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AIMS AND SCOPE

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

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

International Journal for Computational Civil and Structural Engineering
(MesxAyHAPOAHBII YKYPHAA IO PACYETY I'PAXKAAHCKHX M CTPOUTEABHBIX KOHCTPYKIIUI)

MexaynapoaHblii HayuHblii skypHaa “International Journal for Computational Civil
and Structural Engineering (Me:XIyHapoaHBIi KypHAJ MO pacyeTy rpa:kIaHCKHX U CTPOH-
TeJbHbIX KoHcTpykuuii)” (IJCCSE) siBnsieTcss BeAylMM HAyYHBIM [EPUOMUSCKUM U3aHUEM 10
HarnpaBiacHUIO «HXEHEpHbIC U TEXHUYECKUE HAYKN», H3/1aBacMbIM, HaunHas ¢ 1999 roma (ISSN:
1524-5845). B xypHaie Ha BHICOKOM HAy4YHO-TEXHHUYECKOM YPOBHE PAaCCMATPUBAIOTCS MPOOJICMBI
YHCJICHHOTO M KOMIIBIOTEPHOTO MOJCITUPOBAHHUS B CTPOMTEIHCTBE, aKTYAIBHBIE BOIPOCHI pa3pa-
OO0TKH, MCCIIEJOBAHUS, PAa3BUTHS, BepUPHUKALIMY, anpoOalluy U MPUIOKEHUH YUCICHHBIX, YACIICH-
HO-aHAJIMTUYECKUX METOAOB, MPOTrPAMMHO-AITOPUTMUYECKOIO 00ECIIEUEHUsI U BBIIIOJHEHUS aBTO-
MaTH3HPOBAHHOTO TPOCKTUPOBAHUS, MOHUTOPHHTA M KOMILIEKCHOTO HAyKOEMKOTO pacdeTHO-
TEOPETUYECKOI0 M IKCIIEPUMEHTAILHOr0 000CHOBAaHUS HaNpsKEHHO-1e(OPMUPOBAHHOIO (M MHO-
r0) COCTOSIHUS, IPOYHOCTH, YCTOMYUBOCTH, HAZECKHOCTH M OE30MAaCHOCTH OTBETCTBEHHBIX OOBEK-
TOB TPAXXJAHCKOTO M TIPOMBIIIJICHHOTO CTPOUTEIbCTBA, SHEPTETUKH, MAITHHOCTPOCHUS, TPAHCTIOP-
Ta, OMOTEXHOJIOTHI U APYTHX BHICOKOTEXHOJIOTUYHBIX OTPACICH.

B penakunoHHBII COBET *KypHaia BXOAAT U3BECTHbIE POCCUICKHE U 3apyOeKHbIE JesITeIH
HayKu U TeXHUKU. OCHOBHOM KpUTepHil 0TOOpa cTaTeil A mMyOJuKaluy B )KypHaAJIe — UX BBICOKHI
HAYYHBI ypOBEHb, COOTBETCTBHE KOTOPOMY OIPEACISIETCS B XOJ¢ BHICOKOKBAIH(DUITMPOBAHHOTO
peLieH3UPOBaHUSA U 00BEKTUBHOM 3KCIIEPTU3bI, HOCTYMAIOMIUX B PEIAKLIUI0 MAaTEPHAIIOB.

Kypnan exooum 6 Ilepeuenv BAK P® gedyujux peyeHzupyemvix HayuHvlx U30aHui, 8 Komo-
DbIX 00JHCHBL ObIMbL ONYONUKOBAHBI OCHOBHbBIE HAYYHbIE Pe3yIbmamvl OUCCEPMAyUli Ha COUCKAHUe
V4eHOoU cmeneHy KaHouoama HayK, Ha COUCKaHue Y4eHoU cmeneHu 00Kmopa HayK 1o OTPacisiM HayKu

e 01.00.00 ®usuko-maTeMaTHIECKNE HAYKH;

e 05.00.00 Texnnueckne HayKu
Y TpyNIaM CIenuagbHOCTEN

e (01.02.00 Mexanuka

e 05.13.00 MUudopmaTuka, BEIUNCIUTEIbHAS TEXHUKA U YIIPABICHUE

e 05.23.00 CTpoUTENIBHCTBO U APXUTEKTYpa.

B Poccuiickoit @eaepanuu KypHail HHAEKCUpYETCsl POCCHIICKMM MHAEKCOM HAy4YHOTO ILIH-
tupoBanus (PUHLY).

Kyprnan exooum 6 b6azy oannwix Russian Science Citation Index (RSCI), noanocmwio unme-
epuposanuyio ¢ niamegopmotii Web of Science. XypHan umeetr MexXAyHApOAHBIA CTaTyC W BHICHIIA-
eTcs B BeAylre OnOIMOTeKH U HaydyHble OpraHU3allii MUPA.

M3pateau :KypHana — HMzoamenvbcmeo Accoyuayuu cmpoumenbuvix 8biCUUX YYEOHbIX 3a-
sedenuit /ACB/ (Poccus, r. MockBa) u Mzoamenvckuit oom Begell House Inc. (CIIA, r. Hero-
Wopk). OduIuansHEIME TIapTHEPAMH M3JAHUS ABISETCS Poccuiickas akademus apXumexkmypul u
cmpoumenvhvix Hayk (PAACH), ocyliecTBIsIONIass HaydHOE KypHpOBaHUE u3fnanus, u Hayuno-
uccneoosamenvckuil yenmp Cma/{uO (3A0 HUIL Cta/luO).

Leau :kypHajsa — IeMOHCTPUPOBATh B MyOIHKAIUAX POCCHICKOMY U MEXAYHApPOAHOMY
npodecCHOHATHLHOMY COOOIIECTBY HOBEHIIINE JOCTHKEHUS HAYKH B 00JIACTH BBIUMCIUTEIBHBIX Me-
TOJIOB pelieHus (PyHTaMEeHTaIbHBIX M MPHUKJIAIHBIX TEXHUUYECKUX 3ajad, Mpeke BCero B odiaacTu
CTPOUTENHCTBA.

3agauu kypHasa:

o MPEIOCTaBIICHUE POCCUMCKUM U 3apYOECKHBIM YUEHBIM H CIIEIUAINCTAM BO3MOKHO-
CTH ITyOJIMKOBATh PE3yJIbTaThl CBOMX UCCIIEIOBAHMIA;
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o MIPHUBJICYCHUEC BHUMAHHUS K HAHOOJIee aKTyaJbHBIM, NIEPCIICKTHBHBIM, TPOPBIBHBIM H
MHTEPECHBIM HANpPABICHUSM PA3BUTHUSI U TMPUIOKEHUNH YHUCICHHBIX W YUCICHHO-aHAIUTUYECKUX
METOJIOB pelleHus] (pyHIaMEHTAIbHBIX W MPUKIATHBIX TEXHUYECKUX 3a/lady, COBEPILIECHCTBOBAHUS
TEXHOJIOTHI MaTeMaTUYECKOT0, KOMITBIOTEPHOTO MOJICITUPOBAHUS, Pa3pabOTKU U BepuUpUKaAIIUU pe-
IM3YIOIIET0 MPOTrPAMMHO-AITOPUTMUYECKOTO 00ECTICUECHUS;

o obecrieueHre OOMEHa MHEHHSIMH MEXK]y UCCIICOBATEIISIMUA U3 PAa3HBIX PETHOHOB H
roCynapcTB.

Tematuka xypHasa. K paccMoTpeHuo U myOiuKaiiy B )XypHaje NPUHUMAIOTCS aHaIu-
TUYECKUE MaTepUaibl, HAyYHBIC CTAThU, 0030PHI, PEIICH3UH U OT3BIBBI HA HAYYHBIC ITYOJUKAIIUH 110
dbyHIaMeHTaIbHBIM U IPUKIIAHBIM BOIIPOCAM TEXHUUYECKUX HAYK, MPEXK]IE BCEro B 00JIACTH CTPOHU-
TeNbCTBA. B kypHane Takke myOnuKyroTcss HHGOPMAIMOHHBIE MaTepUaibl, OCBEIIAIONINE HAYUHbIE
MEPOTIPHSITHSI U TIEPEIOBBIC TOCTHKEHHUS POCCHICKON aKaaeMHHM apXHTEKTYPbl U CTPOHMTEILHBIX
HayK, HAy9HO-00pa30BaTEIbHBIX M MPOCKTHO-KOHCTPYKTOPCKUX OPTraHU3aIN.

Temaruka crareil, MPUHUMAEMBIX K MyOIHKAIIUH B )KypHaJe, COOTBETCTBYET €r0 Ha3BaHUIO
Y OXBAThIBACT HANPABJICHHS HAYYHBIX HCCIICIOBAHUIN B 00JIACTH pa3paOOTKH, UCCIICIOBAHUS U TIPH-
JIO)KEHUH YMCIICHHBIX U YMCIICHHO-aHATUTHICCKUX METOJIOB, MPOTPAMMHOTO 00ECTIICUeHUsI, TEXHO-
JIOTUH KOMIIBIOTEPHOT'O MOAECTUPOBAHUS B PEIICHUH MPUKIAIHBIX 3a7a4 B 00JIaCTU CTPOUTENbCTBRA,
a TaKk)Ke COOTBETCTBYIOIIUE MPO(UIBHBIC CIIENUATBLHOCTH, MPEACTABICHHBIE B AUCCEPTAIIMOHHBIX
coBeTax NpoQUIbHBIX 00pa30BaTEIbHBIX OPraHNU3aLUAX BBICIIETO 00pa30BaHUs.

Penaknunonnasi moauruka. [lonutuka peqakiimoOHHON KOJUIETHH KypHaia O6a3upyercs Ha
COBPEMEHHBIX IOPUINYECKUX TPeOOBAHMIX B OTHOILIEHUH aBTOPCKOTO IMpaBa, 3aKOHHOCTH, TUIarua-
Ta W KJIEBETHI, U3JI0)KEHHBIX B 3aKoHOJaTenbcTBe Poccuiickonn denepannu, U 3STUUECKUX TPUHIIU-
nax, moJIICPIKUBAEMBIX COOOIIECTBOM BEIYIINX H3/1aTeICH HAYIHOUN MIEPUOTUKH.

3a nybauxayuto cmameii niama ¢ agmopog He g3vimaemcs. Ilyonukayus cmameil 8 Hcyp-
Hane Oecniamuas. Ha mnaTHOW OCHOBE B *KypHalle MOTYT OBITH OMYOJIMKOBAHBI MAaTEpPUANBI pe-
KJIAMHOTO XapakKTepa, IMEIOIIHNE MPSIMOe OTHOIIEHHE K TEMAaTHKE KypHaa.

ABTopam. [Ipexe yem HampaBUTh CTAThIO B PEAAKITUIO KypHAa, aBTOpaM CJIEeIyeT O3Ha-
KOMUTBCSI CO BCEMHU MaTepualaMH, Pa3MEIICHHBIMH B pa3JeNax caiTa )KypHala (MHTepHET-CaulT
Poccuiickoit akageMuu apXUTEKTyphl U CTpouTesbHBIX Hayk (http://raasn.ru); noapasaen «3nanus
PAACH» wmu unreprer-caiit Uzmatenscra ACB (http://iasv.ru); moapasmen «XKypuan IJCCSEy):
C OCHOBHOU MH(pOpMAaIUEll 0 KypHaje, ero HelsIMH U 3ajauaMi, COCTaBOM PEAAKIMOHHOM KOJie-
TUH U PEIAKIIHOHHOTO COBETA, PEIAKIIMOHHOW MOJIMTUKOH, IMTOPSIIKOM PEIICH3UPOBAHUS HAIIPaBIIs-
€MBIX B JKYpHaJ CTaTeH, CBEICHUSAMHU O COOJIOJICHUH PEIAKIIMOHHON STUKHU, O TIOJUTHKE aBTOPCKO-
ro MpaBa ¥ JIMIEH3UPOBAHUS, O MPEACTABICHUN KypHaAla B HH()OPMAIIMOHHBIX CHCTeMax (MHIEK-
CUpOBaHUM), HHPOPMAIHEH 0 TIOIMUCKE HA JKYpHAJ, KOHTAKTHBIMU JTaHHBIMU | 11p. JKypHan pabo-
taet o nuren3un Creative Commons Ttuma cc by-nc-sa (Attribution Non-Commercial Share Alike)
— JIunensust «C yka3zanuem aBTopcTBa — Hekommepueckas — Komumed .

Moanucka. Xypuan 3apeructpupoBad B DeepaabHOM areHTCTBE MO CPEACTBAM MAacCO-
BOM MH(OpPMAIIUK B OXpaHbl KyJbTypHOTO Hacienus Poccuiickoit @enepamuu. Muaeke B odmepoc-
cuiickom katanore POCIIEUATD — 18076.

I[To Bompocam MOJANKMCKH Ha MEKAYHApOIHBIA HayyHbIN *KypHan “International Journal for
Computational Civil and Structural Engineering (MexayHapoIHBIN KypHAN 10 pacueTy rpakaaH-
CKMX W CTPOMTEIBHBIX KOHCTPYKIHI)’ oOpamaiitech B AreHTCTBO «Pocmedats» (OdunmanbHbIA
caiit B cetn MuTtepHeT: http://www.rosp.ru/) uinm B U31aTenbCcTBO ACCOLUAIMN CTPOUTEIHHBIX BY-
30B (ACB) B cOOTBETCTBUU CO CIIENYIOIIMMHA KOHTAKTHBIMH JaHHBIMU:

000 «H30amenvcmeo ACB»

KOpumnaeckwii anpec: 129337, Poccust, r. Mocksa, SlpocnaBckoe 1., 1. 26, oduc 705;

®daxtuueckuii aapec: 129337, Poccus, r. Mocksa, SIpocnasckoe 1., 1. 19, xopm. 1, 5 aTax,
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oduc 12 (TL| Mebens Poccun);

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

WuTepHeT-caiiT: www.iasv.ru. AJpec 3JIeKTPOHHOM MOYTHL: iasv(@iasv.ru.

KonTakTHass unpopmanus.

ITo Bcem BonpocaM paOoOThI peJaKK, PELIeH3UPOBAaHUS, COITIACOBAaHUS IIPABKU TEKCTOB U
nyOJuKaIMy cTaTeil cineayer oOpaiaThCs K rIIaBHOMY peaakTopy xypHaia Cudopogy Braoumupy
Huxkonaesuuy (ampeca smextpoHHoi moutsl: Sidorov.vladimir@gmail.com, sidorov@iasv.ru,
lasv@iasv.ru, sidorov@raasn.ru) wiu K TeXHHYECKOMY PEAaKTopy KypHana Apanacvesou Upune
Huxonaesne (aapeca 31ekTpoHHO# moutsl: irina.n.afanasyeva@gmail.com; renal986@mail.ru).
Kpowme Toro, 1o ykazanHeIM BOIIpOCaM, a TaKyKe 10 BOIPOCAM pa3MEIEHUs B )KypHaJIE PEKIAMHbIX
MaTepHajIoB MOKHO oOpamarbes K reHepaibHoMy nupekropy OOO «M3natensctBo ACB» Huku-
munoti Haoexcoe Cepeeegne (anpeca >IEKTPOHHOM IMOUTHL: iasv(@iasv.ru, nsnikitina@mail.ru,
ijccse@iasv.ru).

KypHaa craHoBuTcs: TexHoJornynee. MznarensctBo ACB ¢ centsi6ps 2016 rona sBius-
eTcss WwieHOM MeXayHapOoaHOW acconmanuu u3aareneii Hayynoit surteparypsl (PILA), ocymecTs-
JISIFOIIEH CBOO JIeaTeNbHOCTh Ha miardopme CrossRef. OpuruHaabHBIM CTaThIM, MTYOJHUKYEMbIM B
XKypHaiie, OyAyT mpucBanBaThcsl yHUKaibHbIe HOMepa (mHaekcel DOI — Digital Object Identifier),
YTO 3HAYUTENIBHO OOJErYuT MOUCK METAaJaHHBIX U MECTOHAXOKJEHHE MOJTHOTEKCTOBOTO MPOU3BE-
nenusi. DOI — 3To cuctema onpeieneHust HaydHOTro KOHTeHTa B ceTh MIHTepHeT.

CrossRef — HezaBucumMas opranusanusi, oopazoantas B 2000 roay mo MHUIMATHBE TPYII-
bl HayYHBIX u3aarenei. MHunuaropom pa3paboTKu TEXHOJIOrMM cTajio uznatensctBo Wiley. Tex-
HOJIOTHsl ucnoib3oBanus cebltok (DOI) npunaanexut arentcTBy CrossRef.

Publishers International Linking Association (PILA) — MexayHapoaHas acCoIMaIusi mo
CBSI3AM M37aTesiell — sIBIIsieTCs yIpaBIsionield cTpykTypoil arentcrBa CrossRef — arperatopa u pe-
ructparopa DOI, a Ttakke MexXayHapoJHOW 0a30i Hay4yHbIX CTaTed M HMX METaJaHHbIX
(www.crossref.org). Ha HacTosiuit MOMEHT B 6a3e HECKOJIBKO JIECATKOB MIJIJTMOHOB MaTEPHAJIOB.

Hcnonb3oBaHre 3TOW TEXHOJOTMM IMO3BOJMUT IMPEICTaBUTh MH(GOPMALMIO O KypHaje Ha
MEXIyHApOaAHOH 1uiaTtdopme u3nareneil HayuHoil nureparypsl CrossRef, obecrieunt ymnoOHbI U
IPUHSTHII B MUPOBOM HAYYHOM COOOIIECTBE JOCTYH K MOJIHOTEKCTOBON JIEKTPOHHON BEPCHH. DTO
3HAUUTENBHO OOJIETYUT MOUCK HAYYHOM MH(OpPMAIUH, YTO CIIOCOOCTBYET MOBBIIMICHUIO HAYKOMET-
pPHUECKHUX MTOKa3aTese aBTOpOB cTaTel, MyOnuKyeMbIX B KypHaie. Eciu, Hanpumep, y npousBeze-
HUs poccuiickoro aBropa ectb DOI u ecnu Ha ero paboTy MMeeTCsl CChblUIKa B MyOJIMKalUU 3apy-
0eXHOTO KOJUIETH B KypHalle, BKItodueHHOM B Web of Science u Scopus, To Takoe mpousBeneHue
aBTOMAaTHUYECKH MOMNaJaeT B 3TH 0a3bl JAHHBIX M MOJIy4aeT B HEM COOCTBEHHBIH MHJEKC LIUTHPYE-
MOCTH.

Bce sxypHabl, HHAEKCHpYEMBbIE B MEXIyHapoaHOU Oa3e Hay4yHoro nutupoBanus Web of
Science u OONBIIMHCTBO MEPUOINIECKUX U3aHHMA, HHICKCUPYEMBIX B MEXIyHApPOIHON Oa3ze SCO-
pus, umetor DOI. Mcnonb3oBanue nnppoBoro uaeHTU(GUKaTopa rOBOPUT MPEXK/IE BCETO O TEXHOIO-
TMYECKOM KayeCTBE HAyYHOTO M3JAaHUS U SBJSIETCS HEOThEMIIEMBIM aTPHOYTOM CHCTEMBbI HayYHOU
KOMMYHUKAITUH 3a c4eT 3P PeKTHBHOTO 00ecreueHus MPoIeccoB oOMeHa HaydHOH nH(OopMaIuei.

C okts6pst 2016 roma crad BO3MOXKHBIM MPUEM CTaTell HA PACCMOTPEHUE U PELICH3UPOBa-
HHUE Yepe3 OH-TaiH cucreMy npuema ctareir Open Journal Systems Ha caiiTe xypHaia (3JE€KTPOH-
Has PeAaKINs):

http://ijccse.iasv.ru/index.php/IJCCSE

ABTOp UMeeT BO3MOXKHOCTh CIEUTh 3a MPOJBIKEHUEM CTaThU B PENAKIMU KypHaja B
anaHoM kabunere Open Journal Systems u mosydaTb COOTBETCTBYIOIIME YBEIOMJICHHUS IO AJIEK-
TPOHHOM TOYTE.
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MATEPUAJIBHOE JEMII®UPOBAHHUE ITPU PACHETE
KOHCTPYKIIMN HA TMHAMHNYECKHUE BO3JIEUCTBUA

M.C. Bapabaw*?, A.B. ITuxyp'>
1000 «JIUPA CAIIP», r. Kues, YKPAIIHA
2 HanuoHasbHbIH aBUalMOHHbIN yHuBepcuteT, T. Kues, YKPAMHA
3 Kuenckuil HalMOHAJILHBIA YHUBEPCUTET CTPOMTENBCTBA U apXUTEKTYpHI, T. Kue, YKPAUHA

Annoranusi: CtaThs NMOCBSILEHA YHUCICHHOMY HCCIEOBAaHHUIO BIMSHHS MaTEepUAILHOTO NeMI(HUPOBAHMS Ha
Hecylllle KOHCTPYKLHMHU 37aHMd NpH AMHAMHYECKUX Bo3aeicTBusX. IlpemioskeHa MeToanka MOIECTHPOBAHUSA
paboThl KOHCTPYKIMM TpPU AMHAMHUYECKOM BO3JEHCTBMM BO BpPEMEHM W TIPH YYeTe MaTepUallbHOTO
nemngupoBanus. [IpuBeneHo pelieHHe CUCTEMBl ypaBHEHHMH JBIJKEHHS Ha OCHOBe Merona Hbiomapka B
MaTpuyHOM BHze. Onncan (pU3MUecKuil CMbIca MaTepranbHoro aemmnduposanus. [IpeanoxkeHa MeToanka ydyera
pa3sHOMAaTepHAIBHOCTH YacTeld KOHCTpyKimu. IlpuBeneH mpuMep pacuera 3AaHHsS COBMECTHO C T'PYHTOBBIM
OCHOBAHHEM, IIPU ydeTe CeHCMHYECKNX BO3/CHCTBUI. BEIOMHEH CpaBHUTENBHBINA aHAM3 PE3yIbTaTOB pacueTa
c ydetoM u 0e3 ydera MaTepHanbHOro aAemipupoBanus. [IoATBEpkIEHO 3HAYMTENBHOE BIHMSHUE YdYeTa
nemrdupoBanus Ha HJIC koHCTpyKIUH.

KnrodeBble ci10Ba: TMHaAMUYIECKOE BO3JCHCTBHE, YHCIEHHOE MOJECIUPOBAaHNE, KOMIIBIOTEPHOE
MOJIeNMpoBaHue, MaTepuaibHoe nemmduposanue, [IK JIMPA-CAIIP

MATERIAL DAMPING IN DYNAMIC ANALYSIS
OF STRUCTURES

Maria S. Barabash®?, Anatol V. Pikul*3
17| IRA SAPR” Ltd, Kiev, UKRAINE
2National Aviation University, Kiev, UKRAINE
3 Kiev National University of Construction and Architecture, Kiev, UKRAINE

Abstract: The paper deals with numerical research as to how material damping influences the load-bearing
structures in dynamic loads. Certain technique is suggested for modelling behaviour of structure in time history
analysis with account of material damping. A set of motion equations is solved according to Newmark method as
matrix. Physical meaning of material damping is described. The authors suggest the technique for account of
different materials in parts of structure. The following example is provided: analysis of structure together with
soil and with account of earthquake loads. Analysis results are compared (with and without account of material
damping). Significant influence of damping on the stress-strain state of the structure is confirmed.

Keywords: dynamic load, numerical modelling, computer modelling, material damping, LIRA-SAPR

JIs  TOJHOTO W JIOCTOBEPHOTO  OIHUCAHMS
HANPSOKEHHO-IEOPMUPOBAHHOTO  COCTOSIHUS
M000TO0 3/1aHMs, HEOOXOIUMO HE TOJIBKO YYECTh

abcomoTHO Bce  (PAKTOpPBI,  ONMUCHIBAIOIINE
peanpHBIi  OOBEKT,  TakMe  Kak  ero
TeOMETPUYCCKHUEC napameTphl, busmKo-

MEXaHUYECKHE CBOWCTBA MaTepuaa, ydecTb
(dopMupoBaHHE HaYalbHBIX HANPSDKEHUH |
nedopManuii Ipu BO3BEJIEHUU 3[aHUS, HO U C

BBICOKOM TOYHOCTBIO OIPEACIUTh BHEIIHHE
BO3JCHCTBUS W uX xapakrep. K duciy
XapaKkTepHBIX  IPUMEPOB  B3aMMOJICHCTBUS
Harpy3ku C OOBEKTOM OTHOCSTCS MHOTHE
PEKUMBI IMHAMUYECKOTO HArPy>KECHUS.

B nelicTByrOIMX HOPMATHUBHBIX JOKYMEHTaX

IOPUHATO, YTO  CEHCMHUYECKOe  YCKOpEHHE
¢yngamMeHTOB (M BCErO  COOPY)XEHHUS) U
OCHOBaHUA COBITAAET [3]. Onnaxo,
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UHCTPYMEHTAJIbHbBIC JaHHbIE CBUAETEIbCTBYIOT,
YTO ycKOopeHue (yHJaMEHTOB MOTYyT B
HECKOJIBKO pa3 OTIMYaTbCs OT YCKOPEHHit
TPYHTOB OCHOBaHHUS. JTO 0OCTOATEIHCTBO
MOXHO OOBSICHUTH T€M, YTO HE BCS JHEPIus
CEHCMHUYECKOr0  BO3MYIIEHHS OT TpyHTa
OCHOBaHHUs Mepenaercs Ha (yHIAMEHT, T.€.
HepeJacTCcsl HEKOTopask 4acTb BO3MYIIEHMS W3-
3a 0cOOEHHOCTEH CBsi3el Mexay (QyHIaMEHTOM
u ocHoBaHueM. «[loteps» (yreuka) yactu 3TOM
SHEPrUU MOXKET IPOUCXOIUTD IO PSIAY MPUUUH:

e m3-3a JIeMII(PUPYIOIIETO s dekra
(ecTecTBEHHOTO WIH MHKEHEPHOTO
VCKYCCTBEHHOTO) CBsI3ei MEXKIY

(GyHIaMEHTOM M OCHOBAHUEM (B TOM UHUCIIE
U3-32 CEHCMOM3OIISIINN);

e u3-3a «IIPOCKAJIb3bIBAHUS»
TOPU30HTAIBHOM CEICMUYECKON BOJHBI IO/
¢ynaameHTOM (MpU  NPEOJOJCHUU CHII

TpEHUsT ¥ CHEUU(PUKA OJHOCTOPOHHUX
CcBs3el MEXIY ¢byHIaMEeHTOM u
OCHOBaHUEM);

e u3-3a pa3dpoca KECTKOCTeW M BETUYMHBI
Macc B MOJENSAX 3/aHus (BBICOTHAsA H
ctuinobaTHas yactu) [4].

PaccmoTrpum cay4dai JIeMIGUPYIOLIETO

s dexra. [Ipu TMHAMHYECKUX BO3/IEHCTBHIX Ha

KOHCTPYKIIMIO BCEra MPHUCYTCTBYET (HaKTop

nemmndupoBanus. JlemndupoBaHue ~ MOXKET
o0ecreunBaTbcs KOHCTPYKTUBHBIMU
ycTpoiicTBaMu — Jemidepamu  (TacUTEISIMU
konebanuit). Ho naxe B ciyyae eciu

nemiipepbl HE YCTaHABIMBAIOTCA, TO (aKTOp
neMnupoBaHUs BCE PaBHO MPHUCYTCTBYET H
o0ycnaBIuBaeTCst MaTepuaIbHbIM
nemndupoBanueM. Cama KOHCTPYKIHS YKe
o0JralaeT CBOWCTBOM TalleHHS KoJIcOaHMH,
0COOEHHO €CIIM OHa JOCTaTOYHO MAacCCHBHas.
MomHeIM  TacuTeneM KOJIEOAHUN  SABJISIETCS
IPYHTOBBI MacCUB, Ha KOTOPOM BO3BOJMTCS
KOHCTPYKITHSI.

[MpennaraemMass MeTOAWMKa  3aKIIOYaeTCs B
cnenyromem. Jlns  aHanm3a  HampsHKEHHO-
ne(GpOopMHUPOBAHHOTO COCTOSIHUS (HAC)

KOHCTPYKIIMM Ha JUHAMHYecKue (ceficMuka,
BBIHYK/ICHHBIE KOJICOAHHsI U Jp.) BO3ACUCTBUS
PEKOMEHTyEeTCA MPOU3BOAUTD €€ TUHAMUYECKUI

M.C. Bapabamu, A.B. ITukyns

pacdeT BO BpPEMEHH. JTO TMO3BOJSET 3aJaTh
Harpy)keHHe 3aBUCMMOE OT BPEMEHH C
IIOMOIIBIO aKCEJIEePOrpaMMbl M TPOCIEIUTH B
KaXIbIi MOMEHT BpPEMEHH €€ HanpsHKeHHO
neopMUpOBaHHOE  COCTOSIHME, a  TaKke
NPOAHATM3UPOBATh JBM)KEHHUE CHCTEMBI BO
BPEMCHH.

Yder wmarepuasbHOro AEeMII(UPOBAHUS TIPU
MOZETUPOBAHUN paboTHI KOHCTPYKLIUH
IO3BOJIIET  IOJYy4YHUTh Oojiee  a/leKBaTHYIO
kaptuny HJIC mo cpaBHEHHMIO C TakuUM ke
pacuyetrom Oe3 yuyera aemrpupoBaHusi.
HuddepenunanbHoe  ypaBHEHHE
KOHCTPYKIIMH 3aIMCHIBACTCS B BUJIE:

Klul+clu+MIu}=Po} @)

rae [K] — marpuna xectkoctu cuctemsr; [C] —
marpuua aemmduposanus; [M] — marpuna macc,
{U} {U} {U} - HEU3BECTHBIC BEKTOpa Y3JIOBBIX

JBUXXCHUA

MIEPEMEILEHUM, CKOPOCTEH, YCKOPEHUH; {P(t)}
— BEKTOP Y3JIOBBIX HAarpy30K.

s pewenust nuddepeHuanbHbIX ypaBHEHUI
JIBUKEHMS] CUCTEMBI CYIIECTBYET PSI MPAMBIX U
HENpsSIMBIX ~ METOJIOB ~ MHTErPUPOBAHUSA  BO
BpEMEHM, Hampumep, Meron Pynre-Kyrra,
meton Heromapka, Meron Buibcona, meron
LIEHTPaJIbHBIX PA3HOCTEN U AP.

Tak, pernieHre CUCTEMbl YpaBHEHUN ABMXKEHUS

Ha ocHoBe wMeroma Heiomapka [1,2,4] B
MaTPUYHOM  BHJIC BBITJISAUT  CJICIYIOIIHM
obpazom:
1 1
Al= M |+ —|[C|+[K], 2
A= sl ekl @

{B}Hl = F(ti+l) +

+[M aA1t2 ul +LAJ[{U}i +(i— j{J}, +
1 . 1
+[c 7—A{U},+ S Ul + 5L At}
3)
[A]{U }i+1 = {B}Hl 4)

14 International Journal for Computational Civil and Structural Engineering
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rae [A] - sddexTrBHAasS MaTpulla KECTKOCTH,
{B}- a»ppexTuBHBII BEKTOp HATPY30K, a & ,f, y —
K03 PUITMEHTHI HHTETPUPOBAHMS.

CKOpOCTH ¥ YCKOpEHHUS Yy3JI0B CHCTEMBI
BBIYHMCIISIOTCS C TTIOMOIIBIO BHIPAKECHUI:

Ul == (U - U})+

yAt
1 . 1 . (5)
#1-2 U+ -0 AU ;
U == (U - U})-
a/t ©)

AR Ut

Pa3nble maTepuansl UMEIOT pa3HbIE CBOMCTBA U
JAIOT Pa3HBIA BKJIAJ B TalieHUE KOJICOaHM.
dusnyeckuit CMBICH MaTepUAIBHOTO

nemngupoBaHus 00yClIaBIMBAETCS IEPEX00M
TEIUIOBYIO

MEXaHUYECKOH OHEPIruun B

g

A

MPOKCXOIUT 33 CYET MUKPOILUIACTUYHOCTH, a HE
BA3KOCTU KAK B XKUJAKOCTAX U ra3ax.

Jlns  ydera  pa3HOMATEPUAIBHOCTH  YacTei
KOHCTPYKIHU [JISI KaXIOro 3JICMCHTAa MOXKXHO
3a7aTh CBOM KOX(PQHUIMEHTHI Pases, U Takum
oOpa3oM copMUPOBaATE KOMOWMHHPOBAHHYIO
MAaTpHILy AUCCHITAIHH.

[Cl=AlK]+aM]

Hns  ompenenenus kodpdunpeHToB  Pames
HE00X0/MMO IPOU3BECTH MOJAJbHBIN aHaIN3
KOHCTPYKUMH (MJIM €e 4YacTh) U  3aJaB
AMIUPUUYECKUE K03 pULIHEHTHI
nemrpupoBaHusT S MaTtepuala TpU  ABYX
HaNMEHBIINX COOCTBEHHBIX 4acToTax
onpeaenuTb Ko3PpPUIUEHTH! 10 hopMynam:

28,8,0,0,
a=—">"2>1,
S + &0,

255

B S, +§ja)j ’

> @

Pucynox 1. 3asucumocmo xoda¢ppuyuenma oemnguposanus om uacmomst no Panero.

PaccmoTpuMm npumep pacuera 31aHusI COBMECTHO
C I'PYHTOBBIM OCHOBAaHHEM, npu Y4eTe
CECMHUYECKUX  BO3IEHCTBMM B  INIOCKOU
nocraHoBke (puc.2). Kak yxe TroBopuiocs,
KOHCTPYKTHBHasl 0€30MaCHOCTh BKITIOUAET B CeOsI
NPOCTPAHCTBEHHOE  MPEJICTABICHUE CHCTEMBI
«HazeMHas 4acTb — (YHIAMEHT — TPYHTOBOE
ocHoBaHMey». [Ipu 3TOM cucTema JOKHA OBITH

Volume 13, Issue 3, 2017

3aKOHCTPYMPOBaHA TaKUM 00pa3oM, YTOOBI
00J1a1aTh  CIIOCOOHOCTBIO  MepepacrpeieIeHHs
YCWIMH ~ TpH  pa3pylleHWH  OTACITBHBIX
KOHCTPYKTUBHBIX 3JICMCHTOB W BBIBCACHUS U3
paboOTBl  HEKOTOPHIX  CBS3EH, T.e. UYTOOBI
JIOKAJIbHBIC MOBPCKACHUA HEC BBI3bIBAJIN
mobameHOr0  00pymieHus.  CBsi3u  TaHHOM
CHCTEMbl C OCHOBaHHEM, T.e. HCTOYHHKH
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CEMCMUYECKHUX  BO3ICHCTBUM, HE IOJDKHBI
nepefaBaTb ~ HEraTUBHBbIE  BO3JEHCTBHUSL  OT
OCHOBaHMsI Ha (PyH/IaMEHT 3/71aHus (COOpPYKEHHUs),
WJIH, 110 KPalHEN Mepe, TOJKHBI X YMEHBIIATh.

JUis HariasAHOCTH BIMSHUS AeMII(UPOBAHUS
BBIMIOJIHUM CPaBHEHUE aMIUIUTYIHBIX 3HAYEHUH

M.C. bapa6am, A.B. [Tukyns

NIEPEMELICHUI, CKOPOCTEH M YCKOPEHUH B
YpPOBHSX  O3Taxkeil. Pacuer BbIIONHEH B
nporpammHoM  komiuiekce JIMPA-CAIIP, B
KOTOPOM pEaJIM30BAHO pEUICHHE 3aJayd Ha
JUHAMHYECKOE BO3JECHCTBHE BO BpPEMEHM Ha
ocHoBe MeToaa Heromapka [5].

6
e s A
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3]
TN A4
A
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A
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| .
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Pucynox 2. Pacuemnas cxema mecmosoti 3a0aqu. Ceuenue pueeneil 80x40 cm, konontn 60x40 cm.
Mamepuan — 6emomn, epyHm — cynecs.

Hnst

ydera

cocraBisaior 46,72 u

nemMiupoBaHust

MOJIaIbHOTO ~ aHAllu3a CHUCTEMBI
HaMEHBIINE COOCTBEHHBIE YAaCTOTHI, KOTOpHIE
147,84 pan/c.

Ha
onpeeauM

OCHOBC

M

u pf =

COOTBETCTBYIOT KO3 dunmentsl Panes o = 3,55
0,000514. B Tab6n.1
pe3ynapTaThl pacueTa ¢ yd4eToM W 0e3 ydera
nemrupoBaHusl.

MMPUBCACHLL

Tabauya 1. Pe3yriomamsl pacuema c yuemom u 6e3 yuema 0emMnuposanus.

be3 nemnupoBanus C yuerom nemngupoBaHus
Jrax IN'opuzonrtansHoe | CkopocTh, | Yckopenue, | ['opuzonTanmsHoe| CKOpOCTh, | YCKOpEHHUe,
nepeMeIneHme, MM/C MM/c? nepeMenieHue, MM/C MMm/c?
MM MM
1 21,97 23,91 146,3 18,52 4,78 26,63
2 50,98 52,03 303,79 43,4 11,76 57,09
3 80,72 80,67 462,2 68,92 18,89 91,50
4 110,54 109,23 623,04 94,52 26,07 126,47
5 140,31 137,7 785,9 120,15 33,22 161,74
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AHanmu3upysi pe3yibTaThl, HPHUBEACHHBIE B
tabinnue | MOXHO caenaTh BBIBOJBI, YTO YYET
nemndupoBanus 3HaunTenbHO Biuser Ha HJIC
KOHCTPYKIUH.

BbIBO/IbI

PazButue u pPUMEHEHUE METO/I0B
KOHCTPYKTHUBHOM ceiicMo0e30macHOCTH
JUKTYETCS COBPEMEHHOI 00BEKTUBHOM
HE00XO0JMMOCTBIO U 00BsICHSETCS
TpeOOBaHUSAMHM  MOBBILIEHUS  0E€30MaCHOCTH
(>KMByYecTH) CTpOEHHMH, cTpemsch 000iTH
CIIO)KHOCTH ~ MOJICJIUPOBAHMS  CEHCMHUECKUX

BO3JICHCTBUM W HECOBEPLICHCTBA TEOPUU H
METOJIOB pacyera.

Pa3paboTka HOBBIX METOAOB  YHMCIEHHOTO
MOJCIIMPOBAHUSA C YYETOM IIEPCIEKTUBHBIX
pa3paboTOK METOJI0B pacueTa Ha JUHAMUYECKUE
BO3JICUCTBUS, TAKUX KaK Yy4eT HEIUHEHHBIX
CBOMCTB MAaTepHaIOB, y4Ye€T MaTEPUAIBHOIO

ILCMH(I)I/IPOBaHI/ISI IIO3BOJIACT KOPPCKTHO
IMPOBECTHU YUCJICHHBIC OKCIICPUMCHTBI u
pa3pa60TaTL paa KOHCTPYKTUBHBIX

MEPOTPUSITHI 0 CeHCMOOE30MTacCHOCTH 3aHUI
U COOPY’KEHHUH.
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O COBPEMEHHBIX METOJAX PEJIYIIUPOBAHUS
BBIUUCJUTEJIBHOMN PABMEPHOCTH 3AJTIAY
PACUETA KOHCTPYKIIUMH, 3JAHUI U COOPYXKEHUI
B PAMKAX METOJA KOHEYHBIX DJIEMEHTOB

A.M. Benocmoyxuit>>**° I1.A. Akumoe >, JI.C. Imumpuee*

13A0 «Hayuno-uccnenosarenbckuii nentp «CrauO», r. Mocksa, POCCHS
2Poccwuiicknii yausepeutet tpancnopra (MUUT), r. Mocksa, POCCUSI
3 Poccuiickuii yHuBepcuTeT Apy*kObl HApoa0B, T. Mocksa, POCCU S
4 [IepMcKuii HAITMOHANLHEIN HCCIIeI0BATENbCKU IONUTEXHUYECKUil yHUBEPCUTET, T. [lepmb, POCCU ST
% HayuHo-HCCIIE10BATENBCKHIT HHCTUTYT CTPOUTENBHOM (usuku Poccuiickoii akagemun
ApXUTEKTYPhI U CTPOUTENBHBIX HAyK, I. MockBa, POCCUA
6 Poccuiickas akafeMus apXUTEKTYphl U CTPOMTENBHBIX HAaYK, T. Mocksa, POCCHUSI

AnHoTanusi: B Hacrosimee BpeMsi, Kak M3BECTHO, IMEETCSI HEMAJIO METOJIOB PEIYIIMPOBAHNS BBIYNCIUTEILHON
pa3sMepHOCTH 3ajad pacyeTa KOHCTPYKIMH, 371aHMH M COOPYKEHHI B paMKax MeETOJa KOHEYHBIX 3JIEMEHTOB
(MKD), B TOM umcie B 4aCTH CHW)KEHHS MOPSIKOB MaTPHUIBl MacC U MaTPHIIbl )KECTKOCTH KOHEYHOIIEMEHTHOM
MOJIeNH, Ui TPUBEIEHHS, HAIPHMEp, €€ B COOTBETCTBHU C «MOHHTOPHHIOBOI» (MJIH «TECTOBOI») MOJICIBIO
00beKTa, CTENIEHH CBOOOBI KOTOPOH OMPEAENAI0TCS MECTaMH YCTAaHOBKU aKCEIepOMETPOB. B 3ToM oTHOMIEHUH
B JIaHHOM cTaThe OyIyT pacCMOTpPEHBI (C aHAJIN30M IMPEUMYIIECTB U HEIOCTATKOB KaXI0T0) CIIEAYIOLINE HOAXO0-
Ibl: Metof penyuupoBanus o [aitsiny, IRS (Improved Reduced System) meTon penynupoBaHusi ¥ METOA JHHA-
MHYECKOTO penynupoBaHui. KpoMe TOro, ommchIBaeTCSl OCHOBAHHBIM HAa TEOPHUH METOJAa MOAKOHCTPYKIHN Tak
Ha3bIBa€MBIN CTaTHUECKUI METOJI KOHEYHBIX 3JIEMEHTOB IS CEHCMUYECKOT0 pacueTa MOJ3eMHBIX COOPY)KEHHI.

KaroueBble ciioBa: METOA KOHCYHBIX 3JIEMCHTOB, METO/ CYIICPIJIECMCHTOB, METO/] HOI[KOHCprKLIPIﬁ,
MCETOAbI pEAYLHHUPOBAHUA, BBIYUCIUTCIIbHAA Pa3MEPHOCTDH

ABOUT CONTEMPORARY APPROACHES
TO REDUCTION OF COMPUTATIONAL DIMENSION
OF PROBLEMS OF STRUCTURAL ANALYSIS
WITHIN FINITE ELEMENT METHOD

Alexander M. Belostotsky*?34° Pavel A. Akimov!®® Dmitry S. Dmitriev:

! Scientific Research Center “StaDyO”, Moscow, RUSSIA
2Russian University of Transport» (RUT — MIIT), Moscow, RUSSIA
3 Peoples’ Friendship University of Russia, Moscow, RUSSIA
4Perm National Research Polytechnic University, Perm, RUSSIA
5Research Institute of Building Physics of Russian Academy
of Architecture and Construction Sciences, Moscow, RUSSIA
® Russian Academy of Architecture and Construction Sciences, Moscow, RUSSIA

Abstract: At present, as is known, there are many methods of reduction of computational dimension of problems
of structural analysis within finite element method (FEM), including the reduction of the dimensions of the mass
matrix and the stiffness matrix of the finite element model (to bring them, for example, in accordance with the
“structural health monitoring” (or “test”) model of the object, which degrees of freedom are determined by the
places of installation of accelerometers. In this respect, the following approaches are considered in this paper
(with the corresponding analysis of the advantages and disadvantages): the Gaian reduction method, the IRS
(Improved Reduced System) reduction method and the dynamic reduction method. In addition, the so-called stat-
ic finite element method for seismic analysis of underground structures, based on the substructuring technique, is
considered.
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Keywords: finite element method, superelement method, substructuring method, reduction,
computational dimension

1. OB AKTYAJIbHOCTH PEILEHUS
3AJIAY PEJYLIUPOBAHUSI
BBIUUCJIUTEJIbHON
PABMEPHOCTH HA DTAIIE
MOHHUTOPUHI A 3JAHUN
" COOPY ) KEHUM

OCHOBHOU LENIBI0 HWCCIEOOBAHUSA KOJICOaHUN
CTPOUTEIBHBIX OOBEKTOB B paMKaX MOHHTOPHH-
ra siBJsieTCsl BepuQuKalus KOHEYHOIEMEHTHON
MOJIENIA OOBEKTA, OIEHKA KOPPEKTHOCTU IMPO-
THO3HOTO MaTeMaTH4YEeCKOTO MOJEIUPOBAHUS
ero nosenenus. Takum oOpa3oM, Ha OCHOBE HH-
CTPYMEHTAJIbHBIX HM3MEPEHUN ONpPeaesoTCs
COOCTBEHHBIE YacCTOThI U (QOpPMBI KoJIeOaHHI
o0beKkTa. BMecTe ¢ TeM, OUEeBHIHO, YTO KOHEU-
HODJIEMEHTHAsI MOJIENIb OOBEKTa XapaKTepHU3y-
€TCs CYIIECTBEHHO OOJIBIIUM YHCIIOM CTETICHEH
CBOOOJIBI TI0O CPAaBHEHHUIO C TeM OO0BEMOM JaH-
HBIX, KOTOPBIM MOKET 00eCIeYnTh CETh aKcese-
pomeTpoB. [Iis HEMOCPEICTBEHHOTO COIOCTaB-
JIEHUs1 PE3yJIbTaTOB COOTBETCTBYIOLIUX HATyp-
HBIX U3MEPEHUN M KOHEYHODJIEMEHTHOTO pacue-
Ta CO3/1aeTCAd pEeayLIMPOBAHHAs TECTOBAask MO-
Jieb, CTENEHW CBOOOIBI KOTOPOH MOITHOCTHIO
COOTBETCTBYIOT MECTaM YCTaHOBKH aKCeJIepo-
METPOB M U3MEPSEMBIM UMH ITapaMeTpaM.

Co3manue TakoM TECTOBOM MOJICIIH IO3BOJISCT
pemmTh cpa3y HECKOIbKO 3amad. [Ipexne Bcero,
COOTBETCTBYIOIINE UCCIEAOBAHUS, CAMU MO Ce-
0e, CHOCOOCTBYIOT CO3/JaHHMIO Ka4eCTBEHHOM
CUCTEMBbl MOHUTOPUHTA 00BEKTa B 4aCTH BBHIOO-
pa MECT PaCIOIOKEHUS TECTOBO-
U3MEPUTENILHBIX MPUOOPOB U OMpPEEICHUS Tie-
peUHs BENWYMH, TOMJICKAIINX HW3MEPECHHIO.
Kpome toro, mocne noctpoeHus: peayluupoBaH-
HOM MaTpHUIIBl Macc HETMOCPEIACTBEHHO Ha 00b-
€KT€ MOSBISETCS BO3MOXHOCThH NPOBEPKU BHI-
MIOJITHEHHS YCJIOBHSI OPTOTOHAIBHOCTH COOTBET-
cTByOIUX GopMm konebanuii. Hakonel, nmeH-
HO HaJM4HMe TECTOBOM MOJENM IMO3BOJISIET BBI-
MOJIHATH OIIEHKY TOYHOCTHU HCIOJIb3yeMOW KO-
HEYHOAJIEMEHTHOM MOJENIH B paMKax JEeHCTBY-
IOIEH CUCTEMBI MOHUTOPUHTrA. {1151 KOpPEKTHO-

ro peleHus ITUX 3aJ1a4, pa3ymeercs, Tpedyercs
KOPPEKTHAasl pedyKLUsl MaTPULIbI Macc U MaTpu-
bl ’KECTKOCTU B COOTBETCTBUU C UMEIOLIUMHUCS
CTETEHSAMH CBOOO/IbI TECTOBOM MOJIEINH.

B Hacrosiiee BpeMs HCIOIb3yeTCS HEMAIO pa3-
JUYHBIX TOAXOJIOB K peayuupoBaHuio. B
HACTOALIEH cTaTh€ pacCMaTpUBAIOTCS, B 4acCT-
HOCTH, MeToJ| peaylupoBanus mo [aitsny [11],
IRS (Improved Reduced System) meronm pemy-
nupoBaHud [15] u MeToa AMHAMHUYECKOTo peay-
mupoBanus [16]. Crexyer oTMeTHTB, YTO TOJI-
XOJbl K PEIyLIMPOBAHUIO PA3IMYAOTCS IO TOY-
HOCTH, IMPOCTOTE NPUMEHEHUs U 00beMy IIO-
TpeOHBIX BBIYMCIUTEIBHBIX pecypcoB. B mocre-
OYIOIIMX pasjienax AOCTaTOYHO KpaTKo pac-
CMaTpUBAIOTCSI TEOPETUYECKHE OCHOBBI BBbILIE-
YKa3aHHBIX METOJ/IOB U aKTyaJIbHbIE BOIIPOCHI UX
IIPAKTUYECKOI0 UCIIOJIb30BaHUS.

2. INIOHATHE O METOJAX
PEAYLHUPOBAHUA MATPUIL

B ocHOBe Bcex METOJIOB peAylHpOBaHUs MaT-
putl (T.e. MPUBEACHHUS UX B COOTBETCTBHUE C Te-
CTOBOM MOJIENBIO) JIEXKHT cienyromias popmyna:
B=TTAT, (2.1)
rae A — wucxomHas Mmarpuia; B — coorBet-
CTByIOIIas pENylHpOBaHHAS MaTpuia, 1 —
MaTpuIa mpeodpa3zoBanus (peayIupoBaHus).
OCHOBHOHM CJIO)HOCTBIO TIpoliecca peayLupo-
BAaHUS SIBJISIETCS CYIIECTBEHHAs Pa3HUIA MEXKITY
YHCJIOM CTEIIEHEH CBOOOBI B UCXOMAHOMN KOHEU-
HODJIEMEHTHOH MOIEIN W TECTOBOH MOIEIH.
Tak, 4KcIo cTeneHel cBOOObI B UCXOQHOM KO-
HEYHODJIEMEHTHON MOJIEIH MOXKET JOXOIUTEL 10
HECKOJIBKMX MHJUIMOHOB HEH3BECTHBIX, TOIJa
KaK CETh aKCEIePOMETPOB (MM MHBIX H3MEPH-
TEJNIbHBIX TNPHOOPOB) Ha OOBEKTE COCTABIISET,
Kak MpaBWJIO, HECKOJBKO JIECATKOB WJIM COTEH
eauHull. MeToapl peayUupOBaHUS  JOJIKHBI
MO3BOJISATh JIeJaTh KOPPEKTHBIE OIIEHKH (Ha OC-
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(0] COBPEMCHHBIX METOJAAaX pEeAYLIUPOBAHUA BBIYHCIIMTEIIbHOM PasMEpHOCTHU 3a7a4 pacdyeTa KOHCprKIII/Iﬁ, 3JIaHUN

u COOpy)KeHI/Iﬁ B paMKax ME€TOJa KOHCYHBIX 3JICMCHTOB

HOBE MHTEPHOJISILIMN) O JIBUKEHUU BCE KOHEU-
HO3JIEMEHTHOM MO Ha OCHOBaHUM OTpaHu-
YEHHOI'0 YHUCJIa U3BECTHBIX BEJIMYMH B MecTax
YCTAHOBKH aKcelepoMeTpoB. B cuity Toro, 4ro
COOTHOILIEHUE MEXIy KOJUYECTBOM HHTEPIIO-
JUPYEMBIX U U3BECTHBIX BEIMYMH BEChbMa 3Ha-
YUTENbHO, U1 OOecrieyeHus: aJeKBaTHOIO pe-
OYIUPOBAHUS TPeOYeTCs BBICOKOTOYHAS IMPOLIe-
nypa untepnoisuuu. Ilo cymecTBy, MMEHHO
XapakTep U TOYHOCTh MHTEPIOJISALUN 3HAYCHUU
JUI TeX CTerneHeil cBoOO/bl, KOTOpbIe HE OTHO-
CATCS K 3HAYEHUSIM, U3MEPSIEMbIM UHCTPYMEH-
TaJIbHBIM CHOCOOOM (T.€. SIBJISIOTCS BCIOMOTa-
TEJIbHBIMU CTENEHSIMHU CBOOOBI U HE OTHOCATCSA
K CTENEeHsAM CBOOObI TECTOBOW Mojenu (riaB-
HBIM CTEIEHSIM CBOOOJIbI)), SIBISIETCA BaXKHEH-
MKUMHU (PaKTOpaMu, ONPENENISIIOIUMI TOYHOCTb
METOJIOB PEAYLUPOBaHUS, pPaCCMaTPUBAEMBbIX
HUKE.

3. METOJ PEAYLUUPOBAHUSI
O FAVSIHY

[Ipocreiimmm noaxoa0M K pelylMpOBaHUIO SIB-
asieTcst MetoA peayuupoBanud no aisny (R.J.
Guyan), npennoxxenHsiii B 1965 rony [11]. Pac-
CMOTPUM pa3pelIalollyl0 CUCTEMY JIMHEHHBIX
areOpanyecknX ypaBHEHHH MeT0Jla KOHEUHBIX
3JIEMEHTOB JUISl 3a/ladyll CTaTUYECKOro pacuera
00BeKTa:

3.1)

raie U — BekTop HeusBecTHhIX; K — marpuia
KECTKOCTH; P — BEKTOp Harpy3ox.

B merone penyumpoBanusa no ['alisHy momara-
eTCsl, YTO MapaMeTpbl WHTEPHOJSALUU MOTYT
OBITH OMpeJeleHbl Ha OCHOBAHHUH CIJIEIYIOIIETO
npezcraBieHus cucremsl (3.1):

K K _Ju. | |P

00 oa o|_|"o

Ko KulU,| |P,

ao aa a

, 3.2)

TJ€ COCTaBIIAIOIIMNE, OTHOCAIIHMECA K 3HA4YCHH-
AM, HU3SMCPACMBIM CCTBKO  AKCCIICPOMCTPOB,
YCTAaHOBJICHHBIX Ha O6”beKTe, HMEIOT HIDKHUM
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HHJCKC a, Ipo4ue, T.C. peaAyHUupyeMbIC COCTaB-
JISIOIIUE UMEIOT MHAEKC O .

CrnenyeT NOSCHUTD, YTO AJIsl HAIJIIJHOCTU Yepe3
K,, o003HauaeTcs MMEHHO COCTaBIISAIOIIAs MC-
XOZHOM MaTpHIbl KECTKOCTH, & HUKAK HE peay-
LIMPOBaHHAsl MaTPULIA )KECTKOCTH.

[Tonarasi, Harpy3ku, COOTBETCTBYIOILUE peEay-
LUPYEMBIM CTENEHSIM CBOOObI, HYJIEBBIMU (T.€.

P, =0), moxeMm nepenucath (3.2) cliepyrommm
o0Opazom:

KO,
o

Il
o

+K_ U,
o T 3.3)
U,+K, U, =P,

00
ao
CrnenmoBarenbHO, HA OCHOBAaHWH TIEPBOTO ypaB-
HeHus u3 (3.3) OyaemM UMeTh:

LTo = _Ko_t;LKoaUa : (34)
Takum 006pazom, mosrydaem, 4To
U, KK, |~
_0 — 00 oa U o (3.5)
U E

a

raie E — enuHuuYHas marpuna COOTBETCTBYIO-
HIETro NopsiIKa.

PaBerctBo (2.5) Takke MOXXHO Mepenucarb B
BUJIE

U, —
Ua = TGuyanU a’ (36)
- KK
rae TGuyan = (E o (37)

— MaTrpuua pexynupoBanus no [aisny.

Ha ocnoBanmu wmatpuipl (3.7) W HMCXOMHBIX
MaTpuilbl xectkoct K u marpumsl macc M
MOTYT OBITh OCTPOEHBI COOTBETCTBEHHO PEIy-

uupoBaHHas Matpuua xecrkoctn K, u peny-

MpoBaHHasg Marpuua Macc M, :

Kaa = TGTuyan KTGuyan ; M aa — TGTuyan MTGuyan ' (38)
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3aMeTuM, 4YTO TaK KaK MHEPLUOHHBIE XapaKTe-
PUCTUKH BTOPOCTENEHHBIX CTENeHEH CBOOOIBI
IIOJIHOCTBIO MUTHOPUPYIOTCS, TO METOJ PENYLU-
poBaHuA 1o l'alisiHy 4acTO Ha3bIBaKOT CTaTHYe-
CKOU KOHJEHCAIIUEH.

4. IRSMETOJ PEAYIIMUPOBAHUSA

IRS wmeton pemymupoBanus, pa3paOOTaHHBII
Kanmnaxan (J. O’Callahan) [15], mpencraBusieT
co0oil JanbHeliee pa3BUTHE METOJOB PEAYLIH-
pPOBaHUs MO CPABHEHHUIO C METOAOM PELyLHUpPO-
BaHus 1o [aifsiHy. 31€ch B 4acTHOCTH, IIPU TO-
CTPOCHUU MAaTpUIlbl PelyLIUPOBAaHUS YUUTHIBA-
IOTCSl OLEHKHU TIEPBOTO MOPSAKA TOYHOCTH JUISI
MaccoBbIX 3 dexToB. [lepsriii mar B IRS merto-
Jle COBIIAJAET C peayuupoBaHueM no [aisHy
(T.e. Ha MepBOM IIare MpeHeOperarT AMHAMU-
YEeCKMMH CBOMCTBaMH 00BekTa). Ha BTOpOM
I1are MCIOJb3yeTCsl MOJY4YEeHHas! BbILE CTATHU-
YyecKkas MaTpulla PeaylupOBaHUS ISl OLEHKH
MaccoBBIX 3((PEKTOB PeayIUPOBAHHBIX CTEIe-
Hell cBoOoabl (T.e. UId ydeTa JUHAMUYECKUX
CBOICTB O0BEKTA).

PaccmoTpuM craHmapTHYIO 3amady ompezene-
HUSI COOCTBEHHBIX 4acTOT U (popM KojeOaHMit
00BEKTa B paMKax METO/Ia KOHEYHBIX DJIeMEH-
ToB. MMeeM o0000meHHy0 TmpoOieMy coo-
CTBEHHBIX 3HAYECHUM:

K¢ = Mg (4.1)
WU TOKE CaMO€ B Pa3BEPHYTOM BUIE
K, Kl d. M, M,.|é
0o ~0a %} — /1 00 ~oa %) ) (42)
Kao Kaa ¢a M ao M aa ¢a
Crnenyer NOSCHUTB, YTO 4Yepe3 Raa " Maa aHa-

JIOTUYHO MPEIBIIYIIEMY JIJIsl HATJISITHOCTH 000-
3HAYAIOTCS COOTBETCTBEHHO MMCHHO COCTaBJIs-
IOIIasi MCXOAHOW MATPHUIIBI JKECTKOCTH M CO-
CTaBJISIOIAS KICXOHOM MaTpUIIbl MAacC, a HUKAK
HE peaylupoBaHHAs MaTpHIA >KECTKOCTH U HE
peaylurpoBaHHAsE MaTpPHUIlAa MAcC COOTBETCTBEH-
HO.

AM. benocrouxkuii, I1.A. Akumos, JI.C. Imutpuen

Cnenys merony peayuupoBanus [aiisHa u wuc-
MOJIb3ys COOTBETCTBEHHO cooTHoIeHus (3.7),
(3.8) u (4.1), nomyunm:

Kaafa = AM 10, (4.3)
Heo0xoaumMo OTMETHTBH, YTO B CHIIY HCIHOJIb30-
BaHUS (GOpPMYJIT METoJa PEAYIHUPOBAHUS IIO0
[aiisny, 4acToThl ¥ (HOPMBI COOCTBEHHBIX KOJIe-
0aHuii, cooTBeTcTBYyOIIME MpodieMam (4.1) u
(4.3) e Oynytr onuHakoBeIiMU. CTENEHb pasiu-
YUsl IBYX COOTBETCTBYIOIIUX PEIICHUN 3aBUCUT
OT CTereHel CBOOOAbI TECTOBON MOJIEIH.

