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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>KAYHAPOAHBII >KyPHAA II0 PACYETY IPAXKAAHCKHUX U CTPOUTEABHBIX KOHCTPYKITHIL)

MesknyHapoanblii HayuHblil kypHaa “International Journal for Computational Civil
and Structural Engineering (Me:K1yHapOIHbIH KypHAJI 110 pacyeTy rpakIaHCKUX U CTPOUTEJIb-
HbIX KoOHcTpykumii)” (IJCCSE) sBisiercss BeAyllMM HAayYHbIM IE€PUOAWYECKUM H3JaHHUEM IIO
HanpasieHuio «HKeHepHbIe U TEXHUUYECKHE HayK», h3aaBaeMbIM, HauuHas ¢ 1999 roma (ISSN
2588-0195 (Online); ISSN 2587-9618 (Print) Continues ISSN 1524-5845). B »xypHajie Ha BBICOKOM
HAY4YHO-TEXHUYECKOM YPOBHE pPacCMaTpHUBAIOTCS MPOOJIEMbl UUCIEHHOIO U KOMIIBIOTEPHOTO MOJIEIIH-
pOBaHUS B CTPOUTENILCTBE, aKTyaJIbHbIE BOIPOCHI pa3pabOTKH, HUCCIE0BaHUs, pa3BUTHs, BepupuKa-
UM, anpoOaluu M TNPUIOKEHUHA YHMCIEHHbBIX, YMCICHHO-aHAIUTHUYECKUX METO/OB, MPOrpaMMHO-
AIITOPUTMUYECKOTO OOECIICUCHHSI W BBITIOIHEHUS! aBTOMATU3UPOBAHHOTO TMPOSKTHPOBAHMUS, MOHHUTO-
PHHIa U KOMIUIEKCHOTO HAYKOEMKOI'O PacueTHO-TEOPETUYECKOr0 M SKCIEPUMEHTAIILHOIO 000CHOBA-
HUSI HANIPSDKEHHO-1e()OPMHUPOBAHHOTO (M HHOTO) COCTOSHHSL, TIPOYHOCTH, YCTOHYMUBOCTH, HA/ICKHOCTH
1 0€30I1aCHOCTH OTBETCTBEHHBIX OOBEKTOB IPAXIAHCKOTO M MPOMBIIUIEHHOTO CTPOUTENBCTBA, SHEP-
T€TUKH, MAIMHOCTPOCHHUS, TPAHCIIOPTA, OMOTEXHOJIOTUH 1 IPYTUX BHICOKOTEXHOJIOTUIHBIX OTPACIIEH.

B penakunoHHbIM cOBeT KypHaia BXOIAT U3BECTHbIE POCCUICKHE U 3apyOexkKHbIe AeaTeNn
HAYKU U TEXHHUKH (B TOM YHCJIC aKaJeMUKH, YICHBI-KOPPECIIOHICHThI, MHOCTPAHHbIC YWICHBI, T10-
YeTHbIE WIEHbl U COBETHUKHU Poccuiickoil akaieMuu apXUTEKTypbl U CTPOUTENbHBIX HayK). OCHOB-
HOM KpuTepuil ordopa craret Juist MyOJUKalUY B )KypHaJle — UX BBICOKHI Hay4YHbIH ypOBEHb, COOT-
BETCTBHE KOTOPOMY ONpPEAEISACTCA B X0JI€ BBICOKOKBAJIM(UIIMPOBAHHOTO PELICH3UPOBAHUSA U 00b-
€KTUBHOM 3KCIEPTU3bI, TOCTYNAIOUINX B PEIAaKIIMIO MATEPHAIOB.

Kypnan exooum ¢ Ilepeuenv BAK P® geoywux peyensupyemvix HayuHvlx U30aHui, 8 Komo-
DpbIX 00MICHbL OblMb ONYOIUKOBAHBL OCHOBHBIE HAYUHbIE PE3VIbmambvl OUCCEPMAYUN HA COUCKAHUE
VUeHoU cmenenu KaHouoama Hayx, Ha COUCKAHUe Y4eHol cmenenu 0OKmopa HayK 10 OTPacisiM HAyKu

e 01.00.00 ®uzuko-maTeMaTHYECKUE HAYKH;

e 05.00.00 TexHuueckue HayKu
U TpynIaM CIenHuaIbHOCTEN

e (1.02.00 Mexanuka

e 05.13.00 Madopmartuka, BBIYUCIUTENbHAS TEXHUKA U YIIPABICHHUE

e 05.23.00 CTpouTENBCTBO U APXUTEKTYpA.

B Poccuiickoi denepanun xypHalI HHAEKCUPYeETCsa POCCUIICKMM MHAEKCOM HAay4YHOI'O IU-
tupoBanus (PUHLY).

XKyprnan exooum 6 6aszy oannwvix Russian Science Citation Index (RSCI), noninocmoio unme-
epuposannyio ¢ naamegopmou Web of Science. XXypHan umeer Mex1yHapOIHBIN CTaTyC U BBICBIIA-
eTcsl B Belylre OMOIMOTEKH U HaydyHble OpraHu3aluy MUpa.

H3partenn xkypHanaa — HMzoamenvcmeo Accoyuayuu cmpoumenbHbix 8bICUUX YYEOHbIX 3a-
seoenuii /ACB/ (Poccust, r. MockBa) u 10 2017 roga Mzoamenvckuii oom Begell House Inc. (CILA,
r. Heto-Mopk). OduuuansHeIMU TapTHEPAMH M3JaHUs ABIseTcs Poccuiickas akademus apXxumex-
mypol u cmpoumenvhvix Hayk (PAACH), ocyliecTBIsOMas HAyYHOE KypUPOBAHUE HU3IAHUS, W
Hayuno-uccreoosamenvcruii yeump Cma/[uO (3A0 HULL Cta/luO).

esn KypHaaa — IeMOHCTPUPOBATh B IYOJMKALMIX POCCHICKOMY U MEXIyHAPOAHOMY
npodeccnoHaTbHOMY COOOIIECTBY HOBEHIINE JOCTUKEHHSI HAYKU B 00JIACTU BBIYMCIUTENIBHBIX Me-
TOJIOB pelieHus (pyHIaMEeHTaJIbHBIX U MPHUKIAJHBIX TEXHUYECKUX 3ajad, MPeKe BCEero B 00jIacTu
CTPOUTENHCTBA.

Volume 14, Issue 4, 2018 7



International Journal for Computational Civil and Structural Engineering

3agaum xxypHana:

° IIpeaOCTaBJIICHUC pOCCHﬁCKHM u SaPY6e)KHBIM Y4Y€HBIM U CII€HAIMCTaM BO3MOXHO-
CTH HY6J'II/IKOBaTB PE3YyIbTaThl CBOUX HCCHeﬂOBaHHﬁ;
L4 IMPUBJICYCHUC BHUMAHUA K HauoOoce AKTYAJIbHBIM, MCPCIICKTUBHBIM, IIPOPLIBHBIM U

WHTEPECHBIM HANPABICHUSM PA3BUTHS W TMPWIOKCHUNM YHUCICHHBIX W YUCIICHHO-aHAIMTUYCCKIX
METOIOB pelieHUus (DYHIAaMEHTAIBHBIX W TPUKIATHBIX TEXHUYCCKHX 3a/1ady, COBEPIICHCTBOBAHUS
TEXHOJIOTUH MaTeMaTHYECKOr0, KOMITBIOTEPHOT'O MOJICIIMPOBAHMSL, pPa3padOTKU U BepUPHUKAIIH pe-
AITM3YIOIIETO MPOTrPAMMHO-UITOPHTMUYECKOTO 00ECIICUCHUS;

o obecrieyeHre oOMeHa MHEHHUSMHU MEX[Y HCCIEIOBATENISIMU U3 Pa3HBIX PETHOHOB H
rOCyJapcCTB.

TemaTuka kypHaja. K paccMoTpeHHO U MyOJIMKaIMK B )KypHajIe TPUHUMAIOTCS aHaJIu-
TUYECKHE MaTepHaJIbl, HAYYHBIE CTaThU, 0030PbI, PEIICH3UN U OT3BIBBI HA HAyYHBIE MyOIMKALINU IO
(dyHIaMEHTAJILHBIM U MPUKIIAJIHBIM BOIIPOCAM TEXHUYECKHX HAYK, IPEXkJIe BCEro B 00J1aCTH CTPOU-
TeNbCTBA. B )KypHaie Takke MyOIuKyrTCs HH(OPMAIIMOHHBIE MaTePHAaJIbl, OCBEIIAIOIINE HAYIHBIC
MEpOTIPUSTHSI U TIEPEIOBbIC JAOCTIKEHHsSI POCCHIICKON akaJeMUM apXUTEKTYPbl M CTPOUTEIbHBIX
HayK, HAy9HO-00pa30BaTeIbHBIX U MPOCKTHO-KOHCTPYKTOPCKUX OpraHU3alui.

Tematuka cTaTeil, PUHUMAEMBIX K TyOJIMKAIIUH B )KypHAJIE, COOTBETCTBYET €r0 HA3BAHUIO
Y OXBAaTBIBACT HAIIPABIICHHUS HAYYHBIX UCCIICIOBAHUI B 00JIaCTH pa3paboOTKH, UCCIEIOBAHUS U TIPH-
JIOXKCHHUW YMCJICHHBIX U YMCIICHHO-aHAIMTHYECKUX METOOB, MPOIPAMMHOI0 00ECIICUCHUs, TEXHO-
JIOTHI KOMITBIOTEPHOTO MOJICTMPOBAHUS B PEIICHUH MTPUKJIAAHBIX 3324 B 00JIaCTH CTPOUTEIHCTBA,
a TaK)Ke COOTBETCTBYIOIIHME NMPO(UIbHBIC CICIUATBHOCTH, MPEICTABICHHBIC B JIUCCEPTAIIMOHHBIX
coBeTax NPOQIILHBIX 00Pa30BATEIBHBIX OPTaHU3AIMAX BBICIIEI0 0Opa30BaHMS.

Penaxkuuonnas monuruka. [lonurruka peakiimOHHOW KOJUICTHH JKypHaJla Oa3upyercs Ha
COBPEMEHHBIX IOPUINYECKUX TPEOOBAHUSAX B OTHOIIEHWH aBTOPCKOTO MpaBa, 3aKOHHOCTH, TUIarna-
Ta U KJIEBETHI, U3TIOKEHHBIX B 3aKoHOoMaTenbcTBe Poccuiickoit denepaiinu, U STUYECKUX MPUHITU-
nax, MOAIeP’KUBAEMBIX COOOIIECTBOM BEIYIINX M3AaTeNel HAYIHOU MEPUOTUKH.

3a nybauxayuro cmameii niama ¢ agmopog He é3vimaemcsi. Ilyonukayus cmameti 8 xHcyp-
Hane becniamuas. Ha miaTHOW OCHOBE B KypHajie MOTYT OBITh OMyOJIWKOBAHBI MaTEpHaNbl pe-
KJIAaMHOTO XapakTepa, MMEIOIKe IPSIMOE OTHOIIIEHUE K TEMAaTHKE KypHaa.

XKypHan mpenocTaBisieT HEMOCPEICTBEHHBIA OTKPBITHIM JOCTYII K CBOEMY KOHTEHTY, HC-
X0l U3 CIEAYIOUIEro MPHUHIIMIA: CBOOOIHBIM OTKPBITHIM JOCTYN K pe3yibTaTaM HCCIEIOBAaHUMN
CIOCOOCTBYET YBEJIIMUEHUIO TJI00AILHOTO 0OMEHa 3HAHUSIMH.

HNupexcupoBanue. [Iyonukanuu B KypHalie BXOAAT B CHCTEMbI PaCUETOB MHJECKCOB IIH-
TUPOBAHMSI aBTOPOB M >KypHAJIOB. «MHIEKC UTUPOBAHUS» — YHCIOBOM TOKa3aTeNb, XapakTepu-
3YIOUINI 3HAYMMOCTh JAHHOW CTaTbU W BBIYUCISIONIMIICS HA OCHOBE MOCIEAYIOIMINUX MyOIUKAIIHA,
CCBUIAIONINXCS HAa JAHHYIO paboTy.

ABTopam. [Ipexie yem HampaBUThH CTAThIO B PEIAKIIMIO )KYpHAJa, aBTOpaM ClIelyeT 03Ha-
KOMHTBCS CO BCEMH MaTepHallaMH, Pa3MEIICHHBIMH B pa3/ielax caiTa XypHajia (MHTepHET-CaiT
Poccuiickoii akaieMun apXUTEKTYpbl U cTpouTeNbHbIX Hayk (http://raasn.ru); mompasznen «13nanus
PAACH» wnn unrepuer-caiit Usnarenscrea ACB (http://iasv.ru); noapasaen «XKypuaia IJCCSE»):
C OCHOBHOUW MH(OpMAIUE 0 KypHaje, ero IeNsIMH U 3aJadaMi, COCTaBOM PEIAKIIMOHHOMN KOJuIe-
THH ¥ PEIaKIIMOHHOTO COBETA, PENaKIIMOHHOMN MOIUTHKOMN, MOPSIKOM PEIEH3UPOBAHMS HAIPABIIS-
€MBIX B JKypHaJ CTaTel, CBEIEHUSIMU O COOTIOACHUH PEIAKIIMOHHON dTHKH, O TIOJUTHKE aBTOPCKO-
ro TpaBa M JIMIICH3UPOBAHUS, O MPEJICTABICHUN KypHaita B WH()OPMAIIMOHHBIX CUCTeMaX (MHJICK-
CUpPOBaHUM), HHPOPMAIHEH 0 TOINUCKE Ha KypHaI, KOHTAKTHBIMU JaHHBIMU U TIp. JKypHan pado-
taet no simien3un Creative Commons Tuma cc by-nc-sa (Attribution Non-Commercial Share Alike)
— JIunensus «C ykazanuem aBTopcTBa — Hekommepueckas — Konunedy.
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Penen3upoBanne. Bce HayuHbIe CTaThu, MOCTYNHBIIUE B PEJAKIUIO KypHAJIA, TPOXOIST
o0s13aTeNIbHOE ABOMHOE CJIeTNOoe peleH3UpoBaHue (PELeH3eHT He 3HAeT aBTOPOB PYKOIIUMCH, aBTOPbI
PYKOIIMCH HE 3HAIO PELIEH3EHTOB).

3auMcTBOBaHMA M IUIaruat. PenakunonHast Koyuierus xypHaiia Mpyu pacCMOTPEHHUH CTa-
ThU TPOBOAMT NPOBEPKY MaTepuaia ¢ MOMOLIbI0 CHCTEMBI «AHTHILIaruaT». B ciydae oOHapyxe-
HUSI MHOTOYHCJIEHHBIX 3aMMCTBOBAaHUN peaKlIMs IeUCTBYeT B cooTBeTCTBUU ¢ npaBuiamu COPE.

Hoanucka. JXypnan 3apeructpupoBad B @efepaJlbHOM areHTCTBE 10 CPEICTBAM MaccCo-
BOM MH(OPMAIIMK M OXPaHbI KyJIbTypHOTO Hacieaus Poccuiickort deneparuu. MHaekc B oomepoc-
cutickoM katasiore POCIIEYATD — 18076.

ITo Bompocam MOANUCKH HAa MEXKIYHApOIHBIM HAay4HbIN xypHau “International Journal for
Computational Civil and Structural Engineering (MexyHapoaHBIH KypHaJ [0 pacdeTy rpaxkIaH-
CKUX U CTPOMTENBHBIX KOHCTPYKIHMIA)”’ oOpamaiitech B AreHtcTBo «Pocmneuats» (OduiuanbHblil
caiit B cetn MHTepHET: http://Www.rosp.ru/) uim B U31aTeIbCTBO ACCOIMAIIUU CTPOUTEIHHBIX BY-
30B (ACB) B COOTBETCTBUU CO CIEAYIOIIUMUA KOHTAKTHBIMU JAHHBIMU:

000 «H30amenvcmeo ACB»

KOpunnueckwmii anpec: 129337, Poccus, r. Mocksa, SIpociaBckoe 1., a. 26, opuc 705;

®daktuueckuit aapec: 129337, Poccust, r. Mocksa, Spocnasckoe 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. AJipec 3J1eKTpOHHOM MOYTHI: 1asv(@iasv.ru.

KontakTHas undopmanus. [To Bcem Bormpocam paboThl peIakiiuy, pereH3upOBaHUs, CO-
TJIACOBAHMS MPAaBKU TEKCTOB W MyOJIMKAIlMU CTaTeil cieqyeT oOpamaThCs K TIaBHOMY PEIaKTOPY
XypHana wieny-koppecnonaenty PAACH Cuooposy Braoumupy Huxonaesuuy (aapeca 3aeKTpOH-
Hoii moutsl: sidorov.vladimir@gmail.com, sidorov@iasv.ru, iasv@iasv.ru, sidorov@raasn.ru) wim
TEXHUYECKOMY penakTopy xypHana coBeTHUKY PAACH Katimykosy Tatimypaszy bampasosuuy (an-
peca anekTpoHHO# nouthl: tkaytukov@gmail.com; Kaytukov@raasn.ru). Kpome toro, mo ykasaH-
HBIM BONPOCAM, a TaKXKe IO BOMPOCAM pa3MEIICHHUs B JKypHaJIE PEKIIAMHBIX MAaT€pPHaJiOB MOKHO
obpamiarecs kK reHepasibHoMy aupekropy OOO «M3narensctBo ACB» Huxkumunoti Haoescoe Cep-
2eesHe (ampeca dJICKTPOHHOM MOUTHI: iasv(@iasv.ru, nsnikitina@mail.ru, ijccse@iasv.ru).

Kypnau cranoButcst TexHosornunee. MznarensctBo ACB ¢ centsiops 2016 rona sBis-
eTcs wieHOoM MeXayHapoaHOW accoumuanuu u3zgareneid HayuHou suteparypsl (Publishers
International Linking Association (PILA)), ocyIiecTBIsOIIEH CBOIO IeSITEIbHOCTh Ha TIaTdopme
CrossRef. OpurnHaJIbHBIM CTaThsIM, MyOJIMKYEMBIM B J)KypHaJe, OyAyT MPUCBAUBATHCS YHUKAJIbHbIC
HoMepa (nHzekcel DOI — Digital Object Identifier), 4To 3HaUNTETHHO OOIETYUT MOUCK METAJaHHBIX
1 MECTOHAXOXJACHHE MOJIHOTEKCTOBOrO npousseaeHus. DOI — 3To cuctema onpeneneHus: HAy4HOTro
KOHTEHTa B ceTh IHTepHeT.

C okTs6ps 2016 roga cran BO3MOXKEH MPHEM CTaTel Ha pacCCMOTPEHUE U PELEH3UPOBaHHE
yepe3 OHJIaiH cucTeMy npuema crateir Open Journal Systems Ha caiite xypHana (3J€KTpOHHAS pe-
nakius): http://ijccse.iasv.ru/index.php/IJCCSE.

ABTOp MMEET BO3MOXXHOCTh CJIETUTHh 32 MPOJBM)KEHUEM CTaTbU B PENAKIMU JKypHaJa B
muuHoM kabunete Open Journal Systems u monydaTh COOTBETCTBYIOIIME YBEIOMIICHHS IO dJEK-
TPOHHOM IOYTE.

B depane 2018 rona xypHan Obu1 3apeructpuponan B Directory of open access journals
(DOAJ) (3T0 OMH M3 caMbIX W3BECTHBIX MOMCKOBBIX CEPBHUCOB B MHpPE, KOTOPBIH MPEIOCTABIAET
OTKPBITBIN IOCTYI K MaTepuaiaM U MHJEKCUPYET He TOJLKO 3arojOBKH >KypHAJIOB, HO U Hay4YHbIE
ctatbu), B ceHTs10pe 2018 rona BkitoueH B npoayktsl EBSCO Publishing.
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Abstract: Currently, in all building codes, the diagrams of dynamics coefficient are limited to a maximum natu-
ral oscillation period of 1.8 s. However, this range is clearly not enough for the calculation of constructions of
high-rise structures with characteristic basic periods of about 4-5 s and more. This article analyzes the available
seismological data presented in the Center for Engineering Strong Motion Data (CESMD) database. The spectra
of Tohoku earthquakes (Tohoku earthquake, Japan, March 11, 2011) and Emberley (New Zealand Earthquake,
New Zealand, November 13, 2016) were studied, and dynamic factors for periods of natural oscillations of struc-
tures 4-5 s are calculated. The results of the study allow to establish reasonable values of dynamic coefficients in
the field of high periods.

Keywords: dynamic analysis, seismic analysis, long-period seismic action, amplification factor,
accelerograms, tall buildings

JIVWHHONEPUOJHBIE CEHCMUYECKHUE BO3JAENCTBUS
W UX BJUSIHUE HA TPOYHOCTh KOHCTPYKLUI
BBICOTHBIX 3JJAHU
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AHHoTanusi: B HacTosiiee BpeMsi BO BCeX CTPOUTENBHBIX HOPMAaX AMarpaMMbl KOG UIHEHTOB TUHAMHUYHOCTH
OrpaHUYCHBl MAKCUMAJIBHBIM MIEPHOJIOM COOCTBEHHBIX KosieOaHuil coopyxenuil B 1.8 ¢. OmHako Takoro auana-
30HA SBHO HEJOCTATOYHO JUIS pacyeTa KOHCTPYKLHIA BBICOTHBIX COOPYKEHHH C XapaKTePHBIMH OCHOBHBIMH CO0-
CTBEHHBIMH MepHOIaMH TIopsika 4-5 ¢ u Gonee. B HacTosimiell craThbe NMpoaHATM3UPOBaHbI JOCTYIHBIE ceiicMO-
JIOTMYECKUE NaHHbIe, IpeacTaBieHHble B 0aze manHHbix Center for Engineering Strong Motion Data (CESMD).
HUccemoBansl criekTphl 3emietpsicennit Toxoky (Tohoku earthquake, Simowus, 11 mapra 2011 r.) 1 DMmGepiu
(Amberley New Zealand Earthquake, Hosast 3enanaus, 13 HostOpst 2016), paccunTtanbl Ko3(hGHIUEHTH IUHA-
MUYHOCTH JJIsl TIEPHO/IOB COOCTBEHHBIX KOJIEOAaHUH coopyxeHuil 4-5 c¢. Pe3ymbTaTsl MccleIOBaHUS TOMOTYT
YCTaHOBHUTH 0OOCHOBAaHHBIE 3HAYCHNS AMHAMIYECKUX K03(D(HUIIMEHTOB B 00J1aCTH BBICOKHX ITEPHO/IOB.
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Long-Period Seismic Effects and Their Influence on the Structural Strength of High-Rise Buildings

The authors of the National Building Code of
Russian Federation SP 267.1325800.2016 [1]
faced the following problem: in all the actual
building standards governing seismic calcula-
tions [1-3], the diagrams of dynamic coeffi-
cients are limited to a maximum period of natu-
ral oscillations of structures of 1.8 s. This re-
striction made us seriously think about extend-
ing the diagram of the values of the dynamic
coefficient to the region of periods that are more
characteristic for high-rise buildings - about 4-5
s [4]. In this article authors attempts to analyze
the available seismological data and find out
what values the dynamic coefficient takes in the
field of high periods of natural oscillations of
structures.

Long-period seismic vibrations of the soil usual-
ly occur in the far zone of impact, remote from
the epicenter for hundreds kilometers. For the
long-period impacts, the dominant periods of
the order about 2-5 s and more (0.2-0.5 Hz) are
characteristic. It may cause resonances in such
structures as high-rise buildings, telecommuni-
cation towers, long-span suspended and cable-
stayed bridges, seismic-insulated structures with
artificially reduced natural frequencies. Long-
period movements of high-rise buildings were
observed repeatedly, during large-scale earth-
quakes in the far zone; it examples can be found
in papers [5-7]. Among the most significant it
was the following: the July 7, 1952 earthquake
in Los Angeles, USA (Kern County earthquake,
hypocentral distance about 100-150 km (by the
authors of the source material definition), M
7.3); March 28, 1970 in western Turkey (Gediz
earthquake, hypocentral distance 135 km, M
7.1); September 19, 1985 Michoacan, Mexico
(Michoacan, Mexico earthquake, hypocentral
distance about 400 km, M 8.0); March 11, 2011
in Tokyo, Japan (Tohoku earthquake, hypocen-
tral distance about 370 km, M9).

Using the example of the Tohoku earthquake, it
is possible to analyze how the intensity and im-
pacts’ spectrum change with increasing of dis-
tance from the epicenter. In figures 1 and 2, the
records from seismic stations of the Japanese
network Kyoshin Net (KNET) MYGO11l in
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Oshika at a hypocentral distance of 81.3 km and
TKYO017 in Tokyo at a hypocentral distance of
373 km (records of seismic stations can be
found on the Center for Engineering Strong Mo-
tion Data website, CESMD, http : //cesmd.org)
are shown. Parameters of seismic impact inten-
sity are presented in table 1, that includes the
maximum values of accelerations in each direc-
tion and the maximum values of the magnitude
of the acceleration vector of seismic impact. In
figures 3 and 4, the graphs of the dynamic coef-
ficients for both impacts at 5% damping are
constructed using the Odyssey software (devel-
oped by Company “Eurosoft”) that allows pro-
cess accelerograms of earthquakes and obtain
the design parameters of seismic impacts [9-11].
In figures 5 and 6 the modules of corresponding
acceleration vectors are shown. The direction of
NS in table 1 and in figures 1-4 correspond to
the original direction "0", EW - "90", Z — "Up".
Obviously, that with an increase of the hypocen-
tral distance, the intensity of the impact de-
creases, and the spectrum shifts noticeably to-
wards longer periods — in the zone of 4-5 sec-
onds, the dynamic coefficient increases from 0.2
to 0.65-0.5. According to the table 1 and figures
3 and 4, the following estimation can be provid-
ed: let us consider, that the fundamental natural
period of the construction T1 = 5 s, the follow-
ing dynamic coefficient p and intensity coeffi-

cient |1 (maximum values of acceleration vector
modulus of a soil) for earthquakes in Oshika
and Tokyo are obtained:

BOSh (Tl) =0.15, IOsh =9.39 M/Cz,
Briy (T,)=05, Iy =2.24 M/c?.

Then, at ratio of the intensities
IOsh/ ITky =9.39/2.24=4.20,

the internal forces for the first mode of oscilla-
tions for the two impacts are related as

losnBosn (Ty )/ ( iy Briy (Tl)) =
=4.20-0.15/0.50=1.26.
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Figure 1. Accelerograms of Tohoku earthquake
(station MYGO011, Oshika, hypocentral distance 81.3 km).
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Figure 2. Accelerograms of Tohoku Earthquake
(TKYO017 station, Tokyo, hypocentral distance 373 km).
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Figure 3. Dynamic coefficients of the Tohoku earthquake
(station MYGO11, Oshika, hypocentral distance 81.3 km).
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Figure 4. Dynamic factors of the Tohoku earthquake
(TKYO017 station, Tokyo, hypocentral distance 373 km).
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Table 1. Tohoku Earthquake intensity at stations
MYGO011 — Oshika and TKY017 — Tokyo.

Maximum acceleration, m/s°®
Station NS EW Z Modulus
MYGO011 9.21 6.88 2.54 9.39
TKYO017 2.19 1.58 0.82 2.24
. 44 Tohoku-Oshika - Mogyns eexropa yekop nocty o ¢ War2 |T|Fu ‘
mic2 Tohoku-Oshika - Moayn BEKTORE YCKOPEHMA NOCTYNATENBHOND ABHREHHR
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Figure 5. Seismic impact modulus (station MYGO011, Oshika).
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Figure 6. Seismic impact modulus (station TKYO017, Tokyo).

Thus, although the intensity in the far zone falls
more than 4 times, the internal forces (calculat-
ed by the linear spectral method) corresponding
to the near zone are higher than the forces for
the far zone about only 26%.

To obtain an averaged reasonable estimation of
the dynamic cofficient for long-term impacts, it
is required to analyze the spectrums of real
earthquakes in the region of large periods for
tens and hundreds of similar records. As a first

20

step to this work, we consider the Emberley
earthquake (New Zealand, November 13, 2016,
M7.8 Emberley New Zealand Earthquake of 13
Nov 2016), presented in the CESMD database
with instrumental records from 83 seismic sta-
tions. On the CESMD website, it can be found
ready-made Emberley acceleration spectrums
with a range of natural periods of up to 4 s and
5% damping (Fig. 7).
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Site: Ngawi Fire Station 20161113_110256_NWFS_20
Event: 5§ km south—west of Waiau 20168 November 13, 11:02:56 UT Dist 220km Depth 15km M 7.53
Band-pass filter transition bands are .10-.25 Hz and 24.50-25.50 Hz

Component NOOE Acceleration response spectrum. Damping value: 5 percent of critical
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Figure 7. Spectrum of horizontal acceleration of Emberley earthquake

in the CESMD database.
Table 2. Emberley Seismic Impact Parameters in the zone of 200-300 km from the epicenter
(http://cesmd.org).
No | Station, code Epicentral Direction | DCmax | PGA, Sa DC
distance (km) (Max. | m/s® | atT=4s, | atT=4s
and magnitude Spectral m/s’
Ratio)
1 2 3 4 5 6 7 8
1. | Harihari Fire 209 km Horl 35 0.161 0.075 0.466
Station, HAFS M7.53 Hor2 4.1 0.213 0.090 0.423
UP 4.3 0.062 0.075 1.210
2. | Wellington, 214.8 Horl 3.3 1.202 0.400 0.333
WEL M7.53 Hor2 3.7 1.455 0.450 0.310
UP 3.6 0.669 0.400 0.600
3. | Wellington Te 214.8 Horl 5.3 0.936 0.300 0.321
Papa Museum, M7.53 Hor2 5.1 1.593 0.450 0.282
TEPS UP 3.1 0.446 0.300 0.673
4. | Wellington 216.2 Horl 35 1.321 0.450 0.341
Emergency M7.53 Hor2 3.2 1.478 0.45 0.304
Management UP 3.2 0.547 0.30 0.548
Office, WEMS
5. | Makara Bunker, 216.2 Horl 3.1 0.911 0.50 0.549
MKBS M7.53 Hor2 3.7 0.618 0.20 0.324
UP 3.1 0.395 0.20 0.506
6. | Wellington 216.4 Horl 3.9 0.795 0.25 0.314
Pottery M?7.53 Hor2 3.6 0.638 0.25 0.392
Association, UP 2.5 0.371 0.25 0.674
POTS
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1 2 3 4 5 6 7 8
7. | Quartz Range, 216.6 Horl 34 0.158 0.125 0.791
QRZ M7.53 Hor2 3.6 0.188 0.125 0.665
UP 3.2 0.127 0.100 0.787
8. | Aotea Quay 217.4 Horl 4.0 2.094 0.8 0.382
Pipitea, PIPS M?7.82 Hor2 3.0 2.710 0.5 0.185
UP 3.0 0.845 0.3 0.355
9. | Ngawi Fire 220.7 Horl 3.8 0.137 0.15 1.095
Station, NWFS M7.53 Hor2 3.3 0.190 0.11 Figure 7

UP 2.8 0.079 0.10 0.579
1.266
10. | Newlands, 222.3 Horl 2.6 0.950 0.505 0.526
NEWS M7.82 Hor2 3.6 0.569 0.400 0.703
UP 2.9 0.538 0.125 0.233
11. | Petone 225.0 Horl 3.3 0.706 0.300 0.425
Overbridge/ M7.53 Hor2 3.4 0.743 0.250 0.336
PTOS UP 2.6 0.359 0.125 0.348
12. | Petone Victoria 225.7 Horl 2.9 1.900 0.500 0.263
Street, PVCS M7.53 Hor2 3.5 1.211 0.500 0.413
UP 3.2 0.506 0.200 0.395
13. | Petone 225.9 Horl 4.0 1.301 0.500 0.384
Municipal M7.82 Hor2 4.2 1.370 0.500 0.365
Building, PGMS UP 3.7 0.404 0.200 0.495
14. | Whataroa Fire 227.3 Horl 4.5 0.136 0.080 0.588
Station, WHFS M7.53 Hor2 3.8 0.112 0.060 0.536
UP 4.3 0.066 0.030 0.455
15. | Lower Hutt 228.5 Horl 3.0 0.699 0.125 0.179
Normandale, M7.82 Hor2 3.9 0.633 0.400 0.632
LHRS UP 2.5 0.361 0.125 0.346
16. | Lower Hutt 229.1 Horl 3.3 0.987 0.250 0.253
Normandale, M7.82 Hor2 3.3 0.637 0.375 0.589
LHBS UP 3.6 0.348 0.200 0.575
17. | Lower Hutt St 229.7 Horl 3.9 1.685 0.450 0.267
Orans College, M7.82 Hor2 4.5 1.252 0.500 0.400
SOCS UP 3.4 0.617 0.100 0.162
18. | Fairfield, FAIS 230.7 Horl 3.7 0.827 0.450 0.544
M7.53 Hor2 3.3 0.823 0.400 0.486
UP 3.1 0.349 0.200 0.573
19. | Foxton Beach 311.0 Horl 3.2 0.952 0.600 0.630
School, FXBS M7.82 Hor2 3.2 0.860 0.800 0.930
UP 4.5 0.285 0.400 1.404
20. | Paraparaumu 259.4 Horl 3.6 0.860 0.500 0.581
Primary School, M7.53 Hor2 4.4 0.915 0.250 0.273
PAPS UP 4.1 0.393 0.125 0.318
21. | Te Horo House, 274.9 Horl 4.6 0.939 0.500 0.532
THOB M7.53 Hor2 3.6 1.042 0.800 0.768
UP 4.4 0.257 0.100 0.389
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Average 0,465; Standard 0,210
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Figure 8. Dynamic coefficients of the Emberley earthquake
when moving propagates in a horizontal direction 1.

Average 0,471; Standard 0,190
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Figure 9. Dynamic coefficients of the Emberley earthquake
when moving propagates in the horizontal direction 2.
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Figure 10. Dynamic coefficients of the Emberley earthquake
when moving propagates vertically.

Let us consider the recordings from stations
with epicentral distances (these definitions are
taken from the initial data) from 200 to 300 km
(41 stations in total) to record precisely the
long-period seismic movement. Using the rec-
ords from 41 stations, we have selected only
those, the dynamic coefficient for horizontal-
motion of which at least for one direction ex-
ceeds 0.3 for the period T =4 s. It is turned out
that there are only 21 seismic stations with such
recording parameters. Table 2 contains the fol-
lowing data from 21 seismic stations: the name
of the seismic station with its code, epicenter
distance and magnitude; for each station, the
values of maximum dynamic coefficients (Max
Spectral Ratio) for two horizontal and vertical
directions, peak ground accelerations (PGA),
spectral acceleration Sa and dynamic coefficient
at T = 4 s, that equals to the ratio of Sa and PGA
are presented. The obtained dynamic coefficient
values are shown in Figures 8-10, there the av-
erage values of dynamic coefficients and it
standards are given too.

Analysis of the records of the Emberley earth-
quake using data from 41 far-zone seismic sta-
tions showed that at the half of the all cases, the

values of dynamic coefficients of horizontal
movement at a period of natural oscillations of
structures equal to 4 s exceed 0.3, while the av-
erage DC values are about 0.465-0.471 ( figures
8, 9), and the maximum values of DC can reach
1 or more. Investigations in the evaluation of
dynamic coefficients in the field of high periods
should be continued, and the obtained values
should be taken into account when developing
construction standards governing calculations of
high-rise structures for the seismic resistance.
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Abstract: A mathematical model of a dynamic process in a loaded beam on an elastic Winkler base with the
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An important problem of Structural Mechanics
is the analysis of the sensitivity of load-bearing
structures to structural transformations under
load, such as sudden connections’ removal,
cracks formation, partial destruction, etc. Ob-
taining such information for real structures re-
quires the development of special methods,
since this problem cannot be solved by ordinary
methods. In accordance with structural me-
chanic’s provisions to solve these tasks, it be-
comes necessary to calculate such systems as
structurally non-linear, changing the design
scheme under loads, including dynamic load-
ings caused by sudden overlimit impacts [1-5].

And if the ordinary design situations are well
analyzed and exactly are regulated in the rele-
vant documents, the overlimit situations are not
classified and the response of structural ele-
ments to such impacts is not sufficiently inves-
tigated.

There is only a few number of engineering
methods to design and calculate structures at
such impacts, which take into account sudden
transformation and damage of structural sys-
tems, and it is not perfect. The dearth of
knowledge about the deformation and stress
state of structural elements during dynamic
processes, initiated by sudden damage, restrains
the development of the theory and design
methods that take into account the possibility
and potential consequences of overlimit im-
pacts and ensure a high level of structural safe-
ty at its operating. As an example of investiga-
tions, performed in this direction, it should be
noted a number of scientific publications [6—
11] containing the simulation results of transi-
ent dynamic processes performing in loaded
beams at sudden damage of supports, delamina-
tion, transverse or longitudinal cracks for-
mation, partial destruction, change of connec-
tion conditions of structural elements, etc. All
these investigations were performed for beams
supported only at the edges that is, there is sol-
id ground under the beams. There is theoretical
and practical interest to extend similar ap-
proaches to beams on an elastic ground.

