CTPOMUTENBHASA MEXAHUKA UHXEHEPHbBIX KOHCTPYKLWA U COOPYXXEHMI

2020 Tom16 Nel
DOI10.22363/1815-5235-2020-16-1

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

MABHbIN PEJAKTOP
Axumos I1.A., axan. PAACH, 1-p Texu. Hayk, npod., HIY MI'CY, Mocksa, Poccust

3AMECTUTENb MMABHOIO PEJAKTOPA
Tanuwnurosa B.B., n-p TexH. Hayk, jou., PYJIH, Mocksa, Poccus

MCMONHUTENbHbIA PENAKTOP
Mamuesa H.A., PY]IH, Mocksa, Poccust

YNEHbI PEAKLMOHHOW KONNETUU:

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

Amnopees B.H., axan. PAACH, n-p texn. Hayk, npod., HIY MI'CY, Mocksa, Poccust
Basicenoe B.A., akan., HanpoHnaneHas akaieMust IeJarOTHYeCKUX HAyK, J-p TEXH.
Hayk, pod., KHYCA, Kues, Ykpanna

Byii Cyan Ham, noneHt, XaHOWCKHUI YHUBEPCHTET TOPHOTO Jieda U TeOJIOTUH,
Xanoii, BoetHam

Banun B.B., n-p TexH. Hayk, npod., KueBckuii nonuTeXHU4eCcKuii yHUBEPCUTET,
Kues, Yxpanna

3axcenxoghep Paitxano @., npodeccop, I'opHebIii yHuBepeuter B Jleobete, ABCTpHs
3eepaee E.M., n-p TexH. Hayk, npod., U[IM PAH, Mocksa, Poccus

Heanos C.IL., 1-p texn. nayx, npod., [IFTY (BonraTex), Homkap-Oma, Poccus
Kapnenxo H.H., axan. PAACH, n-p texH. Hayk, npod., HUMC® PAACH,
Mockga, Poccust

Konuynoe B.HU., akan. PAACH, 1-p Texn. Hayk, npod., FO3I'Y, Kypck, Poccus
Kpacuy Cons, xauauaar TexHuueckux Hayk, Hutckuit ynusepeurer, Humt, Cepoust
Jucuukun C.E., n-p texu. Hayk, OO0 «ULICKTD», Mocksa, Poccust

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

Mazyne @pedepuk, npodeccop, Beicmas nmkenepHast mkona «LlenTpans Cromenex»,
Vuusepcurer [lapmx-Caknn, @panus

Manopone /Ixncysenne, nouenr, Yuusepcuter Typuna, Utanus

060306 B.H., 1-p Texu. Hayk, npod., THUMCK, Mocksa, Poccust
Canarcaposckuii P.C., 1-p exH. Hayk, npod., EHY nm. I'ymunieBa, Acrana, Kazaxcran
Tpasyw B.H., akan. PAACH, n-p TexH. Hayk, npod., DHIIU, Mocksa, Poccust

Axynoe H.M., qn.-xopp. PUA, 1-p Texu. Hayk, npod., UMM OUII KasHIT PAH,
Kazans, Poccust

COLOEPXAHWE

K IOBWIEIO ITABJIA MUXAWIOBUYA CAJIAMAXUHA .......vnvvvnannnnne

PACYET W1 NPOEKTUPOBAHWE CTPOUTEIIbHbI X KOHCTPYKLIMMA

Canamaxun I1.M., Jlyeosyes E.A. O60cHOBaHHE HEOOXOIUMOCTH U
crnocoba MOIEpHH3ALMN IPOTPAMMHOT0 00eCIIeUeHNs H3MEPUTEIFHOTO
KOMIUIEKCa ISl OLEHKH IPY30IIOABEMHOCTH OAJOUHBIX MPOJIETHBIX CTPOe-
HHH aBTOIOPOIKHBIX MOCTOB . ...eueutntneteeeet e enenenenenenenenenenenenen
Capecan A.E., I'vkosa E.I'. DbHeKTHBHOCTD pealu3aiyl CBalHbIX (QyHzAa-
MEHTOB Ha IIPUMEPE COOPY)KEHHS PEaKTOPHOTO OT/ICJICHHS aTOMHOM CTaH-
AN € BBOP-1000 ...
Lamichhane G.P., Giri P. Effect of joint stiffness and flexibility on the
design of reinforced cement concrete structure (BiusiHue xectkocTH
U THOKOCTH COCIMHEHHUS IIPH NIPOEKTUPOBAHUHU XKEJIe300€TOHHBIX KOH-
CTPYKIIFH) .. et ettt ettt ettt et ettt ettt ettt

TEOPUA TOHKMX OBONOYEK

Knoukoe FO.B., Huxonaes A.I1., Mwanos T.P., Anopees A.C., Knoukoe M.FO.
Yuer reoMeTpuueckoil HENMHEHHOCTH B KOHEYHO-JIEMEHTHBIX MpPOY-
HOCTHBIX PacyeTaX TOHKOCTEHHBIX KOHCTPYKIIUH THIIAa 000NOYeEK .........
Usanos B.H., I1Imenesa A.A. I'eoMeTpudeckue XapaKTepUCTUKU AepopMu-
POBAHHOTO COCTOSIHUsI 000JIOUEK C OPTOTOHAIBHOIN CHCTEMOW KOOP/IH-
HAT CPETUHHOM MOBEPXHOCTH .. .enveneetententntitenteneneeietenenenennenenn

YNCNEHHbI E METOAbI PACYETA KOHCTPYKLIMN

Rynkovskaya M.1, Elberdov T., Sert E.,Ochsner A. Study of modern
software capabilities for complex shell analysis (MccnenoBanue Bo3Mosx-
HOCTEil COBPEMEHHBIX KOMIIBIOTEPHBIX IIPOrpaMM Uil pacyeta 000Io-
YEK CIIOMKHOU TEOMETPHH) ... e eeeettetetetetetenaneneteneneneneneneneneeenen
Manyiinos I'A., Kocuyvin C.B., Ipyoyvina HM.E. UnucieHHBbIH aHAIH3
YCTOHYMBOCTH MOAKPEIUICHHBIX IUIACTHH C HEKPATHBIMH KPUTHYECKH-
MHE HATPYZKAME ... eeetetnetnet et et et e et et e et e e e e eanens

AVHAMUKA KOHCTPYKLMIA Y COOPYXXEHMA

3onenbepe A.J1. HoBble OIEpallMOHHBIE COOTHOLICHHUS U UX TIPUMEHEHHE
K PELICHUIO HECTAIMOHAPHBIX 3a/a4 IS CTEpP:KHEil HAa OCHOBE TECOPHHU
C.IL THMOIIEHKO ...ttt e aeaee

CEVICMOCTONKOCTb COOPYXEHWA
Abaes 3.K., Koozaes M.IO., Bucynaes A.A. AHanu3 ceiicMOCTOHKOCTH
KOHCprKTI/IBHbIX CHUCTEM MHOT'OO3TAaXXHbIX rpamaﬂcxnx SZ[B_HI/Iﬁ ...........

Pepaktop 10.A. 3aukuna
[uzaitH o6noxku: 10.H. Edpemoa
KomnbioTepHas BepcTka: F0.A. 3aukuma

Apnpec pepakuuu:
Poccuiicknit yauBepcuTeT ApyKObI HAPOTOB
Poccuiickast ®epepamms, 117198, Mocksa, yin. Mukityxo-Makias, 1. 6; Ten.: +7 (495) 955-08-28; dakc: +7 (495) 955-08-28; e-mail: stmj@rudn.ru; i_mamieva@mail.ru
Toamucano B nedats 19.02.2020. Beixox B cBet 26.02.2020. @opmat 60x84/8.
Bymara odcernas. ITeuats odcernas. I'apautypa «Times New Romany. Yen. meu. 1. 9,76. Tupax 250 k3. 3aka3 Ne 24. Ilena cBoboaHast.

DegepanbHOE rOCyIapCTBEHHOE ABTOHOMHOE 00pa30BaTeIbHOE YUIPEKICHHE BBICIIET0 00pa3oBanus «Poccuiickuii yHuBepcHTeT JpyxObl Haponosy» (PY/IH)
Poccwmiickas ®enepauns, 117198, Mocksa, yin. Mukinyxo-Makunas, 1. 6

Ortnevatano B Tunorpadun UIIK PYIH
Poccuiickas ®exepanust, 115419, Mocksa, yi1. OppxoHukuise, 1. 3

14

22

31

38

45

54

62

76

© Poccuiickuii yHUBEpCHTET JPYxKObI HapoaoB, 2020
© Megoes [I.A., hoto Ha 0010XKKE
(ITpumopcknit okeanapuym, o. Pyccxuit, ITpumopcknii kpait, Poccus), 2020



STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS

2020 VoLumE 16 No.1
DOI 10.22363/1815-5235-2020-16-1
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
I1.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, Vietham
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 Magouleés, 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

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

R.S. Sanjarovsky, DSc, Professor, L.N. 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

ANNIVERSARY OF PAVEL M. SALAMAKHIN .......coovvuiiiininnenennnn

ANALYSIS AND DESIGN OF BUILDING STRUCTURES

Salamakhin P.M., Lugovtsev E.A. Substantiation of the necessity
and method of upgrading the software of the measuring complex
for assessing the load capacity of girder spans of road bridges ......

Sargsyan A.E., Gukova E.G. The effectiveness of the implementation
of pile foundations on the example of the reactor building of a nuclear
power plant with VVER-1000 ............coooiiiiiiiiiiiiiie

Lamichhane G.P., Giri P. Effect of joint stiffness and flexibility on
the design of reinforced cement concrete structure ....................

THEORY OF THIN ELASTIC SHELLS

Klochkov Yu.V., Nikolaev A.P., Ishchanov T.R., Andreev A.S.,
Klochkov M.Yu. Accounting for geometric nonlinearity in finite ele-
ment strength calculations of thin-walled shell-type structures ......

Ivanov V.N., Shmeleva A.A. Geometric characteristics of the de-
formation state of the shells with orthogonal coordinate system of
the middle Surfaces ............cooooviiiiiiiiiiiii e

NUMERICAL METHODS OF ANALYSIS OF STRUCTURES
Rynkovskaya M., Elberdov T., Sert E., Ochsner A. Study of mo-
dern software capabilities for complex shell analysis ...............

Manuylov G.A., Kositsyn S.B., Grudtsyna LE. Numerical analysis of
stability of the stiffened plates subjected aliquant critical loads ..........

DYNAMICS OF STRUCTURES AND BUILDINGS
Zonenberg A.L. New operational ratios and their application to non-
stationary tasks for rods based on S.P. Timoshenko theory ..........

SEISMIC RESISTANCE
Abaev ZK., Kodzaev M.Yu., Bigulaev A.A. Earthquake resistance
analysis of structural systems of multi-storey civil buildings ...........

Copy Editor Tu.A. Zaikina
Graphic Designer Iu.N. Efremova
Layout Designer Iu.A. Zaikina

Address of the Editorial Board:
Peoples’ Friendship University of Russia (RUDN University)
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 (RUDN University)
6 Miklukho-Maklaya St., Moscow, 117198, Russian Federation

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

© Peoples’ Friendship University of Russia (RUDN University), 2020
© Medoev D.A., photo on the cover of the Journal
(Primorsky Aquarium, Russky Island, Primorsky Krai, Russia), 2020

14

22

31

38

45

54

62

76



2020. 16(1). 3-4

CTPOMTENBHASA MEXAHUKA UHXEHEPHBIX KOHCTPYKLIMIA U COOPY)XEHWHA

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

K IOGWJIEIO
ITABJIA MUXANJTIOBUYA CAJTAMAXHUHA

ANNIVERSARY OF PAVEL M. SALAMAKHIN

7~

= =
| 7

JlokTopy TexHUYeCcKHX Hayk, mpodeccopy, aka-
nemuky PAT, BenymieMy Hay4YHOMY COTPYIHUKY
MOCKOBCKOTO aBTOMOOMIIEHO-IOPOKHOT'O TOCYIap-
CTBEHHOTO TeXHHYecKoro yHuBepcurera (MAJIN)
[MaBry MuxaitnoBuuay Canamaxuny B ¢espane 2020
rofa ucronHseTcs 90 yer.

B 1956 romy OH 3aKOHYMII CTPOUTEIBHBINA (ha-
KynbTeT BOCHHO-MHXKEHEPHOW akaJIeMUU HMEHU
B.B. Kyiiosmesa, mocie yero mpopadoran Ha Ce-
MHUTIATATHHCKOM CIIEIMATBbHOM TIOJUTOHE TPH Tofa
Ha WHXXEHEPHBIX NOJDKHOCTAX. B 1959 romy Obin
BBEJIEH B COCTaB HAy4YHO-HCCIIEOBATEIbCKOM J1a00-
paropuu MoctoB u nepenpaB BUA umenu B.B. Kyii-
OblIleBa, B KOTOPO# padboTan 1o 1972 roga Ha momx-
HOCTSIX CTapIIero HAay4yHOrO COTPYIHHUKA, a 3aTeM
HadabHUKa Jabopatopuu. [lo pesympraram cBoOmx
Hay4yHbIX paboT 3amuTtwi B 1963 rogy kangupart-
CKy10, a B 1974 roay — MOKTOPCKYIO TUCCEPTAIIHH.
Ero xampmpmatckas nucceprarus ObUla TOCBSIIEHA
UCCIEAOBAaHUIO 1EeJIeco00pa3HOCTH NPUMEHEHHUS
CTEKJIOIUIACTUKOB B MEPENpPaBOYHO-MOCTOBBIX KOH-
CTPYKIHUAX, a TOKTOPCKAs — aBTOMATH3AI[IH TTPOEK-
TUpOBaHUS BOeHHBIX MOCTOB. C 1972 mo 1974 ron
paboran nHa Kybe cnenuanucToM — KOHCYJIBTaHTOM

K toBMNELO MABNA MUXANOBUYA CANAMAXUHA

/,

TIpH 3aBEIYIOMMM Kadeapoi KOHCTpyKInuii BoeHHo-
TexHudeckoro uHcTutyta B I'aBane. C 1974 mo
1985 ron npenogaBan Ha Kadeape MOCTOB, a 3aTeM
Ha kadenpe xoHcTpykumii BUA mmenm B.B. Kyii-
ObIIIICBA.

IToxg ero pykoBoAcTBOM Ha Kadeape MOCTOB
MAJIN Benwch BCClIeTOBaHUS B 00JaCTH ONTHMHU3A-
UMM U aBTOMATHU3alUU MPOCKTUPOBAHUS MOCTOBBIX
KOHCTPYKIIUH, ONpeaeTIeHns] BO3MOKHOCTH Oe3omac-
HOTO IMPOIMYCKa TSKEJOBECHBIX TPAHCIOPTHBIX
CPEJCTB IO aBTOJOPOKHBIM MOCTaM C YYE€TOM HX
(hakTHIECKOTO COCTOSIHHUS.

I[I.M. Camamaxun mmeet Oomnee 200 ormyOImKo-
BaHHBIX HAy4YHBIX PabOT, Cpeir KOTOPHIX 6 MOHO-
rpacduif, 5 aBTOPCKUX CBUAETEIHCTB U 2 MaTeHTa Ha
H300peTCHUS.

3a Bpems cBoell HayuHOU paboTsl B BUA nmenn
B.B. KyiiopmmeBa 1 MAJIM on BeicTyman o¢uiu-
ANBHBIM OTIIOHEHTOM MO 7 JAOKTOPCKUM U Ooiee
30 xapauaaTckum auccepranusm, B MAJIM um noa-
TOTOBJICHO 24 KaHAMUIaTa TEXHUYECKUX HAYK.

Harpaxzaen 3nakamu «IlouyeTHBIN MOPOXKHUK
Poccuiickoit @enepaunn», «IloueTHsll TpaHCIOPT-
HbIU cTpouTens Poccuiickoit @enepanuu u «llouer-
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HBEII paOOTHUK BBICIIETO MPOheCCHOHATEHOTO 00pa-
3oBaHus». B 2004 romy m3OpaH neHCTBUTEIHHBIM
yjeHoM Poccuiickoil akaieMuu TpaHCIopTa.
IIpexpaTuB uTeHUE JIEKIUN MO COCTOSHUIO 3/10-
POBBS, HAXOSICh B JTOJDKHOCTH BEAYILIETO0 HAyYHOIrO
corpyauuka MAJIM, oH HampaBui CBOM YCHWJIMS Ha
KPUTHUYECKYIO OLIEHKY CYIIECTBYIOLIUX OTEYECTBEH-
HBIX 1 3apyOeXHBIX HOPMATHBHBIX BPEMEHHBIX BEp-
TUKQJIBHBIX HATrPy30K HA aBTOJOPOXKHBIE MOCTOBBIC

COOpY’XeHHUs, 000CHOBaHHWE (opMara HOBBIX (HHU3H-
YECKH CYIIECCTBYIOLIMX, CTaTUCTUYECKH OOOCHOBAH-
HBIX U IKOHOMHYECKU IeIeCO00pa3HbIX HOpPMaTHB-
HBIX BPEMEHHBIX BEPTHKAJbHBIX HAarpy30K Ha aBTO-
JOPO>KHBIE MOCTOBBIE coopy:keHus Poccuiickoit de-
Jiepaly U KOHIENIUU pa3paboTKH MporpaMM aBTo-
MaTU3UPOBAHHOTO IPOEKTUPOBAHUS MOCTOBBIX CO-
OpPYXCHUH IO 3aaBaeMOMy KPHUTEPHUIO HUX ONTHU-
MaJbHOCTH.

Konnexmueg denapmamenma cmpoumenscmaa Unoicenepnoii akademuu PY/[H
u peoxoanezus xcypuana « CmpoumenbHas MEXAHUKA UHHCEHEPHBIX KOHCIMPYKYULL U COOPYHCEHULLY

cepoeuro nosopasaaiom Ilasna Muxaiinosuua Caramaxuna c 90-nemuenm,
Jrcenaiom emy 006po2o 300p08bs U OAbHEeUUUX YCHeX08 8 HAYUHO-neddzocuyeckoll desmenbHocmu!

ANNIVERSARY OF PAVEL M. SALAMAKHIN
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AHnnomayus

B crarbe oTMeyeHo, 4To MmporpaMMHOe 00ecrieyeHHe KOMILIEKCa, UCIOMb3yeMO-
TO B POCCHMCKHX BOWCKAX ISl pELIEHNSI B KOPOTKHE CPOKH aKTyaIbHOW 3a/1audl OIIpe-
JieNIeHNs] BO3MOYKHOCTH O€30I1aCHOI0 MpOILyCKa CBEPXTSDKENBIX HArpy3oK MO Oanod-
HBIM aBTO/IOPOKHBIM MOCTaM, MMEET CJIEAYIOIINE HeIOCTaTKU: 1) OHO MOXKET OBbITh
HCIOJIB30BaHO TOJBKO IS Pa3pe3HbIX JKENe300€TOHHBIX MOCTOB; 2) PEIICHHe O BO3-
MOJKHOCTH TIPOITYCKa [0 MOCTY CBEPXTSDKEJION Harpy3Ku IPUHUMAETCS TOJIBKO T10 3Ha-
YEHHUIO Nporuda B CEpeIMHe MPOJIETHOrO CTPOEHHUs Oe3 yuera BO3HMKAIOLIMX Harlpsi-
JKEHHUH B TIPOJICTHBIX CTPOCHISIX, a TaloKe 0e3 ydeTa Hecyliel CHOCOOHOCTH OIop MO-
cra. C Lesblo HCKITFOUEHHS 3THX HEIOCTaTKOB B cTaThe: 1) moiydeHa crporast (opmy-
JIa JU1s BBIYMCIIEHHUS MPOTruba B cepeiMHe OAIOYHBIX MPOJICTHBIX CTPOSHUN U3 JTFOOBIX
KOHCTPYKIMOHHBIX MaTepHaJIOB OT YIJIa IOBOPOTA UX OIOPHBIX CEUCHHUIL; 2) HA OCHO-
BE UCIONB30BaHUS (PyHIAMEHTAIbHON CBS3H MEXIY OTHOCHTENIBHBIMU BbICOTaMU 0a-
JIOUHBIX MPOJIETHBIX CTPOEHHH, OTHOCUTEIbHBIMU Ae(opMalsIMi KPOMOK UX IIOITe-
PEYHBIX CEYEHHH M OTHOCHUTEIEHBIMU MX HPOrndamy 0Ka3aHa BO3MOXKHOCTD BBIYHC-
JIEHUsI 3HA4Y€HHs] MAKCUMAJIbHBIX HANPSHKCHUH B KPOMKax IMONEPEUHbIX CedeHuid Oa-
JIOUHBIX TPOJIETHBIX CTPOSHUH U3 JIOOBIX KOHCTPYKIMOHHBIX MAaTePHAIOB IO 3Ha4e-
HHIO0 MAKCUMAJILHOTO MPOrKOa B Cepe/IMHE UX MPOJIECTOB; 3) YCTAHOBIIEH CIIOCO0 orpe-
JICTICHUsT BO3MOXKHOCTH OIOp OalOYHBIX MOCTOB 00ECHEUMTh 0€30MacHbIi MPOITYCK
TSDKEJIOBECHOTO CPEJICTBA IO XapaKTepy U3MEHEHHs YIJIOB ITOBOPOTA OMOPHBIX IOTIe-
PEYHBIX CEYEeHMH IMPOJIETHBIX CTPOSHUI MO/ BO3ICHCTBUEM JIBIDKEHHSI MaKeTa TsDKe-
JIOBECHOT'O CPEZACTBA. YUET TPEX 3THX PEe3yJIbTaTOB MPH MOAEPHU3AIMH MPOrpaMMHO-
ro oOecrneyeHrs U3MEPUTEILHOTO KOMILIEKCa 00eCIeurnBaeT JOCTIKEHHE LEH PaOOThL.

Kniouegvie cnosa: MOCT; IPOJIETHOE CTPOSHUE; IPOrUO B CEpeiuHE MpoJle-
Ta; Yrojl HaKJIOHa OMOPHOTO CEYESHUSI; MAKET TSDKEJIOBECHOTO CPE/ICTBA; METOIH-
Ka; pacyeT; HAIpsDKEHUE B KPOMKE TTONIEPEYHOTO CeUSHNUS
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B mpakTuke 3KCIuTyaTayi aBTOMOOMIIBHBIX JOPOT

aKTyaJIbHBIC 3a/1a49H OMPEIEIICHUS B KOPOTKHE CPOKH
BO3MOYKHOCTH O€30MacHOIO MPOITyCcKa M0 aBTOJOPOXK-
HBIM MOCTaM TSDKEJIOBECHBIX IICHHBIX Tpy30B. Jlei-
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PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN

ctBytoue B PO HopmaTHBHBIE TOKYMEHTHI [1-11] mns
pEIIeHUs 3TOH 3a/Ja4d HEIPUTOJIHBI, TaK KaK UX HC-
MOJIb30BaHUE TPEOYET JUTUTEILHOTO BPEMEHH JJISl BbI-
MONTHEHH OO0JIBIIIOr0 00beMa padoT IO BBISBICHHIO
(haKTHIEeCKOTO COCTOSIHHS MOCTOBOTO COOPYKCHHUSI.
B cBsa3u ¢ atuMm B 2000-X romax crienuaIncTaMu
BUA umenn B.B. Kyii0rpimesa Obi1a pazpabotana me-
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TOJAWKA JUI OBICTPOTO OMPECIICHUS TPY30IOABEMHO-
¢t 0aJOYHBIX MOCTOB I10 3HAYEHUIO YIIIa TIOBOPOTA
OTIOPHOTO TTOIIEPEYHOTO CEUEHUS IMPOJICTHOTO CTPO-
€HHUS OT BO3JECHCTBUA MaKeTa MPOITyCKaeMOIo TshKe-
JIOBECHOTO CpeJIcTBa. JTa METOIWKa OblIa mpeodpa-
3oBaHa cnenuanucramu OO0 «HTL “TexHudueckas
JIUArHOCTHKA W TMPELM3UOHHBIC U3MEPEHUS » B YI00-
Hyto cucteMy usMmepenuit CU-TIIIM15H1955 nns
OIIEHKH BO3MOXXHOCTH 0O€30I1aCHOTO TPOITYCKa TsKe-
JIOBECHBIX CPEJICTB TIO JKEJIE300€TOHHBIM Pa3pe3HbIM
MPOJICTHBIM CTPOCHUSIM aBTOIOPOKHBIX MOCTOB.

Hcnonb3oBaHue 3TON cUCTEMBl U3MEPEHUM M03-
BOJIMJIO 3HAYUTEIIFHO YMEHBITUTD TPYAOEMKOCTh U
BpEMsI PEIICHUS 3a/1aydl IO OMPEICICHUIO BO3MOXK-
HOCTH 0€30MacHOTO IMPOIyCKa THKEJIOBECHOTO Cpel-
CTBa TI0 KEJIe300€TOHHBIM MOCTaM, 9TO 0C000 aKTy-
aJBHO TSI BOGHHBIX HHXKEHEPOB.

B ocnoBy cozmanus CU-ITTIM15H1955 nonoxken
pacyeTHO-IKCIIEPUMEHTAIIBHBIA METO/ OIIePaTHBHOTO
ompeIeIeHIS yTiia MOBOPOTa OTIOPHOTO CEUCHMSI JKe-
71e300€TOHHOTO MPOJIETHOTO CTPOCHUSI aBTOIOPOKHBIX
MOCTOB C OJIHOBPEMEHHBIM BBHIYHCIICHHEM MPOruda B
CepeIHe TTPOJICTHOTO CTPOSHUS, TI0 YMCICHHOMY 3Ha-
YCHUIO0 KOTOPOTO MPUHUMAETCS PEIICHHE O BO3MOXK-
HOCTH IPOITYCKa TSKEJIOBECHOTO Ipy3a IO MOCTOBO-
MYy COOPYXEHHIO B MPEATIOIOKCHIH, YTO HECyIIas
CIIOCOOHOCTH OIMOp MOCTa OyJeT IOCTaTOYHOM, YTO
SIBJISIETCSI TAK)KE CYIIECTBEHHBIM HEJIOCTAaTKOM MPO-
TPaMMHOTO O0eCHeUYeHHsI IEHCTBYIOIIEr0 pacyeTHOTO
KOMITJIEKCA.

W3 umeromuxcst Ui aHaM3a UCTOYHUKOB, K CO-
JKaJIeHWI0, He TIPEJICTaBISAETCS] BO3MOXKHBIM OIIpeie-
JIUTH UCTIOJIE3YEMYIO B IEHCTBYIOMIEM ITPOTPaMMHOM
o0ecrieueHuH METOIMKY BBIYHCIEHHS Mporuda B ce-
pelrHE TPOJIETa KENe300€TOHHBIX MOCTOB OT yTja
MOBOPOTA WX OMOPHBIX CEYCHHH W YCTAHOBHUTH MOXK-
HO JIM €€ MCTIOIH30BaTh ISl PEUICHUS TOU K€ 3a/1a9u
MPUMEHUTENBHO K Pa3pe3HbIM U HEPa3pe3HBIM IMPO-
JIETHBIM CTPOCHHSIM aBTOIOPOXHBIX MOCTOB U3 JIIO-
OBIX KOHCTPYKIIMOHHBIX MaTEPHAIIOB.

Cnoco0bl ycTpaHEHHUsI HEOCTATKOB
CYLIECTBYIONIETr0 MPOrpaMMHOTI0 odecnedeHust
PacYeTHOr0 KOMILJIeKCA

Ilonyuenue cmpozux gpopmyn onsa onpedenenusn
npozuba ¢ cepedune npoaemHO20 CmMpPoeHUs
HO Y271y n08OPOmMa e2o0 ONOPHO20 CeYeHus

Ut0o0b1 00eCIednTh BO3MOXKHOCTD PEIICHHUS 3a/1a-
4y 0 0€30MaCHOM MPOITYCKE TAKEIOBECHBIX TPAHC-
MOPTHBIX CPEJICTB MO OATOYHBIM MPOJIETHBIM CTPOE-
HUSIM M3 TIOOBIX KOHCTPYKIIMOHHBIX MaTepHANOB,
OTIpe/IeNIiM BHauase 3aBHCHMOCTh Mporuda B cepe-
JIMHE WX MPOJIETOB OT YIJIa HAKJIOHA OIMOPHBIX Ceue-

HUH, OT BO3EHCTBUS MPOIMYCKAEMBIX 110 HUM MaKe-
TOB TSDKEJIOBECHBIX HAarpy30K.

B nepByro odepenp nomyuum ee A ciaydas 3a-
IPYKEHHsI Pa3pe3HOTO MPOJIETHOTO CTPOCHUsI PaBHO-
MEPHO pacnpeieICHHOW Harpy3KOou.

Yytem, 9T0 MaKCUMalbHOE 3HAYCHHE TTporuda f
B CEpe/IMHE TPOJIETa B 3TOM CIly4yae BBIYUCIISAETCS 10
uzBecTHOH [12] popmymne (1) C.I1. TumomeHKo:

_ 5 g1t (1)
384 E-J

Tanrenc yria HakjIoHa O OTIOPHOTO CeueHUs IS
3TOTO CiTy4as TakKe OMPEIeNseTcsl BO U3BECTHOM (op-
myie (2) C.II. Tumomenko [12]:

d I
=g =—— @

dx 24.E-J

OmpenenuMm w3 (2) 3HadeHue El W MOACTaBUM
ero B (1), momyuum TpeOyemyro 3aBUCUMOCTS (3):

/
=—-tg0.

f 1, e 3)

Pemras ananoruyHo 3Ty 3amady IJI CIydas 3arpy-
KEHUSI TIPOJICTHOIO CTPOEHMSI OJHUM COCPEHOTOYEH-
HBIM Tpy30oM P ¢ ucnonszoBanueMm ¢opmyn C.I1. Tu-
MOIIIEHKO JUTs Tporuda (4) B ceperiHe MmpoJieTa U yriia
HakJIOHA (5) OMOPHOTO CEUCHUs, TIOTyIHM HCKOMYIO
3aBHCHMOCTH B BH/E (6)

Pl

= 4
48-E-J )

2
Y _go- T (5)

dx 16-E-J

I

f=;tg9- (6)

Hanee momy4um TpeOyeMyro 3aBUCUMOCTh TPOTH-
0a B cepequHe 0aJOYHOTO MPOJIETHOTO CTPOCHUS OT
yIJ1a HaKJIOHA €r0 OIOPHOTO IMOIEPEYHOT0 CEUCHHUS
JUTSL caydast Jiro6oro 6ajouHOTO MPOJIETHOTO CTPOE-
HUS U3 JI000TO KOHCTPYKIMOHHOTO Marepuana, 3a-
TPYXEHHOTO KaKOH-TO Harpy3Kou, Mpu KOTOpoU ympy-
ras Ocb MOXET OIMCBIBATHCS ACHHYCOUIATBHON (op-
Myno# (7), a TAHT€HC yrila HaKJIoHa OCH K TOPU30H-
TaJM COOTBETCTBEHHO (popmyoii (8):

X

y(x) =a-sin 7; )

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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dy(x) i T X
— = tgb(x) = a—cos ®)
dx / /
Yurem, 4To IS 3TOro Ciydas
)
yx=—)=/, =& ()]
2
T
tge(x = 0) =a—. (10)
[
Torna
fo a1
= = (11)
tgd(x=0) a-m =
OTkyna noaydaem
[
f =—tgh. (12)
max n

Anammiupys noryderHsie hopmyirs (3), (6) u (12)
JUTSL CYIIIECTBEHHO PA3JIMYHBIX CXEM 3arpy>KeHHs, 3aMe-
YaeM, YTO OHU JAIOT NPaKTHUYECKH OJMHAKOBBIE 3HA-
YEHUS], HE 3aBUCST OT KECTKOCTH MPOJIETHBIX CTPOE-
HUW 1 BEChMa c1a00 3aBUCAT OT CXEMBI 3arpyKCHHUS.
OTCyTCTBUE B 3THUX 3aBUCHMOCTSIX ECTKOCTH IPO-
JIETHBIX CTPOCHUN JAaET OCHOBAHUE CYUTATh, YTO OHU
MOTYT OBITH NMPUMEHEHBI W IS JKEJIe300CeTOHHBIX
MIPOJICTHBIX CTPOCHHH, TaK Kak MpOrud B cepenuHe
UX MPOJIETa U YroJl MOBOPOTA OMOPHOTO MONEPEYHO-
rO CEUEHHS IMPOJIETHOIO CTPOEHUS OMpPENEISeTCs MpU
OJHOU M TOM K€ KECTKOCTH, 3aBUCSIIEN OT peaibHO-
TO TPEUMHOOOPa30BaHUSI.

Hcnonvzosanue pynoamenmanvhou céasu

Jnst pacivpenusi BO3MOXKHOCTEH CUCTEMBI M3Me-
pEHUIA TIpH OTpeNieNIeHUH TPYy30II0IbEMHOCTH TIPOJICT-
HBIX CTPOCHUH M3 JIOOBIX KOHCTPYKIIMOHHBIX Mare-
PHAJIOB ¥ MOyYEHHUsI BO3MOKHOCTH BBIYUCIIATH 110 BBI-
SIBJICHHBIM MPOTH0aM MaKCHMAaJbHbIC HANPSDKECHHS B
KpPOMKaXx MOMEPEYHbIX CEUSHHUH MPOJIETHBIX CTPOCHHUI
HOJIyYUM JIajiee CBS3b MEXIy NPOrHOamMy M Harpsbke-
HUSIMH, BO3HHUKAIOIINMH B Pa3pe3HbIX OAIOYHBIX IPO-
JIETHBIX CTPOCHUSX.

Jst aToro ncnonszyeM (hyHnaMeHTambHy o cBs3b (13)
U pa3pe3HbIX OAOYHBIX MPOJIETHBIX CTPOCHHH M3 JIFO-
ObIX KOHCTPYKIIMOHHBIX MATEpPHAaJIOB, IMOJyYECHHYIO
I1.M. CanamaxuHbIM U IPUBEJEHHYIO UM B padote [13]:

—=—— (13)

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

Ona YCTaHABJIMBACT CBA3b MCKIAY OTHOCHUTCIIbHBI-

MH TIPOTHOAMU 7 Ppa3pe3HbIX OAJIOYHBIX MPOJICTHBIX
CTPOCHHIA, OTHOCHTEIBHBIMU HX BBICOTAMH 7 U OT-

(¢}
HOCHUTCIbHBIMHA ,Z[C(l)OpMa]_II/ISIMI/I E KPOMOK HX I104-

coB. B Helt a 1 p — kK0odhHUIUEHTHI, 3aBUCSIINAE OT
(hOpMBI TIOTIEPEYHOTO CEUCHUS ITPOJISTHOTO CTPOCHUS
Y CXEMBI €r0 3arpy’KEeHUs] COOTBETCTBEHHO.

Jlms ompenerieHnst p OT Jr000H JEHCTBYIOMIEH Ha-
IPY3KH UCIOJIb3YEM 3KBUBAJICHTHY PaBHOMEPHO-
pacIpeieicHHY 0 Harpy3Ky ¢, BEIMHCIIEMYIO 110 (hop-

myie (14):

2Py
=l

q=—"_"> (14)
)

rae P; — ycunus Ha i-Tyl0 OCb OT IPOIyCKaeMou
Harpy3kuy; y; — OpAWHATAa JUHUM BIUSIHHUS CHIIOBOTO
(baxTopa 1moJ i-To¥ OChIO0 Harpy3KH B KPUTHUECKOM €€
IIOJIOXKEHUH, KOIZla BBIUUCIIEMOE ycuine mpuodpe-
TaeT MaKCUMaJIbHbIC 3HAYCHHUS; O — IUIOINAAb JIMHUN
BIIMSIHUSL CUJIOBOrO (hakTOpa; n — YUCJIO OCEH Ipo-
ITyCKaeMOM Harpy3KH.

[pu aToM KO3 UIIEHT, 3aBUCAIINIA OT TOH CXe-
MBI HarpyXeHus! IPOJIETHOTO CTPOeHMs, OyIeT HMETb
cnenyromuit Bug (15):

48
p= " =9,6. (15)

KoaddumueHt o, 3aBucsimumii oT THa nomnepey-
HOTO CEUCHUS, BBIUMCISAETCS ISl KXI0H (HOpMBI TIO-
nepevHoro ceyenus mo Gopmye (16):

o= (16)

[JI€ Vmax — PACCTOSIHUE OT HEUTPAIBLHOH OCH 10 HanOo-
Jiee yIOaJeHHOW KPOMKHU IOIEPEYHOr0 CEeUeHHs Hpo-
JIETHOTO CTPOCHUS; /I — BBICOTA TOMEPEYHOrO cede-
HUS 0aJIOYHOTO MPOJETHOTO CTPOSHHS.

3HavyeHus o U1 pa3IuyHbIX (OPM MOIEePEUHbIX
CEUEHUM MPOJIETHBIX CTPOCHUM U3 Pa3IUYHBIX MaTe-
pHaoB MOTYT OBITh TONTyueHBI U3 [ 14-21].

[IprBoIMM B 3TOH CTaThe UX OPUCHTUPOBOYHBIC
3Ha4YeHUs B TabauLe.

C yueToM BBIIIEU3I0KEHHOTO monyduM u3 (13)
3aBHCHMOCTh MaKCHMAJIbHBIX HANpsDKEHHH OT BpeMEH-
HOH Harpy3Ku B cepeluHe IpoJieTa pa3pe3Horo Oa-
JIOYHOTO TMPOJIETHOTO CTPOEHUS B CIEAYIOIIEM BUIE:
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Lk

csza-p-E-l .

(17

Tabauya

3HavyeHust KOO PUIHMEHTOB 0. /sl IONEPeYHbIX ceYeHHit
W3 Pa3TUYHBIX KOHCTPYKIHOHHBIX MATEPHAJIOB
[Table. Coefficient values a for cross sections made of
various structural materials]

Ne  MarepuaJ IpoJIETHOTO CTPOeHHs1  3HaueHHe Ko-
n/m [The material of the superstructure] 3¢ ¢uumenta a

[Value of
coefficient a]
Craisb [Steel] 0,55
2. Cranexene300eTOHHOE CEYCHHUE MPU-
BeneHo k ctanu [ The steel-reinforced 0,6

concrete section is reduced to steel]

3. XKene3zo0eToHHOE CEYCHUE MTPUBEACHO
k 6erony [The reinforced concrete 0,55
section is reduced to concrete]

4. Kieenas npesecuna [Glued wood] 0,5

JlepeBomeTaiioxene300eTOHHOS
CeUCHHE MPUBEICHO K JCPEBY
[Wood metal reinforced concrete
section is brought to the tree]

0,7

®dopmyna (24), modxydeHHas TIPU UCTIONH30BAaHUU
dbyHIaMeHTaTEHOM Oe3pa3MepHOn CBs3M (23) MexIy
MaKCHUMaJbHBIMA OTHOCUTEIBHBIMU Ae(opMausiMu
MaTepHaia B Mosicax pa3pe3HbIX OaJOYHBIX MPOJIET-
HBIX CTPOEHUI, OTHOCUTEIbHBIMH UX NPOrHOaMH U
OTHOCUTEIIbHBIMH BBICOTAMH, MOXET OBbITh HCIIOJIb-
30BaHa Ul BBIYMCICHUS HANpsKEHUH B pa3pe3HbIX
0aJOYHBIX MPOJIETHBIX CTPOCHUAX M3 JIIOOBIX KOH-
CTPYKIIMOHHBIX MaTepPHajoB OT Iporuda B cepeanHe
mpoJera.

B Hepaspe3HbIX Ha 00enx onopax OaJOYHBIX MPO-
JIETHBIX CTPOCHUSIX U3 JIFOOBIX KOHCTPYKIIMOHHBIX Ma-
TEpHAIOB TIPH MPOYUX PAaBHBIX YCIOBUSX H3TH0ar0-
M MOMEHT W HampsKEHUs B CepelHHE IpoJieTa
00BIYHO B JIBa pa3a MEHBIIE, 9YeM B pa3pe3HbIX [22].
D10 OyaeM yduThIBaTh BBeAcHHEM B dopmyny (17)
MHOxuTens 0,5, moxyanm npu 31ToM popmymy (17a):

f h
020,5-&-p-E~7-7. (17a)

B Hepaszpe3Hbix Ha OIHOU U3 OMOp OATOYHBIX
MPOJIETHBIX CTPOEHUSIX U3 JIIOOBIX KOHCTPYKIIMOHHBIX
MaTepuaIoB MPU MPOYUX PABHBIX YCIOBUSIX W3TH-
Oarolyii MOMEHT W HalpsDKEHUS] B CEpeHE MpoJie-
Ta 00b19HO Ha 30 % MeHbIle, yeM B pa3pe3Hbix [22].
Oto OyneMm y4duThIBaTh BBeneHHEeM B (opmyny (17)
MHOXxwuTeIs 0,7, momyanm mipu 3ToM dhopmyay (176):

f h
6=0,7-0-p-E-—-—. (1706)

[

J7nst perieHust BOIpoca 0 BO3MOXKHOCTH TPOITYCKa
TSOKEIIOBECHOTO CPEJICTBA MO MPOJIETHOMY CTPOSHHIO
o dopmysie (6) BRIUUCISIETCS] MaKCHMAJILHOE 3Ha-
YeHUE MPOruoda fmax U Mo Gopmynam (17), (17a) nnn
(176) cOOTBETCTBEHHO MaKCHMAaJIbHBIC 3HAYCHHUS Ha-
NPSDKEHUH Gmaxsp OT BPEMEHHON Harpy3Ku B KPOMKax
MONEPEYHBIX CEYECHUM IMPOJIETHBIX CTPOECHUN U3 CO-
OTBETCTBYIOIIMX KOHCTPYKIIMOHHBIX MaTepHAIOB: CTaIIb-
HBIX, CTaJIeXKelle300€TOHHBIX, KIIeeIePEeBIHHBIX, Jie-
PEBOMETAIIOKETE300ETOHHBIX U KeJle300€TOHHBIX.

Jns ompeneneHys] HaNPSHKEHUWH B KPOMKax ToTie-
PEYHBIX CEUeHHH MPOJETHBIX CTPOCHUH HEOOXOIUMO
BBIYHCIIUTH HAMPSHKEHNE OT COOCTBEHHOTO Beca Ipo-
sieTHoro crpoeHus. C 3Toi IeNbI0 B METOAUKY IPOBe-
JICHUS UCTIHITAHUN MOCTa HY>KHO BHECTH JIOTIOJTHEHVIS.