BoccranoBnenne coOCTBeHHBIX (GopM KoseOa-
HUWA MUCXOJHOM KOHEUYHOAIEMEHTHOM CHUCTEMBI B
MEPBOM NPHUOIMKEHUU MOXKET ObITh BBIIIOJIHEHO
no ¢opmyne (cMm. cootHouenus (4.3), (3.6) u

(3.7)):

= TGuyan 5a ) (44)

ASNY|

OcHoBHO#t ocoOeHHocThIO IRS MeTona penynu-
POBaHMsI SBJISIETCS] BBEICHUE KOPPEKTUPYIOIIETO
YjieHa MpU pemeHud 0000IIeHHON HpoOIeMBbl
COOCTBEHHBIX 3HAYEHUI, aHAJOTHYHOTO TOMY,
YTO UCIOJB3YETCS B METOJE PEAYLMPOBAHUS I10
[alisHy Ju1a cTatuyeckoro pacyera OOBEKTa.
COOTBETCTBYIOIMI 4JIeH, XapaKTepU3YIOLIHA
BIIMSIHUE «UHEPIIMOHHBIX CHII», MOXKET OBITh I10-
CTPOEH Ha OCHOBE HCIOJIb30BaHMs COOTHOILIE-
uuii (3.2), (4.3) u (4.4):

K¢ =P =1M¢p , (4.5)
HCHOJ’IB?;y;I BBIKJIAIKH, aHAJIOTUYHBIC HpI/IBe}IeH-
HBIM paHee MpHU OMUCAHUU METOJIa peaylUpOBa-
HUs 10 [aiisiHy, UMeeM clielyrollee COOTHOIIe-
HUE JUIsl JMHAMHYECKOTO0 KOPPEKTUPYIOIIETO
YJIeHa:

5* = ZK - IvlTGuyan ga ! (4 6)

Takum o00pa3oM, YTOUYHEHHBIE COOCTBEHHBIE
dbopMbI KONEOAHUN OMPEIEIISIOTCS CIEIYIOIIHM
obpazom:
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(0] COBPEMCHHBIX METOJAAaX pEeAYLIUPOBAHUA BBIYHCIIMTEIIbHOM PasMEpHOCTHU 3a7a4 pacdyeTa KOHCprKIII/Iﬁ, 3JIaHUN

u coopymeﬁnﬁ B paMKax ME€TOJa KOHCYHBIX 3JICMCHTOB
- = ~ =
¢ - TGuyan ¢a +4AK MTGuyan ¢a : (47)

OueBunHo, 4yto ypaBHeHHE (4.3) MOXKET OBITH
NeperMcaHo B BUJIC:

MK, = Ag,. (4.8)

C yuerom (4.8) Mmoxxem nepenucath (4.7):

5 = TGuyané + KilMT M;alKaaga' (49)

Guyan
[Tocne mepeobo3HayeHUt U HECIOKHBIX MPE00-
pa3zoBaHuii OyJEM UMETh CICAYIONIYI0 (POPMYITY

JUISL TIOCTPOCHUSI MATPHIBI PEIyLIUPOBAHUS B
IRS merone:

Gouyan + G
TIRS — \‘ Guyan IRS J , (4.10)

E
Tac E - CANMHUYHadg Marpula COOTBETCTBYIO-

Iero ImopsAaKa,

G = _K;:Koa ;

Guyan

GIRS = Ko_l(Moa + MooG

0

MKy (4.11)

Guyan

Martpulia >KeCTKOCTH M MaTpHulla Macc peaylu-
PYIOTCS B COOTBETCTBHH C TECTOBOW MOJICITBIO C
UCTOJB30BAaHUEM  MAaTpPUIBl  PEeIyLIMPOBAHUS
(4.10) mo cnexyromum popmynam:

Kaa :TI-FI;S KTle : Maa :TI-FES MTIRS . (4-12)

5. METOA AMHAMHYECKOI'O
PEAYHHUPOBAHMUSA

Eme oaHuMm ycoBepiIEHCTBOBAHMEM METO/AA
penyurpoBanus no ["aiisiHy sBIsETCS TaK Ha3bI-
Ba€MbIi METOJI JAMHAMUYECKOTO peIylupoBa-
Husl. VICXOTHOM TTOCTaHOBKOM B JJAHHOM CJly4ae
sBIIsieTCs 00001eHHast TpobiieMa COOCTBEHHBIX
3HAYECHUH BUIA
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KOO Koa ¢7(I) MOO Moa ¢7(I)
Nl B ) —e % (5.)
Ko K] d®] "My Mg |40

ao aa ao aa

VpaBuenue (5.1) MOXKeT ObITh PEIIEHO HA OCHO-
BaHUM I10/IX0/1a, AaHAIOTUYHOI'O METOJY pelyLu-
poBaHus 10 l'alisiHy, IpU 3TOM CTPOUTCS Mart-
pHLIa peayLMpOBaHUs, YCTaHABJIMBAIOIIAs COOT-
BETCTBUE MEXAY PEeAyLUPYEMbIMU U HEpEAyLHU-
pYeMbIMH CTeneHsIMH cBoOOIbl. BmecTe ¢ Tem,
CJIeTyeT OTMETUTh, YTO TaKas MaTpULA SBISETCS
UHMBUAYATIBHON A KaXI0W COOCTBEHHOM
(b opmbI KOTeOaHUH.

AJNbTEpHATUBHBIN MOAXOJ, MpeioKeHHbIH M.
Paz [16], 3akmtodaercs B uctosb3oBanuu B (5.1)
HEKOTOpOH 3aJaHHOM (McclieioBaTeIeM) Bellu-
YUHBI /A BMECTO COOTBETCTBYIOIEIO COOCTBEH-
HOTro 3HayeHus. Marpuna peaynupoBaHusl B Ta-
KOM cllydyae MOXXeT ObITh C(OpMHpOBaHa IO-
CPEICTBOM pElIeHUsl MepBoro (M3 JBYX) Mar-
PHUYHBIX ypaBHeHHI cucTemsl (5.1), T.e.

- (Koo - AM oo)il(Koa -AM oa)71
TDynRed = E '

(5.2)

6. COIIOCTABJIEHUE METOJ0OB
PEAYLHHUPOBAHMUA

Pazymeercs, paccMOTpeHHbIE METOJT PEAYLIUPO-
Banus 1o [aiisny, IRS (Improved Reduced Sys-
tem) Meron peaynMpoOBaHUS U METOJ JAWHAMU-
YECKOT0 PEAYIUPOBAHUS UMEIOT KaK CHJIbHBIC,
Tak U ciabbie cTOpoHbl. [loctaTouHo TOIPOO-
HBII aHAJIU3 JTaHHOTO BOIpOCa TMPEACTABIICH, B
gactHOCTH, B [7,8]. Huke maHa coOTBETCTBYIO-
miast KpaTtkasi XapakTepuCcTHUKa KaXKIoro M3 pac-
CMOTPEHHBIX METOJIOB.

Memoo peodyyuposanus no I atisry. OCHOBHBIM
MPEUMYILECTBOM METO/a SBJISIETCS BBIYUCIH-
TenbHas 3PPEKTUBHOCTD (C TOYKU 3pEHHS 00b-
e€Ma BBIYHUCIUTENLHON padoThl) U MPOCTOTA all-
TOPUTMUYECKON peanu3anuu. JlaHHBIA MeEToJ
BXOJIUT B MHCTPYMEHTApH CTaHIAPTHBIX
CPEJICTB MHOTHX YHUBEPCAJIbHBIX U CHElHAIH-
3UPOBAHHBIX KOHEYHORJIEMEHTHBIX MPOTrpaMM-
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HBIX KOMIUJIEKCOB MPOMBINIICHHOTO Tuma. Me-
TOJl HCIIOJNB3YETCS BEChMa IMPOJOJDKHTEIHHOE
BpeMs, W TMOJY4YWJI 3aciyKEHHOE NpU3HAHHE
npodecCHOHaIBHOrO coodmecTBa. B menom,
METOJ] SBISETCS JIOCTATOYHO TOYHBIM JUIS
OOJIBIIIOTO KOJIMYECTBA OOBEKTOB, OJHAKO, pa-
3yMeeTCsl, IPU YCIOBUU KOPPEKTHON YCTaHOBKHU
CEeTH aKCEJIEPOMETPOB.

OCHOBHBIM HEOCTAaTKOM METO/A SIBJISETCS TOT
(hakT, 9TO OH HE YYHTHIBACT SBHHIC MAaCCOBBIC
3¢ dexTsl peayluupyeMbIX CTerneHeld CBOOOBI.
DTO MOXET MOBJEYh 32 COOO0N CHUKEHHE TOY-
HOCTH B CHUTYaIUsIX KOT/Ia YHCIO peaylupye-
MBIX CTEIEHEH CBOOOJBI 3HAYMTEIHHO, JIHOO
KOTJla CeTh aKCEeIepPOMETPOB HEYAAuyHO pacIo-
JoxeHa, Ju00 BOOOIIE HENpeACTaBUTEIbHA.
MeTon HEmpUTOAeH ISl UCIOJIb30BAHUS MPH
PaCCMOTPCHHHM CHCTEM CO 3HAYUTEIBHBIM KO-
3¢ (HULIHEHTOM OTHOIIEHHS MACChI K )K€CTKOCTH.
B menom, MeTon SBISIETCS TOYHBIM TOJIBKO B
clydae ctaTuueckux 3aaad. O0olmieHue ero Ha
TUHAMHYECKHE 33/1a9l TPUBOIUT K BO3HUKHO-
BEHUIO OOJIBIINX TOTPEUIHOCTEH BCIEACTBHE
MIOJTHOTO TIPEHEOPEKCHHSI WHEPIIMOHHBIMHU CH-
JaMH BO BTOPOCTENEHHBIX CTEMEHSX CBOOOJBI.
Metox Hcronp3yeTcsi B OCHOBHOM ISl MCCIie-
JOBaHMsI HEOOJBIIOrO YHUCIAa HUXHUX TOHOB
KoJeOaHUN KOHCTPYKIMH, TaK KaK TOJBKO JUIsS
HUX alMpoKCUMAIlUsl XapaKTepa CBS3H MEXIY
TJIABHBIMH M BTOPOCTETICHHBIMH ~ CTCTICHSIMH
cBOOO/IBI, BBIPAXKEHHAS C TIOMOIIIBIO YPaBHEHHIA
CTaTHKH, OJIM3Ka K UCTUHHOM [1].

IRS memoo pedyyuposarus. MeTos1 HECIOKEH C
TOYKH 3PCHHSI QJITOPUTMUICCKON pealln3allii, B
TOM YHCIIe B COCTaBE YHUBEPCAIBHBIX U CIICIU-
QIU3UPOBAHHBIX  KOHEYHOIJIEMEHTHBIX TPO-
I'PAaMMHBIX KOMIUIEKCOB IMPOMBIIINICHHOTO THIIA
[4,5]. B niemom, MeTos TOYHEe, YeM METOM pe-
IylIupoBaHus 1o ['alisiHy 3a cUeT BBEICHMS IO-
MPaBKU MEPBOTO MOPSIKA, YUUTHIBAIOIICH Mac-
coBbIe d(PPEKTH penyIUPyEeMbIX CTETICHEH CBO-
001pI1.

Tem He MeHee, METO/I MOXET MPUBOAUTH K He-
TOYHBIM pe3yJbTaTaM B CIy4asxX, Korjaa GopMbl
KOJIeOaHU peNyIUPYEeMbIX CTETICHEH CBOOOIBI
(3aKperyIeHHbIe MIPH pacCMOTPEHUH HAabopa He-
penylMpyeMbIX CTeneHeld CBOOOIbI) cOMMKa-

AM. benocrouxkuii, I1.A. Akumos, JI.C. Imutpuen

IOTCS C YacTOTHBIM JHMana3oHOM Habopa He-
penynupyemsix creneHeit cBoooasr [9]. Kpome
TOr0, OYEBUIHO, YTO AJIS peaju3alld MEeToJ]a
TpeOYIOTCSl JOMOTHUTEIbHBIC BBIYHCIUTEIHHBIE
pecypcel. MeToa Bce ele He CTOJIb LIMPOKO Hc-
MOJIB3YeTCSl KaK METOJ PEAYIHPOBAHUS IO
[aiisiHy, a eciM M UCHONIb3yeTcs, TO C Olpese-
JIEHHOM HaCTOPOXXEHHOCTBI0. BMmecre ¢ TeM, pa-
3yMEETCs MMEETCSl W TOJOXKHUTEIbHBIM OIBIT
anpoOaruu Metosa [21].

Memoo ounamuyeckozo peoyyuposanus. Oc-
HOBHBIM IIPEUMYIIIECTBOM METO/a SIBJISIETCS SIB-
HBIA yueT mMaccoBbIX 3(dekToB. JJaxxe HecMOT-
ps Ha TO, YTO Ha WMCCIEIOBATENS BO3JIATraeTCs
3aJlaHMe 3HAUEHUs U TaK Ha3bIBAEMOro <a-
(eKTHBHOIO COOCTBEHHOI'O 3HAUEHUS», CIEIYET
HOJYEepPKHYTh, 4YTO, IO CYyTH, JH000E TakKoe
CKOJIb-TM00 00OCHOBAaHHOE 3HAYEHHE BEPOSTHO
npuUBOIUT K Oosiee 3(PGEKTUBHOMY MPOIECCY
HEXKEJIM WCIIOJIb30BaHUE METOJla pelylnpoBa-
Hus 1o [aiisHy (B paMKax KOTOpPOro IoJiaraer-
Csl, YTO COOTBETCTBYIOIIAsl BEIIMYMHA COOCTBEH-
HOT'O 3HAYEHUs HyJIeBasi, BCIEICTBUE YEro Mac-
coBbl€ AP(GEKThl HE YUUTHIBAIOTCS IPU MOCTPO-
€HUM MaTPUIIbl PEAYLIUPOBAHNUSA).

HemocraTtkn MeToja aHaJOTHYHBI HEJOCTaTKaM
IRS meronma penyumpoBanus. Mcmnonb3oBaHue
METO/Ia COTPSKEHO CO 3HAYUTEIHHBIM 00bEMOM
BBIYUCIUTENLHON PabOThl U TpeOyeT HeMalbIX
YCUJIMA TIpU BHEAPEHWH B YHUBEPCAIbHBIC U
CHelHaTU3UpPOBAHHBIC KOHEYHO3JIEMEHTHbIE
KOMIUIEKCHI TIporpaMM. Kak yke oTMmedanoch,
UCCIIeIoBaTeNb JAODKEH 3aJaTh BEIMYUHY <«OQ-
(eKTUBHOTO COOCTBEHHOT'O 3HAUEHUS», MIPUUEM
HawIyylllee pelieHue 3TOW 3afauyd B 0OLIeM
cilyyae BechbMa HeoueBUAHO. OrpaHWYeHHus IO
TOYHOCTH METOJIa OJHM3KM K COOTBETCTBYIOIIHM
orpanmueHusM s |IRS metonma pemyumpoBa-
Hus. Metoa Takke BCe elle He0CTaTOYHO IH-
POKO HUCTIONB3YeTCS B MPAKTUYECKUX MPHIIOKE-
HUSX W TpeOyeT 0co00OTro BHHMaHUS TPHU TPH-
MEHEHUH.
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u COOpy)KeHI/Iﬁ B paMKax ME€TOJa KOHCYHBIX 3JICMCHTOB

7. COIIOCTABJIEHHUE METOJ0OB
PEAYIIUPOBAHUA

Marpuiia penyiupoBanust (zaigee 000OIIEHHO
o0o3HayaeMass | ), MOCTPOEHHAs B KaXIOM H3
PacCMOTPEHHBIX BBIIIE METOAOB, MOKET HCIOIb-
30BaThCsl Ul MHTEPHOJSALUM («pacrpocTpaHe-
HUSI») TECTOBBIX (hopM KosieOaHHu OT MECT ycTa-
HOBKU aKCEJIEpOMETPOB I10 BCEM CTEMEHSM CBO-
00/161 KOHEYHOZJIEMEHTHOW MOIEIIH:

(7.1)

[Ipu mpoBeneHnn U3MEpPEHHI OYEHb YacTO BO3-
HUKAaeT BOINPOC, 4YTO JIy4Ile: pPeaylrupoBaTh
MaTpUIly Macc M MATPUIly >KECTKOCTH B COOT-
BETCTBHH CO CTENEHSMH CBOOOJIBI TECTOBOM MO-
JeNId UM )K€ MHTEPIOIUpPOBaTh (OPMBI KoJie-
0aHUl TO BCEM CTEMEHSM CBOOOIBI KOHEUYHO-
aMeMeHTHOM Monenu. Ecinu matpuna penymnupo-
BaHUS pa3 3a Pa3oM HCIOJB3YETCS JUISl PeayIu-
POBaHHUS U HMHTEPHOJSINH, COOTBETCTBYIOIIHE
YHUCIICHHBIC PE3yJabTaThl OYAYT HICHTHYHBIMHU.
B mpakTudeckux mpuiokKeHHsX oObIYHO OoJjee
yIOOHO MPOBOUTH PEIYKITUIO MATPHUIIBI MAcC H
MaTpUIIBI JKECTKOCTH 10 MPOBENCHUS H3Mepe-
Hui. C OJTHOM CTOPOHBI 3TO MO3BOJISIET OIICHUTh
aJICKBaTHOCTh CETH AaKCEJIePOMETPOB (B YacTH
COOTBETCTBYIOILIUX CTEeMeHel CcBoOOIbI), a ¢
JIPYToi CTOPOHBI JAaeT BO3MOXKHOCTb 3HAUYU-
TEJIPHO COKPAaTUTh 00BEM XPAaHUMOH Ha KOMIIb-
I0Tepe Hccea0BaTeNst HHPOpMAaIIHH.

CrnemyeT OTMETUTH, YTO OJIMH U3 BapUaHTOB Me-
TOJa TUHAMUYECKOTO pEAyLUPOBAHUS B pse
CIIy4aeB OKa3bIBACTCA HUCKIIOUUTENBHO 3 dek-
TUBHBIM NIl UHTepronupoBanus (opm. Bepx-
Hsis TIoJIoBUHA dopmyn (5.1) MoxeT OBITH TIepe-
nUcaHa CIeAYIONUIM 00pa3oM:

50(” = _(Koo _ﬂ’lMoo)_l(Koa _/’{’lMoa)aa(i) : (72)

[IperMyIiecTBOM TaKOro TOAXO/AA  SIBISIETCS
HETOCPEICTBEHHOE (SIBHOE) HCIIONL30BAHUE JIaH-
HBIX UMEIONMXCSA W3MEpeHHid (4acTtor u (popm
KoJyieOaHuit), a TaKk)Ke MaTPHUIIBI MacC U MaTPHUIIbI
KECTKOCTH ISl KOHEYHODJIEMEHTHOW MOJIEIH,
YTO 0OEeCrevyrnBaeT HAWIYUIIyIO OIEHKY MpU HH-
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TEPIIOTUPOBAHNHU TECTOBBIX (hOpM KojeOaHUM 1Mo
CTEMEHsIM CBOOOABl KOHEYHOIJIEMEHTHOM Mojie-
. JIaHHBI MeTOI MOKeT OBITh CONPSKEH CO
3HAUUTENIbHBIM O0BEMOM BBIYMCICHUN BBUIY
TOTO, 4TO BbIpakeHHE (6.2) JTODKHO OBITH BBI-
YUCIICHO Ui KaKIoM (Qopmbl kKonebanuil. Bme-
CT€ C TeM, JJIi MHOTUX MPAKTUYECKUX MPUIIONKe-
HUU TIpU HAJIMYUHM BBICOKOMPOU3BOAUTEIILHOMN
KOMITBIOTEPHOM TEXHUKH TakKas mpodiemMa yxe He
SBJISIETCSI KPUTUYHOW. MeTo JMHaMHUYECKOro
pelyLMpOoBaHMsl Ui LENoro psijia 3a1ad MO3BO-
JWI TIOJIYYUTh BEChbMa KAaYECTBEHHYIO KAPTHHY
B3aUMHO OPTOTOHAJILHBIX Pe3yybTaToB [3,06].

8. O CEUCMHYECKOM PACYETE
MOJI3EMHBIX COOPYKEHUM
CTATUYECKHUM METO/J10M
KOHEYHBIX DJIEMEHTOB,
OCHOBAHHbBIX HA TEOPUH
METOJA MMOJAKOHCTPYKIIUM

8.1. Benenmue.

Kak u3BecTHO, MOA3EMHBIE COOPYKEHUS OTIIU-
YaeT IeNbli psii XapaKTepHBIX OCOOCHHOCTEH,
CpeIu KOTOPBIX, B YACTHOCTH, CJIOXKHOCTh BO3-
BEJICHUS, BBICOKAass CTOMMOCTh, MPOJOJIKUTEIb-
HBIM J)KU3HEHHBIN LMK U T.4. B ciaydae paspy-
[IEHHUs] TaKUX OOBEKTOB BO3HUKAIOILIUE MPSMBIE
W HENpsIMBbIE 3aTpaThl OyAYyT CYIIECTBEHHO Tpe-
BBIIIATh AHAJIOTUYHbIEC MMOKA3aTENM MJisi Ha3eM-
HBIX coopyxeHnuil [2,12,13,22]. OueBugHO, 4TO
C YYETOM BBIIIEU3IIOKEHHOTO CEHCMUYECKHI
pacyeT MOJI3EMHBIX COOPYXKEHUH SBISICTCS HC-
KJIFOUUTEJIbHO BaXKHBIM 3TallOM PacdyeTHOro
000CHOBaHHUS U MIPOCKTUPOBAHUS OE30MACHBIX U
SKOHOMHUYHBIX 00BEKTOB.

ITo cymiecTBy, B HaCTOAIIEE BPEMs CYLIECTBYET
JIBa OCHOBHBIX MOJX0Ja K pacueTHOMY 00OCHO-
BAHMIO IIOJ3EMHBIX COOpykeHui. [lepBbiii moa-
XOJ MpeAyCMaTpuBaeT IUHAMUYECKHI pacyeT
CBSI3aHHOM CHUCTEMBI «COOPYKEHHE — TPYHTO-
BbId MacCHBY, BBINOJIHSIEMBbIN, KaK MPaBUiIo, Ha
OCHOBE MeTo/a KOHE4HbIX 3nemeHToB (MKD)
WM MeToJa KoHeuHbIX pasHocrerd (MKP).
BaxxupiMu 3Tamamu 37€ch SIBISETCS 3a/laHHe
HUCKYCCTBEHHBIX TPaHUL, JUHAMHYECKHE CBOU-
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CTBa TPYHTOB U PsJ IPYTUX BOIPOCOB, OrPAHU-
YUBAIOIIMX B CUIIY CJIOKHOCTH IIMPOKOE IpHU-
MEHEHHE IM0J00HOr0 TOIXO0Ja B PACUETHOM
IIpaKkTUKe. BTOpON moaxoa — 3TO MCIOJIb30Ba-
HUE TaK Ha3bIBAEMbIX MCEBAOCTATHYECKHUX (KBa-
3ucrtatndeckux) wmeronoB [17-20], otimyaro-
IIMXCSI OTHOCUTEIBHOM MPOCTOTOM M MPEACTAB-
JSOUIMX COOOM, MO CYTH, CTaTUYECKUM aHaIIU3
COCTOSIHMSI TIOJI3EMHOT'O COOPYXKEHUS B YCIOBH-
SIX CECMUYECKOTO BO3JEHCTBUS (TAaKOW MOIXO]T
HIMPOKO HMCIOJIb3YETCS B MHKEHEPHOW MPAKTHU-
K€ ¥ B HOPMATHBHBIX JJOKyMEHTaX psijia CTPaH).
PaccmoTtpuMm nanee mnpemioxkeHHbiii B [12] u
IPUMEHSAEMBIA U1 CEHCMHUYECKOro0 pacdera
IIOJ3EMHBIX COOPYKEHUM TaK HA3bIBAEMBIM CTa-
TUYECKUM METOJ KOHEYHBIX 3JIEMEHTOB, OCHO-
BaHHBIA Ha TEOPUM METOJA MOAKOHCTPYKLHIA,
peanu3yromui Ha ONpPEACICHHOM 3Tale 3Ha4yu-
TEJIbHOE CHUKEHHUE BBIUHUCIHUTEIBHOM pa3zMep-
HOCTH UCXOIHOH 3a1a4H.

8.2. TeopeTruyeckne 0OCHOBBI METOAA.
Jlunamuueckas CBsI3aHHAs CHUCTEMA «COOpYXkKe-
HUE — TPYHTOBBIM MacCUB» MOXET ObITh pa3zje-
JI€Ha Ha TPHU NOAKOHCTPYKLHHU: MOJI3EMHOE CO-
opy’keHue, OJVMKHSSI 30Ha TPYHTOBOTO MaccHBa
W JaJbHSs 30Ha TPYHTOBOTO MaccuBa (puc. 8.1)
[12].

C yderoMm xapakTepa AEKOMIIO3ULIMHA CHCTEMBI
«COOPY’KEHHE — TPYHTOBBIM MaccuBy», Mpel-
CTaBJICHHOH Ha puc. 1.1, MoxxeM 3anucarts cie-
AYHOIHUE OCHOBHBIC YpaBHCHHA COOTBETCTBYIO-
I1eTO KOHTAKTHOTO B3aNMOJIEHCTBUSA:

US

SS sn

<
I
o O

Snb
Sgh + S

, (8.1)

ns nn

Sp

n

[
o

wm
Sa

<
S«

n

rae S u U 03HA4alOT COOTBETCTBEHHO MATPHILY
KECTKOCTH M BEKTOp MEPEMCIICHHI;, HIDKHUC
UHJEKCH S,N,D 0003Ha4Yar0T COOTBETCTBEHHO
MOJI3EMHOE COOpPY)KEHHUE, OJMIKHIO 30HY TPYH-
TOBOT'O MAacCHBa W JAJbHIOK 30HY TPYHTOBOTO
MacCHBa; BEPXHHUH HHAEKC § 0003HayaeT W3-

BJICYCHHBI TPYHT.
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[Tonarasi, 4TO W3BJIEYEHHBIH TPYHT — ATO KOH-
CTpyKIUs, OyneM HMMETh CIeAylollee ypaBHe-
HUE:

(Sep + St?b)Ubf =Sl (8.2)

I'’ZIe BEpXHUEC HHICKCHI €, f oOo3nauaroT mu3BIeE-
YEHHBIN I'PYHT U CBO60,Z[HOG IoJI€ COOTBCT-
CTBCHHO

C yuerom (8.2) moxkem nepenucath (8.1) B cre-
JYIOIIeM BH/IE:

SSS Ssn US 0
ns nn Sr1b Un = 0 1
g o e —f g f
St Spp T Spe || Up SppUp + Spply

(8.3)

JluHaMuveckass MaTpulla JKECTKOCTH MOXKET
OBIThH OIpeieIeHa CICAYIOIINM 00pa3oM:

S=K+iaC—a’M, (8.4)

rie K,M,C 0003Ha4aroT COOTBETCTBEHHO
MaTPHILY KECTKOCTH, MATPHUILY MAacC U MaTpPUILy
neMnupoBaHus; @ — OCHOBHAs yriioBasi (Kpy-
roBasi) 4acToTa.
B mensx ynpoieHus MoKeM Iepenucarhb JuHa-
MHUYECKYI0 MATPHUILy JKECTKOCTH TPYHTOBOTO
maccuBa B (8.4) cienyromum oopaszom [18,19]:
Sop = Kg, +1aCy, . (8.5)
JJis MCTIONIb30BaHUs PE3yIbTaTOB OMPEICIICHHSI
CEHCMHYECKOT0 OTKJIMKA CBOOOIHOTO TOJIS WIIH
pe3yIbTaTOB OMpeAeNeHUs] CEHCMUYECKOro OT-
KJIMKa CJIOEB TPYHTA B LEJSAX ONpEACTICHUS Cell-
CMHUYECKOTO OTKIIUKA MOA3EMHOTO COOPYKCHHUS
BBOJIATCST JOPMYJIUPYEMBIC HIDKE JTOTYIICHUSI.
[lepBoe momylieHUE: YCKOPEHUS KOHCTPYKIIHH
U ONM3KOH 30HBI TPYHTOBOTO MAacCHBAa TaKHE
e, KaKk U 'y CBOOOTHOTO TIOJISI B TOM K€ MeCTe.
Bropoe momymieHue: CKOPOCTH KOHCTPYKIIUH H
ONMU3KOW 30HBI TPYHTOBOT'O MAacCHBa TaKHE K€,
KaK U 'y CBOOOTHOTO TIOJISI B TOM K€ MECTE.
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Pucynok 8.1. Bvidenenue noOKOHCmMpYKyuii 8 cucmeme «COOpys#cenue — SpyHMmMoGwlil MAcCusy.

OCHOBHOM OCOOEHHOCTBIO CTATUYECKOTO METO-
Ja KOHEYHBIX DJEMEHTOB SBISETCS TO, YTO
HalpsDKEHHOE  COCTOSIHWE C  HauOOJIBITUMU
BHYTPEHHUMU YCHIIUSMU B OMPEIEICHHBII MO-
MEHT BPEMCHH B paMKax JUHAMHUYECKOTO pac-
4yeTa MOJ3EMHOT0 COOPY>KEHUs 3aMEHSIETCsI CTa-
THYECKUM pPacueToM, IIPHUYEM ITapaMeTpPhl 3TOTO
pacueTa OmpeAeNsoTCs ¢ HCIOIb30BaHUEM Me-
Tona nedopmaruii cBOOOAHOTO TOJA. Takum
o0pa3om, 00a BBEJICHHBIX MPEONI0KEHUS MPH-
3BaHBI YIIPOCTUTH HCIIOJIH30BAHUE PE3YJIHTATOB
aHaJIM3a CEeWCMUYECKOTO0 OTKIUKAa CBOOOTHOTO
ToJIsL JUIE TIPHOJIMOKEHHOTO HAXOXKICHHS Cel-
CMHYECKOTO OTKIIMKA MOA3EMHOTO COOPYKEHHUS.
MNHBIME citoBaMH, CeMCMHYECKHH OTKIHK ITOJI-
36MHOTO COOPYXEHHUS MOXKET ObITh HaiieH Ha
OCHOBE CEHWCMHUYECKOT0 OTKJIMKA CBOOOIHOTO
OIS

[Moxcrasnss (8.4) u (8.5) B (8.3), ¢ yuerom Jio-
MyIIEHUH, TONy4uM (TIOSICHUM, YTO JIEBasi 4acTh
ypaBHEHHUS (8.6) OTpaKaeT PeakIuio CBA3aAHHON
CUCTEMBI «COOpPYKEHHE — TPYHTOBOE OCHOBa-
HUe», TIEpBOE U BTOPOE CllaraeMoe MpaBoi ya-
CTH, UMEIOIUE OJMHAKOBBIE 3HAKU OTPaKAIOT
BHYTPEHHHUE YCUJIUS B MOJA3EMHOM COOPYKEHHUH
u OMKHEH 30HE TPYHTOBOTO MaccUBa (CHIIBI
WHEPIUHU, NeMITIPUPYIOIINE CUIIBI), TPETHH UYJIeH
B IPaBOM YaCTU COOTBETCTBYET T'PAHUYHBIM
YCIOBHSM):

Volume 13, Issue 3, 2017

SS sn lTS
oK K., u'|=
Ko K+ Ky || T
M, M, u,'
=M, M, M, a' |-
M bn M I:?b + M bb ubf

_ _ (8.6)
SS sn qu
- Cs o Co u, |+
i Cp C&+Cy | Uy
I 0
+ 0
M I;?bﬁff + Ct?babf + KI:()?bUbf

8.3. Peasnmzauus meroaa.

Ha ocnoBanuu ¢opmyinsl (8.6) MoxeM moctpo-
UTh PACYETHYIO MOJIEh 000OIIEHHOTO CTaTH4e-
CKOTO METOJla KOHEYHBIX JJIEMEHTOB, CXeMa-
TUYHO TIOKa3aHHYIO Ha puc. 8.2.

3nmeck crneayeT oOpaTUTh BHHMAaHHE, YTO yKa-
3aHHasg MOJIeJb BKJIIOYAET JBE COCTABIISIIOIIME:
BHYTPEHHUE YCWIHS B COOPYKEHUU U TPYHTO-
BOM MacCUBE U T'paHUYHBbIE YCIIOBUA (IFpaHUY-
HBIC CBSI3M M TPAHUYHBIC HATPY3KH).
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BHyTpeHHHE CHITHI
B COOPY;KEHHH H TPYHTE

Fpa}mqm,lc CEASH

At .
_-.‘ }r',"l;\l-\ !.'?_

ey

.‘_‘Iu“q

' ' '1"'|Illlllll'rll'rll'r

['panuunas Harpy:sKa

/WA ‘—"

VY +—"

mwnny

s FLLLAS

Pucynoxk 8.2. Obobwennasn pacuemunas mooenib Cmamuiecko20 Memooa KOHEYHbIX 2J1eMeHMo8.

B cootBercTBHM C ypaBHeHHEM (8.6) BHYTpeH-
HUE YCUJIMSI B COOPYXCHHH W TPYHTOBOM Macce
BKJIIOYAIOT, MPEXJE BCEro, CHJIbl MHEPLHUU U
nemrupyromme cuibl. s pemieHust 3amadu
Ha JAaHHOM OJTale MOXXET OBITh MCIIO0JIb30BaH
MeToH yckopeHu# otkimka [14,17], oqnako 60-
KOBBIE TPAHUIIBI B BUJE 3aKPEIJICHHBIX BEPTH-
KaJbHBIX POJHMKOBBIX OMOpP M HWXKHSSI HEIO-
JIBYDKHASL 3aKpeIyIeHHass TpaHulla, HCMOJb3ye-
MBIC B pPaMKax METOAa YCKOPEHHH OTKJIMKa, He
MOTYT OTpa3uTh TPaHUYHbBIC YCIOBUS, NpHUBE-
neHnsle B (8.6). Takum oOpazom, B [12] Oblia
Mpe/UIo’KEeHa OIMCaHHAs HWXKe MOJU(pUKAIISL
TPaHUYHBIX YCITOBUA.

1. I'panuunvie cessu ( Kt?b)-

BokoBble M HUKHAS TPaHUIIBI OTPAaHUYECHBI BsI3-
KOYNpYyrMMH TpaHuiamu. lcmons3yemble B
paMKax CTaTUYECKOTo pacueTa rpaHUYHBIEC CBSI-
3M, HAJOKCHHBIE NPYXHHAMH, ITOKa3aHbl Ha
puc. 8.2. 3HaueHus Ko3((UIMEHTOB OTIOpa
MPYKUH COTJIACYIOTCS C UX KECTKOCTBIO B paM-
Kax Bs3Koympyrod rpanunel [10] u ompemens-
I0TCS IO (hopMyIIam:

(8.7)

rae Ky u K; —HOpMabHbIHA ¥ TAHT€HCAJIbHBII

ko3 durmentsl otnopa npyxuHbl; G — Mo-

noyib ciBura; R — paccrosiHue OT MOA3EeMHOTO
COOPYKEHHSI IO TOYEK TPAHUIIBL.

2. I panuynvle nacpysxu.

B cootBerctBuM ¢ dopmyoit (8.6) rpaHUYHBIC
Harpy3KH BKJIFOYAIOT B ce€0s CIEAYIOINE YeThIpe
COCTAaBJISIFOIIME: TIEPEMEIICHUSI CBOOOIHOTO TI0-

ns U, , cuia MHEpLMH Ha rpaHuIle GIIKHER 30-

T f
HBI TPYHTOBOTrO MaccuBa M U, , memmdupyro-

mas cuia OMMKHEW 30HBI TPYHTOBOTO MAacCCHBA
Ci U, ¥ dKBUBAIEHTHas Harpyska Tepemerie-

HUNA CBOOOIHOIO ITOJISA Kt‘bebf . Meroas! onpene-

JICHHA YKa3aHHBIX HAarpy3o0K OIMMCAaHbl HUXKC.
HepeMemeHI/m CBO6OI[HOFO IOJIA Ubf . IIepeme-

IIeHUsI CBOOOJHOTO TOJII MOTYT OBITh BBIYHC-
JICHBI ¢ TIOMOIIBIO CIEITUATM3UPOBAHHOTO TIPO-
TPaMMHOTO OO0€CTIeYeHUs], UCIOIB3YEeMOTr0 JUIs
oTpesieNieHUs] CeHCMUIECKOT0 OTKJIMKA TPYHTO-
BoIX ciioeB (ProShake, EERA u ap. [12]).

Cwia wuHepIWMM Ha TpaHWIEe OTMKHEH 30HBI

f
rpyHTOBOro MaccuBa MU, : ycKopeHHst CBO-

0OJTHOTO TIOJII MOTYT OBITh BBIYMCIICHBI C TIO-
MOIIBI0 CHEHATM3UPOBAHHOTO TPOTPAMMHOTO
oOecrevYeHns, MCIOJIb3yeMOro JijIs ompeese-
HUSI CEHCMUYECKOTO OTKJIMKA TPYHTOBBIX CIIOEB,
Macca OJIMDKHEH 30HBI TPYHTOBOTO MacCHBa
TaKKe MOXET OBITh OTHOCHUTEIHHO JIETKO
HaiizeHa.
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PMCZHOK' 8.3. Pacuemnasn mooenb cmamuyecko2o Memooda KOHEUHbIX DJIeMeHmO8.

Hemnupyromas cuiaa OJMKHEH 30HbI TPYHTO-

Boro maccusa CJ U, : Ha OCHOBE COOTHOIIEHHUS

MeXIy nemmdupoBanueM o Penero u kospdu-
LUEHTOM JAeMI(UPOBAaHUS, IpaHUYHAs JEMII-
¢dupyromas cuwia MOXeT ObITh MNOJy4YeHa IO

cienyomuM Gopmynam:

fo=cu; ¢ =2mws; &=- W"‘%W ,
(8.8)
rae f; — memndupyromas cuna; ¢, — ko3ddu-

u, —

i y370Bas CKO-

LUEHT JeMI(UpOoBaHHUS;
pOCTh; M, — Ha3HAYEHHas y3JIoBasd macca; W, —

4acToTa; & — OTHOCHUTEIBHOE AeMII(HPOBAHHUE;

— nBa koa¢dunreHTa AeMnGupoBaHus

no Penero.
DOKBUBAJIICHTHAsI HArpy3ka IepeMelIeHUul CBO-

6ommoro monst K. O, : Harpyska MOeT cooT-

BCTCTBOBATL HAIIPSIKCHUAM B T'PYHTOBOM MacC-
CHBE CBOOOJTHOTO TTOJIS B TEX JK€ CaMBIX MeCTax
(3T HamNpsOKEHUsST MOTYT OBITh BBIYMCICHBI C
MPHUBJICYCHUEM  CIICIIUAIM3UPOBAHHOTO  IPO-
TpaMMHOTO OGCCHC‘IGHI/IH, HCIOJIB3YCMOT'O JJIA
OTIpeNIeNIeHUs] CECMUYECKOTO OTKJIMKA TPYHTO-
BBIX CJIOEB).

Takum 00pa3zom, pacueTHas MOJEIb CTaTHue-
CKOT'0 MCTOJa KOHCUYHLIX 3JICMCHTOB MPCACTAB-

JeHa Ha puc. 8.3.

o, u o,
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Ha ocHOBaHMM TpeAbIAyLIUX pacCyKICHUM
MOXHO C(OPMYIHPOBATH CIIEAYIOIIHE OCHOB-
HbIE 3Tamnbl CTAaTHYECKOTO METOJAa KOHEUHBIX

AJIEMEHTOB.
1. OmpeneneHue CABUTOBBIX JAedopmarmii,
YCKOPEHHH, CKOpPOCTEd M MEepPEMEIICHHI

JUIsi CBOOOHOTO TMOJIE B MOMEHT BPEMEHHU,
KOT/la OTHOCUTEIBHOE TIEPEMEIICHUE TPYH-
TOBOI'O MacCHMBa B 30HE PACIOJIOKEHHS
MOJA3EMHOTO COOPY)KCHHSI JOCTUTAET MakK-
CHMAaJIbHOTO 3HAYEHHS.

2. Ompenenenue CHIbI WHEPIHH W ITapameT-
pPOB TpaHUYHBIX YCJIOBHH (TIapaMeTpbl
MPYXKWH, CWJa WHEPLUH, IEeMITPUpPYOMas
cuJa, SKBUBAJICHTHAsI Harpyska nepemere-
HUW CBOOOJTHOTO TIOJIS).

3. TlocTtpoeHue cTaTUYECKOW KOHEUHODJIe-
MEHTHOW MOJIEIH, IPUIIOKEHNUE HArPy30K U
CBsI3€H, ONpE/IETIEHHBIX Ha BTOPOM JTalle B
COOTBETCTBHM CO CXEMOH, MOKa3aHHOW Ha
puc. 8.3, mocienyroliee MpOBEIECHUE CTa-
TAYECKOTO pacyera.

8.4. O Bepupukanmm cTaTHYECKOr0 MeTOAA
KOHEYHBIX JIEMEHTOB /IS pelleHusl 3a1a4
ceiicMMYecKOro pacuyera IoJ3eMHBIX COOpY-
JKeHM H.

PesynbraThl BepuUKAIMOHHBIX HCCIEAOBAHUI
CTaTUYECKOTO METOJa KOHEYHBIX HIIEMEHTOB
JUISL pelieHusl 3aJad CeHCMHYeCKOro pacuera
IOA3€MHBIX COOpy)KeHI/If/'I, npeaACTaBJICHHBIC B
[12], mokazanmu XOpOIIYyIO COTJIACOBAHHOCTH C
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pe3ynbTaTaMH, HalJCHHBIMU TIOCTIE TPOBEACHUS
JAUMHAMHUYCCKUX KOHCYHOOBJIEMCHTHBIX pPacyCTOB
CBSI3aHHBIX CHCTEM «COOPYKEHUE — IPYHTOBBII
maccuBy». Kpome Toro, ObTO yCTaHOBIIEHO, YTO
CTaTMYECKUN METOJ] KOHEYHBIX JJIEMEHTOB B
MEHbIIENH CTCIICHU, YCM TpaJUIMOHHBIC IICCB-
JIOCTaTUYECKHE METOJbl, KPUTHUYECKH 3aBUCUT
OT pa3Mepa paccMmarpuBaemoit odaactu. Bmecre
¢ TeMm, OOKOBasi TpaHHIla paccMaTpuBaeMoil 00-
JacTU JOJDKHA OBITh yJajeHa OT IOA3EMHOIO
COOPYKEHHS Ha BEJIMYMHY, COCTABIAIONLYIO 00-
jiee OJAHOM IIUPUHBI TOJI3EMHOI'O COOPYKEHHUSL.

3AMEYAHUE

HccnenoBanue BBINOJIHEHO 3a CYET CPEICTB
lNocynapcrBennoi nporpammsl Poccuiickoit ®de-
nepaiyu «Pa3BuTve HaykM M TEXHOJIOTHI» Ha
2013-2020 romer B pamkax [lmama dyHmamen-
TaJIBHBIX HayyHBIX HCClef0BaHUM Munucrep-
CTBa CTPOUTENILCTBA U KUIUIIHO-
KOMMYHAJIBHOTO  CTpOMTENbCTBA  Poccuiickoit
®enepanuu Ha 2017 rox, tema 7.1.1 «Pa3pabor-
Ka MHOTOYPOBHEBOT'O MOAX0/1a K MCCIIEIOBAaHHIO
HaNpsHKeHHO-1e(OPMUPOBAHHOTO COCTOSIHUS
KOHCTPYKLIUH B paMKax €IMHOW HEepapXUYECKH
BBICTPOEHHOM pAacyeTHOW MOJENH Ha OCHOBE
COBMECTHOI'O IIPUMEHEHUS JUCKPETHO-
KOHTHHYaQJIbHOTO METOJ]a KOHEYHBIX 3JIEMEHTOB
U METOJla KOHEYHBIX JJIEMEHTOB», Tema 7.1.2
«Pa3paboTtka, Bepudukanys u anpobarys aaarn-
TUBHOW METOJIMKH YHCIEHHOIO MOJEIMPOBAHUS
TPEXMEPHBIX TUHAMUYECKHX 3ajad a’3porujpo-
YIIPYTOCTH B CTPOUTEIBCTBEN.
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MOJIEJIJMPOBAHUE PABOTBI TPYHTOBBIX MACCHUBOB
HA TMHAMUWYECKOE BO3JIENCTBUE

A.C. I'opooeuxuii', A.B. ITuxyav'?, B.FO. ITucapesckuii
1000 «JIUPA CAIIP», r. Kues, YKPAIIHA
2 KueBckuii HALMOHANBHBINA YHUBEPCUTET CTPOMTENLCTBA H apXUTEKTYphL, I. Kues, YKPATHA

AnHotanusi: B cratee paccMmaTpuBaeTcs npodieMa aHajau3a IMHAMHYECKOTO B3aUMOJICHCTBHS «COOPYIKEHHE —
TPYHT», a TaKKe MOJEIMPOBaHUEe OE3rpaHUYHOTO I'PYHTOBOTrO HONynpocTpaHcTBa. OnMcaHa METOJMKa HOBBIX
KOHEYHBIX 371eMeHTOB, pa3zpaboranHbix B [IK JIMPA-CAIIP, Mmongenupyromux B3auMOIeHCTBHE OTpaHUYEHHON
4acTH I'PYHTOBOI'O MacCHBa M OCTaJIbHOM 4acTH MOJYNPOCTPAaHCTBA. B OCHOBE JAaHHOTO 3JIEMEHTA JIE)KUT METOJ
MacuITabupOBaHUs TPAHUIIBI KOHEYHOTo diieMeHTa. [l BepuduKauuy 3JeMEHTOB pellieHbl ABe 3a1auu. B nep-
BOM 3a/jaue paccMaTpUBAETCS OIPaHUUCHHBIA I'PYHTOBBIH MacCHB C BBEACHHEM pa3pabOTaHHBIX KOHEYHBIX dJIe-
MeHTOB. Bo BTOpOif 3amaue paccMaTpuBarOTCsl JOCTATOYHO OOJBIION TPYHTOBBIM MAaccHB, pa3Mepbl KOTOPOTO
00ecIeynBalOT OTCYTCTBUE BIIMSIHUS TPAHUYHBIX YCJIOBHH Ha IPOXO’KACHHE BOJHBI (YCIOBHO MOXKHO CUHMTATh
0OECKOHEUHBIM IMOJIYIIPOCTpaHCTBOM). Pa3Huiia B pesynbraTax cocrasmia 3 — 8%.

KuaroueBble ci1oBa: aHamn3 JUHAMHUYECCKOT'O BSaHMOI[efICTBHﬂ «COOPYIKCHUC — I'PYHT», PACIIPOCTPAHCHUEC BOJIH B

6e3rpaHn4HOM 007acTH, O6e3rpaHnYHas 001aCTh, METOJ] MACIITAOMPOBAHHS IPAHHUIIBI KOHEYHOTO JIEMEHTa

MODELLING OF SOIL BEHAVIOR IN DYNAMIC LOAD

Alexander S. Gorodetsky!, Anatol V. Pikul*2, Bogdan Y. Pysarevskiy*
1 “LIRA SAPR” Ltd, Kiev, UKRAINE
2 Kiev National University of Construction and Architecture, Kiev, UKRAINE

Abstract: The paper focuses on simulation of dynamic “structure — soil” interaction and unbounded soil half-
space. Principles for new finite elements developed in LIRA-SAPR software are described. These finite elements
simulate the interaction between bounded domain of soil and the rest part of the half-space. The scaled boundary
finite-element method governs these elements. To verify the elements, two problems are solved. The first prob-
lem considers the bounded soil where the developed boundary finite elements are introduced. The second prob-
lem considers the soil of a relatively large size. Boundary conditions do not influence the wave propagation
(conditionally may be treated as unbounded half-space) due to dimensions of soil size. Results differ by 3-8%.

Keywords: dynamic interaction “structure — soil”, wave propagation in unbounded area, unbounded area,
scaled boundary finite-element method

[IpakTruecku Bce HWHXXEHEPHBIE COOPYKECHHS
pacroyioxeHbl Ha TPYHTOBOM OCHOBaHUU. Pac-
YeT CHCTEMbI «HAJI3eMHOE cOoopykeHue — (yH-
JTAMEHTHBIE KOHCTPYKIIMM — IPYHTOBOE OCHOBA-
HUE» CTAHOBUTCS HOPMOM. 3/1€Ch MOKHO BBIJIE-
JUTH JIBa KJacca 3a/lad co CIa0OBBIPAKEHHBIM
pa3MexeBaHUEM.

K mepBomy kiaccy MOXKHO OTHECTH 3aJayH,
Korjga wuHXeHepa wuHrtepecyer Toibko HJIC
HAaJ[3EMHOM KOHCTPYKLHMH. B 3TOM cityyae Biu-
SIHHE TPYHTOBOI'O MAacCHBa, KaK IMPaBUIIO, MOJe-

34

JTUpyeTCs BBEJIEHHWE B PACUYECTHYIO CXeMy KOd(-
(UIIUEHTOB MTOCTEIH.

Ko BTOpOMY Kilaccy OTHOCSITCS 3a/1a4yH, T/ie UH-
J)KEHEepa B OJIMHAKOBOM Mepe HHTEpecyeT Kak
HIAC cob6ctBenno koHcTpykiuu, Tak w1 HJ[C
TPYHTOBOTO MaccuBa. JTOT KJIacC 3a7ad O4YEHb
HIMPOK, Pa3HOOOPa3eH W OTHOCHUTCA K YHCITY
HauboJee CIOXKHBIX IS pacdera. B kommbro-
TEPHBIX MOJENAX 3ajad 3TOro Kiacca MpHUCYT-
CTBYET KOHEUHO-3JIEMEHTHAsI MOJI€NIb TPYHTOBO-



MOL[G.]'II/IpOBaHI/Ie pa6OTI>I TPYHTOBBIX MaCCMBOB Ha ATUHAMUNYCCKOC BO3JICIICTBHE

ro maccusa. I[Io cyTu, rpyHTOBBII MacCUB — 3TO
HOJIyTIPOCTPAHCTBO.

Tak Kak 4MCIIEHHOE pEUICHME 3a7ad Ha OCHOBE
MKD mnpenycMmarpuBaeT paccMOTpEHUE Orpa-
HUYEHHOM KOHEeYyHOW o0iacTu, TO Bcerjga BO3-
HUKAeT BOIPOC, KaK OTPaHUYUTh OECKOHEYHOE
IOJIyIIPOCTPAHCTBO I'PYHTOBOro-maccusa. Eciu
CHH3y Ha O0O0O3PDHMOM pPACCTOSHUU HMEETCS
CJION TpyHTa, UMEIOIIMHA Mojenb AedopMaruu
(HampumMmep, ckajla), 3HAYUTEJIbHO IPEBbIIIAIO-
MM MOZYJb BBIILIENEKALIUX CIOEB, TO BOIPOC
00 OrpaHMYeHUM TPYHTOBOI'O MaccHBa CHU3Y
pemaercsi caMm cob6oil. B mpotuBHOM ciyuae, a
TaK)Ke JUIsl OrpaHMYEHUsI TPYHTOBOI'O MAaCCHBA C
OOKOBBIX CTOPOH MOKHO BOCIIOJIb30BaThCs pe-
koMenmarmamu  CIT22.13330.2011. «OcHoBa-
HUS 37aHUH U COOpYXEHHiD» 00 ompeeneHuu
BEJIMYMHBI CKUMAEeMOM TOJIIIH.

311eCh MOXKHO MOCTYIHTD CIEIYIOLUIMM 00pa3oM:
onpeaenuts no CII MakcuManbHYIO BEIMYUHY
ckuMaeMol Toiy Hmax 1 Ha3HaYUTh IPaHULLBI
IPYHTOBOI'O MaccHuBa TakK, YTOObl MUHUMAaJIbHOE

paccTosiHUE OT JIF0OON TOYKH I'paHULbl 10 OJIM-
KAWINEeTo y3j7a PacCYMTHIBAEMON KOHCTPYKIHH
ObU10 HEe MeHbIle Hmax cxxumaemoit Tommu. Tumn
IPAaHUYHBIX  YCIOBHM B  y3/1ax KOHEYHO-
HJIEMEHTHOM MOJEIM TPyHTOBOIO MaccuBa Ha
€ro TPaHMIIe TPH CTATUYECKON HArpy3Ke MOXKeET
OBITH IPUHSAT B BHJIE MOAATIMBHIX CBs3ei [1, 2].
B ciywae auHamMuyeckux BO3JCUCTBUM THI
IPaHUYHBIX YCIIOBHM JIOJDKEH oOecreuuBaTh
raieHue WIM TpOXOKIAeHue BoiH. Wnew mo
HOCTPOCHUIO TaKUX YCIIOBHM paccMaTpUBaJIUCh
B[3, 4,5, 6].

Meron SBFEM O6bin1 mpemioxken [ oHom
BynedowMm [6]. B ocHOBE 1aHHOTO METOA JICKHUT
nepexos OT JeKapTOBOM CUCTEMbI KOOpAUHAT X,
Y (B miocko# 3a/aye) K U30NepUMETPUUECKUM
KoopauHaTtaMm &, N (puc.l). I'eomeTrpust obnactu
OTMCBHIBACTCSI MACIITA0OMPOBAHWEM TPAHHUIIBI
0e3pa3MepHOi paauanbHOM KoOpauHATOM &,
KOTOpass HauyMHAETCs M3 IEHTpa MacmTaOupo-
Banus (Touku O) mo Touku Ha rpanune. & = 0 B
touke O u § = | Ha rpaHuIe.

: | .
Pucynok 1. 30nepumempuueckue koopounamolt &, 1.

Bpone paauanbHOM JIMHWM, MPOBEICHHOW OT
touku O K y371y Ha TpaHuIle, BBOIUTCS (QYHKIIHUS
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y3J'IOBBIX HepeMemeHHﬁ " 3aIIUChIBACTCAA ypaB-
HEHHE TIEPEMEIICHUI.
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[E°1E* {u(®)} . +([E°1-[E']+
+[E'TN)EWE)) .- (1)
~[E*lu(é)}+ @’ [M°]E* u(&)} =0,

rae [E°],[E'].[E®] u [M°] marpuisl ko3¢-
(bUIMEHTOB.

CylIecTBYIOT JIBa OCHOBHBIX METOJA JTUHAMHU-
YECKOro aHaiu3a B3aUMOJICHCTBUS TPYHTa H
KoHCTpykuuu. [Ipsmoili meron — caMmblii Npo-
cToi crocob s aHanu3a. Uto Obl ydyecth Oec-
KOHEYHOCTh C JOCTAaTOYHOW TOYHOCTHIO, He-
OTPaHUUYEHHYIO 00JIACTh OTCEKal0T JOCTATOYHO

A.C. Topogeukuit, A.B. Iluxyns, b.}O. [Tucapesckuit

JAJIEKO OT COOPYKEHHUs M HAKJIAJbIBAIOT MpHU-
OJIMKEHHbIE I'PaHUYHBIE YCIOBUS. DTO IPHUBO-
JTUT K YBEITMYCHUIO KOJIMYECTBA CTENEHEH CBO-
00/161, 0COOCHHO B TpEeXMEpHOI 3amaue. Meton
noacucTeM (puc. 2) saBisieTcss 00Jiee TOYHBIM 110
CPaBHEHHIO C NPSIMBIM METOJIOM, ITO3TOMY MO-
nenupyemMas 00J1acTh MOKET ObITh MEHBIIIE, YEM
JUIA TIPSIMOTO MeToaa. B nmaHHOM MmeToze, Kak
MpaBWJIO, TOYHbIE T'PAHUYHBIC YCJIOBUS BBIpa-
KAIOTCA B MAaTpPUIEe JUHAMHUYECKOH JKECTKOCTH

[S®”]

KoHe4yHo-3nemeHTHas

OrpaHuyeHHas

Moaenb

obnacTb rpyHTa

Sy OT6pOLLEHHas YacTb
FPYHTOBOrO Maccuea

¢ Rb(1) =
-4 Rb(t) T2k
Rb(t) \ i
5 I"l‘on»yhpb(':TbéHCTBd: =

- TpyHTOBOrO MaccuBa -

Pucynok 2. Bzaumooeticmsue omopoweHHoU U 02paHUYeHHOU YaACmu 2PYHMOB020 MACCUBA.

CoenuHeHnre MeXIy IBYMs YacTSIMU TPYHTOBO-
ro MaccuBa 00eCIeYnBaeTCsl BEKTOPOM B3aUMO-
NEUCTBUA

RO} =[IM"@Nut-)ldz, ()
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rae [M”(7r)] — marpuna oTKJIMKAa YCKOPECHUH,
KOTOpast ONPEIEIISETCS KaK

t

[Im” (= O)m” (0)]dz +

0

+tj[m°°(r)]dr+[e1]ﬁ[m°°(r)]dtdr
0 00 (3)

+[e1]Tﬁ[mw(r)]dtdr—
—%[EZ]H (t)—t[m°JH (t) = O,

rae [m*(r)] wmartpuma OTKIMKA YCKOpEHUH B
npeobpazoBanHBIX KoopauHatax; [€'],[e’] wu

[m°] wmarpumsr kxodddurmentos, H(t) -
¢ynkus XeBucaiiza.

Ha ocnoBanuu 3aBucumocteit (2, 3) B [IK JIU-
PA-CAIIP peanmn3oBaHbl 3JEMEHTHI, MOJEIH-
pYIOIIMEe B3aUMO/ICHCTBHE OIPAaHUYCHHOMN YacTH
TPYHTOBOTO MacCHBa M OCTAJIBHOM YacTH TOY-
MPOCTPAHCTBA: JBYX Y3JIOBOH i peHICHUS

IJIOCKOM 3aJjauM, TPeX- U YEThIPEXYy3JIOBOU ISt

a)
9.5m P(t)=R, sin(wt)
_'
A E = 2500 kMa

v=0,3

10Mm R = 295 kH/M?
warK3=05m
kon-so K3 = 800

20m

paHWYHbIE 3NEMEHTLI

peleHus IPOCTPAaHCTBEHHBIX 3aj1ad. [ Bepu-
(¢UKaMM TAaKOro SIIEMEHTa PAacCMOTPUM JIBE
3agaun (puc. 3). B mepBoit (puc. 3a) 3amaue
paccMaTpuBaeTCs OTPAHUYEHHBIM TI'PYHTOBBII
MacCcUB C BBEJIEHUEM Ha IpaHule pa3zpaboTaH-
HBIX TPAaHUYHBIX KOHEYHBIX AJIEMEHTOB. Bo BTO-
poii 3amaue (puc. 30) pacCMOTPUM JIOCTATOYHO
00JIbIION IPYHTOBBIN MaccuB, pa3Mepbl KOTOPO-
ro obecrne4yrnBalOT OTCYTCTBHE BIHSHUS Ipa-
HUYHBIX YCJIOBUH HA NPOXOXKICHHE BOJHEI
(YCIIOBHO MOKHO CUMTaTh OECKOHEUHBIM IOJIY-
IIPOCTpaHCTBOM). B 00eux 3amauax pacder npo-
U3BOJIMJICS. HA OJAMHAKOBOE JUHAMUYECKOE BO3-
nericteue P(t) = Posin(wt) = 1975sin(20t).

Ha puc. 4 u 5 nokazansl rpaduku nepemerie-
HUW BO BpEMEHH y31a A.

13 rpadukoB BUIHO, YTO MEpeMeIIeHue y3ia A
B NIEPUOJT BO3ICHCTBUS BO3MYIIAIOUICH HArpys3-
KU IPAKTUYECKU COBIAJAOT.

Taxke CpaBHUM pe3yJbTaThl MEPEeMEIICHUH
Y3JI0B, JI&KaMX Ha ocu X Ha riiyoune 1 metp u
Bpemenu 0,75 cexyH[bl, a Takke Ha riayouHe 8
MeTpoB U BpemeHH 1,5 cekyHabl. ['paduku
HAYMHAIOTCSI OTHOCUTEIIBHO OCH CHMMETPHH.

0)  g5m

P(t)=R sin(wt)

A

E = 2500 kMNa
v=03

R = 295 kn/m?
warK3=05m
kon-8o K3 = 40000

100m

100Mm
Csasu

Pucynok 3. Bepugpuxayusa paspabomannozo epanuino2o snemeHma
(a) oepanuuennas yacmo epyHmo6020 maccusa () 00cmamouHo OOIbUOU MACCUE CPYHMA.
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3500
§n 2500 A
~ AN
: AWl
-500
Q
= V U
L TR
=
-2500
0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00 4,50
BpeMS, C
——bonblwan 3agaya  —— OTBPOLIEHHbIN TPYHT
Pucynox 4. I'pagux nepemewenuti X(t) 6 yzne A.
3000
s 2000 [ A
= 1000
0 Al
g U IIII"II'"F'IIVIIIIII||||||||||||
I 1000
T 2000
2 3000 \[\
€ 4000
-5000
000 050 1,00 150 2,00 2,50 3,00 350 400 4,50
Bpems, ¢
bonblias 3aaa4a OTBPOWIEHHBINA TPYHT
Pucynox 5. I'pagux nepemewenuti Z(t) 6 ysne A.
2000
1000 7~y —~
S 1000 AT AN —
T \_/ T T U T
ﬁ -1000 \\ //
E -2000 \ /
% -3000 -
o -4000
é 10,00 12,50 15,00 17,50 20,00 22,50 25,00
Q
= paccTosiHUE OT OCH CUMMETPHH, M
Bonbliada 3aga4a OT6pOLEHHBIH TPYHT
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Pucynok 6. I'pagux nepemewenuti X na enyoune 1 memp 6 momenm gpemeru 0,75c.
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< 4000 /\
s 2000 N\ P ¥
~ o7\ /J\ [\ _~ , | ,
0 | A Y
= -2000
S _4000 /.  \/
=] v/
¢ 6000
% 10,00 12,50 15,00 17,50 20,00 22,50 25,00
|
PpaccTOsTHUE OT OCH CUMMETPHH, M
bonbliadA 3a4a4a OTOPOLLEHHBIA TPYHT
Pucynox 7. I'pagpux nepemewenuii Z na enyoune 1 memp 6 momenm epemenu 0,735.
2000
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% -1000 \
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PacCcTOsTHUE OT OCH CHMMETPUH, M
bonbluadA 3agayda OT6POLLIEHHBIA TPYHT

Pucynox 8. I'pagux nepemewenuti X na 2nyoune 8 mempos 6 momenm epemeru 1,5c¢.