In the present paper, the problem of constructing a

mathematical model of transient dynamic pro-
cesses in a beam on an elastic foundation at the
sudden changing of boundary conditions is de-
scribed. Before the formation of a defect, the reac-
tion of the structure is determined by a static im-
pact. The sudden formation of a defect leads to a
decrease in the overall rigidity of the structure,
which does not ensure the static balance of the
system. The arising inertial forces cause a dynam-
ic reaction, redistribution and growth of defor-
mations and stresses. As a result, there may be a
violation of the normal operating of the structure
or loss of bearing capacity and destruction.
Currently, in the scientific literature related with
the problem of the dynamics of the "beam-
ground” systems, there are many solved prob-
lems. The majority of researches on the dynam-
ics of interaction between a beam and a founda-
tion are devoted to the analysis of natural oscil-
lations. At the same time, in these researches,
natural and forced oscillations of beams on elas-
tic ground are considered only for cases when
the design scheme of the beam-ground system
in the loaded state does not change. Appearance
of constructive nonlinearity, i.e. changing in the
design scheme of a loaded beam on an elastic
foundation and it consequences are described
only in a few papers [12-18], in which the sud-
den partial or complete destruction of the foun-
dation was considered.

The paper [19] presents the results of the com-
putational analysis of the long-term defor-
mation of the building-foundation system of
one of the nuclear power facilities — the com-
plex of nuclear waste storage buildings, includ-
ing the nuclear waste storage facility of nuclear
power plants (Fig. 1 a, b). To study the dynam-
ic effects in buildings and structures of this
type, a second level design scheme - beams on
an elastic foundation as an element of such a
structural system [1] is considered (Fig. 1 c).
The following formulation of the problem is
formulated.

An elastic beam with flexural stiffness El, rig-
idly clamped at the ends rests along the entire
length | on an elastic Winkler foundation with
stiffness  coefficient k  (Figure  1c).
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Figure 1. The design scheme of static bending of the beam on an elastic foundation.
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On the outer layers of the beam acts even dis-
tributed load of q intensity and the reaction of
the foundation. It is assumed that at some point
in time t = 0 of the statically deforming of the
beam, the connections, which impede the rota-
tion of the end sections in the supports, sudden-
ly collapses, forming hinges at the before
clamped points. The static equilibrium of the
loaded beam is interrupted and the beam begin

motion U(X’t)’, during of which the defor-
mation and stress in the beam receive dynamic
increments.

The solution to the problem is carried out in
Cartesian coordinates X, y. Linear dimensions
and transverse displacements are related with
the length of the beam. The sought parameters
are static and dynamic deflections, the frequen-
cies and modes of the natural flexural vibrations
of a hinged beam, internal bending moments.
Taking into account the practical significance of
the problem of ensuring the strength and sur-
vivability of structures on elastic grounds and
the dearth of well-known papers by this prob-
lem, the described problems seems to be actual.
The solution to the problem is constructed in
the following sequence:

1) determination of a static deflection of the
beam clamped at the ends (“intact”) on an elas-
tic foundation. These parameters will be used
later as the initial condition of a dynamic pro-
cess initiated in the system by a sudden trans-
formation of boundary conditions;

2) determination of the frequencies and forms of
natural flexural oscillations of hinged at the ends
of the (“damaged”) beam on an elastic base;

3) investigation of forced bending vibrations of
a loaded beam. In this case, the load, the static
deflection of the "intact" beam and the un-
known dynamic deflection are arranged in rows
according to the natural vibration forms of the
"damaged" beam.

PROBLEM SOLUTION

1. Static bending of clamped at the edges beam
on an elastic Winkler foundation is described by

equation with dimensionless parameters [20, 21]

d* =Tem 40w, =7, )
dé
where
3 4
X v _ ql A K
= W, =T =) =7l
S=p Wem =10 G=F E=45E

General solution to the equation (1) for the
case, when edges are clamped [20, 21]

W, :%(14(” (@&))+whky (@) + Wk (a£),
)

where ki (a&) (i=1+4)-
that takes the following form

Krylov function,

sinaéchaé —cosaéshalé

Ky (0‘5) = 4o
Ky (i) = sin (;ciszhaé
ke () = sin aéchal 2+Olcos asshaé

kg (a&) =cosaéchaé

wg, Wg — initial parameters, dimensionless

bending moment and shear force in a cross sec-
tion at the point £ =0

wo = d
1

) Ha@)ho()
(@) a) |

Wy = q X
ki (a)kg () kg ()

(@ (@) |

4o

X
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Figure 2. Diagrams of bending moments at the initial static state, depending on the stiffness indica-
tor of the beam-foundation system A.

Dimensionless bending moment at static state
is determined by function

W, = 0kg (&) +Woky (&) + Wik (aS). (3)

In figure 2, diagrams of bending moments in
the beam with clamped edges at different val-

ues of generalized stiffness A= 4o’ of
“beam-foundation” system are presented. It
should be noted the “extraordinary” [22] view
of diagrams of bending moments at growing of
stiffness of the system. Bending moments in
the middle of the beam is significantly lower,
than in the quarters of the span. This is result of
complex action of external load and reaction of
an elasti foundation to the beam.

2. Appeared motion vy, =v(X,t) after sud-

den transformation of clamped supports of the
beam to hinges is described by equation [10]

4
0 Woun

4
854 +4a [W()MH+

o%w -
" ‘;””]=q, (4)
:

where
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(Xt

W gy =——>, 7 =Wt

I

= [

0 oA
is parameter, that has frequency dimension, and
called as “conventional” frequency.
Equation (4) describes forced vibrations of the
loaded beam. Winkler model does not suppose
dynamic effects in an elastic foundation. Nec-
essary for the further calculation eigen func-
tions can be obtained from the equation (4)

with zero padded right part. After parameters
division by performance

w ()uH:W(é:)SinéT’ ()

takes the form
d'w +4a* (1—5)2 )w -0, (6)
det

where
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is dimensionless natural frequency of vibration
of the beam on an elastic foundation.

Using “conventional” frequency ay, character-
izing stiffness and insertional properties of the
system “beam — foundation”, and known the
basic frequency of flexural oscillations of the
beam with the same support at the edges, but
without an elastic foundation

(]

We transform equation (6) to the form

dW 4 2 2
PR (—wo +é )W, 0
where
5,02&
W

is relative “conventional” frequency;

~ [
o =——-

a}.].CG

is relative finding frequency.
Using Euler substitution

W = Ae'¢, (8)

we obtain characteristic equation for differen-
tial equation (7),

2t (@ -a%) =0 )

The roots of which can be represented in both
forms in accordance with frequencies ratio ay,

and @:
—if @ > ay), then roots of the equation (9) are
real and imaginary

Ro=%p, R3a=%if, ,31=7r4c?)2—5)02,
(10)

In this case a deflection function (8) takes the
form

W = AchB& + Apsh i+

: (11)
+ Ag CoS i€ + Ay Sin Bi&;

—if @< ay, then roots of the equation (9) are
complex

234 =(titl)B, fo= %\/4 @° - (12)

and a deflection function takes the form

W = Asshp,&sin B8 +
+AyshB,& cos o +
+AgchBrEsin Bod +
+AchBo& cos Boé. (13)

In the papers [23, 24] it is shown that for a
beam fully supported on the elastic Winkler
foundation, in the case of canonical symmetric
boundary  conditions:  clamping-clamping,
hinge-hinge, free ends, only option (10) is real-
ized.

The principally possible case of fourfold root

n234=0 (14)

when ay = @ and deflection function takes the
form

£
6

2
W =A1+A2§+A3%+A4$in

(15)
in the case of limiting the deflections of the
ends of the beam, as it is in our case with the
hinged supports, also is not implemented. Let
us note that with partial support of the beam on
an elastic foundation and at various boundary

32 International Journal for Computational Civil and Structural Engineering



Dynamic Effects in the Beam on an Elastic Foundation Caused by the Sudden Transformation of Supporting Conditions

conditions, all three modes of oscillations (11),
(13) and (15) are possible.
Using initial parameters

Wy =W (0),
Wg =w'(0),
Wg =w"(0),
Wg'=W"(0)

instead constants of integration Ai(i:1+4).

let us write relationships, characterizing state of
arbitrary section & of the beam, using variant
(10), (11). The deflection function in this case
takes the form

W (&) =WoR4 (A1&)+WoRs (1S +

HWGR2 (Ai8) +WGR (A1),
(16)

where Rj(i=1+4) is Krylov function, that
takes the form

WERL L
o () - ARl
Re (/i) = Shﬁlézzin s
Ry (1) - DAL o8 g

The state of an arbitrary section of the beam is
described by equation in the matrix form

W (£)=Vp (&)W, (17)

where W (&) is vector of the state of an arbi-
trary section &

W (&)={W (&) W'(g) W(¢) W (&)}

Volume 14, Issue 4, 2018

W () is vector of initial parametrs
VVO = {WO Wd Wd’ Wom},
Vl(cf):{u,j} — functional matrix, characterizes

affecting of initial parameters to state of a sec-
tion &

Vi (&)=

Re(Bé)  Rs(Bg)  Rol(Bd) Ru(Ag)
BRUBE) Ra(BE)  RelBg)  RelB)
| AR(BE) ARu(BE) Ri(BE) Rel(Bg)|
BiRs(5E) AiRa(BE) BRI(AE) Ra(fré)

3. Let us perform an analysis of the natural fre-
quencies and modes of bending oscillations of
the beam on an elastic foundation with hinged
ends. In this case, the boundary conditions and
the deflection function are

Wy =Wg =0
W (1) =W"(1)=0.
W (&) =WgRs (Ai¢) +WgR(AS)-  (19)

(18)

Satisfying the second pair of boundary condi-
tions (18), from function (19) and its second
derivative, we obtain a system of algebraic
equations for the unknown initial parameters
Wy and Wy

{WO' Ra (A1) +WGRy (A1) =0, (20)
! 4 "

Wo 1" Ru (1) +WeRs (/31) = 0.

The condition for the existence of nonzero so-
lutions of a given homogeneous system is the
equality to zero of the determinant of the coef-

ficient matrix of this system

Rs(A) Ru(A)

=0. (21)
BRi(B) Rs(A)
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Expanding the determinant, we obtain the fre-
quency equation

4sin Bishp; =0,

From where follows

Sinﬂl =0
Pin=nz (n=12,3,..).

Taking in account the formula (10), we obtain
frequencies spectrum

@ =@ +n?. (22)

From any equation of the system (20) when
o =nx follows

"

~(nz)?,

W

then, in accordance with (19), n-th mode with
frequency wy,, takes the form

W, (€)= Ay sinnze, (23)

where # is a number of half-waves of sinusoid
along the beam length I; A, is unknown ampli-

tude of oscillations for n-th mode.

Thus, the forms of natural oscillations of a
beam on an elastic foundation remain the same
as that of a free beam, but with frequencies a,,

greater than the corresponding frequencies of a

free beam @, in 4/5)§+n4 times, i.e. in ac-

cordance with (22)

2 4
Wn =@y +N" Wy

4. The solution of the differential equation of
forced oscillations (4) can be obtained by ex-

panding the function WauH(é,f) in a series in

eigenfunctions Wy, (£) (23) with coefficients in

the form of unknown functions of time Qy ()

Woun = Z Qn (T)Wn (5) (24)

n=1

The functions Qq(7) can be found, applying

the following procedures: substituting series
(24) and expression (7) into equation (4), mul-

tiplying both sides of this equation by W, (5)

integrating both sides by & from 0 to 1 and, us-
ing the orthogonality property of the natural

vibration forms Wy, (£), we obtain the differ-
ential equation for function Q, (r)

d2Q,

= +@°Q, =S, (25)

where

General solution of inhomogeneous equation (25)

Q, =Dy, cos_&r+ Do, sin@rwts—” (26)
2))

@y wy

is a sum of relative homogeneous solution (first
and second additives) and partial solution, cor-
responding to the right part of (25) (third addi-
tive).

Now, according to (24), the dynamic deflection
function takes the form

Woun =
< @ . @ Syl

= 2| D1 cos =7+ Dy sin—" 7+ |sinnzg.
n=1 @ 0 E’n

(27)
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Integration constants Dy, and D,, is deter-
mined from initial condition

(28)

From the second condition (28) we define one
constant

Dy, =0. (29)

Multiplying both sides of the first condition
(28) in accordance with (27) and (29) to
sinnz& and integrating by & from 0 to 1, we
obtain another constant

S

Din = By ___g' (30)
Wn
where
1
By = 2[ W, (&)sinnzédé.
0

Substituting (29) and (30) into (27) and taking
into account the trigonometric identity

1—cos@r = 2sin? w—_“r,
@ 2ax

we obtain

Woun =
X @, @,

=> (Bn cos—7+C, sin? T”r]sin nzé,
1 @ 2ax

(31)
where
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5|n2—7[
c.__ 4 2
0=
Al L
2

The dimensionless bending moment is obtained
by twice differentiating the series (31)

W =

oun

=-n?) n*/B, cos—r+C sin 2
Py , 2030

jsm nné
(32)

5. Numerical example.
Using the Maple software package, we calcu-
lated the dimensionless deflections w(&) and
bending moments W'(&) in the beam loaded
with a even distributed load of g =1 intensity
on an elastic Winkler foundation

— in the initial static state with clamping of its
ends: Wen(E), W, (8);
— in the static state, formed after quasi-static
transformation of clamping to hinges w,(&),
Weg (8)
— in the dynamic process that occurs at a sud-
den transformation of clamping to hinges:
WéuH(Z} T) uH 5)
In practical calculations, 20 members of the
series (31) and (32) were taken into account. In
this case, we obtain a practical coincidence of
the diagrams of dynamic deflections w,,,(&, 0)
and static deflection w,,,,(§), that is

20
>.B,sin nzé~w,, (£).
n=1

The calculation results are shown in figures 3
and 4, as well as in table 1. In figures 3 and 4
are shown respectively: diagrams of bending
moments w;, (£) in the beam after quasi-static

transformation of clamped points into hinges
and during oscillations w},,(£,79) after sudden

transformation of clamped points into hinges at
the moment z, of reaching the highest values.

35



Vladimir I. Travush, Vladimir A. Gordon, Vitaly I. Kolchunov, Yevgeny V. Leontiev

m /r/' '\\
sl / N
1/ '
Iy
i 0 04 F
)
A=10%°
00 N
Wi N ;o\
iserali \
i |
I.I.TII.I.; | \ l'.
::.I.III'{' { \ | \
10008 | \ I,-’ |
Lone/ 5 ':
D0 N\ |
0 N / '
) i S ; P <
1L i —fi
5
A=10"°

onesd [\ /

|
(10004 !

11,0002 4

/
'd

", /' 1

0 . \ " —— — S !

0.2 == 4 E Np s 08

A=10°

Figure 3. Diagrams of bending moments after quasistatic transformation of the boundary condi-
tions depending on the stiffness indicator of the “beam-foundation” system \.

Table 1. Affecting of stiffness of the “beam — foundation” system to the increment

of bending moments.

A ) W;c'g. Kcm WguH. K()un
Wcm_ max max
max
0 0.083 0.125 1.506 0.3 3.614
10 0.082 0.112 1.366 0.269 3.28
10™° 0.079 0.093 1.177 0.225 2.848
10° 0.071 0.06 0.845 1.156 2.197
10%° 0.0544 0.0265 0.487 0.07 1.287
10° 0.0334 0.0104 0.311 0.0346 1.036
10°° 0.018 0.0055 0.305 0.0186 1.033
10* 0.01 0.003 0.3 0.01 1
Diagrams are constructed for different values of W, W),
the stiffness parameter of the “beam- K = max. K,,, = max
foundation” system A. aown “ow
max max

Table 1 contains the values of the largest bend-
ing moments (dimensionless stresses) in three
states w., ,w. ,w,,. with different parame-

cm. ! Ke. !
max max max

ters of the stiffness of the “beam-foundation”
system A, as well as the coefficients

characterizing increasing (decreasing) order of
the maximum bending moment at quasi-static
(Kem) and dynamic (Kj,,) changing of boundary
conditions.
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Figure 4. Bending moment diagrams after a sudden transformation of the boundary conditions
at the time of reaching the highest values depending on the rigidity indicator of
“beam — foundation” systems \.

CONCLUSION

If we consider the transformation of the bounda-
ry conditions in this “beam-foundation” system
under load caused by a damage, then the pro-
vided study shows that quasi-static defect for-
mation, that is, a decrease in the stiffness of the
end supports, leads to an insignificant increase
in the stresses in the beam (K¢, > 1) when there
is not foundation (4 = 0) and low indicator val-
ues of the “beam-foundation” system (0< A <
10""°). For beams based on more rigid bases (1
> 10%°), the formation of the same defect, on
the contrary, leads to a decrease in the greatest
stresses (K¢ < 1).

The sudden formation of a defect gives a more
than threefold (Kj,, = 3,614) increase in the
greatest stress in the free beam (4 = 0). For sys-
tems with higher stiffness, the effect of trans-
forming the boundary conditions is reduced.
There is a redistribution of stresses along the
span, but the greatest stress at A >10* does not
exceed the value of the initial static one(
Ky=1). In addition, regardless of the speed of
formation of a defect, with the increase in the
rigidity of the system, the greatest stresses move
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from the center of the beam to the periphery of
the span.
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NUMERICAL ANALYSIS OF NON-LINEAR VIBRATIONS
OF A FRACTIONALLY DAMPED CYLINDRICAL SHELL
UNDER THE ADDITIVE COMBINATIONAL
INTERNAL RESONANCE

Basem Ajarmah 12, Marina V. Shitikova *
1Voronezh State Technical University, Voronezh, RUSSIA
2 Al-istiglal University, Jericho, PALESTINE

Abstract: Non-linear damped vibrations of a cylindrical shell subjected to the additive type combinational
internal resonance are investigated numerically using two different numerical methods. The damping features of
the surrounding medium are described by the fractional derivative Kelvin-Voigt model involving the Riemann-
Liouville fractional derivatives. Within the first method, the generalized displacements of a coupled set of
nonlinear ordinary differential are estimated using numerical solution of nonlinear multi-term fractional
differential equations by the procedure based on the reduction of the problem to a system of fractional
differential equations. According to the second method, the amplitudes and phases of nonlinear vibrations are
estimated from the governing nonlinear differential equations describing amplitude-and-phase modulations for
the case of the additive combinational internal resonance. A good agreement in results is declared.

Keywords: cylindrical shell, free nonlinear damped vibrations, additive combinational internal resonance,
method of multiple time scales, multi-term fractional differential equations

YUCJIEHHBIN AHAJIN3 HEJIMHENHBIX KOJIEBAHUM
IMWINHIPUYECKOMW OBOJIOYKH C TPOBHBIM
JTEMII®UPOBAHUEM ITPU AJUIMTUBHOM
KOMBUHAIIMOHHOM BHYTPEHHEM PE3OHAHCE

b. Aitapmax 2, M.B. Illumuxosa *
! Boponexckmii rocy 1apcTBEHHBIN TEXHUIECKUH YHUBEPCHUTET, T. Boponex, POCCUS
2 Al-istiglal University, r. Mepuxon, ITIAJJECTUHA

AnHoTanusi: PaccMaTpuBaloTCsl HENMHEHHbIE 3aTyXarol[ue KoJeOaHWsl UWIUHIPUYECKOH O00O0JOYKH TpH
aITATUBHOM KOMOWHAIIMOHHOM BHYTPEHHEM pe3oHaHce. J[ys peleHus COOTBETCTBYIOLIMX 3a/iau TPUMEHSFOTCS
JIBa Pa3IMYHBIX YHUCICHHBIX MeToja. Jlemmdupyromme ocOOEHHOCTH OKpYKAIOLIeH Cpelbl OMHCBIBAIOTCS C
MIOMOIIBIO IpOOHOH Tpon3BoaHOi Mojenu Kenbeuna-doiirra, Britoyatomeil ApooHpIe Tpon3BoIHbIe PumaHna-
JlnyBuns. B paMkax mepBoro Merona 0000IICHHBIC CMEIICHHUS CBI3HOTO HA0Opa HEJTMHEHHBIX OOBIKHOBEHHBIX
muddepeHanoB ONEeHNBAIOTCS HA OCHOBE YMCIICHHOTO PELICHUs] HEJIMHEHHBIX MHOTOWICHHBIX YPaBHEHUH C
JIpOOHBIMHM TPOW3BOJHBIMH IO METOJMKE, MpPEAyCMaTPHBAIOIICH CBEICHHEC HCXOJHOM 3aJaud K CHUCTEMe
YpaBHEHUH ¢ JIPOOHBIMH TNPOM3BOAHBIMH. COTJIacCHO BTOPOMY METOAY, AMIUIUTYABl M (pa3bl HEIMHEHHBIX
KOJICOAHWH OLICHWBAIOTCS W3 ONPEACIAIONINX HENIMHEHHBIX IH((epeHINnaTbHbIX YPaBHEHHH, OMHMCHIBAIOIINX
aMITIMTYJHO-()a30BbIe MOAYJSAIMU JUIA CIydas aJAWTHBHOTO KOMOWHAIIMOHHOTO BHYTPEHHETO pPE30HAHCA.
OTMedeHa XOpoIIasi COTIaCOBaHHOCTH IOJTyIEHHBIX PE3yIbTaTOB.

KuroueBblie ciioBa: uvHApUYecKas 000JI09ka, CBOOOTHBIC HEIMHEHHO-3aTyXaroII1e KoneOaHus,
aJTUTUBHBIN KOMOWHAIIMOHHBIN BHYTPEHHNH PE30HAHC, METOJ] KPATHBIX BPEMEHHBIX IIKAJ,
MHOTOWICHHbIE YPaBHEHUS C APOOHBIMU ITPOU3BOIHBIMU



Numerical Analysis of Non-linear Vibrations of a Fractionally Damped Cylindrical Shell under the Additive

Combinational Internal Resonance

1. INTRODUCTION

In  mechanical nonlinear vibrations, the
phenomena of internal resonance and energy
exchange are quite often what requires the
thorough studies, since in the case of low
damping it could result in long-time vibrations
accompanied by the two-sided or one-sided
energy interchange between coupled modes [1].
It will suffice to mention the state-of-the-art
articles [1,2] and the monograph [3] involving
the extensive review of literature in the field of
internal resonances in different mechanical
systems. Different types of the internal
resonance: one-to-one, two-to-one, three-to-one,
as well as a variety of combinational
resonances, when three and more natural modes
interact, have been discussed. The enumerated
internal resonances were investigated in various
mechanical systems with multiple degree-of-
freedom, as well as in strings, beams, plates,
and shells.

It has been emphasized by many researchers [4-
13] that the phenomenon of internal resonances
can be very critical especially for circular
cylindrical shells. Thus, the nonlinear vibrations
of infinitely long circular cylindrical shells
under the conditions of the two-to-one internal
resonance were studied in [6] via the method of
multiple time scales using the simple plane
strain theory of shells. Parametrically excited
vibrations of infinitely long cylindrical shells
and nonlinear forced vibrations of a simply
supported, circular cylindrical shell filled with
an incompressible, inviscid, quiescent and dense
fluid were investigated in [4,5,7] using
Donnell’s nonlinear shallow-shell theory. The
flexural deformation is usually expanded by
using the linear shell eigenmodes, in so doing
the flexural response involves several nodal
diameters and one or two longitudinal half-
waves. Internal resonances of different types
have been analyzed in [8-13].

The extensive review of studies on shallow
shells nonlinear vibrations could be found in the
state-of-the-art articles [14-16]. In spite of the
fact that many studies have been carried out on
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large amplitude vibrations of circular cylindrical
shells and many different approaches to the
problem have been used, we agree with
Breslavsky and Amabili [10] that this research
area is still far from being well understood.

In recent years much attention is given to
damping features of mechanical systems
subjected to the conditions of different internal
resonances. Damping properties of nonlinear
systems are described mainly by the first-order
time-derivative of a generalized displacement
[3]. However, as it has been shown by
Rossikhin and Shitikova [17], who analyzed
free damped vibrations of suspension combined
system under the conditions of the one-to-one
internal resonance, for good fit of the theoretical
investigations with the experimental results it is
better to describe the damping features of
nonlinear mechanical systems in terms of
fractional time-derivatives of the generalized
displacements [18].

During the last decade, fractional calculus
entered the mainstream of engineering analysis.
And it has been widely applied to structural
dynamics problems both in discrete and
continuous equations. The history of the
fractional calculus applications in mechanics
could be found in the retrospective paper by
Rossikhin [19], while a comprehensive review
of the fractional calculus models in different
dynamic problems of solids and structures is
presented in the state-of-the-art article [18],
wherein the results obtained in the field
critically estimated in the light of the present
view of the place and role of the fractional
calculus in engineering problems and practice.

It has been suggested in 2011 to examine the
nonlinear dynamic response of a thin cylindrical
shell vibrating in a fractionally damped medium
[20], when the dynamic behavior of the shell is
described by a set of three coupled nonlinear
differential equations with due account for the
fact that the shell is being under the conditions
of the internal resonance resulting in the
interaction of modes corresponding to the
mutually  orthogonal  displacements. The
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displacement functions are determined in terms
of eigenfunctions of linear vibrations.

A new procedure resulting in decoupling linear
parts of equations has been proposed in
Rossikhin and Shitikova [21] with the further
utilization of the method of multiple scales for
solving nonlinear governing equations of
motion, in so doing the amplitude functions are
expanded into power series in terms of the small
parameter and depend on different time scales.
It is shown that the phenomenon of the internal
resonance between vibrational subsystems of
the cylindrical shell under consideration can be
very critical, since in the circular cylindrical
shell of such a type the two-to-one [21], one-to-
one, three-to-one [22] internal resonances, as
well as combinational internal resonances [23]
could occur, which are governed by the order of
smallness of viscosity. All possible cases of the
internal resonance have been recently revealed
in [22], which belong to the resonances of the
constructive type, since all of them depend on
the geometrical dimensions of the shell under
consideration and its mechanical characteristics,
that is why such resonances could not be
ignored and eliminated for a particularly
designed shell. It has been shown that the
energy exchange could occur between two or
three subsystems at a time: normal vibrations of
the shell, its torsional vibrations and shear
vibrations along the shell axis. Such an energy
exchange, if it takes place for a rather long time,
could result in crack formation in the shell, and
finally to its failure. The energy exchange has
been illustrated pictorially by the phase
portraits, wherein the phase trajectories of the
phase fluid motion are depicted.

In the present paper, we are going to verify
parameter values of the cylindrical shell model
[20-23], resulting in the nonlinear vibrations of
a fractionally damped cylindrical shell under the
conditions of combinational internal resonance,
and to study such phenomenon using two
different numerical methods [24]. In the first
method, the generalized displacements of a
coupled set of nonlinear ordinary differential
equations of the second order are estimated
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using numerical solution of nonlinear multi-
term fractional differential equations by the
procedure based on the reducing of the problem
to a system of fractional differential equations
[25-28]. According to the second method, the
amplitudes and phases of nonlinear vibrations
are estimated from the governing nonlinear
differential equations describing amplitude-and-
phase modulations for the case of the
combinational internal resonance [23] using the
Runge-Kutta fourth order method.

2. PROBLEM FORMULATION
AND GOVERNING EQUATIONS

Let us examine the dynamic response of a free
supported non-linear elastic circular cylindrical
shell of radius R and length [, vibrations of
which in the cylindrical system of coordinates
described by the Donnell-Mushtari—Vlasov
equations  with  respect to the three
displacements [12] considering that damping
features of the surrounding medium are
described by the time-differential operator of
the fractional order [20]:

’u 1-0 1 &
+ — +
x> 2 R®0¢?
1+o 1 o 10w owo'w
+—— G——+——2+
2 R oxop R ox oOx ox
1+c 1 ow o'W 1-o 1 owo*w _

(1)

2 R 0poxop 2 R OX 0

:—p(l_o-z)@ﬂae (iij,
E a* ldt

13 1-00V l+o1 du _
RZ99> 2 ax° 2 R oxdg

1 ow 1 owo’w
"R20¢p R’ 0¢ 0¢°

l+c 1l ow o°'w 1-o 1 owo’w _

_|_—
2 R oxoxdp 2 R op ox°

2\ A2 y
T (Y,
E ot dt

()
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h? _, 1 l1ou 1 ov
—V'w —W-0———— ——
12 R Rox R° Op
lofow) 11 faw)

2Rl ax) 2R\ op
o|low(ou o ov o
———| = =+==——-=w |+
ox| ox{ox Rop R
l-c1ow(1lou ov
t— | =—+—||-

2 Rop\Rdp ox

1 o0|low( ou 1lov 1
- || —+=——-—W |+
Rop|Ropl ox Rop R

l1-cow( 1 odu ov
= —+— | |-
2 x\Radp ox
2 2 4
S L
dt (3)
where x-axis is directed along the axis of the

cylinder, ¢ is the polar angle in the plane
perpendicular to the x-axis,

u=u(x,e,t), v=v(X,e,t),and w=w(x,e,t)

are the displacements of points located in the
shell's middle surface in three mutually
orthogonal directions x,¢,r with r as the polar
radius, h is the thickness, p is the density, E and
o are the elastic modulus and Poisson's ratio,
respectively, t is the time, ce1, w2, 3 are the
damping coefficients, and

4

4 9 9 O 1 0 1 0
V VY =t et T
OX R ox"0p~ R 0Op
The initial conditions

U=V koo=W |o; (4)

. 0

Ul_o= €V, (x,9),
. 0
Y |t:0: 8V2 (X, @), (5)

W |t:0 = gvgo (X, 9)
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where V.°(x,¢) (i=1,2,3) are the corresponding

initial velocities, and ¢ is a small value, should
be added to Egs. (1)-(3). Hereafter over dots
denote time-derivatives.

The boundary conditions for the simply
supported shell (the Navier-type conditions for
the edges free supported in the x-direction) have
the form [12]:

W |x:0: W |x:|: 0’ \Y |x:0: \ |><:| =0,
82W 82W
Caalir dal
ou ou
o ==1,,-0. (6
ox % ox (©)

From relationships (5) it follows that free
vibrations are excited by the weak disturbance
from the equilibrium position.

It has been proposed in [20] to rewrite Eqgs. (1)-
(5) in the nondimensioned form in terms of the
following dimensionless parameters:

e
1]

w

*
—|C

) Vv

, t" L I —.
1\ p(l-c°)

Dropping hereafter the asterisks for the ease of
presentation, let us admit the solution of the
Navier type for Egs. (1)-(3) in the form

«_V . _ W
I’ |

>
*
1
—|><

[c ol o}

u(x, ¢,1) = rEan::l X1mn (D770 (X, @) ;

V(X,Q,t) = § §: szn (t)772mn (X’¢) ; (7)

m=1n=1

[ olNee]

W(X! ¢lt) = z z X3mn (t)773mn (X1 ¢) y
m=1n=1
where x;..() and 75, (xe) (=1,2,3) are,

respectively, the generalized displacements and
eigenfunctions  satisfying  the  boundary
conditions (6), and m and n are integers.
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Distinct to the traditional modeling the viscous
resistance forces via first order time-derivatives
[16], in the present research we adopt the
fractional order time-derivative

(d /dty,

what, as it had been shown in [17,18], allows
one to obtain the damping coefficients
dependent on the natural frequency of
vibrations. It has been demonstrated in [29] on
the example of the Golden Gate suspension
bridge that such an approach for modeling the
damped non-linear vibrations provides the good
agreement between the theoretical results and
the experimental data through the appropriate
choice of the fractional parameter (the order of
the fractional derivative) and the viscosity
coefficient.

It was shown in Samko et al. [30] (see Chapter
2, Paragraph 5, point 7°) that the fractional order
of the operator of differentiation

(d / dt)’

is equal to the Marsho fractional derivative,
which, in its turn, equal to the Riemann—

Liouville derivative D’ .

It has been noted in [17,18] that a fractional
derivative is the immediate extension of an
ordinary derivative. In fact, when y —1 the
fractional derivative goes over into the ordinary
time-derivative of the first order, and the
mathematical model of the viscoelastic shell
under consideration transforms into the
conventional Kelvin—Voigt model, wherein the
elastic element behaves non-lineally, but the
viscous element behaves linearly. When

y —0,

the fractional derivative
D’ f tends to f (t).

To put it otherwise, the introduction of the new
fractional parameter along with the parameters
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cei allows one to change not only the magnitude
of viscosity at the cost of an increase or
decrease in the parameters i, but also the
character of viscosity at the sacrifice of
variations in the fractional parameter y.

Now substituting the proposed solution (7) in
nondimensioned Egs. (1)-(3), multiplying then
each equation by the corresponding function
N (X, ), integrating over x and ¢, and using

the orthogonality conditions for linear modes
within the domains of

0<x<land O<@p<2r,

we are led to a coupled set of nonlinear ordinary
differential equations of the second order in
x,., (1). However, a new procedure has been

proposed in [21] for decoupling the linear parts
of nonlinear differential equations.

Thus, the system is reduced to the following
form:

X, +@D Xy + Q0 Xy =
=3 Fop L ©
=
X, +&,D'X, +Q2 X, =
=32 L ©
XSmn +%3D7X3mn +Q§mnx2mn =
=3 Fyn it oo

where D" =(d /dt)", and X (i=1,2,3) are new
generalized displacements which are connected
with x__(t) viaeigenvectors L, L' | "

imn imn ?* =imn ' Simn

| 1 I
Ximn ()= X1mn I—imn + Xomn I—imn + X L

3mn —imn

of the matrix si" with the corresponding

eigenvalues Qimn, Q2mn, and Qamn, the elements
of which are the following:
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(ﬂzszr]i anj

Sy Sy Sm 2

Si'=|S% S» Swl|-
S;nln S;nzn S;nSn

1+Taﬂlﬂmn

oftm

where
p,=1/Rand g,=h/l

are the parameters defining the dimensions of
the shell.

From Egs. (8)-(10) it is seen that their left-hand
side parts are linear and independent of each
other, while they are coupled only by non-linear
terms F,,, in their right-hand sides.

It is known [3, 31] that during nonstationary
excitation of thin bodies not all possible modes
of vibration would be excited. Moreover, the
modes which are strongly coupled by any of the
so-called internal resonance conditions are
initiated and dominate in the process of
vibration, resulting in the energy transfer from
one subsystem to another between the coupled
modes, in so doing the types of modes to be
excited are dependent of the character of the
external excitation. It was emphasized in [31]
that in the presence of damping, all modes that
are not directly or indirectly excited by an
internal resonance decay with time.

Assume hereafter that the vibration process
occurs in such a way that only three natural
modes  corresponding to the complex
generalized displacements

X X, » and X sk,

1s;s, !

are excited and dominate over other natural
modes. In this case, the right parts of Egs. (8)-
(10) are significantly simplified.

According to [20], the approximate solution of
these three nonlinear equations (wherein the low
indices s1S2, l1l2and kikz are omitted for the ease
of presentation) for small but finite amplitudes
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HTG,Blﬂmn ofrm
(“T%zmz . ,Bfnzj g )
ﬂZn ﬂ_zz (”2m2+ﬂ2n2)2+ﬂ
1 12 1 l_

weakly varying with time could be represented
by a uniform expansion in terms of different
time scales:

X, = Xy (T, T) + 2%, (Ty Ty +.n
(12)

where 1 =1,2,3, ¢ is a small dimensionless

parameter of the same order of magnitude as the
amplitudes,

T, =¢t (n=0,1,2,...)
are new independent variables, among them:
T, =t

is a fast scale characterizing motions with the
natural frequencies, and

T, =¢t

is a slow scale characterizing the modulation of
the amplitudes and phases of the modes with
nonlinearity.

Applying the method of multiple scales
directly to the governing partial-differential
equations by substituting (12) in them and
considering that the first and second time-
derivatives, as well as the fractional order time-
derivative are defined in terms of new time
scales, respectively, as follows:

2

d
e DZ +2¢D,D,...
(13)

Et: D, +eD, +...,
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d Y
(aj =D" =(D,+&D, +...) =

= D] +&yD] ™D, +%527/(7—1)Dg‘2D12 +...
(14)

where D, =0/0T,,and D], D}, D/?... are

the Riemann-Liouville fractional derivatives in
time t [17,18], after separating the terms at the
same powers of &, we could obtain the
equations corresponding to different orders of &
[21].

It should be noted that the expansion of the
fractional order operator of differentiation (14)
for the first time was suggested in 1998 by
Rossikhin and Shitikova [17], and nowadays it
is used by the researchers worldwide when
solving the nonlinear dynamic problems with
fractional order damping.

The case of the order of ¢ has been considered
in detail in [21], wherein all types of the internal
resonance, which could occur on this step, have
been detected and classified: (1) the two-to-one
internal resonance, when one natural frequency
is twice the other natural frequency, (2) the one-
to-one-to-two or one-to-two-to-two internal
resonance, and (3) the combinational resonances
of the additive-difference type of the first order,
among them, the case of Q, = Q, +Q,, which we
are going to study below numerically.

Utilizing the procedure described in [22] and
considering that the fractional order damping
coefficients have the form of

& =eur
where 7, is the relaxation time of the i-th

generalized displacement and g is a finite

value, the following six first-order nonlinear
ordinary-differential equations governing the
modulation of the amplitudes and phases of the
three interacting modes in case of combinational
additive internal resonance Q, =0, +Q, have

been obtained:
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(@) +sa’ =-Q;'a,a,a,a,sind; (15)
(@) +s,a> =Q,'ata,a,a,sind; (16)
(@) +sa’ =-Q;'a)) a,a,a,sind; (17)

1 1ayaa,

) —— Oy — ——=¢0s0 =0"
@ 251 20, a ; (18)
o1 1a aa,

_lo, =B c0s5=0.
$27502 2Q, a,  (19)
1 1a) aa,

o, ———2 7172 cos5=0.
P75 Q, a,  (20)

where ai and ¢i (i=1,2,3) are the amplitudes and
phases, respectively,

0=0,~ (0 +9¢,)

is the phase difference, an over dot denotes the
differentiation with respect to T,

s, =pr/ QU sing | 0=t/ cosy (i=123),
1

W:E”yv

| 1 1l ..
and a,; , 3,38y, are constant coefficients

defined by the coupled modes of vibrations
[22].