Jlo Hayama SKCIEpUMEHTAIIBHOM 4YacTH HCCIle-
JIOBaHMsI MOCTOBOTO COOPYKEHHSL:

— 10 CHELMATIFHOM MpOrpamMMe ONpeNesisieTCsl MakK-
CHMAJIFHOE 3HAaYeHHEe HM3THOArOIET0 MOMEHTA Myaxvax
B kH™M B cepemuHe mporera oT MakeTa TIKEIOBEC-
HOTO CPEZCTBA, YTO AaeT B MOCIEAYIOIIEM BO3MOX-
HOCTH BBIYUCIICHUS JKECTKOCTH IIPOJIETHOTO CTPOCHUS
¥ €r0 MOMEHTa WHEPUUH TI0 3HAYEHUI0O MaKCUMAaJIbHO-
ro mporuda MpoJeTHOTO CTPOSHHS B CEPEIHMHE TPO-
JeTa, BBIYMCISIEMOTO MO 3HAYEHHI0 MaKCHMAlbHOTO
yTJia IIOBOPOTa €T0 OMOPHOTO CEYCHUS;

— ans obecriedyeHusi BO3MOKHOCTH BBIYHCIICHHSI
MporuOoB B CepeAnHE MPOJieTa U HAPSLKEHUH B KPOM-
Kax TIOMIEPEYHBIX CEUEHUH MPOJIETHBIX CTPOCHHUU W3
MoOBIX MaTepUaNoB OT COOCTBEHHOTO Beca HEOOXO-
JUMO OTPEJCIUTh BEJIMYMHY MPOJIETa U Pa3Mepsl
AJIEMEHTOB TOMEPEYHOT0 CEYSHHS MPOJIETHOTO CTPO-
€HU 110 TaHHBIM U3MEPEHHUs WIN JaHHBIM THUIIOBBIX
NPOEKTOB, a Jiajiee BBIYKMCIIHUTH €ro MOTOHHBIN BeC ¢
o popmye (18):

q=ZE'yi’ (18)

rjae F;— miomanap i-Toro 3J1eMeHTa MOIePEYHOTO Cce-
YeHHUs TPONIETHOTO CTPOEHHS B M’ J; — 0OBEMHbIIA
BeC MaTepuaa i-TOro dJIEMEHTa MONEePEYHOTO cede-
HUS IPOJIETHOTO cTpoeHus B KH/M,

OMHOBPEMEHHO C STHM CIIelyeT BBIYHCIUTh MaK-
CUMAJTFHBIN M3THOAIONTNii MOMEHT B CEepeIuHe IPo-
JIeTa OT ero COOCTBEHHOTO Beca 1o hopmye (19):

ql’
M..=~ (19)
8

— OmpeleNuTh MOJYJb YIPYTOCTH MaTepuaia
MIPOJIETHOTO CTPOCHUS;

— ONpENeNUTh MeCTa YCTaHOBKU MPUOOPOB IS
U3MEpEHHs yIia MOBOPOTa MCXOMHOTO OMOPHOTO Ce-
YEHUS! POJETHOT'O CTPOCHHS.

Nwmes 3navenuns nporuda u3 Gpopmyst (20)
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4
f= 5 M maac’! (20)
b
48  E-J
T10JTy4a€M BO3MOKHOCTH BBIYUCIICHUA PEAJIbHBIX 3HAYC-

HHH )xecTKocTH EJ, (21) n MmomenTa unepiuu J, (22)
MIPOJIETHOTO CTPOECHMUS:

2
5 M ouwu'!
_ . max Mak

EJ , 21
T f 1)
5 I
Jp _- . M max MaK . (22)
48 E-f

I/IMGSI peaHbHBIe KECTKOCTHU U MOMCHTBI I/IHep-
U1 0AIOYHOTO Pa3pe3HOro MPOJIETHOTO CTPOCHUS,
3Has U3rHOAroIIuii MOMEHT OT COOCTBEHHOI'O Beca,
BBIYUCIISIHOTCA HaHpH)KeHI/DI B KpOMKaX ero Honepeq-
HOTO CEUYCHHS U MPOTru0 B CEpPEeMHE €ro MpoJieTa 1Mo

dhopmynam

o =Mmuer®h (23)
JP
5 Moupwal” (24)
“ 48 EJ,

rae o — ko3 unreHT, 3aBUCAIIHIA OT POPMBI TOTIe-
PEYHOTO CEYEHHsI IPOJIETHOTO CTPOCHHSI.

B Hepaspes3Hbix Ha 00eux omopax OaJOouYHBIX
MPOJIETHBIX CTPOSHHSAX ONpeAessieM HarpsbKeHHE OT
coOcTBEeHHOTO Beca 1o gopmyie (24a):

05M __ _-o-h (24a)

CB J

P

B Hepaspe3HbIX Ha OJHOW W3 OMOp OATOYHBIX
NPOJIETHBIX CTPOCHHSX OMpPEICIsieM HAPSHKESHUE OT
coOCTBEHHOTO Beca 1o gopmyiie (240):

— O’7M max CB'

- o-h . (246)
CB J

P

Kpome Toro, st cokparieHust BpeMeHH Ha orpe-
JICJICHUE TEOMETPUYCCKUX XapaKTEPUCTUK OAJIOK, UMest
peallbHbIC KECTKOCTU U MOMEHTHI MHEpIUU 0aioy-
HOT'O TPOJICTHOTO CTPOCHUS, MOTOHHBIN Bec OaiKu
MO>KHO BBIYHCITHTE 110 (OopMyIie, ipuBeaeHHON B [14],
MOCIIE 3KCIEPUMEHTATBHOTO ONPEACICHUS YaCTOThI
COOCTBEHHBIX KOJICOAHU MTPOJIETHOTO CTPOCHUS:

=]

> |EJ
N iy (25)

I m

)\,:

i

1
2.7

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

OTKy,I[a nojy4aeM

o E-J
m=———: 26
ZRYNEY A (26)
q=m-g, (27)

rae Xl. — 9acToTa, COOTBETCTBYMIOMIAs i-TOH (hopme

kosieOanuii B ['1; m — moroHHas macca, Kr/m; ¢ — 1o-
rOHHBIN Bec, H/M; g — yckopeHue cBoOoaHOTO maje-

HHS; O, — KOPDHU XapaKTEPUCTHYECKOTO yPABHEHHMS.

Ecnau nonst ctanpHBIX, CTanexene300eTOHHBIX,
JIePEBOMETAIIIONKETIE300€TOHHBIX U KIICEAEPEBIHHBIX
MPOJIETHBIX CTPOEHUN

[
f;nax < 4_()() I/I Gmax Bp + Gmax CB < R.ﬁ' 2 (28)

(rme R, — pacdeTHOE COIPOTHBIICEHWE PACTKEHUIO
COOTBETCTBYIOIIETO MaTepraia), TO MPOITYCK TPaHC-
IIOPTHOTO CPEJICTBA IO 00EUM TpyTNIaM MPeAeTbHBIX
COCTOSIHUU MPOJIETHBIX CTPOEHUN BO3MOXKEH.

IIpu HEBBINIOTHEHUHU OJHOTO M3 3TUX YCIOBUU
TMIPOITYCK TSHKEIOBECHOT'O TPAHCIIOPTHOTO CPENICTBA He-
BO3MOJKEH.

Jiis Kene300eTOHHBIX MPOJIETHBIX CTPOSHUH C
HamnpsraeMol apMaTypoll MpOMmycK BO3MOXEH MpH
BBITIOJIHEHUU YCIOBUM

fmax < 400 u Gmaxsp - an.ﬂanp.Ger + Gmaxcs < RA" (29)

rae R, — pacyeTHOe CONPOTHUBJICHHE PACTIKECHHIO

66TOH3.; (¢ — OpCABAPUTCIIBHOC HAIIPSXKCHUC

Tip.Hamp.6er
OeToHa, mpuHIMaeMoe paBHBIM 0,8 R;.

IIpu pemeHnn 3TOM 3aKa4u NPUMEHUTEIBHO K
KeJ1e300€TOHHBIM TPOJIETHBIM CTPOCHHSIM C HEHampsi-
raeMoil apMaTypoi B IPOLIECCE BBIYUCICHUS MaKCH-
MaJILHOTO HAaIpsDKEHUSI B KPOMKE TTONIEPEYHOTO Ceue-
HUA 110 opmyIie (24) MOXKET CITyUIUThCSI, YTO HAaIpshKe-
HHUE B OETOHE B HMKHEW KpOMKe 0aslok OyeT 3Hauu-
TEJIHLHO OOJIBINE PACUETHOTO CONPOTHUBIICHUS OETOHA
Ha pacTshKeHHe. JTo OyAeT 03HavaTh, 4TO B OETOHE B
cpemHel yacTh OaJKu MOSBATCS TPEIIUHBI C Pa3Iud-
HBIM HX packpbiTieM. OHAKO 3TO He OyAeT 03HAYAaTh,
YTO MPOJETHOE CTPOEHHE MOJHOCTHIO MOTEPSIIO He-
CYLIYIO CIIOCOOHOCTH. MUHMMAITBHYIO HECYIIYIO CIIO-
COOHOCTH MPOJIETHOIO CTPOCHUSI B 3TOM CIIy4ae MOXK-
HO TIOJIy4UTh Ha OCHOBE CIEIYIOLINX COOOparkeHHH.
HonycTtuMm, 4TO B cepeArHE mposera B Oankax 3THX
MIPOJICTHBIX CTPOCHUH TPELIMHBI MOSBUIUCH JaXe 10
HIDKHEN KPOMKH IUIUTHI MPOE3KEN 4acTu, KoTopas
npoonKaeT paboTaTh Ha CKaTHe PAaBHOMEPHO TI0 Beel
ee ToNIMHE /in; Hecymas cmocoOHOCTh MPOIETHOTO
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CTPOEHHSI B 3TOM ClIy4ae 0OCCIIeUMBACTCS MapOi CHII,
COCTOSIIIIMX W3 PACTATHBAIOIIETO YCUIHS B HUKHEH
apMatype H CKMMAFOIIETO YCUITHS B IDIUTE TPOEIKEeH
YaCTH, CBSI3aHHBIX MEXIy COOOH YIIEIEBIIUMH XOMY-
TaMH apMaTypbl B CTCHKAX OaloK.

MunnManeHyI0 (0CTATOYHYIO) HECYIIYIO CIIO-
COOHOCTB MPOJIETHOTO CTPOCHHUSI ONpPEACTHM Jajiee B
CIIEAYIONIEH MOCIeI0BaTENbHOCTH.

Hcnonb3ys BBIYMCICHHBIH POrU0 [ B cepenHe
IpoJi€Ta IO ICPBLIM IIPU ABUKCHUU MaKETa TPAHC-

U 3HaYeHUe MOAYJA ynpyroct £ GeToHa U3 M3BecT-
HOM A7t 3TOTO ciaydas GopMyIbl 1uis nporuda

[ = — (30)

MIOJIy9HM pealbHOE 3HaUY€HHEe MOMEHTa MHepuuu J

HCIIBITHIBAEMOT'0 MPOJIETHOTO CTPOSHUS 0 (opMy-
ne (31):

4
HOpTHOFO CpeI[CTBa I/I3MepeHI/I}IM, 3Has1 3HAYCHUC DKBU- J = i . _q ) l . (3 1)
BAJICHTHOW HArpy3KH ¢ OT HETo, BEMYHUHY Tposera / P 384 E- f
erI
hHJ'I F = hl'[ﬂ bHJ'I N
h
hpacq = ho - ?
E
F = p;pM L
E

PucyHok. PacuerHas cxema IONEPEeYHOro CEUCHHS MPOJIETHOrO CTPOCHHUS C MUHUMAJIBHON HECYILel CIIOCOOHOCTBIO
[Figure. Design diagram of the cross section of the span structure with a minimum load capacity]

IIpu npuHATON pacyeTHOM cxeMe MONEPEYHOro
CEYEHHUs MPOJIETHOTO CTPOEHUS Ha PUCYHKE €ro Mo-
MEHT HHepuuu OyIieT paBeH
J 2 F hpac'—l ’

. 5 | (32)

W3 ycnoBust paBenctBa Boipaxenuit (31) u (32)
ompezeNnsieM IJIomaas OeTOHa MJIMTHI MPoeKer Ja-
CTH, aKTUBHO BOBJICKaBIIEHCs B padoTy B paccmar-
puBaeM ciyudae, mo popmyne (33)

=" (33)

2 hpacq
2

Jlanee mo akTUBHOM MOIIaay OETOHA HAXOUM
peanbHyIO IUIOMIaAh pabodyell apMaTypbl B HIXKHEM
nosice 6anku u3 ycaosus (34):

10

F h b F;I)M ’ EapM
T = i ’ it = 34
6 £ (34)
o popmye (35)

F‘ée'l' ’ oer
F;I)M = E : (35)

apm

3Hasi pacueTHOE CONMPOTUBIICHUE HEHAPATAEMOM
apMatypbl Rapy, MOTY4aeM BO3MOYKHOCTB ONPEICIHTh
MUHUMAaJbHOE 3HAYCHHE U3TUOAIONIEr0 MOMEHTA B
cepenuHe nposera 0aIOYHOr0 MPOJIETHOTO CTPOCHUS
C HEeHaIpsiraeMoi apMartypoit mo popmye (36):

M, =F,, R, h

MuUH T apm pacu *

(36)

Ucxonsa w3 ycnosust /¥ -R = F

apm apm Ger

*O,,.» OIpenc-

JSIEM JIJIs1 9TOTO CITydasi HalpshKeHHEe B OCTOHE cxka-
TO# 30HHI IO opmyite (37):
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apm apm

Gﬁer = ° (3 7)

Ger

[IpoBepka BO3MOXKHOCTH O€30IacCHOIO IPOITyCKa
TPAHCHOPTHOTO CPENCTBA MO >KeJIe300eTOHHOMY TIPO-
JIETHOMY CTPOCHUIO C HEHAIIPATaeMOH apMaTypou Mo
YCIIOBUSM HEPBOTO M BTOPOTO IPEIEIbHBIX COCTOS-
HUH MPOJIETHOTO CTPOCHUS BBIMOIHATCS MO yCIOBH-

sim (38):

f < " G — apM ’ apM
-/ max 4 0 0 Ger F

Ger

+ 6mach < Rb' (38)

Cnoco6 onpedenenusn
603MOMICHOCHEIL ORODP OAIOUHBIX MOCHO8

O1eHKy CITOCOOHOCTH JIFOOBIX OMOP MPOJICTHBIX
CTPOCHHH MOCTOBBIX COOpPY)KEHUIH oOecrednTh 6e3-
OTIacHBII MPOIMYCK MO0 HUM TSKEIOBECHBIX CPEJICTB C
MCIOJIb30BaHUEM MOJICPHU3HPOBAHHOTO HW3MEPHUTENb-
HOTO KOMIDIEKCA MPEICTaBISIETCS: BOSMOXKHBIM BBITION-
HHUTb C YYETOM CIIEAYIOMINX COOOpaKeHUH:

1) ecnu mpu ABMKEHHM MaKeTa TSKEIIOBECHOTO
CpeZICTBa B TIpefenax IMEPBOH MOJOBUHBI IIPOJIETHOTO
CTPOGHHSI YTOJI HAKJIOHA OMIOPHOI'O CEUYEHHUsI HETIPEPhIB-
HO IUTaBHO YBEJIMYHMBACTCS, a NIPH JBIKCHUH B TIperie-
Jax BTOPOHU IOJIOBUHBI NPOJIETHOTO CTPOCHHUS IUIABHO
YMEHBIIIAETCsI, TO 3TO CBHACTENILCTBYET O HEMpOocai0d-
HOCTH OIOp TOJI BO3IEHUCTBHEM MPOITYyCKAEMOTO TSDKE-
JIOBECHOTO CPEJICTBA U SIBIISIETCS IPH3HAKOM BO3MOYKHO-
cTH o0ecriedeHns ero 6€30MacHOro MPOITyCKa 10 MOCTY;

2) ecnu TP JBHKCHUH MaKeTa TSHKEIOBECHOTO
CpPEZCTBa B IMpeJeiax NepBOi MOJOBUHEI IPOJIETHOTO
CTPOCHHS yTOJI HAKJIIOHA ONOPHOTO CEUCHHMS BHAJaje
YBCIMYHNBACTCA, a 3aTEM HAUYMHACT YMCHLIIATHCA, TO
3TO CBHICTEILCTBYET O MPOCAJOYHOCTH UCXOTHOMN OI10-
PBI TIOJT BO3ACHCTBHEM IIPOIYCKaeMOT'0 TSDKEIOBECHOTO
Cpe€acTBa U ABJIACTCA NPU3HAKOM HEBO3MOXKHOCTHU
o0ecrieueHus ero 6€30macHOro MPOIycKa M0 MOCTY;

3) ecnu npH ABMKEHHH MAaKeTa TSHKEIIOBECHOTO
CpPEZCTBA B Mpeeax MepBOi MOJOBUHEI IPOJIETHOTO
CTPOGHUS YyroJl HAKJIOHA OMOPHOTO CEUeHUs Hempe-
PBIBHO IUIaBHO YBEJIMYMBACTCS, a NPH IBWKCHHH B
npenesnax BTOPOH ITOJIOBUHBI IPOJETHOTO CTPOCHUS
IMPOA0JIKACT YBCIMYNBATLCA, TO 3TO CBUACTCILCTBY-
€T 0 MPOCaTOYHOCTH MPOTHBOIIONOKHONW OMOPHI MOJ
BO3/ICHCTBHEM MPOITyCKAaeMOTO TSDKETIOBECHOTO CPe-
CTBa W SBJSETCS NMPHU3HAKOM HEBO3MOXKHOCTH 00ec-
MeYeHHs ero 0€30MacHOro MPOIMyCcKa 10 MOCTY.

3akioueHne

Pemenne BOIIpOCa O BO3BMOXHOCTHU 0€30ITacHOr0
MPOITyCKa TAKEIIOBECHOI'0 CpeACTBa 110 JIFOOBIM 0aou-
HbIM MPOJICTHBIM CTPOCHUAM, IIPUHUMAss BO BHHUMaA-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLI

HUE JBE TPYIIIBI UX IPEIENbHBIX COCTOSHUN U MOBe-
JCHHWE OIOp MOCTOB, BO3MOXHO TOCie MoAuduka-
UM IPOrpaMMHOI0 OOECIIEYEeHUsI PAaCUETHOIO KOM-
IUIeKCa C YYETOM MOMYYEHHBIX GOpMYIT AJs Iporuda
f(6) B cepenmHe MPONETOB pa3pe3HBIX M Hepaspes-
HBIX IPOJICTHBIX CTPOCHUM M3 JIIOOBIX KOHCTPYKIIH-
OHHBIX MaTepHaJIOB, HANPSHKEHHH ¢ B HamOosee Ha-
IPY’KEHHBIX KPOMKaXx IMOMEPEYHbIX CeYeHUi 1o Qop-
mynaMm (17), (17a) nmm (176) COOTBETCTBEHHO W Ha-
NPSDKEHUH Gger IO opmyite (37) B cxkaroii 30He Oe-
TOHA KeNe300€TOHHBIX MPOJIETHBIX CTPOCHHH C He-
HarpsraeMoit apmatypoi. [Ipu atom st moboro mpo-
JIETHOTO CTPOEHUS BBIUUCIAIOTCA OTHOCHUTEIbHBIN
nporu6 f// Mo 3HAYCHUIO BBIYMCIIEHHOTO Tporuda u
BEJIMYMHE TPOJIETA, MAKCUMAaJIbHBIC 3HAYECHHS B KPOM-
KaxX METAJIMYECKHX, CTaJle)KeNe300€TOHHBIX, JKele-
300€TOHHBIX C HampsraeMoil apMaTypoi, KIEeHBIX
JEPEBAHHBIX MPOJIETHBIX CTPOEHHUAX, a TAKXKE Mak-
CHUMaJIbHBIE HAPSDKEHUS Goer B OETOHE CHKATON 30HBI
XKeJIe300€TOHHBIX IPOJIETHBIX CTPOSHUH C HEHAIpA-
raeMoi apMartypoil.

st obecrieueHus MOJIHOM aBTOMAaTU3aLHUK perLe-
HUS 33J1a41 O BO3MOKHOCTH 0€3011acHOTrO MPOIycKa
TSKEJIOBECHOTO CPEZACTBA IO JIFOOBIM OaJOYHBIM aB-
TOJIOPO’KHBIM MOCTOBBIM COOPY>KEHHUSIM BBIYHCIUTENb-
HBIIl KOMIUIEKC HEOOXOIMMO OCHACTHUTh HJICKTPOHHBIM
mpuOOPOM ISl U3MEPEHUS PACCTOSHIUS, TIPOUICHHO-
ro MO MOCTY MakKeTOM TsKEJIOBECHOTO CPEACTBa,
B MeTpax, CIIOCOOHBIM HENPEPHIBHO IepeiaBaTh 3Ha-
YEeHUE MPOIIEHHOTO PACCTOSHUS KOMIIBIOTEPY B XO-
JIe TIPOITyCKa 3TOT0 CPECTBA MO MOCTY.
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Abstract

The article notes that the software of the complex used in the Russian
troops to solve in a short time the actual problem of determining the possibility
of safe passage of super heavy loads on girder road bridges has the following
disadvantages: 1) it can only be used for split concrete bridges; 2) the decision to
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pass a large load through the bridge is made only by the value of the deflection
in the center of the span, without taking into account the resulting stresses in
the bridge span structure structures, and without taking into account the bearing
capacity of the supports. In the article, in order to eliminate these shortcomings:
1) a strict formula is obtained for calculating the deflection in the middle of beam
spans made of any structural materials from the angle of rotation of their support
sections; 2) based on the use of the fundamental relationship between the relative
heights of girder spans, the relative deformations of the edges of their cross sections and
their relative deflections, it is proved that the maximum stresses in the edges of
the cross sections of girder spans from any structural materials can be calculated
by the maximum deflection value in the middle of their spans; 3) a method is estab-
lished for determining the ability of beam bridge supports to ensure safe passage of
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is achieved.

a heavy vehicle by the nature of changing the rotation angles of the supporting
cross sections of the span structures under the influence of the movement of
the heavy vehicle layout. Taking these three results into account, when upgra-
ding the software of the measurement system, ensures that the goal of the work
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Annomayus

IJens. B cratbe npejcTaBieHa pa3paboTaHHas MoOJENb CBalfHOTro GyHna-
MEHTa, IeMOHCTPHPYETCS 1eeco00pa3sHOCTh MPUMEHEHHS CBAHBIX QyHIaMeH-
TOB /I IOBBIILIEHUS YCTOMYMBOCTH U HECyLIeld CIIOCOOHOCTU OCHOBaHUU CO-
opyxenuii AC, Ha mpumepe coopyxeHus peakropHoro otneneHus (PO) oboc-
HOBBIBACTCS JOCTOBEPHOCTH PE3yJIbTATOB HATYPHBIX HAOIIOJCHUI, IPUBOISATCS
JIAaHHBbIC HATYPHBIX HaOmroneHui 3a ocankoit PO. Memoosbt. [laHbl BhIpaXeHUS
JUISL OTIPE/ICNICHUS PACUCTHBIX ITapaMeTPOB MHTETPATbHBIX CTATHYECKUX KECTKO-
CTeH TPyHTOBOI1 cpelbl Ha KOHTAKTHOM MOBEPXHOCTHU IOAOMIBEI JJISI €CTECTBEH-
HOT'O OCHOBAHUS COOPY>KEHMS, a TAKKe JJIsI CBAHHOIO OCHOBAHUS C y4eTOM 3(-
(eKTOB B3aNMMOAEHCTBHSI POCTBEPKa M CBAIHOTO KyCTa C TPYHTOBOH Cpeloi mpu
o0IeM xapakTepe MepeMeIleHHsI CBal C KPYIJIbIM MONEPEYHbIM ceueHHueM. Pas-
paboTaHa MPOCTPAaHCTBEHHASI TPEXMEPHasi KOHEUHO-OJIEMEHTHAsI CTaTHYecKas MOJIEb
PO coBmecTHO ¢ ocHOBaHUMeM. [Ioka3aHbl H30MOJIS BEPTUKAIBHBIX NEPeMEICHHUH
¢byHnamenTHOH WIMTHL PO U1 €CTECTBEHHOTO OCHOBAHMS, a TakKe JUIs CBaifHOrO
OCHOBAHUS MIPU HOPMAJILHO# 3KcrutyaTanuu. CormocTaBUTEbHBIN aHAIU3 TaHHBIX
HaTypHBIX HAOJOCHUI C pe3yIbTaTaMi pacueTa Mo3BOJsIeT 000CHOBATH JIOCTO-
BEPHOCTH pa3paboTaHHOM Monenu cBaiHoro Qgynnamenra. Betgodst. Vmeromeecs
pacxXoXK/IeHIe MEeXIy pe3yJIbTaTaMH HaTYPHBIX HAOIIONCHHUI U pacyeToB o0yCIIoB-
JIEHO TeM OOCTOSATENLCTBOM, YTO IO PacueTy BBIYUCIIECHHAs OCaJKka OCHOBAHUS CO-
OPY)KEHHSI COOTBETCTBYET BCEMY TIEPHOJTY IKCILTyaTalllH, BKIIFOYAst IEPUOI] BO3BEIE-
HUSI COOPYXKEHUS, a Pe3yJIbTaThl HAOMIOIEHHS] OTHOCSTCS TOJIBKO K TIEPUOJLY IKCILTya-
Tarmu. COMOCTaBUTENBHBIN aHAIN3 TAHHBIX HATYPHBIX HAOMIONCHUH, a TAKKe Pe3yJIb-
TAaTOB pacyeTa HAIVIIIHO TIOATBEPIKIACT BHICOKYHO A(D(EKTHBHOCTD peai3alii CBaiHBIX
(GyHIaMEHTOB I BO3BEJCHHS MAaCCHBHBIX COOPYKEHHH Ha CJIA0BIX IPYHTaX.

Knrouesvie cnosa: mpocTpaHCTBEHHAs! pacueTHas MOJENb; CBaWHBIA (yH-
JAMEHT; POCTBEPK; CBaM; OCAJKa; CONOCTABUTENILHBIN aHAIN3; Pe3yJIbTaThl pac-
YEeTOB; HaTypHble HAOIIOZEHMS; ECTECTBEHHOE OCHOBAHHUE; COOPY)KEHHUE; B3aUMO-
JIEHCTBHE C TPYHTOBOU cpenoit

BBenenue

BosBenenne peaxroproro otaenenus (PO) ADC-1
onuT0 HauaTo B 1972 romy. Habmronenus 3a ocamka-

My HagaTsl B MapTe 1981 roma mo 15 crenHsIM oca-
JOYHBIM MapkaMm. B mpomecce skcruryataiuu MapKu
YHUUYTOXKAIUCh M BOCCTaHaBiIMBainuch. Ha Hadaio
2009 roga cymiecTBOBalM BCE OCaJOYHBIE MapKH.
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BpeMeHH XapakTep. Bce maHHBIE HaTypHBIX HaOJIO-
JCHUI M MX aHAJIW3 MOAPOOHO MPUBEACHHI B [5; 6].
JlaHHble HATYpHBIX HaOMIONCHUN HATJISAHO MOKa3bl-
BalOT, YTO CpelHss ocanka coopyxeHus: PO mpeBsl-
[IaeT JOMyCTUMOE 3Hau€HHE B COOTBETCTBHU C Tpe-
ooBanusmu [4]. C HOs0ps 1987 roma Ha momIaaKe
pasmerenust PO ADC-1 BenyTcs perynsipHble HabIro-
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JISHUs 3a KpeHaMH U 0CaJKaMH OCHOBHBIX 3JaHUH U
COOPY>KEHUH.

Jst coopyxernnst PO 65oxoB 1 1 2 ADC-2 Obin
peanu30BaH cBaliHbIN (yHAaMeHT. B [7] BEIIOTHEHBI
U MIPEICTABICHB! PE3YJIbTAThl I€OJEC3MUCCKIX HATYP-
HBIX HaOJIOZICHUH 3a OCaJKaMU 31aHUH U COOPYKEHHIA
6s1oxoB 1 u 2. Haunnas ¢ 1984 rona u o HacTosIiee
BpeMs BeIyTCsl HaTypHbIe HaOMIOJCHHUS 3a OCalKaMu
U KpeHamu coopyxkeHuit PO.

Lens HacTosAme paboTel — Ha MPUMEpPE COOPY-
JKEHHsI PEaKTOPHOTO OTJEJIEHUS Ha JBYX IUIOMIAIKaX
(ADC-1 u ADC-2) 000CHOBATH TOCTOBEPHOCTH pa3-
paboTaHHON MoOaenu cBaiHOTO (yHIameHrta [1-4]
IO pe3yJIbTaTaM HaTypHBIX HAOJIOAEHHH, a TakKe Ipo-
JEMOHCTPUPOBATH LIEIECO00Pa3HOCTh MPUMEHEHUS
CBaiHbIX (DyHOAMEHTOB JUIA INOBBIIEHUS YCTOWYH-
BOCTH W HECYyIIeW CIOCOOHOCTH OCHOBAHHIA COOpY-
sxenuit AC.

MarepuaJjibl 1 METOABI

Cxema pacroyioxenust coopyxeams PO A3C-1
B T'COJIOTHYECKOM CTPYKTYpE €CTECTBEHHOIO OCHOBA-
HUS TIPE/ICTaBlieHa Ha puc. 1.

PO-1
34,000 (0,000)
£
tQw
27,000 (-7,000) E =70 MIla;
22,500 (-11,500) n=03;
22 ; G =26,9 MITa
1-lim Q||| hV:
15,000 (-19,000) E=4,0 MIIa;u=0,31;
Z 0= G =1,53 MIla
30’0 M a” Qm hV,
E =15 MIla;
n=0,39;
G =54 Mlla
-3,000 (-37,000)
I
a"Qii, a”" Qh
E =50 MIla; p = 0,44;
G=17,4 MIla

Puc. 1. Cxema 3army6nenus coopyxenus PO ADC-1
B F€0JIOTHYECKOH CTPYKTYpE €CTECTBEHHOI'O OCHOBAHHUS
[Figure 1. The embedding of the reactor building NPP-1 structure
of the geological environment of the natural foundation]

Ha puc. 2 npencTaBiaeHO COMOCTaBIEHHE PE3yiib-
TaToOB HATYpHBIX HaOmoAeHuit [7] 3a ocagkaMu coopy-
skernit PO 0mokoB 1 u 2 ¢ pe3yibpTaTaMu pacderos,
MOJTy4YeHHBIX B HACTOsAIIeH pabdoTe.

I'paduk cpemHMX CyMMapHBIX BEPTHUKAIBHBIX CMe-
IIEHWH PEaKTOPHOTIO OTAEJCHHUS HpPEICTaBIeH Ha
puc. 2 [7]. JlanHable HaTypHBIX HaOIOIEHUN HATIISAA-
HO TIOKa3bIBAIOT, YTO CPENIHSAA OCajlKa COOPYXKEHHS
PO ADC-2 He npeBbIIaeT AOMYyCTUMOrO 3HAUYEHUS B
COOTBETCTBHH C TPEOOBaHUIMH [4].

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW
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Puc. 2. 'paduk cpenHux CyMMapHbIX BEPTHKAIbHBIX CMELICHHI
PO ABC-2
[Figure 2. Graph of the average total vertical displacements of
reactor building NPP-2]

OnennM 3 (HEeKTUBHOCTh MPUMEHEHHUST CBAMHOTO
¢dbyHIaMeHTa Ul yCIOBUH IUTOLIAIKH Pa3MEIICHHs
ADC-1 B mensx TMOBBIICHUS YCTOMIHMBOCTH U HECY-
11ei crnocoOHOCTH OCHOBaHUi coopykeHuit AC.

PacueTHble mapaMeTpbl HHTETPAIbHBIX CTaTHYe-
CKHUX JKECTKOCTEH I'PYHTOBOM Cpelibl Ha KOHTAKTHOM
MIOBEPXHOCTH MOJOLIBEI POCTBEPKA OMPEICISIOTCS
0 BBIPa)KEHUSIM, IPEICTaBICHHBIM B Ta0u. 1 [1-4].

Tabauya 1

BbipaskeHus: 1151 onpe/iesieHHs1 IKBUBAJEHTHbIX
HHTErPaJIbLHBIX CTATHYECKHX JKeCTKOCTEl OCHOBAHUSA
JIUISl POCTBEPKA NMPAMOYI0JbHOI GopMBbI B IJIaHe
[Table 1. Equivalent integral static stiffness of a grillage of
a rectangular shape in plan]

Bujg nepememenus HuTerpanbHas :KeCTKOCTh

[Displacement] [Integral stiffness]
T'opuzonranbHoe, 31,1(1—u)G\/Z
110 OCH X kx = \/—778
[Horizontal, along x] m(7-8p)
T'opuzonranbHoe, 3 1’1(1 _ H) G\/Z
0 OCH Y B ey
[Horizontal, along ] \/E(7 ~8u)
Beprukanshoe, 4G4
10 OCH 2 k,=————
[Vertical, along z] \/E(l - “)

B Tabn. 1 BBexeHsl ciedylomuye 0003HAUCHHS:
i — OCpeaHeHHoe 3HaueHune kodpdummenta [Tyaccona

TPYHTOB B aKTHUBHOM 30HE OCHOBaHUS POCTBEpPKaA,;

E
G=——— — OCpeIHCHHOE 3HAaYeHUE MOJIYJIS CIBH-
2(1 + p)
ra TpyHTOB B aKTUBHOH 30HE OCHOBaHHS POCTBEPKa;
A=L,L, — TIOWA/b MOJOUIBEI POCTBEPKA MPIMO-
YTOJIbHOM (GOPMBI B TIIaHe; L, L, (L, >L,) — JUIMHA U
prHA pocTBepKa ((PyHIAMEHTHOM IIJTUTHI) B IUIaHE
10 KOOPIMHATHBIM OCSIM X M ) COOTBETCTBEHHO.
PacueTHble IpUBEICHHBIE CTATHYECKUE XapaK-

TCPUCTUKU T'PYHTOB B aKTHUBHOM 30HE €CTECTBECHHOTI'O
OCHOBAHMA:
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2
— MoayJib neopMaiuu E = == 38 MIla;

a
ZHihi
— k03 Punuent Ilyaccona = —= 0,4;
a

— MOIynb caBura G= =13,57 Mlla.

E
2(1+p)
WHTerpanpHble CTaTUYECKUE >KECTKOCTH ecTe-
CTBEHHOTO OCHOBaHHs Ha MOXOWIBE (DyHIaMEHTHON
KOHCTpyKuuH [1; 2]:

a

3,1-(1-0)G.[L.L
k.=k, = (I-w)GyLL, =2,58-10° kH/m;

Y Jr(7-8p)
4G [L.L
=— VY _364.10° kH/m.
x/E(l—p)

OOmmit BUI KOHEYHO-AIIEMEHTHOM MOJIENTH COOpY-
xkernnst PO ADC-1, ADC-2 (a), BeHTTpyOa YCIOBHO
HE MoKa3aHa, U (pparMeHT reOMeTPUIECKON MOJIEITH
C BBIPE30M YETBEPTH (0) IPECTABICHBI HA PUC. 3.

Puc. 3. Koneuno-anementHas mozens coopyxenus PO ADC-1 u ADC-2:
a — o0wuii BU; 6 — pparMeHT reOMETPHIECKON MOJICITH C BBIPE30M YETBEPTH
[Figure 3. 3D finite element and geometrical models of the reactor building:
a — general view; 6 — a fragment of geometrical model with a quarter cut]

B npocTpaHCcTBEHHON KOHEYHO-3JIEMEHTHOM MOZE-
JIM CUCTEMEBI coopykeHusi PO ¢ ocHOBaHMEM HCITOINb-
30BaJIUCH CIICAYIONINE TUIIHI KOHEYHBIX 3JIEMEHTOB:

— YETBIPEXY3JIOBBIC O00OJIOYCYHBIC 3JIEMEHTHI IS
MOJICTIMPOBAHUS TIOCKHX JJIEMEHTOB (CTEH, MEPEKPhI-
THH B mradparm);

— MPOCTPAHCTBEHHBIE CTEPKHU (CTOMKH U pUTENN);

—kecTkue Oanmku (A oOecriedeHus nepenadu
Harpy3KH C SKCIICHTPHUCHUTETOM);

— MAacCCOBBIC DIIEMEHTHI I MOJCIUPOBAHHS Ha-
TPYy30K OT 00OPY/I0BaHUs, KOTOPBIE MOTYT OBITh pac-
CMOTPEHBI KaK COCPEIOTOYCHHEIE.

Pa3paboTka MOIEenH CUCTEMBI «COOPYKEHUE —
ocHoBanue» PO ADC-1 Oblia BBHIIIOJHEHA C MPHME-
HEHHEM BEIYHCIHTENRHOro komiuiekca ANSYS, PO
ADC-2 — ¢ mpruMeHEHHEM BBIYMCITUTEIEHOTO KOMITICK-
ca ABAQUS.

16

O6umii Bec coopysxenust PO ¢ yuerom Beca TexXHO-
JIOTHIECKOTO 000pYTOBAaHHS COCTABIISICT 0=2638-10° kH.

Macca coopyskerust PO coctapmsier M=2,74-10° kH-¢*/m.

Pa3mepsl hyHIaMEHTHON TITUTHI COOPYKCHHSI B
wiane Ly= L, =67 M.

Bce coeauneHust Mexay sneMEHTaMu, MOAEIUPY-
IOIIMMHA KOHCTPYKIIMH W3 MOHOJIUTHOTO JKEJIe300eTo-
Ha, TPUHATHI )KECTKUMMU.

PacuetrHbie mapamMeTphsl HHTETPAIBHBIX CTaTH-
YECKHUX KECTKOCTEH IpyHTOBOM cpellbl HA KOHTAKT-
HOW OOKOBOW IMOBEPXHOCTH M Ha ITOJOIIBE CBai
OTIPEACISIOTCS IO BRIPAXKEHUSM, IPEACTABICHHBIM
B Ta0mI. 2.

[Ipu hopMupoBaHNH pe3yILTUPYIOMEH PEAKITUN
TPYHTOBOM cpebl HA KOHTAKTHOM IOBEPXHOCTH CBaU
HCXOAWIN U3 CIEAYIOUINX IPEINOI0KEHUN:

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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— Ha cTeHKax OOKOBOHM MOBEPXHOCTU CBaH MpHU
(opMHpPOBaHNN PACTATMBAIOLINX HANPSHKEHUH Ha KOH-
TaKTHON IOBEPXHOCTU HApYILIAETCs! YCIOBUE ITOJIHO-
TO MPWJINHIIaHUSA, OCHOBBIBAACHh Ha MPEATNOIOKEHUH,
YTO IPYHT Ha PacTsDKEHHE HEe padoTaeT;

— IPU BEPTUKAIBHOM II€PEMEIICHUU BIOJIb MPO-
JIOJIFHOW OCH CBaif 10 KOHTYpY BCel OOKOBOI MOBEPX-
HOCTH CBaW TPYHTHI HCHBITBIBAIOT YUCTHIA CIABMT,
a Ha TIOAOILBE CBAaU CXKaTHE;

— IIpYU NEpEMEUIEHUH CBall C MPSMOYTOJbHBIM
MIOTIEPEYHBIM CEYEHHEM B TOPHU30HTAJILHOM HaIlpaB-
JICHUH B TPYHTOBOM Cpelie B IBYX MPOTHUBOIOJIOKHBIX

OOKOBBIX MOBEPXHOCTSX MPOMCXOAUT CABUT TPYHTOB.
B mepenneit cTteHke OOKOBOH IMOBEPXHOCTH II0
HAaIIPaBJICHUIO [IEPEMELICHUS CBall IPOUCXOAUT CXKa-
THE, a HA TIPOTUBOIIOJIOKHONW CTEHKE — OTPBIB FPYHTA
OT TIOBEPXHOCTHU CTEHKH CBau;

— IIpU NEPEMEIIEHNUN CBaH B TOPU30HTAIBLHOM
HaIpaBJIeHUH Ha TOJOLIBE CBaW I'PYHTHI HCIIBITHIBA-
10T YMCTBIH CABUT.

DMIOpel KOHTAKTHBIX HAMpPsDKEHUH Ha OOKOBOI
MIOBEPXHOCTH CBaM C KPYTJIBIM MOTIEPEYHBIM CEUEHH-
€M TP NepeMEelIeHNH M0 HaIllpaBIeHUAM KOOpAWHAT-
HBIX OCeH X, y, z IpeAcTaBieHsbl Ha puc. 4 [1; 3].

10 OCH X 0 OCH Y I10 OCH Z
y Txy y Gy Y
Ta(x, y)
Oxx T Ty
S /
X X X
Txy
a
0 OCH X no OCH Y MO OCH 2
z! z ! z!
| | X l I X | l X
y “ y ' y '
Txz Tvz Ozz
9]

Puc. 4. Xapakrep pacnpeie/ieHHs] KOHTAKTHBIX HAIPSDKEHHI Ha GOKOBOM MOBEPXHOCTH (@) U mogouise (6) cBau
C KpyTJIBIM MONEPEYHbIM CEYCHHEM TIPHU MIEPEMEILCHHN B TPYHTOBOM CpeJie 110 HATPAaBJICHHSIM KOOPUHATHBIX OCEH X, V, Z
[Figure 4. The contact stresses distribution of side surface (a) and bottom (6) of pile with a circular cross-section
when moving in a soil medium along the directions of the coordinate axes x, y, z]

Tabnuya 2

BrIpakenus 1Jisi onpeaesieHAs HHTETPATBHBIX CTATHYECKHX JKeCTKOCTel TPYHTOBOI cpebl HA KOHTAKTHOH MOBEPXHOCTH
1pH 0011eM XapaKTepe NnepeMelleHus CBaH
[Table 2. Integral static stiffness of the soil medium on the contact surface with the general nature of the movement of piles]

Hanpagienne HHTerpajbHas ;KeCTKOCTh TPYHTOBOIi cpeabl [Integral stiffness]
NepeMEIICHHsI CBan Ha 60xo060it nogéepxnocmu ceau Ha nooowiee ceau
[Displacement] [On the side surface of pile] [On the bottom of pile)
T OpH30HTAIILHOE, . 31,1(1- 1) Gy 41y L 4G4, 3L1(1-py )G 4p
0 OCH X = =
[Horizontal, along x] \/E(7 —8u) R, \/;(1 —)R; \/;(7 ~8u )Ry
I'opu3oHTaIbHOE, L 31,1(1—11)(;“/@ 4Gy 4y, 3L1(1—pg )G AL
0 OCH y y = + y =
[Horizontal, along y] \/;(7 —8u) R, \/;(1 UL \/E(7 ~ 8y )R
Bepruxkanshoe, 3 1’1(1 _ H) G, (Az 4G 4,
0 OCH Z k,=—pm—"—""—= == =
[Vertical, along z] \/;(7 —8u) Ry \/E(l —HaL ) Ry

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLN
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Tabauya 3

Bripaskenusi 1J1s1 onpe/ieIeHHs] HHTETPAJbHBIX CTATHYECKHX ’KeCTKOCTeli TPYHTOBOI cpebl HA KOHTAKTHOH NMOBEPXHOCTH
NpH 0061eM XapaKTepe MepeMelleHUs] CBal ¢ KPYIJIBIM IONepeYHbIM cedeHneM
[Table 3. Integral static stiffness of the soil medium on the contact surface
with the general nature of the movement of pile with a circular cross section]

HanpasJenne HHTerpajbHas ;KkecTKOCTh TPyHTOBOIi cpeabl [Integral stiffness]
TIepeMELIeHIs CBan Ha 60kos60il nosepxnocmu ceau Ha nooowse ceau
[Displacement] [On the side surface of pile] [On the bottom of pile]
I'opusoHnTansHoE,
10 0CsM X, ¥ k. =k :31’1(1_HS)GSVth++ 4GSVth k =k :M
[Horizontal, o V(7 -8u)R, Jr(1-p) R, Y (7-8u,) R,
along x, y]
Beprukansnoe, 311(1-u G Jh d 2G,d
10 OCH Z z = : ( HS) —— - .