1500
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: 0 N/ \J
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PACCTOAHHEC OT OCH CHMMETPHH, M

OTOpOLWEHHbIA FPYHT

bonblian sagayva

Pucynox 9. I'pagux nepemewenuii Z na enybune 8§ mempos 8 momenm epemenu 1,5c.

CpaBHuBas rpadpuku nepemenienuii suauM, uto  BbBIBObI
OHM MPAKTUYECKU coBManaioT. Pasnuia B pe-

3yabTaTax cocraBmia 3 - 8%. Pa3paboTanHbie TpaHUYHBIC KOHEUHBIE DJIEMEH-
Thbl TMO3BOJIAIOT MOACIUPOBATL MOJYIPOCTPAH-
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CTBO TPYHTOBOTO MAacCHBa Ha OCHOBE pacuer-
HBIX CXEM OTpaHUYCHHOU Pa3MEPHOCTH.
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NHTEJ/VIEKTYAJIBHASA ABTOMATU3ALIIUA HH)KEHEPHOI'O
OBCJIEAJOBAHUA CTPOUTEJIBHBIX OBBEKTOB

I'.I'. Kawesaposa, IO./I. Tonkoe, H./I. Tonkoe

[lepMmckuii HaLMOHANBHBIN HCCIEA0BATENbCKUN OTUTEXHUUECKUI YHUBEpCUTET, I'. [lepmb, POCCUSA

AHHoTanus: VHXeHepHOMY 00CIEJOBaHHIO CTPOUTENBHBIX OOBEKTOB NMPHUCYIIH HEKJIACCHYECKUE CHUTYalllH B
MIOCTaHOBKE 33/1a4. DTO CBA3aHO C IIOXO0H (popMaTn3yeMOCThIO CIIOKHOH CTPOUTENBHOM CHCTEMBI, HECTaHAAPT-
HOCTBIO, IPOTHUBOPEYMBOCTHIO OIMMCAHUA CUTyallMH, MoAYac CJIOXKHOCTBIO TOYHOI'O U3MCPCHHA KOHTPOJIUPYC-
MBIX BCJIWYHH, HCTOYHOCTBHIO HCIIOJIHUTCIBCKHUX )Iel\/'ICTBI/II\/’I uTta T.e. MPUHATUEC PCIICHUA O TEXHUYECKOM CO-
CTOSTHHUH CBA3aHO C PCHICHUEM 3a/lavu IMPHU BECbMa HEYCTKUX NUCXOJHBIX JTaHHBIX, HpI/I6J'[I/I3I/ITeJ'[bHLIMI/I JIMHI'BU-
CTHYECKIMM» XapaKTePUCTUKAMHU BXOJIHBIX ITapaMeTpoB (Hampumep, 1e(eKTOB KOHCTPYKIIMK) M C HEYETKOCTHIO
(hOpMyYITHPOBOK KAaTETOPUH TEXHUUIECKOTO COCTOSHUS. A TOCKOJIBKY B MPOIECC MOATOTOBKH PEIICHUN BKIIOYA-
eTcs YeJIOBEK, OH He MOXET He pa30aBUTh ITOT IIpOIlecC 3aMETHON NoJiel cyOBheKTUBHOCTU. BHeapeHue uHTeNn-
JEKTyaJbHOW aBTOMAaTH3allUU B BHJE SKCHEPTHBIX CHUCTEM B OLEHKY TEXHHUYECKOTO COCTOSHUS KOHCTPYKIMH
9KCIUTYyaTHPYEMBIX 3aHUH M COOPYKCHHH, IOCTPOCHHBIX Ha 0a3e 3HAaHWH B pe3ysbTaTe 00OOIIEHHS IKCIIEpPT-
HBIX OIICHOK, IPEJCTaBIIsICT cOOOW Iepexo] Ha HOBBIM OoJjiee KaYeCTBEHHBIH M 3KOHOMHYECKH 3((EKTHBHBIN
TEXHOJIOTHYECKHH YPOBEHb OOCIICIOBAHUS CTPOUTENBHBIX 00BEKTOB. Bo3MOXKHO yke B Omkaiiiiem Oymymem,
MIPOYKTHl MHTEJUICKTYaIU3aI[H TAIIOB HHXKEHEPHOTO 00CIEJOBAaHUS 1 MOHUTOPHHTA CTPOUTEIBHBIX 00BEKTOB
6y}1yT 00s13aTEILHBIMHU HHCTPYMCHTAMU 3TOM C(i)epr JACATCIIbHOCTH, KaK HCOThEMJIEMAA 4aCTb TapaHTUH JOCTO-
BCPHOCTH BbIAABAEMBIX PE3YJILTATOB.

Knrouesrble cjioBa: CTpOUTCIIbHAaA KOHCTPYKIUA, KATCTOprUd TEXHUICCKOT'O COCTOSHUA,
HMHTCIUICKTYyaJIbHAas aBTOMaTU3alus, SKCIIEpTHAsA CUCTEMA.

INTELLECTUAL AUTOMATION
OF ENGINEERING SURVEY
OF BUILDING OBJECTS

Galina G. Kashevarova, Yuri L. Tonkov, Igor L. Tonkov
Perm National Research Polytechnic University, Perm, RUSSIA

Abstract: The engineering survey of construction objects is characterized by nonclassical situations in setting
tasks. The reasons for this are poor formalizability, complexity of the construction system, non-standard, contra-
dictory description of the situation, the difficulty of accurately measuring controlled quantities, inaccurate per-
formance, etc. Thus, the decision on the technical condition is associated with the solution of the problem with
fuzzy initial data, approximate "linguistic" characteristics of the input parameters (for example, structural de-
fects) and with the vagueness of formulations of categories of technical condition. Due to the fact that a person is
included in the process of preparing decisions, he can not help but dilute this process with a noticeable share of
subjectivity. The introduction of intelligent automation in the form of expert systems in assessing the technical
condition of the structures of operated buildings and structures built on the basis of knowledge as a result of
summarizing expert assessments represents a transition to a new, higher-quality and cost-effective technological
level for survey of construction sites. Perhaps already in the near future, the products of intellectualization of the
stages of engineering survey and monitoring of construction sites will be mandatory tools of this field of activity,
as an integral part of guaranteeing the reliability of the issued results.

Keywords: Construction structure, category of technical condition, intellectual automation, expert system

42



I/IHTeHﬂeKTyaHLHaH AaBTOMAaTHU3ald UHKCHEPHOTO O6CJ'ICIIOBaHI/ISI CTPOUTCIIbHBIX 00BEKTOB

BBEJIEHUE

HNnxeHnepHomy o00CIE€IOBaHUIO CTPOUTEIHHBIX
00BEKTOB MPHUCYIIN HEKIACCUYECKUE CUTYAIHH
B MIOCTAHOBKE 3aJa4. JTO miioxas (popmanuzye-
MOCTb, HECTaHIAPTHOCTb, MPOTHBOPEYHBOCTD.
C ycnexoM Takue mpoOIeMbl MOTYT PEIIaThCs C
MIOMOIIBIO SKCIIEPTHHIX cUcTeM. Pedb He uueT o
3aMEHe JKCIepTa B €ro HEeMOCPEACTBEHHOM Jesi-
TEJILHOCTH, HO DKCIIEPTHBIE CHCTEMBI CITOCOOHBI
pacCIIMPUTh U YCHJINUTH €ro npodeccruoHalbHbIE
BO3MOXXHOCTH.

Hamu cdopmupoBana KOHIEMIUS COBEpIICH-
CTBOBAHMS TEXHOJIOTUU TPUHATHUS PEIICHHHA B
WHXCHEPHOM 00CTIEI0BaHUU IKCILUTYaTUPYEMbIX
3MaHuil U coopyxenuir (puc. 1). Ona mpemy-
CMaTpUBaeT BBEACHHE JAOMOJIHUTEIBHOTO TEX-
HOJIOTHYECKOTO YPOBHS, BKJIIOYAOLIETO WC-
HOJIb30BAaHUE KOMIIBIOTEPHBIX CpPEICTB 00pa-
OOTKHM JaHHBIX B BHJIC WHTCTPUPOBAHHOW WH-
TEJUIEKTyallbHOI  BBICOKOTEXHOJIOTUYHOU  CH-
CTEMBI.

DTa UHTETPUPOBAHHASI CUCTEMAa BKIIIOUAET B Ce-
OsI HECKOJIBKO JKCIIEPTHBIX CHCTEM, CTIOCOOHBIX
paboTaTh Kak B OTACIBLHOCTH, U KaK €IMHOE Iie-
noe (puc. 2). [Ipu co3maHuyu TaKuX 3KCIIEPTHBIX
CUCTEM HCIIONB3YIOTCS MPUHIUIBI U METOJIBI
HCKYCCTBEHHOTO MHTEJIEKTA.

OOBeKTOM yIpaBieHHs] TaKOW WHTETPUPOBAH-
HOW CHCTEMBI SIBIISICTCS AQHANUMUYECKUL Npo-
yecc Kaxa0ro 3Tara WHXEHEPHOro o0cienoBa-
HUSL CTPOMTENBHOTO O0BEeKTa. AKTHUBHBIN dJie-
MEHT CHCTEMbI — YEJIOBEK, MPUHUMAIOIINI pe-
HICHHUS.

B Hacrosiee BpeMsi HAMH CO3/1aHa dKCIIEPTHAsS
cucTeMa ONpeeTeHNUs KaTerOpuu TeXHUYECKO-
IO COCTOSIHMSI KOHCTPYKIUN, HEKOTOpPbIE TPUH-
UMbl CO3JaHHUs, TMAJIOTA C MOJb30BATEIEM MU
obopMIIeHHUsT PE3yJbTaTOB PEUICHUH KOTOPOM
MpEJICTaBICHBI B JaHHOW pabore. Benercs pas-
paboTKa PKCIEPTHON CUCTEMBI I 00pabOTKH
pe3yabTaTOB JIA3€PHOTO CKAHUPOBAHUS, TIOJ-
KITIOYaeMbIX K MpoIieccy 00cIe10BaHusl.
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Hmxenep - obcinenosares,
9KCIEPT

TexHMYecKas TUArHOCTHKA
CTPOUTENBHBIX 00BEKTOB
(o6acTh 3HaHMI)

TexHuueckas AUArHOCTHKA
00paboTKH JaHHBIX CTPOMTEIBHBIX 00BEKTOB
(mporpamMBsr) (obnacTp 3HaHMIA)

S

Pucynox 1. Cséazv pecypcos 6 mexnonocuu
peuieHus 3a0ay OUacHOCMUKU
IKCIILYAMUPYEeMbIX CIPOUMETbHBIX 00bEKMO8:
A — cywecmsyrowuii mexHoniocuyecKuu
yposeHv, b — dononHumenvHuli
KOHYenmyaibHblll MeXHON02UYECKUL YPOBEHb.

Komnb}o’repnme cpeacTaa

AKTYAJIBHOCTbDb PABPABOTKH
IKCIIEPTHBIX CUCTEM OLNEHKHA
TEXHHUYECKOI'O COCTOSAHUA
CTPOMUTEJIbHBIX KOHCTPYKIIUM

[Ipu o6cnenoBanuu JOOOTO CTPOUTEIHHOTO
00BEKTa Kame2opusi MexHu4ecko2o COCMOAHUA
SBJISICTCA TJIABHBIM KPUTEPUEM B MPHUHATUHU pe-
HICHUS O CTEMEHW aBapHWHOCTH WM HEo0Xo-
JUMOCTH TIPOBEJICHUS MEPONPUATHH 10 HpuBe-
JICHUIO CTPOUTENBHOI0 00BEKTa K JalbHEeHIIeH
0e30macHOM DJKCITyaTallui. OJKCIEPTHOE 3a-
KIIIOYEHHE O TEXHHUYECKOM COCTOSHUU CTPOU-
TEJIbHBIX KOHCTPYKIHUH TpeOyeT IiIyOOKHX BBI-
COKOCTICLIMaJIN3UPOBAHHBIX, 3HAHUNM B 00JacTH
CTPOUTENIbCTBA, U BO MHOTOM 3aBHUCHUT OT OITIbITa
skcnepta. «llepexom» KOHCTPYKIMU HIU CTPO-
UTEIBHOTO0 O0BEKTa M3 OJHOIO TEXHUYECKOTO
COCTOSIHUSI B JIPYro€ MPOUCXOJUT HE «CKAUKO-
00pa3HO», a Yepe3 MHOXKECTBO COCTOSIHUH, rpa-
HUIIBI MEX1y KOTOPBIMH TPYAHO paclio3HaBae-

CiiokHasi CTpyKTypa KOHCTPYKIMWA, MHO-
roakTOpHOCTh, HEMOJHAasl, WHOTJa HEI0CTO-
BEpHasi U MPOTHUBOpPEUUBas MHPOPMALIUs, BECh-
Ma KOpOoTKas Imkana [1], pa3MbITOCTh TpaHHUI]
MEXIYy HUMH, YBEIUYUBACT HEXKEIATEIbHYIO
«CyOBEKTHUBHOCTBY» JKCIIEPTa W HMCKAXKACT BHI-
paboTky perienuii [2].
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Pucynox 2. Cmpykmypa unmezpupoeannou unmeniexmyanibHol Cucmembl
UHDICeHepHO20 00CN1e008aHUS.

CriennanucThI-NPakTUKH B chepe HHKEHEPHOTO
oOcieIoBaHUSl CTPOUTEIBHBIX OOBEKTOB, HE
AMesT 9eTKO ONPEJSIICHHON CTPYKTYpHI pele-
HUN TIOCTAaBIIEHHBIX 3a]a4, B MEPBYIO OuYepenb
MPUHUMAIOT BO BHUMaHUE OObEKTHBHBIC KPUTE-
pUH, C KOTOPBIMHU COIOCTABIISIOT TEXHHYECKOE
COCTOSTHUE KOHCTPYKIMU. [Ipu HazHaYeHHH Ka-
TErOpHil TEXHUYECKOTO COCTOSHUSI OHU UAYT IO
ITyTH 3aBEJAOMOM MIEPECTPAXOBKHU, YTO TPHBOTUT
K HEO0OOCHOBAaHHBIM 3aTpaTaM 3HAYUTENIbHBIX
CPEJICTB Ha BBINOJIHEHNE HEPALMOHAIBHBIX WM
HEHY)KHBIX YCWJICHHUW, M YacTO YIIYCKAIT W3
BUJIa OMACHbIC 3HAYEHUS! KOHTPOJIMPYEMBIX Ma-
paMeTpoB.

B mnpormecce cBoelt mpodeccuoHaNbHONW Jesi-
TETHHOCTU MBI YaCTO CTAJIKMBAEMCS C TEXHHUYE-
CKHMH OTYETaMU IO pe3ysibTaTaM UHXEHEPHOTO
o0crenoBaHusl, BBIIOJIHEHHBIME, OY€BHUIHO, He-
OTIBITHBIMU HCTIOTHUTENSAIMU. Pelienus, npuHs-
Thie HA OCHOBAHWH HEJOCTATOYHBIX 3HAHUU U
OTBITa 00CIIEIOBAHUS, MOTYT OBITH OIIMOOYHBI
U JaKe TPHUBECTH K YXYIIICHUIO COCTOSHHUS
koHcTpykiuu [3]. OnpeneneHHblil BKIa[ B 3TO
SIBJICHUE BHOCHUT TO, YTO TEKYIIHE HOPMATHUB-
HBbIE CTAHIAPTHl COAEPKAT MPEINUCHIBAIOIINIA

XapakTep W MaJioe YHCIIO YKa3aHU OTHOCH-
TeNBHO Henu. Y 9To Jnaneko He MONHBIN mepe-
YCHb MNpPUYXH, MPUAAOOIUX aKTYyaJIbHOCTH CO-
3IAaHHUIO0 JKCIEPTHOH CHCTEMBI OLEHKH TEXHH-
YEeCKOro cocTosiHuS [4].

POJIb PEITPESEHTAIIHN
NHO®OPMALINN,
OHTOJIOI'MYECKOI'O AHAJIM3A
N AIIITAPATA TEOPUHN HEYETKHUX
MHOXECTB B IOCTPOEHUUN
IKCIIEPTHBIX CUCTEM

ApPXUTEKTYpa SKCHEPTHBIX cucTeM [5] (puc. 3) ¢
TOYKH 3PEHHUS BXOJAIINX B HEE MPOTPAMMHBIX
MOJYJIEH, SIBJSETCS TUTIOBOM JJIsi OOJIBITMHCTBA
MPOEKTOB. ODTH MOJYId MOTYT OBITh TIO-
pa3HOMY pealiu30BaHbl, HO WX COCTaB U B3au-
MOJICHCTBUE HMMEIOT 4eTKoe Ha3HaueHnwue. [lo-
3TOMY TIPU CO3/IAaHUU KOHKPETHOW SKCIEPTHOM
CHUCTEMBbl OCHOBHBIC YCHJIMSI CKOHILIEHTPUPOBa-
Hbl HA CO3JIaHUU CIELUAIU3UPOBAHHON Oa3bl
3HaHUIl, 2 UIMEHHO, Ha BhIOOpE Mojelnel mpen-
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CTaBJICHUS 3HAHUU U pewramensn (cnocotoe 6vi-
600a peweHuir)

baza 3nanwmii (b3) - ocHoBa 11060# 3KCHIEPTHOM
CHCTEMBI. 3HaHUSI — 3TO COYETAaHHE TEOpETHYE-
CKOTO MOHUMAaHHs MPOOJIEMBbl H IMIHPUUYECKUX
paBWI (3BPUCTUK) AJIS €€ PEIICHHUS.
Hcrounnkamu 3HaHUN B TEXHHUYECKOH TUArHO-
CTUKE KOHCTPYKIMH 3JaHUM U COOPYKEHHUU IIPU
MPOEKTUPOBAHUU IKCIIEPTHOM CHUCTEMBI SIBIISET-
csi oOmmpHas 6a3a MPaKTUYECKUX U TeOpeTHYe-
CKUX MCCIIEJIOBaHUH, KaK OTIEIbHBIX aBTOPOB,
TakK ¥ HaAy4HBIX KOJUIEKTUBOB [6-16].

Iloacucrema o O
00BsCHEHUH @ @
~———~"~"~"7"~"~"~"7~"7 1
T | [ Okcnepr
%1 I I
Hrepdeiic ; Pemares | M MHXEHED
T10JIB30BATEIISA | | [0 3HAHHUAM
I I
‘ l | i ‘
I I
I I
O I I
| I Penaxrop
I Baza 3Hanmni 62351 3HAHHMI
IMoms3oBatens | :
I I

Pucynok 3. Apxumexmypa
9KCNEPMHOU CUCTEMBL.

UYenoBek crocobeH MpUHUMATh peEIIeHUs B
YCIIOBUSIX HEMOJHOW HWJIM HEYETKOW MH(popMa-
uu. PackpbiTHe M MOJAEIMPOBAHUE MEXaHH3-
MOB IMaMATH YeJOBEKa - JKCIepra, odecreyu-
BAIOIIMX XpPaHEHHWE OTPOMHOT0 oObeMa HMHQOp-
Malluy, MpUoOpeTaeMol B TEUEHHME JKU3HH, a
Takke ObICTPOE M TOYHOE BOCIIPOM3BEICHHUE He-
06xoauMoii nHGOPMAIMK TIPH MPOBEICHUN 00-
CJIEZIOBAaHUSl CTPOMTEIBHOTO OOBEKTa HMEET
00bIIIOE MPAKTUYECKOE 3HAYEHUE I MOCTPO-
enus OC.

VIMEHHO B 3TOM KOHTEKCTE MbI CTAJIKMBAEMCS C
NOHSATHEM «perlpe3eHTanuss HHpOpMAIU» B
namsTH 4ejaoBeka. PernpeseHrtanus — 3T0 npen-
CTaBJICHUE TT03HABAEMOTO SBJIEHUS C IOMOILBIO:
CHMBOJIOB, MOJie/Iel, B TOM YHUCIIE SI3BIKOBBIX,
JOTMYECKUX U MaTeMaTuiyeckux. EcTecTBeHHBIE
U MCKYCCTBEHHBIE SI3bIKH — TJIaBHbBIE ITOCPE/IHU-
KU, PETIPE3EHTaHThI

Volume 13, Issue 3, 2017

Oupens TynbBUHT, MCCIEAOBABIINN MPOOIEMBI
NaMSTH, BBIIEINUI TP OCHOBHBIX BHJIA MAMSITHU:
ANU30JUYECKYI0, CEMAaHTUYECKYIO U MPOLEAYp-
Hyto [17]. Dnu3zoanueckas maMsaTh XPaHUT HH-
dbopMaruio 0 JaTUPOBAHHBIX BO BPEMEHH JIIH-
301ax UK coobiTusAX. CeMaHTHUECKas MaMsATh —
3TO YMCTBEHHBII Te3aypyc, KOTOPbII OpraHusy-
eT 3HaHug uenoBeka. [IponenypHas — HM3IIAs
dbopMa maMATH COXpaHSET CBA3M MEXKIY CTUMY-
JaMu U peakuuer. Ee MOXKHO CpaBHHUTH C TEM,
YTO Ha3bIBAIOT ACCOLIMATUBHON NaMSAThIO.

[TIpu noctpoenun b3 OC ocoboe BHUMaHUE
YIEAETCSl PENpe3eHTallMM CEMAHTUYECKUX OT-
HOILIEHUH, KaK MpeINUCAHUI0 O BBINOJIHEHUU
ONpECICHHBIX OlEpalMi, peaau3auus KOTo-
PBIX IO3BOJIIET MPOBEPATH HATUYME TOIO WIIU
MHOT'O OTHOLLIEHUS.

CornacHo penpe3eHTaluud CEeMaHTHUYECKUX OT-
HOILICHUH, B JTaHHOM paboTe caerlaHo Mpesro-
JIO’)KEHUE, YTO 3HAHMSI O TEXHUYECKOM COCTOS-
HUU KOHCTPYKIMM dKCILTyaTUPYEMBIX 3JaHUN U
COOPYXEHHI HMEIOT /aBe (POpMBbI XpaHEHHUS B
NaMsTH ONBITHOTO MH)KEHepa-oOcienoBaresst —
JICKJTapaTHBHYIO U TporieccyanbHyro [18].
Hexnapamuenas ¢GopMa OCHOBaHA Ha IpPEJIO-
JIO’)KEHUH, YTO CEMAaHTUYECKHE OTHOIICHUS Xpa-
HATCS OOOHO MOHSATHSIM, HEMOCPEIACTBEHHO B
BU/JIE JIEKJIApaTUBHON MH(pOpMAIIH.
@®parMeHTapHOCTh U Pa3pO3HEHHOCTH JAEKiapa-
TUBHBIX 3HAHUM — OJJHA U3 OCHOBHBIX CJIOKHO-
CTEH B OLICHKE TEXHUYECKOTO COCTOSIHUS CTPOU-
TEJIBbHON KOHCTPYKIIMH.

Ilpoyeccyanvrou GopMoil HA3BIBAIOT PACCMOT-
peHHE 3HAaHWI B BUJE MPEANMUCAHUN O BBINOJ-
HEHUM OIPEICIICHHBIX ONEpaluii, peann3anus
KOTOPBIX I03BOJISIET MPOBEPATh HAJTUYHUE TOTO
WM MHOTO OTHOILIEHUS WJIM CUCTEMHBIX CBSA3EH
MEXy 00BEKTaMH, IPOLIECCAMU U MOHITUSMHU.
HoBble BO3MOKHOCTH JUIsl UCCIEIOBAHMS U yue-
Ta HTHX CBA3EH OTKPBUIMCH Oyarojapsi coBpe-
MEHHBIM TEXHOJIOTHUAM 00paboTku uH(pOpMa-
LIUU, KOTOPBIE UCIIOJIB3YIOT UAEH U METOMBI UC-
KYCCTBEHHOT'O MHTEJIJIEKTA.

HecmoTps Ha 10CTaTOYHO XOpPOIIYH0 H3Yy4Y€H-
HOCTb, 3HAHUSI OLICHKH TEXHUYECKOTO COCTOSTHUS
CTPOUTENBHBIX  KOHCTPYKIMH  HEJOCTaTOYHO
KOHCOJIMUPOBAHbl U HE PacrojiararT 4YeTKUMHU
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CTpaTerusiMi MPUHATUS perieHuil. OTCyTCTBYyeT
pPacCMOTpPEHHE TEXHUYECKOrO COCTOSIHMSI KOH-
CTPYKLHUN C O3ULUI 3aKOHOMEPHOCTEN CUCTEM-
HOTO 1EJIOT0 W B3aUMOJCHCTBUSI €€ COCTABIISIO-
IIMX YacTel, HE y/IeJIeHO BHUMAaHUE UepapXxuye-
CKOMY y4eTy BIUsiomuX (akTopoB. JlaHHBIHA
dakT MmomaYepKUBaeT HETOTOBHOCTh 3HAHUU U3
00J1aCTH TMAarHOCTUKU CTPOUTEILHBIX OOBEKTOB
K KOMITBIOTEPHOU PeATTU3aLIUH.

Opranu3zanuio CUCTEMBI JIEKJIapaTUBHBIX 3Ha-
HUA O TEXHUYECKOM COCTOSIHUM KOHCTPYKLIHMA
SKCIUTyaTUPYEMBIX 3JaHUA U COOPYXKEHHH U
LEJIEBOE HCIIOJIb30BAaHUE 3THX 3HAHUW B IKC-
MEPTHBIX CHUCTEMax IMpeiaracTcsi CBs3aTh C
Memooukoi nocmpoenus onmonozui [19].
OHTOJMIOTHST TIPEACTABISIETCS KaK MOJEIb, OIH-
CBIBAIOIAsl COBOKYIHOCTb IMOHATUA M OTHOLIE-
HUW MEXJly HUMU. B oTiinune oT 3HaHuUi, nepe-
HECCHHBIX B aJITOPUTMBI, OHTOJIOTUS 0Oecreyn-
BaeT WX YHU(PUIMPOBAHHOE M MHOTOKPATHOE
UCIIOJIb30BAaHUE Pa3HbIMU TpyNIamMu HCCIEH0-
BaTeJIeW WM MOJIb30BATEIICH.

Hurterpanus moneneil npeacTaBieHus 3HaHUN B
OC OCyIIECTBIIICTCS HA OCHOBE OHMOJI02UHECKO-
20 aHanu3a, KOTOPbIN HaNpaBJIeH HA HUCCIeI0Ba-
HUE W WHTEPIPETAIUI0 CHUCTEMHBIX CBsI3€d B
CIIOJKHBIX MPEIMETHBIX 00JacTAX C MPUMEHEHH-
€M METOJIOB U CPEACTB KOMITBIOTEPHOTO MOJIe-
aupoBaHus. B HamieM ciydae, 310 uH(OpMAaIus
0 KOHCTPYKIHSX DKCIUTYyaTHPYEMBIX 3JaHUA U
COOPYXEHHI, KOTOPYIO MOXKHO pa3JeliuTh Ha
KJIACChI TI0 OMHCAHUIO KOHTPOJUPYEMBIX TMapa-
METPOB U MPU3HAKOB, XapaKTEPU3YIOIIUX COCTO-
SHA€ KOHCTPYKLUMH, BBIICIUB COBOKYITHOCTH
(yHIAMEHTAIBHBIX CBOMCTB M TPU3HAKOB KOH-
CTPYKUHUU I MPOTHO3UPOBAHUS TEXHUYECKOTO
COCTOSIHUS 3THUX KJIaCCOB.

Kynsrypa nepexoza OT (opmansHO-
MaTeMaTU4YeCKUX MOJIENEed M METOJOB K alro-
pUTMaM M JaHHBIM CKJIAJbIBATACh HA IMPOTSKE-
HUW BCEM HWCTOPUU PA3BUTHUS BBIYHACIUTEIHLHON
TEXHUKH, HO MPOOJIEMBbI OTOOpaKEHUS COJepkKa-
TEJIbHO-ONMCATENbHBIX MOJENIEH U CPEACTB HX
UCCIIEIOBaHN B HMH(OPMAIIMOHHBIE OOBEKTHI H
QITOPUTMBI CTaJIM OOBEKTOM H3YUeHHs CpaBHU-
TEJIbHO HEJIaBHO, U U3Y4YalOTCS UMEHHO B UCKYC-
crBeHHoM uHTesUIeKTE [20].

I'.T". KameBaposa, }0.JI. Tonkos, 1.JI. Tonkos

TexHuueckoe COCTOSHUE CTPOMTEIbHOM KOH-
CTPYKLIMU paccMaTpUBaeTCs KaKk MHOXKECTBO 00-
Jee MEJIKUX MOJMHOXKECTB, a MPU3HaKH, (HaKTo-
pBI, AHOMAJIUH | TIP. — KaK AJIEMEHTHI 00Jiee BbI-
COKHX KJIaccoB 000011eHuii. Pesynprar oHTONO-
TMYECKOr0 aHaju3a — WHTEPIPETALMOHHAS MO-
JieNb TpeIMETHBIX 3HAHWW B BUJE oHmozpaga
(puc. 4, 5) ¢ onmucaHUSIMH BHYTPSHHETO COJEP-
XKUMOTO0 HUCHonb3yeMbiXx nHoHsATud. [lox oHTO-
rpadoM moHUMaeTcs rpaduyeckoe mpeacTaBie-
HHE MHOTOYPOBHEBOM HEpPapXU4eCKOW CTPYKTY-
pbl (cuctembl) NOHATUN. [lonamus WM, TO-
JPyroMy, 4acTo yrnoTpeOisieMble B OHTOJIOTHYe-
CKOM aHallu3e, KOHYenmovl, CHUMBOJIU3UPYIOT
KJIACChl U MOJKJIACCHI JEKJIApPAaTUBHbBIX 3HAHUH C
MEXaHU3MOM HaCJI€JIOBAHUS IPU3HAKOB-
aTpuOyTOB, II€ KX/l JIEMEHT XapaKTepu3y-
€TCS OTIIMYUTEIFHBIMA U YHACIICAOBAHHBIMHA OT
HIDKECTOSIIEro Kiiacca npusHakamu [21]. V3ms
(BepuiMHbBI) OHTOrpada — MOHSTHSA, COEIUHse-
Mbl€ JIyraMH, OTOOPAKAIOUIMMU OTHOIICHUS
MEXy HAMH, KaK IyTH Tiepeadn U 00paboTku
UH(POPMALUH.

Jlns KOMIakTHOrO MpPECTaBICHUsS OHTOrpada
TEXHUYECKOTO COCTOSIHUS KOHCTPYKLUH Hpemy-
cMaTpuBaeTcs cucreMa o0O3HAYEHUN M MHICK-
callMH, MO3BOJISIONIAs €r0 CKaTh 10 MUHUMAIIb-
HBIX pa3mepoB (puc. 6). Obo3HaueHNE KaKI0To
KOHIIETITa OTPa)KaeT €ro pojib B OHTOJIOTUU —
kiace (rpymiy) npusHakoB (00o3HaueHHE OYyK-
BOH Y) WIN KOHKPETHBIM KOHTPOJIMPYEMBIN Ma-
pametp (0003HaYeHHE OYKBOH X).

OcHOBHas 11e7Tb TPUMEHEHHUsI OHTOJIOTHYECKOTO
aHaJu3a — CHIDKEHHE BIUSHUS MHTYUIMM SKC-
NEPTOB-aHAJIMTUKOB Ha IPOLECC KOHCTPYHPO-
BaHU JICKJIApAaTUBHBIX 3HAHUH, BKIIOUYEHHBIX B
OLIEHKY TEXHHYECKOTO0 COCTOSIHUS KOHCTPYK-
LIMU, KOTOpas ONpeAesseT MOCIe10BaTEIbHOCTD
MOJIy4EeHUsl TOM OLIEHKH, B pe3yJibTaTe pelle-
HUS MHOTOYPOBHEBOM 3anaun. Beibop monenu
nporieccyanbHoi (mporeaypHoi) GopMbl Ga3sl
3HaHUHM 3aBUCUT OT MPUHHUMAEMOTO B IKCIEPT-
HOH cucTeme criocoba BhIBOJA perieHui. B mo-
CTPOCHUU COBPEMEHHBIX AKCHEPTHBIX CHCTEM
BBICOKYIO MOIYJSPHOCTh HPUOOpENTH TakKue
CHOCOOBI BBIBO/IA PEIICHUI KaK HEYeTKas JIOTH-
Ka, UCKYCCTBEHHbIE HEMPOHHBIE CETU U ICHETH-
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YECKHUE aJITOPUTMBI [22, 23], MOJEIIbIO KOTOPBIX

CIIYKUT 4CJIOBCYCCKOC MBIIIIJICHHUC.
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Pucynox 6. Obwuii 6uo undexcuposannoeo
onmoepagha onmonocuu « Texnuueckoe
cocmostue dHcene300emoHHol uzeubaemotl
KOHCMPYKYUUY .

B xone uccnenoBaHuil yCTaHOBJIEHO, YTO 3KC-
MEPTHYIO CUCTEMY JIJISl OTIPEACIICHHS KaTeTOPHit
TEXHUYECKOTO COCTOSIHUSI CTPOMTENIbHBIX KOH-
CTPYKIIUH 11e71ecCO00pa3HO CTPOUTH TMPH IMOMO-
M anmnapata TEOPUU HEUYETKUX MHOXKECTB H
HeveTKoU JIoTuku [24 — 25]. ViMest BO3MOKHO-
CTH UCIIOJb30BaTh HEUETKUE BEIUYUHEI M JIUHT-
BUCTHYECKHE TIEPEMEHHBIC, OIUCHIBATH IMPO-
CThl€ OTHOLIEHUSI MEXIY NEPEMEHHBIMHU C IIO-
MOIIIbIO HEUETKHUX BBHICKA3BIBAHUM, a CIIOJKHBIE —
HEYETKUMH aJTOPUTMaMU, 3TH MOAXOAbI TO3BO-
JSIOT  OMKCHIBATh COCTOSIHHUSI  CTPOUTEITHHOM
KOHCTPYKIIUH JIFOOOH CIIOKHOCTH.

Ilon runeeucmuueckoli nepemennot MOHUMAET-
Csi TEepeMEHHas, 3HAUYEHUSIMU KOTOpPOM MOTyT
OBITH CJIOBA WJIM CIIOBOCOYETAHUS HEKOTOPOTO
€CTECTBEHHOTO0 WJIM HCKYCCTBEHHOTO S3BIKa,
OTMHUCHIBaEMasi CJICAYIOIMMMHA TIATBIO THUITAMH
JIaHHEBIX

(xT,X,G,M), (1)

IJie X — UMs TIePeMEHHON (3aMMCTBOBAaHHOE Y
COOTBETCTBYIOIIECTO MOHSATHS OHTOJIOTHH); T —
TEPM-MHOECTBO (COBOKYIMHOCTb JIMHTBUCTHU-
YECKUX OIICHOK (TEPMOB) BHJIA «BbICOKULLY,
«8vlute cpeoHneeo» W Jp.), KOKIBIA JIIEMEHT
KOTOPOTO 33/1a€TCsl HEUETKUM MHO>KECTBOM Ha
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YHUBEpcaJbHOM MHOXecTBe X; G — cuHTakcu-
YECKHE IIpaBWia, IOPOKIAAIOIIME Ha3BaAHUA
TEPMOB; M — CEMaHTHYECKHE IpaBUIIA, 3a/a-
I0IINE QYHKYUU NPUHAONEHCHOCMU HEYETKUX
TEPMOB, IIOPOKIECHHBIX CEMAHTUYECKUMU IIpa-
Butamu u3 G.

Hecmotpss Ha TO, 4TO pe3ynbTaThl pELIEHUHN
IPU 3TOM SIBJISIOTCS NPUOIM>KEHHBIMU, TEOpe-
TUYECKasi OCHOBA yKa3aHHBIX MOAXOI0B B Ma-
TEMAaTHYECKOM CMBICIIE SBIJISIETCS JTOCTATOYHO
TOYHOU U cTporoil. IIponenypHeie 3HaHus, Ta-
KHX CHCTEM, NPEACTABIISIIOTCA B BUAE IPOIYK-
IIUOHHOW MOJIeNy, T.€. B (hopMe MpaBuJI BUA!

Ecnu <noceuika npasuna>,
mo <3aKJIIYCHHUEC IIPaBUIIa~>.

Hanpumep, 3aBucumocth Yi2ins = f(X1211ns,
X1212ns) COZIEPXKHUT 16 mpaBui, nepBbie 4 U3 KO-
TOPBIX CJIEIYIOIIEro BUJA!

Ecnu X1211ns = «BbICOKULY U X1211ns = «BbICO-
KUtl», mo Y121ns = «BbLCOKULLY,
unu,
eciu X1211ns = «BbICOKULDY U X1212ns = «8bllUe
cpeone2oy, mo Y121 ns = «8blille CpeoHe2oy, Wil,
ecau X1211ns = «BbLCOKULDY U X1212ns = «HUICE
cpeone2o», mo Y12ins = KHUNCE CPeOHe20», UNU;
eciu X1211ns = «BbICOKULL U X1212ns = «KHUBKULI,
Mo Y121ns = «HUCE CPEOHE20N,
un. ..

Heuerkas normka mo3BOJISIET TEXHUYECKH pea-
JAU30BaTh JIMHTBUCTHUYECKHE CBS3KU IPaBUII
MPOAYKLUMOHHOW MOJEIN 3HAHUU MPU MOMOIIN
MaTeMaTu4yecKux onepauui. Heuerkue npasuna
C JIOTUYECKUMH OTepanusiMu «u» ( A) 1 «uauy (
V') 3aMEHSIIOTCA Ha OTEpaIlui, COOTBETCTBEHHO,
«MHUHUMYMa» U «MaKCUMyMay.

Pemenust 3ama4 mo OIpenesieHUI0 KaTeropuu
TEXHUUYECKOTO COCTOSIHUS OTIMYHO peain3yer-
Csl HA AITOPUTME HEUETKOTO JIOTUYECKOTO BHI-
BO/Ja, T.e. AaNIPOKCHUMAallUd 3aBHUCHUMOCTH
Y =f(X, X,,..., X,). Bxogs! Xi (i=1:n) u BbI-
XOJIbl MOJIETH Y TPEICTABISIIOTCS JUHCBUCTU-
yeckumu nepemennvimu [24, 25], 3amaHHBIME
Ha COOTBETCTBYIOIIUX YHUBEPCAIBHBIX MHO-

I'.T". KameBaposa, }0.JI. Tonkos, 1.JI. Tonkos

xecTBax X, :[ﬁ,;i], Y =[X,§]

TepM MHOOtcecmea, IPCACTABJIAAOTCA B BUAC!

— JUIsl BXOJHOM TIEPEMEHHOM Xi

T={th..t"] )

— JUI BBIXOJHOM IIEPEMEHHON Y
C:{C1'C2'C3’C4}a 3
rae X 1/1;, — MHMHHUMAaJIbHOE U MaKCHMAJIbHOE

o vy N o
SHA4YCHUSA BXOAHOU IIEPEMCHHOU; til — N-" JIUHT-

BUCTHYECKHUH TEPM IIEPEMEHHOH Xi;

C1, C2, C3, C4 — TEpMBbI BBIXOJHOW IEPEMEHHOM Y,
COOTBETCTBYIOIIUE KATErOPUSAM TEXHUYECKUX
COCTOSIHUM: €1 — HOpMamueHoe, C2 — pabomo-
CnOCcoOHOe, €3 — 02PAHUYEeHHO pabomocnocoo-
Hoe, C4 — A8aputinoe mexHu4ecKkoe coOCmosHue, B
cootBercTBuu ¢ ['OCT [1].

[Io uroram aHain3a NPUMEHEHMSI W3BECTHBIX
ITOPUTMOB HEYETKOI'O JIOTHYECKOTO BBIBOJA B
3aJja4yax onpezesieHusl KaTeropuil TEXHUYECKOTO
COCTOSIHUSI KOHCTPYKIIMM ObLT cjienaH BbIOOp B
MoJIb3y anroputMa Mamoanu, TOTYYUBIIETO
HauOoJIbIIIee MPAKTUYECKOe MPUMEHEHHE B MO-
JeNUPOBaHUM HeUeTKuX cucreM. [Ipennourenue
00yCJIOBJIEHO MPHUTOJHOCTHIO ATOTO AJITOpUTMaA
B Cllydasx CIJIOKHOTO (pOpMHUpPOBaHUSI BBIOOPKU
HKCIEPUMEHTAIbHBIX JIaHHBIX (HaIpUMep, OT-
cyrctBueM 3¢ (heKTUBHON cUCTeMbl cOopa WH-
dopmanuun), a TaKkKe NPUCYLIEH ITOMY alro-
PUTMY BO3MOXHOCTH HHTEprpeTanuu ¢GopMu-
PYEMOT0 3aKIIIOUEHUS.

®dopmupoBanue 0a3bl 3HaHUU MamoaHu, B KO-
TOPO BCE 3HAYECHUS BXOJHBIX U BBIXOJHOU Ile-
PEMEHHBIX 3aJaHbl HEYETKHMH MHO>KECTBaMH,
HE BBI3BIBAET TPYAHOCTEH y 3Kcmepra (Tak Kak
BOINPOCHI 33JAIOTCS HA €CTECTBEHHOM SI3bIKE)
NPUBOAUTCS K BUIY [24]:

(xiztlj ® xzztzj ®j...®j
0,.0, x =t

n nj

C Becom W)—>  (4)

—>y=dj, j=1im
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rac tij — HEYETKHUH TCPpM, KOTOPBIM OLCHUBACT-

sl IEpeMEHHas Xi B j-M mpaBuiie; dj — 3aKiiio-
YeHHUE j-ro mpaBuiia; M — KOJIUYECTBO MPABUI B
0ase 3HaHWii; ©; — JIOTMYCCKas ONCPaLsl, CBsl-
3bIBatoMIas (hparMeHThl aHTELECHTA (ITOCHUIKH)

J-ro mpaBuiia (OTEPALUS «U» WIH «UTUR); «—> »
— HEYETKask UMIUIAKAIHSI.

O0603HauB W(X,) QYHKIMIO [PUHAICKHOCTH

Bxona X €[X,X] Heuerkomy Tepmy t; , T. .

(6 /%

= |

X e[ﬁvZ]

a p, (y) — GyHKIMIO IPHHAIEKHOCTU BBIXOJA

ye [X,y] HeueTKkoMy Tepmy Cj , T. €.

Cj: J l-ls,(y)/Y’

yely.y]

CTCIICHb BBIIIOJHCHUS ITOCBIIKH j-FO ImpaBujia
JJIsA TCKYLICTO BXOJHOI'O BCKTOpPa

X" =(X,%,,..., X)) PACCUMTBHIBAETCS TAK:

“‘j(x*):Wj(“’j(XI)) Xj Hj(X;)

. — ()
XJXJ uj(Xn))a J:Lma

rae y; — obosHauaer t-HOpMy, eciu B J-M mpa-

BUJIe 0a3bl 3HAHWI HCIOJB3YETCs JIOTHYECKas
omepanust «u», T. €. pu O = «u», WIH S-HOPMY
npu © = «uau». TpeyroabHbIe HOPMBI OOBIYHO
peanu3yloTcs  omepanusMu  MuHUMyMa  (t-
HOpMa) U Makcumyma (S-Hopma) [24]. Pesyisb-
TAaT HEYETKOTO BHIBOJIA IIPEJICTABIISICTCS B BHIIC:

*_ Hl(X*) HZ(X*) l’lm(X*) . (6)
C, , C, o C

m
B pesynmbrare JIOrHYECKOro BBIBOJA MO |-MY

npaBuily Oa3bl 3HAHUHM IOJIydaeTcs HEUeTKOoe
3HAQ4YECHHE BBIXOJAHOU IIEPEMEHHOM V!

Volume 13, Issue 3, 2017

¢; =imp(c;,1; (X)), j=Lm, (7)

rae imp — UMIUIMKALKs, peaju3yeMast Orepari-
el MUHHMyMa, T. €. cpe3aHueM (QYHKIHH TpH-

HaJUIKHOCTH . (V)10 YpOBHIO H; (X *) . Ma-

TeMaTHUeCKasl 3allUCh HEUYETKOr0 3HAUYEHUS BBI-
XOJHOM NEPEMEHHON Y UMEET BU:

¢;= | min(u, (X, (Y)/y.  (8)

yely.y]

P€3y.TII>TaT JIOTUYCCKOr'o BBIBOJIa C YUYETOM BCEX
[MpaBuJI OMPCACIIACTCA arpCrupOBaHUCM HCUCT-
KHX MHOXECCTB:

y" =agg(c;,Cy,....Cp), 9)

rne agg — arperupoBaHUe HEYETKUX MHOXKECTB,
00BIYHO peannu3yeMoe onepannueil MakCuMyMa.
Yepes BHIMOTHEHUE Jle(a33upUKaui HEYETKO-

IO MHOXECTBA Yy, 110 METOMy IIEHTPa TsKe-

CTH, OIpEAEINIEeTCS YETKOE 3HAYEHUE Y121ns BbI-
X0J1a, COOTBETCTBYIOIIEE €€ BXOHBIM 3HAYEHU-
SIM:

YeTkoe 3HaueHUE BBIXOJIA Y, COOTBETCTBYIOIIEE

BXOJHOMY BEKTOPY X*, OIIpEAEIAETCS Yepes
nedaz3upuKanno HeYeTKOr0 MHOKECTBA Y .

C momompio GyHKIUNA TPUHAIICKHOCTH BXO-
0B W(X,), HA OCHOBAaHHM 3aJaBaCMbIX YETKHUX

3HaYeHUH, U3 YHUBEPCAIbHBIX MHOXKECTB BXO/I-
HBIX JIMHTBUCTUYECKUX IMEPEMEHHBIX IPOUCXO-
JUT OIpe/eJIeHNUE CTETIEHN YBEPEHHOCTH B TOM,
YTO BBIXOJHAs JIMHTBUCTHYECKAsl IEepeMEeHHas
IIPUHUMAET KOHKpEeTHOoe 3HaueHue (puc. 7, 8).
OTa cTeneHb yBEPEHHOCTH OIpelesieTcs Kak
OpAMHATa Ha TpaduKe.

OYHKIMK  [PUHAAJICKHOCTH, B HEKOTOPOM
CMBICIIe, — 3TO 0a3a JaHHBIX, UCTIOJIb3yeMas JUIs
npeoOpa3oBaHMsl BXOJHOW Pa3sHOPOJHOW WH-
dbopMmaruu B popmaT MOCIESAYIOMIETO AUATIOTa C
0a3oii 3HaHWil. BpIOOp MeTroma  MOCTpOEHUS
¢GyHKUMH (IPSMOTO MM KOCBEHHOTO) OIpese-
JISIeTCsl COOTBETCTBYIONICH 3aauei, XapakTepom
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HEOIPEJEICHHOCTH KOHTPOJIMPYEMOro Iapa-
metpa, (parmeHTta mHpOpMAIUKA O KOHCTPYK-
IIUM, a TaK)Ke YMCIOM YYaCTHHKOB, 3a/leHCTBO-
BaHHBIX B 3TOM mporecce (OAMH DKCIEPT WU
rpymma skcrepros) [29, 30].

Jlns onucaHus NMOHATHM U NPU3HAKOB, IIPU OT-
CYTCTBUM M3MEpsAEMBbIX CBOWCTB, TaKUX Kak
BeT OeToHa, 3BYK OETOHA IpHU MPOCTYKWBAaHUH,
CTaJuM KOPPO3UM apMarypbl (MO BHELIHUM
IpU3HaKaM) U T. I., IPUMEHSIOTCS, KaK MpaBu-
710, KoceenHble Memoobl. OHU OYEHb TPYI0EMKH
B CPAaBHEHUU C MPSIMBIMU METOJaMH, HO UMEIOT
NOBBILICHHYI0 CTOMKOCTb K HEYMBIIUICHHBIM
HCKaXEHUSIM B MH(OpMAILIMH, TOCTYNAIOIIENH OT
skcniepToB [31]. DddexTrBHBI MeTOA MOCTPO-
eHusl (QYHKIHUI NPUHAAIEKHOCTH JJIS OLEHKH
KAaUECTBEHHBIX IIPU3HAKOB TEXHUYECKOIO CO-
CTOSIHUSI CTPOMTEIIbHBIX KOHCTPYKIHM (puc. 7)
HoApOOHO MpeacTaBieH B padore [32].

[Ipn onucanum KOJIUYECTBEHHBIX KOHTPOJIUPY-
€MBIX IIapaMeTPOB IPEANOYTEHUE OTNAHO Tpe-
YrOJIbHOM U CUHTJITOHHOM (QYHKIMSM TpUHAI-
JeKHOCTH (puc. §), onpeaesieMblX, Kak Ipa-
BUJIO, NPAMbIM MEMOOOM.

B pe3ynbrare mNpoOBENEHHBIX HCCIEI0BaHUI
INPUHITO PElIeHUE y4acTKH (QYHKUIUN TpUHAM-
JIEKHOCTH TE€PMOB, PACIIOIaracéMble MEXIYy Xa-
paKTepHBIMH TOYKAMH OTHCHIBATH TIPSIMBIMH,
JUISL YEro JIy4dlle BCEro MOAXOMAT «KJIaccuye-
CKas»» TpeyrojipHas QyHKIUS U ee MOIuUIH-
pPOBaHHBIN BapuaHT — TPEYroJibHAsl «JIOMaHas»
byukuus npuHamiexHocta (puc. 9). Ee mapa-
METPUUYECKOE ONTMCAaHUE UMEET BUJL!

0, x<a wmm X2=cC,,

al—x

——, 4 <X<a,,
z(ai_az) ?
a, — X

—2——+0,5, a,<x<b,

u(x) =1 2(a, —b) ? (10)

X—_b+1, b<x<c,
2(b_c1)

X6

+0,5 c <x<¢,.

2(01 - Cz)

OneHOYHBIE TEPMBI, XapaKTEPU3YIOUIUE JIUIIb

I'.T". KameBaposa, }0.JI. Tonkos, 1.JI. Tonkos

IIPUHAJIC)KHOCTh IPUCYTCTBUS MM OTCYT-
CTBUSI TIPU3HAKA TEXHUYECKOTO COCTOSHUA (Ka-
KMX HEMajl0 B JMarHOCTUKE CTPOUTEIIbHBIX
KOHCTPYKIIMI), MOTYT OMUCHIBAaTh TOJBKO CHH-
TJITOHHBIE (PYHKIIMI MIPUHAITICKHOCTH.

1
Hpe=1 g —Aa A »
H=0,82 -

Ky =0,79

0,5

I
5 X121lns

ITpu3Haku KOppO3KH apMaTypEI

Pucynox 7. I'pagpuxu ¢hynkyuii
NPUHAONEHCHOCTIU TEePMO8 NEPEMEHHOU X1211ns

«Pezynomam oceudemenbcmeosanus KOppo3uu
apmamypuly (8 HOPMALLHBIX CEYEHUSX) C
omobpasicenuem cmenenei NPUHAOLEHCHOCMU
K mepmam npu exooe, pasHom 2 (6mopoti
KIACC NPUSHAKOG NOBPENCOCHUSL KOPPO3UElLL).

Hy=0,58
0,5-
Py =0,42

‘ T T2 1 I I
0 01 0202503 04 0,5 0,6 Y ins
[TupiEa pacKpBITHA TPeUFHEI, MM

Pucynox 8. I'paguxu ¢hynxyuii
NPUHAONEHCHOCMU mepMos nepemernol y111ns

«Hanpscennoe cocmosinue npooovbHoll
apmamypuly, Ad8MoMamuiecKu onpeoeieHHbIX
9KCNEPMHOU CUCMEMOU NOCe NONYYeHUS
3anpawiusaemori ungopmayuu (kiacc
apmamypel — A400, paccmosinue mexicoy
HopManbHuiMu mpewunamu —250 mMm, seruduna
npeoenbHO-00NYCIMUMOL WUUPUHBL PACKPLIMUS
Mpewunsl U3 YCio8usi COXPAHHOCMU APMAmypol
— 0,3 mm): omobpadsiceHvl cmeneHu
NPUHAONIEHCHOCIU K MePMAM NPU WUpuHe
packpvimus mpewunvl pasroti 0,25 mm.
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0,5+ ———

I I
I I
0 — — !

a, a; b Cy Cy A
Pucynok 9. I'paghux «nomanoiiy mpey2onvHotl
@YHKYUU NPUHAONEIHCHOCIU, UCTIONL3YEMOT
8 ONUCAHUU TUHSBUCTNUYECKUX OYEHOK
(mepmos) KOHmMPOIUPYEMbIX USMEPUMBIX
napamempos mexHuiecKko20 COCMosHUsL
KOHCMPYKYUI.

[lomyyenne pemieHW BO3MOXKHO Ha JIIOOOM
JTane MNpoLEeaypbl OLEHKH TEXHUYECKOro CO-
CTOSTHUSI KOHCTPYKIMH (OT COCTOSIHHH OTJEITb-
HBIX JIeTajiel U MaTepuajioB A0 ONpeesCHHs
TEXHUYECKOTO COCTOSHUSI KOHCTPYKIIMH B IIe-
aoMm). Kareropust TEXHHYECKOTO COCTOSHUS
00BEKTa OIpeneNnseTcss Kak Kiacc C MAaKCH-
MaJIbHOW CTETEeHBIO IPUHA/IJIEKHOCTH.

Ha mo0Gom sTane oOpaboTku uH(pOpMaLuu 1Mo

JIeKIIapaTUBHOW 0a3e 3HaHWA MOXET ObITh

OTIPENIeJICHO W YETKOE 3HaueHHe BBIXOAa (Ka-

teropun). CTpyKkTypa (QYHKIMH NpPHHAIICK-

HOCTH BBIXOJHOM IIEPEMEHHOM K, (y) ompene-

JSIeTCs. 4acTO HCIOJIb3yeMbIM B MOJETHPOBa-

HUHM HEYETKHUX CHUCTEM THIIOM HEUYETKHX YHCEIl

— mpeyeonvHblMu Hevyemkumu yuciamu (cM.

puc. 10). Tpeyzonvnoe neuemrkoe uucno — 31o

YHUMoOanvHoe neyemkoe uucio (L-R) muna,

Ha3pIBaEMOe Takke Tpoikoit (I,mu),(l<m<u)

JNEHCTBUTENBHBIX YHUCEN, 4Yepe3 KOTOpBIE €ro
(yHKLUS PUHAJICKHOCTH L, OIpEeseTcs

cieayromm obpazom [33]:

X_
——, eccmu Xe[l,m],
m-—1
X—=Uu
Ry (X)=4——, ecmum Xe[m,u], 9)
m-—u
0, B WHBIX cIoyJasx.

Volume 13, Issue 3, 2017

Yucno m B Tpoiike (I,m,u) Ha3bIBAETCS MOOOU

WIN YemKUM 3HaYeHueM HeuemKozo mpe-
yeonsnozo yucna. Yucna | n U ycranaBimBaoT
CTENCHb pa3MBITOCTH YETKOro 4yucia. Tak,
HarpuMep, Mojia HeYeTKOro yncia ¢z (puc. 10),
XapaKTEepU3yOLIero padOTOCIOCOOHOE TEXHU-
YECKOE COCTOSIHUE, PaBHA 2, & €r0 Pa3MBITOCTh
ompenensercs uyucnamu | u 3 — Momamu He-
YETKHX YHCEN, XapaKTePHU3YIOUINX CMEKHBIC
KaTerOPUU TEXHHYECKOTO COCTOSIHUS, COOTBET-
CTBEHHO, HOPMAaTHBHOE W OTPAHHYCHHO pa-

44

0oTococoOHOE.
K C c
1 4
1_
I |
| |
/
0 [ |‘ | 1 |
4

TexHMIEeCKHE COCTOSHUA

Pucynox 10. Heuemxue mpeyzonvhsie uucia
8 ONUCAHUU Pe3VTbMAma OYeHKU
MEXHUYECKO20 COCMOAHUSL CIPOUTNETbHBIX
KOHCMPYKYUU.

IMPUHIOUIIBI PABOTBI
C OKCHHEPTHBIMU CUCTEMAMMA

YcmenHoe TecTUpoBaHWE TPU 00pabOTKe pe-
3y/IbTaTOB HMHXKEHEPHOTO OOCIIeIOBaHUS KOH-
CTPYKIIUH TTPOMBIIUICHHBIX 00BEKTOB (puc. 11)
MPOIIIA YKCIIEPTHAS CUCTEMA OIEHKH TeXHHYe-
CKOTO COCTOSIHUSI >KeNe300€TOHHBIX H3rudae-
MBIX KOHCTPYKLIHM.

DKcrnepTHas cucTeMa aBTOMaTHYeckKu (GopMu-
pyeT mporpaMMmy MpOBeIeHUs 00CIeI0BaHUS,
KOTOpasi BKJIIOUAET MOJHBIN MepeueHb BOIPOCOB
U TpeOyeMBIX pacueToB, HEOOXOIUMBIX IS
YCTaHOBJICHHUSI CTENEHH  AKCIUTyaTallHOHHOM
MPUTOJHOCTH KOHKPETHOTO TUTIA KOHCTPYKIIHH,
U B PeXKUME JIMajora BbIJACTCS MOJIb30BATEIIIO.
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- 2
Pucynok 11. Obwuti 6uo oonoti
U3 gicesie300emoHHbIX OAIOK, MeXHU4ecKoe
COCMOsIHUE KOMOPbIX OYEHUBAIOCh NPU NOMOUIU
9KCNEPMHOU CUCTEMBL.

Ha navanbHOM 53Tame paboThl SKCIIEPTHON CH-
CTEMBI, WCXOJHOE COCTOSHHE KOHCTPYKIIHH
CUMTAETCS HOPMATUBHBIM, T.€. BCE MAapaMeTPhI B
HopMme. o pe3ynpTaram OTBETOB, MOJIB30BATENb
MO>KET BHJIETh U3MEHEHHE MPU3HAKOB M KaTero-
pUH TEXHHUYECKOTO COCTOSTHUS. [t yToUHeHus
napaMeTpoB TMOBPEXKICHUHM, Hampumep, MpH
HAIMYAA HOPMAJBHBIX TPEIIUH B CEpeIuHE
nposera Oanku, CHUCTeMa 3ampaliuBaeT Oosee
noApoOHy0, AeTalbHYIO HWH(MOpMaiuioo (pac-
CTOSIHME MEXIy TpEIIMHAMU, ITUPUHY PACKPHI-
THUSl TPEIINH, KIacC apMaTyphl Ha YpOBHE Tpe-
IIAHBI U JP.).

PesynmbTar OIEHKHM TEXHHYECKOTO COCTOSHHS
KOHCTPYKIIMH, KaK Ha MPOMEXYTOYHOM JTare,
TaK ¥ B IIEJIOM, MOJTb30BATEIb MOXKET IMOJTydaTh
B BUJIE TUCTOTPAMM C TPYNITHPOBKOMN MPU3HAKOB
M0 KaTeropHsiM CO 3HAYCHUSMH CTETCHEeH Mpu-
HaJJIGKHOCTH K Kareropusm (ot 0 mo 1). JIubo,
yTo Oosiee yno0OHO, B BHJIE TUCTOTPAMM OIIEHU-
BaeMbIX KPUTEPUEB, NPEJCTABICHHBIX Ha He-
MPEPHIBHOM IIKAJIE€ KATETOPUH TEXHUYECKUX
COCTOSTHUH ¢ 4YeTKUMH 3HaueHusMH (0T 1 10 4)
KaTerOpuu TEXHUYECKOTo cocTostHus. Ha pwuc.
12 mpencraBneHbl pe3yabTaThl OLIEHKH KAaTero-
PUH TEXHHYECKOTO COCTOSHUS 00CIIe0BaHHON
xKenez00eToHHOW Oanku, H300pakeHHOW Ha
puc. 11.