3. NUMERICAL METHOD OF SOLUTION

3.1. Defining the shell parameters that satisfy
the condition of the combinational internal
resonance 2, = +Q;

Before proceeding to numerical investigations,
let us find the shell parameters which could
satisfy the condition of the additive
combinational internal resonance
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Table 1. Part of shell parameters which satisfy the resonance condition €, =Q,; + Q..

Q mi| m Q, mz2 | n2 Q3 ms | n3 o S b2
304137 | 5| 3 44.412 4 | 5 | 139983 | 3 1 | 033 | 837 0.004
27.0251 | 5| 2 431784 | 3 | 4 | 16.1531 | 3 1 | 0.33 | 10.23 | 0.004
198875 | 5| 1 446532 | 4 | 4 | 247656 | 3 2 | 033 | 1042 | 510°
189932 | 5| 1 489931 | 4 | 5 | 29.9997 | 2 3 | 033 | 9.30 0.005
171999 | 5| 1 33.883 3| 5 | 166832 | 3 2 [ 033 | 6.40 0.002
16.4713 | 3 | 3 23.0467 | 2 | 5 | 657529 | 1 1 | 033 | 4.36 0.004
157683 | 4 | 1 417693 | 1 | 5 | 26.0007 | 1 3 | 033 | 817 0.005

For this purpose we should use the properties of
the symmetric matrix Si" (11) possessing three let
real eigenvalues ;. (i =1,2,3) which are in
_ Y, = X, (21)
the correspondence with three mutually
orthogonal eigenvectors L; - . Y,=D’X, =D,
We search for values Q. , @, , and Q. Y3 =DX, =DY,,

corresponding to the fixed shell’s parameters o,
p1 and f2, which could satisfy the additive

combinational resonance €, =Q; +Q,; (here

subindices mini are omitted for the ease of
presentation), resulting in coupling of these
particular three modes of vibration. Some
results are shown in Table 1, from which it is
evident that the situation of such a
combinational resonance could be realized
rather often in real shells used as parts of
different civil engineering structures.

3.2. Numerical solution of general multi-term
linear equations

Using the numerical method proposed in [25]-
[28], the procedure based on the reduction of the
problem to a set of fractional differential
equations to estimate numerically the solution
of Eqs. (8-10) is as follows:
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X, = DDX, = DY,.

First substitute these equalities in equation (8),
resulting in

3
| 2
DY, = —El FrmnLimn — &Y, —Q7Y;, (22)
Y, = X,,
Y,=D’X,=D%,,
Y, =DX, =DY,,

X', =DDX, =DY;
then in equation (9), resulting in

3
1 2
DYy = —_21 Fomnbimn — @,Ys —Q5Y,, (23)

i=
Y, = Xg,

Yy=D'X,=D%,,

Yy = DX4 = DY,
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X, =DDX 5 = DY,

and finally in equation (10), resulting in

3
Il 2
DYy = —El FamnLimn — &3Yg — Q3Y5.

(24)
Thus, the governing set of nine equations in
nine unknown values Yi in the matrix form
could be written as

D" 00 000 00O0]|[Y
D 0O 000 00O0]]|Y,
0 0D 000 000]]|Y,
000 D 00 00O00O0]]|Y,
000 D OO 0 0O0|[*Y|=
000 0 0D 00 O0]||Y
000 000 D 0O0]|]|Y
000 000 D 00]]|Y
000 000 0 0 DJ||Y]

Y2

Y3

3
| 2
_El FimnLimn — a1Y2 - QlYl
Y5
Y6
3 Il 2
_El Fomnbimn — aezYs - Q2Y4
Y8
Y9

3 n 2
_El FamnLimn — @3Yg — Q3Y;

(25)

Two different types of discretization of
derivatives in (25) could be utilized [25-28]. For
the first order of differentiation, the trapezoidal
rule is usually used:

yields 1

DY =f — Y, =Y, +—h(f+f_). (26)
2

So in our problem, the discrete derivatives (D)
will take the form

Basem Ajarmah, Marina V. Shitikova

Y, —Ehfi =Y, + Eh(fi_l). (27)
2 2
To discretize the fractional derivative, the
Diethelm’s method could be used [25]:
DY = ' (iz Ton i Yix +on) (28)
7y k=0 ' o

where
"xi = ()T (-y)

and "o, 9,...., "o ; [25, 26] are the convolution

weights derived from the fact that the fractional
operator defined in terms of a convolution
integral. We will use the weights of the
quadrature formula [25]

f()=rl-1ni""0,=
-1 fork=0
=2k — (k=D - (k+1)"7 fork=12,.,j-1

(y-Dk7 -(k-1)"7 +k*7 fork = j
(29)
Discretization of the equation
DY, =Y, (30)

results in the following relationships (note =y ):

i(iZ "o i Y 10« +Y£)=Yz
Ve K =0 ! .

(31)

i Y
v : f 710 = 7 A .
( @y Y 4 +k221 "o Y gik + p )="x1Y 5 . (32)

Let

i Y.
> "oy i Yiik +-20 = Sticas
k=1 }/

so we have
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@y Y1i +S150)="2Y 51, (33)
S == Y +"xY 5 (34)
By the trapezoidal rule we can represent
Y, = DY,
in a discrete form as
h
Yii :Yli—1+E(Y3i +Ygi4)- (35)
So rearranging the terms
OV LV (36)
1i 2 3i li-1 2 3i-1 2i-1

and utilizing the trapezoidal rule, we can
discretize

3
DY, =—jZ=1F1an|j o —&Y,-QY; (37)

~"w,; Ty O 0 0 0

1 0 _h 0 0 0
2

ﬁgf Ne 1 0 0 0

2 2 1
0 0 0 -'o 7y O
0 0 0 1 0o —
0 0 0 593 he 1

2 2 2

h 3
Y3i = 3i1+2\‘_Z(F1 mni + Fl mni—l)Lljmn -

=t

— & (Y5 +Y2i—1)_le(Yli +Y1iq) |-

(38)
Rearranging the terms, we have
h 2
Yai +E(°’91Y2i + QY | =Yg
h| 3 | 2
+E - 'Zl(Fl mni+F mni—l)'—j mn—@Y2i-1- M | =
J:
=S3i1
(39)

Repeating these steps (as we have done in Egs.
(30)-(39)) for all other values (Ys-Yq), and
arranging them in a matrix form, we obtain (40).
Then it is quite straightforward to solve (40)
(Figure 1).

0 0 0
0 0 0
0 0 O v 1 r. -
ili S1|—l
0 0 0|2 |[%22
Y S3i1
Y, Sui
0 0 0 4 4i-1
* Yg;i |=|Ssi
Yeil |Ssit
0 0 0 Yo, S7i
S,
¥ ¥ 0 Yo 8i-1
wO,i Z _Y:i Sgi1
1 o -N
2
EQg Ne 1
2 2 3 _ (40)

Figure 1. Formula (40).
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3.3. Numerical solution of the governing
equations for the combinational additive
internal resonance using the Runge-
Kutta fourth order method

To utilize the Runge-Kutta fourth order method
to estimate numerically the solution of
equations (15)-(20), we first rewrite these
equations as follows:

N P :
4 = E(_Ql ‘aj,a,a,sin6-sa,);  (41)
1 :
a, = E (Qzla;é 2,8, 5IN0 —~$,8,) ; (42)
.1 :
a5 = E(_Q3la1|;I a,a, siné — S3a3) , (43)
|
b=so+ 2% coss ag)
2 2Q, a
1
b= Lo, + 1% 8% o5 (4m)
2 Q, a,
1l
b=ty 1% B 0ss  p)
2 2 Q, a,

4. NUMERICAL RESULTS

4.1. Method 1: multi-step fractional
differential equations.

The numerical solution using the multi step
method of equation (40) has been carried out at
the dimensionless parameters presented in Table
1 (for the case presented in the first line), and
the results are presented in Fig. 1 for different
magnitudes of the fractional parameter.

4.2. Method 2: the analysis of the amplitudes
and phases using multiple time scales

Variation of the fractional parameter y from 0 to
1 allows one to investigate vibrations of
cylindrical shells in surrounding media with
different viscous properties, including the pure
elastic case at » =0 and conventional Kelvin-

Voigt model at y —» 1.
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The dynamic behavior of a cylindrical shell in a
viscous medium at y = 0.02, 025, 0.5, and 0.98,
which is found by using the first and second
methods, is shown in Figures 2 and 3,
respectively, for the parameters taken from
Table 1, which correspond to the combinational
internal resonance at Q, = Q, + Q.

The behavior of amplitudes of vibrations reveals
the exchange of energy between the generalized
displacements of the system under the
considered case of the combinational internal
resonance.

CONCLUSION

Free damped vibrations of a shallow nonlinear
thin cylindrical shell in a fractional derivative
viscoelastic medium are investigated
numerically by two different methods based on
the new approach proposed in [20-23].

The numerical solutions of the damped
vibrations of the nonlinear cylindrical shell
subjected to the conditions of the internal
resonance have been estimated, and good
agreement between the two methods has been
achieved. Within the first method, the
generalized displacements of a coupled set of
nonlinear ordinary differential equations of the
second order are calculated using the numerical
solution of nonlinear multi-term fractional
differential equations by the procedure based on
the reducing the problem to a system of
fractional differential equations. According to
the second method, the amplitudes and phases
of nonlinear vibrations are estimated from the
governing nonlinear differential equations
describing amplitude-and-phase modulations for
the case of the combinational internal
resonance.

It has been shown that, as in [22], the
phenomenon of the internal resonance could be
very critical, since in a circular cylindrical shell
the internal additive and  difference
combinational resonances are always present.
The effect of viscosity on the energy exchange
mechanism is analyzed.
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Figure 2. The time-dependence of the generalized displacements at different magnitudes of the

fractional parameter.
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Abstract: Numerical or semianalytical solution of problems of structural mechanics with immense number of
unknowns is time-consuming process. High-accuracy solution at all points of the model is not required normally,
it is necessary to find only the most accurate solution in some pre-known domains. The choice of these domains
is a priori data with respect to the structure being modelled. Designers usually choose domains with the so-called
edge effect (with the risk of significant stresses that could lead to destruction of structures) and regions which
are subject to specific operational requirements. Stress-strain state in such domains is important. Wavelets
provide effective and popular tool for local structural analysis. Operational and variational formulations of
problems of structural mechanics with the use of method of extended domain are presented. After discretization
and obtaining of governing equations, problems are transformed to a multilevel space by multilevel wavelet
transform. Discrete wavelet basis is used and corresponding direct and inverse algorithms of transformations are
performed. Due to special algorithms of averaging, reduction of the problems is provided. Wavelet-based
methods allows reducing the size of the problems and obtaining accurate results in selected domains
simultaneously. These are rather efficient methods for evaluation of local phenomenon in structures.

Keywords: numerical methods, semianalytical methods, local structural analysis, structural mechanics,
wavelet-based methods, reduction, operational formulations, variational formulation, boundary problem
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AHHoTanusi: UYUncieHHOE ¥ TONyaHAJINTHYECKOE (YMCICHHO-aHAIUTHYECKOE) peIICHHE KpaeBbIX 3a1ad
CTPOUTETHHOW MEXaHHKH, HEPEAKO XapaKTEePU3YIOUIMX OTPOMHBIM KOJMYECTBOM HEW3BECTHBIX, CONPSDKEHO C
OOJIBIIMM OOBEMOM BBIYHCIMTENBHOW PabOThl M 3HAYMTENILHBIMM BPEMEHHBIMH 3arTpatamu. Kak mnpasuio,
OTCYTCTBYET HEOOXOJMMOCTh B 00ECHEYEHNH BBICOKOH TOYHOCTH PEIICHHS BO BCEX TOYKAaX COOTBETCTBYIOIICH
BBIYHMCIIUTEIILHOM MOJIENH, 3a4acTyl0 HMEETCsl HMOTPEOHOCTh B HAXOXIEHHHM BBICOKOTOYHOTO pEIICHHS B
HEKOTOpOM Habope obiactell (30H) KOHCTPYKLMH, PAaclOI0KEHHE KOTOPHIX, KaK MpPaBHIIO, 3apaHee M3BECTHO
(3TO CBOETO posa armpuopHas OIEHKa). PacyeTyWku B 3TOM OTHOLICHWH TPAAWIMOHHO BHIOMPAIOT 30HBI Tak
Ha3bIBAEMOT0 KpaeBoro 3¢ ¢exra (MOTeHIUATLHO OIACHBIE C TOUKU 3PEHHS YPOBHS BOSHUKAIOIIUX HANPSHKEHHH,
CIOCOOHBIX TIOBJICYh DPAa3pyIICHHE KOHCTPYKIHMI), a TarkKe 30HBI, BHUMAaHHE K KOTOPBIM OOYCIIOBIIEHO,
HaTIpUMep, pa3HOTO pPOAa TEXHOJOTHYECKOW crermupukod M T.4. Jimsd ykazaHHBIX oOjacTeil Ba)KHEHITHM
BOIIPOCOM SIBIISIETCS TOCTOBEPHOE ONPENEIICHUE HANPSHKEHHO-1e(OPMUPOBAHHOTO COCTOsIHUS. BeiiBner-anamms
SIBISIETCST  MCKIIFOUUTENBHO 3()(EKTUBHBIM HHCTPYMEHTApHEM I IIOCTPOCHUSI JIOKANbHBIX PELICHUH
COOTBETCTBYIOIINX KPAaEBBIX 3a/ad CTPOUTENBHON MeXaHHKH. II0CTaHOBKa IOCIETHUX B CTaThe NMPHUBOIUTCS B
OTIEpaTOPHOM M BapHWAallMOHHOM BHIAX HA OCHOBE HCIIOJNB30BAHMS METOJA PACIIMPEHHOW (CTaHIapTHOMN)
obmactu. Ilocie BBeNEHUS COOTBETCTBYIOIIEH AaNNPOKCHMAILMM peaau3yeTcd Iepexol OT YyKa3aHHbBIX
KOHTUHYAQJIbHBIX IMOCTAHOBOK K IWCKPECTHBIM W JUCKPETHO-KOHTUHYAJIbHBIM. I[anee peaIu3yeTCsa MpAMOC
BeliBIIeT-TIpeoOpa3oBaHie C NPUBICUYCHHEM JUCKPETHOTO BeliBieT-0asuca (3aMETHM, 4YTO MPEJIOKEHBI
cooTBeTCTBYIOIME  3((EKTHBHbIE  AITOPUTMBI  NMPSAMOrO M 0O0paTHOro  BeWBJIET-TPeOOpa3oBaHus).
Pa3paboTanHble BeiiBleT-BEpCHH METOJIOB JIOKAJBHOTO pacueTa CTPOMTENBHBIX KOHCTPYKLHUH IO3BOJISIIOT C
OJHOM CTOpPOHBI 3HAYUTEIBHO COKPATUTh BBIYMCIUTEIBHYIO pPa3MEpPHOCTh pElIaeMbIX 3aaad, a ¢ JpYyroi
CTOPOHBI OOECTICYNTHh BBICOKYIO TOYHOCTh IIOJNy4aeMBIX pPE3YJIbTaTOB B BBHIOPAHHBIX OOJACTAX (30HAX)
CTPOUTETBHBIX KOHCTPYKIHNH.

KiroueBble cJ10Ba: YHCICHHBIC MCTObI, NOJTYaHAITIUTUYCCKHUEC MCTOBI,
JIOKaJbHBIN pacyeT CTPOUTCIbHBIX KOHCprKHHﬁ, JIOKAJIbHBIC PCHICHHWS KPAaCBbIX 3a/1a4,
CTpOUTC/IbHAad MCXaHWKa, Bei/iBneT-peanmauHH, peayKkuus, onepaTopHbIi€ NOCTAHOBKHU 3aJ1a4,
BapuallMOHHBIC ITOCTAHOBKU 3aJa4, KpacBasd 3ajlada

1. BASIC FORMULAS OF FAST DIRECT Haar mesh functions are defined by formulas
AND INVERSE DISCRETE HAAR (N, is the number of Haar functions at level
TRANSFORMS AND AVERAGING p):

1.1. One-dimensional problems o
1.1.1. Algorithms of fast direct and inverse ¥ (=
discrete Haar transforms. Let us consider the 1, 2" (j-D<i<2°(2j-1)
one-dimensional region _ a;l ~1, 2°2j-D<i<2P?j
0, i<2P(j-1) U i>2r?j,

i=12..,n 0<p<M;
where x is coordinate, a,b are lower and upper pi'()=ay, i=12..n; (2)
limits of interval. Let us divide o into (n-1) :{n/Zp”, 0<p<M
equal parts, where n=2", M is the number of L p=M;
levels in the Haar basis [1-5]. Coordinates of V2Pt 0< p<M

a =
mesh nodes are P V2Y =V, p=M.

X, =a+({-h, i=12..,n;
h=(Mb-a)/(n-1). (1)

o={x:a<x<b},

@)

Let f(i) be arbitrary mesh function. Then we
have
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JOEDWRHAI0L

p=0 j=1
n

VP =2 @y i=1200N,,
i=1
p=0,1,..,M,

(4)

where v?, j=12,..,N_, p=0,1,..,M are

Haar expansion coefficients.
Algorithm of fast direct discrete Haar transform
is described below.

u=f(j) i=12...n; a,=v2. (5
We have (forall p=0,1,..,M -1, j=12,..,N)):

V) =ay (U, - ug); (6)
uPt=ul, +ul; o, =V2a,;

Ay =n; v =y (7

where u’, j=12,.,N , p=01,..,M are

auxiliary quantities.
Algorithm of fast inverse Haar transform is
described below.

aMZ\/ﬁ; aM—lz\/ﬁ; u' =a, v, . (8)
We have (p=M -1, M -2,..,0, i=12,..,N):

i=li+n/21; z=(-n™,
uf =a;tzv) +ul™; ap_lzap/\/i. 9)

Thus,

f(i)=u?, i=12,...,n. (10)
1.1.2. Algorithm of averaging. In many cases it
IS not necessary to obtain global solution in the
domain. Local solution for several prescribed
subdomains is normally required. If we don’t
need to find a complete solution we can reduce
the number of unknowns without significant
loss of accuracy or with a small error in local
solutions. It is reasonable to eliminate unknown
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expansion coefficients of the basis functions
with supports substantially distant from the
considering area. Algorithm of averaging in
one-dimensional case is described below.

Let us assume that it is necessary to make
averaging at some level number q. For all

p=01,..gand j=12,.,N, wesuppose

(Dup)zj—l ~ (Dup)zj ~ (DJP)Zj—l!
Viia=Vvy, 1=L42,..,N, (11)
szj—l = (u2pj—l + uzpj)/Z;

(DUP),j, = (U —U5,) /(2" h) 5 (12)
Then formulas of averaging have the form

Vi =V = AT =120 N
B=1/(242). (13)

1.2. Two-dimensional problems.

1.2.1. Algorithms of fast direct and inverse
discrete Haar transforms. Let us consider the
two-dimensional rectangular domain

o={(X,%,):0=<x, <I,0<x,<I,},

where x;,x, are coordinates; |I,l, are
dimensions along x,, x,. Let us divide » into
(n-1) equal parts along x, and into (n-1)
equal parts along x,, where n=2", M is the

number of levels in the Haar basis. We have the
following formulas for coordinates of mesh
nodes:

X, = (@i, ~Dhy, i, =1,2,...,n;
X, = (i, ~Dh,, i, =1,2,...,n,
h =1, /(n-1); h,=1,/(n-1). (14)

Haar mesh functions

WST’SZvjlvjz (il’iz)’ p:112,-.., M ,

b J,=12,.,N_, s,s,=0,1

p H

61



Pavel A. Akimov, Alexander M. Belostosky, Taymuraz B. Kaytukov, Marina L. Mozgaleva, Mojtaba Aslami

(except s, =s, =0) can be defined by formulas:

!//s?,sz,jl,jz (i1' |2) =
(_1) KkiS;+KyS, ,

2 1| 2°(j, - +—)<| A
1

—% r—]kLJ 1/ 1 kq ’

4=tk = |q§2p (Jq—E‘i‘?)

0, in other cases;

l//(;\,AO,l,l(iZUiz) = arxiﬂl ; (15)
N n/2" 0<p<M
P 1, p=M;
2P 0<p<M
a, =1y PN (1)
27 =n, p=M.

Let f(i,,i,) be an arbitrary mesh function.
Consequently we have

- M M
f(i,i, )_V0011‘//0011+

M 1N p
+ ZZZ(VIO I 12%0 e (Il’IZ) +
p=0 j=1 j,=1
+Vop1 i ,2W01h is (|1, '2) +V11 e le//ll Jide (Il' '2))1
17)
Where VlF,)O,jl,jz 1V0p’1 jido? 11]1 o ! Jl’ J2 " Np’

p=12, .., M are Haar expansion coefﬂments,

ZZf(nl, W (i)

i=1i,=1

(18)

51 o, 01 b2

Algorithm of fast direct discrete Haar transform
is described below.

u?l,jz = f(jl’ jz)’ j1 =12, n, j2 =12..n

(19)
We have (for all p=0,1,...,M -1,
i j,=01.,N,, s,s,=01  (except
s, =S, =0)):

2, =(-D* z,=(-1%; Apn = 2'ap; (20)

VE oy =@y UZj2g,0 + 20UZ) 050 + (21)
+ ZZUijl—l,Zj + 7,2 uzph 2,2)'
ujlez = u2p] a2j,-1 Tt uzh 2,271 + (22)
+Ugj 125, HUZ) 25,0
ay =N, V(')\{IO,l,l =ay Ul'\,/i ' (23)

where u? ., i, 0, =12 ..,

are auxiliary quantities.
Algorithm of fast inverse Haar transform is
described below.

N,, p=12,.,M

m =N oy, =N, ull\,/i = Uy V(’)\{lO,l,l' (24)
We have (p=M -1 M -2,...,0,i,,i,=12,..,N ).
=[G, +D/2; j, =[G, +D/2];
Zl :(_1)I1+1; ZZ — (_1)|2+l; ap_l — ap /2 :
(25)
ulpl =
=a. (zvle , T2 VOpl] N +zlzzvl"1J R
+1
+UE 2"
(26)
Thus,
f(ll’ 2) || ) I1:011! N, i2=0111 N

(27)

1.2.2. Algorithm of averaging. Let us assume
that it is necessary to make averaging at level q.

For all p=12..q, j 3. =42,.,N,
s, S, =0,1 (except s, =s, =0) we suppose

(D,u p)2j1—1,2j2—1 =(D,u p)2j1—1,2j2 =

= (D p)2j1,2j2—l = (D p)2j1,2j2 ~ (28)
~ (DlJ p)Zjl—l,ij—l;

(D,u p)Zjl—l,ij—l =(D,u p)2j1—1,2j2 =

= (Dzu p)2j1,2j271 = (Dzu p)2j1,2j2 ~ (29)

~ (D2[I p)2j1—l,2j2—1;
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(D D+Up)2] A2j,-1 T (D D+Up)2h-1,2j2 =

=(D; Dfup)zj 2j,1 = =(D; D+Up)2j1,212 N (30)
z(D;DfU p)2j1—1,2j2—1'
Vo sp2i 1211 = Va5, 20211 = (31)
=Vsri $;,2j;-1,2], = 5? $,2J1,2jp !
2_(ul jz+uf+1l _|_up +1+uj+1j+l)/4;
(32)
D, u® =(u’ 1(2° h);
( . p)] A ( ]+1J2 )( . ) (33)
(D,u )J I _(uh ot ~ UG, Jz)/(2 h);
(Tliu:)h: _u§+1 iz UJE 12: (34)
(TZU )j1,12 _qul+1 uJ i
D,=05-T,)D;; D,=05-T/'D,. (35)

Final formulas of averaging have the form

leo 2117121271 = leo 2§1,2j,-1 — VlF,)O,Zjl—l,ij =
10211212 = Bio 1p61j1,j21 b b =12, Np+1;
(36)
VOpl 2;1—1212—1 V(;jl 211 212—1 Vopl 2-12j, —
01211212 ﬁm 0111 i ? Jl’ Jz =12,.., Npﬂ;
37)
lelel—lez—l = lelzj1 2j2—1 = lel 2§-12j, —
11211212 ﬂll 11]1 i ? b, =12, Np+1;
(38)
Bro =0.25; Bos =0.25; B = 0.125. (39)

1.3. Three-dimensional problems.
This most cumbersome case is described in [6].

2. MULTILEVEL WAVELET-BASED
NUMERICAL METHOD OF LOCAL
STRUCTURAL ANALYSIS

2.1. Formulation of the problem

Effective qualitative multilevel analysis of local
and global stress-strain states of the structure is
normally required in various technical
problems. As is known, defects and failures are
mostly local in nature. However total load-
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carrying ability of the structure, associated with
the condition of limit equilibrium, is determined
by the global behavior of the considering
project. Therefore corresponding multilevel
approach is peculiarly relevant and apparently
preferable in all aspects for qualitative and
quantitative analysis of calculation data.
Wavelet analysis provides effective and popular
tool for such researches. After expansion of the
solution with the use of local wavelet basis
corresponding components are considered at
each level of the basis.
In accordance with the method of extended
domain [7], the domain Q, occupied by
considering  structure, is embordered by
extended one o of arbitrary shape, particularly
elementary. Operational formulation of the
problem in domain @ normally has the form
Lu=F, (40)
where L is the operator of boundary problem,
which takes into account the boundary
conditions; u is the unknown function; F is the
given right-side function.
Directly from operational formulation we have
variational formulation of the problem:
®(Uu)=0.5-(Lu,u) - (F,u), (41)
Solution of (41) is the critical point of (40).
(f,g) denotes dot product of functions f and

g.
Discrete formulation of the problem has the
form: )

u=f, (42)

where  A={a;;}; j1..., Is the difference

approximation of operator L;
U=[u, u, .. u, 1" is the unknown mesh
function; f=[f, f, fo, 1" is the given
right-side mesh function; n is dimension of
problem.

Various methods can be used to form the matrix
of the discrete operator. We recommend method
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of basis (local) variations. Its major peculiarities
include universality and computer orientation.
We can use the following formulas for linear
problems:

a,; =0E" +eV)-0E")-oE")+2(0)];

f. =05-[@E")-(-e?)], (43)
g0 _1e® &0 | e®1 =12 .. .n.
(i) [ 1 -2 ng| ] gl (44)
e’ =0, 1=12,..n,
e® =172 ..,n,, are basis mesh vectors; 0 is

1 Hgl
the null function; &, ; is the Kronecker delta.

2.2. Haar-based formulation of the problem
Let us consider Haar-based formulation of the
problem:

®(U) =0.5- (AT,T) - (f,0) =
=0.5-(LQV,QV) —(f,QV) =
=0.5-(Q'LQV,V)—(Q" f,V),

(45)

where Q is transition matrix consisting from
Haar basis vectors, located in rows. Thus,

O(V)=0.5-(Q'LQV,V)—(Q"f,v), (46)
where V is vector of Haar expansion coefficients
of the vector . Corresponding operational

formulation of the problem has the form

Lv=f, L=QLQ; f=Qf. 7
Further reduction of the problem is based on the

averaging algorithm specified above.

3. MULTILEVEL WAVELET-BASED
SEMIANALYTICAL METHOD OF
LOCAL STRUCTURAL ANALYSIS

The objects of the multilevel wavelet-based
semianalytical (discrete-continual) method are
structures with piecewise constancy of physical
and geometrical parameters in one dimension (it

is so-called “basic direction”). Special discrete-
continual design model is introduced. It
presupposes wavelet approximation of extended
domain along non-basic directions, while along
the basic direction problem remains continual.
Analytical solution is apparently preferable in
all aspects for qualitative analysis of calculation
data. It allows investigator to consider boundary
effects when some components of solution are
rapidly varying functions. Due to the abrupt
decrease inside of mesh elements in many cases
their rate of change can’t be adequately
considered by conventional numerical methods
while analytics enables study. Another feature
of the proposing method is the absence of
limitations on lengths  of  structures.
Semianalytical formulation are contemporary
mathematical models which currently becoming
available for computer realization. Resultant
multipoint boundary problem after reduction has
the form [8-10]

y' =AY+ f_kv XG(XE1XE+1)’

k=1..,n -1
B, y(x; —0)+ B, y(x{ +0) =7, +7,,

k=2..n -1
B, y(x +0)+B, y(x; —0)=7, +7, .

(48)

where x; =x;,, k=1,...,n, are coordinates of
boundary points; A, k=1,2,..,n, -1 are
matrices of constant coefficients of order n;
B.,B¢, k=2,..,n, -1 and B,B, are
matrices of boundary conditions of order n at
point x.; 0,,0,, k=2,..,n,-1 and g, ,g,

n

are right-side vectors of boundary condltlons at

point xg; Y=Y(x)=[y,(x) y,(0) .. y,()T
is the unknown vector function;
y@ =y¥(x) =dy/dx;
fo =) =[f . (X) f,(X).. T (X) 1,
k=12..,n —1

are right-side vector functions.
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Solution of considering multipoint boundary
problem of structural analysis is accentuated by
numerous factors. They include boundary
effects (stiff systems) and considerable number
of differential equations (several thousands).
Matrices of coefficients of a system normally
have eigenvalues of opposite signs and
corresponding Jordan matrices are not diagonal.
Method of solution of multipoint boundary
problems for systems of ordinary differential
equations with piecewise constant coefficients
in structural analysis has been developed. Not
only does it overcome all difficulties, but its
peculiarities  also  include  universality,
computer-oriented algorithm, computational
stability, optimal conditionality of resultant
systems and partial Jordan decomposition of
matrix of coefficient, eliminating necessity of
calculation of root vectors.

CONCLUSION

Currently, high-tech work is underway to
integrate  the developed numerical and
semianalytical methods and corresponding

algorithms of local structural analysis into the

STADYO software package [19,20].

It should be noted that STADYO is the

universal software package, which rovides

temperature fields, static, stability and dynamic
analysis (including response spectra and
accelerations definition) as well as fracture
mechanics and  strength  analysis  and

optimization of arbitrary combined 2-D and 3-D

solid, shell, plate and beam mechanical systems

by the finite elements, superelement and other
modern numerical methods:

e STADYO-FIELD - stationary field
(thermoconduction, filtration, fluid flow,
etc) problems;

e STADYO-STAT -
stress-strain analysis;

e STADYO-EIG - solving the eigenvalue
problems (natural frequencies and modes,
loads and forms of buckling);

linear-elastic  static
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e STADYO-SEISM — “normative” spectral
analysis of seismic responce under
exitations, defined by acceleration spectra;

e STADYO-VIBR - evaluation of system
stationary vibration parameters;

e STADYO-SPEC - linear spectral (modern
superposition) dynamic analysis;

e STADYO-DYN — direct step-by-step
integration of dynamic equations;

e STADYO-NFIELD - solving the non-
stationary field problems;

e STADYO-FRAC - solving the linear
problems of fracture mechanics, including
intensivity ratio coefficients and J-integral
definitions;

e STADYO-NLIN - solving the nonlinear
static and dynamic problems of motion
equations (large displacement, plasticity
and viscoplasticity of metals, concrete and
ground, opening cracks and joints etc.);

e STADYO-WIND - object-oriented code
for 3D static and dynamic analysis of
typical wind units;

e STADYO-ASTRA — object-oriented cod for
3D static analysis of typical pipe elements
(elbows, tees, weld connections, etc);

e STADYO-INTER - object-oriented code
for 3D static and dynamic analysis of
combined “soilstructure” systems.
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Abstract: The paper deals with technique of simulation for buildings at maintenance stage with account of
changes in structural model during reconstruction. The authors suggest algorithm for linear and nonlinear
analysis of structures in LIRA-SAPR program with account of erection process. Generation of design models for
reconstructed buildings are illustrated with real examples from design practice (reconstruction of 3-storey office
building with overstorey; reconstruction of 5-storey hostel with built-in nonresidential premises when floor slabs
are changed; reconstruction of building with account of defects that were detected and strengthening that was
made; reconstruction of 9-storey residential building where gas was exploded, with account of defects that were
detected and strengthening that was made).

Keywords: reconstruction, stress-strain state, strengthening, design model, erection, assemblage, disassemblage

NCITOJb30OBAHHUE ITPOI'PAMMHOI'O KOMIVIEKCA
JINPA-CAIIP ITPU COCTABJIEHUHU PACUETHbBIX CXEM
PEKOHCTPYUPYEMBIX 3JAHUI

M.C. bapabaw, M.A. Pomawmkuna
1000 «JIUPA CAIIP, r. Kues, YKPAUHA
2 HanmoHasbHbIH aBUAlIMOHHBIH YHUBEpCHTET, T. Knes, YKPAMHA

AHHoTanus: PaccMaTpuBaercs MeToAMKa MOAETHPOBAHUS 3[aHUI B JKCIUTyaTallMOHHON CTaJuU C Y4eTOM
U3MEHSIOIIENCST KOHCTPYKTUBHOM CXeMBl B Ipoliecce peKoHCcTpykuuu. Ilpeamaraercss anroputm pacuera
KOHCTPYKIIUH B JIMHEMHOM M HEIMHEMHOM IOCTAaHOBKE C YYETOM IIpoliecca BO3BEACHUS B IPOTrPaMMHOM
kommiekce JIMPA-CAIIP. Co3naHue pacueTHBIX CX€M PEKOHCTPYHPYEMBIX 3[aHUI MPOUILTIOCTPUPOBAHBI Ha
NpUMEpax pealbHBIX 3ala4 W3 NMPOCKTHOW MPAKTHKH (PEKOHCTPYKLHUS 3-X 3TaXHOTO aJAMHHUCTPATUBHOTO
3/IaHMs C HAJCTPOMKOI 3Taxka; 5-TH 3TaKHOTO 3AaHUSI OOIIECKUTHS CO BCTPOCHHBIMH HEKMIIBIMH TTOMEIICHUSIMHU
IPU 3aMEHE IUINT MEPEKPbITUS; PEKOHCTPYKIHSA 3[JaHUS C yUETOM BBIABICHHBIX AC(EKTOB M BBINOIHEHHOTO
YCUJICHHS; PEKOHCTPYKIHS JKHIJIOTO JIEBATHUATAXHOTO 3[aHUS, B KOTOPOM IIPOM3OIIEN B3PBIB ra3a, C y4eTOM
BBISIBJICHHBIX JIE()EKTOB U BBITIOJIHEHHOTO YCHIICHUS]).

KonroueBble ci10Ba: peKOHCTPYKIMS, HAPSHKEHHO-1E()OPMUPOBAHHOE COCTOSIHUE, YCUIICHHE,
pacyeTHas MOZ€eNb, BO3BEICHUE, MOHTaX, JEMOHTAX

INTRODUCTION order to keep the ability of buildings and

structures as a whole to bear additional loads.

Reconstruction is significantly different from
new construction and has its own peculiarities in
the design. Reconstruction, redevelopment and
modernization of buildings and structures
require strengthening of bearing elements in
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It should be noted that in recent years the
number of emergency cases  during
reconstruction has significantly increased [1].
One of the main reasons of accidents is the
following: there is no unified and ‘adequate’
method for computing stress-strain state of the
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structure when the design model is modified as
a result of assemblage/disassemblage of the
load-bearing elements in building during
reconstruction.

To reduce the risk of emergency during
reconstruction, it is necessary to investigate and
predict the stress-strain state of the structure [2-
4]. Numerical modelling will enable the user to
evaluate the consequences that may affect
bearing capacity of the building as a whole.

MAIN BODY

Methods for computing buildings and structures
during reconstruction are constantly improved.
Modelling of behaviour of the building structures
and generation of correct design models were
studied by several scientists as V. Banakh [5, 6],
A. Gorodetsky [4], E. Gorokhov, A.
Dykhovychny, N. Zotsenko, S. Klovanich, V.
Kulyabko, A. Perelmuter [7], V. Slivker, R.L.
Taylor, O.C. Zienkiewicz, etc.

However, up to now correct modelling of
behaviour of existing buildings and structures
under reconstruction has not been sufficiently
studied. For reconstructed objects, there are
many features that should be considered in
analysis of stress strain state: damage to
structural elements of the building before
reconstruction (cracks, reduction of the cross
section of elements); deformations of the base
that are present at the time of reconstruction;
change in service conditions of the building,
change in engineering and geological conditions;
changes in the initial design model of the
building in the process of reconstruction, etc.
Therefore, the urgent task is to create methods
for generation of adequate design models for
buildings  under  reconstruction.  Modern
software packages that simulate the behaviour
of structures at different stages of their life
cycle, and take into account the changes in
stress strain state during reconstruction enable
the user to correctly evaluate the bearing
capacity of building structures.

The real stress-strain state of the elements of
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bearing structural systems may be determined

when a number of numerical experiments are

conducted:

« to model erection process, when the stress
strain state is determined for all design
models corresponding to the stages of
construction, and the model of the ready
structure ‘keeps memory’ about the history
of its construction;

« to model loading process, for example, for
RC structures it is possible to trace initial
stages of linearly elastic behaviour of
structure, the stages of successive formation
and propagation of cracks in concrete, the
stages of development of plastic strain in
compressed  concrete and  tensioned
reinforcement, the stages prior to destruction,
and full or partial unloading at any of these
stages and further loading [8-10].

Peculiarities of modelling such processes and

the capabilities of modern software used in this

case will be illustrated with examples of solving
real problems from design practice based on

LIRA-SAPR program.

GENERATION OF DESIGN MODELS
FOR RECONSTRUCTED BUILDINGS

In LIRA-SAPR 2018, the bearing capacity of the
cross sections of bar and plate elements is
analysed with regard to real reinforcement pattern,
according to the current regulatory and normative
documents valid at the time of design process.