[Vertical, along z] (7-8u) R,

- (1 _uxL )Rs

B 1abn. 2 BBenmeHs! ciaeayomue 0003HAYCHUS B
3aBUCHUMOCTH OT T€OMETPHUYECKON (OpPMBI TIoneped-
HBIX CEUEHMH cBau: A, — IUIOMAAb KOHTAKTHOHN 00-
KOBOH MOBEPXHOCTU CBaW C IPYHTOBOM CpeloH, Hc-
MBITHIBAIOIIEH CABUT IIPU MEpEeMEIeHUH CBau 10 Ha-
MPaBJICHHUIO OCHU X; A2, — IJIOLIA b KOHTAKTHOH OOKO-
BOM MOBEPXHOCTH CBaH C TPYHTOBOM CPeOH, UCIIBITHI-
BAIOIIEH CKaThe NMPH NEPEMEICHUH CBAaU II0 HAIPaB-
JIEHUIO OCH X; A1, — TUIOIIaah KOHTAaKTHONH OOKOBOI
MOBEPXHOCTH CBau C I'PYHTOBOM CPENOW, MCIIBITHI-
BAIOIIEH CIOBUT NPH NEPEMEIICHUN CBAaX IO HAIpPaB-
JICHUIO OCH V; A, — MJIOUIalb KOHTAKTHOW OOKOBOI
MIOBEPXHOCTHU CBaW C I'PYHTOBOM Cpenoil, NCTBITHIBA-
IOIIEH CcXKaTHe IMPY MepeMELIeHHH CBaM 110 HarpaBlie-
HUIO OCHU y; A. — mJomaab KOHTaKTHOM GOKOBOIi 1o-
BEPXHOCTU CBau C TPYHTOBOM cpemoil Wiy IiIomanb
OOKOBOH IMOBEPXHOCTH CBaW, MCIBITHIBAIOIICH CIABHUT
IIpU [IEPEMEILICHUN CBal B BEPTUKAJIBHOM HaIlpaBiie-
HUU; A7 — TUIOIIAIb TIOJOUIBEI CBaH.

BripaskeHust 17151 ompeeNne s HHTeTpallbHbIX
CTaTUYECKUX JKECTKOCTEN TPYHTOBOM Cpelibl Ha KOH-
TaKTHOM MMOBEPXHOCTH CBaM C KPYIJIBIM MOTIEPEYHBIM
ceueHreM 0000mIeHbI B Tab. 3.

CxeMa pacrooXeHHs COOPY>KEHHS CO CBAHHBIM
(yHIIaMEHTOM B T€0JIOTHYECKOM CTPYKTYpe OCHOBAHHUS
coopyxenusa PO ADC-2 nmpencrasieHa Ha puc. 5.

CyMMapHbIe HHTETrpajbHbIE KECTKOCTH OCHOBA-
HUA 3a cdeT 3¢ ()EKTOB B3aUMOJCHCTBUS CBAWHOTO
KyCTa U POCTBEpPKA C TPYHTOBOM Cpelod NPUHUMAIOT
CleayIoINe 3HAaYEeHU:

k

X

=k, =3,0794-10" xkH/w;
k., =2,3322-107 xH/m.
OmpenennM XapaKTEPUCTUKH TPYHTOBOH CpeIbl

B clydyae pealud3alliil HATypaJlbHOIO U CBaliHOTO
OCHOBaHMs AJ1s Iionaaku pasmerienus PO ASC-1.

18

Cxema pacrionokeHus caiiHoro moist PO ADC-1
B IJIaHE MPEJCTABJICHA HAa PUCYHKE O.

Cxema pacroioKeHUs COOPYKESHUS CO CBaHBIM
(hyHIaMEHTOM B TE€OJIOTHYECKOW CTPYKType OCHOBa-
Hus coopyskeHust PO ADC-1 npencrasnena B [6].

Jlmamerp cBaii C KpYIJIbIM MOTIEPEYHBIM CEUCHUEM
pUHAT paBHBIM d = 0,6 M, anuHa cBait A, = 18,0 M.

C yuerom TtpeboBanuit CII 50-102-2003 [8]
PACCTOSTHUE MEXIY OCSAMHU 3a0MBHBIX BUCSYMX CBail
IIPUHATO PABHBIM A, |, =2,0 M 23d =1,8 M, paCCTOSIHUE

OT ocell cBail 10 Kpas GyHIAMEHTHOH TUTHTHI (POCT-
BEPKA) COOPYIKEHHUS PABHO 5, , =0,5m .

[Ipu sToM oOI1iee yncio cBail B CBaifHOM KycCTe
coctapisier 1089 mwTyxk.
B Tabn. 3 BBemeHBI CIEOYIONIHE TOMOJHH-

Zn: Gs,ihi
_ =l

TelbHBIE OO0O3HaueHHs: G, = T =9,16 MIIa,

C
n
Zuihi
_ =l

(o
IyJb casura u ko3 duiment [TyaccoHa rpyHTOB OCHO-
BaHM 10 BBICOTE 30HBI PACIIOIOKEHHUS CBAHHOTO TI0JIS;
Gy =5,4 MIa, pg; =0,39 — MOIyJb CABHUTa U KO3 U-

B =0,33 — MPUBEJICHHBIMN CTaTUYECKUN MO-

uueHt IlyaccoHa rpyHTOB Ha ypOBHE IMOZOIIBEHI CBAii;
R, =4,2 — KOpPEKTUPYIOWUi K03)(OUILIHEHT, YIUTHI-
Baromuii 3 (HexTsl B3aUMOJCHCTBHSI CBal B COCTaBE
cBaiiHOrO KycTta [4; 8].

CyMMapHBble HHTETpAJIbHbIE CTATHYECKUE JKECTKO-
ctu ocHoBanusi PO ADC-1 ¢ yuerom 3¢ QekToB B3au-
MOJICHCTBUS POCTBEPKA U CBAHOTO KycTa ¢ IPYHTO-
BOH Cpeloi MPUHUMAIOT CJICAYIOIINE 3HAYCHNUS:

ky =k, =5,358.1o7ﬂ;
- M
k. —3,764-10" <8
M
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0,00
!
\
tQuw
-8,60
Gs=3,38 MIla; nL=1048;
Z Grn=110 MITa;  Vs=286 mk
-15,60
\
G:=816 MIla; 11=047,
-18,60 d a4 =047,
Gr=210 MIIa; Vs=320wm/c
-20,60 Gr= 360 MIIa; Gs = 9,18 MITa;
V=320 wmic; n=047 G:=10MIlz; p=047;

Gr=360 MIla; V:=415wc

22,60

Puc. 5. Cxema pacnonoxenust PO ADC-2 co cBaifHbIM (yHIaMEHTOM B T€OJIOTUIECKON CTPYKTYPE OCHOBAHHS
[Figure 5. Layout of the reactor building NPP-2 with pile foundation in the geological structure of the base]
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Puc. 6. Cxema pacriornoxkeHus cBaitHoro moss B riane it PO ADC-1
[Figure 6. Layout of the pile field of reactor building NPP-1]

HuTerpaibHbie )KECTKOCTA OCHOBAHUS COOPYIKEHUSI
PO Ha ecTecTBEHHOM OCHOBAHHUH U B ClIydae IMpHUMe-
HEHUs CBafHOTO (yHIaMeHTa 000OIIeHBI B Ta0l. 4.
[IpencrapneHHble B HEW pe3ysIbTaThl HATJISIHO JIEMOH-
CTPHUPYIOT, YTO JKECTKOCTH OCHOBAHUSI COOPYKEHUS TIPH
peann3anny paccMaTpUBaeMOro BapHUaHTa CBAHOTO
dbyHmaMenTa Oojiee YeM Ha TMOPSAIOK IPEBBINIACT
’KECTKOCTh €CTECTBEHHOTO OCHOBAHUS COOPYKCHHUS.

W3omons BepTHUKANBHBIX MepeMeleHui (yHa-
meuTHOM TiuTel PO ADC-1 11 ecTeCTBEHHOIO U
CBalHOTO OCHOBaHMS NMpPU HOPMAaJbHOM 3KCIUTyarta-
uun (HD) npeacrasnens! Ha puc. 7 u 8.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

Tabauya 4

YnciieHHbIE 3HAYCHUS] HHTETPAJILHBIX KeCTKOCTel
ocHOBaHUsI coopy:keHust PO Ha ecTeCTBEHHOM OCHOBAaHMH
U B cJIy4ae MpUMeHeHHsI CBaiiHOro pyHaamenTa
[Table 4. Numerical values of the integral stiffness of
the reactor building structure on a natural foundation
and in the case of pile foundation]

HurerpanbHbie :kecTKOCTH OcHOBaHus [Integral stiffness],

107 xH
M
Ecmecmeennoe ocnosanue Csaiinoe ocnosanue
[Natural foundation) [Pile foundation)]
kx = ky kZ kx = ky kz
0,258 0,364 5,358 3,764

X

-.843837
-.846913 -.84076

-.84999 -.837684 -.831531 -.825378

-.834607 -.828454 -.822301

Puc. 7. VI30momns BepTHKAIBHBIX MepeMeIeHui (M) GyHIaMEeHTHOH
wtel PO ADC-1 mst ectecTBeHHOTO OCHOBaHMs ipu HO
[Figure 7. Isolines of vertical displacements (m) of the base slab of the
reactor building NPP-1 on the natural foundation on normal operation]
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X

e
-.075768 -.074184 -.072601 -.071017 -.069433
-.074976 = 13392 -.071809 -.070225 -.068642
Puc. 8. M3omosst BepTUKAIBHBIX TepeMelieHnii (M) GpyHIaMeHTHOM
wtel PO ADC-1 nns cBaiinoro ocHoBanus npu HO
[Figure 8. Isolines of vertical displacements (m) of the base slab of the
reactor building NPP-1 on the pile foundation on normal operation]

U_min, U3
-1.067e-01
-1.080e-01
-1.093e-01
-1.106e-01
-1.119e-01

<

Puc. 9. V3010515 pacu4eTHbIX MAKCUMAJIBHBIX BEPTHKAIBHBIX
nepemMenieHni (M) GyHIaMeHTHOU TIUTH ipu HD
[Figure 9. Isolines of vertical displacements (m) of the base slab of the
reactor building NPP-2 on the pile foundation on normal operation]

PacyerHble 3HaYeHHs Ocaky (pUcC. 7) B CpeIHEM
npuMepHo B 1,9 pa3za MpeBBIMAIOT BENUYMHY OCAJIKH,
MOJYYEHHYIO 10 pe3yibTaTaM HaOmoaeHui (puc. 2).
JlaHHOE OOCTOSITENBCTBO COTIACYETCSI ¢ aHAJIOT UYHBI-
MH pe3yJIbTaTaMU, MPeACcTaBIeHHBIME B [5; 6]. Pac-
XOKACHHE MEXAY pe3yJbTaTaM{ HaTypHBIX HaOIio-
JEHUH W pacdyeToB OOYCIOBIEHO TEM OOCTOSTENb-
CTBOM, YTO MO PacyueTy BBIYMCICHHAs 0CaJKa OCHO-
BaHUsI COOPY)KEHHUSI COOTBETCTBYET BCEMY MEPHOAY
9KCIUTyaTaluy, BKIIIOYas MEPUOA BO3BEICHHS COOpYKe-
HUS, & PE3YNbTaThl HAOIOJCHUS OTHOCSATCS TOJBKO K
TIEPHOTY KCILTyaTallH, TO eCTh HaunHas ¢ 1985 roma.

20

W3zomons BepTHKaNbHBIX NepeMeneHni QyHaa-
MmeHTHOH mauTel PO ADC-2 gng cBaiHOro OCHOBa-
Hus ipu HD mipencraBieHs Ha puc. 9.

ConocraBiieHre pe3yJbTaTOB PacuyeToOB BEPTH-
KaJIbHBIX TepeMelieHn QyHIaMeHTHOH KOHCTPYK-
muu coopykeruss PO ADC-1 Ha ecTeCTBEHHOM OC-
HOBaHUU (PUC. 7) U HA CBAHHOM OCHOBaHHUH (puC. 8)
[IOKa3bIBaeT, YTO MPH peanu3ally pacCMaTpUBaeMOil
CXEeMBbI CBaifHOTO (DYHIAaMEHTa OCajKa COOPYKEHUS
yMeHbIIaeTcs Oojiee 4eM Ha MOpsAAoK. Pe3yibrarel
YHCIEHHOT'O KCIEPUMEHTa 10 peau3aliy CBaiHoO-
ro ¢ynnamenrta s ADC-1 Xopomo cornacyoTes ¢
pe3yJbTaTaMH pPacyeToB IS CYIIECTBYIOIIEH pean-
3a1uu cBaifHoro ocHoBaHMs Ha pumepe PO ADC-2.

3akiouenune

[Nomy4eHHble pe3ybTaThl CBUIETENBCTBYIOT O TOM,
YTO HCIIONIb30BaHUE CBAWHOTO (DyHAaMeHTa TTO3BOJISIET
CYILLIECTBEHHO MOBBICUTH YCTOMUMBOCTD M HECYIIYIO
CIOCOOHOCTh OCHOBaHMH coopyxkeHuit AC. JlaHHOe
00CTOSATENBCTBO TTOJTBEPKAAET BBICOKYIO S((eKTHB-
HOCTb pealn3aliy CBaiHbIX (DyHIAMEHTOB ISl BO3BE-
JIEHHUS MaCCUBHBIX COOPYKEHUH Ha cla0bIX TPyHTax.
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Abstract

Aims. The purpose of this work is to justify the reliability of the developed models
of pile foundations on the data of field observers and to demonstrate the feasibility of
using pile foundations to increase the stability and bearing capacity of the NPP struc-
tures foundation using the example of reactor building (RB). Methods. The data of field
observers for the settlement of the RB are presented. The expressions for calculation of
the static stiffness of the contact surface of the slab bottom and soil medium, as well as
for pile foundations taking into account the effects of interaction of grillage and pile
field with the soil media with a general character of displacement of a circular cross
section pile are submitted. A spatial three-dimensional finite element static model of
RB was developed together with the soil base. Isolines of vertical movements of RB
fundamental slabs for natural foundations, as well as for pile foundations for normal
operation are shown. A comparative analysis of the data of field observers with the
calculation results allows us to justify the reliability of the developed model of the pile
foundation. Results. The calculations of the foundation yield correspond to all the peri-
od of operation including construction, and the results of observations relate only to
the period of operation that explain the difference. A comparative analysis of the data
of field observers with the calculation results allows us to justify of the strong effec-

Structural Mechanics of Engineering Con-
structions and Buildings. 2020;16(1):14-21.
http://dx.doi.org/10.22363/1815-5235-2020-

16-1-14-21. (In Russ.)

tiveness of realization of pile foundation for the massive structures on soft soil bases.

Keywords: spatial model; pile foundation; grillage; piles; yield; compara-
tive analysis; calculation results; field observations; natural base; structure; in-
teraction with the soil environment
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Abstract

Relevance. A beam-column joint is a crucial zone in any frame structure that
transmits the forces at the end of the members in the panel zone. The connection
between the joints may be assumed as rigid or flexible one and it is not an ideal
one to predict the actual behavior of the joint section. Methods. The displace-
ment along the joint section is the most critical one that has to be taken care
while designing the structure. In this paper, the flexibility of the reinforced con-
crete joints was studied under two different cases: in first phase, building having
3 storey including ground floor was taken and is analysed using SAP 2000 and
secondly third floor shear wall with 1 hollow concrete mesh of column section
was analyzed in same software and the flexibility of the joints was tested in
terms of its stress and displacement parameters using different approaches such
as link mass property, end length offset zone, panel zone rotational spring stiff-
ness property. The results obtained from the two cases were analyzed with consid-
eration of parametric study and variation of the stresses with displacement and are
shown with comparative graphic.

Mechanics of Engineering Constructions and
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22363/1815-5235-2020-16-1-22-30. (In Russ.)

Keywords: joint flexibility; end length offsets; rotational spring stiffness;
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Introduction

Beam column is the most critical sections in any
structural elements and the actual behavior of joints
is difficult to idealize and model in real scenario. Gene-
rally, the connections between the joints are assumed
either fully rigid or pinned, which is not an actual
behavior to predict joints behavior according to pre-
vious investigations [1; 2]. Rigid joints does not al-
low any rotations between the connected members
while pinned joints are characterized by the free rota-
tional movement between the connected elements
and prevents the transmission of bending moments.
The intermediate which is non-zero and non-infinite
stiffness is semi-rigid joints [3].
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The study conducted by Johnson and Hope [1]
found that the pin joints are very unpredictable while
the rigid joints are often too stiff in relation to their
strength, and are expensive. Therefore, an ideal semi-
rigid joint is required to consider for the structural
design with a large rotational capacity and a predict-
able flexural strength. In 2005, Cabrero and Bayo [2]
proposed a design method for semi-rigid joints in-
corporating the design examples for demonstrating
the applicability of the proposed method. Their study
concluded that the semi-rigid design is the most cost
effective solution when it is compared with the tradi-
tional pinned and rigid joints.

A considerable amount of past research has studied
the load-deformation behaviour of panel zones under
both monotonic and cyclic loads, very little past re-
search has studied the attachment of doubler plates to
columns in the panel zone regions. Limited studies
of doubler plates and attachment details were con-
ducted [4-7]. However, this past research has not
resulted in clear conclusions on the most effective
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methods of welding the doubler plate to the column.
So, P.S. Shirsat & M.D. Engelhardt [8], summarizes
the results of preliminary analysis of doubler plate
attachment details for the steel moment resisting frames
using finite element modeling of a simplified repre-
sentation of beam-to-column joint subjected to mono-
tonic loading. Analysis cases with different doubler
plate attachment details were studied.

RCinterior joints

Composite RC-Steel corner joint

RC exterior joint ’

Figure 1. Different types of joint section in a structure
(Rigid, semi-rigid, pinned)

Figure 2. Krawinkler beam column joint flexibility model

Similarly, different types of linear centerline model
(suitable for steel moment resisting frame), elastic model
with panel zone (beams and columns reconnected via
rigid links in a panel zone, and the crossroad hinge is
connected via a spring with the stiffness of the panel
zone), nonlinear model with panel zone (beam and
column are connected by a link mass whose property
may be fixed nonlinear to analyze the shear defor-
mation behavior of the joints as proposed in [9],
models a panel zone into 8 rigid bodies as shown in
Figure 2. Actually, this model shows the least diffe-
rence between the actual behavior of a structure and
the behavior of the analytical model.).

Now different finite element analysis software has
been used (SAP 2000, ETABS, STAAD-PRO) to test
the joint flexibility using the different codes [11-18]
by adopting the different flexural capacity ratio as 1.2,
1.4, and 1.3 respectively. Also IS 13920:1993 [13]
draft version adopted 1.1, and IS 800:2007 [19] steel
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code adopted 1.2 and recently revised code IS
13920:2016 [13] has been used and this whole revi-
sion of code for the seismic joint flexibility of RCC
member was reviewed by Pradip Sarkar et al. [20].
The displacement along the beam column connec-
tions is the most severe thing that affects mostly while
designing and in this modeling different approaches
are carried out to test the flexibility of joint section
using link property, end length offset zone, panel zone
rotational spring stiffness by modeling a frame struc-
ture and a shear panel zone consisting of lift section
using a finite element software SAP 2000. Among all
of these sections displacement and stress behavior of
the joints is idealized and a conclusion is drawn out.

1. Modeling approach

To test the flexibility of the joint section SAP 2000
v20.2 is used applying two different frame structures
to idealize it differently. In SAP 2000 there is differ-
ent option to test the rigidity of joint behavior and
each of them is explained simultaneously (Figure 3).

Total Length L

= Clear Lengih L i
1 g — |
! B
ioff||,_————End Offsets - ;‘L[iofr. 1 @_
[, : P |
"~ Support Face —

’v ?f
|

¢ €

Figure 3. End length offset pane
Source: SAP manual CSI.

1.1. End length offsets

In SAP 2000 when we select all the joints and
assign joints to end offsets then we can set according
to the software automatically by varying the rigid zone
factor or by directly giving the user defined offset
value in either section of joints. The end offsets may
be non-rigid, partially rigid or fully rigid. The rigidi-
ty of the joint is measured by using rigid zone factor.
This factor specifies the fraction of the end offset
length, measure from the frame element and is infi-
nitely rigid. The remainder of the offset if any is
assumed to have same flexibility as the beam.
In the adjoining Figure 3: L — total length of the ele-
ment (inter-axial); L. — clear length, calculated as dif-
ference between total lengths with terminal segments
L. =L — (ioff + joff).
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1.2. Doubler plate thickness

In a moment resisting steel or concrete frame
subjected to lateral load either due to seismic or wind
loads, the region of the column around the beam
column joints known as panel zone will be subjected
to high shear force. In some cases the region around
the panel zone will be subjected to such high force
that the column area must be reinforced to increase
its strength or stiffness and one of the most common
approaches to do so is to weld a plate in the column
section known as doubler plate to the column. Welding
doubler plate to the column increases the strength around
the column section but it is difficult in reality where
to apply the plate in column either horizontally or
vertically around panel area. SAP 2000 allows
the use of the doubler plate to the column by assign-
ing the joints and giving the thickness of plate to
such panel joints. However, during the past research
it also showed that connecting the doubler plate
along the vertical axis can add to the full strength of
the joint as it prevents the lateral torsional buckling
of the column rather than by adding it in horizontal
way which adds to the little amount of stress only.

1.3. Specified spring stiffness

In frame structure when it is subjected to lateral
load the resistance of the joint can be increased by as-
signing it to spring stiffness of certain mass in a panel
zone. SAP 2000 allows the use of rotational spring
stiffness in a panel zone along its major axis (about the
local 3-axis of the column and panel zone) and minor
axis (about the local 2-axis of the column and panel
zone) of bending by giving the certain stiffness parame-
ter. This allows the joints to be move uniformly when
high seismic action is occurred and controls the drifts.

1.4. Link mass property

A link member connects the two objects together
or a frame structure from one end to another end.
Linear, non-linear and frequency dependent property
can be assigned to a different six degree of freedoms
which are internal to the link, including axial, shear
and torsion element. SAP 2000 allows the use of spe-
cified link mass property in a panel zone area where
mass and stiffness can be given to it, and it is diffe-
rent type such as linear, multi-linear elastic, plastic,
damper etc. and according to the specified property
we can change the degree of freedom of the system
in it. In general a link mass allows the structure to
deform elastically and plastically as specified.

2. Geometry of the structure

To analyze the flexibility of the joint frame struc-
ture is analyzed using two cases.

24

2.1. Case 1

G+3 story building is taken with the following
dimensions and load assign as: building type — moment
resistant g+3 story building; beam size — 400x300 mm;
column size — 300x300 mm; slab thickness — 150 mm;
waist slab thickness — 120 mm, column height —
2.8448 m; wall load — 8.5 kn/m.

3.4036 1.2954 3.8862
2.159
3.70Ba
2.9718
3.276
3.2766
2.8702
1.4224
32,4036 23114

Figure 4. 3D view of the building
and its plan view with the dimensions:

Live load — 2.5 KN/m?; floor finish load —1 KN/ m?;
partition load — 1 KN/m?; staircase load — 2 KN/m?;
EQ-X and EQ-Y applied along X and Y direction as
per IS 1893-2002 and the load case is response spec-
trum load combination as per IS 456-2000.

Results and discussions

Variation of displacement with the increase in
rigidity factor (RF). The Table 1 and graph (Figure 5)
shows the variation of displacement along the exte-
rior corner joints (joint no. 122, 64, 63, 62, 3) with

ANALYSIS AND DESIGN OF BUILDING STRUCTURES



Namuuxane .M., Tupw M. CTpouTensHas MexaHuka MHXEHEPHbIX KOHCTPYKLWI u coopyxerui. 2020. T. 16. Ne 1. C. 22-30

the increase in rigidity factor along the X and Y di-
rection. Looking at the table and graph there is the cor-
responding decrease in displacement with the increase
in rigidity factor along X and Y axis as with the in-
crease in rigidity factor the connection of the joints
along beam column junction changes from center to
end which makes it rigid.

Table 1

Story displacement at exterior corner joint with the RF
along the vertical axis along X direction

Story  Displacement Displacement Displacement

height  due to RF 0.5 due to RF 0.75 due RF 1
0 1.0509 1.0454 1.0399
2.8448 5.2771 5.2517 5.2261
5.6896 9.1231 9.0767 9.0303
8.5344 11.5585 11.5027 11.4468
11.3792 13.5701 13.4965 13.4229

e ]
woow W
N » ©

[
w
o

——&—Moment at joint 122(KNm)

-
W
'S

Moment at joint 122 (KNm
o &
w w

.
w
]

Rigidity Facton,5

Figure 5. Moment vs. rigidity factor

Similarly the Figure 5 shows the variation of ri-
gidity factor with moment at joint 122 along X direc-
tion. It is shown that there is increase in moment
with the increase in rigidity factor. In general, at high
rigidity there is decrease in displacement but it is very
low which is not satisfactory too and also moment is
also high and at low rigidity there will be high dis-
placement and low moment which is also not satis-
factory, so for designing it is recommended to use
a rigidity factor of 0.5 for designing aspect.

Variation of displacement with the thickness of
doubler plate. The Figure 6 shows the decreases in
displacement at a particular joint (joint no. 122, 64,
63, 62, 3) with the increase in doubler plate thickness
when all the rigid joints in panel area are assigned to
a thickness of 0, 50, 150, 250 mm respectively. This
shows that the more the size of thickness of plate
used then there is decreases in displacement but
the choose of right amount of size becomes the neces-
sary for the designing aspect.

Variation of drift with the rotational mass spring.
Looking at the Table 2 and following graph (Figure 7)
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there is corresponding decreases in inter-story drift
along the exterior corner joint with the increases in
the stiffness of rotational spring of mass in the panel
zone area. The drift first increases and moves down
and it again increases as shown the graph (Figure 7).
It also shows the corresponding decreases in displa-
cement with the increases in spring stiffness when ap-
plied along major and minor axis.

Displacement vs Storey Height at various Doubler thickness
plate due to EQ-along Y direction
14
11,9876 11,9563 11,9222
12

10
mo

W 2.8448
5.6896
W 8.5344

0.94 =113792

Storey Displacement (mm)

o N & O ®

Disp due to Doubler Disp due to Doubler Disp due to Doubler
thickness 0 mm thickness 50 mm thickness 150 mm

Figure 6. Displacement vs. story height
at various doubler plate thicknesses along EQY direction

Table 2

Variations of drift with rotational spring mass

Storey Drift Drift Drift Drift

height due to due to due to due to
(m) stiffness stiffness stiffness stiffness
2KN- 100KN-  1000KN-  2000KN-

M/rad M/rad M/rad M/rad

0 1.4889 1.4876 1.4764 1.4585

2.8448 5.3344 5.3292 5.2820 5.2074
5.6896 4.8732 4.8682 4.8235 4.7531
8.5344 3.0869 3.0839 3.0567 3.0158
11.3792 4.5694 4.5529 4.4133 4.2176

Drift vs Storey Height due to Spring Stiffness along the EQ-Y
direction in the Exterior Corner Joint

=)

@

~Drift due to stiffness 2 KN-
M/rad

——Drift due to stiffness 100 KN-
M/rad
Drift due to stiffness 1000 KN-
M/rad

—Drift due to stiffness 2000 KN-
M/rad

IS

Storey Drift (mm)
Now

N

o

0 2.8448 56896  8.5344 113792
Storey Height (m)

Figure 7. Drift vs. story height due to spring stiffness variation
along EQY direction

Variation of displacement and drifi due to link mass
property in the panel zone. The two graph (Figures 8, 9) —
the increase in displacement and inter-story drift with
the increase in link mass member used along the panel
zone (joint no. 122, 64, 63, 62, 3). The link mass
member of different weight were taken and link member
is assigned multi-linear elastic member property to check
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its deformation and drift making the degree of free-
dom along X nonlinear. In both case drift and dis-
placement increased as link member allows the joints
to deform freely.

Table 3

Displacement variation with story height
due to link mass laid along exterior joints in panel zone

Storey Displace- Displace- Displace- Displace-
height mentdue mentdue mentdue mentdue
(m) to mass to mass to mass to mass

100 Kg 500 Kg 1000 Kg 1500 Kg

0 5.7956 16.8339 32.6885 48.6399
2.8448  28.0819 83.633 164.3091 2459528
5.6896 47.6934  144.1691 285.359 426.9281
8.5344  60.7955 184.4732  365.8733  547.4332
11.3792  97.2976  294.3606  581.2367  869.9576

Displacement vs Storey height due to link mass member laid
along the Exterior corner joint by EQ-Y

1000 Multilinear

900 elastic making U1l
g 80 fixed with
g 700 nonlinear
<
-
5] 600 Disp due to mass 100 Kg
g 500 )
% 400 ——Disp due to mass 500 Kg
2. 300 Disp due to mass 1000 Kg
2
a 200 = Disp due to mass 1500 Kg
100

0 2.8448 5.6896 8.5344 11.3792
Storey Height (m)

Figure 8. Displacement vs. story height along the exterior joint
due to link mass variation at EQY direction

Drift vs Storey height due to link mass member laid along the
Exterior corner joint by EQ-Y

w
@
=}

—Drift due to link mass 100
Kg
= Drift due to link mass 500 Kg

Drift due to link mass 1000
Kg

—Drift due to link mass 1500
Kg

Storey Drift (mm)
588888

Multilinear elastic
making U1 fixed
with nonlinear

o

0 2.8448 56896 85344 113792
Storey Height (m)

Figure 9. Drift vs. story height along the exterior joint due to
link mass variation at EQY direction

Variation of displacement with the variation of
placement of bottom tie beam. The graph (Figure 10) —
the variation of displacement at top story level at joint
no 122 with the variation of the position of tie beam
level at the bottom of the footing. The displacement
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first increases and then decreases and then increases
again. Based on the variation of displacement above,
the optimum minimum level of displacement at the top
story is found when footing is at 0.1m above its
normal level. During the analysis the footing level is
kept at 1.5 m below tie beam level.

Displacement variation in top storey due to variation in position of
tie beam along EQ-X direction

14,6

14,4284

14,3729

14,4
14,2
13,9

14

1338

13,659
133983 13,5701 13,5687 13,5965

136 —o—Panl

134 Here optimum minmum
13 displacement is found at the
. 0.1 above footing level

Displacement at top storey level (mm)

-0.5 -0.75 -0.1 0 0.1 0.2 0.3 0.5 0.75

Position of tie beam above and below footing (m)

Figure 10.Variation in displacement at top level
with the variation in the level of tie beam at bottom

Conclusions

After analyzing the above frame structure with
the different supporting member in panel zone area
the following conclusions were drawn:

1) the flexibility of the beam column joint con-
nection decreases with the increases in rigid factor from
non-rigidity to rigidity (from 0 to 1). So, from de-
signing aspect of view semi-rigid connection is best
suitable as both displacement and moment will be
within in satisfactory range;

2) the displacement decreases with the increases
in doubler plate thickness at a particular joint and
the use of this plate can lead to prevention of high
shear during high seismic force;

3) the displacement and inter-story decreases with
the increase in mass of rotational spring stiffness along
the panel zone area as the use of spring having high stiff-
ness makes the joint member rigid and controls drift;

4) the drift and displacement increases with the use
of specified link mass member along the panel zone
area. Link member was assigned non-linearly to a degree
of freedom along X axis and its property is assigned
multi linear elastic constant and it showed the in-
creases in drift and displacement. Similarly, we can
test the same result by assigning the other property
such as multi linear plastic, damper, etc. to test its
shear and deformation capacity;

5) the displacement at the top level of building
varies with the position of level of tie beam. It gene-
rally increases below the footing level and also in-
creases above the footing but becomes at the opti-
mum level a little above footing.

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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2.2. Case 2

A shear wall consisting of lift on either side of
column is done in 1m length and a cubic section like
a hollow mesh is prepared as shown below (Figure 11).
The general property of shear wall structure is: building
type — shear wall system consisting of lift element on
either side of column; beam size — 400%x300 mm,;
column size — 300x300 mm; live load — 10 KN/m?;
floor finish and partition load — 3 KN/m?; slab thick-
ness — M20; EQX and EQY applied along X and Y
as per IS 1893-2002 (response spectrum function).
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Figure 11. Geometric grid and the plan view of shear wall system

Results and discussions of shear wall system

Variation of inter-story drift with the increase
in thickness of shear wall. The graph (Figure 12) —
the variation of drift at a joint (joint no. 255, 149, 14, 7)
along a vertical axis in exterior corner joints. With
the increase in shear wall thickness there is corre-
sponding decrease in drift along the joints. But very
high thickness is also not desirable one so thickness
should be such which is best applicable from design-
ing aspects too.
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Table 4
The variation of inter-story drift
with the increase in thickness of shear wall
Storey  Drift due to Drift due to Drift due to
height shear wall shear wall shear wall
(m)  thickness 0.4 m thickness 0.2m thickness 0.49 m
0 0.02537 0.03338 0.00173
35 0.16388 0.22727 0.01576
7 0.15526 0.22077 0.02157
10.5 0.11022 0.15543 0.02235

Drift vs Storey Height due to shear wall thickness variation along X
direction

0,2 / >
015 /)—N \-7 —o—Drift due to Shear wall
3 // \ thickness 0.4m
0,1 ——Drift due to Shear wall
// thickness 0.2m

‘/ —#— Drift due to Shear wall
o ‘-’/_‘_—‘——_“—‘

thickness 0.49m
0 3.5 7 10.5

Storey Height(m)

Storey Drift (mm)

Figure 12. Drift vs. story height with variation of shear wall thickness

Variation of drift when link is drawn face to face
diagonally from one corner to other bottom corner.
When the link is drawn by specifying its mass and
joint property in a shear wall lift system as shown in
Figure 13, then there is corresponding increase in drift
along the vertical axis of the joint as shown in Figure 14.

Figure 13. Shear wall system when link is connected diagonally
from one corner to opposite end corner (a) and when link
is connected face to face along X axis as shown above (b)
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Drift vs Storey Height due to link mass variation along X direction drawn
—_ Face-Face
g

Linear elastic E 6
analysis making

U1 fixed /in the 5 3 i
exterior corner %2
face joint 51

#0 0 35 7 10.5
~Drift due to mass 1000 kg 0,55752 3,52438 3,27921 2,38658
—Drift due to mass 1500 kg 0,67955 4,28806 3,95922 2,89591
Drift due to mass 2500 kg 0,8804 5,53576 5,03432 3,71872

Storey Height(m)

Figure 14. Drift vs. story height when link member
is placed face to face diagonally along EQX direction

Link member is applied diagonally and mass is
varied (Figure 14). The joint property is assigned
making degree of freedom to the X axis as fixed as
shown above.

Variation of drift in joints due to link orientation.
When the link is drawn by applying the same mass
and property as above but here diagonally from face
to the joint section (Figure 15.), then there is also the
increase in drift with the increase in link mass stiff-
ness.

Drift vs Storey Height due to link mass variation along X direction
drawn along diagonal face to the joint

Storey Drift(mm)
o ot N w
o,k Lnbvwoh s

0 3.5 7 10.5

~—Drift due to mass 1000 kg 0,39583 2,53564 2,41582 1,7651

= Drift due to mass 1500 kg 0,47067 3,0102 2,8558 2,09192

Drift due to mass 2500 kg 0,59641 3,80668 3,58188 2,63759
Storey Height(m)

Figure 15. Drift vs. story height when link member
is placed face to face diagonally along EQX direction

4
3,71872
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2,63759
25 238658
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2 71,765
15

1
05

0

Drift due to Drift due to Drift due to
mass 1000 kg mass 1500 kg mass 2500 kg

M Diagonal from one corner
to opposite face one

M Diagonally face to face

Figure 16. Comparison of drift with link face and without

If a comparison (Figure 16) is done with the link
member connecting face to face and diagonally from
one corner to opposite corner of the other joint at
joint no. 255 of top story then it is found that the drift
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1s more in case of link member when connected face
to face.

Conclusions drawn from case of shear wall system:

1) there is decrease in inter-story drift with the
increase in thickness of shear wall. But thickness
should of appropriate size so that displacement and
stress will be in design limit;

2) there is increase in inter-story drift and dis-
placement with the increase in link mass stiffness
when link member is placed face to face along EQ X
direction and also when it is placed diagonally from
one corner to the opposite corner of the joint;

3) the drift and displacement is more when link
is placed face to face rather than placed diagonally.
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pa3paboTka KOHEYHO-3JIEMEHTHOTO aJITOPUTMa pacyueTa TOHKOM OOOJIOUKH C y4eToM
CIIBUTOBBIX Je()OopMallvii B TEOMETPUYECKH HEJIMHEHHOM TOCTAaHOBKE TPU HCIIONB30-
BaHUM KOHEYHOTO AJIEMEHTa C OrPaHMYEHHBIM YHCJIOM Y3JIOBBIX BapbUPYEMBIX Iapa-
MeTpoB. Memoobl. B kauecTBe MHCTPYMEHTOB HCCIIC/IOBaHMsI BBIOPAH YHCIICHHBIN
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KOMIIOHEHT BEKTOpa yIJla HaKJIOHA HOPMAIM IOJy4YeHbI B JIByX BapHaHTax OTCYETa
yITIa HaKJIOHAa HOpMaTd. MaTpHIia )KECTKOCTH ¥ CTOJOCI Y3IIOBBIX YCHIINH YeThIpeX-
YTOJILHOrO KOHEYHOT'0 AJIEMEHTa Ha I1are Harpy>XeHus Mojy4eHbl MUHUMH3aLen
¢bynkimonana Jlarpamwka. Pe3yrsmamot. Ha npriMepe pacuera )ecTKO 3alleMIICHHON
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TEOPUA TOHKIX OBONOYEK

CTPYKIIHH TpearnoiaraeT peuicHue 3a1aqid B TEOMET-
pHUYECKU HEJTMHEWHON MTOCTaHOBKE.

[Ipu ucmonp30BaHUM YUCIEHHBIX METOJOB pac-
gera [1—6], B 4aCTHOCTH METO/1a KOHEYHBIX JJICMCH-
toB (MKD) [7-20], B peluieHUN HETUHEHHBIX 3a7a4
OOBIYHO WCIIONB3YIOT IIArOBYIO TPOLEAYPY HArpyxke-
Hus [9; 10; 12; 14]. IIpu 3TOM BO3HHKAET HEOOXOIM-
MOCTb TOJIyYEeHHSI COOTHOIICHUNA MEXKIy MPUPAIICHH-
SIMU JTe(popMarinii, MPUPANICHUSIMA KOMITOHEHT BEKTO-
pa mepeMeneH s ¥ IIPAPAIIEHUSIMHI WX ITPOU3BOAHBIX.

B nacrosmeit pabore npeacraBieH BBIBO BbIIeE-
YIIOMSHYTBIX TEOMETPUYCCKUX COOTHOIICHUH, BKIIIO-
Yaromux B ceOs nedopMalnuy MomepedHoro CIIBUTa.
JlaHHBIE COOTHOIICHUS HEOOXOMUMEBI TSI (POPMHUPO-
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BaHUS MaTPHUIBI )KECTKOCTHU HCIIOJIB3yEMOI'0 KOHEY-
HOI'0 DJIEMEHTA Ha (j+1)-M IIare Harpy>KeHUs.

1. 'eomeTpuyecKue COOTHOLIEHUS

ITpu nomyuyenun coorHomenuid Komm wa (5 +1)-m
[Iare Harpy>xeHus I0CJIEeIOBaTEIbHO paccMarpuBa-
IOTCS TPU COCTOSIHUSI 00OJIOUKHU: UCXOJHOE U JBa
neOpPMUPOBAHHBIX — TIOCJE j IIaroB HArpy>KeHUs
U Ha (j+1)-m mare Harpy>keHus. McxogHoe cocTos-
HHUE OIMUCHIBAETCA PaJuyC-BEKTOpaMu R® st Toukn
M° cpenuunoii mosepxuocTu U R nys touxn M,
HaxOAsIIENCA HAa PACCTOSIHUM ( OT CPEAUHHOM MO-
BEPXHOCTH, IPUYEM

R =R +¢e?, €]

0 _ o
rac ,? OpPT HOpMAJIM K CPEAMHHOU MMOBEPXHOCTHU B

touke M.
B mpouecce maroBoro Harpy’eHus Touka M ¢
OCJIEA0BATEILHO 3aIMET HOBBIC MOJIOKEHUS M* u

M*C, onpeacisaAeMblCe COOTBETCTBYOIIUMU pagnycC-
BCKTOpaMu:

RE=R%+V; RC=R-+w, )

rie V¥ u W — BEKTOpHl HepeMerienuii Touku M%
nocie j " (j+1)-ro maroB Harpy>KCHUs.

