CTPOMUTENBHASA MEXAHUKA UHXEHEPHbBIX KOHCTPYKLWA U COOPYXXEHMI

2020 Tom16 Ne 4
DOI10.22363/1815-5235-2020-16-4

http://journals.rudn.ru/structural-mechanics (OTKpbITBIIT HOCTYIT)

O030pHO-aHATIMTHYECKUI U HAYYHO-TEXHHUYECKHUI XKypHAIT
Wznaercs ¢ 2005 r.

CaupzierenbetBo 0 peructpanuun CMU ITH Ne dC 77-19706 ot 13 anpens 2005 r.
BhITaHO DeepanbHOil ciryk00ii T0 Ha30py 3a COOMIOIEHIEM 3aKOHOIATENIbCTBA B C(hepe MACCOBBIX KOMMYHHKAIIMH 1 OXPaHE HACIIE/IHS

VYupenurens: enepansHoe rocy1apcTBEHHOE aBTOHOMHOE 00pa30BaTeIbHOE YUPexkIeHHe Bbiciero o0pazoBanus «Poccuiickuil yHUBEpPCHTET APY>KObI HAPOTOBY»

ISSN 1815-5235 (Print), 2587-8700 (Online)
Ieproan4HOCTB: 6 BBIITYCKOB B FOJ.
SI3BIKM: PYCCKHUM, aHTTTMHCKUIA.

Kypnan unnexcupyror: PUHLI, Cyberleninka, DOAJ, EBSCOhost, Google Scholar, Ulrich’s Periodicals Directory, WorldCat, Dimensions.
Brumioden B [TepedeHb BeIylmx HayYHBIX sKypHaIoB U u3nannii BAK npu MunoGprayku Poccun 1o rpyrine HaydqHbIX criermanbHocteit 05.23.01 — CtponTernbHble KOHCTPYKIUH, 3aHHS 1
coopyxenns, 05.23.02 — OcHoBaHus U pyHIAMEHTBI, TO3eMHBIE Coopy)eHus, 05.23.17 — CtpouTenbHas MEXaHHKa.

TMoanucHOM MHJIEKC O KaTalory areHTcTBa «Pocredatsy — 20479 (monrona).

O0630pHO-aHATMTHYECKUN 1 HAYYIHO-TeXHHYECKHH JKypHAI « Crpoumenstas MexanuKa UHICEHEPHbIX KOHCIMPYKYULL U COOPYIICeHUIly SHAKOMUT YUTATeNIeH ¢ TOCTIKEHHSIMH OTEYeCTBEHHBIX U
3apyOeKHBIX YUEHBIX B 00JIACTH TEOMETPUH HPOCTPAHCTBEHHBIX KOHCTPYKILIHIL, CONPOTUBIICHHSI MATEPHUAIIOB, CTPOMTENBHOIM MEXaHHKH, TEOPHH YIPYTOCTH M pacyera CTPOUTENBHBIX U MAIIMHO-
CTPOMTEIIBHBIX KOHCTPYKIIMIA, OCBEILIACT BONPOCHI HAYYHO-TEXHIYECKOIO IIPOrPecca B CTPOUTEILCTBE M MAIIMHOCTPOCHHH, IyO/IMKYET aHATTMTHYECKHE 0030pbI 110 TeMe XKypHATIA.

CaiiT sKypHasa COIep KHT TOJTHYIO HHMOPMAIIIIO O XKypHAIIE, Er0 PEIAKIMOHHOH ITOUTHKE ¥ STHYECKHX MPHHIMITAX, TPeOOBAHNS K MOITOTOBKE M YCJIOBHSI ITyOJMKAITIH CTaTei, a Takke

TOJIHbIE BBITYCKH xypHaia ¢ 2008 r. (B paMKax HOJIMTHKU CBOOOIHOIO JIOCTYIIA).

PEOAKUMOHHAA KONNErna

IMABHbIW PELAKTOP
Axumoes I1.A., akan. PAACH, n-p Texu. Hayk, npod., HUY MI'CY, Mocksa, Poccust

3AMECTUTEND rMABHOIO PELAKTOPA

Tanuwnuxosa B.B., n-p TexH. Hayk, nou., PYJIH, Mocksa, Poccus

WCMONHUTENbHBIA PEOAKTOP
Mamuesa H.A., PY]IH, Mocksa, Poccust

YNEHbI PESAKLMOHHOW KONMErUK:

Azanoe B.II., 1-p TexH. Hayk, npod., MI'CY, MockBa, Poccust

Anopees B.H., axan. PAACH, n-p texu. Hayk, npod., HIY MI'CY, Mocksa, Poccrst
Bascenos B.A., akan., HamoHanbHas akaieMus TIeJarOrHYeCcKUX HayK, J-p TEXH.
Hayk, npod., KHYCA, Kues, Ykpauna

Byii Cyan Ham, nonent, XaHOWCKHMI YHUBEPCUTET TOPHOTO JieJa U IeOJIOTUH,
Xawnoii, BeeTHam

Banun B.B., 1-p Texs. Hayk, npod., Knescknii monmmTexHndeckuil yHUBEPCUTET,
Kues, Ykpanna

3axcenxoghep Paitxano @., npodeccop, 'opHslii yrusepeurer B JIeobete, ABCTpHs
3eepnes E.M., n-p TexH. Hayk, nipod., UTIM PAH, Mocksa, Poccust

Heanog C.II., 1-p TexH. Hayk, npod., [II'TY (BoaraTex), ﬁomkap—Ona, Poccust
Kapnenxo H.H., axkan. PAACH, n-p texH. Hayk, mnpod., HUMC® PAACH,
Mocksa, Poccust

Konuynoe B.H., axan. PAACH, 1-p TexH. Hayk, npo¢., FO3T'Y, Kypck, Poccust
Kpacuu Consa, xanmunat Texandecknx Hayk, Himmckmit yausepcuret, Him, CepOust
Jucuukun C.E., 1-p texu. Hayk, 000 «ULICKTD», Mocksa, Poccust

JIaxoeuu JI.C., akan. PAACH, n-p texH. Hayk, npod., TTACY, Tomck, Poccus

Mazyne ®pedepux, npodeccop, Briciast nxeHepHast nikona «Lentpans Cronenex»,
Yuusepcurer IMapmx-Caxu, Opanrms

Manopone /acyzenne, nouent, Yausepcuret Typuna, Utanus

060306 B.HU., n-p Texn. Hayk, npod., THUMUCK, Mocksa, Poccus
Canscaposckuii P.C., ni-p Texu. Hayk, npod., EHY um. 'ymunesa, Acrana, Kazaxcran
Tpasyw B.H., akan. PAACH, n-p texH. Hayk, npod., DHIIU, Mocksa, Poccust

Axynoe H.M., un.-kopp. PUA, n-p texH. Hayk, npod., UMM OUI] KasHI] PAH,
Kaszanb, Poccus

COLOEPXAHWE

PACYET U NPOEKTUPOBAHUE CTPOUTESIbHbIX KOHCTPYKLMM

Conosves C.A. MoaenpoBaHue CITydaiiHO# CTaTH4ECKOH Harpy3KH Ha Io-
KPBITHS COOPY KEHUH IIPU HETIONHOM CTaTHCTHIECKON HHOPMAIHH ...
Kyorcaxmemosa J.P. MopenupoBaHue cBalHOro (yHJaMEHTa B cpele
Femap with NX Nastran .........coooooiiiiiiiiiiiiiieeee

YUCNEHHbI E METOLIbl PACYETA KOHCTPYKLIMIA

JIanuues FO.I1. BpiOOp MaTeMaTHYECKHX MOIENECH TPYHTOB B CTaTHYe-
CKHX U CEHCMUYECKHUX PACYETaX IPYHTOBBIX IIOTHH .......ccererererereuenenen

[EOMETPUS CPEAWNHHbI X [1OBEPXHOCTEN OBONIOYEK

Krivoshapko S.N. The opportunities of umbrella-type shells (Bozmox-
HOCTH 000JT0YEK 30HTHIHOTO THIIA) .......cooverrrrierrirnnenenenenenenenesenenenens
Pomanosa B.A. Buzyanuzauusi oO0pa3oBaHUs MOBEPXHOCTH MOJyIpa-
BUJIBHBIX MHOTOTPAaHHHKOB APXHUMeEZa ...

SKCM EPUMEHTAJIbHbI E UCCIEQOBAHNS

Travush V.1, Karpenko N.I, Kolchunov V1L, Kaprielov S.S., Demyanov A.L,
Bulkin S.A., Moskovtseva V.S. Results of experimental studies of high-
strength fiber reinforced concrete beams with round cross-sections under
combined bending and torsion (Pe3ysnpTaThl 9KCIEPHMEHTAIBHBIX HCCIIE-
JIOBAaHUH CIIOKHOHAIPSDKEHHBIX OAaOK KPYIJIOro MOINEPEeYHOro cede-
HHS U3 BEICOKOIIPOYHOTO (PUOPOKENE300ETOHA) .o.'vnveveeenenennenenennes

LOUNHAMUKA KOHCTPYKLINIA 1 COOPYKEHWI

Twenuuxkuna B.A., [pozoos B.B., Cmpox C.H. BinusiHHE XECTKOCTH
OCHOBAHHMS Ha IWHAMUYECKHE XapaKTEPUCTUKH 3IaHHs KaK MHOroMac-
COBOT'O KOHCOBHOTO CTEPIKHST -+« eveeneteeneneteeneneaeneneenenaenenenaenenns

TEOPUS YNPYrOCTH
bynoaxosa FO.M., Kyopseyes C.I. HanpskeHHOE COCTOSHHE JIBYX-
CJIOIHOM MOJIOCH IPH B3aUMOJICHCTBHY C XKECTKHM OCHOBAHHEM ......

PepakTop 10.A. 3aukuna
DuzaiH o6noxku: 10.H. Edpemosa
KomnbioTepHas BepcTka: F0.A. 3aukuna

Appec pepakuuu:
Poccuiickuii yauBepcuteT ApykObl HapOIOB

Poccuiickas eneparms, 117198, Mockaa, yin. Mukityxo-Makunas, 1. 6; Ten.: +7 (495) 955-08-28; daxc: +7 (495) 955-08-28; e-mail: stmj@rudn.ru; i_mamieva@mail.ru

Toamucano B mevars 20.08.2020. Beixox B cBet 28.08.2020. ®opmar 60x84/8.
bymara odcernas. Ileqats odcernas. 'apautypa «Times New Romany. Ve med. 1. 9,30. Tupax 250 ok3. 3aka3 Ne 845. Llena cBo6onas.

®denepanbHOE TOCYIapCTBEHHOE aBTOHOMHOE 00pa30BaTeIbHOE yIPEeKACHHE BbICLICT0 00pa3oBaHust «POCCHIICKII yHUBEPCHTET APYKObI HAPOLOB»
Poccwmiickas ®enepauns, 117198, Mocksa, yin. Muknyxo-Maxkinas, 1. 6

Ornevatano B tunorpaduu UK PYIH
Poccwmiickas ®enepauns, 115419, Mocksa, yin. Opkonnkuase, 1. 3

243

250

261

271

279

290

298

311

© Poccuiickuii yHHBEpCHTET JPYKOBI HapooB, 2020
© Anboposa JLA., ¢poto Ha 0010KKE
(Busnec-uentp Dominion Tower, niu Ilepecser-ITnasa, Mockaa), 2020



STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS

2020 VoLUME 16 No. 4
DOI 10.22363/1815-5235-2020-16-4
http://journals.rudn.ru/structural-mechanics (Open Access)

Founded in 2005
by Peoples’ Friendship University of Russia (RUDN University)

ISSN 1815-5235 (Print), 2587-8700 (Online)
Published 6 times a year.
Languages: Russian, English.

Indexed by RSCI (elibrary.ru), Cyberleninka, DOAJ, EBSCOhost, Google Scholar, Ulrich’s Periodicals Directory, WorldCat, Dimensions.
The Journal has been included in the list of the leading review journals and editions of the Highest Certification Committee of Ministry of Education and Science of Russian

Federation in which the basic results of PhD and Doctoral Theses are to be published.

Review-and-analytic and scientific-and-technical peer-reviewed journal “Structural Mechanics of Engineering Constructions and Buildings” shows the readers round the achieve-
ments of Russian and foreign scientists in the area of geometry of spatial structures, strength of materials, structural mechanics, theory of elasticity and analysis of building and ma-
chine-building structures, illumines the problems of scientific-and-technic progress in building and machine-building, publishes analytic reviews on the aims and scope of the Journal.

The Journal website contains full information about the Journal, editorial policy and ethics, requirements for the preparation and publication of the articles, etc., as well as full-

text issues of the Journal since 2008 (Open Access).

EDITORIAL BOARD

EDITOR-IN-CHIEF
P.A. Akimov, Chairman, Member of Russian Academy of Architecture and Construction
Sciences, DSc, Professor, Moscow State University of Civil Engineering, Moscow, Russia

ASSISTANT EDITOR-IN-CHIEF
V.V. Galishnikova, DSc, RUDN University, Moscow, Russia

MANAGING EDITOR
1.A. Mamieva, RUDN University, Moscow, Russia

MEMBERS OF EDITORIAL BOARD:
V.P. Agapov, DSc, Professor, Moscow State University of Civil Engineering, Moscow, Russia

V.I. Andreev, Chairman, Member of Russian Academy of Architecture and Construction
Sciences, DSc, Professor, Moscow State University of Civil Engineering, Moscow, Russia
V.A. Bazhenov, Member of the National Academy of Educational Science of Ukraine,
DSc, Professor, Kiev National University of Building and Architecture, Kiev, Ukraine
Xuan Nam Bui, PhD, Assoc. Professor, Hanoi University of Mining and Geology, Hanoi, Vietnam
S.P. Ivanov, DSc, Professor, Volga State University of Technology, Yoshkar-Ola, Russia
N.I. Karpenko, Member of the RAACS, DSc, Professor, NIISF RAACS, Moscow, Russia
V.I. Kolchunov, Member of the RAACS, DSc, Professor, South-West State Universi-
ty, Kursk, Russia

Sonja Krasic, PhD of Technical Science, University of Nis, Nis, Serbia

S.E. Lisichkin, DSc, Scientific Research Institute of Energy Structures, Moscow, Russia
L.S. Lyakhovich, Member of the RAACS, DSc, Professor, Tomsk State University of
Architecture and Building (TSUAB), Tomsk, Russia

Fredéric Magoulés, DSc, Professor, Centrale Supélec, Université Paris-Saclay, France
Giuseppe Mandrone, PhD, Ass. Prof. in Engineering Geology, University of Torino, Italy
V.I. Obozov, DSc, Professor, Central Research Institute of Building Structures (TzNIISK
im. V.V. Kucherenko), Moscow, Russia

Reinh

d F. Sachsenhofer, PhD, Professor, Montanuniversitit Leoben, Austria

R.S. Sanjarovsky, DSc, Professor, LN. Gumilyov Eurasian National University, Astana,
Kazakhstan

V.I. Travush, Member of the RAACS, DSc, Professor, ENPI, Moscow, Russia

V.V. Vanin, DSc, Professor, National Technical University of Ukraine “Igor Sikorsky
Kyiv Polytechnic Institute”, Kiev, Ukraine

N.M. Yakupov, Corresponding Member of Russian Engineering Academy, DSc, Professor,
IME of FIC KazanSC of RAS, Russia

E.M. Zveryaev, DSc, Professor, Keldysh Institute of Applied Mathematics (Russian
Academy of Sciences), Moscow, Russia

CONTENTS

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
Solovev S.A. Modeling of random static loads on a structural cover
with limited statistical data ...........ccoovviiiiiiiiie

Kuzhakhmetova E.R. Modeling of a piled foundation in a Femap
with NX Nastran ...........oooooiiii,

NUMERICAL METHODS OF STRUCTURES' ANALYSIS

Lyapichev Yu.P. Choice of mathematic models of soils in static and
seismic analyses of embankment dams ...............c.c.oooeiiini

GEOMETRY OF MIDDLE SURFACES OF SHELLS

Krivoshapko S.N. The opportunities of umbrella-type shells .........
Romanova V.A. Visualizing surface formation of semi-regular poly-
hedra of Archimedes ..........cccocevevieiriniieee e

EXPERIMENTAL RESEARCHES

Travush V.1, Karpenko N.I, Kolchunov VLI, Kaprielov S.S., De-
myanov A.L, Bulkin S.A., Moskovtseva V.S. Results of experimental
studies of high-strength fiber reinforced concrete beams with round
cross-sections under combined bending and torsion ..................

DYNAMICS OF STRUCTURES AND BUILDINGS

Pshenichkina V.A., Drozdov V.V., Strok S.I. Influence of the foun-
dation bed stiffness on the dynamic properties of the building as of
a multi-mass cantilever bar .............c..oocoiiiiiiii

THEORY OF ELASTICITY

Buldakova J.M., Kudryavtsev S.G. Stressed state of two-layer strip
when interacting with rigid base ..............c.coii

Copy Editor [u.A. Zaikina
Graphic Designer [u.N. Efremova
Layout Designer Tu.A. Zaikina

Address of the Editorial Board:
Peoples’ Friendship University of Russia
6 Miklukho-Maklaya St, Moscow, 117198, Russian Federation; tel.: +7 (495) 955-08-28; fax: +7 (495) 955-08-28; e-mail: stmj@rudn.ru; i_mamieva@mail.ru

Printing run 250 copies. Open price

Peoples’ Friendship University of Russia
6 Miklukho-Maklaya St, Moscow, 117198, Russian Federation

Printed at Publishing House of RUDN University
3 Ordzhonikidze St, Moscow, 115419, Russian Federation

243

250

261

271

279

290

298

311

© Peoples’ Friendship University of Russia, 2020
© Alborova L.A., photo on the cover of the Journal
(Dominion Office Building, Moscow), 2020



CTPOMTENBHASA MEXAHUKA UHXEHEPHBIX KOHCTPYKLIMIA U COOPY)XEHWHA

® zmmm

2020. 16(4). 243-249

STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS
HTTP//IJOURNALS.RUDN.RU/STRUCTURAL-MECHANICS

PACYET M TTIPOEKTUPOBAHWE CTPOUTENBHBIX KOHCTPYKLIMA
ANALYSIS AND DESIGN OF BUILDING STRUCTURES

DOI 10.22363/1815-5235-2020-16-4-243-249

YK 624.046.5

HAVYHASA CTATbBA
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Jnsa yumuposanus

Conogves C.A. MopenupoBaHue cirydaitHoi
CTaTHYECKOW Harpy3KH Ha MOKPBITHS CO-
OpY>KEHUH MPU HETIOJIHOM CTaTUCTHYECKOM
unpopmaruu // CTpouTenbHas MeXaHUKa
HMHKEHEPHBIX KOHCTPYKLUHA U COOPY>KEHHH.
2020. T. 16. Ne 4. C. 243-249. http://
dx.doi.org/10.22363/1815-5235-2020-16-
4-243-249

Annomayus

Axmyanbnocms. Harpy3ku Ha COOPY>KEHHs TPEACTABISIOT COOOM CIIOXKHBIC
CTOXACTHUYECKUE CTPYKTYpBhl, BKIIOYAIOIIUE B c€0s1 HECKOJIBKO THIIOB HEOIpEe-
JICHHOCTEH OTHOBpEeMEHHO. B cTaThe pa3paboTaH MoAXol K BEPOSITHOCTHOMY
MOZENUPOBAHUIO HATPYy3KU Ha MOKPBITUE COOPY>KEHUI C y4eTOM HEIOJHOH CTa-
THUCTHYECKOH WH(OpMAaLiH, Korna napamerpsl QyHKIHHA pacrpenereHus mpei-
CTaBIIEHbI B HHTEepBaJIbHOU (popme. L]ens uccnedosanusn — pa3paboTka noaxoaa
K MOJICIMPOBAHUIO BEPOSTHOCTHOTO pacHpelesIeHnsl CIy4yailHOH Harpys3kd Ha
IIOKPBITUE COOPYKEHUI B yCIOBUAX OIPaHUYEHHOM (HEIOJIHOI) CTaTUCTUYECKOMH
nHopManuu o Harpyske. Memoosl. PacnipenienieHne BepOsSTHOCTEW OTAEIBHOTO
BUJIa HArpy>XEeHUsI IIPEJICTaBIeHO B BUE p-0s10koB (probability boxes). Ha uuc-
JICHHOM NIpUMepe IOKa3aH aJlfOPUTM OIpeneseHus p-010Ka, COCTOSIIEro U3
CYMMBI p-0JIOKOB, XapaKTEpU3YIOIIUX pa3lIMuHble HArPYXKEHHUS C Pa3IUIHBIMU
TPaHUYHBIME (QYHKIMSAMH pactpeneneHus. Pesyasmamei. Ha ocHOBe mpeio-
JKEHHOT'O MOJAX0/la MOXKHO ONpPEeIUTh MHTEPBajIbl HOPMATUBHOM U pacueTHOM
Harpy3KH ¢ 33/IaHHOH 00eCIIeYeHHOCTBIO, pACCUNTATh BEPOSTHOCTD 0€30TKa3HON
paboTHI 3JIEMEHTa COOPYKEHUH, IPOU3BECTH OLIEHKY PUCKA aBapHU paccMaTpu-
BaeMOT0 3JIEMEHTa COOPYKSHHUH, a Takke IoI00p CEUSHHUs IEMEHTa I10 3a/1aH-
HOMY YPOBHIO Ha/I€’KHOCTH.

Knrwouegvie crosa: mpoeKTHPOBaHUE, CIIyYaiiHas BEIMYNHA, TOKPHITHE, TEO-
pHsl CBHICTENCTB, p-OJOKU, UHTEpBANl 3HAYCHHI, pacueTHas Harpyska, dpepma,
0asKa MOKpPHITUS

BBenenue

B coorBercTBUM C Me)Kl"OCYI[apCTBeHHLIM CTaH-

CTHK Harpy30K W Ko3QQuuueHToB couetaHuii. [Ipu-
MEHEHHE TaKHX METOAOB AOIYCKAeTCs MPHU HATUIUU
3G EKTUBHBIX BEPOSITHOCTHBIX METOIMK Y4eTa Cily-

nmaptom ['OCT 27751-2014 «Hane:xHOCTB CTPOUTEIh-
HBIX KOHCTPYKLIMHA ¥ OCHOBaHUID PEKOMEHIyETCS IIPH-
MEHSTh BEPOATHOCTHO-CTATUCTUYECKHE METOIBI IS
000CHOBaHUSI HOPMATUBHBIX U PACUETHBIX XaPaKTEPH-

Conosves Cepeeit Anexcanopoeuu, TONEHT Ka(eaphl IPOMBIIIIEHHOTO H
TPaXIAHCKOT'O CTPOMUTENILCTBA, KaHU1aT TeXHHuYeckux Hayk, eLIBRARY
SPIN-kozx: 4738-8927; Scopus ID: 57191529586; Web of Science ResearcherID:
AAJ-1708-2020.
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PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN

YailHOM M3MEHYMBOCTH OCHOBHBIX IapameTpos. Ilpu
MOJCIMPOBAHUY HArpy3KH Ha COOPYKEHUE HA OCHOBE
BEPOSITHOCTHO-CTATUCTUYECKUX METOJ0B HEOOXOIu-
MO Yy4HUTBIBAaTh JIBa THIIA HEONPEIEIECHHOCTH: ajea-
TOPHYI0, 00YCIIOBICHHYIO €CTECTBCHHOU MPUPOIOH
WU3MEHYMBOCTH KJIMMATHYECKUX HArpy30K U HEOAHO-
POIAHOCTBIO (PU3UKO-MEXaHUYECKHX CBOMCTB, U 3IIHC-
TEMOJIOTHYECKYI0, CBS3aHHYIO C HCIOJIb30BAHUEM OIPa-
HUYEHHOW N0 00bEeMYy CTaTHCTHYECKOH BBIOOPKH U
MIPUHATHEM OTACIBHBIX CTATUCTHYECKUX THIIOTES.
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B uccnenosanuu [1] ormeuaeTcs, uTo (akTUde-
CKasl HaJIeKHOCTh KOHCTPYKIWI TOKPBITUS B Psie CITy-
YyaeB IOJydaeTcs] HIKEe PacdyeTHOTO YPOBHS HaIek-
HOCTH BCJIEJICTBUE M3MEHUMBOCTU CHETOBOHM Harpys-
ku. B pabote [2] npuBeneHsl pa3IudHBIE TTOAXOIBI K
OTHMCaHUIO CHETOBOM HArpy3kd Ha KOHCTPYKIHHU IIO-
KpBITUH coopyskeHuil. B [3] Taroke oTMeuaeTcst MHOTO-
o0pa3ue MOAX0/I0B K BEPOSTHOCTHO-CTATUCTUICCKOMY
MOJICTMPOBAHHIO CHETOBOM HATPY3KH Ha ITOKPHITHE.

[IpoGnema BBIOOpa KOHKPETHBIX BEPOSTHOCTHO-
CTaTUCTUYECKUX PACTIPEACTICHUIM IS CHETOBOM Harpy3Ku
MOJKET OBITh pellieHa MyTeM HCIIOJIb30BaHUsI MaTeMa-
TUYECKUX METOJOB MOJEIHPOBAHUS TPU HETIONTHON
craructudeckoit nuadopmarmu. I1lupokoe pacnpoctpa-
HEHHE TIOJIYYHIA METOJBI BEPOSTHOCTHOTO MPOEKTH-
POBaHHUSA M pacyeTa HaJe)KHOCTH B YCIOBHUSIX HEOIpe-
JICJICHHOCTH Ha OCHOBe p-0j10k0B [4]. B pabore [5]
paccMaTpuBaeTCsl IEPCIICKTUBHOE HAMPABJICHUE UCTIONb-
30BaHUS TOMOJIOTHYECKOH ONTUMH3AINH C YIETOM He-
OTIpEIETIEHHOCTH B MapaMeTpax Harpy3KH.

1. Heap ucciie1oBaHUsA

MHOKECTBO pa3iIMYHBIX MOIXOJO0B K MOJEIHPO-
BAHMIO HKCIUIYAaTallMOHHOW HArpy3KH KakK CIydaiHOM
BEJIMYMHBI (POPMUPYET SMUCTEMOJIOTHYECKYIO HEOoIpe-
JICJICHHOCTb B paMKaX aHalIHW3a HaJeKHOCTH JJIEMEH-
TOB TOKPBITUS coopykeHus. B nanHoit pabote mpen-
JIaraeTcsl pacCMOTPETh MOJXO0A K MOAEIHUPOBAHUIO CITY-
YallHOM CTaTUYeCKOW HArpy3Kd Ha KOHCTPYKLHH MO-
KpPBITUHA COOPY>KEHUM C YUETOM HEONPENENEHHOCTU B
BUJIE HETOUHBIX (MHTEPBAJIBHBIX) OLIEHOK CTaTHCTHYe-
CKHX MTApaMeTPOB B MATEMATUUECKON MOZICIN HArPy3KH.

2. MaTepuaJibl M METOABI

B o0miem Buze yciaoBrue MpOYHOCTH U3rHOaeMon
KOHCTPYKITUH ITOKPBITHS MOYKHO 3aIMCaTh B BUE:

M(ql’ qZ’ qn)SMuh’ (1)

rne M (c}l, Gys - q~n) — (yHKIUA H3THOAIOIIETO
MOMEHTA, 3aBUCSIIAS OT CIyYailHBIX (IO 3HAYCHHIO)
HAarpy30K Ha KOHCTPYKIIUIO OKPBITUSL G, Gy, .- 4,

M
MOMEHT.

B oOmiem Buzie Harpy3ku Ha MOKPBITHE MOYKHO KJTac-
cu(UIMPOBaTh HA HArpy3KH OT COOCTBEHHOTO Beca
3JIEMEHTOB KOHCTPYKIMH MOKPBITHS, KIMMaTHIECKHe
Harpy3Kd ¥ TEXHOJIOTHYEeCKUe Harpy3ku. Harpysku ot
COOCTBEHHOT'O BeCa 3JEMEHTOB KOHCTPYKLWH MOKPHI-
THSI MOTYT OBITH ONMCAHBI HOPMAJIBHBIM 3aKOHOM pac-
npexnenenus. Tak, B npunoxenun C Eurocode 0 «Basis
of structural design» oTMedeHO, 4TO HOpMaJIbLHOE pac-

u¢  — TPEIeNbHBIA JOMYCTUMBIH M3rubarouiui
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IpenesIeHue JOIYCTUMO UCIOJIb30BaTh JUIsl OIIMCAHUS
pacnpeneneHust COOCTBEHHOTO Beca KOHCTPYKUMM. Jlyist
MOJIEIMPOBAHNSA CHETOBOM HArpy3KH Yallle HCIOJIb3Y-
eTca 3akoH pacmpeneneHus ['ymbens (unm nBoliHON
SKCIIOHEHITHATBHBIN) [6]:

oa—Xx

B

Fy (x)=exp| —exp , 2)

6
rie B~ ——— — Mepa paccesHHs pacnpeseeHHs
T

TymGenst, S, — cpeIHEKBaAPAaTHYECKOE OTKIOHCHHE
ciydaiiHol Bemmanssl X; a=m, —y-Brm, —0,45-S, —
Mepa IeHTpa pactpenenerus ['ymoues, Y — MOCTOSH-

Has Diinepa — MackepoHH.
B ciryyae orpanndeHHOlN 110 00BEMY BBIOOPKH BO3-
MOKHO BBECTH MOIPABKH AJS OLEHKU KOd(PQHIIMECH-

TOoB B © O B BHIE (l:mX_(0’45_'_0’34”—0,69).51)(

n B=(0,78+1,54n""7)S, .

UmncioBele mapaMeTpbl MaTEMaTHYECKOTO OXKH/1a-
HUSL U CTAHAAPTHOTO OTKJIOHEHUS ISl CHEroBOM Ha-
Tpy3KH cojiepkaTcst B pabore [6]. DTu mapaMeTpbl
HPEACTABIIIOT COO0H HEKOTOPYIO HEONPENEICHHOCTb,
OJTHUM M3 CIIOCOOOB OLIEHKH KOTOPOU SIBJISIETCS Tpea-
CTaBJICHUE NAHHBIX IapaMeTPOB B BUAE MHTEPBAJIOB

3HaYEeHUI [mX; mx} u [§X; Sx ] [Ipeanonoxum,

4TO MO pe3yJibTaTaM CTAaTUCTUYCCKOI'O aHaJIn3a JaHHBIX
O CHETrOBOM Harpys3ke MnoOJy4CHbI CJICAYIOMHNE JOBCPU-

TeJIbHbIE UHTEPBATIBL: [mX; ZX] € [140; 150] Kre/m?
u [ﬁx; gx] €[20; 30] xrc/wr’. Pasmranbie Bo3MOX-

HbIe (YHKIMU pactpenencHus (2) mo TpaHWIHBIM 3Ha-
YEHUSIM TTapaMeTPOB MPUBEACHEI Ha pHC. 1.

Fx(x) 1

>

. Yyl
/e

0. /
20(%) //
/A

Fis0

0.6]
F150.30(%)
BEes
F1 402009 %
Ardrdr
Fl40.30(004 ////(
L ad

AR/ 54
T AL
A

0
100 150 200

X, Kre/m’

Puc. 1. I'pannysble QyHKIMU pacnpeneneHus,
(bopmupyroIue p-0JI0K [Tl CHETOBOM HATPY3KH
[Figure 1. Boundary distribution functions as a p-box for snow load]
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[NoamHOMXeECTBO BO3MOXKHBIX (DYHKLMIA pacnpererne-
HUA GOPMUPYIOT 00J7aCTh, KOTOpasi Ha3bIBaeTCs p-box
(probability box), nmm p-6moku. [Ipeamonaraercs, 9To
JOefcTBUTEIbHAS (QYHKIMS paclpelesieHns] CHErOBOU
Harpy3ku OyZeT MPOXOIUTh BHYTPH JAHHOW 00JacTu.
Takxum 00pazom, I CHETOBOH HArpy3Kd MOKHO cop-
MHpPOBATH JIBE IPaHUYHbIC (QYHKIIMU paCTIpEICIICHHS:

[mX —0,45-5x]—x
0,78-Sx

exp| —exp

E)((x): €ClId X <M

[mx —O,45-§X]—x
exp| —exp 0.73.5 ,
H =X

€CIIH X =M,

[my=0,45-8, |-x
CXp| —CXp 0.78-S ,
H =X

eClI X < myx

Fx(x)=
- [%x—0,45'§)(i|—x

0,78-Sx

exp| —exp

€CIIU X = My

Harpyska oT coOOCTBEHHOTO Beca KOHCTPYKIIUH,
KaK ObLIO OTMEUEHO BBIIIIE, 3a9aCTYI0 OMUCHIBACTCS
HOPMAJIbHBIM 3aKOHOM pacrpeIeNICHHsI, Il KOTOPOTO
B YCJIOBUAX HMHTCPBAJIBHBIX OLICHOK €TI0 IMapaMeTpOB
TAKKe MOXKET OBITh MOCTpOEeHA MOJeNh p-box. Tak kak
Harpy3ka oT COOCTBEHHOTO Beca MPEICTABICHA CyM-
MO¥ Harpy30K OT COOCTBEHHBIX BECOB JJIEMCHTOB KOH-
CTPYKIUU TOKPBITHS CO CBOMMH JOBEPHUTCIBHBIMH
OIIEHKaMH, TO MapaMeTPhl JJIs1 HOPMAIBLHOTO pacipe-
JIEJICHUS BBIUYMCIISIOTCS IO OOIIEM3BECTHBIM (OpMY-

ZS)? . B unTrepBaib-

i=1

n
nam: m, :zmx_ u S, =
i=1
HOH (hopMe 3HAYCHUS IapaMeTPOB CYMMHPYIOTCS IO
NpaBUJIaM HHTEPBAIBEHON apupMeTuku [7]:

[mx; %X} :Zn:[mx,§ mx,]

i-1

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLN

C YUC€TOM BBINICU3JIOKCHHOTO MAaTCMATUYCCKYIO
MOZCJIb NPEACIIBHOIO0 COCTOSHUA (1) 3alMmeEM B BUAC

M(G™™ +§")< M, (3)

rie ¢ — cHeroas Harpyska; ¢ — Harpyska oT

Beca KOHCTPYKIIHM.

CrnyuaiiHple cTaTUYECKHE Harpy3Kkd B Mojend (3)
npecTaBieHbl p-01okamu. s cyMMHpOBaHUS p-OJio-
KOB HEOOXOIMMO HX NpeoOpa3oBaTh B CTPYKTYPY THIA
Hemmncrepa — ledepa [8]. HenpepriBHBIE TpaHUYHBIE
(GYHKUIMH pacnpenescHus: B p-0J0Kax TUCKPETH3HUPY-
I0TCSl Ha OTpeiesieHHOe Yncio O0110KoB (puc. 2).

Pacnpenenenus npu QuCcKpeTU3aluy OrpaHUINBaA-
torest 0,05 u 99,5 neprentmwisamu [9].

£ x(x)

1

m; T

o

0,05 nepyenmuin

Puc. 2. luckperuszanus p-61oka Ha (GpoKambHBIE SIEMEHTHI A
¢ 6a30BBIMH BEPOSITHOCTSAMH 71;
[Figure 2. P-box discretization to focal elements A;
with basic probabilities m;]

[lar quckperusauun 7, 00braHO npuHUMaroT 0,01

n
C y4eToM Zml. =1. B naHHOM ciy4ae Mbl OJTy4aeM

i=l1
100 MHTEpBATBHBIX OLEHOK A, CITydaifHOW BelMHUMHBI X.

CrnenoBatenbHO, TUCKPETU3UPYS p-OJIOKH sl CHETOBOH

Harpy3ky, noxyunM 100 uHTepBaioB: [QT“"W; 5?“"‘”}

snow A~ Snow snow  —Snow
4, > 9 s |9 > Gi00 |- AHaJIOrHYHO
MOHO TonyuyuTh 100 MHTEpBaNOB IS HArpy3Kd OT

COOCTBEHHOTO BECa IJIE€MEHTOB KOHCTPYKITUH TTOKPHI-

THA [gf; q, } [gf; Q2:|’-'- [glwoo; qloo]

s moctpoeHust p-610Ka CyMMapHOW cTaTHde-
CKOI Harpy3ky HEOOXOJMMO Ka)KIbIil MHTEpBaJl CHEro-
BOM Harpy3kd CIOXKHUTh C KaXKIbIM HHTEPBAJIOM Ha-
TPy3KH OT COOCTBEHHOTO Beca 3JIEMEHTOB KOHCTPYK-
UK TOKpEITHA. TabnmmuHas ¢opMa pemreHns Ipoje-
MOHCTpPHUpOBaHa B Tab. 1.
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Tabauya 1
O0benuHeHne ABYX CTPYKTYP (komOuHanusi) Jdemmncrepa — Lledepa [8]
[Table 1. Combination of two Dempster — Shafer structures]
[gjm; q, ]0,01 [g:’“w; 4, ]0,01 [Zm Groo ]0,01
[2,‘3‘11 ]0’01 [g +q5q, +q, }0,0001 [g] +qq, +q, },0,0001 [gj;‘;“' +4 390 +4, }0,0001
[g:; qz]o,m [21 +4.39, +q2}0,0001 [212 +4.39, +q2},0,0001 [gm +4" 00, +q2j|,0,0001
|:€r00, qlﬂ() :| ’ 0,01 |:g:nuw + g:‘00 ; q] * q100:| ’ 0’0001 |:€;nuw + L_];;o’ qz + q|00:| ’ 0’0001 |:g:):“ + g:‘()(] ; qlﬂﬂ + q100:| > OaOOOl

DneMeHTH B Taba. 1 3amMcaHbl IO TPUHITUITY
Al. e[gi;ql], m;, TNE ¢ ;¢; — HWKHSS U BEPXHss

rpaHMIBl HHTepBaa okanbHOro sneMenta A ; m, —

0a30Basi BEPOSITHOCTD JITs1 (hOKAIBHOTO NIeMeHTa A, .

B wurore nmonyuum 100> 100 = 10 000 unTepBa-
JioB. Ilo 3TM HHTEpBAJIaM MOKHO ITOCTPOUTHL HMKHIOIO
Y BEPXHIOIO TpaHWYHbIC (PYHKIIMH paclpeneieHus Ha
OCHOBE TOJIOKEHUN TEOpUH CBUJIETENLCTB Jlemrcrepa —
[edepa [10]. Jannble rpaHuyuHbBIe QYHKIUN pacmpe-
nenenus OynyT co3paBaTh p-OJOK CyMMapHOM Ha-
TPy3KH OT COOCTBEHHOTO Beca 3JIEMEHTOB KOHCTPYK-
LAY TIOKPBITUSI 1 CHETOBOM HArpy3KH.

3. Pe3yabTaTsl

[lycTh Anms cTadbHOTO MPOTOHA TOKPBITUS JaHBI
CTaTHCTUYECKHE XapaKTEPUCTUKN Harpy30K:

1. CoOCTBEHHBIN BEC X,: MaTeMAaTHYECKOE OKH-
nmanue [0,14; 0,15] kH/M; cpenHekBampaTndeckoe oT-
kionenue [0,005; 0,010] kH/m.

2. ITanens MOKPBITHA X, : MATEMaTHIECKOE OKH-
nmanue [0,50; 0,55] kH/M; cpenHekBaapaTudeckoe otT-
kionenue [0,02; 0,04] kH/m.

3. CueroBas Harpyska X, : MaTeMaTH4YeCKOe OKH-
nmanue [2,20; 2,50] kH/M; cpenHekBaIpaTUIecKoe OT-
kionenue [0,10; 0,30] kH/m.

MaremaTtndeckoe OXHJaHWE HArpy3Kd OT c0O-
CTBEHHOTO BeCa AJICMEHTOB KOHCTPYKIIUU TTOKPBITHS:

m,, =[0,14; 0,15]+[0,50; 0,55]=[0,64; 0,70] KH/m.

CpenHekBaipaTHUECKOE OTKIIOHEHHUE HATrPy3KH OT
COOCTBEHHOTO BECa IIEMEHTOB KOHCTPYKITUH TTOKPHI-

s S, =([0.005%:0,010° ]+[0,020%:0,040° | =
=[0,021; 0,041] KH/m.
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B obmem Bume rpaHuYHBIC (QYHKITUH IS HOP-
MaJIbHOT'O PaCIpe/IeIICHUsI HArPy3KH OT COOCTBEHHOTO
Beca 3JIEMEHTOB TOKPBITUS MOXHO 3aIlUCaTh B BUJIE

norm
F (mq,wa S‘I»W):
w
€CJIn q < mq W

F,.(¢")= ’ :
F,.(q") P S,

=q.w

ecnu g’ >m,

norm [
F (mq,w, Eq,w)a

eciu q" < Mg,

_ y
Fq’vv(q ) - norm o i
F (n_/lqu’ Sq,W)a
eciu q" > mgy,w
norm
rne F — (YHKIMSI 3aKOHa HOPMAJIBHOTO pacmpe-
JNCJICHUS.