I'.T". KameBapoga, }O.JI. Toukos, N.JI. TonkoB

Busyanuzanus pesyiabTaToB CYIIECTBEHHO IIO-
BBIIIAET «IIPO3PAaYHOCTh» MPUHUMAEMBIX peLle-
HUIl O cTemeHu aBapuilHOCTH, (popMupyer mo-
HUMaHUE MPUYUH U PUCKOB BO3MOYKHOTO M3Me-
HEHUSI TEXHUYECKOTI'O COCTOSHUS KOHCTPYKLUH,
31aHUM WA COOPYKEHU.

4 4 CocTosHIIE 3aUTITHOTO CTI0A
Getona
4 PesynbTaT nm3mepenmit
35 NpOYHOCTH GeToHa
8 KOHTPO/Ib IPOYHOCTH
GeroHa
3 @ Kontposns 6erona (iror)
4 KoHTposns Kopposnn
2:5 2,41 apMaTypbl
> & KoHTpoIb cocTos IS

apmMatypsI (1Tor)

 PacKpbITie HOPMATBHBIX
TpenmH

4 KOHTPO/Ib HANPS/KEHHOTO
cocTosHus (HTOT)

¥ PesynbTaT NOBEPOYHBIX
pacueToB

B TexHI4eCKoe COCTOsHIe
HOPMATHHBIX CeYeHH it

[89)

Kateropus TeXHHUYECKOTO COCTOAHHS
—
()

V Kpll TCPHH ¢ HAHXYVIIIHM COCTOSHHEM
Pucynok 12. IIpumep omobdpadxcenus yemxux
3HAYeHUll Kamezopuu MmexHu4ecKko2o
cocmosiHust 00C1e008aHHOLL Hcene300emoHHOL
banxu.

3AK/IIOYEHHUE

WuTennekTyanpHas aBTOMAaTu3alusi B 00JACTH
WHXCHEPHOTO 00CJIeI0OBaHUS  CTPOUTEIBHBIX
00BEKTOB CIIOCOOHA TTPOBEPUTH HE TOJILKO COO-
CTBEHHBIC 3HAHHUS U TPEINONIOKEHUS, HO H
HAJENseT pelIeHUsl MPO3PavyHOCThIO, YCTAHAB-
TUBasi KOHTPOJIb HAJl UCTIOTHUTEILCKUMHU JEH-
cTBusiMU. [losToMy, Hapsiay C COBEpILEHCTBO-
BaHWEM HOPMATHUBHBIX OCHOB, CUMTA€MbIM He-
00XOAMMBIM BHEAPCHHUE W, B JaJIbHEHUIIIEM 005-
3aTenpbHOe, MPUMEHEHHE B 3TOU cdepe HHTeN-
JIEKTYaJIbHBIX CHCTEM.

Armmapar TeopuH HEYETKUX MHOXKECTB, MO3BO-
nseT GhopMan30BaTh U 00pabaThIBaTh CaMylo
Pa3HOPOAHYIO MH(DOPMAIIHIO, COACPIKALTYIOCS B
MpHU3HAKaX TEXHUYECKOTO COCTOSHUS KOH-
CTPYKLIUH.
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JAE®@OPMAIIMOHHBIE 3ABUCUMOCTHU
JJIA HNIOCKOHAITPAKEHHOI'O KOPPO3MOHHO
HOBPEKJIEHHOI'O COCTABHOI'O 3JIEMEHTA
B 30HE KOHTAKTA

B.U. Konauynos, M.C. I'yoanosa

IOro-3ananHelif rocyAapcTBEHHBIN YHUBEPCUTET, I'. Kypck, POCCHA

Annoranusi: Ha ocHoBe JiepopMaIiioHHbIX 3aBUCUMOCTEH JKeJIe300€TOHA TIPU CJI0KHOM HAMPSKEHHOM COCTOSI-
HUU NIPEATI0KEHa pacyeTHas: MOJIENb Ae(pOPMUPOBAHUS TTIOCKOHAIPSKEHHOTO KOPPO3UOHHO MOBPEKICHHOTO CO-
CTaBHOTO 3JIEMEHTa B 30HE KOHTaKkTa. PU3NYECKUE ypaBHEHUS 3allMCaHHbIE B BUJIE COOTHOIICHHUS MEXIy KOHEeU-
HBIMU TIPUPATICHUASME HATIPSOKCHUN U eOpMaIiii MII0CKOHATIPSHIKCHHOTO KOPPO3HMOHHO TTOBPEKICHHOTO JKeIe-
300€TOHHOTO 3JIEMEHTA C MepeceKalonMMuUcs TpenuHaMu. [lomydeHHbie K03 (OUITMEHTH MAaTPHUIIBI TTOJATIIIBO-
CTH TUTOCKOHATIPSHKEHHOTO 3JIEMEHTa YYUTHIBAIOT JITUTEIHHOE e(pOPMHUPOBAHUE, KOPPOZHOHHBIE TTOBPEKICHHS
¥ COCPEIOTOYCHHBIN CIBHT MPH 00pa30BaHIH MEPECEKAOIINXCS TPEIIUH B 30HE KOHTAKTa COCTABHOTO AJIEMEHTA.
C Hucronp30BaHMEM MOTYICHHBIX Ne(OPMAIMOHHBIX 3aBUCUMOCTEH IaH MPUMEp pacdeTa KelIe300eTOHHOH Oaku
COCTaBHOTO CEUCHUS M MPUBEICHBI PE3YIIbTAThl COIIOCTABIICHIS pacyeTa ¢ JaHHBIMHU SKCIICPUMCHTATBHBIX HCCIIe-
IOBaHUH.

KaroueBble cioBa: xene300€ToH, II0CKOHANIPSYKCHHBIM 2JIEMEHT, KOPPO3Hs, KOHTAKT ABYX OCTOHOB, CXeMa
TIePECEeKAIOIINXCS TPEUTH

RELATIONSHIPS BETWEEN DEFORMATIONS AND STRESSES
AT CONTACT ZONE OF FLAT-STRESSED COMPOSITE
ELEMENT, WHICH WAS SUBJECTED CORROSION DAMAGES

Vitaly I. Kolchunov, Maria S. Gubanova
Southwest State University, Kursk, RUSSIA

Abstract: A computational model of deformation of a flat-stressed reinforced-concrete composite element in the
contact zone is proposed. Deformation equations takes the form of the relationships between the final increments
of stresses and deformations for a corrosion-damaged reinforced concrete element with intersecting cracks. Coef-
ficients of flexibility matrix of the element are obtained. These coefficients take into account the long-term defor-
mation, corrosion damages and concentrated shear, when intersecting cracks appear in the contact zone of the
composite element. The solution to reinforced-concrete beam of composite section is given. The computational
results are compared with the experimental data for such structures.

Keywords: reinforced-concrete, flat-stressed element, corrosion, composite construction, intersecting cracks

Brenenne. HecmoTpsi Ha 4OCTaTOYHO IIMPOKOE
paccMOTpEHHE B CTPOMUTENILCTBE COCTABHBIX B
TOM YHCIIe KeIe300€TOHHBIX KOHCTPYKIMH [1-
4], nanexo He Bce 0COOEHHOCTH MX HAMIPSKEHHO-
ne(OPMUPOBAHHOTO  COCTOSIHUSL ~ JTOCTATOYHO
u3ydeHbl. OTCYTCTBYIOT JehopMallMOHHBIE 3a-
BUCUMOCTHU JJIsl oOmpeneneHus aedopmanmii
CIABUTa B XapaKTEPHOM IUIOCKOHAIMPSKEHHOM
KEJIe300€TOHHOM 3JIEMEHTE, MOJEIHPYIOIIEM
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30HY KOHTaKTa JIByX OpycheB KOPPO3HUOHHO IO-
BpEXKJACHHOM COCTaBHOM KOHCTPYKIHMH. B padote
IIOCTPOEHA pacueTHas MOJAEIb JUIMTEIBHOIO Jie-
dbopMUPOBaHUS KOPPO3UOHHO TMOBPEKICHHOTO
COCTaBHOTO >K€1€300€TOHHOTO 3JIEMEHTa B 30HE
KOHTAaKTa JBYX OpYChEB COCTaBHOW KOHCTPYK-
[[MU, TO3BOJISIONIAs OMPEACTUTh AePOpPMUpPO-
BAHHOE COCTOSIHUE€ TaKHX KOHCTPYKLHMH TIpH
MIJIOCKOM HalpsHKEHHOM COCTOSIHUU.



I[e(l)OpMaHI/IOHHI)Ie 3aBUCUMOCTHU IAJIA TIJIOCKOHAIPSAKCHHOTO KOPPO3UOHHO IMOBPEIKACHHOTO COCTABHOI'O 3JIEMCHTA

B 30HC KOHTaKTa

OeTOH NOBpPEeXAeHHbLIA KOppo3nen

P arpeccusHan cpefa =
Ny |: £ J

S i1 33

Nx A Nx B1 = b .
= y anemeHT 1 B2 D .

Ty 1 3 H 1 i H ] \n
[~~ocb CUMMEeTPHUU
172 /2

Pucynox 1. 3a0annas (a) u koneunosnemenmuas pacuemuas (6) cxema KOppPO3UOHHO
nO8peNcOaemMoll Heene300emonHol cOCMAasgHol KOHCMPYKYuU (6aIKU-CmeHKuU).

IMOCTPOEHUE PACUETHBIX
3ABUCUMOCTEN

PaccmoTpuM cocTaBHYIO KOHCTPYKLMIO, COCTOS-
nryto u3 AByx OpycbeB Bl u B2 compsixeHHBIX
MEXTy COOOH IIIBOM UX KOHTAKTa, KOTOPBI Iiepe-
cekaer nonepevHas apmarypa Asw (puc. 1). banka
Harpy»kKeHa BHEILIHEN Harpy3Kol B BUJIE COCPEO-
TOYEHHBIX CHJI P M BO3JEHCTBHEM arpecCHBHOM
Cpezbl BBI3BIBAIOLINN €€ KOPPO3HIO.

BriienyM B 30He KOHTaKTa JByX OETOHOB Xapak-
TEPHBIA DJIEMEHT E€IUHUYHBIX pa3MepoB Ol
HaMpsHKEHHOE COCTOSTHHE KOTOPOTO BO BPEMEHU
OnpeAessieTcs: NPUIOKEHHBIMU K HEMY HOpMaJlb-
HeiIMA Ny, Ny u caBurarormmu Nyy ycumusiMu.
CBs13pb M@Ky HOPMAJIbHBIMU M CIBUTAIOLIUMH
YCWIHSIMH U 1ehopMaIisiIMU XapaKTepHOTo 3Jie-
MEHTa ciieflys [5] 3amuceiBacTcs B BUJIC:

Ex €11 Cy2 Ci3 Ny
€y t = |Cyz Cop Coz| x { Ny
Cy3 Cy3 C33 Ny

, 1)

Vxy

I &x, €y, Yxy — OTHOCUTENbHBIE Nedopmaruu, Ny,
Ny, Nxy — HOpMalbHbIE U CIBUTAIOLINE YCUITUS B
XapaKTepHOM ILJIOCKOHAIMPSDKEHHOM DJIEMEHTE
eauHbIX pa3zmepoB, Cij — K03 PUIMEHTH MaT-
PUIIBI TOAATIMBOCTH Kene300eToHa.

3aBucuMocTd AehOpMAIIMOHHOW Mozenu [6]
CIIpaBCAJIMBBI TIPpU BCCX 3HAUYCHHUAX  YIJIOB
HAKJIOHA TPEUIMHBl B XapaKTEPHOM 3JIEMEHTE
kpome yriaoB a = 0° u a = 90° (puc. 2). Ilo-
CKOJIbKY 3HaU€HUs OTHOCUTEIILHOTO C/ABHUTra ap-
MaTyphbl Ysxy U CABUraromux ycwinidi Nxy B 3TUX

Volume 13, Issue 3, 2017

ciydasix Oy1yT paBHbI HYIIO. B ¢BsI3u ¢ 3TUM 18
HOCTPOCHUS 1e(OPMALIMOHHBIX 3aBUCUMOCTEH B
paccMaTpuBaEMOM XapaKTepHOM 3yeMeHTe Ol
[IEPECEKaEMOM  T'OPU30HTAJIBHOW  TPELIMHOMN
BJIOJIb IIBAa KOHTAKTa JIBYX OpYChEB IOBEPHEM
KOOPJMHATHBIE OCH 3JIEMEHTa X M Y Ha yroiu
6 = 45° ucnonp3ys GopMyIbl Mpeodpa3zoBaHUs
OTHOCHUTEIBHBIX YCUIIUH U AeopMaliuii npu mno-
BOPOTE KOOPJIUHATHBIX Oceil (puc. 2):

Ny, = Ny cos® 8 + Ny sin® 8
+ 2NXy cosfBsin@;
Ny,
= Ny sin? 6 + Ny, cos? 6 —2N,, cos Bsin 6 ;
Nyryr = —Ny cos 0 sin@
+ Ny, cos 0 sin 6 +Nyy (cos? 6
—sin?0);
(2)
Exr = €5 €0S? 0 + £ SIN* O + yyy cOS O sin 6 ;
€y = & SiN® 6 + £, c0S? O —yyy cos O sin 6 ;

Yxryr = —2€¢ c0s O sin 6
+ 2¢g, cos 0 sin 6 +yy, (cos® 0
— sin? 6).
3)

B paccMarpuBaeMOM XapakTEpPHOM 3JIEMEHTE
TPEILIMHBI pa3pbIBalOT OETOH MO ABYM HampaBJie-
HUSM [IBa KOHTaKTa W MO HAIMpPaBJICHUIO TJIaB-
HBIX PACTATHBAIOUINX YCUIIUHN B pe3ynbTare Oe-
TOH TEPSAET CIIOCOOHOCTh CaMOCTOSITENBHO BOC-
MPUHUMATD YCUJIHSL.
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T,

PHCZHOK 2. Cxema XapakmepHoco Ni10CKOHANPANCEHHO20 JHcene300emorHo20 InemMenma
C mpewunamu 6 30He€ KORmakma.

B aTrom ciyuae cOXpaHAIOTCS JUIIb HEKOTOPHIE
OETOHHBIE CBS3HM MEX/y KpasMU TPELIUH U OCTa-
€TCs CIIOCOOHOCTh OETOHA HA YYacTKax MEX.Iy
TPELIMHAMU COIMPOTUBIIATHCS TAHTE€HIMAIBHBIM
NEPEMELICHUAM apMaTypHbIX CTEpXKHEH, mepe-
CEKaIOILUX TPEILUHY.

[Tpu 0Opa3oBaHUM NMPOJOIBHOMN TPELIMHBI B IIIBE
KOHTaKTa JIByX OETOHOB M TPEILMHBI OT IIaBHBIX
pacTArMBaKOIUX YCWINN BCE AECUCTBYIOLIME B
XapaKTepHOM 3JIEMEHTE YCUJIUS MpeIaroTcs Ha
apMarypy. B Hell BO3HMKaIOT HOpMaJIbHBIE U Ka-
catenbHbIe yeunus (puc. 2). s onpenenenus
9TUX HaNPSKEHUH CIIPOELUPYEM BCE CUJIBI, IPU-
JIO’KEHHBIE K TPAHSIM JIEMEHTa HA OCU X U Y .

x': oyh(cosa+sin(B + a))
+ Tyryrh (cos(B + @)
+sina) =
= Ogyfsy COS 0t — T 4y fsy COS @t
+ Ny Sina
+ N;,» cosa —
—Nyy 5 cos(B + a) + Nyp sin(f + a);
y: oyh(cos(B + @) +sina)
+ Tyyh (cos a
+sin(f + a)) =
= Ogyfsy Sin & + T 4y fsy sina
— Ny COSQ
+ N, sina +
+N;y0 sin(B + a) + N,y cos(B + a).

(4)

O6o3HauuM @, f — yriabl HAKJIOHA TPEIIUHBI
BJIOJIb IIIBA KOHTAKTa JBYX OPYChEB U TPEUIUHBI
OT TJIABHBIX PACTITUBAIOLIUX YCUIIUU, COOTBET-
CTBEHHO, K OCH X, N — TomHa XapakTepHOTO
anieMeHTa, f*sy — momane apMatypsbl 1o Harpas-
JEHUI0O OCH Y, TPHUXOAIICHCS Ha EIUHUILY
JUTMHBI XapaKTEPHOI'O 3JIEMEHTa C y4€TOM IIO-
BpPEXKIACHUS €€ KOPpo3ueH, u*sy — kodhdumueHt
apMUPOBAHUS Ui apMaTypbl HalpaBlIEHUSA Y

(usy = foy/h).

SAHEIVIEHUE BEPEI'OB TPEIIIUH
YEPE3 BETOHHBIE CBA3U

Cornacuo [6], mpeacTaBiisis CBS3U 3alCTUICHHS
PaBHOMEPHO pacCHpeeICHHBIMH [0  JITHHE
YYaCTKOB TPEHIMH, MOXKHO OTPEACTUTh MOTOH-
HBIC CHUJIBI 3alICTIJICHUSA BO3HUKAONIUC B TPCHIU-
Hax 1o Gopmynam:

Nyyy = hEsx‘y‘Ax‘y‘/le
Ny = hEgyro Ay /17,
Nsx‘ = hEsx‘ax‘/lT!
N,y = hE,pa,/lr,

()

I7ie LIMPUHA PACKPBITUS TPELIUHBI @ U B3aUMHBII
caBUT 4 ee OeperoB AJisl TPEIIMHBI B 30HE KOH-
TaKTa IByX OpyCheB U TPEIIMHBI OT IVIaBHBIX pac-
TATUBAIOLINX YCWJIMH, COOTBETCTBEHHO, IIPUHHU-
MaeM pPaBHBIMU:
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He(bOpMaHI/IOHHI)Ie 3aBUCUMOCTHU IAJIA TIJIOCKOHAIPSAKCHHOTO KOPPO3UOHHO IMOBPEIKACHHOTO COCTABHOI'O 3JIEMCHTA

B 30HC KOHTaKTa

ayy = 2(uyq cosa + upq sina),
Ay = Z(uy\l sina — u,; cos a),
Ayy = Z(uyxz cos(B+a) +
Uy Sin(f + 0()),
Ayr =2(uyy sin(B + a) — (6)
U,y cosa(f + a)),

rac

Uy = &,°0,50/sin 2a,
Uy = €5,0,51/sin 2a,
Uy = &,°0,50/sin(f + a) + «a,
Uy = E,0,50/sin(B + a) + «a.

[Tocne nojcTaHOBKYU BbIpaxkeHUH (6) B ypaBHe-
Hus (5) noay4dum:

Nyyyp= = — (hE3x\yxssxx cos @ — hE ) €5y Sin a)/sin 2a,
Nyypye == — (hE3yxXxssxx cosa(f + a) — hE;y &gy sin(f + a))/sin(ﬁ + 2a), )
N,y == (hE3x\ssyx cos a + hE;, €, sin a)/sin 2a,
N,y == (hE3y\sSy\ cos(f + @) + hE,y &, sin(f + a))/sin(B + 2a),
rae Esxy, Esy'x, Esx, Esy — cexymme monynu ne-
dopMaruii cBsi3el 3alleIUICHHUS, ONpeeisieMbIe (12)

COTJIaCHO KPHUTEpHIO MpouHOCcTH [6]. B mepBom
OpUOIMKEHUH MOKHO HOpUHSTH Esxy: = Eax,
Esyx = Eay.

[Ipemnokennoe B [7] cimaraemble It onpeaese-
HUSI 3HAYEHUS CABUTAIONIEH CHITBI ITociie 00paso-
BaHUS TPELIWH, YYUTHIBAIOIIEM «HAreJIbHBIN»
3¢ ¢exT B MonepeyHoil apMaType U BO3HHKAIO-
nye 1o 6eperaM IIBa CIABHUra CUJIbI 3allEIUICHUS
B 00I1IeM BHJI€ MOXHO 3aIUCaTh TaK:

T = Qs,tot + Qsn, (8)

rae Qs ot — CyMMapHas IoIepeyuHas Cuia, Ipes-
CTaBJISIOIIAst COO0H «HaArelbHBIN» Y PeKT B ap-
MaType paBHa:

9)

Qs,tot = Qs,A + Qs,Rbt + Qs,Aw
Qs a - COCTABISIFOLIHE TTOMIEPETHOMN CHIIBI B apMa-
TYPHOM CTEP)KHE OT MEPEMEILEHUS A:

- 10
Qsa = 12EIA/(28y + t)3, (10)
to - paccrosiHue 10 TOUKH 331K apMATypPHOTO
CTEpKHS, o — TOJILIMHA I1IBA C/ABUTA.
Cocrapnstomas MONepeyHoil Cuibl B apMaTyp-
HOM CTEp>KHE OT YCHIINI OTpaBa B O€TOHE paBHa:
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Qs,roe = 0,8Rpb(l1/2 = 1).

Cocrapisitoniasi MoNepeyHor CHIIbI B apMmaTyp-
HOM CTEpXKHE OT IIOBOpPOTa apMaTypHOIO
CTEp KHs B TOUKAX 33/I€NIKU CTEPXKHSA (g oy, B PAC-
CMaTpHUBAEMOM KOHEYHOM 3JIEMEHTE HE YUUTHI-
BaeTCs IOCKOJBKY COOJIOJAeTCsl  yCJIOBHE
11>10d.

Hcnonb3ys Beipakenue (8) m 3aBucumoctu (9-
11) HECIOXHO ONpeAeIuTh B OTHOCUTEJIBHBIX
3HaYEHUAX (@) JOII0 YCWINH 3a1eTuIeHus Q,, 1o
OTHOLICHUIO K TIOJTHOMY 3HAYEHUIO C/IBUTAIOIIEH
cuibl T:

¢ = (T = Qs c0c)100/T. (12)

Hcnonb3ys runote3y 00 MHBapUaHTHOCTH (PYyHK-
[IAU TTOBPEXICHHM, ONTUCHIBAIOIEH ASPUIINT Te-
KYIIeT0 3HAueHUs HccieayemMoro (akropa
HEPaBHOBECHOTO CHJIOBOTO COTPOTHBIICHHS Oe-
TOHA, 10 OTHOIICHHUIO KO BceM (PH3UKO-MEeXaHU-
YECKHM XapaKTEPUCTHKAM CHIIOBOTO COIPOTHUB-
nenus OetoHa [8] mo anamoru ¢ dopmynoit (8)
MOYKHO 3aITiCaTh BBIPAXKCHUE ISl 3HAYCHUI MO-

ZyJsl yIpYrOCTH:

E, = Es,tot + Ejp, (13)
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CJICZIOBATENIbHO, 3HAYCHUS MOJYJIS 3allCTUICHHS
OIIpEJICTIM COTJIacHO (opmylie:

Esn = Epo. (14)

HAIIPSAKEHUSA, BOSHUKAIOIIHUE
B APMATYPHOM CTEPXHE

ITonaras 4To B paccMaTpUBaEMOM 2JIEMEHTE Tpe-
IIMHA B IIBE KOHTAKTa JIByX OpyCheB UMEET IO0-
CTOSIHHBIN yroJl HaKJIOHA TpeluHbl 0=45°, npu-
HSIB 3TO YCJIOBUE U IOJICTABUB B CCTEMY YpaB-
HeHuil (4) BeipaxkeHue (7) BbIpa3uM HaIpsHKEHUS
B apMaTypE Tsy U Tsy, IOIYyUUM:

asy = Alay, + A20y, + A31y,y, (15)
Tsy = Bloy, + B20,, + B3y,

rae KodpGUIUEHTHl YpaBHEHUIN OMpPEaesIOTCs
o ¢popmynam

Al = (_\/E/4E’syﬂ)E3X‘
+ (_\/E/4E’sy.u)E3x‘y‘ +
+(V/2(sin 38 — 2 sin(38/2)?
— 2sin(B/2)? + sinp
+2)/4E syu(2 sin(B)?

—2))E,, + (V2(sin 38 — 2 sin(38/2)?

—2sin(B/2)? +sinB +
+2)/4E’syﬂ(2 Sin(,[’))z - 2))E3y‘x‘

— (V2(sin(m/4 + 3B)

— 4sin(B)? —
—4sin(B/2)% +V2sin(r/4 + B) +
6)/8u(sin(8)? — 1),

A2 = (—V2/4E )N,y

+ (—V2/AE s )Espy +
+(—2V2 cos p?

— 2v2 cos B sin B

/AE'syu cos B)E,, +
+(2V2 cos B sin B — 2V2 cos B2

+2V2

/4E’syﬂ cos ﬁ)Es‘y‘x‘ +
+(cosB —sinf +1)/2u,

(16)

B.U. Komuynos, M.C. I'ybanoBa

A3 = (cosp + 1)/,
B1 = (V2/4E'syu)Nyy

+ (V2/4E s 1)E,py +
+(—V2(cos 28 — sin 2B)

/4E'syu cos B)E,, +
+(—=V2(cos 28 — sin 2)

/4E’Sy/1 cos f)Esy e +
~(V2 (V2B gy /2

+ E'gy sin (% + Zﬁ)

+\/§E’Sy cos B)
JAE sy cos B)
B2 = (—V2/4E' u)E,

+ (—V2/4E yW)E py +
+(2v2(cos % + 22 cos B sin B

— 2V2)

/4E'syu cos B)E,, +
+(2v2(cos % + 22 cos  sin B)

JAE syp cos B)Egyp +
+(2E'sy cos B + 2E'gy cos B

— 2E’gy cos B sin )

JAE sy cos B)

B3 =sinf /u,

rne lere — pasMep 30HBI OTHOCHUTENBHBIX B3aHM-
HBIX CMellleHUI 0eTOHA U apMaTyphl B 30HE MPH-
MbIKaroei k tpemune [9];

E,sy = Es/ll"st,

Es — Monmynb ynmpyroctu apMartypsl, st — Kodg-
¢unment ycpennenus B. . Mypamesa [10].

17

MOJIEJIb JE®OPMHUPOBAHU S
’KEJIE3OBETOHA

B UHKPEMEHTAJBHON ®OPME
C YYETOM ®U3NYECKOMH
HEJAHEWHOCTH,
HEOJHOPOJHOCTH

1 AHU30TPOIINN

[TockonbKy TpH TMEpPEeceKaroNIMXCcsl TpPEHIMHAX
OeTOH TepsieT CIIOCOOHOCTh XapaKTePU30BAaTh Jie-
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He(bOpMaHI/IOHHI)Ie 3aBUCUMOCTHU IAJIA TIJIOCKOHAIPSAKCHHOTO KOPPO3UOHHO IMOBPEIKACHHOTO COCTABHOI'O 3JIEMCHTA

B 30HC KOHTaKTa

dopmMaru 3IeMeHTa 10 KaKOMy-JHOO Harpas-
JICHUIO, CJIEJ0BATEIbHO, CpelHue aedopMaiiuu
apMaTypsl COBIAIAIOT ¢ oOmuMu aedopmaru-
AMHU 2JICMCHTA C TPCIIMHAMU, IJId pacCMaTpuBa-
€MOT0 XapaKTePHOro dJIEMEHTa B ocsix X" U Y’ Jie-
(dbopMaIuu CoCTaBsIT:

Agy, = Aggy,; Aty = Aggyy; Aygyy = (18)

AYSXIyI-
VY4uTBIBasI CBSA3M OCEBBIX Usy M TAHTCHIIMATBHBIX
HepeMeIeHUH Vsy apMaTypHOI'O CTEpPXKHS U Iie-
peMelleHnii B HalpaBlIeHuu oceil X’ n'y’, cienys
[6] MoxHO 3amucats:

Ugy = Uy COSQ + Uy Sina, (19)
Usy = Uy COS O — Uy SinQ,

rae Usy', Usx U Usy MOKHO OIPENEIUTH B BUIC
(GYHKIIMM OT cpeAHUX AedopMaluii apMaTypsl €s
U OeToHa & Ha y4acTKax MEXIy TpeIlUHAMH
(mpunHUMaeM &b ~ 0):

Uy = £, 0,5 1. /sin 2q,
Uy = &,00,5 l./sin 2q,
Usy = £y0,5 [;/sin 2a,

(20)

3HA4YEeHHUS Vsy BBIPA3UM B BUI€ QYHKIIUU OT Tsy:

Usy = MNy0,51;7sy/ E'sysin2a.  (21)

[MoncraBus dpynkiwu (20) u (21) B 3aBUCUMOCTH
(19) ¥ TONB3yACh COOTHONICHHEM &5y = oyl Es®
BbIpa3UM NepeMeEIleHNs BAoIb ocell X' n Y. B
UTOTE TOJTYIHM:

Eswr = V2/2(0sy/EX + Moy Toy/E'sy),

o , 22
Esyr = \/5/2(% - T]‘L'yTsy/E sy)r ( )
s

Trac

23
B = B v/, )
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Vs — K09DHIMEHT yIPyrocTH, KOTOPKIi Xapak-

TEpU3yeT OTHOIIECHUE YIPYrux aeopmanuii ap-
MaTypbl K 00IIUM JeGopMalusM apMaTypbl, Ny
- KOO PUIHMEHT, YIUTHIBAIOIINN MOBHIIICHHYIO
HOJATIUBOCTh apMaTYPHBIX CTEpXKHEW TaHTEH-
UAILHBIM CMelleHusIM. B OeToHe y TpaHHIIbI
TPEIMHBI B IEPBOM MPUOIMIKSHUH COTIacHO [6]
MO’KHO MPUHSATH PaBHBIM 16.

[ToacraBisis B (22) 3HaYCHHS HAIIPSLKEHKS B ap-
MaType Tsy U gsy BEIUUCIsEM 1o popmynam (15)
MOJIy4aeM CIIeAYIOIINE COOTHOIICHUS !

Esxr = (\/E(ElsyAl
- nTyE;(Bl)
/2EXE' )0, +
+(V2(E'syA2 — 0., EXB2)
/2E§‘E’Sy)0y\ +
+(V2(E'syA3 — 0, EXB3)
/ZE.é{E’sy)Tx‘y"
Esyr = (V2(E'syAl
+1.,E¥B1)
/2E§E’Sy)0x\ +
+(V2(E'yA2 + 1, EXB2)
/2E¥E )0y +
+(V2(E'syA3 + 0, EXB3)
/2EEE )Ty

(24)

3aBucumoctd (24) 1yt ABYX MOCIIEI0BATEIBHO
pAcIONIOKEHHBIX CTyNeHed Harpy3ku 1+1 u |
MO>KHO 3aIIACaTh B IPUPAILIECHUSX HAPSHKEHUN U
nedopMmaruii apMatypsl. B urore momyuum:

Mgy, = (V2(E'sy Al
- nryEécBl)/ZEécE’sy)Ao_x‘
+

+(V2(E'yA2 — 1,y E¥B2) /2EFE ) Ao,
+

+(V2(E'syA3 — 0., EXB3)
/2EEE ATy,

Aggy, = (V2(E'syAl
+ Ny EXB1)/2EEE ) Aoy
_.|_

(25)
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+(V2(E'syA2 + 1,y EXB2) /2EXE ) Ao,
+
+(V2(E'syA3 + 1, EXB3)
/2EEE ) AT,y

Jist osrydeHusi TIOJTHOM CUCTEMBI (PHU3UYECKUX
YPaBHEHUI ONpENEINM Yroj ciasura Ayxy Hc-
noabp3ys (HopMynsl TpeoOpa3oBaHUs OTHOCH-
TEJIbHBIX JepopMaluii U HanpsHKeHUH mpu o0-
paTHOM MOBOPOTE KOOPJMHATHBIX OCEH:

Aey, = Aoy, [ES

= Agg, sin? a (26)
+ Aggy, cos? a +AYgysy, COSasina,

Aoy,

= Ao, sin? a (27)

+ Aoy cos® a+2AT,y cos asina.

[MoncraBuB B ypaBHeHue (26) 3HaueHUS Agsx U
Agsy 3 ypaBaenwust (25) u Aoy u3 ypaBHenus (27)
HOJYyYMM MCKOMOE 3HaueHHe yriia CABHra B clie-
JYIOIIEM BHUJIE:

= —((V2A1 - 1)/E¥) Ao,
— (V22 -1)
/ES)Aay: —

—((V2A3 - 2) /EL).

AYsxrys
(28)

[Moncrasnss Beipakenus (25), (28), B Boipaxe-
Hus i nedopmarnmii (18) mpuxoaum K crieayro-
e cucremMe GU3NIEeCKUX COOTHOIIEHUH B TIPH-
paleHusIX:

AEX, = C11 AGX, + CleGy, + C13AT

Aay, = C21 AGX, + szAGy, + C23AT
Ayxry) = Ci380, + Cy3A0y, + C33AT, 29)
29

3nech K0 PUITUEHTHI MATPHIIBI TTOJATIMBOCTH
[Cij] mmockoro »jgeMeHTa Ha NpPUPAILEHUAX
HaIpsDKEHUH B AedopMaIiii OIpeessIIoTCs U3
BBIPAKCHUI!

B.U. Komuynos, M.C. I'ybanoBa

( V2(A1E's, — B1EFn)
1= 2EFE, ’
V2(A2E'g, — B2EFn)
12 = 2EFE, ’
V2(A3E'y, — B3EF)
137 2EFE, ’
V2(A1E'g, + B1EFY)
21 = 2EFE, ;
ic,, = ﬁ(AZE’Si-I-,BZEfn ); (30)
2EFE',
V2(A3E's, + B3Ek)
23 = 2EFE, ;
_ V2A1-1
31 — _T;
Coy = — V2A2 -1
EF 7
.. YAz -2
L 33 EF

OUNYECKHUE COOTHOIIEHUA
KOPPO3MOHHO IMMOBPEXXAEHHOI'O
SJIEMEHTA B IPUPAIIEHUAX

[IpencTaBneHHbIE aHATUTUYECKHE 3aBUCHMOCTH
MO3BOJISIIOT TIOCTPOUTHh MATPHUILY MOAATINBOCTH
[Ci;] KOPPO3HOHHO MOBPEKICHHOTO AIUTEIBHO
nehOpMUPYEMOTO KEJIe300€TOHHOTO JJIEMEHTA.
M3veHenne BO BpeMeHH Ae(opMaTHBHBIX
CBOWCTB HEUTPAIM30BAHHOIO arpeCCUBHOU Cpe-
noit Getona mpu GpopMupoBanuy Matpuibl [C; il
MOXHO YYHTBHIBATh M3MEHEHHEM KacaTeIbHOTO
MOJTYJIsl YIPYTOCTH BO BPEMEHHU:

Esn' (1) = Ep (D)o,
Eoqne (1) = Ep" (Do,
rae E,"(t) — 3aBUCUMOCTL M3MEHEHHS MOIYJIs
negopmanuii 6eToHa OT BPEMEHH BCIEICTBHE
BO3/ICHCTBUS arpecCUBHOM CpEJIbI.
s ydera BIMsIHUS arpeCCUBHOU Cpenbl Ha ap-
MaTypHBIH CTEp)KEHb HEOOXOIMMO OIpPEEIIUTh

(31)
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3a KaKoi MPOMEXYTOK BpeMsi arpecCuBHas cpeia
JOCTUTAET apMaTypHOTO CTEP>KHS MOCIIe Havyasa
KOHTaKTa »JJIEMEHTAa C arpecCUBHOIN Cpeoi.
O603HauuM T — BpeMs HEHTpaau3aluu 3alliuT-
HOTO cJ10s1 6eToHa. Toraa KOppO3MOHHBIE TOTEPH
CEUCHHsI apMaTypHOTO CTEP)KHS 332 BPEMs BO3-
JEICTBUS arpecCUBHOM Cpelbl mpu POopMHUpPOBa-
HUM MaTpuLbl nojarTiuBocTd  [C; i1 moxno
y4eCTh CHMKEHHEM Ko3(h(duimeHTa apMupoBa-
Hust u(1-7) BCIIEACTBHE YMCHBIICHUS ILIONIAIN
ceueHust pabodyero CTepXKHs apMaTypsl 0 Gop-
MmyJe:
us(t —1) = fs(t —1)/h, (32)

rae fs(t-r) — mmomanp apmarypsel Yy HarpaBJICHUS
NPUXOSIIASACS HAa €AMHUIYYy JUTMHBI XapakTep-
HOT'O JIEMEHTA B 3aBUCHMOCTH OT BPEMEHU BO3-
JICHCTBHSI arpECCUBHOM CPEJIbI

fo(t—1) =0,25n(d — 28,(t — 1))%, (33)
d — mmameTp HENOBPEXIEHHOTO apMaTypHOTO
crepkust, 0-20«(t-7) — auaMeTp HEmoOBpeXkaeH-
HOT'O KOPpO3Uel apMaTypHOT0 CTEp>KHS BO Bpe-
MEHH, Ox — TJyOMHA HEeWTpanu3aluu apmaryp-
HOTO CTEpKHsI BO BpeMeHH, h — TonmHa xapak-
TEPHOTO KeJIe300€TOHHOTO AIIEMEHTA.
Hapymenue cuernieHus: Koppoaupyoren apma-
TYpBI C OETOHOM MEXIY TPEIIMHAMHE 3a CYET T10-
SIBJICHUSI MPOJYKTOB KOPPO3UM CTalld XapakTe-
pusyercs u3MEHeHueM Ko3(QuirenTa ciernie-
Hus y*s. VI3MeHeHue BO BPEMEHH KacaTeIbHOTO
kod(ddurmenTa CrerieHnsl apMarypsl ¢ OeTo-
HOM YXs(t-7), Kak HekoTOporo aHauora Ko3hdu-
nuenta s B.M. Mypamesa, omnpenensiercs B
Bue QYHKIMHA OT CpeAHUX Nedopmanuil apma-
Typbl Ha ydacTKax Mexay TpeuuHamu. B mep-
BOM NPHUOIIKEHUH MOXXHO HPUHSATH, YTO B pe-
3yJbTaTe BO3JEHCTBUS arpeCCUBHOM CpeJlbl P
YBEJIMYCHUU TITyOUHBI KOPPO3UHU apMaTyphl O(t-
7) 3HaYeHHs KodddumuenTa cuermenus y s(t-7)
CHIDKAIOTCS IPOTIOPLIMOHATIBHO 3HAYCHHSIM TITy-
OMHBI KOPPO3UH apMATYPHI.
Torma kacaTenbHBIN MOAYIH AeOopMaIi apMa-
Typbl U CpelHUN MOIyNb Aedopmaiuii apma-
TYpBl B KOPPO3HOHHO TOBPEKIEHHOM 3JIEMEHTE

Volume 13, Issue 3, 2017

C TpPEUIMHAMH MO>KHO COOTBETCTBEHHO OIpeje-
JUTH 10 (hopMyIIam:

EF(t — 1) = Eg - v&/PE(t — 1),
Elsy(t — 1) = Es/Ys(t — 1),

(34)
(35)

rae Es — MOAyllb yIpYrocTH HENOBPEKICHHOMN
KOppo3ueii apMaTypbl, Vs — Ko3QGHIHEHT yrpy-
TOCTH, XapaKTepU3yeT OTHOUICHUE YIPYTUX Je-
dbopmaruii apmMatypsl K oOmuM aedopmarusam
apMaTypBbl.

Hcnonb3ys 3aBucumoctu (31) — (35) koadhdunu-
€HTBI MaTPHIIBI TOIATIIMBOCTH [Tt KOPPO3UOHHO
MOBPEXJICHHOT 0 JKeJIe300€TOHAa C TPEIMHAMU Ha
IpUPALICHUSIX HalpsbKeHUH U nedopmanuii 3a-
MUCHIBAIOTCS B CIEIYIOLIEM BH/IE!

V2(A1E' gy (t — 7) — BIEK(t — )n)

~k —
th(®) = 2EE(t—DE'(t— 1)
gy = V2(A2E' sy (t —7) — B2EE(t — T)n)
(0 = 2EK(t —DE oy (t — 1)
. V2(A3E'sy(t — 7) — B3E¥(t — T)n)
(0 = 2EX(t — T)E' oy (t — 7)
s sy
k() — V2(A1E' (¢t — ) + B1EF(t — T)n)
21(6) = 2EK(t — DE' o (t — 1)
. V2(A2E'gy(t — 7) + B2EE(t — )n)
() = 2EX(t — DE' (t — 1)
S sy
gy — V2(A3E'gy(t — 1) + B3EE(t — 1))
23(6) = 2EF(t— D)E (L — 7)
_ V2A1 -1
Cf3(t) = _Ek(t — T);
_ V2A2 -1
C{c3(t) = - E;((t _ T);
_ V2A3 -2
k - ___" -
C33(t) = EF—1)
(34)
NPUMEP PACUETA

C uCIoJb30BaHMEM TOCTPOCHHBIX 3aBHCHUMO-
CTE BBIMIOJHEH pacueT kKele300eTOHHON Oayku
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COCTaBHOT'O CEUYEHHUsI Harpy>KEHHON ABYMS CHUM-
METPUYHO PACIIOIOKEHHBIMU B IPUOTIOPHBIX 30-
HaxX COCPEIOTOYCHHBIMU CcHjaMu (cM. puc. 1).
IMponer OGanku |=1,5M, ceuenune OaiKu
250x100mMm,  cedeHue  BepxHero  Opyca
50x100mM, HuxHETO — 200x100MM. ApMupoBa-
HUE COCTAaBHOM OaJKy MPHUHSATO IIOCKUM KapKa-
COM C IIaroMm mnormnepedHoil apmarypsl 100Mm B
npuonopHoit 3oHe 20MM. Jlnamerp nonepevyHoi
apmarypbl 6mMMm kiacca A300. IIpogonbHas ap-
MaTypa B HU)KHEH 30HE ce4eHus 0Ky NpUHSITA
nuamerpom 6Mm kimacca A400. Bepxuawuiit O6pyc
Oayku BbINOJHEH U3 OetoHa B30, HykHuUl U3 Oe-
toHa B20.

Jliis pacueTHOr0 aHanM3a ObLI IPUHSAT XapaKTep-
HBIN 371eMeHT D1 pacnosioKeHHbIH Ha TpaHHIe
KOHTaKTa JBYX OCTOHOB B 30HE I€pECEeYCHUS
HAKJIOHHOU TpeuuHo. [IpouHocTHbIe U gedop-

N1, KH

B.U. Komuynos, M.C. I'ybanoBa

MAaTHBHBIC XapaKTEPUCTUKU OETOHA JJIs Xapak-
TEpHOTrO eMeHTa D1 W pa3Mepbl ATOro 3Je-
MEHTa B 30HE KOHTAKTa HAa3HAYCHBI B COOTBET-
CTBHH C pekomeHaausimMu [11].

PesynbTaThl pacuera npeacTaBiCHbI B BUIE KPH-
TepHsi TMPOYHOCTH KOPPO3HOHHO MOBPEKICH-
HOT'0 XapakTepHoro aiemeHTa D1 B popme cooT-
nomenuii [13] (puc. 3), mo3BoIAIOIIETO ONpeie-
JUTh yCUIIKE O00pa30BaHUsl MPOJOJIBHOI Tpe-
IUHBI B 30HE KOHTAKTa JABYyX OCTOHOB, a TaK OT-
HOCHTENbHBIC Je)OpMallMi CABUTA XapakTep-
HOTO 37eMeHTa D1 B 3aBHCUMOCTH OT HAarpy3Ku
(puc. 4). 31ech ke NpUBEICHBI 3HAYCHHS HATPY-
30K 00pa30BaHUsI TPEIINHBI BIOJIb IIIBA KOHTAKTA
P ¥ TPEIMHBI O HAIIPABIEHHUIO ITIABHBIX pac-
TSATUBAOIINX YCUIIMH JIUIS TIOBPEKICHHOTO KOP-
posueii koHCTpyKIuH 6anku (P..).

N2, kH

Pucynox 3. Kpumepuii mpewunocmouxocmu xapakmepHo2o nioCKOHANPIHCEHHO20
onemenma 6 30ne konmaxkma: 1 — 0ns noeo2o 6emona (t=0); 2 — ons 6emona, naxoosaue2ocs
noo eo3deticmsuem azpeccushotl cpedot (t=900).
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10

o
=]

Hazpy3ka Ha danky, kH

6.15-10* 1.23-10° 1.84-10° 2.46 10 3.1-10> 3.69-10°

OmHocumensHIO cdBuz Vv

Pucynok 4. I'pagpux uzmenenuss omuocumenvHoeo coguea om Hazpysku. 1 — ons nogoeo bemona
(t=0); 2 — ons1 6emona, naxoodsuecocsi nod eosoeticmeuem azpeccusrot cpedwt (t=900).
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NUMERICAL AND ASYMPTOTIC MODELING
OF A FILTRATION PROBLEM WITH THE INITIAL DEPOSIT

Ludmila I. Kuzmina?, Yuri V. Osipov?, Yuri P. Galaguz?
! National Research University Higher School of Economics, Moscow, RUSSIA
2 National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: The study of filtration as one of the problems of underground hydromechanics is necessary for the de-
sign and construction of tunnels, underground and hydraulic structures. Deep bed filtration of suspension in a po-
rous medium with variable porosity and permeability and with an initial deposit is considered. An asymptotic so-
lution to a model with small limit deposit is constructed; the asymptotics is compared with numerical calcula-

tion.

Keywords: filtration problem, suspension, filtration coefficient, size-exclusion particle capture,
asymptotic solution, numerical calculation

YUCIEHHOE U ACUMIITOTUYECKOE MOJIEJINPOBAHHUE
3AJJAYU OUJIBTPAIINHU C IEPBOHAYAJIBHBIM OCAJIKOM

JLH. Kysvmuna®, I0.B. Ocunoé?, I0.I1. I'anazys?

! HanmonanbHelii UcciefoBaTenbckuil yHuBepcuTeT «BhICIas IIKoIa SKOHOMUKKY, T. Mocksa, POCCU S
2 HauvoHaJIbHBIH HecienoBaTeNbekuil MOCKOBCKHIA TOCY/IapCTBEHHBII CTPOUTENBHBIN YHUBEPCHUTET,
r. Mocksa, POCCH I

Annoranus: VccnenoBanue GMIBTpalMU KaK OJHOW M3 3a/1a4 MMOJ3EMHOW THIPOMEXAHHKH HEOOXOIMMO IPHU
MPOEKTUPOBAHUU U CTPOUTENHLCTBE TYHHEJEH, NOJ3EMHBIX U THAPOTEXHUUECKUX COOpYKeHUl. PaccmarpuBaet-
Cs1 MOJIeh (PUIIbTPAIIMK CYCTICH3UH B TIOPUCTOHN Cpefie ¢ MEPEMEHHBIMH MOPUCTOCTHIO M MPOHHUIIAEMOCTBIO U C
TIEpPBOHAYAILHBIM OcaaKoM. CTPOUTCS aCUMIITOTHYECKOE PEICHHE MPH MaJlOM MPEAETLHOM OCAJKE, aCHMIITO-

THUKa CPaBHUBACTCA C YACJIICHHBIM PAaCY€TOM 3a1avu.

KiroueBble cjioBa: cycreH3us, opucTas cpea, koddduuent punpTpanuy,
FCOMeTpI/I‘{CCKI/Iﬁ MCXaHU3M 3axBaTa 4aCTUIl, aACUMIITOTHKA, YUCIICHHOC PCUICHUEC

1. INTRODUCTION

Filtration problems are essential in the design
and construction of tunnels, underground and
hydraulic structures, as well as for the concreting
of friable rocks. During the filtration of the sus-
pension in the porous medium some of the fine
particles pass through the pores, and part of them
is stuck in a porous medium and forms a deposit
[1-4]. Different physical models are used for de-
scription of the filtration depending on the prop-
erties of the suspension and the porous medium
and the nature of their interaction [5-12].

In this paper the filtration of a suspension in a
porous medium with an initial deposit is consid-
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ered. This is a step of a periodic process, ac-
companied by the accumulation of the deposit.
Filtration of the suspension (forward flow) is
replaced by the filter wash with clean water
(back flow), then the suspension enters the filter
again and displaces water, etc. [13, 14]. Me-
chanical and geometric size-exclusion model of
particle retention assumes that the suspended
particles of the suspension pass freely through
the large pores and get stuck at the inlets of
pores smaller than the particle size. In contrast
to the standard models, we assume that the po-
rosity and permeability of the porous medium
change with the increase of the deposit. With
the increase of deposit the number of free small
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pores decreases and deposit accumulation slows
down. After a long-term filtration all the small
pores are clogged and the suspended particles
pass freely through the porous medium without
retention.

Concentrations of suspended and retained parti-
cles of the suspension satisfy a quasi-linear hy-
perbolic system of two differential equations in
partial derivatives. The first equation is the
equation of mass transfer of suspension parti-
cles, the second kinetic equation describes the
deposit growth in porous media [15]. The condi-
tions at the filter inlet and at the initial time de-
termine the unique solution to the problem. Ex-
act and asymptotic solutions of the filtration
problems for a variety of filter coefficients and
boundary conditions are obtained in [15-19].
The outline of the paper is as follows. Section 2
presents the mathematical model of deep bed
filtration with the initial deposit. In Section 3 a
global asymptotic solution is constructed for a
small limit deposit. The asymptotics of the
boundary line of two phases, which is a mobile
concentration front of suspended particles, is
determined. Section 4 presents numerical calcu-
lations and the comparison of the asymptotic
and numerical solutions. The results are summa-
rized in Section 5.

2. THE MATHEMATICAL MODEL

A system for one-dimensional model of deep
bed filtration of suspension in a porous medium
with variable porosity g(S) and permeability

f (S) consists of two equations

d(g(S)C) +6(f(S)C) +§=0, 1)
ot OX ot
oS
—=A(S)C. 2
i (S) )
Here A(S) is the filtration coefficient;

a(S), (S), A(S) are the smooth non-negative
functions.
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It is assumed that the suspension with constant
concentration of the suspended particles is in-
jected at the filter inlet x =0. At the initial time
t =0 there are no suspended particles in the po-
rous medium and the concentration of the re-
tained particles s,(x) is distributed unevenly
over the filter. Appropriate initial and boundary
conditions are

Cl,=1; 3)
CL:o =0; S|t:0 =5,(x). (4)

Conditions (3) and (4) determine a unique solu-
tion in the domain Q={(x,t): 0<x <1, t>0}.
The concentration front of the suspended parti-
cles moves in porous media with the velocity

f (s0(x))

Y00 =5 (500)

()

along the characteristic I", given by the equation

dx
Ezv(x), x(0)=0. (6)

The boundary I" of the two phases satisfies the
equation

o(y))

g
(0= J )™

(7)

Since the conditions (3) and (4) have not been
agreed at the origin, according to the theory of
characteristics [20] on the boundary I" the solu-
tion C has a strong discontinuity; and the solu-
tion S has a weak discontinuity (the break of the
derivative). Behind the concentration front in
Q; the solution is positive C >0, S >0; ahead

of the front in Q, the solution
C=0,S=5sy(x). On the concentration front
I'={t=t-(x),0<x<1} the retained particles
concentration
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S|t:tr(x) = SO(X) . (8)

In Qg the solution of the Goursat problem (1) —

(3) (8) coincides with the solution of the origi-
nal problem (1) — (4).
The system (1), (2) with constant coefficients

oC oC oS

——+—==
ot ox ot

ﬁszﬂoo,
ot

0;

has a two-phase boundary line t = x. The condi-
tions (3) and (4) determine an exact solution

C(x,t):{; ttj:
S(x,t) = MU0 +8(x), t2x
(s, t<X

In general, the problem (1) — (4) does not have
an analytic solution. Below an asymptotics is
constructed, and the results of numerical simula-
tion are provided.

3. ASYMPTOTIC SOLUTION FOR A
SMALL LIMIT DEPOSIT

Let the filtration coefficient A(S)>0 for
0<S<S, and A(S,)=0. In this case, the
concentration of the retained particles S(x,t)
does not exceed the limit value S,, . The block-
ing filtration coefficient has the form

A(S) =A(Sy —S) + A, (Sy —S)* +0O(Sy, —S)°.(9)
Let

g(S) = go + 9,S +O(S?);

f(S)=f,+ f,5+0(S?). (10)

Ludmila I. Kuzmina, Yuri V. Osipov, Yuri P. Galaguz

The asymptotic solution for a small limit deposit
Sy is constructed in the form

S =S58 +558, +0(S).

Substituting the expansions (10), (11) in equa-
tions (1), (2) and equating terms with the same
powers of S,,, we obtain a system of recurrent

equations

oS,
—L=A(l-s); 12
P 1-s) (12)
oc, oc 08 08 05 .
24+ fy—=+0—+f—=+—2=0; (13
goat 0 x glat Yox ot (13)
%%zxa—&mrm@+KALﬁ09 (14)

Using the inequality s,(x)<S,, the condition
(8) can be written as

S|t:t,—(x) =3Sud(x), 0<q(x)<1. (15)

Conditions defining the unique solution of the
system (12)-(14) follow from (3), (15):

Sl|t:t1—(x) = Q(X) ’ (16)
Gl _,=0; (17)
S, |t:tr =0 (18)

The asymptotics of the two phase boundary line
I" can be obtained by expanding the integrand in
(7) in a series of powers of S,,

g (a(y)Su) _ 9o +9:a(y)Su +O(Sw) _
f(a(y)Su) fo+ fia(y)Su +O(Sy)

=% 8ho 0k gy)s, +0(s),
o

(19)

Substitution of the expansion (19) into the inte-
gral (7) gives
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tr(X) = ox+BS, [a(y)dy +O(S7),  (20)

where a=g,/ fo, B=(0:fo—go )/ 7
The solution of the equation (12), (16)
s, =1-(1—q(x))e "™, (21)

After the substitution of (21) into (13) the solu-
tion of (13) can be written in the form

¢ =eu(x). (22)
The function u(x) satisfies the equation
u' —Aow +e* K (x) =0, u(0)=0, (23)

(9. +1-af)A(1-9(x))+ fig'(x)

K(x) = :

From (20) the function

u=—e"® [K(y)dy (24)
0

is the solution of (23) with an accuracy O(Sy,) .
From (24), (22)

¢, = —e M) j K(y)dy. (25)
0

Substitution of the solutions (21) and (25) into
equation (14) gives with an accuracy O(S,,)

B s, +(1-q00)e P,

. (26)
-(—x [K(y)dy 1, (1—q(x))J.

The solution of (26) with the condition (18)
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S, = (e*k(t*tr(x)) _ e—2x(t—t1—(x)) ) (1 _ q(x)) .

X 27
.(_IK(y)dy+%(l—q(x))]. @)

The functions (21), (25), (27) are the main terms
of the asymptotic expansions (11). These expan-
sions exactly satisfy the conditions (3) and (4);

equation (1) is satisfied with accuracy O(SZ),
equation (2) - with accuracy O(Sy,).

4. NUMERICAL MODELING

The numerical calculation is performed by finite
difference method for explicit TVD-scheme
with superbee limiter function [21] for

g(S)=1+3S, f(S)=1+2S,
$o(X) =0a(x)Sy, a(x)=0.5(1-x),
S, =05, S, =0.1,
A=, =1.

The following figures illustrate the asymptotics
(dashed line) and the numerical solution (solid
line).

The figures show the break of suspended parti-
cles concentration C(x,t) and the loss of
smoothness of retained particles concentration
S(x,t) on the two-phase boundary T'.

5. CONCLUSION

The filtration problem with the initial deposit is
a generalization of deep bed filtration of the
suspension in a porous medium with size-
exclusion particle retention mechanism [15].
For a uniformly distributed initial deposit
so(X) =s, =const the substitution S=S-s,
reduces the problem to the standard model. In
case of the uneven initial deposit s,(x) the
global asymptotic solution is constructed for a
small limit deposit S,, .
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Figure 2. Graphs of the suspended particles concentration for S,, =0.5.
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Figure 3. Graphs of the retained particles concentration for S,, =0.5.
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Figure 4. Graphs of the suspended particles concentration for S,, =0.1.

The asymptotics is compared with a numerical S,, =0.5; with decreasing limit deposit an

solution of the problem. Figures 1 — 3 show that  asymptotic approximation error tends to zero
the asymptotics gives good approximation of rapjidly (see fig. 4, 5).
the solution for relatively large limit deposit
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Figure 5. Graphs of the retained particles concentration for S,, =0.1.

The asymptotic and numerical modeling can be
used in the planning and analysis of experi-
mental studies [22].

REFERENCES

1. Khilar K., Fogler S. Migration of Fines in
Porous  Media, Kluwer  Academic
Publishers, Dordrecht, 1998.

2. Tien C. Principles of Filtration, Elsevier,
Oxford, 2012.

3. Barenblatt G.I., Entov V.M., Ryzhik
V.M. Theory of Fluid Flows Through
Natural  Rocks,  Kluwer  Academic
Publishers, Dordrecht, 1990.

4. Bedrikovetsky P. Mathematical Theory of
Oil and Gas Recovery with Applications to
ex-USSR Oil and Gas Fields, Kluwer
Academic Publishers, Dordrecht, 1993.

5. Logan D.J. Transport Modelling in
Hydrogeochemical  Systems,  Springer,
N.Y., 2001.

6. Mays D., Hunt J.R. Hydrodynamic

Aspects of Particle Clogging in Porous
Media. // Environmental Science &
Technology, 39, 2005, pp. 577-584.

7. Domga R., Tchatchueng J.B., Togue-
Kamga F., Noubactep C. Discussing
Porosity Loss of FeO Packed Water Filters
at Ground Level. // Chemical Engineering
Journal, 263 (2015) 127-134.

8. Jegatheesan V., Vigneswaran S. Deep
Bed Filtration: Mathematical Models and
Observations. //  Critical Reviews in
Environmental Science & Technology,
35(6), 2005, pp. 515-569.

Volume 13, Issue 3, 2017

9.

10.

11.

12.

13.

14.

15.

16.

Tien C., Ramarao B.V. Granular Filtration
of Aerosols and Hydrosols. 2nd ed.
Elsevier, Amsterdam, 2007.
Chrysikopoulos C.V., Syngouna V.L
Effect of Gravity on Colloid Transport
Through Water-Saturated Columns Packed
with  Glass Heads: Modeling and
Experiments. // Environmental Science &
Technology, 48, 2014, pp. 6805-6813.
Payatakes A.S., Rajgopalan R., Tien C.
Application of Porous Medium Models to
the Study of Deep bed Filtration. //
Canadian Journal of Chemical Engineering,
52, 1974, pp. 727-731.

Santos A., Araujo J.A. Modeling Deep
Bed Filtration Considering Limited Particle
Retention. // Transport in Porous Media,
108(3), 2015, pp. 697-712.

Kuzmina L.I., Osipov Yu.V. Filtration of
Forward and Back Flow of Suspension in
Porous Media. // International Journal for
Computational  Civil and  Structural
Engineering, 12(3), 2016, pp. 145-150.
Galaguz Y.P., Safina G.L. Modeling of
Particle Filtration in a Porous Medium with
Changing Flow Direction. // Procedia
Engineering, 153, 2016, pp. 157-161.

You Z., Bedrikovetsky P., Kuzmina L.
Exact Solution for Long-Term Size
Exclusion Suspension-Colloidal Transport
in Porous Media. // Abstract and Applied
Analysis, 2013, 2013, pp. 1-9.

Herzig J.P., Leclerc D.M., Le Goff P.
Flow of Suspensions Through Porous
Media — Application to Deep Filtration. //
Journal of Industrial & Engineering
Chemistry, 62(8), 1970, pp. 8-35.

75



17. Vyazmina E.A., Bedrikovetskii P.G.,
Polyanin A.D. New Classes of Exact
Solutions to Nonlinear Sets of Equations in
the Theory of Filtration and Convective
Mass Transfer. // Theoretical Foundations
of Chemical Engineering, 41(5), 2007, pp.
556-564.

18. You Z., Osipov Y., Bedrikovetsky P.,
Kuzmina L. Asymptotic Model for Deep
Bed Filtration. // Chemical Engineering
Journal, 258, 2014, pp. 374-385.

19. Kuzmina L.I., Osipov Yu.V. Asymptotic
Solution for Deep Bed filtration with small
deposit, Procedia Engineering, 111 (2015)
491-494.

20. Rozhdestvenskii B.L., Yanenko N.N.
Systems of Quasilinear Equations and Their
Applications to Gas Dynamics, American
Mathematical Society, Providence, RI,
1983.

21. Toro E.F. Riemann Solvers and Numerical
Methods for Fluid Dynamics, 3 ed.,
Springer, Dordrecht, 2009.

22. Bedrikovetsky P.G., Marchesin D.,
Checaira F., Serra A.L., Resende E.
Characterization of Deep Bed Filtration
System from Laboratory Pressure Drop
Measurements. // Journal of Petroleum Sci-
ence and Engineering, 32(3), 2001, pp.
167-177.

Ludmila 1. Kuzmina, Candidate of Physical and Mathe-
matical Sciences, Associate Professor, Department of
Applied Mathematics, National Research University
Higher School of Economics, 101000, Russia, Moscow,
Myasnitskaya st., 20, tel. +7(495) 77295 90 * 15219,
e-mail: Ikuzmina@hse.ru.