IIpu BBEIYMCICEHWH BXOMSIMHMX B (2) BEKTOPOB
¥ W W MOXHO BOCIOJIb30BAaThCSl OJTHUM U3 JIBYX
BapHaHTOB. B mepBoM BapuaHTe OTCYET yIJia HAKIIO-
Ha HOPMAaJId MOXKHO OCYIIECTBUTH OT €€ MCXOJHOTO
cocrosiHus [21]:

V=v+(G, W=w+0i, 3)

<i

0

rae v= vpég +veY; = woég +Wwé, — BEKTOPHI IepeMe-

menuit Touku M° mocne j u (j+1)-ro maros Harpy-

KeHHH; G =GPe); 7=y°8) — BEKTOpHI yIia HAKIOHA

HOpMaJju mociie j u (j+1)-ro 1maroB HarpyXeHuu

(p=1,2).

Bo BTOpOM BapuaHTE OTYET yriia HaKJIOHA HOP-
MaJii MOKET OCYIIECTBIATLCS OT e¢ JAe(hopMUpoOBaH-
HOTO cocTosiHUA. B aToM cimydae dopmynst (3) mpu-
MYT BUJ

V=v+((88,+G); W=w+g(ag, +7), 4)

Te Aé,=¢é,-¢); Aé,=é,—-¢,; & W & — OPThl HOp-

MaJjy nocjae j U (j+1)-ro IaroB Harpy>KeHUM.
KoBapuantHbie BeKTOpBI 06a3uca B TpeX paccMar-

PHBAaEMBIX COCTOSHUSAX 00OJIOUKH MOTYT OBITH OIpe-

nenensl aud depentmposanreM (1) u (2) Mo uCnoib-
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3yEMBIM TJ00aIbHBIM KPUBOJIMHEHHBIM KOOPIMHATAM.
Hamnpumep, ecnu paccmaTpuBath B Kau€CTBE PacCuu-
THIBAEMOI 00O0JIOUKH IUTANITHYECKUNA IIITUH/P, TO B
Ka4yecTBE TaKUX KOOPJAMHAT MOXKHO HCIIOJIB30BaTh
OCEBYIO KOOPJWHATY X M YTIIOBYIO KOOPAUHATY 0:
g =R g, =Ry g,=Ry, ()
T/Ie 0. TIOCJIEZIOBATEIHbHO IPUHIUMAET 3HAYCHUS X 1 0.
KoBapuanTHble KOMIOHEHTHI TeH30pa Aedop-
Malyi U TeH30pa MpupauieHuil aedopmanunii mocie
j TIaroB ¥ Ha (j+1)-M IIIare Harpy>eHUS MOTYT OBITh
MOJYy4€Hbl U3 COOTHOIICHUN MEXAHUKU CILIOUIHOMN
cpensl [22]:

ep = (gaﬁ —ggﬁ)/Z; Acgg =(g;ﬁ _guﬁ)/z' Q)

Bxonsimue B (6) koBapuaHTHBEIE KOMIIOHEHTHI
METPUYECKUX TEH30pOB B TPEX paccMaTpUBAEMbBIX
COCTOSTHUSX MOTYT OBITH OTpEETCHBI CKaISIPHBIMHU
npousBeeHUIMU (5):

ggB:gg'g[?; gaB:ga'gﬁ; gaﬁ:ga'gﬁ' (7)

[Ipu rcmob30BaHUU BTOPOTO BapuaHTa OTCUETA
yIIia HaKIoHa HopMaiH (4) B cooTHoIeHusix (6), BbIpa-
JKAIOIMX TpUpanieHus aeopmariuii B IPOU3BOILHOM
cyoe 00OJIOUKH Yepe3 KOMIIOHEHTHI IIarOBOr0 BEKTOPA
MIEPEMEIIICHHUSI U KOMIIOHEHTHI IIar0BOTO BEKTOpa yriia
HAKJIOHa HOpMaTH, OyJyT (UIypHPOBAThH KaK IMEpBbIC,
TaK ¥ BTOPbIC MPOU3BOIHBIC OT KOMIIOHEHT IIIaroBO-
ro BEKTOpa MEPEMEICHUS, YTO TOBJICYET YCIIOXKHE-
HHUE BBIYUCIUTENHHOTO aqropuT™Ma. DTUM PAacCMaTpH-
BacMbIil BapuUaHT OTJIMYAETCS OT MEPBOTO BapUaHTa
OTCYEeTa yIJia HaKJIOHA HOPMallM, P HCIOJIbh30Ba-
HUM KOTOPOTO B COOTHONICHHUSIX MpPUPAIICHUI Jie-
(hopmarmii GUTypHPYIOT TOITBEKO TIEPBBIE MPOU3BOTHEIC
OT KOMIIOHEHT BEKTOpa IIaroBOro MepeMeniCHHMs.

2. MaTpuua KecTKOCTH
Ha (j+1)-M mare HarpyskeHust

DJIEMEHTOM THUCKPETH3AINK BBIOUPASTCS YEThI-
PEXYTOJILHBIN ()ParMEHT CPEIMHHON MOBEPXHOCTH C
y371aMu B €ro BepmuHaxX. CTONOIBI MIaroBBIX y3JI0-
BBIX HEHM3BECTHBIX B JIOKAJBHOW 1<& <1 | TI00aib-
HOU X, O cucTeMax KOOpJAUHAT OyayT MMETh CIEIy-
FOIIUA BUL:

iy = ) ) ) )

1x44 1x12 1x12 1x12 1x4 1x4
T T T T T T
r _ Ir 2r T 1 2
P ) =g Pt p i ) ®)
1x44 1x12 1x12 1x12 1x4 1x4
rae
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{qf}T {q 7'q"q'q-qla d - a\ahand }

Ix12

k1
(6} =’ d'aalaa dinafalsal )
1x12

pT pio 0Pk, Pl
{Y} {YYYY}
1x4

q= wl,wz,w; i,j,k,] — y3Jbl YE€TBIPEXYTOJIBbHOI'O JJIE-
MEHTa JUCKPETU3aIiu.

KomnoHeHTa m1aroBoro BeKTOpa MepeMelleHuUs
1 €€ TIepBhIe MPOU3BOAHBIC ITO TJII00ATHHBIM KOOPIH-
HaTaM TOYKHA BHYTPEHHEW 00JacTH KOHEYHOTO dJIe-
MEHTa allIPOKCUMHUPYIOTCA YEPE3 y3JI0BbIC 3HAUCHUI
3TOM € KOMIIOHEHTHI ¢ TOMOLIBI0 MHTEPIOISUOH-
HBIX BBIPOKEHUH BUIA
a={o}" (@) }; au= ({‘P,g}T Eatlon) n,u){qf} : ©)
LR

rae {(p}T ={¢195...¢;2} — MaTpUIA-CTPOKA, SJIEMEHTHI

1x12
KOTOPOH TPEACTABIAIOT COO0H MPOU3BEICHUE TTONH-
HOMOB DpMHTa TPEThEil CTENEHH.

JI71st KOMIIOHEHT BEKTOpa yrila HaKJIOHA HOpMAaU
y? OBUTH HCIOJL30BAaHbl UHTEPIOJSIIIMOHHBIC 3aBU-
CHUMOCTH CIIEAYIOLIEeTo BU/A!

Y= {W}T{vﬁ’,} , (10)
b g
rae {\V}T ={yy2y3y4} — MaTpUNA-CTPOKA, IIEMEHTHI

1x4
KOTOpOH IPEACTABICHBI OWIMHEHHBIMH COOTHOIIICHU-
SIMHU JIOKQJIBHBIX KOOPAUHAT &, ) .

OyHKITMOHAJ, BRIpKAIOMIUA PaBEHCTBO padboT
BHEIIIHUX U BHYTPEHHUX CUJI Ha (j+1)-M IMIare Harpy-
JKEHMsI, 3aIIMChIBACTCS B BUJIE

H=J{Asgﬁ} ({0} +{ac"})ar - I{ ({Py+{aP})ar, (11)

Vv

T
Tae {AS%B} S {As%l 2A8§2 2A8%3AS%2 2Asg3 } ;
1x5

T
{Ac“ﬁ} ={A0”A012A013A022A023} — npuparnenue aedop-
15

Mali ¥ HampsDKEeHUM Ha (j+1)-M IIare Harpyxe-
T
HUS; {G“B} :{011012013622023} — HaNpPSHKEHUs, HAKOII-
1x5

JIEHHBIE 3a ;j NPEeABIIYLINX IIaroB Harpy>XeHUsd,

T
{w} :{wlwzw} — KOMIIOHEHTBI LIAr0BOrO BEKTOPA
1x3

nepeMeuceHuss TOYKHU CpeI[HHHOfI MMOBCPXHOCTHU;,

TEOPUA TOHKIX OBONOYEK

(P {p1p2p3} {AP}Tz{AplApzAp3} — BHEUIHSS T10-
1x3 153
BEPXHOCTHas Harpy3ka 3a j IIaroB Harpy>keHWs U
€€ npupalieHus Ha (j+1)-m IIare.

Bxonmsamuii B (11) cronber mpupamieHuit KoH-
TpaBapHUaHTHBIX KOMIIOHEHT TE€H30pa HaIpsKEeHUH

{Ac“ﬁ} Ha OCHOBaHMHM 3aKoHa ['yka [22] MoXxeT ObITh

BBIpa)XEH Uepe3 CTOJIOel MpUpaIleHn KoBapuaHT-

HBIX KOMIIOHEHT TeH30pa Aedopmannii {Aagﬁ} Mart-

PUYIHBIM CITOCOOOM

{a0P} <[C]{aey} (12)
s 3 1S
rae [C] MaTpui@a ynpyrocTd, MpH KOMIOHOBKE KOTO-
5x5
poii yuteHa oOmienpuHsTas B Teopuu 00omodek [23]
TUIIOTE3a O PABEHCTBE HYJIIO HOPMAILHBIX HAIpsIKe-
HUM, TEPIEHANKYIAPHBIX CPEIUHHON MOBEPXHOCTHU
B_g.
Ha ocHoBanmm cooTtHomenuid (6) u anmpoKCcH-
mupytomux BeipaxkeHuit (9), (10) cronbenm mpupa-
HICHUI KOBapHaHTHBIX KOMIIOHEHT TeH30pa Jedop-

Manun {Asgﬁ} MOXeT OBITh BBIP@XKEH Yepe3 CTOJIOeL

Y3JIO0BBIX HEU3BECTHBIX {Wyﬂ} B BHJAC MAaTPHUYHOTO

IIPOU3BEIECHUS
¢ T
-t

C yuerom (12), (13) u anmpoKCHMHPYIOIIUX
Beipakenuit (9), (10) ¢pynkumonan (11) npumer cie-
JIYIOIIAA BUA:

n={! | (Rl [TaT [ClslavTerl{] |

Vv

AL PR R (A R P | ¥ T B

F F

+ {Wyr}T [Pr]" I[B]T {c““}dV -

rje Marpuua [4] ONpeNenseTcs U3 PaBEeHCTBA

fw =[]
Bemonnss nan (14) npouenypy MUHUMH3AINH

T
o {Wyr} , MOXHO TMOJIYYUTh CIEAYIOIIYIO CUCTEMY

aIreOpandecKux ypaBHEHHUM:

[PR]" [[8] [c1(B]ar [pR1{w | =[PR] [[4] {aP}aF -

v F

(PR] [[8] {c"}av -[PR]' J[A]T{P}dFj, (15)

F
KOTOPYIO MOXHO 3anucaTtb B 0ojice KOMITAaKTHOM
MaTpuIHOM BU/JC!:
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[MG]{wy | = (£}~ {NR}, (16)

rae [MG]:[PR]TI[B]T [C][B]dV[PR] — mMaTpuLa KeCT-
Vv

KOCTH KOHEYHOI'O 3JIEMEHTa Ha (j+1)-m Iare Harpy-

KeHus; [f ]:[PR]TI[A]T{AP}dF — cTONOEl Y3/I0OBBIX
F

yCHUIIUHA Ha (j+1)-M IIare Harpy:eHus; {NR} — mo-

npaBka Herotona — Pagcona.

3. IIpumep pacuerta

B kauecTBe mpumepa ObuTa pemieHa 3amada Imo
onpenenenuro H/IC mummHApryIeckoi maHeu, JKeCTKO
3aIIeMJICHHOU 10 00pa3yIoUINM M 3arpyXeHHOH co-
cpenoToueHHOU cwioi P B cepenune mpodera. [lpu
(OpPMHPOBAHMH MATPHIIBI KECTKOCTH U CTOJIONA y3-
JIOBBIX YCHJIMH KOHEYHOrO 3JEMEHTa MHCIIOJIb30Ba-
JIUCHh COOTHOIICHHUS TEPBOr0 BapHaHTa OTCUETA YIJIOB
HaKJIOHa HOpMalli Kak Hanbosee ynoOHBIE C TOYKH

3pEHUS OPraHU3aIUU BBIYUCIUTEIBLHON MPOLETYPHI.
BcenencTBue Hanuuus MIOCKOCTEM CUMMETPUHU pac-
CUMTHIBaJIach 1/4 9acTh 00OJOYKH, KOTOpas Ipea-
CTaBJISIACh OJHOM MOJOCKOM KOHEYHBIX AJIEMEHTOB,
OpUEHTUPOBAHHBIX B KOJIbLICBOM HaIlPaBICHUU.

BbUIM pUHATEI ClieayrOIIe UCXOAHbIEC TaHHBIE!
paguyc mmianHApa R=3,381 M; TOJIIIHHA 00051049k
t=0,00476 M; MOAYJIb YIIPYrOCTH E=7- 10*MITa, KO2(-
¢urment Ilyaccona v=0,2 ; BeNHMYHHA COCPEIOTOUYCH-
HOM cuibl P =12,7 H; muna o6pasytomux — 0,0254 m.

ITepBoHauanpbHO pemanach 3ajada B JMHEUHOU
ITOCTAHOBKE C IICNIBI0 YCTAaHOBJICHHUS HEOOXOAUMOTO
YHUCIA 3JIEMEHTOB JUCKPETU3ALNH.

Pe3ynbTaThl TMHEHHOTO pacuera MpeiCcTaBICHBI
B Tabn. 1: mpuBeACHBI YHCICHHBIC 3HAYCHHUS HOP-
MaJIbHBIX HANPSOKCHUH Ha BHYTPEHHEH o° W HapyX-

HOW ¢" TOBEPXHOCTSX OOOJIOUKU B JKECTKOH 3aiel-
Ke, a TaKkKe HANpsHKeHUS M MPOTrud B TOYKE MPHIIO-
XKEHUSI COCPEIOTOUYCHHOM CHIbl P B 3aBUCHMOCTH OT
Yrcia 3JIEMEHTOB AUCKPETU3ALHH.

Tabauya 1
3HavyeHNs1 HaNPs’KeHU i ¥ Iporu6a Npu pelieHNN 33244 B JHHEi{HON MoCcTaHOBKe
[Table 1. Values of stresses and deflection when solving a problem in a linear formulation]
Koopaunarta Hanpsixkenune ¢ Kommuectso 3;1emenToB nuckperuzanuu [Number of sample elements] H3BecTHoe pelenue
TOYKHM, 0, pax  Mlla, nporud v, cm [Known solution]
[Point coordi- [Voltage ¢ MPa, 20 30 40 50 60
nate, 0, radian]  deflection v, cm]
o1 -1,67 -1,30 -1,06 -0,91 0,8 -
0,0, Touka
HPIIOKEHHS ol 2,68 2,31 2,07 1,92 1,81 -
cuibl P
[0.0, point of o5y 41,17 43,55 44,82 45,63 46,23 -
application of
force P] o5y -56,34 -58,74 —-60,02 —-60,85 —61,45 -
v -0,239 0,240 0,241 —-0,241 —-0,234 —0,241
o1 9,07 9,94 10,46 10,83 11,11 -
0,128, o -11,78 -12,58 -13,09 —-13,45 -13,74 —
AKECTKasl 3aJeJIKa
[0.128, hard fix] 65y 45,30 49,61 52,21 54,06 55,48 -
o5, —58,99 —63,03 —65,55 -67,39 —68,82 —
Tabauya 2
3HayeHHs1 HANPS’KeHMI M IPOruda Npu pelleHUHU 3aJa4H B HeJIMHeiiHOI IoCTaHOBKe
[Table 2. Values of stresses and deflection when solving a problem in a nonlinear formulation]
Hanpsi:xenue o Yucao maros Harpy:xkenusi [Number of sample elements] H3BecTHOE pelieHne

MlIla, nporud v, cM

[Known solution]

[Voltage ¢ MPa, 50 100 150 200 250 300
deflection v, cm]
65 63,71 67,32 67,92 68,13 68,23 68,29 -
o5y —-85,84 —84,96 85,19 —-85,34 —85,42 85,48 -
v —0,422 —0,429 —0,431 0,432 —0,432 —0,432 —0,437
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Kak BugHO u3 Tabia. 1, mpu yBenn4eHUH 4Yucia
3JIEMEHTOB TUCKPETHU3aluK HaOIIomaeTcss CXOAMMOCTh
BBIYMCIIMTEIBHOIO TPOLEcca KaK 0 HANPSDKCHUSAM,
TaK W 10 MPOrudy B TOYKE MPHUIIOKEHUS COCPENOTO-
YeHHOU Harpy3ku. B kpaifHeil mpaBoil kKojoHKe mpen-
CTaBJICHO M3BECTHOE JIMHEHHOE permeHue [24].

W3 ananm3a naHHbIX Tabna. 1 MOXHO crenaTh
BBIBOJ, YTO pa3Ouenue 1/4 wactu uccienyeMoi 000-
704YKH Ha 50 KOHEYHBIX 3JIEMEHTOB BIIOJHE JOCTa-
TOYHO, IO3TOMY JIJISl PELIEHUS 3aa4l B HETMHEUHOU
MOCTAaHOBKE OBUIO BHIOPAaHO NAHHOE YHCIO DIIEMEH-
TOB JUCKPETHU3ALUH.

PesynbpTaTel pacueToB B IeéOMETPUYECKU HEIH-
HEIHON MOCTaHOBKE MpPEACTAaBIIEHB B Tald. 2: MpH-
BEACHBI «(PU3NUECKUE» 3HAUCHUSI HOPMAJIbHBIX HAMpPs-
KEHUH ,, W BEJIMYMHA MPOruda B TOUKE MPHIIOXKE-

HUS COCPETOTOUYCHHOMN CHIIBI B 3aBUCUMOCTH OT YHC-
Ja mwaroB HarpyxeHua. Kak BHIHO W3 JaHHOW Tab-
JIMLBL, C YBEIWYEHHEM YHCJa IIAroB HArpy>KeHUs
HaOJfoIaeTCs YCTOWYMBAs CXOAUMOCTD BBIYHCITUTENb-
HOTO TIpoliecca, KaK M0 HaNpsHKEHUsIM, Tak U 10 Ipo-
ru0y. B xpaiiHeli mpaBoll KOJIOHKE MPHUBEICHO 3Ha-
YeHWe MPOoruda Mo COCPENOTOUCHHON CHITON P, B3s-
Toe u3 [24]. BerumciaeHHoe mo pa3pabOTaHHOMY B
CTaTbe aJIrOPUTMY 3Ha4YE€HHE MPOruda OKa3anoch 3aHH-
JKCHHBIM TI0 CPaBHEHHIO C IPEACTABICHHBIM B [24]
Bcero Ha 1 %.

Kpome Toro, cnemyer OTMETHUTh, UTO TPH YBEIH-
YEHUU KOJIMYECTBA HJIEMEHTOB JUCKPETU3ALMN U YHCIIa
[IaroB HArpy KeHUs BeJIMYMHA Mporuda OyaeT MOHO-
TOHHO BO3pacTaTh.

3akaouenne

Ha ocHoBannu aHanmmza TaOMMYHBIX JAHHBIX MOYHO
CIeNaTh BBIBOJ, UYTO Pa3paOOTaHHBIA aTOPUTM I103-
BOJIACT MOJYYaTh NPUEMIIEMBIC 11O TOYHOCTU 3HAYC-
HUS TapaMeTPOB HANPSHKEHHO-Ie()OpMUPOBAHHOTO
COCTOSTHHSI TOHKHX 000JI0UEK C yueToM AedopManuii
CABHUIa IpHU pacueTe UX B TCOMCTPUUCCKU HeJIMHEeN-
HOM MTOCTaHOBKE.
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Abstract

Relevance. Currently, in connection with the wider spread of large-span thin-
walled structures such as shells, an urgent issue is the development of computational
algorithms for the strength calculation of such objects in a geometrically nonlinear
formulation. Despite a significant number of publications on this issue, a rather im-
portant aspect remains the need to improve finite element models of such shells that
would combine the relative simplicity of the resolving equations, allowance for shear
deformations, compactness of the stiffness matrix being formed, the facilitated possi-
bility of modeling and changing boundary conditions and etc. The aim of the work is
to develop a finite element algorithm for calculating a thin shell with allowance for
shear deformations in a geometrically nonlinear formulation using a finite element
with a limited number of variable nodal parameters. Methods. As research tools,
the numerical finite element method was chosen. The basic geometric relations
between the increment of deformations and the increment of the components of the
displacement vector and the increment of the components of the normal vector angle
are obtained in two versions of the normal angle of the reference. The stiffness matrix
and the column of nodal forces of the quadrangular finite element at the loading step
were obtained by minimizing the Lagrange functional. Results. On the example of
calculating a cylindrical panel rigidly clamped at the edges under the action of a con-
centrated force, the efficiency of the developed algorithm was shown in a geometri-
cally nonlinear setting, taking into account the transverse shear strain.

Keywords: geometric nonlinearity; shell structure; step loading; nodal un-
knowns; quadrangular finite element; shear deformations, normal inclination
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Annomayus

Lenb uccienoBaHus 3aKIIOYAETCS B BBIBOAE ME€OMETPUUECKUX ypaBHEHHH
neopManuii TMHEHHOH TEOpUH 000JIOUEK B OPTOrOHALHOW HECOMPSHKEHHOH
cucreMe KoopauHaT. B GonblIMHCTBE cTaTell, yueOHbIX mocoOuil u MoHorpaduit
0 TEOPHH M METOJAM pacdyeTa TOHKHX O0ONOYEeK PacCMaTPUBAIOTCA OOOIOUKH,
KOOpAUHATHAs CUCTEMa CPEIUHHBIX MOBEPXHOCTEH KOTOPBIX 3a7acTCsl B JIMHMAX
TTaBHBIX KPUBU3H. BEIBOA reoMeTpuyecKux ypaBHEHHH aeOopMHPOBaHHOTO CO-
CTOSHMS TOHKUX 000JIOUEK B JIMHUSAX KPUBHU3HBI IOAPOOHO ONMUCAH B MOHOIpadu-
SX 1o Teopun TOHKHX obonouek B.B. HoBoxunosa, K.®@. Yepnsix, A.Il. ®unun
U JIPyIUX POCCHHCKHX U 3apyOeXHbIX yueHbIX. [IpH BbIBOJIE HCTIONB3YIOTCS CTaH-
JapTHBIE METOABI MaTEMAaTHICCKOTO aHAIN3a, BEKTOPHOTO aHamm3a u auddepen-
IUanbHON reoMeTpuu. Jlus BeIBOJA ypaBHEHUH aedopMmanuil B NpOU3BOJILHOM
HEOPTOTOHAIBHOI CHCTEMe KOOPIWHAT CPEIMHHOM MOBEPXHOCTH TOHKHX 000I0-
4eK MCIOJIb3YEeTCS METOA TEH30pHOro aHanu3a. Ha OCHOBe 3THX ypaBHEHUH Kak
YJaCTHBIN ClTydal IPUBOJATCS ypaBHEHHUs Iedopmaruii 000JI0ueKk B OPTOrOHAIb-
HOM HEeCOIpPSDKEHHOH cucTeMe KOOpIWHAT (HE B JMHUSAX KPUBHU3HBI) CPEAUHHOMN
IIOBEPXHOCTH 000NOYKH. B cTaThe mpencTaBieH BbIBOA I€OMETPUUECKUX YpaBHE-
HUH nedopManuii TOHKUX 000JI0YEeK B OPTOrOHANBHOM HECOMPSHKEHHON cucTeMe
KOOpJMHAT Ha OCHOBe Au(hepeHInaTbHO! TeOMETPHH MOBEPXHOCTEll U BEKTOp-
HOro aHanu3a (0e3 MCIoNb30BaHusl METOI0B TEH30pHOTrO aHaiu3a). [Ipu nposene-
HHUHM TIpeoOpa30BaHMH MPHMEHSIINCh BEKTOPHO-MAaTPHYHBIE (DOPMBI ypaBHEHHH.
Takoii oaX0A MOXKET UCTIOIB30BATHCS B YUEOHBIX OCOOHSAX, TaK KaK B OOJIBIINH-
CTBE TEXHHUYECKHX BY30B OCHOBBI TEH30PHOI'O aHAJIN3a HE JAIOTCA.

Kurouesvie crosa: Teopusi TOHKHX 000JI0YEK; FTEOMETPHUECKIE YPaBHEHUS;
nedopManyy; BEKTOPHBIN aHaIN3
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HCTIOJNIL30BaTh YHCIICHHO-aHATMTHIECKIE, a YaIlle BCEro
YUCJICHHBIC METOIBI.

Hauboree ucmons3yeMbpIM METOIOM pacdeTa Ipo-
CTPAHCTBEHHBIX KOHCTPYKIMI B TIOCIICIHEE BPEMST CTall
MeTo KoHeuHbIX sneMeHToB (MKD) [9-11]. Ha 6ase
3TOr0 MeTona pa3paboTaHbl MPOrPaMMHBIE KOMIDICK-
cbl. B OomnpmHCTBE porpaMMHBIX KoMIutekcoB MKO
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reoMeTpusi 00OJIOUKH 3aMEHSIETCSl CHCTEMOM IIOCKUX
AIIEMEHTOB C y3JIaMH Ha TTOBEPXHOCTH 00OJIOUKH, B pac-
YyeTax HE MCMOJIb3YIOTCS T'€OMETPUUYECKHE XapaKTe-
PHUCTUKU CPEIWHHBIX MOBEpPXHOCTEH obomouku. s
000JI09€K CIIOKHOUW (POPMBI 3TO MOXKET MPUBOIUTH K
nmotepe TouHoctr pacdera HIC xoHCTpyKImu. AJb-
tepHatuBy MKD MoOXeT cocTaBUTh BapHallMOHHO-
pasHoctHbIit Meton (BPM) [11-13]. O6a meromga (MKD
u BPM) ocHOBaHBI Ha BapHallMOHHOM TIPHHIIUIIE MU-
HUMyMa TIOJIHON dHepruu nedopManuii KOHCTPYKIHN
B nepemenieHusx [14-16].

B BapuanroHHO-Pa3HOCTHOM METOAE MPOU3BOJ-
HbIe B (DYHKIFOHAJIE SHEPTHH JeopMaIuii 3aMeHsI-
I0TCS Pa3sHOCTHBIMU TPOM3BOJHBIMH C HCIOJIB30Ba-
HUEM TEOMETPHYECKUX XapPaKTepUCTHK (Kod(huIu-
€HTOB KBaJlpaTW4IHBIX (hopm). /L BEIUMCIEHUS TEO-
METPUYECKUX XapaKTEPUCTUK B MPOTPAaMMHBIN KOM-
TUIEKC BKJIOYaeTcsi OMOInoTeKa KPUBBIX U MTOBEPX-
HOCTEH, HA OCHOBE KOTOPBIX (POPMHUPYIOTCS CPEIUH-
HbI€ IIOBEPXHOCTU 000JI0YEK M BBIYUCIISIOTCS HEOO-
XOJMMBIE T€OMETPUUECKUE XapaKTEPUCTHKH.

B Hacrosmiee Bpems Ha kadenpe CONpOTHUBICHUS
MaTepHaJIoB U pacuera Ha MPOYHOCTh JenapTaMeHTa
crpourenbcTBa MHxenepHou akanemuu PYJIH pas-
pabotaH nporpammHbIil komisiekc BPM na 6aze mo-
BEPXHOCTEH C KOOPJAMHATHOW CUCTEMOW B JIMHHSAX
TJIaBHBIX KPUBU3H, U KOMILUIEKC JopabaThIBaeTCs IS
pacuera 000JI04€K ¢ OPTOTOHATBHOM HECOMPSKEHHON
CHUCTEMOI MOBEPXHOCTHBIX KOOPAUHAT.

1. MeToauka

PaccmoTpum 0005104KH, CpeiMHHAs MOBEPXHOCTh
KOTOPBIX OIKCBHIBAETCS] OPTOTOHAIBHOI TOBEPXHOCTHOM
CHUCTEeMOW KOOPAMHAT, HE SBJIIOIIMXCSA B OOLIEM
CiTy4ae JUHUAMHU KPUBHU3HEI (puc. 1).

Puc. 1. OproronansHas cucrema
[Figure 1. Normal coordinate]

K naHHOMY Knaccy mOBEpXHOCTEH OTHOCATCH,

B YaCTHOCTH, HOPMAJIbHBIE LIUKINYECKUE IIOBEPXHO-
CTH — TIOBEpXHOCTH, 00pa3yemMble ABHKEHHEM OKPYXK-
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HOCTH IEPEMEHHOI0 Pajnyca B HOPMAaJIbHOW ILIOC-
KOCTH HAIpaBJIAMONIEH KPUBOW (JIMHUW LEHTPOB 00-
pasyromux okpyxHocter) [13; 16-18]. U3BectHO, 9TO
BCE MOBEPXHOCTU UMEIOT CUCTEMY KOOPAMHAT — IJIaB-
HBIX JIMHUM KpUBU3HBL. OJHAKO MOIYyYUTh YpaBHEHUE
MIOBEPXHOCTH B JIMHUSX KPUBU3HBI HE BCETAa yAacT-
c4. Jis1 HopMalIbHBIX HMKIIMYECKUX TTOBEPXHOCTEN 3TO
MpUBEAET K 0OJIee CIOXKHBIM ypaBHEHHUSIM U popMmy-
JaM FEOMETPUYECKUX XapAKTEPUCTUK MOBEPXHOCTH,
TaK KaK BMECTO OKPYKHOCTEM CHUCTEMOH KOOpIUHAT-
HBIX JINHUHA OyAyT NPOCTPaHCTBEHHBIE KPUBBIE.
Enunununble BEKTOPHI KacaTeNbHBIX KOOPAUHAT-
HOW CETKH NOBEPXHOCTH ej,e, OMPEACIAIOTCS (QOp-

o 10 o
MYJIOH e, =——P ; eIMHUYHBIA BEKTOP HOPMATH K

; OO

o
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p(a,0,) — paxmyc-BEKTOp MOBEPXHOCTH.

Jnst cucTeMbl €MMHUYHBIX B3aUMHO OPTOTOHAJb-
HBIX BEKTOPOB UMeeM (ee;)=1; (el-e j)=0, U, cleo-
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3nech 4, j = 1, 2. Bropas ¢opmyna (2) monyuena
¢ yuetom ¢opmyn (1) mpu k =i.
Hanee nonyuum

de; 0 (1 Bpj
sl ol Iaymsennll R
ou; ou;\ 4; ou,;

1 &%p o (1
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2
3nmech k; L] o e; | — KPUBU3HBI U KpY-
A4;4;\ ou,;00;

YEHUE KOOPAMHATHBIX JIVHUA Ha IOBEPXHOCTH,

2
[626‘;- e3J =b; — KO3 UIMEHTH 2-i KBaIPATUIHON
1 1

GOpMBI TIOBEPXHOCTU. ITH 0003HAYEHUS COOTBET-
CTBYIT: b1y = L, bio = M; by = N, ky =L/ A4 =k;
kzzzN/Alzzkz,klzzM/AB.

KoaddummenTs! kBagpaTHIHBIX (OPM OTBEUAIOT
yeaoBusim ['aycca — Kogarmm [10]:
J

" =2k, 4?),
" da, oo, 4 0o 127 )
04; .
o1 +i 1 o4 :AiAj(kikj+k122): 4)
oa;\ 4; 6o; ) ool A; b

Lj=1,2,i#].

Jnst o01ied OpTOrOHAIBHOW CHCTEMBI KOOPIHHAT
k12 #0 KpUBH3HBI KOOPOWHATHBIX JMHUH Ki, k> HE sB-
JUSTIOTCS TVIABHBIMU KPMBU3HAMH MOBEpXHOCTU. 1 1Ho-
BEPXHOCTH B JIMHUAX KPUBHU3HHI k12 = 0.
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+A,((%:+{u} [dﬂ}g=(1+8i)ei+yiej—19l-e3; (10)

BBeaeM BEKTOp OPT MOBEPXHOCTHOW CHUCTEMBI
KOOPIMHAT {e}’ ={ej.e;,e3};
BEKTOpa (MaTPHUIIBI).

C yuerom dopmyn (1), (2), (5), (6), noayaum

BEKTOPHO-MaTpHuHYyI0 hopMyy nuddepeHrpoBanus
OpT IIOBEPXHOCTH:

o{e}

* — TpaHCIOHHPOBAaHUE

=[d;[e}, i=1,2;

oa,
0 -p q
[d1]= P2 0 5
-q -t 0
0 p
[dy]=|-pn 0 g (7
4 4, 0

2. BbiBoI KOMNIOHEHTOB AedopManuii 060109KH

PaccMotpum nedopMHUpOBaHHYO CPEAMHHYIO IT0-
BEpXHOCTH 0000ukn. O603HaUNM uepes u = u(o, o)
BEKTOpP YNPYroro CMEUICHHS CPEIMHHON MOBEPXHO-
cTH 0000YKH. Pa3BepHyB €ro mo ocsiM OCHOBHOTO
Tpudpa (puc. 2), 3amuIieM

u=we +uye; +uzes = {u} {e}, (®)

Puc. 2. [lepemerieHust TOYKH CPEAUHHON MOBEPXHOCTH
[Figure 2. Development of a point of middle surface]

Paguyc-BekTop TOUKM AeOPMUPOBAHHON MOBEPX-

HOCTH

p=p+u )

C yueroMm dopmyi (1) — (6) momyuum
p (o, o)
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p
1 ( Ou; «[ 1 Ou; 1 04;
Sf—A(a”{“} MJ:A au, " A, 20, T
;i\ 00; ; 00 A 00
1 (Ou; [ 10u; 1 04
o= 67]+{”} |:dij:| =L —kyuy;
i\ Oa; 4; 0a; 44, 0o

1( ou * 1 ou
9i=—[3+{u} [df}]:—a;—kiui—klzuj; (11)

Lj=1,2;i#j, k=3,
rae & — OTHOCHUTENbHBIC Ae(OpMaluu PacTHKEHUS

(ckaTHsl) CpEeIMHHOW MOBEPXHOCTH OOOJIOYKH B Ha-
MIpaBJIeHUHN KOOpAMHATHI 0. [lapamerp ®; onpenens-
€T MMOBOPOT KacaTeIbHOW KOOPIWHATHOW JIMHUH (BEK-
Topa e;) ne(OPMUPOBAHHOW CPEIUHHON MOBEPXHO-
CTH BOKPYT HOPMaJH IO HAaIpPaBJIEHHUIO K BEKTOPY e;
OTHOCHTEIIFHO HayallbHOTO ToJokeHus (Heaehopmu-
poBaHHO# moBepxHocTH). [lapamerp 9 ompenenser
BpallleHUE BEKTOPOB e; €3 B HOPMAJIbHOH MIOCKOCTH
K BEKTODY e;.

CymMmupyst o, 2, mojiydaeM aedopMaiuio
caBura neopMUPOBAHHON CPETUHHON MOBEPXHOCTH
000JIOUKH:

1 auz 1 (3A1
€ =83 =0+ Wy =——=——————u +
Al 60(1 A1A2 6(12

= Al 6[1/11]4_142 a[uzj—kau} (12)

B Aiz 8(12 Al 71 6(11 Az

[Toypa3HOCTh MapaMETPOB ®i, 2 ONPEICIISCT
yroJl MOBOPOTa OPT JAeHOPMHUPOBAHHON CPEAMHHON
MTOBEPXHOCTH 00OJIOYKH BOKPYT HOPMAITH €3 (ITOJIOMKH-
TENBHBIHM YTOM BpallleH:s TPOTHUB YaCOBOI CTPEIIKH):

2 2A1A2 6(11 6(12

[To aHanoruu ¢ BEKTOPOM MEpEeMEICHUIA BBEIEM
BEKTOp YTJIOB MOBOPOTA KOOPIWHATHON CHUCTEMBI
neopMUpPOBAaHHOHN CpEeIMHHOMN MOBEPXHOCTH 000JI0Y-
KU OTHOCHUTEIFHO HAYalbHON KOOPAWHATHOM CHUCTe-
MBI CPEIMHHOW TMOBEPXHOCTH (TIONOXKHUTEIHHOE Bpa-
IIEHNE TIPOTHB YaCOBOM CTPENKH).

0= 91e1 + 9262 + 9383 = {e}* {e}s

{0} ={0,,0,.05.}, (14)
rae 0= —-9; 0,=9; wm w,-:(—l)igj, i,j=1,2;
) 75], 93 = (3.

TEOPWA TOHKMX OBONOYEK

YuuTsiBas mapaMeTpsl BpaIlEHUs BEKTOPOB HC-
XOHOM KOOPAMHATHOM CHUCTEMBl CPEAMHHOM IIO-
BEPXHOCTH TIpH Te()OPMHUPOBAHUH, TTOTYIUM BEKTO-
pBI KacaTelbHBIX U HOPMAIU K JeQOPMHPOBAHHOMN
CPEeIUHHON MTOBEPXHOCTH:

é=erwe;—Ge, I j=1,2;

é3:L9131+|9232 +e3. (15)

Puc. 3. 'eometpus cpeAnHHON 1 MapauieNbHON OBEPXHOCTEN
[Figure 3. Geometry of middle and parallel surfaces]

®opmynst (11), (12) onpenenstor aedopmanun
CPEAMHHON MOBEPXHOCTH 000704KkH. OTMETHUM, YTO
hopMmyITel eopMarnmii CpeTUHHON TTOBEPXHOCTH 000-
JIOYKU C MPOU3BOJIBLHOW OPTOrOHAIBHOM CHCTEMOM KO-
OpIMHAT OTIMYAIOTCA OT (HOpMyT 0OOJIOUKH B JTHHU-
X KPUBU3HBI TOJIBKO B AehOpMalUAX CABUTA — YUH-
TBIBACTCS BIIMSIHUE KPUBU3HBI KPYUYCHUSI CPEAUHHON
MOBEPXHOCTH Ki>.

Jns monyueHust nedopManuii B TPOU3BOIBHOM
TOYKE OOOJIOYKH PacCMOTPUM T€OMETPHIO U Tepeme-
LICHHST TOYEK MOBEPXHOCTH MapasuieIbHON CpearHHON
MIOBEPXHOCTH OOOJIOYKH, OTCTOSILEH OT CpearHHON
TTIOBEPXHOCTH Ha BEMWUMHY z (z = {-h /2 ~ h / 2})

(puc. 3).

p*(0y,05) =p(0y,0,) +2-e3; (16)
a z
izAiei —z(qiei +tjej)=Ai[(l—zki)ei —zklze]};
1
A7 ~ 4 (1-zk; )5 (17)

F? = —zkiy 4 A;[ (1= zky ) + (1= zky ) | = =22k 4,4; # 0;

4
ef :?[(I_Zkl)ei—Zklze«/Jzei_Zklzej; (18)

i
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(e,-ze}) = 2zk}, #0 — KOOpAMHATHAs CUCTEMA MOBEPX-

HOCTH TTapaJUIeIbHOW CPEIUHHON IMMOBEPXHOCTH 000-

JIOUKHU HE B JIMHUAX KPUBU3HBI, HC OPTOrOHAJIbHA.

T _ 5% —
e, =e3 —(e,-fzklzej)x(ej 7zk12e,-)—em.

KpuBusHa napamiensHON MOBEPXHOCTH OTpeie-
nsieTcst popmynoit

Ri=Ro+z ki=mel —f (19)
R} Ri+z l+kz

HyCTL CMCIICHHUE TOYKH r[apannenLHoﬁ MOBEPX-
HOCTH OIIPEACTIACTCA BEKTOPOM

u’ =uje, +uje, +uje; . (20)

CortacHo TeoprH 000J109€K, OCHOBAHHOM HA THITO-
te3ax Kupxroda — JlsBa, Touka 00OJIOYKH, HAXOIs-
IasCSl HA PACCTOSHUY Z 110 HOPMAJIM OT TOYKU d Cpe-
JIMHHOW TIOBEPXHOCTH OOOJIOYKH, OCTAETCS HA TOM JKE
PacCTOSIHHH z OT TOYKH IMEPEMEIICHUs CPEIMHHON
MOBEPXHOCTH @, 1O HAIMpPaBICHUIO HOpMaJH K Je-
(hopMUPOBAaHHOW CPEIUHHOMN MMOBEPXHOCTH (pHC. 4).

N3 puc. 4 crnenyer z-ey+u’=u+z-é,0TKyla

u' =u+z-(&—e;) WK ¢ yueToM popmysl (15)

uw =u+z-(4e +he). 21

C yuerom runore3 Kupxroda — Jlssa nepopma-
UM TIOBEPXHOCTH MapajjIeIbHOM CpeIMHHON MOBEpX-
HOCTH U3MEHSIOTCS 110 JINHEHHOMY 3aKOHY:

A: .
g =A—’Z(si +zy )5 i=1,2;

i

&5 =0 +07 =L (04 21)+ 2 (0, + 71,). 22)
A %5

31ech mapaMeTpsl ¥ XapaKTepU3yrOT MpHparie-
HUSI YTJIOB MOBOPOTa 0; HOpMalu K JeopMUpOBaH-
HOW CpeIMHHON TOBEPXHOCTH BIOJb KOOPAUHATHI,
HEepIeHUKYJSIPHON BEKTOPY BpalleHus 0; — mapamer-
pBl U3MEHEHUS] KPUBU3H KOOPAMHATHBIX JIMHUN NPHU
JIe(OpPMUPOBAHNUHN CPEIUHHOMN MOBEPXHOCTH:

i ; 0w ; .
t= () e =1 | ot
A; Ou; 4; 00;  AA; Ou;

©; — kjpm3 ] =

A (=1) —1)
I EUNE) ET P
4; ou;  AA; Oa;

10 1 04
X1 =;a;91+771'92 ~kyp03;
j Ooy A4, O,y
10 1 04
X2 *7‘92+772'91 +kppos, (23)

- Az 0a2 A1A2 6(11

42

[TapameTpsl T1, T2 XapakTepU3yOT KPyUEHHE KO-
OPIMHATHBIX JIMHUIA TTPH 1e(OPMUPOBAHUN O0OIOUKH.
IIpoBoas muddepeHmpoBanyie MepeMENICHAN TTapal-
JIETHHOU MOBEPXHOCTH (21) Mo aHamoOTUu C mepemMe-
HIeHUSAMH CpeTuHHOMN noBepxHOCTH (10), momyymm:

109 1 .. .
g =1.2:i47. 24
T YR 2y y 20 F] ( )

YuuteBas dopmynsr 'aycca — Komarmu (11),
MOJKHO ITOKa3aTh, 4TO

T - kl(,OZ + klzsl =Ty — kz(l)l + k1282 =T (25)

BoIBoabI

Cpapnuast hopmyiis (11) — (13), (23) — (25) dyHk-
LU, XapakTepu3yIOUHX I1eOpMUPOBAHHOE COCTOS-
HUE TOHKHX O00OJI0YEK, C COMOCTaBUMBIMH (popmy-
JaM# Ut 000JI04€K ¢ OPTOTOHAIBHOM HECOTPSHKEH-
HOW CHUCTEMON KOOPIUHAT, MIOJIyYeHHBIMA Ha OCHOBE
METOJIOB TEH30PHOTO aHaln3a B MOHOTpadusx [6—8],
oTMedaeM nx aHaioruio. OTimdaus 0OHapyKUBAIOTCS
TOJILKO B IIPUHATHIX 0003HAUCHHSX.