B npumepe paccMOTpUM JAMCKPETH3AIAIO p-OJIOKOB
Harpy3ok Ha 10 sanemenTtoB (puc. 3).

B pamkax auckperusanuu Ha 10 31€MeHTOB MO-
myuuM cienyromue uatepBaisl: [0,535 (0,05 mepuen-
tb); 0,673]; [0,588; 0,682]; [0,606; 0,689]; [0,619;
0,695]; [0,630; 0,700]; [0,640; 0,710]; [0,646; 0,722];
[0,651; 0,735]; [0,658; 0,752]; [0,668; 0,805 (99,5 nep-
IeHTHIh) | KH/M.

IIpu nuckperus3anuy pacrpeaeneHus CHeTOBOW Ha-
rpy3kd Ha 10 3JIeMEHTOB MOJYyYUM CIEAYIOLIUE HH-
tepBautbl: [1,680 (0,05 mepuenTtmis); 2,390]; [1,870;
2,418]; [1,954; 2,440]; [2,022; 2,462]; [2,084; 2,484];
[2,150; 2,522]; [2,208; 2,607]; [2,236; 2,716]; [2,272;
2,8911]; [2,330; 3,600 (99,5 nepuentuins)] kH/Mm.

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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Puc. 3. luckpernsanus p-0JIOKOB CHETOBOI HAarpy3KH (a) U Harpy3KH OT COOCTBEHHOTO Beca KOHCTpyKuuii (0), kH/m
[Figure 3. The snow load (a) and self-weight load (6) p-boxes discretization, kKN/m]
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Puc. 4. I'pannunbie pynkumu pacnpenenenus F (q) u F,(q) , bopmupyromue p-010k cyMMapHoOi Harpy3ku Ha MOKPbITHE

[Figure 4. Boundary distribution functions £ (gq) and F,(g) as p-box of common load on structural surface]

Tabauya 2
O0BbenuHEeHNe ABYX HATPY30K B OOLLYIO CTPYKTYPY
[Table 2. Combinations of two types of loads in common structure]

[0,535,  [0,588;  [0,606;  [0,619;  [0,630;  [0,640;  [0,646;  [0,651;  [0,658;  [0,668;

0,673]  0,682] 0,689  0,695]  0,700]  0,710]  0,722]  0,735]  0,752]  0,805]
[1,680;  [2.215;  [2.268  [2.286;  [2,299;  [2.310;  [2320;  [2.326;  [2.331;  [2,338;  [2.,348:
2,390  3,063]  3,072]  3,079]  3,085] 3,000  3,100]  3,100]  3,125]  3,142]  3,195]
[1,870;  [2,405;  [2.458;  [2.476;  [2489;  [2,500;  [2,510;  [2,516;  [2,521;  [2,528;  [2.538:
2,418] 3,091 3,100 3,107  3,113]  3,118]  3,128]  3,128]  3,153]  3,170]  3223]
[1,954;  [2,489;  [2,542;  [2,560;  [2,573;  [2,584;  [2,594;  [2,600;  [2,605;  [2,612;  [2.622;
2,440)  3,113]  3,112]  3219]  3,135]  3,140]  3,150]  3,150]  3,175]  3,192]  3.245]
[2,022;  [2,557; [2.610;  [2,628;  [2,641;  [2,652;  [2,662;  [2,668;  [2.673;  [2,680;  [2,690;
2,462]  3,135]  3,144]  3,151]  3,157]  3,162]  3,172]  3,172]  3,197]  3214]  3267]
[2,084;  [2,619;  [2.672;  [2,690;  [2,703;  [2,714;  [2,724;  [2730;  [2,735;  [2,742;  [2.752;
2,484] 31571  3,166]  3,173]  3,179]  3,184]  3,194]  3,194]  3219]  3236]  3.289]
[2,150;  [2,685; [2,738;  [2,756;  [2,769;  [2,780;  [2,790;  [2,796;  [2.801;  [2,808;  [2.818;
2,522]  3,195]  3204] 32111  3217]  3222]  3232]  3232]  3257]  3274] 3327
[2,208;  [2,743;  [2,796;  [2.814;  [2,827;  [2.838;  [2,848;  [2.854;  [2.859;  [2,866;  [2.876;
2,607]  3280]  3289]  3,296]  3302]  3.416] 33171  3317]  3,342]  3359]  3.412]
2,236;  [2,771;  [2.824;  [2,842;  [2,855; [2.866;  [2,876;  [2.882;  [2.887;  [2,894;  [2,904;
2,716]  3,389]  3,398]  3,405]  3411]  3.416]  3426]  3426]  3451]  3468]  3,521]
2,272;  [2,807;  [2,860;  [2.878;  [2,891;  [2,902;  [2,912;  [2,918;  [2,923;  [2,930;  [2,940;
2,891]  3,564]  3,573]  3,580]  3,586]  3,591]  3,601]  3,601]  3,626]  3,643]  3,696]
[2,330;  [2,865;  [2.918;  [2936;  [2,949;  [2,960;  [2,970;  [2,976;  [2.981;  [2,988;  [2,998;
3,600]  4273]  4282]  4289]  4295]  4300]  4310]  4310]  4335]  4352]  4,405]
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[Ipumep oObeTMHEHUS HATPY3KH OT COOCTBEHHOTO
BECA U CHErOBOM Harpy3KH B €IMHYIO CTPYKTYpy THIA
Hemmncrepa — [lledepa amst 3ajaHHBIX 3HAYCHHI ITPUBE-
e B Ta0I. 4

Ha puc. 4 mpencrapiieH p-0J10K, KOTOPBIA Xapak-
TepU3yeT IPaHNYHbIC (YHKLHHN pacpeieieHUs CyMMap-
HOW CIy4allHOM HArpy3KU Ha IOKPBITHUE.

4. O0cy:xkneHue

[Tomyuyennsle rpaHuyHble (YHKLIUHN pacrpeese-
HUS MOTYT OBITh MCITOJIb30BaHBI MPU aHAIM3€ HAJEK-
HOCTH 3JIeMeHTOB nokpbiTus [1; 11; 12]. Ecnu Hecy-
1as CIIOCOOHOCTh JIEMEHTA MOKPBITUSI MOXKET OBITh
MIpeJICTaB/IeHa B BUJE IUIOTHOCTEH pacmpeneieHus C

rpanuuHbIME QyHKumuavu o1 f > TO BEPXHsisi
74 “q.u

W HWKHSIS TPaHUIBI BEPOSITHOCTEN O€30TKa3HOM pabdo-
THI BEIYUCIISIOTCS IO hopMyiamMm

P=[Fu@f,, @dx,

P=[F,@)f, (@0,

rae Fq (9) n F(q) — rpanuanbie dynkimum pacrpe-

JeNenns CllyqaiflHON Harpysku Ha onement; f . (q)

u f

. (9) — GyHKIMM NUIOTHOCTH I'PaHUYHBIX pac-
—q,u
npe/eeHnil Hecyleil ClIoCOOHOCTH JIEMEHTa.
Wudopmaiyio 0 IOMyCTUMBIX 3HAYCHHUSX BEPOST-
HOCTel 0e30TKa3zHOH paboThl M BEPOSTHOCTEH OTKa3a

MOKHO HalTH B pabotax [13; 14].

3akiouenmne

B craTtbe onmcaH moaxoi K MOAEIUPOBAHUIO CITy-
YallHOM Harpy3Ku Ha KOHCTPYKLHUM IIOKPBITHH COOpY-
JKEHWH TIPH OrPaHUYeHHON CTAaTHCTHYECKOW WH(OpMa-
LU O Harpys3Kax.

WnrepBanbHas olieHKa mapaMeTpoB (QYHKIWH pac-
npeneneHus U GOpMHUPOBaHHUE p-OJIOKOB MO3BOJISIOT
0oree OCTOPOKHO MOJOWTH K BEPOSITHOCTHBIM 3aja-
YaM CTPOUTENHLHON MEXaHUKH.

[IponeMoHCTpHpOBaH CIIOCOO CyMMHPOBAHUS CITy-
YalHBIX HArpy30K, XapaKTepH3YIOIIUXCS PA3TMYHbIMU
p-610KaMu, IyTeM UX AUCKPETU3ALHUU B CTPYKTYPHI
Hemncrepa — lledepa;

[IpencraBnenue Harpy3ku B BUJIE p-OJIOKOB MOYKET
OBITH UCTIOIB30BAHO B 33Ja4ax M0 PacyeTy BEPOATHOCTU
0e30TKa3HON PabOTHI AIEMEHTa COOPYKEHHUH, TIPH OLICH-
K€ PUCKa aBapuH paccMaTpHBAEMOTO SIIEMEHTA COOpYKe-
HHH, a TaKoKe MU MOAOOPE CEUCHHUS JIEMEHTa 110 3a-
JMTAHHOMY YPOBHIO HAICKHOCTH (MHACKCY HATCKHOCTH).
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Abstract

Relevance. Loads on structures are complex stochastic elements that include
several types of uncertainties simultaneously. The article describes a probabilistic
approach to the load modeling on structural covers taking into account limited statistical
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ted (incomplete) statistical information about the design load. Methods. The proba-
bility distribution of a particular type of loading is represented as p-boxes (proba-
bility boxes). A numerical example shows an algorithm for determining a p-box
consisting of a sum of p-boxes that characterize different loads with different
boundary distribution functions. Results. Based on the proposed approach, it is pos-
sible to define the intervals of normative and design loads with a given confi-
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Annomayus

Axmyansnocme. TlomzemMHas 9acTs 31aHus (QYHIAMEHT U TPYHT) OKa3bIBAET CY-
IIECTBEHHOE BJIMSHHE HA €r0 HAIPSDKEHHO-IE(OPMUPOBAHHOE COCTOSIHUE U TIOBEICHUE
1oJ, JeCTBUEM SKCILTyaTalMOHHBIX Harpy3ok. I103ToMy cyluecTByroIas HOpMaTUBHO-
TEXHUYECKas JOKyMEHTALIs PerylaMeHTUPYeT [POEKTUPOBAHKE 3aHUH (COOpYKEHHI) ¢
Y4YETOM COBMECTHOHM palOThI MX HaJ3eMHOM W Moj3eMHON 4acted. Ha mpakTuke mo-
JOOHBIH y4eT CTAHOBUTCSI BO3MOXKHBIM HA OCHOBE KOMILIEKCHOTO MHXXEHEPHOTO aHa-
JH3a 37aHMS Kak OOMBIION MEXaHMYECKOH CUCTEMBI «3IaHue — QyHIaMeHT — OCHOBa-
HHUE», KOTOPBII CErOHS MOXHO IPOBECTH C NPHMEHEHHEM METOZla KOHEUHBIX 3Jle-
MEHTOB. B ciyuae npuMeHeHus cBaifHbIX (DyHIAMEHTOB MPABIBHOCTD I0Ty4aeMOro
pe3yJibTaTa BO MHOTOM 3aBHCHT OT OOOCHOBAaHHOTO BBIOOpA PAacUETHOM MOJIENH ITOA-
CHCTEMBI «CBas — IPyHT». B cTaThe aHAIM3UPYIOTCS TPU PAacuyeTHBIE MOJENH CBay,
pabortaroleil B MacCUBE IPyHTOBOIO ocHOBaHusL. [lepBast Monelb — AUCKpeTHAs (CTepXK-
HeBast). B Hell cBast Mozienmpyercst IpOCTPaHCTBEHHbIMU CTepKHAMM (Trna Bar) u onu-
paercs Ha ynpyrue ornopsl (Spring) ¢ 0000LIeHHBIMH XKECTKOCTIMH. BTopast Mozens —
IIPOCTPAHCTBEHHAs, B KOTOPOH CBas ¥ TPYHT HaOpaHbl 00beMHBIMU 31eMeHTaMu (Solid).
Tpersst MOZIENb — IPOCTPAHCTBEHHO-CTEP)KHEBASI, WM KOMOMHUPOBAHHAS, B KOTOPOH
CTep)KHEeBast CBasi BCTPOEHA B CETKY IPYHTOBOIO MacCHBa IPHU IIOMOLIY BEEPHOH MOJ-
CTPYKTYpbI, 00pa30BaHHOI cTepeHbkaMu OoubIION JxecTkocTH (Tuma Rigid). Iens
UCcne006anusA — ONPeIENUTh PAIOHATIBHYI0 PACYETHYIO MOJIENb TTOICUCTEMBI «CBAs —
IPYHT» TO3BOJLIIOLIYIO, C OJHOM CTOPOHBL, COKPAaTUTh OOIIMI MOPANOK CUCTEMBI pa3-
PELIAONIMX YPaBHEHUH, a ¢ APYroil — COXpaHUTh TOUHOCTH OLIEHKH HaIps KEHHO-
Ie(OpPMUPOBAHHOTO COCTOSTHHUSI PACYETHOM MOJIEIH «CBasi — TPYHT» U 31aHMSI B IIEJTIOM.
Mamepuanst u memoosl. UncieHHbIe pe3ysbTaThl aHAIN3a CTATUKH CBAHHOTO (YH-
JlaMeHTa ¢ IPUMEHEHUEM TPeX PacyeTHbIX Mojelell «cBas — IPyHT» BBIIOIHEHHI B
nporpammuoM komruiekce CAE — knmacca Femap with NX Nastran, peanusyto-
UM METOJ KOHEUHBIX 2JIEMEHTOB. Pe3ynibmamot. CpaBHUTENLHO-UNCIICHHBIN aHAN3
HaIpPsLKEHHO-1E()OPMUPOBAHHOIO COCTOSIHMS MOJCUCTEMBI «CBAlHBIA (hyHIAMEHT —
OCHOBAHME» TO3BOJIMJI ONPEAEIUTH JOCTOMHCTBA, HEJOCTATKH, a TalkKe 00JacTH pa-
IIMOHATIBHOTO UCIIONB30BaHUS CTEP)KHEBOM, IIPOCTPAHCTBEHHON U KOMOMHUPOBAHHON
pacyeTHbIX Mojielnell. B crnemyronux cTaThsax IaHUPYETCsl pACCMOTPETh pacueT cBail
Ha BEPTHUKAIbHbIC HArPY3KH, OCYILECTBHTH CPAaBHHUTEIBHBIN aHAIN3 YHCIEHHBIX pe-
3yJIbTAaTOB C 3KCIEPHMEHTAILHBIMU JIAHHBIMHU (B J7a00paTOPUX WM B HATYPHBIX YCIIO-
BUSIX) Ha TOPU3OHTAIBHBIE U BEPTUKAIILHbIE BO3AEHCTBUS.

Kniouegvie crosa: cBasi, cBallHbIH (yHIAaMEHT, IPYHT, AUCKPETHAsI MOJAENIb
CBaM C TPYHTOM, IIPOCTPAHCTBEHHAs MOJIEIb CBaH C TPYHTOM, CTEpKHEBasi MOJIEb,
00BeMHast MOZIeNlb, OCHOBAaHNE, TPYHTOBBII MacCHB, yIIPYTHe OMOPBI

BBenenue

B nHacrosmiee BPEMs IIPOBEPOYHLIC PACUCTHI IIPOY-

3MaHUH U COOPY)KEHHUH BBITIOJTHSIOTCS C y4eTOM (QyH-
JaMeHTa M OCHOBAaHUS C peallbHBIMH (DPU3UKO-MEXaHH-
YECKUMH CBOWCTBAaMH, B TOM YHUCIIE ONPEACIAEMBIMU
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B pe3yibTaTe CTATHUECKOT0 U TUHAMUYECKOTO 30HIH-
poBanusi. [Ipu 5TOM MKUPOKO UCIOIB3YIOTCS IPOTPaM-
MHBIE KOMIUIEKCH HHKeHepHoro aHanuza CAE-kmacca,
peanu3yoniiue MEeToI KOHEUHBIX 37ieMeHToB (MKD) u
TIO3BOJISIFOIINE BHICTPAUBATh U PACCUUTHIBATH CIIOYKHBIC
npocTtpaHcTBeHHble (3D) pacuetHple Moxenu. Brico-
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Kasl IPOM3BOANTEIBHOCTD U OONbIINE OOBEMBI TaMSITH
COBPEMEHHBIX KOMIIBIOTEPOB MO3BOJIAIOT OCYIIECTBUTh
00BeIMHEHNE PACUETHRIX MOJIENICH HAA3EMHOM | 1O/~
3eMHOI uacTel 31aHus (coopyskeHus). MHxeHepHbIi
aHaM3 OOJBIION CHUCTEMBI «3JaHue — (QyHIaMEHT —
OCHOBAHHE» PACKPBIBAET MHXEHEPY-KOHCTPYKTOPY ITOJ-
HYIO KapTUHY HalpspKeHHO-1e(OPMHUPOBAHHOTO COCTO-
suug (HC) npoextupyemoro o6bekta, o0ecrednBaeTt
OLICHKY CTEITIeH! B3aMMOBJIUSHHS €r0 COCTaBHBIX YacTeH.

Bo mHOTOM Gi1aroiapsi HOBBIM BEIYHCIUTEIHHBIM
BO3MOXHOCTSM KOMITBIOTEPHON TEXHUKHU B TOCIIEAHUE
TOZBI BHITIOJTHEH 3HAYUTENHBIN 00bEM TEOPETHUECKIX
Y TPaKTUYECKUX MCCIIeNOBaHNH 10 (hyHIaMEHTaM, 4TO
MO3BOJIMJIO YCOBEPIIEHCTBOBAaTh METONbI pacuera H
HOPMBI TpoeKTupoBaHust. OHAKO pacdeT OOMNBION Me-
XaHMIECKOW CHUCTEMBI «37aHne — QYHIAMEHT — OCHO-
BaHue» MKD mpuBOIUT K pa3pelaromyuM cucTeMam
ypaBHEHHU O4eHb OO0JBIIOro mopsaaka. Bo MHOroM 310
CBSI3aHO C MOJICIIMPOBAaHUEM UMEHHO TTO/[3¢MHOW YacTH.
PacueTHass Monens HaA3eMHOM 4acTH 3aHUS U CO-
OpyKeHus (IPOCTPAaHCTBEHHBIN KapKac) 0ObIMHO (op-
MHUPYETCsI CTEPKHEBBIMU W TUTACTUHYATHIMU (000IT0-
YeYHBIMA) KOHEYHBIMH 3JICMEHTAMHU C IIECTBI0 0000-
IIEHHBIMH TIEpeMEIEeHUAMH B y37ax. UHCleHHbI MH-
JKEHEPHBIH aHaU3 MOAOOHBIX MOJENeH 0COOBIX BBI-
YUCIUTENBHBIX TPYAHOCTEH He BhI3bIBaeT [1; 2]. Cu-
Tyaluss MEHSAETCS NPHU MOAETUPOBAHUM IOA3EMHON
yacTh. [IpuMeHeHre 00 beMHBIX KOHEUHBIX 3JIEMEHTOB
MPUBOINT K CYIIECTBEHHOMY POCTY IOpSIKa pelae-
MOW 3a7]aui W 3HAYUTEITHHOMY YBEITHYECHUIO BpEMEHHI
aHanm3a. B pesynbraTte BeIOOp Moaenu «pyHIaMEHT —
OCHOBaHHE» 3a4acTyl0 MPOU3BOIUTCS HUCXOIS W3 JIO-
CTYITHOM TPOU3BOIUTENFHOCTH W 00BEMa MaMSTH BbI-
YHCJICHHOW MAIlIMHBI, a HE U3 COO0pakeHui HeoOXo-
JUMOM TOYHOCTH MOJAEIHPOBAHUS (1€KBATHOCTH MO-
nenn). [lpu sToM akTyanu3upyeTcst He TOIBKO 3ajada
peleHuss OONbIINX CHUCTEM yPaBHEHUU MO YacCTsIM,
HO TaKKe M 3ajaya BEIOOpa pallMOHaIbHON pacyeTHON
cXeMbl «(yHIaMEHT — OCHOBAHUE).

IIpu pemenun mepBoil 3amaduu MOPAJOK peliae-
MOM CHCTEMBI ypaBHEHMH MOXKHO CYILIECTBEHHO IOHHM-
3UTh C MTOMOUIbIO METOJIOB MOACTPYKTYp U CyHepaie-
MEHTOB, KOHTYPHBIX U PacYeTHBIX TO4eK [3—6] u ap.
B kaudecTBe mpumepa MOXHO IIPUBECTH MPOrPaMMHBII
komriuieke Femap with NX Nastran, peaausyronmii Tex-
HOJIOTHIO BHEIIHETO cymepaseMeHnTa. Ero wmcmonb3oBa-
HHUE TI03BOJISIET CBECTH PacdeT TI00aIbHON CHUCTEMBI
«3mpaHne — (yHIaMEHT — OCHOBAaHHE» K pacueTy 3/a-
HUS, HaXOJAIIErocs Ha JUCKPETHOM YIPYTrOM OCHO-
BaHUU C 0000IIEHHBIMH JKECTKOCTHBIMU XapaKTePUCTH-
KaMH, 3aBUCSAIIUMH OT PEOJOTHYECKUX CBOWCTB OCHO-
BaHus (rpyHta) [7]. B pesynbrare olOmias Tpyaoem-
KOCTb, BPeMsI M CTOMMOCTh PacueTHOTO aHaIN3a CIIOXK-
HOW CHUCTEMBI CYIIECTBEHHO CHIKAIOTCS, IpUieM Oe3
MOTEPH TOUYHOCTHU PE3yiIbTaTa.
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s pemeHust BTOpoil 3a1a4u HEOOXOIUM COTIO-
CTaBUTENBHBIA aHAIHU3 PA3JIMYHBIX PACUYETHBIX MOJIE-
JIel TIOICHCTEeMBI «(PYHIaMEHT — OCHOBaHHUe». Jlamee
OyAyT paccMOTpPEHBI pacyeTHhIC MOJCTH (PYHIAMEHTOB
cBaiiHoro Trma. [lonoOHbIe hyHIaAMEHTBI TIOMYYHITN IIIH-
POKOE pactpoCTpaHeHHE NPU CTPOUTENHCTBE 3AAHUN
Y COOPY’KCHHU B OCHOBHOM OJj1aronapsi CBO€i BBICOKOM
HAJIS)KHOCTH, TEXHOJIOTMYHOCTH M OTHOCHTEIHLHOM TIpo-
crote u3rotopyieHus [8]. Kak u3BecTHO, B 3aBUCUMO-
CTH OT XapakTepa paboThl B TPyHTE CBaW pa3AessioT-
cs Ha cBau-cToMku U Bucsune cBau [9; 10]. Ilon craii-
HBIM (YHIAMEHTOM IO/jpa3yMeBaeTCs KaK TpyIia CBaid,
o0BenMHEHHAsS POCTBEPKOM (JICHTOYHO-HM TUTUTHO-
CBaliHbIE 1M0JIA), TaK U CBau 0€3 POCTBEPKA, TO €CTh OT-
JIETBHO CTOSIIIAE CBaM TIOJ] OMIOpPHI (KOJOHHBI). PaccMoT-
pEeHHe JIEHTOYHO-CBAaHBIX ¥ INTUTHO-CBAWHBIX (QyHIa-
MEHTOB BBIXOJHUT 33 PaMKH JAHHOHW CTaThH, MOCKOIb-
KY CO3/IaHHE TE€OMETPHUH «CBasi — POCTBEPK — IPYHT» HE
MEHSET OCHOBHBIX NPUHIIUIIOB MOAEITUPOBAHUS, Xa-
pPaKTEepHBIX IS OTACNBbHOU cBau. [loaToMy Hamu OBI-
JIX UCCIEAOBAHBI MOJEIU BUCSYEH CBAU C TPYHTOBBIM
OCHOBaHHEM, TPEJICTABISIIONIAM OIHOPOIHYIO 3aMKHY-
TyI0 00JaCTh ¢ 3alaHHBIMH (PU3UKO-MEXaHMICSCKIMH
XapakTepucThkamu. M3-3a orpaHmdeHHOro oobeMa cra-
ThU PACCMOTPUM pacueT CBau Ha TOPU3OHTAIBHYIO Ha-
rpy3Ky. OOBEKTOM aHajr3a TOCITYKUT KBaJpaTHAs CBas
B momnepeyHoM ceueHuu pasmepom 0,3x0,3 M, pabo-
TaroIlas COBMECTHO C TPYHTOBBIM MaccUBOM. J{Jst Ha-
IIISIAHOCTH MeTOIUK [10—14], yyuThIBaroIIMX MOMUMO
€e TOPU30HTAIBHOTO CMEIICHUS B TIOBOPOTa B BEPTH-
KaJIbHOU IUIOCKOCTH €lIE U MONEPEUHYI0 YNPYTYIO Je-
¢dopmarmto, puMeM JUTHHY cBan 2 M. [IpogemoHcTpH-
POBaHHBIE PaCUETHBIE MOJIENN «CBasi — TPYHT» MOKHO
HCIIOJIB30BaTh JUIsl CBAll pa3sHOM JUIMHBI, a TAKXKE IIPU
pacueTe Kak Ha TOPU3OHTAJbHBIC, TAK M HAa BEPTH-
KaJlbHbIE Harpy3ku [8; 15; 16].

W3ydens! cnenyomnye BapuaHThl PACYETHBIX MO-
JleJieil MOJCUCTEMBI «CBasi — TPYHTY:

— Mozenb | — crepKHeBasi MOJIENTb CBau C JIUCKPET-
HBIMH YIIPYTHMH OTIopaMu (TIpyKuHKaMH) (puc. 1);

— MOJeNb 2 — MPOCTPAHCTBEHHAs MOJENb CBaH C
rpyHTOM (pHC. 2);

— MOJIeTh 3 — MPOCTPAHCTBEHHO-CTEPIKHEBAST MO-
JIeJib CBaW C BEEPHOW CUCTEMOM, COCTABJIEHHOM U3 JKECT-
kux crepxueit Tuna Rigid (puc. 3).

1. MoaeabHbIe npeacTaBjaeHUs] CBAITHOTO
(pynaameHTa ¢ rPyHTOBBIM OCHOBAHHEM

Mooens 1. Cmepicnesas modenn ceau
C OUCKPEMHBIMU YRPY2UMU OROPAMU (RPYHCUHKAMU)

CpaitHast KOHCTPYKIIHS TIPESJICTABIIET COOOM CTepXK-
HEBOH 3JIEMEHT, B OOLIEM CiTy4yae padOTaroIuMii Ha CKa-
THE, pacTsKeHue, u3rud u kpydyerue. I'pyHT monenu-
pyeTcsl B paMKax runore3sl BuHkiiepa yCTaHOBKOH psifa
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JIUCKPETHBIX YIPYTHX OMOp (KOHEYHBIX AJIEMEHTOB THIIA
Spring), pacrionoxxeHHBIX TI0 JnuHe cBau [10]. M3me-
HEHHe JXKecTKOCTH rpyHTa C), KH/M’, 10 TiyOuHe mpH-
HATa COTJIACHO HOPMATHBHBIM JoKyMmeHTaM [11; 12].
®DopMupoBaHKE YITPOIICHHOTO TpaduKa rpyHTa OCYIIECTB-
JIeTCS TI0 TPEM XapakTepHBIM ero ToukaM (puc. 1). Ha-
YajoM OTCYeTa SIBJISIETCS] YPOBEHb OTMETKH MOBEPXHO-
CTH 3€MJIY, 3aT€M BBIOMPAETCS TOYKA, TJI¢ TPYHT CJIO-
JKWIICS KaK OJTHOPOJHAS CTPYKTypa, B KOTOPOH Ipo-
BOJIUTCS DKCIIEPUMEHTAIbHOE U3MepeHne Kodhuim-
enra xectkoctd rpyHta Cj, xkH/M’. Kpaiiass Touka
HazHavaercs Ha rimyOuHe 10 M. Hike Hee ®ecTKOCTh
TPyHTa BO3pacTaeT JUIllb HE3HAYUTEIbHO. Takoi moa-
XOIl K TIOCTPOCHHIO rpaduKa M3MEHEHHs YKECTKOCTU
M0 TIIyOWHE IMO3BOIISIET OTPAaHWYHUTHCS OJHUM HU3Me-
peraueM C,. MeTtonuka ompeneiaeHUs KO3 huIueHTa
skectkoctd C;, kKH/M, mist kaxaow i-ynpyroi omopsl
(Spring) cBau (puc. 2) moapoOHO U3NOKEeHa B pabo-
tax [13-15]. KoadduimeHT XeCTKOCTH yIpyTol Oro-
pet C;, KH/M, — 3T0 K03 GUITUEHT KECTKOCTH TPYHTA
C, XH/M’, B ypOBHE PaCIONoKeHHs OHOPbI, YMHOKEH-
HBIA Ha 1oomwans 4 = ab Mz, K HEl oTHOcCsIIyIoCA
TA€ a — PacCTOSTHUE MEXIY YIPYTHMH OMOpPaMH, M;
b — mmpuHa cBau, M.

[Ipu ucnonp3zoBanuu Mozenu 1 HEOOXOIUMBI Ha-
JIe>KHbIE METOIVKH OTIpeIeTIeHUSI 0000IIEHHBIX KeCT-
KOCTHBIX XapaKTepHCTHK TPyHTa, KOTOPBIE MOT'YT OBITh
MOJYYEeHBI Ha OCHOBE MPEIBAPUTEIBHBIX PACUETOB ajlh-
TepHAaTUBHBIMU MeTogamu [11—-15].

Mooens 2. IIpocmpancmeennan mooens
ceau ¢ ZpyHmom

OTaloHHOW MOJEbI0 «CBas — TPYHT» Oyaem
CUHMTATh TPEXMEPHYIO MOJENb CBal C TPYHTOBBIM OC-
HOBaHMEM (puc. 3, @), B KOTOpOH CBailHast KOHCTPYK-
U ¥ MAacCUB TPYyHTa MPEICTaBICHBI OOBEMHBIMHU
(HampuMep, TeTpadpaabHBIMU) KOHCYHBIMHU JJIEMEH-
tamu (KD) tuna Solid [17; 18]. Kaxmnplii KOHEUHBIN
JIEMEHT B YKa3aHHOM pacyeTHOM MOJeNnu MoA3eMHO
YaCTH MMEET I10 TPH CTENeHU CBOOOBI B y3laX H TO-
JIUJMHEWHYIO alMpOKCUMAIIMI0 TepeMEeIleHU 1o
ocam x, y, z [19].

Mooens 3. lIpocmpancmeenno-cmepicnesan
Mmooens ¢ Inemenmamu (Rigid)

Ha puc. 3, 6 noka3aHa mojenb, B KOTOpOU cBast
MIpEJICTaB/IeHA CTEPKHEBBIMH KOHEUHBIMHU 3JIEMEHTa-
MU, a TPYHTOBOE OCHOBaHHE — 00beMHBIMH K3. Y3161
CTEP)KHEBBIX M 00beMHBIX KD coemmHSIOTCS TIpH T10-
MOIIU JKECTKUX CTEepPKeHbKOB THma Rigid, oOpa3syto-
X MHOTOYpPOBHEBBIE BEEpHBEIE MOACTPYKTYphl KO.
Takum 006pazom, IpU MOJETUPOBAHUH CBaW PeaNIN3y-
eTcs TUIoTe3a IUIOCKUX cedeHul. Ilpu 3Tom y3mbl
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CBan COXPAHAIOT BCC HICCTb CTEIICHEeH CBO60Z[BI, 4qTo
ITO3BOJISICT OTCIICKUBATh B MECTaX COCAUHCHUI HE TOJNb-
KO HOPMAJIBHBIC U MEPEPEIBIBAONIUE CHUIIBI, HO TAKXKE
I/I3FI/I63.IOI_LII/IC U KpyTAIIUC MOMCHTEIL.

-10 M

7/ 1]

Puc. 1. Pacuetnas cxema cBau
U OIIPEJIECIICHUE OTIIOPHOCTH OCHOBAHUS:

P — ropuzonTanbHas cuina, H; a — pacctosiHie Mex/1y yIpyruMu Oropami, M;
Cj,— K03((HIMEHT 5KECTKOCTH TPYHTA B POBHE PAacrioNoKe st onopsl, H/a;
C; — k03(hHHUIMEHT KECTKOCTHU yIpyroi omopsl, H/m
[Figure 1. The design scheme of the piles
and the determination of the resistance of the base:

P — horizontal force, N; @ — distance between the elastic supports, m;
C;, — soil stiffness coefficient at the level of support location, N/m?;

C; — coefficient of stiffness of the elastic support, N/m]

P

777—"—,"WC1—/77—

i Cy

s

b C'y

Lic,

Puc. 2. I'paduk uzmeHenus xectkoctd rpynra Cri, H/m,
1o riayoune A, M:

11— pe€aIbHOC U3MEHEHUE, 2- pacuy€THOC N3MCHECHHUEC
[Figure 2. The graph of the change in the stiffness of
the soil Cri, N/m3, in depth 4, m:

I — real change; 2 — estimated change]
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P L
3 '—] B
o) b - - 3
2 ]
L
B B B
a 9] 6

Puc. 3. PacueTHble MOAEIH «CBasi — TPYHT»:
a — MoyieTb 2 — MPOCTPAHCTBEHHAS MOJIEIIb CBAU C TPYHTOM; 6 — MOJIENb 3 — IPOCTPAHCTBEHHO-CTEPIKHEBAsT MOJIEIIb;
6 — (pparMeHT cBau B BHJIE CTEPXKHS C dneMeHTamu Tuna Rigid; / — sxene300eToHHast cBasi B BUZE CTEPKHEBOTO KOHEUHOT0 dieMeHTa Bar;
2 — OIHOPOAHOE TPYHTOBOE OCHOBAHHE B BHE 00beMHOT0 Tena Solid; 3 — xectkue Rigid-aneMeHTs! ¢ 3a1aHHBIM IIIarOM Pa30UEeHUS CeTKU;
P — ropusonTtansHas cuna, H; b — mmpusa cBau, M; L — JiiMHa CBau, M
[Figure 3. Design models “pile — soil”:
a —model 2 — solid model of soil piles; 6 — model 3 — spatial-bar model; 6 — fragment of a pile in the form of a bar with elements of the Rigid type;
1 —reinforced concrete pile in the form of a finite element Bar; 2 — homogeneous soil base in the form of a solid body;
3 —Rigid-elements with a given mesh partition step; P — horizontal force, N; b — pile width, m; L — pile length, m]

2. MarepuaJbl UCCIeA0BAHUS

Jlis pacueTHOTO MCCIIeIOBaHUS BO3bMEM HCXOJ-
HBIE JJaHHBIE, aHAJIOTUYHBIC JAHHBIM PaHee OITyOIHNKO-
BaHHBIX pador [14; 15].

IIpunsra >xkeme300eToHHAs 3a0WBHAS CcBas KBa-
paTtHOTO monepeuHoro cedenus: bxh = 0,3x0,3 m, mm-
Hoit L =2 m o 'OCT 19.804.1 [20]. Marepuan cBau —
TsDKENbI OeToH Kinacca B15 ¢ momymem ympyroctu
Ep=24-10° MIla (tabmn. 6.11 B [21]). 3Hayenue Momy-
nst capura OeroHa pasusietcss Gy = 0,4E), = 0,424:10° =
= 9,6:10° MIla (m. 6.1.15 B [21]), a KoddpurMenT
ITyaccona v=0,2 (1. 6.1.17 B [21]).

I'pyHT OCHOBaHHS — MECOK YETBEPTHYHOTO OTIIO-
JKEHWsI, TIhUTeBaThii (koddduimenT nopucrocti e = 0,65)
¢ momynem aedopmarin £ = 18 Mlla, yriiom BHyTpeH-
Hero Tpenus ¢ = 30°, ynenbHbIM cueruieHneM ¢ = 4 klla
(tabn. B.1 B [22]) u xoaddunmentom Ilyaccona v = 0,3
(tabm. 5.10 B [22]). BHeniHss ropu3oHTaNBHAS HATpy3Ka
Ha Bce pacueTHble Mojie cBau coctaBisier P = 100 000 H
[14; 15; 22].

3. MeToabl HccJIeI0BAHUA

CerogHsi MeTO KOHEYHBIX JJIEMEHTOB SBISETCS
YHUBEPCAJIIbHBIM CPEACTBOM YUCICHHOTO MHXXCHCPHOT'O
aHaln3a CIIOXKHBIX KOHCTPYKIMH, BKJIFOYas KOHCTPYK-
MU 3MaHUA U coopykeHuH. OH IMO3BOJSAET HCIIOh-
30BaTh B MHXKCHEPHOM aHAJIM3€ IIMPOKUI HA0Op HaIeK-
HBIX CTEPXKHEBBIX, IUIACTUHYATHIX (00OJOYECUHBIX) U
00BEMHBIX KOHEUHBIX AJIEMEHTOB C PAa3JIMYHBIMU arl-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

MPOKCUMUPYIOIUMA (PYHKLIUSIMH TIOJIEH TTepeMeTeHHH.
Jist pacyera cTep)KHEBBIX B OOBEMHBIX TEN IPUMEHIMA
JCKpETHAas MOJIENb, KOTOpas 00yCIaBIMBACT OIMCAHUE
HJC uccnenyemoro o0beKTa B BU/IE CHCTEMBI alreo-
pandecKuX ypaBHEHHH, TIOPSIIOK KOTOPOH MOXKET OBITH
BechMa BBICOKMM. [lo3TOMy aHanm3 Monenu KOHCTPYK-
LIUH, TIOCTpOeHHO!M Ha ocHoBe MKD, nmMeeT cMbIci uIib
MPU yCJIOBUH TOJHOW aBTOMATHU3ALHMH PAaCUYETHBIX
HccleoBaHu|. B HeeneaoBaHuy pacyeTHBIX MOJENEH
CBaliHBIX ()YHIIAMEHTOB MPHUMEHEH PacueTHBIH KOM-
iekc Femap with NX Nastran, peanusyromniuii Bech-
Ma IMUPOKUN HabOp PacUETHHIX MOIXOA0B U METOIOB.

4. Pe3yabTaThl

PaccMoTprM pe3ynbTaThl CPaBHUTENBHOTO pacyeT-
HOTO aHa/lM3a HalpsDKeHHO-Ae()OpPMUPOBAHHOTO CO-
CTOSTHUSI CBaHHOTO (yHAaMeHTa C IPUMEHEHHEM TpeX
pacueTHBIX MOJETIeN «cBasi — TPYHT».

Mooens 1. Cmepicnesas modens ceau
€ OUCKPEMHBIMU YRPY2UMU ONOPAMU (RPYIHCUHKAMU)

JUi1st AByXMETPOBOIA CBaH UCIOJIB3YIOTCS TP OIOP-
HbIE TOYKU — 10 KpasiM | B IICHTPE — C IaroM @ = 1 M
(puc. 4).

B Touke 1 (pacnonoxeHHOW Ha MOBEPXHOCTH MpPHU
hep = 0 M) KOXQQHLEHT KECTKOCTH YIPYTOil OMOpHI
cocrasnser C; = 2 -10° H/m, B Touke 2 (Ha Tiy6HHE
Iy =1,5 M) — C>=8 -10° H/m, a B Touke 3 (Ha riryOune
hep = 3 M) K03 PHULEHT KECTKOCTH yNPYToH OMOPHI

253



Kuzhakhmetova E.R. Structural Mechanics of Engineering Constructions and Buildings, 2020, 16(4), 250-260

paBen C3 = 11,2 -10° H/m. KoHeuHO-3/IeMeHTHAsT MO-

JIeTb CTEPXKHS COCTOUT U3 LIECTH KOHEYHBIX JJIEMEH- (G p. )2 _,_(G 5 )2 _,_(G 5 )2 n
TOB THUNa Bar, COCTRIKOBaHHBIX B ceMH y3nax. Kaxmas 6 = L xoy y oz z X
NpyXHMHKa (JIEMEHT THIa Spring) UMeeT HecMellaeMoe \/5 2 ) ) ’
onmpanue. Ha prc. 5 npeacraBieHbl pe3y IbTaTbl pacie- +6- (T Xy T vz T )

Ta: TOPU3OHTATIBHBIC TEpPEeMEIICHHU (@) U peaKInu
onop (6) cram.

YBenuueHue 1mara yopyrux ornop He OKa3bIBaeT
CYIIECTBEHHOTO BIMSHUS Ha pe3ynbTaT (Tadi. 1).

