CTPOMUTENBHASA MEXAHUKA MHXEHEPHbBIX KOHCTPYKLWA U COOPYXEHMI
2026 Tom22 Ne 4

DOLI: 10.22363/1815-5235-2026-22-4
http://journals.rudn.ru/structural-mechanics

W3maercs ¢ 2005 r.

Caupnerensctso o pernctpamui CMU ITH Ne ©C 77-19706 ot 13 anpens 2005 .
BhIIaHO DejtepalibHOI CiTyK00ii 110 Ha30py B chepe CBsA3M, HHPOPMAIMOHHBIX TEXHOJIOTHI H MaCCOBBIX KOMMYHHKaImii (PockoMHaI30p)
Vupemurens: OenepanbHoe rocy1apcTBEHHOE aBTOHOMHOE 00pa30BaTelIbHOE YUPEK/ICHHE BBICIIEI0 00pa30BaHNUs
«Poccuiickuit yausepcuteT aApyx0b1 Hapo1oB uMenHu Ilarpuca JlymymOb1»

ISSN 1815-5235 (Print), 2587-8700 (Online)
Ieproan4HOCTb: 6 BBIITYCKOB B FOJ.
SI3BIKH: pyCCKHid, aHTITMHCKHH.

Kypuan ungexcupytor: PLIHU (bensiii crmcok), PUHLI, RSCI, DOAJ, Google Scholar, Ulrich’s Periodicals Directory, Dimensions.
Bromouen B IlepeueHb BeIylmX HaydHbIX JKypHAIOB W m3nanuii BAK nmpun MunoGpaaykn Poccnn 1o rpyrime HaydHbIX criermaibHocteld 2.1.1. CTpouTeNnbHbe KOHCTPYKLHH, 3/IaHHs
1 COOpY’KEHHs (TeXHUUeCKHe HayKn), 2.1.2. OcHOBaHus 1 (DyHIAMEHTBI, IIOA3EMHBIE COOPYKEHHS (TeXHUUYecKue HayKn), 2.1.9. CTpouTenpHas MexaHHKa (TEXHUYECKHE HAyKH).

MexmyHapoaHbIiH HayYHO-TEXHUYECKHIT sKypHAI « CIpoumensHas MexaHuKka UHICEHEPHbIX KOHCIMPYKYULL U COOPYIceHUily 3HAKOMHUT YUTATENeH ¢ JOCTIKEHHUSAMH OTeYECTBEHHBIX H 3a-
PYOEKHBIX YUEHBIX B 00JIACTH TEOMETPHH TIPOCTPAHCTBEHHBIX KOHCTPYKIHIA, COPOTHBIICHHS MaTEPHANIOB, CTPOMTENIEHOI MEXaHHKH, TEOPHH YIPYTOCTH H PacyeTa CTPOMTEIBHBIX U MAIIIH-
HOCTPOHTENBHBIX KOHCTPYKIIHIA, OCBEILIAET BOIPOCHI HAYYHO-TEXHIUYECKOTO MPOrpecca B CTPOUTENECTBE H MALIMHOCTPOSHHH, ITyOIIMKYeT aHAJIMTUYECKHE 0030l 110 TEME XKypHAIa.

OPEN
ACCESS

PEQAKUNOHHASA KONNErUA

IMABHbI PEQAKTOP
Bamun H.H., 1-p TexH. HayK, npod., Poccuiickuil yHuBepcuteT apy0bl HapoJIoB,
Mockga, Poccust

3AMECTUTENW FMABHOIO PEOAKTOPA

Epogheee B.T., akan. PAACH, n-p TexH. Hayk, npod., MI'Y um. H.IT. Orapesa,
Capanuck, Poceust

Konuynos B.H., axan. PAACH, 1-p texH. Hayk, nipod., HIY MI'CY, Mocksa, Poccust

OTBETCTBEHHbI PEQAKTOP
Mamuesa H.A., Poccuiickuii yHHBepcHTET ApyXObI HaponoB, Mocksa, Poccust

YNEHbI PEAKLIMOHHOW KONNErUU:

Azanog B.II., i-p TexH. Hayk, npod., HHY MI'CY, Mocksa, Poccust
Aounxooicaes A.H., 1-p Texu. Hayk, nipod., TTTY, Tauikent, Y30ekucran
Basapos /1.P., i-p TexH. Hayk, ipod)., TUMIM, Tarmkent, Y36ekucran

Banun B.B., 1-p TexH. Hayk, npod., KITU um. Uropst Cukopckoro, Kues, Ykpanna
Bapym V., n-p dunocodun, npod., Yuusepcurer Iopry, [Topry, lopryramus
Boiiyuykuii 3., npod., BportaBckuii HayqHO-TeXHUYECKUI yHHUBEpCHTeT, Bpoiuas,
Ionbma

Bonocyxun B.A., n-p TexH. Hayk, npod., Kybanckuii TAY, Kpacroaap, Poccus
T'anuwnukosa B.B., n-p TexH. Hayk, npod., HIY MI'CY, Mocksa, Poccust
Hyyes M.B., n-p apxurextypsl, npod., HHTACY, Hwxuuit Hosropox, Poccust
Esxun A.JO., 1-p TexH. HayK, npod., He3aBUCHMBIIT HccleoBaTenb, TopoHTo, Kanana
Kaxoeu C., ni-p dunocoduu, npod., Texnonornyeckuii yausepcurer [IETPOHAC,
Iepak, Manaiizus

Kapnenxo H.H., akan. PAACH, 1-p TexH. Hayk, npod., HIMC® PAACH, Mocksa,
Poccust

Ko3nos /I.B., n-p Texu. Hayk, npo¢., HIY MI'CY, Mocksa, Poccust

Kpacuu C., xaun. Texu. Hayk, Humcxuii yausepeurert, Hum, CepGust

Kyopseues C.A., an.-xopp. PAACH, 1-p TexH. Hayk, npod., JIBI'YIIC, Xa6apoBck,
Poccus

Kypoauxuii E.H., i-p TexH. Hayk, ipod., MUUT, Mocksa, Poccust

Jazapes FO.I'., n-p TexH. Hayk, npod., CTI6ITY, Cankr-TletepOypr, Poccust

Mazyne @., npod., Beicmas umxenepnas mkona «l{entpans Cromenex»,
Vuusepcurert [Tapyx-Caxiu, [Tapuwk, @pannus

Menoonxka I1., 1-p dunocodun, ApxutekrypHas Kosa, YHHBepcHTeT MUHbBIO,
Bpara, ITopryranus

ITepvkosa M.B., n-p apxutextypsl, pouent, CII6ITY, Cankr-IlerepOypr, Poccus
Canmoc P., nccnenosarens, HanvonansHas 1abopaTopust CTpPOHTENBHOMH TEXHUKH,
JIncca6on, IMopryramms

Tpasyw B.H., akan. PAACH, 1-p texu. Hayk, npod., SHITU, Mocksa, Poccus
@Deoiok P.C., 1-p TexH. HayK, joueHT, JIBOY, BranusocTok, Poccus

Axynoe H.M., an.-kopp. PUA, n-p texn. Hayk, npod., UMM UL KasHIL[ PAH,
Kazans, Poccust

COLEPXAHWE

AHANNTUYECKME N YNCNIEHHbBI E METO/Ibl PACYETA KOHCTPYKLIMIA

Vasserman I.N., Glot 1.0., Shardakov I.N. Finite Element Modeling of
Dynamic Deformation of Bidirectional Functionally Graded Beams (Koneu-
HO3JIEMEHTHOE MOJEIHPOBAHHUE AUHAMHYECKOTO Ae(OPMHUPOBAHUS JByHA-
MPaBeHHBIX QYHKIHOHAIBHO MPaIUEHTHBIX 0AIOK)

Jlapuonos E.A., Azanoe B.I1., Mapxoseuu A.C., I'punsko E.A. Duepreru-
YyecKast KOHIIEMIUS CHIIOBOTO CONPOTHUBIIEHHS 3JIEMEHTOB JKEJIE300€TOHHBIX
KOHCTPYKIMH
Belyak A.V., Rynkovskaya M.1., Dabi G.M., Nasibullina L.R., Lei B., Ning L.
Comparative Analysis of Linear and Nonlinear Calculation of the Load-
Bearing Capacity of Reinforced Concrete Frames in Multi-Storey Buildings
(CpaBHUTEIIBHBIN aHAIN3 JIMHEHHOTO U HEJMHEWHOTo pacyera jele300e-
TOHHOTO KapKaca MHOTOJTAKHOTO 3IAHM) ...eeveerrrenureaureaneenieenieenineeseenieens

Mawlood D.A., Koyankin A.A. Nonlinear Layered Formulation: Modeling
Reinforced Concrete Semi-Precast Slabs (Henuneitnas nocnoiinas popmy-
JIMPOBKA: MOJCIMPOBAHHE COOPHO-MOHOIUTHBIX JKEIE€300€TOHHBIX ILUTHT) .....
Kopnes O.A., Llysanos A.H., Kopnunosa A.B., Epmakoé B.A. BausHue
TEOMETPHYECKUX Je()EKTOB Ha Pecypc LMIMHIPUYCCKHX PE3CpPBYapOB U3
QIFOMUHHUEBBIX CIUIABOB

PACYET U NPOEKTUPOBAHUE CTPOUTESIbHbIX KOHCTPYKLMIA

Tonuxoe A.B., Kopeney A.M. MeTozsl CHIDKEHHS HAlPsHKEHUH B pedpax
PeOPUCTO-KOJBLEBOTrO KyIOJIa IPH BO3HUKHOBEHHUH aBAPUHHON CHTYaIHH ...

AVNHAMUKA KOHCTPYKLIMIA N COOPYXKEHWA

Ezepesa D.H., Kanunoeckuii C.A., Cemuenkos H.B. Ananu3 3¢ dexTrBHO-
CTU (PUKIMOHHBIX AeMII(EPOB B MHOTOITAXKHBIX KapKacax IpU BapbHpye-
MO} MHTEHCUBHOCTH CEHCMHUYECKHX BO3JAEHCTBUM

DKCN EPUMEHTAJIbHbI E UCCIEANOBAHNS

Galishnikova V.V,, Gebre T.H. The Graphical Method of Design for Flexural
Members Using the SP 16.13330.2017 Standard (I'padmueckuii meroxn
[IPOEKTUPOBAHMS U3THOAEMBIX 3JIEMEHTOB C HCIOJIb30BAaHHEM CTaHIApTa
CIT16.13330.2017)

Pepakrop 1.J1. [Tankpartosa
Pepaktop aHrnosasbi4HbIx TekcToB C.J1. [llambuna
Auzaiiti o6noxku F0.H. Edpemosoit
KomniroTepran BepcTka H.B. Mapkenosoit

Apnpec pepakuuu:
Poccwuiickuii yauBepcuTeT Apyx0bl HapoaoB umenu [larpuca JTymymOst
Poccuiickas Denepauns, 117198, Mocksa, yi1. Mukinyxo-Maknast, 1. 6; Ten./dakc: +7 (495) 955-08-28; e-mail: stmj@rudn.ru
Toamucano B medats 20.08.2026. Beixox B cBer 27.08.2026. ®opmat 60x84/8.
Bbymara odcernast. [leuars odcetnas. apaurypa «Times New Romany. Ve neu. 1. 14,88. Tupa 250 sk3. 3aka3 Ne 1456. Llena cBoGoHast.

®denepanbHOE TOCYIapCTBEHHOE aBTOHOMHOE 00pa3oBaTelIbHOE yUIpexkKIeHHE BEICIIEro 00pa3oBanus «Pocchiickuii yHUBEpCHTET ApyKObl HapoioB uMeHH Ilarpuca JIymymOBD»
Poccwniickas ®enepauns, 117198, Mocksa, yin. Mukinyxo-Makunas, 1. 6

Orneuatano B tunorpaduu UK PYTH
Poccwuiickas Denepauns, 115419, Mocksa, yi. Op/pKoHUKHA3E, 1. 3

CaiiT s)xypHasa COOEePIKUT MOJIHYI0 HH(OPMALHUIO 0 )KypHAae, er0 PeAaKIHOHHOM MOJTUTHKE M STHYECKUX MPUHIMIAX, TPEOOBAHHS K ITOATOTOBKE M YCIIOBHS ITyOINKAINH
cTareid, a TakKe TMOJHBIC BBITYCKH sKypHaa ¢ 2008 T. (B paMKax MOIHMTHKA CBOOOHOTO JIOCTYIIA).

317

331

348

368

383

399

415

© Poccuiicknii yHHBepcHTET ApYxKOb! HapoxoB umenu Ilatpuca JIymymo6s1, 2026
© An6oposa JI.A., ¢poto na obnoxke (craguon «Topreno», Mocksa, Pocenst), 2026


http://journals.rudn.ru/structural-mechanics

STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS

2026 VoLUME 22 No. 4
DOLI: 10.22363/1815-5235-2026-22-4
http://journals.rudn.ru/structural-mechanics

Founded in 2005
by Peoples’ Friendship University of Russia named after Patrice Lumumba

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

Indexed by White List of RCSI, Russian Index of Science Citation, DOAJ, Google Scholar, Ulrich’s Periodicals Directory, 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.

International scientific-and-technical peer-reviewed journal “Structural Mechanics of Engineering Constructions and Buildings” shows the readers round the achievements 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 machine-
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.

as well as full-text issues of the journal since 2008 (Open Access).

EDITORIAL BOARD

EDITOR-IN-CHIEF
Nikolai I. Vatin, DSc, Professor, RUDN University, Moscow, Russia

ASSISTANT EDITORS-IN-CHIEF

Viadimir T. Erofeev, member of the RAACS, DSc, Professor, Ogarev Mordovia State
University, Saransk, Russia

Vitaly I. Kolchunov, member of the RAACS, DSc, Professor, NRU MGSU, Moscow,
Russia

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

MEMBERS OF EDITORIAL BOARD:

Anvar 1. Adylkhodzhaev, DSc, Professor, TSTU, Tashkent, Uzbekistan

Viadimir P. Agapov, DSc, Professor, NRU MGSU, Moscow, Russia

Dilshod R. Bazarov, DSc, Professor, TIIAME, Tashkent, Uzbekistan

Mikhail V. Dutsev, Dr. of Architecture, NNGASU, Nizhny Novgorod, Russia
Alexander Yu. Evkin, DSc, Professor, independent scientist, Toronto, Canada

Roman S. Fedyuk, DSc, Associate Professor, FEFU, Vladivostok, Russia

Vera V. Galishnikova, DSc, Professor, MGSU, Moscow, Russia

Saeid Kakooei, PhD, senior lecturer, Universiti Teknologi PETRONAS, Seri Iskandar,
Malaysia

Nikolay I. Karpenko, member of the RAACS, DSc, Professor, NIISF RAACS,
Moscow, Russia

Dmitriy V. Kozlov, DSc, Professor, MGSU, Moscow, Russia

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

Sergey A. Kudryavtsev, corresponding member of the RAACS, DSc, Professor, FESTU,
Khabarovsk, Russia

Evgeniy N. Kurbatskiy, DSc, Professor, MIIT, Moscow, Russia

Yuriy G. Lazarev, DSc, Professor, SPbPU, St. Petersburg, Russia

Fredéric Magoulés, DSc, Professor, Centrale Supélec, Université Paris-Saclay, Paris, France
Paulo Mendonca, Associate Professor, Architecture School, University of Minho,
Braga, Portugal

Margarita V. Perkova, Dr. of Architecture, SPbPU, St. Petersburg, Russia

Ricardo Santos, PhD in Civil Engineering, Laboratorio Nacional de Engenharia Civil,
Lisbon, Portugal

Viadimir I. Travush, member of the RAACS, DSc, Professor, ENPI, Moscow, Russia
Vladimir V. Vanin, DSc, Professor, NTUU KPI, Kiev, Ukraine

Humberto Varum, Full Professor, University of Porto, Porto, Portugal

Viktor A. Volosukhin, DSc, Professor, KubSAU, Krasnodar, Russia

Zbigniew Wajcicki, Professor, Wroctaw University of Science and Technology, Wroctaw,
Poland

Nukh M. Yakupov, corresponding member of the Russian Academy of Engineering,
DSc, Professor, IME of FIC KazanSC of RAS, Russia

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

CONTENTS

ANALYTICAL AND NUMERICAL METHODS OF STRUCTURAL
ANALYSIS

Vasserman I.N., Glot I.0., Shardakov I.N. Finite Element Modeling of
Dynamic Deformation of Bidirectional Functionally Graded Beams ...

Larionov E.A., Agapov V.P, Markovich A.S., Grinko E.A. Energy
Concept of the Force Resistance of Elements of Reinforced Concrete
SEIUCLUIES ...ttt ettt en s esenee

Belyak A.V., Rynkovskaya M.1., Dabi G.M., Nasibullina L.R., Lei B.,
Ning L.Comparative Analysis of Linear and Nonlinear Calculation of
the Load-Bearing Capacity of Reinforced Concrete Frames in Multi-
Storey BUildings .....c.c.cceeinirieieieiinieieicciereeeicesee e

317

331

348

Mawlood D.A., Koyankin A.A. Nonlinear Layered Formulation: Modeling
Reinforced Concrete Semi-Precast Slabs

Kornev 0.A., Shuvalov A.N., Kornilova A.V., Ermakov V.A. Effect of
Geometric Defects on the Service Life of Cylindrical Tanks Made of
AIuminium ATIOYS ..c.oeuvrieuirieirieireeeee e

368

383

ANALYSIS AND DESIGN OF BUILDING STRUCTURES

Golikov A.V., Korenets A.M. Methods of Reducing Stress in the Ribs

of a Ribbed-Ring Dome in Case of an Accidental Situation .................. 399

DYNAMICS OF STRUCTURES AND BUILDINGS

Egereva E.N., Kalinovsky S.A., Semchenkov N.V. Analysis of the
Effectiveness of Friction Dampers in Multi-Storey Buildings with

Varying Intensity of Seismic Impacts 415

EXPERIMENTAL RESEARCH

Galishnikova V.V., Gebre T.H. The Graphical Methods of Design for
Flexural Member Using the SP 16.13330.2017 Standard

Copy Editor I.L. Pankratova
English Texts’ Editor S.L. Shambina
Graphic Designer [u.N. Efremova
Layout Designer N.V. Markelova

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

Printing run 250 copies. Open price

Peoples’ Friendship University of Russia named after Patrice Lumumba
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 named after Patrice Lumumba, 2026
© Alborova L.A., photo on the cover of the journal (Torpedo Stadium, Moscow, Russia), 2026



CTPOMTENBHAS MEXAHUKA UHXEHEPHBIX KOHCTPYKLIMIA U COOPYXXEHUIA * m’"‘
STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS

2026. 22(4). 317-330

ISSN 1815-5235 (Print), 2587-8700 (Online)
HTTP:/JJOURNALS.RUDN.RU/STRUCTURAL-MECHANICS

AHATIUTUYECKUE U YNCINEHHbBI E METOLbl PACYETA KOHCTPYKLIMA
ANALYTICAL AND NUMERICAL METHODS OF STRUCTURAL ANALYSIS

DOI: 10.22363/1815-5235-2026-22-4-317-330
EDN: LKNCQZ
Research article / HayuHas ctatbs

Finite Element Modeling of Dynamic Deformation of Bidirectional
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Abstract. This article presents a finite element algorithm for the numerical solution of boundary value problems for the
deformation state of elastic beams made of functionally graded materials. The presented algorithm assumes that the density and
elastic properties of the beam depend on the coordinates of the cross-section and on the coordinate along the longitudinal axis. The
presented formulation allows to solve static and dynamic problems. The Euler-Bernoulli model and the third-order Reddy model
are used to describe the deformation state of the beam. The beam finite element utilizes a Hermitian approximation. Using
Hamilton’s variational principle, the beam equation of motion is obtained in matrix form. The numerical implementation of the
resulting finite element algorithm is carried out in Python using the Numpy and Scipy libraries. As an example, a numerical
analysis of the solution to the problem of the natural frequencies of vibrations of a bidirectional functionally graded cantilever
beam is performed. The numerical convergence and reliability of the obtained solutions are demonstrated. The possibility of
coupling of the longitudinal and transverse vibrations of a beam is demonstrated for certain distributions of the physical properties
of the material in the beam’s cross-section. It is shown that distributing the material properties along the longitudinal axis improves
the beam’s dynamic properties.