Yuri V. Osipov, Candidate of Physical and Mathematical
Sciences, Associate Professor, Department of Applied
Mathematics, National Research Moscow State Universi-
ty of Civil Engineering, 129337, Russia, Moscow, Yaro-
slavskoe Shosse, 26, tel. +7(499)1835994, e-mail: yuri-
osipov@mail.ru.

Yuri P. Galaguz, Senior Lecturer, Department of Applied
Mathematics, National Research Moscow State Universi-
ty of Civil Engineering, 129337, Russia, Moscow, Yaro-
slavskoe Shosse, 26, tel. +7 (499) 1835994, e-mail:
yuri.galaguz@gmail.com.

Ludmila I. Kuzmina, Yuri V. Osipov, Yuri P. Galaguz

Kyspmuna Jlrommuna VBaHOBHA, MOICHT, KAaHIUAAT (QU-
3UKO-MaTE€MaTUUYECKUX HayK, JlemapTaMeHT NpUKIagHOU
MaTeMaTuKy, HaluoHanbHBIA HCCIeI0BaTENbCKUM YHHU-
BepcuteT «Bplcmiag mkoma 3koHoMHKH»; 101000,
r. Mocksa, yin. Mscauukas, 1. 20,

ten. +7(495) 772-95-90 *15219;

e-mail: Ikuzmina@hse.ru;

OcumnoB FOpuii BUkTOpoBHY, MOLEHT, KAaHAUAAT (PH3UKO-
MaTeMaTHYeCKHX HayK, 3aBelnyloluil kadeapodl mpu-
KJIagHOM MaTeMaTuku, HallmoHalIbHBIM HCCIIeA0BaTEIIb-
Ckui MOCKOBCKHI TOCYAApCTBEHHBIA CTPOUTENBHBIN
yausepcuter (HUY MI'CY); 129337, Poccus, r. Mockaa,
SApocnaBckoe mocce, 1. 26;

Ten. +7(499) 183-59-94;

e-mail: yuri-osipov@mail.ru.

I'anmarys FOpuii IlerpoBuu, crapimmii nmpemnoaaBaTens Ka-
dbenppl TpUKIATHOW MaTeMaTukd, HalmoHanmbHBIA HC-
CJIe10BaTENIbCKU MOCKOBCKHMI IOCYAAPCTBEHHBIM CTPO-
utensHbIN yHEBepcuteT (HUY MI'CY); 129337, Poccus,
r. Mockaa, SIpocnaBckoe mocce, 1. 26;

Ten. +7(499) 183-59-94;

e-mail: yuri.galaguz@gmail.com.

76 International Journal for Computational Civil and Structural Engineering



International Journal for Computational Civil and Structural Engineering, 13(3) 77-85 (2017)

DOI:10.22337/1524-5845-2017-13-3-77-85

OLUEHUBAHUE MATPUYHbLIX TIAPAMETPOB
KYCOYHO-HENPEPBIBHON MOJEJN
HEJUHEVHOI'O OFbEKTA YIIPABJIEHUSA

P.JIL Jleiibooes
HauunonaneHelil necnenoBaTenbckuii MOCKOBCKUM TOCYIapCTBEHHBIN CTPOUTEIbHBIN YHUBEPCUTET,
r. MockBa, POCCU I
MocKoBCKHUiT aBHAITMOHHBIN HHCTUTYT (HAIIMOHAJIBHBIIN HCCIIeIOBaTeNLCKUI yHIBEepcHUTeT), T. Mocksa, POCCHU A

AnHoranmusi. B cratbe PacCMOTPECHBI 0COOEHHOCTHU OLICHUBAHWUA MATPUYHBIX MTapaMETpOB KYCOYHO-
HerepHBHOﬁ MoACIM 1O HNEPEXOAHBIM IIpoHeccamM HEJIMHSHHOMN MOACIN 00BeKTa yIpaBJIC€HUsA METOAOM
cnyqaﬁHoro IIOHUCKa. Onpez[eneH OJWH H3 AUaIla30HOB BO3MOKHOI'O HCIIOJIB30BaHUA Kyco‘lHO-HereprBHOﬁ
MOICIN HEJIUHEHHOI0 00BEKTA. HpI/IBGZ[eHBI PE3YIbTAThl IPUMEHCHUSA NpeAIaracMoro noaxoaa mpu Co3aaHuu
KYCOqHO'HerepLIBHOﬁ MOACTIN aBUAlTMOHHOI'O FaBOTyp6I/IHHOFO JABHUTaTECJIA.

KiroueBble cj10Ba: HeJIUHECHHBII O6L€KT, KyCOYHO-HCHPECPbIBHASA MOACIIb, ICPECXOAHBIC TPOLICCChI HEIIMHCHHOMN
MOACIH, METOQ CHy‘IaﬁHOI‘O IIOMCKa, Juaria3oH BO3MOXXHOTI'O UCIIOJIb30BaHUA KYCO‘IHO'HCHpepLIBHOfI MOICIN

NONLINEAR PLANT PIECEWISE-CONTINUOUS MODEL
MATRIX PARAMETERS ESTIMATION

Roman L. Leibov
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA
Moscow Aviation Institute (National Research University) , Moscow, RUSSIA

Abstract: This paper presents a nonlinear plant piecewise-continuous model matrix parameters estimation
technique using nonlinear model time responses and random search method. One of piecewise-continuous model
application areas is defined. The results of proposed approach application for aircraft turbofan engine piecewise-
continuous model formation are presented.

Keywords: Nonlinear plant, piecewise-continuous model, nonlinear model time responses,
random search method, piecewise-continuous model application area

1. BBEAEHMUE

Jns  pa3paboTKH aNTOPUTMOB  YIPAaBIEHUS,
QITOPUTMOB  OOHApY>KCHHsI,  JIOKAJU3AIHH,
KOHKpETU3alluid W  [apUpOBaHUS  OTKAa30B
cucteM aBTomaTtudeckoro ympasieHus (CAY),
a TaKXke JUJIS OLIEHMBaHUS POOACTHOCTH 3STUX
CUCTEM U UX aJITOPUTMOB HCTOJIb3YIOTCS
JAHEWHBIE MOJEIN HEIUHEHHBIX OOBEKTOB
yIpaBJICHHUS. Marpuunbie apaMmeTpbl
JIMHEWHBIX MoJieneu OLICHUBAIOTCS o
MEePEXOAHBIM MpolieccaM HEITUHEUHBIX MOJENCH
00beKTOB ympaBiieHus. HecKoabKO JIMHEMHBIX
MOJIEIeH, MaTpUYHbIE MapamMeTpbl KOTOPBIX
JOJDKHBI ~ OIIEHUBATBCSI U CMEHATHCA  APYT

JIPyrOM COIJIACOBAHHO, COCTABIISIIOT KYCOYHO-
JUHEHWHYI0 MOJIeTb HEJIMHEHWHOTr0 OOBEKTa.

KycouHno-HemnpepbiBHass  MOAENIb  MO3BOJISIET
MIOCTPOUTH KYCOYHO-JIMHEHHYIO MOJIEIb,
COCTOAIIYKD M3  IPOU3BOJBHOIO  4YHUCIA

COTJIACOBAaHHBIX JAPYr C JPYrOM JIMHEHHBIX
MOJICIIEN. TOYHOCTH TAaKOM KYCOYHO-
JIMHEWHON MOIEIN MOYKET OBITh MaKCHUMAIBLHO
npuOIKEeHa K TOYHOCTHU KYCO4YHO-
HEeMpeppIBHOW Mojenu. B manHOW pabote
paccMaTpuBaIOTCA  CTPYKTypa, OCOOCHHOCTH
OIICHUBAHUS MATPUYHBIX MapaMETPOB U OJUH U3
JIHAIla30HOB  BO3MOXKHOI'O  HMCIIOJIb30BAaHUS
KYCOYHO-HENPEPHIBHOW MOJICNIM HEJIUHEUHOTO
00BEKTa yIpaBICHHUS.
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2. HEJIUHEWUHAS, TUHEWHAS

M KYCOYHO-HEIIPEPBIBHASI
MO/IEJIX HEJIMHEMMHOI'O OBBEKTA
VIIPABJIEHUS

Henuneiinass monens oOBbEKTa ymnpaBieHUS,
umeer Bua [1], [2], [3]

X:f(xp,up,wp). (1)

3nece XP — BekTop cocTostHMs, UP — BekTOp
yIpaBJIECHMUS, wP — BekTOp BHELIHUX
Bo3zeiicTBUi, a f — HenMHellHas BelecTBEHHAs
BekTopHast ¢Qynkuus. KoopauHaTtbl BekTOpa
COCTOSIHHS (TIEPEMEHHBIE COCTOSIHHSI) TaKOTo
00BEKTa YHpaBJeHUs, HaIpUMEpP aBUALMOHHOTO
razorypOunnoro  gsurarens (I'TH), oro
4acTOThl BpalllEHUs POTOPOB, TEMIIEPATyphbl U
JABJICHUSI B PA3JIMYHBIX CEUEHHSX MPOTOYHOMN
yactu  jsurarens. KoopauHatel — BekTOpa
yrpaBieHUs (MepeMEHHbIE YIPaBICHUS) — 3TO
pacxoj TOIJIMBA, U3MEHSIEMbIE T€OMETPUUECKHE
XapaKTepUCTUKU MPOTOYHOM 4YacTu JBUTATES,
B YaCTHOCTH, IUIOIIAJb KPUTUYECKOTO CEYECHHUS
PEaKkTUBHOTO cOIla W  YyIWIBl  [OBOPOTa
HaANpaBJSAIOLIMX alllapaToB BEHTWIATOpa H
kommpeccopa. KoopauHaTel BEeKTOpa BHELIHUX

BO3JICUCTBUI (mepeMeHHbBIE BHEIIIHUX
BO3JICUCTBHUI) ATO Yroj OTKJIOHEHHUS pbhluara
YIOpaBIEHUS  JBUraTelIeM (ynpassronee

BO3/ICIICTBUE), a TaKKe BHICOTA U CKOpPOCTbH
nojera (TMepeMEHHbIe BHEIIHUX YCIOBHUH).
[TocTrosiHHBIE ympaBisIONIEEe BO3JACUCTBUE U
BHEIIHHE YCJIOBMsI, BXOJSIIME B BEKTOP sW,
OTIPEEIAIOT YCTAHOBUBIIMICS PEXKUM pPabOTHI
neurarenss  (pabodylo  TOYKY), KOTOpPOMY
COOTBETCTBYKOT ~ BEKTOpP  YCTAHOBHMBIIMXCS
3HAQUEHUI TEepEeMEHHBIX yIpaBieHus sU U
BEKTOP YCTaHOBUBILUXCS 3HAYECHUU
IIEPEMEHHBIX COCTOSHUA sX.

B HEeO6O07bII0N OKPECTHOCTH MPOHM3BOIBHOTO I-
Or0 YCTaHOBUBILIErOCs pPEKUMa HEIMHEHHBIN
obbekT ympasnenus wMoxuo [1], [2], [3]
NpUOJIMKEHHO ONMUCATh C TIOMOIIBIO JIMHEHHOM
MOJEIN B HOPMHUPOBAHHBIX OTKJIOHEHHUSX OT
YCTaHOBUBILIUXCSI 3HAUEHUI

P.JI. Jleii6oB

., N r n r n r n r n
X"= A(x —X )+ B(u —u ) (2)
rae X" —N-MEpHBIi BEKTOP HOPMHPOBAHHBIX
IEPEMEHHBIX COCTOSHHUSA, a U" — M-MepHBbIi
BEKTOP HOPMHPOBAHHBIX HepEMEHHBIX
yIpaBICHUS
X:
n 1 H
X; i=1..,n, 3)
S Xi ‘
u. .
n |
u' =———, i=L...,m, 4)
'A, 'B — Marpuipl TUHAMHYECKON JTMHEHHOM

MOJEIN IJI -0r0 yCTAaHOBUBIIETOCS PEKUMA;
'A, 'B, r=1.2,...,R marpuisl JUHAMHYECKOI
KYCOYHO-JIMHEMHOW  MOJEIIH; .

r=1,2,...,R BEKTOpa CTaTHYCCKOU
XapaKTePUCTUKH OOBEKTA yIpaBICHUS.

IlyctTe 'y KyCOYHO-HENPEPHIBHOM  MOJEIHU
BEKTOPa HOPMHPOBAHHBIX  YCTAaHOBUBILINXCS
3HAYEHUI TMEepeMEeHHbIX yIpaBieHus U" u
NIEPEMEHHBIX COCTOSHHUS X", a TaK)K€ MaTpHUIIbI
A u B onpenensirorcs ciaeayromum o0pa3om

ry,n r

u, s

n

X,

u="u" +6("u —;u”) r=1,.,R-1, (5)
X"="x"+0("x"~Ix"), r=1,.,R-1, (6)
1
1

S

A="A+ 0" A- rA) r=1,...R-1, (7)
B="B+6("*B-'B), r=1,..,R-1, (8)

rae 0 < 6 <1, nockonbKy

n ryn
X=X
T lrt rynll’
s s X
n r+1
X s
RXn RXn rzl'
s s
ryn ‘Xn r+l
s s
RN RN Ryn| "’ r 2""’R_2'
s X s X s X
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, r=R-1. 9)

3. OUEHUBAHUE MATPHUI]
KYCO‘IHO-HEHPEIT‘I)IBHOI?‘I
MOJEJIM HEJIMHEUHOTI'O OBBEKTA

st OLICHUBAHUS MaTpHil KYCOYHO-
HENpEepbIBHOM MOJIENIH, COOTBETCTBYMOLIEH R
COCETHUM YCTAaHOBHUBIIMMCS pEeXHUMaM, JUIs
KOTOPBIX M3BECTHBl BEKTOPA HOPMHUPOBAHHBIX
YCTAaHOBUBIIUXCS ~ 3HAUEHUH  MEPEMEHHBIX
YIPAaBIEHUS U IEPEMEHHBIX COCTOSHHUS

UCTIOJIb3YIOTCS HEepeXO/IHbIe HPOLIECCHI
HEJIMHEWHON MoJenu 00beKTa, TO €CTb HabOphI
3HaYeHUH HOPMHUPOBAHHOI'O BEKTOPA COCTOSIHUS

HJI,n
x"(t,), k=0,...
a TaK)K€ HOPMUPOBAHHOTO BEKTOPA YIIPABIECHUS

"t ), k=0,..,N-1

B AUCKPETHBIC MOMCECHTBI BpPEMCHHU

G, UG, by, mpauem t, =t, +At, Toe
At 3T0 1mIar AMCKPETHOCTHU.

Ilepexognbpie mpomecchl sl MEPEMEHHBIX
yIpaBICHUS B Pa30MKHYTOH CUCTEME
VIPABJICHHUS TPEJCTABIAIOT CO00M HECKOIBKO
MOCJIEA0BATEIbHBIX CTYIIEHYAThIX BO3JACHCTBUM,
BKJIFOYAIONUX B ce0s JWHEWHble (QYHKIUHA
BPEMEHH, HAKJIOHbl  KOTOPBIX  MPUMEPHO
COOTBETCTBYET MEPEXOJHBIM IIpoIeccaM B
3aMKHYTOM  cHCTeM€  yNpaBieHUs.  JTHU
JTUHEHHbIE (DYHKIIMW COCOUHSAIOT 3HAYCHHS,
COOTBETCTBYIOIIIME  HECKOJBKHUM  COCEIHHM
YCTAHOBHUBIIUMCS PEXKUMaM.

OueHuBaHuE MaTpPUI] KYCOYHO-HEMPEPHIBHOM
MOJEIM MOXET OBITb CBEIEHO K 3ajaye
HEJIMHEHHOTO IPOrPaMMHUPOBAHUS BUIA

Volume 13, Issue 3, 2017

"A'B, r=12..,R.

> be)-me )] i)

S [ )= )] i)

min

X (8 )- X" (&, )]
[HHXH (tk )_ann (to )]

X"t )= X" (t )+
ALA[X" (¢, )- X" |+ AtB[Mu" (t, ). u" ]
u'=tu"+0("u"-lu"),
X'=IX"+0 ”ix"—;x”),
A="A+0("A-"A),
B="B+6("*B-'B),

n n

X"[—[tx
r+l,n royn]l’
X=X
n r+l.,n
‘x X
RN Rynll ’ rzl’
SX SX
an ‘Xn Han
ol Tl Tl r=2,.,R-2,
S S SX
x|
— ST r=R-1,
SX SX
k=01..,N-1 } (10)
3nech XW(tk), k=1....N mnonoxurenbsHo
OHpeI[eHeHHBIe JUaroHaJbHBIC BCCOBLIC
MaTpulbl, a HA4YaJbHOC€ 3HA4YCHHUC BCKTOpa

COCTOSIHMSI KYCOUHO-HEIIPEPBIBHON MOJEIN

X"(t)=""X"(t, )

3amaya  HETMHEHHOro  MPOrpaMMHUPOBAHMUS
pemaeTcss METOJOM Ciy4aiiHoro mnoucka. B
KauyecTBe HaYaJbHOTO MpUOIIKEHUS

UCIIOJIB3YIOTCS  MaTPHUIbl KYCOYHO-JIMHEHHOMN
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MOJICITH [1]. CorydaitHplii ITOKCK
ocymiecTBisiercs B amamazoHe £ 0.1 ot
HAYaJIbHOTO 3HAYEHHs KaXKIOr0 M3 3JIEMEHTOB
marpur; 'A,'B, r=12,...,.R.

OmmbKM  KyCOYHO-HENPEPHIBHOW  MOJEIH
pPacCUMTBIBAIOTCS MO KaXKIAOW U3 INEPEMEHHBIX
COCTOSIHUS

(11)

X" (t, )-""x" (th, i=1..,n

4. YACJEHHBIA TPUMEP
OIEHUBAHUSA MATPUILL KYCOYHO-
HENIPEPBIBHOM MOJIEJIN

PazpaGoranHbiii  MeTOn  NPUMEHSIETCS IS
ONPEACIEHUSI MAaTpPHULl KYCOYHO-HENPEPHIBHOMN

MOJEeIn o MEePEXOTHBIM npoueccam
HeJIVMHENHON MOJIeIHN JIBYXBaJbHOI'O
JIBYXKOHTYPHOI'O TypOOpEaKTUBHOTO

apuauronHoro [T/ B pasomxuyroii CAY.
[IepexonHble mponeccsl HEIMHEWHOW MOJEIN
HAUMHAIOTCS Ha YCTAaHOBUBIIEMCS pPEXHUME,
COOTBETCTBYIOIIIEM MaKCHUMAJILHOMY PEXAMY
paboThl TpU 3HAYEHMHM YIJa OTKJIOHEHUS

pelyara ympasJeHus [BurareneMm o, . =687, a

3aTE€M COOTBETCTBYIOT IMEPEXOAHBIM IMpoLEccam
JUIS. IEPEMEHHBIX YIPABJICHUS B Pa3OMKHYTOM
CUCTEME, KOTOpble TPEACTABIAIOT  COOOM
HECKOJIKO TOCJIEIOBATENbHBIX CTYIEHYAThIX
Bo3zaercTBui. Kaknoe W3 »THMX BO3JEHCTBHI
COOTBETCTBYET H3MEHEHUIO 3HAYCHHS YyIja
OTKJIOHEHHSI pblUara YIpaBJICHUS JBHUIATEIIEM
am=60°, am=50°, am=40°, apyﬂz30°,

a,,=25.

B paccmarpuBaemom mnpumepe BbIcOTa U
CKOpPOCTh TMOJeTa paBHBl Hyd0. UYerbipe
MIEpPEMEHHBIE yYIPaBJICHHUS (m=4)

COOTBETCTBYIOT PAacXOJ]ly TOIIUBA B OCHOBHOM
kamepe cropanus G, , IIoOIaad KPUTHYECKOTO

CeyeHWs peakTMBHoro comwra F_, yroy
IOBOpOTa HaIpPaBJIIOMINX anmnaparoB
BEHTHJIATOpPAa ¢, W  YIIOy  IIOBOpOTa

HalpaBJIAIOMIKX aIrmapaToB KoMIpeccopa @, .. -

P.JI. Jleii6oB

[IaTh  mepeMEeHHBIX  COCTOSHMS ~ OOBEKTa
ynpasiaeHus: (N=5) COOTBETCTBYIOT 4YacTOTE
BPALLCHUs BEHTUJIATOPA ABUraTels N, , 4aCTOTE

BpallleHuss  Kommpeccopa  aurarenss N

Kl
JIaBJICHUIO TOPMOXKEHHsI 38 KOMIpeccopoMm P, ,
JABJICHUIO TOPMOXKEGHUsSI 3a TypOMHOH P’ u

TeMIIepaType TOPMOXKEHU 3a TypOuHO# T .

BeKTopa HOPMHUPOBAHHBIX  YCTAHOBUBIIUXCS
3HAYCHHI YIpaBJICHUA W COCTOSAHUA  IJIA
MEPCUNCIICHHBIX BBIIIC PCIKNUMOB

u" =[1,0.4515,0,0[,

x"=[11211],

u" =[0.9442, 0.4441, —0.0893, 0] ,

x" =[0.9741, 0.9834, 0.9656, 0.9783, 0.9790] ,
u" =[0.7713,0.4441, - 0.3741,0[ ,

x" =[0.9176, 0.9414, 0.8355, 0.8618, 0.9225] ,
u" =[0.5724, 0.4441, —0.7402, - 0.1072[ ,

x" =[0.8449, 0.8991, 0.6724, 0.7125, 0.8507 ,
u" =[0.2880, 0.4441, -1, — 0.2264] ,

x" =[0.7231, 0.8399, 0.4505, 0.4787, 0.6900] ,
u" =[0.1864, 0.4441, -1, - 0.4019] ,

x" =[0.6202, 0.7929, 0.3348, 0.3788, 0.6114] .

Matpuipl  KyCOYHO-HETIPEPBIBHOM  MOJIENH,
COOTBETCTBYIOILNE paccMaTpuBaeMbIM
COCEIHUM YCTaHOBUBILINMCSI pexumMam,

oneHuBaTCs ¢ nomompbo (10) meromom
CIIy4aitHOTO MOWCKa

~1.8208 1.1770
0.0697 -1.6507
®A=| 9.7385 11.5191
9.6711 3.5115
2.9867 -6.8163
0 0 0
0 0 0
-20.1171 -13.1868 0 :
—~5.5917 -19.3568 0
-3.4159 -3.1171 -30.0422
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6
B=
0.6093 0.8201 -0.1387 0.1788
0.4454 0.5736 —0.0387 —0.2204
10.8333 —40.9063 2.6207 1.7204 |,
7.1854 —39.0036 2.1503 0.5060
16.0831 3.7726 —0.8053 -1.2318
—~2.0989 1.0320
0.1873 -1.8560
A=| 97914 115725
0.7835  3.6756
2.8621 —6.9600
0 0 0
0 0 0
—-20.0301 -13.1503 0
—5.5720 -19.2893 0
—3.4286 —3.2235 —29.9508
SB:
0.5647 22715 —0.4239 0.2514
0.6004 05737 0.1194 —0.2008
142718 —47.2595 22365 —1.5488],
9.2314 -44.3070 2.4864 —2.1365
17.9006 1.8247 -0.4124 -1.6880
-1.6270 1.2922
0.0649 —2.0180
*A=|11.2399 12.6572
10.4333  4.6735
2.8845 —6.9473
0 0 0
0 0 0
-19.7169 -11.5759 0 :
~5.0344 -18.7211 0
—3.4493 -3.2843 -29.9813]
4B=
0.5052 0.9260 -0.0118 0.1786 |
0.5892  0.5448 —0.0591 -0.2817
13.7952 -31.6776 1.7159 3.6744 |,
11.4705 —32.1760 1.7430 2.3281
16.7038 —3.8779  0.9959  2.3086 |
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—2.3519 1.7300

0.1079
*A=|13.2768
9.7373

2.8276

0

0

—2.8400
14.6302
4.2626
—3.5453

0
0

—-18.6061 -10.3892

—4.2626
—3.5453

3 B —
0.5980
0.7252

13.2790
9.1333
25.5911

-1.7279
0.5693

1.8505
—-0.1001
—20.5240
—19.3408
—-9.0120

1.9401
—2.5114

—15.6408
—-3.2605

—-0.1297
—-0.1947
0.0531
—0.2446
-1.0117

2A=|12.8263 14.9954

11.4961
2.8544

0

0

—-18.7520
—4.5819
—3.4658

2 B —
0.9329
0.5745
11.4558
6.7190
32.4494

0.4549
—0.0184
—-10.6185
—-12.0750
—3.5233

6.4707
—6.8024

0
0

—-11.9884
-17.7373

—-3.2515

0.1908
—-0.1399
—-0.1116

0
0
o |
0
~30.0025

0.1247
-0.3271
1.8069
1.4193
—-3.2289

0
0
0
0
—29.9919

0.0990
-0.1354
2.1666 |,

—-0.2529 1.0489

2.0774

-1.9944 0.9354

1.2707

—2.6249

'A=|12.5384 14.7670

11.4520
2.0775

0

0

—-18.6298
—4.5503
—4.9486

6.6307
—7.2209

0

0
—-11.9759
—-17.6851
—3.4682

—2.2863

0
0
0
0

-29.4721
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1
B =
0.7743 11148 -0.2212 -0.0727
14304 -0.5693 0.2746 —0.0064
14.3639 -10.6913 -2.1411 1.2968
8.7236 —-12.4513 -0.8109 0.8420
38.9908 -2.4710 -0.1666 1.5486

IIpu onenuBanuu Kk =1,...,2001, At=0.025, a

BECOBBIE MAaTPUIbI €IMHUYHEIE.
Ha puc. 1 noxasansl nepexojaHble IPOLECCH B
Pa30MKHYTOH CAY HOPMHPOBAHHOU
IIEPEMCHHONH ~ COCTOSHUSL ~ X;  HEIMHEHHOH

MOJEIN M KYCOYHO-HENPEPBIBHOW MOJEIH,
KOTOpasi OMUCHIBAET HEJIMHECWHBIA OOBEKT B
OKPECTHOCTSIX IIATH COCEJHUX YCTAaHOBUBILIUXCS
PEKHUMOB.

0,9 A

0,8 A

X5

0,7 A

0,6 T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50

t (c)

— HJI — KH (00111) |

Pucynox 1. I[lepexoousie npoyeccol 6
pazomxrymoti CAY nopmupoeannoti

nepemMeHHol cocmosHus Xy Henuneinou (HJI)
Mmooenu u Kycouno-rHenpepwigrot (KH) mooenu,
KOmopas onucvléaem HeluHeuHbll 00beKm 6
OKPECMHOCMSAX NAMU COCEOHUX
YCMAHOBUBUIUXCS PEHCUMOS.

P.JI. Jleii6oB

Omnbxu HOPMHUPOBAHHBIX

n n n n
cocTosaHus X, Xy, Xy, X,

HepeMEHHbIX
U X, KyCOYHO-
HENpepbpIBHOM Mozenn B pa3oMkHyToil CAY
0.0108, 0.0026, 0.0057, 0.0111.
Ha puc. 2,3,4,5,6 mnoka3aHel TEpPEexXOIHBIC
npouecchl B 3aMKHYTOil CAY HOpMHPOBaHHBIX

IEPEMEHHBIX COCTOSIHUS X, , Xy, Xj, X; M X{

HEJIMHEHHON U KyCOYHO-HENPEPBIBHOW MOJIeei
MpU U3MEHEHUIO 3HAYCHHS yria OTKJIOHEHHS

pbluara yrnpaeJjeHUs JBUratenem or « . =68
mo a,,= 25°, a 3arem oOT A, = 25° 1o

a,, =68

0,9 1

0,8

x1"

0,7 A

0,6 1

O,5||
01 2 3 4

5 6 7 8 9 10
t (c)

— HJI — KH (0.0245) |

Pucynox 2. Ilepexoounsie npoyeccoi

6 3amxnymou CAY nopmuposannou
nepemennoii cocmosmus X, Henuneiinoti (HJI)
Mmooenu u Kycouno-nenpepwvignoti (KH) mooenu

6 OKpEeCmMHOCmAX namu COCEOHUX
YCmMaHOBUBUIUXCS PEHCUMOS.
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1_

0,9 1

0,8

x2"

0,7 A

0,6 1

O,5IIIIIIIIII
0 1.2 3 4 5 6 7 8 9 10

t(©

| — HJT — KH (0.0264)

1 -
0,9 -
0,8

0,7 1

X 4"

0,6
0,5 1
0,4 1

0,3 1

0,2 —
0 1 2

3 45 6 7 8 9 10
t (c)

| — HJT — KH (0.0274)

Pucynox 3. Ilepexoonuvle npoyeccyi 8 3aMKHYmMOo
CAY nopmuposarnnoii nepemennoti cocmosanus

X, menunetinou (HJI) mooenu u xkycouno-

nenpepwvisHou (KH) mooenu 6 oxpecmnocmsx
NAMU COCEOHUX YCMAHOBUBUIUXCS PEHCUMOB.

1 -
09 -
08 -

0,7 1

x3"

0,6 -
0,5 -
0,4 -

0,3 1

0,2 v T 11T 1T T 1T 1T
0 1.2 3 4 5 6 7 8 9 10

t (o)

| — HIT — KH (0.0447)

Pucynox 4. Ilepexoonsie npoyeccwvl 8 3aMKHYmMOu
CAY HopMmuposaHHol nepemeHHOt coCmosiHus X,

Henuretinol (HJI) mooenu u KycouHo-HenpepuléHoll
(KH) mooenu 6 okpecmHocmsx nimu coceoHux
VCMAHOBUBLUUXCS PEHCUMOB.
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Pucynox 5. Ilepexoonwvle npoyeccwi 8 3aMKHYmMou
CAY nopmuposamnnoii nepemennoti cocmosnus

X, wuenunetinoi (HJI) mooenu u xkycouno-

nenpepuvisHou (KH) mooenu 6 okpecmmnocmsix
NAMU COCEOHUX YCMAHOBUBUUUXCS PEHCUMOB.

1_
09 A
08 -
=
07 1
06 -
0,5 T A} A} A} T T T T A} \
01 2 3 4 56 7 8 9 10
t(c)
| = HJl — KH (0.0397)

Pucynox 6. Ilepexoousie npoyeccol 8 3amMKHymou
CAY HopmuposaHHoli nepeMeHHOU COCMOsHUSA

Xs Henuneunou (HJI) mooenu u kycouro-

nenpepuwisrou (KH) modenu 6 okpecmnocmsix
HAMU COCEOHUX YCMAHOBUBUIUXCS PEHCUMOB.
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14

0,9

0.8 -

x5"

0,7 1

0,6 1

0,5IIIIIIIIII
01 2 3 45 6 7 8 9 10

t(©

— HJT — KJT (0.0402) |

Pucynox 7. Ilepexoousie npoyeccol 6
samkuymou CAY nopmuposannou nepemeHHOU
cocmosanus Xg Henunetinou (HJI) modenu u
kycouno-nunelnou (KJI) mooenu, nonyuennoti
U3 KYCOUHO-HENnpepvl8HOU MOOeU Yepe3
kaxcovle 0.1 ¢, 6 okpecmrocmsx namu
COCEOHUX YCMAHOBUBLUUXCS PEHCUMOS.

1_
09 -
08 -
=
07 -
06 -
0,5 T T T T T T T T T 1
01 2 3 456 7 8 9 10
t(c)
— HIT — KJ1 (0.0400) |

Pucynox 8. Ilepexoousie npoyeccol 6
samkuymou CAY nopmuposarHoii nepemerHou

cocmosinusi Xy Henunetnou (HJI) modenu u

P.JI. Jleii6oB

kycouno-nunetnou (KJI) mooenu, nonyuenroii
U3 KyCOYHO-HENnpepul8HOU MOOeNU Yepe3
kaxcovle (.25 ¢, 6 OkpecmHOCmAX nsamu
COCEOHUX YCMAHOBUBUUUXCSL PEHCUMOS.

Ha puc. 7, 8 moka3aHbl nepexoaHble MPOIecCh
B 3aMKHYTOU CAY HOPMHUPOBAHHOM

IIEPCMCHHONH ~ COCTOSHMSL ~ X;  HEJIMHEHHOM

MOJEIM M  KYCOYHO-JIMHEWHOW  MOJENH,
MOJIYYEHHOM u3 KYCOYHO-HENPEPbIBHON
MOJIEIIN.

Jns mosnyyeHus: KyCOYHO-JIMHEMHBIX MOJENEH
U3 KyCOYHO-HENPEPBIBHOM MOJENU  4epe3
kaxapie 0.1 c u 0.25 ¢ dukcupyroTcst BekTOpa
HOPMHUPOBAHHBIX YCTAHOBUBIIUXCS 3HAYCHHUI
MEPEMEHHBIX YOpaBieHUs sU" U MEePEMEHHbIX
coctosiHus X", a Takxke Marpunsl A u B
KYCOYHO-HEIIPEPBIBHON MOJIEIIH. [Ipu
YBEJIMYEHUH  DTOrO0  MHTEpBajga  OHIMOKH

HOPMHPOBAHHON HEPEMEHHON COCTOSHHS X

KYCOYHO-JIMHEHHOM  MOJEIM  PacTyrT |
CTaHOBSTCS HerpuemyieMbIMU. OMUOKU APYTUX
HOPMHMPOBAaHHBIX  IIEPEMEHHBIX  COCTOSHHUS
KYCOYHO-JIMHEHHOM MOJENN pacTyT Tropaszo
MEJUICHHEE.

OmuOKM KyCOYHO-HENPEPbIBHON M KYCOYHO-
JIMHENHON MOJEJIEH 10 KaXAO0U U3 IIEPEMEHHBIX
COCTOSTHUS paCCUUTHIBAIOTCA ¢ ToMoIibio (11).

5. 3BAK/IIOYEHHUE

Pazpaborana METO/IMKA OLICHUBAHUS
MaTPHYHBIX [1apaMeTpoB KyCOYHO-
HEMPEPbIBHON MOJETH HEIMHEHHOro OO0BeKTa
YIPAaBIEHUS.

B kauecTBe MUCXOAHBIX TAHHBIX JJIS1 OLICHUBAHUS
MaTpUll KYyCOYHO-HENPEPHIBHOM MOJENIU C
IIOMOUIbI0 AJITOPUTMa CIy4YallHOIO IIOMCKa,

UCTIONIB3YIOTCSI nepexoTHbIe MIPOIIECCHI
NEPEMEHHBIX  YIpaBIEHUS M  IEPEeMEHHBIX
COCTOSIHUS HEJIMHEHON MOIETN 00BEKTA.

PesynpTarbl naHHOW pabOTBl MOTYT OBITH
NPUMEHEHBl TpU  pa3paboTKe  aIrOpUTMOB
yIIpaBJICHUS HEeJTMHEHHBIMH 00BEeKTaMH,
KOTOpbIE ~ MPUOMIDKCHHO  OMHCHIBAIOTCS  C

NMOMOIIBIO KYCOYHO-HCIIPCPBIBHBIX M KYCOYHO-
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OHCHI/IBaHI/Ie MaTpHUYHBIX MapaMETPOB KyCO'-IHO-HerepLIBHOI‘/II MOJEIU HEITUHEHHOTO 00BeKTa YIiipaBJICHUA

JWHEHWHBIX MOJIENIel, a TaKkKe aJrOPUTMOB
0oOHapyXKeHUS OTKa30B JTATYNKOB u
UCTIOJTHUTEINILHBIX YCTPOUCTB B X CAY.
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AHHOTaUMs: YKa3pIBaeTCsS Ha ACKIApaTUBHOCTh HOPMATHUBHBIX TPEOOBaHWH OTHOCHTENBHO O0S3aTEIHHOCTH
BBINTOJIHEHHUS HETHMHEHHBIX pacdeToB OOBEKTOB CTpOHTENbCTBA. IIpuBOMUTCS mepedeHp mpobiaeM, OTCYTCTBUE
pelIeHnst KOTOPBIX MEIIaeT MOJHOLEHHOMY HMCIIOJIb30BAHUIO HETMHEHHOTO aHalu3a B NPOEKTUPOBAHUU. Y TBEp-
JKIAeTCs, YTO Ha HACTOSIIEM 3Tare HeJTUHEHHbIE pacueThl MOKHO pacCMaTPUBATh JIMIIb KAK HEKOTOPBIXA JTOMOJI-
HUTEJbHBIA UHCTPYMEHT, KOTOPBIM UCHOJIB3YIOT B TEX CIIydasX, KOrJa NPUMEHEHHE MPOCThIX CTAaHAAPTHBIX Me-
TOJIOB pacueTa CeUCHUIl SIBIAETCS HEAOCTATOUHBIM.

KiroueBble c10Ba: HeNMMHEHHBIN aHANN3, KOHCTPYKTUBHAS cUCTeMa, opMaT 6€30IacHOCTH, HA/IE)KHOCTb

WHETHER WE ARE READY TO PROCEED
TO A NONLINEAR ANALYSIS AT DESIGNING?

Anatoly V.Perelmuter?, Victor V. Tur?
1 SCAD Soft Ltd., Kyiv, UKRAINE
2 Brest State Technical University (BSTU), Brest, BELARUS

Abstract: Despite of the fact that in recent years the non-linear analysis is considered as an advanced method of
structural analysis, the basic requirements, which are associated with this method in actual Design Codes, are of-
ten vague and declarative without clear comments. The main problems, which must be solved for implementa-
tion of the non-linear analysis in practical design, are discussed. It was shown, that currently non-linear analysis
can be considered as an additional tool, which is utilizing for limit states checking in special cases, for example,
checking of the structural robustness in accidental design situation.

Keywords: non-linear analysis, structural system, safety format, reliability

HeobxomumocTs  pacuera

KOHCTPYKIIMA Ha

Bcest noruka pa3BuTHs CTPOUTENBHON HAyKU U B
OCOOCHHOCTH TaKHUX €€ pa3JielloB Kak CTpOU-
TeJIbHAs MeXaHHKa (TEOpHsl COOPYXKEHHH) WU
TEOPHsI KOHCTPYKTHBHBIX (POPM, BEAYT K TOMY,
YTO HEOOXOJUM y4yeT (PaKTOpOB, MMO3BOJISIOLIMX
¢u3uueckn Ooree TOYHO OIPENENATh Harmpsi-
XKEHHOoe U Je(GOpMHUPOBAHHOE COCTOSIHHE KOH-
CTPYKTHBHOTO 3JIEMEHTa, paboTalomero B co-
CTaB€ KOHCTPYKTUBHOM cucTeMbl. M B kadecTBe
OJIHOTO U3 aKTyaJIbHBIX HaIlpaBJIEHUN HCCIENO0-
BaHUI BbABUraeTcs mpobjema ydyeTra NpH Bbl-
MOJIHEHUH DPACUYETHBIX NPOLEAYP HEIUHEHHOTro
MOBE/ICHNSI KOHCTPYKTUBHOTO KOMIUIEKCA.
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YCTOMUYMBOCTh U CTPEMJICHHE IIOJIHEE HCIIONb-
30BaTh BO3MOXXHOCTU KOHCTPYKLIIMOHHBIX MaTe-
puajioB MOTpeOOBalo yyeTa KOHEUYHBIX Iepe-
MEIEHNH M mepexosia K OOLUM HeTUHEHHbIM
3aBHCHUMOCTSIM HAIIPsDKEHUH OT e opManuii.

K sTOMYy € BeneT NpOEeKTUPOBAHUE IO METONY
npesenbHbIX cocTosiHui (anen. Limit States De-
sign), MOCKOJIbKY MMEHHO B OKPECTHOCTH TIpe-
JIEIBHOTO COCTOSIHHS PEATU3yeTCs HEINHENHOE
MOBE/ICHNE KOHCTPYKLUH.

[TpucTynass K pacCMOTPEHHIO MPOOJIEMBI TIPH-
MEHEHMUS HEJIIMHEHHOrO aHajau3a MpH NPOEKTH-
POBaHMM KOHCTPYKTHUBHBIX CHCTEM, BBEJEM He-
KOTOpBIE OrpaHu4eHus. Bo-mepBbIX, B HACTOS-
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nieil cratbe He OyAyT KPUTUYECKU paccMoTpe-
Hbl OCOOEGHHOCTH OpraHU3alUN COOCTBEHHO
pacyeTHBIX MpOLEAYp B KOHEYHO-3JIEMEHTHBIX
KOMILJIEKCaX, JEKJIAPUPYIOIIUX BO3MOXKHOCTH
BBIIIOJIHEHMS HEJIMHEWHOTO aHanu3a. XoTs OIo-
CpPEeIOBaHHO, HaM WpHUIETCS oOpamarbcs K
HEOOXOJUMOCTH OLEHUBAHUSI CTAaTHCTUYECKUX
napaMeTpoB OMMUOKA MOJACTUPOBAHUS ISl KOH-
KPETHOT'O BBIYUCIUTEIBHOIO UHCTPYMEHTA, YTO
HEIMOCPE/ICTBEHHO CBSI3aHO C MPUHATOM pacyeT-
HOM CTpaTerue 1 ypoBHAMHU allllPOKCUMALIHA.

Bo-BTophIX, OOmMpHAas HAIMOHATBLHAS U 3apy-
OexHasi JUTeparypa, MOCBSIICHHAs HEJIUHEH-
HBIM MPoOJIeMaM CTPOUTETHLHOM MEXaHUKHU (CM.,
Hanpumep, [2, 5, 20, 9, 11, 22, 23, 24, 25, 27]),
paccMarpuBaeT B OCHOBHOM CIIOCOOBI OmpeJie-
JICHUS HANPSKEHHO-1e(OpPMUPOBAHHOTO COCTO-
SIHUSL JJIS1 HEJIMHEMHBIX 3a/1a4, 1 MaJI0 OCBELIAET
BOIIPOC O MECTE HEJIMHEWHOr0 aHajiu3a B Ipo-
[[eCCe PEeaIbHOT0 MPOEKTUPOBAHUS CTPOUTEIb-
HBIX KOHCTPYKILIHMI, TPAaKTUYECKHU HE 3aTparuBas
BOIIPOCHI HUCIIOJIb30BaHUS PE3YyJIbTAaTOB HEIU-
HEWHOro aHanu3a. M3ydeHue myOIMKaIun, OT-
HOCSIIIIUXCSI K TmpoOieMe, HaéT OCHOBAaHHE
YTBEPKJ1aTh, YTO TEPMHUH « HEJIUHEUHbLI aAHa-
au3 (anen. Non-linear Analisys)» npumensiercs
pa3IMYHBIMHU aBTOpPaMH AJisi 0003HAYEHHS ABYX
TANoB 3axa4. K 3amauam nepgoco muna MOXeT
OBbITh ~ OTHECEH  HEJNWHEWHBI  KOHEYHO-
AJIEMEHTHBIM aHaU3 OTACJbHBIX KOHCTPYKTHB-
HBIX 3JIEMEHTOB U MPOCTEUIINX KOHCTPYKTHB-
HBIX CHCTeM (Hepa3pe3HbIX OaJoK, TUIOCKUX
MPOCTHIX paMm u T.1.), B paMKax KOTOPOTO Mpe/-
MPUHUMACTCS TIOMBITKA (PU3NIECKOTO0 MOJICIH-
pOBaHUs MOBEICHUSI KOHCTPYKIMHU MO/ Harpys-
KOH C y4eTOM TpeumHOOOpa3oBaHus, COBMECT-
HOW paboOTBI apMaTypbl C OETOHOM, HEIWHEH-
HBIX almmpoKCUMAaIil quarpamm nedopMupoBa-
HUA Ul MaTepuanoB W T.4. Uit aTux ueneit
MPUMEHSIOT MOIIHBIE («TSHKEIOBECHBIEY) BHI-
YUCJIUTENIbHBIE KOMIUIEKCHI, OCHAIICHHBIE OMO-
JUOTEKaMU CHEIHAIbHBIX KOHEUYHBIX 3JIEMEH-
TOB. B naHHOM cilyyae HEJIMHEHHBIA aHan3
paccMaTpuBaeTcs, TJIaBHBIM 00pa3oMm, Kak Jo-
MOJTHUTENbHBIA  MCCIIEIOBATEILCKUM HHCTPY-
MEHT, MO3BOJISIIOLIUN C ONpPENeNeHHbIMU JI0IY-
HICHUSIMU BBITIONHATh YACIECHHBIN SKCTIEPUMEHT
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IIPU PEIICHUM 3a]a4 JIOKAJIbHOIO CONPOTHUBIIE-
HUA B y3J1aX, KOHTAaKTHBIX 33/1a4 U T.J., IPU OT-
CYTCTBUHM OOOCHOBAaHHBIX AHAJUTHYECKUX MO-
neneil. '0BOpUTE O MPUMEHEHUH HEIMHEHHOTO
aHaiu3a B onmucaHHO# (kak mpaswio 3-D) mo-
CTAHOBKE K pEaJbHOMY MPOEKTHUPOBAHUIO, IO
KpaitHel Mepe, PEXKIECBPEMEHHO.

K 3amauam eémopoco muna MOXHO OTHECTH He-
JIMHEHHBI KOHEYHO-3JIEMEHTHBIN a”HalIn3 Ue-
AIM3UPOBAHHBIX KOHCTPYKTUBHBIX CHCTEM, KO-
raa, HarpuMmep, MOJECIMPOBAHUE BBIOJIHIETCS
Ha YPOBHE CTEP>KHEBOM anmnpoKCUMAaIUH.

Takol ananu3 OKe K MPAKTUUYECKOMY TPOESK-
TUPOBAHUIO U I03BOJISIET ONTUMU3ZHPOBATH pe-
LIEHUS JUISl CIIOKHBIX CTATHYECKH HEONpeleau-
MBIX KOHCTPYKTHUBHBIX CHCTEM, BBIIIOJIHUTH
MIPOBEPKU KUBYUYECTU KOHCTPYKTUBHBIX CHUCTEM
B 0COOBIX PacueTHBIX CUTYyalUsX, a TaKKe Ipo-
W3BECTU OLICHMBAaHUE TEXHUYECKOI'O0 COCTOSHMS
CYILIECTBYIOIIMX KOHCTPYKUUM. B naHHOM ciry-
yae MOJIETMPOBAHUE HEITUHEHHOW paboThI CBS-
3BIBAIOT, KaK IMPABHJIO, C BPE3KOM pPa3IUUHBIX
TUIOB IUIACTUYECKUX IIAPHUPOB C 3aJaHHBIMHU
CBOMCTBaMH.

Takum oOpazom, oOpaiasch K BOIpocam IMpo-
eKTUPOBaHMs, B JaHHOM CTaTb€ paccMaTpHBa-
I0TCS 33/1a4H, OTHOCSIIIKECS, TJIaBHBIM 00pa3om,
KO 8MOpoOMYy Muny.

BwmecTe ¢ TeM cpeau cnenuanucToB pa3InyHOro
YPOBHSI OBITYET WIIIIO3USI TOJHOM TOTOBHOCTH
nepexoja K «HeJIMHEMHOMY IPOEKTUPOBAHUIOY.
OTo MHeHHe OazupyeTcss Ha HEKOTOPOM JIO-
KaJIbHOM aHAJIN3€ NPOEKTHOW CHUTyallUh W He
paccMaTpuBaeT B MOJHONM Mepe BeCh Kpyr BO3-
HUKAIOLUX 37€Ch BOIPOCOB.

JEKJIAPAIIA NJIN ITPABHUJTA
INOBEJEHMUSA

OTcyTcTBHE KOMIUIEKCHOTO TOJIX0Ja K mpo0Je-
M€ MPUBENO K TOMY, YTO B IIOCIEAHHUE TOABI Je-
KJIapaTUBHbIE TPeOOBaHUS OTHOCUTENBHO IpH-
MEHEHHUS HEJIMHEHHOIO0 aHajau3a IIOBEACHHUS
KOHCTPYKIUH BCE yalle BKIJIIOYAIOTCS B HOPMBI
IIPOEKTUPOBAHUS CTPOUTENIBHBIX KOHCTPYKLUH.
BoT TunuyHble npuMepsl:
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«5.1.2 Pacuem b6emoHHbIX U dHcene300emoHHbIX
KOHCMPYKYULl (TUHEUHbIX, NIOCKOCHHbIX, NpPO-
CMPAHCMBEHHBIX, MACCUBHBIX) NO NPeOeNbHbIM
COCMOSIHUAM Nepeou U 6Mopol pynn npou3eo-
0SIM NO HANPANCEHUAM, YCUTUSIM, Oepopmayusim
U nepemewjeHusIM, GbIYUCTEHHbIM OM BHEUHUX
8030eticmeull 8 KOHCMPYKYUAX U 00pasyembix
UMU CUCMeMAax 30aHULl U COOPYIHCEHULl C yye-
mom @u3udeckol HeauHeruHocmu (Heynpyeux
degopmayuti bemona u apmamypul), 803MONic-
HO20 00pazosanusi mpewun U 6 HeobX0OUMbIX
CYYAAX - AHU3OMPONUU, HAKONIEHUs Noepe-
JHCOEHULl U 2eOMemPUHEecKoU HeTUHetHOCmuU
(6nuanue degpopmayuti Ha uMeHeHue YCUIUll 8
koncmpykyusx)» [32].
«CmanvHble KOHCMpPYKYuu ciedyem, Kaxk npagu-
JIo, paccuumsiéams Kak eouHvle NpoCcmpaH-
CMBeHHble CUCmeMbl C YYemom Gakmopos,
ONpedeNIUUX HANPANCEHHOEe U 0edhopMupo-
8aHHOe cocmosAHUe, 0COOEHHOCMU B3aUMO0el-
CMBUsL INeMEHMO8 KOHCMPYKYULL MedHcOy coOOou
U OCHOBAHUEM, 2eOMEeMPUYECKOll U Pu3UYecKoll
HeUHelHOCmU, CEOLCE MAamepuanos u pyH-
moe» [29].
K coxanenuto, HOpMbI MPOEKTUPOBAHUSA, KOTO-
pBIC IEKIAPUPYIOT HEOOXOIUMOCTh BBITIOJTHEHUS
HEJIMHEHHBIX pacueToB, HE COJEepKaT yKa3aHUH,
KaK T0 WX BBHITIOJTHEHUH, TaK M TPAKTOBKE TTOITY-
YEHHBIX Pe3yJIbTaTOB pacyera.
W abcomoTHO HE SICHO, O KaKOM pacueTe UJIEeT
peub. Benp Bce mMpoeKTHBIE pacyeThl MpeacTaB-
JISIFOT COOOM JIBYXATAIMHYIO MPOLETYPY:
® OmpenereHue HaNpPsHKEHHO-
ne(OpMUPOBAHHOTO COCTOSIHUS
® MpOBEpKa MPOYHOCTH U YCTONYMBOCTHU dJie-
MEHTOB KOHCTPYKIIHH.
HopMmbl He ToBOpST, K KakoMy 3Taly pacdera
OTHOCHTCS «HeJNWHeitHoe TpeboBanuey». IIpaBu-
Ja, coliepKaliecss B HopMax MPOEKTUPOBAHUS
KOHCTPYKITUH, Oa3uPYIOTCS, TJIABHBIM 00pa3oM,
Ha KJIACCHUYECKUX MPOIEAYpax, UCMOIb3YIOIINX
JUHEWMHO- YOPYTrUidl aHaIW3 JUIsl ONpPEIeSICHUS
3¢ dexToB BO3ACHCTBUN € MOCIEAYIOMIeH Mpo-
BEPKOW OTJEIBHBIX KPUTHYECKUX CEYEHUH C
UCIIONIb30BaHUEM TJIyOOKO HENMHEWHBIX MOJe-
nei conpoTtuBicHus. Y ecnu pedb HIET TOIBKO

A.B. Ilepensmytep, B.B. Typ

0 BTOPOM JTamle pacyeTHOW IpOLENypbl, TO U
JienaTh HUYero He CIeIyeT.

Ecnu xe pedb uaeT o nepBom sTane, T OCTaeT-
Csl HE SICHBIM KaK MCIIOJIb30BaTh €ro pe3yabTaThbl
IIPU TIPOBEPKE NPOYHOCTH M YCTOMYMBOCTH
3JIEMEHTOB KOHCTPYKIIMHU, IPUMEHSATDH JIU TE KE
KOd(PUITMEHTHI, KOTOPHIE MCIOJB3YIOTCS TI0
pe3ynbTaTam JIMHEWHOr0 aHaldu3a WIH K€ BBO-
nuTh apyrue (kakwe?) u T.0. [Ipu aTom 00s3a-
TEIbHBIM YCIOBHEM OCTaeTcsi oOecredeHue
TpeOyeMoro ypoBHsI Ha/IeKHOCTH, YCTaHOBJICH-
HOTO JIEHCTBYIOIIMMU HOpMamu. Takum oOpa-
30M, ¢opmaTr OE30MaCHOCTH TPU BHITTOJHCHHH
HEJIMHEMHBIX PAcyeTOB CTAHOBHUTCS OJHOU H3
BOKHEUIINX TPOOJIEM, KOTOPOH, XOTs ObI B 00-
IIUX YepTax, KOCHEeMCs Jlajee.

B npunHunune, npu NpUMEHEHHH HEJIUMHEHHOTO
aHaJIn3a Mbl HE MOXKEM OJHO3HAYHO BBIJICIUTH
JIBa Ha3BaHHbBIX 3Tanal. Tak, NPUMEHUTEIBHO K
JKEJIe300€TOHHBIM KOHCTPYKIIHSIM MPEJIaraioch
paccMOTpeHHe OOBEIMHEHHOTO MpeaMeTa MO
HA3BaHHEM «HEIWHEIHAs MEeXaHWKa Kele300e-
TOHa».

Hampumep, ocraercss He COBCEM SICHBIM BOIIPOC
0 IPUMEHUMOCTM K PE3yJIbTaTaM pacyera IIo
neOpMUPOBAHHON CXEME TaKOro, HaIrpuMep,
MOHSTHS, KaK KO3(PPHUIMEHT MPOJOIBHOTO U3-
ruba ¢, UCIOIB3YEMbI TPU NPOBEPKE YCTOM-
YUBOCTH CXaTbhIX CTaJbHBIX CTEepkHEH. Benb
Ipu orpeaeneHu KodphuiueHTa ¢ yxxe oauH
pa3 HMCIONB30BAICA pacdeT Mo JAeGOopMUpPOBaH-
HOH cXeMme.

TOTOBHOCTH HOPMATHUBHOM
BA3bl

BHenpeHne HelMHENHHBIX pacueToB B MPAKTUKY
IPOEKTUPOBAHUS CTAJIO BO3MOXKHBIM C OJIHOM
CTOPOHBI, Oylarojjapsi UHTEHCUBHOMY Pa3BUTHIO
KOMIIBIOTEPHON TEXHUKH, a C IPyrol — B pe-
3ynbTare pa3pabOTKU MPOrpaMMHBIX MPOIYK-
TOB, PEAIN3YIOIIUX HEIMHEWHBIE pacYETHHIE
npoueaypsl. Ho mpu 3TOM mHpOEKTHPOBILHUK

! 3amMeTHM, 4TO B HEKOTOPBIX 3a/1a4aX PACCMATPHBAIOIIUX TOJb-
KO I'€OMETPUYECKYI0 HEIMHEHHOCTh Takas BO3MOXXHOCTb CO-
XpaHIeTCsL.
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HATBIKACTCS HA P TPOTHBOPEYH M TEPBBIM
(He Bcerja 3aMeyaeMbIM) B 3TOM PsIIy CTOHT
NPaBUIO NMPUMEHEHHSI METO/Ia PacueTHBIX Tpe-
JENBHBIX COCTOSIHUN B (popMe MeTOAa YaCTHBIX
k03 unreHToB HagaeKHOCTH [17, 6], 3HaUCHMS
KOTOPBIX OOOCHOBAHBI CETOAHS JIMHEWHBIM Be-
POATHOCTHBIM aHAIM30M. [Ipu 3TOM KpHTEepHn
MPOBEPOK MPECILHOTO COCTOSIHUS, cPopMyu-
pOBaHHBICE B TEPMHHAX TMPENEIbHBIX YCHINH,
MOTYT OKa3aThCsi HEMPHUMEHHUMBIM, KOT/Ia OT-
CYTCTBYET NPOMOPIHUOHATIBHOCTh MEXIYy BO3-
JCUCTBUAMHU (HAarpy3KamMu) Ha CUCTEMY H 3(-
dbexkTamMu BO3JICHCTBUA.
B coorBerctBun ¢ EN 1990 [18] TpeboBanus
HAJIGKHOCTH TPU TPOBEPKaxX IPENEIbHBIX CO-
CTOSIHMI oOecreunBacTCcss MpH MPUMEHEHHUH
CJICAYIOIINX METOJIOB:
®  TIOJHOCTBHIO BEPOSITHOCTHOTO METOJa, B CO-
oTBeTCTBHH ¢ oOmmM (opmarom Ge3ormac-
HOCTH;
®  TOJYBEPOSATHOCTHOI'O METOJA YaCTHBIX KO-
3 PUIHUEHTOB;
®  pacyeTraMu, MOJKPEIUIICMBIMH Pe3yJIbTaTa-
MU UCIIBITaHUM.
B pamkax BepoOsSTHOCTHOTO MOAXO0MAa (YHKIIHS
IUIOTHOCTH PAacIpelieiecHUs] BEPOSITHOCTH CO-
nportusieHus I(r) GopMyaupyercst ¢ HCIOIb30-
BaHMEM HEITMHEWHBIX MOJIENIeH ¢ YYeTOM CTaTH-
CTUYECKOH  M3MEHYHMBOCTH  XapaKTEPHCTUK
CBOWCTB MaTepHAJIOB, TEOMETPUYCCKHX XapakK-
TEPUCTUK, OMIMOKH MOJCTUPOBAHUS MOJICIH
COIIPOTHBJICHUS U T.A. be3omacHoCTh OleHWBa-
IOT OIUPAsCh HA HOPMHUPYEMOE IIEJIeBOE 3Haue-
HUE WHJCKCAa HAJC)KHOCTH WM CBSI3aHHOW C
HUM BEPOSTHOCTH OTKa3a, 3HAYCHHSI KOTOPBIX
coxepxatcs B EN 1990.
CrnemyeT OTMETUTh, YTO BEPOSTHOCTHOE MOJIe-
JMPOBAHUE XOTS M MO3BOJISIET HAMPSMYIO TIOTY-
YUTHh PAaCYCTHOE 3HAYCHHE COMPOTHBIICHHS, HO
SBISICTCS TPYAOEMKOW TIpOLeaypoii, TpeOyto-
el He TOJBKO CYIIECTBEHHBIX 3aTPaT BpeMe-
HU, HO ¥ COOTBETCTBYIOIIEH MOATOTOBKH CIle-
[TUAJTHCTOB.
[TomHOCTBIO BEPOSATHOCTHBIM MOAX0J, OoJiee
JETATLHO PACCMOTPEHHBIN, HAPUMED, B HAIIUX
paborax [34, 13], npumMeHsieTcs I KanuOpoB-
KM 3HAaYCHWH YaCTHBIX KO3(DPHUIMEHTOB, WC-
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MOJIb3YEMBIX MPHU MPAKTUUYECKOM MPOEKTHPOBA-
HUH. B 60NbIIMHCTBE Clly4yaeB NP HETMHEHHBIX
pacuerax JUIsl YOpOUIeHHsI U 0e3 TOTO CII0KHOMN
IpOoLelypbl MCIONB3YIOT T.H. pa3lelibHyI0 Ka-
JTUOPOBKY YacTHBIX KOA(GOHUIIMEHTOB ISl CO-
IOPOTHUBJICHUIA U IS BO3JCHCTBUH (IpU HpUHS-
ThIX KOd(PUIIMEHTaX YyBCTBUTEIBHOCTH IIPH
OJIHOCTOPOHHEM oIeHuBaHuu cornacHo SO
2394).

Bwmecre ¢ Tem, kak mokazano B [11], Mmoxer oka-
3aTbCAd HEMPHEMJIEMBIM pa3JieIbHOE PaccMOT-
peHue MOJEIeH HEONPENESICHHOCTH BO3IECH-
CTBUH M HEOIPEAEICHHOCTH CONPOTUBICHUS
koHCTpyKuuu (puc. 1). Kpome Toro m cama
poueaypa BEpOSTHOCTHOTO OLICHUBAHUSI IMEET
pSII HEOIIpeNIeIEHHOCTEH, TPEeOYIOUINX OTACIb-
HOTO JIETAIBHOTO 00CYKICHUSI.