TZie Gy, Oy, G- — HOPMaJIbHBIE HAPSHKEHUS MO OCSIM X,
V, Z5 Ty, Tyz, Trz — KacaTeIbHBIE HAIPSDKEHUS HA TIIO-
1aKax, NeprueHANKYJIIPHBIE K OCSIM X, ), Z.
Mooens 2. Ilpocmpancmeennan mooens
«cean — zpynmy (Solid-moodeny) Sr“p
1

P

PaccmoTpena 3aMkHyTas 00JacTh HTa B BUIC

Ky0a ¢ pasmepamu HXBXL = 6X6X6 M. Pazmeps! cBan
cocraBmwn 0,3%0,3 M, quHa L = 2 M. OO1ee 4ucio S T T T T Srp
o6wemubIx KO pacuerHot mogenmu — 37 979, gucno y CZ
Y3JI0B CTBIKOBKH — 55 478, cerka ¢ marom 0,3 M. I'pa-
HHUYHBIE YCIIOBUS IJISL TPYHTOBOI'O MacCHUBa IIPUHHAMA- S T T T T S ;p
JIUCH CIEIYIOUUMU: " C3

— IMepeMeleHus] HIKHEH 1 OOKOBBIX TOBEPXHO-
CTel paBHBI HYJIIO;

— NEPEMEIICHNE BEPXHEH NOBEPXHOCTH MacCHBa Puc. 4. Mogens 1 — crep:xHeBast MOJEIb CBau
HE OTpaHUYHUBACTCA. C IUCKPETHbIME ynpyrumu ornopamu C; 1 cxema

K cBae mprioskeHa cocpeaoTOUCHHAS TOPHU30HTATb- » ONpeAeNeHns KGCTI;?CTH ynpyrux omop as ceau L =2 m:

_ — ropu3oHTalbHas cuiia, H; @ — paccTosHue Mex Iy yIpyruMu oropamH, M;
Hast (BIIO‘]H) ocn x) cuma P = 100 OOOUH' Harpngavp aB- Cy, Gy, C5 — K03 PUIHMEHTHI )KECTKOCTH yIpyrux onop, H/m;
HOMCPHO paclpeacisiach M0 BEPXHEU o6pa3y10LueI/1 Io- S — rpy30BbI€ TLIOMIA/IH, OTHOCAIUECS K YIPYTHM OTOpam, M2
BEPXHOCTH TIPH [IOMOIIM BEEPHON CUCTEMBI skecTKux KD ~ [Figure 4. Model 1 —bar model of piles o
Tuna Rigid. Ha puc. 6 0ka3aHO FOpH30HTAIBHOE IepeMe- with discrete elastic supports C; and a scheme for determining
’ ) the stiffness of elastic supports for piles L =2 m:

LICHUE CBan COBMCCTHO C I'PyHTOM (a) W SKBUBAJICHTHBIC P — horizontal force, N; @ — distance between the elastic supports, m;
HanpspKEHUs B CBAC Ooks, H, (6), BBIYHUCJICHHBIE B COOT- C,, C,, C; — stiffness coefficients of elastic supports, N/m;
BETCTBUH C SHEPreTUYECKOi TumoTe3oii Gpon Museca: §i7 — cargo area related to elastic supports, m’]

94 ] 0. |

0.0279 e 44129,
o - 5GP -
0074 0.02744 0.0258 35303,

0.02217 .

0.0165 0.

0.01103 [ smsr
001103 d

D.DD%B?S q

] 0.00669 44128,
‘U-U}ﬁ?“‘ 0.00455 d -62954.

000244 - ,,,,,, 445229 S
0.00031 . -7060E.
Output Betebi NASTRAN Case 1 - Output Seterik NASTRAN Case 1

Deformed(0.0278): Total Translation 0-00182 Deformed(0.0279): Total Translation /9431
Criteria; T1 Translation -0.00394 Criteria: T1 Caonstraint Force -38257.

a 7]

Puc. 5. Pe3ynbtaThl pacuera cTepxKHEBOU Moaenu 1:
a — nepeMelienue V; yzia no ocu x B toukax V; = 0,02794 m, ¥, =0,01103 m, V3 =-0,00394 m;
6 — onopHbIe peakuuu P; 1o ocu x B Toukax P, = 55871 H, P, = 88257 H, P; =—44129 H
[Figure S. The calculation results of the core model 1:
a — translation Vi of a node along the x axis at points ¥, =0.02794 m, V> =0.01103 m, V5 =-0.00394 m;
6 — constrain force P; along the x axis at points P, = 55871 H, P, = 88257 H, P; = —44129 H]
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Tabauya 1

HcxoaHble 1aHHBbIE H Pe3yJIbTAThI pacyeTa Mojaeu 1
[Table 1. The initial data and the calculation results of the model 1]

Ne o/ Hcxonnblie nannsie moaeau [Initial data of the model] PesyabTaThl pacuera [Calculation results]
[No.| Pa3mep cerku s, M UYucno y3noB Uncino 31eMeHTOB Tlepememenue Vi, M, y3i1a 110 OCH X B TOUKaX
[Mesh size on solid s, m] [Number of nodes] [Number of elements]  [Translation Vi, m, of a node along the x axis at points]
1 2 3

1 0,5 9 10 0,02794 0,01103 -0,00394

2 0,4 12 11 0,02794 0,01103 —-0,00394

3 0,3 13 12 0,02794 0,01103 —-0,00394

4 0,2 21 22 0,02794 0,01103 —-0,00394

5 0,1 41 42 0,02794 0,01103 —-0,00394

ER12126.

n.ozra
n.0zs7
n.0zs7

0.0154
00133
nonz
n.00917

=
=
=
m
=
ra

0.00295

\J
[
=
=
=
[==1
el
[2=]

hN
-0.00114
-0.00326
-0.00534

Outpulf et N NASTRAN
Defortf 0279); Total Translation
Modal Contour, T1 Translation

B1051146.
HEAE110.

g 1070073
3663071,
{ JZ56063.
g 2849055

2035039,
{ 1628031
1221024,
814016,

Outpuf Set: N MNASTRAN Casze 1

i

Puc. 6. Pe3ynbraTsl pacueTa IpOCTPAHCTBEHHOU MOJEIH 2:
a — nepeMeltieHne V; y3na o ocu x B Toukax ¥y =0,0279 m, ¥, =0,0112 M, V3 =-0,00534 m;
6 — DKBUBAJICHTHBIE HAIIPSHKEHHUS B 00BEMHOM DIIEMEHTE Gy, H
[Figure 6. The results of the calculation of solid model 2:
a - translation V; of a node along the x axis at points ¥, =0.0278 m, >, =10.0112 m, V3 =—0.00534 m;
6 —solid Von Mises stress Geqy, N|

Defort 0279): Total Translation 7005
Elermental Contour: Solid Worn bMises Stress Ell
9]
Tabauya 2

HcxoaHble faHHBbIE U MOJTYyYeHHBIE Pe3yJIbTAThI pacueTa NPoCcTPAHCTBEHHOI MoaesH 2
[Table 2. The initial data and the calculation results of the spatial model 2]

Ne n/m

Hcxoansbie nanubie moaesu [Initial data of the model]

Pe3yabTatsl pacyera [Calculation results]

[No.]

Pa3mep cetku s, M Yucno y310B

Yucimo 2JIeMeHTOB

Tlepememenue Vi, M, y3/1a 0 OCH X B TOUKaxX

[Mesh size on solid s, m] [Number of nodes] [Number of elements] [Translation Vi, m, of a node along the x axis at points]
1 2 3
1 0,5 17033 11457 0,0274 0,01120 —-0,00508
2 0,4 28104 19047 0,0276 0,01120 —-0,00522
3 0,3 55478 37979 0,0279 0,01120 —-0,00534
4 0,2 142482 98617 0,0280 0,01130 —-0,00556
5 0,1 714857 503816 0,0280 0,01130 —0,00556

Jl11st cpaBHUTENBHOTO aHAIN3a Pe3yJIbTaToB (IO TO-
PHU30HTAIIFHOMY CMEIIEHHIO) pa3Mep pa3OreHusI KOHEUHO-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLI

3JIEMEHTHOM CETKU M3MeHsIics B mpeaenax ot 0,1 mo
0,5 M. PesynpraTh! pacuera mpuBeneHs! B Ta0m. 2.
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Kak BHIHO, C yMEHBIIIEHHEM pa3Mepa ceTku (Cry-
IICHHS) HE3HAYUTEIBHO BO3PACTACT YMCIOBOC 3HAYEC-
HHE TOPH30HTAIBHOTO MEPEMEIIICHHUS B BEPXHEH M HIDK-
Hell yacTsax cBau (Tali. 2, puc. 6, a).

Mooens 3. lIpocmpancmeenno-cmepicnesan
Mmooens c Inemenmamu Rigid

Tlo ananmoruu ¢ npeapIayIel MOJEIBIO MaCCUB IPYH-
Ta MpeCTaBIIeH KyOoM ¢ pasmepamu HXBxL = 6X6x6 M.
ar K9 cerku cocrasun 0,3 M. O6nacTh rpyHTa pas-
6urta Ha 37 251 snemeHTOB. YHCIIO Y37I0B CTHIKOBKU —
25 231. I'panuyHbIe yCIOBUS TPYHTA IPUHATHI aHANO-
TUYHBIMH IPOCTPAHCTBEHHON MOJENH 2.

B pamxkax peryisipHON KOHEYHO-3JIEMEHTHOW CETKU
CTEp)KHEBOM CBall B KaXKIOM €€ y3JIe YCTAaHOBJICH ILIOC-

0.0279
0.0258
0.0236

0.015
0.0128
0.0106

0.00413
0.00197
-0.000195
-0.00236
-0.00452
-0.00669

=MX NASTRAN Case 1
Deformed(0.0281): Total Translation
Elemental Contour: T1 Translation

Qutpu

a

KUl Beep XeCTKHX 3JeMeHTOB Rigid, coemunsrommx
CBalo C TPYHTOBBIM OCHOBaHHEM. B cpaBHeHHH ¢ MO-
JIETBI0 2 YHCIIO KOHEYHBIX DJIEMEHTOB M Y3JIOBBIX TO-
4yeK cokpaTmiochk A0 33 %, a ciaemoBaTenbHO, COKpa-
TWICS W TOPAJOK CHUCTEMBI pa3pemaroninx ypaBHE-
Huil. [lony4uenHbsie pe3ynbTaTsl pacdeTa nehopMupo-
BaHHOTO COCTOSIHUS TIOACUCTEMBI «CBast — FPYHTY MPH-
BEJICHBI HA pHUC. 7.

B ta0s. 3 npencraBneH CpaBHUTENIBHBIN aHATIM3 YHC-
JICHHOTO pacyera Ie(OPMUPOBAHHOTO COCTOSHHUS MO-
nenu 3 ¢ marom paszouenus cetku KO ot 0,1 1o 0,5 m.

Pe3ynbrarhl uncneHHOTO aHa3a e OpPMUPOBaH-
HOTO COCTOSIHHSI TIO BCEM PacUYCTHBHIM BapHaHTaM CBe-
JICHBI B Ta0J1. 4 ¥ COMOCTABJICHBI ¢ aHATIOTMYHBIMU Pe-
3yJIbTATaMH, TTOJYYEeHHBIMH YHCIICHHO-aHATNTHYECKUMU
METOJaMH pacdeTa, U3JIoKeHHBIMH B [10—15].

‘'Y .

0.0258
0.0238

0015
0.0128
0.0108

0.00413
0.00197
-0.000193
-0.00236
-0.00452
-0.00668

3

X
Qutput Set: NX NASTRAN Case 1
Contour: T1 Translation

0

Puc. 7. Pe3ynbraThl pacyera NpoCTpaHCTBEHHO-CTEPKHEBOM Moaemnn 3:
a — nepeMellieHne rpyHTa V; y3na mo ocu x B Toukax Vi =0,0339 M, V> =0,0129 m, V53 =-0,00805 m;

0 — mepeMenieHne cBau V; y3na 1o ocu x B Toukax V= 0,0339 m, V,=0,0129 m, V3

—0,00805 m

[Figure 7. The results of the calculation of the solid-bar model 3:
a — translation of soil ¥; of a node along the x axis at points ¥; =0,0339 m, V,=0,0129 m, V5 =-0,00805 m;
6 — translation of the pile V; of a node along the x axis at points ¥; = 0,0339 m, ¥, = 0,0129 m, V5 = —0,00805 m;]

Tabauya 3

PesysbTaThl pacuera NpOCTPAaHCTBEHHO-CTEP:KHEBOI Mozie/H 3
[Table 3. The calculation results of the solid-bar model 3]

Ne ni/m Hcxoanbie nannnie moaesn [Initial data of the model] PesyabTartel pacuera [Calculation results]
[No.] Pa3zmep cetku s, M Uucno y3110B Uucio 21eMeHTOB [lepemenienue Vi, M, y3J1a 1o OCH X B TOUKax
[Mesh size on solid s, m] [Number of nodes] [Number of elements] [Translation Vi, m, of a node along the x axis at points]
1 2 3

1 0,5 11043 7310 0,0273 0,0103 —-0,00676

2 0,4 19536 13051 0,0277 0,0105 —-0,00666

3 03 37251 25231 0,0280 0,0106 —-0,00668

4 0,2 89316 61252 0,0280 0,0107 —-0,00687

5 0,1 464655 327480 0,0280 0,0107 —-0,00687
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Tabauya 4

CpaBHHTe/bHBII AHATN3 NOTYyYeHHBIX Pe3yJIbTATOB CTATHYECKOr0 JHHeifHOro pacuera
[Table 4. Comparative analysis of the results of static linear calculation]

Ne n/m PacueTHble BApHAHTBI PesyabTarthl pacuera [Calculation results]
[No.| MOAC/IMPOBAHMI «CBAs — IPYHT> [epememienue Vi, M, y311a Mo ocH X OmnopHbIe peakiuu rpyHTa Pi, kH,
[Design models “pile —soil”] B TOYKAX 10 OCH X B TOUKAX
[Translation Vi, m, of a node [Constrain force Pi, kN,
along the x axis at points] along the x axis at points]
14 V3 Py ) P;
1 Yucnenno-anarumuueckue memoost paciema [ Numerical and analytical methods of calculation] [15]
LI Aucrenmo-auamritieckie METOL o nyg09 001100 -0,0039 56,000 88,000 44,000
[Numerical and analytical methods]
2 Memoo koneunvix snemenmos [Finite element method)
2.1 Mopens 1.CrepxHEeBast MOZIETb CBaH
C YOpyTHUMH OIOpaMu Spring B
[Model 1. Bar model of piles with 0,02794 0,01103 0,00394 55,871 88,257 —44,129
discrete elastic supports]
2.2 Mogens 2. IIpocTpancTBeHHAs MO-
JIeTIb CBau C TPYHTOM 0,02790 0,01120 —0,00534 — - —
[Model 2. The solid model “pile — soil”’]
23 Mognens 3. IIpocTpaHCTBEHHO-CTEPXK-
HeBasi MOJITIb C dJIeMeHTaMu Rigid 0.02800 0.01060 ~0,00668 B 3 B

[Model 3. Solid-bar model with
Rigid elements]

Ha puc. 8 npencrasieH rpaduk CXOTUMOCTH pe-
3yJIbTaTOB pacueTa OT JEUCTBUSI TOPU3OHTAILHON CHIIbI
P =100 000 H, nomy4eHHbI 1151 TpeX MOAETEN «cBasi —
TPYHT» C y4eTOM pa3Mepa pa3OnueHus ceTku s, M. Pe-
3yJbTAThl YHCIEHHOTO METO/A IMPaKTHYEeCKU IMOATBEp-
JUAIT CXOJICTBO C aHAIUTUYECKUM MeToAoM (Tadm. 4).
Ecnu cpaBHUTH pe3ynbTaThl pacueToB MozaeneH 1, 2 u
3 ¢ aHANOTMYHBIMU pe3yJIbTaTaMH, TOyYeHHBIMH allb-
TEepHATUBHBIMU MeToAaMu [14; 15], To OHU COBMAgarOT
C JIOCTaTOYHO BBICOKOW TOYHOCTBIO.
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[epemernenus 7, M, o ocu x (onopa 1)

Puc. 8. I'paduk cXoquMOCTH pe3ynbTaTOB (C TOUHOCTHIO
110 0,0001 M), HOTyYEHHBIX YHCICHHO-aHATUTHYECKIMH METOIAMU
pacuera, Ha IpUMEpe TPEX PACYETHBIX MOJENEH «CBast — IPYHT
[Figure 8. The graph of convergence of the results obtained by
numerical and analytical methods of calculation on the example
of three calculation models “pile — soil”]

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLI

OTMeTUM psT 0OCOOCHHOCTEH, OTPAKAIOIIHNX CIIC-
UPHUKY POPMHUPOBAHKS ¥ TIPUMEHEHUSI PACUECTHBIX MO-
JieTiell «cBasi — TPYHT» W BIMSIONIMX HA aHAJIM3 Pe3yJib-
TAaTOB pacyeTa.

Mooens 1. Cmepircnesasn mooennv ceau
C OUCKPEmHbIMU YRPYZUMU ONOPAMU (RPYHCUHKAMU)

[IpenmyimecTBOM NaHHOM MOJENN SABISETCS HaM-
MEHBIIas TPYAOEMKOCTb B CO3JAHHHA T€OMETPHUIECKOM
U pacueTHON Mojejel, U OTCIoAa — SKOHOMHUS BpeMe-
HU Ha BBINOJHEHUE pacueTa. M3-3a Manoro 4ucna Ko-
HEYHBIX JJIEMEHTOB U Y3JIOB BPEMsI YHCIIEHHOTO aHa-
JIU3a U YUCJIO PellaeMbIX ypaBHEHHM, KaK U CJIeZI0Ba-
JI0 0KMJIaTh, OKa3aJI0Ch CYIIECTBEHHO MEHBIIIE, YEM Y
mogeneit 2 u 3. OCHOBHBIM HEIOCTaTKOM Mozenu 1
SBJISIETCS TPYINOEMKHIA pacyeT Mo ONpeeSICHUI0 KOdd-
¢unmentoB xkectkoctu C;, kH/M, kaxaou i-ynpyroi
omopsl (Spring), BEIMOTHAEMBIN aHATUTHYECKAMHU Me-
TomaMu. Tak, TpyIOEMKOCTh CYHIECTBEHHO BO3pacTa-
€T TIpH 33JaHHBIX TUIPOT€0JIOTMUECKUX YCIOBUAX CTPOH-
TENBPHOM MIIOIANKH, UMEIOUIEN CIOXKHYIO CXEMY Ieo-
JIOTUYECKOTO pa3pesa 10 CJI0AM | THIaM IpyHTa. K Tomy
JKe, B HAyYHO-TEXHMYECKOW JTeparype Ko3(hQPHIMEHT
noctemu (kod(dHIMenT sxkecTkocTH) TpyHTa Cjy KH/M,
UMEET BECbMAa Pa3MBIThIE I'PAHUIIBI, YTO 3aTpPyIHSIET
€ro MpaKTUYeCKUil BbIOOp. PesysnbratamMu aHanmsa Mo-
JETH SIBIIIOTCS MepeMelleHus U IeopMaliy CBaw,
M3rubamIye 1 KpyTsIue MOMEHTHI, IPOAOJIBHBIE U
Mepepe3bIBAIOIINE CUIIBI, HOPMAaIbHBIE U KacaTelIbHbIE
HapsKEHHS B CBae, BBI3BAaHHBIC KPYUCHHEM, a TAaKKe
peaKuy rpyHTa, 3aJaHHbIE B TUCKPETHOM BHJIE.
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Mooens 2. [Ipocmpancmeennan mooens
ceau ¢ ZpyHmom

IIpeumyiiiecTBO MOJIEIM 2 3aKJIFOYAETCs B OTHOCH-
TENBHOU MPOCTOTE BBOAA B PacyeT 3aAaHHBIX (PU3HKO-
MEXAHUYECKUX CBOMCTB IPYHTA, ONPEAEISIEMBIX IO
pe3yJipTaTaM HH>KEHEPHO-TEOJOTMYECKUX M3bICKaHWUM,
BKJTIOYasl CO3/IaHHE TOYHBIX MEPEX0I0B MEXIY CIOSIMHU
pa3TUuUHBIX TUMOB IrpyHTa. OAHAKO MaHHas 3ajaya siB-
JISIeTCSL OUEHb TPYJOEMKOIM Ha HayalbHOW CTaIUH CO-
31aHUS TEOMETPUUYECKONM U KOHEUHO-3JIEMEHTHOU
MIPOCTPAaHCTBEHHBIX MOJEIEH IPYHTOBOIO OCHOBAHHUS.
OTtcrofga yBenmu4eHUe TMOPsIKa pellaeMbIX anreOpau-
YeCKHX ypaBHEHHH 3a cdeT Oouspmoro uyucia KO u
CYIIIECTBEHHOE YBEIMYEHHE MPOIOKUTEIIEHOCTH YHC-
nenHoro aHanuza. [lockonpky kaxnapiii KO pacuetHoit
MOJENN MOA3EMHON YacTu 3[1aHus UMEET 0 TPH JIuU-
HEHHBIX MEPEMELIEHHUS B y3/1aX U NOJWIMHENHYIO all-
MIPOKCHMAIMIO MEPEMEIIEHUH, TO MOTYT BO3HHUKHYTh
CJIOKHOCTH IPHU €€ CTBIKOBKE C HAI3€MHOM YacCThIO
KOHCTPYKLUH, KOHEYHBIE 3JIEMEHTHl KOTOPOl MMEIOT
VHYI0 alIPOKCUMALMIO IOJeH mepemelneHuil. Xapak-
TEpHBIM PUMEPOM MOKET CIY>KUTh CTBIKOBKA CTEPK-
HEBOH yIEp)KUBAIONICH KOJOHHBI 3[IaHUS ¢ 00BEMHOM
CBael, MPUBOJAIIAS K ITOTEpE TOYHOCTH psiia aHAIU-
3MpYEMBIX BHYTPEHHUX CHUJIOBBIX (akTopoB. Pe3yinb-
TaTaM{ PacueToB SBILIFOTCS Bee Xapakrepuctuku HJIC,
BKJIFOYAs IEpPEMEIIEHHUS 110 OCAM X, V, Z, U KOMIIOHEH-
THI TEH30Pa HANPSDKEHUH U JeopMariyid.

Mooens 3. lIpocmpancmeenno-cmepicnesan
Modenb ¢ Inemenmamu Rigid

Mopgens 3 xapakTepHa HCIONb30BAHUEM CTEPXK-
HEBOHM CBad, UMEIOLIEH MO LIECTh y3JOBBIX CTEHEHEH
CBOOOJBI, YTO MO3BOJIIET CTHIKOBATH €€ C Y3JIaMHU
Ha/3eMHON YacTh 0e3 MOTepH TOYHOCTH PEe3yJIbTara.
IIpu 3TOM B TOYKaX CTHIKOBKH COXpAaHSAETCS MOJIHBIN
Ha0Op BHYTPEHHHUX CHJIOBBHIX ()aKTOPOB, YTO BHITOJHO
OoTJIMYaeT ee, Hampumep, oT mozenu 2. K Tomy ke mo-
JIenb 3 COXpaHsAeT Bce MPEUMYIIECTBA Pa3BEPHYTOrO
anammza HJIC o0beMHOro rpyHTOBOTO MaccHBa C yde-
TOM Pa3HOOOPA3HBIX PEOJIOTHUECKUX CBOWCTB. B maH-
HOW MOJENH JJIS aHaJlM3a JOCTYIHBI BCE XapaKTepH-
ctuku HJIC, npenycMOTpeHHbIE A CTEP>KHEBOIO U
o6bpemHoro KO.

3akiaouenne

B crarse mpoBeneHO COMOCTaBICHUE TPEX pacyer-
HBIX KOHEYHO-DJIEMEHTHBIX MOJeJIel I0J3eMHOM YacTH
3maHus (MOACUCTEMBI «CBas — TPYHT»), TIPeIHa3HAUECH-
HBIX JIJIl YUCIICHHOTO aHaju3a CTATHKU W TUHAMHKH
0OJBIION MEXaHUYECKOH CHCTEMBI «3/laHue — (yH/a-
MEHT — OCHOBAHHE».

Kaxxnas pacuetnas momenb 00afaeT CBOMMH JO-
CTOMHCTBaMH U HejocTtarkamu. OKOHYATENBHBINA BHIOOD
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3aBHCHUT OT 3aJaHHBIX YCIIOBHI 3a7a4u, 00beMa UCXO-
HOH nH(OpMaIMy, 3HaHUH 1 MPOGECCHOHATIBHOTO OIIBITA
HHXEHEPa-KOHCTPYKTOpa, TEXHUUECKUX XapaKTePUCTUK
UCIIOJB3yEMOM 3JEKTPOHHO-BBIYMCIUTEILHON Mallu-
HBI, a TAK)K€ JTUMUTA BPEMEHH, IPEAYCMOTPEHHOTO Ha
BBIIIOJIHEHHUE BCETO KOMILIEKCAa MH)KCHEPHBIX PACUeTOB.
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Modeling of a piled foundation in a Femap with NX Nastran

Elvira R. Kuzhakhmetova

Immanuel Kant Baltic Federal University, 14 Aleksandra Nevskogo St, Kaliningrad, 236041, Russian Federation
elja_09@bk.ru

Abstract

Relevance. The underground part of the building (foundation and soil) has
a significant impact on its stress-strain state and behavior under the influence of
operational loads. Therefore, the existing regulatory and technical documentation
regulates the design of buildings (structures), taking into account the joint work
of their aboveground and underground parts. In practice, such accounting becomes
possible on the basis of a comprehensive engineering analysis of the building as
a large mechanical system “building — foundation — soil”, which today can be carried
out using the finite element method. In the case of pile foundations, the correct-
ness of the result depends largely on the reasonable choice of the design model
of the pile-soil subsystem. The article analyzes three design models of piles op-
erating in an array of soil foundation. The first model is discrete. In it, the pile is
modeled by bars and is based on elastic supports (Spring) with generalized stiff-
nesses. Second model — spatial, in which the pile and soil are typed in by volumetric
elements (Solid). Third model — spatial-bar or combined, in which the bar pile is
embedded in the mesh of the soil mass using a rigid substructure formed by bars
of high rigidity. The aim of the work — to determine a rational calculation model
of the “pile — soil” subsystem, which allows, on the one hand, to reduce the general
order of the system of resolving equations, and, on the other hand, to maintain
the accuracy of the assessment of the stress-strain state of the calculation model
of “pile — soil” and the building as a whole. Materials and methods. The numerical
results of the analysis of the pile foundation statics using the three “pile — soil” calcu-
lation models were performed in the CAE software package — the Femap with NX
Nastran class, which implements the finite element method. Results. Comparative-
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numerical analysis of the stress-strain state of the “pile foundation — soil” subsystem
made it possible to determine the advantages, disadvantages, and also the areas
of rational use of bar, spatial combined calculation models. In the next articles,
it is planned to consider the calculation of piles for vertical loads, as well as
a comparative analysis of numerical results with experimental data (in the labo-
ratory or in field conditions) for horizontal and vertical effects.
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AHnnomayus

Axkmyanvnocms. UuciieHHblE CTaTHMYECKUE M ceiicMuuyeckue (JUHaMUYe-
CKHUE) pacueTsl HanpshkeHHo-aedopmupoBanHoro coctosiaus (HIC) rpyHTOBBIX
IUIOTHH OOBIYHO BBIMONHSIOTCSA C IMPUMEHEHHEM Pa3IHYHBIX BBIYHCIUTENBHBIX
IPOrpaMM, B KOTOPBIX UCIIOJIb3YIOTCS pa3HbIe, 4ACTO CJIOXKHBIE MAaTEMAaTHYECKUE
Mogenu rpyHToB. OfHAKO MPaBHIIEHBIA BEIOOP 3THUX MOJeNel ocTaeTcs 3a MOoMb-
30BaTeNIeM IIPOrpaMMbl, OOBIYHO HE UMEIOIIUM JOCTaTOYHOIO OMBITA, IIO3TOMY
pe3yIbTaThl PacuyeTOB YacTO OBIBAIOT HEMOHATHBIMH W OMMOOYHBIMH. Takum
o0pa3oM, yenu Hacmoawiezo ucciedoseanun — pazpadboTka pPeKOMEHAAUN 110
BbIOOPY JOCTOBEPHBIX MAaTEMAaTUYECKHX MOJENEH IPYHTOB B YHUCIIEHHBIX pacye-
Tax IPYHTOBBIX IUIOTUH U MX CpaBHEHHE C Hauboyee pacHpOCTPaHEHHBIMH MO-
JeIsIMU B COBPEMEHHOU INpakTuKe NpumMeHeHus. Memoowt. 1'yOokuii cpaBHUTENb-
HBbII aHAJIM3 MHOTUX MOJIEJIEH TPYHTOB NPOBOIMIICS IO PE3yJbTaTaM UX IPHUMEHe-
HMS B pacueTax IPyHTOBBIX IUIOTHHAX BO Bpems pabotsl B Komurere CUI'B (ICOLD)
10 YHCJICHHBIM pacyeTaM M MPOEKTUPOBAHUIO INIOTUH. Pesynsmamur. Ha ocHoBe
OLIEHKU JI0CTOBEPHOCTU MOJIEJIEH IPYHTOB MOIy4€Hbl PEKOMEHAIIUY 110 BEIOOPY
W IpUMEHEHUI0 Mozeneit B yncieHHsx pacuerax HC rpyHTOBBIX MIOTHH MpU
CTaTHYECKUX U CeHCMUYECKUX BO3JEICTBUAX; ONpPeIeIeHbl B3aUMOACHCTBUSA MEX Y
pe3yNbTaTaMy pacyeToB M JaHHBIMU MOHUTOPHUHIA IIOBEJICHHUS IIOTUH.

Kniouegvie crosa: TpyHTOBBIE IUIOTHHBI, YUCIEHHBIE pacyeThl, MaTeMaTHUe-
CKHE MOJIENIU TPYHTOB, HAPSHKEHHO-1e()OPMUPOBAHHOE COCTOSIHUE, OLIEHKA J0-
CTOBEPHOCTHU MOJIENEN TPYHTOB

BBeaenue

CBSILIEHHBIX TPYHTOBBIM IUIOTHHAM M MaTeMaTHUYECKUM
MOJIEJISIM TPpyHTOB [1-2].

bynyun unenom komurera CUI'b (ICOLD) B
1993-2013 rr. n0 YUCIACHHBIM pacyeTaM U MPOEKTUPO-
BaHUIO IIOTUH, HAM JI0BEJIOCh OTBEYa 3a I1OAIOTOB-
Ky Oonpmmx pasnenos aAByx bromnereneit CUI'B, no-
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YNCNEHHBIE METOZbI PACYETA KOHCTPYKLWIA

B HacTosIIel cTaThe paccMaTpHUBAIOTCS MaTeMa-
THYCCKUEC MOICIN FPYHTOB, HpI/IMeHSIeMBIe B CTaTHU4ycC-
CKUX M CEHCMHMYECKUX (IUHAMHYCCKUX) YUCICHHBIX
pacuerax rpyHTOBBIX IJIOTHH. JMHAMUYeCKHid pacder
03HAyYaeT, 4TO CEMCMUYECKOE BO3/IEUCTBHE UCTIOJIb3Y-
€TCA B BUJAC 3allMCAHHBIX WJIN CUHTCTUYCCKHUX aKCCJIC-
porpamm 3eMIIeTPsICEHHI.

JIro6ast yucneHnass MOIeNb COOPY KEHUS TIPECTaB-
JISIeT CO0OM YITPOILIEHHOE TPE/ICTABICHUE PeallbHOM (u-
3UYECKOW CHUCTEMBI, OTKIIOHCHUSMH OT PEajlbHOCTH KO-
TOPOH ABNSIOTCS: 1) yIpoIieHne TeoMeTpur (KOHEYHbIS
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TpaHUIIBL, YIyIIEHHbIC AETalu); 2) YIPOIIEHHE CBONCTB
MaTepHalioB B MPUHATHIX OMpPENEISIONINX 3aKOHAX;
3) ympoleHne IpoCTPaHCTBa U3MEHEHHH TTOBEICHUS
MaTepUAJIOB: HAIPUMEP, B MOJICIH U3MEHCHHS B MIPO-
CTPaHCTBE TIEPEMEIIICHNI HEOOXOIUMO CIIeNIOBaTh (PyHK-
M GopMel (Co cTerneHbio 1 uimn 2), KOTophIe 10
CyTH JIUIIh MPUOIKEHUS, YaCTO CIUIIKOM TpyOBIe;
4) cxemaTu3alus pacnpeeNicHUs] Harpy30K B MPOCTpaH-
CTBE U BO BpEMEHH.

Taxum 00pazom, pe3yIbTaThl YHCICHHBIX PacyeTOB,
KOTOpBIE 00ECIeUNBaOT MPUMEHEHUE YUCIICHHON MO-
JIETIH, MOTYT OBITh JOCTATOYHO JaTeKUMH OT TOTO, YTO
TIPOUCXO/IUT B PEATbHOCTH, B 3aBUCUMOCTH OT ITPUHATHIX
ynpolueHuil B pacyerax. Cama yuclieHHasi MOJIETb He
JTAeT OIEHKH COOCTBEHHOTO YPOBHS HETOYHOCTH II0
OTHOIIIEHUIO K peaIbHOM MOJIETUPYEMOil CUCTEME.

1. CpaBHenue uncjaeHHbIx pacuetoB HIC
Pa3IHYHBIX I'PYHTOBBIX IUIOTHH
NPHU CEICMUYECKHUX M CTATHYECKUX BO3ACHCTBUAX

Buioop memoooe uucnennvix pacuemos
npu celicmuyeckux (OUHaAMU4ecKux) 6030eiUcmeusx

IIpu ceiicMuueckoM BO3ACHCTBUU ISl OIpenee-
HUSl PEaKIMH TPYHTOBBIX IUIOTHH HCHOIB3YIOTCS 00-
Jiee CIIOKHBIE METOJIbI, YeM NpHU cTaThdeckoM. Peak-
LU IIOTHHBI 3aBUCUT OT HArpy30K, KOTOPBIE OHA I0-
Jy4aeT OT OCHOBaHWS M BOJOXpaHWIHIIA (BEPXHETO
6netha — BB), 1 u3MeHeHUs MEXaHMYECKHUX XapakTe-
PUCTHK MATEpUAJIOB, BEI3BAHHBIX CEHCMHUYECKUM BO3-
nerctBueM. IIpocTble METOABI, TaKUE KaK JTMHEHHBIN
skBUBaNICHTHBIN MeTon Cuma (JIDMC), Mmoauduiupy-
10T MOJYJIb CIABUTA M KOO(PQUIMCHT 3aTyXaHUs KOJie-
OaHMii KaK QYHKIUIO UCKPUBICHUA (IeopMaIyiv CIIBH-
ra). JIDSMC npsiMo He OICHWBAET CEHCMUYIECKHA BO3HH-
KaloIllee JaBJIeHHE B TTOPOBOM BOJIE TPYHTA, XOTSA OHO
UTPAET OYCHb BAXHYIO POIIb, KOT/Ia TPYHTHI HE ILIOT-
HBIE U MOTYT YIDIOTHSTHCS Tpu 3emiuerpsiceHun. Co-
BpEMEHHbIE JUHAMHYECKHE METO/Ibl YUUTHIBAIOT MOBE-
JIEeHHE MOPOBOW BOJABI MPH M IMOCIE 3EeMIIETPSICEHUS.
OHU UCTIONB3YIOT PEOJIOTHYECKHE 3aKOHBI, OMUCHIBA-
FOIIMC JUIATAHCHIO (pa3yIUTOTHEHUE TIPH CIBUTE) TPYH-
Ta, 3(EKTHI ero pasMsrdeHus, 1ehopMaIMOHHOE YIIPOU-
HEeHUE U JIp.

B mpocTeix muHAMPYECKHX 33/1av4ax HeoOpaTHMble
MepeMeIIeHNs TPYHTOBOH INIOTHHBI PACCUUTHIBAIOTCS
no metony Heromapka [3]. DTo BKIIOYAET ompenene-
HUE TPEACIHFHOTO TOPU30HTAITLHOIO YCKOPEHHS KoJieha-
HUA, KOTOPOE COOTBETCTBYET Kod(HIMEeHTY 3amaca
YCTOWYMBOCTH MIOTUHBI 1,0 U1t 3aaHHONW KPYTOBOM
WJIH MHOTOYTOJIFHOW MOBEPXHOCTH CKoNbkeHus. Co-
rmacao CI139.13330.2012 xoaddurreHT 3amaca ycToi-
YUBOCTH TPYHTOBOM IUIOTHHBI Mpesblimaer 1,0 ¢ yue-
TOM KJIacca IUIOTUHBI, K03 HUIHEHTa YCIOBHH pado-
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Tl U COYETaHMS Harpy3oK. 3aTeM, UCTIONb3Ysl aKcenepo-
rpaMMy 3EMIIETPSCEHHS B LIEHTPE TAKECTH HEYCTOM-
YUBOW 30HBI INIOTHHBI, BBl MHTETPUPYETCS Ipe-
JIeJIbHOE TOPU30HTAIBHOE YCKOPEHUE IS MOy YCHUS
TOPU30HTAJIFHOTO HEOOPaTUMOTro nepeMenieHus. B ciox-
HBIX TUHAMHMYECKHX 3afadax MeTon Hpromapka MoxeT
WCTIONB30BATHCS T 00ecTieYeH s Hepa3phIBHOCTH 3THX
3a/1a4 CO CTaHJApTHON UH)KEHEPHOU MPAKTUKOM.

Mertonsl pacyeTa yCTOHUMBOCTH TPYHTOBBIX IIIO-
THH SIBJSIFOTCS TIPOCTBIM CIIOCOOOM HCTIONIb30BAHMS HC-
XOJHBIX MEXaHWYECKUX IapaMeTPOB I'PYHTA AJIS OIpe-
neneHust Kod(duumenTa 3anaca yCTOWYMBOCTH IIJIOTH-
Hbl. OJTHAKO ONBITHBIA MH)KEHEP M0 MEXaHUKE IPYHTOB
MOJIyYUT MAKCUMAJIBHYIO OTJady OT pacyeToB, UCIONb-
3y CIIOXKHBIE YHCIICHHBIE MOZEIH, KOTOpbIE OyayT Hau-
Oosiee TOUHBIMU HHCTPYMEHTAMU.

Buvioop munoe mooeneii zpynmoes
U Memoo08 ux UCNbIMAHUIL

UmncrneHHbIe pacyeThl, POBEIEHHBIE C MIOMOIIHIO
JIMHEWHOM omnpenensroniell MOJIeu IPyHTa, SIBISIOTCS
HETIOJTHBIMU, €CJIM HE YYTEHBI CEHCMUUYECKUE HATrpy3-
KM HU3KOW WHTeHcHBHOCTH. [lodTOMY cremyer mpwu-
MEHSTh CBSI3aHHBIC WJIM HECBSI3aHHBIE PACUETHI C He-
JIMHEHHBIMH OMPEACISIONIMME MOJICIISIMHA C HCIIOJB30-
BaHHEM IIOIIArOBOr0 MHTETPUPOBAHUS WM 110 KpaHen
Mepe 3KBUBAJIEHTHOIO JTMHEUHOIO0 METOJA, NOCIEIHUI
ABIIACTCA aAC€KBATHBIM JIA OLCHKHW MAaKCHUMAaJIbBHOI'O
yckopenusi, HIIC, HO He ciocoOeH OIIEHUTh OCTaTO4-
Hoe HJIC nocne celicMU4YeCcKOro BO3ICHCTBUA.

B nuHammyeckux pacueTrax, KaKk HECBSI3aHHBIX,
TaK W CBSI3aHHBIX C HEJIMHEHHBIMHU OTPEICIISIOIIUMU MO-
JIeNSIMA TPYHTOB, OCHOBHAsl TPYJTHOCThH 3aKIIFOYAETCS
B HCITOJIb30BAaHUM 3THUX MOJeJel, CIIOCOOHBIX TOCTO-
BEPHO ONHMCBIBATL MNpPU JUHAMHUYCCKUX HUKIUYCCKUX
Harpy3kax clieayromnme acnekTel: a) peaknuro HJIC
Ha COOTBETCTBYIOIee 00paTHOE peoOpa3oBaHue MO-
JIeNI Harpy3Kd; MHOTHE MOJENIN YCUINBAIOT THCTEpE-
3UC KOJeOaHUil IO CPABHEHUIO C JAHHBIMHU JKCIEPH-
MEHTOB; 0) paccenBaHue KoJeOaHU B CHUCTEME «ILIO-
THHA — OCHOBAaHHE», BHI3BAHHOE IIACTUYECKUMH JIe-
dopManusaMH B BS3KHUMU SIBICHUSMH; B) SIBICHHUS
MUKINYECKON nerpaganuy (Hampumep, U3MEHYHBOCTh
H/IC c pocTtom KoimdecTBa UKIIOB); T) (pa3oBwIe 3¢-
(eKTBl B3aMMOCBSI3M (JOCTOBEPHBIN MPOTHO3 H30bBI-
TOYHOT'O MOPOBOTO JABJICHUS BOJbI UMEET OIpPE/IeIis-
folllee 3HAYeHUE JUIA MPOTHO3a MaKCUMAIILHOTO YCKO-
pEHUS U OLIEHKH mocTceficMuaeckux 3¢ dekron). Ilo-
3TOMY HEJIb3s CUMTATh, YTO CBSI3aHHBIC PACUEThI C UC-
MOJIb30BaHUEM YIIPYTO-TUTACTHYHBIX MOJIEel TPyHTOB
SBIISTIOTCA O0Jiee HaZe)KHBIMH, YeM HECBS3aHHBIC, YUH-
ThIBasi, 4TO MNOCICAHUEC UMCIOT KPUTCPHUU IIPOrHo3a I1io-
poBOro JaBiieHus. ['paHuiia BO3SMOKHOCTEH 3TOTO MO-
NeTMPOBaHUS TIpeNcTaBiIeHa Tpex(a3sHoH cpemor ¢

NUMERICAL METHODS OF STRUCTURES’ ANALYSIS



Nanunyes 0.1, CTpouTenbHas MexaHuka MHXEHEPHBIX KOHCTPYKLmiA u coopyxeruit. 2020. T. 16. Ne 4. C. 261-270

BO3MOXKHOCTBIO OITHCAHUS MOBEJCHUS YaCTUYHO BOJIO-
HACHIIIIEHHBIX TPYHTOB.