For the above-mentioned purpose, it is possible
to define the pattern of reinforcing items in the
bar and plate elements either within the whole
design model or for individual elements (Fig. 1).
When generating design model of the building
where the loads from the superstructure storeys
will be transferred to the existing building, the
actual location of the reinforcement items is
defined in the existing building elements. After
checking the bearing capacity of sections with a
specified reinforcement, according to building
codes, the safety factor of the bearing capacity
in each element of the plates and in each section
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Figure 1. Generation of parametric types of specified reinforcement for elements
of the model in LIRA-SAPR.

g'_ure 2.Bui|ding before reconstruction.

of the bars is determined. The required reconstruction of a non-residential building, it is
reinforcement area is selected for the proposed to remove existing brick partitions and
superstructure part. install new ones. According to a survey of the
This method of analysis was used to estimate building, conclusion is made that it could be
whether it is possible to reconstruct a 3-storey reconstructed with a superstructure as the fourth
administrative building (Fig. 2). storey. In design of this project, it was
The spatial rigidity of the building is provided considered that the building is located in the
by combined behaviour of the longitudinal existing residential area with its own basic
bearing, transverse self-supporting walls and facilities [11].

rigid bodies of floor slabs. During
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Figure 3. Algorithm of analysis with account of erection process.

Analysis was carried out in LIRA-SAPR with
account of erection process. The general
algorithm for analysis with account of erection
process for linear and physically nonlinear
problems is presented in Fig. 3.

First of all, design model of the whole object is
generated; it includes all elements that influence
the stress strain state: the main load-bearing
elements of the object - columns, beams, slabs,
diaphragms, and temporary elements -
formwork elements, struts, etc.

Then, for each stage of construction, all the
structural elements that were erected or
removed at the stage are indicated. Elements
may be disassembled only once. Empty stages
are allowed. The empty stage has the same
elements as the previous stage. It is used only to
define the load.

Volume 14, Issue 4, 2018

For each stage of assemblage you define loads
(dead weight, assemblage loads) applied at this
stage. Certain assemblage load should
correspond to each stage of assemblage. Thus,
the number of stages and the number of
assemblage loads must be the same. Empty
assemblage load cases are allowed. For
example, a stage in which the elements of
design model are only disassembled and no load
is applied is considered as empty load case.

If necessary, correction factors are defined for
each group of elements in the model — to the
modulus of elasticity and to concrete strength in
accordance with the numbers of assemblage
stages. If information about the groups is not
specified, then material properties remain the
same at all stages.
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Figure 4. Design model of the administrative building with account of assemblage stages:
a) in SAPFIR; b) in LIRA-SAPR.

For each stage you could also specify the
numbers of additional load cases and the
coefficients (including zero and negative ones)
that should be considered during erection.
Additional load cases are taken to mean load
cases that contain loads from the storage of
construction materials, from their movement
within a storey or building, etc.

In addition to assemblage tables, you define
parameters such as analysis method, number of
stages, coefficients to load, etc. The load history
is always considered.

After analysis by solver, the program computes the
forces and stresses accumulated in the elements
during erection process. By default, displacements
of nodes are not accumulated in analysis; they are
computed once more for each stage.

For this reconstructed administrative building,
the following stages of assemblage are
considered: the first stage is to assemble
elements of the 1-3rd storeys; the second stage
is to apply service loads; the third stage is to
assemble elements of the fourth storey; fourth
stage — to apply service loads (Fig. 4).
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The  following  example  demonstrates
reconstruction of a hostel building. Wooden
floor slabs are replaced with monolithic RC
floor slabs, the opening is made for the whole
height of the building.

The structural model of the building is a mixed
frame: longitudinal and transverse frames of
brick pillars and prefabricated reinforced
concrete beams rigidly fixed in them; and load-
bearing longitudinal and transverse walls that
prefabricated reinforced concrete beams are
supported with. Fig. 5 depicts general view of
the hostel Dbuilding before and after
reconstruction.

To determine whether reconstruction and
redevelopment are possible, a survey of the
load-bearing structures of the building was
carried out as well as numerical experiments to
determine bearing capacity of the building
structures. With the help of ASSEMBLAGE
module in LIRA-SAPR program, wooden floor
slabs were disassembled and reinforced concrete
floor slabs were installed; rigid body of floor
slab is replaced within entire area of the
building (Fig. 6).

74 International Journal for Computational Civil and Structural Engineering



Lira-SAPR Program for Generating Design Models of Reconstructed Buildings

Figure 5. General view of the hostel building:
a) before reconstruction; b) after reconstruction.

Figure 6. Design model of hostel (general view).
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Figure 7. Changes of longitudinal force in column of design model of the hostel:
a) 18 assemblage-disassemblage stages;
b) 81 assemblage-disassemblage stages.
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a)
Figure 8. Defects detected during evaluation of technical condition of the building structures:
a) floor slabs got wet;b) load-bearing wall in the basement of the building is destroyed.

After analysis with account of assemblage /
disassemblage process, the program evaluates
changes of forces in the load-bearing structures
during the reconstruction. For example, in one of
the columns at level 0.0, the longitudinal force is
changed from 49.7t (after disassemblage of the
wooden floor slab at level 3.2m) to 89t (after
installing the reinforced concrete floor slab at level
19.2m), it represents the difference 1.8 times.
Design model of the building was also studied.
Every floor slab in the model was divided into 7
parts (according to the developed process list), it
increased the number of assemblage /
disassemblage stages up to 81 stages (Fig. 7).
But obtained results did not significantly differ
from the design model where floor slabs were
assembled in enlarged details.

With such stage-by-stage simulation, it is
convenient to evaluate the changes of the stress
strain state in design model. So, it will be
possible to provide detailed recommendations
on the rational strengthening of structures in the
reconstructed building and, if necessary, correct
accepted design solutions during construction
and assemblage.

For reconstructed buildings, it is very important
to consider the damages and wear of the load-
bearing structures identified during the technical
checkup. If there are cracks and defects in the
structures, it is necessary to simulate the
structures and structural systems with account

b)

of accumulation of damages and structural
destruction, reduction in stiffness properties of
load-bearing elements. In such cases, it is
important to determine the ability of damaged
structural elements to take external load.

In the survey and evaluation of technical
condition of building structures (that were
carried out in order to determine its
serviceability criterion and develop construction
documents for strengthening of building
structures and obtain certificate of a piece of
architecture), serious defects were found: the
load-bearing wall in the basement of the
building was destroyed; floor slabs of the
building got wet; cracks in the bearing walls of
the building; destruction of the concrete cover
and corrosion of reinforcement in monolithic
gallery bulkheads, destruction of the plaster
layer and corrosion of steel vaulted beams in the
basement (Fig. 8).

Analysis of generated FE model of the building
was carried out in LIRA-SAPR program with
account of physical nonlinearity, based on the
deformations and defects identified in the
technical survey.

To consider reducing the strength properties of
building materials, stiffness properties were
modified in the design model. To be exact,
modulus of elasticity is reduced, geometry of the
cross-section is modified, several finite elements
were ignore in analysis of design model.
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Figure 9. Fragment of design model before reconstruction and after reconstruction
a) contour plots of displacements;
b) contour plots of of principal stresses and the pattern of destruction.
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In elements of design model of the building,
structural elements were

the reconstruction, measures to strengthen the

there are stresses that exceed the design strength
of materials of the structures. It causes crack
generation and other defects that were also
found in the technical survey of the building.
According to analysis of design model before
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developed.
Comparison of the stress strain state of the
building before reconstruction and after
strengthening is presented in Fig. 9.
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It is even more difficult to simulate such effects
as an explosion, a fire inside a building, and
other emergency situations. For example of such
design model, there may be the model of a 9-
storey residential building in which a gas
explosion occurred. Analysis of the stress-strain
state of the frame in explosion was carried out;
so adaptability of structures to loads beyond
design basis is determined. It causes less
material consumption during the strengthening
and reconstruction of a residential building in
emergency case (Fig.10).

CONCLUSION

Thus, in reconstruction of buildings, it is
necessary to carry out several numerical
experiments to determine the most useful
technique to strengthen the load-bearing
elements, especially if it concerns the
superstructure of storeys, replacement of floor
slabs, and reconstruction after accidents. To
carry out numerical experiments in LIRA-SAPR
program, the following procedure is proposed:

1. Design model of the building is generated
according to results of the survey on
technical condition of the building,
available documentation or/and technical
check with account of damage and wear of
load-bearing structures. Bearing capacity of
structures is determined.

2. Design model of the building is generated
with account of proposed reorganization,
redevelopment, modernization, erected
superstructures, additions to building.
Analysis of stress strain state is carries out
after several numerical experiments with
account of restoration, strengthening and
replacement of building structures. The
program identifies dangerous elements of
structures or their parts. Recommendations
are provided whether reconstruction is
possible. Measures to strengthen the
bearing structures are suggested.

Proposed algorithm allows the user to obtain

quite accurate stress strain state of the elements

Maria S. Barabash, Maryna A. Romashkina

of bearing structures of the object with account
of all changes and to predict its behaviour in the
future as well. Analysis of the stress strain state
of design model enables the user to draw
conclusions about effectiveness of certain
variant of structures’ strengthening during their
reconstruction.

REFERENCES

1. Sluchai Razrusheniya Zdanij za Rubezhom
v 2011-2013 Godah [Cases of buildings’
failures abroad in 2011-2013] [Electronic

resource]: RIA  Novosti —  access:
http://ria.ru/spravka.

2. Gorodetsky A.S. Komp'yuternoe
Modelirovanie  Processa  Vozvedeniya
Stroitel'nyh Konstrukcij [Computer
Simulation of Erection
Process of Building Structures]. //

Collection of research papers of Lugansk
National  University, issue “Technical
sciences”. Lugansk, Ed. “LNAU”, 2007,
pp. 3-9.

3. Barabash M.S. Komp'yuternoe
Modelirovanie  Processov  Zhiznennogo
Cikla Ob"ektov Stroitel'stva [Computer
Simulation of Life Cycle Process in
Building Objects]. Kiev, “Steel”, 2014, 301

pages.
4. Gorodetsky A.S., Barabash M.S,,
Sidorov V.N. Komp'yuternoe

Modelirovanie v Zadachah Stroitel'noj
Mekhaniki  [Computer  Simulation in
Problems of Building Mechanics. Study
Guide]. Moscow, ACB Publishing House,
2016, 338 pages.

5. Banakh V.A.  Statiko-Dinamicheskie
Raschetnye Modeli Zdanij i Sooruzhenij v
Slozhnyh Inzhenerno-Geologicheskih
Usloviyah [Static-Dynamic Design Models
of Buildings and Structures in Complex
Geological Environment].  Zaporozhje,
ZGIA, 2012, 334 pages.

6. Tkachenko V.B., Banakh V.A., Banakh
M.S. Retrograde Simulation of Emergency

78 International Journal for Computational Civil and Structural Engineering


http://ria.ru/spravka

Lira-SAPR Program for Generating Design Models of Reconstructed Buildings

10.

11.

and Deformed Objects in Urban Areas. //
Web of Scholar, 2018, No. 3(21), Vol. 1,
pp. 29-34

Perelmuter A.V., Slivker V.I. Raschetnye
Modeli Sooruzhenij i Vozmozhnost' ih
Analiza [Design Models of Structures and
Options for Their Analysis]. Kiev, Steel’,
2002, 600 pages.

Barabash  M.S. Vliyanie  Processa
Vozvedeniya na Prostranstvennuyu Rabotu
Nesushchih Sistem Zdanij [The impact of
erection process on 3D behaviour of
bearing systems in  buildings]. //
Construction, material science, mechanical
engineering // Collection of research
papers, Dnipro, PGASA, 2012, No. 65, pp.
29-34.

Barabash M.S. Metody Komp'yuternogo
Modelirovaniya Processov Vozvedeniya
Vysotnyh Zdanij [Methods of Computer
Simulation for Erection Process in High-
Rise Buildings]. // International Journal for
Computational  Civil and  Structural
Engineering, 2012, Vol. 8, Issue 3, pp. 58-
68.
Gorodetsky
Komp'juternoe

A.S., Barabash M.S.
Modelirovanie  Processa
Vozvedenija  Stroitel'nyh  Konstrukcij
[Computer Simulation of Erection of
Building Structures]. // Building mechanics
and analysis of structures, 2014, Issue
5(256), pp. 28-33.

Ulybin A.V., Zubkov S.V., Fedotov S.D.,
Zakrevsky A.Y. Survey of Pile
Foundations in Arranging Superstructures
for Buildings. // Magazine of Civil
Engineering, 2014, No. 4, pp. 17-26.

CIIMCOK JIMTEPATYPBbI

1.

Crnydan pa3pyiieHus 37aHui 3a pyOexom B
2011-2013 romax (9IEKTPOHHBIA pecypc).
PUA «HoBocti» — JIOCTYTI:
http://ria.ru/spravka.

I'oponeuxmuii A.C. Komnerotepnoe
MOJEJIMPOBAHUE TPOIEcCa  BO3BEICHUS

Volume 14, Issue 4, 2018

10.

CTPOUTENBHBIX KOHCTpyKuud. COOpHHK
Hay4HBIX TPYIOB Jlyranckoro
HallMOHAJIBHOTO  YHUBEPCUTETA,  Cepusd
«Texunueckue Haykw». — JL.: W3n-Bo
«JIHAY», 2007, c. 3-9.

bapa6am M.C. KomnerotepHoe

MOJIETTMPOBAHUE IPOLIECCOB YKU3HEHHOTO
UKJIa OOBEKTOB CTpouTenbcTBa. — Kues:
UsnarensctBo «Craney, 2014. — 301 c.
I'oponeuknit A.C., bapabéam M.C,,
Cugopos B.H. KomnsrorepHoe
MOJIETIMPOBAaHUE B 3aJlayaX CTPOUTEIIbHOMN
Mmexanuku. — M.: ACB, 2016. — 338 c.
banax B.A. CraTuko-guHaMUYeCcKHe
pacyeTHbIe MOJIEIU 3IaHUM U COOPY>KEHHUI
B CJOXHBIX HMHKEHEPHO-T€OJIOIHUECKUX
ycioBusx. — 3anopoxbse: 3['UA, 2012. —
334 c.

Tkachenko V.B., Banakh V.A., Banakh
M.S. Retrograde Simulation of Emergency
and Deformed Objects in Urban Areas. //
Web of Scholar, 2018, No. 3(21), Vol. 1,
pp. 29-34.

Ilepeabmyrep A.B., CumBkep B.H.
PacueTtHble  MOzenu  COOPYXKEHUH U
BO3MOKHOCTh HMX aHamu3a. — Kues:
HznatensctBo «Cranb», 2002. — 600 c.
bapabamn M.C. BausHue npouecca
BO3BEJICHUSI HAa MPOCTPAHCTBEHHYIO paboTy
HECYIIHNX CUCTEM 3IaHUH. //
CrpouTtenscTBo, MaTEepUaJIOBEICHUE,
MamuHocTpoeHnue // CO. HaydHBIX TPYIOB.
— Huenponerposck: III'ACA, 2012, Ne 65,
c. 29-34.

bapa6am M.C. MeTobl KOMIIBIOTEPHOTO
MOJIETTMPOBAHUSl  MIPOLIECCOB  BO3BEICHUS
BBICOTHBIX 3manuii. // International Journal
for Computational Civil and Structural
Engineering, 2012, Vol. 8, Issue 3, pp. 58-
68.

I'opopneuxknit A.C., bapadbam M.C.
KomneloTepHoe MopaenupoBaHue Ipolecca
BO3BEJCHUS CTPOUTEIBHBIX KOHCTPYKIIHL.
/[ CTpouTtenbHass MeEXaHHKa U pacuer
coopy>xenuii, 2014, Beim. 5(256), c. 28-33.

79


http://ria.ru/spravka

11. Ulybin A.V., Zubkov S.V., Fedotov S.D.,
Zakrevsky A.Y. Survey of Pile
Foundations in Arranging Superstructures
for Buildings. // Magazine of Civil
Engineering, 2014, No. 4, pp. 17-26.

Maria S. Barabash, Academician of the Academy of
Construction of Ukraine, Director of “LIRA SAPR” Ltd,
DSc (Eng.), Associate Professor, Professor of Department
of Computer Technology Building, Educational and
Scientific Institute of Airports, National Aviation
University, 1, Kosmonavta Komarova, 03058, Kiev,
Ukraine; phone: +38 (095) 286-39-90;

E-mail: bmari@ukr.net, http: www.liraland.ru;
https://orcid.org/0000-0003-2157-521X,

Researcher ID: R-9181-2016.

Maryna A. Romashkina, PhD, Support Engineer of
“LIRA SAPR” Ltd, Teaching Assistant of Department of
Computer Technology Building, Educational and
Scientific Institute of Airports, National Aviation
University, 1, Kosmonavta Komarova, 03058, Kiev,
Ukraine; phone: +38 (095) 931-52-50;

E-mail: romashkina.liraland@gmail.com;

http: www.liraland.ru

ORCID ID: 0000-0002-7158-4037

Bapabamn Mapus CepreeBHa, akaJeMuK AKaJeMUH
cTpoutenscTBa Ykpaussl, gupektop OO0 «JIMPA
CAIIP», J&OKTOp TEXHHYCCKUX HAyK, mpodeccop
Kadeapbl KOMITBIOTEPHBIX TEXHOJOTHH CTPOUTEIHLCTBA
Y4eOHO-HAyIHOTO WHCTUTYTa AspomnopTos,
HauuonaneHoro apuanuonHoro ynuepcurera, 03058,
Vkpauna, r. Kues, npocnekr Kocmonara Komaposa, 1.
1; rem: +38 (095) 286-39-90;

E-mail: bmari@ukr.net; http: www.liraland.ru

ORCID ID: 0000-0003-2157-521X;

Researcher ID: R-9181-2016.

Pomamiknna Mapuna AHzipeeBHa, KaHIUIaT TEXHHYECKUX
HayK, MHXeHep Tpymnnsl conpoBoxiaeHus OO0 «JIMPA
CAIIP», aCCUCTEHT Kagenpbl KOMIIBIOTEPHBIX
TEXHOJIOTHH CTPOUTEIHCTBA Y4ebHo-Hay4YHOTO
MHCTUTYTa AdpornopToB, HannoHaIbHOTO aBHAIIMOHHOTO
yauBepcurera, 03058, Vikpawmna, r. Kwue, mpocmext
Kocmonasra Komaposa, 1. 1; ten. +38 (095) 931-52-50;
E-mail: romashkina.liraland@gmail.com,

http: www.liraland.ru;

ORCID ID: 0000-0002-7158-4037

Maria S. Barabash, Maryna A. Romashkina

80 International Journal for Computational Civil and Structural Engineering


mailto:bmari@ukr.net
http://www.liraland.ru/
https://orcid.org/0000-0003-2157-521X
http://www.researcherid.com/rid/R-9181-2016
https://orcid.org/0000-0003-2157-521X
mailto:bmari@ukr.net
http://www.liraland.ru/
https://orcid.org/0000-0003-2157-521X
http://www.researcherid.com/rid/R-9181-2016
https://orcid.org/0000-0003-2157-521X

International Journal for Computational Civil and Structural Engineering, 14(4) 81-89 (2018)

DOI:10.22337/2587-9618-2018-14-4-81-89

THE GENERALIZED BIFRACTIONAL BROWNIAN MOTION

Charles EI-Nouty
LAGA, Université Paris XIII, Sorbonne Paris Cité, FRANCE

Abstract: To extend several known centered Gaussian processes, we introduce a new centered Gaussian
process, named the generalized bifractional Brownian motion. This process depends on several parame-
ters, namely a>0, >0, O<H<1 and O0<K<1.When K=1, we investigate its convexity

properties. Then, when 2HK <1 , we prove that this process is an element of the QHASI class, a class of
centered Gaussian processes, which was introduced in 2015.

Keywords: convexity, quasi-helix, approximately stationary increments

OBOBHIEHHOE BU®PAKTAJIBHOE
BPOYHOBCKOE JIBUKEHUE

1. Snv-Hymu
Yuusepcuter [Tapmx X, Copbonna — Iapmx — Cure, DPAHIINS

AnHoTanus: PacimpeHue HECKOJNBKUX NEHTPUPOBAHHBIX T'ayCCOBCKUI IMPOIECCOB TPEOYET BBEICHHS
HOBOTO IpOIlecca, HA3BaHHOTO OM(pPaKTATEHBIM OPOYHOBCKUM IBIDKCHHEM. DTOT IPOIECC 3aBHCUT OT
HECKOJIbKUX mapameTpoB, a umenHo: a >0, #>0, 0<H <1 u 0<K <1 . Jlns ciay4as, korjaa napa-
metp K =1, nccmenyercs cBoiicTBo BhimykinocTr. s caydas, korma 2HK <1, moxassiBaeTcs pHHA-

JIEKHOCTh ITOrO Ipolecca K KBasu-kiaccy (0OmamaHueM KBa3M-KaHOHHYCCKOH KPHBOM MOCTOSHHOTO
CKIIOHA), U K KJIACCY LEHTPAIbHBIX [ayCCOBCKHX IIPOLECCOB.

KiroueBble cji0Ba: BRITYKJIOCTh, KBa3H-KAHOHWYECKAst KPUBAsI IOCTOSITHHOTO CKJIOHA,
MIPUONMKEHHO CTAIlMOHAPHBIE IPUPOLICHUN

1. INTRODUCTION

Let {B, «(t),t R} be a bifractional Brownian

motion (bBm) with indices O<H <1 and
0<K <1, i.e. acentered Gaussian process such
that By, (0) =0, with probability 1, and

E (B« (®)By (5))
2H 21 \K 2HK (1.1)
=2iK((ItI Hlsf" ) e )

We can verify that

2HK

VarB, , (t) =[t|

and that the bBm is self-similar with index HK .
Note also that the process B,, , is the fractional

Brownian motion (fBm) and therefore the pro-
cess B,,, is the ordinary Wiener process.

Straightforward computations show B, , has

no stationary increment. However, the bBm is a
HK-quasi-helix in the sense of Kahane ([1],
p. 137) and its increments are approximately
stationary for small increments. Houdré and Vil-
la [2] introduced the bBm and established the
previous results.

Consider the following centered Gaussian pro-
cess Y =Y, defined as follows:
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Y() =Y, 5k (1)

(1.2)
=aB, ((t)+B8B, (1)

with t>0,a >0, > 0. Set
a(K)=1/(2%""), 0<K <1.

The introduction of the process Y is motivated
by the fact that this process was already intro-
duced for specific values of «, g and K. In-

deed, the process Y, .11 Was introduced in

[3] and was named the sub-fractional Brownian
motion. El-Nouty and Journé [4] extended the
former process by introducing the process

Y, pannk e Which was named the sub-

bifractional Brownian process (sbBm). Finally,
Zili [5] introduced the process Y, ,, ,, which

was named the generalized fractional Brownian
motion (gfBm). This is why we will name Y
the generalized fractional Brownian motion
(gbBm). Set for s,t >0

o’ (st):= Uf,,ﬂ,H,K (s.t)

“E (Yo (Yo (5)))

(1.3)

Let us study the convexity properties of
o’ (s,t)=0, 54 (1)
on the set

T={(s,t) [0,1)° : s<t}.

Our first result is stated in the following propo-
sition.

Proposition 1. I. If H >1/2 , then the function
0. sna(sit), (st)eT s convex and has a
unique maximum at the point (0,1) .

Il If H <1/2 ,then the function o7 , ., ,(s.t),

a

Charles EI-Nouty

(s,t)eT is concave and has a unique maximum
at the point (0,1) .

Note the difference between the case
O<H<1/2 andthecase 1/2<H <1, i.e. be-
tween short-range dependence and long-range
dependence. This phenomenon was already ob-
served by several authors in the fBm case
(Beran ([6], p52), Samorodnitsky and Taqqu
([71, p. 123)). Proposition 1 establishes that the
fBm and the gfBm are similar from the convexi-
ty point of view. However, when one compares
Proposition 1 with Proposition 1.1 in [8], he can
observe the difference between the gfBm and
the bBm. This implies that there is a significant
difference between the processes Y, ,,, and

Y with K <1.

a,pf,H,K?
The quasi-helix with approximately stationary
increments (QHASI) class of centered Gaussian
processes was introduced by EI-Nouty [9] and
was defined as follows. A centered Gaussian
process {X(t),tel <R} belongs to the
QHASI class if it fulfills the five following as-
sumptions:

e Al: X(0)=0 with probability 1,

e A2: there exists A>0 such that X s
self-similar with index A,

e AS3:thereexists 0<C, <C, <+oo such that

V(S,t)e |2

Colt—s[ <E(X (t)=X (5)) <C,Jt -5,

Ad4: there exists C, €[C,,C,] such that

V(s,t)el? t>s,st=0,whent-s—0,

E(X(t)-X(s)) ~Cy(t-s)"

AS: there exists C, €[C,,C,]| such that

vtel, EX(t)?=C,lt[".
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Let us state three known results. The first one is
due Houdré and Villa [2], the second one to [10]
and the last one to EI-Nouty [9].

Theorem 2. The bBM is an element of the
QHASI class.

Theorem 3. The sfBm is an element of the
QHASI class.

Theorem 4. The sbBm is an element of the
QHASI class.

We insist on the fact that the values of 4, C,,
C,, C, and C, for the bBm, the sfBm and the

sbBm can be found in EI-Nouty [9]. Using some
results of Zili [5] and introducing some addi-
tional computations, we get the following result.

Theorem 5. The gfBm is an element of the
QHASI class, with

e A=H,

. Cl:min(a2+ﬂ2,(a+ﬂ)2—22Haﬂ) ,

. C2:max(az+ﬂ2,((a+ﬂ)z—22Haﬂ)) :
o C,=a’+p,

e C,=a’+2(1-2"")ap+p°.

Our main result is stated in the following theo-
rem.

Theorem 6. Assume that 2HK <1. Then the
gbBm is an element of the QHASI class, with

e A=HK,
e C=(a+p)-2"%ap,

e C=2((a+p) -2 ap),
e C,=2""(a*+p),

e C,=a’+2(1-2"")ap+p*.

Let us make some comments on the above theo-

Volume 14, Issue 4, 2018

rem. When
H<1/2 and K =1,

theorem TH is similar to theorem tutu. When
2HK <1 and a=pg=a(K),

theorem TH is similar to theorem JLJ. Finally,
as expected, note the importance of the hyper-
bola

2HK =1.

This phenomenon was already observed in El-
Nouty [11], EI-Nouty and Journé [12] and Rus-
so and Tudor [13].

Let us investigate the case

1<2HK < 2.

There is no difficulty to determine A4,C, and
C,. Indeed they have the same values as those
found in the case

2HK <1.

A careful reading of the proof of theorem TH
enables to state the following lemma.
2HK >1. Then

Lemma 7. Assume that

v (s,t) el?

2HK

0% (5,0) <2 (a? + )t — ™.

The question of the existence of a constant C, is
still an open one.

In section 2, we prove Proposition 1. The proof
of Theorem 6is postponed to section 3. In the
sequel, there is no loss of generality in assuming
K<1.
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2. PROOF OF PROPOSITION 1

Recall that K =1 in this section. We have for
any t>s

o’ (s,t)= O-a,ﬁ,H,lz (s,t)
—g2H ((0{2 +ﬂ2)(u _1)2H
(2.1)
402 aﬂ(ZlﬁzH (u +1)2H _uy _1))
=s*" A(u),
where

u=t/s=>1.

There is no difficulty to deal with the case
H=1/2. When H #1/2, the derivative of or-
der 2 of the function 4 is

AP W) =2H(@2H -1)s*" gu), (2.2)

where

g(u)=(a’ +A)u-1*"
+22Haﬂ(21—2H (U +1)2H—2 _u2H—2).

Let us study the sign of the function g. We
have

g(u)=2a fh(u), (2.3)

where
h(u) = (U-1)2""% + (U+1)?" 7% - 22"y 2,
Since
2H -2<0,

2

the function u—u®"?, u>1 is convex, and

therefore

U-1)"7 4+ (u+1)2H2 > 2u2H 2,

Charles EI-Nouty

Hence,

hu)=(2-22"u"2>0.  (2.4)

Combining (2.4) and (2.3) with (2.1), we estab-
lish that, if H>1/2, then the function

Cupns (S:t), (s,t)eT s convex, else the

function is concave.
By using (2.1), we have for any real s, t,s=t,

and a>0

o’(s,t)>0, o°(s,5)=0

and
o’(as,at)=a*"o’(s,t).
Thus, we get
007 (81) [ 00 (8Y) _ o 2s 1y (25)
0s
If

00’ (s,t) _ 90" (s.t) _,
os o

then (2.5) yields that
o’(s,t)=0
and consequently
s=t.
Thus, there is no maximum of &(s,t) in the in-

terior of T .
Let us investigate the existence of a maximum

of o?(s,t) onthe border of T . Note that
o’ (0,)=(a* +(2-2")a B+ p°) t*"

has a unique maximum at the point t=1. Thus,
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we have to study the function

o’ (s,1) = (a® + p?)(1—s)*"

+2M (277 L+ 5)™ — 52 -1), 26)

We have by differentiation

dO'Zd(sS,l) _oH (—(0{2 +ﬂ2)(1— S)ZH—l

+2 (27 (L) —SZH)).

We must consider the following three cases:

Casel. H=1/2.

Since
dO'Z(S,l) ) )
T:—(OC +ﬁ )<O,

the function o*(s,t),(s,t)eT has a unique

maximum at the point (0,1). Using (2.6), we
have

o’ (O,l) =a? +,32 )
Case 2. 2H >1.
We have

do? (S,l)
ds
2a(1+5)™"

<0<

-1 2H-1

<(a*+p°)(1-5)" " (27)

+2ap(2s)" .
Recall that
2af <a’+ p.

To prove (2.7), it suffices to verify

Volume 14, Issue 4, 2018

(L+s)" T <@-9)*" 1+ (29)%" 1 (2.8)
Inequality (2.8) is true at the points 0 and 1. Set
u=1/s>1.

Thus, inequality (2.8) can be rewritten as fol-
lows:

(u+2)" 7 <(u-2)" 22 (2.9)
Set

g(u)=(u +1)2H71 —(u —1)2H7l -2t
We have

g'(u) = (2H —l)((u +1)"" 7 —(u _1)2“'2) <0.

Since

we prove that g <0 and consequently inequali-

ty (2.9).
The function o?(s,t),(s,t)eT has a unique

maximum at the point (0,1). Using (2.6), we
have

o’ (01)=a’+(2-2"" )ap + * .
Case 3. 2H <1.
To show that

daz(s,l)
ds

<0

it suffices to establish that
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221 (1+ s)2H7l —s?1 <0

2H-1

< (1+5) S(ZS)ZH&.
Since
2H -1<0 and s<1,

Therefore, the function
has a unique maximum at

the result is true.
a’(s,t).(s,t)eT
the point (0,1) . Using (2.6), we have

o’ (01)=a’+(2-2"")ap+ " .
The proof of Proposition 1 is complete. [
3. PROOF OF THEOREM 6

We can easily remark that the process Y isa
centered Gaussian process such that Y (0)=0

with probability 1 and Y is self-similar with
index HK . The covariance function of the
process Y is given in the following lemma.

Lemma 8. We have for t>s>0

E(YOY(6) = (a4 ) (€ 5"
—(az —}-ﬂz)(t _ S)ZHK
_Zaﬂ(t+s)2HK)

and therefore
= (Y (t)z) - (az +2(1-2°" " Yo+ ﬂ2>t2HK.
Proof. It suffices to combine (1.1) with (1.2).

Remark 9. Lemma 8 gives the value of the con-
stant C, .

Setfor t>s>0

Charles EI-Nouty

2H | 2H K
Fik(sit)= 2(%}
_2HK _g2HK 5 g

t4 g2
F%,ZHK (S’t) - 2(7)

2HK  L2HK
- =57

(3.1)

(3.2)

The functions given in (3.1) and (3.2) will play
a key role in the proofs of our results. Let us re-
call the following basic proposition.

Proposition 10. When 0<2HK <1,
Foomk 20. When 2HK =1, F,, =0. When

1<2HK <2, F, .« <0.

Remark 9. When 2HK <1, the function F,

1.2HK

can be viewedas F,, with H=3.

We can state the second technical lemma.

Lemma 12. We have for t>s>0

)ZHK

o’ (S,t) =K (a2 +ﬂ2)(t—s
—(a+B) Fyy(st)

+21—K+2HKa ﬁ Fl

2

s,t).

2HK (

Proof. It suffices to combine (1.3), (3.1) and
(3.2) with lemma 8. n

The next step consists in determining the value
of the constant C, .

Combining Lemma 12 with Proposition 10, we
have

if 0<2HK <1, then

2HK

o? (S,t) <tk (a2 +ﬁ2)(t —S)
+217K+2HK aIBF%‘ZHK (S,t),
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if 2HK =1, then
o’ (s,t) <27 (o + 5*)(t-s),
and
if 1<2HK < 2, then
)2HK-

o’ (s,t) < kK (a2 +/3’2)(t—s

El-Nouty and Journé [12] showed that we have
for 0<2HK <1,

(t- s)2HI< 422K Fy o (s.t)
<(2-22")(t-

S)ZHK.

Then,
o’ (st) <27 (a’+ B°)(t-s)™
121 KI2HK (ot 2HK (1_ 22HK—1)(t B
=27 ((a+ B)' -2 ap)(t-s)
=C, (t-s)™.

S)ZHK

2HK

Let us determine the value of the constant C, .

Combining Lemma 12 with Proposition 10, we
get

O'Z(S,t)zzl—K (0{2 +ﬂ2)(t—S)ZHK
—(a+B) Fyx(st).

It was proved by EI-Nouty and Journé [12] that,
when 2HK <1,

(t—S)ZHK+2K (tZHK+SZHK)_2(t2H +82H)

> (2 -1)(t-s)"™,
that is
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(2-29)(t-s)"™ 22°F, . (s.1).

Then,

)ZHK

o (st)2((a+B) -2 a B)(t-s
=C,(t-s)"™.

Finally, we determine the value of the constant
C,. Recall that s> 0. Set

t—s=h.

When h— 0, the Taylor expansions of the
functions F,, and F,,,, ,givenin (3.1)

and (3.2), are

2
FHYK(s,t):SZHKLHZK(l—K):—Z
; (3.3)
()
S
and for 2HK #1
_ 2
F12HK(s't):_SZHK(HK(2HK 1)h_2
3 2 s
(3.4)

h2
Combining Lemma 12 with (3.3) and (3.4) (or

Proposition 10 if 2HK =1 ), we obtain the
Taylor expansion of o(s,t). Hence, since

2HK <2, we get the value of C,.

To complete the proof of Theorem 6, we have to
verify that

C,<C,<C,

and
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C,<C,<C,
Assume
a>f[>0
and set
X = %, X>1

The inequalities C, <C, <C, are equivalent to
X +(2-2)x+1
<2vK (x2 +1)
<27 (5 +(2-22") x+1),
that is
(x+1)°>0
and

(2—2”“)xzo.

Since 2HK <1, it proves the result. Similarly,
we can establish that

C,<C,<C,.

The proof of Theorem 6 is complete. [
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ONE FEATURE OF THE CONSTRUCTIVE SOLUTIONS
OF THE LATTICE GIRDER

Mikhail N. Kirsanov
National research University “MPEI”, Moscow, RUSSIA

Abstract: The problem of the deflection of a planar symmetric statically determinable truss with a double lattice
depending on the number of panels was solved in an analytical form. The angle of inclination of the ascending and
descending rods of the truss is different. A load is applied to the truss, evenly distributed over the nodes of the lower
chord. Special operators of the Maple computer math system and the induction method were used to generalize
individual particular solutions to an arbitrary case. Formulas are obtained for the forces the most compressed and
stretched truss rods. Cases of kinematic variability of the structure are revealed. A picture of the possible speeds of
truss nodes in these cases is constructed. The asymptotic behavior of the deflection is found with a large number of
panels and a fixed span length. The deflection was determined by the formula of Maxwell — Mohr.

Keywords: truss, deflection, induction, Mohr" integral, Maple

OCOBEHHOCTD OJHOI'O KOHCTPYKTUBHOI'O PEHIEHUA
PEIIETKHU BAJIOYHOM ®EPMbI

M.H. Kupcanoes

HanuonaneHslit uccnenosarensckuil yausepcutet «MOW», r. Mocksa, POCCHUA

AnHotanusi: B amamuTHyeckodl ¢opMme pelreHa 3amaya O MPOTrude IUTIOCKONH CHMMETPUYHOW CTaTHYCCKH
orpeneuMoi hepMbl ¢ IBOWHON PENIeTKOW B 3aBHCHMOCTH OT YHCIIa MaHeNel. YTON HaKIOHa BOCXOISIINX U
HUCXOJIMIHX packocoB (epmsl pa3Hbiil. K pepme mpuioxeHa Harpy3ka, paBHOMEPHO pacripeieieHHast 1o y3JIaM
HIDKHETO Tosica. VICTONb30BaHbl CIICNHAIbHBIC OTEPAaTOPhl CHCTEMbl KOMIBbIOTEpHOU Maremarnku Maple u
METOJl MHAYKUWU A OOOOIICHHS OTAEIbHBIX YACTHBIX PEIIEHWH Ha TPOU3BOJIBHBIN ciyudaid. [lomydeHsl
dbopMyabl UIs yCHIMH B HauOOJiee CKATBIX M PACTIHYTBHIX CTCPXKHSAX (epMbl. BBISBICHBI Cily4an
KHHEMATHICCKOH HM3MEHSEMOCTH KOHCTPYKIUHU. [ocTpoeHa KapThHA BO3MOXKHBIX CKOPOCTEH y370B (epMbl B
9THX ciyd4asx. HalineHa acuMNTOTHKAa TpOrHOa mpu OOJBIIOM YHCIE MaHeled W (DUKCUPOBAHHOHN ITUHE
nposiera. [Tporu6 onpenersics mo Gpopmysie MakcBemia — Mopa.