[TosTOMYy mpakTHYECKH BO BCEX AaKTyaJbHBIX
HOpMax MPOEKTUPOBAHUS JJIsl MPOBEPOK Ipe-
JICNTbHBIX COCTOSIHUM TPHUMEHSIOT TOIYBEpOST-
HOCTHBIM METOJ 4acTHBIX KO3 duireHTon. Tax,
B cootBercTBuM ¢ 1.6.1(1)P EN 1990 [6] «wme-
Mmoo 4acmuvix Ko3pduyuenmos ciredyem npu-
MeHAmb O0lsl NOOMEEPHCOEHUsL MO20, HMO 60
8cex cOomeemcmayIouux pacuemusbix cCumyayu-
AX HU OOHO U3 3HAYUMbBIX NPEOeNbHbIX COCMOS-
HULl He Oyoem NpesviueHO, ecliu 8 PACUenHbIX
MoOensix  goz0euicmeutl  (3ghghekmos  6o30eii-
CMBUtl) U MOOensax CONpOMmMuGIeHUll NPUHImMbl
pacuemmnbvle 3HaueHus: 6A3UCHBIX NEPEMEHHBIX).
OuyeBunHO HE TpeOyeT MOMOIHUTENBHOTO 00-
CyXJeHHUs] TOT (aKT, YTO HEJIMHEHHBIN aHaIu3,
O0a3upyloImuics Ha NPUMEHEHUU pPACUemHbIX
3HaYeHUH MPOYHOCTHBIX H JAe(OpMAIIMOHHBIX
XapaKTepPUCTUK CBOMCTB MaTepuanoB( Kak Oa-
3UCHBIX MEPEMEHHBIX MOJICIH COMPOTHBIICHUS),
MPEACTaBICHHBIX IKCTPEMAaIbHO HU3KUMH 3Ha-
YEHUSMU, COOTBETCTBYIOIIMMU HA3HAYEHHBIM
HOPMaMH KBAaHTHIISIM, KOTOPbIE HE OTPaKaOT
pealbHBIX CBOMCTB MaTepHalioB, B psijie CIydyaeB
NPUBOJIUT HE TOJBKO K HEPEATHCTHYHBIM Tepe-
pacripeneneHusM 3(p(HexkToB Bo3IEHCTBUM, HO U
¢dopmam paszpymeHus. Kpome Toro, mprumene-
HUE T.H. «pacuemHuvixy» auarpamm JaehopMupo-
BaHUs MaTepUaNoB (C pacuemHulMy 3HAUCHUSIMHU
INPOYHOCTEH M OTHOCHTENbHBIX Aedopmanuii B
napaMeTPUUYECKUX TOYKaxX) BEJeT K CYIIeCTBEH-
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HOMY MCKa)K€HHIO MaTpPHULIbI )KECTKOCTEH KOHEY-
HO-DJIEMEHTHOM MOJEIM B IIPOLECCE peanusa-
MU UTEPAIMOHHON MPOUEAYpPhl HEIUHEHHOTO
aHaJIM3a. YUUTHIBAas 3TO OOCTOSATENHCTBO €BPO-
neiickue HOpMbI [18] orpaHMuYMBAOT MpSIMOE
MPUMEHEHHE METOJla YaCTHBIX K0d(h(UIleHTOB
IIPU BBINOJIHEHNUU HEJIMHEHHBIX PACUETOB.

Tak, B pa3nene 6.2 EN 1990 conepxxurcs cie-
NYIOIIast 3alUCh.” OJi1 HeIUHEUHbIX paciemos u
pacuemosg Ha YCMAanoCcmv Npu  YUKIUYECKUX
HACPYIHCEHUSAX clledyem NpumMeHsms noopooOHble
npasuia , U3N0NCEHHbIE 6 COOMEEMCMEYIOUUX
yacmsx EN 1991-EN 7999”. IIpuMeHUTETHHO K
NPOEKTUPOBAHUIO HKEIE300€TOHHBIX KOHCTPYK-
uit 8 EN 1992 [26] (11.5.7.4 (3) P) manHoe Tpe-
OoBaHHE pacUIMPEHO J0... o0mel GopmMyIupoB-
KU BUJIA:” TIPU BbINOJHEHUU HENUHEUHbIX pacye-
mos cnedyem UCHOIb308aMb XAPAKMEPUCUKU
Mamepuanos, Komopbvle No3601110m Hauboee
PpeanvHo omobpaxicamv HecmKOCHmHble XAPaK-
MepUCmuKy KOHCMPYKYUU ,HO YUUMbléaom Ho-
epewHocmu  (HeonpeoeneHHoCmu) pacyemHou
Modenu, onucwvlearoujerl paspyuieHuey .
[Ipencrasiennoe TpeboBaHue, UMEIOIIEE 3HAYE-
HUE «IpuHIUINA» (0003HAYeHO JuTepoit P),
IPUBOJIUT, TO-CYILECTBY, K OLCHUBAHHUIO CpEll-
HUX CONPOTUBIICHHM, BBIPAKEHHBIX B TEPMUHAX
BO3JICHCTBUN C TOCIEAYIOIIMM JCIICHUEM Ha
HEKOTOPBIN T00aNbHBIA YacTHBIN KO3 duIm-
€HT 0E30IaCHOCTH, YYUTHIBAIOIIMI IOTPENIHO-
CTH Mojenu conpotusieHus. Cremyer oTme-
TUTh, YTO B IIEJIOM PsiJIe TIPEABAPUTEILHBIX BEP-
cuit EN 1992 (EC2) ycnoBusi mMeTo/1a YaCTHBIX
KOX(PUIIMEHTOB OBUTH 3alMCaHbl  Pa3JIelIbHO
JUIsL TIPOBEPOK, OCHOBAHHBIX Ha pacuerax Kpu-
TUYECKUX CEUCHUU (TpamuimoHHas ¢opma) U
HEJIMHEHHBIX pacyeToB KOHCTPYKLUMH( IpH o1e-
HUBAHWHU T.H. 21004/1b6HO20 CORPOMUBTICHUSA).

B oxonuarensHoit Bepcun EN 1992 tepmun
«r00ankHOE  COMPOTHBIIEHHE»  0003HAYEH
TOJIBKO OOIIEH 3amuChi0 B TEKCTE, IUTHUPOBAH-
HoMm Bhimie. Onnako B Bepcuu fibModel Code
2010 [10] maHHBIA TEpMHUH HCIONB3yeTCS MO-
MpeKHEMY, IPUMEHUTENBHO K BBHITIOJHEHUIO He-
JMHEHHBIX pacueToB. B coorBerctBum ¢ [13]
TEPMHH «2100anbHoe conpomuenenue (anen.
global resistance)» ucmons3yercs 11 O1lCHHUBA-

A.B. Ilepensmytep, B.B. Typ

HUSI KOHCTPYKTUBHOW CHCTEMBI Ha ypOBHE OoJiee
BBICOKOM, 4Y€M OTIACJIBbHBIC CCUCHHA. ITo CyTH
METO/I TJ00aJbHOTO CONPOTHBIICHUS SIBIISCTCS
MMOJIYBCPOATHOCTHBIM MCTOAOM YAaCTHBIX KOB(b-
(UIIMEHTOB W MOXET OBITh 3amucaH B ¢Gopme
JETCPMUHUCTUYECKOTO HEPABEHCTBA BUA:

R( .t
E(ZVGGW"ZYQQ&SM (1)

rae R(...) — cpennee 3HaYeHHE COMPOTUBIICHUS,
BBIPQKEHHOE B TEPMHHAX MPSIMOTO/HEIPSIMOTO
BO3JICUCTBUS U IOJIydaeMOE M3 pe3ysibTara He-

JIMHEWHOTO pacu€ra; Y — II00aNbHBIA KO3(h-

(dbunMeHT 6e30MacHOCTH.

B uznoxennn EN 1992 u konekca-oopasia fib
Model Code 2010 mpaBast 4acTh HEpaBEHCTBA
(1) npencrasieHa clieAyOIMM 00pa3oM:

R, = r(f,,..a,) @

Yr *Vrd

Ha nepBblii B3I 3anuck Buja (2) BIOJHE JIO-
rMYHa U HE BBI3BbIBAET OTTOpKeHHUsA. OJHaKo,
npu OnrKalieM pacCMOTPEHUH MOSCHEHHH K
(2), mpuBencHHBIX B [24], BO3HHKAET BHayale
HE/IOyMEHHe, a, 3aTeM U Bo3myuienue. [Ipobie-
Ma KpOETCS B COBEPIICHHO (HOpPMaIbHOM IO-
X0JIe TIPUHSITOM IPH KaTHuOpPOBKE YaCTHOTO KO-
s PurenTa 6€30MaCHOCTH C IENBI0 TOJTy4Ye-
HUSl HEKOTO €IMHOTO 3HAYCHHsI HE3aBUCHUMO OT
dbopMBbI pa3pylieHus eMeHTa. ( KCTaTu, HeuTo
o 100HOE HaM YK€ MpeJIarayioch BUIE eIUHBIX
koadurmentoB ...=1.35 u ..1.5 a1 mocrosiH-
HBIX W TMEPEMEHHBIX BO3JCHCTBHI HE3aBHCUMO
OT BHJIa KOHCTPYKIUHA).

JletanbHO NMaHHBIN BUJ KadHMOpPOBOK KpUTHYE-
CKH paccMOTpeH B myOnukanusx [28,29]. Jlas
TOTO, YTOOBI MOJYYUTh €IUHOE 3HAYEHHUE TJIO-

kod(pummenta (Vg =7Yrq " Yr)
HE3aBUCUMO OT (OPMBI pa3pyIIEHHs Kene300e-
TOHHOTO 3JeMeHTa (IO PacTAHYTOH apmaType
WM CKaTtoMy OETOHY) aBTOpbI [27] BBOIAT B
MC2010 Hekyro ¢opMalbHYIO  BEIUYHHY
«cpenHei» MpoYHOCTH OeTOHa, MOITHOCTHIO JIN-

OaJILHOTO
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HNICHHYI0 KaKoro-nu0o (a B IEPBYIO o4Yepenb —

cratuctuueckoro) cmeicna - f, =0,85f, (!).

OTO 03HAYAET, YTO CpPeOHee 3HAYEHUE MPOYHO-
ctu Oetona Ha 15% Hmke ero 5% -noil Kean-
muiu, COOTBETCTBYIOIIEH XapaKTEPUCTHUECKON
npouynoctd. Ho u mpu takom noaxone MC2010
— 3TO €JUHCTBEHHBIA JTOKYMEHT , MpeaJiararo-
muii JUisi oOecreyeHusl YCTaHOBIEHHOTO (op-
MaTta 0€30MacHOCTH MPUMEHATh K Pe3yJIbTaTam
HEIUHEWHOIO aHaln3a €IUHBIA T[I100aIbHBIH
xoopuuuent vy, =1.27. Heobxommmo mnoj-

YEPKHYTh, YTO JAHHBIN KOA()PUIIUEHT TOIydeH
, TTIaBHBIM 00pa3oMm, ajsi u3rubda xene300eToH-
HOTO 2JIEMEHTA, YYUTHIBACT M3MEHYHBOCTH Xa-
PaKTEPUCTUK CBOWCTB MATEPUAIOB IPH MOCTO-
SHHOM 3HaueHuu kodpduuuenta y,=1.1, onu-

CBIBAIOIIECTO HEONPEACICHHOCTH PACYeTHOW MO-
JICTIH CONIPOTUBJICHUSL.

bBoinee mpuBiIeKaTENIFHBIM C METOAMYECKHX T10-
3UIUN BBITJISIIUT MEMmOo0 OUEHUBAHUA KOI(h-
¢uyuenma eapuayuit conpomuenenusn (T.H.
ECOV-method), mnpemnoxennsiii B paborax
npod. M. Holicki u Bxmouennsiii B [10]. Me-
TOJ| 0a3upyercss Ha YTBEP)KACHUH O TOM, YTO
CONIPOTHBIICHUE  TOMYUHSICTCS  HEKOTOPOM
(GYHKIMM TUIOTHOCTH DACIPEICIICHHUs BEpOSAT-
HOCTH, M3 KOTOPOH KOX(PQHUIIMEHT BapHaIuii
MOXET OBITh ONpE/eNeH, OMHUpasCh Ha €ro
CpeHHE W XapaKTePUCTUYCCKHE 3HAYCHUS.
[Mpunnmas cormacuo [10, 13] morHopmanbHOe
pacripeneneHie, Kod(pQGUIIMEHT BapHaluili co-
HPOTUBJICHHSI OTIPEICIISIOT:

1 R
Vg =—In(—= 3
T ©

[Ipu ycraHoBieHHOM 3HaYeHHU KOX(PPUIHEHTA
BapHaluil COMPOTHUBIICHUS OIPEICISIOT 3HaYe-
HUE TJIO0AIBHOTO KOY(PPUIIUEHTA:

Yo = €Xp(ogB-Vy) (4)

PacueTrHOE 3HaYeHUE CONPOTUBIICHUS B TEPMU-
Hax BO3JEHUCTBUN ONPENEISIOT!

Volume 13, Issue 3, 2017

Ry =—+ ()

KunroueBoii npouenypoit meroaa siBISETCS pac-
YeT CPEIHEr0 M XapaKTepUCTUUYECKOro 3Haye-
HU conpoTtuBiieHus. Ilpemmaraercss s ux
YCTaHOBJICHUSI BBIMOJHATH JIBa HE3aBUCHUMBbIX
HEJIMHEHHBIX pacyeTa C UCIOJIb30BAaHUEM Cpel-
HUX U XapaKTepUCTUYECKUX 3HAYCHUU CBOWCTB
MaTepHaIOB:

R, =r( fcm,fym,...ad) (6)
Rk =r( fck’ fyk ey ) (7)

CnengyeT OTMETHTb, YTO B IIOCIIEHHE TOJBI
npeiokeHo psag monudukanuii ECOV-merona
[10, 13],k0TOpBIC HECKOJBKO CHUXKAIOT €r0 He-
oTpesielIeHHOCTH 0e3 M3MeHeHus: 0a30BOW KOH-
HEMIIH.

Bce mnpencraBieHHblE METOBI  KaJIMOPOBOK
rIo0anbHOr0 KOd(hdHUIHEeHTa HMEIT OO
HE/IOCTAaTOK: MPU KaTUOPOBKAaX HE YYUTHIBAIOT-
cs a-priori HeW3BECTHBIC HEOMPEACICHHOCTH
KaK MOJIENIM COMPOTUBIICHUS ( TIPU 3TOM CIIEay-
€T UMETb BBUJLY, UTO JUISl PA3JIUYHBIX KOMILICK-
COB 3TH HEONpPEIECNECHHOCTH OyayT OTINYaTh-
Cs1),TaK U HEOTIPEACICHHOCTH MOJeIH 3P (HEKTOB
BO3JICUCTBUM HECMOTPSI HA TO, YTO OHU UMEIOT
dbyHIaMeHTallbHOE 3HAUECHHUE.

Kpome Toro, nomyiieHie o ToM, 4TO COMPOTHB-
JICHHE KEeJIe300€TOHHOTO 3JIEMEHTa MOAYUHSET-
csi norHopmaibHomMy (LN) pacmpenenenmuto,
CKOpee He OTBepraercs, 4YeM MpUHUMAeTcs
Hay4YHbIM cooOmecTBoM. OnHako, 3Ta 6a3oBas
TUIOTE3a HEOJHOKPATHO MOJBEpraiach KpUTH-
ke. Tak, Hampumep, B pabore [12] mokasaHo,
YTO JaKe MPH aHaju3e MPOCTBIX MOJENei co-
NPOTHUBIICHUSI ISl JKEJIe300€TOHHBIX KOHCTPYK-
Ui, UMEIOIINX OJHY Ipeobiagaroniyo Gopmy
paspyieHus (Harpumep, Npu U3rude uiam oce-
BOM CkaTuM) (pakTudeckas QyHKIHS IIOTHOCTH
pacripesie/ieHus] BEPOSTHOCTH CONPOTHBIIEHUS
NPAaKTUYECKH BCETJla OTJIMYACTCS OT MPHHATOU
TEOPETUYECKON U 3aBUCHUT OT «BXOJHBIX» Mapa-
MeTpoB KOHCTpyKuuu. (Cieayer oTMETUTh, UTO
IpU NOJOOHBIX OIIEHWBAHUSIX NMPAKTUYECKU HU-
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KOrZla HE BCIOMMHAKOT O pa3jInuusX MEKIY
TEOpUEH BEPOATHOCTEN U MAaTEMATUYECKOM CTa-
TUCTUKOM.) BMmecte ¢ Tem, konnenmus ECOV-
MeToa Onu3Ka K BEpOsATHOCTHOMY Qopmary,
T.K. OLIEHWBaHue, 0azupyromieecs Ha CPEAHUX U
XapaKTEPUCTUUYECKUX 3HAUYECHHSIX, OTHOCUTEIb-
HO ycToiuuBbL. [Ipu 3TOM 0053aTEIBHBIM yCIIO-
BHUEM SIBIISIETCS YCTAHOBJICHHE OIIMOKH MOJe-
JUPOBAaHUA Uil NPUMEHSIEMOrO BBIYHCINTEIb-
HOTO KOMIUIEKCa Ha (DOHE OMNBITHBIX JaHHBIX,
MOJIYYEHHBIX JJII IIMPOKOr0 CIEKTpa MPUMEHS-

HeonpegeneHHoOCTE penpezeHTaTUBHbIX
3Ha4YeHWA BO3JeACTBUIA

A.B. Ilepensmytep, B.B. Typ

eMbIX KoHCTpykImid. Kak mokaszano B [13], maxe
IpU IPUMEHEHUU OJMHAKOBBIX aHAIUTUYECKUX
ONnMCcaHul auarpamMMm JedOopMUPOBAHUS MaTe-
pHuasioB, OIM3KHUX MPOIEAYpax MOJETHPOBAHUS
COINPOTUBIICHUSI CEUEHUH, JIBa HIMPOKO MpUMe-
HSIEMBIX KOHEYHO-3JIEMEHTHBIX KOMIUIEKCa, Jie-
KJIAPUPYIOIUX BO3MOXKHOCTb BBIMOJIHEHUS He-
JUHEHHBIX pacyeToB, AaroT no ECOV-merony
3HAYCHMs TIIOOAIBHOTO KO3 (UIIMEHTa, OTIU-
gatormuecs 10 40%(!).

Mopens HeonpeAeneHHOCTH
BO3ASUCTBYA M UX PE3YNLETaTOE

Mopents HeonpeaeneHHOCTH
CONPOTHBMEHUA KOHCTPYKL MK

Heonpep,eneHHoc:'rb XapaKkTepucTHUK
MmaTepuance

; |
Moaent HeonpeaeneHHOCTH I
HENWHeWHOro aHanusa |
| |

|

Pucynok 1. Cucmema wacmuwix ko3¢ppuyuenmos no EN 1990 u neodxooumocms ee usmeHenus..

HyxHO NOMHHUTB, YTO HOPMBI IPOESKTHUPOBAHUS
MPEACTABISIIOT COOOW B3aMMOYBSI3aHHBIA KOM-
IJIEKC JOKYMEHTOB, B KOTOPOM IMpPHUCYTCTBYET
MHO>KE€CTBO KOMIIPOMHUCCOB, M 3TOT KOMILJIEKC
CO3/1aBAJICS U OTJIAXKUBAJICS B AIIOXY JUHEUHOTO
aHanuza. [loaTomMy cyliecTBEeHHOE H3MEHEHHUE
TaKOM OCHOBOIIOJIArarolIed KOHLENIUU KaK Ie-
pEX0/ K HEJTMHEMHOMY aHajlu3y B MPOEKTUPO-
BAHUU HEJIb351 PACCMATPUBATH U30JIMPOBAHO.

Tak, Hampumep, BHYTPHU YIOMSHYTOTO KOM-
IJIeKCa JTOKYMEHTOB HEKOTOPbIE HOPMATHBHBIE
JIOKYMEHTBI YCTaHABJIMBAIOT MPaBHJia TpPeOyro-
M€ MMEHHO JIMHEMHOTO MOJAX0/a K PEIIEHUIO
3aga4i. OJHUM W3 OCHOBHBIX 3JI€Ch SIBJISIIOTCS
JTUHAMUYECKUE PACUYEThl, TECHO MPUBA3aHHBIE K
TaKUM TOHSTHUSAM JIMHEHHON JIMHAMHUKUA COOpY-
KEHUH, KaK 9acTOThl U (OPMBI COOCTBEHHBIX
KoJieOaHuil cuctemsbl. [ HenumHEHHON cucTe-
MBI MCYE3aeT CaMO TMOHSTHE OTACIBbHBIX (HOpPM
COOCTBEHHBIX KOJICOaHMI U BCE OCHOBAaHHBIC HA
9TOM pEeKOMEHaluu (MMEIOINe B BULY MPOILe-
Iypy pa3iokKeHHsl IBUXKEHHH Mo (popmaM CBO-
O00JHBIX KOJEeOaHUN CHUCTEMBI), TEPAIOT CBOMU

cmbici. Kak ObUIO MOKa3aHO BbIIIE, HA JAaHHOE
00CTOATENILCTBO OOpamaeT BHUMaHue 11.6.2 [6].
ATNbTEpHATUBHBIN MMOAXO0/, MPUTOIHBINA I y4e-
Ta HeMMHEHHBIX d(PeKToB, MHOTAA (XOTS U pell-
KO) TIPUCYTCTBYEeT B HOpMax, Kak, Harpumep,
NpSIMOI TWHAMHYECKUI pacueT Mo MHCTPYMEH-
TAIBHBIM WJIM CHHTE3UPOBAHHBIM aKCeIepo-
rpaMmam, HO 4aIlle BCEro O HeM He TOJIbKO He
YIIOMHHAETCS, @ OH TIONPOCTY HUKAK HE pa3pado-
TaH. TUIIMYHBIMU 371eCb MOTYT OBITh pacyeThl Ha
JICCTBUE BETPOBBIX ITyJIbCALMH B HOPMax IIO
Harpy3kam u BosjeiictBusiM [30], mim pacuer
(GyHIAMEHTOB IO/ MAIIWHBI C TUHAMHYECKIMHU
Harpy3kamy B COOTBETCTBYIOIIEM HOPMAaTHBHOM
nokymenTe [31].

Eme oxHoil mpobnemoli, KoTopas HHKaK He pe-
[IaeTCs B HENWHEWHOM pacdere SIBISETCS Ipo-
Onmema BbIOOpa HEBBITOJHBIX  KOMOWHAIIHIA
Harpy3ok (Bo3zeucTBuid WM S(PGEKTOB OT BO3-
neiicTBuii). B HaType mpakTHYeCKH OTCYTCTBYIOT
COOpYXKEHHSI, paboTaromue TOIBKO Ha OJWH Ba-
puaHT HarpyxkeHus. OOBIYHO HEOOXOAMMO
MPETyCMOTPETh BO3MOYKHOCTD TOSIBIICHUSI C pa3-
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JUYHOM BEPOSATHOCTBIO MHOTMX I€PEMEHHBIX
HArpy3oK M, CJIEA0BaTelIbHO, TPEOyeTcs: KaKuM-
TO 00pa3oM OMpEJCIIUTh UX PACYCTHYIO KOMOMU-
HAIUIO.

Ota 3a7a4a UMEET pelieHUe NPy JIMHEUHOM MO/T-
XOJIE K pacyeTy, Korja MOKHO BOCIIOJIb30BaThCs
IPUHLMIIOM CyIeprno3unuu. Ecinu ke opueHTu-
pOBaTbCs Ha HEIUHEHHBIA aHAIU3, TO OJHOBpE-
MEHHO CJelyeT yKa3aThb JUIsl KaKoil KoMOWHAIMU
HArpy30K CJeIyeT BBINOJHITh IMPOBEPKU IMPOY-
HOCTU M YCTOMYMBOCTH, IOCKOJIBKY Hepedop
BCEX MBICIIMMBIX KOMOMHAIUH, HEOOXOAUMOCTh
B KOTOPOM BO3HMKAET IPU OTCYTCTBUU CYIEPIIO-
3ULIMM, MOXET OKa3aTbCsl pealbHO HEBBINOJIHU-
MbIM. Takoro Tuma yka3aHus B HOPMaTHBHBIX
JIOKYMEHTaXx Yalille BCETO OTCYTCTBYIOT.
OOHOBPEMEHHO CIIEAYET CKa3aTh, YTO MOUCK He-
BBITOJIHOM KoMOWHanmu BozaeicTBuii(3ddexTon
BO3JICIICTBUIT) OCHOBaH HE TOJIBKO HAa HCHOJb30-
BaHUM MPUHIMIA CYNEPIIO3UIMM, HO U Ha TOM,
YTO KpUTEpHId NOUCKa (HarpuMep, MaKCUMalIbHOE
HaIpsDKEHHE) SBIISETCS BBITYKION (PyHKIMEH Ta-
paMeTpoOB HArPYKEHUS. 311ECh PEAKO BOZHUKAKOT
COMHEHHSI, TIOCKOJIbKY OOJIBIIMHCTBO M3 HMCIOJIb-
3yEMBIX KPUTEPHUEB SIBJISIFOTCS JIMHEHHBIMU.
OpnHako CBOWCTBO BBINYKJIOCTH BBIINOJIHSIETCS
HE BO Bcex ciydasx. Eciau B kauecTBe KpuTepu-
QIbHOW (PYHKIIMM TPUHUMAETCS HECyIasl CIio-
COOHOCTH JJIEMEHTa C Y4€TOM BCEX HOpPMAaTHB-
HBIX TpeOOBaHUH (MPOYHOCTH, YCTOWYHBOCTH,
JKECTKOCTb), TO MCCIEJIOBAaHHE €€ BBIMYKIOCTH
HEoOXOJUMO IPOBECTH BeChbMa TIIATEIbHO. B
YaCTHOCTH, CTOUT YOeIUThCs, 4TO 00JacTh He-
Cyliel CcrnocoOHOCTH paccMaTpUBAEMOTo dJie-
MEHTAa SIBJIIETCS BBIITYKJION, ITOCKOJIbKY J€Tallb-
HbIIl aHaau3 CBUJETEIBCTBYET O JOCTATOYHO
4acTO BCTPEUAIOLICICS CUTyallud OTCYTCTBHS
BBIITYKJIOCTH 3TOM oOnactu [8].

JlocTaTOuyHO MPEACTABUTENBHBIN IpUMeEp Ipe.-
CTaBJICH Ha pUC. 2.

Haxonen, cnemyer ynmoMmsiHyTh, YTO HEJIMHEM-
HBII aHaJIN3 MOXKET OBITH CBA3aH C OTCYTCTBHEM
OJIHO3HAYHOCTH peIIeHUsl (Halpumep, BO3MOXK-
HOCTh peanu3ainuu 0ojiee YeM OJIHOTO COCTOS-
HUS YCTOWYMBOTO PaBHOBECHS, K KOTOPBIM
MO>XHO MNPUUTH, MCHOJB3Ys Pa3IUYHBIE HCTO-

pUU HarpyXeHus).
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Pucynox 2. Obracms necyweii cnocobnocmu:
(D -6e3 oepanuienus WUpunbl pacKpolmus
mpewun,; {» - npu 3anpeme 00pa308aHuUs
MpewuH.

BosHukaetr Bompoc 0 KakoM-TO HOPMHPOBAHHUH
T€X HCTOPUN HArpykeHusi (Harpumep, TOJBKO
MPOMOPLUUOHANIbHBIE  HArpy»XeHHus), KOTOpHIC
HAJICXKUT TIPOBEPUTH I OOECIICUCHUs Ha/ICK-
HOCTU CHUCTEMBI.

Bomipoc 00 wucTopum HarpyxeHusi BO3HUKAET
elie Mo OJHOMY IOBOJAY: HOPMAaTHUBHBIE JOKY-
MEHTBI TI0 MPOCKTHUPOBAHUIO KEIe300€TOHHBIX
KOHCTPYKIUK [32] OpHEHTHPOBAaHBI Ha BBIMOJI-
HEHUE KPUTEpHS MpeAeNbHOU nedopManuu, H
9TH KPUTEPUU TSI OJHOOCHOTO HAMPSKEHHOTO
COCTOSIHUSI TPUBEJICHBI.

\ 4

& & €p Eim
Pucynok 3. Haxonnenue niacmuyeckou
oegopmayuu.

Ho HeT oTBeTa Ha BOIIPOC O TOM, KaK OBITH B
YCIIOBUAX MHOT'OKPATHOI'O0 HArpyXCHHsA, KOT'dad
Ha Ka’)KAOM €T0 NUKIIC MMPEACIIbHAsA ,Z[e(i)OpMaI_II/IH
HE OOCTUTracTCs, HO HAKOIIJICHHasA OCTaToO4dYHad
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Tabauya 1. Hexomopwie ocobenHocmu peuaemvix 3a0a.

Oco0eHHOCTE JInHeliHBIE 320249 Heauneiinble 3aga4n
1 2 3
3aBUCUMOCTh [lepemenienus IMHEHHO  |3aBUCUMOCTH IIEPEMEIICHUN OT Harpy3Ku
nepeMeIeHUu I 3aBUCST OT NPUJIOKECHHOW |HEIUMHEWHAas

OT Harpy3Kku

Harpy3Kku

CBA3b MEXITY

[Tpunumaercs nuHenHast

B 3agauax, roe paccMatpuBaeTcst puzmueckas

HapsKEHUEM 3aBUCHUMOCTb MEXY HEJIMHEWHOCTb, 3aBUCUMOCTb «HAIPSDKEHUE —
Y OTHOCHUTEJIbHOU HaIPsHKCHUEM OTHOCHTEJIbHAs 1e(hopMaLHs» MOXKET SBISAThCA
nedopmanueit U OTHOCUTEIIBHOU HEJIMHEHHON QyHKIMel HanpsKeHus,
MaTtepuaia nedopmarmeit nedhopmaiuy u/uiam BpeMeHn

Bennunna W3menenue B reomerpun  |I[lepemenienns MOryT ObITh HE MaIbIMH U IS
HepEMELICHUS 6marosapst CMEIIEHUIO IPOBEPKH PABHOBECHS HEOOXOAUMO

CUMTAETCS] MAJIBIM,
U UTHOPUPYIOTCS IIPU
MIPOBEPKE PABHOBECUS

HCII0JIB30BAaTh '€COMCTPUIO ,Z[e(bOpMI/IpOBaHHOFO
COCTOSAHHUA

CaoiicTBa MaTepuaia

JIunelnble ynpyrue
CBOICTBa Marepuaia
OOBIYHO TPOCTO
OIIPEAEISAIOTCS.

Henuneitnple cBOKCTBA MaTepralia 4acTo
HEU3BECTHBI, YTO MOKET MOTPeOOBaTh
MMPOBCACHUA NOIIOJIHUTCIBHOI'O
HKCIIEPUMEHTAIILHOIO UCCIIE0OBAHMS

O6parumocTb

Bce nedopmarun
MOJIHOCTBIO OOPATUMBI
UCUE3aI0T NPHU pasrpy3ke
CHCTEMBI

ITocne casaTus Harpys3ku COCTOSIHUEC CUCTCMbI
MOXET OTJINYATBCA OT HCXOOHOI'O

I'pannunsble ycnoBus

I'pannunbIe ycnoBus
B TEYECHHE pacyeTa
OCTAKOTCSl HEU3MEHHBIMU

rpaHI/I‘-IHBIG YCJ10BUSA MOT'YT U3MCHATLCA,
HarmpuMeEp, MCHAKOTCA IIJIOIAAKKU KOHTAKTa.

[ToBenenue Harpy3Ku

Hanpasnenue neiictBus
Harpy3oK OcTaercs

[Tpu GoabIIUX MTepEeMEIISHUX /WU
OOJIBIINX YTiIaX IOBOPOTA HAIPaBJICHUE

HEU3MEHHBIM JICUCTBUS HATPY3KH MOXKET CIE0BATh
3a UCKa)KeHUEM (pOpMBI

ITocnenoBarenbHOCTh ([locnenoBaTenbHOCTh CocTosiHuE KOHCTPYKIIMUA MOKET 3aBUCETh
MIPUIT0KEHUS MPUWIOXKEHUS HArPy30K HE |OT MOCJIEA0BATEIHLHOCTH IIPUIIOKEHUS HArPy-
Harpy3oK Ba)KHA, 3aKJIFOYUTEIBHOE  |30K

COCTOSIHHE OT HEE HE

3aBUCUT
KomOunupoBanue Pe3ynbTaThl pacuera Ha PaznoxeHune 3a1aum Ha COCTaBIISIOIINE
pE3yIbTAaTOB pa3HbIe HATPY3KHU BO3JICUCTBUS U TIOCIIEAYOIICe 00beTMHECHUE

JIOIIYCKAIOT CIOXKEHUE U |PE3YIIbTaTOB HEBO3MOXKHO

YMHOXEHHUE Ha HEKOTOPbIE

KO3 (QUIIUEHTHI, C IEIBI0

O00BETMHEHUS PACUETHBIX

COCTOSTHUI
Hcxoanoe Hcxomnoe HanpspkeHHo-  (McxomgHoe HanmpsKeHHO-AehOpMUPOBAHHOE
HAIpPsKEHHO- nehopMUPOBAHHOE COCTOSTHUE OOBIYHO TpeOyeTcs 3a/1aTh,
nehopMUPOBaHHOE COCTOSIHUE B 0COOCHHOCTH ISl HEIMHEWHOCTH, CBSI3aHHOM
COCTOSIHUE HECYIECTBEHHO C IIOBEICHHEM MaTepuaia
94 International Journal for Computational Civil and Structural Engineering



T'oTOBEI 111 MBI HepeﬁTH K HEHHHeﬁHOMy aHaJiu3y 1npu HpOCKTI/IpOBaHI/II/I?

1 2

3

PacueTnbie coueranus [Bce nepeMeHHbIe

BO3JCHCTBUI Harpy3ku BXOAST

(> dexron B PacueTHOE COUETaHUE

BO3JICHCTBHI) C TIOJTHBIM
(KxOMOMHAITMOHHBIM )

3HAYCHUEM HJIH K€ HE
YUUTBIBAIOTCS BOOOIIIE

Bo3MoxkHOM sIBIsIETCS CUTYyalus, KOTraa
pacye€THOMY COYETAaHUIO HAarpy30K
COOTBETCTBYET UX YACTHUYHBIC (HEMOIHBIC)
3HAYCHUS

IIacTUYecKasi KOMIIOHEHTa aedopmanuii MOXKeT
JOCTUTHYTH 3TOT mpezen [16] 3a N moBTopeHuH,
re N 3aBUCUT OT OTHOCHUTEIHHOTO YPOBHSA
narpyxenus =R /R_ (cMm puc. 3).

Od4eBUIHO, YTO 37ECh CIEAYeT NEPEXOJUTh K
TpaHC(HOPMHUPOBAHHOM JMarpamme padoThl Oe-
ToHa. [Ipu 3TOM cieyer y4ecTb, 4TO MO HEKO-
TOPBIM CBeieHusAM (cM., Harpumep, [19]), korma
N>0,85 nabmonaeTcss HEOrPaHUYEHHBIH POCT
HEeynpyrux jaedopMaiuii u, ciieoBaTeabHO, BO-
o0mie Henb3s YAOBICTBOPUTH TPEeOOBAHHS IO
OTpaHUYCHUIO JeopManuu OETOHA, €CITU TOJb-
KO HE paccMaTpuBaeTCs Ciydail HEOOJBIIOTO
YHClia ITUKIIOB HArPYKCHHUSL.

[Tony4aercsi, 4TO KpOME BCETO MPOYETO CIEAYET
3aJaBaTh M OXXHJAE€MOE YHCIIO IMKIIOB Harpy-
YKCHHUSI, HO 3TU CBEICHUS OOBIYHO OTCYTCTBYIOT,
¥ HOPMBI UTHOPHUPYIOT JIFOOBIE Ooiee CI0KHBIE
IPOTPaMMBI.

IOTOBHOCTb KAZIPOB

He crnenyer 3a0biBaTh ¥ O TOM, 4TO HEIIMHEH-
HBIM aHaNMM3 sBIIAETCS OoJiee 3aTPaTHBIM U Tpe-
OyeT MpUBJICUEHUS JJII €r0 BBIMOJHEHUS CIie-
[IMAJTUCTOB 00JIee BRICOKOW KBaTM(UKAIIH.

B yacTHOCTH, 3TH CIEIMATKUCTHI JOKHEI Y€TKO
MMOHUMATh T€ Pa3nyus, KOTOPbIE CYIIECTBYIOT
MEXK]ly JUHEWHBIM M HEIUHEWHBIM aHaJIU30M
3a7aud, W 3HaThb OTBEThI, HAa BO3HHMKAIOIIHE
37€Ch BONpPOCHL. Takue BOMPOCHI CBSI3aHBI C I1e-
JBIM PSAAOM OCOOEHHOCTEH HEIMHEHHBIX 3ajad,
YW MHOTHE W3 HUX HENPUBBIYHBI JJISI CHIECLIUATU-
CTOB, Yb€ CTAHOBJIEHUE MPOUCXOIAUIIO MO BIIU-
SHUEM JINHEWHBIX pemeHuid. Hekoropsie (mase-
KO HE BCe) M3 YKa3aHHBIX OCOOEHHOCTEH yKasa-
HbBI B Ta0nuIe 1.
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K coxanenuto, ompIT OOLIEHHS C MOJIb30BaTe-
JSMHU INIPOTPAMMHBIX CHUCTEM TOBOPHUT O TOM,
4YTO OHU HEIOCTATOYHO IOATOTOBJIEHBI K TI'pa-
MOTHOMY BBIIIOJIHEHUIO HEJIMHEHHBIX PaCcYCTOB.
W 31eck €10 HE TOIBKO B HEIOCTAaTKe 00pa3o-
BaHMs.(K CJIOBY, o yTBepxaeHuto XK. K. Pycco
« ewé nukaxkoe obpazosanue He 0e1an0 yenoge-
Ka obpazosannvim») Benp npoekTupoBaHue, B
OTJIMYUE OT H300peTaTesbCTBA, CTPOUTCS Ha
WCIIOJB30BaHUU  IPEIIIECTBYIOLIETO  OIBITA.
[TpoekTupoBIIKMK BCErja CTPEMUTCS MCHOJIb30-
BaTb O3TOT OIBIT, KOTOPBIM YBEIUYHUBAET €O
YBEPEHHOCTb B IPABWJIBHOCTH NPUHUMAEMBIX
peleHuii. A B paccMaTpUBacMOM CIIy4ae, OIIbIT,
OCHOBAHHBIN Ha JINHEWHBIX pacyeTax, HyXKIacT-
Cs, KaAK MMHMMYM, B JETAJIbHOM aHaJIN3€ BO3-
MO>KHOCTH €0 UCIIOJIb30BaHUSI.

Benp ecim B monb3y pe3ysbTaTOB JIMHEHHOTO
pacuera MOXET TOBOPUTb MHOIOJETHUH OIBIT
€ro yJIa4Horo IpUMEHEHHs, TO Mepexof K He-
JIMHEHHOMY pacdeTy B KaKOW-TO Mepe Iepedep-
KHMBAeT TOT OIBIT, U 3aMEHUTh €TI0 MOTYT JIUIIb
XOpOUIO MPOBEJEHHbIE uccnenoBanus. K coxa-
JIEHHIO, JIeTAIbHOCTh M TIyOMHa NpOpabOTKU
TaKUX MHCCJIENOBAaHUN BO MHOTHMX CIy4asx
OCTaBJISAIOT XKEJATh JIYYILIEroO.

AKTYAJIBHBIE ITPOBJIEMbI
HAYYHOI'O OBOCHOBAHUA

Kak cnenyer W3 mpencTaBlI€HHOIO KpaTKOTo
o0cyxeHus MpoOaeMbl, IPAKTUIECKH HU B OJI-
HOM HOPMAaTHBHOM JOKYMEHTE Mbl HE HaXOJIUM
Ooiee-MeHee MOAPOOHBIX TPABHII BBITOIHEHHS
HEJIMHEHHOT0 aHaiu3a, a TeM 0oJiee TPaKTOBKH
pe3yJbTaTOB PACUETOB C Y4E€TOM TpeOOBaHMI
HAJIe)KHOCTH, IPUHATBIX NPU TPATULUOHHOM
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npoektupoBanuu. ChopMylIHpOBaHHbBIE MOJIO-
JKEHUS C OJHOM CTOPOHBI MPOCTO JOIMYCKAIOT
IpPUMEHEHNUE HEJMHEHHOro aHajiu3a, HO C ApY-
roii - TpeOyrT coxpaHeHHUs oOmiero ¢gopmara
6e3onacHocTH, ycraHoBieHHoro MCO 2394 u
Pa3BUTOrO B COOTBETCTBYIOLIUX HOpPMaxX MPOEK-
TUPOBAHUSA KOHCTPYKIHM.

3/1echb, HAM Ka)XeTcs, ClelyeT cAeNaTh emé of-
HY OrOBOPKY: JEHCTBYIOIIME HOPMBI paccMmar-
pPUBAIOT ,IJaBHBIM 00pa3oM, MPOCKTUPOBAHUE
CEUYEHUN WM OTAENBHBIX 3JIEMEHTOB U MPAaKTH-
YeCKM HE COAEpKaT MPaBHJI MPOECKTUPOBAHMS
KOHCTPYKTUBHBIX CHUCTEM, K KOTOpPHIM COO-
CTBEHHO Y IPUMEHUM HEJIMHEUHBIN aHAIU3.
O4eBHIHO, YTO CO3/IaHUE HOPMATHUBHOTO JIOKY-
MEHTa, COJIEpKalIero TpeOOBaHUS K TPOCKTH-
POBAaHUIO HAa OCHOBE HEJIMHEMHOI0 aHaau3a, siB-
JSIeTCsl CIOXKHOM U TPyHOoEMKOH paboToii, Tpe-
Oyroleil COMUAHOIO HAay4YHOTO OOOCHOBAHMUS
KaK B YacTH NPHUMEHSEMBIX PacueTHBIX MOje-
Jel, Tak U MpaBWiI oOecredeHusl TpeOyemMoro
YPOBHSI Ha/IE)KHOCTH.

O4eBHIHO, YTO B «MacCOBOM)» IPAKTUYECKOM
MPOSKTUPOBAHUM HE CIIEyeT OXHIaTh B 000-
3pUMOM OyAylieM MPUMEHEHHs] HEIMHEHHBIX
BEPOSATHOCTHBIX PAacueToB, a 0a30BBIM IOAXO-
JIOM OCTaHETCS METOJ YacTHhIX Kod(uimeH-
TOB. B JaHHOM cllydae KaluOpOBKH YaCTHBIX
KOA((UIIMEHTOB JIOJDKHBI OCHOBBIBATHCS HC-
KJIFOUUTENIbHO Ha COBMECTHOM YYETe HeoIpeie-
JIGHHOCTEW MOJENeil COMPOTUBICHUM M MOje-
Jeil Bo3aecTBUM ( MPUMEHUTENIBHO K HEJIMHEH-
HOMY aHaJlH3y, 1, HEONpeIeJIeHHOCTEH MOIeTu-
poBanus 3ddexroB Bo3aericTBuil). IIpu 3TOM,
CTaTHUCTUYECKUE MapaMeTpbl OMIMOKH MOJEH-
pPOBaHUS AJIsl HEJIMHEHHBIX MOJENel COMPOTUB-
JICHUs, TIPUMEHSAEMBIX B Pa3JIMYHBIX BBIUMCIIHU-
TEIbHBIX KOMIUIEKCaX, MOTYT OBITh YCTaHOBIIE-
HBI TOJBKO Ha (hOHE PEe3yIhbTATOB IKCIICPUMEH-
TaJbHBIX HUCCIENOBAHUM, XOTS Obl MPOCTEHIIIHNX,
HO KOHCTPYKTHBHBIX CHUCTeM. J[Jis 3TOro mMoryr
OBITh TPUMEHEHBl KaK CYIIECTBYIOIIUE Oa3bl
JAHHBIX, TaK W BBIOJIHEHBI JTOTOJHUTEIHHBIE
UCTIBITAHUSI.

Kak cnenyer w3 mnpenBapuTenbHOTO aHaM3a
[34], naxe mpu mpoUYMX PpaBHBIX YCIOBHAX (
O/IMHAKOBBIC AHAIIMTUYECKUE OMNMUCAHUSA Jua-

A.B. Ilepensmytep, B.B. Typ

rpaMM JehOpMUPOBAHUS MaTEpHaJOB, PaBHOE
KOJIMYECTBO apMaTyphl, pa3Mephl CEYCHHIT) pas-
JUYHE B 3HAYEHUAX KOI(PPHUIIMEHTOB BapHaIuit
COMPOTHUBIICHUS , TOJTYYCHHBIC MPU BBITIOIHE-
HUU HenmHerHoro aHamm3a (mo ECOV-merony)
C WCIMOJB30BAHUEM [BYX IIMPOKO H3BECTHBIX
KD komIiekcoB, JeKIIapupyrOIKUX BhIMOJIHEHUE
HEJIMHEHHOro aHanu3a coctaBuiio 10 40%. Oto
CBS3aHO C T€M, YTO Ka)Jbld M3 NMPUMEHEHHBIX
KOMIUIEKCOB HMMEET CBOIO OIIUOKY MOJIEIHPO-
BaHUs, CTAaTHUCTHYECKHUE MapaMeTpbl KOTOPOH,
3a4acTyl0, HE H3BECTHBI Jaxe pPa3padoTUuKy
KOMILIEKCa.

Cama o cebe mporeaypa KamuOpOBKU YaCTHBIX
K0A(h(UIMEHTOB AJI HETMHEHHOro aHalu3a Ha
OCHOBE BEPOSITHOCTHOTO TIOJAXOAA SBISICTCS
MpPEeIMETOM OTJEJIBHOIO PACCMOTPEHHS U Tpe-
OyeT Ha HAYaJBHBIX dTanax BeIPAOOTKH HEKOTO-
PBIX HAyYHO-OOOCHOBAHHBIX (XOTS ObI HAa HAIU-
OHAJILHOM  YPOBHE)COTJIAIICEHUH, Hampumep,
YCTaHOBJICHHE  COIJIACOBAaHHBIX  KPUTEPHEB
HACTYIUICHHUSI —WACHTU(DUKAIMKA TPEACTHLHOTO
COCTOSIHUS TIPU HEJIMHEHMHOM aHaju3e, ycTpaHe-
HUE HECOOTBETCTBHI B CTAaTHCTUYECKUX MOJIe-
JSX, TPUMEHSEMbIX MpPH OICHUBAHUHM BO3JEH-
CTBHUU U COIIPOTHUBIICHUM.

[Ipouienypa HOpMUPOBaHHUSI BO3JIECUCTBUM, BbI-
MOJTHsIEMasi HA OCHOBE CTaTHCHYECKOTO OICHU-
BaHUs BBIOOPOK pE3y/lbTaTOB HAONIONEHUHN 3a
OTIpeNIeICHHOW TEepUOJl OTHECEHUs — OOIIeH3-
BecTHa. TONBKO BPSA JIU KTO-THOO0 Jaxe U3 co-
CTaBUTEJIEH HOPM MOXET JOCTOBEPHO HAa3BaTh
KaKyl0 00eCrieueHHOCTh UMEET MPUHSTAs U3 He-
KoTopoit ycioBHou (best of fits) ynkiuu pac-
npenenenus 98%- KBaHTUIIb, 0003HAUEHHAsS KaK
XapaKTepUCTHUECKOe 3HAaUeHHE BO3/ICHCTBUSI.
be3ycioBHO, TpeOylOT M JanbHEHIIEro cosep-
IIEHCTBOBaHUsI Mojeiu conpoTtusienus. [Ipu-
MEHHTEIBHO K JKEJIe300€TOHY - 3TO MEePexo]] OT
JIOBOJIBHO MOAPOOHO pa3pabOTaHHOM Tpaauliv-
OHHOW Je(OPMAITMOHHOW MOJENN CEYCHHH K
OIOYHON MoJenu Afsi KOHCTPYKTUBHOTO dJe-
MeHTa. Takoi mepexon TpeOyeT, B YaCTHOCTH,
MPOJOHKEHHUSI COMYTCTBYIOIIMX HCCIIETOBAHHIMA
B 00JIACTH COBMECTHOW PAaOOTHI apMUPYIONTUX
DIIEMEHTOB M O€TOHa MpH pa3IUYHBIX BHUIAX
HarpykeHusi. CBsI3aHHBIM BOIIPOCOM SIBIISICTCS
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MOJACIIMPOBAHUEC IAPAMCTPOB  INIACTHUYCCKHUX
HIapHUPOB, a4 B CIIy4ac IJIOCKUX IIJIHUT — JIMHEH-
HBIX IIJIACTUYCCKUX HIApHHUPOB.

YTO MO’KHO AEJIATb CET'OJHA

O3HayvaeT U CKa3aHHOE BBIIIE IPU3BIB K OTKA3y
OT HelmHerHoro ananms3a? KoHeuHo, HeT.
[IpakTuka MHOT/IA IEMOHCTPUPYET MPUMEHEHUE
HEJIMHEMHOI0 aHallu3a YK€ CerOofHsl, He TOBOPS
y’K€ O TOM, YTO UMEETCsl LEINbI psii 0OBEKTOB,
rae 6e3 reoMeTpUuecKd HEJIMHEHMHOro pacuera
MOTIPOCTY HeJNb3s1 OOOUTHCH (BaHTOBBIE MOKPHI-
THs, MQUYTOBBIE COOPYXKEHUS U T.I1.). {151 cTporo
OTOBOPEHHBIX CIIy4aeB HOPMBI PEKOMEHIYIOT
UCIIOJIb30BaHUE M HEKOTOPBIX NMPUEMOB (HU3H-
YeCKH HEJIMHEWHOro pacyera, TakuX, Kak dua-
CTHUYHOE TepepacnpesiefieHue BHYTPEHHUX YCH-
WA 33 CUET IUIACTUYECKUX nedopManuil HIu
K€ OIIEHKa Ipe/leJbHOr0 paBHOBecUs (CM.,
Harpumep, 1. 5.6 B [7]).

Ho B Oosiee mMpoKOM KOHTEKCTE HEIWHEHHBIN
aQHAJIN3 BBICTYNAET B POJIM BCIOMOIATEIbHOTO
UHCTPYMEHTA, JOTMOJHSIOMIETO U YTOUYHSIOIIErO
pe3yJibTaThl JIMHEMHOTO pacyera. JlocTaTOuHO
TUTIUYHBIM SIBJISIETCS MIPUMEp, MPECTaBICHHBIH
B pabote [21], rae ONMUCHIBAIOTCS MPUEMBI He-
JUHENHHOro aHanu3a palboThl (yHIAMEHTHOM
TUTHTHI ¥ DJIEMEHTOB MEXIYITAXKHBIX MEPEKPHI-
THA BBICOTHOTO Komruiekca «®Denepanus»
MM/L «MockBa-Cutu» (puc. 4).

ABTOpBI YKa3bIBAIOT, YTO MPEIBAPUTEIHHO ObI-
J¥ BBITOJIHEHBI BCE pacyueThl, OCHOBAaHHBIE Ha
JUHEHHOM MOAX0/Ie, B X0A€ KOTOPBIX OBLIU BbI-
SIBJIEHBl OCOOEHHOCTH PabOThl KOHCTPYKLUHU MU
OTJaKeHa KOHEYHO-3JIEMEHTHAsi MO/IeTh 00BeK-
ta. Ul numib 3aTeM MpoBOJMINCH YTOUYHEHUS pa-
OOTBI pacCMaTPUBAEMBIX (PArMEHTOB C YUETOM
HEJIMHEWHOTO TOBEJCHUs >Kene300eTOHa, 3TH
YTOYHEHHS] KacaluCh TPOBEPKH NPOTHOOB W
HIMPUHBI PACKPBITUS TPEUTHH.
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~ LAY 4TS .
Pucynok 4. Boicomuwiii komniexkc
«Dedepayusy.

XapakTepHoil sBnsieTcs (GOpMYIHPOBKA, IPUBE-
neHHas B [15], roe ykaspiBaercs, 4YTO JTMHEHHBIN
pacyer OCTaeTcsl caMbIM MOMYJSIPHBIM, a O He-
JUHEHHOM pacueTe ckKa3aHo: «3Imom memoo
Modicem  OKA3amuvCs NOAE3HbIM NPU  OYEeHKe
NPOYHOCMU YoHCce 20MOB0U KOHCMPYKYUU UTU 8
cyyae, eciu HeobXo0uUMo yo6eoumuvcs 8 Haoeic-
HOCMU MHO2OKPAMHO UCNONIb3YEeMbIX 0OHOMUN-
HBIX KOHCIMPYYULD.

BbIBO/IbI

1. Ha HacTosimem 3Tane HEIMHEWHBIE pacye-
THI CJIEAYET pacCMaTPUBATh KaK HEKOTOPHIN
0osee COBEpPIICHHBINH, HO AOMOIHUTEIHHBIN
WHCTPYMEHT, KOTOPBIA HCIOJIB3YIOT B TEX
Clyyasix, Korja MpPUMEHEHHE NPOCTHIX
CTaHJApTHBIX MECTOJOB pacucTa CeueHUI
ABJISIETCSI HEJOCTATOYHBIM M HE JAET MOJI-
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HbII MH(OPMaLUKU O MMOBEIEHUH KOHCTPYK-
TUBHOMN CUCTEMBI.

Bo3MoOXkHO cnenyeT MMETh HOPMAaTHBHOE
TpeOOBaHuUE, pErylIupymolee Te Cclydaw,
KOI'Ja JIOIIOJHUTENILHBIN HEJIMHEUHEIN aHa-
au3 sBisercss oOs3arenbHbIM. [Ipu 3ToM
cleyeT yKa3aTb Ha BO3MOYKHOCTb WJIM HeE-
BO3MO>XHOCTb €I'0 BBIIIOJHEHUSI IPUMEHHU-
TEJIbHO K HEKOTOPOM YacTH pacueTHOU
CXEMbI (HampuMmep, MPOBEpPKE IUIUT Iepe-
KPBITHS).

Baxwueiimeil mpo0ieMoil pu BbINOJIHEHUH
HEJIMHEHHBIX pPacyeToB sABIseTCS olecre-
yeHue Tpebyemoro obmero ¢opmara
HaJIe)KHOCTH B COOTBETCTBHM C JIEHCTBYIO-
muMH HopMaMu. CyIIecTBYIOLUIUME METO/BI,
OCHOBAHHbIE HAa NPUMEHEHUH IJ100aIbHOIO
K03 unreHTa 6e30MacHOCTH K CpeIHEMY
3HAYCHUIO CONPOTUBIEHUS B TEPMHUHAX
BO3JICUCTBUS , HECOBEPIICHHBI U JECHCTBY-
I0T Ha YPOBHE IIPEIJIOKEHUN HE BKIIIOYEH-
HBIX B HOPMBI NpoektupoBanus. Heobxo-
JMMO pa3paboTaTb 0OOCHOBAHHBIE METO/IbI
KaTMOPOBKU YaCTHBIX KOA(PPHUIIMEHTOB ISt
HEJIMHEWHOT0 aHaJINu3a ¢ y4eTOM Heolpese-
JIEHHOCTEM KakK MOJEJIEH CONpPOTUBIICHMUS,
Tak W Bo3acHcTBUil (3dekToB BO3IEH-
ctBuif). CTaTHCTHYECKUE NapameTpbl IS
OTHCaHMsI OIIMOKH MOJICIMPOBAHUS COMPO-
TUBJICHUS HaubOoyiee IIUPOKO NpHUMEHse-
MbIX KD KOMIIIIEKCOB CleyeT yCTaHOBUTH
Ha (OHE pe3ylIbTaTOB HCIBITAHUN KOH-
CTPYKTHBHBIX CUCTEM M UX (PparMeHTOB.
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PEIIEHUE HEJIMHEVHBIX 3ATAY
CTPOUTEJILHOH MEXAHWUKH
METOAOM HAUCKOPEHUHIETI'O CIIYCKA

B.B. Ilempos

CapaToBCKUM rocy1apCTBEHHBIN TeXHUUecKuil yHuBepcuTeT uMenu arapuna F0.A., r. CapaTtos, POCCUS

AnHoTanus: [IpenioxeH aaropuT™M IPUMEHEHUS METOJa HaHCKOPEWIIero CIycka K PelIeHHIO 3a7ay CTPOH-
TENBHOM MEXaHHKH M MEXaHHUKU Je(hOpMHUPYEMOTro TBEPAOTO Teja, OMUCHIBAEMbIX HETMHEHHBIMU Au(depeHIn-
aNbHBIMU ypaBHEHHUSMH. JlJI1 PUMEHEHHs 3TOr0 METOJA HENMHEIHBIE ONEepaTOpbl OMUCBHIBAIOTCS MOCIEIO0BA-
TENBHOCTHIO JINHEHHBIX ONEpaTOPOB B MHKPEMEHTAIBHON (hopMe, a CIIOKHBIN JIMHEWHBII HeOTrpaHUIEHHBIH oT1e-
parop B cootBeTcTBHHU ¢ uneer JI.B. KantopoBuua orpanndmuBaercst 6ojee MpOCTHIM JIMHEHHBIM HEOTpaHHUICH-
HBIM OIIEPATOPOM.

KroueBble c10Ba: HelnMHEHHas CTPOUTENIbHAS MEXaHNKA, METOJ TI0CIIEIOBATEIbHBIX HArPy>KeHNH,
METOJl HAUCKOPEUIIETO CIIyCcKa

SOLUTION OF NON-LINEAR PROBLEMS
OF STRUCTURAL MECHANICS
BY METHOD OF STEEPEST DESCENT

Vladilen V.Petrov
Yuri Gagarin State Technical University of Saratov, Saratov, RUSSIA

Abstract: The algorithm of application of the method of steepest descent to the solution of problems of structur-
al mechanics and solid mechanics, described by nonlinear differential equations. For application of this method
to nonlinear operators are described by a sequence of linear operators in incremental form, unlimited and com-
plex linear operator, in line with the idea of L. V. Kantorovich is limited to a simple linear unbounded operator.

Keywords: nonlinear structural mechanics, the method of successive loadings, the method of steepest descent

B Hacrosmee BpeMsi, Kak B OTEYECTBEHHOM, TaK
U B 3apyO€KHOU MPAKTHKE IIUPOKOE MPUMEHe-
HHUE HaXOJAT NMPHOIMKECHHBIE U YUCICHHBIE Me-
TOJIbI PELLIEHUS 3a/1a4 CTPOUTENBHON MEXaHHUKH.
[TocTpoeHHE 3aMKHYTOrO aHAJIUTUYECKOIO pe-
HIeHUs] A1 OONBIIMHCTBA 3a7ay He Ipe/ICTaB-
JSETCSI BO3MOXKHBIM, IPOBEIECHUE DKCIIEPUMEH-
TaJbHBIX UCCJIEI0BAHUI TpeOyeT MHOIO Bpeme-
HU U CPEACTB.

Jnist GoJiee MOTHOTO UCTIONIBb30BaHUS PE3EPBHBIX
BO3MOHOCTEN Marepuaia KOHCTPYKIIUI
YCIIOXKHSIOT pacyeTHbIE CXEMbl U MaTeMaTHhye-
CKH€ MOJENH, OIHKCHIBAIOLINE HAIPSHKEHHO-
ne(OpMHUPOBAHHOE COCTOSIHUE KOHCTPYKIIHH.
Yame Bcero Takoe YCIOXHEHHE IPUBOIUT K

MOJIEINISIM, OIUCBHIBAEMBIM HEJMHEHHBIMH U (-
(depeHIanbHBIMI  YpPaBHEHUSAMH. Bplaenstor
reOMETPHUYECKYI0, (PU3MUECKYI0 M KOHCTPYK-
TUBHYIO HEIMHEWHOCTb. lIpu pemenun psna
3aJa4, HaIlpUMEP MPU HUCCIECNOBAHUU YCTONYH-
BOCTU TOHKOCTEHHBIX KOHCTPYKLHM, IPUHLIMII
MaJIOCTH MEPEMEILECHUN U YIJIOB IIOBOPOTA CTa-
HOBHTCSI HerpruemieMbM. Heo0XonumMo yuuThl-
BaTh HEJIHMHEWHBIE YICHBI B COOTHOIIEHUSX
MEXIy AeGopMalusIMH U MepeMEIIeHUsIMH, ITPH
3TOM (opMupyercsa ceomempuuecku HeauHel-
Has 3a0aya. Ecnu He cripaBeiuB 3akoH ['yka,
CBSI3bIBAIOIMI HANPSDKEHUS U JeOopMaluu, TO
UX TPUXOAWTCS CBA3BIBATH HEIMHEWHBIMU CO-
OTHOILEHUSIMU W BO3HHMKAeT ¢husuuecku Henu-
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HeliHas 3a0aya. B cinydyae HeNWHEHHBIX TPaHUY-
HBIX YCIIOBUW BO3HMKAET KOHCMPYKMUBHAS He-
Jaunetinocms. HenuHelHble 3aBUCUMOCTH MOTYT
MOSIBIISATECSL TPU  Y4€Te BIHMSHUSA paboumx
(arpeccuBHBIX B OTHOIIEHUM MaTepuaia KOH-
CTpyKIui) cpea. B3aumopeiictBue ¢ arpeccus-
HOI BHEIIHEH Cpeoil BbI3bIBAET KOPPO3UOHHOE
IIOPAKEHUE MaTepualla M BO3HMKAeT 3ajada
onpezeNneHus: cpoka paboOTOCMOCOOHOCTH KOH-
CTPYKIHMH. 3a7a4d MOAOOHOTO poJia MOXKHO OT-
HECTH K 3aJjauaM C HaBEJIEHHOH HEOJHOPOJIHO-
CTBIO CBOWCTB.