Ecnu nnotrHa HaXOOUTCSl B BBICOKOCEHCMUYHOM
paiioHe, CBOWCTBA TPYHTOB OOBIYHO OMPEICIISIOTCS C
MOMOIIIBIO CHEIHATBHBIX IKCIEPUMEHTOB, TAKHX KaK
MTOJICBBIC TMHAMUYECKHE (HA TJIOTHHE W OCHOBAHIH)
u naboparopHbie (TPYHTOB IJIOTHHBI U OCHOBAaHUS)
UCTIBITaHMSI, 00CCIICUYNBAIONIUX MOJYYCHHUE MapaMeT-
poB nedopmaliiu ¢ TpedyeMoil TOUHOCTHIO.

MeHee HaieKHBIM SBIIIETCS] IPOTHO3 NTapaMETPOB
neopMaIiuy, UCIOIb3yeMbIX B CTATHUECKOM pacueTe.
OTH mapaMeTpsl CIO0XKHO MONyYUTh U3 TOJIEBBIX T'e0-
TEXHUYECKUX UCIBITAHUH, M OHY MIMEIOT HU3KYIO HaJIeXK-
HOCTb ITpH IIOJIYUCHHU H3 ﬂaGOpaTopme HUCHBITAaHUHN
(HarmpuMep, TPeXOCHBIX). OTHOCHTEFHO 3aTyXaHUs KOJle-
OaHWii, yYNTHIBAEMOTO B IMHEHHOM SKBHBAJECHTHOM U
HEJIMHEWHOM pacueTax, TO OOIIHe OIEHKH STOTO apaMeT-
Pa BBI3BIBAIOT BBICOKHI pa30pocC pe3ysibTaToOB pacyera.

Yucnennoie pacuemol 3eMIAHBIX NJIOMUHR

YpoBeHb CI0XKHOCTU TUHAMUYECKOTO pacyera st
MIPOTHO3a MTOBEICHUS 3eMJISTHBIX TUIOTHH TIPH CeUCMU-
YECKUX BO3JEHCTBHSX BBINIE OTHOCHUTEIBHO CTaTHYe-
ckux pacdyeToB. CHIDKEHUE HAIEKHOCTU MPOTHO30B
00BSICHSIETCS TTOBBIIIEHHOHN CIIOHOCTBIO OTIPE/ICIICHUS
YCIIOBHUI HArpyXeHHS B pacueTe M HEOIpeIeseHHO-
CTSAMH psifa (HaKTOPOB, CPel KOTOPBIX HaMOOJee BaXK-
HBIMU SIBIISIFOTCSI: ) TPYJIHOCTH OTPEICICHUS U MOJIE-
JUPOBAHUS OTPAXKAFOIIUX/TIOTIIOMIAOIINX TPAHHII pac-
YeTHOW 00JacTH; 0) B3aMMOJICHCTBHE TUIOTHHBI C TPYH-
TOM OCHOBAHUSI: B CITy4ae €ro CKUMaeMOCTH 3TO CHUIIBHO
MEHSET CEHCMHUYECKYIO PEaKIUIO IUIOTHHEI 110 CPaBHE-
HUIO C JKECTKHM TPYHTOM, HEOOXOIUMO OOHAPYKHUTH
B AJUIIOBUAJIBHOM OCHOBAHUM IPOCIONKH C HU3KOU
TUTOTHOCTBIO M MEXaHWYECKUMU MapaMeTpamMu, HO TPYA-
HO TIOJYYHTh 3TH MapaMmeTpsl; B) 3aBUCUMOCTh MeXa-
HUYECKUX CBOWCTB I'PYHTA, ONPEICISIIOIINX CEHCMU-
YECKYI0 PeakKltIo IUIOTUHBL, OT ee ctarnyeckoro H/C.

[Ipu omeHke peakiuy 3eMIISTHON TUIOTHHBI TIPH U
mmocJie cericmurdeckoro Bo3aekicTeus pacuer ee H/IC co-
CTaBIISIET OCHOBY JIt00OT0 TporHo3a. O0mmIas ycroiuu-
BOCTh TUIOTHHBI, BOBMOXKHOCTh Pa3KWKEHHUS TPYHTa,
MOBEJCHUE IIOTUHBI IIOCIIE CEHCMUYECKOTO BO3ICH-
CTBUSI, COCPENIOTOUCHHAsT (DUITBTPALIMS, THIPABIMICCKIN
Pa3phIB TIMHUCTOTO SIAPa U T. Il. MOTYT ONPEIEISITHCS
U B TICEBAOJMHAMHUYECKUX pacyerax. C apyroi cTo-
POHEI, AK€ €CJIN BBIIIOJIHAKOTCA IICEBAO-CTaTUYCCKUC
pacueThl, OHU HE MOTYT JOCTOBEPHO YUMTHIBATH TaKUE
Ba)KHBIE SIBICHUS, KaK d(PPEKT yCHIIeHUs] aMIUTATY IbI
KOJIeOaHMIA, OCTATOYHOE U30BITOTHOE MIOPOBOE JaBJIe-
HHE BOJIbI MOCJIE CEHCMUYECKOTO BO3ACUCTBUSA, PA3KU-
JKeHHUe TPYHTa, TiepepacnpeieyieHre Hanpspkeruid. OHa-
KO B3auMoOJieicTBHE 3eMIIsTHOM TuioTuHbl ¢ BB cyme-
CTBCHHO HE U3MCHACT YaCTOTHYIO PCAKINIO IIJIOTUHEI.

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

Yucnennoie pacuemol
KAMEHHO-3EMJIAHBIX NIIOMUH C CTITUHUCM bBIM ﬂ@pOM

1 3TUX IUIOTHH C BOJOHENPOHUIIAEMBIM TJIMHU-
CTBIM SIZIPOM TOJIBKO SIPO U JPSHAKH MOTYT OBITh CMO-
JIETMPOBaHbI C MOMOLIBIO PEOJIOTMYECKOr0 3aKoHa. Me-
XaHUYECKOE TOBEICHUE IPEHAXXEH HE SIBISIETCS BaXK-
HBIM aCTeKTOM, IMOCKOJBKY OHM Y3KHE, HO MX THIPaB-
JIMYECKOE TOBEACHUE CIIEAYET YUECTh, TaK KaK 3TO OIpe-
JIesIeT TPaHUYHbBIE YCIIOBUS MOBEICHUS BOABI B sApE.
IponBuHYyTHIC MOETN O00ECICUMBAIOT TOMOIIL B aHa-
JIU3€ PUCKA THPABINUECKOTO pa3phiBa siapa MyTeM pac-
YyeTa [NIABHOTO MUHUMAJIBHOTO HAMIPSKEHUSI U TIOPOBOTO
TaBJIeHNsT BObL. ApodHsie 3(deKTH B sape (B €ro Bep-
XOBOW WJIM HU30BOH I'paHH), KOraa OOKOBBIE 30HBI C1a00
nepopMupyemble, Win oT Oepera k Oepery B KaHbOHAX,
WIM COYETaHWe TOTO M APYroro MOTYT OBITh NMpOaHa-
JU3UPOBAHBI C TIOMOIIBIO ATHX METOJI0B. B HacTosiee
BpeMs HE CYIIECTBYET aIeKBATHOTO 3aKOHA MOBEICHUS
siipa, OMMCHIBAIOIIETO BIUsHUE HamnojgHeHus Bb Ha
BEPXOBYIO 30HY IUIOTHHEI. JTa 30HA OCElaeT MpH Ha-
nonHeHuu BB, XoTa oHa HackllleHa BOJOM U TOATOMY
B HEll HU3KHE MEXOJIOUHBIC HAIPSKESHHUS.

Yucnennole pacuembl KAMEHHO-HACbINHbBLX NJIOMUH
C HenpoOHUUAEMbBIM IKDAHOM

B xamMeHHO-HACKINHOM TUIOTUHE C HEMPOHUIIAEMBIM
9KpaHOM Boja Bb 0OBIYHO HE MTPOHUKAET B TUIOTHHY.
Ecnu Boga, mpocaunBatomiasicss u3 GOKOBBIX NPHMBI-
KaHWH TUIOTHHBI, B BoAa BB, mocrymaromas B 00x01
9KpaHa, W/WiM TPYHTOBBIE BOBI, MOCTYyMAOIINE ¢ Oe-
PEroB, yIOBIETBOPUTEIBHO KOHTPOIUPYIOTCS LIEMEH-
TaIMOHHBIMHU U IPEHAXKHBIMU 3aBECaMHU, IIOTHHA MOXKET
CUHMTATHCSl HEBOJIOHACKIIIIEHHOH. [Ipobnema, KoTopyro
CJelyeT PEeLUTh, 3aKIYAETCS B YUCICHHBIX pacyeTax
MTOBEICHUS dKpaHa MPU CTAaTHYECKUX U TUHAMHYECKUX
Harpy3kax. Cle0BaTebHO, MPUHIUITHAIBHO, YTOOBI
YHUCJIEHHAs] MOJIETb MOIJIA UCIONb30BaTh PEOJIOrUYe-
CKUU 3aKOH ¢ Je(hOpMAIMOHHBIM YIIPOYHEHUEM, KOTO-
PBIM JaeT aleKBaTHOE MOJEIUPOBAHUE MTOBEACHUS Ka-
MEHHOW HachIM Kak (PyHKIUU ee HANpPsHKEHHOTO CO-
cTosiHus. Mozenb A0IKHA MOAETUPOBATh 3TAIl CTPOU-
TEJBCTBA IUIOTHUHBI, TAK KaK 3aKOH Je(QOpPMaIlMOHHOTO
YIPOYHEHUS OMUCHIBAET UCTOPUIO HATPYKEHUSI MaTe-
puana MjIoTHHBI.

2. Knaccudukanusi 4 BoIOOp Mo/eJieii TPYHTOB
B YHCJIEHHBIX pacyerax

Henuneiino-ynpyzue mooenu

OTOT THIT MOJENEH TPYHTOB SIBISIETCS Hamboiiee
MPOCTHIM U MUPOKO MPUMEHSIEMBIM. YTIPyrue MOAY-
mu (Momynb HOnra, E, u ko3ddurment Ilyaccona, p,
Wi MoyJiu 00beMHOM aedopmaniuu, B, u casura, G)
MPUHUMAIOTCS. HETMHEHHO 3aBUCUMBIMU OT HaIpshKe-
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HUll. OTH MOJIeNH BKJIIOYAIOT 0 JAEBSITH IapaMeTpOB,
JIETKO OTPEAESIEMBbIX U3 CTAHAAPTHBIX TPEXOCHBIX HC-
nbITaHUN TPyHTOB. Camast M3BECTHAsL CPEeAr HUX — MO-
nenb Jlynkana — Yanra [4], koTopast 4acTo UCIONb3Y-
eTcs B CTaTMYECKHUX pacyeTax I'PyHTOBBIX IUJIOTHUH,
0COOEHHO KaMEHHO-HACBIIIHBIX C TJMHUCTBIMH SApa-
MU, auadparmMaMu u3 acanbToOeTOHa M SKpaHAMH U3
xKeJe300eToHa.

['maBHBIM HeIOCTaTKOM 3THX MOJEINEH sBiIseTcs
TO, YTO Bce Ae(opMaly TPyHTa NPUHUMAIOTCS YIPY-
TMMH W HamnpapJieHHE TPUPAIICHUS HAPSHKCHUH 3aBU-
CHT OT HampaBJIeHUs mpupamenus aedpopmanuii. Ox-
HAaKO 3TO JIOMYIIEHUE HECTIPAaBEINBO AJISI TPYHTOBBIX
IUIOTHH, B KOTOPBIX BO BpeMs HAIlOJIHCHUS U OHOPOXK-
HeHus: BB mpoucxoauT moBOpOT ocelt IMIaBHBIX Harps-
JKeHUH M M3MEHCHHE HampaBieHHUs Harpy3ku. Takum
0o0pa3om, 3TH MOZAETH HE YYUTHIBAIOT BIUSHHE MyTH
Harpy>keHusl 1 HE MOTYT MOJETUPOBATh BaKHBINA (-
(bexT munarancuy (pa3yIuIOTHEHHS TIPH CIBUTE) YIUIOT-
HEHHBIX TPYHTOB M UX HEJIMHEHHOE IMOBEIEHHE IpU
pasrpy3ke u MOBTOpHOH Harpyske. IlosaTromy 3té Mo-
JeJIU JTyYIlle BCEro MCIMOJb30BaTh AJIsl pACUETOB OJHO-
POIHBIX 3€MIISTHBIX TUIOTUH U3 HECBSI3HBIX TPYHTOB.

Ynpyzue uoeanvno nnacmuunvie mooenu

Cpenu HuX HanboJIee YNPOILEHHbIE MOAECIH — YIIPY-
TH€ NICAUTHHO IUIACTHYHBIE MOJENH C KPUTEPHAMU MPOY-
HocTtu Mopa — Kynona, Museca u Jlpykepa — Ilpare-
pa. M3BecTHO, 4TO 3TH NPUOIKEHHS AAIOT TLIOXHE
pe3yabTaThl U HE UMEIOT PEAIBHBIX IPEUMYILECTB B
YHUCIIEHHBIX pacueTax T'PYHTOBBIX IUIOTHH. JluiaTaH-
CHUSl HECBA3HBIX TPYHTOB KOHTPOJIUPYET IMpENENbHbIE
Harpy3ky rpyHTOBBIX IJIOTHH. TeM He MeHee MPOTrHO3,
BBITIOJIHEHHBIN ¢ KpuTepusiMu nipouHocT Mopa — Kyio-
Ha C ACCOLMUPOBAHHBIM ITPABUIIOM TEUEHHUSI, HEPEATILHO
BBICOKHH.

Ynpyzo-nnacmuunvie modenu c ynpounenuem
(mooenu YIIY)

M3otponHble, KUHEMATUYECKHUE U U30TPOMHO-KUHE-
MaTHYeCKHe MpaBUJIa YIPOUHEHUS BCICIACTBUE IIa-
CTHYECKUX 00BEMHBIX U CABUTOBBIX Jedopmaruii mpu-
BOJST K MOJEJSAM Pa3sHON CIOXHOCTH. Mozens Kpu-
trueckoro cocrosausa (KC mwmm CS), paspabotanHas
Pocxko, lllodunnom n bepnanmom [5—6], monens Gec-
KoHeuHoro yncina roeepxHoctei (BUIl mm INS), pas-
pabotannast Mposom, Hoppucom u 3enkeBuuem [7],
moxenu Jleitna, [IpeBocra u 3apenkoro [8—11] — psin
MIPUMEPOB B 3TOU IpyIIe MOAEIEN.

Ha mamnom »Tame pa3paboTKu MOAENIEH TOJIBKO
Mozenu YIIY MoryT JOCTOBEpPHO ONHUCHIBAThH MOBEE-
Hue rpyHTOB. CHHCOK 3THUX MOJEJIEH ¢ Ouana3oHOM
WX MPUMEHUMOCTH, TUIIOB Harpy30K ¥ (OpMYIHUpPOB-
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KU MOJieNiell IpUBeIeHbI B Halel cratbe [12]. Xopo-
o paspadborannas monaeinb KC (MoauduimpoBanHas
monenb Koam-Kreit) sBnsercst ocHoBoi#l okono 30 mo-
JieJied, IPeIOKESHHBIX IS MOHOTOHHBIX W IUKINYe-
CKHX Harpy3ok. B ¢opmynmpoBkax Mopaeneit yka3aHbl
MpaBWijia TE€YEeHUs (CBS3aHHbIC WM HECBSI3aHHBIE) U
MpaBWia yHIPOYHEHUS (M30TPOIHBIC WM KHHEMAaTH-
YecKHe), TaK KaK 9TO OKa3bIBaeT OOJIBIIOE BIMSHUE HA
KOMIIBIOTEpHYIO peanusaruio moaeneid. Moaens KC,
paspaboTaHHas Il HOpMaiIbHO yIUioTHEeHHBIX (H-Y
w N-C) u cmabo nepeyrmioTHeHHBIX (K03 dunmeHT
nepeyIuioTHeHus1 He Oonee 2,0) TIUH, TPEICTaBISET
co0OH MpocTyo MoAeNb ¢ 4—5 mapamMeTpamMu MU CIO-
co0Ha Ka4eCTBEHHO MpeicKa3aTh OCHOBHBIE acTEKThI
MOBE/IEHUS TPYHTOB.

Jlamee paccMoTpeHBl HamboOJee pacIpOCTPaHEH-
HBIE B IIPAKTHKE MPOSKTUPOBAHUSI TPYHTOBBIX IIOTHH
MareMatuyeckue moaenu Kom-Knelt, npumensiemsie B
CTaTHYECKUX pacueTax 3TUX IUIOTHH.

Moouguyupoeannasn mooenv Kam-Kneit (MKK)

Mopens MKK Obuta nmepBoHawanbHO paspaboTa-
Ha JIJIs1 TPEXOCHBIX yCIOBHH Harpy3kd. DKCIEpUMEH-
TaJbHBIE M3MEPEHUS Ha MATKUX TIWHAX MOCTYXHUIN
OCHOBOW IS pa3BUTHUSI KOHCTUTYTUBHOM MOJIEIH, BHI-
pakaroieii u3MeHeHue Kod3(PUIHEHTa TOPUCTOCTH €
(oObemHas nedopmanus €,) B 3aBUCUMOCTH OT JIOTa-
prudma 3h(hHeKTHBHON ATUHBI HANPSIKEHUS anﬁ , Kak

BHIIHO ABYX rpadukoB Ha puc. 1. Oba rpaduka cps-
3aHBI CJICAYIOIIUM 00pa3oM:

M=0/(1+e); k' =k/(1+e),

e k — HaKJIoH HaOyXaHus; A — HaKJIOH HOpPMaJIH YIIIOT-
HEHUST; ¢ — TEKYIIUi KO3 PUIIMEHT MTOPUCTOCTH.

[epBrIii rpadmk COCTOUT U3 HOPMATH YIUIOTHE-
Hus (NCL) u psana xpuBsix Habyxanus. [Ipu mepBud-
HOW 3arpy3ke rpyHT nedopmupyercs BHu3 NCL. [la-
Jiee OH YIUIOTHSIETCS IO OIPENENICHHOTO HaNpsDKeHHS
(maByieHHs IpEIBapPUTENFHOTO YIUIOTHEHUS pP.) U pas-
Tpy’kaeTcsl 10 TeKyllero Ha0yxaHWs. 3aTeM Moclie
nepe3arpy3ku TpyHTa Ha TEpBBIX dTarax OH Jedop-
MHUpYETCsl K KpUBOH HaOyXaHHS M IOCTUTaeT HaIps-
JKEHHOTO COCTOSIHUS (TIapameTpa p.), KOTOPBIi ObLT 10
pasrpy3ku. B 3TOT MOMEHT IpyHT HaunmHaeT nedop-
mupoBathkcs 10 NLC (mepBuuHast Harpyska — KpuBas
cKaTus).

[MapameTpsl K 1 A ONpenenstoTcs mo GpopMmysiam
k=1,3C.(1-v)/(1+v); A =Cs/2,3; tne C. — K03-
¢uneHT ogHOMepHOH cxkumMaeMocTH; Cy — KO3 u-
LUEHT OJHOMEPHOTO PaCIIMPEHUs]; K — YIJIOBOM KO3(-
(ULUEHT TIMHUK KPUTHYECKOTO COCTOSIHUS; A — YIJIO-
BOW KO3(D(HIIMEHT HOpMaId YIUIOTHEHHS;, V — K03(-
¢unument [Tyaccona.

NUMERICAL METHODS OF STRUCTURES’ ANALYSIS
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Puc. 1. Peakuus rpyHTa pu U30TPOITHOM YTIJIOTHEHHH (OCHOBOIOJIAraoIas MOIEb)
[Figure 1. Soil response for the isotropic consolidation (fundamental model)]

CBepXKpHUTHYECKOS

pacimpeHue
[Superecritical expansion]

Jlokputuueckoe cxatue
[Subcritical compression]
JIunus kputHYecKoro

COCTOSIHUS
[Critical state line]

J ‘ OKOHYAHHE U30TPOITHOTO
yrotHenus [End of
isotropic consolidation]
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/*/:‘{Pa'smzmeﬂue [Softening] \
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Puc. 2. Orobpaxenue GyHKIUN TEKy4ECTH B MEPUANOHAIBHBIX M IEBHATOPHBIX IIOCKOCTSIX
[Figure 2. Representation of the yield function in meridional and deviatoric planes]

[loBepXHOCTB TEKy4YeCTH SBISIETCS TIAKOM 0€3 BO3-
MOKHOCTH Pa3BUTUHN PACTATUBAIOIINX HanpsbkeHuil. Mo-
Jens MKK no3Bossier, B OTiIM4Yue OT APYIHX MOJENIEH,
npsMOe MOJIeTTMpOBaHue Ae(hOPMAMOHHOTO YIIPOYHE-
HUS WIH pa3MATYeHUsl J1s1 HOPMAIbHO YIUIOTHEHHBIX
WIN NIEPeyIIOTHEHHBIX TPYHTOB, YYUTHIBAET HETMHEH-
HYIO 3aBHCUMOCTb 00beMHOH AedopMannu rpyHTa OT
3¢ (EeKTUBHOTO CpEeTHEr0 HANPSHKEHHS U MpeleIbHEIC
YCIOBUS HUJ€aIbHON MiacTUYHOCTU. [Ipu ucmons3o-
BaHuu Mozemu MKK rpyHT Harpy:kaercst U IpH CIBUIe
B HEM MOTYT BO3HHMKHYTH IUTacTHUYeCcKHe Aedopmanun
(ma puc. 2 Touku 1 u 2 s HE 3aTBEpICBAaHUA U pa3-
MSATYEHHUS] COOTBETCTBEHHO) A0 JOCTIDKEHHUS KpUTHYE-
CKOTO COCTOSIHUSI (TOYKH 3 W 2 I 3aTBepACBaHUS U
pa3MsrdeHusi COOTBeTCTBeHHO). Jlanee rpyHT medop-
MHUpPYETCS IPHU CIBUTE MIPU YCIOBUU UICATbHOM Ija-

i
CTUYHOCTH 6e3 M3MeHeHus e U G, . Ilocie pasrpysku
npeanonaraeTcs JTuHelHas (ynpyras) aedopmamus
TpyHTAa.

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

Pa3BuTHEe MOBEPXHOCTH TeKydecTH (yMpOuHe-
HUe/pa3MATrdeHNe) ONpeAeNIeTcs TeKyIIUM 3HaueHH-
€M JaBJICHUA TNPCABAPUTCIBHOTO YIINIOTHCHHUA p:

P = Plexp [[A€” / (\* — k*)], tae P! — teky-
€€ AABJIEHUE MPEABAPUTENLHOTO YINIOTHEHUS; A 8}:1 -

MIPUPOCT OOHEMHOM TIIIACTHIECKON S OpMAIIHH.

[Tomumo mapaMeTpoB K U A, COOCTBEHHOT'O Beca
rpyHTa 1 koa¢pdurmenta [lyaccona, monens MKK ucrosns-
3yerT CIeAyoIIHe TPH napamerpa: M., — HAKJIOH JINHUK
kputuueckoro coctosiauii; OCR — kosdduitneHT nepe-
VIUIOTHEHUST; €y — Ha4YaIbHbINA KO3((HULIEHT OPHCTOCTH.

HakJsioH THHUM KPUTHYECKOTO COCTOSTHUSI M ompe-
JeIsieTcs U3 BhIpakeHHit Mes > (@) = (23 sin @e) /
/ (3 = sin @a); Mo (@) = (2V3 sin @) / (3 — sin @),
r1e nepast GopMyIia OTHOCUTCS K TPEXOCHOMY CKATHIO,
BTOpass — K TPEXOCHOMY PacCIIUPCHUIO; (o, — YTOJ
BHYTPEHHETO TPEHMSI TPYHTA, COOTBETCTBYIOIIMI €ro
KPUTUYECKOMY COCTOSIHHUIO.
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Oboowennan mooenv Kam-Kneit (OKK)

OTa Mojenb SBISETCS yCOBEPIICHCTBOBAHHEM
mozaenu MKK npu MopenupoBaHuuM TpyHTa B CBEpX-
KpUTHYECKOH oOsactu (puc. 3), T/ie yCIOBUE pa3py-
meHus cienyer moaensMm Mopa — Kynona, pykepa —
[Mparepa 1 moguduuupoBanHoi Moaenu Mopa — Ky-
nona (MMK). B ortimmune ot mogenn MKK (mtpuxo-
Bast nHUA Ha puc. 3), mpoekmusa OKK ma meBmatop-

/// CBepXKpHTHYECKast 00/IaCTh Z[OKpH"[l'/llICCKa}l 0§HaCTL
[Supercritical domain] [Subcritical domain]

HYI0 TUIOCKOCTh UMeEeT TOT ke Buia, uto 1 MMK.
[poexuus mogenu MKK u monenu pykepa — I[lpa-
repa UMeeT BUI OKPYXXHOCTH. B mokputudeckoit 00-
nactu nosegenue moaeiaeit MKK u OKK maentuyno.
[Tpu pasrpyske mpeanonaraeTcs JUHEHHAs peakuus
TpyHTAa.

[TapameTpsl, KOTOpBIE HY)XHO 3aJaBaTh, NPHMe-
Hsaa OKK, ananorununs! napamerpam MKK.

P2

—Y.F. GCC

Puc. 3. Ilpoekmus obxactu miactmaroctd MKK 1 OKK

Ha MCPUJIUAHHYIO U IE€BUATOPHUYICCKYIO IMJIIOCKOCTU:

---- CSL — nuHus kpuTHIeckoro coctosaust; --- Y.F. GCC — moBepxHOCTh TeKydecTH B 00001menHoit Mmoaenu Kam-Kieii (OKK);

Y.F. MCC — noBepxHocTh TeKy4ecTu B Moaupunupoannoit mozaenu Kam-Kueit (MKK)

[Figure 3. Plasticity projection of MCC and GCC on meridian and deviatographic planes:
---- CSL — critical state line; --- Y.F. GCC — yield surface in generalized Cam Clay Model (GCC);

ﬂocmoeepuocmb HYUC/ICHHbLX pacuemoe
CPYHMOBbLX NIIOMUH

O0600mMM TIPOOIEMBI TPYHTOBBIX IIIOTHH, KOTO-
pBI€ MOKa HE MOTYT OBITh PEIICHHI IIyTeM MaTeMaTHh-
YECKOTO MOJEIUPOBaHUS (MHACKCHl JOCTOBEPHOCTH
R.1. 3 u 4 nog4EepKHYTHI).

1. BayTpennsist cyddo3ust Ipu CTPOUTENBCTBE, TIep-
BOM HAIOJIHCHUY BOJIOXPAHIIIUINA U SKCILTyaTaluu (CTa-
THYECKOE U TTOCTCeHCMuUeckoe moseacHue, R.1. = 4).

2. I'unpaBnuyeckuil pa3pbiB TNIMHUCTOTO SiApa Tpu
TIEPBOM HATIOJTHEHUH BOJIOXPAHIIIUINA W IKCIUTyaTalluu
(cTaTrdeckoe U ocTceiicMiyeckoe noeenue, R.1. = 3).

Y.F. MCC - yield surface in modified Cam Clay Model (MCC)]

3. Onenka HJIC npu cTpouTenbCcTBe, NEPBOM Ha-
MOJIHEHUH BOJOXPAHWINILA U 3KCIUTyaTaluy (IMHAMH-
yeckoe nopenenue, R.1. = 3).

4. Ornenka oO0IIel YCTOWYHUBOCTH MPUMBIKAHUHN U
OTKOCOB IIPH CTPOHUTEJIBCTBE, IEPBOM HAIIOJIHEHUU BOJIO-
XpaHWIMIIA U IKCIUTyaTalluu (IMHAMHYECKOe MoBeie-
Hue, R.1. = 3).

5. PamxmkeHue rpyHTa OCHOBAaHMS IIPU CTPOUTEIIb-
CTBE, IIEPBOM HAIOJHEHUH BOJIOXPAHMIIMILA U KCILTya-
Taruu (qUHaMu4Yeckoe noseaeHue, R.1. = 3).

6. [octceticMuueckas (GHIBTPALUS TIPYA CTPOUTEIH-
CTBE, IIEPBOM HAIIOJHEHNH BOJOXPAHWINILA U IKCILTya-
Taruu (qUHaMH4Yeckoe nosenenue, R.1. = 3).

Tabauya 1
J0CTOBEPHOCTH YHCJIEHHBIX PACYETOB I'PYHTOBBIX IJIOTHH: CTATHYECKOE MOBeIeHUe
Hnpekcol nocroBepHoctH, RI
podaembl DJIeMEHTBI CHCTEMbI
6e30MaCHOCTH «LTOTHHA — OCHOBAHHE — Cmpoumenvcmeo Hanonnenue Bb Okcnnyamayusn
IIOTHHBI BOJOXPAHHUTHILEY THI IIOTUHBEL: THIl TIOTHUHBIL: Tun mIoTHHEL:
a b c d e a b c de a b c d e
H/C (cmeruenws, nedop- Teno mnoTuHE; RI=2 a,b,c,d: RI=2;e: RI=1 RI=1
MaluH, HAPSDKCHHS) OCHOBaHHUE RI=2 RI=2 RI=2
OO0mas ycToH4nBOCTh Teno mIOTHHEL; RI=1 RI=1 RI=1
TUTOTHHBI MIPUMBIKAHHSI, OTKOCHI RI=2 RI=2 RI=2
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Okonuanue maobn. 1

Hupexcsl nocrosepHoctu, RI

IIpodaembl JJIeMeHTBI CUCTEMBI
0e3onacHOCTH «UI0THHA — OcHOBanue —  Cmpoumenvcmeo Hanonnenue Bb Dkcnayamayun
IUIOTHHBI BOJIOXPAHUIHILE»
Tun mIoTUHBL: Tun mIOTUHBL: Twun naoTHHBI:
a b, c d e a b, c d e a b c d e
®dunprpanus B 1io- Teo MI0THHEI; RI=2 RI=1
THUHE U OCHOBaHUU OCHOBaHHUE RI=2 RI=2 RI=2
BuyTpennss cypdosus Teno mioTuHsl; RI=4 RI=4
rpyHTa OCHOBaHHUE RI=4 RI=4 RI=4
l'unpasmirgeckuii pa3pbiB Teno mI0THHEL; a, b, d: RI=3 a, b, d: RI=3
[JIMHHUCTHIX 3JIEMEHTOB OCHOBaHHUE RI=3 RI=3 RI =3
CTaTHUYeCcKOe pa3KmKe-
p OCHOBaHHUE IIOTUHBI RI=2 RI=2 RI=2
HHUE TPYHTa
PacTBOpeHue rpyHra
P Py OCHOBaHHE TIOTHHBI RI=4 RI=4 RI=4

py QUIBTpaLK

Ipumeuanus. Nnnexcel RI (1, 2, 3, 4) nansl B matpuue [i, jl, i = 1, ..., 12 — 4ucio pAaos, rae paccMoTpeHa npobnema; j =1, ..., 3 —

YHCII0 CTOIOIOB, II€ AaHBI IEPUOBI CITYKOBI INIOTHUHBIL.

Tumnsr TPYHTOBBIX IUIOTHH. d — OJHOPOJAHAsA IUIOTHHA, b— 30HUPOBaHHAs IUVIOTUHA; € — INIOTHHA C HETPYHTOBBLIM 3KpaHOM WJIM JHa-

(parmoii; d — 30HUpOBaHHAs KAMEHHO-3EMJISTHAS! IUIOTHHA; € — KAMEHHO-HACBINHAS IJIOTHHA C HEIPYHTOBBIM 9KPaHOM HIIM JadparMoii.

Table 1
Reliability of numerical analyses of embankment dams: static behavior
Indices of reliability, RI
Probl ¢ Elements of system
roblems o “dam — foundation — Construction Filling of reservoir Operation
dam safety .
reservoir
Type of dam: Type of dam: Type of dam:
a b c d e a b c de a b c d e
Stress-strain state (displace- Dam body; RI=2 a,b,c,d: RI=2; e: RI=1 RI=1
ments, deformations, stresses) foundation RI=2 RI=2 RI=2
. Dam body; RI=1 RI=1 RI=1
G 1 stability of d
eneral stability of dam abutments, slopes RI=2 RI=2 RI=2
Seepage in dam Dam body; RI=2 RI=1
and foundation foundation RI=2 RI=2 RI=2
Inner piping of soil Dam body; RI=4 RI=4
Piping foundation RI=4 RI=4 RI=4
Hydraulic fracturing of Dam body; a,b,d: RI =3 a, b, d:RI=3
clay elements foundation RI=3 RI=3 RI=3
Static liquefaction of soil Dam foundation RI=2 RI=2 RI=2
Dilution of soil
Hition of sol Dam foundation RI=4 RI=4 RI=4

during seepage

Notes. Indices RI (1, 2, 3, 4) are given in matrix [i, j], i =

number of columns, where periods of dam service are given.
Types of embankment dams: a — homogeneous dam; b — zoned dam; ¢ — dam with non-soil face or diaphragm; d — rockfill dam with
clay core; e — rockfill dam with non-soil face or diaphragm.

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

1, ..., 12 — number of rows, where problem is considered; j =1, ..., 3 —
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Tabauya 2
JI0CTOBEPHOCTH YHCIEHHBIX PACYETOB IPYHTOBBIX IVIOTHH: JHHAMHYECKOE MOBeIeHHe
HHpekcol focToBepHocTH, RI
podaembl DJIeMEeHThI CHCTEMbI
6 Cmpoumenscmeo Hanonnenue Bb Ikcennyamayusn
€30MaCHOCTH «IJIOTHHA — OCHOBAHHE —
MJIOTHHBI BOJ0XPaHUJIMILIE» Tur MI0THUHEL: Turm mI0THHEL: Tur MI0THUHBL:
a b c de a b c de a b c d e
H/C (cmeruenws, nedop- Teno mnoTuHEL; RI=2 a,b,c,d: RI=2;e: RI=1 RI=1
Mal[H, HAIIPSDKCHUS) OCHOBaHHUE RI=2 RI=2 RI=2
OO0mas ycToHInBOCTh Teno MIOTHHEL; RI=1 RI=1 RI=1
TUTOTHHBI MIPUMBIKAHHSI, OTKOCHI RI=2 RI=2 RI=2
OunbTpanus B mwio- Teno maoTHHBI; RI=2 RI=1
THHE ¥ OCHOBaHUH OCHOBaHHUE RI=2 RI=2 RI=2
BuyTpennsis cypdosus Teno mioTuHSI; RI=4 RI=4
rpyHTa OCHOBaHHUE RI=4 RI=4 RI=4
I'uppaBnyeckuii pa3pbis Teo mIOTHHEI; a,b,d: RI =3 a, b, d:RI=3
TJIMHUCTBIX 2JIEMEHTOB OCHOBaHHE RI=3 RI=3 RI=3
C -
TATITIECROC PasiiDye OCHOBaHHUE TUIOTHHBI RI=2 RI=2 RI=2
HHE TPyHTa
P
ACTBOPCHHC IPYHTa OcHOBaHUE IUIOTHHBI RI=4 RI=4 RI=4
npu GUIBTPALUU
[Ipumeuanus k TabI. 2 aHAIOTHYHBI IPUMEYAHUAM K Ta0I. 1.
Table 2
Reliability of numerical analyses of embankment dams: dynamic behavior
Indices of reliability, RI
Elements of system
Problems of “dam — foundation — Construction Filling of reservoir Operation
dam safety .
reservoir” Type of dam: Type of dam: Type of dam:
a b, c d e a b, c d e a b, c d e
Stress-strain state (displace- Dam body; RI=2 a,b,c,d: RI=2;e: RI=1 RI=1
ments, deformations, stresses) foundation RI=2 RI=2 RI=2
. Dam body; RI=1 RI=1 RI=1
G 1 stability of d ’
enerat stabtifly of dam abutments, slopes RI=2 RI=2 RI=2
Seepage in dam Dam body; RI=2 RI=1
and foundation foundation RI=2 RI=2 RI=2
Inner piping of soil Dam body; LA Ri=¢
ipi
piping foundation RI=4 RI=4 RI=4
Hydraulic fracturing of Dam body; a, b, d: RI=3 a, b, d: RI=3
clay elements foundation RI=3 RI=3 RI=3
Static liquefaction of soil Dam foundation =2 RI=2 RI=2
Diluti f soil
Hution ot sot Dam foundation =4 RI=4 RI=4

during seepage

Notes for Table 2 are similar to notes for Table 1.

3akiaouenne

MommduimpoBaHHas MaTeMaTHIecKas Moelb Kam-
Kneit (MKK-monenp) 10 cux mop SBISIETCS] CaMOU TIpo-
BEPEHHOH M TPUMEHSIEMON U3 BCEX YIPYTo-TUIacTHYe-
CKHX MOJIelNiell TPYHTOB B YHCIICHHBIX pacyueTax IPYyHTO-
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BbIX IIJIOTMH, MaCCHBOB U OCHOBaHHIA. HOBTOMy B 4UHC-

JICHHBIX pacyeTax 'PYHTOBBIX IUIOTUH U OCHOBAHUH pe-
KOMEH/TyeTCsl UCIIONb30BaTh MOAU(DHUIIMPOBAHHYIO WIIH
00o0mennyo Monenb Kam-Kneit u ogny-nBe Oonee
cnoxkuaeie Mojenu (3aperkoro, Ilpesocra wim Jleiina).
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PacdeTHbIe IpeAnonoxXeHus
[Estimated assumptions]

YuceHHbIC pacyeThl JlaHHBIC MOHUTOPHHTA
MOBEICHUS UIOTUHBI MOBE/ICHUS TJIOTHHBI
[Numerical analyses of [Monitoring data of
dam behavior] dam behavior]

CpaBHEHHE PaCUCTHBIX ¥ 3aMEPEHHBIX SKBHBAJICHTHBIX
HapaMeTpoB MOBEJICHUS INIOTHHBI
[Comparison of calculated and measured equivalent parameters
of dam behavior]

Her Jla
<
[No] Paznuuusa < lomycku [Yes]

[Differences < Tolerances]

[ToaroroBka MIOTHHBI

KoppeKkTHpOBKa HEKOTOPBIX PACYETHBIX

—| napaMeTpoB U3MEHEHUS IPOEKTa K ITyCKY B SKCIUTyaTaruto
[Adjustment of some estimated [Preparing dam
parameters of project change] for commissioning]

Puc. 4. briok-cxema B3auMOJICHCTBHS MEXKTy JaHHBIMH MOHUTOPUHTA M YUCICHHOTO MOJEIMPOBAHNUS [TOBEICHNS IUIOTHHBI
TIpU TIEPBOM HAIlOJHEHHH BogoxpaHminima (cornacao CUI'B)
[Figure 4. Flow chart of the interaction between monitoring data and numerical modelling of dam behavior
during the first filling of reservoir (as per ICOLD)]

MaHHbIC MOHUTOPHHIA [IOTHHBI JlaHHbIE BU3yaJIbHON UHCIIEKIMM TIIOTHHBI

[Data of dam monitoring] [Data of visual inspection of dam]
CpaBHEHHE pacueTHBIX IIporuos — |
¥ 3aMepeHHbIX napamerpos | [TOBCACHMA IIIOTHHEL c
PaGOTHI IIOTHHBI 0 CTaTHYECKON OOTBETCTBHE
Comparison of calculated MOJEIH TOBEICHHA
a[nd mgasured parameters of [Forecast of Her - moTumb! npoeKry? Ha
dam behavior] dam behavior [No] + [Matching [Yes]
by static model] dam behavior
I — to project?]