Keywords: functionally gradient materials, beam theories, finite element method
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AnHoranus. [IpencraBnen KOHEYHO-3JIEMEHTHBIA AITOPUTM UYHCIEHHOTO PEIICHHUS! KPaeBHIX 3a1ad O Ae(OpPManiOHHOM COCTOS-
HHUH yTIPYTUX OaNOK U3 (yHKIMOHAIBHO I'PaleHTHBIX MaTepuainos. [IpeamonaraeTcs, 4To IUIOTHOCTh U YIPYTHE CBOMCTBa OalKH
3aBUCAT OT KOOPAWHAT ITOTIEPEYHOTO CEYSHUSI M OT KOOPJHHATHI BIOJIb MPOJOJIBHOM ocH. JlaHHAs TTOCTaHOBKA JIOITyCKaeT BO3MOX-
HOCTbh PELICHUS CTaTMYECKUX M JAWHAMHUYECKHX 3aj1ad. Jng omucaHus n1eOpMUPOBAHHOIO COCTOSHHS OalIki MCIIONB30BaHA MO-
nens Diinepa — bepHyun u Mozens Tperbero nopsaka Penau. B 6agouHOM KOHEYHOM 3JIEMEHTE MPUMEHEHA SPMHUTOBA aIIpOK-
cuManys. C NOMOIIBIO BAPHALIMOHHOTO NMPHUHIMIA ['aMIIBTOHA MTOTy4YeHO ypaBHEHUE ABMXKCHHUS Oalky B MaTpUIHOM Buze. Ymc-
JICHHAas pealn3anys MOIyYeHHOTO KOHEYHO-2JIEMEHTHOTO aJropuTMa OCYIIECTBIeHa Ha si3bIke Python ¢ ncmons3oBanueM 6udmmo-
tek Numpy # Scipy. B kauecTBe mpumepa OCyIIECTBIEH YHCICHHBIH aHaJIH3 PEIIeHUs 3a1aud O YaCTOTaxX COOCTBEHHBIX KojeOa-
HUI JByHAINpaBIeHHON (YyHKIMOHAJIBHO-IPAIMEHTHON KOHCOIbHOM Oanku. I[IponeMoHCcTprpoBaHa YHCIEHHAs CXOAUMOCTD IIOJY-
YEHHBIX pEIleHHH U UX JOCTOBEpHOCTh. Il0Ka3aHa BO3MOXXHOCTH B3aMMOCBSI3H NPOAOJBHBIX KoJeOaHUH OaJKU C IONEepPEeYHbIMU
[P HEKOTOPBIX pacrpeesieHHsX GU3NUECKUX CBOMCTB MaTepualia B onepeuyHoM cedeHuu Oanku. [TokasaHo, 4to pacnpenencHue
CBOMCTB MaTepualia BIOJIb MIPOJOILHON OCH MO3BOJSET YAYULINTh JMHAMUYECKUE CBOMCTBA OaNKH.
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1. Introduction

Functionally graded materials (FGMs) are a class of composites whose properties vary continuously
and smoothly in at least one spatial direction. These property variations may be associated with
composition, porosity, or microstructure. Such materials allow to optimally combine component properties
and minimize stress concentration at the interface between different materials [1; 2]. Unlike layered
composites, they are more resistant to crack propagation and delamination [3].

The concept of functionally graded materials was first proposed as early as the 1970s [4]. However,
this idea had not yet been implemented at that time due to the lack of appropriate technologies. It was
carried into effect in the following decade in Japan as part of an aerospace project [5; 6], which required the
creation of a thermal barrier in a 10 mm thick structure wall. Currently, functionally graded materials are
attracting increasing attention from researchers around the world.

Examples of applications of functionally graded materials can be found in [7]. These include prosthetics
that combine mechanical strength in the inner layers with biocompatibility in the outer layers [§],
functionally graded blades for turbomachinery and wind turbines [9], reinforcement of mine tunnel walls
[10], piezoelectric elements for structural vibration monitoring [11], microsensors and microactuators in
nano- and microelectromechanical systems [12].
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Recently, there has been growing interest in the use of functionally graded materials in building
structures [13]. In particular, much attention is given to the development of structures made of functionally
graded concrete. Rational distribution of cement content in a structure allows to reduce its production cost
and energy consumption [14], minimize residual stresses, and prevent cracking during the setting process
[15]. Additive manufacturing and 3D printing, which are often used in the creation of graded materials [16;
17], are well-suited for concrete structures [18-20].

The heterogeneity of functionally graded materials used in building structures is often associated with
porosity [21]. Structures made of such materials have a good weight-to-strength ratio, as well as good
vibration- and noise-absorbing properties. On the other hand, theories of functionally graded porous
materials can be used in modeling distributed defects.

Beams of short to medium length with rectangular cross-sections are typical elements of structures.
Treating them as three-dimensional spatial structures results in unjustified computational costs. The earliest
and most widely used theory of beams is the classical Euler — Bernoulli theory, in which the cross-section
is assumed to be perpendicular to the neutral axis of the beam. This theory does not account for shear in the
cross-section; it is suitable for long, slender beams with a high ratio of the longitudinal dimension to the
transverse dimensions. For beams of short and medium length, as well as for cases where the assumed
deformation shape of the beam neutral axis is comparable to the dimensions of its cross-section, this theory
is insufficient. The first-order beam theory (Timoshenko) allows to analyze such structures. However, it
requires knowledge of an additional parameter — the shear correction factor — which cannot be
determined in terms of this theory. Furthermore, since the shear strain within the cross-section is assumed to
be constant, the boundary conditions for the absence of shear stresses at the boundary of the cross-section
are not satisfied [22]. All of the aforementioned problems are particularly relevant for heterogeneous beams,
including functionally graded beams.

Shear deformation theories of higher-order are free of many shortcomings. In these theories, the
distribution of displacements across the cross-section is nonlinear and ensures that shear stresses at the free
boundary are zero [23-25]. One such theory is Reddy’s third-order theory [26].

The presented review highlights the growing need to develop and implement effective numerical
algorithms for solving static and dynamic boundary value problems involving the deformation of structures
made of functionally graded materials. The capabilities of well-known software tools such as ANSYS and
COMSOL for solving such problems are quite limited.

Most articles on the dynamics of the considered structures focus on unidirectional functionally graded
beams. Bidirectional functionally graded beams have been studied in a small number of papers [27-30].
These studies approximate displacements and rotation angles using series of functions that satisfy the
kinematic boundary conditions in advance. This approach ensures good accuracy, but significantly reduces
the versatility of the numerical method. This is particularly important when the beam is considered not as an
isolated object, but as part of a more complex structure. The finite element method provides a single
approach for beams with different boundary conditions.

This article presents a variational formulation and implements a finite element method for beams
made of functionally graded materials. A heterogeneous beam is considered, the physical properties of
which can vary both within the cross-section and along the longitudinal axis. It will be referred to as a
bidirectional functionally graded beam. The Euler — Bernoulli model and Reddy’s third-order model [26]
are used to describe the deformed state of this beam. Hermitian approximation is used in the beam finite
element. The numerical implementation of the resulting finite-element algorithm was carried out in Python.
A numerical analysis of the solution to the problem of natural modes and frequencies of a bidirectional
functionally graded beam was performed. The numerical convergence of the obtained solutions and their
reliability were demonstrated. The possibility of coupling of the longitudinal and transverse vibrations of
the beam is shown for certain distributions of physical properties of the material across the beam section.
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2. Methods

Beams of rectangular cross-section are widely used in construction (Figure 1). The figure shows the
coordinate axes and the characteristic dimensions of the structure.

[SN]
t

L b

<
<

<
<

Figure 1. Bidirectional functionally graded beam of rectangular cross-section
S o urce: made by I.N. Vasserman, 1.O. Glot, .N. Shardakov.

Here L is the beam length; / and b are the height and width. Directions of the coordinate axes: X is
directed along the longitudinal axis of the beam; z is perpendicular to the beam axis and lies in the plane of
bending; y is perpendicular to the pane of bending.

2.1. Properties of Functionally Graded Materials

A typical functionally graded material is a composite consisting of particles with a specified
continuous distribution of the volume fractions of the constituent phases. In the case of isotropic phases, the
material is isotropic, but heterogeneous.

Among the models that describe the effective properties of a material based on the properties of its
components, the most common and simplest is the Voigt model (the rule of mixtures).

Py =PV + Py, (1)
where P, is the effective property of the material; p; is the property of the pure i-th component of the

material; ¥; is the volume fraction of the pure i-th component of the material. The relationship ¥} +7, =1
holds. Young’s modulus £, shear modulus G and mass density p can serve as property P . There are also a

number of other models for describing the effective properties of a material, a review of which can be found
in [31].
For moderate porosity, the theory of mixtures can also be used:

Pr=Pro(1-Vp), (2)
where P, is the effective property of the material without pores, calculated according to (1), 7, is the

volume fraction of pores. More complex relationships between material properties and porosity, taking into
account the pore structure, can be found in [13, Table 3] and in [21].

2.2. Beam Models

In the classical Euler-Bernoulli theory, the distribution of displacements across the cross-section takes
the form:

g (r.2) =10 (6)— 200, (x); 3)
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u, (x, Z) = ! (x) 4)

Here u, and u, are the longitudinal and transverse displacements of an arbitrary point of the beam,; u® and

w? are the longitudinal and transverse displacements of a point on the central axis of the beam.

The deformation energy and kinetic energy for them are expressed, according to [32], as

U= %E[Dll(u,ox)z + 2D12(uchwgcx)+ Dy, (w,oxx)z}dx (5)
and
K= %ﬂ]ll(ao)z + 1, (W) + 2112(u°Xw2()+ Izz(w&)z}dx , (6)

where D,., D, D,,, I, I

> Dy, Dy, Iy, I,, I,, are the integral parameters of the cross-section, calculated as

Dyy(x)= jE(x,z)dA ;. Dpy(x)= —jE(x, z)zdA; Doy (x)z IE(x,z)zsz , (7)
I(x)= Ip(x, z)dA; Ij5(x)= —Ip(x,z)sz : I(x)= jp(x, Z)szA . )

It is evident that, unlike homogeneous beams, when the material is distributed asymmetrically along
the height, terms that couple longitudinal and transverse vibrations appear.

In higher-order theories, the distribution of displacements across the section can be represented as
follows [22-26]:

U, (x, Z) = uo(x)— zwgc (x) + (D(Z)yo(x) , )]
uz(x,z)zwo(x). (10) . AZ
/X
Here ‘/(;
A
70 () =wii(x)-0°(x) (11)
1
is the transverse shear strain of a point on the neutral axis of the 3 /
beam; 00 is the total flexural rotation of the cross-section on the
neutral axis; (I)(z) is the correction function. Angles 0° and yo are g
shown in Figure2. T -
Function ®(z) depends on the cross-section and is selected 4 5

in a way such that the condition of zero shear stresses on the
boundary is satisfied. Taking ®(z)=0 results in the Euler —

Bernoulli theory, ®(z)=z results in the Timoshenko theory. For

Reddy’s third-order theory [26], the correction function has the  Figure 2. Deformation of the cross-section:

form 1 — center line; 2 — normal plane;
’ 3 — deformed cross-section; 4 — plane tangent
to the deformed cross-section at the point of its

2 intersection with the center line.
4z
= —_—— . ourc el made by L.IN. vasserman,
®(z)=z1 (12) S deby LN. V.

3h 2 1.O. Glot, I.N. Shardakov.
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The deformation energy of a beam with a rectangular cross-section can be expressed as [24]:

2

U, %I A () =28, () () + 28, (1) (72) + D (L) -

—2F, (v’ )(72)+H, (7)) +sz(y°)2}dx, (13)

accordingly, the kinetic energy is:

=) 20,0 2, 0 1 ) -

—21F(Wi)(;}°)+1H(;}°)2+1A(Wo)z}dx, (14)

where A4, B, D, I,, I,, I, are the integral parameters of the section, similar to parameters
D,, D,, D, I, I,,, I,, for Bernoulli beams:

Ao ()= [E(x,2)dA; By (x)= [E(x,2)zdA; Dyy(x)= [ E(x,z)z%dA; (15)
A A A
1, (x) = Ip(x,z)dA ; Ip (x) = Ip(x, z)sz ; Ip (x) = Ip(x,z)zsz . (16)
A A A
E_,F_,H_ I, I., I, are the integral parameters of the section, containing correction function
d)(z):
E. (x) = IE(x, Z)q)(Z)dA ; Fi (x) = jE(x, Z)CD(Z)ZdA ; H,, (x) = _fE(x, Z)(CI)(Z))2 dA; (17)
A A4 A
Ig(x)= Jp(x,z)CD(z)dA ; Ip(x)= fp(x,z)@(z)sz ; Iy(x)= 'fp(x,z)((l)(z))z dA, (18)
A A A

A, 1is the integral parameter of the section, associated with the contribution of shear strain,
containing the derivative of the correction function with respect to z :

A, (x)= [Glx,z)@ . (z)Paa. (19)

In expressions (5, 6, 13, 14), terms Dy,, I, By, I, E,, Ig couple the longitudinal and
transverse vibrations. In the case of a material distribution across the section that is symmetric about the
central axis, these terms are zero, and the corresponding vibrations are uncoupled. With an asymmetric
distribution of material properties, the distribution of axial stresses will also be asymmetric, leading to the
coupling of bending and tension in the beam. When considering bending not about the geometric center of
the cross-section, but about the physical center z_, for which jE (z)(z -z, )dA =0, then bending and tension

4
can be decoupled for static problems. An approach that allows decoupling of bending and tension for
higher-order bending theory is proposed in [33]. However, for dynamic problems, it is possible to
simultaneously reduce D, and I}, B,, and I, E,. and [y to zero in this manner only if the ratio of

Young’s modulus to density is constant across the section. In a general case, the interaction between
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bending and tension will occur regardless of the choice of the centerline. This interaction should be
distinguished from the effect of longitudinal load on the natural frequency of transverse vibration, which is
closely related to Euler instability.

2.3. Finite Element Approximation and Numerical Solution

The finite element method is used to numerically solve the free vibration problem. The element
diagram is shown in Figure 3.

Each node is described by u;,w;,w; = (6w/dx);. In Reddy’s model either the total bending rotation at
the node 0;, or the transverse shear strain of a point on the neutral axis vy, are added to the nodal

unknowns. Let these variants of Reddy’s model be
G116 called 6 — variant and y — variant, respectively.

: Ois :
W,D WIHD For the finite-element approximation of longi-
) Ui Ui+l tudinal displacements and total bending rotations of
);-f ?';ff the cross-section, the Lagrange approximation is used,
E=1 &=1 for transverse displacements, the Hermitian approxi-

mation is used.

AL
« 1 MO = “1N1 + M2N2 , (20)

Figure 3. Beam element with two nodes 0 _ 0 _
S o urce: made by I.N. Vasserman, 1.O. Glot, LN. Shardakov. ¢ - ¢1N1 + (I)2N2 , O 7 = lel + yzNZ > (21)
WO :WIHI +W2H3 +WilH2 +W'2[H4. (22)

Here

Ni=2(-8) Na=20+8) 23)

H1=%(2—3E_,+§3); H2=%(1—<2—§2+§3); H3=i(2+3<2—§3); H4=%(—1—§+§2+§3)- (24)

Using the expressions for deformation energy and kinetic energy (4, 5, 11, 12), Hamilton’s principle,
and the finite-element approximation, the equation of motion can be written in matrix form:

M(t)+ Kq(r)=F(t), (25)

where K is the stiffness matrix; M is the mass matrix; q(t) is the vector of nodal displacements, F(t) is the

vector of external forces. When considering free vibrations, the vector of external forces is equal to zero,
and the vector of nodal displacements can be represented as

q(t)=Gcos(wr +¢), (26)

where ® is the natural angular frequency of vibration of the beam, ¢ is the phase, vector q does not
depend on time. As a result, the frequency equation can be obtained in the form

[K - mZM}a =0. (27)
The local stiffness and mass matrices of the element are calculated as follows:
k= [B"DBdL, (28)
AL
T
m’ = [N"I,NdL. (29)
AL
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Assembly of the global K and M matrices from the local k® and m® matrices is performed in the
standard way [34].
For the Bernoulli model:

D D

D:[ 1 12} (30)
Dy Dy
Iy 0 I

Ip= 0 ]11 0 | (31)
I, 0 Iy

N=|0 H, [Hy 0 Hy [H,|; (32)
0 H| [H) HY [H)
N 0 0 N, 0 0]
B = n 7 n n 7 4 * (33)
H{ [H, H3 [Hy |
For higher-order models:
Axx - Bxx Exx 0
D= _Bxx Dxx _Fxx 0 : (34)
E - F H 0

XX XX XX

0 0 0 A,

I, -1z Igp 0
-1 I -1 0
,=| % P F . (35)
Ig —Igp Iy 0

0 0 0 Iy
Matrices N and B for the © — variant are calculated as

NNy O 0 0 N, O 0 0
0 H [Hyb 0 0 H) [Hy 0

N= o o ; (36)
0 H| [Hy -N, 0 Hy [H) —N,
0 H [H, 0 0 Hy [Hf 0
0 0 0 N, 0 0 0

B , (37)

H{ [HY -N| 0 Hj [H) —N)

Nj
0 H! [Hy 0 0 H) [H} 0
0
0 H| [Hy -N, 0 H) [H, —-N,

and for the y — variant:
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Ny O 0 0 N, 0 0
H| [Hy 0 0 H} I[H, 0

N= ; (38)
0 0 N 0 0 0 N
0 H [H, 0 0 Hy [Hy 0
NN 0 0 0 Ny 0 0 0
0 H{ [Hy 0 0 H} IH) 0
B= 1 2 ' 3 4 . (39)
0 0 0 N 0 0 0 N
0 0 0 N O 0 0 N,
2
Here [ =£, N' =8—N, H' =8—H, H"= o°H , where AL is the length of the element.
2 ax 8x axz

A program based on the finite element method was implemented in Python (version 2.7.13) using the
NumPy (version 1.11.3) and SciPy (version 0.18.11) libraries. Programs from [34] were used as a prototype.
The general structure of the programs for assembling finite element matrices was taken from this book, with
Matlab matrix operations replaced by the corresponding Numpy functions. The transition from Matlab to
Python is due to the free availability of the latter. The scipy.linalg.eig function with default arguments was
used as the eigenvalue solver. Integration of the finite element matrices (28, 29) was performed using the
Gauss scheme with a number of points np=2. The cross-sectional characteristics (7, 8, 15-19) were

calculated using the Gauss — Lagrange integration scheme (an equivalent of the Gauss scheme that
includes points at the ends of the interval) with a number of points nhA=11.