Henunelinble 3a1auu MMEIOT MPUHIUIIAATIBHBIE
OTIINYMS OT JUHEWHBIX 3amad. Tak B HeJIMHEH-
HBIX 3aJa4ax dHeprus aedopManuu yxe He sSB-
JsieTCsl KBAApaTUYHON (YHKIMEH, KpoMe TOro,
HE CIpaBeUIUB MPUHLIMI CYNEPHO3ULUU U OC-
HOBaHHbIE HA 3TOM HPUHLHUIIE KIACCUYECKUE
TEOPEMbl MEXAHUKH.

Jnst mpuOAMKEeHHOTO PEIICHHsS] TPAaHUYHBIX 3a-
Jlad MaTeMaTUYeCKOro aHajau3a IPUMEHSIOTCS
METO/Ibl, OCHOBaHHbIE Ha PAa3IMYHBIX HJIEAX.
OnHuM M3 TakuX METOJOB PEILICHHUS SIBISETCA
METOJI HauCKOpeuero cnycka. MeTos1 HaucKo-
pelero crnycka HepBOHAYAJIbHO paccMaTpu-
BaJICSl KaK BapUAIMOHHBIN METOJ PEIICHUS JIU-
HEHHBIX (DYHKIMOHANBHBIX ypaBHeHHH. Cxema
METO/Ia CJIENYIOIAs: CTPOUTCSA MOCIEN0BATENb-
HOCTb MPUOTIKEHUN K MUHUMYMY (PYHKIIMOHA-
Ja TaKOTO poja, YTO IMEpPeXo] OT OJHOIrO IMpH-
ONMMOKEHUs K CIeIyIoLEeMy OCYIIECTBISIeTCs 10
HAIpaBJIEHUIO  HauWcKopeilero  yObIBaHUS
¢ynkumonana. OTcroa MPOUCXOAUT U Ha3Ba-
Hue mMeronaa. Jlokazan psna teopem [1] o cxomau-
MOCTH METOAA IJsl JUHEWHBIX (YHKIIMOHATb-
HBIX YPaBHEHHI CO CKOPOCTbIO T€OMETPUUYECKON
IIPOTPECCHH.

Unes meroma Bocxonutr k Komm. IlepBona-
YaJbHO OH PACCMATPUBAJIICA KaK BapUALlMOHHBIN
METOJ| pelieHus (PYHKIMOHAIBHBIX YpaBHEHHMA
U HAaXOXXJEHHUS COOCTBEHHBIX YMCEN JTMHEHHBIX
oreparopoB. B obmem cimydae MeToJ HauCKO-
peifiiero crycka aisi KBaJpaTHUHbIX (PYHKIHO-
HaymoB paspaboran JI.B. Kanroposuuem [2].
[IpuHUMNIUanbHOE OTIMYME METOJla HAaUMEHb-
[IET0 CIyCKa OT MPSMBIX BapUAIMOHHBIX METO-
JIOB 3aKJIFOYAETCs B TOM, YTO IOCJIEIOBATEIb-
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Hbl€ IPUOIMKEHUS TTOJIYYaIOTCsl HE B allPUOPHO
BEIOpaHHOW (hopme, a B GopMme ompeaensieMoi
caMoH 3ajayeil.

PaccMoTpuM BO3MOKHOCTH NPUMEHEHUS HUIEU
METOJla HAHUCKOPEWILIEro CIIyCKa K pPEIICHUIO
3a/a4 CTPOMTENBbHON MEXaHHKHM U MEXaHUKHU
neGopMHUpyeMOro Tena, ONHCHIBAEMBIX HEIu-
HeHbIME AuddepeHInanbHBIMA YPaBHEHUSMHU.
JUis mpUMeHeHHsl 3TOr0 MeToAa HeoOXOJUMO
4TOOBI, BO-TIEPBBIX, 3aJa4ya ONMUCHIBAJIACh Orpa-
HUYEHHBIM JIMHEWHBIM OIIEpaTOpOM H, BO-
BTOPBIX, 3TOT ONEPaTOp JOJKEH ObITh OrpaHu-
YEHHBIM.

[Ipu pemeHUM KpaeBbIX 33434 C YYETOM HEJU-
HEHHOW CBSI3U MEXIYy HANpsUKEHUSIMU U Jie-
dopManusiMu B MaTepuasne KOHCTpYKUMH (u-
3U4ecKasi HeTMHEMHOCTb) UM JOMYLICHUEM Iie-
pPEMEILIEHUH, COMOCTABUMBIX C TOJIIMHON KOH-
CTPYKIIMHM (IF€OMETpHYECcKasi HEeITUHEHHOCTB),
OJIHMM U3 METOJIOB SIBIISIETCA METOJ IOCIEA0Ba-
TEJIbHBIX HArpy>KeHUM wim ero o6oOiieHue —
METOJI TMOCIEN0BATENIBHOIO BO3MYIICHHUS Iapa-
meTpoB. [loapoOHOE M3NOXKEHHE STUX METOJIOB
JUISL pelIeHHs pa3HOOOpa3HbIX 3a7ay HeJWHEeH-
HOW MEXaHMKH IUIACTMHOK U 00O0JIOYEK MOXKHO
HaiiTu B padote [3].

COBOKYNIHOCTh YpPaBHEHMM HEIMHEHHON Mexa-
HUKUA TBEPJOTO /1ehOopMHUPYEMOTO Tejla BMECTE
C COOTBETCTBYIOIIIMMH I'PAHUYHBIMH YCIOBUSAMHU
3aMMIlIeM B BUJE ONEPATOPHOTO YPaBHEHUS:

Aw, ey, ...cr,)) =0 (1)

rne A — HEIWHENHBIN MOJOXUTEIBLHO OIpeie-
JICHHBIM omepaTop B TMJIBOEPTOBOM IMPOCTPaH-
ctBe H, U — UCKOMBIIT 3JIeMEHT 3TOTO (YHKITHO-
HaJIbHOTO IpocTpaHcTBa. OnepaTop 4 3a1aH Ha

HeKOTOpoM MHOXKecTBe (yHkumii D(A), obma-

JAFOIINX CIEAYIOIUMHI CBOWCTBAMHU: (DYHKITHH
U WX TIEpBbIC MPOU3BOIHBIE A0COIIOTHO HETpe-
peiBHBI B 00mact QQ ({2 — xoHeuHas 06iacTh
MIPOCTPAHCTBA KOOPAWHAT, 3aHATAs TIACTHHKOM
UM 000JI0UKOI), Ha TpaHuile oomactu I PyHK-
[IUU  yJIOBJICTBOPSIFOT 33JaHHBIM T'PAHUYHBIM
ycnoBusiM. Onepatop 4 OyzneM Ha3bIBaTh Olle-

paTopoM JaHHOU KPaeBOU 3ala4uM, (1 ,...,py —
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napaMeTpsl MOJIEIH, YYUTHIBAIOIUE BIMSHUE U
BO3JICUCTBUS PA3IU4YHOU IPUPOJBI HA PEIICHUE
3aJaud, B TOM 4YHclae W Ha (DU3HKO-
MEXaHUYECKHE CBOMCTBA MaTepHalla KOHCTPYK-

UMK B IEpHOJ dKciuryaTanuu. Ilapamerper o
MOTYT UMETh Pa3Iu4yHYyI0 IPUPOAY, CPEIU ITUX
napaMeTpoB MMEIOTCS TeoMeTpuueckue, (husu-
YeCKUEe M, B TOM YHUCJIE, ITapaMeTpbl BHELIHETO
BO31€MCTBUA.

Eciu Manoe uzMeHeHue ImapamMeTpa ak BBbI3bI-

BaeT MaJlble M3MEHEHHUs JJIEMEHTA U, TO TaKOU
napaMmerp OyzaeM HasbiBaTh BeAyuuMm. B Bo3-
MYILIEHHOM COCTOSIHUM ypaBHeHue (1) 3anuiem
B CJICIYIOIIEM BUJIE

Au+Au, ..., 0 +Acyy,..,,)) =0 (2)

Boruuras u3 ypaBHenus (2) ypaBuenue (1) mo-
JTYYUM

A(u+Au)-A(u)=A'(u)Au+O(Jau]) ()

IlepBoe cmaraemoe 3TOro paBeHCTBA €CTh JIH-
HeiHasg QyHKUuS OT AU, anmpOKCUMHPYIOLIas

dynxmmo A(U+Au)—A(U) ¢ TOUHOCTBIO 1O
BEJIMYMH TIOPsIKA MAJIOCTU BBICIIETO, 4YeM
|Aul|. Tpomssemenme A'(u)Au HasbBaetcs
muddepennmanom ['aro HenuHeitHOTO oneparo-
pa 4, a A'(u) Ha3bIBAETCs MPOM3BOJAHOM ['aTo
HeJIMHEWHoro oneparopa 4 B Touke U. JIunen-
Hast QyHKIUS OT AU MOKeT OBITh MOJy4YeHa Mo
dopmyne

(4)

A=0

, d
A'(u)Au :aA(uwlAu)‘

Ecnu 3a Benymmii mapameTp NpUHAT mapamerp
BHCIIHEH HArpy3kM ¢, , TO WHKPEMEHTAJIbHOE
ypaBHEHHE Ha J-OM dTalle U3MEHEHHS BEIYIIETO
napaMerpa OyJeT UMETh BHUI:

A,(uj—l’al"'”am)Auj =Ag | (5)

Volume 13, Issue 3, 2017

rae j=1,2,...,N — HOMep 3Tama BO3MYIICHHS, a
JeBas 4acTh YpPaBHEHHUsS MPEICTaBIsET CO00M
muddepennman I'ato HeNMMHEHHOrO omeparopa
A. DnemeHT U, , W3BECTCH W3 pCIICHUI Ha

MPEIBIAYIIAX dTanax PEmeHUS W BBIYUCISACTCS
o popmyse

k=j-1
U, =Y, Au,.
k=1

PexyppentHoe ypaBHenue (5) ObLJIO Ha3BaHO B
[4] ypaBHeHHEM MeToOma IOCIIEIOBATEIBHBIX
HarpykeHui. B mpouecce peanusanuu mpore-
JyphI TIOCIICOBATEIBHBIX BO3MYIIECHUH TMapa-
METPOB HAKAIUIMBAIOTCS MOTPEITHOCTH MOPsAKa
HOPMBI MPUPALIEHUS dJIEMEeHTa U. DTy Torpei-
HOCTb MOYXHO PEryJIHpOBaTh, U3MEHSs BEIUYH-
HY MIPUPAIICHUS BEAYIIETO apaMerpa.

[Tpouecc nedopMupoBaHusi ¢ MO3ULUA HHKPE-
MEHTAJILHOTO ITOJIX0/Ia OIKCHIBACTCS TOCIIEIOBA-
TENFHOCTBIO COCTOSIHHMIN paBHOBECHsI So, Si,..., Sn.
B rcxomHOM COCTOSTHUM Sp MOJIEITh XapaKTepu3y-
eTcs  HayabHBIMK  TapamMeTpaMu  (PU3UKO-
MEXaHHYIECKUX CBOWCTB. Sn — KOHEYHOE COCTOSI-
HUE, [IPU KOTOPOM TpeOyeTcs ONpeenuTh Harpsi-
KEHHO-JIeOPMUPOBAHHOE COCTOSTHHE paccMar-
pHBaeMOil MOJIETM KOHCTPYKTUBHOTO JJIEMEHTA,

HIIM PEILUATH JPYTHe 3aadi. S, — MPOU3BOIBHOE

MIPOMEXKYTOUHOE paBHOBECHOE cocTosiHMEe. CunTa-
€TCsl, 9YTO B ITOM COCTOSTHHH W3BECTHBI BCE Iapa-
METpPBI BHEIIHETO U BHYTPEHHETO MpoIiecca: ypo-
BEHb MPUJIIOKEHHBIX HArPYy30K, YPOBEHb Jlerpaja-
i (PU3UKO-MEXaHIMUYECKUX CBOWCTB Marepualia
KOHCTPYKIIMH, TEH30pbl HampsbkeHUH U aedopma-
IIUIA ¥ BEKTOP MEPEMEIICHHUS BO BCEX TOYKAX KOH-
crpykuun. Ilomaraem, 4ro mapamerpsl mporecca
W3BECTHBI HE TOJBKO B COCTOSTHUM PaBHOBECHS Sj,
HO M BO BCEX MPONAEHHBIX 32 UCTOPHIO Tpolecca
neopMUpOBaHHS COCTOSHUSX Si,..., Sj1. Kaxmoe
U3 COCTOSHHUIM Ha3bIBaeTCS IIaroM Tpoliecca Je-
(hopMHUpOBaHUSI.

[Ipu j=1 ypaBHeHue (3) BBIPOXKIACTCS B YpaB-
HEHHE COOTBETCTBYIOUIECH JIMHEHHOW TEOpHH.
[TpucBamBast | TOCIEIOBATEIbHBIC 3HAYCHHS
1,2,3,...,N MbI Oyaem mepeMemarbcs BIOJb Be-
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IyLIEro napamerpa, pemas mpu 3TOM IOCTaB-
JIEHHYIO HEJIMHEUHYIO 3a/1a4y.

B o0mem cnydae, Bo3MyIlas OJHOBPEMEHHO
WIM TIOCJIE0BAaTENIbHO HECKOJBKO MapaMeTPOB,
MOJlyYUM  PEKYPPEHTHOE HUHKPEMEHTAIbHOE
ypaBHEHUE

oA
A'(uH;ocl,...,O{m)Auj +25Aam'j =0, (6)

m

KOTOpOe ObLIO Ha3BaHO HamH [5] ypaBHEHHEM
METO/Ia TOCJIEIOBATENIbHOTO BO3MYILIEHHS Ia-
pameTpoB.

Tak xak ypaBHeHHe (6) JMHEWHHOE, TO MPHU €ro
PCLICHUU MOXKHO MPUMEHSTh MPUHIMI CYTep-
NO3UIMM WM MEHSTh BEAyIIMH mapamerp. B
ypaBueHun (6) COMEPKUTCS PSII METOIOB pe-
IICHHUs HEeJIMHEHHBIX 3a/1a4 pacyera 0ajok, Iuia-
CTHHOK U 000JIOYEK: METO/] TIOCIIEI0BATEIBHOTO
U3MEHEHUS JKECTKOCTH, METOJ| MOCIe10BaTEb-
HOTO W3MEHEHHS KPUBU3HBI, METOJ IOCIIEI0BA-
TENPHOTO M3MEHEHUs 00JacTH HHTETPUpOBa-
HUS, METOJ TIOCJIEIOBATEIEHOTO HApAIUBAHHS
pebep, MeTo/] MOCIeI0BAaTENbHOTO HarpeBaHus,
METO/I TIOCJIEIOBATEIEHOTO N3MEHEHHSI HEOHO-
POAHOCTH M PSAI IPYTUX B 3aBHCUMOCTH OT
Habopa napametpoB ¢, B (6). Hekoropsie us3

9THUX METOJIOB PacCMaTpUBAIIUCH PSJIOM aBTO-
POB KaK CaMOCTOATENbHbIE, HO MO CBOEH CYTH
9TO OJIMH UHKPEMEHTAJIbHBIN METOI.

B 3aBucuMOCTH OT IOCTAaBIEHHOW 33/1a4ul ypaB-
HeHue (2.5) mo3BOJSET MPUMEHSATh Pa3IMYHBIE
cTparerud. Hampumep, cHavana 3a Beaymui
napaMeTp IPUHUMAETCS BHEILIHSS Harpyska, W
KOHCTPYKIMSI TOCJIEIOBATEIbHO Harpy»Kaercs
JI0 33JITaHHOW BEJIMYMHBI MOMEPEYHON HArpy3KH.
3areM BeAyIIMM apaMeTpPOM CTAHOBUTCS TEM-
neparypa, U HaOpsbKeHHAsh KOHCTPYKLUS IIO-
CJIEIOBATEJIbHO HArpeBaeTcs A0 3a/JaHHON TeM-
neparypbl. 3aT€M HM3Yy4aeTcs B3aMMOJICHCTBHE
Harpy’>k€HHOM ¥ Harperod KOHCTPYKLHH C
arpecCUBHOM BHEIIHEW cpemod (mocieaoBa-
TEIbHOE M3MEHEHUE HEOAHOPOJHOCTH) M TakK
nanee. BosmoxkeH u apyroil Habop cTpaTeruii.
[Ipyu u3MeHeHWH KaXJ0ro M3 BEIyIIHUX IMapa-
METpPOB pellaeTcs HelMuHeWHas 3aqayda. J{s mo-
BBIIIICHUST TOYHOCTH peIleHus paszpaboran [6]
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JIBYXILIAarOBBIM METOJI MOCIEA0BATEIBHOIO BO3-
MYILEHUS [1apaMeTPOB IO3BOJIIIOLIUM  Cyllie-
CTBEHHO IOBBICUTh TOYHOCTb PELICHHUS U CO-
KpaTUTh YKCIIO ITANOB Harpyxxeuus. Takum 00-
pa3zoM, IMpEACTABICHUE HEIMHEHHOro omneparo-
pa A B MHKpPEMEHTaJIbHOW (opMe MO3BOJSAET
YCTPAaHUTh NEPBOE MPEMATCTBUE JIsI UCIOIb30-
BAHUS METOJIa HAMCKOPEHUILIETO CIyCKA.

JI.B. KanTopoBuuy NpUHAICKUT ujaes B —
OTPaHUYEHHBIX OIIEPATOPOB, KOTOpask COCTOUT B
TOM, YTO CJIOXKHBIA JIMHEWHBIA HEOIPaHUYCH-
HBII omepaTtop L[> MOXHO OrpaHUYHUTH MPO-
CTBIM JIMHEWHBIM HEOTPAaHUYEHHBIM OIIEpPaTo-
pom B. JI.B. KantopoBuuem joka3zaHa Teopema:
eciu onepatop L monmoxkutenbHO ompeneneH u
B — orpanunuen

m(Bu,u)<(Lu,u)<M (Bu,u),
O0<m<M <400,

(7)
TO HMEET MECTO B-cX0oIuMOCThb Ipolecca
HAUCKOPEHIIEero cnycka K peleHHI0 HCXOIHOTO
yYpaBHEHHsI ¢ OBICTPOTOM I€OMETPHUECKON Mpo-
rpeccud. OJTa Teopema JdoKazaHa Ui ciaydas
KOTJa paccMaTpuBaeMas 3ajJaya OIMCBHIBACTCS
TUHEeHHbIMU U depeHITNaTbHBIMU  YPaBHEHU-
AMU. 37€Chb M JaNee HUCIOJIb3YETCS NPUHATOE
0003HaYeHHE CKAJISPHOTO MPOU3BEIEHUS PYHK-
1yt B BUAE (..., ...).

B cootBercTBUU ¢ Teopemoil HEOOXOIUMO TO-
CTPOUTH CUMMETPUYHBIH, MOJOKUTEIHHO MOTY-
OTPaHMWYEHHBIN oneparop B POACTBEHHBIN OIle-

paropy L

(Bu,u)>(u,u) (8)

O6nactp ompeneneHus omeparopa B momKHA
COBIIAJIATh C 00JIACTHIO ONPECIICHHUS OllepaTopa
L, KpoMe TOTO JOJKHO BBIMTOTHATHCS HEPABEH-
ctBo (7). Ilpu pemieHun 3amay CTPOUTEIHHOM
MEXaHUKH B-OrpaHWYeHHOCTh oreparopa L
o0ecrieunBacTCs, €CliM yrpyras CUCTeMa, OITH-
ChIBagMasi OTepaTopoM B OKa3bIBaeTCs MaXo-
paHTOM, sIBJIsieTCsE 0OJIee JKECTKOHW M0 CpaBHE-
HUIO C UCXOHOM, OMMChIBAEMOM omiepaTtopom L
[8]. [TosToMy omepaTop B ajsi KOHKPETHOM 3a-
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Jlaud MOKHO IIOCTPOUTH HCXOJs U3 HHXKEHep-
HBIX COOOpaKeHMH, a OBICTpPOTa CXOIUMOCTH
MeToza OyJieT 3aBUCeTh OT €ro YAayHOIr'o BbIOO-
pa.

[TocnenoBarenbHOCTh penieHus ypaBHeHus (5)
METOZOM HAMCKOPEHIIEro CIyCKa COCTOMT H3
CJICAYIOIIMX 3TaIOB.

Hynesoe nmpubnmxenue (HanpaBiieHUE HAUCKO-
peilero crycka) MIIETCS Kak pelIeHHe ypas-
HEHHS

Bu, =b (9)

HepBoe HpI/I6J'II/I)KCHI/Ie CTPOUTCA B BUIC

U =U,—&Z (10)
e Z, SBIACTCS peNICHUEM YpaBHECHHUS
Bz, =Lu,-b (11)

mpaBasi 4acTh 3TOTO YPaBHEHHUS IPEICTABIISICT
c000i1 HEBSI3KY PEIICHHS HICXOIHOTO YPaBHEHHS

Lu, =b.

BenmuuHa criycka & ompenensercs mo Ciemny-
fomen popmyie

Bz,,z
g = (Bz,2) (12)
(Lz,,2,)
IToBTOpSIA 3TOT HpoLIECC, TOTYYUM
un = l"In—l —&, Zn (13)

r7ie Z, TpeACTaBiIsIeT cO0Oi pelieHne ypaBHe-
HUS

Bz, =Lu, ,—b

n

(14)

a &, OIpPENENsIETCs BBIPAKEHUEM
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g”:(LG,zn)

(15)
Ecnu Ha Kax10M j-OM 3Tare 1mociesoBaTelbHO-
ro Harpy>keHusl IpUHATh B 3TOH cXxeMme peau-
3alluU METOJia HAHCKOPEHIIEero clycka B Kaue-
CTBE JMHEWHOro B-OrpaHMYEHHOIO oIepaTopa

L muddepenuanbHblii omeparop A’(u j_l), TO

B pe3yJbTaTe IOCJIEI0BAaTEIbHOTO HapaliuBa-
HUS YUCJIAa 9TAllOB HATPY>KEHUS MOJTYYUM pelle-
HUE HEJIMHEHHOM 3a7a4H.

B pabGote [6] wmmes meroma HaMCKOPEHIIETO
crycka oOcCyKaanach Ui pelIeHUs TeOMETpH-
YecKd HEJIMHEWHBIX 3a/ad, 37ech OymeM pac-
CMaTpuBaTh (PU3MYECKH HETMHEHHbIE 3a1ayu.
Meroauky peuieHus MpOAEMOHCTPUPYEM Ha
caMo# MPOCTOM 3aa4ye — U3rud OAJIKU U3 HEU-
HeltHo-eopMupyemMoro Matepuana. Jloruka
pacCyXKJIeHUM TIpU penieHuu Oosee CI0KHBIX
3a1a4 GU3MYECKU HETUHEHHON TeOpUH MIACTHH
1 000JI0YEK COXpaHsAETCs.

Henuneiinoe muddepeHnnaibHoe ypaBHEHHE
n3ruba Oanky U3 HEJIMHEHHO-IePOPMUPYEMOTO
MaTepuana UMeeT BU/:

o G a0

rie W(X) — mporu6 Gankw, q(X) — 3aaHHas

(16)

MOTIepeYHAasT HArpy3Ka, a MepeMeHHasl 110 JITHHE
OaNKK KECTKOCTh BBIYUCISAETCS 11O GopMyIie:

3, (W)= | E (a)2%(z)d.

-h/2

(17)

3neck E, — cexymmii Mmoaynb, h — BeicoTa Ga-
KU, b(z) nepeMeHHas IIUPUHA TTONEPEYHOTO

ceueHust 6asnku. COOTBETCTBYIOIIME IPAHUYHBIC
ycioBHs (OPMYTUPYIOTCS depe3 MpPorud Oanku
TaK, KaK 3TO IMPUHATO B CONPOTHBICHHMU MaTe-
pHaIoB.

[Tpu cipaBeATMBOCTH TUMOTE3bI TUIOCKUX Ceue-
HUIl WHTCHCUBHOCTH Je(dopMaluii 3aBHCUT OT
BEJIMYMHBI Tporuda
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Tak KaK CeKylmMid MOJYJb SIBJISCTCS HEJIHMHEH-
HOW (DYHKIIMEH HMHTEHCUBHOCTH Je(opMaIiuii,
TO TIEPEMEHHAs KECTKOCTh Oaliku OyneT Helu-
HEeWHON (yHKIMeH nporuda, BUI KOTOPOH 3a-
BHCHUT OT CII0Cc00a almpOKCUMAIIUU THATPAMMBI
neGpopMHpPOBaHUSI.

WNukpemenrtansHoe auddepeHnmaibioe ypas-
HeHHe n3rnda 6anku umeet By [3]:

d2Aw.

(0| = a0, (%),

d? -1
dx’? W

(18)

rac J — HOMCD IOCJICAO0BATCIIbHOI'O HAI'PY>KCHUA,
NnepeMeHHasd 1o JJIMHC 0aJKd JKECTKOCTH

Iy (X) BBIUKCIsIETCS IO POpMYIIE:

h/2
JUH(x)= I EUY (x,2)2%b(z)dz

-h/2

(19)

j-1 -~
34€Ch EIEJ )—KacaTe.HBHBII/I MOAYJIb, BBIYHCJIC-

HUE KOTOPOIrO HE BBI3BIBAET 3aTPyJHEHUH, Tak
KaK OH 3aBUCUT OT BEJIMYMHBI M3BECTHOIO W3
IPEbIIYIINX 3TAllOB HAarpyXeHus, HaKOIIEH-
Horo nporu6a Ganku W, . 'paHuvHbIe yCIOBHA

dbopMynUpyIOTCS 4Yepe3 MpUpalleHus Mporuda
Oaku AWj.

Ha kaxmom srane Harpyxenusi ypapaenue (18)
Oynem pemiate METOJJOM HAaUCKOPEHIIEro cIryc-
Ka. B COOTBETCTBUM C 3TUM METOJOM ITOCTPOUM
HyJIeBO€ NPUOIIDKEHNE, KaK pELICHUE 3aJadu
u3ruba Oaky MOCTOSTHHOM (PUKTHUBHOMN KECTKO-

CTH. (DI/IKTI/IBHYIO KECTKOCTh OIIPECACIINM, 3aMC-

(i-1)

HSISI IEPEMEHHYIO JKECTKOCTh J, (X) HEKOTO-

*(J-1)

pOH TIOCTOSIHHOM KECTKOCThIO J,°' ', BENHYH-

Ha KOTOpPOM ompenensiercs U3 YyClIoBUA B-
OTpaHUYEHHOCTH THU(PEepeHIINaTBLHOIO Onepa-
topa ypaBuenus (18). B stom ciydae Oanka,
uMeromas GUKTUBHYIO KECTKOCTh, MO CpaBHE-
HUIO C UCXOHOM Oayikoii Oyaet Oosee )KeCTKOM.
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Y‘II/ITHBaH, 4TO B Ka)KHOﬁ TOUKe OaJIku

E. >E, u, cnemosarensro J, > J,, B Kade-

CTBE OJIHOTO M3 BO3MOXXHBIX BapHUaHTOB (PHK-

* j—l
TUBHYK JKCCTKOCTb JC( ) OIIpCACIIMM KaK

OCpeJIHeHHYI0 1Mo JuiMHe Oanku | skecTkocTh
CIeIyIOIUM 00pazom

|
340 Z%Iijl)dX-

c
0
MoO:KXHO HCIIOJIb30BaTh BBIPAXXCHUA

7709 — 501

. em . J =EJ;.

ITO OTpPa3UTCs HA CKOPOCTU CXOAUMOCTH METO-
Jla HAaUCKOPEHIIEeTo CITycKa.

CrenoBaTesbHO, B Ipe/eiax dTana HarpyKeHHsI
(manmee WHAEKC | OMyCKaeM) HyJeBOE MpHOJIH-
J)KEHHE ecTh pemieHue audepeHuaIbHOTo
ypaBHEHUS

J*d“AWO B

dx* (20)

Aq(x),
pEIleHrEe KOTOPOro He TPEJICTABISET TPY/Ia.
Jlanee ompezenseM HeBA3Ky pemenus F (X) ,

MIOJICTABIISIST HAWJICHHOE HYJIEBOE MPHOJIKEHIE
B ypaBHeHue (18). [Tomyuum

d? d?Aw,
FO(X):W Jk(X)TZO —Aq(X) (21)
[TepBoe mpuOIMIKEHNE CTPOUTCS B BHJIC
Aw, = Aw, — &£, (22)
rae Z; OonpeacnsaeTcs U3 ypaBHCHUS
,d*z
Ve =R 23)
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pPEICHUE KOTOPOIO TAKKC HC IMMPCACTABIIACT

TpyAaa.
Benuunna cmycka &, ompenensercs Clenyro-

LIUM ypaBHEHUEM

- (Lz,,7))’ (24)

I7leé COOTBETCTBYIOLIUE CKAJIIpHbIE MpOU3BeEJIe-
HUS oTpesenstoTes GopMyiaMu

(25)

¢ d’ d’z
('-21’21)=£21—2(3k (X)lejdz'

I[anee I/ITepaI_[I/IOHHHﬁ Mponecc NMOBTOPACTCA.

AW, =AW, |, —¢&,Z, (26)
e Z, €CTh pelIeHNe YpaBHEHHUS
d*z,
2.2 =Fl(x) (27)

I/ie IPaByI0 YacTh YPaBHEHUS BBIYHCISETCS IO
bopmyie

Fn_l(X)=%[Jk(X)%]—Aq(X). (28)

a &, ONpPEIENseTCs BhIPAKEHUEM

Crnenyer oOpaTHUTh BHUMaHHE Ha TO, YTO 3/1€Ch
MOCJIEI0BATENbHbIE TPUOIMKEHUS TTOJIYJaroTCs
HE B alpHOPHO BBIOpaHHOH (hopme, Kak B Bapu-
aIllMOHHBIX METOJIaX, a B (hopMe orpenensieMoi
caMoOM 3aJadei.
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[Tpouecc pemieHust cieayeT HA4yMHATHL C ai-
MIPOKCUMAIIUU SKCIIEPUMEHTAILHON IHarpaMMbl
nehopMUpOBaHUS MaTepuana Oanku MOAXOJs-
UM AHAJIIMTUYECKUM BBIPAKEHHEM U OTpeJe-

JIEHUS aHAJIMTHYECKUX BeIpakenud E. u E, .

Ecnu B uHTepecyroiemM Hac nuamnazoHe aedop-
MaIui 3KCIepUMEHTaIbHAS Tuarpamma aedop-
MHUPOBaHHUS MOKET ObITh MPEACTABICHA B BUC

(29)

o, =Eg —mg’,

B aToMm ciydae cekylui U KacarelbHbI MOIY-
JIA IPUHUMAIOT BUJL;

E =ﬁ=E—m(d2WTzz,

3 dx?

2
£, =% _E_3m sz;’ 22,
de dx

(30)

KectkocTHble MapameTpbl OaqKy TMOCTOSIHHON
HIMPUHBI D = CONSt UMEIOT BUL:

mbh? ((dw Y’
I (X) =B - 80 (dsz’
3mbhe (dAW Y’ ey
m
3, (X)=EJ — ,
(%) ° 80 (dxzj

rae J, — oceBoil MOMEHT MHEPIMH MONEePEYHO-

ro ceuenus 6anku. [Toxcrasmss (31) B (18), mo-
JYy4MM HWHKPEMEHTAJIbHOE YypaBHEHHE H3ruda
Oanku:

d? EJ _3I’T1b|’15 d'W, dZAWj _
2 0 2 2
dx 80 dx dx (32)
= Ag; (X).

B pesynpraTe Ha KakAOM dTare HArpyXeHUs
uMeeM JMHelHoe auddepeHnnanbHoe ypaBHe-
HHE C TepeMeHHbIMU Kodddurmentamu. Omne-
parop L B cxeme mpumeHeHUs: METOJ]a HAHCKO-
peiiiiero crycka B JaHHOM ClTydae UMEET BH/]
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| M,+102

Pucynox 1. Unniocmpayus ckopocmu cxooumocmu mMemooa HaucKopeuuie2o cnycka.

L=A(W,)=
¢ _amore a? (0w, g2 | 9
“dx* 80 dx*|| dx* | dx® |

a omepartop B, orpaHnuuBaromuii oneparop L,
UMEET BU/]T

(o d°

B=JUv 2
< dx?

TJIe OCPeIHEHHAs JKECTKOCTh OIPEACNSAeTCS 110
dopmyne

N N (34)

moh’ L WY
80 | dx?

0

Jlig WiUIrocTpanuy CKOPOCTH CXOAMMOCTH Me-
TOJAa HAWCKOPEWIero Crmycka Ha puc. 1 B 0e3-
pa3mepHOil ¢GopMe TPUBEAEHBI PE3yJIbTaThI
pacdera Oaaku U3 HEJTUHEHHO 1ePOpMUPYEMOTO
MaTepuaia, MOJydeHHbIE IOCNIe AECATU Iocie-
JIOBaTEJIbHBIX HArpyKeHUH pPaBHOMEPHO pac-
npenesieHHoN Harpy3kou. Ilpu nerictBum sToM
CYMMapHOW Harpy3kl MaKCHMaJlbHasi HHTEH-
CHUBHOCTH JedopmManuii cocTaBisia MOpsaKa
2,5%.

Takum 00pa3oM, COBMECTHOE NMPUMEHEHUE Me-
TOJIa TIOCJIEZIOBATENIbHBIX HATPYKEHUI U MeToa
B-orpaHuyeHHBIX ONEPATOPOB IO3BOJSAET HC-
I0JIb30BaTh JJIsl PELICHUS HETMHEHWHBIX 3a/1ad
CTPOUTEIBHON MEeXaHUKH A(PPEKTHBHBIA METO/
HaMCKOPEHIIEro CIyckKa.

110

CIIMCOK JIMTEPATYPbI

=

KantopoBnuu JI.B.,, Axkuiaos Il
@yHKIMOHANbHBIA aHamu3. — M.: Hayka,
1977.

2. KantopoBuu JL.B. 06 OJIHOM
s dhekTuBHOM METOo/Ie peueHus
OKCTPEMATBLHBIX 3a/1a4 ISl KBaJIPAaTHYHOTO
¢ynkmmonana. // JJAH CCCP 48, Ne7,
1945: DyYHKIMOHAIBHBIA ~ aHAIU3 U
npukiagHas Mmarematuka. YMH 3, Ne6,
1948.

3. Ilerpos B.B. Henunelinas
WKpEMEHTAIIbHAS CTPOUTEIIbHAS MEXaHUKA.
— M.: Undpa-Unxenepus, 2014. — 480 c.

4. IletpoB B.B. K pacuery mnomorux
000JI0OYeK TpU KOHEUHBIX mporudax. //
Hayuynble fokmanbl  BBICHIEH  IIKOJIBI.
CrpourennctBo, 1959, Nel, c. 27-35.

5. OpumnauxkoB MW.I'., Tlerpor B.B.
OnpeneneHre TONTOBEYHOCTH DIIEMEHTOB
KOHCTPYKIIMWA,  B3aUMOACHCTBYIOIIUX C
arpeccuBHOU cpenoii. // CrpourtenbHas
MexaHuKa W pacuér coopyxkenmii, 1982,
Ne2, c. 13-18.

6. Ilempoe B.B. ]JIByxmaroBblii MeETOJ
MOCIIE0BATEIHHOTO BO3MYIIICHHUS
MapaMeTpoB U €ro MPUMEHEHHE K PEIICHUIO
HEJIMHEWHBIX 3a7ad MEXaHUKH TBEPJOTO
nedhopmupyemoro Ttena. //CO6. IIpobreMbr
MPOYHOCTH DJIEMEHTOB KOHCTPYKIIUH TIOJ
NeiCTBHEM Harpy3ok u palouux cpef,
Capatos, 2001, c. 6-12.

7. IlerpoB B.B. Meton mnocnemnoBaTeabHbIX

HAarpy’)KCHUM B HEJIMHEMHOM  Teopuu

International Journal for Computational Civil and Structural Engineering



Pemienne nenuHeHHBIX 3a0a4 CTpOI/ITeJILHOﬁ MCXaHHUKH MCTOA0M HaHCKOpeﬁHIeFO CITyCKa

IJIACTHHOK U o0osouek. — CapartoB: M3a-Bo
CIy,1975. - 115 c.

JepkaueB A.A. OOmas Teopuss MeToaa
MaXOPaHTHOM  YIPYrOM  CHUCTEMBL.  —
Hyman6e, 1963.

REFERENCES

1.

Kantorovich L.V, Akilov G.P.
Funkcional'nyj Analiz [Functional
Analysis]. Moscow, Nauka, 1977.
Kantorovich L.V. Ob Odnom
Jeffektivnom Metode Reshenija
Jekstremal'nyh Zadach Dlja
Kvadratichnogo ~ Funkcionala ~ [About
Effective Method for Solving Extremal
Problems for a Quadratic Functional]. //
DAN SSSR 48, No. 7, 1945; Funkcional'nyj
analiz i prikladnaja matematika. UMN 3,
No.6, 1948.

Petrov V.V. Nelingjnaja Inkremental'naja
Stroitel'naja Mehanika [Nonlinear
Incremental Structural Mechanics].
Moscow, Infra-Inzhenerija, 2014, 480
pages.

Petrov V.V. K raschetu pologih obolochek
pri konechnyh progibah [To the Analysis of
Shallow Shells at Finite Deflections]. //
Nauchnye doklady vysshej  shkoly.
Stroitel'stvo, 1959, No. 1, pp. 27-35.
Ovchinnikov 1.G., Petrov  V.V.
Opredelenie Dolgovechnosti  Jelementov
Konstrukcij,  Vzaimodejstvujushhih s
Agressivnoj Sredoj [Determination of the
Durability ~ of  Structural Elements
Interacting with an Aggressive Medium]. //
Stroitel'naja mehanika i raschjot
sooruzhenij, 1982, No. 2, pp. 13-18.

Petrov V.V. Dvuhshagovyj Metod
Posledovatel'nogo VVozmushhenija
Parametrov i ego Primenenie k Resheniju
nelinejnyh zadach mehaniki Tverdogo
Deformiruemogo Tela [Two-Step Method
of Sequential Perturbation of Parameters
and its Application to Solving Nonlinear
Problems of Mechanics of a Solid

Volume 13, Issue 3, 2017

Deformable  Body]. //  Proceedings,
Problemy prochnosti jelementov
konstrukcij pod dejstviem nagruzok i
rabochih sred, Saratov, 2001, pp. 6-12.

7. Petrov V.V. Metod Posledovatel'nyh
Nagruzhenij v Nelinejnoj Teorii Plastinok i
Obolochek [The Method of Successive
Loading in the Nonlinear Theory of Plates
and Shells]. Saratov, Saratov State
University, 1975, 115 pages.

8. Derkachev A.A. Obshhaja Teorija Metoda
Mazhorantnoj Uprugoj Sistemy [The
General Theory of the Method of the
Majorant Elastic System]. Dushanbe, 1963.

Ilerpo Bnanunen BacunbeBuu, axkagemuk Poccuiickoi
aKaZeMUU apXUTEKTypbl M CTpPOUTENbHBIX Hayk (PA-
ACH), npodeccop, TOKTOp TEXHHUUECKHX HAyK, 3aBEly-
foumi xadenpoit Teopuu coopykeHMH U CTPOUTEIBHBIX
KoHCTpyKuuii, CapaTOBCKUH TOCYAapCTBEHHBIN TeXHHUYE-
ckuit yauBepcurteT umenn ['arapuna FO.A.; 410054, Poc-
cus, r. Caparos, yi. [lonurexnuueckas, 77;

ten. +7(8452)99-86-03; dakc +7(8452)99-88-10;

e-mail: vwp@sstu.ru

Vladilen V. Petrov, Full Member of the Russian Academy
of Architecture and Construction Sciences (RAACS),
Professor, Dr.Sc., Head of Department of Theory of
Structures, Yuri Gagarin State Technical University of
Saratov; 77 Politechnicheskaya street, Saratov, Russia,
410054; tel. +7(8452)99-86-03; fax +7(8452)99-88-10;
e-mail: vwp@sstu.ru.

111



International Journal for Computational Civil and Structural Engineering, 13(3) 112-118 (2017)

DOI:10.22337/1524-5845-2017-13-3-112-118

MODELING OF TEMPERATURE FIELD DISTRIBUTION
OF THE FOAM GLASS BATCH
IN TERMS OF THERMAL TREATMENT OF FOAM GLASS
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Zlvanovo Fire Rescue Academy of State Firefighting Service of Ministry of Russian Federation for Civil Defense,
Emergencies and Elimination of Consequences of Natural Disasters, Ivanovo, RUSSIA

Abstract: Applications of foam glass is currently quite wide. This material is applied directly to construction
and other human activities. Recent years the attention of scientists aimed at modeling the thermal processes in
the production of foamed glass. Appear works in which the developed mathematical model allows to predict the
distribution of temperature fields in the foam glass material at various stages of heat treatment of the material.
The emergence of these models reveals a number of promising directions in the improvement of technology of
producing foamed glass. Within the phenomenological formulation of the problem it is necessary to consider
three-dimensional temperature field in the charge of foam-glass and inside the metal mold for foaming. It is
necessary to consider the nonstationarity of the process and dynamics of change in macrovisiontm values. It is
also worth noting that in the conditions of heat treatment of charge materials occurs difficult the heat transfer.
The distribution of temperature fields in the foam glass material is from near-surface regions of the charge to the
center. The first objective of the study is to find and describe the distribution of temperature fields in the volume
of the foam glass of the charge to reflect changes in microphysically parameters in foam glass batch due to the
gradual formation of porosity of the material of the charge from the periphery to the center. The second task is to
find conditions for the uniform formation of the pore volume of the material. The paper presents a boundary-
value problem of heat transfer in foam glass material for the metal mold on the x coordinate. This illustration of
temperature field distribution inside the metal mold for foaming.

Keywords: foam glass, heat treatment regime, a mathematical model of heat transfer, temperature field

MOJEJUPOBAHUE PACHPEJAEJEHUS TEMIIEPATYPHBIX
MOJIEN MIEHOCTEKOJILHOM IIIUXTHI B YCJIOBUSAX
TEPMHUUYECKOMW OBPABOTKHU INEHOCTEKJIA

C.B. ®eoocos', M.O. Bakanog®

! ViBaHoBCKHii roCyIapCTBEHHBIN MOJIUTEXHUYIECKUI YHUBEpCHUTET, T. MBanoso, POCCUSI
2 YisanoBcKas moxkapHo-cracareibnas akagemusd I TIC MUC Poccun, r. Usanoso, POCCUS

AnHotanusi: O61acTh MPUMEHEHHS IIEHOCTEKIIA B HACTOSIIEE BPEMs JOCTATOYHO MMPOKaA. JJaHHBIN MaTepuan
NPUMEHSIETCS] KaK HEMOCPEICTBEHHO JUIi CTPOWTENBCTBA, TaK M B JAPYIHX OONAcTAX UYEIIOBEYECKOU
nearensHOocTH. Ilocneanue roapl BHIMaHNE YYEHBIX HAIMPABJICHO HA MOJACIMPOBAHME TEPMHUUYECKHUX MPOILECCOB
IpU TOJyYCHWH NEHOCTeKa. [losBIsIIOTCs paboThl B KOTOPBIX, Pa3pabOTaHHBIE MAaTEMaTHYECKHE MOAEIH
MO3BOJISIFOT MPOTHO3UPOBATH PACHPENIEICHNE TEMIIEPATYPHBIX MOJIEH B MEHOCTEKOJIbHOM MIMXTE HA Pa3JIMIHBIX
CTaMsX TepMUUecKod o0paboTku Martepuaina. [losBieHue DaHHBIX MOJENEH OTKPBIBACT sl NEPCHEKTHBHBIX
HaIpaBJeHUH PU YCOBEPIICHCTBOBAHMH TEXHOJIOTHH TIOJIyYeHUs IEHOCTEKIa. B pamKkax ()eHOMEHOIOrnYecKoit
MOCTAaHOBKU 3aJauydl HEOOXOIMMO paccMaTpUBaThb TPEXMEpPHBIE TEMIIEPATypHbIE IMOJIA KaK BHYTPH CaMOM
MIEHOCTEKOJILHON LIMXTHI, TaK M BHYTPH METaJUIMUecKOH (hopMbl 11l BCrieHMBaHUs. HeoOXoquMo y4uTHIBaTH
HECTalMOHAPHOCTD Ipoliecca 0 BPEMEHH M TMHAMHUKY M3MEHEHUsI Makpo(U3NUECHKX BelnduH. Tak ke CTOUT
OTMETHUTB, YTO B YCJOBHUSX TEPMHUYECKOW 0OpaOOTKM MaTepHajia IIMXTHI IPOUCXOJHUT CIOXKHBIN TEIUIOOOMEH.
Pacnipenenenne TemMriepaTypHBIX TOJICH 110 TICHOCTEKOJIEHOW MIMXTE MMPOXOANUT OT MPHUIIOBEPXHOCTHBIX 00MacTei
mUXTHl K IEeHTpY. llepBas 3amaua HWCCIIEIOBAHUS COCTOMT B TOM, YTOOBI HAfiTW M OMHCATh paclpeieicHHUC
TEeMIIEpaTypHBIX HOJIEi B 00beMe IEHOCTEKONBHOM IIUXTHI ¢ YI€TOM W3MEHEHHUS MaKpO(PU3NIECKUX MapaMeTpoB
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MOL[G.]'II/IpOBaHI/Ie pacnpeacicHrsd TCMICPATyPHBIX MoJIeH MEHOCTEKOIbHOM IIIUXTHI B YCIOBUAX TepMI/I‘{eCKOﬁ

00pabOTKH MEHOCTEKIIA

B TEHOCTEKOJBHOW MIMXTHI BCJEICTBUE IOCTEIIEHHOTO (OPMUPOBAHHS IMOPHCTOCTH MaTepHana MIMXTHl OT
nepudepuu k ueHTpy. Bropas 3aa4a cocTOUT B TOM, 4TOOBI HAHTH YCIIOBHS AJIsl PABHOMEPHOTO ()OPMHUPOBAHHS
nop o ooveMy Marepuana. B pabore npesncTaBieHa KpaeBas 3a/1a4a TEIUIONEPEHOCA B IICHOCTEKOJILHOM IINXTE
JUIT MeTaJutndeckoil opmbl mo koopauHaTe X. [laHBl WILUTIOCTPAlMHU PACHpPEAEICHHsS TeMIICpaTypHbBIX IOJICH

BHYTPH METAJUIMYECKOH ()OPMBI [Is1 BCIICHUBAHHUS.

Ki1io4yeBble c10Ba: IEHOCTEKIIO, PEXXUM TEPMUUECKOI 00paObOTKH, MaTeMaTHIECKasi MOJIEIb TEIUIONEpeHOCa,
TeMIIepaTypHBIE OIS

1. INTRODUCTION

Currently, the scope of the foam glass use is
rather broad. This material is involved in
construction as well as other spheres of human
activity. Scientists and engineers face a wide
range of challenges the most pressing of which
are the following:

1) optimization of the foam glass batch
composition [5-9];

2) selection of the most efficient gas-forming
agents to achieve an equally distributed
porous structure of the material,

3) development of economically viable and
energy efficient technologies for the foam-
glass batch foaming and annealing [15];

4) modeling of heat treatment for the foam
glass batch at all stages of the process
aimed at obtaining the necessary material
[1,3,4,12,13].

The recent years saw an increased attention of
scientists to the model of thermal processes
when obtaining foam glass. The papers are
being published showing the developed
mathematical models which allow predicting the
distribution of thermal fields in the foam glass
batch at different stages of the heat treatment for
the material. These models open a range of
promising directions in  improving the
technology of foam glass obtaining:

1) mathematical model of the glass foaming
process [3];

2) mathematical model of the foam glass
annealing [1];

3) mathematical model of the dynamics in the
formation of the foam glass porous
structure [13];

4) mathematical model of the processes for the
foam glass batch heating [4];
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5) mathematical model of the most appropriate
foam glass batch compositions [7,15].
Undoubtedly, the presented directions of
research in the mathematical models of heat
treatment for the foam glass batch allow
describing certain aspects of the above-
mentioned process to a certain degree and
predicting some of the end physical parameters
of the material. The process of obtaining foam
glass consists of several stages thus requiring
development of universal mathematical tools
which give the opportunity to plan and predict
some of the physical parameters of the material.

2. STATEMENT OF THE RESEARCH
TASK

Within the framework of the phenomenological
task statement, it is necessary to account for
three-dimensional thermal fields both inside the
foam glass batch itself and inside the metal
mould for foaming. The process instability over
time and the dynamics of changes in
macrophysical values must be taken into
account. A complex heat exchange which takes
place under conditions of heat treatment for the
batch material is also worth noting.

The theoretical basis for modeling heat
treatment processes, for developing engineering
methods for their calculation and optimization is

represented by the heat transfer theory,
considering the interrelationship and
interdependence  between  the  thermal

characteristics of the treated material and the
source of high temperature.

The physical nature of the process must also be
taken into account as thermal characteristics are
directly dependent on other physical parameters
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that change over time and under the influence of
temperature changes. Definitely, we cannot
ignore the fact that, before exposure to the
necessary temperatures, the foam-glass batch
has a porous structure where pores take the form
of microspaces unfilled with crushed glass or a
gas-forming agent. Another important fact is
that the heat transfer in the crushed foam glass
batch takes place in the following ways: by heat
conductivity through the solid and gaseous
phase, namely, heat conductivity through the
solid and gaseous phase, successively or
simultaneously, and by radiation between the
surfaces of solid particles.

The foam glass batch placed in a metal mould
for the purpose of foaming is represented by a
chaotic  structure which causes certain
difficulties in mathematical description that is
why this model must be replaced by a well-
ordered one which would reflect all the major
peculiarities of the basic structure.

It is also necessary to describe processes which
occur during gradual heating of the foam glass
batch.

Moisture present in the foam glass batch starts
evaporating and moving from the foam glass
batch to the furnace chamber for foaming.
When the values of temperature in the furnace
chamber are close to those when the glass starts
melting, the surface layers are the first to start
melting as they directly contact with metal faces
of the mould for foaming, somewhat later the
layer heated due to convection starts melting as
well. Surface melting of the foam glass batch is
taking place — the central areas of the material
are not heated yet (doe to low heat conductivity
of the surrounding material). Consequently,
sources of gas formation do not function in
these pores, while the batch material
surrounding the center is already foaming and
here the increase in the pore radius is
continuing. Thus, in terms of pore formation,
the batch material is created inhomogeneously
which affects the quality of the final product
thermophysical properties.

If the time of the foam glass batch exposure to
heat for the purpose of foaming is insufficient
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for the glass to melt all over the material,
centers of the foam glass batch do not have
enough time to melt and therefore remain non-
porous. If the foaming time considerably
exceeds the melting time of the glass, fusing of
the surface layers in the foam glass batch is
taking place, since the sources of gas formation
through heating are completely burned while the
glass viscosity decreases and the surface tension
does not give the opportunity to retain the
isolated gaseous phase in the formed pore areas,
thus the phase is transferred to the foaming
furnace chamber, at the same time the central
part of the foam glass batch becomes more
porous than in the surface layers of the batch.
Therefore we assume that the distribution of
thermal fields in the foam glass batch is taking
place in the direction from surface areas of the
batch to its center. The primary task of the
research consists in finding and describing the
distribution of thermal fields in the foam glass
batch considering changes in the heat
conductivity coefficient for the foam glass batch
due to gradual formation of pores in the material
from the periphery to the center — a(t,x,y,z). This
task can be solved in two ways:

1. development of a mathematical model for
the thermal field distribution taking into
account and  obtaining  theoretical
dependence of the heat conductivity
coefficient changes on time and coordinates
under certain initial and boundary
conditions.

2. development of a mathematical model for
the thermal field distribution in case of
computer  simulation for the heat
conductivity coefficient a(t,x,y,z) changes
depending on time and coordinates under
certain initial and boundary conditions.

The second task is to find conditions which

would ensure equal formation of pores

throughout the material. For example, such
conditions can be created with different
technical means and technologies allowing to

influence the foam glass batch in real time, e. g.

use of vibration platforms or ultrasound

exposure, as well as the use of powders with
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different gas formation properties (activity), a
combination of the above-mentioned or other
influences is also possible.

The complexity of accounting for all the factors
stated above during development of a unified
mathematical description leads to the need for
creating simplified (approximate) mathematical
models of heat transfer. Owing to this, there is a
generally accepted approach where the solution
to the task of conjugate heat transfer inside a
solid body and in the boundary layer of the heat
carrier is replaced by the solution to the
boundary-value problem of the interrelated
substance transfer within the material where the
heat carrier impact is taken into account through
the values determined by the heat transfer laws
under boundary conditions.

The system of differential transfer equations
along with the initial and boundary conditions
represents a mathematical model of the real
process. The solution for this system allows to
see the overall picture of the heat and moisture
distribution in the body over time and to analyze
the process kinetics and dynamics.

The use of computer developments enables us to
reduce a non-linear problem to a linear one.
Using the zonal calculation method proposed by
S. P. Rudobashta [11] and the method of
"microprocesses”, introduced by S. V. Fedosov
[14], while dividing the entire process into n
elementary  microprocesses, thermal and
physical phase parameters being regarded as
constant within each of them, the nonlinear
problem of heat and mass transfer can be
reduced to a combination of n linear problems.
It is worth noting that this method yields good
results on condition that the numerical
calculation is used jointly with the Laplace
integral transformation method [2]. This is
associated with the fact that sufficiently
accurate results are achieved in the field of large
Fourier numbers when only several of the first
terms in the Fourier series are used. When the
Fourier number (of the time for the process
execution) decreases, the number of Fourier
components to be taken into account in order to
ensure the established accuracy of calculations
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increases. Nevertheless, modern IT technology
is able to meet this challenge. Moreover, the
Laplace transformation gives the opportunity to
present the solution in two formats: with Fo>
0.1 and Fo << 0.1, it is this fact that provides for
the advantage of the transformation mentioned
above.

Fig. 1 shows a scheme of the “metal mould —
foam glass batch” system.

z

I

2
. 2
I
| q
q 5 : | -
e — |: : |
: o : M
ISl febriul b e
] ,: . : 7
o .,
e e -J

;

Figure 1. Model of the “metal mould — foam
glass batch” system 1 —metal mould; 2 — foam
glass batch.

In general, the boundary value problems of
substance heat and mass transfer can be
represented by nonlinear nonhomogeneous
differential equations of parabolic type in partial
differential coefficients:
— boundary value
conductivity:

problem of thermal

, (u,t)-c(u,t)ng[i(u,t)at(x’r)}

or OX

1)

where p(u,t),c(u,t), A(u,t) are thermophysical
properties of the foam glass charge material
(density, heat capacity, thermal conductivity)
generally depending on the moisture content
and temperature.

— initial condition:
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t(x, 7)), =to(x) 2)

— boundary conditions:

t(x, 7)), _, = f.(v) (3)
8t(x, T) B
X |t 0 )

The initial condition (2) shows that there is a
general temperature distribution along the
coordinate in the foam glass charge material at a
time point taken as a reference point.

The boundary condition (3) shows the fact that
temperatures of the metal and foam glass charge
material are the same in the contact zone of the
metal foaming mold and foam glass charge

material walls, from which the x coordinate is

measured. The condition (4) shows that problem
can be considered as symmetric.

At the first stages of modeling, it is necessary to
define boundary conditions and solve a plane
problem for one of the coordinates. Figure 2
shows the boundary value problem of heat
transfer in a foam glass charge material for a

metal mold along the X
coordinate.
L 2
7
e = = >
- ~
H| |
= =
L 7
)
I~
NEAN L N
N N

Figure 2. Foam glass charge material (2) —
metal mold (1) model.
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Under these conditions, the boundary value
problem of heat transfer in a foam-glass charge
material for a metal mold is as follows:

ﬁt(x,r) B Gzt(x,r)_ ) L
oc . =1 v 7>0,0<x< > (5)
tx 7)), =to(x) (6)
tx 7)), =t, (7)
at(x, 7) B
x| 0 (8)

where p, ¢, A are density, thermal capacity and
thermal conductivity of the foam glass charge
material, respectively.

Let’s enter dimensionless variables:

Y _t(X’T)_to. _ar .o _
T(x,Fo)= RO L

H

X

(L/2)
(9)

And then the problem (5)-(8) will be as follows:

oT ()_(' Fo) _oT (%’ZFO); Fo>0;0<x<1 (10)

oFo OX
T(x Fo)= t(’t‘;f_)t_otO To(x) (12)
T(x Fo) = I ::Z -1 (12)
-

3. STUDY RESULTS

Now we give the final solution of the boundary
value problem in the field of originals, omitting
simple but cumbersome transformations:

International Journal for Computational Civil and Structural Engineering



MOL[G.]'II/IpOBaHI/Ie pacnpeacicHrsd TCMICPATyPHBIX MoJIeH MEHOCTEKOIbHOM IIIUXTHI B YCIOBUAX TepMI/I‘{eCKOﬁ

00pabOTKH MEHOCTEKIIA

Tl Fo)=1-23 1

2
. exp{— ”T(zn ~1)* FOJ +

1

+ Zi sin {% (2n —1)?(} [T (&)

n=1 0

-sin {% (2n —1)§}d(§ - exp[— %Z(Zn ~1y FoJ
(14)

The expression (14) calculation results are
shown in Fig. 3 in the form of curves presenting
the change of dimensionless temperatures along
the dimensionless coordinate depending on the
dimensionless process time.

T(x) 7 3 S

04 2 "

L L L
1] o5 1 15 z

X
Figure 3. Expression (6) calculation
presentation Fo: 1) 0.01; 2) 0.1; 3) 0.2;
4)0.3;5) 0.4; 6) 0.5; 7) 0.6; 8) 0.7; 9) 0.8;
10) 0.9 11) 1.

The curves in Fig. 3 present the dynamics of the
dimensionless temperature fields in the space of
the foam glass charge material (in accordance
with Fig. 2, the coordinate origin, x=0, is
positioned at the left wall plane of the metal
mold, and x=L is the right wall plane of the
metal mold).

It is notable how the symmetrical heating of the
foam glass charge material flows: prior to
achievement of a value around 0.15 by the
Fourier criterion, there is a gradually tapering
zone between the walls of the metal foaming
mold with conserved initial temperature of the
foam glass charge material. Then, the
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temperature curves are joined and, when
Fo>10, the zone between the metal mold walls
is practically uniformly heated.

4. KEY FINDINGS

Thus, the set of equations (5-8) with initial (2)
and boundary (3-4) conditions is called the
boundary value problem of heat transfer and, in
general terms, determines the behavior of the
considered system "metal form - foam glass
charge material™.

To verify the model for adequacy, it is
necessary to develop an algorithm for its
implementation to real physical phenomena.
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1. INTRODUCTION

APPLICATION OF RIGID LINKS
IN STRUCTURAL DESIGN MODELS

Sergey Yu. Fialko
Cracow University of Technology, Cracow, POLAND

Abstract: A special finite element modelling rigid links is proposed for the linear static and buckling analysis.
Unlike the classical approach based on the theorems of rigid body kinematics, the proposed approach preserves
the similarity between the adjacency graph for a sparse matrix and the adjacency graph for nodes of the finite
element model, which allows applying sparse direct solvers more effectively. Besides, the proposed approach
allows significantly reducing the number of nonzero entries in the factored stiffness matrix in comparison with
the classical one, which greatly reduces the duration of the solution. For buckling problems of structures
containing rigid bodies, this approach gives correct results. Several examples demonstrate its efficiency.