IIpu onacHOM IOBEAEHHUH IIOTHUHEI
3amycK cucteMsl onoseuienus B Hb
[In case of dangerous dam behavior
launching of alert system in downsteam region]
I
OrpaHHYeHHs IKCIUTyaTalii BOJOXPaHIIHILA.
Obecrnieuenue 6€30MacHOCTH IUIOTHHBI
[Restrictions on reservoir operation.
Ensuring dam safety]

[Iponomxenne HOpMaTbHOM
9KCIUTyaTaliy UIOTHHEI
[Continuation of normal

operation of dam]

Puc. 5. briok-cxema B3aMMO/ICHCTBHS MEXKy JaHHBIMM MOHMTOPHHIA U YUCIICHHBIM MOJCIUPOBAHUEM TTOBE/ICHUS IUIOTHHBI
mpu ee dkcuryaTanun (corimacHo CUI'B)
[Figure 5. Flow chart of the interaction between monitoring data and numerical modelling of dam behavior
during its operation (as per ICOLD)]

HpI/IHSITI)Ie B YHCJICHHBIX pacucTax I'PYHTOBLIX U JaHHBIMHW MOHHUTOPHUHIA NNOBCACHUA FPYHTOBOP'I
IUIOTUH X OCHOBaHUM MOJCIN TPYHTOB B ,E[aJ'H:HCfI— IJIOTUHBI IIPpU TEPBOM HANOJIHCHHUU BOJOXPAaHH-
meM CIIeAyCT HUCIOJIb30BaTh JISI OIMMPEACIICHUS B3au- Juima u HOCHC,Z[y}OHleﬁ 9KCILTyaTallul TIJIOTHUHBI

MOJCUCTBHUS MEXKAY pE3yJbTaTaMH JTHX PacueTOB (puc. 4, 5).
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Abstract

Relevance. Numerical analyses of behavior or stress-strain state (SSS) of em-
bankment dams are usually performed using various computational programs, which
use different, often complex mathematical models of soils. However, the right choice
of these models is left to the program user, who usually has not enough experi-
ence in this field of knowledge, and therefore the results of these analyses are often
obscure and erroneous. The aims of the work — development of recommenda-
tions for selecting the most reliable mathematical models of soils in numerical
analyses of embankment dams and comparing these models with the most com-
mon models in modern world practice of their application. Methods. Deep com-
parative analysis of many soil models was conducted on the use of the soil mo-
dels in numerical analyses of embankment dams during author’s work in ICOLD
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Abstract

Relevance. The necessity of division of umbrella surfaces and surfaces of
umbrella type into two separated classes is explained in introduction. Earlier,
umbrella surfaces and surfaces of umbrella type were in the same class of surfaces
because they consist of the identical fragments lying on the surfaces of revolu-
tion. Umbrella surfaces are compound surfaces on the base surface of revolution
but umbrella-type surfaces are kinematic surfaces formed by continuous move-
ment of a changing curve and that is why taking into account the methods of
construction of these surfaces they were divided in two separate classes. The aim
of the work is a collection of main publications on all areas of the investigation
of umbrella-type shells. Methods. For the determination of principal results of
investigation of umbrella-type shells, it is necessary to know differential geome-
try of surfaces, structural mechanics of thin shells, and approaches used in ar-
chitecture of spatial structures. Results. In this article, the principal scientific
papers on geometry, strength analysis, and offers of applications of thin-walled
shells of umbrella type in building and of reflectors of umbrella type for space
apparatuses. The accurate parametric equations of some determined surfaces are
presented. The approximated computer models of middle surfaces of the real umbrel-
la shells but in the form of umbrella-type surfaces are given. The examples of
determination of stress-strain state of thin-walled shells of umbrella type without
dividing of the whole shell in identical fragments are shown. New information and
materials already known about shells of umbrella type give reasons to suppose that
the shells of this type will be claimed by engineers and architects.

Keywords: umbrella shell, shell of umbrella type, waving dome, reflector of
umbrella type for space apparatus, shell of radar installation, finite difference
energy method

Introduction

At present, the movement in the direction of in-
creasing of the interest for design of large-span struc-
tures begins to show. Interesting facts from the histo-
ry of building and design of thin-walled spatial struc-

tures and perspectives of their application in future are
presented in a review paper [ 1] where the authors insist
that “there are signs, however, that shells are attracting
interest among the new generation of architects and
engineers”. The modern architects’ views at the place
of shell structures in modern architecture of arbitrary
forms and in building are set forth in papers [2; 3].
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Consider the investigations on geometry, analy-
sis, and application of umbrella-type shells and show
up their advantages in comparison with umbrella
shells.
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The definitions of umbrella surfaces and umbrella-
type surfaces are given in a monograph [4] or in
an encyclopedia [5]. Adduce them almost word for
word.

“A cyclic symmetrical spatial structure formed
from several identical elements is called an umbrella
dome (Figure 1). Curves obtained as a result of the inter-

section of their middle surfaces are the generatrix curves
of any dome-shaped surface of revolution. A dome-
shaped surface of revolution, on which the contour
curves of the elements of a dome are placed, is called
a contour surface. The contour curves of the element
are the curves bounding the contour of the middle
surface of the element of the dome.”

S
THERRI
L n“ﬁ&f‘-‘-‘,
SR

Figure 1. The formation of an umbrella dome with the opening at the top [6; 7]

In scientific and technical literature, the shells put
together from identical fragments of the hypar are also
called umbrella domes. F. Candela [4; 8] designed and
built the first umbrella shell in the form of four inter-
secting hypars that formed a covering of a restaurant
in Xochomilco, Mexico, in 1957.

“The cyclic symmetrical surfaces consisting from
several identical elements are called surfaces of um-
brella type. But unlike an umbrella surface, the whole
surface of umbrella type and all surfaces of the identical
elements forming the whole surface are determined by
one and the same explicit, implicit or parametrical equa-
tions. In popular scientific literature, the umbrella-type
shells are often called also waving or wave-shaped domes.”

Much useful information is presented in a manu-
script [9] where 240 individual solutions of different
domes are given and various classifications are pre-
sented. Some types of domes presented in this manu-
script can be reckoned among umbrella shells, for exam-
ple, wave-and-folded domes with folds of arched form
and segment domes.

The results of investigation

A review of researches on geometry of
umbrella-type surfaces

Firstly, umbrella-type surfaces were introduced
into practice in papers [10; 11] where fourteen surfaces
were proposed, their analytical formulas were given,
and Gaussian quantities of the first and second orders
in the theory of surfaces were obtained. Later, a part
of these surfaces was investigated with the help of
the MathCAD computer program in a work [12] where
changes of the surface form were examined depending
on constant parameters containing in analytical equa-
tions of surfaces of umbrella type.
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Two surfaces from fourteen surfaces presented in
works [10; 11] were offered by other authors. These are
the Skidan’s ruled surface [13] and the crossed
trough [14. P. 286]. V.N. Ivanov [15] offered a method
of forming of the umbrella-type surface in the shape of
Joachimsthal canal surface with a director circular sinu-
soid. This surface is formed by the rotation of the cir-
cle of variable radius with the common chord [16]
(Figure 2). The generatrix circles of canal surfaces are
lines of principal curvature. Cutting out from the common
surface the fragment with radii »; and R, one can obtain
an umbrella-type shell with the opening at the vertex.

< >~

=8 M

Figure 2. A surface of umbrella type on the base of
the canal surface of Joachimsthal [15]

Following after V.N. Ivanov’s method [16], his post-
graduate student Nasr Younis A. Abboushi [17] made
several models of Joachimsthal canal surfaces defining
three methods of their formation:

1) a surface is formed by the rotation of the circle
of variable radius R(u) so that a distance from the axis
of rotation till the point of contact with the generatrix
circle ¢ = (#* — R*)"? remains constant;

GEOMETRY OF MIDDLE SURFACES OF SHELLS
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2) a surface is formed by the rotation of the cir-
cle of variable radius R(u) around the common chord;

3) a surface is formed by the rotation of the circle
of variable radius R(u) around the common tangent,
i.e. ¢ =0, r = R. Here, r(u) is a distance from the axis
of rotation till the center of the generatrix circle.

The methods 2 (» < R) and 3 ( = R) give the op-
portunity to obtain umbrella-type surfaces.

A computer program in the AutoCAD system for
tracing of umbrella-type surfaces with parabolic gene-
ratrixes and with a circular opening at the vertex is
presented in a paper [18]. It gives the possibility to
consider a process of forming umbrella-type surfaces
in dynamic conditions by means of making mini-film.
Analogous program for another surface of umbrella
type is given in a paper [19] (Figure 3).

Figure 3. A forming surface with radial sinusoidal waves
damping in the central point and formed by the cubic parabolas

Umbrella-type surfaces with elliptic contour surfa-
ces and with the circular sinusoidal equator were taken
as a base of research of waving domes in a paper [20].
A vector equation of the waving ellipsoidal surface may
taken in the form

r(u,v) = a{[l + pcos(pu)]cosv-h(u) + ysinvk},
h(u) = icosu + jsinu, y = b/a, (1)

where a, b are the semi-axes of the ellipsoid of revo-
lution; u, v are the parameters at the interval [0, x];
i, j, k are the unit vectors;  is a ratio of the amplitude
of the sinusoid to the radius a of the circle; p is a
number of waves of the sinusoid. The waving ellip-
soidal surfaces were modeled under different parame-

ters vy, u, p.

Umbrella shells and umbrella-type shells
in architecture and technics
in the 20™ and 21* centuries

It should be noted, that umbrella shells are presented
in architecture of the 20™ century very widely [4; 21].
Real erections in the form of umbrella-type surfaces
were not found. But outward examination of some shells

EOMETPUS CPEUHHbBIX NMOBEPXHOCTEW OBONOYEK

showed that their middle surfaces can be quite given
by analytical formulae, i.e. these shells can be number
among umbrella-type shells. For example, a covering
of a restaurant attached to a hotel “La Concha Hotel”,
San Juan, Puerto Rico [22], arch. Jose R. Marchand,
2009 [Available from: http://www.architecturaldigest.com/
homes/hotels/2009], can be approximated by a parabo-
loid of revolution with four radial waves [5. P. 388] or
by a surface with astroidal level lines that is generated
by biquadratic parabolas [5. P. 392].

A wave-shaped surface of the Marché Royan,
France, consisting of 13 reinforced sinusoidal para-
bolic fragments is well simulated by a paraboloid of
revolution with radial waves [5. P. 388], that has a pa-
rametrical form of definition:

x = x(u,v) = cucosv,
v =y(u,v) = cusinv,
z = z(u,v) = [asin(nv) + bJu?, 2)

where v is the angle read from the axis Ox in the di-
rection to the axis Oy; a = const is an amplitude of
a wave; n is a number of the vertexes of the waves;
b is a constant parameter of the datum paraboloid of
revolution, ¢ = const. W

When a = 0, a paraboloid of revolution with radi-
al waves degenerates into a paraboloid of revolution.
The real shell has a 100 mm thickness and a 50 m
span. It supports at 13 points along the outward pe-
rimeter (Figure 4). A market was built in 1956 and
now it is architectural and historical possessions of
the town.

Figure 4. Marché Royan, France, and its possible computer model

The three-tiered many-waved umbrella church in
the suburb of St. Louis (USA) designed by G. Obata
with participation of P.L. Nervi apparently was arranged
from fragments of cylindrical parabolic shells [22; 23].
Middle surfaces of these three tiers can be easily ap-
proximated by a paraboloid of revolution with radial
waves (Figure 5), i.e. by a surface of umbrella type (2)
a="b.
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Figure 5. Approximated two lower tiers
in the suburb of St. Louis, USA, 1966

Umbrella glass-fibre plastic dome of radar installa-
tion consist of fragments of the same type united be-
tween themselves by bolted joints (Figure 6, a) [24].
The joints are sealed by glass fabric on elastic special
mastic. Airports Domodedovo, Vnukovo, Sheremetyevo,
and other airports of Russia exploit the shells of this
type. The form of these domes is rather like surface of
a sphere with external cycloidal crimps (Figure 6, b)
which may be given by parametrical equations:

x =x(u,9) =[(R+7r)cosp—rcos(n+1)p|cosu,
y=y(u,9) =[(R+r)sing—rsin(n+1)¢]cosu,
z=z(u)= Rsinu,

where u is the angle read from the plane xOy in the
direction of the axis Oz; 0<z<R; 0<o¢<2m
0 <u <m/2. In the cross section of the surface in ques-

tion by the planes z = const, i.e., when u = up = const,
we have the epicycloids:

NS
2 W

x=x(¢) =[(R+r)cos o —rcos(n+1)p]cosu,,
y=y(0)= [(R +r)sin@—rsin(n+ l)(p] cosu,

with n = const, n is a number of the vertexes of
the epicycloid on the circular plane; n = R/r, 2r is
the maximum amplitude of the crimps at the base of
the surface; R is a radius of the equator of the sphere;
¢ is the angle read from the axis Ox in the direction of
the axis Oy.

In case of need, domes of radar installation can be
designed in the form of corrugated paraboloid of revo-
lution with external crimps (Figure 6, ¢) with a circu-
lar waving curve at the foot with the vertexes directed
out of the center of the circular base:

x=(R+a |cos n(p|) cos @,

v=(R+a |cos n(p|) sinp, z=0,

where n is a number of the vertexes of the sinusoid
on a circular plan; a is an amplitude of the crimps at
the foot of the surface; R is a radius of the base circle
of the corrugated paraboloid in the foot relative to
which, the circular sinusoid is constructed.

Parametrical of the definition of the corrugated
paraboloid of revolution with the external crimps:

ar|cos n(p|
x=x(r,p)=r 1+R— cos @,

2

ar|cosn(p| )
y=y(r,9)=r 1+T sin @,

z=2z(r)= h(l - F}

where # is the height of a corrugated paraboloid of
revolution, 0<z<h; 0<@<2m; 0<r<R.

W\

4
v AN
7 mn ‘\
‘s

Figure 6. An umbrella dome (a) and computer models of the umbrella-type shells (b, ¢):
a — the composite shell of radar installation (OAO “Avangard”); b — a sphere with external cycloidal crimps (rn = 12);
¢ — a corrugated paraboloid of revolution with external crimps
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Figure 7. A form of a parabolic reflector
of umbrella type

One can find several works devoted to design of
parabolic reflectors of antennas of space apparatus of
umbrella type. In a paper [25], a review of results of
modeling of parabolic reflectors the structure of which
consist of parabolic spokes and a form of the reflecting
surface is created by metal mesh cloth. The initial form
of the spokes coincides with contour curves on a theo-
retical paraboloid. Having assumed an edge of a reflec-
tor in the form of a hypocycloid one may create a surface
of umbrella type with the parabolic generatrixes and
the round opening at the vertex [5. P. 389] (Figure 7).
In any cross section of the surface by a plane passing
through the central axis, the parabola would be placed.
Suitableness of the proposed surface for the reflectors with
taking into account distortion of the reflecting surface
one can corroborate only by experimental measurements.

Designers offer enormous choice of tent umbrella
structures for sheltering from the sun and rain. For these
purposes, it is possible to use existing surfaces of um-
brella type. For example, architectural street umbrellas
“Edelveis” designed by specialists of the firm “TeniRadi”
are unique durable umbrella structures for using at
the grounds with large wind loads (Figure 8, a). They
have built-in drainage system. In Figure 8, b, two pos-
sible forms for approximation of a surface of an um-
brella shown in Figure 8, a are presented. The upper
surface is a surface of umbrella type on the cycloidal
plan formed by semi-cubic parabolas, the lower sur-
face is a waving surface formed by semi-cubic parabo-
las with the waving foot line [10; 11].

The works on strength analysis of
umbrella-type shells

At the middle of the 20™ century, some principles
of forming surfaces of umbrella and umbrella-type
domes and methods of their strength analysis were ab-
sent and that is why architectural and technical con-
ceptions were bound [26]. But attempts of building of
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Figure 8. The tent umbrella structure and its proposed computer models

umbrella domes were undertaken by different architects
and builders. Simplified methods of strength analysis
were offered. For example, every fragment of the cove-
ring of the market in Royan (Figure 4) was considered
as a beam on two hinges: at the foot and at the vertex
of the dome. Taking into account that the covering
works already 60 years, an analysis circuit was chosen
successfully and can be recommended for preliminary
calculation of umbrella-type shells at present time.

As it was noted before, middle surfaces of um-
brella-type shells are defined by one analytical equa-
tion and it gives the opportunity to use the standard
computer programs and to derive author’s programs
for static and dynamic analysis of considered shells
on diverse types of loading.

For example, a thin shell shown in Figure 2 was
examined on action of dead load with the help of finite
difference energy method [15]. This method was used
also for strength analysis of two types of umbrella-type
shells with middle surfaces in the form of Joachim-
sthal canal surfaces. They were subjected to action of
their own weight [27].

Figure 9. A corrugated sphere

A finite element analysis of stress-strain state of
a reinforced concrete shell of umbrella type with an el-
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liptic contour surface (1) was realized in a work [20].
The analysis was fulfilled on action of the own weight
when y = 1 and the shell has the hinged supports. A pro-
gram complex LIRA SAPR 2013 was applied. It was
established on the example of a shell with the sphere
contour surface (Figure 9) that a waving shell has
more rigidity but in the comparison with the smooth
shell, torque internal moments appear. Considerable
reduction of strength characteristics when a spherical
contour middle surface of the shell is substituted for
the elliptic surface is not observed. We can increase
rigidity of the shell if we shall increase the vertical
semi-axis of the ellipse.

Conclusion

Builders began to erect umbrella stone domes se-
veral hundred years ago but thin-walled umbrella shells
appeared only in the middle of the 20" century. At that
time, geometrical science could not give a strict defi-
nition of umbrella surface. A shell divided into identi-
cal segments and analysis fulfilled for one fragment
but the results applied to all shell.

At the beginning of 21* century, analytical umbrella-
type surfaces were singled out of a class of umbrella
surfaces into the separate class. More than two tens of
new surfaces were introduced into practice. Scientific
papers devoted to the determination of stress-strain
state of umbrella-type shells and suggestions on their
application began to appear. At present, only numeri-
cal methods of analysis are applied.

Real umbrella-type shells were not used else. But
the author agrees with V.A. Lebedev [26] that “revival
of highly artistic umbrella form in modern dome buil-
ding is possible only in the shape of thin-walled struc-
tures. <...> These forms undoubtedly must find the wide
application in building”.
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Annomayus

B craTbe 00bsCHSIETCA aKmyanbHoCmb pa3eneHns 3S0HTHYHBIX TTOBEPXHOCTEH
Y TIOBEPXHOCTEH 30HTUYHOTO THIIA HA JIBA Pa3HBIX Kilacca. PaHblle 30HTHYHBIC TTO-
BEPXHOCTH M MOBEPXHOCTH 30HTHMYHOT'O THIIA BXOJMIN B OJIMH KJIacC ITOBEPXHO-
CTEl, TaK KaK COCTOST U3 TOXKACCTBEHHBIX (PparMEHTOB, JICKAIIUX Ha TTOBEPXHOCTH
BpalleHHs. YUYHUTBIBAs CIIOCOO MOCTPOSHHS ITHUX MTOBEPXHOCTEH, & UMEHHO TO, YTO
30HTHYHBIC TTOBEPXHOCTH — COCTaBHBIC MMOBEPXHOCTH Ha 0a30BOil MOBEPXHOCTH
BpAILlCHHs, a TOBEPXHOCTH 30HTHUYHOTO TUIA — KUHEMATH4YEeCKUEe IIOBEPXHOCTH,
00pa30BaHHbIC HEMPEPHIBHBIM JBHKCHUEM U3MEHSIIOIIECHCS] KPUBOM, OHHM OBLTH pa3-
JIeJICHBI Ha J1Ba OT/AENbHBIX Kiacca. Ilens cmamopu — coOpaTh BOSJUHO OCHOBHBIE
myOJMKaIMK 110 BCEM pas3jiesiaM MCCIeI0BaHUI 000JI0YeK 30HTHYHOTO THIA.
Memoowt. J1n1s1 oy4eHUs] OCHOBHBIX PE3YJIbTaTOB HCCIENOBaHUN 000JIOUEK 30H-
THYHOTO THIA OBUIM M3yuYeHBI CBeeHHs O AuddepeHnantsHOl reoMeTpun mo-
BEPXHOCTEH, CTPOUTEILHOW MEXaHWKE 000JI0UEK U MOJIX0/aX, UCIOJIb3yEMbIX B
ApXUTEKTYpe MPOCTPAHCTBEHHBIX CTPYKTYp. Pesynvmamet. Ilpencrasiensl oc-
HOBHBIC Hay4yHbIC PabOTHI 10 TEOMETPHH, PACUETY U MPEUIOKEHHUSM I10 MTpUMe-
HEHHIO TOHKOCTEHHBIX 000JI0YEK 30HTHYHOI'O THIIA B CTPOMTEIBCTBE M VIS pe-
(hJIeKTOPOB 30HTUYHOIO THIIA KOCMHUYECKUX armnaparoB. [[puBeIcHbl yTOUHEHHbBIE
rapaMeTPHUECKUE YPaBHEHHS HEKOTOPBIX pacCMaTpPUBAeMBbIX MoBepxHocTel. [Tpo-
JEMOHCTPUPOBaHbl ANNPOKCUMAIIMOHHBIE KOMIBIOTEPHBIE MOJAEIH CPEIUHHBIX
MMOBEPXHOCTEH CYIIECTBYIOLIMX 30HTHYHBIX 000JI04EK, HO B (POpME MOBEPXHOCTEH
30HTHYHOrO THIA. [ToKa3aHbl IPUMEpBI OMPE/IETICHUS HAPSHKEHHO-AEeOPMUPYEMOTO

COCTOSIHHSI TOHKOCTEHHBIX 000J0YeK 30HTUYHOTO THIA Oe3 pa3OmeHws memnoit 00o-
JIOUKH Ha TOXAECTBEHHBIE (hparMeHTHI. [loydyeHHbIe HOBBIE U YK€ HU3BECTHBIC
cBemeHHs 00 000I0UYKaX 30HTHYHOTO THIA JAIOT OCHOBAHUS MPEAIONaraTh, 9YTo
000JI0YKH TOro THIa OyAYT BOCTPEOOBAHBI HHXKEHEPAMU U apXUTEKTOPaMHU.
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AHnnomayus

Haubonee pacnpocTpaHeHHBIH crioco0 00pa3oBaHMs OTYNPAaBUIBHBIX MHOTO-
IPaHHUKOB COCTOUT B OTCEYEHUH IJIOCKOCTAMH YIJIOB U pe0dep NPaBUIIbHBIX MHO-
TOrpaHHHKOB. I]e1s JaHHOW PabOTHI — PACCMOTPETh aBTOMAaTU3UPOBAaHHOE 00pa-
30BaHHUe Ha 0a3se JoJeKadapa psiaa MOBEPXHOCTEH MOMyIPaBIIbHBIX MHOTOIPAaHHUKOB
Apxumena. K HUM OTHOCATCS yCedEeHHBIN J0JeKa3ip, HKOCOA0AEeKadip, poMOo-
MKOCOZI0JIEKa’ Ip U yCEUEHHBIH HKoconoaekadap. Memoowi. opMUpoBaHUE TOBEPX-
HOCTEH OCYLIECTBIISIETCS KHHEMAaTH4eCKUM MeToioM B cpenie AutoCAD c ucrosb-
30BaHUEM IIPOTrpaMM, COCTaBJIECHHBIX Ha si3bike AutoLISP. Meronuka oOpasoBaHus
yKa3aHHBIX MHOTOTPAaHHUKOB IPEIyCMaTpHBAET yCeUeHUE YIIIOB U pedep noae-
Kasapa. JTo TpeOyeT pacuera psifia TeOMETPHYECKUX MapaMeTpPOB AaHHBIX MHOTO-
IPAHHUKOB U JIOJEKa/pa, TAKUX KaK BEJUUMHA yceueHHs pedep N0AeKadIpa, pa3mep
pebep yceueHHBIX MHOTOTPAaHHHMKOB, [IEHTPHI T'paHel, IBYIpaHHbIEe YIJIBl U JIp.
C 1enblo reHepupOBaHUs YKa3aHHBIX IIOBEPXHOCTEN CTPOUTCS MX KapKac, OCKOIbKY
KapKacHbIE JIMHUM MCHOJIB3YIOTCS B KAUECTBE HANPABISAIOMINX 11 00pa3oBaHUs
HOBEPXHOCTEH KUHEMATHYECKHM CIOCOOOM. DJIEKTPOHHAS MOAENDb KaXKIOr0 MHOIO-
IPaHHMKA CTPOMTCS B BUJIE HA0Opa OTCEKOB MOBEPXHOCTEH BCeX €ro rpaHel, mpuieM
Ka)K/Iblil OTCEK 3aKpeIUIIeTcs 3a OIpPEleNIeHHBIM ClloeM depTexka. Kapkac u anek-
TPOHHAsl MOJENb HCCIEIYyEeMbIX MHOTOTPAaHHHKOB (OPMHPYIOTCS IIOCPEICTBOM
IOJIb30BATENbCKUX IPOIPaMM, COCTABIEHHBIX Ha (DYHKIIMOHAIBHOM s13blke AutoLISP.
IIponecc oOpa3oBaHuUs MOBEPXHOCTEH BHIOPAHHBIX MHOTOTPAaHHUKOB B cpele
AutoCAD o6ecrieunBaroT crieluaibHble IPOrpaMMbl, COCTABICHHBIE TAKKE Ha SI3bIKE
AutoLISP. Pezynbmamot. Co3naHo nporpaMMHOE 0OECTICUCHUE JJIsI IEMOHCTPALIN
Ha 9KpaHe MOHMUTOPA Mpoliecca 00pa3oBaHuUs psila MHOTOTPaHHUKOB ApXuMesa.

Kurouesvie cnosa: noaynpaBWIbHBIH MHOTOTPAaHHHK, YCEYEHHBIN J10J]IeKa-
971p, HMKOCOIOJEKadIp, POMOOMKOCONOAEKANIP, YCEUEHHBIH HMKOCONOIEKadIp,
9JIEKTPOHHAS MOJIeNb, 00pa30BaHWE MHOTOTPAHHUKOB, HANpaBIAIOLIAS JIUHHUSA,
obpasytomas nuaus, AutoCAD, AutoLISP

BBenenue

HOJ'Iyr[paBI/IJ'H:HBIC MHOTI'OI'paHHUKHA, WA TEJla Ap—

Opnaxo, B ommume ot Ten [lnaToHa, modynpaBuiIbHbIE
MHOTOTPaHHUKM UMEIOT IpaHH JIBYX WIH Tpex Gopm
[2; 3].

XHUMe[ia, — 3TO TPUHAUATh BHITYKJIBIX MHOTOIPAHHHUKOB,
KOTOpBIE MMEIOT CJIEAYIOIIUE IPU3HAKKM MHOIOTPaHHU-
koB [lnarona (paBUIBHBEIX MHOTOTPaHHHUKOB): BCe pedpa
PaBHBI, BCE IPaHU — IPABUIIbHBIC MHOTOYTOJIBHUKH [1].
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s o6pa3zoBaHus MOJTyNpaBUIbHBIX MHOTOTPAH-
HHUKOB OOBIYHO UCIHOJb3YHOT METOJ YCEUEHHUS IUIOCKO-
CTBIO YIJIOB NMPAaBUJIBHBIX MHOT'OIPAaHHUKOB, TIPH 3TOM
MPOUCXOAUT TAKXKE ycedeHue pedep, UCXOMAIINX U3
9TUX yIJ0B. [l ycedeHus TeTpasipa, OKTaspa UKO-
ca’apa, KyOOoOKTa’qpa U MKOCOAO0AEKadApa BEINIHHA
ycedenus pedep usBectHa [4]. s oOpazoBanus yce-
YEHHOI'O J0JEKajIpa U YCEUEeHHOro Kyba 3Ta BelM-
YMHA paccuuThiBaeTcsa. PomOokybomonexasap u yce-
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YEHHBI HKOCOAOACKadAp (OPMHUPYIOTCS OTCCUECHHEM
pebep ¢ OTHOBpEMEHHBIM YCEUSHUEM YTIIOB [5].

W3BecTHO MOCTpOEHHE POMOOMKOCOIEKadIpa 1 yce-
YEeHHOTO MKOCOZO/AEKa’pa C UCIIOIb30BAaHUEM IPSIMO-
YTOJIbHUKOB, B KOTOPBIX OTHOLLEHUE CTOPOH COOTBET-
CTBYET IPOIOPITAN 30JI0TOTO CEUCHUs [6].

Bonpockl BU3yanu3aiuy apXuTeKTYPHBIX 1 HHXKE-
HEPHBIX Tl B TPEXMEpPHOM IPOCTPAaHCTBE MOCPE.-
CTBOM HCITOJIb30BaHUS Pa3lIMYHBIX BUOB IIPOTPaMM-
HOTO o0ecriedeHus OTpaskeHbl B paborax [7-12].

Hcnonb3oBanue cucremsl AutoCAD u s3bIka
AutoLISP nnst 06pazoBaHus pa3IniHBIX TOBEPXHOCTEH
onmybnmkoBaHo B paborax [13-18]. Busyanuzamus
obpasoBanus moBepxHocTeit Ten [lnarona kuHEMaTH-
YECKUM CIIOCOOOM B IMHAMHUYECKOM PEXHME B CH-
creme AutoCAD paccmoTpena B padore [19].

[IpennoxeHHas CTaThs ABISETCS MPOIOKEHUEM
UCCIIeIOBaHUH B 00JacTH BU3yalM3alld IPOLIECCOB
o0pa3oBaHHs MHOTOTPaHHUKOB Apxumena [20].

Jlamee paccmoTpeHa 3amada 0 BH3yaim3anun 00-
pasoBaHUsI Ha 0a3e 1oAeKa’pa YeThIpeX MOypaBUilb-
HBIX MHOTOTPaHHHUKOB: YCEYEHHOTO JI0AeKadpa, UKO-
coztoieKka’ipa, poMOOMKOCOI0EKadIpa U yCEUEHHO-
r'0 UKOCOAOEeKadIpa.

1. O0pa3oBaHue MOBEPXHOCTH
yCeueHHOro 10/1eKa3ipa

VYceueHnslii goaekasap (puc. 2) obpasyercs yce-
YeHHWEeM BEpLIMH JoAeKasapa (puc. 1) u, ciemoBaTenb-
HO, YITIOB Y IATHYTroabHUKOB. OH umeeT 20 Tpeyroib-
HBIX U 12 necaTnyronbHBIX TpaHed. Kondurypamnus
BepiuHsL: 3, 10, 10.

st 00pazoBaHus yCEUEHHOTO AOAEKadApa KHHe-
MaTHYECKHUM CIIOCOOOM CTPOMTCS €r0 KapKac yCeUeHH-
€M KapKaCHBIX JUHUHI N0AEeKadaApa.

BenuuuHbl CTOPOH AECSATHYTONBHUKOB, TPEYTOJb-
HHUKOB M OTCEKAE€MBIX OTPE3KOB ONPENEIITIOTCS U3 CO-
OTHoIIeHu# (puc. 3)

a=>b+2c, (1)
a=rx*2=sin?9, ()
b=2xcx*cos?, 3)
c=rx*sind/(1+ cos?), 4)

I @ — JUIMHA CTOPOHBI MATUYTOJIbHUKA JIOJCKAdIPa;
T — paJyc OKPY>KHOCTH, OIIUCAHHOW BOKPYT IISITUYTOJIb-
HUKa;, 9 = 36° — yToJN mpu BEpIINHE B TPEYTOJLHHUKE
AOB; b — BenmuuWHA TpaHel JEeCATUYTOJNBHUKA;, C —
BEJIMYMHA OTPE3KOB, OTCEUYCHHBIX OT CTOPOH IISATH-
YTOJIBHHAKOB.

Kapkac yceueHHOTO0 f0/IeKa’qpa cTpouTcs Ha 6aze
Kapkaca fojaeka’zipa. B maTHUyronpHBIX syeiikax no-
JieKasipa o0pa3yrTCs NECATUYTOJbHBIE SYEHKU yce-
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YEHHOTO JIoJieKadipa. B o0pa3oBaBiieMcst MeXIy HUIMU
MPOCTPAHCTBE MOSBIIAIOTCS STYSUKH TPEYTOBHOM (DOPMBL.

Puc. 1. Jfonexasap
[Figure 1. Dodecahedron]

b

)

\ 4

Puc. 2. YcedeHnslit 1oaexasaip
[Figure 2. Truncated dodecahedron]

Puc. 3. Onpenenenue pazmepos pedep
[Figure 3. Definition of the size of the ribs]

ITonyueHHBINM KapKac MCHOJIb3YETCS )i OCTPO-
€HUSI OTCEKOB MTOBEPXHOCTEN JECATUYTOJIBHBIX U TpE-
yToNbHBIX TpaHeil. O0pa3oBaHUE OTCEKOB BBITOIHS-
eTCs pa3[enbHO IBYMs I0JIb30BATEIbCKUMHU (DYHKIIH-
MU B BUJIE IBYX KOHCTPYKTHBHBIX (OPM.

GEOMETRY OF MIDDLE SURFACES OF SHELLS
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@Dopmuposanue Koncmpykmuenoit ghopmot 1

Ha6op 0TCeKOB MOBEPXHOCTH ACCITHYTOILHOM
TpaHy CTPOUTCS B SUYCHKE KapKaca yCEYCHHOTO JIOJie-
ka3apa. Cucrema koopauHat x0yZz yCTaHaBIMBACTCS
B CEpeMHE HWKHET0 OCHOBAHMS JIECTHYTOJBHUKA U
MOBOPAYMBACTCS BOKPYT OCH X Ha BEJIMUYMHY JIBYTpaH-
HOTO yTJIa, Ipu 3ToM cucteMa x0yz mpeobpasyeTcs B
CUCTEMY KOOpAHMHAT X;01Y1Z;, PACIOJOXEHHYIO B
TUIOCKOCTH sSTYeHKH (puc. 4).

OO6pa3oBanue HabOpa OTCEKOB MOBEPXHOCTH JIE-
CATUYTOJIbHUKA BBIIIOJHACTCA B HUKJIC C UCIIOJIB30Ba-
HueM ¢yHkuuu Loft u ee onuunu «ITo cedeHUAMY.

KoucrpyktusHas ¢hopma 1 nzodpakeHa Ha puc. 5.
OHa COCTOMT M3 OTCEKOB JIBYX DPSIOB JECATHUYTOJb-
HUKOB U JIByX OCHOBaHHI TaKOH ke (POPMBI.

Puc. 4. O6pa3zoBaHKe OTCEKOB B I€CATHYTOJEHUKE
[Figure 4. Formation of compartments in the decagon]

Puc. 5. KonctpykruHast hopma 1 ¢ HanpaBJIsSONIAMHI THHUASIMHA
[Figure 5. Constructive form 1 with guide lines]

®opMHUpOBaHKE OTCEKOB MOBEPXHOCTU TPEYTOJIb-
HOM TpaHu TakXe BBIMOIHSIETCS B siueiike kapkaca. Ee mo-
JIOKEHHUE OTIPEIEISIETCS IByMs yIilaMu o U T (puc. 6).
TpeyronbHbIle sMEHKH PacHoNoXKeHBl B 4 psfa.
Suetika 1-ro psma nzoOpaxkeHa Ha puc. 6, rae B, C; —
CTOpOoHa JecatuyronbHuka, A;M;, ByM; n C;M; —
OTPE3KH, OTCCUCHHBIC OT CTOPOH MATHUYTOJIbHUKOB.
CropoHa necATHYTOJIbHUKA paBHA

B,Cy = 2% C;M; * cos @, ®)]

mmpu 3ToM @ = 9.

EOMETPUS CPEUHHbBIX NMOBEPXHOCTEW OBONOYEK

CTOpOHa IIATUYTOJIbHUKA a4 paBHA
a=2=x* ClMl + Blcl. (6)

C ydeToM paBeHCTBa yIIoB @ U 9 Gopmyisl (2),
(5) u (6) MO3BONAIOT MOMYYUTH BBIPAKEHHS IS OIIpe-
JICTICHUS] BEJIMYUH CTOPOHBI ISCATUYTOJIbHUKA U OTCE-
YEHHBIX OTPE30B M UMEIOT BUJI
T * sin @
(1+cosg)’ 1

T *sin 2@

GM, = - (1+cos @) *

G
VIIiBl @ ¥ T ONPENEISIIOT TOJ0KEHHE TPEYTOIb-

HOM STYEHKHU U BBIYUCISIOTCS 10 (opMyJIam

a = arctgM;T, /ATy, T = arctg M, T, /D T},

rae M, T; — BbicoTa npaBwiIbHON mupamuabl M A, B, Cy;
T, — uentp TpeyroiabpHuka A, B;C;, sBistomerocs oc-
HOBAaHUEM MUPAMHUIBL.

Puc. 6. TpeyronpHas siueiika 1-ro psaga
[Figure 6. 1% row triangular cell]

Jns 0O6pa3oBaHMsl OTCEKOB ITOBEPXHOCTU TPEYTOJIb-
HMKA IIEPBOT'0 PsAlia CUCTEMY KOOPAMHAT IIEPEHOCHM B
TOUKY A4 U COBMeIIaeM OCh Y C BbICOTOH A{D;, BBI-
MIOJTHUB CJIEAYIOLINE OTepaIiu:

— MIOBOPOT cUCTeMBI KoopauHat x0yz BOKPYT OcH
Z ¢ TeM, YTOOBI OCh Yy CTajla MepIeHIUKYISIPHOIN CTO-
pone B{Cy;

—nepeHoc cucteMbl XOyz B TOUuky Dy ;

— NOBOPOT cuctembl xOyz BOKPYT CTOPOHBI B, C;
Ha yroi T;

— nepeHoc cucteMsl X0yz 13 Touku Dy B TOUKy 4.

Jns 0O6pa3oBaHMsl OTCEKOB IMTOBEPXHOCTU TPEYTOJIb-
HMKa BTOPOT'O PSa CUCTEMY KOOPAMHAT IIEPEHOCUM B
Touky D, u coBMmemiaem c BeicoToit A,D, (puc. 7),
BBINIOJTHHUB CIIEAYIOLINE ONepalyu:

— IOBOPOT CHCTEMBI KOOPAUHAT X1A;Y; BOKPYT
OCH X1 Ha yToJl 0 — 0Ch Y; 1O pebpy A14,;

281



Romanova V.A. Structural Mechanics of Engineering Constructions and Buildings, 2020, 16(4), 279-289

— IepeHoC CUCTEMBI X1 A1y, MO KapKacHOH JIMHUH
AqA, B TOUuKy A,;

— IIOBOPOT CHUCTEMbI KOOPIIMHAT BOKPYI' OCH X Ha
yromn oo — ocb y o A, Dy;

— IIepEeHOC CUCTEMbI KOOPJUHAT B TOUKY D,.

PopMHpPOBaHHE OTCEKOB TPaHM NECATHYTOJIBHON
(OpMBI BBITIOJIHSIETCS B IIUKIIE ¢ maroM dy1.

Konctpykrusnas gopma 1 ¢opmupyercs u3 ot-
CEKOB MOBEPXHOCTEH 12 necATHYroJIbHBIX I'paHei.
OHa mpecTaBiieHa Ha puc. 5.

®opMHpOBaHKE OTCEKOB TPEYTOJIBHOH (POPMBI BBI-
MOJHAETCS B LUKIIE ¢ maroM dy2, KOTOPBIA 3aBUCHUT
or mara dyl.

Puc. 7. opmupoBaHue cCTEMbl KOOPIUHAT X, D, Y,
[Figure 7. Formation of the coordinate system x,D,y,]

Puc. 8. Onpenenenue mara dy2 mis psga 1
[Figure 8. Definition of a dy2 step for rank 1]

Ha puc. 8 npoxeMoHCcTpHpOBaHO 00pa3oBaHKE OT-
CCKOB TMIOBEPXHOCTHU TPEYTOJIbHUKA 1-TO psijia CBEpXY.

282

Ecnum mar oOpa3oBaHus MOBEPXHOCTH IECSATHYTOJb-
HOM Tpanu — dy1, a TpeyronsHOW rpanu — dy 2, TO UX Ipo-
ekxrmn Ha pedpo €O, — otpesok D 0,. CrnemoBaTenbsHO,

dy1/sin36° = dy2/ cos 30°,
dy2 = dy1 * cos 30°/sin 36°.

Ha puc. 9 npencraeneHo o0pa3oBaHHE OTCEKOB I10-
BEPXHOCTH TPEYToJbHUKA 2-TO psifia cBepxy. Eciu mar
00pa3oBaHMsI OBEPXHOCTH ACCATHYTOJILHON IpaHu —
dyl, a TpeyroiapHOU rpanu — dy2, TO UX HPOEKLUHU
Ha pedbpo BC — otpezok CD. CrnenoBatensHO,

dy2 = dy1 * cos 30°/cos 18°.