KunroueBsbie cioBa: Gepma, nporud, mHAyKLUs, popmyna Makcsesna — Mopa, Maple

1. FORMULATION OF THE PROBLEM

The calculation of building structures is
traditionally carried out by numerical methods,
based mainly on the finite element method,
incorporated in most standard computational
packages. Along with this, recently the
analytical line of research has become
widespread. In particular, for planar [1-8] and
spatial [9-11] statically definable trusses with
the property of regularity, exact solutions were
obtained for the deflection problem under the
action of various loads. The main feature of
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these solutions is the inclusion of a number of
panels in the truss parameters. This became
possible with the advent of methods of symbolic
mathematics (Reduce, Maple, Mathematica,
Maxima, Derive, and others), allowing not only
to solve problems of forces in the bars of a
structure in symbolic form, but also to find
generalizations of these solutions to an arbitrary
number of rods or cells in truss. The latter can
be done by induction, for the implementation of
which (the compilation and solution of recurrent
equations) in modern systems of computer
mathematics there are corresponding special
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operators. It should be noted that together with
the solution of the main problem — the
derivation of a compact formula for the
expression of the deflection, using the methods
of computer mathematics, it became possible to
find the features of the structures of some
complex rod structures that manifest themselves
in their kinematic degeneration. It is these
problems that are solved in the present work as
applied to a planar beam truss with a diagonal
double lattice.

A review of some analytical solutions for planar
trusses is contained in [12].

2. TRUSS MODEL, CALCULATION
OF FORCES

In a girder truss with parallel belts, the
descending and ascending braces have a
different slope. In the middle of the truss there
is a shortened stand with a V-shaped fastening
to the upper belt (Fig. 1). In this design, it is
difficult to unambiguously single out a separate
panel, so we will conditionally assume that the

panel is defined only by the rods of the lower
and upper belts and has a length of a. The
number of panels in the truss is 2n, which
corresponds to m = 8n + 10 rods together with
three supporting ones. Since the number of
hinges, the equilibrium of which is considered
when determining the forces in the rods is equal

here is m,=4n+8, the truss is statically

definable.

As with most trusses with double grids, the
usual calculation methods for this truss, such as
the cross-section method or the method of
successive cutting of knots, are not applicable.
In [1-3], a program for computing symbolic
forces from the solution of the system of
equilibrium equations of all nodes is described.
A program written in the language of symbolic
mathematics Maple implies the assignment of
coordinates of nodes and the order of

connecting rods, in the same way as a graph is
defined in discrete mathematics. The truss rods
and nodes are numbered (Fig. 2), the origin of
coordinates is chosen and the coordinates of the
hinges are entered:

a a a

a a a a a _a _a

Figure 1. Truss, n=7.

o R TR oI P l

Pa llvPa lPa iPa

Figure 2. Numbers of rods and nodes, n=5.
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X =Xijon2 = a(i-1), Yi = 0,
yi+2n+2 = 2h, i :1,,2n+1,

Xoni2 =0, Yonio = Yansa =N, X4piq =202,

The order of connecting rods and nodes is given
by vectors V, the coordinates of which
correspond to the numbers of finite hinges of
the rod. Rods of the lower belt, for example,
have the following coordinates:

V. =[i,i+1)], i=1..,2n.

Similarly, in the cycles, the remaining rods are
also set, including the supporting ones:

\7m_2 :[1, mS _2],
Vi, =[2n+1,m,-1],
V,, =[2n+1,m,].

The matrix of the system of equations consists
of the direction cosines of the forces, which are
calculated by the formulas

_ 2 2 _
i =hi” +12i 0 b= X, T v

i =Y, =Y, 1=L...m.

In number V; ;, the first index j takes values 1 or

2 and corresponds to the number of the vector
V, components, the second index corresponds to
the number of the rod. Thus, taking into
account, each force enters the equilibrium
equations of two nodes at the ends of the rod
and the projections have different signs, the

matrix of direction cosines has the following
elements:

Gui=—ljilli, t=2Vj, -2+, t<m, j=12
Gt,:Ij,I/I|’t:2V|,1_2+j’ tSm, j:1’2,
i=1..m.

The system of equilibrium equations of knots
has the form

Mikhail N. Kirsanov

GS =B,

where S ={S,,...,S,} is a vector of efforts, B
—is a vector of external loads.

3. CASE OF KINEMATIC
DEGENERATION

The very first calculations of the forces in
symbolic form showed that for n = 2, 3, 5, 6, 8,
9 .. the determinant of the system of
equilibrium equations vanishes. It is known that
this corresponds to the case of instantaneous
variability of the structure. Unfortunately, the
known variability criteria do not apply here.
There are no two disks connected by parallel
rods or rods on the intersecting straight lines.
There is no closed polygon of the rods of the
lattice, considered by I.M. Rabinovich [13] on
the basis of the work of Muller — Breslau [14].
However, for a truss you can find a
kinematically  consistent picture of the
distribution of possible node speeds (Fig. 2),
confirming that, indeed, with such a number of
panels, the truss turns into a mechanism.
Obviously, part of the rods, for example 2-12, 1-
2, 1-12, make rotational movements, and part of
them is translational: 2-15, 5-15, 5-18 and so do
symmetrical rods. Most of the nodes 1, 3, 4, 6,
8,9, 11 .., including the supporting ones, remain
motionless. The velocities satisfy the obvious
relation

u/h=v/a.

In order to exclude unacceptable values of nin a
sequential calculation of trusses with different
numbers of panels, we introduce the function
n =3k —-2. Changing in the process of counting
the number k = 1,2, ..., we find by the method of
induction the regularity of the formation of
coefficients in the desired formula for
deflection.
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4. DEFLECTION

To determine the deflection of the truss, we use
the Maxwell — Mohr formula,

m-3
A=P> S"sUI [ (EF),

i=1

where the summation is carried out only on the
deformable rods of the truss and indicated: S®

— forces from a single force applied to the
middle of the lower belt (node n+1, Fig. 2), S\”
— forces in the rods from a given load, I, —

lengths of the rods. The stiffness of the rods
EF, in the General case are different. Let the

area of the sections of the upper and lower
zones are expressed in terms of a conditional
area:

F=F/y,i=1..2n1=2n+3,..,4n+3.

The cross-sectional area of all bars of the grid,
including the side racks, have the form:

F=Fly,, i=2n+12n+2,i=4n+4,...,m-3.

A consistent analytical calculation of trusses
with an increasing number of panels revealed
that the formula for the deflection is the same:

P Cl,ka371 + (Cz,kc3 +C3,kh3 + C4,kd3)72

A= >
8h°EF

1)

differing only by coefficients in degrees (cubes)
of sizes

a, h, c=+a’+h? and d =+a?+4h?.

In order to find the common term of the
sequence of coefficients 4, 257, 2130, 8593,
24236, 55269, 109522, 196445, 327108,

514201 at a®, you need to use the special

Volume 14, Issue 4, 2018

operator rgf findrecur to find the recurrence
equation that this sequence satisfies:

Cl,k = 5C1,k—1 _10C1,k—2 +1001,1(-3 _5C1,k—4 + Cl,k—S’

and then solve it using the rsolve operator. The
solution is

C,, = (135k* —360k® +405k* — 214k +42) / 2 .

Similarly, we obtain expressions for other
coefficients:

C,, = 4(6k? -6k +1),
C,, =16(3k —2),
C,\ =3(k —1)%.

S. ANALYSIS OF DEFLECTION

Consider the case of a truss with a given span L
and an arbitrary number of panels, so that

a=L/(2n).

The analytical form of the solution allows to
clearly identify some of its features. We also fix
the total load on the truss

P, =(2n-1)P .

We introduce notation for the dimensionless
deflection of the

A'=AEF/(P, L).

um

In Figure 3, for y, =y, =1 and L=100 m, curves

of deflection (1) dependence on the number of
panels are given, showing that in this
formulation the relative deflection does not
change with the increase in the number of
panels.
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Figure 3. Dependence of deflection
on the number of panels.

There is a mild oblique asymptote of the curve.
For their analytical expression

A'=A,+ uk
we calculate the limits:

p=limATKk=ph/L,
A, = lim(A'= 1K) = (55,1 + 2567,h) / (768Lh>).

Similar limits are obtained for truss in [15]. It is
interesting to note that the angle of inclination
of the asymptote depends only on the rigidity of
the lattice y,, the height of h and the length of

the length of the graph of the deflection
decreases, and the angle of inclination of the
asymptote is positive. It follows that the curves
have weakly expressed extremum points, which
can be used to optimize the stiffness of the
structure. The dependence of the deflection on
the height of the truss (Fig.4) also detects
extremum. The curves are constructed under the
same assumptions as the graph 3 at L=50 m.

Mikhail N. Kirsanov

2.0+
1.5

1.0 1

3 4 5 6 7 8 9 10 1
Figure 4. The dependence of the deflection
on the height of the truss.

6. THE FORCES IN THE RODS

In the process of inductive derivation of the
formula for deflection in the program the forces
in the rods were also obtained. Maple graphical
tools allow to give a visual representation of the
distribution of forces in the rods of the belts and
the grid. In figure 5, the thickness of the rod
lines are proportional to the forces in them. Blue
highlighted in rods subjected to compression,
red — stretchable. The forces related to the
magnitude of the load are also indicated.

As one would expect, with such a load, the most
compressed rods are in the middle of the upper
belt, the stretched ones are in the middle of the
lower one.

For these forces (Fig. 1), the induction method
from the analysis of six solutions for trusses
with a successively increasing number Kk
associated with the number of panels obtained
formulas:

SO =_Pa(9k? —10k +3) / (4h),
S™ = pa(9k® —10k +1) / (4h).
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-3.3 -5.3 -3.3 -6.3 -6.3 -3.3 -5.3 -3.3
_2.5 -3 2.5
1.2 N 1.2 W7 1.8~ R7 0 0 1.7 1.8 A7 2 2 nl1.2
2.5 3. i | - -
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Figure 5. Distribution of relative forces, n=4.
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Abstract: In modern conditions it is necessary to create high-tech, reliable and durable composites of a new
generation with the required properties, and this requires qualitatively new approaches in the design, synthesis,
operation, destruction and reuse of sources, that is based on the introduction of fundamentally new nature-
similiar technologies. The great interest not only in Russia, but also abroad, present additive technologies.

The article proposes the technology of using water-resistant and cold-resistant quick-hardening composite on the
basis of gypsum binders of a new generation with finely ground mineral additives of different genetic types, in-
cluding using a new unique type of mineral additives - waste from the magnetic separation of ferruginous
quartzite.
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AnHoTauusi: B COBPEMEHHBIX YCIIOBHUAX HCO6XOJZ[I/IMO CO31aHUC BBICOKOTCXHOJIOTUYHBIX, HAJAC)KHBIX U JTOJIT'O-
BCYHBIX KOMIIO3UTOB HOBOT'O ITOKOJICHHUA C Tp€6yeMBIMI/I CBOfICTBaMPI, a sl 9TOTro HCO6XO,I[I/IMI>I Ka4€CTBCHHO
HOBBIC NOAXOAbI IPU MNPOCKTUPOBAHHHU, CHUHTE3C, IKCIUTyaTalluH, pa3pyHIicHUHU W MMOBTOPHOM HCIIOJb30BAHHUH
CBIPBEBBIX PECYPCOB, OCHOBAHHBLIC HA BHCAPCHHUU HNPUHIHUIHNAJIBHO HOBBIX HpI/IpO,I[OHOZ[O6HBIX TEXHOJIOTHH.
Bonpmoit HUHTEPEC HE TOJBKO B POCCI/II/I, HO 1 3a py6C)KOM NpEACTABIIAIOT AAAUTUBHBIC TCXHOJIOTHH. B cratee
npegiaracTesl TEXHOJIOTHU HCIIOJIb30BAHUA BOﬂOCTOﬁKHX u MOpOBOCTOﬁKPIX 6BICTpOTBCp,I[C}OHII/IX KOMIIO3HIIU-
OHHBIX T'MIICOBBIX BKYIHINX HOBOI'O IMOKOJICHUA C TOHKOMOJIOTBIMHU MUHEPAJIbHBIMU Z[O6aBKaMI/I Pa3HbIX IT'CHETHU-
YECKHUX TUIIOB, B TOM YHCJIE C HUCIIOJBb30BAHUEM HOBOT'O YHHUKAJIBHOTO MJIsI CTPOUTCIBHOIO0 MATECPHUATIOBEACHUA
BUaa MUHEPAJIbHBIX )1063.BOK - OTXO0O0B MOKpOﬁ MarHuTHOM cenapanunu KEJIC3UCThIX KBAPIHUTOB.

KiroueBble cjioBa: OMOHMKA, TeOHUKA (TEOMUMETHKA), 3 D-TeXHOIOTHH, alINTUBHBIE TEXHOJIOTHH, KOMITO3H-
IIMOHHBIE TUTICOBBIE BSDKYIIME, MUHEPAIbHAS J0OABKA, CTPOUTEIIbHBIE KOMITO3UTHI

Currently, humanity is on the threshold of a diffi-
cult stage of its development. The new century is
characterized by serious problems linked with the
depletion of hydrocarbons, the shortage of fresh
water, the intensification of natural and man-
made disasters, and environmental degradation.
Human habitat are deteriorated sharply [1].
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It is known that a person spends up to 90% of
his life in an artificially created environment - in
rooms built of various building materials, which
largely determine the performance, mental ac-
tivity, creative mood, psycho-emotional state
and, finally, the duration of a person’s life.
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The impacts to humans are increased. That man-
ifests itself in the form of cosmic radiation on
the human body, which leads to increased fa-
tigue, headaches, irritability. In the course of
medical research, it has been established that the
prolonged affecting of variable electromagnetic
fields on the human body causes disturbances in
the cardiovascular and nervous systems. Its
manifestation affects to the decrease in perfor-
mance and reduced accuracy during operation,
as well as in accelerated human fatigue. The ef-
fect of a variable magnetic field on the human
body is manifested in pains in the region of the
heart and in headaches.

The vibrations have a negative effect on a person.
A progressive increase in the values of the vibra-
tions lead to disruption of the nervous system and
rapid fatigue, disruption of the body. Often, peo-
ple do not think about environmental factors, and
their homes do not fit in the surrounding land-
scape by configuration and form [2].
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The solution of such significant problems is pos-
sible through the using of a new paradigm of sci-
ence — the application of transdisciplinary re-
search, which in particular includes cybernetics,
bionics, geonics [3-9]. The bionic approach to the
study of living nature, and above all the morphol-
ogy, ecology and physiology of living organisms,
their elements and populations, is turned out to be
very productive to solve the complex problems of
scientific and technological progress.

The organization of the human habitat is deter-
mined, above all, the biological need to ensure
the conditions of human existence. The for-
mation of the fundamentals of building culture
was determined by the natural conditions: the
climate of the region, temperature fluctuations,
humidity, the nature of the landscape and vege-
tation, the availability of building materials and
others. Depending on the region features, cli-
matic conditions, availability of materials from
which it was possible to build up shelters, peo-
ple created their first homes (Figure 1).
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Figure 6. Chum is the dwelling of the humans of the north,
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The configuration of the dwelling deserves spe-
cial attention. Creating the safe and comfortable
dwelling the humanity, since the most ancient
times, imitated the animal world and nature and
used the protective functions inherent in them
(Fig. 2-6).

For the purpose of rational heating, heat preser-
vation and safety, the dwellings were built of a
streamlined semi-circular or conical shape,
which is chosen by mollusks, foraminifera and
fauna representatives for almost a billion-years
period of evolution. Until now, the dwellings of
northern peoples have a conical form, which
provides optimal conditions for keeping warm
and comfortable stay of people (Fig. 6).

All historical epochs that had left unique testi-
monies of human dwellings testify to the imita-
tion of the natural forms of the organic and in-
organic world by human. In the early stages,
these were oval niches in caves, as the most
convenient and comfortable forms for placing a
person and preserving heat. Later, the human
found that the oval and spherical shapes are the
most durable. And human transferred this expe-
rience to the construction of dome structures.
Thus, man accepted the billionth experience of
the history of the animal world as the basis to
create his own shelters and dwellings.

The environment in which we live carries a
huge amount of information that negatively af-
fects us. The information coming from human's
environment has the greatest influence on the
his psyche and thoughts, goals and desires. Dur-
ing the study, certain regularities are found in
the relationship between the geometric charac-
teristics of the architectural-spatial form and the
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psychological response of the person to it (Fig-
ure 7).

Humanity appeared on the Earth about 70-50
millennia BC. and from the beginning of its
evolutionary accumulated knowledge and im-
provement of the world. Over time, the sources
of knowledge and research methods were dif-
ferentiated.

The 21st century requires the creation of mod-
ern high-tech structures, reliable and durable
composites of a new generation with the re-
quired properties, and it requires qualitatively
new approaches in the design, synthesis, opera-
tion, destruction and reuse of materials based on
the introduction of fundamentally new nature-
similiar technologies.

Unfortunately, constructive solutions of build-
ings and structures at the last centuries switched
to the use of vertical and horizontal elements
(Figure 7), excluding the billionth experience of
living nature.

3D-additive technologies are the representative
card of the modern century. It has great poten-
tial in reducing the energy costs for creating a
wide variety of products. Despite the many
positive features of 3D printing, the introduction
of these technologies in Russia has not yet
reached a significant level [10-14].

The emergence of 3D printing technology or
additive manufacturing is not sudden and it is
generally accepted that the foundations of it
were laid far in the past. The essence of additive
production is summing or technique to create
parts of complex shape, when the material is
applied sequentially, usually, layer by layer. So
it consumes as much as it is necessary to create
the required forms. Using of additive production
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technology to construct the buildings and struc-
tures, we will significantly reduce costs by re-
ducing material costs and increasing productivi-
ty, and will open new creative approaches in the
architectural exterior of our cities and create
more comfortable conditions for human habita-
tion, that is especially important now.

New constructions should be created taking into
account centuries-old building experience. The
theoretical basis for the design, development
and implementation of these technologies are
bionic approaches, the use of the provisions of
geonics, the law of the affinity of structures and
human-made metasomatism in construction ma-
terials.

The theory of technogenic metasomatism in
construction materials science, the law of affini-
ty of structures (consisting in designing layered
composites, mortars and repair systems, that at
the nano, micro and macro levels are similar to
the base matrix) are formulated within the
framework of theoretical concepts of geonics
(geomimetics). The development of new com-
posites should be based on new sources.

The theoretical positions are implemented in the
design and synthesis of efficient composites of a
new generation based on multicomponent sys-
tems with micro, ultra and nano dispersed fillers
in combination with other additives.

A whole spectrum of fast-hardening waterproof
and frost-resistant composite gypsum binders
(Table 1), modified by various types of mineral
additives of different genetic types, has been
developed [16-17].

To obtain concrete mixtures, that does not de-
compose to fractions, on the basis of CGB
(composites on the basis of gypsum binder) for
using at the manufacturing of densely reinforced
or thin-walled building products and structures
by the technology of layer-by-layer synthesis,
the complex chemical additives are used. These
additives include setting time retardants, super-
and hyperplasticities that can provide the ability
to control and regulate the structure formation in
a plastic state and in the process of forming the
structural strength of composites (Table 1).
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Finely dispersed fillers with a specific surface
area at least 500 ... 600 m2 / kg, obtained by fi-
ne grinding of technogenic sources (waste of
magnetic separation of ferruginous quartzites,
screenings of quartzitic sandstone, concrete
scrap, etc.), of natural resources (silica sand,
flask, perlite, tuff, chalk, etc.) contribute to the
effective management of the internal structure
formation of composites, providing high quality
products based on this. A distinctive feature of
this raw material is its activation due to air geo-
logical processes, which is manifested in the
defectiveness of the crystal lattice, the presence
of inclusions of the mineral-forming medium
and gas-air inclusions, etc. (Figure 8).

The process of forming a single gypsum-cement
matrix is also activated due to nucleating agents,
which are fine ground concrete scrap and com-
ponents of the proposed raw materials.
Compounds CGB with microdispersed mineral
additives from technogenic raw materials, with
reinforcing fibers and complex chemical addi-
tives of high water resistance and durability of
compressive strength classes B5 — B30, average
density D1000-2100 kg / m3, frost resistance
F20 — F50, Kp = 0.65 —0.78 are developed.

The positive properties of gypsum composite
materials (low cost, environmental friendliness,
rapid curing, good heat and sound insulation
properties, absence of shrinkage deformations,
good thermal insulation and sound-absorbing
ability, fire resistance, a positive effect on peo-
ple's health by creating a favorable microclimate
in the rooms, etc.) allow us to maintain and im-
prove the performance of buildings and the
comfort of one's internal environment.

Gypsum composite materials have a great fu-
ture. The growth rates of it production and ap-
plying should be significantly higher than that is
for all other building materials. It will allow not
only to improve the environmental situation,
reduce the energy intensity of the construction
industry, but also create comfortable conditions
for human existence. The gypsum-containing
composite binders are most suitable for use in
3D additive technologies, due to their unique
properties.
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Table 1. Affecting of chemical additives on the properties of CGB (with waste MS), (W/ B = 0.46).

Add!tivg Hardening time, min.,sec. Compressive strength, MPa, after
Additive tvoe contains in| Spread,
yp
volume, m begining finish 2h 7 days 28 days
mass, %
Without 0,120 7-40 9-40 4,6 14,8 20,0
additives o 0,180 8-30 11-30 3,2 13,2 13,6
based on naphthalene
0,1 0,160 8-30 11-30 55 22,0 23,3
C-3 0,3 0,180 8-30 11-00 51 21,5 22,0
0,5 0,220 8-20 11-00 4,9 19,0 20,5
Polyplast 0,1 0,160 7-45 10-45 5,0 14,5 15,7
CIL-1 0,3 0,185 7-30 10-30 4.4 13,9 14,7
0,5 0,220 7-15 10-15 4,2 13,4 13,9
melamine based
0,1 0,165 8-15 11-50 5,8 14,4 14,7
MEII‘:'\l/IOENT 0,3 0,195 7-45 9-57 4,7 13,6 13,9
0,5 0,225 7-30 10-35 3,9 13,1 13,6
based on resorcinol waste
0,1 0,145 9-30 12-00 5,4 21,0 21,7
Ch-3 0,3 0,200 18-00 22-20 3,8 19,2 20,0
0,5 0,220 25-00 28-30 2,9 17,5 18,0
With lemon acid and wastes of it production (CF)
0,03 0,160 19-15 25-20 4,8 9,3 10,1
Lemon acid 0,05 0,162 24-20 29-00 51 9,9 11,2
0,07 0,162 29-30 34-30 5,6 10,4 11,9
0,3 0,120 10-30 15-30 55 17,0 17,2
Citrate filtrate 0,6 0,120 15-30 20-00 4,5 16,0 16,9
(CF) 0,9 0,120 20-00 25-00 4,2 14,2 14,5
1,5 0,120 29-00 36-00 3,8 11,5 13,2
Complex chemical additives
C-3-(0,5%)+1{D(1,5%) 0,180 45- 00 58-00 4,0 11,6 13,5
Ch-3 (0,5%+1]D(1,5%) 0,180 53- 00 72-00 4,3 9,0 12,3
Lemon acid - (0,05%) + | ) »q5 30-00 35-15 43 13,2 13,8
Polyplast C17-1(0,3%) ' ' ’ ’
Lemon acid (0,05%) +
MELMENT F 10 (0,3%) 0,250 30-00 35-30 4,2 9,5 11,5

Using high-strength composite gypsum binders,
the quick-hardening reaction-powder concrete
reinforced with steel or polymer microfiber has
been developed. A feature of this composite is
the absence of coarse aggregate without loss in
the binder / solid ratio, as well as high perfor-
mance (concrete stregth ckass is B60 and more).
Sand concrete on the reaction-powder binder
have a high coefficient of structural quality, that
makes it possible to create structures with a
smaller volume as compared to traditional ones,
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respectively, with less weight and reduced mate-

rial consumption [15].

The development of building composites, in-

cluding powder composites, as well as the or-

ganization of it production by additive technol-

ogies will allow:

e to provide the construction industry with
products of complex shape, with high per-
formance;

103




Valery S. Lesovik, Lilia Kh. Zagorodnyuk, Evgeny S. Glagolev, Natalia V. Chernysheva, Roman S. Feduk

Chemical composition

Chemical composition with the
determination of SiO2cb (including
crystalline and amorphous state)

Mineral
composition

Defect of the crystal
lattice of minerals

~

Raw material

requirements

The presence of X-ray

amorphous clay

“/

Air gas inclusions

Accessory minerals

Inclusion of mineral-
forming medium

Figure 8. Raw materials requirement.

e exclude technological dependence on the
foreign companies-suppliers products for
domestic production;

e reduce the cost of manufacturing products
of complex shape due to the rejection of
expensive machining operations;

e to increase the competitiveness of high-tech
products in the international and domestic
markets;

¢ reduce building duration in many times, etc.

The introduction of 3D-technologies will allow

to build residential buildings comfortable for a

human living and having a rational form and

configuration similar to the parameters charac-
teristic of the animal world.

Thus, in the modern world, to create a comfort-

able human environment, it is necessary to de-

velop rational forms of buildings and structures,
taking into account the multimillion experience
of the biological world, protective systems
against negative factors, that is developed by
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representatives of the organic world. Highly ef-
fective quick-hardening systems based on com-
posite waterproof and frost-resistant gypsum
binders using new types of raw materials are
proposed. Such composites as a result of natural
technological activation of rocks due to geolog-
ical or human-made processes are significantly
different from the traditionally used raw materi-
als, i.e. it is genetically activated.

The use of 3D-additive technologies for the
construction of buildings and structures will al-
low to create nature-similiar architectural struc-
tures comfortable for human life, able to protect
us from negative natural and human-made im-
pacts.
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CTAHOBJIEHUE U PASBUTHUE IIOHATUA
O PACYETHOM CXEME COOPY KEHUS

A.B. Ilepenvmymep
HITO «CKA/] Codyr», T. Kues, YKPANNHA

AHHOTanMsi: AHQIN3UPYETCS NCTOPHSI CTAHOBIICHUS M Pa3BUTHUS IIOHATHUS O PACUETHOM CXEME COOPY)KEHHs, KO-
TOpPOE COIPOBOXKAAET CTPOUTENBHYI0 MEXaHHKY Ha BCEX dTalax ee CYIIeCTBOBaHUA. PaccmMaTpuBaroTCs OCHOB-
HbIE TIPUHILIUIIBI, UCIIOIB3yEeMbIe IIPU ITOCTPOSHUH PAcUETHOU cxXeMbl. B HacTosIel cTaThe Takke yKa3bIBaeTcs
Ha HOBBIE TIPOOJIEMBI, BOSHUKAOIIHE B ITPOIIECCE KOMITBIOTEPU3AI[H PACUETOB.

KawueBble cjioBa: pacdye€THad CXeMa, CTPOUTCIIbHAA MEXaHUKa, METO KOHCYHbBIX 3JICMCHTOB

The creation of design models of structures is
simultaneously a task of experts in structural
mechanics and of those in structures. Various
approximations of the real physical service of a
structure may be created only under their joint
work.

I.1. Goldenblat, V.L. Bazhenov

A design model reflects a designer’s idea of the
real investigation object and peculiarities of its
behavior. It is a simplified object model de-
prived of insignificant details and closely relat-
ed to a set of some physical notions of laws,
which control the investigation object behavior.
Nowadays great experience exists in the design
model development, and, preceding from this
experience, in each specific case the following
“type members” are used: such as shape ideali-
zation (a bar, plate, shell), regularities of mate-
rial behavior (elastic, plastic, etc.), rule of these

members coupling, etc. This designer’s arsenal
was developed in the course of the whole histo-
ry of structural mechanics as science and con-
tinues perfecting in the present.

1. BEGINNING OF THE PATH.
ANALYSIS OF CERTAIN
PROBLEMS

An idea of a design model probably appeared
simultaneously with science of strength in 1638,
when the book by Galilei Disputes and Mathe-
matical Proofs Concerning Two New Sciences
was published, though the term design model
appeared much later.

Just first attempts of design analysis of structure
behavior, the attempts, which were aimed at the
search of failure load, proceeded from certain
hypotheses on location of dangerous section and
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force distribution in it. A set of these hypotheses
could be called now a design model or design
diagram.

Galilei thought rigid bodies to be inelastic and
studied the problem on the bar strength, consid-
ering it in the state of failure (limit state in terms
of the present). He attributed failure to two
types of deformation — tension and bending.

a) A 4
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Figure 1. Bending resistance.

In the first case strength was taken as propor-
tional to the cross-section area, Galilei bound

Hg,max

Anatolii V. Perelmuter

the second case with the first one, supposing
that the cantilever break occurs by crack open-
ing displacement from above and rotation about
the lower rib, the whole section being uniformly
extended (Fig. 1,a). A question of the break
place was not raised in the explicite form, Gali-
lei probably thought it obvious.

Several laws of stress distribution throughout
the section height were further offered: Mariotte
[Mariotte, 1686) and Leibniz [Leibniz, 1684)
considered the distribution as linear with coor-
dinate origin at the section edge (Fig. 1,b), while
Parent [Parent, 1713] used the same law, but
distributed the coordinate origin in the centre of
the section height (Fig. 1, ¢). And only Navier
[Navier, 1826] placed the coordinate origin in
the centre of gravity (Fig. 1, d). At last Persi,
Navier’s companion-in-arms at the school of
bridges and roads, when developing Navier’s
approach, introduced an idea of the section iner-
tia moment, which becomes and still remains a
necessary attribute of the description of the
schemes of bar structures.

The approach, which was based on the search
for the break patterns and used a model in a
form of a set of infinitely rigid blocks (the loss
of link among them being connected to one or
another extent with the break) prevailed in the
problem of arch strain for a long period of time
[Bernshtein, 1936]. An important point is that
the shearing schemes appeared among possible
break schemes (Fig. 2).

— -

Figure 2. Coulomb's variants of arch destruction.
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The problem on the shape of flexible filament
also belongs to the first period of formation of
structural mechanics. It developed in two direc-
tions. The first one was connected with the
problem formulated by Jacob Bernoulli: “to find
what shape takes a rope freely hanged at two
points”, and this direction has played the im-
portant part in formation of mathematical analy-
sis.
Another direction may be connected with the
name of Varignon, whose major work [Vari-
gnon, 1725] was published after his death and
dedicated to the theory of funicular polygon —
the design model, which is one of the principles
of graphostatics.The problem on the funicular
polygon attracted interest 100 years later in
connection with the problem of design of sus-
pended bridges, which chains were funicular
polygons.

The discovery of Hooke’s law in 1660 and the

establishing of Navier’s equations in 1821 are

undoubtedly two important milestones in the
further development of the theory initiated by

Galilei. Hooke’s law gave a necessary experi-

mental substantiation of the theory.

In the period between deducing the Hooke’s law

and establishing general equations of elasticity

theory obtained by Navier the interest of re-
searchers was directed to solution and generali-
zation of Galilei’s problem, to allied problems
which concerned vibrations of bars and plates.

The first significant research in this field was

made in 1705 by Jacob Bernoulli. It concerns

the shape of an elastic curve of a bar and is

based on the admission that the resistance of a

bent bar depends on tension and compression of

its longitudinal fibers.

When deriving the bar bending equation J. Ber-

noulli used the Hooke’s law, and besides, two

following hypotheses:

e the sections, plane and perpendicular to the
prism ribs before its bending, remain after
the bending plane and normal to these ribs
and fibers or longitudinal members that be-
come curvilinear;

e the fibers, some of them being extended
others — shortened, resist independently the

Volume 14, Issue 4, 2018

bending, as if they were small isolated
prisms, taking no effect on one another.

The same propositions were further taken by
Euler in his research, which concerned the prob-
lems of elastic line and vibrations of thin bars.
The Euler-Bernoulli design model of a bar pre-
sented an elastic bar in a form of a linear set of
particles resisting the bending.
The successful development of the theory of
thin bars, based on special hypotheses, led to a
conclusion that the theory of plates and shells
may be constructed in the same way. Euler was
the first, who was concerned with this problem.
He offered to consider a bell as a set of thin
rings, each of them behaving as a curved bar.
This work was followed by the research of Ja-
cob Bernoulli (junior). He considered a shell as
a double layer of curved bars, the bars of one
system intersecting with the bars of the other
system at the right angle [Bernoulli, 1789). Re-
ducing a shell to a plane plate, he obtained an
equation, which, as we know it today, was in-
correct (he excepted twisting for the bar).

The attempt of Jacob Bernoulli was, probably, a

purpose to obtain theoretical substantiation of

experimental results by Chladni [Chladni,

1802], as to the figures of nodal lines observed

under plate vibrations.

These results remained unexplained, when in

1809 the French Institute offered the problem on

the tones of plate vibrations as a bonus theme of

scientific work. After some attempts there ap-
peared a work by Sophie Germain awarded in

1815 and published only six years later [Ger-

main, 1821].

But a distinct design model of a bending plate

was proposed only in 1850 by Kirchhoff

[Kirchhoff, 1850], who based his theory of

plates on the following two hypotheses, general-

ly recognized nowadays:

e each straight line, which was first perpen-
dicular to the midplane of a plate, remains
under bending a straight line normal to the
middle surface of a bent plane;

e elements of the plate midplane are not elon-
gated at small plate deflections under trans-
versal load.
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These admissions are close by content to hy-
pothesis of plane sections taken today in the
elementary theory of bar bending.

2. ELASTIC BAR SYSTEMS

Before the 30’s of the 19" century structural
mechanics had in possession the design models
of bars, arches and plates — the base elements
composing real structures. All these design
models were realized separately, while they
interact in numerous cases, being separate frag-
ments of a more complex structure. If in the 18™
century the design and technical development of
civil engineering was concentrated on stone
arches, than in the 19" century the interest of
engineers changed and they were oriented to
analysis of skeleton constructions. In connection
with a rapid development of railway engineer-
ing the transition from elementary carrying sys-
tems to composed constructive designs was
much more prompt than in cast-in-place con-
structions (such as masonry and concrete), un-
der these conditions geometrical and physical
properties of such structures became a logic
abstraction of the design model in a form of a
truss.
Such a design model was used to construct
bridges with various structural systems, pro-
posed by James Warren, Stephen Harriman
Long, William Howe and other inventors [Pe-
relmuter, 2015].
The considerable number of wooden bridges in
North America was described by Carl Culmann,
indicating those with the signs of damage and
failure, in spite of the generous use of materials
[Culmann, 1851]. Culmann indicated different
structural systems in those bridges and noticed
that they could better perform their function on
condition of correct design.
He created a theory of braced structure, based
on the following admissions:
e asystem of filling with bars between the top
and bottom chords should be made in such
way that all the bars formed triangles;
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e the bars should have a possibility to turn in
joints without restriction
Using the equilibrium conditions Culmann
could calculate forces in the elements of any
statically determined girder structure of the
above type.
The work by Schwedler [Schwedler, 1851] ap-
peared almost simultaneously, the author indi-
cated (see Fig. 3):
“If a structure as a whole is considered as rigid,
small resistances caused by elastic bending at
the points a,, d, c, etc. are insignificant com-
pared with resistance of braces, or, in other
words, it may be taken that separate compo-
nents of the truss can turn at the points a, d, c,
etc.”

¢ i
Figure 3. Hinged model of Schwedler frame.

Schwedler has first performed the process of
abstraction, which is typical of the structural
theory: from the physical carrying structure (re-
al through system, e.g. wooden truss) through
the abstract carrying system (model of a through
structure or girder bar system according to Cul-
mann) to design model (of a hinged truss), de-
scribed with the help of physico-geometrical
properties.

The invention of design model in a form of
hinged truss has become a key concept for devel-
opment of the structural theory in the second half
of the 19" century. It is important that independ-
ent analysis of topologic structure might be made
for this model. Such analysis was intensively
developed in the works devoted to revealing kin-
ematic properties of truss structures and then of
the bar structures of any other kind.

Another important achievement, which originat-
ed from the design model of the truss, was the
development of the conception of a node — a
hinge joining the truss bars. Then the node
hinge was considered as a material point, the
equilibrium equation being formulated for it,

International Journal for Computational Civil and Structural Engineering



The Formation and Development of Concepts About the Design Scheme of Structures

and in this quality the node became an integral
part of design model of the bar (and not only)
systems. The design model of a truss was rather
evident, and the truss work proved very posi-
tive. Many engineers tried to construct the truss
model. Schwedler developed hinged nodes for
the bridge over the Brache river (now the Brda
river) near Czersk built by his project in 1861
(Fig. 4). But nine years later the other bridge
over the Brache river was constructed near
Bromberg (today Bydgoczsz), and now by
Schwedler’s project using riveted joints.

Figure 4. Bridge truss nodes.

Emil Winkler realized that the hinged model of
the truss did not correspond to real work of met-
al trusses with riveted joint [Winkler, 1872].
Some bending moments appear due to the node
rigidity in the truss bars, and as a result — addi-
tional stresses. The problem of their determining
that first of all attracted attention of Manderla
[Manderla, 1880], resulted in the appearance of
the method of displacements.

Design models of skeleton structures, where
most nodal joints are rigid, began quickly ex-
tending in connection with construction of rein-
forced concrete frames. And design model of a
truss with ideal hinges proved to be a certain
approximation to reality.