Takum 00pa3oM, B CTaThe MONYyYEHBI (HOPMYJIIBI
nedopMaIiii TOHKHX 000JI0UeK CO CPEANHOW TOBEPX-
HOCTBIO C OPTOTOHANBHON HECOMpPSIKEHHOW CHCTe-
MOH koopauHart. [Ipu BeIBOJE ypaBHEHUH UCIIONB30-
BaJICh MaTPUYHO-BEKTOPHBIE (hopMbl muddhepeHu-
pOBaHUS YpaBHCHUS MOBEPXHOCTH (7), 4TO TTO3BOJIS-
eT OoJjiee KOMIIAKTHO M yIOOHO MPOBECTH HEOOXO-
IUMBIe TIpeoOpa3oBanus. MarpudHO-BeKTOpHAsE op-
Ma obocHOBaHa B pabote [19] mpu BBIBOAE ypaBHE-
HUI paBHOBECHs TOHKHUX 000JIOYEK CO CPETUHHBIMU
MOBEPXHOCTSIMH B OPTOTOHANBHOW HECONPSKEHHON
cucreMe koopauHat. [lomydeHnsie Gpopmynsl nedop-
MalUid CPEIMHHOW TOBEPXHOCTH CIIPABEIJIMBBI IS
000JI04YeK CO CPEIMHHOI MOBEPXHOCTHIO B JIMHUAX
KpUBU3HHI — k1> = (. [IpuBenennsle mpeodpazoBaHUs
MOTYT UCITOIH30BATHCS B YICOHBIX TIOCOOMSX TI0 TEOPUH
000JI0YeK.

CHucok JUTepaTypsbl

1. Aron H. Das Gleichgewlcht und die Bewegund
einer unendlich dunnen beliebig gekrummten elastischen
Schale // J. fur reine und angew, Math. 1874. Bd. 78.
Pp. 136-174.

2. Love A. The small free vibrations and deforma-
tion of thin elastic shell // Pfill. Transs Roy. Soc. 1888.
Vol. 179 (A). Pp. 491-546.

3. Baacos B.3. OOmas Teopust 000JI04EK U €e NpH-
soxenus B texuuke. M.;J1.: ['ocrexuznar, 1949. 784 c.

4. Hoeooicunos B.B. Teopus ToHKuX oOonouek. JI.:
I'CHUCII, 1962. 432 c.

5. Yepnvix K.@. Jluneiinas teopus obomouek. Y. 1.
Obmas Teopus o6onouek. JI.: Usn-Bo JlemmHrpagckoro
yHHBepcureTa, 1962. 274 c.

THEORY OF THIN ELASTIC SHELLS



VBaros B.H., LLimenesa A.A. CTpouTensHas MexaHuka MHXEHEPHbIX KOHCTPYKLWIA u coopyxenni. 2020. T. 16. Ne 1. C. 38-44

6. Yepnvix K.@. Jluneiinas teopust obosouek. Y. 2.
Hexotopsie Bompocs! Teopuu. JI.: M3a-Bo JleHuHrpaacko-
ro yHuBepcurera, 1964. 296 c.

7. I'onvoengetizep A.JI. Teopust ynpyrux TOHKHX 000-
nouek. M.: Hayka, 1976. 512 c.

8. Hosoorcunos B.B., Yeprvix K.@., Muxatinosckuii E.H.
JIuneitHas Teopus TOHKUX 000J04Yek: MoHOTpadwus. JI.:
IMonmurexnuka, 1991. 656 c.

9. Kuouxos FO.B., Huxonaes A.Il, Hwanos T.P.
CpaBHUTENBHBINH aHAIN3 CKAISIPHOW W BEKTOpHOM (opM ar-
npoxcumarmi B MKO u Ha npumepe coortrorrenuit B.B. Ho-
BOXKIJIOBA JUTS JUIMITHYECKOro mwimHapa // CTpourels-
Hasi MEXaHHKa WH)KeHEPHBIX KOHCTPYKIUH M COOPYKEHHH.
2015. Ne 2. C. 51-57.

10. Knouxos FO.B., Baxuuna O.B., Kucenesa T.A.
Pacuer TOHKMX 000JIOYEK Ha OCHOBE TPEYTOJIBHOTO KOHEY-
HOTO 3JIEMEHTA C KOPPEKTUPYIOIMM MHOKuTeneM Jlarpas-
ka // CTpouTelbHAs MEXaHUKA HHKCHEPHBIX KOHCTPYK-
il u coopyxenmid. 2015. Ne 5. C. 55-59.

11. Usanoe B.H. OCHOBBI MeTO/la KOHEYHBIX 3JIEMEH-
TOB W BapUallMOHHO-PAa3HOCTHOI'O METo/a: yueOHOe Moco-
6ue. M.: U3a-8o PYJIH, 2008. 170 c.

12. Ueanoe B.H., Kpusowanxo C.H. Ananutuue-
CKME METOABI pacyeTa 000JIOYEeK HEKaHOHWYEeCKOH ¢op-
Mbl: MoHOTpadus. M.: U3n-sBo PY/IH, 2010. 542 c.

13. Usarnos B.H., Hacp FOnec A60ywu. Pacuer 060-
JIOYEK CII0KHOHM reOMeTpUN BaprualioOHHO-PAa3HOCTHBIM
MetogoM // CtpouTenpHas MEXaHWKa HWHXCHEPHBIX KOH-
CTPYKIMIA ¥ COOPY>KEHHUI: MEKBY30BCKHI COOpPHUK HAy4-
HBIX TpyaoB. Brmt. 9. M.: ACB, 2000. C. 25-34.

14. Abosckuu A.I1., Anopees H.I1., Jlepyea A.I1l. Ba-
PHALMOHHBIE NPUHIWIBI TEOPUHM YIPYTOCTH M TEOPUH
obomouek. M.: Hayka, 1978. 288 c.

15. Washizu K. Variational methods in elasticity and
plasticity. Oxford: Pergamon Press, 1968. 4512 p.

16. Krivoshapko S.N., Ivanov V.N. Encyclopedia of
Analytical Surfaces. Switzerland: Springer International
Publishing, 2015. 752 p.

17. Heanos B.H. T'eometpust u ¢popmMooOpa3oBaHUe
HOpPMAaJIGHBIX MOBEPXHOCTEH C CEMEWCTBOM ILIOCKHX KOOp-
IVHATHBIX JUHUH // CTpouTenbHas MEXaHHWKa HHXKCHEp-
HBIX KOHCTPYKINH 1 coopyxernnit. 2011. Ne 4. C. 6—-14.

18. Usanos B.H., LlImenesa A.A. T'eomerpust u ¢dop-
MOOOpa30BaHNe TOHKOCTEHHBIX IPOCTPAHCTBEHHBIX KOH-
CTPYKLMI Ha OCHOBE HOPMAJIbHBIX LIUKJINYECKHX [TOBEPX-
Hocted // CrtpouTenbHass MEXaHWKa WHXKCHEPHBIX KOH-
CTpYKIMH U coopyxeHuil. 2016. Ne 6. C. 3-8.

19. Heanos B.H. Pacuer 0001049€K HEKaHOHMYECKOM
(dbopMel: yaeOHO-MeTomuueckuii komruiekc. M.: PYJIH,
2013. 108 c.

RESEARCH PAPER

Geometric characteristics of the deformation state of the shells
with orthogonal coordinate system of the middle surfaces

Vyacheslav N. Ivanov*, Alisa A. Shmeleva

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

*i.v.ivn@mail.ru

Article history:
Received: March 12, 2019

Abstract
The aim of this work is to receive the geometrical equations of strains of shells
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at the common orthogonal not conjugated coordinate system. At the most articles,
textbooks and monographs on the theory and analysis of the thin shell there are con-
sidered the shells the coordinate system of which is given at the lines of main curva-
tures. Derivation of the geometric equations of the deformed state of the thin shells in
the lines of main curvatures is given, specifically, at monographs of the theory of the
thin shells of V.V. Novozhilov, K.F. Chernih, A.P. Filin and other Russian and for-
eign scientists. The standard methods of mathematic analyses, vector analysis and
differential geometry are used to receive them. The method of tensor analysis is used
for receiving the common equations of deformation of non orthogonal coordinate
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Abstract

Relevance. In design and calculation of civil engineering structures, several stan-
dard commercial software packages, which are successfully applied to solve everyday
engineering problems, are traditionally used. However, when it is necessary to design
the models of complex shape shell structures with defining surfaces based on parametric
equations, such programs often have certain drawbacks. The aim of the work — ana-
lysis of existing types of commercial computational software packages in order to
check which allow to design finite element models for shell structures with median
surfaces of complex geometry given by parametric equations. Methods. The analysis of
commercial computational software packages is carried out by studying the software
manuals, and by building and calculating a model in the shape of a right helicoid as
a test example. To evaluate the results of the stress-strain state of a shell with a middle
surface in the form of a right helicoid, an analytical calculation method based on the
Reissner’s equations and Fourier series expansion is used. Results. A review of modern
commercial computational software packages as applied to models defined by paramet-
ric equations is carried out. A model for a shell structure with a median surface in the
form of right helicoid is built. The numerical results of stress-strain behavior of the right
helicoid are obtained and analyzed in comparison with the analytical solutions obtained
using the Reissner’s equations with Fourier series expansion. The pros and cons of
several popular means of software are presented.

Keywords: parametric form of surface assignment; CAD software Creo Para-
metric; ANSYS Workbench; SCAD Office; Autodesk Robot Structural Analysis;
computer simulation; shell of a complex geometry; right helicoid; Reisner’s
equations

Introduction

In engineering design of building structures in
Russia, commercial computational software packages
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such as Structural CAD and Lira-SAPR, which
are well studied by designers, are usually used.
However, sometimes the designers and researchers
need to define the complex geometry of a shell struc-
tures by defining them in parametric form (by para-
metric equations); the importance of the accuracy in
defining the geometry of the structures and some
examples for differences in stress-strain behavior of
the structures with different defining equations are
shown in [1-3]. In such a case, especially in the case
of carrying out verification calculations for scientific
purposes, the above-mentioned commercial software
packages have certain disadvantages. At the same
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time, software systems such as Comsol, Code-Aster,
etc. are not well-known to the researchers. Therefore,
this article offers a review and analysis of existing
design and calculation programs to identify the most
convenient ones to use for calculating shell structures
of complex geometry. The aim of this work is to re-
view a number of popular commercial software pack-
ages as applied to designing the shell structures of
a complex geometry which are defined by parametric
equations and to test the selected ones by creating
models and calculating the stress-strain state of
a screw structure in the form of a right helicoid.

The main stages of the task should be formulated
as follows: the search for programs that implement
modeling shells of complex shape; learning the basic
functionality of the programs, reference materials and
manuals; selection of programs for complex shells
modelling and simulation; modelling and simulation
of a test example — a shell in the shape of a right he-
licoid; results verification by analytical solution.

As a result of the first stage of research, the fol-
lowing software packages have been selected: Code-
Aster, Autodesk Robot Structural Analysis 2018, ANSY'S
Workbench R19.1 along with CAD software Creo
Parametric 4.0, SOFiSTiK AG, COMSOL Version
5.5.0.306, SCAD Office 21.1.1.1, Lira-SAPR 2013.

1. Software products for calculating
shell structures of complex geometry

Code-Aster is an open software package that is
based on the finite element method (FEM), distribu-
ted under the GNU General Public License, and cer-
tified specifically for the French energy industry (in-
cluding calculation of building structures, foundations,
etc.) [4]. To a large extent, Code Aster is a processor
(solver) — a program in which matrices are formed for
individual finite elements, global matrices are formed
for the model as a whole, systems of resolving equa-
tions for the model as a whole are formed, systems
of resolving equations are solved, arrays are formed
calculation results for individual finite elements and
the model as a whole. It also has the basic functions
of a preprocessor (defining geometry, external influ-
ences, etc.) and a postprocessor (displaying calcula-
tion results in graphical form and generating various
reports with calculation results). Code-Aster can be
considered as a general-purpose processor (solver)
for analyzing the stress-strain state of complex solid-
state systems [5]. However, the functions of con-
structing geometry in Code Aster are quite primitive,
while the geometry of models in real-life problems
can be complex, that lead to the necessity to use spe-
cial software products (called preprocessors) for pre-
liminary modelling.
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Autodesk Robot Structural Analysis Profession-
al is an integrated graphics software designed to cal-
culate and design various types of structures. Auto-
desk Robot Structural Analysis Professional allows
to create a structural model, perform static, dynamic
structural calculations, to check the results, perform
calculations of individual structural elements accord-
ing to standards, and also prepare documentation on
the results of calculation and design [6]. When work-
ing in the program, one can use many types of ele-
ments in terms of complexity and material. Slabs and
shells are defined using the contours and the purpose
of the slab properties. Such elements are used for
plates, walls, cylinders, arches, domes or any surface
elements [7]. It is also stated in the manual that
the software package has the possibility of paramet-
ric surface modelling [8].

ANSYS is a universal FEM based software sys-
tem, existing and developing over the past 30 years,
that is quite popular among experts in the field of auto-
mated engineering calculations and finite elements for
solving linear and nonlinear, stationary and non-
stationary problems of deformable solids and struc-
tural mechanics (including non-stationary geometrical-
ly and physically nonlinear problems of contact interac-
tion of structural elements), problems of fluid and gas
mechanics, heat transmission and heat transfer, elec-
trodynamics, acoustics, as well as mechanics of re-
lated fields [9]. The main advantages of the ANSYS
software products are a high degree of integration of
individual applications, an intuitive interface and sup-
port for high-performance computing. ANSYS soft-
ware products can be classified based on the physical
disciplines and engineering applications to which
they are oriented: computational fluid dynamics, me-
chanics of a deformable solid, electromagnetism,
thermal analysis, multidisciplinary analysis. In addi-
tion, ANSYS software products include specialized
applications for the preparation of computational
models, work with geometry and FE-grids, modeling
at the system level, optimization and management of
engineering data [10]. The parametric surfaces can
also be modelled by the package, however in most
cases designing engineers prefer to use preliminary
modelling in other software packages such as, for
example, CAD software Creo Parametric 4.0 with
further import into ANSYS Workbench R19.1.

SOFiSTiK is an integrated software package of
FE analysis for civil engineering structures, buildings,
bridges, tunnels, and solving geotechnical problems.
The software package has a certificate of compliance
with the design standards of the Russian Federation,
allows to create parametric data sets for its modules
in the macro language. It is stated that the software
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allows to input graphical interactive geometry in
AutoCAD modeling, exporting and importing FE from
various preprocessors, modeling, import and export
of structural elements from various preprocessors,
automatic FE mesh generation, graphic, interactive
system for generating 3D arrays of volumetric FE
(including tunnels), including an interface to any
SOFiSTiK solver [11]. However, this software requires
more investigation because, despite the fact that its
certification in the Russian Federation is approved,
it is difficult to find supporting materials about the
program in Russia.

COMSOL Multiphysics is a universal environ-
ment for the numerical simulation of systems, devic-
es and processes in all areas of design, production
and scientific research. The software includes all stages
of modeling: from creating geometry, determining
the properties of materials and describing physical
phenomena, to customizing the solution and the post-
processing process, which allows to get accurate and
reliable results [12]. To solve applied engineering
problems, Comsol can be supplemented with special
expansion modules, for example, Wave Optics, Sem-
iconductors, Heat Transfer, Electrochemistry modu-
les, or modules for solving construction problems,
Structural Mechanics and Design.

The “Design” module expands the functionality
of geometric modeling of COMSOL Multiphysics
software with additional tools for creating geometric
elements and importing CAD files in various formats.
The basic COMSOL Multiphysics package contains
geometric modeling tools for creating geometry ele-
ments based on solids, surfaces, curves, and Boolean
operations [12]. The program can build surfaces in
a parametric way of setting, for which the function
“Parametric surface” is used. The ability to specify
parametric surfaces is directly approved on the offi-
cial website of the representative office in the Rus-
sian Federation.

Structural CAD Office (SCAD) is a software
package designed for the strength analysis of build-
ing structures using FEM, as well as their design ac-
cording to existing building codes [13; 14]. The com-
plex consists of the main program — SCAD, which
implements the FE calculation, as well as almost
a dozen auxiliary programs that help the engineer at
all stages of his/her work. One of the main advan-
tages of SCAD is the ability to construct not only
simple shells of revolution, but also shells of com-
plex geometry, while the program allows you to use
both analytical and parametric methods for determin-
ing the surface.

Currently, Lira-SAPR is one of the most popular
commercial software packages in Russia. The popu-
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larity of the Lira-SAPR software is explained by
an excellent balance of theoretical capabilities and
convenient tools necessary in everyday work [15].
Lira-SAPR also implements the FEM, while, unlike
SCAD, it is possible to take into account not only
geometric, but also physical nonlinearity. On the other
hand, there is no convenient possibility to construct
shells using surface equations. Meanwhile, one of
the main advantages of Lira-SAPR is the ability to
export from the SAPFIR software — a full-fledged
architectural system in which even complex architec-
tural objects can be designed. Moreover, from the very
beginning it was developed with the expectation of
the subsequent transformation of architectural ob-
jects into design schemes.

After a review of the well-known computational
software packages, ANSYS Workbench R19.1, Struc-
tural CAD and Autodesk Robot Structural Analysis
have been selected for this paper analysis, and it has
been preliminary concluded that in some cases it is
necessary to use specific software tools with model
creation functions by setting parametric equations of
a complex geometry surface or import the models
from parametric software into the software with strong
capabilities for simulation.

2. Modelling and simulation of right helicoid
in CAD software Creo Parametric 4.0
and ANSYS Workbench R19.1

As a test example for creating a model and cal-
culating the stress-strain state of the corresponding
shell of complex geometry defined by parametric
equations, a helical structure in the form of a right
helicoid (Figure 1) has been chosen. This surface is
formed by the translational and rotational motion of
a rectilinear generatrix intersecting the axis of the
surface at right angle. The parametric equations for
a right helicoid can be taken as follows [16]:

x = x(u, v) = ucosv,
y = y(u,v) = usinv,
z=zW) =cv, (D

where c is the displacement of the generator AB upon
its rotation by 1 radian; u#, v are curvilinear coordi-
nates of the point C of the helicoid; u is the distance
from point C to axis z; v is the rotation angle of ge-
nerator AB from the plane zOx to the point C.

The parameters of a tested model are the follo-
wing: Young’s modulus £ = 2x10"5 MPa; Poisson’s
ratio v = 0.3; thickness # = 0.01 m; screw pitch
H = 0.628 m; inner radius » = 5 m; outer radius
R = 6.7 m; half of a screw (v = 0...pi); uniformly
distributed load ¢ = 10"(-2) MPa; rigidly clamped
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edges. In order to perform a numerical calculation of
the right helicoid, a reference curve was first de-
signed with the above equation. The CAD software
Creo Parametric 4.0 was used for the design. The si-
mulation was performed with the commercial FE code
ANSYS Workbench R19.1. The helicoid was suppor-

ted with a fixed support at the edges and the surface
was loaded with a compressive stress of 0.01 MPa.
Figure 2 shows the displacements along the z axis in
a right helicoid. In order to validate the results, a flat
surface (slab) (Figure 3) and a beam (Figure 4) were
also considered.

Figure 1. A part of a right helicoid
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Academic

4e +03 (mm)
]
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Figure 2. Displacements along z in a helicoid obtained by ANSYS Workbench R19.1 (mm)
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Figure 3. Displacements along z in a plate obtained by ANSYS Workbench R19.1 (mm)
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Figure 4. Displacements along z in a beam obtained by ANSYS Workbench R19.1 (mm)

The simplified results show the same tendency
(Figures 3 and 4). The differences coincide with en-
gineering logic and structural behavior of these three
types of a structure: a beam, a plate, a shell. The reli-
ability of the results can be concluded from the ten-
dency.

3. Modelling and simulation of right helicoid
in SCAD

As it has been mentioned above that one of
the main advantages of SCAD Office 21.1.1.1 is
the ability to construct not only simple shells of
revolution, but also shells of complex geometry,
and the program allows to use both analytical and
parametric methods for specifying the surface.

In order to build a right helicoid, the parametric
equations (1) can be used, and the parameters can be
defined as follows: u€ [5 m; 6.7 m], v€ [0; 180°],
¢ =10.05.

To build a shell in the SCAD software the function
“Create a surface using a given formula” from the
“Scheme” panel is used. There are two tabs in the parti-
cular menu: “Surface given by formula” and “Parametric
surface”. The first one allows to define the surface analy-
tically using equations of the form y = f'(x, y). The second
one sets the surface in a parametric way. Both tabs
contain fields in which it is allowed to set the stiff-
ness of the created shell, the type of partition of the
FE mesh, and its density. For construction of the test
model the tab “parametric surface” have been used.

It should be mentioned here that the SCAD
software requires specific characteristics for writing
a parametric equation, for example, the SCAD takes
only the letters s and ¢ as parameters, taking their values
in the interval [0; 1], and the variable s sequentially
takes the values 0.1 / Ns, 2/ Ns, ... 1, and the variable
t — respectively 0, 1 / Nt, 2 / Nt, ... 1, where Ns and
Nt are the number of steps for the corresponding va-
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riables. Because of this, in cases where the parame-
ters of the equations lie in other intervals (that is,
almost always), they must be expressed in terms of
the interval [0; 1]. Often this creates difficulties and
confusion in writing equations, especially in complex
surfaces.

It is also necessary to use a dot as a separator of
the fractional and integer parts of the number, the ar-
guments of trigonometric functions must be in degrees,
even if cylindrical or spherical coordinates are used
in the equations. Moreover, in the case of an error in
writing equations, sometimes the SCAD does not
warn about it — the program can build an incorrect
surface even when its own rules for writing are vio-
lated (for example, a comma is written instead of
a dot). Therefore, it is necessary to carefully set the
equations and to check afterwards whether the ob-
tained shell geometry matches the desired one.

Thus, the parametric equations of a right helicoid
in the SCAD must be written in the following form:

x=(1.7*¢t+5)*cos (180 * s),
y=(1.7*t+5)*sin (180 * ),
z=10.05*(3.14 * ). 2

It should also be noted that in the equation for z
the value of the angle v should be indicated in radi-
ans, since the parametric equations are constructed in
cylindrical coordinates.

For the test shell, the rectangular mesh has been se-
lected, the number of steps: Ns = 150 and Nz = 30 conse-
quently. The loading has been set by the “Plate Load”
function of the “Load” panel and Q = 10°(-2) MPa
vertical loading has been applied to the model; and
all the edges (along inner and external curve genera-
tors as well as the beginning and the end straight
generators) have been rigidly fixed to determine Di-
richlet boundary conditions. The results for normal
displacements are shown in Figure 5 and will be ana-
lyzed in section 5.
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Figure 5. Displacements along z in a helicoid obtained by SCAD Office 21.1.1.1 (mm)

4. Modelling and simulation of right helicoid
in Autodesk Robot Structural Analysis

Even though the construction of shells using the
parametric equations is normally implemented only
in the SCAD, it is also possible to perform structural
analysis of complex shells structures in other packa-
ges, because almost all modern software simulating
packages support import from external parametric
software packages. The Autodesk Robot Structural
Analysis 2018 software package — foreign software
is designed for FE calculation of civil engineering

t

)] Z=0,00m -Bass

structures and has design codes and assortments for
many countries including Russia.

For import into the Robot, the .dxf format — a uni-
versal format responsible for the exchange of infor-
mation between various design systems — can be used.
Unfortunately, this method allows to transfer only
information about the geometry (and not always cor-
rectly). Theoretically, both the Robot and the SCAD
support other import/export formats designed speci-
fically for computational models, however, in prac-
tice, transferring the model in these ways did not
work in our case.

FRony ¥

11,731
WNorm., (mm)
Casss: 1 (DL1)

iz

Figure 6. Displacements along z in a helicoid obtained by the Autodesk Robot Structural Analysis 2018 (mm)

After importing the .dxf model into the Robot,
the following calculation scheme has been obtained.
And, although it seems that the geometry is completely
imported, in fact, there are only nodes and lines in
the model that the Robot does not perceive, and it
also cannot build rods or plates from these nodes and
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lines. Thus, in order to build a shell, it is necessary to
perform several non-obvious actions: to remove the
internal nodes and to leave only the nodes along the
perimeter, circle them all using the “Closed Loop™ tool,
and create a shell based on this closed loop. This
method works well with this particular shell, because
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in a right helicoid, the perimeter determines the sur-
face geometry. However, in a sphere or, for example,
in a paraboloid, it will be necessary to outline each
finite element, which is very time-consuming, and is
unlikely to be done without errors. Therefore, the ap-
plicability of this method of transferring a model from
the SCAD to the Robot is quite limited.

After creating the shell, it is also necessary to set
the boundary conditions and rigidity. The Robot can
create a FE mesh either automatically or in accor-
dance with user-specified parameters, while the con-
figuration options are quite extensive. The Robot has
an even more extensive than the SCAD module for
graphical analysis of the structure, allowing to dis-
play almost any information on the screen in many
forms. However, the problem with modelling the sur-
faces of a complex form prevents this software from
using in civil engineering design.

The results for normal displacements are shown
in Figure 6 and will be analyzed in section 5.

5. Results verification

In order to verify results, the analytical approach
to calculate the shell in the shape of right helicoid using
thin shell theory (Reissner’s equations for plates [17]
and solution extension into Fourie series [18]) has
been used. The results for the test models mentioned
in sections 2, 3, 4 are shown in Table.

It can be seen in Table, that the results obtained
by different software packages are close and show
the logical tendency in comparison with a plate and
a beam, but the ANSYS Workbench R19.1 shows lower
values of normal displacements than the SCAD Of-
fice 21.1.1.1 1, the Autodesk Robot Structural Anal-
ysis 2018 and analytical solution. Here, it should be
noticed that the analytical solution has been obtained
by some simplifications [18] and it requires future inves-
tigation to figure out the reasons for the differences in
obtained results. Furthermore, the results can be con-
sidered as the first step and future research is required
to verify results for the different boundary conditions.

Table
Maximal normal displacements of a helicoid obtained by different software tools
and analytical solution compared with a plate and a beam
Normal Helicoid Plate (mm) Beam (mm)
displacements ANSYS SCAD Office ~ Autodesk Robot  Analytical
Workbench ~ 21.1.1.1 1 (mm) Structural Analysis solution (mm)
R19.1 (mm) 2018 (mm)
u: -10.623 —11.835 -11.731 —-11.692 —12.663 -13.05
Conclusion ted in the Structural CAD and exported into the Lira-

The considered software packages have their ad-
vantages and disadvantages, and the final choice of
the particular one depends on the purpose of the cal-
culation: for typical civil engineering structures it is
convenient to use the Lira-SAPR (at least in Russia,
because it has a friendly interface in Russian language)
or the Autodesk Robot Structural Analysis (that also
has a Russian localization in terms of codes and lan-
guage for interface), while for more complicated shapes
simulation, it is more convenient to use software packa-
ges like the Structural CAD (that allows to create
models according to parametric equations) and the
ANSYS Workbench R19.1 (with preliminary model
creation in the CAD software Creo Parametric 4.0).

When it is concerned to more complex simula-
tion tasks it can be stated that, for traditional design
of complex shells structures, the Structural CAD, the
Autodesk Robot Structural Analysis and the ANSYS
Workbench R19.1 (along with the CAD software Creo
Parametric 4.0) can be used, but in the case of more
complex tasks like the existing holes, nonlinear ana-
lysis, dynamic loadings, etc., the model can be crea-
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SAPR for more complex simulation, or simulated
from the scratch in the ANSYS Workbench R19.1
(that is more complicated but allows flexibility for
design input data and simulation).

It can also be added that for practical engineers in
most cases such parameters as the interface language
and if the local codes are included in the package play
a key role, while most of the software packages men-
tioned in Introduction section do not have for example
Russian localization in terms of interface language and
the codes. From this point of view, the ANSYS Work-
bench R19.1 turned out to be preferable, since some of
its satellite programs have the Russian language, and it
also provides more opportunities for in-depth calcula-
tions considering non-linearities and variable loads.

For future research, it could be reasonable to figure
out the reasons for differences in results for different
software packages, comparatively check stresses for
the presented models, simulate the models in other popu-
lar software packages and investigate more complex
geometry for modelling and more complicated tasks
for simulation.
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Annomayus

ILenu. VccnenoBanue NOKPUTHUECKUX M HAYAIBHBIX MOCJIEKPUTHYECKUX paB-
HOBECHI1 OJKPETIIICHHBIX IPOIOJIBHO CKATHIX IUIACTUH ¢ HEKPATHBIMH KPUTHYE-
CKUMHU Harpyskamu. Memoowt. J11s1 perieHns NOCTaBISHHBIX 3a/1a4 UCTIOJIb30BaH
koHeuyHo-3eMeHTHbIN KoMiuilekc MSC PATRAN — NASTRAN. TloxnkperuieHHbie
IUTACTHHBI CMOJIETUPOBAHBI TNIOCKMMHU YETHIPEXy3JIOBBIMU dileMeHTaMu. [IpoBe-
JIEHBI pacueThl C yUYeTOM IeOMETPHUYECKON HemmHeHHocTH. Matepuan cuurancs
a0couoTHO ynpyrum. Pezynbmamet. Pazpaborana MeToyKa UCCIEI0BaHUS YCTOWYH-
BOCTH MOJKPETIIEHHBIX HPOJOJIFHO CXKATHIX IUIACTHH, ONPEIeNICHbl KPUTHIECKHE
CWJIbI TIOAKPCIJICHHBIX IJIACTUH Pa3JINYHBIX TOJIIIWH. HOCTpOCH])I rpa(l)mcn 3a-
BHUCHMOCTEH IPOTHOOB OT BEIMYHH COKUMAIOIIUX HAarpy3ok. McciaenoBaHo Bius-
HHUC HAYAJIbHBIX I'€OMETPUICCKUX HCCOBCPIICHCTB HA BCJIUMYMHBI KPUTHYCCKUX CHJI
JUTSL TOJKPETUICHHBIX IUTACTHH.
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BBenenune

IloaxperuieHHbIE MIIACTUHBI — BAKHBINA U JOCTa-
TOYHO YacTO BCTPEYAIOIIMHCSH KOHCTPYKTHBHBIN 3Jie-
MEHT B MalllMHOCTPOEHHH, aBUALIUK U CTPOUTEIILCTBE.
3amavya 00 yCTOHYMBOCTH TOIKPETJICHHBIX IUIACTHH
SIBJISIETCS aKTyallbHOW M HEJO0CTaTOYHO HM3y4YECHHOM.
[Tosy4eHHbIE HA CErOAHSIIHMN JIEHb OTAEIbHBIE pe-
LICHUSI HE CO3JAl0T LEJIOCTHON KapTUHBI MOBEICHUS
MOJKPEIJICHHBIX UIACTUH Pa3IMYHbIX T€OMETPHUECKUX
MapaMeTpoB MO/ ACHCTBUEM CKUMAIOILIEH HArpy3Ku.
B nanHoili paboTe KpUBbIE PABHOBECHBIX COCTOSIHUN
CTPOATCA B T€OMETPUUECKH HETMHEHHON MOCTaHOB-
K€, TIOCTOSIHHO YUYWTBIBAETCS HEJIMHEWMHOE B3auMO-
JeiicTBUe cOOCTBEHHBIX (OpM (JOKaNbHOH (HOPMBI
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BOJIHOOOpa30BaHUS U (HOPMBI OOIIETO BBHITYyYHUBAHUS
TTOAKPETUICHHON TUTACTHHBI KaK 3MIIepoBa CTEPIKHS),
a TaKkKe BIUSHUE HAYAJIbHBIX T'€OMETPHUYECKHUX He-
COBEpIIEHCTB, YTO MO3BOJAET MOJIy4aTh peajbHbIC
3HAYEHUsS] KPUTUYECKUX HArpy30K Ul MOAKPEIICH-
HBIX IUTACTHH.

BnusiHre HawanbHOrO HECOBEpIIIEHCTBA IS TOH-
KUX MPSMOYTOJIBHBIX M KPYTJIBIX IUIACTHH HO (Gopme
BBIITyYHBAHMA JIJIEpOBa CTEPXKHA B 3a1adax nu3ruda
1 YyCTOWYMBOCTH OIIEHEHO BrepBble B pabotax H. Hio-
naHnepa [6]. OnMHON M3 MEepBBIX MO MpobdIeMe yCTOoM-
YMBOCTH NOJAKPEIUICHHBIX IJIACTUH Obuta pabdora
B.T. Koiirepa u M. Ckanayna [4]. Becbma BaxHBIC
nccnenoBanus nposeneHsl A. Ban gep Hevitowm [8; 9] u
K. Maitepom [10], a takxe B. TBeprapmom [7]. Otu
y4€HbIE MPUACP>KUBAINCH IPOTUBOIOJIOKHBIX TOUEK
3peHus IO MOBOJIy YYBCTBUTEIBHOCTH K HadalIbHBIM
reoMeTpUYEeCKUM HecoBepiIeHcTBaM: 1o A. Ban nep
Heiity, 3Ta 4yBCTBUTEIBHOCTh BO MHOTHX CIIydasx
HeboupIas, Toraa kak mo B. Teeprapay, oHa MOXKeT
ObITh 3HAYUTENBbHOH. J[151 omucaHusi paBHOBECHBIX
COCTOSIHMH BOJIM3W IBYKPATHON KPUTHYECKON TOUKH
JIx. XanT [2] npemioxkun ocoOble TuarpaMMBl C J0-
MIOJIHUTENBHBIM TAPAMETPOM G, YTO HUCIOIH30BAHO B
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Hacrosei cratbe. MIHTepecHbIe SKCIIepUMEHTAIbHbIC
HCCJEeIOBaHUs YCTOWYUBOCTH CXKATBIX MOJKPEIUICH-
HBIX acTuH npoBeaeHsl C. Macconbe [5]. OcoObrit
ciydaii o0paTHOTO Mporuda cKaTol MOAKPEIUIEHHON
MJIacTUHbI uccnenoBan B. @ok [1].

B paborax A.1. Manesnua [12; 13] paccMoTpe-
HBI 33]1a44 CBSI3aHHOW MOTEPU YCTONUMBOCTH IS IO/~
KPEIJICHHON MaHeIu W CTEPXKHs MPSMOYTOJIBHOIO Ce-
YeHUs], U3YYCHO BIHMSHAE BTOPUYHONH MECTHOH (hop-
MBI ITIOTEPHU YCTOWYMBOCTH Ha PAaCUETHYIO Mpeaeib-
HYIO Harpy3Ky B 3aBHCHMOCTHU OT MapaMeTpOB ceue-
HUU U HAYaJIbHBIX HECOBEPILECHCTB.

1. IlocTanoBKa 3aga4n

3amavya 00 yCTOMYMBOCTH TOHKMX MOJKPETJICH-
HBIX TUIACTHH PElIeHa METOI0M KOHEYHBIX JIIEMEHTOB.
BriOpanbl TeoMeTprdecKkre MapaMeTphl TOAKPEIUICH-
HBIX TUIACTHH:

— INIMHA IJIACTHH — 86 CM,

— IIMPUHA IUVIACTHH — 36 CM,

~3=0,1 cm;e=1,2 cm; J = 17,283 cm¥;

—8=0,13cm; e= 1,132 cm; J = 18,754 cm*;

—8=0,16 cm; e = 1,071 cm; J = 20,064 cm*;

~3=02cM;e=1cm;J=21,624 cm¥;

—8=0,23 cM; e = 0,952 cm; J = 22,665 cm?;

—8=0,3cM; e=0,857 cm; J = 24,765 cm*;

~3=0,4cm; e=0,95 cm; J = 27,192 em?;

-8=0,8cMm; e=0,9 cm; J =33,936 cm®,
rne 6 — TONIIMHA TUIACTHHBI; € — SKCIICHTPUCUTET TI0JIO-
>KEHUS TTIABHOW LIGHTPAJIBHOM OcH cedeHUst; J — MOMEHT
WHEPLUHUH OTHOCUTENBHO TJIABHOM IIEHTPaIbHOM OCH.

I'paHnuHbIC YCIOBYS: MIAPHUPHOE OMTUPAHKE BIIOJTb
KOPOTKHUX CTOPOH CO CBOOOJIHBIMH IPOJIOTBHBEIMU
kpasmu. [lmacTrHa WMena 9eThIpe MPOJIOIBHBIX Peo-
pa xectkoctu. [lorepedHoe cedeHue MOAKPEIICHHON
TUIACTHHBI TIpe/ICTaBIeHo Ha puc. 1. KoHeuHo-ameMeHT-
Hasl MOZEJb OCTPOEHa B pacyeTHOM KoMruiekce MSC
PATRAN — NASTRAN. VMcnons30BaHBl YETHIPEX-
Y37I0BBIE TUIOCKHE KOHEYHBIC 3ieMeHThl Tuna shell
(2378 nnemenToB) (puc. 2). Marepuan cunraincs abco-
JFOTHO YIpyTuM (Moynb yapyrocta E = 2-10%r/cm?,
ko3 purment Ilyaccona p = 0,3). Cxxumarorias Ha-
rpy3Ka (4eThIpe CHIIBI) TIPUIIOKEHA B TOUKaX Iepece-
YeHUs OCcell CHMMETpUHN pedep U TJIABHOW IIEHTPaTh-
HOM OCH CEUCHUSI.

Puc. 1. [TonepeyHoe ceueHue MoAKpeIIeHHON IUIaCTUHBIL:
b=12cm; by=1,2cm; h,=3 cm
[Figure 1. Cross-section of the stiffened plate:
b=12cm; b,= 1.2 cm; h,=3 cm]

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

Puc. 2. Koneuno-»neMeHTHast MOJIEIb MOAKPEIUICHHOH [LIaCTHHBI
[Figure 2. Finite-element model of the stiffened plate]

2. UccaenoBanue JOKPUTHYECKOTO
U HAYAJBHOT0 MOCJEKPUTHYECKOTO
PaBHOBeCHIi MOJAKPENJIeHHbIX MJIACTHH
€ HEKPATHBIMH KPUTHYECKMMH HATPY3KaAMH

B naHHOI yacTH UCCIIEIOBAaHUS U3YUYEHO JNOKpU-
TUYECKOE U MOCICKPUTUYECKOE PABHOBECHS MOIKPEII-
JICHHBIX TUIaCTHH C HEKPAaTHBIMU KPUTUYECKIMH Harpy3-
KaMu 0e3 ydera HadalbHBIX T€OMETPHUYECKUX HECO-
BEpIICHCTB. 3aJ]a4ya pellieHa ¢ yueToM reoMeTpuue-
CKOU HenuHelHoCcTU. B mepByro ouepenp paccMot-
pPEeHBI TOCIEKPUTHYECKHUE PABHOBECHS TOHKHX ILTa-
CTHUH, KOTJIa TOJIUHBI IIACTUH 3HAYUTEIHHO MEHb-
11e, YeM TOJIIIHHEI pedep.

Pemrenne nuHEWHBIX 3a7ad Ha COOCTBEHHBIE 3HA-
yenus (buckling) B pac4eTHOM KOMILIEKCE MO3BOIH-
70 TIOJYYUTh KPUTHUYECKUE CUJIBI M (DOPMBI TTOTCPH
YCTONYMBOCTH /I JaHHBIX TOHKHX TUIACTHH. DTH CHJIBI
COOTBETCTBOBAIM KPUTUUECKUM TOUYKAM, MOTYICHHBIM
W3 pacyera ¢ yu4eTOM I€OMETPUUYECKON HEeTUHEHHO-
ctu. Ha puc. 3 mokasaHa xpuBasi paBHOBECHBIX CO-
CTOSTHHM JUIS ITACTHHBI TommuHou & = 0,1 cm. [laH-
Has KpUBas MpeJCTaBiIsgeT co0oi rpaduk u3MeHeHHUsI
MPOTUOOB B 3aBUCHMOCTH OT BEIWYHHBI CKUMAFOIIEH
Harpy3Kd, TIOCTPOSHHBIHN A7 OTAENBHOTO y37a Iiia-
CTUHBI, PACIIOJIOKECHHOT'O0 Ha OCH CUMMETPHHU BOJIU3U
Harpy>eHHOTO Kpasl.

Kak mokaszan pacuer, pazButre nmporuda CHCTEMBI
MIPOBOLIMPYET HAYaIhLHOE BOJHOOOpa3OBaHUE B IIa-
cTrHe (00I1Iee KOJIMYECTBO MOIYBOJIH PABHO JIECATH),
MIPOUCXOANT TiepBas Oudypkamnus, HO cucTeMa Mpo-
JOJDKaeT NepKaTh HArpys3Ky ckarus. [lamee mpowc-
XOJIUT TIEPECTPOIKAa BOIHOOOpA30BaHUS (TIOCIETYTO-
e GopMBbI TOTEPH YCTOWYMBOCTH MMEIOT OJIMHHA-
Iath MomyBoiH). [locnexpurindeckoe paBHOBECHE TS
MOJKPEIUICHHOM TUTaCTUHBI TonmuHon 6 = 0,1 cMm
YCTOHYHBO (110 Prmax = 34 200 kr).