Brruncnenue miara 00pa3oBaHHs OTCEKOB MOBEPX-
HOCTH TPEYTOJNBHBIX I'paHEH, Paclo0KEHHBIX B JIPY-
TUX PsIZiaxX, BBIMOIHIETCS TI0 TAKOMY )K€ alTOPUTMY .

2

O,

Puc. 9. Onpenenenue mara dy2 st psaa 1
[Figure 9. Definition of a dy?2 step for rank 2]

Puc. 11. OGpa3oBanue MOBEPXHOCTH YCEUSCHHOTO A0OAEKAdIpa
[Figure 11. Formation of truncated dodecahedron]

GEOMETRY OF MIDDLE SURFACES OF SHELLS
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KonctpyktuBHas ¢opma 2, coctaBieHHast U3 OT-
CeKoB noBepxHocTel 20 TpeyroapHBIX TpaHel, H300-
paxeHa Ha puc. 10.

Busyanuzamnust oO6pa3oBaHus TOBEPXHOCTU yce-
YEHHOTO J0AEKadApa B TUHAMHUYECKOM PEXKHME OCY-
MIECTBIICTCS TTOTPEONUTENECKON (DYHKITHEH, B KOTOPOI
B KayecTBe OJIOKOB 3aJ€iCTBOBaHBl KOHCTPYKTHBHBIE
¢dopmel 1 u 2. dparMeHT 00pa3oBaHUsl YCEUESHHOTO
JoJeKasipa npeacTasieH Ha puc. 11.

2. O6pa3oBaHue MOBEPXHOCTH HKOCOA0AEKAIAPa

Hkocononekasap uMeer 32 rpaHu, Cpeaud HUX —
12 mpaBUNbHBIX MATUYTOJBHUKOB U 20 MpaBUIBHBIX
TPEYTONBHUKOB [puc. 12]. Bce rpanu sBISIOTCS TIpa-
BUJIBHBIMH MHOTOYTOJILHUKAMH JIBYX THIIOB — TISITH-
YTOJNBHUK U TPEYrojbHHUK. B Kaxmoil BepiinHe cXO-
ISTCA [Ba ISITUYTOJbHUKA U JBa TpeyrosipHuKa. Kon-
¢urypanus BepmmHsL: 3, 3, 5, 5.

Puc. 12. Ukocogonekasap
[Figure 12. Icosododecahedron]

Puc. 13. O6pa3oBaHye NOBEPXHOCTH HKOCOAOACKAdIpa
[Figure 13. Formation of icosododecaheron surface formation]

MHororpaHHuK nojydaeTcs MpH CPe3aHuH BEPIIUH
JOZIeKa3/ipa IUIOCKOCTSMH, POXOSILINMH Yepe3 cepe-
IWHBL pedep monekasapa. B pesynbraTe Takoro yceue-
HUS TSTUYTOJBHBIE TPAaHU U3MEHSAIOTCA B pasMepe U
MEKAy HUIMU 00pa3yroTcsi TpaHH TPEYrojIbHON GOopMBI.

VYcedeHue NATUYTOJbHUKOB MMOKa3aHO Ha puc. 14.
Cekymue muaun ; (i = 1,..., 5), mpoxoadar uepes ce-
peauHsl cTOpoH nsaTuyronbHuka MNKFQ. Pesynsrar
yceueHus — nsaTuyronbHuk ABCEG.

EOMETPUS CPEUHHbBIX NMOBEPXHOCTEW OBONOYEK

Puc. 14. Yceuenue natuyronsauka MNKFQ nopekasapa
[Figure 14. Truncation of the dodecahedron pentagon MNKFQ)]

Puc. 15. O6pa3oBaHue 0OTCEKOB OAHOM I'PaHH UKOCOJO0AEKAdApa.
[Figure 15. Formation of compartments of a face of
the icosodododecahedron]

OKpy»XHOCTb, OTICaHHAs BOKPYT MATUYTOIHHUKA
ABCEG, sBnsiercs BiicaHHOU B mATUYTONMBHUK MNKFQ,
paanyc KOTOpOi paBeH

OC =1 *cos 9V,

TJie T — paauyc OKpY>KHOCTH, ONIMCAHHOW BOKPYT ISATH-
yronsHuka MNKFQ.
Cropona nsatuyronsauka ABCEG paBHa

BC =2*0C * sin9.

Kapkac mkocomonexasapa coaepKuT SUSHKH TMSTH-
YTOJILHOM U TpeyroibHoi ¢opm (puc. 15 ). O6pazosa-
HHE OTCEKOB IIITHYTOJIBHOM I'PaHN ITOKA3aHO Ha TOM K€
pHCYHKe.

OTcekn MOBEPXHOCTH TPEYTOJBbHBIX TpaHel pac-
TIOJIO’KEHBI B YETBIPE psija.

Ecnu mar oOpazoBaHusi IOBEPXHOCTH ISTUYTOJb-
HOH Tpanu — dy1, To mar dy2 o0pa3oBaHUs OTCEKOB
TPEYTOJILHOI I'paHu paBeH:

dy2 = dy1 * cos 30°/cos 36° — psiasl 1, 4;
dy2 = dy1 * sin 60°/sin 72° — psizet 2, 3.
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C uenbio BBIOJHEHUS BHU3yalu3alldH IMpolecca
00pa3oBaHMsl MKOCOAOAEKAdApa CO3JAI0TCS JBE KOH-
CTpYKTUBHBIX (popMmel. [lepBas hopma — HAOOP OTCEKOB
MOBEPXHOCTH MATHYTOJNBHBIX TpaHeil, BTopast — Habop
OTCEKOB MOBEPXHOCTH TPEYTONBHBIX TpaHeil (puc. 16).
s ucrionp3oBanHus B porpamMme (YOpMHUPOBAHUS TI0-
BEPXHOCTH MKOCOMIOJIEKAd/Ipa KOHCTPYKTHBHBIE (DOPMBI
MPEACTABIAIOTCS B BUJE OJIOKOB.

Puc. 16. Habop oTcexoB TpeyronbHBIX rpaHeit
[Figure 16. Set of compartments of triangular faces]

Hkocomonekasap B mporecce 0Opa3oBaHUs MOKa-
3aH Ha puc. 13.

3. Odpa3oBanne NOBEPXHOCTH
poMOoMKoCoI0ieKadApa

Pombomkocomoaekasmp cocTouT u3 12 TpaBHIBHBIX
MATUYTOIBHUKOB, 30 KkBaapaToB u 20 MPaBUIBHBIX Tpe-
yroJbHUKOB [puc. 17]. B kaxmoi u3 BepIIMH CXOIAT-
Csl TPEYTONLHUK, MSITUYTOJBHUK U IBa KBaIpara.

PomOoukoconoaekasap GhopMUpyeTCst yceueHHEeM
pebep U BepIuH JToJieKadapa wim ukocaszapa. [pu yce-
YeHUH JIOJIEKad/[pa ero 12 KOHrpy HTHBIX ITPABUIBHBIX
MIATHYTOJIGHUKOB TPAaHCPOPMHUPYIOTCS B 12 YMEHBITICH-
HBIX MPABWIBGHBIX MSATUYTOJIHHUKOB POMOOHMKOCOIOIC-
KanJpa, pacroJOKEHHBIX B TeX ke IUIOCKOCTIX. B oOpa-
30BaBIIEMCs TIpocTpancTBe hopmupyrores 30 KOHTpy-
SHTHBIX KBaapaToB U 20 KOHTPYIHTHBIX PaBHOCTO-
POHHHUX TPEYTOJIbHUKOB.

VYceuenue pebpa AC monmekasapa MpeacTaBICHO
Ha puc. 19. Iy Toro 4ro0Bl CTOPOHBI MATHYTOILHU-
KOB U 00pa30BaBIICTOCS MEXIYy HHUMU MPSIMOYTOJb-
HUKa OBUIM paBHBI MEXIy c000l, HEOOXOIUMO BHI-
TIOJTHATH YCIIOBUE TOI00US ATHYTOIRHUKOB ACQFE
1 A;C Q1 FiEq:

BT _ A1y
BD  AC’ ™
AC = 2*7r*sind BD =1 * cos?9, ®)

T 7 — paJuyC OKPY>KHOCTH, ONMCAHHOW BOKPYT Iisi-
THUYTOJBHUKA TOJIeKadIpa (3a1aH).
Ecmm durypa A, C; C, A, —xBagpar, To A, C; = MT.
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A,Cy =2+ (BD — BT) * cos B, )

rae B = M} Y, = 116,565° — qByrpanHsrit yromn

JoJIeKadIpa.

Puc. 17. PomGoukocomoaexasap
[Figure 17. Romboicosododecahedron]

Puc. 18. O6pazoBanue MOBEPXHOCTH POMOONKOCOTOIEKAIAPA
[Figure 18. Formation of romboicosododecahedron surface]

G

Puc. 19. Yceuenue pebpa gonekasapa
[Figure 19. Truncation of the dodecahedron edge]

Bripaxenus (7), (8), (9) mO3BOIAIOT HANTH BETH-
YHHY CTOPOHBI A, C;, MpUHAUIeKAIEeH U MATHYTOIb-
HHUKY POMOOHMKOCOAOAEKA3APA, U MPSIMOYTOIbHUKY.

2xr*sin 9
A1C1 = tand -

cos B

GEOMETRY OF MIDDLE SURFACES OF SHELLS
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JBYrpaHHBIH Yroia MeXIy MATHYTOJIbHUKAMH U
KBaJpaTaMu paBeH

P, = Py + B, = 148,283°.

Taxum oOpa3om, Ipu yceueHHH pedep noaeKad -
pa 00pa3yroTcs MSATUYTOIBHUKY, IIEHTPBI KOTOPBIX COB-
MaJafT C [MEHTPaMH MPSIMOYTOJIFHUKOB JOJEKadIpa,
MEXJy TSATHYTONbHUKaMU (hopMHpPYIOTCS KBaJpartsbl,
a MEXIy KBaJipaTaMHU — KOHIPYIHTHBIE TPEYTOJIBHUKH,
CTOPOHBI KOTOPBIX PaBHBI CTOPOHAM KBajpaTa. Y CeueH-
HBIC MMATUYT'OJIbBHUKH, KBAaApaTbl U TPEYTOJBHHUKU CO-
CTaBJIIOT KapKac pOMOOUKOCOI0ICKadIpa.

B poMboukocomonekaspe UMeeTcs elie OJUH JIBY-
TpaHHBbIN yroil Yz MEXIy KBajpaToM U TPEyTrojbHU-
koM (puc. 20).

¥3 =180 - (8~ V),
rae § — yrom MeXAy OCbI0 X M OCBIO Yp; Y — yroia

MEXIYy OChI0 X W ochlo Y;; O = arcsin[(cos %) *
Gin)]y = —"m—.
cos ( /6)

KonctpyktuBHas dopma 1 obpasyercst mocpen-
cTBOM (yHKIMH Array jajisi HaOOpa OTCEKOB IpaHeH,
nperncraeieHHbIX Ha puc. 21. 1o cymecTBy 5To y4acTku
JIByX MEPUIANAHOB, K TIEPBOMY MEPHINAHY OTHOCATCS
KBaJparT U ISTUYTOJNBHUK (P4 clieBa), KO BTOPOMY —
JIBa TPEYroNbHMKA U KBaJpat (psx cipasa). Mexay me-
pUIMaHAMK HaXOJSATCS TIOJIOBHHKH KBa[paToB. OTCeKH
TOBEPXHOCTH 3THUX TpaHel CTPOSITCS B siUEMKax Kap-
Kaca poMmOoHnKocoaonekaspa. Cucrema KOOpAWHAT CO-
orBercTByeT SElsometric.

E

Puc. 20. Yrier pombonkocononexasapa
[Figure 20. Angles of the rhombicosododecahedron]

EOMETPUS CPEUHHbBIX NMOBEPXHOCTEW OBONOYEK

X

Puc. 21. Habop otcexoB st hopMUPOBaHHsI KOHCTPYKTUBHO#H (hopmbI 1
[Figure 21. Set of compartments for forming a structural form 1]

Anzopumm 06pazoeanus OMceKos noGepxHocmu
6 aueiikax 1-20 mepuouana:

— MOBOPOT CHUCTEMBI KOOPIAWHAT BOKPYT OCH Z
Ha 108°;

— MEPEHOC CUCTEMBI KOOPIUHAT B CEPETUHY OCHO-
BaHUs KBaJpara;

— MOBOPOT CHCTEMBI KOOPJUHAT BOKPYT OCH X Ha
yrox (180 —y);

— (hopmupOBaHUE OTCEKOB MMOBEPXHOCTH KBAJIpaTa;

— TIIEPEHOC CUCTEMBI KOOPAWHAT B OCHOBAHUE IISITH-
YTOJIHHUKA,

— MOBOPOT CUCTEMBI KOOPJUHAT BOKPYT OCH X Ha
yrox (180 — s, );

— (GopMHpOBaHHE OTCEKOB MOBEPXHOCTH MSTH-
YTOJIBHUKA;

— YCTaHOBKA CHCTEMbI KOOPJHWHAT B TIOJIOKCHHE
World.

Anzopumm 006pazoeanus 0mMceKo8 nNo8epPXHOCMU
6 AuelnKax 2-20 mepuouana:

— MOBOPOT CUCTEMBI KOOPJIUHAT BOKPYT OCH Z
Ha 72°;

— MEPEHOC CHCTEMBI KOOPIUHAT B BEPIINHY HUXK-
HETO TPEYTOJIbHUKA;

— MOBOPOT CHUCTEMBI KOOPIMHAT Ha YTOJ Y BOKPYT
OCH X;

— (hopMupoBaHUE OTCEKOB MOBEPXHOCTH HIKHETO
TPEYTOJbHUKA;

— MEPEeHOC CHCTEMBI KOOP/IMHAT B OCHOBaHHE KBaJI-
pata;

— MOBOPOT CUCTEMBI KOOPJIUHAT BOKPYT OCH X Ha
yrox (180 — s);

— (popmEpOBaHKE OTCEKOB MMOBEPXHOCTH KBaJpaTa;

— MEePEeHOC CHUCTEMBbI KOOPJAWHAT B CEPEIUHY OC-
HOBaHUS BEPXHETO TPEYTOJbHUKA;

— MMOBOPOT CHUCTEMBI KOOPJUHAT BOKPYT OCH X Ha
yrox (180 — y3);

— (opMHpOBaHHE OTCEKOB MOBEPXHOCTU BEPXHE-
T'O TPEYTOJILHUKA;

— YCTaHOBKa CHCTEMbI KOOPAWHAT B TOJIOXKEHHE
World.
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Anzopumm 06pazosanun omceKos nogepxHocmu
6 AueliKax Keaopamoe mexcoy mepuouanamu 1 u 2:

— MIEPEeHOC CUCTEMBI KoOpAWHAT B Touky C mim D
W YCTaHOBKA OCH Y TIEPIICHIUKYISIPHO OCHOBAHHIO TO-
y0Oro TpeyroibHUKA,

— (hopMupoBaHHE OTCEKOB TIOBEPXHOCTH TPEYTOJIb-
HHUKOB;

— YCTaHOBKa CHUCTEMbI KOOPAMHAT B IOJOKECHUE
World.

KonctpykruBHas dopma 2 popmupyercss u3 ot-
CEKOB I'paHeM, MPEACTaBICHHBIX Ha pUC. 22.

Konctpykrusable ¢opmbl 1 1 2 mpencTaBieHbBI
Ha puc. 23 u 24.

OO0pa3oBaHUe MOBEPXHOCTH POMOOUKOCOI0ICKA-
37pa MPOIEMOHCTPUPOBAHO Ha pHcC. 18.

Puc. 22. Habop otcexon
1utst opMUPOBaHHST KOHCTPYKTHBHON (opMbl 2
[Figure 22. Set of compartments for forming a structural form]

Puc. 23. Koncrpykrusnas ¢gopma 1
[Figure 23. Constructive form 1]

Puc. 24. KoncrpykrusHas gopma 2
[Figure 24. Constructive form 1]
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4. Odpa3oBanne NOBEPXHOCTH
yYCE4eHHOr0 HKOCOA01eKajApa

YceueHHBIH UKOCOI0eKadip GOPMHUPYETCS OTCe-
YeHueM pedep M BepIIUH J0AeKadapa.

[pu ycedennn nonexa’apa HEOOXOAUMO ero 12 KoH-
TPYSHTHBIX MPABHIBHBIX MSATHYTOJIBHUKOB TpaHC(Op-
MHUpOBaTh B 12 KOHIPYIHTHBIX MPaBUIBHBIX JECATH-
YTOJIBHUKOB, a Takke oOpa3oBaTh 30 KOHIPYIHTHBIX
KBagpaToB U 20 KOHIPY?HTHBIX PABHOCTOPOHHUX LIe-
CTHYTOJIbHUKOB.

Puc. 25. YceueHHBIH HKOCOA0ACKAIP
[Figure 25. Truncated icosododecahedron]

Puc. 26. ©parmeHT GopMHUPOBaHHUS YCEISHHOTO HKOCOI0ICKadIpa
[Figure 26. A fragment of the formation of
a truncated icosododecahedron]

CTopoHBI KBaJipaTa MPUHAICKAT U JIECATHYTOIb-
HUKY, U IIECTUYTONLHUKY (puc. 25). [ToaToMy cTOpoHBI
BCEX MHOTOYTOJIBHHKOB, COCTaBJISIONINX yCCUCHHBIH
HUKOCOJI0/IeKadIp, OyayT paBHBI APYT APYTY, €CIH MPU
yCEUeHNUHU OY/IET BBITOJIHEHO YCIIOBHE PABEHCTBA CTO-
POHBI JIECATUYTOJIbHUKA CTOPOHE KBaIpara:

A1A2 = Alcl. (10)

Ha puc. 27 u300paxxeHs! ABa AECATUYTOIFHUKA U
KBaJIpar mocie ycedeHus pedpa AC momexa’pa.

Paccrosinie Mexy OCHOBaHHEM JECSATUYTOJILHUKA
1 pedpoM JtosieKkasipa paBHO

DT = DM = r * cos 36° — 1y * cos 18°, (1)

r7ie T — panyc OKPY>KHOCTH, ONHCAaHHON BOKPYT TIsi-
TUYTroNbHUKA (3amaHo), r = AB = AC; r; — panuyc

GEOMETRY OF MIDDLE SURFACES OF SHELLS
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OKPYKHOCTH, OIIMCAaHHOU BOKpYT AC€CATUYTOJIbHHKA,
= BCl

A,C
= #
2*xsin 18°
AqC
DT = r x cos 36° — ———. (12)
2xtan 18°

Puc. 27. Yceuenne pebpa gonexasapa
[Figure 27. Truncation of the dodecahedron edge]

BenmauHy CTOpOHBI KBaipaTta MOXKHO OMPEAETIHTh
U3 BBIPAKCHUS

AyAy = MT = 2 = DT * cos 3. (13)
IIpunnumas Bo BHUMaHue, uto A, A, = A,(y, a Tak-

e BeIpakeHus (11), (12) u (13), momryuanm

2xC0S B*1*C0s 36°

cos B
tan 18°

A4y =

Puc. 28. Otcexu rpaneii st GopMUPOBaHHS KOHCTPYKTUBHOM (hopMbI
[Figure 28. Compartments of faces for the formation of a structural form]

WTax, cTopoHBI BcEX MHOTOYTOJILHUKOB PaBHEI 110
BEJIMYUHE CTOPOHE KBajpara A, A4,.

EOMETPUS CPEUHHbBIX NMOBEPXHOCTEW OBONOYEK

[onmy4eHHbIe TaHHBIC TO3BOJISIOT ITOCTPOUTH Kap-
Kac YCEeUeHHOTO MKOCOI0/IeKadipa Ha 6a3e moiexa’ipa
[Tnatona. JIByrpaHHbIi yroil MeXIy KBaJpaToM U Jecs-
TUYTOJILHUKOM PaBeH JABYTPAHHOMY YTJIy MEXKIY KBaJ-
paToM M MSATUYTOJEHUKOM B pOMOOHMKOCOI0AEKAdIpE,
JIBYTPAHHBIN YTOJ MEXIy KBaJpaToM M IIECTHYTOJb-
HHUKOM paBEeH IBYI'PAHHOMY YIUIy MEXIY KBaaIpaToM U
MSATHYTOJFHUKOM B POMOOMKOCOI0AeKadpe.

s Bu3yanmsanuu mporecca o0pa3oBaHHS yce-
YEHHOT'O JI0JICKad[pa CTPOUTCS KOHCTPYKTHBHAsI opma
13 OTCEKOB IpaHell pacCMaTpHBAEMOT0 MHOTOTPaHHHUKA.
®dopma obpazyercsi HOpMUPOBAHHEM TOISAPHOTO Mac-
CHBa 13 3apaHee c(HhOPMUPOBAHHBIX OTCEKOB JABYX Me-
punuanoB (puc. 28). AIropuT™M 00pa3oBaHUs OTCEKOB
MEpHIMAaHOB aHAIIOTUYEH AITOPUTMY, IPUBEICHHOMY
JUIST pPOMOOHMKOCO0/Ieadapa.

OO6pa3zoBaHue MOBEPXHOCTH MTOKA3aHO Ha puc. 26.

3akiouenune

Pesynprarom npoBeaeHHON pabOTHI SBISIETCS CO-
3JaHKE AITOPUTMOB U IPOTPAMMHOTO 00ECIIeUeHHsI Ha
sa3bike AutoLISP nmst oOpa3oBaHMs 37€KTPOHHBIX MO-
neneil u Bu3yanuzauud GpopMUpPOBaHUS KUHEMaTHUe-
CKUM CIOCOOOM IHOBEPXHOCTEH CIJIEMYIOIIMX IOTyIIpa-
BWJIBHBIX MHOTOTPaHHUKOB ApXxuMena:

— YCEYEHHOT'0 TOAEKadApa;

— UKOCOOACKAdIPA;

— poMOOUKOCOI0/IeKa3IPa;

— YCEYEHHOI'0 MKOCOI0AEKAdAPA.
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Visualizing surface formation of semi-regular polyhedra of Archimedes
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Abstract

The most common method of forming semi-control polyhedra consists in cutting
off angles and ribs of regular polyhedra by planes. The aim of the work — to consider
the automated formation of a number of surfaces of semi-regular Archimedean polyhe-
dra based on the dodecahedron. These include the truncated dodecahedron, the icoso-
dodecahedron, the romboicosododecahedron and the truncated icosododecahedron.
The formation of surfaces is carried out by the kinematic method in AutoCAD using
programs compiled in the AutoLISP language. Methods. The methodology for
the formation of these polyhedra provides for truncation of the angles and edges
of the dodecahedron. This requires the calculation of a number of geometric parameters
of these polyhedra and dodecahedron, such as the value of the truncation of the dodeca-
hedron edges, the size of the edges of truncated polyhedra, the centers of faces, dihedral
angles, etc. In order to generate these surfaces, a frame is constructed because the frame
lines are used as guides to form surfaces in a kinematic way. The electronic model of
each polyhedron is constructed as a set of compartments of surfaces of all its faces, and
each compartment is assigned to a certain layer of the drawing. The frame and electro-
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nic model of the polyhedra under study are formed by means of user programs com-
posed in the functional language AutoLISP. The process of forming surfaces of selected
polyhedra in the AutoCAD environment is provided by special programs that are also
compiled in the AutoLISP language. Results. Software was created to demonstrate
the process of formation of a number of Archimedes polyhedra on the monitor screen.
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Article history: Abstract
Received: April 07, 2020 The aim of the work — experimental investigation on crack propagation and de-
Revised: June 24, 2020 formation in high-strength fiber reinforced concrete beams with round cross-sections
Accepted: July 10, 2020 under combined bending and torsion for the development of practical methods of crack
’ ’ resistance, deformation and strength analysis of such structures, and also for the accu-
mulation of new experimental data on resistance under combined loading. Method is
experimental-theoretical. Results. Deflection plots and force-deformation relationships
for high-strength fiber reinforced concrete beams with round cross-sections under com-
bined bending and torsion are determined experimentally. Principal deformations in
terms of elongation and compression of concrete for the experimental beam structures
with high torsion to bending moment ratio are determined. It is established that for
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Introduction

In the last two-three decades the publications of
researchers from different countries give increasingly
greater attention to the investigation of reinforced con-
crete under special and emergency loadings, which cause
combined stress state in the structures [1-8]. Architec-
tural solutions and structural element cross-section shapes
used in design practice are becoming more complex
as well. It should be noted that until now a relatively
limited number of studies on the stress-strain state of
structures under combined loading have been conduc-
ted. In this field a number of Russian and various in-
ternational studies on reinforced concrete structures from
regular concrete can be mentioned, for example [9-15].
Even less studies are devoted to testing beams and other
structures under combined bending and torsion. Exis-
ting experimental results, according to their methodo-
logies [11; 13; 16-18], relate to particular individual
stress-strain state cases, boundary condition kinds, re-
inforcement types, concrete grades and types. At the same
time, resistance of reinforced concrete structures to com-
bined loading (bending and torsion) until now remains
globally underexplored due to a number of reasons,
primarily due to the complexity of the experiment.
As to high-strength reinforced concrete and fiber rein-
forced concrete structures, the studies of their combi-
ned stress state and crack propagation properties are
practically absent. This is evidenced by the fact that in
Russian, European, US and other countries’ building
codes there are no recommendations on designing struc-
tures under combined bending and torsion. There are
general guidelines of particular individual stress state
cases only for ultimate limit state and only for rectan-
gular cross-sections of structures, which do not always
correspond well enough to the real behavior of rein-
forced concrete in the stage of crack formation and
development and also in the ultimate stage of their re-
sistance.

In [19-21] the authors begin the publications on
the conducted experimental studies of high-strength re-
inforced concrete structures under combined loading.
Here are the methodologies and some particular test
results on structures with high-strength concrete of grade
B100 or higher for rectangular, hollow circular and
solid circular beam cross-sections. Following on these
studies, the present article provides the experimental
results of high-strength fiber reinforced concrete cir-
cular beams under combined loading. It is also worth
mentioning that the cross-sectional shape accepted for
the experiment is fairly often used in design practice
(cores of high-rise buildings that act as cantilever beams,
power transmission line supports, factory building co-
lumns, etc.).

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

Investigation results and their analysis

A series of six sample beams from high-strength
fiber reinforced concrete has been tested (see Table).
The following notation is used for the test structures:
FB — fiber reinforced concrete beam, CR — circular
cross-section, 720 — value of external force couple arm
for creating torsional moment, (1) — number of test
sample. Reinforcement details in the cross-sections of
test sample structures are presented in Figure 1. Lon-
gitudinal reinforcement of the test samples is grade
A240C and 6 mm diameter, positioned along the cross-
section perimeter. Transverse reinforcement is grade
A240C, 6 mm diameter with 100 mm spacing. Metal-
lic plates 8 mm thick with reinforcement anchors from
10 mm A240C grade bars were placed on the ends of
the test samples. A series of test samples were made
from grade B130 high-strength fiber reinforced con-
crete. More detailed information on the structure of beam
test samples, reinforcement details and testing methods
are given in [20].

Obtained experimental results, their processing and
analysis allow to state the following.

A characteristic feature of crack propagation in
high-strength fiber reinforced concrete structures with
circular cross-section is that they develop several dis-
crete cracks, from which one stands out with increasing
load and which then governs the failure. This crack
becomes predominant over the others at the load steps
close to failure and has the maximum opening size
(Figure 1).

Side A

[=1200

Figure 1. Crack pattern in test sample structure
from high-strength fiber reinforced concrete FB-CR-720 (1)
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Comparing the obtained crack pattern with the pat-
tern in regular reinforced concrete structures in the acting
region of bending and torsional moments [11; 18; 22]
it can be stated that such structures form an entire net-
work of cracks. In addition to that, with increasing load
new cracks are being formed, and correspondingly
the distances between them and the intensity of deve-
lopment of the already formed cracks change. There-
fore, the deformation concentration in the reinforcement
due to crack propagation is decreasing in the structu-
res from regular concrete.

The obtained experimental results on the features
and physical process of crack propagation in high-
strength fiber reinforced concrete structures allow to
conclude that the traditionally applied theoretical mo-
del of reinforced concrete deformation for service limit
state, which is based on the hypothesis of averaging
deformations after crack formation (coefficient vs),
needs correction in regards to the reinforced concrete
in consideration.
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Figure 2. Deflections of test sample structure
from high-strength fiber reinforced concrete FB-CR-720 (1):
1 — deflection according to indicator 12;
2 — deflection according to indicator I3
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Figure 3. Angles of deflection of test sample structure
from high-strength fiber reinforced concrete FB-CR-720 (1):
1 — angle of deflection according to indicators 11-12;

2 — angle of deflection according to indicators 1314

From the analysis of experimental deflections and
angles of deflection of tested structures (Figures 2 and 3)
it can be noted that the relative cracking load level in
fiber reinforced concrete beams (T+M)/(T+M,) is sig-
nificantly higher than in structures from regular con-
crete. For all FB-CR-720 beam test samples the men-
tioned ratio comprised 0,55-0,64. This implies that
the presence of fiber in structures from high-strength
reinforced concrete under the considered stress state
substantially increases the second stage of the stress-
strain state, and this feature should be accounted for
in the design.

The obtained experimental graphs of concrete com-
pressive strains in the test samples from strain gauge
measurements are of interest as well (Figures 4 and 5).
Strain gauge rosettes were processed after the gauge
measurements according to the know formulas for de-
termination of the principal tensile (compressive) de-
formations of concrete.

P,kN“
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Figure 4. Loading force to concrete deformation relationship for test sample structure
from high-strength fiber reinforced concrete FB-CR-720 (1), side A

292

EXPERIMENTAL RESEARCHES



Tpasyw B.W. n ap. CtpoutensHas MexaHuka MHXEHEepHbIX KOHCTPYKLWIA u coopyxeHnin. 2020. T. 16. Ne 4. C. 290-297

P, kN‘
- : 441
I 404—

36 — | /u/

32 +—

I
o
o
™

500 -

o
2 3
i 5]

-200 ==

ebx 1075

900 ==
1000

1 I
=] o
(=] (=
© [==]

Figure 5. Loading force to concrete deformation relationship for test sample structure
from high-strength fiber reinforced concrete FB-CR-720 (1), side B

So, with regard to FB-CR-720 (1) beam side A
(Figure 4) the following is obtained:

— load step % =1,0,
max

_ 314340 V2 ((-231)~(~183)) +

£ —4275, (1)
2 2 \+((~183)-340)°
314340 2 ((-231)~(-183))"+ 3185, )
2= 4 A - )
2 2\ ((-183)-340)”
_2(~183)—((~231)+340) N
(@20 = P _0,83(20 ) 3)
—load step% =0,8,
2
L _130+2as 2 ((F130)-(-112)) s @
11— < T - )
2 2 \+((~112)-245)’
., 13025 2 ((—13())—(—112))2+:_311 )
2 2 \+((~112) - 245)
2(=112)—(~130)+245) A
te20 = ETRTE _0,29(8 ) 6)
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— load step % =0,6,
max

_-116+98 2 ((-116)~(-96))” +

e ~129.5, (7)
b2 2 \+((~96)-98Y’
2
;1698 2 (n6)-(96))"+ ®
2 2 \+((~96)-98)
_2(-96)—((-116)+98) .
te20 = y— _0,81(20 ) )

With regard to FB-CR-720 (1) beam side B (Fi-
gure 5) the following is obtained:

— load step % =1,0,
max

2
L _ 3454370 2 ((-345)-840)" +
= 35+370 N2
2 2 \+(840-370)*

=917.5, (10)

2
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— load step % =0,8,
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Experimental investigation of the considered beam
structures from high-strength reinforced concrete pro-
duces a number of important parameters for the evalua-
tion of resistance of reinforced concrete structures to
combined loading — bending with torsion, given in Table.
They include the following: coordinates of nonplanar

crack formation, generalized cracking load Ry ./

failure load Ry, ; width of nonplanar crack which

governed failure on the level of longitudinal and
transverse reinforcement axes, at a double diameter
distance from reinforcement axes and along the entire
crack profile; changes in the distance between cracks

l.,. with increasing load.

Table

Experimental parameters of resistance of fiber reinforced concrete structures under combined bending and torsion

Structure Rowpcre, | Rsupmax, | Pmax Load step, Nonplanar crack, Actual Coordinates of
notation kN KN kN Pi/ Pmax which governed failure height of | nonplanar crack
the com- formation
agrcr,llr arcI:rcI,IZ: lcr;;gax, p;zsrf::m Xexp, Yexp,
Xfact, INIM mm mm
0.57 - - -
FB-CR-720 (1)
Side A 0.85 0.2 0.3 50 -35.3 -22.5
1 1.8 4.8 0
12.5 17.5 35.0 368
0.57 - - -
FB-CR-720 (1) 0.85 01 | 02 70 1547 | 439
Side B
1 1.2 1.6 20
0.64 - - -
FB-CR-720 (2) 0.77 01 | 02 40 448 | 180
Side A
1 0.5 1.8 0
15.0 19.5 39.0 0.64 - — 377 _
FB-CR-720 (2)
Side B 0.77 - - 95 -168.1 35.6
1 0.1 1 15
0.67 - - -
FB-CR-720 (3)
Side A 0.76 0.1 0.17 102 122.5 -93.4
17.5 260 52.0 ! 35 4 224 10
0.67 - - -
FB-CR-720 (3) 0.62 01 | o1 30 1168 | -36.4
Side B
0.82 0.1 0.16 0
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The actual height of compression zone xf: and
the height of compressed concrete above the inclined
crack xp in the effective section 1-1 (going through
the end of the nonplanar crack), deflections and an-
gles of deflection, values of nonplanar cracks projec-
tions onto the horizontal were also determined.

As a result, the obtained experimental data allow
to verify the accuracy of the analytical model of re-
sistance of fiber reinforced concrete structures to com-
bined bending and torsion, and will be useful for
the accumulation of new experimental information on
the stress-strain state of reinforced concrete structures
under combined loading.

Conclusion

Experimental investigation of beams from high-
strength fiber reinforced concrete with circular cross-
section produced new data on the stress-strain state
parameters of such structures under combined bending
and torsion. They include the values of generalized
cracking load and failure load, concrete deformation
in the region of the reference section, structure deflec-
tions and angles of deflection, nonplanar crack patterns
and the distance between cracks at different loading
stages, crack widths on the level of principal reinfor-
cement axis and at a double diameter distance from this
axis, and also along the entire crack profile at different
loading stages, coordinates of nonplanar crack forma-
tion at the considered stress state.

It is established that for beams from high-strength
fiber reinforced concrete with circular cross-section
during cracking several discrete cracks propagate, from
which one stands out with increasing load and which
then governs the failure. At the stages close to failure
this crack becomes predominant over the other and
has the maximum width. It was also established that
the relative cracking load in fiber reinforced concrete
structures is high and it comprised 0.55-0.64 from
the failure load for the tested structures.

The obtained and previously undetermined experi-
mental parameters on the stress-strain state of fiber re-
inforced concrete structures are relevant for the analy-
sis and verification of the developing analytical model,
evaluation of resistance of such structures under com-
bined bending and torsional moments.
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AHnnomayus

Llenv uccnedosanusn — >KCriepUMEHTANBFHOE U3yYEHUE OCOOEHHOCTEH Tpe-
IMUHOOOpa30BaHus U AeOPMUPOBAHUS CIOKHO HANPSKEHHBIX 00K KPYIIoro
MIONIEPEYHOT0 CeYEeHHs M3 BBICOKOIIPOYHOTO (HhUOpoKene300eToHa Al pa3BUTHS
HPAKTHYECKUX METOIOB pacyeTa TPEIMHOCTOHKOCTH, )KECTKOCTH M IPOYHOCTH
TaKMX KOHCTPYKIHUI MPH KPYUSHUH C U3rUOOM, a TAKKE JUTS HAKOIUICHUS] HOBBIX
OIIBITHBIX JAHHBIX O CJI0’KHOM CHJIOBOM CONPOTHBICHUH. Memood uccnedosanus —
9KCIIEPUMEHTAIBLHO-TEOpETUIECKU. Pe3ynomampl. DKCIIEPUMEHTAIBHO OIPE/EICHbI
OIBITHBIE 3HAYEHHUSI M IOCTPOEHHI Tpaduky mporuOoB 1 yIiIoB HOBOPOTA, 3aBUCHMO-
credl nedopmanuii 6ETOHA OT HATPY3KHU VIS CIOKHOHAMPSDKEHHBIX OAIOK KPyT-
JIOTO TIOTIEPEYHOT0 CEYEHUS U3 BBICOKOMPOYHOro (udpokene3oderoHa. Onpezerne-
HBI MIaBHBIC JeopMalyy yUTHHEHHS. U YKOPOUCHHUST OCTOHA ISl OIBITHBIX KOH-
CTPYKLHI 0aJoK ¢ BEICOKMM YPOBHEM COOTHOIICHMS KPYTSLIEro W H3rubarore-
IO MOMEHTOB. Y CTaHOBJICHO, YTO JUISl JKeIe300eTOHHBIX KOHCTPYKIHUH U3 BBICOKO-
pouHOro (hpudpoxene300eToHa KPYIiIoro ceueHus, Kak MpaBuiio, HaOIoaeTcs
pa3BHTHE AUCKPETHBIX OJHOM-BYX TPEIIUH, CIEA0BATEIbHO, KpyTriias GpopMa more-
PEYHOTO CEYECHUsI HECKOJIBKO CHIDKAET KOHLEHTPAIMIO, 00YCIOBICHHYIO CTPYK-
TYpOil BBICOKOMPOYHOTro OeToHa. Ha OCHOBaHWM NMPOBEACHHBIX HUCIBITAHUH Ke-
71€300€TOHHBIX KOHCTPYKIHI U3 BEICOKOIIPOYHOTO (pruOporxkene300eToHa KpyTiio-
IO CEYCHHMs MOJYYCHbI HOBBIC SKCICPUMCHTAIBHBIC JIAHHBIC O CIIOKHOM HArpsi-
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XKEHHO-Ie()OPMHUPOBAHHOM COCTOSIHUU B UCCIIEAYEMbIX 00JIACTIX CONPOTUBIICHUS,
TaKkue Kak: 3Ha4eHus: 000O0IIEeHHON Harpy3Ky TPEeUIMHOOOpa30BaHus U paspylie-
HUS, €€ YPOBEHb OTHOCUTENIBLHO NPEebHOM HAarpy3Ky; pacCTOSIHUE MEXIY Tpe-
LIMHAMU HA Pa3HBIX YPOBHAX TPEIIMHOOOPA30BaHUs; IIUPUHA PACKPBITUS Tpe-
IIMH Ha YpOBHE OCH pabouell apMaTyphl M HA yIOAJICHUH ABYX IHAaMETPOB OT Ocel
apMaTypbl, a TAKKe BJIOJIb BCEro MpoQIIs TPEIMHBI Ha PA3JIMUHbIX CTYNECHAX Ha-
IPY>KSHUSI; KOOPIWHATHI TOUEK 00pa30BaHMUs IPOCTPAHCTBEHHBIX TPEIMH; CXEMBI
00pa30BaHUs, PA3BUTUSL U PACKPBITUS TPEILHH >KEIe300€TOHHBIX KOHCTPYKIMI IpU
paccMaTpUBaeMOM CII0’KHOM HANpPsHKEHHOM COCTOSIHUHM — KPYUEHHH ¢ M3THOO0M.