E.O. Paton estimated the degree of relative in-
crement of stresses that appear at the expense of
node rigidity [Patton, 1901], and as his studies
have shown, the more precise is the “truss ap-
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proximation” the more is the flexibility of the
truss bar elements. In essence, there arised an
important question, which soon arised in other
situations: the question on usability limits of one
or another design model, of the necessity of its
specification or cardinal change, when its pa-
rameters are outside a certain limit.
For example, S.P. Timoshenko proposed a mod-
el of a bending beam, which difference from the
Euler-Bernoulli model is that under deformation
the cross-sections remain plane but not perpen-
dicular to deformable midline of the bar, and
inertial components connected with a turn of
cross-sections are accounted in dynamics [Ti-
moshenko, 1916]. E. Reissner proposed an
analogous perfection of the Kirchhoff model for
plates [Reissner, 1945]. In both cases the point
was in the necessity of introducing some speci-
fications, when shearing deformations begin
playing a considerable part.
The transition from analysis of truss models to
investigation of frame systems became a large-
scale one at the end of the 19" century and es-
pecially in the first half of the 20" century. That
was caused by the intensive use of cast-in-place
reinforced concrete constructions in civil engi-
neering.

Formulation of the problem on general rules of

development of design models belongs to the

first quarter of the 20™ century, and here we
should note the work of N. Gersevanov [Gerse-
vanov, 1923], who has first formulated that:

e the design model is constructed proceeding
from the expected form of failure and de-
formation based on the experience of build-
ing practices;

e the design model uses only hypotheses con-
cerning the structure properties and actual
loads, which allow developing the efficient
methods of calculation.

The design model substantiation problem itself,

besides the use of the results of experimental

studies, developed in the following direction.

Researchers proposed the ways to transform the

design model of a more general form, e.g. a

model of three-dimensional continuum of the

problem of elasticity theory, to one or another
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model of the structural unit of a certain type.
Such an approach was especially often used in
development of the theory of plates and shells.
The first attempt of deriving equations of the
theory of shells from the equations of elasticity
theory was made by G. Aron [Aron, 1874].
Then this trend was developed in the works by
A. Love [Love, 1888], A. Basset [Basset, 1892],
H. Lamb [Lamb, 1890], A.l. Lurie [Lurie,
1947], et al.

After deriving the resolving equations of the
shell theory and developing the corresponding
design models researchers began developing
various non-classical variants of the theory.
Here one should recall the theory of shells of
Timishenko-Reissner type that allow for longi-
tudinal shear deformations. Besides, the theory
of the ribbed and multilayered shells may be
referred to non-classical ones.

First works in this field for the plates reinforced
by ribs were made by 1.G. Bubnov [Bubnov,
1904]. The theory of ribbed shells of a general
form was presented in the works by A.l. Lurie
[Lurie, 1947] and V.Z. Vlasov [Vlasov, 1949].
A.l. Lurie considered ribs as the Kirchhoff-
Clebsch bars, while V.Z. Vlasov considered
them as thin-walled bars.

Multilayered shells were investigated from dif-
ferent viewpoints in a lot of works mainly in
two basic directions. The first one includes the-
ories based on design models, where kinematic
hypotheses were taken for the whole set of lay-
ers. The first-stage researches have demonstrat-
ed nonperceptibility of this approach, if proper-
ties of the layers are essentially different; that is
why the works of another direction were devel-
oped in recent years; a complicated design mod-
el, where kinematic hypotheses are taken sepa-
rately for each layer, was used in these works.

3. STRUCTURAL ANALYSIS
A detailed analysis of separate problems and
simple objects led to development of such a

notion as a material point, absolutely solid body,
elastic bar, plate, etc. The properties were stud-
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ied for them, which are used, when a more
complex model of the problem required is con-
structed using such parts as of a certain “con-
structor”. And a problem of analysis of the
composed design model of such kind appeared
in natural way. Most researches were devoted to
design models of trusses; they attracted by their
“homogeneity” and distinct division of topolog-
ic (structure, fixing) and metric (node coordi-
nates, section sizes) data.

As to the complete system of determining equa-
tions we should say that Alfred Clebsch has
shown in his work [Clebsch, 1862] that a set of
equilibrium equations and those of deformation
compatibility for an arbitrary truss has the solu-
tion [Clebsch, 1883]. But the problem of solution
possibility was, first of all, considered from the
viewpoint of equilibrium equations issuing from
the composed design model — equations of analy-
sis of its statical determinability and invariability.
Even in 1837 A.F. Maobius proved the theorem
that to obtain a rigid invariable structure in a
truss with n hinges it is necessary to have no
less than 2n-3 bars in a plane system and no less
than 3n-6 bars in the case of a spatial system
[Mabius 1837]. In so doing he has probably first
indicated a possibility of existence of excep-
tional configurations, when one observes infini-
tesimal mobility without bar deformation (a
case of instant variability in the current terms)
When studying these cases Mobius has found
that therewith a determinant of the set of equi-
librium equations becomes zero. The connection
between the variability criterion and degeneracy
of the system of resolving equations became
after a while the basis for computer analysis of
kinematic properties of design system of any
(not only truss) type. The results obtained by
A.F. Mobius, which then remained unknown,
were found again by P.L. Chebyshev [Cheby-
shev, 1870] and Otto Mohr [Mohr, 1874] and
only then entered in the design practice.

Mass enthusiasm as to the method of forces,
characteristic of the end of the 19" and first half
of the 20™" century, resulted in the appearance of
various procedures of construction of the basic
system of this method and in the problems of
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revealing the redundant constraints in statically
undeterminable design models. Relations be-
tween the properties of static determinability,
invariability and ability to realize the pre-stress
were studied in detail for the bar systems. Re-
searchers indicated methods for determining
statical-kinematic properties based on reducing
the system to a certain number of hard discs,
bound by bars-restraints. They also introduced
the notions of simple and multiple hinges and
other idealized elements of the design model.
Noticeable changes in the concepts of design
model are connected with the transition to dis-
placement method analysis. In the displacement
method the system elements are considered to
be connected with the nodes of the design mod-
el, they are not connected directly with one an-
other. The above peculiarity of the design model
construction was often disregarded by engineers
educated on the ideas of design model in the
style of the force method, it is not always seen,
when using the methods of design model repre-
sentation that is traditional for the force method.
Thus, the design system presented in Fig. 5,a in
traditional form, inherent in the force method,
can suggest the point-to-point connection of
elements with one another, while a more de-
tailed representation in Fig. 5,b allows avoiding
such conclusion. Note also that in the detailed
presentation one can also see other peculiarities
of the design model implementation, in particu-
lar, a possibility to meet similar kinematic con-
ditions with using various sets of constraints
imposed on the nodes, and conditions of ele-
ments connection with the nodes.

Neglect of the above difference is not always
safe. For example, from the viewpoint of kine-
matic properties of the problem two variants of
the design model, presented in Fig. 6, have
equal rights (a beam is fastened in its left end
and hinged in the right one).

But from the viewpoint of giving forces these
variants differ — in the scheme of Fig. 6,b the
moment is transferred to the bar, and node 2 in
this scheme turns, and in the scheme of Fig. 6,a
the moment is not transferred, and node 2 of this
scheme has zero turning angle.
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Figure 5. Presentation of design model:
a — traditional; b — detailed.
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Figure 6. Two variants of presentation
of one design model.

For a bending moment to appear in a bar in the
scheme on Fig. 6,a, it should not be considered
as nodal, but applied to the bar in the section
near a node.

The above division of topologic and metric
properties of the design model gave impetus to
the works connected with the use of graph theo-
ry to analyze properties of bar systems. Such
was the approach in the pioneer publications
[Fenves & Branin, 1963], [Perelmuter, 1965],
while in the work by Di Mattio [Di Mattio,
1963] the degree of static indeterminability is
studied just as topologic property of the design
system. Later on there appeared works, where
topologic connectedness of design model was
compared with the structure of distribution of
nonzero elements of rigidity matrix of the sys-
tem that is analyzed, and a possibility of optimal
enumeration of unknowns [Akyjz & Utku,
1968], [Clempert, 1973]. Researchers proposed
some artificial techniques aimed at the im-
provement of the above structure even at the
expense of increasing the rigidity matrix order
[Perelmuter, Slivker, 1976].
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Practical interest to the analysis of suspended
and rope systems, characteristic of the works of
the second half of the 20" century, resulted in a
detailed study of topologic and metric properties
of degenerated (instantly variable and instantly
rigid) systems. There appeared a number of
fundamental works [Kuznetsov, 1960], a lot of
researches were initiated by introduction of the
systems of “tensegrity” type by Buckminster
Fuller [Fuller, 1961]. He used this term to indi-
cate the frame structures, involving continuous
chains of members, which work in tension, and
inserted members, which work in compression.
Study of properties of instantly rigid systems
and systems of “tensegrity” type preferred to
come back to general principles of analysis of
static-kinematic properties of the composite
design models [Shulkin, 1977], [Calladine,
1978], [Connelly, 1980]. The systems with uni-
lateral constraints, possible combinations of
static and kinematic properties being established
for them [Perelmuter, 1968], were also consid-
ered.

Figure 7. Examples of tensegrity structures.

4. DESIGN MODELS OF THE FINITE EL-
EMENT METHOD

The appearance and development of the finite
element method (FEM) has told essentially on
the problem of choice and substantiation of the
design model. Even a description of geometrical
pattern of the structure became a choice of de-
signer, as it occurs in the problems, where a
curved shell surface is modeled by a multiface
set of plane finite elements. However, such a
problem also appeared before, when they used
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an approximate description of curved bars by a
certain polygon.

A possibility to present a design model as a set
of finite elements, their quantity in configura-
tions being limited by nothing but the library of
finite elements at designer’s disposal, raised in a
new fashion the question on the number of basic
unknowns, degree of kinematic and static inde-
terminability and other still inviolable character-
istics of the design model of the building. The
number of unknown displacements (the degree
of kinematic indeterminability) stopped being
the problem feature and became a subject of
designer’s self-will.

Some “standard” approaches to composing the
finite element design models were developed
for most types of structural systems. For exam-
ple, at the first stage of using FEM a design
model of a thin-walled fuselage structures and
aircraft wings became popular; it was composed
of shearing panels and a frame of bars, support-
ing them at the edges, able to take up only lon-
gitudinal forces.

In such wing model (Fig. 8) the bars simulate
the work of longitudinal members of the wing
structure under load; these members are sub-
jected to compression and extension under the
wing bending. Plates simulate the work of walls,
which prevent shearing, as well as the external
and internal wing covering.

This model was propagandized by G. Argyris
[Argyris & Kelsey, 1954], and though it ap-
peared long before FEM [Ebner & Kaoller,
1937], [Umansky, 1950], its implementation
proved acceptable only in the framework of
FME, though it existed there just for several
years. Potentialities of computation complexes,
which were quickly perfected, permitted even in
the 70’s of the 20" century specifying the de-
sign model and taking account of bending
strains of the supporting frame.

There originated new approaches to design
model development for the plates and shells
with ribs. There also appeared competing prop-
ositions as well as the problem of their verifica-
tion.

International Journal for Computational Civil and Structural Engineering



The Formation and Development of Concepts About the Design Scheme of Structures

;
NE=

—

L)
A
' N7 A7

Figure 8. A thin-wall system model.
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Figure 9. Possible variants of a ribbed plate modeling.

The corresponding example of the variant of a
design model composed of solid elements (Fig.
9, b) and the variant of modeling using plate and
bar elements connected through infinitely rigid
inserts (Fig. 9, c) are presented in Fig. 9.

In industrial and civil buildings, where, e.g. the
through columns are used, designers often aban-
don presentation of such a column as a solid rigid
bar, but use a more detailed description of the
structure. And above all, they practically gave up
plane design models and resolve all problems
with the use of three-dimensional models. The
main trend of development is now the use of
more outsize design models; the number of un-
knowns of the order of hundreds of thousands
became ordinary in the design practice; in so
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doing such an extensive detailing is not always
necessary but connected with formal construction
of the design model by the data of graphical pro-
gram used for making drawings.

A possibility of modeling structures of arbitrary
nature, including those which separate parts are
presented by bars, others — by plates or shells, the
third — by three-dimensional bodies, raised ques-
tions as to connection of finite elements of differ-
ent type and arising problems, caused by the dif-
ference of nodal degrees of freedom in different
type elements. A necessity of using special tech-
niques (Fig. 10), for example, such as the intro-
duction of the bar element into the rigid disc body,
is indicated [Perelmuter, Slivker, 2001].
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Figure 10. Modeling of interconnection of a bar and disc: a — task; b — variant, which does
not provide a restraint; ¢ — recommended decision.

But it should be allowed for that the above re-
sult may be lost because of difficulties in analy-
sis and comprehension of excessive infor-
mation. And this so-called revision often leads
to shading the basic features of the structure
service, and its simplified variant is considered
for their analysis in parallel with a detailed de-
sign model. In so doing there sometimes arises a
nontrivial problem of results comparison; it is
especially difficult, when there is no exact fit
between the elements of compared design mod-
els [Perelmuter, Slivker, 2001].

And finally note that the analysis of design
models of the finite element method is closely
connected with the problem of method conver-
gence. Mathematical proofs of the correspond-
ing facts (for example, a demand of compatibil-
ity of the fields of displacements) require their
interpretation in terms of design models, which
are successively “concentrated”. In particular, in
the case of incompatible elements it should be
remembered that the solving of design problem
is equivalent to minimization of full potential
energy of the system (Lagrange functional), and
approximation of the displacement field by a
certain finite set of preset functions narrows a
possibility of arbitrary deformation, that is it
may be treated as the imposing of some con-
straints. If elements are incompatible, some dis-
placements are possible at their boundaries;
these displacements do not exist in the continual
design model (for example, mutual rotation an-
gles of plates), and correspond to the absence of
some constraints.

When the number of finite elements increases
and their sizes decrease, the total number of the
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structure degrees of freedom grows, and thus,
the effect of the imposed nodal constraints is
reduced. This process, certain conditions being
fulfilled, provides the method convergence for
compatible finite elements. On the other hand,
the same process leads to the decrease of mutual
displacements at interelement boundaries in
incompatible elements that may be treated as a
certain locking of the preliminarily left con-
straints. Thus the convergence of incompatible
elements can take place only when positive
tendencies of overcoming the imposed con-
straints prevail over this negative tendency of
imposing the constraints at interelement bound-
aries.

Other approximations are sometimes realized
simultaneously with approximation of the dis-
placement field; those are connected with a ne-
cessity of using a finite-element model that is
the substitution of the structure geometry by that
similar to it. In the system geometry approxima-
tion, both the geometry and boundary conditions
may change, since the latter belong now to the
boundaries with other configuration. Here one
can run across the reefs, since the passage to the
limit of the outline form is not necessarily ac-
companied by passage to the limit of kinematic
properties. That is evidenced by well-known
Sapondzhyan paradox for a freely supported
polygonal plate [Panovko, 1985].

At the outset of FEM use they discussed a so-
called problem of “small length” of the bar fi-
nite element, when a stress was made on the fact
that a bar was defined (in courses of material
resistance or structural mechanics) as the object,
which one size (length) exceeded considerably
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other ones that defined cross-section dimen-
sions. But in the design model in use the bar as
the design model element may be found to be
very short. There seemingly appears a violence
of agreements concerning a bar definition. In
fact, there is no violation, since the admission
on a sufficient length of the bar was only re-
quired to substantiate the type of the corre-
sponding differential equation. As to the method
of its solution, when a bar is divided into rather
small parts (read interval of integration), this
has no effect on the equation form.

5. SOME NEW TENDENCIES

In recent decades there appeared a branch of
structural mechanics based on probabilistic
analysis, which started its intensive develop-
ment. The approaches to the design system itself
and to development of the corresponding design
model have undergone considerable changes.
The whole identity of parameters of all similar
structure elements is foreseen in a determined
variant. It is considered that all the headers of a
three-dimensional framework have equal spans,
all the columns of these headers — similar sec-
tions, etc. In so doing all such type elements are
reduced to one representative, and sometimes to
its one section. Such an approach is acceptable
under the approach to design contained in the
design norms. The approach is based on the
half-probabilistic method of limiting states.
Then all the probabilistic characteristics are
formulated and estimated beyond the design
model, and a design contains only some guaran-
teed the worst statistical estimates of means,
standards, quantiles, etc., which are really the
same for all identical elements, since one of
definitions of their “identity” is the identity of
the distribution law.

The transition to really probabilistic design was
connected with the fact that one has not to oper-
ate on distribution parameters of random values
but on distributions themselves, when random
parameters operate not outside but inside the
design model. And in such a model each of
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“identical” substructures should be defined in a
form of a set of mutually independent (or corre-
lated) random values (probably functions) with
the same distribution laws [Bolotin, 1971]. In
such formulation one cannot imagine a design
model, e.g. of a plane problem, which provides
identity (or rigid correlation with correlation
coefficient equal to one) of all plane subsystems
distributed in parallel.

The following should be noted: a further detail-
ing of the models, when passing to analysis of
multielement structures (a building as a whole),
requires the involvement of the great number of
parameters, used for the model description. If
these parameters are random values, which
probabilistic properties are statistically justified,
the degree of design model indeterminacy as a
whole increases with the number of such pa-
rameters. Thus, if a certain result of analysis is
in linear relationship with N independent ran-
dom parameters (e.g. external loads in the sys-
tem nodes), the standard of this result is propor-
tional to that of the input data (here loads) with
a multiplier of (N)¥2 order. It is simple to esti-
mate what is the probability of the results of
analysis at very high N values.

There are more detailed propositions as to de-
termining the effect of output data accuracy on
the results of analysis (see, for example, [Po-
dolsky, 1984]. They evidence that the infor-
mation on the input parameters being insuffi-
cient, it is expedient to use simple design mod-
els. Such a peculiarity of design modeling is
connected with the fact that the loss of infor-
mation because of incompleteness of output
data can exceed information accumulation at the
expense of refinement of the design model.

The foregoing should be never considered as a
panegyric to “good old days”, when everything
was solved using the formula qL?/8 and counted
using a slide rule. The thoughtless complication
of design models would be substituted by new
culture of their use that includes also the estima-
tion of possible uncertainty of solution. Now,
having the modern means for analysis of com-
plex and supercomplex systems, we study them
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in formulation of the problem, which rather cor-
responds to the 19" than to the 21% century.

At last, it should be mentioned that the above
problem of output data influence on the design
model form is inherent not only in the probabil-
istic problems.The choice and justification of
the design model cannot be separated from the
level of information as to the structure, which is
designed as well as from the method of solving
the mathematical problem, formed as a result of
using the chosen design model.

And what is more, a lot of mathematical opera-
tions used, when solving a problem, often have
a mechanical interpretation, which use helps
understand the features of calculation process.
As an example, we can refer to the interpreta-
tion of Gaussian algorithm for solving a canoni-
cal system of linear algebraic equations, as to
the sequence of imposing (force method) or
taking off (displacement method) constraints
[Gantmacher, 1967]. Such illustration favors a
better understanding of the problem.

6. DESIGN MODEL JUSTIFICATION
AS A SCIENTIFIC PROBLEM

The justification of using a certain theoretical
model is usually based on the following consid-
eration. It is assumed that the result observed in
a series of consistent experiments is always
close to that predicted by theory. Hence, it can
be concluded that the design model is applicable
to the conditions similar to the experimental
ones.

However, in order to decipher the concepts of
“consistent experiments” and “the result is close
to”, and to assess the degree of similarity be-
tween the conditions of the problem and those
of the experiments we have to use the theory
which actually has to be justified by the experi-
ment. For example, in order to make sure that
there is no systematic error in the experimental
data, it is necessary to compare the parameters
of the experimental sample with the parameters
of the model, and the justifying decision has to
be made concerning the meaning and the num-
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ber of these parameters. There are two ways to

break this vicious circle:

e to ignore these logical contradictions (the
conventional, so-called, “engineering” ap-
proach);

e to make an attempt towards an axiomatic
theory [Truesdell, 1975].

The latter approach [Truesdell, 1975] makes the
theory of structures a logically coherent science
(mathematics in a sense), but it poses untypical
requirements to a practicing engineer. Namely,
he has to think like a mathematician, referring to
axioms in obscure cases and repeating the entire
chain of reasoning that led him to the consid-
ered case.
Therefore, the first approach is commonly used
in practice. Its applicability is formulated as
follows [Kosmodemyansky, 1969]: “...when
designing and building new structures (bridges,
dams, airplanes, missiles, buildings) on the ba-
sis of tremendous experience, experts are so
confident in the validity of the laws of mechan-
ics that all the conclusions derived from the
calculations are considered to be absolutely
true. Any discrepancies between theory and
practice are explained after a subsequent rigor-
ous and thorough analysis either by inaccuracy
of the initial data or by arithmetic errors”.

Starting with the first quarter of the 20th centu-

ry, the problem of justifying a design model

began to be considered as a general scientific
methodological problem, the authors of the cor-
responding papers put forward various rules for
creating design models. For example, three
principles for creating design models of struc-

tures are put forward [Gersevanov, 1923]:

e calculation methods should be based on the
failure and deformation modes confirmed by
the construction practice experience;

e the design hypothesis should subject the
model to harder conditions than those the
actual structure is subjected to;

e the set of design hypotheses should provide
cost-effectiveness of the structure in addi-
tion to its strength and stability.

According to the authors [Goldenblat et al.,

1979] these principles, however, are not com-
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plete, and they should be supplemented as fol-

lows:

e it is reasonable to have a system of approx-
imating models of the structural behavior
with their respective limits of applicability
rather than a single model (for example, one
model can be used to describe the elastic
behavior of a structure and the other to de-
scribe the elastic-plastic stage);

e a model approximating the structural behav-
ior should not only correctly and fully re-
flect the behavior of the real structure, but it
should also be simple enough, so that the

assumptions, approximations

calculation does not become excessively

cumbersome.
General modeling issues were developed and
refined in the following works: [Buslenko,
1968], [Dickson, 1969], [Kartvelishvili and Ga-
laktionov, 1976], [Perelmuter and Slivker,
2001], [Perelmuter and Kabantsev, 2015]. J.
Dickson describes the process of creating design
models (Fig. 11) and indicates that “a model is
an idealized approximation to the real situation.
Creating a good model involves making as-
sumptions that take into account relative im-
portance of various elements of the problem”.

Physical model of
the structural
behavior -

assessment, generalization

»-
Design model

Accepted design model

Figure 11. Logic flowchart for creating a design model.

A special role belongs to general models of typ-
ical structural elements (a bar, a plate, a shell
etc.), which are used to create full design mod-
els of structures or parts of design models of
other more complex structures. Such models
should be studied as rigorously as possible and
serve as a basis for further consideration of oth-
er design models. After such investigation, hav-
ing a complete knowledge about these models
makes their use quite attractive to an engineer,
who can then anticipate the result of the analysis
(or at least its qualitative features).

The transition from a structure to its design
model made up of basic models is usually per-
formed intuitively, and the geometric considera-
tions (“similar” shape) are the first motive be-
hind this transition. Though, there is room
enough for a maneuver even here. The design
process often involves such operations as the
replacement of a lattice structure with a contin-
uous one which has a shape only vaguely re-
sembling that of the original structure, or
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“smearing” the ribs and other structural parts.
There are opposite examples as well, when a
continuous body is replaced with its bar ana-
logue. Some knowledge about the peculiarities
of the behavior of the selected basic models is
used here in addition to their geometric shapes.
For instance, if a plane section of the design
model is described by purely flexural plate ele-
ments, we should keep in mind that the mem-
brane components of the stress field cannot be
determined in this case. If these components can
be significant (e.g., they can cause buckling), it
is more reasonable to use shell elements.

The second motive, which also plays a funda-
mental role in the transition to a design model,
is a choice of one of the standardized idealiza-
tions of material properties (elastic, plastic,
loose, etc.). These properties are also represent-
ed by previously studied basic models, and they
would not be worth mentioning, if not for the
following consideration: their choice requires an
experimental justification even more than that
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of the geometric shape, but this stage is usually
omitted.

The designer usually operates with the available
data about the physical models of the material
behavior obtained from experiments performed
on other structural elements and samples. At
best, such actions are justified by the fact that
the results of these studies can be used in the
created design model based on certain ideas
about the possible nature of deformations and
about the expected stress level caused by the
loads of a certain level. The main role however
is usually played by the tradition and the actual
computational capabilities of the designer.

The use of computers has significantly expand-
ed these capabilities, but has not made them
limitless, although the finite element method
implemented in the structural analysis software
often creates the illusion that it is now possible
to solve any problem. Quite late was it realized
that the capabilities depend on the result repre-
sentation methods, since the limitations of the
human ability to analyze and perceive large vol-
umes of information play an important role
here.

Unfortunately, there is not system of clear inte-
gral characteristics that would alone enable to
understand the structural behavior in structural
mechanics. We somewhat resemble a group of
imaginary experts in gas dynamics that track the
movement of individual molecules without con-
sidering temperature and pressure. We can hard-
ly expect to obtain universal design parameters
like in gas dynamics, but this type of character-
istics might be obtained for individual classes of
problems.

The finite element method raised a new struc-
tural mechanics problem of justifying design
models: creating and optimizing different types
of mesh generation mechanisms.

Considerable attention was drawn to the fact
that the problems of the analysis of load-bearing
structures focusing on the refined prediction of
the peculiarities of the behavior of the system at
all stages of its operation including the stages
prior to the failure cannot be usually solved by
the methods of the linear structural mechanics.
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Educational literature [Rudykh et al., 1998] and
the majority of researchers [Novozhilov, 1958],
[Lukash,1978] consider the following “set of
nonlinearities”: deviation from Hooke's law
(physical nonlinearity), failure to consider the
equilibrium conditions in geometrical terms of
the non-deformed state (geometric nonlinearity),
accounting for the possible changes in the de-
sign model during the deformation process
(structural nonlinearity). However, this set is not
complete. It does not include the consideration
of the effects caused by rheological processes in
the material (for example, creep) and nonlinear
effects of resistance to movements of the dry
friction type or of other nature, and it does not
take into account nonlinearity related to the ac-
cumulation of stress and strain during the
changes of the structure as it is created (genetic
nonlinearity [Perelmuter and Kabantsev, 2015]).
Numerous studies focusing on justification of
the design models used here were actively car-
ried out throughout the second half of the 20™
century.

The fact that it is impossible to perform a de-
tailed justification of all parameters of a com-
plex design model for an arbitrary structure (es-
pecially in the case of a nonlinear analysis) does
not mean that we should not perform this type
of analysis at all. Apparently, the most powerful
strategy is to perform a thorough computer
analysis of some typical models, and to compare
the results of this calculation with a simplified
one. This computational experimentation will
let us determine (for a particular class of prob-
lems) whether a considerable discrepancy be-
tween the calculation and the experiment is a
result of unsatisfactory idealization. In fact, we
are dealing here with a kind of experimental
justification of the design models, with the only
difference being that a numerical experiment is
used instead of a physical one.

Finally, it should be noted that applied research
including the analysis of design models is not
always mathematically rigorous, and is often
based on credible assumptions [Morris, 1971].
In any case, you should keep in mind that a non-
rigorous solution and an incorrect solution are
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fundamentally different things. And most im-
portantly, as is customary in the natural sciences
and in engineering, the results are verified by
experiment or observation.
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WOODEN STRUCTURES AND OPTIMIZATION OF CROSS
SECTION DIMENSIONS OF DOME RIBS
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Abstract: The analysis of the behaviour of natural structures of laminated wood domes and the numerous
preliminary calculations have shown the possibility of saving materials by reducing the height of cross sections
of meridional ribs. This is especially effective when you include in design of skins, performing a role of building
shell, the collaboration with frame elements (annular and longitudinal ribs). Multiple static indeterminacy of
such structure allows its non-linear work and the redistribution of forces under nonuniform loads. At the same
time, the skin carries a significant part of the forces appearing in the shell and the ribs are underloaded. The
stress-strain states of all elements are investigated. For the frame analysis the calculation is performed by the
method of integral module that allows controlling strength resistance of a structure at any moment of its
operation. The design recommendations for section dimensions of a shell are developed.

Keywords: laminated wood domes, plastic deformations, complex stress state, numerical calculations,
integral module method, rational dimensions of element cross-sections

HEJUHEWHBIN PACUET CTATHYECKH HEOIIPEJAEJIMMbIX
JEPEBAHHBIX KOHCTPYKIIMU U OIITUMU3ALIUA
PASMEPOB CEUEHU PEBEP KYII0JIOB

K.II. IIsmukpecmoeckuii, b.C. Cokonoe
AO «Hayuno-uccnenoBatenbckuii HeHTp «CTpoutenbctBoy, . Mocksa, POCCHU S

AHHOTanusi: AHANMK3 paOOTHl HATYPHBIX KOHCTPYKIMA KYITOJIOB M3 KIICCHOH IPEBECHHHI M MHOTOYHCIICHHBIC
MpeBapUTEIBHBIC PACUETHl TOKA3alld BO3MOJKHOCTh 3KOHOMHW MAaTEpPHajoOB 3a CYET YMCHBIICHHS BBICOTHI
CEUCHHUS MEPHIUOHANBHEIX pebep. OcoOeHHO 3T0 A((EKTUBHO NpH BKIIOYCHHHM IPH IMPOSKTHPOBAHUU
OOIIIMBOK, BBIMOJHSIONIMX POJIb OTPAXKIAIONINX KOHCTPYKIHH, B COBMECTHYIO paboTy C 3JIeMEHTaMHU Kapkaca
(KOJBLIEBBIMA M MEPUAMOHANBHBIMA pebpamu). MHOrOKpaTHas CTaTHYecKas HeONPeeIMMOCTh TaKOM
KOHCTPYKIIMK JIOMyCKAaeT HeNUHeHHylo e€ paboTy u mepepacnpeseieHHe YCHIMHA NpH HEepaBHOMEPHBIX
Harpy3kax. [Ipu 3TOM OOIIMBKHM BOCIPHHUMAIOT 3HAYMTEIbHYIO YacTh YCHJIMH, BOSHUKAIOUIUX B 000JOYKE, a
pe6pa OKa3bIBAOTCA HCIAOTPYKCHHBIMU. BrimosiHeHbl YHCIIEHHBIE pacyeThl O6OJ'[O‘IKI/I B PECXKUME PCAJIBHOIO
BpEMEHH TIPH CTYNEHYATO W3MEHSIOMIEHCS OJHOCTOPOHHEH (Ha MOJIOBUHE TOKPBITHS) HArpy3ke ¢ y4eToM
CE30HHBIX e¢ KoJjeOanmii B TeucHue 5,4 net. ccnenoano HJC Bcex anemeHToB. [{ist ananu3a paboThI Kapkaca
pacueT BBIMOJIHACTCS METOJAOM HMHTCTPATBHOIO MOJYJISA, TMO3BOJISIONICTO KOHTPOJIHMPOBATH CHIIOBOE
COMPOTHUBJICHUEC KOHCTPYKIIMK B JIOOOH MOMEHT €€ OJKCIulyaranuu. Pa3paboTaHbl pPEKOMEHIAIUH [0
Ha3HAYCHUIO Pa3MEPOB CEUCHUH 000IOUKH MPU POCKTHPOBAHUH.

Ki1roueBble c10Ba: Kynosa u3 KJI€eHOH JIPeBECHHBI, INTACTHYECKUE Ae(OopMaIiH,
CJIO’KHOE HANPSDKEHHOE COCTOSTHUE, YHUCIICHHBIE PACUEThI, METOA MHTETPATbHOTO MOYJIS,
panuoHaIbHbIE Pa3MEPBl CEIEHUH 3JIEMEHTOB

During the last two decades the production of particular, domes. There are already hundreds of
large glued wooden structures has been formed. such buildings [1]. Nowadays all stages of
So it has become possible to design and build construction are being developed, the
large-span  buildings and structures, in possibilities of new types of connections and
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protection of structure elements are being
studied, etc.

Dome structures with a diameter of up to 100 m
are usually made from frames in the form of
arches, bars and fencing elements — slabs or
floorings. Here slabs and floorings are fixed to a
frame and further are engaged in its joint work.
However, for a number of reasons this joint
work is not taken into account while designing,
and a part of system strength resistance is lost.
The main ribs of a dome frame are meridian and
traditionally with a section height of 1/40 span.
They appear to be underloaded in the design
taking into account the operation of slabs filling
the cells between the ribs. The paper shows [2]
that the meridional ribs of a conical dome can
have a cross-section height of 1/70 span, what
saves rib materials up to 25%. While the design
and construction of the indoor skating rink in
Moscow, the ribs between the diaphragms of
short cylindrical shells were made with the
cross-section height of 1/52,5 span equal to
42 m.

The facility has been successfully operated for
35 years (it was the first prototype [3]). The
model experiments and the calculation by the
integral deformation modulus [3] have showed
that plastic creep deformations can be allowed
under long-term loads.

The present work proposes the numerical
studies of a dome with the diameter of 60 m and
the cross-section height of ribs of 1/60 the span
under long-term loads for up to 50 years. The
reduction of loads under the absence of snow in
summer time was taken into account. According
to the previous publications the non-linear
calculation determines the strength resistance of
the structure taking into account the linear creep
(the first stage by A.R.Rzhanitsyn) and the
steady state (the second stage) [3]. It turns out
that in the range of design loads the structures
usually operate at the first stage.

The method of nonlinear calculation of a planar
frame of laminated wood together with some
thin sheathing is published in detail in numerous
articles relating to various computational
situations as well as in the monograph [3].
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The calculation method is based on the method
of integral module of deformations developed
by V.M. Bondarenko in relation to reinforced
concrete structures and it was adapted by the
authors for the calculation of wooden structures.
Taking into account the specific properties and
structure work of wood the developed method is
original and can be considered as a new theory.
The application of this method helps by iterative
process to trace the changes in stress-stain states
of structures under nonlinear and non-
equilibrium long-term deformation, to take into
account the process of forces' redistribution in
individual cross sections and along the length of
elements. This method makes it possible to
linearize the calculation process and apply at
each stage of successive approximations Betty's
theorem on reciprocity of works, Maxwell's
theorem on reciprocity of displacements,
Moore's formula for displacements. In this case,
the linearization keeps the relationship between
the stiffness characteristics and the loading
level. Temporary fixation takes into account the
mode influence and duration of loading.

The diagram of wood operation, which was got
experimentally, is shown in Fig. 1.

As the approximating function for the nonlinear
relation

o="1(¢g)
the following equation is accepted:
2
S ®

4c op

oc=E,e~-

The mechanical state equations are drawn up in
relation to the three stages of creep according to
Rzhanitsyn [4].

Numerous calculations have shown that in the
range of design stresses the structures usually
work at the first stage - linear creep, although
the assumption does not reduce the generality of
the solution, and it is easily possible to move to
the second stage — steady creep. There is a
transition time and the equation of mechanical
state for this case.
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Figure 1. Diagram of wood deformation:

a— compression-tension; b — short-term

bending; ¢ —under the long-term action
of a constant load.

In the method of integral estimations the process
of successive approximations is a way of
integral refinement of internal forces and
stresses that transform in time due to their
redistribution from more loaded areas to less
loaded ones.
In statically indeterminate structures, where the
distribution of forces is due to the nature of the
change in stiffness, in addition to the process of
internal iterations required to clarify the
stiffness it is necessary to combine with it the
process of external iterations clarifying the rule
of forces distribution according to the stiffness
data. The combination of internal and external
iteration processes in solving the problem of
stress and strain states is the following:

1) in an usual elastic-linear formulation a given
statically indeterminate system is calculated
and diagrams of internal forces are designed
(zero approximation);
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2) cross-sections are assigned, where the
estimated stiffness is refined according the
data of the forces of zero approximation
(reduced modulus of deformation);

3) according to the new law of stiffness
distribution the static calculation of the
system is repeated taking into account the
variability along the spans of the calculated
stiffness. This clarifies the diagrams of force
distribution along the axes of the system
(first approximation);

4) for the forces of the first approximation, the
calculated stiffness is again specified, and
then force diagrams in the second
approximation are found, etc. to a stable
convergence with a given degree of
precision.

To take into account the variability of rod
stiffness, each element of the statically
indeterminate system is divided into several
sections, where the stiffness is considered
constant and equal to the average stiffness of the
boundary zones of the site. The given
deformation modulus is defined as the
arithmetic mean of several intermediate sites.

Changes in the external load over time in the

calculation are reduced to a step scheme in such

a way that within each of the intervals the load

and all the characteristics of stress stain states

(SSS) are considered constant. The same applies

to the variability of physical and mechanical

properties of materials.

In the nonlinear phase of creep instead of

solving the differential equation of A.R.

Rzhanitsyn the empirical dependence of Yu.M.

Ivanov is assumed to be

g(t) = &(t, )@+ bt**"), (2)
where

B 107
0,735-0,02086 W '

©)

W —wood moisture, %.
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The equation of prolonged deformation of wood
when o < o, for a given step change of stresses

can be written as following:
e(t) = e(t,)fL+ bt —t,)°2 ]+

+Z;
O

_1E_

fLebt-1)°%], @

€1
4Gpp
where
a < AGi
€, =s(t0)+z ¥ , (5)
= E, - 4 0 (gia—z +A8ia—1)

pp

&', — the total value of instantaneous (short-

term) increments of relative deformations.

The equation (3) takes into account the
influence of humidity W, but in the form of (4)
the constancy of humidity at all stages of
deformation is assumed.

Long-term strength depends on the wood
moisture. Taking into account humidity
E.N. Kvasnikov [7] obtained dependences of
long-term strength on the duration of load
action, on the humidity and on the type of stress
state in the form of:

o, =a—-Dblgt. (6)

Here this value is taken to be 22 MPa, t — days,
the coefficients a and b are determined
experimentally.

The direct use of a nonlinear equation of
material mechanical states in solving problems
of structural mechanics is very bulky. So the
authors use S.E. Frayfeld's proposal to introduce
a time deformation modulus

E\&oi):=8231), @)
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where o(t) — stresses at the time of observation
t; e(to,t) — relative deformations at the time of
observation t, which are established taking into
account the influence of the age of the material,
its aging properties, the mode and duration of
loading.