Ha puc. 4 mokasanbl n1edopMUpOBaHHBIE COCTO-
STHHSI TIOJKPETUICHHBIX TUIACTHH TOMIHHOM 6 = 0,1 cMm,
COOTBETCTBYIOIIKE PA3HBIM BEIMUYMHAM CKUMAIOIIEH
Harpy3kd. O4eBHIHO, YTO TPHU JAaHHBIX IreOMeTpHUe-
CKHX TIapaMeTpax HanOoJbIllee COMPOTUBICHHE CxKa-
THIO OKa3bIBAIOT pedpa KECTKOCTH (Harpyska Ipo-
JIOJDKAET PacTU 10 JTOCTUXKCHUS MaKCHUMalbHOU —
Prax=34 200 kr).
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Ha puc. 5 nokaszan rpaduk 3aBUCUMOCTH TIPOTH-
0OB OT BENWYMHBI CXKUMAIOIIEH HArpy3Kd, COOTBET-
CTBYIOIIUH MOJKPEIJIEHHON TJIACTUHE TOJIIUHOMN
0 = 0,13 cm. [l TIaCTUHBI ¢ JaHHBIMU TEOMETpUYe-
CKUMH TIapaMeTpaMu TepBas Oudypkanus sBIsiach
YCTOMUYMBOM, TOTAA KaK MOCIEAYIas — HEyCTOM-
YUBOH (CKAYOK MepeMelieHui Ha rpaduke). Makcu-
MaJlbHOE 3HAYE€HHE Harpy3Ku COOTBETCTBYET Harpys-
K€ IMOTEPHU YCTOMUYMUBOCTH B MPEEIBLHON TOUKE.

L s e St S
Pmax=34200xr

20 cxauxa  Poup = 32000kr mocie cxauxa Poug =35200kr

4.75+000
Puc. 6. [ledbopMupoBaHHBIE COCTOSHHS
MOJIKPETUICHHOH ITaCTHHBI ToNHOU & = 0,13 cM
[Figure 6. Strain states of the stiffened plate 6 = 0.13 cm]
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Ha puc. 7 nokaszan rpaguk 3aBUCUMOCTH IPOTH-

b 250-000 500-000 250+000 1.00+001 1254001 1504001 0OB OT BEJIMYHMHBI C)KPIMaIOIlICfI Harpysku i 1iacTh-
eeertess HbI TonuuHon 6 = 0,16 cM. BaxkHO OTMETHTBH, YTO

Puc. 3. I'paduk 3aBUCUMOCTH TIPOrHOOB T€OMETPUYECKHE NTapaMETPhl OTOH MOIKPEILIEHHOM ILia-

OT BEJIMYHMHBI CKUMAIOIIEH HATPY3KH TIPH CHIIOBOM CTUHBI OYCHb OJIM3KHM K TaKWM TEOMETPHUSCKAM Iapa-

Harpy»XeHHH MOAKperIeHHoH macTubl (6 = 0,1 cm)
[Figure 3. Bend curve vs compression load
for the stiffened plate (6 = 0.1 cm)]

MeTpaM, TPH KOTOPBIX MOJAKPEIUICHHAs! TUIACTHHA UMEET
JOBYKpaTHYIO KpUTHUYECKYIO Harpy3ky (6 = 0,175 cm).
PesynpTatel moapoOHOTO HCClIEAOBaHUS YCTOMUMBO-
CTU NOJKPEIJICHHOW IIJIACTUHBI C JBYKPAaTHOW KpH-
THUYECKOW Harpy3Kod HaMH TNpuBeAcHB B padote [11].
KpuBast paBHOBECHBIX COCTOSIHMI MOJKPETIICHHOM ILTa-
CTHHBI TOJIMHON & = 0,16 cM oT/iIMYaeTcs OT COOT-
BETCTBYIOIINX TPa(pHKOB, TIOCTPOCHHBIX IS TIACTHH
MEHBIINX TONIIMH. B mponecce Harpy>keHust mporud
CHCTEMBbl MOHOTOHHO YBEJIHYUBACTCS U IPOBOLUPY-
€T BOJHOOOpa3oBaHHE B CpeJHEW YacTH TUIACTHUHBI.

Poud:=16320kr Péug..=22080xr Poug..=30120xr

Peee 03008 Prng 3660 P = 34200k Touka OU(ypKALUK COOTBETCTBYET KPUTHUYCCKOMN
Harpyske Peup = 42 324 kr, Bcien 3a KOTOpOH MOSIB-

Puc. 4. Pazsurue BonHOOGpa3oBanus B wiactue (8 = 0,1 cm) JIIeTCS TIpenenbHas TOUKa Pmax = 42 778 KT, a najib-
[Figure 4. Undulation effect propagation along a plate (5= 0.1 cm)] Heiilllee paBHOBECHE IUIACTUHBI CTAHOBHTCS HEYCTOM-

YUBBIM (HArpy3Ka MagacT Mpu PacTylUX Mporudax).
[Tocne POXOXKACHUS MPEISTEHON TOYKHA BOJIHOOOpa-
30BaHUE PACIIPOCTPAHSCTCS 10 BCEH MOBEPXHOCTH ILIa-

crunbl. Crnenytomas Oudyprauus (Peugp = 42 246 Kr)
e BO3HMKAET yXKE Ha HEYCTOMYMBOM BETBHM KPUBOM paB-
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Puc. 5. I'paduk 3aBHCUMOCTH IPOTHOOB
OT BEJIMYMHBI CKUMAIOIIEH HATPY3KH IIPU CHIOBOM
Harpy>kKeHHH NOoAKperieHHo! mactussl (6 = 0,13 cm)
[Figure 5. Bend curve vs compression load
for the stiffened plate (6 = 0.13 cm)]
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L
Ha puc. 6 mokazanbl neopMUpOBaHHBIE COCTOSI-

HUS TIOZIKPETUIEHHOM IIaCTUHBI TOMIKMHOM & = 0.13 cM Pric. 7. TpadHK 3aBHCHMOCTH TIPOTHGOB

JI0 CKa4YKa M ITOCJIC CKadKa nepeMeuIeHm?I. B toukax OT BEJIMYUHBI CKUMAIOIIEH HArPy3KU IIPU CUIOBOM
6H(I)ypKaHI/II/I MPOUCXOAUT NEPECTPOITKa (I)OpM BOJIHO- HArpy>KEHUH MOAKPEIUICHHON ILIaCTHHE .(5 =0,16 cm)
o0pasoBanus. KoauuecTBO MONYBOJNH 0 CKA4Ka — [Figure 7. Bend curve vs compression load

for a stiffened plate (3 = 0,16 cm)]
JACBATH, ITOCJIC CKaYKa — OAMHHAAIATh.
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JanpHeimue uccieqoBaHusl yCTOWYMBOCTH TOJI-
KPEIUIEHHBIX MJIACTUH MOCBAIIEHBI PAaCCMOTPEHUIO
MOCIEKPUTHYECKNX PABHOBECHH TUIACTHH C OOJIBITMHU
ronmuaaMu (8 = 0,2 cm, 6 = 0,23 cMm u 6 = 0,3 cm)
M0 CPABHEHUIO C MMapaMeTpaMH aHATIOTUYHOM IIaCTH-
HeI (0 = 0,175 cM), obOnanmaromield TBYKpAaTHOH KpH-
THYECKON Harpys3kou. (s kaxnoil u3 Takux Iuia-
ctiH npu d > 0,175 cM mepBoil KpUTHYECKOH SIBILS-
€TCsl Harpy3Ka BBITYYUBAHUS IUIACTUHBI KaK 3Hiepo-
Ba ctepxHs. Ha puc. 8 u 9 mpencrasnens rpaduku
3aBUCHMOCTEH NPOTHOOB OT BENIWYMH CKUMAIOIIEH
Harpy3Ky JJIA MOJKPEIUICHHBIX TUIACTUH TOJLIUHAMU
6=02cmud=0,23 cm.

1.20+000
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Puc. 8. I'paduk 3aBrCHMOCTH IPOTHOOB OT BEITUYNHEI
CKUMAIOIIEeH HAarpy3KHU IPY CHIIOBOM HarpyXeHUn
NoAKperuieHHo! miacTuHsl (6 = 0,2 cm)
[Figure 8. Bend curve vs compression load
for a stiffened plate (3 = 0.2 cm)]
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Puc. 9. I'paduk 3aBHCUMOCTH POTHOOB OT BEITUINHEI
C)KUMAIOIIECH HArpy3KH MPH CHIIOBOM HArpy>KCHHU
noakperuieHHol miactussl (8 = 0,23 cm)
[Figure 9. Bend curve vs compression load
for a stiffened plate (6 = 0.23 cm)]

HccnenoBanns mokasainu, 4TO MOJ ACHCTBHEM
YBEJIMUYMBAIOIICHCS CKIMAIOIIEH HAarpy3Kd pacTeT Ipo-
rub B cpenHei yactu miactud. OgHako Oudypranun
BOJIHOOOPa30BaHMS TMOSIBISUIMCH TOJBKO IMOCJE MPO-
XOXKJICHHUSI TIPEACIBHBIX TOYEK Ha HEYCTOWYHMBBIX YUacT-
KaX KpPUBBIX PABHOBECHBIX COCTOSIHUH.

Ha puc. 10 npexncraBnen rpaduk 3aBUCUMOCTH
IPOruO0B OT BEIUUYMHBI C)KUMAOLIEH HArpy3Ku Ui
MOJIKPEIUICHHOW TJIACTUHBI TONIMHONH & = 0,3 cM.
AHanu3 MOCIeKPUTHIECKOTO PABHOBECHS JAaHHOU
IUTACTUHBI II0KAa3aj, YTO MOTeps yCTOWYHBOCTHU IPO-
UCXOIUT TOJIKO B TNPENENbHON TOYKe, 03 BO3HUK-
HOBEHUsI ToueK Oudypkauuu BOITHOOOPAa30BaHUS

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

(Pmax = 62 294 xr). BonHOOOpa3oBaHue CHUIIBHO YMEHB-
IIaeT MPOAOIBLHYIO KECTKOCTh, IIO3TOMY C1ab0 pacTy-
Iast 3J1acTHKa DHjepa MepexouT B ¢I1ad0 Magaronyto
KpPHUBYIO TOCIIe MpeAenbHoi Touku. [loakpennennas
IJIacTHHA TONIMHOM 6 = 0,4 cM Takke TepseT YCTOM-
YUBOCTH B TIPEHCITBHON TOUKE (Pmax = 68 345 xT). bu-
(dypKaimu BoITHOOOpa30BaHUs 3/1eCh HE HAOIIOIAIIHCH.
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Puc. 10. I'paduk 3aBUCHMOCTH IPOTHOOB OT BEJIUMYNHbBI
CKUMAIOIIECH HArPY3KH IIPY CHIIOBOM HArpy»XECHHH
noakperuieHHoi miactussl (8 = 0,3 cm)
[Figure 10. Bend curve vs compression load
for a stiffened plate (6 = 0.3 cm)]

[NomyyeHHble 0COOEHHOCTH TOBEICHHS TTOKPETI-
JICHHBIX TIACTHH JUIA CIy4aeB, KOT/Ia MEPBO KPUTH-
YeCcKOll Harpy3koil sBiseTcs Harpys3ka BOJIHOOOpa-
3oBaams (0 < 0 = 0,175 cM) u Korma mepBasi KPUTH-
Yyeckasi Harpyska — diyiepoa cuia (6 > 6 = 0,175 cm),
MOXHO OOBSCHHUTH C TOMOIIBIO OM(pYpPKAITMOHHBIX
nuarpamMm Jk. XanTta [2]. OHE MOCTPOEHBI ITyTEM
BBEJICHHSI B BBIPRXKCHHE MOTCHIIMAIBHON >HEPTUU
IBOMHOW MOIYCHUMMETPHYHON TOUkH Ouypranuu
JOTOJTHUTENIFHOTO WIEHA ¢ HapaMeTpoM G:

3 2
V=1Vaads +1Vindiqn +

2 2 2
+%(7‘_7“Kp)[V117»‘11 +V22M2}+%0V11x611, (1)

rae V — noTeHnManbHas SHEprist; TU(pPOBEIe HHIICK-
Chl O3HavalT Au(¢epeHIrpoBaHHE O KOOpPIHHA-
TaM ¢1 " ¢»; MHIEKC ¢ OyKBO# A — muddepeHupona-
HHE TI0 ITapaMeTpy Harpy3KH.

Puc. 11. budypkanuonnsie auarpammsl k. Xanta
[Figure 11.J. Hunt’s bifurcation diagrams]
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IIpn ¢ > 0 momyuum auarpamMmy Ha puc. 11, a
u npu ¢ < 0 — quarpammy Ha puc. 11, 6. Ilepas
W3 3TUX IUArpaMM COOTBETCTBYET IOBEICHHIO TTO-
KPETJICHHO! TJIACTUHBI, KOT/Ia KPUTUYECKasi CHJIa BbI-
3pIBAE€T HEYCTOWYMBOE BOIIHOOOpazoBaHHe. Bropas
JIarpaMma OIHCHIBaeT OM(ypKaIiy BOJHOOOpa3oBa-
HUSl HA HEyCTOWYMBOM 4acTu KPUBOU pa3BUTHSI NPO-
ru0OB TIIACTHHBI Kak ditepoBa crepkHs. Bce mpo-
W3BOJHBIE MMOTCHIUATBHON SHEPTUH BBEIYHCISIFOTCS B
TOYKe BOMHOW OMypKauy, mo3ToMy MOJU(UKAIHS
MOTEHIHATBHON HEPru padoTaeT JIOKaIbHO, BOIM3N
3TOU TOYKHU.

B dopmyne (1) m Ha puc. 11 obo3naueHo: q; —
KOOpJMHATa, COOTBETCTBYIOMIas (hopMe BOJHOOOpa-
30BaHUs IUIACTUHBL; ¢2 — KOOPJIUHATA, COOTBETCTBY-
fomast opMe BEIITYUYHBAHUS CTEPXKHS, A — IapameTp
Harpy3ku (A = P — Py); A — Touka 6udypxamuu, co-
OTBETCTBYIOIIAS KPUTUUECKOM CHJIE BBITyYUBAHHS TIOJ-
KPEIUICHHO! TUIACTUHBI KaK 3HIepoBa CTEPKHS (Psy);
S — Touka OMdypKauu, COOTBETCTBYIOIIAS KPUTH-
YecKoW cujie BOJHOOOpa3oBaHMs IUIACTUHBI; B —
TOYKA BTOPUYHON OM]ypKanuy, BO3HUKAOIIAS TTPH
Pa3BUTHH NMPOTHOA B TOAKPEIUICHHOH TuTacTuHE; [ —
MpsiMasi HECBSI3HBIX PaBHOBECHH, COOTBETCTBYIOIIAS
OTHOCUTENILHOHN aMIUTUTYJe 1Mo GopMe BHITYyUHBAHUS
MOJIKPETIJIEHHON TIJIACTUHBI KaK 3WUJIEpOBa CTEPXKHS;
2 1 3 — aCHUMIITOTHI, K KOTOPBIM CTpeMsTcs: oudyp-
KallMOHHBIE KPHUBBIC CBSI3aHHBIX PaBHOBECHII C KOOP-
JUHATaMU, 3aBUCAIIMMH Kak OT Iporuda mo Ditnepy,
TaK U OT aMIUTUTY/IBI BOJIHOOOpa30BaHUS.

CornacHo 6uypKaoHHoM muarpamme (puc. 11, @),
€CJIM TIPH pacyeTe MONyYUM TEPBYI0 KPHUTHYECKYIO
Harpy3Ky, COOTBETCTBYIOIIYIO KPUTHUECKOW HATpy3-
K€ BOJIHOOOpa30BaHUsI TUIACTHHBI, TO TOYKa OHQyp-
Kauu OyJeT HeyCTOWYMBOM M mociaeOudypKaunoH-
HBIE TPAEKTOPHUU PABHOBECHS OKAXYTCS Malal0IIMHU
B OJHOM HampasiieHHH. JlaHHOe sBieHue Habmoma-
JIOCh TIPU aHAIM3€ MOCIEKPUTHYECKOTO PABHOBECHS
MOJIKPETUIEHHBIX TUIACTHH ToNIHHOM & = 0,16 cM.

CormacHo muarpamme Ha puc. 11, 6, eciau mpu
pacueTe MoJy4yruM IMEPBYI0O KPUTHUECKYIO Harpys3Ky,
COOTBETCTBYIOIIYIO KPUTHUYECKOW HArpy3Ke MOTEpH
YCTOWYHMBOCTH 10 DUJIepy, TO TOrAa Ha TaJaroIiei

ocaeON(ypKAIMOHHOW TPACKTOPUU BO3HUKAET BTO-
pu4Has HeycToiumBas OudypKaips BOJIHOOOpa3oBa-
HUSA. DTO SBJICHUE HAOIOIAIOCH TS ITOAKPETIICHHBIX
wIacTu ¢ toamuHaMu 6 = 0,2 cM u & = 0,23 cMm.
JanHble OUGbypKAIMOHHBIC THATPAMMBI TO3BOJISIOT
MPEICKa3bIBATh MOCACKPUTUIECKOE MOBEACHUE IO~
KPEIUICHHBIX IUIACTUH C Pa3IUYHBIMA T€OMETpHUe-
CKHMHU TIapaMeTpamu.

3. BiusiHue HAa4YaJIbHbIX TeOMeTPUYECKUX
HECOBEPIIEHCTB HA KPUTHYECKYIO HATPY3KY
NOAKPeNnJeHHbIX IJIACTUH

HauansHbIe TeOMeTprUecKHEe HECOBEPIIEHCTBA
3aJIaHbI 110 IBYM (DOpMaM MOTEPH yCTONYUBOCTH:

— HECOBEPILEHCTBO MO (popMe BBITYUHBAHUS IO
KpETUJICHHOM TUIACTUHBI KaK 3MIIepoBa CTEPHKHS;

— HECOBEPIIIEHCTBO 10 (hopMe BOTHOOOPA30BaHU
IJIACTUHBIL.

Bce ammmuTypl HecoBepIieHCTBA 3a4aHbI B JI0-
JIIX OT TOJIIMHBI MOAKPEIICHHBIX TUIACTHH.

Ha puc. 12 mokazaHbl KpUBBIC MaJCHUS KPUTH-
YECKUX HArpy30K IpW 3aJaHWH HECOBEPIICHCTB IO
(hopmam BEITy9IHMBaHUS CTEP)KHSI M BOTHOOOPA30BAHUS
IJIACTUHBI, a TabJ. 3 COIEPKUT COOTBETCTBYIOILYIO
YHCIIOBYIO WH(OPMAITHIO.

[Tanenne KpUTHUYECKON HATPY3KHU NSl TUIACTUHBI
ronuuHo 6 = 0,4 cM, BbI3BAHHOE HECOBEPIICH-
CTBOM 10 (pOpMe BBHIYyYUBAHUS SHUIEPOBA CTEPIKHS
28 coctapmiio 20 %.

AHann3 MOCIEKPUTHIECKOTO PABHOBECHS MO/I-
KPEIUICHHOM TUTACTUHBI ToIuHON & = 0,8 cM moka-
3aJ1, 9TO JJIsl 3TOH TUIACTUHBI ITOCTIEKPUTUYECKOE PaB-
HOBECHE HEYCTONYMBO, CHUCTEMA TEPSIET YCTONUMBOCTD
B MIPeENbHOMN TOUKE (Prax = 86 938 kxr). OgHaxo npu
3aJ]aHUM HECOBEPIIIEHCTBA OOJBIION aMILIUTYAbI (>20)
mo ¢opMe BBITyYHBAHUS IUTACTHHBI KaK JiliiepoBa
CTEePKHSI CUCTEMa CTAHOBUTCS JOCTATOYHO «IPyOOii»
Y BJIMSHUE HAYAJILHOTO HECOBEPIICHCTBA MPUBOIUT
K BOBHUKHOBEHUIO YCTONYHMBOI BETBH PaBHOBECHS
(mceBmoamactuku Jiniepa). Ha puc. 13 moka3zaHbI
KPHUBBIC PABHOBECHBIX COCTOSIHUIA JUISl TIACTHHBI TOJ-
muHoi 6 = 0,8 cm.

Tabauya 1

3HauyeHHs] KPUTHYECKUX HArpy3ok aus miactud (6 = 0,1 em, 8 = 0,13 cm, 6 = 0,16 cm)
[Table 1. Critical loads for the stiffened plates(6 = 0.1 cm, 6 =0.13 cm, 8 = 0.16 cm)]

Pyp (k1)

8=0,1 cM, Prmax =34 200 kT |

8=0,13 cM, Pmax = 39 100 k' |

0 =0,16 cM, Pmax =42 778 kr

HecoBepuiencTBo no ¢popme BosiHooopasoBanus miacTudbl [Undulation form imperfection]

0,15 16 20 0,15 16 26 0,15 16 26
34143 34125 34125 37368 36 672 36 168 41 749 40 032 38 472
HecoBepuiencTBo 1o gopme BoinyunBanus crep:xkus [Strut buckling form imperfection]

0,15 15 23 0,15 15 20 0,15 15 20
32887 31992 31200 37200 36 000 35280 41 650 39027 37 607
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Tabauya 2
3HayeHus] KPUTHYECKHUX HATrPY30K A miaactus (6 = 0,2 cm, 6 = 0,3 cm, 0 = 0,3 c™m)
[Table 2. Critical loads for the stiffened plates (6 = 0.2 cm, 6 = 0.23 ¢cm, 6 = 0.3 cm)]
Pyp (K1)
8 =0,2 cM, Pmax=54 322 xr | 8 =0,23cM, Pmax =57 150 kr | 8 =0,3cM, Pmax = 62 294 kr
HecoBepuiencTBo no ¢popme BoiHooOpasoBanus miaacTudbl [Undulation form imperfection]

0,15 16 26 0,15 16 20 0,18 16 26
50210 42 353 41110 54 508 45241 43 859 61 058 55506 52039
HecoBepuiencTBo no gopme BpinmyunBanus crep:xkus [Strut buckling form imperfection|]

0.1 15 25 0.1 15 23 0.1 15 25
50 186 42 438 40 305 55643 48 120 43 689 60 542 53932 49 769
Tabauya 3
IMagenue kpuTHYeckoii Harpy3ku (%)
[Table 3. Declination of the critical load (%)]
Tonmuna HecoBepuieHcTBO 110 (hopMe BOTHO0OpPa30BaHMA HecoBepuieHcTBO 110 (hopMe BhITYYHBAHUSA
IUIACTHHBI O miactuHbl [Undulation form imperfection] crepaHs [Strut buckling form imperfection]
[Thickness of plate] 0,18 18 28 0,15 18 28
0,1 cm 0,167 0,219 0,219 3,839 6,456 8,772
0,13 cm 4,43 6,21 7,545 4,859 7,928 9,77
0,16 cm 2,405 6,419 10,066 2,637 8,769 12,088
0,2 cm 7,57 22,033 24,322 7,614 21,877 25,804
0,23 cm 4,623 20,838 23,256 2,637 15,801 23,554
0,3 cm 1,984 10,897 16,462 2,235 12,909 19,631
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Puc. 12. Kpusble nageHus KpUTHUECKUX HATPY30K:
6=0,1cm;6=0,13cm;6=0,16 cm; 6 =0,2 cm; 8 =0,23 cm; 6=0,3 c™m
[Figure 12. Decline curves of the critical loads:
§=0.1cm;3=0.13cm; §=0.16cm; 8=0.2cm §=0.23 cm; § = 0.3 cm]
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Puc. 13. I'paduk 3aBUCHMOCTH IPOTUOOB OT BETHIHHBI
CKUMAIOIIEH Harpy3Ku (MogKperuieHHas miactura 6 = 0,8 cM)
[Figure 13. Bend curve vs compression load
for a stiffened plate (3 = 0.8 cm)]

3aKiIoueHne

HawmGonbinee BIUsiHIE HA KPUTHIECKYIO HATPY3KY
0Ka3aJ0 HECOBEPIIEHCTBO MO (opMe BEHITYUHBAHHS
MOJIKPETUICHHOM TUIaCTHUHBI KaK iJIepoBa CTEPIKHS aM-
wmTyaoi 28. HecoBepieHcTBO Takoi (Gopmbl mpo-
BOIMPOBAJIO BOBHUKHOBEHUE M3THOAIOIEr0 MOMEHTA
W pa3BUTHE BOJHOOOpPa30BaHUS B ILUTACTHUHE, BCIIEH-
CTBHE Yero mnajiana u3rudHas )KeCTKOCTh CUCTEMBI.

JloctaTouHO HEOOJNBINOE MAJCHHE KPUTUICCKON
Harpy3Ky MOJKPEIJICHHBIX IIACTUH C TOJLIMHAMU
6=0,1c™m 6=0,13 cm, d = 0,16 cMm 00ycITOBICHO
3HAYMTEIHHOM TONIIMHON pedep KeCTKOCTH, ITOCKOIbKY
OCHOBHAsI Harpy3Ka CXKaTusi BOCIIPUHUMAJIACh MPH JaH-
HBIX T€OMETPUYECKUX ITapaMeTpax UMEHHO pedpamu.
ITaneHne KpUTHYECKOW HArpy3KH IOAKPEILIEHHBIX
IIACTHH, UMeromuX TomuHel 6 = 0,2 cM, 6 = 0,23 cM,
coctasmiio 6onee 20 %, HECMOTpsL HA yBeJlUUCHHE
TOJIIIMHEI IIacTUHBL. C pOCTOM TOJIIIMHBI MOAKpET-
JIEHHOM TUTACTUHBI 3HAY€HHE KPUTHUUECKOU HArpy3Ku
MOBBIIIAETCS, HO BMECTE C TEM 3aKPUTHUUYECKOE pPaB-
HOBECUE CTAHOBUTCSI HEYCTOMUMBBIM, H, COOTBETCTBEH-
HO, IUIaCTMHA TOy4aeT YyBCTBUTEIHHOCTh K Hayaib-
HBIM TE€OMETpUUYECKUM HecoBepuieHcTBaMm. Cyiie-
CTBYET MHEHHUE: €CIIU CUCTEMA TepsAET YCTOMUYUBOCTh
B IIpEJIETHLHOM TOYKE, TO TaKas CHCTEMa HE UyBCTBHU-
TeIbHA K HAaYaJbHBIM FE€OMETPUUECKUM HECOBEPIIICH-
ctBaM. Ho cripaBenyiivBo Jiu 3TO yTBEPKICHUE AT BCEX
cucteM? AHANMHU3 TOCIEKPUTHYECKOTO PaBHOBECHS
MOAKPEIUICHHBIX TJIACTHH MMOKA3aJ, YTO IUIACTHUHBI C
tommuaamMu & = 0,3 cM, 0 = 0,4 cm Oe3 Hecoep-
HIEHCTB TEPSJIM YCTOMYMBOCTh B MpPEEIbHON TOYKE
0e3 manpHeIIero BO3HUKHOBEHNS OU(ypKaIMii, OJTHAKO
MajicHue KPUTUIECKON HArpy3KH BCIEIACTBUE BIUSHHUS
HECOBEPLLEHCTB JOCTUTANIO BEIMUMHBI HEMHOTHM MEHEE
20 %. Ilpu 3amaHUM HECOBEPIICHCTB IS MOJIKPET-
JICHHBIX TUIACTUH JIaHHBIX TOJIIUH MO (OpME BEIMY-
YMBAHMS TUIACTUHBI KaK 3MIIEpoBa CTEPXKHS TOUKH OH-
(dbypKammy MMOSBHIINCh HAa HEYCTOWYMBON BETBU paB-
HOBECHBIX COCTOSHHH YK€ II0CNe TMPOXOKASHUS Ipe-
JIEITbHOM TOYKH. JI1s1 macTHHBI ToamuHon 6 = 0,8 cMm
MaJCHUE KPUTUUYECKON HArpy3KH, BCIEICTBHUE BIIHSI-
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HUSl HA4aJbHOTO HECOBEPIICHCTBA MO (opMe diiie-
poBa cTep>kHs aMIuIUTYA0# 19, coctaBuio 10 %.
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Abstract

The aim of the work is to research the precritical and postcritical equilib-
rium of the stiffened plates subjected aliquant critical loads. Methods. The finite-
element complex MSC PATRAN — NASTRAN was used in the paper. To simu-
late the plates, flat four-node elements were used. Calculations taking into ac-
count geometric nonlinearity were carried out. The material of the shells was
considered absolutely elastic. Results. A technique has been developed to study
the stability of reinforced longitudinally compressed plates; the critical forces of
the stiffened plates of various thicknesses had been calculated. Graphs of deflec-
tions dependences on the value of the compressive load had been constructed.
The influence of initial geometric imperfections on the value of the critical loads
for stiffened plates has been investigated.

Keywords: stability; stiffened plate; initial geometric imperfections;
critical load
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Annomayus

Axmyansnocme. [l MccneoBaHNS IIEPEXOIHBIX BOJHOBBIX IIPOLIECCOB Je-
(opmarmu B crepxxusix Ha ocHoBe Teopurt C.IT. TuMoreHKo HeOOXOAMMO UMETh TOY-
HbIC aHAJIMTHYECKIC PEICHNs HEeCTAlMOHAPHBIX 3a/iad B odOmeM Buje. Kaxmoe Tou-
HOE PelIeHHE B PaMKaxX JAHHON aHAIMTHYECKOH MOJENH SBJIAECTCS TOUHBIM OIMCAHH-
€M PeaIbHOrO HpoLiecca M CITY>KUT KPUTEPHEM TIPH OLICHKE TOYHOCTH IPUOIIIKCHHBIX
pemreHwii. TIpy MCTIONB30BAHMN ONEPAIFIOHHOTO MCYVICICHHS IS aHAIM3a Oerymmx
BOJIH HanOOJIBIIINE TPYIHOCTH MPEACTABISIET UMEHHO JTaIl [Iepexoa 0T H300payKeHUs
K HavaIbHOHN (QyHKIMH (OpUruHaty). 13 omyOanMKoBaHHBIX pabOT CIELyeT, 4TO UMe-
IOIIUeCs PeIIeHAsT HEKOTOPBIX YacTHBIX 3aja4 JIMOO MMEIOT CTPYKTYpy, KOTopas He
TO3BOJBSIET CYZIUTh 00 OCHOBHBIX Y€pTax MCCIIEIYeMOro mporecca, Judo ux 3 dek-
TUBHOCTD IIPH BBIMUCIICHUAX JOCTUTACTCs TOJIBKO B HCKOTOPBIX JOBOJIBHO OIpaHUYCH-
HBIX 00JIACTSIX 3HAYCHHI KOOPAMHATHI U BpeMeHHU. JTa Ipobiema, TpeOyromas paspe-
LIEHHs], ONpeIeITiIa Lesb HacTosed cratbu. Ifens. CraThs mocBsileHa pa3paboTke
HOBBIX OIICPAIMOHHBIX COOTHOIIICHHH M MX TMPUMEHCHHIO K IMOCTPOCHUIO TOYHBIX aHa-
JIMTUYECKUX PEIICHUH HecTalroHapHbIX 3a1a4 Teopun C.I1. THMOIICHKO U CTepK-
Hell B 0011eM Bujie B (PU3MYECKH HATJISAHOM U YIOOHOM /TSl TIPAKTUYECKHX PAcueTOB
¢dopme. Memoowt. B pabote HCTIONB30BaHbl METOMIBI TEOPHH (DYHKIIMH KOMIUIEKCHOTO
HIePEMEHHOTO0, OIEePalMOHHOE MCUNCICHHE Ha OCHOBE HHTErpPAIGHOTO IpeoOpa3oBa-
nus Jlarwtaca — Kapcona, MeTozibl IMHaMUKK coopykeHuit. Pezyniemamot. B oGiem
BHZIC C(POPMYIIMPOBAHBI TPH THIIA HECTALMOHAPHBIX 3aa4 Ul IOTyOSCKOHSYHOro
CTepikHs Ha ocHOBe Teopur TrmormeHko. ITomydeHs! HOBBIC ONepaIMoHHBIE COOTHO-
mrenust. Ha ocHOBE 3THX COOTHOIICHHH pa3paboTaH crocod HaXOXKIACHHS OPUTHHATIOB
0e3 ucnonb3oBanHus o0iel Gopmyiibl oOpaiteHus. Perienus 3a1a4 3amichIBalOTCS B
BHJIC MHTETPAIOB OT OEcCeeBbIX (DYHKIMIT U B OTIIIYHE OT PEIICHHI!, IMEIOIINXCS B
JMTEpaType, SICHO TOKA3bIBAIOT BOJHOBOM XapaKTep M3YYaeMbIX MPOLIECCOB, HMEIOT
HarJIsIIHbINA M KOMIIAKTHBIN BUJL. B cTathe paccMoTpeH npumep pacuera.

Knrouesvie cnosa: nepexonnsie BomHOBBIE npoueccer, Teopust C.I1. Tumo-
LIEHKO; CTEPXKHM; OeryIiue BOJIHBI, ONEPALlMOHHOE COOTHOLICHUE, WHTErpaib-
Hoe npeodpazoBanue Jlamnaca — Kapcona; 6ecceneBsl GpyHKIUH

BBenenue

OnHoit U3 33124 JUHAMUKA COOPYKEHUH SBIISETCS
pa3paboTka MPHUHIIMIIOB U METOJIOB pacuera COoOopy-

3onenovepe Anexcanop Jleonuooguu, rI1aBHBIHA CrICIUATNCT-UHKEHED, OTEI

JKEHUM TIpU JIEUCTBUM HA KOHCTPYKIIMIO CHJI, TIPU-
JIO)KCHHBIX JIUITh Ha KOPOTKUHA MMPOMEXKYTOK BpeMe-
HU WK OBICTPO U3MEHSIONUXCS. DTO SBJICHHUE HAJIO
paccMaTpuBarh C TOUYKU 3pEHHUS pacIipOCTPaHEHHsI BOJITH
HanpsoxeHus [1]. [Ipobnema pacmpocTpaHeHuUsT BOJIH

KOHCTPYKLUH XKUIbIX M oOmiecTBeHHbIX 3aaHuii; ORCID iD: 0000- IMPUBOAUT K OTBICKAHUIO PCIICHUA HeCTaL[HOHapHOﬁ
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HyJUIM — Diiepa BO MHOTHX OTHOIIEHHSIX CTAHOBUTCS
HenpurogHo. Kiaccuueckoe ypaBHEHHE OTHOCHTCS K
napaboIMIeCKOMY THITY, YTO (PH3UIECKH O3Ha4daeT Oec-
KOHEUHYIO CKOPOCTh PaCIpOCTPAHEHHS BO3MYIIEHHSL.

Teopus C.II. Tumomenko [2], yuuTsIBaroImas B
OTJIMYME OT KIACCHYECKON TEOPHUHU TAKKe MHEPIHIO
BpAIICHUS TOTIEPEUHBIX CCUCHUH CTEPXKHS U Jedop-
MalMIo CABHTa, NAeT Pe3yIbTaThl, OYCHb OJHM3KUE K
TOYHBIM PE3YJIbTaTaM, BBITCKAIOIINM U3 TEOPUH YIIPY-
rOCTH. YpaBHeHUE THMOILIECHKO SIBJISIETCS BIIOJHE
TUNepOOINYECKUM H OMUCHIBAET PACTIPOCTPAHEHUE
JIByX cIa0bIX Pa3pbIBOB (M3TUOHOTO U CABUTOBOTO) C
KOHEYHBIMH CKOPOCTSIMH.

s nccnenoBaHMs MEPEXOIHBIX BOJHOBBIX MPO-
1eccoB AedopMaly B CTEPKHIX Ha OCHOBE TEOPUHU
TumoIIeHKO HEOOXOAUMO MMETh TOUYHBIC AHAIUTHYE-
CKH€ pelIeHHs HECTAlMOHAPHBIX 3371a4 B 00IIIEM BHTIE.

Kaxnoe TouHOoe aHaIMTHYECKOE pEIIEHHE HMEET
OONBLIYI0 3HAYMMOCTH, TaK KaK B PaMKax JaHHOH
AQHAJIMTUYIECKOMN MOJENH SBJISIETCS] TOYHBIM ONMCAHU-
€M peaJbHOIO0 IMpOIEecca, CIYKUT KpUTEpUEM IpH
OLIEHKE TOYHOCTH NPUOJMKECHHBIX PELICHUH, O3BO-
JSIeT OTJIAXXUBATh ¥ BepUULUPOBATH IPOIPAMMBI,
B KOTOPBIX peaIn30BaHbl YHCICHHBIE METO/bI, SBIIS-
eTca QyHIaMEHTaJIbHBIM TEOPETUIECKUM (PaKkTOM.

Hawuboiee sicHoe mpeacTaBieHue 0 GU3HIECKON
CYIIHOCTH HECTallMOHAPHBIX 33/1a4 OOBIYHO JAIOT pe-
nreHust B OeryIux BoiHax. B oOmem Bunme takue pe-
IICHUS OTCYTCTBYIOT.

[Ipu ucnonp30BaHMM HMHTETPAJIbHOTO Ipeodpa-
3oBaHus Jlamnaca Mo BpeMeHM A MOCTPOEHUs pe-
LIEHUs B BUjE OErymux BOJH HauOOJbIINE TPYIHO-
CTH IIPEJCTaBIsIET UMEHHO 3Tall Ilepexoaa oT u300-
paKeHHS K HaYaJIbHOH QYHKIMH (OpUTHHAIY ).

Amnaimm3 paboT 1o Teopud THMOILIEHKO, B TOM YHC-
Jie YIOMSHYTHIX B 0030pe [3] u coBpeMeHHBIX [4—8],
MOKa3aJl, YTO UMEIOIIHecs pelleHns B OeTyIux Boj-
HaX HEKOTOPBIX YacTHBIX 3a/ay JUOO OYeHb TPOMO3I-
KA M UMEIOT CTPYKTYPY, KOTOpas HESICHO BBIPAXKAET
Han0oJjee CyIECTBEHHbIE YEPThl OIMCHIBAEMOIO IIPO-
necca, 100 uxX 3PPEKTUBHOCTh MPU BBIYUCIICHUSIX
JOCTHraeTcsi TONbKO B HEKOTOPBIX JOBOJBHO Orpa-
HUYEHHBIX 00NACTAX 3HAYEHUH KOOPAMHATHI U BpeMe-
HU. DOpMBI IPEJCTABICHUS 3TUX PELIECHUN HE YJO-
BJIETBOPSIIOT, HATIPUMED, OOLMM YCIIOBHUSIM, YIIOMSHY-
TBIM B pabote [9], mas Gpopm, B KOTOPBIX KelaTelb-
HO IPEACTaBUTh PEIICHUE.

HUckmouenusimu sipisitotest uccnenosanus [10-12],
B KOTOPBIX PACCMOTPEHBI JIUIIb YaCTHBIE 3aJa4H.

Takum 00pa3zoM, TIOCTPOEHHE B OOIIEM BHIE TOY-
HBIX aHAJIMTUUECKUX PEIIEHNI HECTAllMOHAPHBIX 3a1a4
teopun C.I1. TumorieHko s cTepxkHell B pusnde-
CKH HaTJISATHON W yIOOHOM IS TIPAKTUYECKUX pac-
4eTOB (opMe SIBIIIETCS aKTyaJIbHOM MpoOIeMoii.

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

B nmanHo# pabote B 00meM Buae chopMyIupo-
BaHBl TPU THUIA HECTAIMOHAPHBIX 3a1a4 JJS MOJY-
0OECKOHEYHOTO CTEPIKHS M OIUCAH METOJ| TIOTy4CHHSI
yKa3aHHBIX pemeHuid. PaccmarpuBaioTcst oIHOPOA-
HbIC MPU3MATUYCCKUE CTEPIKHH. PelieHus ctposiTcs
B BHJIC OCTyIIMX BOJH METOJIAMH OIEPAIIMOHHOTO HC-
YHCIICHUs] HA OCHOBE MHTErPAIBHOTO IMpeoOpa3oBaHHs
Jlarmaca — Kapcona no BpemeHu. BriBonsiTcs HOBbIE
OTIePAIMOHHbBIE COOTHOIICHHUS, HA OCHOBE KOTOPBIX TIO-
Ka3aH CII0CO0 HAaXOXJIEHHsI OPUTHHAJIOB B HArJIsI-
HOM W KOMIIAKTHOM BHJE, 0€3 HCHONb30BaHHS 00-
et popmyIel oOparieHusl.

1. ITocTanoBKa 3a1ay4
U M300pakeHue UX pelieHuit

J1s1 TOCTaHOBKM MCCIENYEMBIX 3a/1a4 IPUHAMAEM
CIemyIoNTre yCiIoBHBIE 0o0o3HaueHus: Ox, Oy, Oz —
OCH TIPSIMOYTOJIBHOM CHCTEMBI KOOpAUHAT (X — KOOp-
JUHaTa BAOJIb OCU CTEpXKH:); ¢ — BpeMs; A — IUIo-
maapb MONEPEYHOr0 CEUEHUs! CTEPKHS; Jp, — MOMEHT
HMHEPLHU MONEPEYHOTO CEYEHHs OTHOCUTEIBHO OCH,
MIPOXOJSIIEH uepe3 EHTP TSKECTH U HapajienbHON
ocu Oy; k' — koadpdunueHT casura; p — o0ObeMHas
IJIOTHOCTR; E — Moayns FOHra; G — MoZlynb CBUTA;
g — VHTEHCUBHOCTb BHEIIHEW IMONEPEYHOM Harpys-
K{; W — TIONEpeYHOe MepeMeleHe [IEHTpa TAKECTH
CEYEHUS CTEP)KHSA OT MOJOXKEHMS €ro CTaTHYECKOro
PaBHOBECHST; \J — YTOJI IOBOPOTA ITOTIEPEYHOTO CEUCHUS,
00yCIOBICHHBIN N3rMOOM, OTHOCHTEBHO HEHTPAIBLHON
ocu; M — mzrubarornmii MOMeHT; O — TTOTIepeYHast CHJIa.