Keywords: finite element method, rigid bodies, rigid links, buckling analysis, multistory buildings

INPUMEHEHHUE KECTKHX BCTABOK
B PACUETHBIX MOJAEJAX KOHCTPYKIIUHU

C.1I0. Duanko

KpakoBckuii nonurexunueckuid yausepeuteT uM. Tageyma Kocrromko, r. Kpakos, IIOJIBIIIA

AHHoOTanusi: B Hacrosme#l cratbe mpearaeTcs CHelUalN3HUPOBAaHHBIA MOAXOA K MOJAEIMPOBAHHUIO JKECTKUX
BCTaBOK B paMKaX MeTo/a KOHEYHHIX 31eMeHToB (MKD) mpu pemieHnn TUHEHHBIX CTaTHYECKUX 3a/ad U 3a/a4
aHajgu3a YCTOMYMBOCTH KOHCTPYKLUHWA. B OoTiHMuYMe OT M3BECTHOIO KJIACCHYECKOTO IMOJX0J]a, OCHOBAHHOTO Ha
TeopeMax KHHEMaTHUKH TBEPAOTO Tejla, MpeiIaraéMbIi MOIX0 COXPAHIET CXOJACTBO MEXAY rpad)oM CMEXHOCTH
JUIA Pa3pekKeHHOW MAaTpHIbl M IpadoM CMEKHOCTH IS Y3JI0B KOHEYHOIIEMEHTHOM MOJEIH, YTO IMO3BOJISET
6onee pPeKTHBHO MPUMEHATH HPSMBIE pemIaTely Al pa3peKeHHbIX MaTpui. Kpome Toro, mpeamaraemslit
MOJXOJ TIO3BOJIIET 3HAYMTEIHHO YMEHBIINTH KOJMYECTBO HEHYJIEBBIX 3amuced B (haKTOPH30BAHHON MaTpHIle
JKECTKOCTH 110 CPaBHEHHIO C COOTBETCTBYIOIIMM KJIACCHYECKMM, YTO 3HAYMTENIBLHO COKpamiaer o0beM
BBIYHMCIINTEIBHOW PadOTHl M COOTBETCTBEHHO BpeMs cuera. [ 3ajgay pacuera KOHCTPYKLHMH, COJAEpIKaIINX
abcomroTHO TBepable (HenedopMupyemble) Tena, Ha YCTOMYMBOCTB IpeJJlaracMblii IMOJIXOJ TaKXKe MO3BOJISET
HOJIYYUTh KOPPEKTHbIE pe3ysbTaThl. HEeCKOJIbKO MPUMEPOB JEMOHCTPUPYIOT 3P (EKTUBHOCTH IpeIaraeMoro
HOJX0Ja.

KiroueBble cj10Ba: METO KOHEYHBIX DJICMCHTOB, a0bCOIIOTHO TBEPABIC TEJIA, )KECTKUE BCTABKH,
aHaJIn3 YCTOI\/'I‘II/IBOCTI/I KOHCprKHHﬁ, MHOT'O3TA>XXHbIC 31aHUA

Let several nodes S1, Sy, ..

., Sn be connected by

Rigid links are widely used in structural design
models. A rigid link usually refers to a
kinematic relationship between the selected
nodes of the finite element model, when the
stiffness values of the structural elements
connecting them are considered to be many
times larger than those of other elements due to
a number of considerations.
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rigid links with a node M. The node M is a
master node, and the nodes Si, i € [1, n] are
slave nodes (Fig. 1).

Then on the basis of the theorem of rigid body
kinematics

(uSij:(uM +0, xpM_Si} icfn],

9Si 9M



where u,,,ug are vectors of translational

displacements of the nodes M, S; respectively,
0,,, 0. are vectors of rotation angles, p,,  isa

radius-vector connecting the node M with a
node Si.

S2

rigid link
Ss3

Sn

Figure 1. Model of a rigid body consisting
of s system of rigid links. M is a master node,
S is a slave node.

Thus, displacements and rotation angles of all
nodes Si, i € [1, n], are expressed through the
respective displacements and rotation angles of
the node M.

A set of nodes M U S;, i € [1, n] and a set of
rigid links {M, Si} i € [1, n], each of which
connects the node M to a node S;, i € [1, n],
form a rigid body.

In some cases, the binding of the node S; to the
node M does not take place for all degrees of
freedom, but only for some of them. The
displacements of unbound degrees of freedom
of all slave nodes are independent variables, and
all displacements of bound degrees of freedom
are expressed through the displacements and
rotation angles of the master node. In this case,
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a rigid body is not formed, and an incomplete
binding takes place.

In many FEA software, the use of rigid links
leads to the fact that the slave nodes with the
bound degrees of freedom obtain numbers of the
corresponding equations of the master node.

Let us consider an example presented in Fig. 2.
The equilibrium equation of a finite element
with rigid links imposed on its nodes is
transformed as follows:

Q:K.Q.q, =Qr, , (2)
where
Kii Kij Kip Kiq
K = K; K; K; Kj
Kpi KP] KPP qu
in qu qu qu
Ci,Ml 0 0
0 0 | {
Q.= C,v, 0 Of
0 quMZ 0
U,
_ UJ _Q ~
qe - U’p ’ qe - eqe1
Uq
Y R
= , re: - )
qe _’Mz Rp
U, -
Rq
Kmn — block of the stiffness matrix

corresponding to the nodes m, n,
U—r;:(um 0m)’ R-Ir;1=(Fm Mm)’ um, Om —
vectors of the translational displacements and
rotation angles in the node m, F_, M — total
force and total moment in the node m,
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Mz/

M1

i

j

Figure 2. Four-node shell finite element with imposed rigid links. M, M> are master nodes.

P P
collar beam E/ B
/T = = /A
/ /
/ /
rigid body / P rigid body / h

N\ \ /

% \ 4
21

Figure 3. Design model of a plane frame with rigid columns. Dashed line shows the buckling mode.

I F
C — M,m ,
m (0 I ]

0 P, _py
FM,m= —P; 0 Py )
Py ~ Px 0

Px, Py, Pz — components of a vector connecting
the master node M with the slave node m.

In the result of the transformation the expression
(2) becomes

Volume 13, Issue 3, 2017

K., =1, , 3)

where T =Q]r, — the result of the parallel

transfer of the forces from the slave nodes to the
respective master nodes. Let's call this approach
method "A".

Typical examples of the use of rigid links are
given in Fig. 3 — 6. Fig. 3 shows a design model
of a plane frame with infinitely rigid columns.

It turned out that many of the FEA software
solve the buckling problem for systems with
rigid links incorrectly 1. We shall return to this
problem later.
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fragment of plate

rigid link

Wiransversal beam

rigid link
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fragment of plate

Figure 4. Attachment of bearing slabs of the bridge span to the transverse beam at the junction
of two spans.

rigid link

Figure 5. Connection of columns with floor slabs. Rigid links form a rigid body in order to prevent
an unrestricted increase of bending moments and transverse forces in the slab with the mesh
refinement.

Fig. 4 shows a fragment of the span structure of
the bridge. A detailed modeling of some joints
and connections often turns out to be
unnecessary. However, in order to create a
design model that adequately reflects the
behavior of the structure, it is necessary to
impose a series of rigid links on the nodes.
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Fig. 5 shows a fragment of the connection of
columns with floor slabs where the columns are
modelled by bars and the slabs — by flat shell
finite elements.

When the Kirchhoff — Love theory of thin shells
Is used, bending moments tend to infinity at the
point of application of the concentrated force —
column reaction directed along its axis.
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Figure 6. Imposed rigid links make the floor slab of a high-rise building rigid in its plane,
however, the bending stiffness value remains finite.

In order to justify this fact, simply select a
circular plate in the vicinity of the column-to-
slab junction point and apply the known
solution of the problem of a circular plate
subjected to a concentrated force applied at its
center 2. It is known that for such a problem the
radial bending moment in the center of the plate
has a logarithmic singularity.

It follows that in the process of mesh refinement
there is an unlimited increase in the values of
bending moments in the shell in a column-to-
slab junction point 1. In order to study the
stress-strain state in the vicinity of this point,
you should separately consider this joint using a
3D model for both the column and the slab. It is
impossible to solve this problem within the thin
shell theory. Therefore in order to avoid
singularity in the solution, various approaches
are used.

One of them lies in imposing rigid links on the
adjacent nodes, the column-to-slab joint being
the master node. Thus, a rigid body is formed,
the size of which according to the Saint-
Venant’s principle is about two cross-sectional
heights, and the area adjacent to a singular point
is excluded from the stress analysis. It should be
noted that when the Mindlin-Reissner shell
theory is used, this peculiarity remains.

The seismic codes in many cases suggest using
design models with floor slabs rigid in their
plane, their bending stiffness having a finite

Volume 13, Issue 3, 2017

value. Implementation of such a design model is
achieved by imposing links rigid only in the
plane of the floor slab (Fig. 6).

A peculiarity of this problem is a large number
of rigid links meeting in each master node. At
the same time, the binding of distant nodes takes
place. When the “A” method is used, it leads to
a significant increase in the number of nonzero
entries in the factored stiffness matrix, despite
the fact that the number of equations decreases
when the rigid links are imposed.

Even when the dimension of the problem is
relatively small, the duration of the solution
increases significantly. The following example
confirms this.

The drawback of the “A” method is also the
lack of similarity between the adjacency graph
for nodes of the finite element model and the
adjacency graph for a sparse matrix.

Many finite element solvers use this similarity,
which enables to reorder the adjacency graph
for nodes, and then to use the fact that each
node of the finite element model contains a
group of equations which forms a dense
submatrix in the sparse matrix 3, 4, 5. The
reordering of the nodal adjacency graph is
carried out several times faster than that of the
adjacency graph for the sparse matrix, and when
a coarser graph is used, the number of fill-in
usually turns out to be somewhat smaller, than
in the case of a more detailed graph 7.
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Figure 7. Rlink finite element modelling a rigid link.

Moreover, the initial division of the sparse
matrix into dense submatrices enables to
optimize the procedure of their combining into
larger blocks, which simplifies the use of high-
performance procedures for dense matrices and
improves their performance.

It should also be noted that the implementation
of the "A" method is rather difficult, because the
load and displacement vectors, as well as the
stiffness matrix of the finite element have to be
converted in accordance with the expressions
(1) - (3) in different program modules usually
developed by different programmers.

This paper proposes a two-node finite element
which models a rigid link and preserves the
similarity between the nodal adjacency graph
and the adjacency graph for the sparse matrix
which enables to apply the above-mentioned
high-performance finite element solvers to such
models without any changes. This approach,
which we will call the “B” method, is much
easier to implement than the "A" method
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because the imposition of rigid links comes
down to simply adding the appropriate finite
elements to the design model.

2. LINEAR STATICS

Fig. 7 shows the proposed Rlink finite element
modelling a rigid link.

The element has two nodes — M (master) and S
(slave), connected by a rigid link. The

intermediate node S with the same coordinates
as the node S is entered.
Displacements of nodes S,S are combined for

the bound degrees of freedom. The penalty
function method is applied for this purpose. The
displacements of all nodes are represented in the
global coordinate system OXYZ. The vectors of
total forces and total moments F,,, M,,, F;, M

are applied in the nodes M and S respectively.
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The principle of virtual works is used to obtain
the stiffness matrix of the Rlink finite element:

s(U, -0, ) (U, -0, )- 0], R,, —8UIR; =0,

(4)
where
Vx
7y
r- e ,
}/Rx
7Ry
sz
q;_(‘js 0})1 gIAZ(HM ?M)
RST_(FS Ms)7 RI\T/I:(FM MM)

u,,,0,,,us,0, — vectors of displacements and
rotation angles in the nodes M and S
respectively, v,,vy.7, Va1 Vry Yr. — Penalty
parameters for displacements in the directions
OX, OY, OZ and rotation angles relative to the
axes OX, QY, OZ. If the given degree of
freedom is not related to the displacements or
rotations of the node M, the corresponding
penalty parameter is equal to zero.

The matrix I is diagonal and is presented for a
spatial design model with 6 degrees of freedom
in a node — 3 displacements and 3 rotation
angles. The first term in (4) represents the
virtual work of the elastic links with the rigidity
2+y on the difference of the displacements of the

nodes S and S, where y takes the values of one
of the diagonal elements of the matrix T
depending on the degree of freedom this
displacement corresponds to. The greater the
value of v, the less the difference between the

displacements (rotations) of the nodes S and S.
The remaining terms in (4) represent the virtual
work of the external forces applied to the nodes
M and S.

Let us eliminate the displacements U from (4)
using the relations (1):
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0 p, -p ®)
FMé = _pz 0 px '
py — Px 0

where p,,p,,p, — projections of the vector p

onto the axes of the global coordinate system.
Substitute (5) into (4):

s(c, U, -0, r(c,,

or
&d;(cr re, U, —CT 10, -R, J+
+80!(-rc G, +10 -R;)=0.
Taking into account the independence of

variations 8U},,80] we obtain:

T ¥ T 5
{CMSFCMSUM _FMQI;US - RM =0
—lﬂCMéUM+FUS—RS =0

then the equilibrium equation of the Rlink
element is as follows:
Keqe:re’ (6)

where

-TC, . r

MS

] R
qe:(ﬁMJ, re:[_»MJ
US RS

and K. is the stiffness matrix of the Rlink
element.

T T
K = [CM§FCM§ - CMéFJ’

(7)
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Figure 8. Buckling of the Rlink element.

3. BUCKLING

According to the Euler stability criterion the
possibility of the existence of the deflected
equilibrium state of the Rlink element is looked
for, and the load does not change upon the
transition to the deflected state. The minimum
value of the load parameter, at which the
existence of an adjacent equilibrium state
becomes possible for the first time, is called
critical.

The buckling of the Rlink element is shown in
Fig. 8.

The points M,S,S correspond to the initial
state. The vectors of total forces and total
moments F,,,M,,,F, M, applied to the nodes
M, S, are obtained from the solution of the pre-
buckling problem. It is assumed that the
displacements and the rotation angles are so
small in comparison with the geometric
dimensions of the structure that the difference of
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the deformed state in comparison with the initial
one can be neglected.

The position of the nodes M’,S',S" defines the

deflected state of the Rlink element. The vectors
of total forces and moments applied at the nodes
M, S, move to the nodes M’, S’ during buckling
and u,,,ug,ug are the respective displacements

of the nodes M,S,S at buckling. Since the
initial buckling is considered, the vectors of
total forces and moments F,,M,,,F, Mg

remain the same as in the pre-buckling state.
The values of total moments change in the result
of the parallel transfer of the total force vectors

Fy.F, from the points M, S to M’, S":

M;, =M,, +u,, xF, (8)
+ug xF . 9)

Since each link connecting the points S’ and S'
works independently of the others, it follows
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from the condition of their equilibrium that the
vectors of total forces and moments F,, M can

be transferred to the node S'. Then (9) takes the
form

I\/Ig:MS+uSA><IES . (10)
In the case of partial binding for unbound
degrees of freedom, it follows from the solution
of the static problem that the corresponding
forces or moments in the nodes M, S are equal
to zero. Therefore, expressions (8) - (10) remain
in force.

Applying the principle of virtual works and
accepting the deflections during buckling as the
virtual displacements, we obtain:

5(0, - U, 1(0, - U)-8UL,R,, —5UIR, =0,
(11)

where the first term is the work of internal
forces of the RIlink element on virtual
displacements during buckling and the two last
terms are the work of external forces.

Let

=0, 0,10, -0.)

L (12)
MW =-8U R, —cSUSTRS,

where IT in the potential energy accumulated in

the elastic links, W is the change in the potential

of the external forces. It follows from the

previous section that

SIT=38q K.q, , (13)
F F
SW=—58(u,, O, ){MTM]— 8(u, Gé{mﬂ .
(14)

Substituting (1), (8), (10) into (14), we derive:
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(15)
Here we use

5(9M Xﬁ)lfs :(&)M Xﬁ)ﬁs =

: IS .\ (6)
:_(wam )Fs :(PXFs)éHM =My, (psz)
The first two terms of (15) are the equilibrium
equations in the pre-buckling state, therefore
they are identically equal to zero. The remaining
terms of the expression (15) will be as follows:

W =-0,, (u, xF, -

_ &, (%u <R 1R, uj ()
Substitute (1) into (17):
W =00, (uy <F,, )=
00, | S, 0, X PIF, -
—%IES x(u, +0, xﬁ)}: (18)
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Calculating the double cross product, we obtain:

0, xpxF =90, , (19)
0, xF xp=Q'0,, , (20)
where
Q=
_pyFsy_szSZ pXFSy pxFSZ
= Py R -pFs - p,FS Py FS
p,FS p,F -pFs — Py FS
(21)
Finally,
SW:—SGME(Q+QT)9MJ (22)

Substituting (13) and (22) into (12), and then
(12) into (11), we obtain
6qe [(Ke - 7\’Ge )qe] =0, (23)

where Ge — geometric stiffness matrix of the
Rlink element:

0 0 0 0 u,,
|o ;(susf) 0 0 |0,
0 0 00| ° |wug
0 0 0 0 0,
(24)

It is assumed that all loads applied to the
structure increase in proportion to the parameter
A, and A =1 for the given load value.

In the case of a rigid body, shown in Fig. 1,
stiffness matrices (geometric stiffness matrices)
are generated for the respective Rlink elements.

4. PENALTY PARAMETERS

A wide scatter of the stiffness values for
different degrees of freedom is typical for the
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problems of structural mechanics. For example,
the tension-compression stiffness of a plane
frame element is several orders of magnitude
greater than its bending stiffness.

Therefore, the penalty parameter (stiffness of

links between the nodes S and S) should be
taken separately for each degree of freedom. In
addition, if the stiffness values are too large, it
can lead to the ill-conditioning of the global
stiffness matrix and the loss of accuracy.

The following algorithm is used for the optimal
choice of penalty parameters. First, the diagonal
DiagRL of the stiffness matrix is obtained for a
model that does not contain any Rlink elements.
Then, the equation number eqn_M is defined for
each degree of freedom dof of the node M, and
the corresponding element on the main diagonal
is D_M[dof] = DiagRL[eqn_M], where dof €
[X, ¥, z, RX, RY, RZ] are the degrees of
freedom corresponding to the translational
displacements and the rotation angles of the
node M. The same is done for the node S:
D_S[dof] = DiagRL[egn_S], where egn_S is the
equation number corresponding to the degree of
freedom dof in the node S. We accept ydof =
GAM'max{D M[dof], D _S[dof]}, where GAM
€ [100 =+ 10000]. If there is no binding for the
degree of freedom dof, the corresponding ydof =
0.

This algorithm enables to flexibly determine the
penalty parameters for each degree of freedom.
We will provide the solution of the model
problem shown in Fig. 9.

Here, EI =02 MNm?, a=1m,1=9m, M =
0.001 MNm. The exact solution of this problem
is: w, =0.0475 m, ¢, =0.005, where W,, ¢,
are the vertical displacement and the rotation
angle in the point A. Table 1 provides the values
of w,,o,, obtained by the finite element
method wusing the RIlink element and a
conventional element of the plane frame with
the large finite stiffness EI' modelling a rigid
body.
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EI El— '\:')
I A
L a - l |

Figure 9. Model problem.

Table 1. Values of the vertical displacement wa and the rotation angle g in the point A.

Rlink element Plane frame element
with the large finite stiffness EI'

GAM Wa, M QA Err, % | EI'/EI Wa, M oA Err,

%
10 | 4.750000-102 | 5.125000-10° | 2.5 10 6.775000-1072 9.500000-10° | 90
100 | 4.750000-10 | 5.012500-10° | 0.25 | 100 | 4.952500-107 5.450000-10°° 9
1000 | 4.750000-102 | 5.001250-103 | 0.025 | 1000 | 4.770250-102 5.045000-10° | 0.9
10000 | 4.750000-107 | 5.000125-10° | <0.01 | 10000 | 4.752020-107 5.004500-10° | 0.09

The Err column provides

Err:100-max{|WA_wA|,|(PA_(T)A|}.
‘ W H Pa ‘

When the RIlink element is used, the error is less
than 1% even if GAM = 100, and when GAM =
1000, it is less than 0.1%. When a rigid body is
modelled by a plane frame element with the
large finite stiffness, in order to achieve an error
of less than 0.1%, it is necessary to increase the
stiffnress by 4 orders of magnitude in
comparison with the stiffness of finite elements
connected to this rigid body.

Thus, the proposed approach enables to obtain
sufficient accuracy for engineering calculations
at rather small values of the penalty parameters,
which provides insignificant deterioration of
conditioning of a global stiffness matrix when
using Rlink elements.

The following model problem is given in the
Figure 10.

Table 2 compares the number of nonzero entries
in the factored stiffness matrix given in
megabytes (MB), and the duration of factoring
for methods "A" and "B".

The problem is solved on a computer with a 4-
core processor Intel® Core™ i17-27600QM CPU

Volume 13, Issue 3, 2017

2.4/3.4 GHz, RAM DDR3 8 GB, OS Windows
7 (64 bit) Professional, SP1. A sparse direct
solver 8 parallelized by us on the basis of
multithreading is used. The values of the
maximum displacements for both methods are
given in Table 3. METIS reordering 7 is used.
Here u, v, w are displacements along the axes
OX, OY, OZ respectively. When the method
«B» is used, the stiffness values are summed for
all Rlink elements meeting in the master node.
In order to limit the increase of the respective
coefficients in the global stiffness matrix, the
penalty parameter for all rigid links which make
up each rigid body is corrected as follows:

GAM =
= (GamMax — GamMin)-exp(— N
+ GamMin,

/400)+

legs

(25)

where Niegs is the number of Rlink elements
which make up this rigid body, and the
parameters GamMax, GamMin are taken as
GamMax = 10 000, GamMin = 100 by default.
Thus, the GAM value always lies between
GamMax, GamMin, and when the number of
rigid links is small, GAM is close in value to
GamMax which provides a high accuracy of the
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The floor slab with rigid links

Figure 10. Design model of a multistory building (94 362 nodes, 91 811 finite elements).
Half of each floor slab is modelled by a rigid body.

Table 2. Comparison of efficiency of methods «A» and «B».

Modeling Number Size of the factored Duration of factoring,
of rigid links of equations stiffness matrix, MB S
Method «A» 467 292 2154 195
Method «B» 563 256 1304 13

Table 3. Maximum displacements u, v, w, obtained by methods «A» and «B».

Modeling of rigid links max{u}, m

max{v}, m max{w}, m

Method «A» 3.295530-10

7.439050-107° 6.451711-10°

Method «B» 3.295534-10*

7.439049-107° 6.451719-10°

approximation of a rigid body, and when the
number of rigid links is large, the GAM value
approaches GamMin, reducing the probability
of the accuracy loss of the solution due to ill-
conditioning of the stiffness matrix.

The values of maximum displacements obtained
by using two different models of rigid links
differ from the 6th significant digit. Therefore,
we can assume that the results of these two
calculations are practically the same. However,
the «B» method provided approximately a two-
fold decrease in the number of nonzero entries
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in the factored stiffness matrix which led to a
reduction of the duration of factoring performed
on 4 threads by 15 times.

The results given in this section were obtained
with the help of the research software developed
by the author.

5. NUMERICAL RESULTS

This section describes typical problems of
structural mechanics containing rigid links.
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Figure 11. Design model of a multistory building (4 805 610 equations) and a fragment
of the foundation plate.

The main attention is paid to the accuracy of the
numerical solution estimated as follows:

err=[, ~&s,|,fb,],, K=D KD

O
b, =D ?b,

x; =D 2x,,

i e[t,nrhs],
(26)

where bi, xi, K, D are respectively the right-
hand side vector, the solution vector, the
stiffness matrix of a system of linear algebraic
finite-element equations, the diagonal of this
stiffness matrix, i is the right-hand side number,
nrhs is the number of right-hand sides, err is the

error measure. When determining |..,, the dot

product of the right-hand side vector b; and the
residual vector b, — K%, is calculated. Since the

components of these vectors are values of
different dimension (forces and moments of
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forces), their scaling by a diagonal of the
stiffness matrix is carried out.

Example 1. A design model of a multistory building
taken from the SCAD Soft! collection is considered.
The dimension of the problem is 4805610
equations. The Rlink elements are used in the
junctions of the pile heads with the foundation plate
to avoid the transfer of concentrated forces to the
foundation plate (Fig. 11).

PARFES 5, 6 was used to solve a system of
linear algebraic equations with a sparse stiffness
matrix K. Despite the fact that the dimension of
the design model is large, the accuracy of the
solution, shown in Table 4, turned out to be high.

1 SCAD Soft (www.scadsoft.com) — Software Company,
developer of the SCAD finite element modeling software
suite, which is used for structural analysis and design, is
certified according to building regulations of the CIS
countries, and is one of the most popular software
applications of the industry in the area.
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Table 4. Error of the solution of the system of linear algebraic equations

for the design model given in the example 1.

Load case 1 2 3

4 o) 6 Il 8

err 22107 | 5.3-108 | 3.2-10°®

3.6:107

3.6:107 ] 3.0-107 | 2.0:107 | 2.6:107

clamped

Figure 13. Displacements of the structure. Finite element MITCA4.

Example 2. Two plates connected by rigid links
are considered (Fig. 12). The displacements of
this structure under the action of a concentrated
force P acting in the plane of the plates are
analyzed. The flat shell finite element MITC4
12, as well as the quadrilateral finite element Q4
[11], are used.

The peculiarity of this problem is the fact that
the finite element MITC4 does not have
stiffness preventing the rotation relative to the
normal to the middle surface (drilling rotation).
Therefore, the global stiffness matrix contains
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zero rows and columns on the degrees of
freedom corresponding to the drilling rotation.
The approach applied in 13, which lies in
adding a small fictitious rigidity used when
there is a difference between the average
rotation angle of the finite element relative to
the normal and the rotation angle in the current
node, leads to the fact that the structure shown
in Fig. 12 is close to a geometrically unstable
one (Fig. 13).
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Figure 14. Dependence of the displacement v, m on the number of mesh points N.

Figure 15. “Rigid link” connects a master node (indicated by a red dot) with a slave node
in all degrees of freedom. “Rigid link x” binds only the displacement u along the OX axis,
and the arrow is directed to the slave node.

When the finite elements Q4 11 are used (their
bending stress-strain state is given in 9, and the
membrane stress-strain state is given in 10), the
finite rigidities are on the "drilling rotation™
degrees of freedom, therefore, the conditioning
of the global stiffness matrix is much better,
than in the MITC4 element. The experience of
using the Q4 element in Robot 14, and in the
author’s research software has shown that the
solution accuracy is satisfactory when coarse
meshes are used in the model problems testing
the torsion of a column connected to a floor
slab, and bending of a deep beam under the
action of concentrated bending moments in the
corners 10. However, at an unlimited refinement
of the mesh, the above stiffness values tend to
zero 1 therefore, the results obtained for the
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considered problem should be treated with
caution.

Q4-curve in Fig. 14 shows this. Here v is the
displacement of the node in which the force is
applied in the direction of its action, N is the
number of mesh points. The design models with
meshes 5x5, 50x50, 200x200 and 500x500 are
considered. Beginning with a mesh 50x50 an
intensive increase of displacement is observed.
The results obtained for the case when the Rlink
finite element was used («B» method) coincide
with the results of the «A» method up to 4
significant digits at GAM = 10000.

In order to use the MITC4 elements, we must
modify the design model. One possible solution
is shown in Figure 15, the rigid links “rigid link
X", binding only the translational displacements
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The floor slab without rigid links

The floor slab with rigid links

Figure 16. Design model of a high-rise building (1 275 162 equations) and a fragment of a floor
slab. Rigid links are used for modeling floor slabs as a rigid body in the plane of the slab.

u in the direction of the OX axis, are added in
addition to the previously used rigid links “rigid
link” connecting plates in all degrees of freedom.
The master nodes are indicated by red dots.

The “rigid link x” elements bind displacements
u of two consecutive nodes. Thus, a “rigid
angle” is formed in each master node, which
involves the tension-compression and shear
stiffness when this node is subjected to torsion
relative to the normal.

The curve MITC4+RIink presents the behavior
of such model in Fig. 14. Unlike the previous
design model which used the Q4 elements,
displacement values v of the given design model
do not diverge with the mesh refinement.

Thus, the advantage of the first model that uses
Q4 elements is the absence of additional “rigid
link X" elements and a good conditionality of the
system of linear algebraic equations. However,
this design model enables to obtain acceptable
results only on coarse meshes. The numerical
solution diverges when the mesh is refined.
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An undisputed advantage of the second design
model is the convergence of the numerical
solution. When the meshes are coarse, both
models give similar results.

Example 3. The design model of a high-rise
building (Fig. 16) taken from the SCAD Soft
collection is considered. The dimension of the
problem is 1 275 162 equations.

This building was erected in Moscow, so it was
necessary to perform its strength analysis
according to the requirements of the Moscow
urban construction design code MGSN 4.19-05,
which prescribes a seismic analysis for a 5- and
6-point earthquake. The floor slabs are
considered as rigid bodies in their plane and
their bending stiffness is assumed to be finite. In
accordance with these requirements, the design
model involves rigid links (Fig. 13), which
restrict only horizontal translational
displacements.
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Table 5. Error of the solution of the system of linear algebraic equations
by PARFES 5, 6 and multifrontal method BSMFM 3, 4.

Load case Error at the solution Error at the solution
by PARFES by BSMFM
1 9.819427e-007 5.839926e-009
2 1.340733e-006 3.692731e-009
3 1.125980e-005 1.818273e-008
4 8.232009e-006 2.611328e-008
5 9.872282e-006 1.815249e-008
6 7.377167e-006 3.395874e-008
7 3.511916e-007 7.428898e-010
8 2.993076e-007 2.887699e-010
9 3.884085e-006 4.464822e-008
10 4.262448e-006 4.017364e-008
A A

spring

Figure 17. Hinged rigid rod under the action of an axial compressive force.

Multiple rigid links are intersected in the same
master node, so the stiffness in the master node
is accumulated during assembling when a
method “B” is applied. The strategy for
selecting the penalty parameter GAM is
described in Section 4, expression (25), and is
applied here. The solution error for the first ten
load cases is given in Table 5. It should be noted
that the multifrontal method BSMFM 3, 4 has
proved to be more resistant to ill-conditioning
than PARFES 5, 6 for the considered problem.
It is probably due to the fact that the
multifrontal method does not assemble a
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stiffness matrix entirely, and the assembly and
decomposition are performed simultaneously.
The METIS reordering 7 is used for both
PARFES and BSMFM methods. The default
values of GamMax and GamMin (10 000 and
100) are applied.

Example 4. A rigid rod of the length I, inclined
to the OY axis at an angle a and to the XOY
plane at an angle B, is considered. The rod has a
spherical hinge support prohibiting translational
displacements, in which each elastic spring of
stiffness k works at the rotation angles of the rod
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Figure 18. Transition of a rod to the deflected state during buckling.

at its deviation from the equilibrium position.
The axial compressive force P is applied to the
free end.

Figure 18 presents a drawing of a plane passing
through the axis of the rod in the pre-buckling
state and the axis of the rod in the deflected
state caused by buckling.

Equilibrium condition of the rod in the deflected
state: ko —A,Plgp =0, from where it follows

that the parameter of the critical force is
A, =PI/K. Accepting | =1 m, a = 60° B =
45° k=1MN-m, P=1 MN, we obtain A¢r = 1.
The rotation of the rod on the angles o and 3
does not affect the value of the critical force,
however, it leads to the fact that the matrix Q
does not contain any zero entries. It enables to
perform the testing in the most general form.
When using the finite element method, the rigid
rod is modelled by the Rlink element and the
springs are modeled by the elastic supports,
working only at the rotation angles. Since the
problem is spatial, we have obtained two
mutually orthogonal buckling modes with
multiple values of the critical force parameter
Acra = Aer2 = 1, which correspond to the above
exact solution.

Example 5. The problem shown in Fig. 3 is

considered. The exact value of the critical force
is 1:
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F)cr =3E'
lh

The following values are accepted: | =1 m, h =
1.5 m, E = 200000000 kN/m?, | = 8.3333-10°®
m*. The corresponding exact value of the
critical force is Per = 3333.32 kN.

In the finite element model, the collar beam is
divided into 10 finite elements of the plane
frame, and the columns are modelled by the
Rlink elements and P¢r = 3333.31. If the collar
beam is modelled by a single finite element of
the plane frame, then P¢r = 3332.15 kN.

6. CONCLUSION

The proposed method of modeling rigid links
has proved to be effective for solving the static
and buckling problems of structures the design
models of which contain rigid bodies (14, 15).

ACKNOWLEDGMENTS

The preparation of this work was supported by
SCAD Soft IT company.

International Journal for Computational Civil and Structural Engineering



Application of Rigid Links in Structural Design Models

REFERENCES

1. Perelmuter A.V., Slivker V.I. Numerical
Structural ~ Analysis.  Springer  Berlin
Heidelberg, 2003.

2. Timoshenko S.P., Woinowsky-Krieger S.
Theory of Plates and Shells. McGraw-Hill
Book Company Inc., New York, 1959.

3. Fialko S. A Sparse Shared-Memory
Multifrontal Solver in SCAD Software. // in:
Proceedings of International
Multiconference on Computer Science and
Information Technology; October 20-22,
2007, Wista, Poland, 3 (2008), ISSN 1896-
7094, ISBN 978-83-60810-14-9, IEEE
Catalog Number CFPO864E-CDR, pp. 277-
283, 2008.

4. Fialko S. The Block Substructure
Multifrontal Method for Solution of Large
Finite Element Equation SETS. // Technical
Transactions 1-NP (8), 2009, pp. 175-188
(in Polish).

5. Fialko S. PARFES: A Method for Solving
Finite Element Linear Equations on Multi-
core Computers. // Advances in Engineering
software, 40(12), 2010, pp. 1256-1265.

6. Fialko S. Parallel Direct Solver for Solving
Systems of Linear Equations Resulting from
Finite Element Method on Multi-Core
Desktops and Workstations. // Computers
and Mathematics with Applications, 70,
2015, pp. 2968-2987.

7. Karypis G., Kumar V.A. Fast and High
Quality Multilevel Scheme for Partitioning
Irregular Graphs. Technical Report TR 95-
035, Department of Computer Science,
University of Minnesota, Minneapolis,
1995.

8. George A., Liu J.W.H. Computer solution
of sparse positive definite systems, New
Jersey, Prentice-Hall, Inc. Englewood Cliffs,
1981.

9. Katili I. A New Discrete Kirchhoff-Mindlin
Element Based on Mindlin-Reissner Plate
Theory and Assumed Shear Strain Fields —
Part Il: An extended DKQ Element for

Volume 13, Issue 3, 2017

Thick-Plate Bending Analysis. // Int. J.
Num. Meth. Eng., 36, 1993, pp. 1885-1908.

10. Ibrahimbegovic A., Taylor R.L., Wilson
E.L. A Robust Quadrilateral Membraine
Finite Element with Drilling Degree of
Freedom. // Int. J. Num. Meth. Eng., 30,
1990, pp. 445-457.

11. Fialko S.Yu., Ankyanec E.K. Vibrations of
Thin Cylindrical Shells with Non-Stiff
Connection Between Ribs and Paneling. In
book: Shell  Structures: Theory and
Applications (Edited by: W.
Pietraszkiewicz, C. Szymczak). Taylor &
Francis Group, London, 2006, pp. 315-317.

12. Bathe K.J. Finite Element Procedures. New
Jersey, Prentice Hall, 1996.

13. Zienkiewicz O.C., Taylor R.L. The Finite
Element Method, Fifth Edition, Volume 2:
Solid Mechanics, Butterworth — Heinemann.
2000.

14, URL:
http://www.robobat.pl/oprogramowanie/kon
strukcje/autodesk-robot-structural-
analysis.html (last access — 8.07.2014).

15. URL: http://www.scadsoft.com (last access
—15.07.2014).

Sergey Yu. Fialko, Professor, Dr.Sc., Department of
Physics, Mathematics and Applied Computer Science,
Cracow University of Technology; 24, ul. Warszawska,
Krakow 31-155, Poland; tel. +48 12 628 20 00;

fax +48 12 628 20 71; e-mail: sergiy.fialko@gmail.com

O®uanko Cepreii  IOpbeBud, mnpodeccop, TOKTOP
TeXHHYECKUX HayK, Kadeapa (QHU3NKH, MaTeMaTHKH H
INPUKIAJHBIX  KOMIIBIOTEPHBIX  HaykK, KpaxoBckuit

NoJUTEXHUYECKui yHuBepcuter; 24, ul. Warszawska,
Krakow 31-155, Poland; texn. +48 12 628 20 00;
tbaxc +48 12 628 20 71; e-mail: sergiy.fialko@gmail.com

137



International Journal for Computational Civil and Structural Engineering

A
G
g
i

7
A
[ W@

UHO®OPMAILINSI O KOHKYPCHOM OTBOPE TEM
®YHJIAMEHTAJIBHBIX HAYYHBIX UCCJIEJOBAHUM
MUHUCTEPCTBA CTPOUTEJIBCTBA
U XKUWINITHO-KOMMYHAJIBHOTI'O XO351ICTBA
POCCHUIHCKOH ®EJEPAIINU U POCCUHUCKOM AKAJTEMUHA
APXUTEKTYPBI U CTPOUTEJIBHBIX HAYK B 2017 TOLY

denepanbHOE rocyJapcTBEHHOE O0pKeTHOE yupexaeHue «Poccuiickas akaJeMusi apXUTEKTyphl U
cTpouTeNbHbIX Hayk» (nanee — PAACH), no nopydenuto MuHHCTEPCTBA CTPOMUTENLCTBA U KH-
JUIIHO-KOMMYHAJIBHOTO X03s1iicTBa Poccuiickoit denepanuu (nanee — Munctpoit Poccun) (mpukas
Munctpost Poccun ot 12 nexadps 2014 r. Ne863/mp, npuka3 Munctpost Poccun ot 29 aBrycra 2017
roga Nel177/mp) u B coorBeTcTBUM ¢ pemeHusMu npesuanyma PAACH (nmoctaHoBieHue npesuau-
yma PAACH ot 14 utons 2017 rona Ne7, nocranosnenne npesuauyma PAACH ot 18 aBrycra 2017
roza Ne9), oObsBIsSET KOHKYPCHBIM 0TOOp TeM (yHIaMEHTAIbHBIX Hay4dHbIX uccienoBanuii (OPHI)
Mumnctpost Poccun u PAACH B 005acTi apXUTEKTYpbI, TPaIOCTPOUTENBCTBA U CTPOUTEIBHBIX HAYK
(manee — koukypcHslit 0T00p ®HU Muncrpost Poccun u PAACH) na 2018 rog.

Konkypc Muncrpost Poccnu u PAACH npoBoautcs no AByM HOMUHAIUAM

e IS 4YJICHOB, COBETHHKOB M MmodeTHbIX uwieHoB PAACH, pa6ornukoB PAACH u moaBemom-
CTBEHHBIX MuHCTpOrO Poccnn yupexneHui;

® Ui MOJIOABIX YYEHBIX U CHEIUAIUCTOB B Bo3pacTe A0 35 neT (B KOHKYpCE HUMEIOT IMPaBO
y4acTBOBAaTh MEPCOHAIBLHO YU€HbIE U CHEIHAINCTHI (MM KOJUIEKTHBBI UCCIeoBaTeneil) — co-
BeTHUKH PAACH, pabotnuku PAACH u noasenomcTBeHHBIX MuHcTporo Poccun yupexie-
HUN, KOTOPBIM Ha MOMEHT OKOHUYAHHUSI CPOKa MO/Iauu 3asiBKH HE UCTIOTHUIOCH 35 JIET).

HauaJio pa3padoTKku u MPoOA0JKUTEIBLHOCTD MpeacTaBaAsieMbIX HA KOHKYpc TeM ©PHU:
Hauano paspabotku npexacraBiseMbix Ha koHkypc Tem ®HU — | xBapran 2018 roga, npomomku-
TEIBLHOCTH — OT OJTHOTO JI0 ABYX JieT. Hauano pa3paboTku mpeacTaBisieMbix Ha KOHKypc Tem OHU
JUISL MOJIOZIBIX YUEHBIX U crienuanuctoB — | kBapran 2018 rona, npoaoKUTENbHOCTh — A0 JEBSITH
MECSIIEB.

YcaoBusi KOHKypca:

Jluna (rpaxxnane Poccuiickoit denepanun), *Kenarlke y4acTBOBATh B KOHKYPCE, TOJDKHBI MPe/I-
CTaBHUTH 3asIBKY (B TOM UYHMCIIE IEKTPOHHYIO Bepcuio 3asiBku Ha CD u/mm DVD nucke) no agpecy:
107031, Mocksa, yi. bonbsmas JImutpoBka, 1. 24, ctp. 1, B cooTBercTByM01Iee oTnenenne PAACH
(apxuTexTypa, rpaJoCTPOUTEILCTBO, CTPOUTENbHBIE HAYKH) C OMEeTKOM: «Ha KoHKypcHBII 0TOOp
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(dbyHIaMEHTAIbHBIX HAayYHBIX WCCIEIOBAHHUM JJIS YJICHOB, COBETHHKOB M TMOYETHBIX 4JieHOB PA-
ACH, pa6otnukoB PAACH wu moasegoMctBeHHbIX Munctpoto Poccun yupexaenuii» mwim «Ha
KOHKYPCHBIH 0TOOp (hyHIaMEHTAIBHBIX HAYYHBIX MCCIICIOBAHUHN JIJIST MOJOJBIX YUYCHBIX U CIICIIHA-
JUCTOBY» B BUJIE CIEAYIOIINX JOKYMEHTOB:
1. 3asBka Ha y4acThe B KOHKYPCHOM OTOOpE Ha BbINONHEHUE (HyHIaMEHTAIbHBIX HayUYHBIX HC-
cnenoBanuit Muncrpos Poccun u PAACH;
1. AHKeTHBIC JaHHBIC YYAaCTHHKA (YYaCTHHKOB) KOHKYPCHOTO OTOOpa Ha BBIMOJHEHHE QyHIa-
MEHTAJIbHBIX Hay4YHBIX uccienoBaHuii Munctpost Poccun u PAACH (ans pabotnukos PA-
ACH u noaenoMcTBeHHBIX MuHcTporo Poccun yupexienuii He TpeOyroTes);
2. JIomOJHUTEIbHBIC MaTePUAIIBI:

Csenenus s GopMHUpPOBaHMS MHAMKATUBHOTO PEUTHHIA 3asBKH Ha BbINIOJHEHUE (yH-
JAMEHTAJILHOTO HAYYHOI'O UCCIIEJOBAHMSI;

Crucox nmyOnukanuii B Hay4HBIX >KypHajaX, MHAEKCUPYEeMbIX B 0a3e aaHHbIX «CeTb
Haykn» (Web of Science), n3gannbix B nepuoa ¢ 01.08.2015 mo 31.07.2017 mpu aBTOp-
CTBE WJIM COABTOPCTBE HAYYHOT'O PYKOBOJIUTENS WM UCHOIHUTEIEH 3asBlIIeMOro QpyH-
JTAMEHTAJIbHOI'O HayYHOT'O MCCIeI0BaHMs (B Cllyyae HENpeAOCTaBICHUs JaHHOTO CIIUCKA
CUUTAETCS, YTO COOTBETCTBYIOLIUE MyOJIMKAIIMY 32 YKa3aHHBIN MEPHOJ OTCYTCTBYIOT);
Cnucok nyOnauKaluii B Hay4HbIX JKypHallax, HHAECKCUPYEMbIX B 0a3ze JaHHBIX Scopus,
n3nanHelx B nepuon ¢ 01.08.2015 mo 31.07.2017 mpu aBTOpPCTBE MM COABTOPCTBE
HAyYHOTO PYKOBOJUTEJS WM HUCIIOJHUTENEH 3asBisieMoro (yHIaMEHTalIbHOIO Hayy-
HOT'0 HCCIIEeIOBaHMs (B cllydyae HENpeAOCTaBICHHs JaHHOTO CIMCKA CYUTAETCs, 4TO CO-
OTBETCTBYIOIIME MyOJIMKALIMY 32 YKa3aHHBIN MEPHOJ OTCYTCTBYIOT);

Cnucok nmyOnauKanuii B Hay4HBIX KypHallax, MHJIEKCUPYeMbIX B 0a3e naHHbIX Russian
Science Citation Index (RSCI), uzgannbix B nmepuon ¢ 01.01.2016 mo 31.07.2017 npu
aBTOPCTBE WUJIM COABTOPCTBE HAYUYHOTO PYKOBOAMTENS UM UCIIOJHUTENEH 3asBISIEMOrO
(GbyHIaMEHTaJIbHOTO HAayYHOTO HCCIENOBaHMs (B Cilydae HENpeAOCTaBICHHUS JaHHOIO
CIMCKAa CYMTAETCS, YTO COOTBETCTBYIOIIME MYyOJMKALMU 32 YKAa3aHHBIM MEpPUOA OTCYT-
CTBYIOT);

Criucok myOnukanuii B Hay4HBIX >KypHaJlaX, BXOJSIIUX B MEPEUYEHb, YTBEP’KACHHBIN
Boicmieit arrecranmnonnoit komuccuedt (BAK) mpu MunucrepctBe oOpa3zoBaHusi u
Hayku Poccuiickoii @enepaunn, nu3ganusix B nepuof ¢ 01.08.2015 nmo 31.07.2017 npu
aBTOPCTBE UJIM COABTOPCTBE HAYYHOT'O PYKOBOIMTEIS MM UCIIOJIHUTENEH 3asBIIEMOT0
(GbyHIaMEHTaIbHOTO HAayYHOTO HCCIENOBaHMs (B CiIydae HEMpeOCTaBICHHUS JaHHOIO
CIMCKAa CYMTAETCS, YTO COOTBETCTBYIOIIUE MyOJMKALMK 32 YKAa3aHHBIM NEPUOJ OTCYT-
CTBYIOT);

Cnucok 3aperucTpupoBaHHbIX MaTeHTOB B Poccuiickoit depepaniuu, moayyeHHbIX B Te-
puox ¢ 01.08.2015 mo 31.07.2017 npu aBTOpCTBE WJIM COABTOPCTBE HAYYHOT'O PYKOBO-
JUTENS] UM UCTIOJHUTENEH 3asBIIeMoro (pyHIaMEeHTaIbHOIO Hay4YHOI'O MCCIEA0BaHUS
(B cimy4yae HempeAoCTaBIEHMs JAHHOTO CIIMCKA CUUTAETCS, YTO COOTBETCTBYIOLIUE ITa-
TEHTBI 32 YKa3aHHBIN IEPUOJT OTCYTCTBYIOT);

Cnucok pe3yabTaTOB MHTEIIEKTYAJIbHOM JIEATENbHOCTH (BKIIOYAs CEKPETHI IPOU3BOI-
cTBa (HOYy-xay), nmporpammsl aist OBM, 0a3bl naHHBIX, H300peTEeHUs, MMOJIE3HBIE MO/Ie-
JH, MPOMBILUIEHHbIE 00pa3libl), B TOM YHCIIE MMEIOLINX MPaBOBYIO oxpaHy B Poccuii-
ckoii denepannn, coznanHeix B nepuoxa ¢ 01.08.2015 mo 31.07.2017 mpu aBTOpCTBE
WIA COABTOPCTBE HAYYHOTO PYKOBOAMTENS WM HCIIOJHUTENEH 3asBisieMoro ¢yHaa-
MEHTaJIbHOTO HAY4YHOI'O MCCIEJOBaHUsA (B Cllyyae HENpelOCTaBICHUS JAHHOIO CIHCKa
CUMTAETCs, YTO COOTBETCTBYIOIME PE3Y/IbTaThl MHTEIJIEKTYAJIbHOW IEATENbHOCTH 32
YKa3aHHBII IEpUOJl OTCYTCTBYIOT);
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e Cnucok 3aperiuCTPHpPOBAHHBIX MATEHTOB 3a pyOekoM (B ToMm umcie B cTpaHax CHI),
nosydeHHbIx B niepuoa ¢ 01.08.2015 mo 31.07.2017 npu aBTOpCTBE WU COABTOPCTBE
HAyYHOTO PYKOBOJUTEINS WM HUCIIOJHUTENEH 3asBiIeMOro (yHIaMEHTAIbHOTO Hayu-
HOT'0 MCCIIEI0OBaHMs (B Cllydyae HENpPEeAOCTaBICHHs JaHHOTO CIMCKA CUYUTAETCs, YTO CO-
OTBETCTBYIOLIME MTaTEHTHI 32 YKAa3aHHBII MEpUOJI OTCYTCTBYIOT);
e (MeTa pacxoJI0B Ha BBIIIOJIHEHUE 3asBJIIEMOT0 (PyH/IaMEHTAJIbHOI'O HAyYHOT'O MCCIIEN0-
BaHUs (PEKOMEHIYEeTCs K MPEJICTABICHHUIO).
B xoHKypce MOTYT y4acTBOBaTh OTAENbHbIE UCCIEAOBATEIN WM UCCIIEI0BATEIbCKUE KOJUIEKTHBBIL.
3asiBKM OT opraHuzauuil He npuHuMarorcs. Cpok OKOHYaHMS MOAAYM 3asBOK Ha KOHKypc — 10 15
yacoB 00 muHyT 10 okTsa6ps 2017 roma (BTOPHHUK) BKIFOYUTEIBHO (B TOM YHCIIE M JJIS MOYTOBBIX
OTIIpaBICHMI). 3asBKH, MOCTYIHUBIINE MO3KE YKA3aHHOTO CPOKa, HE paccMaTpUBarOTcid. MOTHUBBI
OTKJIOHCHHS TIOCTYITUBIIIUX 3asiBOK 3asiBUTENSAM He cooOmatorces. [Ipesunnym PAACH ocraBnser 3a
co00i1 mpaBo onpeAesnsATh KOJINYECTBO TeM (DyHIaMEHTaIbHBIX HayUYHBIX HCCIEAOBAHUN MO OOBSB-
JICHHBIM HOMUHAIUAM, YCTaHaBIMBaTh 00beMbl (huHaHcupoBanuss ®HU B 3aBUcUMOCTH OT conep-
JKaHUS U KOJIMYECTBA MOJIAHHBIX Ha KOHKYPC 3asBOK. Pe3ynbTaThl KOHKYpCHOr0 0TOOpa Ha BBINOJI-
Henue ®HU Munctpos Poccun u PAACH Oynyr onyOnukoBansl Ha caiite PAACH
(www.raasn.ru).

KonrakTHast uHpopmanus:

Omoenenue apxumexmypol PAACH.

Temn.: +7(495) 629-14-95, 625-76-84,
E-mail: oarch@raasn.ru

Omoenenue epadocmpoumenscmea PAACH.
Ten.: +7(495) 625-79-75, 629-65-26;
E-mail: grado@raasn.ru

Omoenenue cmpoumenvuwix Hayk PAACH.
Ten.: +7(495) 650-77-83, 625-73-16;
e-mail: osn@raasn.ru

HNudopmannonHoe odecrieyeHne u perjaMeHTHPYIOIHME TOKYMEHTBI (pa3MeIleHbl Ha OpHUIIH-
anbHOM uHTepHeT-caiite PAACH):

1. Tlpuka3z MuHuUCTEpCTBa CTPOUTEIHCTBA U KIIUIIHO-KOMMYHAJIBHOTO XO03siiictBa Poccuii-
ckort deneparuu ot 12 gexadpst 2014 r. Ne863/mp «OO6 yrBepxkaernu [lonoxeHus o mpose-
JICHUH KOHKYPCHOTO OTOOpa TeM Ha BBINOJIHEHHE (PyHAAMEHTAIbHBIX HAyYHBIX HCCIIEI0Ba-
HUI 1 0 Topsiike popMupoBaHus miaHa GpyHIaMEHTaIbHBIX HAYYHBIX HCCIEIOBAHUIN U TOC-
YIApCTBEHHBIX 3aJaHUi (pelepalbHOr0 TOCYJapCTBEHHOIO OIOKETHOTO YUPEKICHUs
«Poccuiickas akageMusi apXUTEKTYphl U CTPOUTEIBHBIX HAYK;

2. Ilpuka3 MuHHCTEpCTBAa CTPOUTENBCTBA M JKMWIMIIHO-KOMMYHAJIBHOTO X03siicTBa Poccuii-
ckori Denepanmu ot 29 arycra 2017 r. Nell77/mp «O6 yrBepknennn TemaTnuecKkux
HalpaBJIEHUH U pa3/iesloB HAy4YHbBIX MCCIEIOBAHUMN, MTPEIOKEHHBIX HA KOHKYPCHBIN 0TOOD
TeM (QyHAaMEHTAIbHBIX HaydyHBIX HccienoBanuii Munctpost Poccun 1 PAACH na 2018
ron»;

3. ®opwma 3asBKHU Ha ydacTtue B KOHKypcHOM 0TO60ope ®HU Munctpost Poccun u PAACH;

4. ®opma aHKETHBIX JaHHBIX YYaCTHHKA (YYaCTHHKOB) KOHKypcHOro orbopa ®HU Munctpos
Poccun u PAACH (s pabdotHukoB PAACH u noasenomcTBeHHBIX MuHcTporo Poccun
YUpeXKIACHUHN HE TPeOYIOTCS);
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5. Tloka3zarenu MHIMKATUBHOIO PEUTHHIra 3asBKU Ha BBIIOJHEHHE (YHIAMEHTAJILHOTO Hayy-
HOT'O MCCJIeI0OBaHUs, YTBEPXKICHHbIE IOCTaHOBIEHUEM Ipe3uauyma Poccuiickoil akagemun
aApXUTEKTYphl U CTPOUTENBbHBIX HayK OT 14 utons 2017 rona Ne7;

6. Pexomenpanuu no peanusauuu IlonoxeHus o npoBeqeHUH KOHKYpCHOro orbopa teM (yH-
JAMEHTAJIbHBIX HAaYYHBIX HCCIIEAOBAaHUM M O mopsjake (GopMupoBaHus IUlaHa (QyHIaMeH-
TAJIBHBIX HAYYHBIX HCCIEIOBAHUN M MPOEKTOB TOCYIAPCTBEHHBIX 3alaHMil (hereparbHbIM
roCy/1apCTBEHHBIM OIOJKETHBIM YyupexaeHueM «Poccuiickas akaneMus apXUTEKTypbl U
CTpouTeNnbHbIX Hayk» B 2017 rony, yTBep>KAeHHbIE IOCTAHOBJIEHUEM Ipe3uanyma Poccuii-
CKOH aKaJieMUH apXUTEKTYpbl U CTPOUTENIbHBIX HAayK OT 14 utons 2017 roma Ne7;

7. Pexomenayemas (popMa npeacTaBieHUs CIUCKa MyOJMKaluii B HAY4YHbIX JKypHajaX, UHIEK-
cupyeMbIx B 6aze nanHbix «Cetb Hayku» (Web of Science), moAroToBI€HHBIX B MEPHOA C
01.08.2015 mo 31.07.2017 npu aBTOPCTBE WM COABTOPCTBE HAYYHOI'O PYKOBOJUTENS WU
WCIIOJTHUTEIICH 3asBIsieMoro (GyHIaMeHTaIbHOTO HaydyHoro uccieaoBanus (Gopma 1-mor.-
W0S-2017), yrBepkIeHHas MOCTaHOBIEHUEM Hpe3uauyma Poccuiickoil akanemMuu apxu-
TEKTYpbI U CTPOUTENbHBIX HayK OT 14 utons 2017 roga Ne7;

8. Pexomenmyemasi popma mpeicTaBIeHUs CIHCKA MyOIMKaUid B HAYYHBIX J)KypHAJIaX, HHICK-
CUpYEMBIX B 0a3e JaHHBIX Scopus, MOAroToBiaeHHbIX B nepuos ¢ 01.08.2015 nmo 31.07.2017
IIPY aBTOPCTBE WJIK COABTOPCTBE HAYYHOI'O PYKOBOJUTENS WIM MCIIOJHUTENIEH 3asBIIEMOTO
dyHIaMEHTAILHOTO HaydHOTo uccienopanus (Popma 2-mom.-Scopus-2017), yreepkacHHAS
IIOCTaHOBJICHHEM IIpe3uanyMa POCCUICKON akaJleMUH apXUTEKTYpPbl H CTPOUTEIBHBIX HAYK
ot 14 mronsa 2017 roma Ne7;

9. Pexomennyemas ¢opma MpeaCTaBIeHMs CIHMCKA MyOJUKAIMi B HAyYHBIX XXKypHajax, BXO-
JSIIMX B IIepedYeHb, YTBEPKIeHHbINH Briciieil arrecraunonnoi komuccueit (BAK) npu Mu-
HHUCTepCcTBe 00pa3oBaHus U Hayku Poccuiickoil denepannu, MOATOTOBIEHHBIX B MEPUOJ C
01.08.2015 mo 31.07.2017 nmpu aBTOPCTBE MJIM COABTOPCTBE HAYYHOI'O PYKOBOAMTENS WIH
UCIIOJTHUTEIEH 3asBlIsIeMOro yHJaMeHTaIbHOTO Hay4HOro uccienosanus (Popma 3-gor.-
BAK-2017), yrBepk/eHHas MOCTaHOBIEHUEM Mpe3uanyma Poccuiickoil akagemMuu apxu-
TEKTYpbI U CTPOUTENBHBIX HayK OT 14 utons 2017 roga Ne7;

10. Pekomenmyemasi (hopMa MpeaCTaBICHHS CIIACKA PE3yJIbTaTOB MHTEIUIEKTYATbHON IESTEb-
HOCTH, oaydeHHbIX B iepuoA ¢ 01.08.2015 o 31.07.2017 npu aBTOPCTBE MIJIM COABTOPCTBE
HAY4YHOTO PYKOBOJAMTENS WM HUCIOJHHUTENEH 3asBIsEMOT0 (yHAAMEHTAIBHOTO HAYyYHOI'O
uccnenoBanus (Popma 4-non.-PUJI-2017), yrBepkaeHHas MMOCTaHOBIECHHEM IpE3UIANyMa
Poccniickoit akageMun apXUTEKTYphl U CTPOUTENBHBIX HayK OT 14 urons 2017 roma Ne7;

11. Pekomenayemas ¢gopMa MpeacTaBIEHUs CIHCKAa MOHOTpaduii, MX MEPEBOJOB M HAYYHBIX
cTaTel, MMEIOIIMNX MEXKTyHApOHbIN KHIKHBINM HHJEeKC [SBN, moAroTOBIEHHBIX B MIEPUOJ C
01.08.2015 mo 31.07.2017 nox pemakuuei, mpu aBTOPCTBE UM COABTOPCTBE HAYYHOTO PY-
KOBOJUTENS WINA MCIIOJHUTENEH 3asBIAeMOro ()yHIAMEHTAIbHOTO HAYyYHOTO MCCIIEJOBAHUS
(®opma 5-gon.-MOH-2017), yrBepkIeHHas NOCTaHOBIIEHHEM mpe3uauyma Poccuiickoit
aKaJEMHUH apXUTEKTYpPbl U CTPOUTEIbHBIX HayK OT 14 utonsa 2017 rona Ne7;

12. Pekomenayemas opMa IpeCcTaBICHUS CIIUCKA MyOIMKAllUA B HAYYHBIX KypHajIaX, HHICK-
cupyembix B 6a3e maHHbBIX Russian Science Citation Index (RSCI), moaroroBineHHbIX B Te-
puox ¢ 01.01.2016 no 31.07.2017 npu aBTOPCTBE MM COABTOPCTBE HAYYHOI'O PYKOBOAMTE-
Js1 WM MCTIOJIHUTENIEH 3asdBisieMoro (GyHJaMEeHTaJIbHOIO0 HayyHoro uccienoBanus (Popma
6-mon.-RSCI-2017), yTBepkIeHHas MOCTaHOBIEHUEM Tpe3uanyma Poccuiickoi akameMuun
ApXUTEKTYPBl U CTPOUTENBHBIX HayK OT 14 utons 2017 rona Ne7;

13. [lepeuens Bricuieir arTecTaiimOHHON KOMUCCHM TTPU MUHHCTEpCTBE 00pa30BaHUs U HAYKH
Poccutickoit denepanuu pelieH3UPyeMbIX HAayYHBIX HM3JaHUH, B KOTOPBIX JOJKHBI OBITH
OIyOJIMKOBAaHBI OCHOBHBIE HAay4YHBIC PE3YyJbTAThl TUCCEPTALMN HA COMCKAHUE YUYECHOU cTe-
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NICHM KaHJIM/IaTa HayK, Ha COMCKAHUE YYCHOM CTENEHU JOKTOpa HAyK (IO COCTOSHUIO Ha 26
utons 2017 1.);

14. Pemienue nienyma Beiciieil aTTecTallioHHOW KOMUCCUM Ipu MuHUCTEpCTBE 00pa3oBaHUs

u Hayku Poccuiickoii denepanuu ot 15 utons 2017 r. Nel-mi/1 (B Tom uncie [punoxxenue
Nel);

15. Undopmarnmst 06 U3gaHUAX, BXOJAIIUX B MEXKIYHAPOAHbBIE pedepaTuBHbIC 0a3bl TaHHBIX H

CUCTEMBI LIUTUPOBaHU (110 cocTosAHUIO Ha 19 utons 2017 r.);

16. Uadopmanus o HayuyHBIX U3aHUAX UHACKCUpYyeMbIX B cucteMe Russian Science Citation

Index (RSCI) na mardopme Web of Science (Crucok xxypranoB RSCI);

17. UndopmanmonHoe cooduienne o KonkypcHoMm otbope TeM (yHIaMEHTAIbHBIX HAyYHBIX

142

uccinenoannii (PHW) Munctpost Poccun u PAACH B 006mactu apXuTeKTyphbl, rpalocTpOu-
TEJNbCTBA U CTPOUTENIBHBIX HayK B 2018 rony.
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