3. Results and Discussion

The examples below show the results of solving the problem of the natural vibrations of a cantilever
beam made of a functionally graded material whose properties vary in both transverse and longitudinal
directions. The beam has a rectangular cross-section. In general, the spatial distribution of the beam material
properties is described by the following equations:

o) reClen| BEJ: - ptnc) pele] B (o)

where B is the parameter characterizing the intensity of variation of material properties along the beam

axis; fg(z)=E(0,z) and f, = p(0, z) are the functions characterizing the variation of the Young’s modulus

and the mass density in the transverse direction; L is the beam length.

Here, the exponential decrease in the Young’s modulus and mass density in the x-direction from the
fixed end to the free end given by (2) can be attributed to an increase in porosity in that direction according
to the law

Vozl—exp(ELxJ, (41)

when B <0 .

In the z-direction, the change in material properties is due to the varying content of components and is
asymmetrical relative to the center line of the beam. Functions [y, f,, were calculated according to (1),

where the content of the components varied according to a power law:
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k
z 1
V:—+— , VZI—V, 42
2 (h zj 1 2 (42)

where & 1is a non-negative exponent. On the lower surface, the material consists only of the first
component; on the upper surface, it consists only of the second.
For a beam analyzed using Reddy’s model, Poisson’s ratio v was assumed to be constant, and the

shear modulus was calculated as
E
G=——"—-. 43
2(1+v) 43)

Dimensionless frequencies were obtained

B
Q=o0l’|=, 44
ol |2 (44)

where ® is the natural angular frequency of vibration of the beam, L is the beam length, and B, D are the
integral parameters calculated according to formulas

/2 /2
B=b [ fdz, D=b [ 2fdz, (45)
—h/2 —h/2

where b and # are the width and height of the beam, respectively.

In the considered examples, material constants from [32] were used to describe the beam material,
corresponding to the properties of steel at the lower surface and alumina at the upper surface:
E; =210 GPa, p; =7800kg/m’, E, =390 GPa, p, =3980 kg/m’. Poisson’s ratio was taken as 0.3, and the

exponent k in relation (42) is equal to 3.

The results of the calculation of the reduced natural frequencies of the beam obtained using different
models are presented below.

Table 1 contains the natural frequencies for a beam that is heterogeneous in two directions (p =-1),
obtained without taking into account the cross-coupling of longitudinal and transverse vibrations. The
numerical solution based on the simplified Bernoulli model (which does not account for the rotational
inertia of the cross-section relative to the beam neutral axis) virtually coincides with the result of the
analytical solution [30]. Accounting for rotational inertia in the case of short beams leads to a significant
decrease in natural frequencies, especially for higher modes.

Table 1. Dimensionless natural frequencies of transverse vibrations (Bernoulli model)  =-1

Analytical Finitt? elemfent Taking i'nto ac.couqt Taking i.nto ac'couqt Taking i'nto ac.coul%t
Mode solution [30] s‘olutl.on using the rotational inertia | the rotational inertia | the rotational inertia
a simplified model L/h=5 L/h=10 L/h=20
1 4.7349 4.7349 4.6924 4.7242 4.7323
2 24.2018 24.2018 23.049 23.8984 24.1250
3 63.8645 63.8645 57.2544 61.9988 63.3825
4 123.0979 123.0981 102.2526 116.6982 121.4002

S our ce: made by I.N. Vasserman, 1.O. Glot, .N. Shardakov.

Asymmetric distribution of the physical properties of the material relative to the centerline leads to
coupling of longitudinal and transverse vibrations. Table 2 lists the natural frequencies of the functionally
graded beam. Columns 1 and 2 show the values obtained using the model that neglects the interdependence
of flexural and longitudinal vibrations, while Column 3 shows the values obtained using the model that
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accounts for this factor. Column 4 compares the amplitudes of longitudinal and transverse vibrations
calculated using the full Bernoulli model. The table shows that accounting for the interdependence of
longitudinal and flexural vibrations in an heterogeneous beam leads to a decrease in the natural frequencies,
and this factor is more significant for higher modes.

Table 2. Interaction of longitudinal and transverse vibrations (Bernoulli model) § = -1

Mode .Transverse vibrat.ions t.akinfg Longitudinal vibrations | Full Bernoulli model | [W|max
into account rotational inertia

1 4.6924 4.6143 0.016
2 23.049 22.5405 0.09
3 31.8648 32.0069 4.6
4 57.2544 55.6523 0.12
5 81.0948 81.7920 4.4
6 102.2526 98.5168 0.24

S ource: made by I.LN. Vasserman, 1.0. Glot, I.N. Shardakov.

The analysis of the natural vibrations of a heterogeneous beam using Reddy’s model also yields lower
values for the natural frequencies. Table 3 lists the natural frequencies obtained using the full Bernoulli
model and the second-order Reddy’s model (6 — variant).

Table 3. Natural frequencies of a heterogeneous beam (§ = —1) obtained
using the full Bernoulli model and the Reddy model

Mode Bernoulli Reddy |W|max Bernoulli Reddy Bernoulli Reddy
L/h=5 L/h=5 (Reddy L/h=5) L/h=10 L/h=10 L/h=20 L/h=20
1 4.6143 4.4792 0.015 4.6484 4.6120 4.6570 4.6478
2 22.5405 19.7516 0.073 23.4913 22.5459 23.7304 23.4780
3 32.0069 31.8974 7.4 60.7498 55.7234 62.3378 60.7801
4 55.6523 44.2526 0.08 63.8790 63.7661 119.2573 114.0833
5 81.7920 72.3770 0.13 114.3008 99.3542 - —
6 98.5168 80.4830 4.9 - - - -

S ource: made by I.LN. Vasserman, 1.0. Glot, I.N. Shardakov.

Figures 4 and 5 demonstrate the convergence of the developed finite element algorithm. Figure 4
shows how the obtained natural frequency values vary depending on the degree of discretization. Even with
a fairly coarse finite element mesh, the accuracy of the solution is adequate. For example, dividing the beam
into 8 nodal elements yields an accuracy of 0.03% for the first frequency and 0.4% for the third. The
solutions obtained using the two variants of the algorithm (0- and y-variants) differ to some extent,
especially for the coarse mesh. However, in the 0-variant of the algorithm, a solution with the desired
accuracy is achieved on a coarser mesh.

Figure 5 shows that the results of the two algorithm variants converge as the number of nodal elements
increases. The difference in the natural frequencies obtained using the 0- and y-variants of the algorithm

(Q; and Q,) is more significant for higher frequencies. The third mode is predominantly longitudinal

(Table 3); the contribution of shear strain is negligible, and therefore the solutions obtained using the two
variants of the algorithm are virtually identical.

The results presented in Table 4 allow to assess the significance of accounting for the heterogeneity
of beam properties when calculating natural frequencies. The table summarizes the solutions obtained for
a beam that is homogeneous along its length (f = 0) with L//4=5 and for a beam whose properties vary in
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the longitudinal and transverse directions (B = —1). The solutions were obtained using the full Bernoulli
model and the Reddy model. The table shows that accounting for the heterogeneous distribution of the
physical and mechanical characteristics of a cantilever beam in the longitudinal direction leads to an
increase in the natural frequencies and, consequently, to an increase in dynamic rigidity in the sub-
resonance region.

4.4815 — o 3101251 | — 0 73.4 — 0
4.4810 Y 31.9100 x| Y 73.2 1%
4.4805 31.9075 ".\ 73.0
c C 31.9050 G
4.4800 31.9025( |\ 72:8
4.4795 3190001 N\ 72.6 k
4.4790 e 31.8975 ~N— 72.4
20 40 60 80 100 120 20 40 60 80 100 120 20 40 60 80 100 120
Nej Nej N/
a b c
Figure 4. Convergence of the numerical solution for (a) the first, (») the third and (c¢) the fifth mode
S o urce: made by I.N. Vasserman, 1.O. Glot, .N. Shardakov.
Table 4. Comparison of natural frequencies
of a bidirectional ( =-1) and a longitudinally
g homogenous beam (B = 0)
Gm
| . .
& Mode Bernoulli Reddy Bernoulli Reddy
=-1 =-1 =0 B=0
1 4.6143 4.4792 3.4330 3.3510
20 40 60 80 100 120
Ney 2 22.5405 19.7516 20.4895 17.9510
3 32.0069 31.8974 26.4676 26.3736
Figure 5. Relative frequency difference obtained 4 55.6523 44.2526 53.8033 42.7835
i i f the algorithm. : - : :
using two variants ot the a gorithm 5 817920 | 723770 | 79.6095 | 71.1021
Digits indicate the mode number

S o urce: made by I.N. Vasserman, 1.O. Glot, LN. Shardakov. S o urce: made by I.N. Vasserman, I.O. Glot, L.N. Shardakov.

To test this finite-element implementation of the Reddy model, an alternative distribution of material
properties presented in [28] was also considered, in which the Young’s modulus and mass density vary

exponentially in both directions:
yerli-)
2)7 T 2))

E(x,z)=E,, exp(px [£+ lj +p; (5+ %D s plez)=pm expﬂpx [1+ (46)

L 2 h L

The resulting dimensionless natural frequencies

5= ol? Pm 47) Table 5. Comparison of natural
o E, ’ frequencies with [28]
were compared with those calculated in [28] for the following Mode | Karamanli [28] | Present model
parameter values: E,, =210 GPa, p,, =7850 kg/m’, p, =1, ! 0.7055 0.7055
. 2 4.7302 4.7273
p- =1. The results are presented in Table 5. 3 3414 T

The deviation for the first three frequencies does not

S ource: made by LN. Vasserman,

exceed 0.1%. LO. Glot, IN. Shardakov.
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4. Conclusion

A finite-element algorithm is proposed for solving problems involving the static and dynamic
deformation of bidirectional functionally graded beams and structures composed of them in terms of the
Bernoulli and Reddy beam theories. As an example, the results of a numerical solution to the problem of
natural modes and frequencies of a cantilever bidirectional functionally graded beam are presented. Based
on these results, the following conclusions can be drawn:

1. The convergence of the obtained natural frequency values with an increase in the number of finite
elements in the numerical solution has been established. In particular, for the simplified Bernoulli model,
which does not account for the rotational inertia of the cross-sections or the cross-coupling of the
longitudinal force and the bending moment, the obtained numerical values of the natural frequencies agree
well with those of the analytical solution.

2. For short beams (L/h < 5), accounting for rotational inertia leads to a significant reduction in natural
frequencies, especially for the higher modes.

3. Numerical results that demonstrate the relationship between the natural frequencies and the
asymmetry of the distribution of the physical properties of beam material in the cross-section relative to its
centerline are presented. An interesting result is the obtained interdependence of the longitudinal and
transverse vibrations of the beam when the stiffness properties are distributed asymmetrically relative to the
centerline in the cross-sections. This interaction is unrelated to geometric or physical nonlinearity and
should be distinguished from the effect of longitudinal loading on the natural frequency of transverse
vibrations, which is closely associated with Euler instability. This result fundamentally distinguishes the
vibrations of functionally graded beams from those of homogeneous beams.

4. Using Reddy’s higher-order model also results in a decrease in the calculated natural frequencies.
For the lower frequencies of long beams, this difference is less noticeable.

5. It has been shown that an increase in the material porosity toward the free end of a cantilever beam
leads to an increase in the natural frequencies and, consequently, to a decrease in dynamic displacements in
the sub-resonance region.

6. Thus, the gradient spatial distribution of the beam material properties in two directions substantially
broadens the range of control over the parameters of its dynamic and static deformation behavior.
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AnHoTtauus. Marepuai (0eToH, CTajb, IepeBo, IIacTMacca) 00pasyercs 00beIMHEHNEM ero (PpaKkirii B pe3ynbraTe HX MacCOBOTO
U SHEPreTHYECKOro oOMeHa ¢ OKpYXKarlled cpenoid. DTOT CHHEPreTHYECKUH MPOIECC BICUET HAKOIUICHHE B €AMHUYHOM O0beMe
Marepuaia SHEpTHH, CBI3BIBAIONIEH (paKkuuK B €IMHOE LIEJIOe U SBISIONICHCS ero yIelbHO’ SHeprueil HenocTHOCTH. Paspymenne
MaTepHana B 9HEPreTHYECKOM acleKTe MpecTaBisieT 0OpaTHBIM K 00pa30BaHUIO €ro LENOCTHOH CTPYKTYpPhI IPOLECC UCUSPIIAHUs
9HEPrUH LEeOCTHOCTU. Bompock! pacuera xene300eTOHHBIX KOHCTPYKIHUHA COMPSDKEHBI C MPOYHOCTHIO OETOHA U CTANM, THHAMHKA
KOTOPOH JIsl OLCHKU TEKYILETo U JUIUTEILHOTO PEcypca CUIIOBOTO COMPOTHUBIICHUS JKEIE300€TOHHBIX IEMEHTOB SIBIISCTCS CyIle-
CTBEHHOH B IPOTHO3MPOBAHUH OE30IIACHOCTH W JKUBYUYECTH dTHX KOHCTPYKIMH. Ha OCHOBE MOHATHS HEPTHU LEIOCTHOCTH Kak
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creM. [IpeanoxeHHbI MOAXO CBA3aH C AUCCHUIALMEN DHEPIUU LIEIOCTHOCTH IPU CHUIIOBBIX HArPYKEHUSAX U BO3AECHCTBUAX OKpY-
JKAIOLIEN Cpebl.
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Abstract. A material (concrete, steel, wood, plastic) is formed by combining its fractions as a result of their mass and energy
exchange with the environment. This synergetic process entails the accumulation of energy in a unit volume of the material,
binding the fractions into a single whole and being its specific energy of integrity. The failure of a material in the energy aspect
represents the reverse process to the formation of its integral structure — the depletion of the integrity energy. The issues of
calculating reinforced concrete structures are related to the strength of concrete and steel, the dynamics of which, in order to assess
the current and long-term life of the mechanical resistance of reinforced concrete elements, is essential in predicting the safety and
survivability of these structures. Based on the concept of integrity energy as a parameter of the energy state of the material, the
article identifies estimates of the long-term strength and bending bearing capacity of concrete elements and an energy assessment
of the structural safety of reinforced concrete frames. The proposed approach is related to the dissipation of integrity energy under
mechanical loads and environmental exposure.
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1. Beenenue

B GeToHHOl cMecH, KaK M BO BCAKOW TEPMOIMHAMUYECKON CHCTEME, MPOUCXOIUT HENpPEPhIBHBIN 00-
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MTHOBEHHOM jAedopMupoBanuu. [y ynpyrux marepuaioB yaenbHas pabora A(t) BHEIIHUX CHUJI IIOPOXK-
JIaeT PaBHYIO €l YIeIbHYIO MOTEHIHANBHY 0 sHepruio P (t) U cormacHo <I)(t) = A(l) HMEET MECTO COBIIA-

JIEHUE BEINYMH CD(Z) I/IA(Z). JluHamMuKa SHEpPruM LETOCTHOCTH pPEalbHBIX MarepuasnoB, 00JIadaronux

CBOWCTBOM II0JI3y4€CTH, CYIIECTBEHHO ONPENEIAETCS KaK PEKUMOM HArpy>K€HUs] U MHTEHCUBHOCTBIO BO3-
JEMCTBUS OKPY>KaIOLIeH Cpe/ibl, TaK U MPEABICTOPUEH X CYHIECTBOBAHUSA. 3HAYMMBIM PE3yJIbTaTOM BHEIII-
HUX BO3AECUCTBHUH SIBISIOTCS KOPPO3HOHHBIE MOBPEXIEHHUS MarepuasioB. IIpenokeHHbI B paboTe MeTon
OCHOBAH Ha KOHLIENIMY NHBAPUAHTHOCTU HA4aJIbHOM SHEPIUHU LIEIOCTHOCTHU OT PEKUMA €€ UCUEPIIAHUs IPU
CUJIOBBIX U CPEIOBbIX BO3AeHcTBUsAX [1; 2].

OHeprus LEJNOCTHOCTH OETOHAa B pe3ysbrare (PU3MKO-XMMHUYECKHX IPOLIECCOB YBEIUYMBACTCS 10
OIIpe/IeIEHHOI0 MOMEHTA BPEMEHU t, — 3TO OTBEYAET TaK Ha3bIBAEMOMY CTapeHHIO OETOHA, B TEUEHHE KO-
TOPOro OH HabOHMpaeT MPOYHOCTb. BONpock! AMUTENBHON MPOYHOCTH OETOHA pacCMaTPHBAIOTCS Ul £,
KOIJ|a MpOSIBISETCS Aerpajalys €ro MPOYHOCTH, BbIpakaeMas yMEHBIIEHHEM €ro0 SHEpPruu LEI0CTHOCTH
BCJICJICTBUE MIOPOXKIAEMBIX IOI3YYECTHI0 U KOPPO3UOHHBIMU IIOBPEXKACHUSMHU AUCCUMIATUBHBIX I1OTEPD.

Ecau VVg (f) AUCCUIIATUBHO pPaCCCiIHHAA K MOMCHTyt‘{aCTB HadaIbHOM OHCPIrun HOCJIOCTHOCTHU

w (to ) , TO IO 3aKOHY COXpaHCHMS SHESPTUU
W (t,)=W(t)+W, (1), (1)

IJie BeJIMYMHA W(t) = W(to ) -, (t) SHEPruM LEIOCTHOCTH MPEJICTABISIET TEKYIUI SHEPreTHUeCKU pe-

CypC COMPOTHUBIICHHUS.
Pasenctso

w(t,)=A(t,) )

BBIpa)KaeT SHEPreTUUECKUN KPUTEpUil pa3pyIieHus, TOpOXKIaeMblii paboTon A(t p) [IpU MTHOBEHHOM Ji€-

bopMupoBaHUHN. DHEPreTUYECKOMY pecypcy W(t) oTBeyaeT pecypc R(f) CHIOBOTO COMPOTHBICHUS MPH

OJIHOOCHOM Harpy)xeHud u pecypc M (f) MOMEHTHOTO CHJIOBOTO COIPOTHBICHHS MpH H3THOE Kene300e-
TOHHOTO 3eMeHTa [3; 4].

ITo xoHIENIIMU TPOYHOCTHOM CTPYKTYpBI OETOH paccMaTpUBaeTCsl KAK COBOKYNHOCTh (pakuuii, 00b-
€IMHEHHBIX CBA3IMH CO CTATUCTUYECKH PACIPEeIeICHHBIMU NIPoYHOCTAMU R, () [5-7].