For the dependence corresponding to the linear
creep the authors use the expression for the long
modulus of deformation in the following form:

o4 o

and then

ety YL+ bt -
G(t) } ©)

S Ag, 0.21
+ZW(1+bt t )}

i=1

El(to,t){

Q

For a given step change of stresses Ei(to,t) is to be:

" (10)

where & — active deformation.

There would be less mathematical difficulties
associated with the wuse of equations of
mechanical state to describe SSS of elements
whose materials are deformed nonlinearly and
with delay, if you apply the method of integral
estimations, which is based on the use of the
integral deformation module.

The following approach can be considered for
the most common compressed-bent wooden
element in constructions analogically with the
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derivation of equations for determining the
long-term modulus of deformation. Estimating
the real deformability of elements and at the
same time not operating with different
deformation modules in each discrete layer, it is
possible to write the deviation of the values of
real deformations & and deformations &in,
identified by &in(x, t). The essence of the integral
estimate is to minimize the deviation, which is
carried out for the section as a whole, and after
performing a series of transformations of the
expression for the desired deformation module,
the following expression for the first stage of
deformation is to be (linear creep):

 Egeg
4Gpp
1+bt®#

EO
E, (x,t) = ®(c2,b,a) i+
a0 (11)

‘ Ac(1+b(t —1,)°%)

+2 E
S 4o, 0, e )2(L+bt*?)

I

pp

To validate the adopted design provisions the
experimental studies have been carried out: the
studies of the basic types of the coating shells of
engineering  constructions and  residential

buildings under asymmetric loadings when the
most apparent redistribution of forces and
nonlinear deformation take place.

Konstantin P. Pyatikrestovsky, Boris S. Sokolov

THE STRUCTURES UNDER STUDY

The scheme of the ribbed ring dome is shown in
Fig.2. The dome diameter is 60 m, the height -
20 m. The meridional ribs of laminated wood
are located in increments of 3,926 m along the
reinforced concrete support ring. The ribs are
attached at the top of the dome to a metal
lantern ring. The ribs via one are shortened due
to the less stress because of ribs condensation.
The height of the ribs is equal to 1/60 of the
diameter, i.e. 1000 mm, the width — 140 mm.
The annular ribs of the cross section bxh
140x200 mm are located in increments of
2,464 m orthogonally to the meridional ribs.
The cells between the ribs are filled with plank-
nail slabs resting on cranial bars. In the corner
areas the gaps between the slabs and ribs are
filled with the polymer solution (Fig. 3). The
filling slabs are made from two layers of planks
with the thickness of 15 mm. The thickness of
plates was brought up to 40 mm. (Calculations
were carried out also for the reduced thickness
of plates of 20 mm).

The real-time calculations of the structures were
carried out using the finite element method by
MicroFe software complex with the control of
the SSS of the shells using G.A.Geniev's
strength criteria.

D=60m

Figure 2. Scheme of ribbed ring dome: a) plan; b) facade.
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Figure 3. Scheme of plates on the dome frame: a) section; b) plan.
1, 2 — meridional ribs; 3 — annular ribs; 4 — panel; 5 — timber.
(IA
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Figure 4. The mode of load application.
The program of loading at numerical The main characteristics at the results

calculations is shown in Fig. 4. The load is
taken evenly distributed on the left half of the
dome. The mode of load application mainly
reflects seasonal changes in the snow load and
the possibility of its uneven distribution over the
surface.

Processing of the results of numerical
calculations was carried out in accordance with
the program determining the effect of
nonlinearity of the deformations caused by
prolonged action of load, seasonal change in the
intensity of loads, the features of the joint work
of the frame, the characteristics of redistribution
of forces under uneven loads.

Volume 14, Issue 4, 2018

processing are meridional and annular forces in
the frame elements, shear forces and stresses in
the skins, deflections of the entire structure and
changes in the deformation modules depending
on the magnitude and duration of loads.

The SSS characteristics were determined
sequentially at 39 stages of loading. The
maximum time of application of seasonal loads
was taken to be 1980 days or 5.42 years.
Further, the load was taken as incrementally
increasing to assess the possibility of beyond
design conditions for the structure.

The results of calculations are given in Table. 1.
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Table 1. Stress-strain state of the dome with the covering of 40 mm thickness.

Stages of g, kPa Time Stress in Shear Max Integral
loading exposure | meridional stress deflections module
t ribs T, MPa Uz, mm Ein, MPa
o, MPa
1 Dead weight 1 min 0.0255 0.011 0 14120
3 2 15 days 0.873 0.503 -3.5 14109
5 4 180 1.45 0.97 -6.35 13785
9 4 360 1.474 0.972 -6.54 13715
13 4 720 1.46 0.972 -6.57 13685
17 4 1080 1.453 0.972 -6.58 13526
22 4 1620 1.451 0.971 -6.62 13465
27 6 1980 2.02 1.446 -9.57 13227
32 10 2070 3.20 2.378 -15.7 13212
34 12 2100 3.776 2.847 -18.7 13204
36 20 2340 6.126 4.66 -30.75 13157
38 28 2580 8.46 6.519 -43.15 13116
39 36 2580 10.67 8.37 -55.26 12457

THE CALCULATION RESULTS
ACCORDING TO THE TABLE 1.

The behaviour of the dome under one-way load
with intensity changing in time is investigated.
It was simulated that there was no snow load in
summer, and in winter the snow load was taken
of higher intensity than its usual level relative to
the middle European part of Russia. Calculation
by the method of integral module of
deformations allows defining of strength
resistance of structures at any time of its
operation at any changing loading.

The particular attention is paid to the
effectiveness of joint work of the frame of
laminated wood and wood panels.

The main indicators according to which the
analysis of SSS of the investigated structure is
carried out are the following: the value of the
applied loads by stages and the duration of the
structure exposure under this load, the stresses
in meridional ribs, the shear stresses in the joints
of skin elements to ribs, the maximum
deflections and the value of integral module of
the ribs deformations varied depending on the
stress magnitude.

It was found that at the reduced thickness of
skin equal to 40 mm the strength resistance of
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the shell is very large, and even at the maximum
load exceeding the design of 3.2 kPa in 10
times, the stresses in the sections of meridional
ribs did not reach the calculated value. The
maximum stress under load of 36 kPa was 10.67
MPa.

Similarly, deflections throughout the loading
process of 7.07 years vary by several mm and at
the considered maximum load were only
55.26 mm, i.e. 1/1086 of the dome diameter.
With a load of 4 kPa, the deflection was
6.35 mm, and when the shell was held under
this load for 1440 days (almost 4 years), it
increased up to 6.62 mm (or 1/9050 of diameter
D), i.e. by 0.28 mm.

Similarly, the maximum value of normal and
shear stresses for this period has not changed
(Table 1).

Meridional ribs of the frame were taken with a
reduced cross-section height to 1/60 of the span.
The maximum normal stress in the supporting
part of meridional ribs is 172.5 kN/m? =~0.2
MPa.

So the shell thickness of 40 mm almost does not
require ribs (sustainability is not considered
here). At the same time, it should be noted that
the value of integral modulus of deformation at
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a load of 4 kPa decreased from 1.4-10* to
1.35-10* MPa - by 3.3%.

The data of the numerical experiment of this
shell with a thickness of 20 mm at a load of
3.2 kPa was taken for comparison (Table 2). As
a result of the shell exposure for 50 years the
deflection of the shell increased from 13.3 mm

to 14.9 mm (to 1/4027 diameter). Stresses in the
meridional ribs increased from 1.53 MPa to
1.6 MPa (4.1%). The absolute stress value was
less than the design resistance of 13 MPa. The
shear stresses at exposure under load have not
increased (details of changes in shear stresses
will be discussed in another article).

Table 2. Stress-strain state of the dome at a constant one-sided load of 3.2 kPa

(The thickness of shell is 20 mm).

Number Time Max bending Max normal Max shear Deflection, Integral
of stage | exposure, moment in stress in stresses, mm module of
days meridional ribs, | meridional ribs, MPa deformations,
kNm MPa MPa
1 0 1380.0 1.527 2.03 13.3 14399
2 1 1417.0 1.581 2.03 13.66 14200
3 180 1428.0 1.582 2.04 13.72 14027
4 730 1443.0 1.585 2.02 13.92 13884
5 18250 1462.0 1.590 2.03 14.27 13186
1.980 14.9
The decrease of the deformation modulus in 2 N M 3333 309.4
years is: 14399/13186 = 1.09 times, ie. less S~ A T\~ g2 +0.033333=10'95 MPa
than 10%. <R, =13 MPa

The calculation of the frame from dome ribs
without sheathing showed that at the same load
of 3.2 kPa the deflection in the middle of the
loaded part was 293 mm, which is 1/205
diameter, and the maximum stresses were equal
to 10.95 MPa, i.e. it is quite close to the
calculated resistance of 13.0 MPa. These results
were obtained at a relative height of ribs’ cross-
section h/D=1/60 — reduced if you compare with
the recommended norms for planar structures of
1/40 diameter.

Rib bend on opposite side is 1/206 D, i.e. it is
the same with the deflection and for a planar
construction (beams of attic floors and girders,
trusses) and it is within the permissible limits
(<1/200 D). However, for beams and trusses,
deflection of covering is limited to 1/300 D.

The maximum moment is Ms = 309.386 kN m.
The corresponding longitudinal force but around
support area is N = 333,3 kKN when bxh
=0.2-1m.
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It is quite close to the calculated resistance, but
it should be taken into account that this is for
h/D = 1/60 < 1/40, which already indicates the
spatial work of the dome frame.

The maximum stress in the annular ribs is when
N = 109,88 kN; M = 4,69 kNm; bxh = 10-20
cm:

G=109'9+ 4.1 =12.5 MPa <13 MPa.
0.02 0.000667
SUMMARY

The joint work of ribs of a dome frame with
elements filling the cells between them has a
great influence on increasing the strength
resistance of a structure as a whole.

Nonlinear calculations using the method of
integral estimates allow us to analyse the
strength resistance of complex modern wooden
structures and possibly others, taking into
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account the long-term loading of any uneven
loads in time and magnitude.

The calculations of domes with a reduced height
of ribs’ cross-section by 20% in comparison
with the accepted design guidelines have been
carried out. The state of a structure and its
strength resistance under different loading
conditions and with different stiffness of the cell
filling panels is analysed.

The possibility of reducing the section height of
meridional ribs and other possibilities of saving
materials of these common structures are
considered.

In general, the new effective calculation method
and design recommendations can provide
material savings up to 25%.

Thus, despite the available effective
mathematical  apparatus  for  calculating
structures taking into account the nonlinear
operation of wood, there are no
recommendations for its application in the
norms and standards and there is no indication
of the need to design taking into account the
joint work of elements to ensure the structural
safety while reducing the consumption of
materials.
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Abstract: This article identifies and investigates the errors in the foundations of the modern theory of creep of
reinforced concrete caused by the use of the principle of superposition, which is an extensive interpretation of
the principle (scheme) of the linear superposition of Boltzmann. The results of the analysis published by the
authors in the journal of Structural Mechanics of Engineering Constructions and Buildings No. 6 of 2017 and
No. 3 of 2016 are supplemented. The article was written in accordance with the recommendations of the round
table held in the RUDN University on June 9, 2016, under the guidance of D.Sc., Prof. S.N. Krivoshapko.
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OIIWBKHU B TEOPUMU ITO3JTYYECTH KEJIESOBETOHA
N COBPEMEHHBIE HOPMBbI

P.C. Canxcapoeckuii UT.H. T ep-IMMAHYUIbAH 2, M.M. Manuenko®
! Epasuiickuit HanpoHanbHbli yansepeutet uM. JLH. ['ymunesa, r. Actana, KASAXCTAH
2 Poccuiickuii YHHMBEPCHUTET ApY>KOBI Hapo0B, T. MockBa, POCCHUA
KprimoBckuii rocyaapcTBeHHBINH Hay4HBIH HeHTp, T. CankT-IletepOypr, POCCUA

AnHOTanusi: B maHHOW cTaThe OTMEYAIOTCS M MCCIEMYIOTCS OIMIMOKHM, UMCEIOIIHEecS B OCHOBaX COBPEMEHHOU
TEOPUH TIOJN3YYECTH IKEIe300€TOHA, BEI3BAHHBIC WCIIOJNH30BAaHUEM IMPHHIUIIA CYIEPIO3UIUHN, KOTOPHIH
MpeacTaBiseT coO0K OOMMPHYIO HMHTEPIIPETAINIO MPHHIUNA (CXeMBl) TUHEWHOW Cyreprno3unun bomsivmana.
Pesynbratel aHanmm3a, omyOIMKOBaHHBIE aBTOPaMH paHee B jkypHaie «CTpoHWTelbHAs MEXaHWKA WH)KCHEPHBIX
coopyxenuii u 3qanuii» (Ne6 3a 2017 rox u Ne3 3a 2016 rox), 31ech CYIIECTBEHHO IOMOMHEHBI. HacTosimas
CTaTbd HaIMCaHa B COOTBETCTBUH C PEKOMEHMAIMSIMH KPYTJIOro CTOJa, MpoBeAeHHOro B Poccuiickom
yHuBepcurere Apyx6br HapomoB (PYJIH) 9 wuroms 2016 roma mom pykoBoicTBOM ma.T.H., npod. C.H.
Kpusomarnxo.

Kuarouesble cjioBa: ynpyromiactiudeckue nedopmaru 6eToHa, TeopHs TOI3y9IecTH OeToHa,
JIOJITOBPEMEHHOE COMPOTHUBJIEHHE YKeJIe300€TOHA, COBPEMEHHBIE CTPOUTEIILHBIE HOPMBI

The principle of superposition is the basis of
both the modern scientific creep theory of
concrete, which is called the "world harmonized

format” by foreign scientists, and the
developments  “in  recent  decades of
international standardization institutions ... for

recommendations, norms and technical
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guidance documents” [1, 2, 3]. These works
also indicate that McHenry in USA (1943)
“substantiated this trend by experimental studies
of the creep of hermetic specimens using the
principle of superposition which is characteristic
for the theory of Volterra”.
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We give the basic law of creep of concrete in
the original notation [1]:

g, (t)=0(ty) I (t.t,)+
+jJ (t,t")do(t') @

t

where ¢ (t) is the complete strain from stress

o(t);

— compliance function; E.(t') is nonstationary
modulus of elasticity; ¢(t,t') is nonstationary
creep characteristic considering ageing.

In scientific publications (1) is usually
integrated by parts, thus obtaining
o(t)
t)= —
80( ) EC (t)
1"

The term

is a measure of the creep of concrete C(t,t") used
in publications in our country, which is
preferable to application of the creep
characteristics in the processing of experiments.
We emphasize that ageing of concrete is taken
into account in ¢ (t, t ") and C (t, t'), and the
modulus of elastic-instantaneous deformation
Ec (t ') essentially depends on the age of the
concrete.

Equations (1), (1') are substantiated by two
fundamental assumptions: the principle of
linear connection between stresses and strains

g6(t,t)=o(t")I(t,t); (1

Volume 14, Issue 4, 2018

the principle of superposition, verbally
formulated in various versions in numerous
well-known publications on the theory of creep
of concrete, reference books, for example in [9].
Serious mistakes in (1) make the normative
theory inconsistent with Eurocode, unreliable
and uneconomical. Losses from such norms and
calculations are significant as annual global
volume of usage of concrete and reinforced
concrete is 4 billion m®. Let us also recall the
tragedy of the collapse of the Transvaal Park
(Moscow, 2004), caused by creep problems in
concrete.

We note that the article has no relation to the
“ongoing  disputes, discrepancies and
uncertainties” existing in this section of creep of
reinforced concrete. Also, in this paper we do
not discuss a different point of view. We, using
the Eurocode system, identify and analyze the
errors in that area of creep, where, as the leaders
and developers of norms indicate, there is a
“steady consensus” [1, 2, 3].

The main mathematical error in (1) lies in its
basis - the principle of superposition, which
appeared in the theory of reinforced concrete
after the work of McHenry. This principle
incorrectly builds the core of creep, incorrectly
describes  the  processes of  changing
instantaneous deformations and creep strains.
The errors in the principle of superposition can
be determined in various ways: for example, by
constructing and solving a differential equation
corresponding to a linear connection (1");
sololving the inverse problem of classical
mechanics; analysing the value of the total
strain rate corresponding to (1").

Applying the last method the following is
obtained:

From this formula it is clearly seen that four
terms, caused by the rate of change in the
compliance factor are lost in the main law (1):
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NE() 1 do(tt)
=g VEm T
+G(f)5iﬂ)a®é?V)_ @

and the value of these terms is comparable with
that of the remaining term. These losses cause
considerable discrepancies between the theory
and the experiments described in the scientific
literature, e.g. [7].
Opposite mathematical actions, first
differintiation and then integration, are
performed (and without any need) over the
known result (1”) of the classical theory in the
priciple of superposition.
One term for instantaneous deformations and
several terms for creep deformations are lost in
the process of differentiation. After integration,
the losses are included into the values of
deformations, and then into the theory of design
calculations.

The principle of superposition distorts the

classical linear connection (1”), causing three

types of errors [4, 5, 8], distorting the theory of
creep of concrete:

1. incorrectly determines the values of short-
term linear strains;

2. incorrectly finds the expression of a nucleus
describing the process of changing linear
creep strains;

3. erroneously classifies as instantaneous elastic
deformations to creep strains.

Let us consider them in more detail.

1. The rate of elastic deformation equals

o 1
o' Eq(t')

+o(t')

Integrating, we obtain
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G(t) G(tO)
sAU—%QOZEJQ_Eﬁﬂ_
t N 1 '
icﬁkwaﬁ7m+
t N\ O 1 '
1 OzEm

Hence the short-term deformation equals

oft)
£ ()

It is also clear that the first term under the
integral sign (1) is superfluous, and the use of
the overlapping principle in (1) and (1")

gy(t):

)= o(ty) _j- 1

E(t) §E(t)

(4)

is strongly erroneous.

The principle of overlapping erroneously
reconstructs the actual, real elastic linear model
of concrete with the E.(t) module; the prinicple
attaches to it a non-existent and unreal model of
a linear viscous fluid with a viscosity coefficient

thus forming Maxwell's scheme.
Let us consider an example, putting
o(t)=0qo =const in (3), (4), we will receive

International Journal for Computational Civil and Structural Engineering
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_in accordance with principle of superposition
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Figure 1. Comparison of &,(to) and &,(t).
e ()= oo In case (5), the fundamental law (1) forms four
Y Ec(t) extra (fictitious) bodies: two Foigt type bodies
and and two viscous elements connected in series
with each other. Deformations of these bodies
e, to) = 0 _ cong are equal
Ec(to)
e1plt)- }<> Lol
Comparison of these deformations is shown in 10 mq)(t') ,
Fig. 1. N E(t) .
Curve 2 in Fig. 1 corresponds to the VNIIG data N1g (t')= t)’ (6)
on the changing of modulus of elasticity with ) Pe
time. Errors in the value of elastic deformation £2¢(t) = [olt') 1 4,
are about ~ 300% at t = 360 days. f N2¢ (t)
2. In the region of creep deformations, the 20,
number of additional (fictitious) bodies arising nzq)(t')= E.C (t,) L < (7)
due to an incorrect scheme for constructing the Ec(t') 0o (t')
creep kernel (hereditary function of type I) t o1 (t=t") e
increases substantially. It depends on the form 83<1°(t): J olt )113 q,(t’) dt
of the function ¢(tt) describing the fo
nonstationary creep characteristic in the main (t):_ECZ(t’) 1 ©)
law (1). We write this function in a well-known, N3d Ec(t) oot
widely used in the scientific literature form t 1
szl(lj(t)zjcs(t')n (t’)dt”
oftt) o -] o M
Ec(t') EC(t’) , 114(1)( ) _(.Pc(i,)’ (9)

where ¢, (t") is a function considering the

ageing of concrete.
In the famous monograph of Prokopovich L.E.
the creep behavior ¢(t¢) used by foreign

scientists has the designation Cf(t,), these are
identical quantities.
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where 714, ... , 74 are the viscosity coefficients
or the coefficients of internal resistance of the
fictitious bodies; moreover, the bodies (8) of
Voigt and (9) of the viscous element expand
under compression.
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The creep deformations (6) - (9), caused by the
effect of the superposition principle on the
classical bond (1"”), are a fiction; they are also
summed up with a short-term fictitious
deformation

1

e5(t) = j ati )t': (10)

&t (t)=_§8iq) (t),

and introduce large errors in the value of the
total deformation &,(t) determined by the creep
law (1'). For example (Recommendations,
1988), at constant stresses, the error from
applying the superposition principle for creep
strains reaches 100%:

J'Q f(t—1)de
€co (t)omn61<1/1 -1- t

Qlty)f(t—tg)dt’

€ Co (t )l‘[pI/IHLlI/IH

where Q(t) is "the function of the effect of
ageing on the measure of creep";

f(t-t) is - "a function that takes into account the
increase in time creep measure".

3. The fact of appearance of a single short-term
strain

Ec(t)

in the nucleus of creep of the integral equation

(17:
9 e, (1)+C(Lt)]=
G ’

B

led to the temptation of erroneous substitution
of the properties of short-term deformation
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gy,1(t) by the properties of deformations of the
hereditary type &,1(t,t").

The error is corrected by making new mistakes.
Concrete has essentially non-linear properties at
short-term and long-term loading. The short-
term load diagram has a falling section and a
limited extent, see figure 2. In the main law (1),
(1" only linear deformation

Sﬂ(t) :gy(t)

is taken into account, and the nonlinear
deformation ¢4(t) is ignore, see figure 2.
Aleksandrovsky S.V. indicates the reason for
this circumstance: It is very difficult to take
into account the dependence of the modulus of
elasticity on stresses and age of concrete
simultaneously. Therefore, the modern theory of
creep of concrete takes into account only a
change in the modulus in time ... .

Let us consider two types of such substitution.
The first substitution. A representative forum
poses the erroneous task of "taking into account
the influence of the pre-history of deformation
on the modulus of elastic-instantaneous
deformations”. The basic equation of the creep
theory takes the form (in the original notation):

(11)

—j.c(r)%{Ec (1m)+c(t,r)}dz

An “experimentally valid” expression appears
for the modulus of elastic deformation of
concrete
An “experimentally valid" expression appears
for the modulus of elastic deformation of
concrete

Etr =Et +an0tEq,

where o; is characteristic of creep of concrete.
And other erroneous forms of the main creep
law appear

International Journal for Computational Civil and Structural Engineering
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Figure 2. Distortion of the o-¢ diagram of concrete.
x(t,7) has the name "reducing correction ... to the
o(t) | P current specific elastic-instantaneous
e(t)= E(t)+-[0 T)@Mtﬂ?d“ deformations".
&(t)= E(t)+ (’(T)ar%(tﬂ)df— The second substitution. The nonlinear short-
0 0 i term strain g,(t) is erroneously attributed to the
B G(T)arc (t’f)dt’ o . 12 deformation properties of the hereditary type
T —|o(t)=C"(t,7)d, (12) . L .
ot eq(t,t), the erroneous overlapping principle is
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used, and, instead of the simple algebraic
formula

eu(t)=Ba(t)o” (1)

(B2 is a known coefficient), the
following is contrived:

integral
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o 0 g (0Y)
aH(t)_t[c(t)at, o) dt "
=jc(t’)%€( Nt

where Cy(t,t") is called the measrue of fast-
flowing creep.

C(t,t')+C,(t,t")=
o(tt)+o,(t.t)] (14)

£l

taken into account in (1'). The gross errors in
the theory from such a substitution of the short-
term nonlinearity of concrete we considered in

[4] and [8].
Famous foreign scientists renamed “fast-
flowing creep” into "minute creep"”, and the

erroneous idea of the Second substitution is
presented as their important achievement.

The principle of superposition in the theory of
creep of concrete is a mathematical error
committed in the exptensive interpretation of
the principle of the linear superposition of
Boltzmann. In international norms of reinforced
concrete, it is estimated incorrectly: it is
supposedly “a tendency to study creep
according to the principle of superposition
peculiar to Volterra's theory”. Let us consider
this in more detail.

We investigate the essence and the secondary
nature of the Boltzmann scheme for the theory
of creep of concrete on the example of concrete
considered in the well-known paper of Maslov
G.N. No. 4. Here the concrete has stationary
properties corresponding to the classical theory.
In the notation of Maslov G.N. the compliance
function has the form

J(t-t) = oft—7)= a—be Pl

where
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_C0+E0_

CoEo

Ey is an elastic modulus;

n is a stationary coefficient of linear viscosity.

In the theory of creep, the fundamental solution
of the corresponding differential equation is
known to have the form

- }o(t')%o%dt’, (15)

where
e L b Btt)
ot —t')=Eq Cob e ]

is characteristic of creep.

The Boltzmann case is obtained from the
solution of (15) by means of a number of its
transformations mathematically valid only
under the conditions of stationary properties

0

+j[Eio+Ei(p(t—t’)} do (t')

t 0

gc(t):o{EiO+Ei(p(t_to)J+
(15)

Unlike (15), the compliance function is used in
the transformation (15'), which attracted the
attention  of  scientists.  However, the
transformation (15) is possible only with
substantial and very strong restrictions. In the
exptensive interpretation of compliance, these
restrictions were not taken into account, and the
theory of creep of concrete proved to be deeply
erroneous.

Here, firstly, the property of the process that
creates the temptation to expand the theory and
transforms into the above-mentioned gross error

International Journal for Computational Civil and Structural Engineering



Fundamental Error of the Theory of Durable Resistance and Standards for Reinforced Concrete

for nonstationary E(t") accompanying the
normative linear creep theory of concrete is
imposed on instantaneous deformation with an
extremely simple physical meaning for an
arbitrary t. In scientific literature there is even
an authoritative statement that “elastic-
instantaneous deformations strictly obey ... the
principle of superposition”.

Secondly, it is necessary to integrate (15) by
parts, that in the exptensive interpretation of the
compliance function under the conditions of
ageing of concrete (1) creates another
temptation, traditionally leading to another
gross error in finding the core of the integral
equation. As it is known, for non-stationary
properties of concrete, the creep strain is
obtained from another solution of differential
equation, a solution written in a more complex
form

ecc(t)= e_F(t){sco + }G(t)ie F(t)dtJ ,

where the parameters n(t) and B(t) in (15) are
functions of time.

In the concrete of Maslov G.N. the rate of
deformation degenerates due to the difference
kernel. In the case of an extensive interpretation
of the compliance factor, the application of the
Boltzmann principle usually becomes incorrect.
The nonstationary model of Maslov concrete
with a coefficient of viscosity

n(t)=Co(t)/B
and a time-dependent  module
demonstrates this:

— it satisfies experiments with simple loading
at low levels ¢ ~01R

Eo(t)

p

— it satisfies the requirements of classical
mechanics;

— it does not satisfy the conditions of the
Boltzmann principle.
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The Boltzmann principle distorts the essence of
the nonstationary Maslov model. It replaces one
classical body of creep of concrete with a chain
model of successively connected bodies with a
set of erroneous properties.

In the theory of creep of concrete, there is a case
when extensive interpretation of the compliance
function is unacceptable even with a difference
kernel. For example, the nucleus of creep in a
number of known works is represented in the
form (the second case)

Ae_B(t_t,)

K(t-t')

Certain forces correspond to this kinematic
equation of motion in connection with the
solution of the inverse problem of mechanics.
The analysis of the differential creep equation
reveals that in this nucleus there is a resistance
force with a coefficient of viscosity of the linear
model equal to

nltt)= -0,

which is impossible by the same reasons as in
the above-mentioned case of applying the
hereditary properties of the elastic modulus
E(t,t).

The third case corresponds to the extensive
interpretation of the compliance function in the
“chain  model”. This case is present in
theoretical rheology, and as a repetition — in the
norms of reinforced concrete.

We preliminarily write the Boltzmann scheme
for the Maxwell body in the form

ga(t):o{Eio+%(t—to)J+ -

+£{Ei+i(t—t')}dc(t’)

o M

where 1 is a stationary coefficient of viscosity.
With a variable viscosity coefficient
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we obtain the theory of ageing of concrete
(Dischinger, Whitney);

olt) = 0o (1— e )

which by series expansion gives the function of
Freudenthal

substantiated by the experiments of Davis and
Glanville.

In the “chain model”, by successively
connecting bodies (15) and (16), we have an
extension record of the compliance function

(17)

A pair of integral equations corresponding to the
expansion hypothesis (17), and solved either
with respect to deformations &,(t), or relative to
the stresses o (t), in theoretical rheology are
called "Boltzmann-Volterra equations™; It is
also indicated that this pair "represents a
complete mathematical formulation of the
principle of linear superposition.”

However, such a chain model, with its extensive
interpretation of the compliance coefficient, is
essentially erroneous; This is evidenced by its
reduction to a differential form:
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It can be seen from (17 ') that there is a
resistance force

£6(t)

proportional to the acceleration, which is
incompatible with classical mechanics, and, in
connection with Art. 5.1.1 (3) P Eurocode 0, the
chain model is an inappropriate design model.

The components of the force of the
computational model can be a function of
position e, (t), speed &.(t), time and other
quantities. If there is (among others) a force
proportional to acceleration .(t), then the

fundamental principle of mechanics about the
independence of the action of forces is violated.
The well-known scientist Pare L. has
established the unacceptability of such forces in
both problems of mechanics and in applications
[6].

Unfortunately, in the scientific literature on
concrete, in international norms, there are a
number of errors analogous to those described,
and consisting in an extensive interpretation of
the compliance function in the form of a chain
model [1], including for taking into account the
rapidly flowing creep.

Thus, in the case of consistent merging of
Maslov's theory and the theory of ageing of
concrete (McHenry, Yashin A.V., Hansen T.,
Prokopovich LE. and Ulitsky I.I.), the creep
equation has the form

g(t)+gs(t):a(t)Eio+

+6(t)[%+E£+C£j+
+G(t)(2—t+%J

If another viscous element with viscosity

n(t)= e~
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is added to this chain in order to take into
account the rapidly flowing creep, that was
previously assumed by the Eurocode developers
before its approval, then we get another
erroneous version of the theory (written without
averaging)

é(t)+Bé(t):6(t)E—o+
- po B 1 *

+G(t)(%o+E_o+@j+ (*)

ts LBo B ﬁ(t)
o2 )

When Eurocode 2 was adopted, the theory of
ageing and the viscous element were removed
from this model, the error was annulled. In the
Eurocode rules, only classic concrete Maslov
G.N. is left; from its creep characteristics, a
normative coefficient of creep development is
obtained

03
| _t-Tto
NN

~1/B.

where

It is obtained by decomposing
e—B(t—to)

in a series using two terms. The exponent 0.3 of
the power function takes into account on
average the ageing of the concrete.

In the case of nonlinear creep and short-term
non-linearity in Eurocodes, the use of the
Boltzmann scheme is also erroneous. For
nonlinear creep of concrete of Maslov G.N. (the
fourth case) within the framework of generally
accepted hypotheses, the rate of deformation is
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G F L] -

5(t)-Flu(t) ’]Eiw(t—t’)
+o (1)t )GF[Ma t] =
o) T oy,
+o(t')-Fp(t ,t]o
o3[ =]

which is not taken into account in the traditional
theory. Here F[u(t’)t’] is a non-linearity
function, in which the voltage

is usually taken (after the work of Leaderman)
as a nonlinearity parameter, which is incorrect:
the methods of classical mechanics show that
such an assumption is a very superficial
assumption. We will devote a separate article to
this problem.

For example, under this assumption, a series of
multiple Volterra-Frechet integrals

g, (t)= ijl (t—t")do(t')+

t ot

+[ [3,(t-t"t=t")do(t')do(t") +

is a nonintegral form [10]

e, (t)=J,(t)o+J,(t,t)o" +
+J,(t.t,t)o’ +
Recently, some papers have appeared that
develop "a modification of the principle of

superposition of deformations for nonlinear
creep" in the form

149



Rudolf S. Sanzharovsky, Tatyana N. Ter-Emmanuilyan, Maxim M. Manchenko

where
o (t)=S[o(7)]

is the known stress function o|[t].
The error of this formulation is similar to that
used in (1). The total strain rate here is

v, () S[cs(r)]{ (T)+C(t,r)J+
+S[0(1:) %E:(Lr)

+s[o(1) %C(t,r)+
+s[o(1)]2c(tr) (18)

From this it is clear that the last three terms in
(18" are lost in (18). The significance of these
terms is identical to the significance that we
described in paragraphs 1-3 above. We must
additionally pay attention to the fact that the
identity of the nonlinear function S[o(t)] for
short-term and long-term deformations is also
incorrect. But even if another function Sy[o(t)]
is used for creep strains, then, as it is noted
above, this assumption is a very superficial
assumption that does not correspond to the real
nonlinear creep theory of concrete, which will
be published later. This theory has nothing to do
with the principle of superposition.
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NON-RIGID KINEMATIC EXCITATION
FOR MULTIPLY-SUPPORTED SYSTEM
WITH HOMOGENEOUS DAMPING

Alexander G. Tyapin
JSC “Atomenergoproject”, Moscow, RUSSIA

Abstract: This paper continues the discussion of linear equations of motion. The author considers non-rigid kinematic
excitation for multiply-supported system leading to the deformations in quasi-static response. It turns out that in the
equation of motion written down for relative displacements (relative displacements are defined as absolute displace-
ments minus quasi-static response) the contribution of the internal damping to the load in some cases may be zero (like
it was for rigid kinematical excitation). For this effect the system under consideration must have homogeneous damp-
ing. It is the often case, though not always. Zero contribution of the internal damping to the load is different in origin for
rigid and non-rigid kinematic excitation: in the former case nodal loads in the quasi-static response are zero for each
element; in the latter case nodal loads in elements are non-zero, but in each node they are balanced giving zero resulting
nodal loads. Thus, damping in the quasi-static response does not impact relative motion, but impacts the resulting inter-
nal forces. The implementation of the Rayleigh damping model for the right-hand part of the equation leads to the error
(like for rigid kinematic excitation), as damping in the Rayleigh model is not really “internal”: due to the participation
of mass matrix it works on rigid displacements, which is impossible for internal damping.

Keywords: seismic response, Rayleigh damping model, multiply-supported systems

HEKECTKOE KHHEMATHYECKOE BO3JIEUCTBUE
JJIAA MHOTI'OOITIOPHOU CUCTEMBbI
C OAHOPOAHBIM JTEMII®UPOBAHUEM

A.JT. Tanun
AO «ATtoMdHepronpoekT, r. Mocksa, POCCUA

AnHoTanus: B HacTosAmel craThe MpOJODKAeTCA paHee HadaToe 0OCYKICHHE BONPOCOB BHIBOAA YpaBHEHHH
JIBWKEHUS! 17151 JIMHEUHBIX PAcYETOB COOPYKEHUI Ha JUHAMHYECKHE BO3JEHUCTBUS. ABTOpP paccCMaTpHUBAET «He-
JKECTKOE) IBIKCHUE OMOP MHOTOOMIOPHOW CHCTEMBI, MOpOXKAaromiee AehopMaliy yKe B KBa3UCTaTHIECKON pe-
aKIHUH. OKa3I)IBaeTCH, YTO B YpPaBHCHUAX ABUKCHHA, 3AIIMCAHHBIX B OTHOCHUTCIIBHBIX NMEPEMCIICHUAX (OTHOCI/I-
TCIIBHBIC TIEPEMEIICHUA ONMPEACIIAIOTCA KaK a0COJIIOTHEIE NEPEMECUICHUA 3a BbIYCTOM KBa3HCTAaTUUECKOM pcak-
1K), BKJIQJ MaTpPUIIbI BHYTPEHHEro JIeMI(UPOBaHHUS B HArPY3Ky MOJXKET OKa3aThCsl PAaBHBIM HYJIIO JaKe JJIs
«HEXECTKOT0» CMEIIEHHs OIop, - MOA00HO TOMY, KaK 3TO OBUIO ITOKa3aHO paHee Uil «KECTKOTr0» CMELICHUs
onop. OHaKo JJIg 3TOr0 paccMaTpHBaeMasl CUCTEMa JOJDKHA OBITh OAHOPOAHOU Ho aemmndupoBanuto. Takas
CHUTyallsl Ha MPaKTHKE BCTPEUAETCS YacTo, XOTs U He Bcerna. Mexxay HyJeBbIM BKJIaJ0M MaTpHUIbl AeMI(PHPO-
BaHMS B HArPY3KH B CIIydasX <OKECTKOTO» M «HEXECTKOT0» JIBIKCHHMS OITIOp VISl OJTHOPOIHOM MO JeMI(pHpoBa-
HUIO CUCTEMBI €CTh IPUHIUINAIbHAS PA3HUILIA: B IEPBOM CIIy4ae B KBa3UCTATUYECKOH pPEeaKIUU COOTBETCTBYIO-
IIMe Y3JI0BBIC CHIJIBI PaBHBI HYJIO B KaXJIOM dJIEMEHTE, a BO BTOPOM Cllydae B Je(OPMHUPOBAHHBIX dJIEMEHTaX
MOSIBJIAIOTCSI yCHIINS, HO B y3JIaX MX CYMMBI paBHBI HyJr0. JleMI(upoBaHne, CBA3aHHOE C KBAa3UCTaTHIECKON pe-
aKIyeH, He TOBIUSET HA OTHOCUTENBHBIE TIEPEMEIICHNSI, HO MPOSIBUTCS] IPH BBIYHUCICHUN MTOJHBIX BHYTPEHHUX
ycnnuit. Micmone3oBanue Moaenn aemndupoBanus Pames 11t mpaBoit 9acTu ypaBHEHUS IBI)KEHHS, KaK U B CITy-
qac <«KECTKOIro» KHHCMAaTHUYCCKOI'O BO36y)KlleHI/I$[ OIop, NpHUBOAMUT K OH_II/I60‘[HBIM pe3yibTataM, IMOCKOJIbKY
nemiipupoBaHue B Mozein Pasnest Oaroiapst yqyacTHIO MaTpPHIII Macc pabOTaeT Ha MKECTKHX CMEIIEHHSIX CUCTe-
MBI, B OTJINYME OT BHYTPEHHETO AeMI(HUPOBAHUSI.