Knrouesvie cnosa: xene300eTOHHBIE KOHCTPYKIIMH, BHICOKOMPOYHBIH OeTOH, Huo-
POXKeNIe300eTOH, KPYUeHHE ¢ H3THOOM, Pe3yIbTaThl SKCIIEPUMEHTA
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Annomayus

Axkmyanvnocms. Viccrnenopanne 0oCOOCHHOCTEH B3aMMOJICUCTBUS 31aHUI U CO-
OpYXXEHHUH ¢ OCHOBAaHHMEM IPU 3eMIIETPSICEHHH SIBIISIETCS OTHOW M3 HanboJiee BaXKHBIX
3a7a4 TEOPUM CEHCMOCTOMKOCTH. Peakumsi coopy)keHHsI Ha CEeHCMHYEcKOoe BO3IEH-
CTBHE B 3HAYMTEJIPHOW CTEIEHH 3aBUCHUT OT COOTHOILIEHHUS JKECTKOCTHBIX XapaKkTepH-
CTHK TPyHTa, pyHAaMeHTa U HaldyHIaMEeHTHOro cTpoeHus. IIpu 3ToM, yunThIBast
JOCTaTOYHO BBICOKYIO CTEIeHb CTATHCTHYECKON H3MEHUHBOCTH XapaKTEPHUCTHK TPYH-
TOBOTO OCHOBAHMsI, 0OECIIEUNTh HEOOXOAMMBINH YPOBEHb 0OE30MACHOCTU COOPY>KEHUS
MOJKHO TOJIBKO Ha OCHOBE MPUMEHEHHUSI BEPOSTHOCTHBIX MOJENEH M KOJIMICCTBEHHOM
OLICHKH HAJIeXXHOCTH CHCTEMBI «COOPYKEHHE — OCHOBaHHME» B LieJIoM. B Hacrosinee
BpeMsI JUISI pacyeTa CUCTEMBI «COOPYKEHHE — OCHOBAHNE) Ha CEHCMUUYECKUE HAarPy3KH
MIPEMYILIECTBEHHO IPUMEHSIOTCS IeTEPMHUHUPOBAHHbIE TUCKPETHBIE MOIEIH METO/Ia
KOHEYHBIX 3JIeMeHTOB. Ho 3TH MOACIN IIIOXO HpI/ICHOCO6J]€H]>I JUIA BEPOATHOCTHBIX
pacyeroB U TpeOYyIOT OOIMPHBIX CTATHCTHYECKHX JAHHBIX, KOTOPBIX CEroHs HEIo-
crarouHo. [losToMy B 3ajauax OLIEHKM HaJEXKHOCTU LIEJIECOOOPA3HO MpUMEHEHHE
YIPOLIEHHBIX AHATUTHYECKUX MOJIENeH, MO3BOISIOMIMX MPH CPABHUTENIBHO HEOOMb-
LI0W MCXOTHON MH(OPMAIIMK O CUCTEME IOJIy4YUTh BEJIMYMHY CTaTUCTUYECKON U3MEH-
YUBOCTH €€ peakiyu. I]eny cmampu — Ha OCHOBE U3BECTHOTO PEIICHUS IS OAHOMAC-
COBOIM MOJIEIH TPEICTABUTh AHATUTHYECKOE PElICHHe B MAaTpUUHOHM (opme 3amadum
CBOOOHBIX FOPU30OHTAIBHBIX KOJIEOaHUII MHOIOMAacCOBOTO KOHCOJBHOTO CTPEXKHS Ha
OCHOBAHHH, 33JAHHOM MOJIEIIBIO YTIPYTOro MoTynpocTpancTea. Memoowt. 1IpoBeneHo
HCCIIeZIOBaHUE BIIMSHHUS MOJATIIMBOCTU TPYHTOBOIO OCHOBAHMS HA YacTOTHI M (POPMBI
TOPU3OHTAIBHBIX KONEOaHUH coopyKeHus. JJaHo cpaBHEHUE Pe3yIbTaTOB C PAacueToM,
BBITTOTHEHHBIM METOJIOM KOHEUHBIX dJIeMEHTOB. Pe3ynbmamut. [lonydeHHoe pelieHne
NpeAHAa3HAuYeHO YISl TIPOBENICHHST BEPOSITHOCTHOIO PacyeTa CUCTEMBI «COOPY)KEHHE —
OCHOBaHHE» TIPH CEHCMUYECKUX HArpy3Kax M OLEHKH e HAJeKHOCTH.

Knrwouegvie cnosa: cucremMa «COOPYKCHHE — OCHOBAaHHUEY, KECTKOCTh OCHO-
BaHHsI, TUHAMHYECCKUE XapaKTCPUCTUKH, TOPU30OHTAIbHBIC KOJICOAHMUs, YACTOTHI
kosebanuii, GopMbl KoJeOaHHi, MHOTOMACCOBBI KOHCOJIbHBII CTEPKEHb

BBenenue

OﬂHOﬁ N3 aKTyaJIbHBIX 3aJa4 TCOpUHU ceiicmo-
CTOMKOCTH SIBIIICTCS yuer BSaHMOHeﬁCTBHH SHaHHﬁ n

COOPYKEHHUH C TPYHTOM OCHOBaHUS NpH 3eMIIeTpsice-
HuH. Peakius coopyxeHus Ha ceiicMMUYECKOe ABHKe-
HHE TPyHTa HEOJHO3HA4YHA M 3aBUCHT OT COOTHOLIE-
HHSI Macc ¥ KECTKOCTHBIX XapaKTEPUCTHUK IPyHTa, (QyH-
JaMeHTa ¥ HaJQyHAaMeHTHOTO cTpoeHus [1; 2].
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s pacuera cUCTEMBI «COOPY>KEHHE — OCHOBa-
HHE» Ha CEHCMHMUYECKHE Harpy3Ky MPEUMYILECTBEHHO
MIPUMEHSIOTCS TUCKPETHBIE MOJETH T'PYyHTOBOTO OC-
HOBAaHMA U COOPYKEHMSI HA OCHOBE METO1a KOHEUHBIX
anemeHToB [1; 3—5]. IIpu 3TOM UCHONB3YIOTCS CTaH-
JapTHbIE BBIYUCIUTEIbHBIE KOMILIEKCHI, IO3BOJISIOIIHIE
Ha JIaHHOM 3Tare pa3BUTHs TEXHUKH MPOU3BOAUTH pac-
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4eThl JIFOOOH CII0KHOCTH, B TOM YHUCJIC M HEJUHEH-
HbIe. BMecTe ¢ TeM AUCKpeTHBIE MOAETHU MPUBOIAT K
HEOOXOIMMOCTH 0OOCHOBAHUS Pa3MEpPOB 30HBI OCHO-
BaHMUsI, KOTOPYIO CIIEyeT BKIIOYATh B aHaIu3. Yucio
cTernieHel cBOOOBI ISl MOJCTHPOBAHHS TPYHTa MO-
KEeT CYIIECTBEHHO IMPEBBIMIATh YHCIO CTEIEeHEH CBO-
0O0/IBI [T COOPYKESHHMS, UYTO CHIDKACT 3(PPEKTUBHOCTH
MOJENIH CUCTEMBI B LIEJIOM.

C apyroii CTOpOHBI, CYIIECTBYET MPoOIieMa OIICHKH
HaJIe’)KHOCTU CEMCMOCTOMKUX 31aHuil. JleicTByrolme
HOPMAaTHUBHBIC TOKYMEHTHI [6] yUUTHIBAIOT X HAJICXK-
HOCTB C ITOMOIIBIO TIOJYBEPOSITHOCTHBIX METOJIOB, CO-
JIeprKaIuX YCIOBHBIC IETCPMUHUPOBAHHBIC KO-
SHTHI ISl PACUETHBIX XaPaKTEPUCTHK CHUCTEMBI «CO-
opykeHue — ocHOBaHHe». OJIHAKO TPYHTHI OCHOBAHUS
MIPEICTABIISIIOT COOOW CITydJaifHBIC ITOJIST C M3MEHSIOIIH-
MHUCS B IPOCTPAHCTBE U BPEMEHHU (U3UKO-MEXaHHYIEC-
KUMH Xapakrepuctukamu. CelicMUYECKOe JBH)KCHHE
TPyHTa TaKKe SBISETCS SPKO BBIPAKEHHBIM CITyJaiiHbIM
npoieccoM. JleTepMHUHUPOBAHHBIN MOJIXO0A K OIEHKE
HAJIKHOCTU CEHCMOCTOUKHX 3JIaHUI HEe oOecreunBa-
€T X HeoOXOIMMYF0 0e30TacHOCTh [7; 8], Tak Kak pUCK
TIOBPEXICHUS WIH pa3pyIIeHHs 30aHAS IPU pean3a-
MY TPOEKTHOTO 3€MJICTPSCEHUS OCTAETCS HEOompe/e-
neHHbIM. CrienoBaTeIbHO, pacyeT CeMCMOCTOMKHX 3/a-
HUH JIOJIKEH MPOBOJUTHCS HA OCHOBE BEPOSITHOCTHOM
KOHIICTIIIUY C KCIIOJIb30BAaHUEM METOJIOB TEOpHUH Ha-
JIEKHOCTH.

[lepexon Ha BEpPOATHOCTHBIE METOABI pacydera Cei-
CMOCTOMKHX 3JIaHUH C HCIIOIB30BAHUEM JMCKPETHBIX
Mojeneil TpedyeT OOMPHON CTaTUCTHYECKOH HH(Op-
Mallii, KOTOPOi B HACTOsIIIee BpeMs HEIOCTaTOYHO.
B sToM cnywae menecoo0pa3HO NMPUMEHEHHE YIIpo-
MICHHBIX aHAJTUTUYICCKAX MOJIEINCH, TIO3BOJISTIONTIX TIPH
CPaBHHUTEIBHO HEOOJBIION UCXOAHON MH(POPMAIUH O
CHCTEMeE TMOIYYUTh KaueCTBEHHBIE 3aKOHOMEPHOCTH
B3aUMOJICMCTBUS COOPYKEHUN C OCHOBAHUEM, OLICHUTh
BIUSHUE (PH3MKO-MEXaHUYECKUX CBOWCTB OCHOBaHUI
Ha PEaKIHIo COOPYKECHU.

Ecmu rpyHT OCHOBaHHS OTHOPOJIEH, a PyHIaMEHT
COOPYXKEHHUSI MOXET PacCMaTpPUBATHCS KaK JKECTKas
TUTATA, TO JJIS pacyeTra CUCTEMBI «COOPYXKEeHHe — OC-
HOBaHHE» NIPUMEHUMa MOJIENb TPYHTA B BUJAE YIIPY-
Toro MoJympoCcTpaHcTBa. Bo BpeMs 3emieTpsceHus
wmrta QyHAaMeHTa TepeMelaeTcs Mo MEeCTH CTere-
HSIM CBOOOJIBI, BKITFOUAFOIMM TI0 TPH KOMITOHEHTHI T10-
CTYIaTEeNILHOTO JBWKEHUS W Bpamenus [9-12]. Hdan-
Has MOJIENIb UCTIOJB3YETCS JUIsl pacueTa CIEIUATbHBIX
WH)XCHEPHBIX COOPYKEHUH (aTOMHBIX CTaHIWH, TUIO-
THH | JIp.), IPEACTABIIAIONNX CO00H MacCHBHEBIE 00b-
eKThl. TeM He MeHee XapaKTep B3auMOJAEHCTBUS C TPYH-
TOM B IPOLIECCE 3eMIIETPSICEHUS pa3IMyeH A1 Mac-
CHUBHBIX COOPYKEHHI M CPAaBHUTEIIFHO THOKHUX 3IaHUH
MaccoBoit 3actpoiiku [13; 14]. Taxk, B padote [15] ycra-

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

HOBJICHO, YTO MPH U3MEHEHHH COOTHOIICHUS KECTKO-
CTel COOPY)KEHHUSI U OCHOBAHHS MPOUCXOIUT HE TOIBKO
W3MEHEHHE YacTOT CBOOOIHBIX KOJE€OaHHI CHUCTEMBI,
HO ¥ BO3MOJKHA ITEPEMEHA MECT MEX 1y (OpMaMH.

B HacTosieit pabote mpeacTaBieHO aHATUTHYC-
CKOE peIICHUE 3aJa4d CBOOOTHBIX MOPHU30HTATBHBIX
KOJIeOaHHII MHOTOMAaCCOBOTO KOHCOJIBHOTO CTPEKHSI
Ha OCHOBaHWH, 33JJaHHOM MOJEIBIO YIIPYrOro IOiy-
MPOCTPAHCTBA, ¥ MPOBEICH aHATU3 BIUSHUS KECTKO-
CTH OCHOBaHHMS Ha TMHAMUYECKUE XapaKTEPUCTUKHU CO-
OpYIKCHUSI.

3amaya cBOOOIHBIX KOJICOaAHUN
KOHCOJIBHOTO MHOTOMACCOBOT0 CTEP:KHSA
HA YIPYroM OCHOBAHUM

PaccmoTpuM cBOOOIHBIE TOPU3OHTAIBHBIE KOJIE-
OaHus ¢ ydeToM JeMIIUPOBAHUS HEBECOMOW KOHCOJb-
HOW CTOMKM Ha yIPYyrOM OCHOBAaHUHU B IIPEAIIOJIONKE-
HUH, 4TO Ha ee ypoBHsIX k=1, 2, ..., n pacnojoxe-

.., m, (puc. 1).
Jlanubpie konebanmst B popMe MeToda mepeMeIeHIi
OyIyT OMUCHIBATBCS CUCTEMON 7 nuddepeHInaTbHbIX
ypaBHeHu# [16; 17]:

HbI COCPCAOTOYCHHBIC MacCul m,, m,,

m ¥, (6)+2em 3, () + D kv, () =0; (1)
j=1

(k=1,2, ..., n);

(j=1 2, ..., n),

e 3, (#), (1), y,(1) — QyHKIMN yCKOPEHHUH, CKO-
pocTell U mepeMeleHnid B YPOBHIX Macc kK U j co-
OTBETCTBEHHO; € — K03(hduIMeHT neMrupoBaHus
(zaryxanus); k. ; — Peakuus B CBSI3M HOMEp k npu

CMEILECHNH CBSI3M ] Ha CIUHMILY.

z

E.
Jx my
Zn ]
my
z3 ~—
2z ky ¢y - y

Puc. 1. PacueTHast cxeMa MHOTOMAacCOBOTO KOHCOJIBHOTO CTEPIKHS
C y4eTOM MOAATINBOCTH OCHOBAHUS
[Figure 1. Design model of a multi-mass cantilever bar
with due account for foundation bed ductility]
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[TomenuB JieByIO U MpaByrO YacTH YpaBHCHUS Ha
m,. , IOJTy4uM

(1) +2ep, (6) + —Z": k, v, (1) =0. )

1
m, =

PemrenneMm (2) OymeT cuctemMa ypaBHEHUH BUIa
7 (O=2 v, (0= X, @), 3)
i=1 i=1

rae X, , — BeIMYMHA, HE 3aBUCALIAS OT BPEMEHU [,

OMPEACIIAIONIAsICS MECTOIOJOKEHHEM kK W HOMEPOM
uynena i cymmsr (=1, 2, ..., n).

®ynkuus P, (¢) 3aBucur or Bpemenu . Coor-

BCTCTBCHHO

» (@)= Z)}k,i(t) = ZXk,i(i)i(t);

i=1 i=1

ST @
j}k(t) = zykz(t) = ZXk,i(Di(l)'

C yuerom (3) u (3*) cucrema ypaBHeHu# (2) npu-
MET BUJI

i X, @)+ 282": X, @0+

i=1 i=1

+if(k,ﬁj2x_ f"'q)"(t)j ~0. )

my =
BeeeM 0603HaueHUE

220

(P[ - q)l.(t)’ (5)

TOTr/Ia CUCTeMa ypaBHEeHHH (4) mociie HEKOTOPBIX Tpe-
00pazoBaHuii OyneT BHITIISAICTH

D (£)+2eD, (1) + o D (¢) = 0. (6)

Ecan npusaTs, 4to 2€ =vy_.@_,, TO AJaHHOE ypaB-

HeHue OyZeT aHaJIOTHYHO YPABHEHUIO MOJIEINH YIPYIo-
Bsi3koro compotusiieHus A.U. Leitimna [18], yauTsl-
BAaIOIEH pa3iNMyHYyI0 CTeNeHb AeMI()UPOBAaHUS NpPU
pa3IuYHBIX POpMax COOCTBEHHBIX KOJIEOAHMIA:

b,(1)+7,,0,,9,(0+¢7,0,() =0, (7

rae v, — kKo3QGUIUEHT NOTeph MM HEYNPYTOro co-
NPOTUBJIEHUS NpH i-i (opme KonedaHuii; ¢, , — yr-

JIoBas yactora i-d (opMbl KojeOaHuUi ¢ y4eTOM JeMII-
¢bupoBanus.

300

Bemuuuna o e SABJICTCSL J]OFapI/I(l)MI/I‘-ICCKI/IM JACKpEe-

MeHTOM i-U (popmbl kKonebanuit. 13 dpopmyn (8) cre-
IyeT, 4To K03 dunuent nemndupoBanus MOCTOSHEH
(€ =const ), a TorapupmMuUecKHii JeKpeMEHT KoJeba-

HUi O_, 3aBUCHT OT YaCTOTHI ¢, (COTJIACHO THIIOTE-

3e @oiirra). OgHAKO 3KCIIEPUMEHTHI TTOKA3BIBAIOT, YTO
TaKoOM 3aBUCUMOCTH HET [16] U B KauecTBE KOHCTaH-

Thl TIpABUIIbHEH NpuHATH Benuunny O, . Torma T, = T

u u3 (8) ciemyer:

£

€
Yy, =—=const; € =
€ T[ 1 7:

C yuerom (9) ypaBuenus (7) npuMyT BUI
D.(1)+7,9, D,(1)+9.,®,(1)=0. (10)

Pemennem cucremsl nug¢epeHInanbHbIX ypaB-
Henuit (10) OynyT hyHKIMH

O.(t)=4,, exp(—%t}sin((pwﬂrvu). (11)

COOTBETCTBEHHO

(bi ([) = As,i exp [_ Ys;pg’i tj (pw_ CcOS ((pg,it + ve,i )5
(11%)
(1) =—-A4 exp [—%%tj g sin((psyl.t +V,, )
3anuieM BhIPOKEHHUs ISl TIOJHBIX EepeMEIeHHI
v, (t), ckopocteit v, (t) u yckopennii a, () macc B

YpOBHE k ¢ y4IeTOM JAeMII(UPOBAHUS:

y.()= ZXMAEJ exp(_% tj sin((pg’,,t +v,, ) ;
i=l
C Yc(Pa,i

v, (0 :ZXk,iA&i exp —Tt 0, cos((pw.tJrvc,l.); (12)
i=1

a,()=->

i=1

X, A, exp [——ygj” t} (pil. sin((pw.t +v,, )

IlocTostHHBIC Aa,[ u Vs,i OIIPEACIAIOTCA U3 Irpa-

HUYHBIX ycnoBuil npu ¢ =0 (HAYalIbHBIX MEpeme-
menuii ¥, (0) u cxopocreit v,(0) B ypoBHe k-ii

Macchl):

DYNAMICS OF STRUCTURES AND BUILDINGS
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ZX,”,CDI,(O) = ZXk,iAs‘i sin(v,,)  =,(0);
. - (13)
DX, D)= X, 4.0, cos(v,)=v,(0).

i=1 i=1

B npaktuueckux pacuerax pasiiokeHue KojaeOaHui
MEXaHHYECKHX CHCTEM IO UX COOCTBEHHBIM (hopMam
ocymIecTBIsIeTcs 0e3 ydera neMrdupoBanus, a QyHKIH
3aTyXaHUsl BBOJSTCS B UTOTOBBIC (POPMYIIBI OIpere-
JIeHUs! TIEPEMEIIEHUH, CKOPOCTEH M YCKOPEHUH.

Takum oOpa3oM, Ha MEPBOM dTare JUIs OIpeene-

HUsl 4aCTOT COOCTBEHHBIX KOJIeOaHUi (p, HEOOX0IUMO

peIUTh YpaBHEHHUsI, aHAIOTHYHBIC ypaBHEHUM (1),
HO 0e3 yueTa JeMIpUpPOBAHHMS:

%%m+i@ﬂﬁﬁﬂ (14)

B ciayvyae KOHCONMBHOM CTOMKH, a TaKkKe AJS Jallb-
HEHIIero ydJera »KECTKOCTH TPpyHTa OCHOBAaHHS yH00-
Hee pelllaTh CUCTEMY YpaBHEHHI HE B (hopMe MeToja
nepeMenieHni, a B popme MeToaa CHi:

i@/m%@+n®=m (15)

e 8,”. — TIepeMEIIeHUs] TOUYKA Kk Toa JeicTBHEM

CHUJIbI, PABHOM €JMHUIIE, MPUIIOKEHHON COOTBETCTBEH-
HO B Toukax j=1, 2, ..., n.
ITocne M3BECTHBIX MTPeoOpa3oBaHMid CHCTEMA YpaB-
HeHuit (15) mpumer Bujg
2 2 2 |
(61,1"11([)[ _1) )(1,;' +61,2mz(Pf XZ,:’ +.. '+61,nmn(piX =0;

n,i

62,1ml(Pi2X1,i +<82,2mz(pi2 _1) Xyt '+62,nmn(pi2Xn,i =0; (16)

6 n/ll(pf)(l,l +6 an(p[zXZ,i +.. '+(6n,nmn(pi2 _1) Xn,i = 0

nl n2

Ypasuenue (16) siBIsIeTCSI OHOPOIHBIM OTHOCH-
TENBHO X, ,, TAK KaK HE MMEET CBOOOJHBIX YJIEHOB.
Tpusnanenoe pemenne npu X, =X, =...=X =0

5l 2,i n,i

HEHHTEPECHO, TIOTOMY YTO COOTBETCTBYET CIIy4aro OT-
cyrcTBus Konebanuii. Konebanus OyyT MpoHCXOauTb,
€CJIM BCE MM YaCTh BENMYMH X ; Oy/lyT OTIIMYHBI OT
HYJIS. DTO BO3MOXHO IPU PABEHCTBE HYINIO JETCPMHU-
HaHTa CHCTEMBI, 00pa3yeMOii U3 YICHOB C HEU3BECTHBI-
MH @ TIpH X

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

mlal,l(Piz -1 m281,2(Pi2 mnsl,n(piz
md, ¢  md, o —1 ms, ¢
det 1 %,l(pz 2 2,2‘(Pl n ?,n(pz — 0 (17)
’,}118}1,1('[')1'2 mZSn,Z(PiZ t mnsn,n(piz _1

IMocne packpeitus nerepmuHanta (17) momydurcs
ypaBHEHHE #-H CTENIeHM OTHOCHTEIIHHO (pi2 , pereHne
KOTOPOTO JaeT 71 TIOJIOKUTEIBHBIX KOPHEH, COOTBET-
CTBYIOIIMX YTJIOBBIM HacTOTaM COOCTBEHHBIX KolieOa-
HUA @), @y, ..., @, .

IMonmyueHHble 3HAYEHUS YAaCTOT (), U AMILIUTY-
HbIX KO3QuumentoB X, ; ucnonbsyiores B Gpopmy-

nax (9)—(13), To ecTh ¢ y4eToM JeMII(PUPOBAHHSL.
Pacder KOHCONILHOHM CTONKH C y4eToM AeMIpHpo-
BaHMSI U KECTKOCTH I'PyHTa OCHOBaHUs yAOOHEH Ipo-
W3BOJIUTH B MATPHYHOH (opme.
Brauane 3agaem Matpuisl nomatiuBoctd D u
macc M:

61,1 1,2 1,n 1 0
I SV H L AN
6n,l 8112 6n,n 0 O mn

B MaTpuie noaAaTinBOCTHU 6k1' — NEepEeMCUICHUEC

TOYKHA k TIOM JEHCTBHEM CHIIBI, PABHOW €ITHHUIIE, TIPH-
JIOXKEHHOM B Touke J . OHO CKJIa/BIBACTCS M3 Mepeme-
MCHUH, 00YCIIOBICHHBIX KECTKOCTBIO CaMOW CTOMKH
0 TOPH3OHTAIIFHBIM CMeIeHHeM (hyHIaMeHTa 611, .

¥ TIOBOPOTOM (QyHIaMeHTa Oy, -

Lk,j>

§ =8 +8 +8 (19)

k.j Lk.j Lk, j Mk,j*

OO0yCIOBICHHOE JKECTKOCTHIO CAaMOW CTOWKH Tie-

S,
peMeIICHUC Lk,j OmpeacIsIeTCd KIAaCCUYCCKUMU MC-

TOJaMH CTpOHTGJII:HOfI MECXaHUKU 110 CIWHUYHBIM
SMpaM U HE MPEACTABIIACT UHTCPECA B ,I[aHHOﬁ CTa-
The. JKECTKOCTh OCHOBAHUSA B MaTpule noAaTiInBOCTU

8y, . Oy,
YUYMTHIBAETCH CllaraeMpiMu 47 g~ 1ILk7
1 z,z,
. _ J
811,1(,,/ - k H Slll,k,j k . H (20)
y ox

rac kv — KBa3uUCTaTH4YCCKasa XCCTKOCTh OCHOBAaHMA

IIpU TOPU3OHTAJIBbHOM MMOCTYNATCIBHOM JABUIKXCHUU 110
ocHu y, kq)x — KBa3ucCTaTH4d€CKasa XCCTKOCTh OCHOBA-

HUS IPU TTOBOPOTE OTHOCHUTEIHHO TOPHU30HTAIBHON
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OCH X; Z, — OpJIMHATa pacCMaTPUBAEMON TOYKU Kk
(3a z =0 npuHAT ypoBeHb (yHIAMEHTA); Z; — opau-
HATa TOYKHU MPHIIOKCHUS CTUHUYHOMN CUITBI J .

EcTh MHOECTBO TEOPHIA IO OMPEACTCHHIO KOI)-
(HUIMEHTOB KBa3UCTATHIECKOW JKECTKOCTH TPYHTA OCHO-
Banus [9; 19]. Tak, cornacuo [10] nanHble K0ApHHULIHU-
EHTBI [UIs1 COOPY>KEHHH ¢ QyHAaMEHTOM MPSIMOYTOJIb-
HO# (hOPMEI B TIaHE OMPEIEISIOTCS 110 popMyiam

B 31,1(1_H)Gd\,LxLy . k 8,52Gd JA,x

T R TR

rae 1 — koadduuuent [lyaccona rpyHTa OCHOBaHHS;

G 4~ Z[I/IHaMI/I'leCKI/Iﬁ MOYyJib CABUTI'a I'PyHTAa OCHOBA-

mus; L, w L, — pasmepsl (yHIaMEHTHOH IIIMTHI 110

OCsIM X M ) COOTBETCTBCHHO, JAx — MOMCHT UHEP-

MU TOJOMIBBI (PYyHAaMEHTHON TUTMTHI OTHOCHUTEIEHO
ocH X ; A — miommais noaomBbl hyHIAMEHTHON IUIHTHL.

Mesxny momymsimu cuura G, u nepopmarmit £

T'pPyHTa OCHOBaHHA UMECTCA B3aUMOCBA3b!

G =t (22)

C2(l4p)

W3 ypasHenus (17) B MmaTpuuHO# (hopme ompee-
JISTIOTCSI YaCTOTHI COOCTBEHHBIX KoyieOaHn Oe3 ydeTa
JeMn(upoBaHys CTOMKU M OCHOBAaHUA @,, @,, ..., @,

det(@/DM -E) =0, (23)

rie E — enunnunas marpuna.
Janee u3 ypaBHenuit (16) onpenenstorcs aMIuH-
TyAHbIE KOYQPuenTsl X, , 1A i-i GopMbl Kore-

Oanwmii:
(¢)DM-E)X, =0, (24)

rae X, — BEKTOP aMIUIUTYIHBIX KO3(Q(ULIHEHTOB 1715

i-# popmer (i =1, 2, ..., n).

Takum 00pa3om, pe3yJIbTaTOM IIOCIIeJOBATEILHOTO
pemenus (23) u (24) OymeT moixydeHHE BEKTOpa da-
CTOT COOCTBEHHBIX KONEOAHUH () M MATPHII AMILIH-

TYAHBIX KO3 Purmentos X :
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O, Xl,l Xl,z Xl,n
O L R e | (25)
(Pn Xn,l Xn,2 o Xn,n

Janee mpu M3BECTHBIX YaCTOTax COOCTBEHHBIX
KoJIeOaHUl peBapuTeNBbHO onpenessieM Kodhduim-

€HTHI 3aTyXaHHUs €, C Y4€TOM JeMI(UpoBaHUsS CTOM-

KM ¥ TPYHTa OCHOBaHUS:

1

= , 26
— 4+
g, & €

Li m

rae €, — kodpduuuent 3aryxanus, o0yCloBIEHHbIN

JeMrprupoBaHUEM caMOW CTOMKH ¥ OIPeeIieMblil TI0
¢dopmyne (9) B 3aBHCUMOCTH OT i-d HYacTOTHI COOCT-

BEHHBIX KOJ€0aHuii; €. U € — KodpdumeHTs 3a-

TyXaHus1, 00yCIIOBJICHHBIE AEMII(UPOBAHNEM TPYHTa MPH
CMEILEHUU U IOBOPOTE PyHAaMEHTa COOTBETCTBEHHO.

o.¢ “C . C
_ eti. _ yo. _ ox
81,1‘ - 58 = Z > € = Z 2 (27)
2n o 2m, o M, z,

rae Cy — MIHOBCHHAs KCCTKOCTb OCHOBAHUA IIPH I'0-
PHU3OHTAJIILHOM IMOCTYIIATCJIbHOM ABUKCHUU 1O OCU Y |

Cq)x — MI'HOBE€HHAsA XECTKOCTb OCHOBAHUA IIPH IIOBO-

POTE OTHOCHUTENILHO TOPU3OHTAILHON OCH X .

Cormnacao [10] ko3 urmerTs MTHOBEHHOH KeCT-
KOCTH OCHOBAHUS JIJIsl IPSIMOYTOJIBHOTO B TUIaHe (QyH-
JTAMEHTA OMPEACISIOTCS 10 hopMyIam

18,24(1-u)G,4 | p

2,86G,J
c, e, =t 1P (g)
’ n(7-8u) G, °

Tc(l—u) G,

rae P — INIOTHOCTh TPYHTa OCHOBAHUS.
B matpuunoit popme dhopmyst (27):

=S, oS i |
E§E =70, 8, = o Ve s
21 =l 2

&y = Z[cwM;‘ (z') }E (29)
k=1

—

rae M — Bektop macc; E — enqunnunblii Bekrop pas-
MEPHOCTH 71 ; Z — BEKTOD OpPJMHAT MAacc.
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m, 1 z,
_ m|| - 1 z
M=| *[;E=| |;z=]"]|.

m 1 z

n n

ITommyuennsie w3 (29) BeKTOPHI OACTaBIsSIEM B (26)
B MaTpUYHOW (OpMe H MoJTydaeM BeKTOp Kodhdurm-
€HTOB 3aTyXaHHUsl C y4eTOM JeMIIQUPOBAHUS CTOWKU
Y TPYHTa OCHOBaHHSL:

-1
- -1 -1 -1
€= [al +E€; &, | - 30)

Jaiee o hopmyiie (9) yrouHsieM 4acTOTHI ¢ yue-
TOM JIEeMII(PUPOBAHHUS

o, =y1-(e6") . G1)

rae (¢ ¥ € — IMaroHajIbHbIE MATPUIIbL, 00pa30BaHHbIE
W3 DJIEMEHTOB BEKTOPOB () M € COOTBETCTBEHHO.

Mo ¢opmynam (29) u (30) MOKHO YTOUHHTH
k0d(dunueHTs qeMIQUPOBaHUS, MOJCTABISIL @,
BMECTO () .

W3 rpanmunbpix yciosuii (13) ompenensem mocrto-
suupie A, n v, s dynxiuit O, (7):

XA sinv, =Yy,; (32)
XA, @, cosV, =V,

rae A, ¥ V_ — JMaroHajbHas MaTPHIa M BEKTOp U3
IOCTOSHHBIX KO3 puuueHToB A, , M VvV, , COOTBET-

CTBEHHO; Y, U V, — BEKTOPbI HAYAJIbHBIX HIepeMellie-
HUH M CKOpOCTeH (TpaHUYHBIE YCIIOBHUSI) COOTBET-
CTBEHHO; (), — JMaroHajJbHas Marpuua, 00pa3oBaH-
Hasl U3 3JIEMEHTOB BEKTOPA YIJIOBBIX YaCTOT C Y4E€TOM
nemidupoBaHus @, .

Az:,l O 0 Vc,l yl (O)
0 4 0 v 0
A, = - PV, = 5’2;y0=y2.();
0 0 Ae,n Vs,n y,, (0)
v,(0) ¢, 0 -0
~ v,(0) 0 ¢, - 0
Vo=l o P97 : " .
v,(0) 0 0o - o,

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

Terepb MOXHO 33/1aTh BBIPAXKEHHUSI IS [TOJHBIX
nepemeruenuii y, (¢), ckopocteit v, () n yckopeHuit

a,(t) (12) B marpuuHoii Gpopme:
y()=XA_ exp —Y?S(pst sin((T)st + VS);

V(1) = XA, exp —Y—zstpst @, cos (9,1 +V, ); (33)

a(t) = -XA_ exp —Y?S(pst (pj sin((T)St +V, )

HUctonezyst popmyisr (18)~(31), paccMoTpeHbI c00-
CTBEHHbIE KOJIEOaHUS CUMMETPUYHOIO B IUIAHE YCIIOB-
HOTO TISATUATaXXHOTO 31aHus (puc. 2). Pasmep 3manus
B IIJIaHE COCTaBIsAET 6X6 M Mpu 1mare ocet 2 M, BbICO-
Ta 3Taka — 3 M. OyHIAMEHT YCIIOBHOTO COOPY>KCHHUS
MPEJICTABJIAECT COO0W MOHOIMTHYIO JK€JI€300€TOHHYIO
IUTUTY ¢ moAouBoil 8x8 M u tommuuoit 60 cMm. Bep-
TUKQJIbHBIE KOHCTPYKLHUH MPEICTaBICHbI KOJOHHAMU
ceuenneM 40x40 cM, pacIioIOKEHHBIMHE 110 yTJIaM 37a-
HUSL, ¥ SIIPOM KECTKOCTH B LIEHTPE U3 CTEH TOJIIIMHOMN
20 cM, oOpa3ylolMMHU B IUIaHE KOpOOUYaToe ceyeHue
pa3mMepoM B Ocsx 2x2 M. ['opu3oHTaIBHBIE KOHCTPYK-
UM — TUTMTHI TIEPEKPHITHI TommuHOH 16 cMm. Mare-
pHan Bcex KOHCTpYKUui — 6eToH kiacca B30 (Moxynb
nedopmamun £ pasen 32,5 I'la). K mmuram mnepekpsbi-
THH IPWIOKEHA OCTOSIHHAS Harpy3Ka oT Beca IoJIa.

YcnoBHOE cOOpYKEHUE MPUBEICHO K MATHIIEMEHT-
HOMY KOHCOJIBHOMY CTEPYKHIO C ILIECTBEO MaccaMH (puc. 3).

Ilepsas macca (m, =133,12 T) npuoxeHa B ypoOBHE
(yHIaMeHTHOH IUTHI (B 3aI€NKe CTEepKHs IpH 2, = 0),
ocTaneHeie (m, =m, =...=m,=52,08 T) — B ypoBHE

TUTAT TIePEKPHITHH. 3amanne Macchl (yHIaMEHTHOH TIIH-
TBI B 3aJelIke 00yCIIOBJICHO HEOOXOIMMOCTBIO OoJee
TOYHOTO y4yeTa TMOAATIMBOCTH OCHOBAHUS TPH TOPHU-
30HTAJIBHBIX KOJNEOaHUsX. B 3aenke crepkHs Mpuio-

XKEHBI CBsI3U k_ ¢ OECKOHEYHOI JKECTKOCTBIO, 3alpe-
IIal0NIas MepeMelleHus 10 BePTHKANH, K , XapaKTe-

pusyromasa KBa3uCTaTUYCCKYIO JKECTKOCTh OCHOBAHUA
IIPpH MOCTYNATCIIBHOM JBHMXXCHHUHU IO OCH Y (1'[0 ropu-

30HTANM) M K, , XapaKTepU3yIoLas KBasUCTATHIECKYTO
JKECTKOCTh OCHOBAHHSI MPH MOBOPOTE OTHOCHTEILHO
oc X. MOMEHT MHEpLHHU CeueHHs cTepxHsi J_ co-
craiser 6,85 M, a w3rmOHas xecTKOCTb EJ -

222.49x10° H-m?. Jlorapupmudeckuii TeKpeEMEHT KO-
neGannii O, mpursT paBHbM 0,30 — KaK IS KeIe30-

OCTOHHBIX COOPY KCHHIM.
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Puc. 2. OOmuii BUJ ¥ IJIaH YCIOBHOTO 31aHHS
[Figure 2. General appearance and the plan of the conventional building]

TZ
N mg N
s g
- ms Bl
] g
v my Q|
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Al EJx - .
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E) k}/,, cy y ﬁ

Puc. 3. Pacuernas cxema YCJIOBHOTO 3JaHUA C YYETOM NMOAATIMBOCTU OCHOBAHUA

[Figure 3. Design model of the conventional building with due account for the ductility of the foundation bed]

Tabauya 1
7KecTKOCTHDBIE XaPAKTEPHCTUKH OCHOBAHMSI
[Table 1. Stiffness properties of the foundation bed]
Bapuanr [Variant] 1 2 3 4 5 6 7 8 9 10

Ea, MIIa [MPa]

9,86 12,35 15,47 19,37 24,25 30,37 38,03 47,62 59,63 74,67

Ga, MIIa [MPa]

3,65 4,57 5,73 7,17 8,98 11,25 14,09 17,64 22,09 27,66

p, T/m3 [t/m3]

1,75 1,80 1,86 1,92 1,99 2,07 2,16 2,26 2,38 2,53

Ky, kH/M [KN/m]

79333 99367 124470 155849 195114 244355 305986 383147 479778 600 789

kox, kH'M [KN-m]

1152267 1443255 1807867 2263632 2833923 3549123 4444292 5565006 6968528 8726145

¢y, kH-¢/m [KN-s/m]

4597 5218 5937 6749 7688 8775 10 031 11481 13184 15211

Cox, KH-c'M [KN's-m]

38217 43378 49352 56107 63912 72947 83385 95444 109603 126 454
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Tabauya 2
YacToTbl cOOCTBEHHBIX KoJIedanuii, ['1, mo ¢gopmam (aHAIMTHYECKUH pacyeT)
[Table 2. Natural vibration frequencies, Hz, according to vibration mode shapes (analytical analysis)]
Bapuanr [Variant] 1 2 3 4 5 6 7 8 9 10
®opma 1 [Mode shape 1] 0,99 I,11 1,23 1,38 1,53 1,71 1,90 2,11 2,34 2,58
7,64 8,51 9,47

3,53 3,95 4,41 4,93

5,50 6,14 6,85

®opma 2 [Mode shape 2]

®opma 3 [Mode shape 3] 37,07 37,14 37,22 37,33 37,46 37,63 37,83 38,08 38,39 38,77
®opma 4 [Mode shape 4] 110,77 110,82 110,89 110,97 111,08 111,22 111,38 111,59 111,85 112,17
®opma 5 [Mode shape 5] 237,97 238,01 238,07 238,15 238,25 23837 238,53 238,73 238,98 239,29
®opma 6 [Mode shape 6] 448,20 448,19 448,18 448,18 448,19 44820 448,22 448,24 448,28 448,34

|3M|3M|3M|3M|3M|

|3m|3m|3m|3m|3m|

Mode shape 1  Mode shape 2 Mode shape 3

Mode shape 6

Mode shape 5

Mode shape 4

Puc. 4. ®opmbl koe6aHU yCIOBHOTO 3AaHUS C YY€TOM MOAATIMBOCTH OCHOBAHHSA
[Figure 4. Vibration mode shapes of the conventional building with due account for the foundation bed ductility]

B paccMoTpeHb! cOOCTBEHHBIE KOJIEOaHHS IIeCTH-
MacCOBOTO KOHCOJIGHOTO CTEPIKHS TIPU JIECATH BapyaH-
Tax >KeCTKOCTH OCHOBaHMSA [15]. XapakTepucTuku OCHO-
BaHUS TpeJcTaBieHsl B Ta0m. 1 (koadunment I[lyacco-
Ha rpyHTa [l BO BCEX Cyyasx NpuHAT paBHEIM 0,35).

ITo pesynpraram pacuyeTa NOJYyYEHBI (HOPMBI U
YacTOThI COOCTBEHHEIX KoJeOaHuit. J{Jg KaxXaoro Ba-
PUAHTBHI YYTEHO IO TiecTh (hopM. HacToTel cBOOOI-
HBIX KOJIeOaHUH CUCTEMBI JUUIsl Pa3InYHBIX BAPHAHTOB
JKECTKOCTU OCHOBaHUS U (OPM KOJICOaHMIA TIPEACTaB-

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

JIeHBI B TaOIM. 2, a camu (popMbI (MIEHTUIHBIE [T BCEX
BapHAHTOB JKECTKOCTH OCHOBAHMsI) — Ha pHC. 4.

JIJ1 KOHTPOJIA pacyeT MATHIIEMEHTHOTO MISCTH-
MacCOBOTO KOHCOJILHOTO CTEpHsS ObIT MPOU3BEICH
METOJIOM KOHEUYHBIX JIEMEHTOB B IPOTPAMMHOM KOM-
mwiekce «JIMPA 10.8» (puc. 5). CoopyxeHue 3agaBa-
JIOCh CTEPIKHEM I10JIB30BATEIBCKOTO CEUCHUS, B y3/1axX
MPUKJIaBIBATHChL MACChl, & OMOpa MOETHpPOBaIach
YIPYrol CBs3bI0 ¢ KO3(D(DUIMEHTaMU KBa3uCTaTHYe-
cKoOl1 xecTkocTH. [y MccnenoBaHus TOJIBKO TOPH30H-
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TaJIbHBIX KoJeOaHMii IIepeMeILCHHS TI0 BEPTUKAIH (BIOJb
ocu z ) Uil Bcex y3noB 3ampertaiuck. [locae npose-
JEHUSI MOJAJIBbHOIO aHANIN3a KOHEYHO-3JIEMEHTHOH MO-
Jeny ObIITM pacCMOTPEHBI TaKXKe 10 ecTh GopM cob-

5208
52.08
52.08
52.08

52.08

13312

CTBEHHBIX KosiebaHuil. Pe3ynpTaThl pacyera B mpo-
rpaMMmHOoM komiuiekce «JIMPA 10.8» mpeacraBieHbl
B Ta0u. 3. ®opMbI KoJleOaHMH HIEHTUIHBI (hopmam,

mpeaACTaBJICHHBIM Ha pUC. 4.