CornacHO 3TOH KOHICTINWH, BBIBOIHUTCA HEJUHEeWHOoe PEOJIOTNIYCCKOC YPAaBHCHHUE MEXAHUYCCKOI0 CO-
CTOsSHHUA

S’ (t) o 1 OC, (1,7)
S(Z‘,to)=m—jtoe(T)S (T)Td'[ (3)
MIPH OTHOOCHOM HEYOBIBaloIeM HarpyxeHud [8; 9].
B (3 § 0 (t) — (yHKIUS HENTUHEHHOCTH HAampsKEHUH; G(t) — HOPMaJbHOE HAIIPSKEHHUE;
C,(t,7)= C(oo,28)[1—e4(t7t°)} — Mepa NON3ydeCTH MAeanbHoro (Hecraperomero) Gerona; 0(t) —

¢dbynkiusa crapenus. [Ipu HeyObIBaromeM HarpyxeHuu N (t) GeTOHHOrO IIEMEHTA €TI0 CBSI3U C IIPOYHOCTBIO

R;(t) < o(t) TepsrOT CIIOCOOHOCTH K CHJIOBOMY COIIPOTHBIIEHHIO W IIPOUCXOOUT IIEpeEpacipenciicHue
l

HAaMpPSHKEHUH ¢ 3TUX Pa3pyIICHHBIX CBA3EH Ha IENbIE CBSI3U C MPOYHOCTHIO Rl-(t) > o(t). ITepepacnpenene-
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Hue Harpyxenus N (t) ¢ wiomaau A HOPMAaJBHOTO CEYeHHs Ha ee pabOTOCHOCOOHYIO YacTh A(t) 1o-

POXKIAACT TaK HA3bIBACMOC CTPYKTYPHOC HAIIPAKCHUC!

o ()= /:1[((;)) ) A?t) sz) = $"(t)o(1). @
Cornacho (3) u (4)
e(tt,)= ‘;((:)) - ;e(t)cc(T)wdn )

CTpyKTypHOE HalpsKEHHUE MPEICTaBIsIeT HOPMAJIBbHOE HalpshKeHHEe, He0OXOAUMOe JUIsl pean3aluu
nedopmarmu £(t, t,) MpH yCIOBUH PAaBHOIPOYHOCTH BCEX CHIIOBBIX CBs3€il ameMeHTa. B mpuioxeHusx mc-
none3yercs pynkus [10]:

S°(r)=5" % =1+V % ,

rae V' u m sMIupuyecKue napameTphl.

(6)

m

A(1)+4, (1) o(1)

0 Aot (t)
[Monaras A = A(t) +A,(t), noayunm S (t) = =1+ u BenmumuuHa V| ——| OT-
A() A(t) R(t)
BEYAET OTHOLLIEHUIO CYMMAapHBIX IUIOIIA el HOPMaJIbHBIX CEYEHUI Pa3pyIIEHHBIX U LIETIbIX CBSI3EH.

HanpsoxkeHHO-1e(hOpMHPOBAaHHOE COCTOSHHME MEXaHWUYECKOH CUCTEMBbI, HallpUMep »Kele300€TOHHOH
KOHCTPYKIIMU, TECHO CBSI3aHO C JUHAMUKOM 3HEPrHil LEJTOCTHOCTU COCTaBIIIOUINX €€ 3JIeMeHTOB. [loreps
LEJIOCTHOCTH YacCTH 3JIEMEHTOB BJIEUET YMEHBIIEHUE YHEPTUU LEIOCTHOCTH OCTABIIMXCS, YTO MOXET MpU-
BECTH K Pa3pyLICHUIO YaCTH KOHCTPYKIHMH WIN K MOCIEI0BaTEIbHO IPOrPECCUPYIOLIEMY JTaBUHOOOPA3HO-
MYy pa3pylleHHIO BCe KOHCTpyKUUH. Pe3yabTaToM MTHOBEHHOIO pa3pylIeHUs] YaCTH KOHCTPYKTUBHBIX dJ1€-
MEHTOB M0 ACHCTBUEM HEyObIBAIOLIEH HArPy3KHU ABISETCA UMITYIbCHOE JAOTPY’KEHHE COXPAHUBILIMX HECY-
Iy CIOCOOHOCTb JIEMEHTOB M BO3HUKAET 3a/1aua ONpPEeICHU TUHAMUYECKUX HalpsHDKEHUH 1 MOMEHTOB
B ux ceueHusax. B [11] oHa pemiena [y ynpyroxpynkoro 3J€MEHTa SHEpreTH4eCKUM METOJOM Ha OCHOBE
MOCTOSIHCTBA MOJIHOM MOTEHIMAIbHON SHEPIUU HIIEMEHTOB.

B nporaosHsix pacuerax 0€30MaCHOCTH CYILECTBEH y4eT MOJI3Y4eCcTd, U B JaHHOU paboTe qUHaMu4e-
CKUE BHYTPEHHHUE YCHUIIMSI DJIEMEHTOB OIPEAEISAIOTCA COINIACHO MHBAPUAHTHOCTH MX SHEPIMU LIEJIO0CTHOCTH
OT peXXHUMa HarpyXeHusl.

Beenennsie B [1; 11] sHepreTudeckue Moaxoibl OLIEHOK CHJIOBOIO COIPOTHUBJICHUS NMPUMEHSIOTCS B
pacderax J0JITOCPOYHOM OE€30MaCHOCTH, JKUBYUYECTU U YCTOMUUBOCTHU KeEJI€300€TOHHBIX KOHCTPYKIMHA U UX
aneMeHToB [12—-14].

3aMmeuaHnune 1. DHepreTHueckre OLIEHKU B TEOPUH Pa3pyIIEHUs YIIPYTUX TeJl BIEPBbIC MOSBIINCH B
[15] npu ananuse 3apoxkACHUS TPEIIUH. AHAJOTUYHBIE OLEHKU B BOIPOCAX Pa3pyILICHUs YNPYroIulacTuy-
HBIX T€JI BO3HUKAIOT, Hatipumep, B [16; 17].

B [18-20] sHepreTuyeckuM METOAOM OLIEHHBAETCS! IPOAOIbHAS KpUTHYECKas CUJla, BIEKYIas MOTe-
PIO YCTOMUMBOCTH 5K€J1€300€TOHHOTO CTEPHKHSL.

ITpu 3ToM B [21] Hapsxy ¢ auccunanyen ero YSHEPruy LEeJOCTHOCTH YUYUTBHIBAETCS €€ HHBAPUAHTHOCTD
pu OudypKaIy paBHOBECHBIX POPM.

3ameuanmue 2. B [23; 24] nuramMudeckuii 3 GEKT BHE3AMHOTO pa3pyIIeHHsI 3JIeMEHTa KOHCTPYKIIUU
MOJIETTUPYETCST YUeTOM KO3 hHUIIMEeHTa TMHAMUYHOCTH, a B [25] onpeaensercs: AMHAMHUYECKAM PacyeToM.
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B [26] npuBeneH aHanu3 3TUX MOAXOJ0B M 0OOCHOBaHA UX MPHUEMIIEMOCTh HApSIy C COTIOCTABISEMBIM UM
HHEPTETHYECKUM IMOIXOAOM IS PACUETOB IO 3aIIUTE COOPYKEHHI OT MPOTPECCUPYIONIETO O0PYIICHHS.

3ameyanue 3. DHEPreTUUECKUN IOAXOJ HCIOIB3YyEeTCS B CEHCMUYECKOM INpoeKTHpoBaHuU. llpu
3TOM CEHCMHUYECKHE CHIIBI IPE/ICTABISIOTCS Yepe3 TaK Ha3bIBAEMYIO BXOTHYIO CEHCMUYECKYT0 SHEprHio [27].

3HaYMMBIN BKJIa]] B TUCCUIIATUBHYIO TEOPHIO CUIOBOTO COMPOTUBIICHUS JKEJIe300€TOHA, BKIIIOUAIOIIYIO
OLIEHKU THCTEPE3UCHBIX SHEPreTUUECKUX MOTePb U UX KOHCTPYKTHBHYI0 MUHUMU3aluio, BHec B.M. bonna-
penko'. BriepBble sHepreTHUYecKHe COOOPaXKEHMs ISl MOMydYEHHs OLECHOK JMHAMMYECKHMX HAIpPSKEHHI B
YIPYTO-XPYTKHX CTEP>KHEBBIX KOHCTPYKLUSAX ITPH UMITYJIbCHBIX HAarpYyXEeHUsX npusiedeHsl [LA. [eHneBsiM
u B.W. KomuynoBem [11].

2. 3Hepl"l/lfl HEJIOCTHOCTU KOHCTPYKTHBHOI'0 3JIEMEHTA

HaxkoruieHHass B KOHCTPYKTHBHOM 3JIEMEHTE 3HEPrusl LIEJOCTHOCTH MCUEPIBIBAECTCS B PE3yabTaTe pa-
00Tl BHYTPEHHHX CHUJI IIPU €ro Ae(pOpMUPOBAHUU U BO3AEHCTBUAX OKpy»Katolel cpensl. Ee Bennuuna W(¢)
nonaraercs [1; 2] ”HBapUaHTHOM OT peXXMMa Harpy>KeHUs: U CIOCOO0B BO3JEHCTBUS CPEIbL.

DTa KOHIICIIIUS BJICYET, B YaCTHOCTH, pPaBeHCTBO W(f) paboTe A(f) BHyTpEHHHUX CHJI 3JIEMEHTa MIPH €T0
MTHOBEHHOM (KpaTKOBPEMEHHOM) 1e(OpMUPOBAHUHU 10 HpeNesbHON nedopmanun &,, MpUBOAAIIEH K pa3-
PYLIECHUIO.

Takum 00pa3zoM, SHEprust HENOCTHOCTH W({f) sABIAeTCS HHTe-
rpaJIbHBIM [IapaMEeTPOM JIEMEHTA, PAaBHBIM paboTe BHYTPEHHUX CUII o

(1)
IIPY €ro0 MTHOBEHHOM paspyuieHuu [1]. Bennuuna W(t) :7 R Eo

b

e ¥V — o00beM >JIeMEHTa, NMPEACTABISET CPEIHIOK IUIOTHOCTH /s »
SHEPTHHU LETOCTHOCTH. /
[Ipy M307HEPreTHYECKOM HAIPSKEHHOM COCTOSIHUM 3JIEMEHTa / /

IIIOTHOCTh W, (t) MOCTOSIHHA W SIBIIIETCS €r0 YAENBbHOM JdHEprueu C B B

nenoctHocTd. Ha puc.1 npuBopuTes reomeTpuyeckas HHTEPIIpETa-

ausga pacCMarpuBacMbIX BECJIWMYHUH COINIACHO MHOJHOH JAuarpamme
Puc. 1. Texymas u npenenpHas

6 —¢& OeToHHOro 00pasua npu ero 1e(pOPMHUPOBAHUU JIOE,, . IUIOTHOCTb YHEPTHH
W cTouHuk: BemonHeHo E.A. JlapuoHOBbIM,
[Tnomanu S ¢puryp Ha puc. 1 npeacTaBisIoT: A.C. MapkoBudem.
So4*p+ — TIPEAENbHYI0 TUIOTHOCTh DJHEPTUH, SBISIOIIEHCS Figure 1. Current and ultimate

energy density

S ource: made by E.A. Larionov,
A.S. Markovich.

ylIeIbHOIT SHeprueii nenoctHoctn W, (t);
S04B — TEKyI1yIO IUIOTHOCTb SHEPTUH, SBIISIOLICHCS paccesH-

Ho#i wacThio W, (t) suepruu W, (t);
SBaa*p* = So4*p* — S04B — OCTATOUHBINA pecypc W: (t) = W: (t) - WSZ (t) ;
So4c — Pa3sHOCTH AW(I) = W(t)—W(t) SHEPrHil, 3aTPAuE€HHBIX HA OCYLICCTBIICHUE YACIBHBIX pa-

00T BHYTPEHHUX CHJI 3JIEMEHTA IIPH €r0 Harpy >KEHUH U MOCIEAYIOIEM Pa3rpy>KeHUN.

J1s ynpyromaacTU4ecKux Tel BelInYuHa AW(t) ABJIAETCS IPHCYIIEH UM T'HCTepe3UCHOIl morepeit
4aCTH HEPIUU W(t) . CornacHo puc. 1, W(t) =W, (t) .

3ameyanne 4. DHeprus LEIOCTHOCTH KOHCTPYKTHUBHOIO JJIEMEHTA SBISETCA €r0 MaKCUMaJIbHON
SHEprueil COnpoTUBIECHUS pa3pylleHnto. PaccesHHas 4acTh 3TOW SHEpruu, 3aTpauyeHHas Ha pabOTy BHYT-
PEHHMX CHJI, IPEACTABISIET SHEPIETHUECKYIO MEPY AMCCHUIIALIMU CUIOBOTO conpoTusieHus. Ilpu amurensHom

! Bonodapenxo B.M., Pumwun B.J. JluccuniaTBHAS TEOPHS CHIIOBOTO CONPOTHBIICHHUS JKeI€300€TOHa : yueb. Tocobume.
Mocksa : TUJ «Ctynent», 2015. 111 c. ISBN 978-5-4363-0052-8 EDN: VSMWDX
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ne(hOpMUPOBAHUHU YaCTh SHEPTUU IEJIOCTHOCTH 3aTPAauyMBaACTCs Ha pealin3anuio aedopManuy moja3ydecTd
U INIACTUYHOCTH. DTa YacThb OHCPIrumn ABJISICTCA CYIHCCTBCHHOﬁ IIpu ONpeaACICHNN I[J'H/ITGJH)HOf/i IMPOYHOCTH
JJIeMeHTa. 3HAUYMMBIN BKIIAJ] B PACCESTHHYIO YacTh SHEPIHH ILEIOCTHOCTH BHOCST KOPPO3HMOHHBIE TOBpE-
JKICHUS, BICKYIIHE ErPaJaliio CUIOBOTO CONPOTUBIICHUS 3JIEMEHTOB.

PaccmarpuBaembIe TpH POSKTUPOBAHKH 33/1a9H ONIPEIICIICHUST ONITUMAJILHBIX ()OPM KOHCTPYKIUH CO-
MPSKEHBI C HAKAIJIUBaeMOU MpH J1e(POpMUPOBAHUH TTOTCHIIMATILHON 3HEPTHH U CXOAMMOCTBIO SHEpreTHYC-
CKHUX (YHKIIMOHAJIOB K MUHUMYMY TIO COOTBETCTBYIOIIECH IMOCIIEIOBATEIHPHOCTH UCCIeayeMbIX Gopm. [Ipu
HEJTMHEHHOM pacyeTe I1aroBO-UTEPAIIMOHHBIM METOJIOM YPaBHEHHE PABHOBECHS KOHCTPYKIIUU 3aHCHIBACT-
cs B BUgE [28]

i i-1 i-1
(K+K,), Au) = AP — AR\ Ad™), (7)

rne K m K — Marpuisl )KeCcTKOCTH M HayalbHbBIX HANpPsHKEHUH; u — BEKTOp MepeMeIleHui; j — Ho-

Mep Il1ara Harpy>keHust; I — HOMEp UTepalluy Ha JaHHOM Iare.
(i)
J

KaXJI0T'0 111ara Harpy>KE€HHs TOJIKHO BBIIIOJIHATHCSA PABEHCTBO

Bekrop nepememiennii Au’.’ HOIKEH YIOBIETBOPATH 3aKOHY COXpaHEHHs 3Hepruu. [lostomy mms

Wt W, + W, + 4, +A4. . +A4 .=0, ®

Jj=1,j-1 J=LJ J>J

rac Aj—l -1 — pa60Ta BHCIIHUX U BHYTPCHHUX CHJI HAYAJBbHOI'O0 COCTOSAHMA HAa HAYAJIbHBIX IICPC-

MEIIEHUIX Auj_1 ;

-1,j-1

A

TIOJIHUTENBHBIX (BO3MOKHBIX) MEPEMELICHUSIX Au ;3 A,

;1 B W,_, , — paboTa BHEUIHNX U BHYTPEHHHX CHJI HAa4aJIbHOTO COCTOSIHUS Ha JI0-

n I/Vj i pa60Ta JOINIOJJTHHUTCIBHBIX BHCIIHHUX H

BHYTPCHHUX CHUJI Ha JOIOJIHUTECIbHBIX IIEPEMECIICHUAX Auf .

Hcxona u3 mpuHIKNA BO3MOKHBIX MTEpEMEIICHUN ij1 i+ A.

i = 0. CaemoBaTebHO, W// + Aj,j =0.

[TorpeOyem, uTOOBI pellicCHHE YpPaBHEHHS PABHOBECHS HA i-i HTEpAlldH, YIOBICTBOPSIIO YCIOBHUIO
Wj(’j? + A% =0, 11 Yero BBEAEM K IEPEMENICHUIM Auﬁ.l) MOTPaBOYHBIA KOIPPHUITUEHT C : Aﬁj(.l) = cAu;’).
B orom caywae pabora JONMOJHUTENBHBIX BHYTPEHHUX CHJI Ha TICPEMEIICHUIX Aﬁj paBHa

1

— = bl ]. —T — 1 —T — = —T —
W,, =W, +W,,, tie W, :—EAuj K Au; _EAuj K, Au,; W, :—EAuj AKAu; .

JsJ?

1

— =T
B cBoto ouepensp, BHelHIE CHibl AP, Ha IepeMeIeHnsIX Au; COBEpIIAOT paboTy Aj = EAM ; AP] .

Honcrasisist Au; = cAu; B BbIpaXXeHHS pabOT BHELIHUX M BHYTPEHHHUX CUJI, IIPHXOJUM K ajnrebpante-

CKOMY YPaBHEHUIO TPEThel CTENEeHH, KOPHEM KOTOPOTO SIBJIIETCS] HCKOMBIH MONPAaBOYHBIN KOA(UIIMEHT ¢ :
2 3
by +bc+b,c”+b,c” =0, )
LY LAz 70 Lz 70
e by =—(Au") AP b =—(Aul") (K+K,)Au; b,=0; by=—(Au") AKAu.
2 J J 2 J o J 2 J J
3. JanTenbHasi MPOYHOCTH U Pecypc CUJI0BOT0 CONMPOTUBJIEHUN OeTOHA

HpI/I pacucTe JKeJ1e300€ TOHHEIX KOHCTp}/'KLII/Iﬁ Ha MMPOYHOCTb BO3HUKACT BOIIPOC O MAKCUMAJIbHO BO3-
MOXXHBIX Harpys3kKax, HEC BJICKYIIUX HUX pa3pyHICHUS B IICPUOA IKCILTyaTalluH. HpI/I 9TOM CYIIC€CTBCHHBIMU
XapaKTCPUCTUKaMH 0OeTOHa SBJIAIOTCS €TO IMpU3MEHHAas Rb M TaK Ha3bIBaCMasd NJINTCIIbHAsA IIPOYHOCTD R;m —
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MaKCHMAaJIbHBIH YPOBEHb IMOCTOSIHHBIX HANPSDKEHHH, TPU KOTOPBIX OH HE pa3pyIIaeTcs MpH JII00OH X JUTH-

TenbHOCTH. Jltst oObraHOrO OeToHa monaraercst oueHka R, <0,8 R, rae R — €ro KpaTKOBpeMEHHasl

IPOYHOCTh, IPEBBIIIEHHE KOTOPOH BiedyeT paspylieHue. CHIKEHHE JUINTENbHONW MPOYHOCTH (IO CpaBHE-
HUIO ¢ KPaTKOBPEMEHHOI) CBSI3BIBAETCS C PA3BUTUEM MUKPOTPEIIMH U IPEOA0IIEHUEM HEKOTOPOIO dHEpre-
TUYECKOro Oapbepa B mpoluecce JepopMUpoBaHUs Marepuana. B acnekre s3HepreTnyeckoil KOHIENIUU 3TO
SBJICHUE COIPSIKEHO C JUCCUIIALIUEH SHEPTUH LIETIOCTHOCTH W( 0)"

Paccedannast Kk MOMEHTY / 4acTbh 3TOM DHEPTUMU:
W (£)= W (t)+ Wy (1), (10)

rae cnaraemsie W, (1) u W, (¢) HOPOXIAIOTCS COOTBETCTBEHHO CHIOBBLIMH H CPEIOBBIMH BO3NEHCTBHAMH,
CpeJli KOTOPBIX 3HAYMMBbl YUUTHIBAEMBIE B 9TOI paboTe XMMKOPPO3MOHHbIE BO3/IEHCTBHS.