KuaroueBble ci1oBa: ceiicMuueckas peakiysi, MoJielb JeMI(prupoBaHus Pajies, MHOTOOIIOPHBIE CHCTEMBI
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Non-Rigid Kinematic Excitation for Multiply-Supported System with Homogeneous Damping

Discussion about damping at forming of seismic
loadings piques interest of civil engineers [1, 2].
There are some disagreements about internal
damping at right part of movement equation,
written in the relative displacement form for
multi-supported system. At the same time, au-
thor wrote about case of “rigid” support move-
ment of multi-supports systems in the previous
papers. It should be specified, that “rigid”
movement of some points row is not equivalent
of equal forward movement of such points, that
can be considered as only partial case. “Rigid”
movement of some points row means that one’s
move as it “frozen” into absolutely rigid solid
body. If this solid body rotates, then forward
movement of some points of such body in local
coordinate systems, linked with these points,
differs in accordance with it coordinate. At the
same time, such movement remains “rigid”.
Principle feature of system behavior at “rigid”
movement of supports is that quasi static re-
sponse to such movement is “rigid” too. In other
words, at quasi static response not only support
but all points of system move "rigidly"”. At the
same time, there are not displacement in system,
therefore internal forces, caused by system rigid
and damping, don’t appear. This aspect does not
depend on a type and homogeneous of internal
damping as well as rigidity distribution in a sys-
tem. Consequently, dividing movement of linear
system to translational motion of whole system
with it supports and additional movement of
each point relative to supports, it appears that
right part of movement equation contains only
inertia forces. There are not rigidities or damp-
ing components in the right part of equation.
After the paper [2] publication, some authors
proposed to observe alternative case, when sup-
ports movement is not “rigid”. In the paper [2],
respective designations and equations are intro-
duced for such movement.

Turning to terminology, as it seems to the au-
thor, the “translational motion” badly corre-
sponds to description of quasi static responses in
similar system, since system responses includes
displacements at “non-rigid” motion of sup-
ports. It already is not “translational motion”, as
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it is at “rigid” motion of supports. Therefore, let
us to present absolute displacements U as sum
of quasi static response R and relative displace-
ments X. Top index “+” means that it is ob-
served whole columns, including support dis-
placements; missing of this index means that it
is observed reduced columns, which includes
displacements of all points, excepting supports.
Respectively, matrixes with such index and
without it take different orders. Let us rewrite
equation (10), taken from the paper [2], in the
relative displacements form:

M][X o]+ [c]x ®]+ [K][X ®)]=
= _([M ] [T]"'[M sb]) [ﬁb]_([c][T]-’_[Csb])[Rb] (1)

Here [M], [K] and [C] are block matrices of in-
ertia, stiffness and viscous damping, corre-
sponding to all system nodes, excepting sup-
ports; [Msb] and [Csb] are block matrices of iner-
tia and viscous damping, which link supports
and non-support nodes; [Ro] is column of sup-
port displacements; [T] is matrix, linking quasi
static response of non-support nodes with sup-
port displacement:

[RI=[T1[R,]; [T1=-IKI[K,] ()

Where [Ksb] is block matrix of stiffness, that
links non-support nodes with support nodes.
Thus, conclusion of previous paper [2] can be
formulated in the following form: if matrices
[C] and [Csb] describes internal damping cor-
rectly, hen at either rigid displacement of sup-
ports [Ro] the last member in the right part of (1)
equals to zero. It is should be noted ones more
time, that this conclusion doesn’t require homo-
geneous damping or another special links be-
tween damping and stiffness of a system.

Current paper describes non-rigid displacement
of supports [Ro]. Let us pay attention that sec-
ond formula from (2) leads to relationship

[KI[T]+[Ky1=0 . (3)
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Comparing the left part of (3) with first multi-
plier at the last addend in the right part of (1),
we can conclude, if viscous damping matrix
[C*] is proportional to stiffness matrix [K*] in
partial case, then first multiplier at the last ad-
dend in the right part of (1) equals to zero. Re-
spectively, last addend in the right side of for-
mula (1) equals to zero at support motion or
without it. It was paid attention by V.A. Se-
menov, speaking about proportionality between
damping and stiffness.

First of all, such proportionality between damp-
ing and stiffness may appears when material of
system is homogeneous by damping properties,
for example, physically homogeneous, when
structure made of steel or reinforced concrete
only and loadings don't exceed ultimate values.
As it shows by experiments, damping of con-
struction material is not viscous, but plastic or
hysteresis or material by Sorokin model. In fre-
guencies range, the real values of elastic modu-
lus are substituted by complex values, where
imaginary parts of complex modulus don't de-
pend on the frequency and proportional to real
parts. Homogeneous damping means in this
case, that proportion coefficients between real
and imaginary parts of complex modulus are the
same for all materials of system. It is very fre-
guent situation, and conclusion about zero
damping at right part of motion equation, writ-
ten in the form of relative displacements, stay
actual. Remark about material work at non-
ultimate states is made, because effective modu-
lus and effective damping are changed at large
deformations. Here large deformations are not
connected with geometric non-linearity, since it
is described by equivalent linear models [3, 4].
If all elements are loaded by the same loads,
then at deformation closing to ultimate values
the homogeneous damping remains actual.
However, it may occur situations, when in the
system ones’ structures are closer to ultimate
state than other. In this case the effective damp-
ing may differs in different structures at the
same material.

Thus, in a system with homogeneous damping
even at non-rigid motion of supports the last
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member of right part of motion equation (1)
equals to zero. At first sight, such result is anal-
ogous to results, obtained before for rigid mo-
tion of supports [2], however these results have
principle physical difference. Physical meaning
of each addend in equation (1) is nodal forces.
In accordance with assembling rules of stiffness
and damping matrices in FEM for chosen node
these nodal forces can be spread out to force
sum, coming in the node from finite elements,
linked with this node. The resultant nodal force,
determined by stiffness matrix or damping ma-
trix may be null matrix by two reasons: 1) all
members, determining by separate multipliers
are equal to zero; 2) members are not null, but it
sum equal to zero at special situation.

At “rigid” motion of supports the first reason
executes. Quasi static response is rigid for entire
system as well as for each finite element, there-
fore nodal forces, linked with stiffness and in-
ternal damping at each element are equal to ze-
ro. Respectively, resultant nodal forces at arbi-
trary node are equal to zero.

At “non-rigid” motion of supports the second
reason exacts. Finite elements at quasi-static
response are deformed, and internal forces ap-
pear, that leads to nonzero values of nodal forc-
es. This fact relates not only with stiffness, but
damping. As result, integral nodal forces at right
part of equation (1) for each node, as it is shown
before, are equal to zero, but such result is
reached by addition of nonzero members.

Is it mean that damping, linked with quasi static
response, disappears from system? No, it is. Let
us remember, that equation (1) allows to deter-
minate just relative displacement, velocities and
accelerations. It should be noted, that determi-
nation of "relative” internal forces linked not
only with stiffness, but also damping member in
the left part of equation (1). However, these
“relative” internal forces must be added to forc-
es, caused by quasi static response, to determi-
nate resultant dynamic internal forces. At "rig-
id" motion of supports forces, caused by quasi
static response, are equal to zero. And here
stiffness and damping, working at quasi static
displacements and velocities, are applied at qua-
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si static force calculation. Thus, part of damp-
ing, linked with quasi static response, influence
to resultant forces in a system, though it occurs
without “relative” part.

Now let us to discuss some questions of compu-
tational practice. Physical hysteresis damping in
material forcedly substitute by non-physical
damping that is proportional to velocity, using
Rayleigh model, to save traditional form of dif-
ferential motion equations:

[C'I=a[M ]+ B[K] (4)

It was already written about approximate and
non-physical aspect of such substitution. First
member of right part of equation (4) describes
not internal, but external damping and works
even at rigid displacements, that is principally
impossible at internal damping. This member is
introduced into Rayleigh model just to approx-
imate restore constancy of modal factors of
damping by frequency. Such constancy by fre-
quency is observed in experiments and appears
as natural consequence of plastic damping na-
ture. This constancy disappears at introducing of
viscous damping instead of plastic damping. It
IS necessary to apply non-physical substitution
to approximate restoration.

In this case, appliance of Rayleigh model can be
recognized as traditionally justified for damping
matrix. But at right part of (1) in comparison
with left part the modal factors of damping are
unimportant. If we exclude non-physical first
member of Rayleigh model from right part of
the equation (1), then remaining second member
that proportional to stiffness matrix in accord-
ance with relationship (3) leads to written before
right result, that is to disappearance of damping
from right part of motion equation, written in
the form of relative displacements for system
with homogeneous damping.

In this case ultimate transformation, that was
destructured by applying of full Rayleigh model
(4), which is used at the right part of motion
equation. Really, in accordance with physics,
“rigid” motion of supports can be described as
partial case of "non-rigid" motion. Respectively,
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equations of ‘“non-rigid” motion of supports
should be transformed to equations of "rigid"
motion in this case. However non-physical first
member of the relationship (4) at right part of
(1) interrupts such transformation, because it
does not disappear at “rigid” motion of sup-
ports. If we exclude this member from right part
of the equation, ultimate transformation re-
stores.

Let us discuss consequences of damping mem-
ber disappearing at right part of equation (1) in
the case of system with homogeneous damping
conditions. The right part of equation (1) is sim-
plified and takes the form:

M][X @]+ [c][x ]+ [K][x ®)]=
= _([M ][T]+ [Msb]) [Rb] (%)

The form of this equation is like a traditional
equation of “rigid” displacement of supports,
that allows expect that traditional linear spectral
approach is applicable in this case. But there are
two reasons that can break up such expectations.
At first, as it is shown before, quasi static re-
sponse at “non-rigid” displacements of supports
makes a contribution to resultant internal forces.
Thus, “relative” forces, calculated by equation
(5) using analog of linear spectral method,
should be added to "quasi static™ forces, caused
by stiffness as well as damping. There are sug-
gestions of such addition. For example, it is
supposed to use approach connected with square
root of the sum of squares (SRSS) as it is con-
tained in the codes of nuclear industry [3].

At second, at transformation of equation (5) to
equations of the modal method, that is the basis
of the linear spectral approach, the difficulties
appear with right part of equation (1), and it left
part stays traditional. At “rigid” motion of sup-
ports quasi static response R, determined by rela-
tion (2), is “rigid”. Contribution of each mode to
resultant force at impact acting during chosen
direction is determined by so called “involve-
ment factor" of this mode through reviewed di-
rection. Since there are six directions of “rigid”
impact, then only six "involvement factors" are
applied for each mode. Such coefficients are
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generated by majority of computational programs
as part of standard report at modal analysis.

At “non-rigid” motion of supports mode in-
volvement factors, taken by quasi static re-
sponses, substitute involvement factors, taken
by impact's directions, at right parts of modal
motion equations. For example, if supports dis-
placements [Rok] are correspond to initial seis-
mic impact through the k direction, then modal
force gjk for j-th mode [gj] is described by ana-
log of involvement factor:

Ujc = ~[pI" (M][T]+[M] [ﬁbk] (6)

First two multipliers at right part of (6) are simi-
lar to multipliers at traditional involvement fac-
tor of j-th mode for arbitrary direction from six
directions of “rigid” impact, however third mul-
tiplier differs from first ones. Additional prob-
lem is that “non-rigid” displacements of sup-
ports [Rek] may depend on the frequency or
wavelength, that is equivalent to first one. This
aspect makes practical calculations of modal
force more difficult.

Codes of nuclear industry [1] contains a few
techniques to calculate inertia forces of multi
supported system by spectral method. All of
these methods are approximate and it accuracy
significantly depends on the static correlation of
impact at different supports.

Now let us refuse to suggestion about homoge-
neous damping and observe widely distributed
partial situation when damping is heterogene-
ous. This situation occurs, when system with
homogeneous damping supplemented by vis-
cous dampers. Typical sample is the reinforced
concrete building, built on “foundation suspen-
sion” including “foundation dampers”. This ap-
proach is frequently applied into platform mod-
els of “structure — foundation” systems [5].

The first that should be noted is that quasi static
response of such system is similar to system be-
fore additional dampers appearance. The second
note is that the damping matrix of such system
consists of matrix of homogeneous damping and
matrices of additional dampers. Consequently
"homogeneous” damping disappear from right
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part of the motion equation, as it was before, but
damping members corresponding to additional
dampers are saved at the right part.

When “ground springs” are used together with
ground dampers the viscous of ground dampers
should be divided into two parts. The first part
corresponds to ‘“homogeneous damping” in
structure and it is determined using B coefficient
from equation (4), obtained for structure, fas-
tened to rigid ground spring. And remaining
viscous of ground damper is additional and re-
mains at right part of the motion equation.
Conclusions. Initial conclusion about dumping
members’ disappearance from the right part of
the motion equation is spread to ‘“non-rigid”
motion of supports at system with homogeneous
damping from “rigid” motion of supports in
multi supported systems. It is noted that damp-
ing, linked with quasi static response of system
to “non-rigid” motion of supports, does not dis-
appear entirely in this case. It influence to
results at calculation of internal forces. “Homo-
geneous” member disappears from the right part
of the motion equation at using additional
dampers in homogeneous system (for example
at foundation suspension of platform models),
but “additional” member remains there.
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Abstract: At the present time, in Astana city is going on works by construction public transport system LRT
(Light Railway Transport). LRT is an overhead road with two railway lines. The first stage of construction is in-
cluding construction of overhead road (bridge) with 22,4 km length and 18 stations. The foundation of bridge is
the bored piles with cross-section 1.0+1.5 m and length 8+35 m. In these conditions, very important to control in-
tegrity of concrete body of each bored piles. 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. The article presents loading tests of large diameter and deep bor-
ing piles on the construction site in new capital city of the Republic of Kazakhstan. Finally, some recommenda-
tions for testing methods suitable for problematical ground conditions of Kazakhstan are introduced. Traditionally,
pile load tests in Kazakhstan are carried out using static loading test methods. Static pile loading test is the most
reliable method to obtain the load-settlement relation of piles. Results of static pile tests using the static compres-
sion loading test (by ASTM), static loading test (by GOST) and bi-direction static loading test (by ASTM) meth-
ods are presented in this paper. Experienced bored piles with length of 31.5 m, diameter 2000 mm. Hereafter the
results of underground testing by the piles with the methods of vertical static tests of SLT, BDSLT and SCLT are
presented, which had been made on Expo 2017 projects, buildings of Pavilion in Astana, Kazakhstan.

Keywords: cross hole section, testing by static vertical load, PIT, Osterberg or O-cell testing

OIIBIT MPOBEJAEHUS UCTIBITAHUS CBAM
B CJIOKHBIX I'PYHTOBBIX YCJIOBUAX
I'OPOJA ACTAHBI, KASAXCTAH

A.JK. Kycynéexoe *, H. Heacaxu °, A.P. Omapos *

! Epasuiickuit HanpoHabHbIi yansepeutet uM. JL.H. ['ymuresa, r. Actana, KASAXCTAH
? Feo-Hceie 10BaTebCK I HUHCTUTYT, T. Ocaka, SA[TOHUS

AHHoTanusi: B Hactosmee Bpems B AcTaHe BeayTcs pabOTHI MO CTPOUTEIBCTBY CHCTEMBI OOIIECTBEHHOTO
tpancriopta LRT (Light Railway Transport). LRT — aTo nopora Ha 3cTakajae ¢ AByMs >KeJIe3HOOPOKHBIMU JIH-
HusiMu. [1epBBIif 3Tan CTpOUTENHCTBA BKIIIOYAET B ¢e0s1 CTPOUTENBECTBO BEPXHET0 MyTH (MOCTa) [UIMHOM 22.4 Ku-
JIOMETpa U cTpouTenseTBO 18 crannuii. Ilog onopHON 4acTbi0 MOCTAa HECYIIUMHM MOA3EMHBIMHA KOHCTPYKIMAMU
SBIISIFOTCSL OypoHaOuBHBIE cBan cedyeHueM 1.0 + 1.5 merpa n jmHo# 8 + 35 MeTpoB. B 3THX ycnoBusSX O4eHb
Ba)KHO KOHTPOJMPOBATh LIEIOCTHOCTH OETOHHOI'O CTBOJIA K0l OypoHaOWBHOI cBau. [y MpOBEpPKH IETOCT-
HOCTH CBail IPUMEHSIOTCS JiBa METOJa — MPOBEpKa CILIOIIHOCTH OETOHA CJIAOBIM MMITYJICOM W PaHalIbHBIH
aKyCTHYECKUH KapoTax. Llenbro naHHOM paboTHI SABIIAETCS 0OCYXACHHE IPEUMYIIECTB U HEIOCTATKOB KaXI0TO
M3 3TUX METOJOB Ha NMPHUMEpax WX PEaTbHOr0 NMPUMEHEHHS. PacCMOTpEHBI CTaTHYECKHE HWCIBITAHUS CBal
00JIBIIIOTO TMaMeTpa M TIIyOOKOTO 3aJ0KEHUS Ha CTPOMTENBHOHN IUIoNaaKke B HOBoU crommie Pecny6nukn Ka-
3axctaH. [IpencTaBieHsl HEKOTOPHIE PEKOMEHIANNH 10 METOAAM HCIBITAHWHN, TTOAXOIAIINM IS IPOOIEeMHBIX
rpyHToB Kaszaxcrana. TpagulMOHHO, UCHBITAHUS C 3arpykeHueM cBail B KazaxcraHe NmpoBOIATCS METOLAMH
CTaTUYECKHUX HCIBITaHHH. CTaTHdecKoe HCIBITAaHUE CBAi SBISETCS Hanboyiee HaJSKHBIM METOIOM TONYyYeHHS
JIOCTOBEPHBIX Pe3yIbTaTOB. B MaHHOMN cTaTbe MpeACTaBlIEHbl Pe3yIbTaThl UCIBITAHUH CBal CTATUUECKUM HCIIbI-
TaHueM Ha cxkatue (mo ASTM), crarnueckum ucnbsitanueM (1o 'OCTy) u 1ByHanpaBiIeHHBIM CTaTHYECKUM HC-
neitanreM (1o ASTM). Beuin ucbITaHbl ONBITHRIC OypOHAOUBHEIC cBall aiuHOM 31.5 MeTpoB, quamerpom 1000
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MILTAMETpoB. [IpencraBineHsl pe3yinbTaThl UCHBITAHHI CBail METOJAMU BEPTUKAJBHBIX CTATHYECKUX HCIBITA-
auii SLT, BDSLT u SCLT, BRIIONHEHHBIX HA MPOEKTaX MEXTyHAPOJHON CIICIIHAIH3HPOBAHHONW BEICTaBKH 10T
srunoit Mexaynaponsoro 0ropo BeictaBok (MBB) «39KCI10-2017» (Expo 2017) mnst 3nanus IlaBunmboHa B

Acrane, Ka3zaxcraH.

KaroueBrble ciioBa: MONEPEYHOC CCUCHUEC, UCTIBITAHNUC CTaTUYECKOI BepTI/IKaHBHOﬁ Harpy31<0171,
PIT, Osterberg unu O-cell testing

1. INTRODUCTION

In the spring of 2017, in Astana city was started
works by construction public transport system
LRT (shown figure 1 on Light Railway
Transport). The cost of the project is about 1.9
billion dollars. Construction work produce a
Chinese state-owned company «China Railway
Asia-Europe Construction Investment Co». LRT
is an overhead road with two railway lines. The
first stage of construction is including construc-
tion of overhead road (bridge) with 22,4 km
length and 18 stations [1]. Height of the bridge
is 7+14 m above the ground. Overhead road
based on columns every 30 meters. The founda-
tion of each column is include 4 or 6 bored piles
with cross-section 1.0-1.5 m and length 8+35
m. Design bearing capacity of each bored piles
is from 4500 to 8000 kN.

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 concret-
ing piles. In these conditions, very important to
control integrity of concrete body of each bored
piles. For checking integrity of bored piles ap-
plying two methods - Low Strain Method and
Cross-Hole Sonic Logging.

2. SECOND MEGA PROJECT IN ASTANA
EXPO-2017

The complex of Expo-2017 will comprise 4,000
apartments, a new hotel, a Congress Hall, and
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an indoor city stretching from the Nazarbayev
University to the center of Astana (the Capital
of Kazakhstan). The exhibition area will involve
the national pavilion of Kazakhstan, as well as
international, thematic and corporate pavilions
[2-4]. There will be located shopping malls, en-
tertainment and service facilities as well. The
total area of the exhibition stands at 174 hec-
tares (Figure 2).

Static testing with Osterberg method (O-Cell
testing) was carried out for the test of deep
foundations at the site of the construction of this
object. Four bored piles were subjected to static
tests (O-cell testing- 2 piles and SCLT- 1 pile
and SLT by GOST-1 pile) (see Figure 3).

The target of this tests was obtaining of bearing
capacity of piles on problematical soils ground
of Expo 2017 (Astana, Kazakhstan).

Based on the field description of the soils con-
firmed by the results of static sounding and la-
boratory tests, a division of the soils composing
the site of prospecting for engineering-
geological elements in the stratigraphic se-
quence of their occurrence was carried out (Fig-
ure 4).

3. METHOD OF STATIC COMPRESSION
LOAD TEST BY ASTM (SCLT)

Static compression loading testing was carried
out in accordance to ASTM D 1143 [5]. Vertical
static loading of piles using the SCLT method is
one of the most widely used field test methods
for soil used to analyze pile-bearing capacity. In
the first cycle, the experimental pile was loaded
to 100% of the design load, in the second cycle
to 200% (12,000 kN). The holding time of in-
termediate loading stages was 30 minutes, un-
loading - 20 minutes [1-8].
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0 o

Figure 1. Map of First Line LRT in Astana, Kazakhstan.

Figure 2. Project EXPO-2017 in Astana, Kaakhstan.
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Figure 3. Plan of the pile foundations on construction site of EXPO-2017:
Pile A (SCLT by ASTM); Pile B (O-Cell-1); Pile C (O-Cell -2); Pile D (SLT by GOST).
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Figure 4. The physical and mechanical characteristics of the soils in Expo-2017 [1-4].
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The time for maintaining peak loads was 120
and 240 minutes, respectively. The bearing ca-
pacity of the tested piles with static vertical-
pressing forces, at the above construction site,
was 12000 kN. It should be noted that even with
a maximum test load of 12000 kN, only the
elastic operation of the pile in the ground is
manifested, as evidenced by a slight residual
soil settlement after unloading, which is 1.4 mm
(Figure 10).

4. METHOD OF BI-DIRECTIONAL
STATIC LOAD TESTING (BDSLT)

Pile tests by the Osterberg method are carried
out at the pre-project stage, before the design
and mass penetration of the piles begins. The
method makes it possible to separately deter-
mine the bearing capacity of the ground along
the tip and along the lateral surface of the pile. It
is usually used for testing large or large drill or
ramming piles.

When testing piles using the immersed jack, the
O-cell power cell is installed directly into the
body of the test pile. The power cell is a system
of calibrated hydraulic jacks in a protective cas-
ing. It divides the test pile into two elements:
the upper one, located above the power cell, and
the lower one, located under the power cell.

The monitored load in the power cell (O-cell
jack) is created by the hydraulic pressure from
the oil station pump located on the surface and
connected to the power cell by the oil pipe. The
pressure is controlled by a precision electronic
pressure gauge calibrated in the general scheme
of the hydraulic system. In the process of in-
creasing the load on the walls of the jack piston,
the power cell opens. The result of this disclo-
sure is the Settlement of the upper element of
the pile upward and the lower element down-
ward. The Settlement of the upper element is
measured by rod strain gages mounted on the
upper plate of the jack and by displacement sen-
sors installed in the upper part of the steel pipe.
The settlement of the lower element is measured
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by means of rod strain gages mounted on the
lower plate of the power cell (O-cell jack).

The tests are continued until one of three condi-
tions occurs: it will be that the limit of surface
friction or lateral shear is reached; the ultimate
load-bearing capacity will be reached; the max-
imum power of the power cell (O-cell jack) will
be reached. Osterberg's method allows testing
piles of large dimensions without the use of an-
chor piles, which reduces costs at the stage of
geotechnical surveys [1-8].

According to the results of engineering and geo-
logical surveys, bored piles 31.5 m long and
1000 mm in diameter were used as foundations.
In order to control and evaluate the compliance
of the bearing capacity of piles on the ground,
the design loads were field static tests by the
Osterberg method (Figure 5).

The peculiarity of the O-cell test method is that
the load is applied not on the head of the pile,
but in the body of the pile, where the jack (pow-
er cell) is installed, working in two directions.
The power cell (O-cell jack) divides the test pile
into two parts: the upper (upper test element -
UTE) and the lower (lower test element-LTE).
The power cell (O-cell jack) is a system of cali-
brated hydraulic jacks combined into one mod-
ule. The hydraulic jack is installed at a depth of
% the length of the pile - 16.8 m. The power cell
is connected by hydraulic hoses to the hydraulic
pump located on the ground surface.

The figure 6 shows the results of strain-
measuring transducers. This figure 5 presents the
load distribution along the length of the piles.
The graph shows that even at maximum load,
lateral resistance of the subsoil keeps the pile.
Only a small part of the load accrues to the pile
edge. The indicators of lateral resistance of the
pile on the depth are presented in figure 6 [1-8].
When testing piles using the O-cell test, a max-
imum test load of 29000 kN corresponds to a
draft of 18.35 mm (for the O-cell-1, pile C) and
- 14.40 mm (for the O-cell-2, pile D). During
the testing of the piles, both elastic and plastic
deformation of the soil was observed, due to a
greater test load on the pile than in the SLT
method.
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Figure 5. Scheme test load top downward and BDSLT.
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Figure 6. Calculated load distribution of piles (PTP-1 (O-cell-1) and PTP-2 (O-cell-2)).

5. STATIC TESTS IN ACCORDANCE
WITH THE REQUIREMENTS OF GOST

Static tests of soils for bored piles are carried

out in accordance to GOST 5686 [9]. Test was

carried out after the pile concrete strength had

attained more than 80% of the design value.

As part of the installation for soil testing, static

pressing forces should include equipment:

e device for pile loading (jack);

e supporting structure or platform for perceiv-
ing reactive forces (for example, a system of
beams with anchor piles or a platform);

Volume 14, Issue 4, 2018

e device for measuring the settlement of piles
during the test (reference system with meas-
uring instruments).

The bearing capacity of the tested piles with

static vertical-pressing forces, at the above con-

struction site, was 12000 kN (Figure 10).

6. PILE INTEGRITY TESTING

Everybody with experience in reinforced con-
crete construction has encountered columns
that, upon dismantling of the forms, exhibit air
voids and honeycombing. Although these col-
umns may have been cast with good-quality
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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 cor-
rosive. Obviously, such conditions are not con-
ducive to a high-quality end product. The fact
that on most sites we still manage to get excel-
lent piles is only a tribute to a dedicated team
that makes this feat possible: geotechnical engi-
neer, 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 [10].

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 for-
mation a flaw in a pile: use of concrete that is
too dry, water penetration into the borehole, col-
lapse 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 per-
formance 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 de-
fined 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.

6.1. Low Strain Method (PIT).

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
the top of the pile while the pile is hit with a
small hand-held hammer. Output from the sen-
sor is analyzed and displayed by a suitable
computerized instrument, the results providing
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meaningful information regarding both length
and integrity of the pile [11].

6.2. Interpretation results obtained by PIT
Method.
An assessment by this method can give a rapid
and accurate appraisal of pile integrity. An in-
tegrity test will indicate when a pile should be
investigated further but it cannot give infor-
mation about any load carrying capacity of the
pile.
Interpretation of the results obtained must take
into account the specific pile circumstances, i.e.
construction technique and localized soil condi-
tions. 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 [11-15].
For interpretation ten classes are distinguished
(Figure 7).

6.3. Cross-Hole Sonic Logging.

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 8).

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
bottom, the probes are then pulled simultane-
ously 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 [12].

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 in-
crease of the travel time at any depth may indi-
cate a flaw at this depth [12].
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6.4. Cross-Hole Sonic Logging Results.

Usually the report includes presentation of

Cross-Hole Sonic logs for all tested tube pairs

including:

e Presentation of the traditional signal peak
diagram as a function of time plotted versus
depth.

e Computed initial pulse arrival time or pulse
wave speed versus depth.

e 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 in-

dicated 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 [12].

6.5. 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.
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 Ar-
rival Times (FAT) in order to calculate wave
speeds at various points within the shaft. To-
mography 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 (Figure 9).
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7. RESULTS OF FIELD TRIALS USING
THE STATIC LOAD TEST
AND OSTERBERG METHODS

Figure 10 shows a comparison of the test re-
sults: the "load-sludge” curve obtained by the
SCLT method and the equivalent "load-
settlement” curve determined by the O-cell
method. For the comparative criteria of Pile A
(SCLT by ASTM), Pile B (O-Cell-1), Pile C (O-
Cell -2) and Pile D (SLT by GOST) results fixes
settlements of 10 and 14 mm had been taken
[16-19].

Table 1 presents a comparative analysis of the
bearing capacity of piles, obtained by different
methods in this research [19].

8. CONCLUSIONS

The cost of a quality control program for each
construction site is very reasonable, and in any
case much lower than the potential loss caused
by an undetected defect of foundation. The Low
Strain test is a powerful quality-control tool, not
so expensive and need about one minute for ap-
plication 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 propa-
gation and have a fairly large size.

Cross-Hole Sonic Logging method more accu-
rate, allow to estimate the size and position of
cracks. Although the access tubes introduce an
extra expense item, the cross-hole test compen-
sates for this by allowing the testing equipment
to approach potential flaws. An additional ad-
vantage of this test is the enhanced resolution:
while the sonic test uses a wavelength of at least
two meters, the cross-hole method utilizes ultra-
sonic frequencies, with typical wave lengths of
50 to 100 mm. Since resolution is strongly de-
pendent on the wave length, the cross-hole
method enables us to detect much smaller flaws
with high accuracy.
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Table 1. Different Tests.

ID Pile A Pile B Pile C Pile D (SLT
(SCLT (O-Cell-1) | (O-Cell -2) by GOST)
by ASTM)
The value of bearing capacity 12000 kN 12000 kN 29000 kN 29000 kN
of piles, Qd

Results fixes settlement 11 788 kN 18220 kN 20535 kN 10 630 kN
—10 mm

Results fixes settlement - 23985 kN 28385 kN 11814 kN
—14 mm
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The overlay of the curves showed that the con-
vergence of the graphs is observed only at the
initial stage of loading, then a change in the tra-
jectory of the SLT curve, characteristic of the
creeping stage of soil resistance, is observed,
whereas the O-cell curve (at this stage of load-
ing) is more characteristic of the elastic re-
sistance of the soil.

According to the results of the SCLT unloading
curve, elastic work of the soil is still evident.
The reason for the abrupt change in the trajecto-
ry of the SCLT curve, which is not characteris-
tic of the elastic work of the ground, is the hold-
ing time of the loading stages (lower compared
to the O-cell test method), which can also ex-
plain the almost completely elastic work of the
soil during O-cell tests.

When testing piles using the SLT method "from
top to bottom", a design load of 6000 kN corre-
sponds to a draft of 2.09 mm, a maximum test
load of 12000 kN is a draft of 10.51 mm. It
should be noted that even with the maximum
test load, only the elastic operation of the pile in
the ground is manifested, as evidenced by a
slight residual soil sediment after unloading,
which is 1.4 mm.

When testing piles using the O-cell test, a max-
imum test load of 29000 kN corresponds to a
draft of 18.35 mm (for the PTP-1 pile) and -
14.40 mm (for the PTP-2 pile). During the test-
ing of the piles, both elastic and plastic defor-
mation of the soil was observed, due to a greater
test load on the pile than in the SLT method.
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K IOBWIEIO BJIA/IMMUPA AJIEKCAHIPOBUYA UTTHATBEBA

A

06 nexabps 2018 roma ncnomamtock 80 ner Brnagnmupy AnexcanapoBudy UrHaTeeBy, JOKTOPY TEXHUUECKUX
HayK, mpodeccopy, 3acily>KeHHOMY Jesatento Hayku U TexHuku PCDOCP, moueTHoMy paGOTHHKY BBICHIETO
npodeccrnoHanbHOr0 0Opa3zoanusi P®, coBeTHuky Poccuiickoill akameMun apXUTEKTYphl M CTPOUTEIHHBIX
HayK, 3aBe/lytoleMy kadeapoii Bonrorpaackoro rocy1apcTBeHHOIO TEXHUUECKOTO YHUBEPCHUTETA.

Bnamumup Anexcanapouy MrHateeB — KpYIMHBIN, NIMPOKO M3BECTHBIN YU€HBIN B 00JaCTH MEXaHUKH Jie-
(dopmMupyeMOoro TBEPAOro Tesla — MEXAaHUKH JUCKPETHBIX M AUCKPETHO-KOHTUHYAJIBHBIX CUCTEM, aBTOP CO-
BPEMEHHBIX METOJ0OB pacyera INIOCKUX U IMPOCTPAHCTBEHHBIX CHCTEM HA OCHOBE JUCKPETHBIX MU KOHTHHY-
IBHBIX MoJienell. Pe3ynbraThl ero Hay4HbIX MCCIeOBaHUN n310keHbl Oonee yeM B 200 neyaTHBIX paboTax,
B TOM uuciie B 12 MoHOrpadusx, u3ganHeix B Poccuu u 3a py0eskoM; OH UMEET HECKOJIBKO aBTOPCKUX CBU-
JeTEIbCTB Ha N300peTeHHs B 00NAaCTH CTPOUTENIBHBIX KOHCTPYKUMH. Bnagumup AnexcanapoBuy MOATOTO-
B 40 KaHAUIATOB U 9 TOKTOPOB HAYK.

B teuenue 25 met — ¢ 1983 roga mo 2008 rox B.A. UraateeB paboTan Ha mocTy pektopa Bonrorpanackoro
WHXEHEPHO-CTPOUTEIHHOTO HHCTUTYTA, CTABIIETO TO3KE apXUTEKTYPHO-CTPOUTEIHHON aKaJeMHei, a 3aTeM
YHMBEPCUTETOM. 3a 3TO BpEMsI By3 CTaJl JIMJIEPOM CPEIH CTPOUTENBHBIX By30B Poccun 1o moaroToBke Hayd-
HO-TIEATOTHYECKUX KaJPOB, MEXKTyHAPOTHBIM CBSI35M, 110 KQYE€CTBY TIOJITOTOBKH BBITYCKA€MBIX CIICIIHAIIH-
ctoB. Ilo nannuatuse Bragumupa AnexcaHapoBuya B paMKax MEXIyHApPOJHOTO COTPYIHHYECTBA YHHUBEP-
cuTeTa OBLIM OpPraHU30BaHBl 00pa30BaTENbHBIE MPOTPaMMBI COBMECTHO ¢ Bricmiell mpodeccruoHanbpHON
Kool (YHHBEpPCUTETOM NPUKIAAHBIX Hayk) ropona Kénpna (I'epmanus) 1 Mu4uranckum rocy1apcTBeH-
HbIM yHUBepcuTeToM (CIIA). B Hactosmiee Bpemst B.A. IrHaTheB — 3aBeAyronIuii Kadeapoi CTPOUTENLHOM
MEXaHHWKH 3TOTO YHUBEPCUTETA.

Bnamumup AnexcaniapoBud sBIsieTcss TOYETHBIM TpodeccopoM Accolanuu crpoutenbHeix By30B CHI,
YWIEHOM AMEpPUKaHCKOW acCOLMAIK IPa)TaHCKUX NHKEHEPOB, WIEHOM PEAKOJIIEIHH KypHanoB «3BecTus
By30B. CtpowurtenbctBo», «BectHuk BomrI'ACY» u «CTpouTenbHass MEXaHWKa W PacdeT COOPYKCHHID».
Harpaxnén opnenom Ilouéra u 3HakoMm «llou€THbII paOOTHHUK BBICHIEH MIKONBI». 3a OpraHU3alUI0 U
YCIIEIIHOE OCYIIIECTBIICHHE B TEUCHUE 15 JIeT MpoeKTa HEMEIKOSI3bIYHOI0 y4eOHOT0 TIpoliecca, TT03BOIHBIIIE-
ro CTyAEHTaM-y4aCTHHKAM IOJYYHTHh OJHOBPEMEHHO MAMIIJIOMBI POCCHUICKMX M HEMELKHX HH)XXEHEPOB,
Harpak/ieH 30JI0TOW Melaibl0 YHUBEPCUTETA MPUKIAIHBIX HayK T. KénpHaa (I'epmanus). 3a OOMbIION BKIIa]
B TIOJITOTOBKY BBICOKOKBAJIM(HIIMPOBAHHBIX CIIEIHATHCTOB U HAy4YHYIO JEATENLHOCTh Braaumupy Auek-
caHIpoBHUy 00bsiBIIeHa OnaronapHocTs [Ipesunenta Poccuiickoit @enepanun.

YKenaem Bam, Bmagumup AnexcaHapoBHY, KPEIKOTO 3/0POBbs, O1aromonydus 1 JaITbHESHIINX TBOPUECKUX
yCrexos!
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