Puc. 5. Pacuernast cxema ycnoBnoro 31anus B [IK «JIMPA 10.8»
[Figure 5. Design model of the conventional building in the software package “LIRA 10.8”]

Tabnuya 3

YacToThbl cOOCTBEHHBIX KoJiedaHuid, ', no ¢popmam (pacuer koHeuHo-3j1eMeHTHOH Moaenn B [TK «JIUPA 10.8»)
[Table 3. Natural vibration frequencies, Hz, according to vibration mode shapes
(analysis of finite element model in the software package “LIRA 10.8”)]

Bapuanr [Variant] 1 2 3 4 5 6 7 8 9 10
®opma 1 [Mode shape 1] 0,99 1,11 1,24 1,38 1,54 1,71 1,90 2,11 2,34 2,59
®opma 2 [Mode shape 2] 3,54 3,95 4,42 4,93 5,51 6,15 6,86 7,65 8,52 9,48
®opma 3 [Mode shape 3] 37,11 37,18 37,27 37,37 37,51 37,67 37,88 38,13 38,44 38,82
®opma 4 [Mode shape 4] 112,08 112,14 11221 11230 11241 112,55 112,72 11293 11320 113,52
®opma 5 [Mode shape 5] 229,09 229,14 229,19 229,26 229,35 229,46 229,60 229,77 229,98 230,24
®opma 6 [Mode shape 6] 366,35 366,37 366,40 366,43 366,47 366,52 366,58 366,66 366,75 366,87

Taxoke ObLTH PacCMOTPCHBI KOJIeOaHus JaHHOI'0 KOH-

COJIBHOTO CTEpIKHS Ha aOCOJIFOTHO JKECTKOM OCHOBAHHH
(puc. 6). B aTom ciryyae HeoOXOIMMOCTh y4eTa MoAaTIII-
BOCTH OCHOBAHHS U Macchl pyHIaMEHTa OTCYTCTBYIOT H

CHCTEMA CTAaHOBMTCS IATHMACCOBOM (my =m, =...=m, =

306

=52,08 T). OueBumHO, B pe3ybTaTe pacuera OyaeT BbI-
SIBTICHO JIUIIE TISITH (hopM KoneOarwmii. PesynbraTel nan-
HOTO pacyeTa aHAIMTHYECKU B MaTPU4HOH (opme 1 Mo-
JAIBbHOIO aHAJIN3a KOHEYHO-JIEMEHTHOM MOJIENHN Hpel-
CTaBJIEHBI B Ta01. 4, popMbl KosebaHnit — Ha puc. 7.

DYNAMICS OF STRUCTURES AND BUILDINGS



MweHwnyknHa B.A., Opospos B.B., Ctpok C./. CtponTtensHas MexaHuka HKeHepHbIX KOHCTPYKLMA u coopyxeHni. 2020. T. 16. Ne 4. C. 298-310

|3M|3M|3M|3M|3M|
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Puc. 6. PacueTHast cxema yCIIOBHOTO 31aHHs HA aOCOTIOTHO KECTKOM OCHOBAHHH
[Figure 6. Design model of the conventional building on absolutely stiff foundation bed]

Tabauya 4

YacToTbl cOOCTBEHHBIX KosieaHuii, ', o (hpopmam npu pacyere Ha aGCOTIOTHO KECTKOM OCHOBAHUHU
[Table 4. Natural vibration frequencies, Hz, according to vibration mode shapes in the analysis for absolutely stiff foundation bed]

Merton pacuera ®opma 1 ®opma 2 ®opma 3 ®opma 4 ®opma 5
[Method of analysis] [Mode shape 1] [Mode shape 2] [Mode shape 3] [Mode shape4] [Mode shape 5]
B matpuHoii opme 741 47,24 132,50 277,03 459,38
[In the matrix form]
KoneuHo-351eMeHTHBII
[Through finite element method] 741 47,35 134,15 259,24 386,08
—_——— e — — —~— — —

|3M|3M|3M|3M|3M|

|3m|3m|3m|3m|3m|

N~ 7777

Mode shape 1

Mode shape 2

— — b
Mode shape 3

— —
Mode shape 4

Mode shape 5

Puc. 7. ®opmel Kos1ebaHuil yCIOBHOTO 3/1aHKS HA a0COJIIOTHO KECTKOM OCHOBAHHU
[Figure 7. Vibration mode shapes of the conventional building on absolutely stiff foundation bed]

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM
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3akiouenmne

PesysbraTel MOAANBEHOTO aHANIM3a KOHEYHO-BJIEMEHT-
HOW Mojen B mporpaMMHoM komrmiekce «LIRA 10.8»
JOCTaTOYHO XOPOIIO CXOMASATCS ¢ aHATTMTUYECKUM pac-
4eToM B MaTpuuHOU ¢opme. Pacxoxnenus: 3HaueHUH
JacTOT JJIS TMEPBBIX Tpex (PopM KojaeOaHmii CoCTaBIIs-
10T meHee 1 %, nnst popmet 4 — 1,2 %, anst popmser 5 —
ot 3,7 no 6,4 %, nns popmsl 6 — ot 16,0 m0 18,3 %.

Unentnunsl 1 Gopmel KoneOaHM pU MOAATIN-
BOM M JKECTKOM OCHOBaHHH C T€M OTJIMYHEM, YTO BO
BTOPOM ciydae ucyezaeT Gopma, 00yCIoBICHHAs TIpe-
MMYILECTBEHHO CMEIIEHHEM U ITOBOPOTOM (pyHIOaMeH-
Ta (puc. 4, dopma 2). Takum ob6pazom, popma 2 mpu
JKECTKOM OCHOBAaHWH aHaJlorniHa Qopme 3 mpu noaart-
mBoM, popma 3 — popme 4.

YcTaHOBIIEHO, 9TO HE3MIHE (DOPMBI OOJIee TyBCTBHU-
TENBHBI K )KECTKOCTH OCHOBaHWMsL. [Ipy yBenmmyeHnn Mo-
oyJst geopMaly TpyHTa OCHOBaHUS B 7,57 pasa ua-
cToTa Konebanuil ¢opmbl 1 yBenmnuminachk B 2,61 pasza
¢ (0,99 no 2,58 I'm), dhopmet 2 — B 2,68 paza, hopmsr 3 —
B 1,05 paza. YacToTbl ocTanbHBIX (OpPM NPH yBEJH-
YEHUH YKECTKOCTU OCHOBAHHS W3MEHIINCH HE3HAYUTEN b
Ho. Teoperndeckn mpu CTPEMIIEHHH >KECTKOCTU OC-
HOBaHMS K OCCKOHEYHOCTH 4acToTa KojiebaHuit ¢op-
MBI 1 MOXeT yBenmnuuThes enie B 2,87 pasa (¢ 2,58 no
7,41 I'm), dopmer 3 — B 1,22 paza (ctaB opmoii 2),
¢dopmel 4 — B 1,18 pa3za, popmet 5 — B 1,16 pasa, dop-
Mbl 6 — B 1,02 paza. OxumaeMo, 4To 4acTora Koieda-
HUA (hOpMBI 2, 00yCITOBIIEHHON ITPENMYIIIECTBEHHO Iiepe-
MelleHwsIME (PyHaMeHTa, Han0oJiee 1yBCTBUTENbHA K
MOAATIAMBOCTU OCHOBaHMs. TeM He MeHee Uil paccMmar-
PHUBAaEMOT0 COOPYKECHMsI IpPH 3aJaHHOM HHTEpBaJe
Moy nedopManuy rpyHTa NEpPEeMEHa MECT MEXIY
(opMaMu He BBISBIICHA, TaK KaK JUIs 3TOTO TpeOyeTcst
00JbIIast CTENEeHb CBOOOIBI UCCISAYEMON CHCTEMBI
Ul ydeTa He TOJBKO M3TMOHBIX, HO M KPYTHJIBHBIX U
MOCTyMAaTeIbHBIX PopM Konebanwmii [20].

[Nomydennoe pereHne MOXeT ObITh SP(EKTHBHO HC-
TI0JIb30BaHO /ISl BEPOSITHOCTHOTO aHAJIN3a CUCTEMBI «CO-
OpY’KEHHUE — OCHOBAaHUE» IIPU CEHCMHUYECKUX HAarpy3Kax.
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Abstract

Relevance. The study of the interaction of buildings and structures with
the base during an earthquake is one of the most important tasks of the theory of
earthquake resistance. The response of the structure to seismic impact depends to
a large extent on the ratio of the stiffness characteristics of the soil, foundation,
and foundation structure. Moreover, taking into account a rather high degree of
statistical variability of the characteristics of the soil foundation, it is possible to
ensure the required level of safety of a structure only through the use of probabilis-
tic models and a quantitative assessment of the reliability of the construction-base
system as a whole. At present, for the calculation of the “construction — base”
system for seismic loads, deterministic discrete models of the finite element
method are mainly used. But these models are poorly adapted for probabilistic
calculations and require extensive statistical data, which are currently insufficient.
Therefore, in problems of reliability assessment, it is advisable to use simplified
analytical models, which make it possible to derive the value of the statistical
variability of its reaction with relatively small initial information about the system.
The aim of the work — based on the well-known solution for the single-mass
model to present an analytical solution in the matrix form of the problem of free
horizontal vibrations of a multi-mass cantilever rod on the foundation specified
by the elastic half-space model. Methods. A study was made of the effect of
the compliance of the soil foundation on the frequencies and forms of horizontal
vibrations of the structure. A comparison of the results with the calculation per-
formed by the finite element method is given. Results. The obtained solution is
intended to conduct a probabilistic calculation of the construction-base system
under seismic loads and evaluate its reliability.

Keywords: “structure — foundation bed” system, foundation bed stiffness,
dynamic properties, horizontal vibrations, vibration frequencies, vibration mode
shapes, multi-mass cantilever bar
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AHnnomayus

Axkmyansrocmep. 11Ipu pacueTe MHOTOCIOMHBIX OCHOBaHHM, KOTIa MaTepya Ofl-
HOTO CJI0SI WM HECKOJIBKKX MMEET BBIPAXKEHHYIO aHH30TPOIIUIO, XapaKkTep pacrpese-
JICHWS TIEpEMELIICHUH ¥ HapsDKEHUH B OCHOBAaHWM 3aBUCUT OT HAllpaBJIEHHs Ocei
AQHU30TPONHUH B KaXJIOM cioe. [109ToMy mpu NPOeKTHPOBAHUM U aHAIN3e PAabOTHI
MHOTOCJIOMHBIX CpeJl HEOOXOIMMO UMETh OLICHKY BIUSHHUS JaHHOTO (akTopa. I]ens —
HCCIIe/I0BaTh HANPSDKEHHOE COCTOSHUE B IOJIOCE, COCTABICHHOM U3 IBYX € PasHbIMU
(U3MYECKUMU XapaKTePUCTUKAMH aHU30TPOITHBIX ILIOCKONAPAIUIEBHBIX CIIOEB, Je-
Kalerd 6e3 TpeHuUs Ha )KECTKOM OCHOBaHHU. Memoowt. VIHTerprupoBaHie ypaBHEHUN
IUIOCKON 3aJjaull TEOPUM YIPYTOCTH AHW30TPOIHOIO Tela MPOBOAUTCS CHMBOJIMYE-
CKUM METOJIOM B COUETAHHU C METOJOM HayalbHbIX (yHKImi. HauansHsle dyHKIMM
Ha JIMHUY KOHTAKTa MOJIOCHI M OCHOBAHMS OIIPEJIENIAIOTCS U3 YCIIOBUH JKECTKOTO CLEH-
JIGHUS! MEXK]TY CIIOSIMH, YCJIOBUM IJIOTHOTO KOHTaKTa U OTCYTCTBUSI TPEHUSI MEXKLY
TIOJIOCOM M OCHOBAaHMEM, XapaKTepa Harpys3KH, MPHUIOKEHHOW K BEpXHEH IMIIOCKOCTH
nonocsl. Iocne npeobpasoBanuil GpyHKIMY NepeMeIleHUI ¥ HANPSHKEHUH B KaXKIIOM
CJIOE 3aIMCHIBAIOTCS Yepe3 HOPMAIbHYIO TOBEPXHOCTHYIO HArpy3Ky B BHzE HEc00-
CTBEHHBIX MHTETpasioB. Pe3ynbmamot. I1pencrapiens! rpauky N3MEHEHHUS HaIPsDKe-
HMI B 110JIOCE OT 3HAYEHUH XapaKTEPUCTHK aHU30TPOIIHBIX MaTEPHUAIIOB, TOJILUHbL
cloeB. MakcuMalbHble 3HAYEHHs HaIpsDKCHUM Ha JIMHUM CONpPSDKEHUs CIOEB U Ha
JIMHUM KOHTAaKTa C OCHOBAHHEM, B 3aBUCHMOCTH OT HAIPABJICHHS OCEH aHU30TPOITHH B
Ka)KIIOM CJI0e, IPUBEICHE B TaONMIIaX W MOKa3aHbl B BHAe TpadukoB. [lana oreHka
BIIMSHUS. MOZYyJI€H yIIPYTOCTH MaTepuaioB Ha XapaKTep PacHpeelieHHs HAIIPsHKEHHUI
B II0JIOCE, COCTABJICHHOM U3 IByX U30TPOIHbIX MATEPHUAIIOB.

Kouesvie crosa: nepemellieHre, HaNpsHKeHUE, aHU30TPOIHSI, YIPYroCTh,
1oJjoca, ClIou
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TEOPUA YMPYFOCTU

HanpsHKEHHO-1e()OPMUPOBAHHOTO COCTOSHHS B MHOTO-
CJIOMHBIX YIPYTUX cpeAax Moji JeHCTBUEM MOBEPXHOCT-
HBIX HAarpy30K, BO3HUKAIOT MPU PacueTe HECyIUX IMo-
KPBITHIA OT BO3MIEWCTBHUS TPAHCIIOPTHOTO 000pPYIOBAHMS,
B MEXaHWKE TPYHTOB (pacyeT OCHOBaHWH (PyHIaMEHTOR),
r€OMEXaHHUKE, IMPU aHAJIN3EC pa6OTBI I[eTaJIeP'I MallluH C
MOKPBITHSIMH U T. 1. JIJI1 MHOTOCJIOWHBIX Cpe/ U3 U30-
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TPONHBIX MaTepHalOB JaHHBIH KJIACC 3aJad paccMat-
puBaiics B psae pador, Hampumep [1-10], mis Tpanc-
BepCaTbHO-U30TPOITHOTO MaTepraa B padorax [11-20].

1. TocTanoBKa 3agaun

Ha ocHoBe ypaBHEHU# IUIOCKOM 3aJauu TEOPHUU
YOPYTOCTH aHU30TPOITHOTO TEJIa MCCIELyeTCs Hampsi-
JKEHHOE COCTOSIHHE JBYXCIIOMHOM IOJIOCHI, JeXKallei
0e3 TpeHus Ha >kecTKOM ocHoBaHuM (puc. 1). [Tomoca
COCTaBJICHA U3 JBYX aHM3OTPOITHBIX MIOCKOHAPAIIIEIb-
HBIX CJIOEB C PAa3HBIMH YIPYTHMMHU XapaKTePUCTUKAMHU.
Hywmepanuro cioeB BeiOMpaeM cHU3Y BBepx. [lepeme-
LIEHUS, HANPSDKCHUS, GU3UUCCKHE U [EOMETPUIECKHE

XapaKTePUCTUKH B KKIOM CJI0€ 0003HAUYUM HIKHUM
UHIEKCOM k (k =1,2), BBICOTA MOJNOCHI h=h + h,
1o JyrHe He MeHsiercs. [lonoxurenbHble HalpaBiIeHUs
nepeMenieHni U Halps KeHUH MoKa3aHbl Ha puc. 1.
Cratuyeckas HOpMallbHas IOBEPXHOCTHAs Harpys3ka
q(x) TpuKIagBIBaeTCS K BEPXHEH IUIOCKOCTH IIOJIO-
cpl. Ocb X HampaBUM 10 HIDKHEH TUIOCKOCTH IIOJIO-
CBl, OCb V — NEPIEHAMKYIIPHO IPAHHUILIE OCHOBAHMUS.
Ha puc. 1 HopManbHOE AaBleHHE MEXIY MOJIOCOU U
’KECTKUM OCHOBAaHMEM 0003Ha4eHO ¢, (X) , @ HOpMallb-

HBIC U KaCaTCJIbHBIC YCUJINA HAa JIMHUNW KOHTAKTa CJIOCB

902 (X) 1 T,5(X) .

B 4 4(x)

2 A ¥ § 1 <

NN :
Y1k x roz(x) qoz(x)

t—1{ £/ = -1t ¢ it % 4\t 11

Vo

V=

=
|
-
e
|
|
=
e

qol(x)

F T 7T T 7T 7 7%
t I 1

Kecmrkoe ocHosanue
[Rigid base]

Puc. 1. Cxema B3auMOIEHCTBHSI MEXKIY CIIOSIMH MOJIOCHI M )KECTKUM OCHOBaHHEM
[Figure 1. Scheme of interaction between strip layers and rigid base]

2. MeToa pacuera

IIpu pemieHnn UCX0aUM U3 YPaBHEHUH, MOJIyYEH-
HeIX B [16]. TlepeMenieHust U HaMpsHKEHUS B MPOU3-
BOJIBHOW TOUYKE Ka)JOTrO CJIOS 3aIUCBIBAIOTCS 4epes
GyHKIHA TIepeMeleHn W yCHINK Ha HIDKHEH III0C-
KOCTH TIOJIOCHI. Hen3BecTHBIE (PYHKIIUH TIepeMeIICHU I
Y YCUJIMM Ha HIKHEH IUIOCKOCTU ONpEAEIsIIoTCS U3 yC-
JIOBUH OTCYTCTBUS TPEHHUS U IUIOTHOT'O KOHTAKTa MEXKIY
MOJIOCOM M OCHOBAaHUEM, YCIOBUM >KECTKOIO CIIEIIe-
HUS MEXKIY CIOSIMU, XapaKTepa Harpy3Ku, MPUIOKEH-
HOH K BepXHEH MIIOCKOCTH MONOCHL. JlaHHBIE IrpaHUyY-
HBIC YCJIOBHS UMCIOT BUJ:

7,(6) =0)=1, =0,
Ul(x’yl = 0) = 1)01(x) = Oa

312

u (x,y,=h)=u,(x,y,=0)=u_(x),
0)=v,,(x),

0, (x,yl :hl) :Gyz(x:yz :O) :qoz(x)a

U](x>y1 =h1):D2(x5y2 =

Txyl(x’yl :}71):1: »z(x’yz :O)Zng(x)a

6,,(% ), =h)=—q(x).

[ocne mpeoOpazoBanuii IepeMeIeHUs] 1 HaTps-
JKEHUSI B IPOM3BOJIBHONW TOYKE KaKIOI'O CJIOSI BHIpa-
JKAIOTCS, UCIOJIb3Ysl MHTErpallbHOE IpeoOpa3oBaHUE
®ypse [5], yepe3 3a1aHHYI0 IOBEPXHOCTHYIO Harpys-
Ky B BHZIE€ HECOOCTBEHHBIX MHTEIPAIOB, KOTOPHIE MMe-
0T CJI0’KHYIO CTPYKTYPY U HE IPUBOISATCA.

THEORY OF ELASTICITY
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3. Pe3yabTaTsl

PaccMoTpuM BapuasTt, Korja B ceuenun X = ()
MPUJIOKEHA CUJIa HHTEHCUBHOCTRIO ', paBHOMEPHO

pacrpeziesieHHas! BIOJIb OCH NEPIICHIUKYIIIPHOM TIOCKO-
ctu (puc. 2). B o0mem ciyyae numeeM HeOrpaHHYCH-
HOE KOJIMYECTBO KOMOMHAIIMI MEX/Ty YIPYTHMH Xapak-
TEPUCTHKAMU MaTEPHAJIOB CIIOEB MOJOCHL. st mpu-
Mepa HpOBEEM aHaM3 HAIpPSHKEHHOTO COCTOSHHS TO-

VA

JIOCBI, KOTJ]a BEPXHUM CIIOM BBINOJIHEH M3 TKaHEBOT'O
crenoruiactika ropsraero npeccoBanust (CTIT), Hmk-
HHMH — CTEKJIOIIACTUKA HAa OCHOBE CTEKJIOTKAaHH Map-
k1 ACTT(6)-C>-O u monudpupHONH CMOJIBI MapKH
[TH-3. Ympyrue xapakTepuCTHUKH MaTepUaloB MpHUBeE-
neHsl B [21] u yka3zaHbl Ha puc. 2. Hampasnenus oceit
aHU30TPOIIMH MaTepHalia B KaXJOM CJO0€ Omperens-

oTcs yriaom @ .

E,=35.9TTa[GPa), E=29,3'a[GPad),
v,=0,177, G,=7.6 'TTa[GPa), h=ah

E=17911Ta|GPa), E'=13.11Tla|GPal,
v,=0,15, G;=2.81Tla|GPFPa], h=ah

Puc. 2. Cxema Harpy>xeHHs IBYXCJIOHHOM I0JIOCHL
[Figure 2. Loading scheme for a two-layer strip]
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Puc. 3. Pacipenenenue napamerpa O 10 JIMHMK KOHTAKTa CJIOEB M0JIOCHI B 3aBUCUMOCTH OT (p , opu @, = Ou a, =0, = 0,5

[Figure 3. Distribution of the parameter 6} along the contact line of the strip layers depending on ¢, when ¢, =0 and a,

Pe3ynbTaThl YMCICHHOTO aHAIHM3a MTPUBOIATCS JIs
TUIOCKOTO HANPSDKEHHOTO COCTOSIHUS (IMUpUHA TOJI0-
CHI paBHa eIMHUIIE) B O€3pa3MEPHBIX ITapaMeTpax:

. o,mh _ o,mh _ T, Th
Gx=x—, Gy: Yy , ,ny:xy_’
F F F
~ h h
¥=2, op=-L, o, ==
h h h

PaccmoTpum BnusiHHE HampaBIeHUsI OCEH aHU30-
TPOIIMU MaTepHralia B KaXJIOM CII0O€ Ha HalpsHKEHHOE
COCTOSIHHE JIBYXCIOMHOTO mOKphITHS. [Ipu mposene-
HUHM pacyeToB Kod(hGUIHMeHTs aedopMmanuu, KOTO-

TEOPUA YMPYFOCTU

—a,=0,5]

pbie BXOIAT B (DYHKIUHM TEPEMEIICHUN M HarmpshKe-
HUIA, BBIPOKCHBI Yepe3 TEXHHUUECKHE MOCTOSHHBIE 110
dbopmynamM mpeodpa3oBaHUS YIPYTHUX ITOCTOSHHBIX
MpH TIOBOPOTE OCEH aHMW30TPONHHM Ha HEKOTOPBIH

yrom ¢, [21].

Pacnipenenenue mapamerpa Hanpspkerust O, 1o

JIMHUMW KOHTAaKTa CJIOCB IIOJIOCHI B 3aBHCHMOCTH OT

(0, TmokaszaHo Ha puc. 3. BuaHo, 4TO I BapHaHTa

¢, =0 m a, =0, =0,5 mMakcuManbHOE 3Ha4YCHHE

- _ o
G, posHuKaer npu ¢, = 90°.
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B Tabm. 1 MPUBCACHLI Ha JIMHUW KOHTAKTa CJIOCB

3HAUCHHs G, B 3aBHCHMOCTH OT HANPABIICHHs OCeit

aHM30TPONUHU B KaXJOM cioe mpu o, =a, =0,5,

B Ta0JI. 2 — HA JIMHUW KOHTAKTAa ITOJOCHI K OCHOBAHHSL.

Tabnuya 1

~ max

3HavyeHHsA |0'y Ha JIUHHHU KOHTAKTA CJI0€B IM0J0ChI

B 3AaBUCHMOCTH OT (I)k

[Table 1. Values |&:"“

on the contact line of the strip layers

depending on @, |

¢,
0° 30° 45° 60° 90°
@,

0° 4,18 343 3,24 3,52 4,42
30° 4,00 3,30 3,11 3,38 4,25
45° 4,01 3,29 3,10 3,37 4,27
60° 4,08 3,36 3,16 3,44 4,33
90° 4,45 3,63 3,41 3,72 4,73

Ha puc. 4 npencrasieHbl TpaQuKd pe3ybTaToB
pacdera mapamerpa G, B 3aBHCHMOCTH OT HATpaB-

JICHUS Ocel AHNU30TPOITNU B KAXKIOM CJIOC. N3 conocrag-
JICHUA KPUBBIX BUIHO, YTO MAKCHMAJIbHBIC 3HAYCHUA
BO3HHUKAIOT IJId BapHaHTa, KOI'la HAUMCHBIIICE 3HA4YC-

o 4>(P2
0° 15° 30° 45° 60° 75° 90°
) A= sl 91 =45°
25 ’ )
LT
375
5o -4
425
4.5
“
4,75 .

-5

HUE MOJYJIsl YIIPYTOCTH Marepuaia 00OUX CIIOEB IO-
JIOCHI HAITPABIICHO TIApaJUIEIbHO TPAHUIIE OCHOBAHMSL.
Brnusinue napamMerpa BhICOTHI U HAIIpaBJIeHUs ocei

AHM30TPOTIHH B BEDXHEM CJIOC HA 3HAUCHHS G MpH

¢, = 0° ToKa3aHoO Ha puc. 5. Pe3ynbTaThl pacyeToB

G, Ha JIMHMM KOHTAKTa CIIOCB MPE/ICTABICHBI HA

puc. 5, a, Ha puc. 5, 6 — Ha TMHUU KOHTAKTa TI0JIOCHI 1

ocHoBanuA. V3 aHanm3a rpa)uKoB ciemyeT, 4To C yBe-
~ ma

NMYCHUEM ITapaMeTpa o, 3Ha4eHus O, *  yObIBarOT

0oJiee 3aMETHO NpU 3HAYEHUHU ¢, = 45°.

Tabruya 2

~ max

3HavyeHns |6y HA JIMHUH KOHTAKTA M0JIOChI ¢ OCHOBAHHUEM

B 3ABUCHMOCTH OT (I)k

[Table 2. Values |&'y““" on the contact line of the strip with the base

depending on @, |

¢,
0° 300 45 600 90°
¢,
0° 313 275 263 279 323
30° 263 236 228 239 267
45° 248 224 217 226 251
60° 273 245 236 248 278
90° 348 3,00 286 3,05 3,60
6 .
L0 15°30° Gse 60° 75" 90°

-2,25 T =45

L e* .

~ max
Puc. 4. I3ameHeHue napamerpa G, B3aBHCHMOCTH OT (0, HpH o =a, = 0,5:

a — Ha JIMHUM KOHTAKTa CJIOCB MMOJIOCHI; 6 — Ha JIMHUM KOHTAKTA TOJIOCHI C )KECTKUM OCHOBAHUEM

[Figure 4. Change the parameter GT“ depending on ¢, when o, =0, =0,5:

a — on the contact line of the strip layers; 6 — on the contact line of the strip with a rigid base]

I'paduku Ha puc. 6 WITFOCTPUPYIOT BIMSIHAE OTHO-
IIEHUs] MOYJIEH yIPYTOCTH MaTepUasoB M IapaMeTpa o,

Ha 3HAueHHs G JUIA BapHaHTA, KOT/IA M0JI0CA COCTaB-

JIeHa M3 JIBYX M30TPOIHBIX MarepualioB (v, =v, =0,25).

314

PacuetHbie GopmyIbl OTyUYSHBI MyTEM Iepexoja OT
aHMB3O0TPOITHOTO MaTepraia K u3otporrHomy [19]. Itpu-
XOBOW JIMHUEW MOKa3aHbl KpUBbIE TpU o, = 0,25,

CILJIOIIHOM — JIMHUHU, COOTBCTCTBYIOIINC 3HAYCHUTIO

THEORY OF ELASTICITY
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o, =0,5, WTPUXIYHKTUPHOA — o, = 0,75. W3 ana- Bunno, uto mapamerp HanpspKEHHUSI HA HEKOTOPOM pac-
CTOSIHMH OT JIMHUU JEHCTBUS CHUIIBI JOCTUTACT MaKCH-

JU3a KPUBBIX CJENyeT, YTO NPH YBEIWYEHHH OTHO-
MyMa, a 3aTeM 3aTyxaeT. CpaBHHUBasI KPHUBBIE 3aKIIIO-

ureHust £, / E, 3HaYCHHUS mapaMeTpa ESTM yOBIBAIOT.

YyaeM, 4TO 3HaueHus U,, W pa3Mep 00NacTH pacrmpo-
Ha puc. 7 nokaszaHo pacrnpejeieHue napaMmerpa 4

HaIIPsKCHUA Txy 110 JIMHHUH KOHTaKTa CJIOCB IT0JIOCHI. CTPAaHCHUA IO OCH Gombue pu @, 45°.

a

~max
Sy

ot

~ max (o]
Puc. 5. 3menenne mapamerpa G B 3aBUCHMOCTH OT (L, IIpH @ = 0
d — Ha JIMHUHU KOHTAaKTa CJI0CB IIOJIOCHI; 6 — Ha JIMHUHM KOHTAKTA TTOJIOCHI C YKECTKUM OCHOBAHHUEM
. ~ max . _ o
[Figure 5. Change the parameter o, depending on o, when @, = 0

a — on the contact line of the strip layers; 6 — on the contact line of the strip with a rigid foundation]

FofFey FofEy

a 1 25 50 75 100

0=0,73 |, chalmsmaiocis

ﬂz?o,Sﬂ-_-,_--O"
I e !

o™ =,
"’ (12=0,23

sSmax ¥
G 317

v

~ max
Puc. 6. smenenue napamerpa O , B 3aBHCHMOCTH OT E,/E na,:
a — Ha JJMHUHM KOHTAaKTa CJIOEB I10JIOCHI, 6 — Ha JIMHUM KOHTAKTa MOJIOCHI C )KECTKUM OCHOBaAaHHUEM
. ~ max .
[Figure 6. Change the parameter c, dependingon £, / E, and a,:

a — on the contact line of the strip layers; 6 — on the contact line of the strip with a rigid foundation]

Puc. 7. Pactipenenenue napamerpa Txy IO JTHHE KOHTAKTA CII0EB MOJIOCHI B 3aBUCHMOCTH OT (@, TPH @, = Oun a, =0, = 0,5

[Figure 7. Distribution of the parameter T 4 along the contact line of the strip layers depending on ¢, when ¢ =0 anda, =a, =0,5]

TEOPUA YMPYFOCTU 315
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PesynbraTel BBIYMCIEHHMM IapamMeTpa |{m“ Ha
xy

JMHUU KOHTaKTa CJOEB IOJIOCHI B 3aBHCUMOCTH OT
HaIpaBJIEHUH YIIIOB ¢, NPEICTaBJeHbl B Tabl. 3. B

YHUCJIUTECIIC YKa3aHa MaKCHUMaJlbHAad BCJIIMYMWHA Txy’ B

3HaMEHaTelle — KOOpAuHaTa |x » B KOTOpPOW BO3HH-

KaeT |%;f‘* .

Tabnuya 3

~ max

3nauenus |Txy Ha JIMHUHU KOHTAKTAa CJIOEB I10JIOCHI

B 3AaBUCHMOCTH OT (I)k

[Table 3. Values |{-:‘y"" on the contact line of the strip layers

depending on @, |

?,
0° 30° 45° 60° 90°
o,
o 0816 0927 0992 0963 0,903
0226 0313 0340 0304 0209
30° 0,773 0879 0943 0918 0,867
0223 0309 0336 0301 0209
450 0,786 0889 00953 0930 0,882
0223 0308 0335 0300 0209
60° 0,729 0,829 0,890 0867 0,821
0219 0306 0333 0297 0,205
00° 0,68 0,78 0846 0819 0,770
0217 0306 0334 0297 0,200
o -
3 Gmn=2,03
3

Pacnipenenenne nmapameTpa G, IO JIMHHU KOH-

TaKTa CJIOEB MOJOCH IMpuBeAeHO Ha puc. §. Cepus
KPHUBBIX Ha PUC. 8, @ MOKa3bIBaeT U3MECHEHHE 3HAUeE-
HUH G Ha HWKHEH IIIOCKOCTH BEPXHEW IOJIOCHI,

Ha puc. 8, 6 — Ha BepXHeH MJIOCKOCTH HWKHEH IMOJIo-
cel. 13 aHanmu3a rpadukoB BUIIHO, 9TO B 00IacTH,
MPUMBIKAIONIENH K TUHUU JSUCTBUS CUIIbI, TapaMeTp
G, MOJIOKMUTENbHBIM, & IPU HEKOTOPOM 3HAYEHHH TIa-

pameTrpa X MeHseT 3HaK W Jajiee CTaHOBUTCA pPaB-
HBIM HYJIIO.
Ha puc. 9 nokazan xapakrep M3MEHEHHUs Mapa-

METpa (~Sx 110 JIMHHUW KOHTAaKTa CJI0CB, KOT'Ja KaXX bl

CJIOM TIOJIOCHI BBITIOJHEH M3 U30TPOIHOTO MarepHala
(v, =v, =0,25). Kpusble Ha puc. 9, a OCTPOECHBI

0 PE3yJIbTATaM BBIYMCIICHUN G Ha HUKHEH IJIOCKO-

CTH BEpPXHEW IIOJIOCHI, HA pHC. 9, 6 — Ha BepXHEH
IJIOCKOCTH HUXHEU 1noJiockl. M3 conocTaBiieHus: Kpu-

BbIX 3aKJIIOYaeM, 4YTO IIPHU OTHOIICHUHU 221 Ha
1

TpaHUI€ KOHTAKTa CJIOCB B BEPXHEM U HUKHEM CJIOAX

IIOJIOCHI BO3HHKAKOT ITOJIOKUTCIIBHBIC 3HAYCHUSA 6X .

E, y
HpI/I OTHOILICHUUN —= = 0,5 Ha HWXHCU TI'paHULC
1

BCPXHET0 CJI0A 3HAYCHUSA MMapaMeTpa G, OTpHULAaTCJIb-

HbI€, HA BEPXHEH IPaHULC HUXKHETO CJIOSl — IOJIOXKHU-
TEIIbHBIE.

&r™=3,20

§r==2,11

92=0° - ;=457 - - - 9,=90°

Puc. 8. Pacipenenenne napamerpa O, 1O JTMHMKM KOHTAKTa CIIOEB MOJIOCH! B 3aBUCUMOCTA OT @, npu ¢, = 0 1 o

ape=1,52 14

mmax_—" g
A< G, ._A4O

= gre=1,34

e

a — Ha HWOKHEH TJI0CKOCTH BCpXHCﬁ TIOJIOCHBI; 6 — Ha BerHeI\/'I TUTOCKOCTH HUYKHEH MOJIOCHI

[Figure 8. Distribution of the parameter 6( along the contact line of the strip layers depending on ¢, when @,

a — on the bottom plane of the top strip; 6 — on the top plane of the bottom strip |
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v GI=2 68 —

1Y
2
L5
1
0,5
5. 0
-0,5

6 Gm=1,04

£,-57=0,926

E:/‘Elzl - F,“foji—] =0,5 --- Ez/E1=2

Puc. 9. Uzmenenne napaverpa O, Ha JIMHUM KOHTAaKTa CIIOCB M3 H30TPOIHBIX MATEPHaIOB IIPH OTHOLICHHH a, =oa,=0,5:

2

a — Ha HIWKHEH TUIOCKOCTH BerHeﬁ ITIOJIOCHI; 6 — Ha BerHeﬁ TUTIOCKOCTH HUYKHEH TOJIOCHI

[Figure 9. Change the parameter O, on the contact line of layers made of isotropic materials atot, = o, = 0,5

2

a — on the bottom plane of the top strip; 6 — on the top plane of the bottom strip |

3akiaouenne

[IpuBeneHa kadyecTBeHHas M KOJIHMYECTBEHHAs
OLIEHKa HAMpPSHKEHHOTO COCTOSIHUS B IBYXCIIOMHOM ITO-
Joce, Jeamield 0e3 TpEeHUs Ha JKeCTKOM OCHOBaHHH,
B 3aBUCHUMOCTH OT HaIIpaBJIEHHS OCEH aHU3O0TPOIHUH
MaTepuana B KaXIOoM cioe. PacdeTsl mpoBeaeHs! IS
BApHAaHTa HATPYXXEHHS IOJOCH COCPENOTOYEHHOU
cunoi. ITokazaHo, 4TO MaKCHUMAJIbHBIE HOPMAJIbHBIE
HalpspKeHus], JEUCTBYIOIINE B HAlpaBIE€HHUH, MEpIIeH-
JUKYJIPHOM TPaHUIE OCHOBaHMS, BO3HUKAIOT, KOTJa
HaUMEHbIIINE 3HAYCHHSI MOJyJIeH YIIPYrOCTH MaTepH-
ana B CJIOSIX TMOJIOCH! HalpaBJIeHB! MapajuielbHO Ipa-
HUIIE OCHOBaHUs, MUHUMAJIbHBIE — IIPX HAIIPABICHUHU
ocell aHM30TPOINMU B KaXKJAOM clioe Moj yriom 45° k
rpanuiie ocHoBaHusa. KacarenbHble HaNpsyKeHUS TPH
pacmoioXeHUu oced moja yriom 45° mpuHUMAIT
HauOoJIblINEe 3HAYCHUS B CEUEHUSX, Ooyee ynaleH-
HBIX OT JIMHUM JEUCTBUS CHJIBI, B CPABHEHUHU C JIPY-
TUMH BapHaHTaMHU HaIIpaBJIEHUS OCEH aHU30TPOIHU.
HanMeHbINEe OTKIOHEHHS B pe3yibTaTaxX BbIYHCIIE-
HUI IIPOJIOJIBHBIX HOPMAJIBHBIX HANPSIKEHUN IPH 3a-
JAHHBIX (DU3NYECKUX XapaKTEPUCTHKAaX MaTepHajioB
Ha JIMHUM pa3liena cpell BO3HUKAIOT MPH HaIpasiie-
HUW OCeH aHW30TPOIHH TIOJ yIitoM 45°. JI7is MoocCHI,
COCTaBJIEHHON M3 ABYX M30TPOMHBIX MaTEpHUAJIOB C
pasHBIMH (U3MYECKUMH XapaKTEPUCTHUKAMH, HOP-
MaJIbHbIE HANPSKEHUS B MPOJOJIBEHOM HaIlpaBICHUH
TIOJIOCHI TIPY YMEHBIIEHUN MOJIYJS YHIPYyTOCTH Mare-

TEOPUA YMPYFOCTU

pHualia HIXKHETO CJIOS BO3PACTAIOT HAa HWXKHEH rpaHu-
Ile BEPXHETO CJIOS M YMEHBIIIAITCS Ha BEpXHEH Tpa-
HHIIE HAKHETO CIIOS.
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Stressed state of two-layer strip when interacting with rigid base

Julia M. Buldakova, Sergey G. Kudryavtsev*
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*KudryavcevSG@volgatech.net

Abstract

Relevance. In the calculation of multilayer bases, when the material of one
or several layers has a pronounced anisotropy, the nature of the distribution of dis-
placements and stresses depends on the direction of the anisotropy axes in each
layer. Therefore, it is necessary to have an evaluation of the influence of this
factor in the design and analysis of the operation of multilayer media. The aim
of the work — to research the stress state in a strip composed of two anisotropic
plane-parallel layers with different physical characteristics, lying without friction
on a rigid base. Methods. The integration of the equations of the plane problem of
the theory of elasticity of an anisotropic body is carried out by the symbolic method
in combination with the method of initial functions. The initial functions on the contact
line of the strip and the base are determined from the conditions of tight adhesion
between the layers, the conditions of tight contact and the absence of friction be-
tween the strip and the base, the nature of the load applied to the upper plane of
the strip. After transformations, the functions of displacements and stresses in each
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layer are written through the normal surface load in the form of improper integrals.
Results. Plots of changes in stresses in the strip from the values of the characteris-
tics of anisotropic materials, layer thicknesses are given. The maximum stresses on
the interface line of the layers and on the line of contact with the base, depending
on the direction of the anisotropy axes in each layer, are presented in the tables and
shown in graphs. The effect of the elastic modules of materials on the nature of
the stress distribution in a strip composed of two isotropic materials is estimated.
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