1. PaccmoTpuM cHavana ciayuaid W, (t):Wdc (t)

Iycre R(f,) — npounocTs GeToHa B MOMEHT 7y, a R({,f,) — MakcHManbHOE MOCTOSHHOE HAIpPsi-

JKEHUE, KOTOPOE OH BBIJIEPKUBAET B TEUCHUE IIPOMEXKYTKA
T= [to,t]. VaeneHble paboThl paspylleHUs B MOMEHTHI #, U ¢ cornacHo (1) u (10) cooTBeTCTBEHHO

PaBHBL:

7o) =0 )o) =Rl e )G, a
(1+V)R*(2,1,)

E(t)

ITockonpKy 10 SHEPIETUYECKON KOHLIEIIIUH W(to) = W(t, ty ) , TO

0 t
E(to)[1+E(t)C(t,t0)]R( 0):

W(t,1,)=R(t,1,)e(t,1,) = [1+E(1)Ctt, | (12)

R(t’lo):

(13)

Muoxurens R(t,t,)= \/ E(t)/E(t,) [1 +E(t)C"(1,t, )] oTIpeneNAeTCs TMHAMHUKON MOJyNS YIIPyTo-
cti i Mepbl ionsydectd E (1) = E(l —Be“”) u C(t,t,) = C(oo,28)(1 —e 1 )

[[J'IH JOCTAaTOYHO OOJIBIINX IMPOMCIKYTKOB [IO , l] A0IMyCTHMa OLICHKA:

R
S (14)

R .
o ﬂ

e ¢=FE (28) C (oo, 28) — XapakTepucTHKa rnoiasydyectu. Hanpumep, 11t 6erona

B60 E = 4010° MIla; (0,28)=40-10"MIla™ ; n=0,77u R, =0,77R,, .

Ilycts G(’L’ < 00) — HeyOBIBaloIIee Ha MPOMEXKYTKE [to,t] Harpyxenue. CoBepuiaemasi um pabora

A [c (t)] npezcTaBIseT YacTb sHepruu W (f,) 1 10 SHepreTHuecKoii KOHUEIHH:
W(to)sz/[c(r)]+A[c(r)], (15)
e W [cs (r)] — pe3epB LeTOCTHOCTH [IPH HArpyKeHHn G(T).
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Ecimmn G(‘C) = O, Ha IPOMEXKYTKE [to,t] , TO
W (t,) =W [o,]+ A[s,]- (16)

ITpu G(T) < 6, MMEET MECTO COOTHOILIEHHE

2

Ao ()= (o) =5 12O 4]

Biekyuiee ¢ yuetoM (12) u (13) ouenky
W(GO)SWI:G(T)} (17)

Cornacno (17) mpu craTHueckoM Harpy>XeHUU G(T) =0, MOIYy4aeTCcsd HWKHSS OLEHKA BEIUYMHbI

w [0 (1:)] IIPU BCEX PEXKHUMAX HATPYKEHHS G(T) <0,. OTO 03HAYaET, YTO JJI LEJIOCTHOCTH HA IPOMEKYT-

e [to, t] OETOHHOM KOMITOHEHTHI JIEMEHTA JOMYCTUMBI BCE HArPy KEHHS G(’E) <R (t, to) pu © (1:) =R (t, t, )

coracHo (12) u (13) W[R (t,to )J =0 u npoucxonut paspyuieHue semenTa. Korna G(T) < R(l,to) , BO3-
MOJKHOE Ha HEKOTOPBIX MHTEPBallaX BPEMEHU Pa3rpyKCHUE BlleUeT yMeHblieHue W, (t) .

3ameuanmne 5. JlJiss OLEHKU IPOYHOCTU NPHU PEXKUME HArpy>KEHUs G(’E) HEoOXOoaMMa OIIeHKa JTUC-

CHUIIAaTHBHO paccesHHOW vactu W, (t) SHEPIUH 1ENTOCTHOCTH. B [1] mprBeeHbI OIEHKH JUT XapaKTEPHBIX
HeyOBIBAIONUX HA [O,t] pEXKUMOB G(’[):GO (l - ae’”); a>0;y>0 u G(T):a,t, a>0.

2. Koppo3noHHbIE BO3AECHCTBHS BIEKYT 3HAYMTENBHYIO JErpalalliio HECYIEH CIIOCOOHOCTH XKee30-
OETOHHBIX IEMEHTOB KOHCTPYKLUH. Pe3ynpraToM XMMHYECKUX PEakLUUi, MHUIUMPOBAHHBIX arpeCCUBHbI-
MU [0 OTHOIIEHHIO K KOMIIOHEHTaM KOHCTPYKTHBHBIX 3J€MEHTOB (pakTopamMu BHEUIHEW Cpelbl, SBISETCS
U3MEHEHHE (U3MKO-MEXaHMUYECKHX XapaKTePUCTHK OEeTOHa M CTalk. OJTO IOPOXKAAET CYIIECTBEHHOE
YMEHBILIEHUE SHEPTUU LIEJIOCTHOCTHU BCIIECACTBUE yBEIMYEHHS pacCesiHHBIX ee yacTel. [Ipu omHOCTOpOHHEM
KOHTaKTe OETOHa CO CpeIoi BBISABICHA MOCIOWHOCTh XMMKOPPO3UOHHBIX MTOBPEXKICHUH, HAYMHAIOIINUXCS Ha
IIOBEPXHOCTH X, X KOHTaKTa, CIAa0CIOMMX NPH MX yIIyOJIeHUH M OOHYJISIONIMXCS HA HEKOTOPOM MOBEPX-

HOCTH X, — TIOABWKHOW IpaHHIE HeHTpamusanuu, rae KoHneHtpamus C (z,t) arpeccopa paBHa HYIJIIO
[28]. Mepa BIMSHUSA ATUX MOBPEXKICHUHN MO ITyOMHE OMpeAeNnsieTcsl TMHAMUKOW KOHUEHTpAluU C(z,t) ,
MEHSIOLIEICS B IEPEXOJHON 30HE TONIIUHBI S(t) oT BesinduHbl Cp B 30HE MOJIHOTO pa3pyLIEHHs TOIIIUHBI

* ~
z (t) A0 HYJII B HCIIOBPCIKACHHOU 30HC TOJIIIHHBI p(t) . Cormmacuo »tHM NpCaAnoOChblJIKAM OTHOCUTCIIbHAA

KOHLIEHTpaLus C (z,t)=C (z, t) / C, yIOBIETBOPSET yCIOBUSM:

Cl(z.0)]=1 ¢ (1)+8(r)]=0; | (2+8(t)] ~0, (18)

u nipu anmnpokcumarmu C (z,t) =a,z’ +a,z +a, B cIydae z (t) =0 momy4yum

2
A z 2z

C(z,t)zaz—(t)—%+l
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ITycts R (z,t) uk (z,t) — MPOYHOCTH U MOAYJb YIIPYTOCTH CJIOS TOJIIMHON dz Ha r1yOuHe z(¢) mepe-
XOZIHOM 30HBI. [IpoBHkeHNE KOPPO3UOHHBIX MOBPEXKACHNUN MOPOKAAET OTHOBPEMEHHOE YMEHBILIEHUE KOH-

IEHTpaIun C (z,t) Y yBETUYCHHE R(z,t)n E (z,t). DTa CONpsKEHHOCTh U3MEHEHUS BeanI/IHR(Z,t)H

E (z, t) ¢ nepumurom K (z, t) =1-C (z, t) KOHLEHTpaIuu C (z, t) MIO3BOJISIET IPUHATH PABEHCTBA:
R(z,t)=K(z,t)R(1); (19)
E(z,t)=K(z,t)E(). (20)

Muoxurens K (z,t) HasbIBaeTCcs QyHKIMeH coxpanenus [3].

0
Bemnunna S (z‘) = Jjb(z)K (z, t)dz MPEICTABISET YacTh IUIOMIAIN S (t) HOPMAJIBHOTO CEYEHUs IIe-

pCXOHHOﬁ 30HBI 3JICMCHTA IIHUPHUHBI b(Z) .

ComacHo paBEeHCTBY

R(1)S(0)=["b(2)R(0)K (.t)dz = [ b (=) R(=.1) d= 1)

0

0
YacTh CEYEHUS C IUIOMAJBI0 S (t) , TIoJlaraeMasi HeToBpeXXICHHOH (COXpaHEHHOI), OKa3bIBaeT TAaKOe Ke CHU-

JIOBOC COITPOTHBJICHUEC, KaK BCC CCUCHUC. OKBUBAJICHTHOE B CHJIOBOM aCICKTE IMPUBEACHUEC TTOBPEKIACHHOI'O
* *
CCUCHHA K paCUCTHOMY HUCIIOJB3YCTCA B OIIPCACIICHUN OCTATOYHOIO CHJIOBOI'O R (t) u MomenTHoro M (t)

conpoTtuBieHus [3; 4].
* ~
ITonaras usmenenue mepsl momsydectu C (z,t, to) M0 MEPEXOHON 30HE 00PaTHO MPOMOPITUOHAIE-

HOH nedumury K (z, t) , IPUHUMAIOT PaBEHCTBO

: C" (1.1,
c (z,t,to):%. (22)

Comnacho (20) u (22) uMeeT MECTO COOTHOIIEHUE
E(z,0)C (z,t,t,) = E(1)C (1,1,) = 9(1.1, ), (23)

03HAYaIolLIee NHBAPUAHTHOCTh XapaKTEPUCTUKH IOJI3y4eCTU OT KOPPO3UOHHBIX NOBpexaeHui. [lockonbky

BCJIMYHWHA (P(f,to) ABIIACTCA XapaKTepHCTHKOﬁ HCPAaBHOBCCHOCTHU CHUJIOBBIX HaI‘py}KCHI/Iﬁ N HEC CBsA3aHa C

KOPPO3HOHHBIMH MOBPEIKIACHUAMH, PaBEHCTBO (23) SIBISAETCS €CTECTBEHHBIM U 000CHOBBIBAET MPEACTABIIE-
£
uue mepbl C (z,t,to) B Buze (22).

Cpenn ompenensiomux IIyOuHy HEHTpaau3anuu & (t) =z (t) + S(t) (akTOpOB 3HAUMM YPOBEHb
n(z‘) = 8(1‘) / R(t) HaIpsDKCHUSI, BIMSHHUE KOTOPOTO IIPY NOCTOSSHHOM YPOBHE 1] BBIpaXKaeTCs IapamMeTpaMu

m(n) u oc(n) B M PepeHITNATBHOM YpaBHCHHH

d[AS(1.1,) ]

" = a(n)[As(t,zo )]’”(") . (24)

AHAIUTUYECKVE W YMCHEHHBIE METOZbI PACYETA KOHCTPYKLIIA 339



Larionov E.A. et al. Structural Mechanics of Engineering Constructions and Buildings. 2026;22(4):331-347

8, (£:29)—8(2.1,)
8, (1:2))
1014071 m(n) " d(n) 3amarorcs B Buze [30]:

3nech Ac(t, tO) = — OTHOCHTENBHBIA Ne(PUIUT TTyOUHBI MMOBPEKICHHUH, a (YHK-

m(n)=3" mn'sa(n)=>" o 25)

R
Haxoxnenue ko3(hpQUIIMEHTOB COMPSHKEHO ¢ OKUIAEMBIMH TIPEACTbHBIMU 3HAYCHUSIMHU O (oo, to)an/I
XapaKTepHBIX HANPSHKEHUAX O, U O, ONpEeAeIsIOmUX ANHAMUKY II0 8(1‘) OTHOCHUTEJIbHBIX OOBEMHBIX JIe-

dbopmartuii V(G) / V(O) B TIporiecce 00pa3oBaHus U pa3BuTus TpeutuH [30].

B [29] Ha ocHOBe SKCIEpUMEHTOB MOJyYeHa 3aBUCUMOCTD

8y(n)=>, an (26)

MeXIy NpeenbHOl ITyOuHOH 0,1 ypoBHEM 1|, Iie KO3D(QUIMEHTHI g; BBIPAKAIOTCSA 4Yepe3 MpelelbHYIo

nyOuHy O, npH 6 = 0, HAUMEHBIIYIO IPEACTbHYIO NIyOUHY O IPU G = Gx U MPEJENbHYI0 NIyOuHY 0,

0.min
IIPU G = Or .
B [1; 32] dynkmuus B(t,to ) MIPE/ICTABIIACTCS B BUJIE

3(t.t,) =7 t.1m(2)3, (1.1,) ], (27)

rae S(t,to) ONUCHIBACT JUHAMUKY MPOJIBHKEHHs 0€3 yyeTa CUJIOBBIX Harpy>KeHHi, a y[t,to,n(t)] — HUX
BJIMSIHHE Ha ATOT mpouecc. He3aBUCMMOCTh OT BpeMEHHU XapaKTePHBIX TUIOTHOCTEH p[ch1 (t)] u p[csT (t)]

OeToHa BIIeYeT MHBAPUAHTHOCTH OT BPEMEHH BEJIMYUH OTHOUICHHS O (t, t ) /9, (t, to) MIPU YPOBHSX

M, =8,()/R(t) un, = o (1)

R(1)’

; ,
4TO MO3BOJISIET ONPENENATh KOIDPUIMEHTh! Y, (QyHKIMU y(t,ton(t)) = Zizoyin(t)l [0 €€ TEeKYIIUM 3KC-

NEPUMEHTAJIbHBIM 3HAUYEHUSIM U CBOWCTBaAM 7(0) =1; min y(n) = Z;)yin;; miny (n) = zlioyin; pere-

HUEM CHCTEMBI anre0pandecKux ypaBHEHUN:

l+ym, +v.n: +vsm, =v(n,)
l+y,n +vom v =v(ng) b (28)
¥, +2y,m, +3ym; =0

3amevyanue 6. BausHue ypoBHS HamnpspKeHHH MOPOXKAAETCS TUHAMHUKOW IOSIBICHUS U Pa3BUTHA

TPCUIUH, YTO COIIPSIKCHO C pa3pbIBOM CBsI3EH U YMCHBIICHHUEM OHCPIUn LHEJIOCTHOCTU OCTOHHOM KOMITOHEH-
Thl KOHCTPYKTHBHBIX 3JICMCHTOB.

VYyer BIMAHMS YPOBHS HAIPSIKEHUI (byHKuHeﬁy(n) MpOIIE M TECHEE CBSI3aH C 3TOM NMHAMHUKOU,

HEXKEJINU €€ OIIMCaHUuC MapaMeTpaMu (1(1]) , m(n) .
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Koppo3noHHble MOBpEXICHHS BICKYT 3HAYUTEIBHOE YMEHBIIEHHE SHEPTUHU IEJOCTHOCTH OETOHA.
C yueroM (19) nyist cnost Ha ypoBHE z MepexXoJHON 30HbI NOMy4YUM aHajoruunble (12) u (14) cootHomeHus:

K(Z,I)E(t)
K(z,tO)E(tO)[1+E(t)C* (t,to)]

R (z,t.to) = R*(z, to); (29)

(5= Ral?)
(z)= o (30)

Mockonsky W*(z,z,t0)=(1+V) * (z,t,to): * (1+V)E (t)*R (z,to)* ,
E'(t) E (t)[l+E(t)C (t,to)]E (%)
. (1+V)R*(z.1)
alw (z,to) = I (to) , TO TIOJTlyYUM PABEHCTBO
« B W*(to,z)
" (Z’t’t")_uE(t)c*(t,to)' (31)

4. K Bonpocy KOHCTPYKTHBHOIi 0€3011aCHOCTH COOPY:KeHUii

PaccmoTpum Mozens cOOpyKEeHHs KaK CTEPKHEBYIO CI/ICTeMy(C )n, Harpy’K€HHYIO ITyJbCAallMOHHOMN
Harpy3kou P (t) (puc. 2) u conepkantyto n cBsasei C, , HOCIe0OBATENbHOE yAaleHUe KOTOPhIX IPUBOAUT

K CTaTHYECKH onpeenumoii cucreme C; .

P(t) P(t)
<\

w7 w7 w7

Puc. 2. Crepxuesas cuctema 11oj Aeiicteuem narpysku U P(r)

W cTounuk: BemonHeno E.A. JlapuonoseiM, A.C. MapkoBuyeM.

Figure 2. Frame subjected to load P(r)
S ource: made by E.A. Larionov, A.S. Markovich.

[lon neiicTBMEM MyIbCAlMOHHOM Harpys3Ku P(t) CHCTEMa COBEpIIAeT BBIHYXICHHBIE KOJIeOaHMS,

ypaBHEHUS KOTOPHIX B IPUPAIIEHUSX MOITyUYeHO B padote [33] u umeeT BUJ
Mii(t+At)+Di(t+At)+ (K, + K ) Au= AP+ Mii(t)+Da(t), (32)
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e M — marpuna macc; D — marpuna gemndupoBanus; AP u Au — BeKTOpBI IPUPANICHUI HATPY3KH
U TIePEMEIICHUH TPH MEepexoe KOHCTPYKIIMUA U3 COCTOSHHS B MOMEHT BPEMEHH ! B COCTOSIHUE B MOMEHT
BpeMeHH f + At .

[Tpu yyere HeMMHEHHOCTH e(OPMHUPOBAHUS YCUIIHMS HA Ka)JIOM IlIare JOJKHBI KOPPEKTUPOBATHCS C
YYETOM TIPHHATHIX MOJelNel n1eopMUpOBaHUS MaTepUaioB, YTO MOXKET MPUBECTH K HAPYIICHUIO yCIOBUMA
paBHOBecHsl. Bo3HHKaIoImas npyu 3TOM HEBSI3Ka MOXKET ObITh MUHUMH3HPOBAHA C IIOMOIIBIO UTEPALIMOHHOTO
npoliecca, KOTOPbIi MPEICTABIISIETCS B BU/IE

Mii(t+At)+ Di(t+At)+ KAu, = AP + P,

err,i—1

+ Mii(t)+Di(1). (33)

BCKTOp HEBs3KU P B MOMCHT BpCMCHU t+ At HaXOOHUTCA KaK pa3HOCTb MCXKIY TCKYIIHUM 3HA4C-

err,i—1

HUEM Harpy3Ku P(t + At) U CTaTUYECKUM JKBUBAJICHTOM BHYTPEHHHUX CHUIL, T. €.