YpaBHeHUs] TUMOIIEHKO UMEIOT CIEAYIOLIMNA BUL:

oty ow oty
EJ, 4+ k'4,G| — -y |-pJ, —=0
bé’xz b (ﬂx \V] P bé’tz 0
3w oy 3w
k4G == |+ pdy — =
b é,xz Ox p. h&’tz q

B kauecTBe OCHOBBI [UIsl ONpEAEICHUS U UCCIIe-
JIOBaHUS W300paKCHUI PEIICHW HECTaIMOHAPHBIX
3aaa4 TCOpUuun TumoIeHko MOT'YT CIIY>XUTH COOTHO-
LIEHN, TTOJYYEHHBIE NPU PELIEHUH B IPOCTPAHCTBE
n300pa’keHU HEeCTALMOHAPHOH 3a1aun Iy1si OECKOHEeU-
HOTO CTEPIKHS (—00 < X < 00) MPH HYJIEBBIX HAYaIbHBIX
YCIOBHUSAX, HaXOISAIIErocsl MOJ JEUCTBHEM IOINeped-
HOH COCPENOTOYECHHON MMIYJIbCHOM HArpy3KH, IIpU-
JIO’KEHHOM B MOMEHT BpeMeHH ¢ = 0 (g(x,1) =R (x)3(¢),

rae R = const, 01 — eJMHUYHAS UMITYJIbCUBHAs (DyHK-
1ust). TOYKY MPUIONKEHUST CHITbI MPUMEM 33 HAvajo
KOOpJIMHAT. BenencTerie CHMMETPHH PacCMOTPUM TOJb-
KO 4acTh CTEPXHs, PACIOJIOKCHHYIO MpaBeH TOYKH
MIPWIOKEHUS HATPY3KH.

Takum o0pazom, MaTeMaTHIeCKas: (hOpMYITHPOBKA
9TOH 3a/1auu CIIEAYIOIas: HAWTH PEIICHHE CHCTEMBI
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ypaaenuit (1) (g(x, ©) = 0) mpu 0 < x < o0, t > 0,
YAOBJICTBOPAIOUICEC T'PaAaHUYHBIM YCIIOBUAM

Ry o €O @

" Ha4YaJIbHBIM YCJIOBHUAM

w(x,O) =0, \|J(x,0) =0,
@(x,O):O, @(x,O):O (0<x<o0). 3)
ot ot

Hmem pemenne, obpamaromieecs BMECTe CO CBO-
HMH TTPOU3BOJIHBIMH T10 X B HYJIb IIPU X —> 0O,

AHAJIOTHYHO PacCMaTpPHUBAIOTCA TPH THIA HeCTa-
IIMOHAPHBIX 3a1a4 I MOTYyOSCKOHESYHOTO CTEPIKHS
(0 £ x < 00) IpU HYJEBBIX HAYAIBHBIX YCIOBUSIX U
CIEAYIONIUX YCIOBUAX 3aKperuieHus KoHna x = 0 u
BHEIITHUX HECTAI[HOHAPHBIX BO3ICHCTBUSIX, TIPUIIOKEH-
HBIX K KOHITY X = 0:

—3amaua /o — koHer x = 0 cBOOOHO OIEepT, OIo-
pa cMemaeTcs o 3aKoHy wo(f), Ha KoHIe x = ( mpu-
JI0’KEeH M3rudaromuii MoMeHT Mo(?);

— 3amada Ilp — konerr x = 0 3amemiieH, omopa
CMeIIaeTcsl MO 3aKOHY Wo(f) U MOBOPAYUBACTCA IO
3aK0HY Yo(?);

— 3amayva Illp — Ha cBoOOHOM KOHIIE X = () TpH-
JIO’)KEHBI M3THOaronit MOMEHT Mo(f) U ToTiepedHas
cuna Qo(?).

3mece wo(f), wo(t), Mo(f), Qo(t) — 3amaHHBIC
(YHKIUHM BPEMEHH f, IPUYEM HCXOJS U3 (PU3NUECKOTO
cMbIciia OynmeM cumtath GyHKIHH wo(f) U Wo(f) He-
MPEPHIBHBIMU TIpH ¢ > 0 ¥ paBHBIMU HYIIO T1pH ¢ = 0.

@ ()
i\

g 0 Ay s
573

Marematrueckas (popMyIHpOBKa TUX 331ad aHa-
JornyHa GOPMYIUPOBKE 3a1aull, IPUBEICHHO BBILIE.

%
ITycts F(p):pje’p‘f(t)dt:f'(t) HpPECTaBIAET
0
n300pakeHre HavaabHOU (yHKIMY (opurnHaia) f7),
TIe p=s+io® — KOMIUIEKCHAs TIepeMeHHas (TapameTp
HHTETpalbHOTO Mpeobpa3oBanust Jlamnaca — Kapcona).
K coxanenuto, o0beM CTaThbU HE IO3BOJSAET
MPUBECTU 371€Ch BCE M300pakeHUs pelieHui cdop-
MYJUpPOBaHHBIX 3afad. Ho, 4TOOBI MOMyYuTh Tpea-
CTaBJICHHE O CTPYKType M300pakeHUI B ITHX 3aja-
gaX, pacCMOTPHM, Hampumep, m3o0pakeHue (HyHK-
nuu  (x,f) B 3amade Il mpu yo() = 0 . OHo 3ammca-
HO TakK, YTOOBI BBIACTHUTh YKa3aHHbBIC HIKE TPENCTa-
BUTENU U300paskeHUH IBYX THIIOB:

1
LI‘(x,p)zC;Wo(p)px

x| &3 . @

p2 e oY
Bt n

3pech ri2(p) — HeEmpepbiBHBIE OJAHO3HAYHBIC
BETBU MHOTO3HAYHOM (PyHKIINHU

F(P)zAl\/PszAz\[Pz(Pz—A%) ) (5

BBJIETICHHBIE Ha IUIOCKOCTH p C pa3pe3amu
—A;<Rep <4, -A<Imp <)\ ¥ Ha IIIOCKOCTH p C pas-

pe3oM —4; <Rep < 4; COOTBETCTBEHHO (puc. 1).

(@)

(»)

Puc. 1. OGnacty, B KOTOPBIX BBIICICHBI OIHO3HAYHBIC BETBH 1'1(p), 12(p)
[Figure 1. Define of single-valued functions 71(p), 72(p) on the complex plane]

IIpuBeneM BBIpaXKEHHS TS TIOCTOSIHHBIX, HCITOITh-
3yeMBIX 3]IeCh U JaJiee:

Clz\/g’czz kGaC:pAba V:ia
p \ P EJy %)
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1 (312 + c% c12 - c% 2/C
A=— [T 4= g ,
ccy 2 o +c3 1_1

G o

A4=%A3(v—1), A=cenC. (6)
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BetBu 71 u r; yIOBIETBOPAIOT Ha AEUCTBUTEND-
HOH OCH CJIEAYIOUIMM aCUMITOTHYECKUM (OpMYJIam:

n(p)~4 1—A2P=C£,
|

n(p)~4 1+A2pzc£ (Rep > o0, Imp =0).
2

B stom caydae Re((p))>0 u Re(r(p))>0
npu Rep > 4;.

N300pakeHns MCKOMBIX (YHKIUNA COAEpPIKAT
nBa Tma QyHKIMi. B HacTosmiel cratbe OyayT pac-
CMOTPEHBI OCHOBHBIC MPEJICTABUTENIN 3TUX TUIIOB:

— n3o0paxkeHus 1-ro tuma:

p2 p }”2 n e |
— 7—1* —:>(p£,)(x,t),
(&) p n

P (p 5 e @)
2 2| 27, =g, (x.1),
n-RN\¢a P p)

rnen=20,1;

2) n3obpaxeHue 2-ro TUMa:

2 :>K(t) .

P
S thn
)

U306paskenus 1-ro THIA He COlEpKaT MPOH3Be-
JIEHUS 7172, TO €CTh HE COIEpKaT paauKan  p>+1%
M XapaKTepH3ylOTCs HATMYMEM pajuKana + p’ — 47 .
U306paxenus 2-ro TUMA COAEPKAT MPOMU3BEICHHUS
172, TO €CcTh pajukal | p>+A>, U He colepXkar pa-

nuKan + p® - 4; . OTMETHM, YTO M3 PACCMOTPEHHBIX

3a/1a4 U300paKeHUs 2-TO THUIIA UMEIOT MECTO TOJIBKO
B 3agauvax Il u Iy,

2. [Ipodema onpenesieHAst HAYAILHBIX (PyHKIMIA.
BpiB0OA HOBBIX OIIEPALMOHHBIX COOTHOIIEHU I

B npakTtryeckoil peanusanyuy METOa UHTETPAIIb-
HBIX IpeoOpa3oBaHuil Hanbonee TPYIHBIM 3TalioM
OOBIYHO SBIIACTCS MOCTPOCHUE HAYATBHON (YHKITHN
(opurunana) Mo MOJYYCHHOMY H300pakeHuro. Jlims
9TOH 1EeNu MOKHO OBIJIO OBl BOCIIONIB30BATHCS CPasy
¢dopmymoit obpamenus Pumana — Memnuna [13]:

10)= 5 e P,
L

rae F(p) — m3o0OpakeHne HadabHOU GyHKIHUU f{f),
L — xoHTyp Pumana — MeminHa B INIOCKOCTH p,
JeKalMi crpaBa OT BCEX OCOOBIX TOYEK (PYHKIHMU

F(p)lp.

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

OnHako OYEBHAHO, YTO TAKOTO CHocoba ompe-
JIEJICHUS] OPUTHHANA CIIEAYET 10 BO3MOXKHOCTH n30e-
raTh ¥ BMECTO 3TOTO MBITAThCA MPUMEHHUTH TEOPEMBI
omnepauroHHoro ucuuciaeHus [13], ¢ momoip0 Ko-
TOPBIX MOJyYEHHBIE N300paKeHUsI CBOAATCS K UMe-
IONUMCSI B CIIPABOYHHKAX II0 OMEpAIIOHHOMY WC-
YHCIEHUIO (Hampumep, [14]).

[lepeuncaum ciieqyromye OCHOBHBIE CIIOCOOBI
OTIpe/ieJICHUs] OPUTHHAIIOB, pACCMAaTPUBAEMbIE B JIH-
tepatype [9; 15; 16]:

1) ucnoyib30BaHUE OMEPAIMOHHBIX TEOPEM U
TaOJIUYHBIX COOTHOIICHHN;

2) HETIOCPEICTBEHHOE UCITOJIb30BaHMe (hOPMYITBI
obparieHus;

3) mpencraBieHrne W300paKeHUs B BUAE pAla,
JIOMTYCKAIOIIIEr0 TOCTATOYHO MPOCTOM TMOYJIEHHBIN Tie-
PEXOJ1 OT U300paKeHHsI K OPUTHHAIY;

4) aCUMITOTHYECKUE PA3IIOKEHUS;

5) unciaeHHoe oOpalieHue.

Kaxxmprit u3 mepevncieHHbIX METOIOB 00JIamaeT
JIOCTOMHCTBaMHU U HepocTarkamu. [1pu 3Tom, Kak ObLIO
OTMEUYEHO BO BBEJCHWH, BAXKHO, YTOOBI (pOpMBI TIpen-
CTaBJICHHS OPWUTHHAJIOB YJOBJIETBOPSIN HEKOTOPBIM
ycinoBusiM [9]. D10 — 0003pUMOCTh pe3yNIbTara, mo3-
BOJISIFOINASL CYAMTH 00 OCHOBHBIX 4YepTaxX HCCIeaye-
MOTO TIporiecca, ¥ BO3MOKHOCTb BBIYHCIICHHS 3Ha-
YeHUH OpUTHHAJIA C 33JJAHHOW TOYHOCTBIO.

Wrak, BO3BpaTUMCsl K pacCMaTPUBACMBIM 33/1a4aM.
B nmanHO# cTaThe MpuMeEHsETCS MEPBBIN CIIOCO0.

Crnemyer OTMETHTH, YTO TOJYUYCHHBIC M300pake-
HUSl MIMEIOT BEChbMa CIIOXKHYKO CTPYKTYPY H3-32 CIIOXK-
HOCTH BhIpaxeHus (5). Bumumo, mosToMy B M3BECT-
HBIX HaM padoTax, B KOTOPBIX YpaBHEHHUS THUMOIIIEHKO
pemagich ¢ IOMOIIbI0 peodpazoBanus Jlammaca mo
t (cM. BBeZicHHE), HE OBLT MCIIOJIb30BaH MEPBBIN CIO-
c00. UckmodeHusmMu sBisitorcst padotsr [10-12],
B KOTOPBIX PACCMOTPEHBI JIMIIL YaCTHBIC 3aa4u.

OpnHako HaM yJaloch B OOIIEM Cllydae MOWTH
[0 ATOMY IIyTH — ITyTH MOCTPOCHHS OPUTHUHAIOB C
ITOMOIIBIO OTIEPAIIHOHHBIX TEOPEM M COOTHOIIEHHI.
Ho nnst 3TOr0 BBIBOAATCS HOBBIC, HE UMEIOIIMECS B
JTUTEpAType MO ONMEPAIIOHHOMY MCYHUCICHUIO, OTIe-
paIOHHBIE COOTHOIICHHSI.

OnHO M3 3THX COOTHOIICHUH (HA30BEM €ro Oc-
HOBHBIM) JIa€T BBIPAXKCHUE HAYAIBHOUN (DYHKIIMH IS
M300paKeHUS CIEIYOIIEro BUIa:

» F(a1p+a2\/p2—a2)
sz_az (p+\/p2—a2)m(a1p+a2\lp2—az)’

rae F(p)= f(tf) — HEKOTOpOe M3BECTHOE (TaOIMIHOE)

(7

cooTHoweHue; d, +d, = 0 (a1 u a2 e paBHBI HYTIO

OJTHOBPEMEHHO); O, 1 — KOMILIEKCHBIE urcna, Re m > —1.
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Takum o0pa3om, TabIHIA ONEPAIIMOHHBIX COOT-
HomeHW [14] OymeT AOMOTHEHa HOBBIMH COOTHO-
HICHUSMU.

OpuruHamibl Ui BCeX N300pakeHHH, MOTyUYCHHBIX
TIPY pelleHnH pacCMaTPUBAEMBIX 33/1a4, MOKHO HAMTH
C TIOMOIIIBIO ATOW PACIIUPEHHON TaOIUITBI M HEKOTO-
PBIX TEOpPEeM ONeparMoOHHOro ucumciaeHus. Kak Oymer
MOKa3aHo Jajee, MPU TaKOM CI0Cc00e HaXOXKICHHUS
OpUTHHAJIOB pElIeHHs MOCTABJICHHBIX 3afad, IOJTy-
YCHHBIC B SBHOW aHAJIMTHUYECKOU (Dopme, IpeacTaB-
JISIIOTCSL B BUJIE MHTETPANOB, HO UMEIOT SICHO BBHIpa-
>KEHHBII BOJIHOBOM XapakTep U KOMIIAKTHBIN BUJ.

OdeHp BaXXHO TaKKe, UTO U U CTep)KHEeH KOHEed-
HOW JJIMHBI C TIOMOIIIBIO TIEPEUHICIICHHBIX CPEICTB MOXK-
HO TIOJTYYHTh B SIBHOM aHAJMTAYECKON (hopMe OpurvHa-
61 7Tt 1300pakeHUH MPSAMBIX U OTPAKEHHBIX BOJIH.

OTMeTHM, 9TO MPU MOCTPOSHUH OPUTHHAIIOB pac-
CMaTpHBacMbIM CIIOCOOOM OTPAHUYHUTHCS YHCTO OIe-
palOHHBIMU MeTOAaMH He yaaeTcs. CBs3aHO 3TO C
TEM, YTO, XOTS OTIEPAIFIOHHOE pellieHne OoJiee KOPOT-
KO0, 0oJiee POCTO, B HEM SIBHO HE BBIPAXKACTCS HAJH-
YHe YCIOBHUH, JOCTATOYHBIX U 3aKOHHOCTH TOW WITU
nHOH oreparuu. [109TOMy B CIIOKHBIX Caydasx (Ha-
MpUMeEp, P HAJTMYUU MHOTO3HAYHBIX (DYHKIIMH, KaK
B HaIlleM CJIy4ae) Ui TOTO, YTOObl aHATMTUYCCKUIMA
CMBICIT KaXXJ0# omepanuy ObLT COBEpPIIEHHO SICEH,
MOJIPOOHO KCCIICOBAHO MOBEJACHUE U300paKCHUI B
KOMILJIEKCHOM TIOCKOCTH.

OCHOBHOE OIEpaIliOHHOE COOTHOIICHHE HaleM,
mpuMeHss TipeoOpaszoBanre A.M. Ddpoca (00001IeH-
Hyto TeopeMmy bopens) [17]. Ykaxkewm 3aech ABa Ba-
pHaHTa BBIBOJIA 3TOTO COOTHOIICHHS.

1. HemocpencTBeHHO WCIOIB3yeM Ipeodpaso-
BaHue D¢poca npu

al+a2 20,
a,>0.

[IpuBOINM OKOHYATENBHBIC PE3YIHTATHI.
IIpu

aj+a, =0,
a, > 0
MOJIyYUM

am—Z 1
- P2 m—lF{"Z( pz_mz_p)}:>
\/P -a (p+\/p2—a2)

: 1, [a\/t(t + ZT)Jf(TJdr s

a

ﬂﬁo —

:>12J.(z+21)
0

a, >0, Rem>-1. (®)

3necw I, — momuduupoBanHas GyHkus bec-
ceJs mepBoro poja mopsiaka m [18].
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[Ipu a> = 1 MBI oy4aeM MMEIOIIUICS B JIUTEpa-
Type 10 ONEepallHOHHOMY HCYHCICHHUIO (HAIpUMep,
B [14]) wacTHEIH cirydaii mpeoOpa3oBanus Jdpoca.

[Ipu

aj+a, >0,
ay >0,
0003HaYUB

a—a
a-tts, ©)

a1+az
MOJYy4YUM

2 2
o p 1 F(a1p+a2\/p —a )
(a1+a2) > > " > > =
\/p —a (p+.’p2—(12) a1p+a2\/p -—a
t m
t_
:>J.( szlm[a«l(t—r)(t—ar)}f( ! ]d‘t,
t—art a1+a2

0
Rem>-1, (10)
rac ap v az yanoBJICTBOPAOT CUCTEME
aj+a, >0,
ay >0.

2. Jpyroii BapuaHT BbIBOJA UICKOMOI'O OIEPALIMOH-
HOTO COOTHOIIEHHUSI OCHOBAaH Ha HCIOJB30BAaHUH H3-
BECTHBIX M3 JIITEPATyPhl YAaCTHBIX CITy4aeB MpeoOpa3o-
BaHus1 D¢poca. [Ipu 3ToM pUHUMaeM, 9To —a; < a, < aj.

Tem campIM OyaeT pacCMOTPEH TakXke Ciaydai
—-ay<a, <0 (a1 ¥ a; He paBHBI HYJIIO OJHOBPEMEHHO),
HE OXBaYCHHBIN B IEPBOM BapHaHTE BEIBOJIA.

JlaHHBI BapuaHT BbIBOJAa MCKOMOTO OIepaliu-
OHHOTO COOTHOIIEHHS pACCMOTPUM MOAPOOHO.

JomyctuM cHauana, 4to - <a, <a;. V300pa-

JKeHHue B JIeBoH dacTu cooTHomeHus (10) MoXHO
MPEJICTABUTh KaK Pe3yJIbTaT CICAYIOMIEH IeMOYKH

peoOpazoBaHuil:
F aI;az [p+(1 J
ap
F(p)—)F(a1 % j—) 5 -
2 a1
+77
ap
m—1
20 o p 1 o

X =
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" 1

[2 2
o p F(a1p+a2 p-—a )
2 2 m 22
P -a (p+\/p2—a2) “1P+“2\/P -

J1s monmy4eHus COOTBETCTBYIOLLEN KaXKIOMY 3TaIly
npeoOpa3oBaHusl HadyalbHON (DYHKIIUM HUCTOJIB3yeM
W3BECTHBIE U3 JINTEPATYPHI CIEAYIOIIIE YacTHBIE CITy-
yau nipeoOpazoBanus Ddpoca [14]:

=(a+ay)
J

€CJIIn

F(p)= 1),

r}fm, (11)

a—a

j_}fz(t):'|..]0|:2(l1 ;Tl(t_tl):|fi(tl)drl . (12)
0

rae Jo — OecceneBa QyHKIMS IEpBOro poja HyJIEBO-
ro HOpsAIKa,

— 1 2 2
Fy(p)=o" 1\/ 2p - sz(p* p -a ):>
— 2 2
S
m+1 © 7m7+1

= f1(0)=t 2 I(z—Zr)

! 1a[aic—20 ] K@
0

Rem >-2. (13)

CJIGI[OBaTeJ'H)HO, A IOJIYY€HHA HCKOMOT'O OpHU-

o 2
IMHANA HAJI0 HAWTH (YHKIHIO ~> f3(r).
a

IIpu —a; = a» < a; TOIy4YUM COOTHOIICHHE

m,lF[al(P—\/ﬁ)}i

m—2p 1

\/pz_az (p+\/ﬁ)

m

- t% T(r - 21)_51,,, [a\/t(t - 2r)]f[’}h ,
0

a

a; >0,Rem > -1, (14)

KOoTOpoe cienyeT u3 coorHomeHus (13) mpu
t
Fz(p)zF(alp)Df[J, r€ BMECTO m B3SITO m — 1.
q
CootHomenne (13) siBisieTcst, TakuM 0Opa3oMm, JacT-
HBIM clTydaeM cooTHorneHwus (14).
OO0paTumMcst cCHOBa K cirydaro —a; < as < ai. [log-

craBuM B (13) BEIpakeHue st PyHKIUH fo(T) U3 (12)

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

U MIEpEMEHUM TOPSI0K UHTEIPUPOBAHUS, UCTIOIB3YsI
tdhopmyny Jlmpuxie s ABOHHBIX WHTerpasioB [19].
CrenoBarteibHO,

m+l

m+1 © 0 A
f3()=t 2 Iﬁ(tl)dtlj(t—ZT) 2 1”,”[%”(;—21)]1{2(1 511(1—11)}#,
0

3l
Rem > -2.
[IpeoOpazyem BHyTpeHHU UHTErpasl, BBEAS HO-
BYIO IIEPEMEHHYIO 1, =,/t—1; . [lomydnm

m+1
T f [
2.[(t—2t22 -21)) 1 |:a t(t—2122 —211)] J0|:2a -1 1:2:|12d7:2. (15)
a
0

[epeiinem B (15) or MoguduuupoBanHol Oec-
celeBoil (yHKIMH TepBOro ponaa .+ K OecceneBoi
¢byakun mepBoro poga Ju+1. Ilpu atom ymoOHe
paccMaTpuBarh He (QYHKUUIO BUAA [,(z) (z — KOM-

In(2) . Ucnomnb-

m
z

IJICKCHAS TICPEMEHHAs ), a (PYHKITUIO

3y [18], mpuxoauM K ciaenyIoM COOTHOIICHHUAM:

1,,(2) :Jm(iz) (16)
" (i)™ '
I (2) :Im(iz). (17)
z" (iz)™
OtmetuMm, 4TO (QyHKIUH I’”—fnz) u J’"iz) SIBTISI-
z z

FOTCS YCTHBIMHU.

Torna Beipaskenue (15) cornacHo (16) mpeobOpa-
3yeTcsl K BUJY, COIEPIKAIEMY Pa3pbIBHBII HHTETpa
Conwuna [18]:

2 _L)
2 2 1
2 il JO 20, ZTI T) ’Ezd’l:2=
0 2 Y| 2
Ty + T —E

0, t<21‘cl,
a

1 m
= 1 t—27Tl
\_a J,

1 1
—_— o (2t —t)| t=2—1 |, t>2—T14.
m+1 ,2‘51—1‘ Wl{ ( 1 )[ a lj} a 1

a-t 2

I[J'IH obecrieueHus CXOAUMOCTH 3TOT'O0 UHTETpA-
1

JJa 1o BEIUYMHAMHU o~2¢f U «o —T1; HoApasyMeBa-
a

IOTCSL TOJIOKUTENIbHBIC BEIMYUHBI, TO €CTh o >0,
a Re (m+1)>0[18].

Orpannuenuie o>0 BBI3BAHO TOJBKO CIIOCOOOM
BBIBOJIA, @ HE CYIIECTBOM JieJla: KaK CKa3aHO BBIIIE,
OCHOBHOE OIIEPAIlMOHHOE COOTHOIICHUE, KOTopoe Oy-
JeT TOJIyYeHO Janee, CHpPaBeUIMBO U T KOMILIEKC-
HBIX OL.
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Hanee nonyuum

m
at

= 1
2l t-2—1 2
1 B 1 { 2
O =—||—% 1| L,i0[(t-2t) t-2—1 |{f T, .
o t-27 a a —a,
0

Ilepexons k HOBOIl mepeMEHHON HHTETrpUpPOBa-

1
HUS t©=2—1,, HOXy4nM cooTHomernne (10), HO mpH
a

IMMOCTAaBJICHHOM YCJIOBHUU —a <ap <daj.

OTMeTHM, YTO BTOPOM BapuaHT BBIBOAA OCHOB-
HOTO OIEPAMOHHOTO COOTHOIICHHUS MOCITYKWJI HaM
METOJIMYECKOM OCHOBOW TP TMEPBOHAYAIIBHBIX IIO-
IBITKAaX HaXOXIACHUSA OPUTHUHAJIOB JI1 YaCTHBIX BU-
noB u3oopaxenus (7).

OObenuHsst yCIOBUS U d1 U d2, TIOCTABJICHHBIC
mpu 00OWX BapHaHTax BBIBOJA, MOJIy9aeM HCKOMOE
OTepalMOHHOE COOTHOIIEHHE (OCHOBHOE)

S, P (ay,ay,0,F(p), p) = (a1 + a5 )a™ x

» 1 F(a1p+a2\1p2—(12)
\/Pz_“z (p+\/l72_a2)m a1P+az\/P2—<12

= j(;_—;]?,m E (t—m)(t—r)}f(al iaz ]dr, (18)

TJIe, B COOTBETCTBHH C 0000IIeHHOH Teopemoii bopenns,
F(p) ynoBneTBopsieT yCIIOBHSIM OOPaTHON TEOPEMBI OT-
HOcHTEIbHO (hopmyn Pumana — Memmuna [17] (B nass-
HelmreM 00 3TUX yCIoBUSX Uit F(p) ymoMUHATh HE
Oymem; oHU OyAyT BCET/Ia BBHITTOJIHEHEI),

X =

a—a
azliz, a+a, >0, Rem>-1,

a; +ay
a takxe coorHomeHus (8) u (14) mpu a; =—a, #0,
Re m>—1.

CMBICT BepXHero uHaekca B o6o3Hauenuu S, %
CTaHET MOHATEH Jajee.

W3 cootHomenus (18) mpu a; =0, ax= 1, a Taxke
pu a; > 0, a; = 0 clienyoT UMEIOIIHNECS B JIUTEPATy-
pe yacTHbIe ciiyuau npeobpazoBanus Jdpoca [14].

Jlanee Ham TOTPeOYIOTCSI HEKOTOPBIC JTOTIOJTHU-
TEJIbHBIE COOTHOIIICHUS.

1) 3amensem B cooTHomieHuu (18) a, HA —a; U
MEPEeXO UM K HOBOW NEPEMEHHOW WHTETPUPOBAHUS

1, == (HHKE 0003HAUMM €€ OIIATH Yepes3 T ), OTydHM
a
s, F =5, (a),~ay,a,F -
m (a17a270~s (p)vp) m (als a2!0's (p)vp)

[2 2
7 P 1 F(alpfa2 p—a )

=(a,+ay)a" =

\/2 2 m \/2 2
p —a (p+ lp2_a2) ap—a\p —o

68

=

(;t—_a:j; I, [a (t—‘r)(t—a‘r)}f[al :az }h, (19)

S i)

O |~

, ag—ap, >0, Rem>-1.
a + ay
2) Tomyunm opuruHAI JyIst Ciydast, Koraa m = —1
(5_,P(p) aBnseTCa U3006paKEHHEM):

s (2)(p)—f(p+m)5 @(p)=
:é[zpso(z)(p)—(p—\/ﬁ)so(z)(p)}

31ech He NEePEeunCIIeHbl A COKPAILCHUS 3alHCH
BCe MapaMeTphl, OT KOTOPHIX 3aBUCHT GyHKIus S, .

Opurunan Haitnem u3 (18): mis mepBoro u300-
pakeHHs B KBaJPaTHBIX CKOOKax — MO Teopeme Aud-
(hepermmpoBanus opuruHaia [13] (opurnHaI B mpaBoi
yactu cooTHomenusa (18) mpu ¢ = 0 paBeH HyII0);
IUIsL BTOPOTO N300paKeHUSI — U3 COOTHOIICHHS

(p=p? - |50 =05 P

B pe3ynbTaTe umeem

2
S, P(ay,a5,0,F(p), p) =

1 » 5 5 F(alp-%—azﬂpz—(xz)
=(“1+az)*72 2(p+\lp —(x) — =
O\ p —a a1p+a2\/p —a

e )

a —a
a=-1—-2, ay+a, >0. (20)
a, +a,

3ameHsis 37eCh d; Ha —ap W TEPEXO/asl K HOBOM
MepEeMEHHON UHTETPUPOBAHUS, TTOTYUUM

S—l(l)(alaa27aaF(p)ap) =

2 2
F(alp—alep - )

:(‘11+“2)1%(P+\/p2—0€2) =
O\ p—a alp—az\/p —o
z
a
I ( J( jll[owt at l r}dr+— ( J,
0 al+a2 t—at az
azliaz, a —a, >0. 2n
a1+a2

3) CpasuuBas (18) u (19) mpu m = 0, a Taxxe
(18) mpu m =1 u (21), OTMETUM, YTO COOTBETCTBY-
IOIIE HMHTErPaIbl OTIAMYAIOTCS TONBKO BEPXHHM TIpe-
JIelioM WHTErpupoBaHus. Torma HamuieM B 0000-
LIIEHHOM BHJI€ OYE€Hb MOJIE3HOE COOTHOILICHUE:

DYNAMICS OF STRUCTURES AND BUILDINGS
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S, (a1, a3,0,F(p), p) = S_,(ay,ay,0, F(p), p) -

2
-8, (ay,a,0,F (p), p) =(a ﬁLflz)%><
p —a

NN e ”F(“"’_“””z_“z)
X —n(p+ p —a ) -

2 2
a alp—az\/p —a

[ 2 2
. 1 F(a1p+a2 p—a )

—a =

(p+\/p2—a2)n ap+app* —a?

xf[ ! jdr+n2f[ ! j (22)
al+a2 aao, ap—ap

31ech JOJKHO OBITh a1 — ax > 0 ma; + ax> 0, 10
€CThb a; >|ay|; n =0, 1.

Ucnonesys (19) mpu m = 1 u (20), nomy4uum
gl(alaaZaaaF(pr) = Sl(l)(abaZaaaF(p)ap) -

-S_P(ay,a2,0,F(p), p) = (e +“2)%X
p —a

2 2
| F(alp—azw/p -a )

i ap-l-\/pz—(lz alp—az\/pz—az )

F(a1p+a2«/p2—az)

2 2
a1p+a2\/p —o

o f7P=2) S

o

SRR e

T—1 a1+a2

~ |~

2 t
—f( ], al>‘a2‘. (23)
o aq + a
Jlerko 3aMeTUTh, 4YTO §l(a1,a2,a,F( p),p)=

1
= _ZSl(a],—az,(l,F(P),P) .

4) 3amenss B cootHomennu (18) o Ha i 1 uc-
moe3ys (17), momyanm

(al +a2)(’,m \/ P ! X
p

2 2 m
+a (p+«[p2+(12)
F(a1p+a2«/p2+a2)

ap+ az\/PZ +ao’

X =

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

t m
t—1 )2 T
jj(t—arj Jm[(x (l—ar)(t—t)}f[al_’_az]dr,
ap+ay >0, Rem>-1. (24)

IIpu a; =0, a; =1 u3 (24) cnemxyeT UMEIONTUHACS,
Hanpumep, B [14], yacTHbIHA ciayvali npeoOpazoBaHus
Odpoca.

3amensas o Ha ot B cooTHomeHusx (8) u (14),
[IOJTy9MM HOBBIE OTIEpPAIlMOHHBIE COOTHOIIEHUS, KO-
TOpBIE TIpA @2 = 1 1 a1 = 1 COOTBETCTBEHHO CBOJISATCS
K uMmerommmmcs B [14].

Takum o0pa3om, HalIeH pPSI HOBBIX OIEpaIld-
OHHBIX COOTHOILIEHUH, C IMOMOIIBI0 KOTOPHIX OYyIyT
OIpe/ie/ICHBl HadalbHBIC (DYHKIIMH B pacCMaTpHUBac-
MBIX 3aj]adyax TeoOpur TUMOIIEHKO.

3. OnpenesneHue HAYAJIbHBIX GyHKIMIA
€ MOMOIIBHI0 HOBBIX ONEPAIIMOHHBIX COOTHOLLIEHMI

BosBparnMcst kK HeCTallMOHAPHBIM 3a/1a4aM TEOPHU
TumotnIeHKo I OECKOHESYHOTO U TOTyOeCKOHEUHO-
ro crepxHei. M300pakeHus pelieHnit 3TUX 3am1ad He-
00X0IMMO MPECTaBUTh B TaKOM BUAE, YTOOBI MpU-
MEHUTHh HOBEIE OIEpaIlMOHHBIE COOTHOIICHUS U He-
KOTOpBIC M3BECTHBIC TEOPEMBI ONEPAIIMOHHOTO HC-
YHUCJICHUS K OTIEJIbHBIM COCTABISIOIINM H300paxe-
HU# (cM., Hanpumep, hopmyny (4)). Eciu atu co-
CTaBIIAIONINE OTHOCSTCS K pa3HbIM THIaM (1-My mim
2-My), TO IPUMEHSIOTCS pa3HbIE HOBBIE OTEpaIOH-
HbIE COOTHOIICHHS.

[TokaxeM, KaKk OTpeAeNnvTh HAdYaIbHBIE (YHKIHN
C MOMOIIBIO HOBBIX OTIEPAIIMOHHBIX COOTHOIIICHHH.

1) Hauanvusie pynkyuu 0ns uzobpasicenui 1-20
muna. Jlerko mokaszatk, 4TO 7| U 7 TONYYalOTCS U3
BBIPQKCHUS

2
2¢, v

MpHY 3aMEeHe p Ha
G
v v
u (1+1jp+[1—1}/p2 -4
v v

COOTBCTCTBCHHO.

OTcrofa cleayeT, uTo MPH UCMOJIB30BAHUU CO-
otromenuit (19), (21) u (18), (20) coOoTBETCTBEHHO
Haao0 NPpUHATH

1 1
01:1+;, 0221—;, (X,:A3.
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Torna, cormacHo (9),

Ilpu »>TOM 32 HCXOOHOE  COOTHOLIEHHE
F(p)=f(f) OyaeMm TpuUHUMATH CIEAYIOIIee TaOIu4-
Hoe cooTHomeHue [14]:

X 1y
-—|p? +A32(1—7j
e 2¢, v

F(p)=2c, 2 =

(25)

HomyctuM, TpeOyercs HaWTH OpUTHHAN IS

2 —7x
M300paKeHUS P . Ucnionb3ys coOOTHOLIEHHE
-0
(19), nomyunm
pZ e—rlx 1 p e—rlx

e 2474y 2o 4l

1 1 1
=—3 “’[1+7,1—7,A ,F(p),pj:
4424, 0 v

vt
1
2¢0<l>(x,t):74 o ! Io{As (f—f)[f—zﬂf(;}ﬁ,

rae f Gj MPUHUMAETCS cortacHo (25).
B pe3ynbTaTe nonyuum

p2 eﬂ"]x )

1
< 2 2—3%)()@):
n-h A

X
0, t<—,
G

: :\7%].]0 A4m IO[Asm}dr, z>§1. (26)

X

G

X X
IIpu >— umeem —<t<t, TAKUM 06pa30M, BBIpaxe-
G q
HHE {—vT MOXET OBITH OOJbIIE, MEHBIIE HIH paBHO
HyJ0. B 3aBUCHMOCTH OT 3HaKa 3TOTO BbIpaKEHUS

uMeeM Wi QyHKIMIo /) |:A3q/(t—'[)(t—VT):| , WK (yHK-
LU0 JO[A31/(VT—t)(t—1:)J (OT HENCTBUTENBHOTO apry-

70

MCHTa). CHC,I[OB&TCHLHO, paccMOTpUM JiBa Cliy4as,

X t
onpeaecaaeMblC COOTHOILICHUEM — W —!
1 v

t X X X
a) —<—<t, 1l —<t<—, TOrJa Ha BCEM HH-
vV o q 4] (&)

t
TepBajie HHTETPUPOBAHUS 1> — ;
v

X t X X
0) S <—<t,WIH ¢>-—>-; TOrJa HHTEPBAJ UH-
(4] v Cy (4]

TETPUPOBAaHKA CllefyeT pa3OouTh Ha JBE YacTu:

X t t
—<1<— U —<1<t.
q v Y

2 —1hX
p 2
h-K N

OpI/Il"I/IHa.]'I JUUIs I/1306pa)KCHI/I$l MOXK-

HO MOJYYHTh, IPUMEHSIS cooTHOLeHHeE (18), Tak Kak

pZ o X 1 p e

e Y o N PR

—HhX

1 1 1
= TSO(Z) (14’7,1 _75A3aF(p)apj'
4A1 A2 v \%

Torma

C_rzx 2
==

X
0, t<—,

- :j/%iJo i“m 1{@\/”?}" t>§ (27)

@

Tenepp cTaHOBHUTCS MOHSATEH CMBICI BEPXHETO
uHaekca B o6o3Hauenusax S,V u S, : nzobpaxe-
HUS pacCMaTpUBAEMOT0 THIIA, COACPIKAINe MHOKUTETh

—rX
e I

~—, TIPHBOZIATCS K H300PAKCHUIO s, a uzo6pa-
i

—HhX

KEHUA, COACPKAIINEC MHOXUTEIIb , IPUBOJATCA

p)
K u3obpaxenuio S, ? | rae nmo-npexsemy F(p) npu-
HHUMaeTcs corjiacHo (25).

Jnis cpaBHEHUS MTpHUBEIEM TeTeph B HAINUX 000-

SHAaYCHUAX OPUTHHAJ, HAIIpUMEDP, HJIA I/I306pa)KGHI/IH
pZ e

-t h

, HalimeHHBI B pabote [20] ¢ mcmons30-

BaHHeM o01ell Gopmynbl oOpamenus ams npeodpa-
3oBanus Jlamnaca:

DYNAMICS OF STRUCTURES AND BUILDINGS
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2

n4C )

X
t<=,
q

-nX
2 e 1

xvh{A3p1t—A1A3x\/p2{ (1- 4 )p? + 4, +p1}}_

2 2 2
1 «I(I—Az )Pl +A) 4Py o SR
j cos{ Ay Ayx 2[ (1 4 )pl + 4y —pl} x

(28)

2

== 1= 42 )p? + 4,7 -
22 2 |P1 2 —P1
=" 1 _ ( ) s1n{AlA3x\/2 [ (1—A2 )p12 +A22 —pl:l}x

dp,

xch{A3p1t—A1A3x\/')2|: (I—A2 )p12+A22 +p1:|}} — 5 - +
\/(I—Az )Pl +4 \/91(1—91 )
AZ
1 yI-4," sin Aspit ~ch(A1A3xﬂA2p11/p12 +1-— pf}

+
a4NC

CpaHenmue mpu t > x/c1 (26) ¢ (28) moka3biBaer,
YTO OPUTMHAJ B COOTHONICHUHU (26), B OTIIMYHE OT
OpHUTHHAJIA B COOTHOIICHHUH (28), IMEeT KOMITAKTHBIH,
HaTJISITHBIN BUJI, YTO CIIOCOOCTBYET 0oJiee MpocToMy
aHanu3y OpuUrHMHANa. MBI HE UMEeM elle TOJIHOro pe-
IIeHUsI KOHKPETHOH 3a/1a4¥, OTHAKO BUJI OPUTHHAJIOB
B cooTHOMIECHUX (26) u (27) moaTBepkaaeT U3BeCT-
HBIH (hakT: Teopust THMOIIEHKO OMHUCHIBAET Pacmpo-
CTpaHEHHE JBYX BOJIH CO CKOpPOCTSIMHU (PPOHTOB ci
U C2; CTPYKTypa YKa3aHHBIX OPUTHHAIOB (HIDKHUN H
BEPXHUH Ipeieiibl UHTETPAIOB, BUl apryMeHTa (yHK-

2
UMY TUNA Jo| Ay, [T° —[:] ) UMeeT SCHO BBIPaXKEH-
1

HBIH BOJTHOBOW XapakTep, 4TO HeJb3s CKa3aTh 00 OpH-
THUHAJIC B COOTHOIICHHH (28).

XapaKTepHbIM 00CTOATENTLCTBOM SIBIISIETCS TO, YUTO
B M300paXCHUSX, MMOJIYYCHHBIX TPU PEUICHUU 33]a4
IUIsT OECKOHEYHOTO W TOyOSCKOHEYHOTO CTEePIKHEH,
OJIHAa TOJIOBMHA CllaraeMbiX (Ipu e 2% ) moiyyaeTcs

u3 Apyroi (Tpu e ") 3aMeHOM 7| Ha 72, © HA00OPOT.
B ¢opmyne (4) aTo n3zobpaxeHus B KBaJpPaTHBIX
ckoOkax. Hampumep, cnenyrone aBa n300paxxeHus
BCEr/la HaXOMATCS BMECTE B TaKOH KOMOMHAIINU:

2 —1X 2 —1X

r_c r_c- (29)

2_ 2 2_ 2
- h =R N

X
Ecnu npu ¢ >~ B nepBOM cllaraeMoOM OpHUrMHalla
(%)

0oV (x,f) TepeHTH K HOBOM TEPEMEHHOI HHTErPHpPO-

BaHUA T =vt, TO BUOAHO, YTO 3TO Cllara€Mo€ B3auMHO

X
YHHHTOXKAETCA A ¢ >~ C OPUIHHATIOM 0P (x,0).
2

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

Aopilpi +1—p2ypy +1

dpy, t>

B cBsi3u ¢ 3THM Sydie cpa3y WMCHONIB30BaTh COB-
MECTHBIE COOTHOIICHUS (22) u (23) mpu HaXOXKIICHUU
OpPUTHHAJIOB T M300paxeHni tuma (29). Hampumep,
u3 (22) B 00001IICHHOM BHUJIE TIOJIYYUM

2 2\ 2 2\ -nx
P P h e P P h e -
- —- — - | —=9,(x0)=
2 2| 2 ’ 2 2| 2 "
- \¢ P 1 n—K\¢ P b3

X
0, t<—,
C

1

i = m [T e (G0

X X
St =,
a )
t x
- t>—,
V Cz
=0,1.
2) Hauanvuvie gynxyuu 0ns uzobpasxcenui 2-20
muna. JlomycTuM, TpeOyeTcss HAWTH OPUTHHAT IS

H300pakeHUs % . Tak xak
g +n1n
_ p —? p 1 “
CT+;,1},2 \/p2+X2 vp+\/p2+k2 \/p2+X2
2

TO OPUTHHAJ UL TIEPBOTO CJIaraéMoro Haiaem, HpH-
MEeHsS1 COOTHOILEHHE (24) st

7
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2 2
Fp)==L2-= 0= -a9

C] +c 4] +C2

npu
a=v, ay=1,0=%, m=0;

OpPHUTHHAN JJIs1 BTOPOTO ClIaraeMoro Haxoaum 1o [14];
TOT/Aa TIOTYyYUM:

_pr

P2 -
g+r1r2
t
o IJ PR B g + IJ A )dt =
C1+C2 \/( C1+C2T ( T) T+ CCy 0( T)d'l.'
0
= k(). (31)

Wrtak, opurHHANEl I W300paKeHUN PaccMoT-
PECHHBIX THUIIOB NPCACTABIAIOTCA B BUJAC MHTETPAJIOB
oT OecceneBbIX (YHKIMA U ONPEAEISIOTCS MPaKTH-
YECKH C MTOMOIIBIO IBYX OTNEPAIMOHHBIX COOTHOIIIE-
Huit (18) u (25).

