure 11. Two reflectograms of one bored “bad” pile PR16-2
obtained by Pile Integrity Tester - PIT-QV.

Pile Dynamics, Inc.
PILE2 PILE2 PILE2 PILE2 PILE2 PILE2
Tube Number=1-3 (F3,3) Tube Number=1-3 Q | Tube Number=2-3 (73,3) Tube Number=2-30 Tube Number=1-2 (F3,3) Tube Number=1-2@——>9
L=10,08,10,09m \ 9 |L=10,08,10,09m L=1003m e L=10,09m L=10,08,10,09m | L=10,08,10,09 m
Spacing=0,65 m e Spacing=0,82 m St Spacing=0,71 m s
13079007 16:22 zapf:':“fm"gfﬁf;‘ 3072017 16:25 ng:flgmoizfg 02017 16:11 i gg'a"::‘lgmc(g“r;’ o
h B 13.07.2017 16:22 B 13.07.2017 16:25 o 13.07.2017 16:11
| — Arrival (ms) [ Amival (ms) [— arival (ms) [ Arival (ms) | — Arrival (ms) Arrival {ms)
01 03 0,05 0,203 04 05 02 04 102030405 02 04 o1 0.2 0,3 04 0,5
i _ I e T [ S I T T T I I [ - [ R
°F = °f — o o7 - : UE = ==
~H ~H ] o~ NE
o) | @ « HL
e < g T ?£
G Eq £ EQ E E E
g S ] £ 1] £ 5
- 2 [ 3 g2 2 2
o o o o I o
Q I a M o o M Q E (=]
o+ oH ©o— o o
~H ~H ~ ~ ~
oH oH 0 \ o o
o) ;) o @ @ o
_D_ _Q_ — _0_777 o _O_ |_© L
R S— | T A MAMMDE
high  low high  low high  low
Energy (dB) — Energy (dB) — Energy (dB) —I
Pile Dynamics, Inc. 1/1
Cross-Hole Analyzer

Figure 12. Three Ultrasonic Profile of one pile PR16-2 (“bad” pile).

Volume 15, Issue 1, 2019 177



Askar Zhussupbekov, Yoshinori Iwasaki, Eun Chul Shin, Nurgul Shakirova

Eff. Areq=99%
Depth=8.48 m

Eff. Area=0% 8
Depth=8.12m

Eff. Areq=74%> Eff. Areq=0%
Depth=9.25m Depth=9.53 m

Figure 13. Horizontal cross-sections of pile
PR16-2 in PDI-TOMO software.

3

Eff. Area=32%
Depth=8.16m

Figure 14. Three-dimensional visualization
in PDI-TOMO software for bored pile PR16-2.

Analyzing the data obtained by Low Strain Test
(Fig. 11) we can say only that at the depth 8.5 m
this pile has crack and its cross-section is
decreasing.

Analyze the data of Cross-Hole Sonic Test can
show 3D location of cracks, approximately size
of cracks, effective cross-section of pile at any
depth. Cross-Hole Sonic Test provide more
useful information about integrity and allows
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the engineer to evaluate the seriousness of the
problem and the possibility of using this pile in
foundation.

CONCLUSIONS

At the final consideration on results of CSL
testing presented following concluding remarks:
the defects are had different issues as well as
low quality of concrete (strength is not reach to
the project), non-observance of the work of
production technology or soil ingress into the
concrete pouring into the drilling shaft. Also big
influence was affected the soil condition of
construction site. The Cross-hole logging testing
is most accurately and quality for field
observation of deep pile foundations. Since
resolution is strongly dependent on the wave
length, the cross-hole method enables us to
detect much smaller flaws with high accuracy.
The Pile Integrity Tester (PIT) is an instrument
for integrity testing of foundations by low-strain
surface-impact methods. The Low Strain test is
a powerful quality-control tool, not so expensive
and need about one minute for application but
we must never forget that it is not omnipotent.
Since the sonic method is based on the use of
stress-waves, it can identify only those pile
attributes that influence wave propagation and
have a fairly large size. Data collected by the
PIT can and should be further analyzed using
the PIT-W software for a more thorough data
interpretation and report quality output.
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