P, . =P(t+At)=[ P (t+At)+Du(t+At)+Mii(t+At)]. (34)

erryi-1

Pemenne ypaBuenus (33) ¢ ucnonb3oBanueM metona Hetomapka momyueno B padote [34].
3amada KOHCTPYKTHBHOW O€30MaCHOCTH COOPYKEHHH JIOJDKHA Pemarbcs BO BpEMEHHOW 007acTh ¢

Y4€TOM IPHUYHNHBI UMITYJIbCHOI'O BO3,[[CIZCTBI/I$I P(t) (y;[ap, B3PbIB U T.I[.), BBI3BIBAIOIICTO BBIHYXXACHHLIC

KoJieOaHusl COOPYKEHUS U BOBMOXKHBINM OTKa3 TOTO UJIM MHOTO dJIEMEHTa KOHCTPYKIMHU. be3 ydera mpudauHbI
TaKOTO BO3JICHCTBUS paccMaTpuBaeMasi 3a/1a4a JIMIIeHa (pU3n4ecKoro CMbICIA.
[IycTh B HEKOTOPBIIT MOMEHT

W, (1)=W,(t)-4,(t)=0 (35)

u anemenT C, paspymaercs. IIpu 3ToM Harpy»keHue, IpUIOKEHHOE K HEMY, JIOTPYKaeT OCTalIbHbIE IIEMEH-
Thl U BO3HMKAeT HEOOXOJUMOCTb OLIEHKH BHYTPEHHHUX YCHJIMH B UX cedeHHsAX. Bennuuna W, (t) MpeJICTaB-

JIACT BHCpreTI/I‘ICCKI/Iﬁ PE3CPB LUCIOCTHOCTHU U HC 3aBUCUT OT PCIKHNMaA pa3pylHICHUA Ck

IIpn MeIJIGHHOM CTaTHYeCKOM pasrpyxeHun emenrta C, 10 HyIIsI CTaTHYECKOe HaIpshKeHue oy, (t) u

C
n-1

nedopmanus € (t) enoro snementa C, Bo3pacTaer 106 (t) uE (t) , @ €r0 BHYTPEHHHUE CUJIBI COIIAC-

HO JMarpamMMe G — € COBEpIIAiOT padoTy:
47 (1)= """ (z) de. (36)

MruoBeHHOe paspyiieHne cBsA3H C, BIeYeT MMITYIbCHOE JOTPYKEHHE DIEMEHTOB CHUCTEMBI (C )ni1 151
BO3pAaCTaHUE HANpPSDKEHUS G (f) 1O HMITYJIBCHOTO HAIPSKCHUAG, | (t), HOPOXKIAOIIETO UMITYJIbCHOE
npupamenne Ag" k nedopmannu € . I[Ipu stom coepuraercst pabora A’ =6 Ag", BIeKyInasi yMeHbIIIe-

Hue AW, pesepsa nienoctHoct W, anementa C, Ha BenuuuHy 4, . CoriacHO uarpaMMe 6 —¢€ :

AW, = I?_IG(S)da;sj_l =g +Ag" (37)
PaBEHCTBO
J.Sfflc (¢)de = ol Ae" (38)

n
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d
n—1

MO3BONSET ompejeienue npupamienus A", nedopmanuue’  u Hanpskenus & =G(8 ) Bennuuna

AGd = (5Z71 — CZ OpeaACTaBIACT JUHAMUYCCKOC TOIPYKCHUC.

[Mpu umItyscHOM J0rpyxkeHud AM " aHATTOTHYHO TIOTYYHUM PaBEHCTBO
Zd,l
[77M (s)dse = M A5t (39)

st onpenenenus A", M u AM Y

B nepBom npubnmkeHnn 0000IIeHHBIC zmarpaMMHG(s) uM (%) OTIMCHIBAIOTCS KBapaTHOU Tapado-
noit [11; 14; 22].

ipu W, (t)= A" (t)=0c;_, (t)[sz_l (t)-¢; (t)] cormactio (35) W (t)=0 u snement C, paspymaercs

IpU MEIJIEHHOM pasrpyxeHun C, .

MeJUIeHHOE HIIM MTHOBCHHOE PACHIPE/C/ICHHE HArpykeHnst P, (1) Ha Le/be SeMeHThl 7 —2 KPATHO
crarmdecky Heonpenenumoi cuctemsl (C) ., MOPOKIAs yMeHbLICHHE pesepBa LenoctHocTr W, (t) one-
. . ! d d d
menta C,;j#i,k wa emmamny A7 (1) =05, [8;72 (1)-¢ (t)] wm Af (1) =0, (t)[?%2 (1)-¢ (t)]
wnpu W, (1)=0 snement C, TaKxe paspyuTcs.

Takum 00pazoM, pa3pylIeHHE KaXKJAOTO AIIEMEHTa BIICUET YMEHBIICHUE pe3epBa IEOCTHOCTH BCEX
OCTAJIBHBIX JIEMEHTOB CHCTEMBI U MOXKET MPHUBECTH K McUepHaHuio (OOHYJIEHHIO) pe3epBa IETOCTHOCTH
ele HeKOTOPBIX AJIEMEHTOB. DTO 0OCTOSTEILCTBO MOPOXKAAET BEPOSITHOCTH MPOTPECCHPYIOIIETO XapaKTepa

paspyuieHus CI/ICTCMBI(C )n , MHMIMHUPOBAaHHOrO OOHYyJIEHMEM pe3epBa IenoctHoctu W, (t) . Ecmmn
d :

w. (t) > A’ (t) nns Beex i # k , TO BCE 2JIEMEHTHI U3 (C )n_1 OCTArOTCSI IIENTBIMU NTPH MTHOBEHHOM (1 TeM 00-

Jgee MeNJIeHHOM) oOHyineHuun W, (t) . B atom cnywae paspymenueC, sBuserca JokanbHeIM. [lpu

d .
Wl(t) > A’ (¢) nns Bcex i#k Bce MEMEHTHI U3 (C )n_l TaKKe Pa3pylIaloTCss U BO3MOXKHO UMEET MECTO

MIOJTHOE pa3pylIeHHe KOHCTPYKIIHUH.
Ecnu paspyiienue sneMeHTa CUCTEMBI BeUeT MOCeayIouiee o BpeMEHHU pa3pyLIeHUE ellle HEKOTO-
pPBIX €€ 3JEMEHTOB, BO3HHMKAET MPOTIPECCUPYIOMIMIA MpolecC HcuepHaHus pe3epBa LETOCTHOCTH KOH-
CTPYKIIMH.
Tako#l mporecc mMpu MOCIEAOBAaTENbHBIX MIHOBEHHBIX pa3pyLICHUSX HWMEET JIaBUHHBIM Xapakrep.
Bo3MokHbIe pa3pyieHuss KOHCTPYKIIMH OTIPENEISIOTCS SHEPTUSAMHU LEIOCTHOCTH €€ AJIEMEHTOB M JUHAMHU-
KO pacrpesiesieHHsI BHEITHUX (CHJIOBBIX U MOMEHTHBIX ) Harpys>KeHUH.

Bo3uwuxkiee BCJICACTBUC HMITYJIbCHOI'O JOI'PYIKCHUSA HAIPSIKCHUC GZ—](I) MOPOKAACT MMITYJIbCHOC

npuparienue Ag; (t) K nedopmanuu € (t) . Cymma € + Ag" mpeacTaBisieT AMHAMHYECKYO 1e(opManuio
d

. . d
€ (t), KOTOPOM COITIACHO NPUHATOM JUarpaMMme G, —€& OTBEYAaeT JUHAMMYECKOE HANpsKEHHE G, (t)

[Tpu aMHAMHYECKOM JOTPYKEHHH COBEpIIaeTcs padora Al.d (Z) , IPUBOZAIIAS K TOMY K€ PE3EpBY LIEJIOCT-

HOCTH 3JICMCHTA q .

CornacHo BHCPFGTI/I‘IGCKOI\/’I KOHICTIIUH, 3TOT PC3CPB HEC 3aBUCHUT OT crocoba ero JOCTHUIKCHUA, YTO
BJICYCT PaBCHCTBO pa60T BHYTPCHHUX CHJI IPU UMITYJIbCHOM U JUHAMHUYCCKOM PEIKHNMAX.
B xauecTBe KOIHMUECTBEHHOM XapaKTCPUCTHKHU KOHCTPYKTHBHOﬁ 0e30macHOCTH 3JIEMEHTa q Hu CUCTC-

MbI C, (C )n BBOIATCS (hyHKIMU [21]:
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W (1)
K (t)=— . 40
=50 (40)
K(t)=Ya, — 41)
=255 )
B (41) o, — BecoBoit koaddunuent snementa C,; o, = P'I(J) WIH o, = MT(t) ; P u M — mocrosiH-

HOC CHJIOBOC€ U MOMCHTHOC HAarpy>XCHUs.

5. Pe3yabrarsl

DHepreTUYeCKHe MOIXO0/IbI B TCOPUH JKEIe300€TOHA CONPSKEHBI C TIOHATHEM SHEPTUH ICJIOCTHOCTH.

1. Onenka 0€30MaCHOCTH KOHCTPYKITMM OTPEACIACTCS €€ COMOCTaBICHUEM MaKCHMajbHOW SHEPTUU
COTPOTHUBJICHHS Pa3pyIICHUI0O — DHEPTHH IEJIOCTHOCTH, BKJIIOUAIONICH B ce0sl TUCCHITAIUIO BCJICICTBUE
paboTHI BHEIIHUX CUJI M KOPPO3HOHHBIX BO3JICHCTBHIMA.

2. DHeprus MeJ0CTHOCTH MPEICTaBISCT MHTErPaIbHBIN apaMeTp COCTOSHUS, U €€ TeKyIlee 3HAYCHHE
OTpa)kaeT HAJIMYHBIA PECYpC CHIIOBOTO COMPOTHUBICHHS KOHCTPYKIIMH, a JUCCHUIIAIUS OTPAKAET YMEHbBIIIE-
HUS 9TOTO pecypcea.

3. [Iporeccy muccUNanvyi CUIOBOTO CONPOTHUBIICHHS COMOCTABIIACTCSA JTUHAMHKA YMEHBIICHUS SHEP-
TUU TEIOCTHOCTU. [IpM 3TOM OCTaTOYHOMY CHIJIOBOMY COIIPOTHBIICHHIO COOTBETCTBYET OIPEICIsCMbIi
BHEITHUMH CHUJIAMH U KOPPO3UOHHBIMH BO3JICHCTBUSAMH PE3€PB ICIOCTHOCTH.

4. [l ynpyTrux MaTepralioB SHEPIHsl IIEJIOCTHOCTH COBIAIaeT ¢ HAKOIUICHHOM MPpH Ae(OPMUPOBAHHH
MaKCUMAaJIbHOM TOTEHITMAILHOM SHEeprUell — SHEPreTHUEeCKUM 0aphepoM, MPEOA0TICHHE KOTOPOTO HHHUIIUU-
pyeT paspylicHue. JHEPrusl IeJOCTHOCTH MPEACTABIAET SHEPTeTUUCCKUI Oapbep JUIS YIPYTOIIaCTHUHBIX
TEJ, TMPEBBIINICHHE KOTOPOTrO HAJ SHEPreTHYSCKUM OaphepoM YIPYTHUX TeNl BICYET 3aMeJICHUE Ipolecca
pa3pylieHHs 3a CUET IUTACTUICCKUX JehOopMaIlHii.

6. 3akilouenue

B crarbe 00CyXI€HBI BONPOCH! JJIHTEIBHOTO PECypca CHIOBOTO COMPOTHBICHHS KeJIe300€TOHHBIX
SIIEMEHTOB JIJIsl TIPOTHO3MPOBAHUS 0E30MAaCHOCTH W JKUBYYECTH CTPOMTEIBbHBIM KOHCTPYKLHUI M COOpYXKe-
Huil. Ha OCHOBE NMOHATHS 3HEPIMM LIETOCTHOCTH KaK IapaMeTpa dHEPreTHYECKOro COCTOSHHS Marepuaia
MOJTYYEHBI OIEHKH JUITMTEIBHONW MPOYHOCTH U HECYIIeH CIOCOOHOCTH MO M3TH0y OETOHHBIX 2JIIEMEHTOB U
SHEpreTHYeCcKasi OlleHKa KOHCTPYKTHBHOM 0€30IacHOCTH Kelle300€TOHHBIX CTEP’KHEBBIX cucTeM. PaccMot-
peHa npobiemMa KOPPO3HOHHOTO BO3ACHCTBUS, BIEKYINAs 3HAYUTEIBHYIO JETPAJallio HECYIed CriocoOHO-
CTH KeJIe300€TOHHBIX KOHCTPYKIMH MpU HEYOBIBAIOIIEM HarpyxeHuu. lIpennokeHHBIN MOAX0A CBs3aH C
JUCCHUITALIEN SHEPTHH LEIOCTHOCTH IIPH CUIIOBBIX HAIPYKEHHAX M BO3AEHCTBHUAX OKPYKAIOLIEH CPEIbI.
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Abstract. Reinforced concrete frame systems are widely used in multi-storey residential and public buildings due to their
structural efficiency, durability, fire resistance, and architectural flexibility. However, increasing building height, longer spans,
complex planning solutions, and stricter serviceability requirements make structural behavior increasingly sensitive to cracking,
stiffness degradation and second-order effects, and a purely linear analysis may no longer adequately describe the real behavior of
the system. This study presents a comparative analysis of linear and nonlinear calculations of an RC multi-storey frame. Three
parametric models with heights of 36 m, 75 m, and 102 m (12, 25, and 34 storeys) with identical plan dimensions of 18x18 m were
analyzed using LIRA-SAPR 2024 (Commercial License), Commercial License using five analysis variants: linear with initial
stiffness, linear with code-recommended stiffness reduction, physically nonlinear, geometrically nonlinear and combined (physical
+ geometric) nonlinear. Structural response was evaluated in terms of internal forces, slab force redistribution, lateral
displacements, and serviceability deflections. The results demonstrated that the influence of nonlinear effects increased with
building height and structural flexibility. Physical nonlinearity associated with crack-induced stiffness degradation was identified
as the dominant source of variation between linear and nonlinear analyses, while geometric nonlinearity became increasingly
significant when combined with second-order (P-A) effects. Combined nonlinear analysis produced substantial redistribution of
internal forces, with support slab moments decreasing by 33—89% and significant changes observed in column forces and lateral
displacements. The findings highlight the importance of accounting for both material and geometric nonlinearities in the analysis
of medium- and high-rise RC frame-core buildings and provide practical recommendations regarding the selection of appropriate
analysis methods for structural design.

Keywords: physical nonlinearity, geometric nonlinearity, second-order effects, stiffness degradation, force redistribution, finite
element modeling, serviceability limit state, ultimate limit state, (P-A) effects, frame-core system
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AHHOTaIII(lﬂ. )KC.]'IC306€TOHH])IC KapKaCHbIC CUCTEMbI HINMPOKO MPUMEHAIOTCSA B MHOI'O3TAXKHBIX KUJIBIX U OGLL[BCTBGHH])IX 3OaHUAX
Onaroapst cBoei KOHCTPYKTUBHOU 3(EKTUBHOCTH, JIOJATOBEYHOCTH, OPHECTOHKOCTH U apXUTEKTYpHOU ruOkocti. OHAKO yBEIH-
YEHUE BBICOTHI 3[JaHUH, NPOJIETOB, YCIOKHEHHE 00bEMHO-TNIAHUPOBOYHBIX PELICHUH U MOBBILICHUE TPEOOBAHUH 1O HKCILTyaTalH-
OHHOM IPUTOZAHOCTH BCE B OOJBILICH CTENEHH MOBBIIIAIOT BOCIPUUMYNBOCTD KOHCTPYKIMH K TPEIIMHOOOPA30BAHUIO, CHIDKEHHUIO
JKECTKOCTH | 3((heKTaM BTOPOTO MOpPsIIKa, BCIESICTBIE YeTo JIMHEHHBIH pacyeT He BCera croco0eH TOCTaTOYHO TOYHO OIMMCATh UX
peanbHylo paboTy. ABTOpaMH BBINOJIHEH CPABHUTENILHBIM aHAIU3 JTMHEHHBIX U HETMHEHHBIX PACUCTOB MHOTOITAXKHOTO JKeye300e-
TOHHOTO Kapkaca. PaccMOTpeHbI TpH mapaMeTpudeckue Mojenu BoicoToit 36, 75 u 102 m (12, 25 u 34 3Taka COOTBETCTBEHHO) C
OJIMHAKOBBIMHU pa3MepaMu IutaHa 18%18 M. PacueTs! BbInonHeHsl B nporpamMmHoM komiiekce LIRA-SAPR 2024 (Commercial
License) ¢ HCTIONB30BAaHUEM IISITH PACUETHBIX CXEM: JIMHEHHBIH pacueT ¢ Ha4albHOM JKeCTKOCTBIO, JINHEHHBIA pacyeT ¢ HOpMaTHB-
HBIM CHIKEHHEM JKECTKOCTH, (GU3MYECKH HEIMHEHHBIH pacueT, TeOMETPUUSCKH HEMHEHHBIA pacyeT M KOMOMHUPOBAHHBIN HEJH-
HEHHBII pacyeT, YYUTHIBAIOIINN OHOBPEMEHHO (DU3UYECKYI0 M T€OMETPUYECKYI0 HEeTHMHEHHOCTh. OIeHKa paboThl KOHCTPYKIIHIA
BBITOJIHSJIACH 110 BHYTPEHHUM YCWIIMAM, NI€PEPACHPEACICHUI0 YCUINH B MIIMTAX NEPEKPhITHI, TOPU3OHTAIBHBIM II€PEMEIIEHUSIM
U Iporudam Io npeneabHbIM COCTOSHHUAM BTOPOIl rpymbl. Pe3yasTarTsl mokas3anu, YTo BIMSHUE HEIHHEHHBIX 3((eKToB Bo3pacTa-
€T C YBEJIUYEHHUEM BBICOTHI 31aHHS U €0 THOKOCTH. YCTaHOBJIEHO, UTO (U3nUecKas HEIMHEHHOCTh, CBA3aHHAasl C TPEIUHOO0pa30-
BaHMEM M CHHXKEHUEM YKECTKOCTH, SIBJISICTCS OCHOBHBIM MCTOYHUKOM PA3JIUUM MEX/Y JUHEHHBIMH U HEJIWHEHHBIMU pacyeTaMH,
TOrJa KaK BIUSHHE T€OMETPHUSCKON HEIMHEWHOCTH CYNIECTBEHHO BO3PACTaeT IPU COBMECTHOM ydeTe 3(h(EeKTOB BTOPOTO MO-
psanka (P—A). KoMOMHHpOBaHHBIN HETMHEWHBIH pacueT MPUBOAUT K 3HAUYUTEIBHOMY MEpEpacpe/ieiCHHI0 BHYTPEHHUX YCHIIHH,
IIPU KOTOPOM OTIOPHBIE MOMEHTHI B IUIHTaX MEPEeKPHITHH yMeHbInaroTcest Ha 33—89 %, a Taroke HaOMOOAlOTCS CYyIIECTBEHHBIE H3-
MCHCHHA yCI/IJ'lI/II\/’I B KOJIOHHaX W TOPU30HTAaJIbHBIX HepCMCH.IeHI/Iﬁ 30aHHUA. HOHy‘{CHHBIC Ppe3yabTaThl NOATBEPIKAAOT HCO6XO)II/I-
MOCTB yueTa KaK ()M3MYECKOH, TaK U TEOMETPUICCKON HETMHEHHOCTH TIPU aHAJIHM3€ JKeJIe3006TOHHBIX KapKaCHO-CTEHOBBIX 3/1aHUA
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cpenHell M OONBIION 3TAKHOCTH H TTO3BOJISTIOT CHOPMYIHPOBATH PAKTHUECKIE PEKOMEHIALMH 110 BBHIOOPY PACUETHBIX MOIXOIOB
[IPU IPOEKTUPOBAHUHU.