AHAaNIOTUYHO OMPEJEISIIOTCS. BCE OPUTMHAIIBI B Pac-
CMaTpHBAaEMBIX 3aJauax.

TouHpIe aHAJTMTUYECKUE BBIpaXXCHUA TJIA IICPEC-
MEIICHNH U yCWINH B OECKOHEYHOM U T0JTyOeCKOHEY-
HOM CTEpIXHSX CBEJEHHI B Tabnuubl. OrpaHuyeHue
0o0beMa CTaThH MO3BOJISIET ITPUBECTH 3/I€CH TOJIBKO BBI-
pakeHus JUId yTila OBOPOTa M M3rMOAl0IIero MoMeHTa
B PAaCCMOTPEHHOMH J1ajiee TECTOBOM 3aade.

4. PemieHne TeCTOBOM 321241
JJI51 TI0JTy0eCKOHEYHOT0 CTEPIKHS

PaccmoTpum Ha ocHOBe Teopuu THMOILIEHKO YacT-
HyIO HECTallIOHAPHYIO 33/1a4y O ICHCTBUH Ha 3alleM-
JICHHBIA TOMYOECKOHEUHBIH cTepkeHb (x=0) paBHO-
MEPHO pacHpeeIeHHON MONMEepeYHON MUMIYJIbCHOU
Harpy3kH, MpUIOKEHHOM B MOMEHT BpeMeHHu ¢ = 0;
HayaJgbHBIE YCIIOBHUS — HyJeBble. Pemienue sToit 3a-
Jlauu, HaliIGHHOE C MCIIOJb30BaHuEM o01Iei popmy-
JBI oOparteHus s npeodpazoBanus Jlamraca, mMe-
etcs B pabote [21] (pemienne qano 6e3 BEIBOJA).

[NocraBuM mepen coboii 1eNbl0 CPaBHUTH YHCIIO-
BBIE PE3YJIBTAThI, MOJyUYEHHbIE N0 (opMysiaM JaHHON
paboter u B padote [21]. [Ipu pemennu 3Toit 3anaun
Obula 0TpabOTaHa METOAMKA BBIUMCIICHHS 3HAYCHUH
MCKOMBIX pyHKIMH Ha DBM.

Maremarudeckast opMyJTHPOBKA 3TOH 3aa4ud Clie-
JIYIOIIIas: HAlTH peleHne CUCTeMbl ypaBHeHui (1) mpu

q(x,1) = RS (x)5; (1)

(R = const; 8((x),8;(r) — emuHUYHAs (PYHKIIUS XeBHcaiaa
Y eUHUYHAsI UMITyJIbCHBHAST QYHKIHS), 0<x <oo,f>0,
YAOBJIETBOPSIOINIEE TPAHUYHBIM YCIOBHUSIM
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w(0,£)=0, y(0,)=0 (¢ >0)

¥ HadaJbHBEIM ycioBusaM (3). Mmem pemrenue, orpa-
HUYCHHOE MTPH X —> 0 .

Bynem uckate pyHkmmio w (x, t) B BUIe

w(x,t) =wy(x, 1)+ il‘. (32)
p4,

b
B pesynbprare npuxoaum k 3anade IIp oTHOCH-

TeNbHO QYHKIUU w1 (X, £) U ¥ (X, {) Ipu

R
wo(t) =———1, yo(t)=0.
pA,

B pabore [21] mano BBIpaxkeHue i Oe3pa3zmep-
HOTO M3rH0aroIero MoMeHTa %M (x,t) . UT0oOBI TIOITY-

YHUTH BBIPAKECHHE JUISL 3TOH (DYHKIMH, HCTIONB3YS HOBBIC
OIEPALIMOHHBIE COOTHOILECHHS, yI0OHeH HaliTH CHavyana

opuruHan st u3obpaxenus ¥ (x, p) (4), a 3arem —

. o
1/13r1/16a101unn MOMCHT U3 COOTHOIICHUS M =-EJ,— hd .

Ucnone3ys (30), (31) u TeopeMy cBepThHIBa-
Hus [13], morydanm

B p) = - Sy -
t t

=J.(p1(x,1t)l<(t—‘c)dr—j(po(x,t)dr. (33)
0 0

X
—, — HHTEpBa-
q &

B 3aBHCHMOCTH OT COOTHOIICHHS t,

61 UHTErprupoBadus B (33) MOXKHO pa3OWTh HA WH-
TepBaJbl, B KOTOPHIX IOJABIHTETpalbHAS (YHKIUS
MMeEEeT KOHKPETHOE aHAIMTUYEeCKOe BhIpakeHue. Jlo-
Ka3aB, YTO 3TH WHTEIPATLI UMEIOT YaCTHYHO MPOU3BOJI-
HYIO TI0O X B COOTBETCTBYIOIIMX OONACTSX, MOJTYIUM

JCM(x,t)  ELNC
- \V(X,[)—
R R
0, t<—,

q

t
-1Jc '[j'(x,t,r)dr—x(t—ﬁ) , i<t (34)
(5]

q G

()

~
o t
Jc If(x,t,r)dr+ f (x,t,T)dT—K(t—i) R z>i,
X Cl
:1 )

rac
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~1

[ (0 =¢] (x,DK(E-1)—¢q (x.1).

Ha 3ameminenHoi onope:

NGE (}g’” = —JCx ().

B cpaBHuBaemoii pabore [21] Oe3pazmepHbIie H3-

FI/I63IOHII/IG MOMCHTHI BBIUHCIIAIACE U1 CTCPK-

HS C IPSAMOYTOJIBHBIM ITOTIEPEYHBIM CEYEHHEM BBICO-
TOH h.

Beenem, kak u B [21], 6e3pasMepHy0 KOOpAU-
HaTy TOYKU OCH CTEpXKHA U 0€3pa3MepHOE BpeMsi:

Amnanu3 pabotsl [21] mokazan, 4To 3HAUCHHE V
OBLIO IPUHSATO paBHBIM 1,9.
TToctpoeHHsblit 0 pe3ysbTaTaM BBIYHUCIECHUN Tpa-

¢uk GyHKIIH (puc. 2 ) mpu 1 = 2 coBnamaet

¢ TpaduKoM, IpUBEIeHHBIM B padote [21].

A
0.67

Jo 08
R

0.47

0.27

-0.27

- 0.4

-0.67

-0.8

T

Puc. 2. JlelicTBre Ha 3alIeMIICHHBII MOTYOCCKOHSUHBIH
crepxkenb (x 20 ) paBHOMEPHO pacrpeneneHHONR
HOINEPEYHOI HMITYJILCHON HAarpy3KH ¢(x,t) = R (x)d;(7) .
Wzrubaromuit MOMEHT B cedeHun 1 = 2 ipu v = 1,9
[Figure 2. A clamped semi-infinite beam (x> 0)
which is subjected to a uniform lateral impulse g(x,?) =R5y(x)d;(?) .
Bending moment atn =2, v=1,9]

BoiBoabI

Hrak, B x0z1€ Uccleq0oBaHUs MOKAa3aH METOJ I10-
Jy4E€HHs TOYHBIX aHAJIUTHYECKUX pELICHHM 3a1ad o
pacnpoCTpaHEHUH YOPYTUX BOJIH B OIHOPOJHBIX MIPU3-
MaTHYECKUX CTEPXKHSAX MPH MONEPEUHBIX KPaTKOBpE-
MEHHBIX W OBICTPOM3MEHSIONINXCS BO3IACHCTBUAX HA
OCHOBE TeopuHu TUMOIIEHKO.

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

B o6mem Buae chopMyIMpoBaHbl TPU TUIA He-
CTAIlMOHAPHBIX 33/1a4 IS TTOyOeCKOHEYHOTO CTEepIK-
Hi1. PaccMmorpensr Oeryriuie BOJHBL Vcmonb30BaHO
orepanroHHoe ucuncienne. OTMedeHo, YTO TOMy4eH-
HBbIE N300paKEHUSI UMEIOT OYEHB CIOXKHYIO0 CTPYKTY-
py. M3yuena mpobinema omnpeneneHuss HadadbHBIX
¢yHKIMNA (OpUTHHATIOB) MPHU PEIIEHUU HECTaIHo-
HapHBIX 33724 TeOpUH THUMOILEHKO.

BriBonsiTCS HOBBIC, HE UMEIONIHECS B JIUTEPATY-
pe 0 oneparMOHHOMY UCUYHUCIICHHUIO, ONIepallHOHHbIC
COOTHOIIICHHUS, HA OCHOBE KOTOPBIX MOKa3aH CIOCO0
HaxOXXJEHUs OPUTHHAIOB 0€3 HCITOJNIB30BaHUS 00-
meit Gopmynsl oOpameHns. Pemenus 3amad 3amm-
CBIBAIOTCA B BUJE MHTETPAJOB OT OecceeBbIX (yHK-
WA W, B OTJIMYHE OT PEIICHUH, MMEIOIUXCS B JIUTE-
paType, SICHO MOKAa3bIBAIOT BOJHOBOM XapakTep H3y-
YaeMBIX MPOIECCOB, MMEIOT KOMITAKTHBIM BUJ H
yIO0OHBI A7l MPAKTUYECKUX BEIYUCICHUH.

Orpannuenne o0beMa CTaThd MO3BOJIUIIO TIPHBE-
CTH 3/I€Ch TOJIFKO HEKOTOPHIE TOYHBIE aHATNTUIECKUE
BBIpKEHUS 711 pasnuyHbIX QyHKImi. B obmem Bune
TaKye BBIPAKEHUS I PA3IMYHBIX TUIIOB CTEPIKHEH
[IOJTy9eHBl W CBEJIEHBI B TAONHIIBI, KOTOPHIE MOTYT
OBITh IPEACTABICHBI ABTOPOM CTAThHH.

[Nomy4eHHbIe HOBBIE OMEpaLIOHHbIE COOTHOLICHHUS
TTO3BOJISIOT JIOTIOJTHATE TaOMHUITEI (DOPMYTT OTIepaIiv-
OHHOT'O MCYHCJICHUS U MOTYT OBITh MCIOJH30BaHbBI B
JabHeNIeM Ipy pelieHHH Pa3InYHbIX Tpo0ieM.
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Abstract

Relevance. In order to study transient wave processes of deformation in rods on
the basis of S.P. Timoshenko theory, it is necessary to have accurate analytical solutions
to non-stationary problems in general form. Each accurate solution within this analyti-
cal model is an accurate description of the real process, serves as a criterion in assessing
the accuracy of approximate solutions. When using operational calculus to analyze
traveling waves, it is the inverse Laplace — Carson transformation that poses the greatest
difficulty. It follows from the published works that the available solutions to some pri-
vate problems either have a structure that does not allow to judge the main features of
the investigated process, or their efficiency in calculations is achieved only in some
rather limited areas of coordinate and time. This problem, which requires resolution,
determined the purpose of this article. The aim of the work. The article is devoted to the
development of new operational ratios and their application to the construction of accu-
rate analytical solutions to the non-stationary problems of S.P. Timoshenko's theory for
rods in a general form, in a physically visible and convenient form for practical calcula-
tions. Methods. The work uses methods of function theory of complex variable, opera-
tional calculus based on the integral Laplace — Carson transformation, methods of struc-
ture dynamics. Results. In general form three types of non-stationary tasks for semi-
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infinite rod based on Timoshenko theory are formulated. New operational ratios have
been obtained. Based on these ratios, a method of inverse transformation without using
a general conversion formula has been developed. Solutions of problems are recorded
in the form of integrals from Bessel functions and, unlike solutions available in the
literature, clearly show the wave nature of the studied processes, have a visual and
compact appearance. An example of calculation is reviewed.
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Annomayus

AKkmyanshocms. YBenn4eHHE IIOTHOCTH TOPOACKOTO HAceTIeHUs TpeOyeT
MPUMEHCHM ONITUMAJIbHBIX KOHCTPYKTUBHBIX CUCTEM MHOTI'OOTAXKHBIX TPAXKIAHCKHUX
3[aHuii, OJHAKO, HECMOTpSI Ha OOJIbIIOE KOJIUYECTBO UCCIENOBAHUN O palOHANb-
HOCTH UX HPUMEHEHHs, BOIIPOC O BHIOOPE OLIEHKH CEHCMOCTOMKOCTH KOHCTPYKTHB-
HBIX CUCTEM MHOI'O3TAXKHBIX TI'PAXKIAHCKHUX 3)13.Hl/ll>i OCTAaCTCs OTKPBITHIM. lle./lb uc-
CIIEZIOBAHUS — OIPE/IE/ICHHUE IPEUMYIIECTB U HEOCTATKOB KOHCTPYKTHBHBIX CUCTEM
MHOTO3Ta)KHBIX 3[[aHUH B CEUCMUYECKUX pailoHax. Memoowt. B ctatbe mpencrasie-
HbI PE3YyJIbTaTbl CPABHUTCIIBHOI'O aHaJIU3a CEMCMOCTOMKOCTH IISITH Pa3INIHbIX KOH-
CTPYKTUBHBIX CHCTEM MHOT'O3T)XHBIX MPaXKIAHCKHX 3/1aHMH (CeTKa KOJIOHH — 6X6 M,
BBICOTA 3Taxa — 3 M, KOIH4YecTBO 3taxed — 20): KapKacHO-CTEHOBOW, KapKacHO-
CTBOJIBHO}{, CTBOJIBHO-CTEHOBOI1, KapKaCcHO-CTBOJIbHO-AHa(parMoBOi, KapKacHoO-
CTBOJIbHO-000JI0UKOBOM. JIJIsl peau3aluy MOCTaBIEHHON 3alayd HCHOJIb30BaJICS
nporpammisiii komiieke SCAD Office. Pacuer Obu1 por3Be/ieH B COOTBETCTBUH C
CIT 14.13330.2018 st pacyeTHOrO 3eMJICTPSICEHNS] MHTCHCUBHOCTBIO 8 0aiIoB 1O
mkane MSK-64. Cymma 3((heKTUBHBIX MOJAIBHBIX MAacC, YYTEHHBIX B pacuere,
coctaBwia He MeHee 90 % oOmel Macchl CHCTEMBI, BO30YKIaeMOi 10 Hampasiie-
HUIO JIeMCTBUS CEHCMHUYECKOro BO3AEHCTBHS Ul TOPU3OHTAIBHBIX BO3ACHCTBHM,
u He MeHee 75 % — U1 BEpTUKAIBHOIO Bo3aeHcTBUs. Pesyrvmamur. CpaBHeHUE
IIPOBOJUJIOCH MO CIIEAYIOIMM KPUTEPUSM: MaKCUMAJIbHbIE IIEPEMEIEHHUs], MaKCH-
MaJIbHBIC COKUMAIOIIME U PACTATUBAIOIIUC HANPSKCHUS, MaKCUMaJIbHBIC NIEPUOAbI
COOCTBEHHBIX KOJIeOaHHI, MAKCUMAaJIbHbIE YCKOPEHHUS.

Knrouesvie crnosa: ceicMOCTONKOCTB; 3eMIIETPSCEHUS; MHOTOITaKHBIE 3/1a-
HUS; BBICOTHBIC 3/1aHUST, KOHCTPYKTHBHBIC CHCTEMBI

BBenenue

MHOro3Ta’kHOE CTPOUTENHCTBO PA3BUBACTCA C POC-
TOM YHCJIEHHOCTU TOpOoACKOro HaceneHus. B 2010 r.
TOpOJICKOE HacelleHUe COCTaBisiao 3,6 MipI. yen.,

Abaeeé 3aypoex Kambonamosuu, Kanauaar TEXHUYECKUX HayK, JOLEHT
Kkageaps! cTpouTenbHbIX KoHCTpyKIwmid; eLIBRARY SPIN-kox: 2843-1586.

uma 51 % ot obmielt YnCIeHHOCTH HACEeICHUS MUpa.
ITo cpaBuenuto ¢ 1950 r. oHO yBeaMumiIOCh B 4-5 pa3 u
npogoinkuT pacti. Oxwumaercs, uto k 2050 1. Oonee
75 % xwuteneit 3emiu OyIOyT XUTh B TOPOACKHX
ycnoBusx [1].

[NoBbImeHne 3TaXXHOCTH 3MaHUN W3-32 000CTpS-
fomIerocst [euINTa 3eMIN TOPOJICKUX TEPPUTOPUI 1

Koozaee Mapam FOpveguy, KaHauaT TEXHUYECKUX HAyK, JOLEHT Kadeaps
TEOPETUUECKOH U nprKIIaHoi MexaHuku; eLIBRARY SPIN-kox: 7389-8508.
Buzynaes Anexcandp Anexkcanoposeuy, KaHIUIAT TEXHUYECKUX HAYK,
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€e yJ0poKaHusA, U3MEHEHHE KapT celcMOpaioHUpoO-
BaHUs TeppuTOpuM Poccuu B CTOPOHY yBEIUYEHUSA
MPOTHO3UPYEMON WHTEHCUBHOCTH CEMCMMUYECKUX BO3-
JIEACTBUM M KOJMYECTBA CEHCMOOMACHBIX PETHMOHOB
MIEPEBENN PACUEThl 34aHUNA U COOPYKECHUH Ha ceil-
CMUYECKHE BO3ACUCTBUS B pa3psi 4acTO UCIOJb3Y-
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eMbIX [2]. bombliioe KOMMYecTBO UCCIEAOBAHUM O pa-
[IMOHAIIBHOCTH TIPUMEHEHHS DPAa3NYHBIX KOHCTPYK-
THBHBIX CHCTEM MHOTOSTOKHBIX TPAKIAHCKUX 3IaHUI
HaIpaBjIeHO, KaK MPaBWIO, Ha OICHKY OJHOTO WU
HECKOIIbKHX KOHCTPYKTHUBHBIX MapaMeTpoB (KoJmde-
CTBO dTa)keH, momass, popma u T. 11.) 1 000CHOBa-
HUE ONTUMAIBHBIX MPEACIIOB UX HUCIIONB30BaHusA [1],
HE paccMaTpuBas BOIPOCH UX CEHUCMOCTOUKOCTH,
B CBSI3U C YeM OILIEHKa CEHCMOCTOMKOCTH Pa3IMIHBIX
KOHCTPYKTHBHBIX CUCTEM MHOTOATAXKHBIX 3IaHUN
CTaHOBHTCS Bce Ooiiee aktyanbHO# [3—8]. Tem He
MeHee BOMPOC O BBIOOpPE KPUTEPHUS ONTHUMAIbHOCTH
U CaMOW METOJOJIOTHH WCCIICOBAHUS OCTACTCS OT-
KpBITBIM [9—13].

1. MeToanl 1 MaTepHAJIbI

Obvexm uccneoosanuss — KOMOWMHHPOBAHHEIE
KOHCTPYKTHUBHBIC CHCTEMbI MHOTO3TaXKHBIX BBICOTHBIX
3nanuii (puc. 1) [1; 14; 15]:

— kapkacHo-cmenogas (Frame & Tube) — coue-
TaHWe HEeCYIUX CTEH M KapKaca, BOCIPUHUMAOIIUX
BCE BEPTUKAIBHBIC U TOPU3OHTAIBHBIC Harpy3ku. [Ipo-
EKTUpYeTCs, KaK MPaBuio, ¢ OE3pUTENbHBIM KapKa-
COM HJIM C HEKECTKHM COTPSHKEHHEM pUTeNed U Ko-
JIOHH;

— kapracuo-cmeoavras (Frame & Core) — BMe-
cTo auadparM >KECTKOCTH MPUMEHSIFOTCS MPOCTPaH-
CTBEHHBIE 3JICMEHTBI 3aMKHYTOW ()OpPMBI B IIJIaHE, Ha-
3bIBaEMbIC CTBOJIAMH, OJIarojaps 4eMy MPOUCXOIUT
pacrpeneneHie CTaTHUECKONW paboThl M BCE BEPTH-
KaJbHbIC HArPY3KH BOCIIPUHUMAIOTCS KapKacoM, a To-
pU3OHTAIBHBIE — CTBOJIOM. ClIeyeT TaK)Ke OTMETHUTH,
YTO A7 O0ECHedeHHs] COBMECTHBIX IMepeMelleHUH
Kapkaca 1 CTBoJa uepe3 Kaxple 18—20 staxei npe-
JIyCMAaTPHUBAIOTCSI TOPU30HTAJIBHBIC Ay TPUTEPBI;

— cmeoavho-cmenosas (Core & Walls) — code-
TaeT B cebe HeCyIllIne CTeHbI M CTBOMN. PacmpenencHue
BEPTHKAJIbHBIX ¥ TOPU30HTAIBHBIX Harpy30K MPOMC-
XOJIUT B PA3IMYHBIX COOTHOIICHUSX B 3aBUCUMOCTH
OT KECTKOCTH U PACTIOJIOKEHHS DIIEMEHTOB;

— KapkacHo-cmeoavHo-ouagpaemosas (Framed
Core & Walls) — coderaer B ceOe NpEeHMYILECTBa
KapKaCHO-CTBOJILHOM CUCTEMBI C BKITFOUCHHEM JIOTION-
HUTENBHBIX TuadparM KecTKOCTH s 6omnee ¢ dek-
TUBHOT'O BOCIPUSATHS TOPU30OHTAILHBIX HATPY30K;

— KapKacHo-cmeobHo-ooonouxkosas (Framed Core
& Tube) — cuctema ¢ Hecymiel 000JIOUKON 31aHUS U
BHYTpPEHHUM KapkacoMm. [Ipu aToMm o6osrouka padoraer
Ha BCE BUJBlI HArpy30K M BO3ACWUCTBUH, a KapKac —
MPEUMYIIIECTBEHHO HA BEPTHKAJIbHBIC HATPY3KH.

Obwue napamempsl KOHCMPYKMUBHBIX CUCIEM:
CeTKa KOJIOHH — 6X6 M; ceueHue KojaoHH — 40%x40 cm;
TOJIIUHA [UTAT NEePeKpbITHs — 20 CM; TOJIIUHA CTCH —
40 cMm; BBICOTA dTaKa — 3 M; KOJHMYECTBO ITAXKEH —

CEVICMOCTOMKOCTb COOPY)XEHUM

20; mMarepuas HecyluX KOHCTpYKUuid — Oeton B25,
apmatypa A500.

o o © a o e © o

d e

Puc. 1. KoMOMHIPOBaHHBIC KOHCTPYKTHBHBIC CHCTCMBI
MHOT03TaXHBIX BBICOTHBIX 3J1aHUI:

@ — KapKacHO-CTEHOBAsI; b — KapKACHO-CTBOJIbHASI; ¢ — CTBOJIBHO-CTEHOBAS;
d— KapKaCHO-CTBOJ'II;HO-I[H&q)paIMOBa?I; e— Ki‘lpKaCHO-CTBOIII)HO-0601’[0‘{KOBa§I
[Figure 1. Combined structural systems of
high-rise multi-storey buildings:

a — frame & tube; b — frame & core; ¢ — core & walls;

d — framed core & walls; e — framed core & tube]

Memoouka pacyema. JlJia peaqu3ainyu MOCTaB-
JICHHOH 3aJ]auM WCIOJIh30BAJICSA MPOTPAMMHBIA KOM-
mwiekc SCAD Office (puc. 2).

Pacuer 0BT mpow3BeneH B COOTBETCTBUHU C
CII 14.13330.2018 mas pacueTHOro 3eMJIETPSICEHUs
WHTEHCHBHOCTEIO § OaiioB o mikane MSK-64. Apro-
MaTHUYECKH OBLIO OTIPEIEIICHO KOJIMIECTBO (hopM Ko-
JIeOaHUH I BCEX PACCMOTPEHHBIX KOHCTPYKTUBHBIX
cucteM. s kaxxmolt u3 gopm konebaHuii ObLM ompe-
JIeTIeHbI COOCTBEHHBIE 3HAYEHHMS, TIEPHOIBI U MOZAIb-
Hble Macchl. Cymma 3(pGeKTHBHBIX MOIATBHBIX Macc,
YUYTEHHBIX B pacyere, cocTaBmia He MeHee 90 % 00-
el MacChl CUCTEMBI, BO30YKIaeMO 10 HaIpaBlie-
HUIO JCUCTBUS CEHUCMUYECKOro BO3ACUCTBHA VI TO-
PU3OHTAILHBIX BO3JACUCTBHI? 1 HE MeHee 75 % — Jyis
BEPTHKAILHOTO BO3ACHCTBUSA. 111 aBTOMaTHYECKOTO
OTIpeIeIICHIs] HeOOX0aMMOTo KoimdecTBa (hopM CcoO-
CTBEHHBIX KOJIeOaHMI HcTonb3yercss meron Jlanmoma
COBMECTHO C MHOTO()POHTATEHBIM METOJIOM. bbimn pac-
CUMTaHBl MaKCHMAJTbHBIE TIEPEMEIIeHNs], HAIPsDKeHNS,
YCKOpEHHUS.

Ozpanuuenus obaracmu uccredosanus. Bee pac-
YeThl BBITOIHEHBI s | KaTeropuu rpyHTa.

[TockonmbKy OCHOBHBIMH IIENISIMH HCCIIETOBAHIS
OBLTH OIICHKA Pa0OTHI COOCTBEHHBIX JJIEMEHTOB KOH-
CTPYKTUBHBIX CUCTEM MHOTOATAXHBIX T'PaKIAHCKUX
3MaHUN W aHAIM3 WX HaNpsHKEHHO-IEPOPMHUPOBAHHOTO
COCTOSIHHSI, B HACTOSIIEM HCCIEAOBAHUU HE YUHUTHI-
Baics 3PQPEKT B3aUMOJCUCTBUS 3JIaHUS C TPYHTOM
OCHOBaHWSI.
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[Figure 2. Calculation results on SCAD Office]
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Tabruya
Pe3ybTaThl pacyera KApKACHO-CTEHOBOI KOHCTPYKTHBHOI CHCTEMBI
[Table. Results of calculation of frame & tube structural system]
Homep  Co0cTBeHHOe Yacrorbl Hepuon MopaanbHble Macesl, %
¢opmbl 3HAYeHHe [Frequency] [Period] [Modal masses, %]
[Mode] [Value] oo ™ o
[IEZfi[/sec] [Hz] [sec] X Y z
1 0,12 8,65 1,38 0,73 42,59 33,8 0
2 0,12 8,66 1,38 0,73 338 42,59 0
3 0,06 15,57 2,48 0,4 0 0 0
4 0,04 26,6 4,23 0,24 6,64 6,09 0
5 0,04 26,61 4,24 0,24 6,09 6,65 0
6 0,03 30,98 4,93 0,2 0 0 48,82
7 0,03 32,64 5,19 0,19 0,03 0 0
8 0,03 32,64 52 0,19 0 0,03 0
9 0,03 35,99 5,73 0,17 0 0 0
10 0,03 38,28 6,09 0,16 0 0 0
SEISMIC RESISTANCE
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Oxonuanue maoan. [Table, ending]

Homep  Co0cTBeHHOE YacroTsl Hepuon MopaanbHbie Maccsl, %
¢opmbl 3HAYEHUe [Frequency] [Period] [Modal masses, %]
[Mode] [Value]
e X v ’
11 0,02 43,3 6,89 0,15 0,02 0 0
12 0,02 43,32 6,89 0,15 0 0,02 0
13 0,02 44,14 7,03 0,14 0 0 11,82
14 0,02 46,92 7,47 0,13 0,03 0,03 0
15 0,02 47,09 7,49 0,13 1,78 1,74 0
16 0,02 47,11 7,5 0,13 1,71 1,74 0
17 0,02 49,9 7,94 0,13 0,02 0,17 0
18 0,02 49,92 7,95 0,13 0,17 0,02 0
19 002 53,83 8,57 0,12 0 0 0,23
20 0,02 53,94 8,58 0,12 0 0 5,59
21 0,02 54,35 8,65 0,12 0 0 0
22 0,02 58,57 9,32 0,11 0 0 0
23 0,02 62,74 9,99 0,1 0 0 12,6
24 0,02 63,7 10,14 0,1 0 0,12 0
25 0,02 63,73 10,14 0,1 0,13 0 0
26 0,02 64,3 10,23 0,1 0,05 0,4 0
27 0,02 64,31 10,23 0,1 0,39 0,05 0,01
28 0,02 65,49 10,42 0,1 1,07 0,06 0
29 0,02 65,51 10,43 0,1 0,05 1,11 0
30 0,02 65,8 10,47 0,1 0 0 1,04
31 0,02 65,84 10,48 0,1 0,18 0,01 0
32 0,02 65,9 10,49 0,1 0 0,12 0
CyMMa MOJIQJIBHBIX Macc 94.77 94.77 80,14

[The sum of the modal masses]

2. Pe3yabTaTnbl

B rtabnuie mokaszaHbl Bce NUHAMUYCCKHE 3arpy-
SKEHUSL ISl KAPKACHO-CMEHOBOU KOHCMPYKMUGHOU
cucmemsl (Frame & Tube). Jlng Bcex popm komebda-
HUH OIpeNeieHbl COOCTBCHHBIC 3HAYCHUS, YaCTOTHI,
MEpPUOJIbl U MPOLIEHTHl MOJANBHBIX Macc. B paccMmoT-
pEHHON KapKacHO-CTEHOBOW KOHCTPYKTHUBHOW CH-
creMe ObITH ompezencHbl 32 GopMbl KoJieOaHUI.
[Ipu celicMuueckoM BO3IEHCTBUM MO OcH X MaKCH-
MalbHBIN mepuoy Komebanuii cocraBui 0,73 cek.,
CYMMBbI MOJIaJIbHBIX Macc cocTaBuiu 94,77, 94,77 u
80,14 % 1o ocsam X, Y 1 Z COOTBETCTBEHHO.

AHAaJIOTUYHO PACCUUTHIBAIUCH 3HAYEHUS IS
JIPYTUX KOHCTPYKTUBHBIX CUCTEM.

Hwuxe npencrabieHo rpaduueckoe CpaBHEHHE
pa3inuuHBIX (HaKTOPOB I BCEX OOBEKTOB UCCIEAO-

CEVCMOCTOMKOCTb COOPY>KEHWN

BaHMsI (KOHCTPYKTHBHBIX CXeM a, b, ¢, d, e B cOOT-
BETCTBUHU C puc. 1).

Ha puc. 3 moka3aHbl MakCHMallbHbIC TOPH30H-
TallbHbIE TEPEMEIIECHUS KaXXIOW KOHCTPYKTHBHOMU
CUCTEMBI.

O RN WM ON®O

i § |

a b c d e
KoHCTPYKTHBHBIE CHCTEMbI
Structural systems

MaKcMATbHBIE epeMele Hust, CM
Maximal displacement, cm

Puc. 3. CpaBHeHHE MaKCUMAJIBHBIX MTEPEMEIICHUI
[Figure 3. Maximal displacement comparison]
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Kak BugHO U3 puc. 3, CTBOJBHO-CTCHOBAA U
KapKacHO-CTBOJIbHO-AHa(parMoBasi KOHCTPYKTHBHAS
CHCTEMBI 00J1aIaf0T HanOOIbIIeH KecTKoCThI0. Kap-
KaCHO-CTBOJIbHAs CXeMa 00J1ajaeT HauMEHBIIIEeH JKeCT-
KOCTBIO M3 BCEX CPaBHHBAEMBIX KOHCTPYKTHBHBIX CHC-
tem. [lo pe3ynmpTaTam pacdera MakCHMalbHBIE TOPH-
30HTAJIbHBIC TIEPEMCHICHUSA B KapKaCHO-CTBOHI)HOfI
KOHCTPYKTUBHOM CHCTEME OKa3auch Ha 257 % Ooplite,
4YeM B CTBOJIBHO-CTEHOBOM cucteme. CUCTEMBI C He-
CyIIMMH KOHCTPYKLHAMH, PACIOJIOKCHHBIMU II10 IIC-
PUMETpPY 37aHUS, CYLMICCTBEHHO YBEIUYUBAIOT XKECT-
KOCTh COOpYy>KeHUs. HarmpaBneHuns BEKTOpOB ceficMu-
yeckoro BosaeiicTaus mo X, Y mmox 45° x ocam X u Y.

Ha puc. 4 u 5 mokazaHo cpaBHEHHE MaKCHUMAaJTb-
HBIX C)KUMAIONINX W PACTATHUBAIOIINX HAIPSIKEHUN
OT JEHUCTBUSI CEMCMHUYECKOW HArpy3KH ISl KaKJAOou
KOHCTPYKTHUBHOU CHCTEMBI.

40000
35000
30000
25000
. 20000
15000
10000

5000

KH/m?

Hanpsekenns, kKH/m?
Stress.

KoHCTpYKTHBHBIC CHCTEMBI
Structural systems

Puc. 4. CpaBHeHHE MAKCUMAJIBHBIX CKHMAFOIIUX HAIPSHKCHUN
[Figure 4. Compression stress comparison]
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Puc. 5. CpaBHeHHE MAKCHMAIIBHBIX PACTATMBAOIIMX HAPSHKECHUI
[Figure 5. Tension stress comparison]

MakcuMalTbHbIE CKHMAIOIINE U PACTATHBAOIIHE
HaMPsDKEHUST TIPH CEHCMIYECKOM BO3CHCTBHN HAOIFO-
JIAIOTCSL B KAPKACHO-CTBOJILHO-MA(PParMoBOi KOHCTPYK-
THBHOM cucteMe. Cample OOJBIINE HATPSHKEHUS BO3-
HUKAIOT B DJIEMEHTaX MEPBOTO 3Ta)ka 37aHUS B Me-
CTax 3aJIeJIKi CTCH B OCHOBaHME. B CTBOJIBHO-CTEHOBOM
KOHCTPYKTHBHOM CHCTEME BO3HHUKAIOT HAUMEHBIIINE
B CPaBHEHHUH C JIPYTHMHU PACCMATPHBACMBIMU CHCTEMaMU
Hanpsokenns. Hanpskerust coctapisor 19 408 xH/M?,
4yTo Ha 83 % MeHbIIle, YeM B KapKaCHO-CTBOJIbHO-/IHA-
¢bparmoBoii cucteme. Pe3ynbTaThl pacuera MoKa3biBa-
0T, YTO YBEJIMYCHUE KOJIMYECTBA HECYNINX CTEH IO-
MOTaeT CHM3UTH 3HAYCHHUST MAKCUMAJTHHBIX HAMPSDKEHHIA.

80

Ha puc. 6 mokazanbl MakCUMabHBIE IEPUOIBI KO-
neGaHuid B CEKYHIIaX OT MEHUCTBUS IJIS KaXKIOW KOH-
CTPYKTHUBHOM CHCTEMBI.

I
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o
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o
o

Tlepuoa Ko1ebanmii, ¢
Oscillation period, sec
o
S

°
~

o

KoHCTPYKTHBHbBIE CHCTEMBI
Structural systems

Puc. 6. CpaBHeHHE MaKCHUMAaJIBHBIX IIEPHOIOB KOJIeOaHUH
[Figure 6. Oscillation period comparison]

CpaBHUTENBHBIA aHAIN3 TTOKA3BIBAET, YTO KapKac-
HO-CTBOJIbHASI CHICTEMa IMEET 3HAYNUTENFHO OOJBIINi
nieprio] coocTBeHHbIX KoneOanui (1,03 cek.), ueM cuc-
TeMbl ¢ HecymuMu creHamu (0,55 cek.), 9To CHMXa-
eT MWHAMUYECKUU 3P GEeKT BO3IACHCTBUSI Ha 3IaHUE.
B kxadecTBe HeOCTaTKa MOXHO OTMETUTH ITOBBIIIEH-
HYI0 J1e()OpMaTHBHOCTH KapKaCHBIX CHCTEM.

Ha puc. 7 nokazanpl MakCUMaJbHBIE YCKOPEHUS
IPyHTa JAJI KaKJO0U KOHCTPYKTUBHOMN CHUCTEMBI.

Vekopenne M/ ¢2
Acceleration, m/sec?
o Rr N W kA~ U N

KOHCTPYKTHBHbBIE CHCTEMbI
Structural systems

Puc. 7. CpaBHeHHE MAKCUMAaJIbHBIX YCKOPEHUH
[Figure 7. Maximal acceleration comparison]

Pesynbprarer pacuera mokas3bIBaloT, YTO B CHCTE-
Max ¢ OOJIBIIINM KOJMYECTBOM HECYIIUX CTCH pa3BU-
BalOTCs OONBIIME YCKOPEeHUs. B kapkacHO-CTBOJLHOI
¥ KapKacHO-CTEHOBOM CHCTeMaX YCKOpEHHS B Cpel-
HeM Ha 43 % HWXKe, 4eM B TpeX APYTUX CHUCTeMax
C 60JII)IHI/IM KOJMYECTBOM HECYHIUX CTCH.

BoiBoabI

[To pesympraTtam uccienoBaHus OBUT BBITOTHEH
CPaBHUTENIBHBIN aHAIM3 TSTH Pa3IMYHBIX KOMOUHU-
POBaHHBIX KOHCTPYKTHBHBIX CHCTEM MHOTOATAXKHBIX
rpaXIaHCKUX 37MaHuid. Pacder ObuT mpou3BencH B
cootBercTBuM ¢ CII 14.13330.2018 myis pacdeTHOTO
3eMJICTPSCECHUS UHTCHCUBHOCTHIO 8 OAJUIOB IO IIKa-
ne MSK-64. Jlng aBTOMAaTHYECKOTO OINPEICICHUS
HEOOXOAMMOT0 KOJIMIecTBa (DOPM COOCTBEHHBIX KO-
nebannii uCrmoan3oBaics MeTon JlaHioma coBMeCT-
HO ¢ MHOTO(DPOHTATBHBIM METOJIOM.

SEISMIC RESISTANCE
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CpaBHUTENBHBIA aHATN3 MEPEMEIICHUI MMOKa3al,
YTO TpPHMEHEHHE BHYTPEHHUX M B OCOOEHHOCTH Ha-
PYXHBIX CTEH B KaueCTBE OCHOBHBIX HECYIIMX KOH-
CTPYKIIUI MO3BOJIIET CHU3UTh MaKCUMAJbHBIC TIEpe-
MEIICHUS TIPU CEHCMUYECKOM BO3JICHCTBHU.

Ilo pesynbpTaTaM pacuera HaMpsSKEHUM MOXKHO
YBUJIETh, YTO MaKCUMAaJIbHBIC CKUMAIOIINE U PACTSI-
TUBAIOIINE HANPSHKEHUSI B HECYIIUX KOHCTPYKIHUSAX
BO3HUKAIOT TIPH CEHCMUYECKOM BO3/ICHCTBIH, HAIIPAaB-
JieHHOM 1o 45° k ocsiM X U Y. MakcuMaibHbIE CKU-
MAaIOIIMe U PaACTATUBAIOLIME HAMPSDKCHUS TP Ceil-
CMHUYECKOM BO3CWCTBUHU HAOIIOAAIOTCSA B KApKAaCHO-
CTBOJIbHO-AHaparMOBOi KOHCTPYKTUBHON CHCTEME.

CpaBHUTENbHBIA aHAIN3 TEPHUOJOB KOJIeOaHM
TMOKa3aJ, YTO KapKacHO-CTBOJIbHAS CUCTEMa MMEeT 3Ha-
YUTEIHHO OOJBITUI TIepHoJ] COOCTBEHHBIX Kojeha-
Huit (1,03 cek.), yem cUCTEeMBI C HECYIIMMHU CTEHAMHU
(0,55 cex.).

Bompmmii meproy koneOaHMid CHIKACT TUHAMH-
geckuid 3G ekt Bo3AeHCTBUSA Ha 3manue. [1o pe3ynb-
TaTaM pacuera YCKOPEHUH MOXKHO YBHIETh, YTO B CHC-
TeMaxX C MaJbIM KOJIUYECTBOM HECYIIUX CTEH pa3BU-
BalOTCS HAMEHBIINE YCKOPEHHSI.

B xapxaCHO-CTBOJIBHOM M KapKacHO-CTEHOBOH CHC-
TeMax MaKCHMallbHbIE YCKOpPEeHHUs B cpeqHeM Ha 43 %
HIDKE, YeM B TPEX JPYTHUX CUCTeMax ¢ OOJBIINM KO-
JTUYECTBOM HECYIINX CTCH.
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Abstract

Relevance. Increasing the density of urban population requires the use of opti-
mal structural systems of multi-storey civil buildings, however, despite a large num-
ber of studies on the rationality of their application, the question of choosing an as-
sessment of seismic resistance of structural systems of multi-storey civil buildings is
still open. The aim of the study. This study aims to determine advantages and dis-
advantages of structural systems of multi-storey buildings in seismic areas.
Methods. The results of comparison analysis of five structural systems (columns grid —
66 m, storey height — 3 m, number of storeys — 20) are presented in this article.
The structural systems are: frame & tube, frame & core, core & walls, framed core &
walls, framed core & tube. The calculation were done according to Building
Code 14.13330.2018 for an earthquake of 8 points intensity of MSK-64 intensity scale.
The SCAD Office software package was used for modeling and analyzing. The sum
of the effective modal masses taken in the calculation was at least 90% of the total
mass of the system excited in the direction of the seismic action for horizontal impacts
and at least 75% — for vertical impacts. Results. The comparison was carried out
according to the following criteria: maximum displacements, maximum compressive
and tensile stresses, maximum periods of natural oscillations, maximum accelerations.

Keywords: seismic resistance; earthquake; multi-storey buildings; high-rise
buildings; structural systems
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