KuroueBble ciioBa: husmueckas HEMMHEHHOCTh, FEOMETPHIECKAsT HEMUHEHHOCTD, 3Q(HEKThI BTOPOTO MOPSIKa, CHUKCHHE JKECTKO-
CTH, TIepepaclpe/IeiCHUe YCIINii, KOHEYHO-3IIEMCHTHOE MOJICIUPOBaHUE, MIPEACIbHOE COCTOSHIE MO MPUTOIHOCTH K IKCILIyaTa-
UM, TIPE/ICIIBHOE COCTOSIHUE MO Hecylel crnocoOHocTH, 3¢ dexTsl (P—A), KapkacHO-CTEHOBast cUcTEMa

Bruiax aBTopoB. Poinkosckas M.H., Jleu B., Hun JI. — Hay4HOE PyKOBOJACTBO UcchenoBanueM; bewsx A.B. u Hacubyiwna JI.P. —
pa3paboTKa YUCICHHBIX MOJIEJICH, BHINOJHEHUE PACUETOB M IIPOBEACHUE aHaIM3a Pe3ysbTaToB; Jabu I'M. — 1OonroToBKa pyKoIu-
CH CTaThU U J0pabOoTKa MO 3aMeYaHUsM PEIIeH3eHTOB. ABTOPHI 03HAKOMIICHBI C OKOHYATEIEHOM BepCHel cTaTbi U OJOOPHIIH ee.

3asiBiieHHe 0 KOH(IMKTE MHTEPECOB. ABTOPHI 3asBISIIOT 00 OTCYTCTBHU KOH(INKTA HHTEPECOB.

3asiBjieHHe 00 HMCIOJIb30BAHMH TEXHOJIOTHI HCKYCCTBCHHOI'0 MHTEJLJICKTA. HpI/I CO3JIaHUW HACTOSIIIIEH CTaTbu TEXHOJOTHH
TCHEPATUBHOI'O NCKYCCTBCHHOI'O MHTCIJICKTAa HE UCIIOJIb30BAJIUCH.

3asiBieHne 0 JAOCTYMHOCTH TAHHBIX. Bee JIaHHBIC, IMOJTy4YCHHBIC B XOJI€ 3TOI0 UCCICAOBaHUs, BKIIIOYCHBI B OHy6J'II/IKOBaHHyIO CTaThbIO.

s uurupoBanus: Belyak A.V., Rynkovskaya M.1., Dabi G.M., Nasibullina L.R., Lei B., Ning L. Comparative analysis of linear
and nonlinear calculation of the load-bearing capacity of reinforced concrete frames in multi-storey buildings // CtpoutenbHast
MEXaHHMKa WH)KEHEPHBIX KOHCTPYKIUH U coopykeHuid. 2026. T. 22. Ne 4. C. 348-367. http://doi.org/10.22363/1815-5235-2026-22-
4-348-367 EDN: LPXPJK

1. Introduction

Reinforced concrete frame systems of multi-storey buildings are widely used in residential and public
construction due to their manufacturability, cost-effectiveness, durability, fire resistance, and architectural
flexibility [1;2]. The continuous increase in building height, larger structural spans, more complex
architectural layouts, and stricter serviceability requirements have significantly increased the sensitivity of
structural systems to nonlinear effects. Under such conditions, the accuracy of structural analysis becomes
one of the key factors influencing structural safety, reliability, material consumption, and economic
efficiency [3]. Traditional linear structural analysis, based on the assumptions of small displacements,
constant stiffness, and proportional stress—strain behavior, remains one of the primary tools in engineering
design because of its simplicity, transparency, computational efficiency, and compatibility with standard
design procedures. Linear analysis is still widely used for medium rise reinforced concrete buildings with
sufficient spatial stiffness and regular structural configurations. However, the actual behavior of reinforced
concrete structures is more complex than idealized linear models' [4]. Due to cracking, stiffness
degradation, creep, shrinkage, plastic deformation, and complex interaction between concrete and
reinforcement, reinforced concrete members exhibit pronounced nonlinear behavior even at relatively low
stress levels due to the development of microcracks within the cement matrix as loading increases; crack
propagation and stiffness degradation significantly influence the stress—strain state, redistribution of internal
forces, displacement response, and overall load-bearing capacity of reinforced concrete structures [5; 6].

Karpenko, proposing generalized deformation models for reinforced concrete structures as shown in
Figure 2, contributed to the development of nonlinear reinforced concrete theory [7]. Emphasizing the
influence of crack formation and stiffness degradation on the stress—strain state and load-bearing capacity of
reinforced concrete members, Bondarenko and Kolchunov further investigated the behavior of reinforced
concrete structures during different loading stages.” Mentioning that physical nonlinearity is one of the most
important characteristics of reinforced concrete structures, numerous studies have investigated constitutive
models capable of describing nonlinear stress—strain relationships of concrete and reinforcement. Different
analytical models have been proposed, including bilinear, trilinear, curvilinear, damage mechanics, and
plasticity-based approaches. Modern nonlinear deformation models allow the simulation of cracking,
crushing, stiffness degradation, and post-peak structural behavior with significantly higher accuracy than
conventional linear methods [8; 9]. The bilinear and trilinear models are as shown in Figure 1.

! Guidelines for nonlinear structural analysis and design of buildings. part IIb — reinforced concrete moment frames.
Gaithersburg MD: 2017
2 Bondarenko VM, Reinforced concrete and masonry structures. Moscow: ASV Publ.; 2011. (In Russ.)
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Figure 1. Strain diagrams of compressed concrete:
a — trilinear; b — bilinear
Source: made by A.V. Belyak.

The nonlinear deformation model shown in Figure 2, originally proposed by N.I. Karpenko and
adopted in SP 63.13330.2018,* is widely used for describing the nonlinear behavior of concrete and
reinforced concrete structures because it realistically captures stiffness degradation and material response
over a broad range of loading conditions.

G,
6, =R, V0,
6,=0.85 R, .V,
5 €40 - L
‘ €0 Cio
0180 = Ev,)
o,
o,=-0.85R, .Y,
=-R, . Yre

Figure 2. Nonlinear stress—strain diagram of concrete in compression and tension according
to the deformation model proposed by N.I. Karpenko and adopted in SP 63.13330.2018
Source: made by A.V. Belyak.

On the other hand, in structures characterized by high slenderness ratios, reduced lateral stiffness,
irregular structural layouts, significant wind or seismic loading and large height-to-width ratios, geometric
nonlinearity plays an increasingly important role in high-rise and flexible reinforced concrete structures.
The horizontal displacements caused by wind or seismic actions generate additional bending moments due
to vertical gravity loads which are commonly referred to as second-order effects (P-A) and (P—9) effects,
illustrated in Figure 3, may substantially influence the stability and load-bearing capacity of multi-storey
frame systems. Studies show that neglecting geometric nonlinearity may lead to underestimation of internal
forces, inter-story drifts, and structural instability risks [10].

3 SP 63.13330.2018. Concrete and reinforced concrete structures. Moscow; 2019. (In Russ.)
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M=P*A +H*L+P'*6

PeA L H*L

M=P*A +H"L

Figure 3. Illustration of the occurrence of second-order P-A and P-$ effects
S ource: made by A.V. Belyak.

Different commercially available software are widely used to model nonlinear material behavior, crack
development, stiffness degradation, plastic deformation, geometric instability, and progressive collapse
mechanisms. Within a unified computational framework, studies increasingly focus on integrated nonlinear
modeling approaches combining physical and geometric nonlinearities [11; 12].

Investigating nonlinear analysis of reinforced concrete buildings with different slab systems, Abd-
Elhamed et al. concluded that nonlinear behavior may occur even under moderate loading conditions and
becomes increasingly significant with increasing building height, resulting in greater displacement demands
and changes in structural response [13]. Zavala et al. investigated the influence of stiffness irregularity and
second-order (P—A) effects on reinforced concrete buildings and reported increases of up to 16.5, 11.0, and
14.0% in drifts, shear forces, and bending moments, respectively, together with stiffness degradation
reaching 59.9% [14]. Their findings highlighted the importance of considering both stiffness degradation
and geometric nonlinearity in structural analysis. The nonlinear dynamic and seismic analysis of reinforced
concrete structures that consider only the linear spectral methods may fail to accurately capture plastic
deformation, damage accumulation, hysteretic energy dissipation, and progressive collapse behavior during
earthquakes. Therefore, nonlinear analysis emphasizing fracture energy regularization, damage mechanics,
nonlinear stability analysis, probabilistic structural reliability, progressive collapse assessment and
computational optimization has become an essential tool for performance-based seismic design and
structural safety assessment [15-22].

Recent studies have emphasized that nonlinear analysis is essential for realistically capturing the
behavior of reinforced concrete structures, including cracking, stiffness degradation, force redistribution,
plastic deformation, and second-order effects. Consequently, nonlinear analysis has become an increasingly
important tool for evaluating the safety, serviceability, and load-bearing performance of reinforced concrete
buildings under various loading conditions [23]. Arruda et al. conducted a comprehensive review of
reinforced concrete design guidelines incorporating nonlinear analysis and emphasized the increasing
adoption of advanced nonlinear approaches for improving the accuracy of structural assessment and
design [24]. Hariri-Ardebili and Sattar reviewed sensitivity analysis methods for reinforced concrete
structures and demonstrated the significant influence of material properties, stiffness assumptions,
geometric imperfections, and modeling parameters on structural response predictions [25]. These studies
confirm the importance of accurately accounting for both material and geometric nonlinearities and
emphasize the need for comparative investigations capable of quantifying their influence on structural
behavior. The development of nonlinear analysis has also been accompanied by increasing attention to
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structural reliability assessment. Holicky et al. proposed a probabilistic framework combining nonlinear
finite element analysis with the First-Order Reliability Method (FORM) for reinforced concrete structures
and demonstrated the importance of accounting for uncertainties associated with material properties,
structural modeling, and loading conditions in reliability evaluation [22]. Their work highlighted the
potential of advanced nonlinear models not only for structural analysis but also for performance-based
reliability assessment.

Despite significant advances in nonlinear structural analysis, the existing research on this area
predominantly focuses on individual aspects of reinforced concrete behavior, including material, physical
and geometrical nonlinearity, performance under seismic loadings, damage mechanics, or finite element
modeling. Numerous studies have considered the factors such as cracking, stiffness degradation, plastic
deformation, and second-order effects; however, these investigations are often performed separately and
under specific structural conditions. So, a comprehensive comparative assessment of linear and nonlinear
approaches for reinforced concrete multi-storey frame systems that considers the simultaneous influence of
both physical and geometrical nonlinearities remains limited. Furthermore, although finite element software
enables advanced nonlinear simulations, practical engineering design continues relying on linear analysis
approaches due to their simplicity and computational efficiency. The comparison in applicability and the
extent of the discrepancies that may arise when nonlinear effects are omitted have not been sufficiently
quantified for typical reinforced concrete multi-storey frame buildings. Particularly, the combined effects of
stiftness degradation, cracking, material nonlinearity, and second-order effects, internal force redistribution,
and overall load-bearing performance have not been sufficiently investigated.

Hence, a research gap exists in the integrated comparative assessment of linear and nonlinear analysis
methods that simultaneously consider physical and geometrical nonlinearities within a unified framework
for reinforced concrete frame systems. Primarily, the present study is to address this gap which is essential
for establishing rational criteria for selecting appropriate analysis methods and for improving the reliability
and safety of structural design. The aim of the study is to evaluate the comparative investigation of linear
and nonlinear approaches for reinforced concrete multi-storey frame systems and to quantify the influence
of the combined effects of physical and geometrical nonlinearities on structural response, load-bearing
capacity, and deformation behavior. To achieve this aim, the study addresses the following objectives:

— analysis of the theoretical foundations of linear and nonlinear structural analysis methods;

— investigation of the influence of physical nonlinearity, including cracking, stiffness degradation, and
nonlinear material behavior;

— evaluation of the effects of geometric nonlinearity, including second order (P—A) effects, on structural
stability and displacement responses;

— comparison of structural parameters obtained from linear and nonlinear analyses; and

— development of engineering recommendations regarding the applicability of different analysis
approaches in practical design.

2. Methods

2.1. Structural Models and Geometric Characteristics

To investigate the influence of physical and geometric nonlinearities on the structural response of
reinforced concrete frame systems, three parametric building models with heights of 36, 75, and 102 m,
corresponding to 12, 25, and 34 stories, respectively, were developed. All models had identical square plan
dimensions of 18%x18 m and a constant story height of 3.0 m. The structural system consisted of a cast-in-
situ reinforced concrete frame with a central core providing lateral stiffness. Perimeter columns were
arranged on a regular 6x6 m grid. For clarity, the principal geometric characteristics of the investigated
models are summarized in Table 1, while the overall structural configurations are presented in Figure 4. To
ensure comparability of the results, the same material properties, loading conditions, support assumptions,
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and finite element modeling approach were adopted for é;;%
all three models. The primary variable parameter was o
the building height, which enabled the influence of ;E:;F?
structural slenderness and second-order effects to be )
evaluated independently of other factors. e o

Table 1. Geometric characteristics [ — T

of the investigated building models E—-;::FE |

- =] =R =
Parameter Model 1 Model 2 Model 3 E % %EE;E S--:;E
Building height, m 36 75 102 == §_¥§ ;E_.;::
Number of storics 12 25 34 Cmeafesscmesfas S
Plan dimensions, mxm 18x18 18x18 18x18 EE:E;:_ E:ﬁ-:é Eﬁ
Storey height, m 3.0 3.0 3.0
Structural system RC frame | RC frame | RC frame Figure 4. Generalized schemes

S ource: made by A.V. Belyak.

of 36, 75 and 102 m building models
Source: made by A.V. Belyak.

2.2. Analysis Assumptions and Computational Procedure

In the linear analysis, small displacements, constant stiffness, and linear-elastic material behavior were
assumed. The nonlinear analyses additionally considered concrete cracking, stiffness degradation, material
nonlinearity, and geometric effects associated with the deformed configuration. The analysis methods were
compared using lateral displacements, inter-story drifts, axial forces, bending moments, shear forces, and
stability indicators, with particular emphasis on force redistribution and second-order (P-A) effects.

All calculations were performed in LIRA-SAPR 2024 (Commercial License). Linear, physically
nonlinear, geometrically nonlinear, and combined nonlinear analyses were conducted using the built-in step-
by-step iterative procedure with automatic stiffness updating and convergence control. All analyses
converged successfully at the prescribed load levels. The principal modeling assumptions adopted in the
finite element analyses are summarized in Table 2.

Table 2. Modeling assumptions adopted in the finite element analysis

Item

Assumption

Material behavior (linear analysis)

Linear elastic

Material behavior (nonlinear analysis)

Physical nonlinearity according to LIRA-SAPR deformation laws

Geometric nonlinearity

Included through second-order analysis (P—A) effects

Slab modeling

Shell finite elements

Columns and beams

Beam finite elements

Foundation slab

Fixed at the base

Mesh size

0.4x0.4 m

Cracking effects

Accounted for through stiffness reduction and nonlinear deformation laws

Reinforcement modeling

Equivalent reinforcement assigned according to design requirements

Load application

Incremental step-by-step loading

Load combinations

Generated automatically according to applicable design standards

Source: made by A.V. Belyak.

The structural system is a cast-in-situ RC frame with a central core for lateral stiffness; perimeter
columns are placed on a 6 m grid. Cross sections are graded over the height of each model as tabulated in
Table 3 to reflect realistic stiffness distributions.
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Table 3. Geometrical characteristics of building elements

Parameter Model 1, H=36 m

Model 2, H=75m

Model 3, H=102 m

1-12 Stories:
400x400

Columns, mm

1-2 Stories: 600x600
3-10 Stories: 500x500
11-25 Stories: 400400

1-2 Stories: 700700
3—6 Stories: 600x600
7-15 Stories: 500x500
16-34 Stories: 400400

Core walls, mm 1-12 Stories:

1-8 Stories: t =250

1-5 Stories: t= 300

t=200 9-25 Stories: ¢t =200 620 Stories: ¢t =250
21-34 Stories: t =200
Edge beams, mm 400400 400%400 400%400
Floor slabs, mm 200 200 200
Foundation slab, mm | 500 500 500

Source: made by A.V. Belyak.

2.3. Material Properties

The base models use concrete class B25 and reinforcement class A500. Design and characteristic properties are given in Table 4.

Table 4. Characteristics of materials

Property B25 Concrete A500 Reinforcement
Design resistance, MPa 14.5 435
Characteristic resistance, MPa 18.5 500
Modulus of elasticity, MPa 30 000 200 000
Density, kg/m? 2500 7850

S ource: made by A.V. Belyak.

2.4. Finite Element Modeling

2.4.1. Mesh Generation, Boundary Conditions, and Reinforcement Assignment

The finite element models were developed
in LIRA-SAPR 2024 using bar elements for beams
and columns and shell elements for slabs and walls.
Two families of finite elements were employed
in LIRA-SAPR 2024. Columns and beams were
modeled using bar finite elements (FE 10, 210,
310, and 410), whereas slabs and core walls were
modeled using shell finite elements (FE 41, 44,
230, 341, and 441). A regular mesh with an
element size of 0.4x0.4 m was adopted, and the
foundation slab was assumed to be fixed as shown
in Figure 5. Reinforcement was assigned using
the Specified Reinforcement module based on
the governing load combinations as shown in
Figure 6. The principal numerical modeling para-
meters are summarized in Table 5.
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Table 5. Numerical modeling parameters

Parameter

Value

Software

LIRA-SAPR 2024
(Commercial License)

Structural system

RC frame with central core

Beam/column elements

FE 10, 210, 310, 410

Slab/wall elements

FE 41, 44, 230, 341, 441

Mesh size

0.4x0.4 m

Local refinement

Column-slab connection zones

Boundary condition

Fixed foundation slab

Concrete class

B25

Reinforcement class

A500

Reinforcement assignment

Specified Reinforcement module

Linear stiffness reduction

0.6E (vertical), 0.3E (horizontal)

Nonlinear analyses

Physical, geometric, combined

S ource: made by A.V. Belyak.
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Mosaic plot of restraints

1LXY.ZuXuY.0ZW

Y
| N X L’ievel 0.000

a b

Figure 5. Finite element discretization and boundary conditions adopted in the numerical models:
(a) typical slab mesh with an element size of 0.4x0.4 m; (b) implementation of fixed support conditions at the foundation slab
S ource: made by A.V. Belyak.
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Figure 6. Reinforcement layouts of the investigated building models:
(a) Model 1 (36m)
S ource: made by A.V. Belyak.
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Figure 6 (Ending). Reinforcement layouts of the investigated building models:

(b) Model 2 (75 m), and (¢) Model 3 (102 m)
Source: made by A.V. Belyak.
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2.4.2. Mesh sensitivity

To assess the influence of mesh discretization on numerical results, a mesh sensitivity study was
performed for the representative 75 m building model (Model 2). Four mesh sizes (0.6%0.6 m, 0.5%0.5 m,
0.4x0.4 m, and 0.3x0.3 m) were investigated. The comparison was based on the maximum lateral
displacement obtained under the governing wind load combination. The results are summarized in Table 6.

Table 6. Mesh sensitivity study based on maximum lateral displacement
of the representative 75 m building model (Model 2)

Mesh Size (m>xm) (IniI;il:f glt.ig::slz)s,l;lm (Re dl:llcne?gt?fltl‘z?s]:;f mm Combined Nonlinear Analysis, mm
0.6x0.6 13.10 30.05 —

0.5x0.5 13.10 30.08 25.43

0.4x0.4 13.10 30.09 27.14

0.3x0.3 13.10 30.07 25.89

S ource: made by A.V. Belyak.

As shown in Table 6, the maximum lateral displacement exhibited only minor variations with mesh
refinement, indicating convergence of the numerical solution. Since the differences between the 0.5x0.5 m
and 0.4x0.4 m meshes were negligible, the 0.4x0.4 m mesh was adopted for all subsequent analyses as a
compromise between computational efficiency and numerical accuracy.

2.5. Load Cases and Load Combinations

In this numerical analysis, the structural models were subjected to permanent, variable, climatic, and
accidental loading condition in compliance with the Russian design standards. The dead loads include self-
weight (p = 2500 kg/m?), floor and roof finishes (0.3 t/m? floor; 0.45 t/m? roof) and facade load (0.5 t/m).
Variable loads include 0.3 t/m? from partitions and 1.95 kPa live load for residential occupancy. Snow load
(acting in both principal directions) is computed for Moscow, Russia (snow region III, Sy = 1.5 kPa, design
value 210 kg/m?) and wind for wind region I (w, = 0.23 kPa, terrain category B), with wind-load diagrams
shown in Figures 7 and 8.

7.Wind X+ [1. Main problem: C1. Main problem: D1. Main problem] 7.Wind X+ [1. Main problem: C1. Main problem; D1. Main problem]
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Figure 7. Wind Load Applied Along the X-Axis Figure 8. Wind Load Distribution (Zones A and B)
S ource: made by Belyak A.V. S ource: made by Belyak A.V.
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Dynamic wind components, and accidental eccentricity effects have been also considered. Two design
groups of load combinations were defined in LIRA-SAPR 2024 for the nonlinear analyses:

= First Limit State (ULS). The combinations “Design Full” (all permanent and variable loads
excluding wind) and “Design WX+ (all actions including wind in the positive X-direction) were used to
evaluate internal forces in critical structural members, including axial force (N), bending moments (M,, M-:),
and shear forces (0, O-).

= Second Limit State (SLS). The combinations “Characteristic Sustained” (long-term combination
without wind) and “Characteristic WX+ (serviceability combination including wind) were used to evaluate
vertical slab deflections and maximum horizontal displacements of the building, respectively.

The load cases, partial safety factors, and participation coefficients adopted in the ultimate and
serviceability limit state combinations are summarized in Table 7.

Table 7. Load cases, partial safety factors, and participation coefficients used in the ULS and SLS load combinations

No. Load Case vf | ULS-X+ | ULS-X— | ULS-Y+ | ULS-Y— | SLS-X+ | SLS-X- | SLS-Y+ | SLS-Y—
1 Self-weight 1.1 1 1 1 1 0.909 0.909 0.909 0.909
2 | Floor load 1.2 1 1 1 1 0.833 0.833 0.833 0.833
3 | Partition load 1.2 1 1 1 1 0.833 0.833 0.833 0.833
4 | Roofload 1 1.2 0.35 0.35 0.35 0.35 0.292 0.292 0.292 0.292
5 | Roof'load 2 1.3 0.35 0.35 0.35 0.35 0.269 0.269 0.269 0.269
6 | Facade load 1.2 1 1 1 1 0.833 0.833 0.833 0.833
7 | Snow load 1.4 0.5 0.5 0.5 0.5 0.357 0.357 0.357 0.357
8 | Engineering equipment load 1.05 1 1 1 1 0.95 0.95 0.95 0.95
9 | Soil load 1.15 1 1 1 1 0.87 0.87 0.87 0.87
10 | Wind load (+X) 1.4 1 - — - 0.714 - - -
11 | Wind load (—X) 1.4 - 1 - - - 0.714 - -
12 | Wind load (+Y) 1.4 - - 1 - - - 0.714 -
13 | Wind load (-Y) 1.4 — - - 1 - — - 0.714
14 | Dynamic wind (+X) 1.4 1 - - — 0.714 — - -
15 | Dynamic wind (—X) 1.4 - 1 - - - 0.714 — -
16 | Dynamic wind (+Y) 1.4 - - 1 - - - 0.714 -
17 | Dynamic wind (-Y) 1.4 - - - 1 - - - 0.714
18 | Accidental eccentricity (+X) 1.1 1 - - - 0.909 - - —
19 | Accidental eccentricity (—X) 1.1 — 1 — - - 0.909 — -
20 | Accidental eccentricity (+Y) 1.1 - - 1 - - — 0.909 -
21 | Accidental eccentricity (—Y) 1.1 - - - 1 - - - 0.909

S ource: made by A.V. Belyak.

2.6. Linear and Nonlinear Analysis Procedures

Physical nonlinearity was modeled using the built-in nonlinear constitutive models available in LIRA-
SAPR 2024. Concrete behavior was represented by the exponential stress—strain laws “35 — Exponential
(Design Strength)” and “25 — Exponential (Characteristic Strength)”, which account for stiffness degradation
and nonlinear compressive behavior. The model parameters were generated automatically by the software
based on the specified properties of Concrete B25 in accordance with the LIRA-SAPR knowledge base.
Reinforcement was modeled using Reinforcement Class A500 with an elastic modulus of 200 GPa and
characteristic yield strength of 500 MPa. The nonlinear material models were applied consistently to all
investigated building models. Five analysis variants were considered to separately evaluate the influence of
stiffness reduction, material nonlinearity, geometric nonlinearity, and their combined effect on the structural
response of reinforced concrete frame systems. The investigated calculation approaches are summarized in
Table 8.
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Table 8. Analysis of variants considered in the study

Analysis Variant Description
Linear analysis Linear elastic analysis using the uncracked elastic modulus of concrete specified in SP 63.13330.2018. Small
(initial stiffness) displacements, constant stiffness, and the superposition principle were assumed

Linear elastic analysis considering stiffness reduction due to cracking. The elastic modulus was reduced to
Linear analysis 0.6E for vertical members (columns and walls) and 0.3E for horizontal members (beams and slabs) for first
(reduced stiffness) |limit state (ULS) calculations. For long-term second limit state (SLS) deflection checks, a reduction factor of
0.2E was adopted

Step-by-step nonlinear analysis considering material nonlinearity. Nonlinear finite elements of types 210,
230, 410, and 441 were employed. The analysis incorporated nonlinear deformation diagrams for concrete
and reinforcement, allowing for cracking, stiffness degradation, and redistribution of internal forces

Physically
nonlinear analysis

Step-by-step nonlinear analysis considering geometric nonlinearity and second-order effects. Equilibrium
was evaluated in the deformed configuration while maintaining the initial stiffness characteristics. Nonlinear
finite elements of types 310 and 341 were used

Geometrically
nonlinear analysis

Step-by-step nonlinear analysis considering both physical and geometric nonlinearities simultaneously.
Material nonlinearity, cracking, stiffness degradation, and second-order effects were accounted for within a
unified computational framework using nonlinear finite elements of types 410 and 441

Combined
nonlinear analysis

Source: made by A.V. Belyak.

The selected analysis variants were adopted to evaluate the influence of various levels of structural
nonlinearity on reinforced concrete frame behavior. The linear analysis with initial stiffness served as the
reference solution, while the reduced-stiffness analysis represented the simplified treatment of cracking
commonly used in design practice. Physical and geometric nonlinear analyses were performed separately to
isolate the effects of material nonlinearity and second-order (P—A) effects, respectively. The combined
nonlinear analysis considered both effects simultaneously and provided the most realistic representation of
structural behavior. This approach enabled the individual and combined contributions of stiffness
degradation and geometric nonlinearity to be quantified.

2.7. Model Verification and Validation

The adopted numerical modeling strategy was verified through consistency checks of the finite
element formulation and validated by comparison with published studies on nonlinear analysis of reinforced
concrete buildings. The validation focused on displacement amplification, force redistribution, stiffness
degradation, and second-order (P—A) effects. The reference studies used for validation are summarized in
Table 9. A detailed comparison with the published results is presented in Section 3.6.

Table 9. Reference studies used for model validation

Reference Validation Aspect

Abd-Elhamed et al. (2023) [13] | Nonlinear response, displacement amplification, building height effects
Zavala et al. (2022) [14] (P-A) effects, stiffness degradation, force redistribution

S ource: made by G.M. Dabi.

3. Results and Discussion

3.1. First Limit State

a. Forces in the most loaded column. The internal forces presented in Tables 10—12 were extracted
from the most highly loaded ground-storey central column and top-storey slab under the governing ultimate
limit state load combination. The same locations were used for all analysis variants. Axial force (N),
bending moment (My), and shear force (Q:) were adopted as the principal response parameters.
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Table 10. Model 1 (H =36 m)

Variant N, t AN, % My, t'm AM,, %o 0t AQ:, %
Linear (initial stiffness) 328.17 — 5.86 — 3.02

Linear (reduced stiffness) 337.22 +2.7 6.56 +10.7 3.38 +10.7
Physical nonlinearity 310.06 —5.8 6.13 +4.4 3.35 +9.9
Geometric nonlinearity 328.05 0.0 5.87 +0.2 3.01 -0.3
Combined nonlinearity 340.67 +3.7 7.93 +26.1 4.78 +36.8

S ource: made by A.V. Belyak.

Table 11. Model 2 (H =75 m)

Variant N, t AN, Y% My, t'm AM,, %o 0t AQ:, %
Linear (initial stiffness) 643.47 — 6.81 — 4.41

Linear (reduced stiffness) 678.25 +5.1 6.89 +14.9 4.59 +3.9
Physical nonlinearity 634.69 -1.4 12.60 +53.5 7.70 +42.7
Geometric nonlinearity 644.29 +0.1 6.39 +8.3 4.35 -1.4
Combined nonlinearity 667.31 +3.6 14.90 +60.7 8.65 +49.0

S ource: made by A.V. Belyak.

Table 12. Model 3 (H =102 m)

Variant N, t AN, % My, t-m AM,, %o 0, t AQ:, Y%
Linear (initial stiffness) 883.52 — 10.80 — 5.70 —
Linear (reduced stiffness) 928.27 +4.8 11.65 +7.3 5.86 +2.7
Physical nonlinearity 825.65 —7.0 17.60 +38.6 9.08 +37.2
Geometric nonlinearity 869.09 -1.7 10.79 —0.1 5.56 -2.5
Combined nonlinearity 869.69 -1.6 11.81 +8.6 9.92 +42.5

Source: made by A.V. Belyak.

For the 36 m building model, geometric nonlinearity had a limited effect (<0.3%), whereas the
combined nonlinear analysis increased the bending moment and shear force by 26.1 and 36.8%,
respectively, demonstrating the influence of stiffness degradation and second-order effects. For the 75 m
building model, the influence of geometric nonlinearity became more pronounced. The combined nonlinear
analysis increased the bending moment and shear force by 60.7 and 49.0%, respectively, relative to the
linear analysis, primarily due to stiffness degradation and (P-A) effects. For the 102 m building model, the
central core carried a larger share of the lateral load, reducing the axial force by 1.6% while increasing the
shear force by 42.5% in the combined nonlinear analysis, indicating redistribution of internal forces
between the frame and core wall system as nonlinear effects developed.

b. Forces in the most loaded slab. Table 13 summarizes the redistribution of internal forces in the
most highly loaded floor slab resulting from nonlinear analysis. Support moments M decreased by 21-69%,
while support moments M, decreased by 33—-89%. At the same time, span moments M, increased by 45-56%,
indicating redistribution of forces between the two principal slab directions. Significant reductions in Ox and
Oy were also observed near the columns, confirming the influence of stiffness degradation and cracking on
slab behavior.

Table 13. Summary of internal force redistribution in the most highly loaded floor slab under the “Design Full”
load combination (combined nonlinear analysis relative to linear initial-stiffness analysis)

Building Model S[ilj:ll,x% Supiiﬁ, % S}i.jl‘ll,y% Supﬁ, % Spig,x% Sup?)erxt, % Sp?ir% % SupAp(%vt, %
Model 1 (H =36 m) 217 213 56 -33.7 —6.4 -24.6 ~96.8 -29.6
Model 2 (H = 75 m) -35.4 —68.8 | 462 | -88.8 ~76.1 774 6.1 ~136.3
Model 3 (H = 102 m) -16.6 573 | 456 | -548 | —137.0 -55.7 51.5 —67.6

Source: made by A.V. Belyak.
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3.2. Second Limit State — Lateral Displacements

Maximum lateral displacements were evaluated at the roof level of each building model under the
governing wind load combination (Standard WX+). The displacement values correspond to the node
exhibiting the maximum lateral translation in the direction of the applied wind load. The same evaluation
criterion was adopted for all linear and nonlinear analyses to enable direct comparison of structural stiffness
and second-order effects. The obtained displacement values are summarized in Table 14, while their
variation with building height and analysis method is illustrated in Figure 9.

Comparison of Lateral Displacements for Different Building Models

100
—&— Linear (initial stiffness)
Linear (reduced stiffness)
—&— Physical nonlinearity
80 { —®— Geometric nonlinearity

—&— Full nonlinearity
70.24

64.70

60 1

40 4 37.58

35.78

Lateral Displacement, f, (mm)

20 -

36m 75m 102m
Building Model

Figure 9. Comparison of horizontal displacements
S ource: made by A.V. Belyak.

Table 14. Maximum lateral displacements at the top of the building, mm (load combination: Standard WX+)

Building | Linear (Initial Stiffness), | Linear (Reduced Stiffness), | Physical NL, | Geometric NL, | Combined NL,
Model mm mm mm mm mm
Model 1 1.26 24 2.52 1.26 2.44
Model 2 13.1 30.09 26.1 13.44 27.43
Model 3 35.78 85.48 64.7 37.58 70.24

Source: made by A.V. Belyak.

Three main observations were identified. First, linear analysis with initial stiffness consistently
underestimated lateral displacements because it neglected crack-induced stiffness degradation. Second,
geometric nonlinearity alone had a limited influence, but its contribution increased when combined with
physical nonlinearity due to second-order (P—A) effects. Third, the reduced-stiffness linear approach showed
reasonable agreement with the combined nonlinear analysis for the 36 and 75 m models, whereas larger
discrepancies were observed for the 102 m model. These observations are limited to the investigated
building configurations.

3.3. Second Limit State — Vertical Slab Deflections

Vertical slab deflections were evaluated at the center of the slab panel exhibiting the maximum
deformation under the long-term serviceability load combination. The reported values correspond to the
maximum downward displacement obtained from the finite element results and were used to assess the
influence of physical and geometric nonlinearities on serviceability performance. The obtained deflection
values are summarized in Table 15.
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Although the observed increases in internal forces and displacements are primarily attributed to
stiftness degradation caused by cracking and the development of second-order (P-A) effects, other factors
may also influence the structural response. These include the adopted support conditions, reinforcement
distribution, member stiffness assumptions, and the interaction between the frame and the central core.
Variations in these parameters may alter force redistribution patterns and deformation characteristics.
Nevertheless, all building models were analyzed using identical modeling assumptions, material properties,
boundary conditions, and loading procedures, allowing the influence of physical and geometric nonlinearities
to be isolated and compared consistently.

Table 15. Maximum vertical deflections of floor slabs, mm (long-term serviceability load combination)

Building | Linear (Initial Stiffness), | Linear (Reduced Stiffness), | Physical NL, | Geometric NL, | Combined NL,
Model mm mm mm mm mm
Model 1 6.58 24.88 18.36 6.54 17.93
Model 2 8.31 30.56 20.8 8.26 20.74
Model 3 11.58 34.33 17.58 9.19 17.36

S ource: made by A.V. Belyak.

3.4. Interaction Between Physical and Geometric Nonlinearities

To quantify the interaction between physical and geometric nonlinearities, the interaction index

defined by Eq. (1) was evaluated for the principal response parameters. The obtained values are summarized
in Table 16.
A commonly used interaction index (/) can be defined as:

R.—R,—R_.+R
[: C PR G+ L, (1)
L

where R, , R;, R,, and R are the linear analysis, geometrically nonlinear, physically nonlinear, combined

nonlinear results respectively.

Table 16. Interaction index between physical and geometric nonlinearities

Model N M, 0: A 0
Model 1 (36 m) 0.094 0.305 0.477 —0.063 —0.059
Model 2 (75 m) 0.049 0.399 0.229 0.076 —-0.001
Model 3 (102 m) 0.066 —0.535 0.172 0.105 0.187

S ource: made by G.M. Dabi.

The interaction analysis showed that physical and geometric nonlinearities do not act independently
and that their influence depends on the response parameter and building height. Axial forces exhibited weak
interaction (0.049—0.094), whereas bending moments showed stronger interaction, reaching 0.399 in
Model 2. The highest interaction was observed for shear force in Model 1 (0.477). For horizontal
displacements, the interaction increased with building height, indicating stronger coupling effects in more
slender structures. In Model 3, the negative interaction index for bending moments (—0.535) suggests
redistribution of forces within the structural system. Overall, the results demonstrate that combined
nonlinear analysis provides a more realistic representation of structural behavior than separate consideration
of physical or geometric nonlinearity.
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3.5. Sensitivity Analysis of Building Height

To address the robustness of the numerical results obtained based on the variation of the main
response parameters obtained from the combined nonlinear analysis, since this approach simultaneously
accounts for physical and geometric nonlinearities, an additional sensitivity analysis and COV have been
performed with respect to building heigh. The results for sensitivity analysis are presented Table 17.

Table 17. Sensitivity of response parameters to building height under combined nonlinear analysis

Parameter | H=36m | H=75m | H=102 m Factor (75 /36 m) Factor (102 / 75 m) Factor (102 /36 m)
N, t 340.67 667.31 869.69 1.96x 1.30x 2.55x%
M,, txm 7.93 14.9 11.81 1.88x 0.79% 1.49x%
0.t 4.78 8.65 9.92 1.81x 1.15x 2.08x%
A, mm 2.44 27.43 70.24 11.24x% 2.56% 28.79x%
5, mm 17.93 20.74 17.36 1.16x 0.84x% 0.97x

S our ce: made by G.M. Dabi.

The result demonstrates that horizontal displacement is the most height-sensitive parameter. The
change in A from 2.44 for the 36 m model to 70.24 mm for the 102 m model has been observed,
corresponding to an increase by a factor of approximately 28.8. This confirms that the influence of
nonlinear effects becomes significantly more pronounced with increasing building height and structural
flexibility. In contrast, the maximum vertical slab deflection showed limited sensitivity to the overall
building height. The 8 parameter changed from 17.93 to 17.36 mm for 36 m and 102 models respectively,
corresponding to a slight decrease of 3.18% which is an indicator of that vertical slab deflections are
governed by local floor stiffness and long-term serviceability effects, whereas horizontal displacements are
more strongly influenced by global structural height and lateral flexibility.

The variability analysis summarized in Table 18 reveals that coefficient of variation confirms the high
sensitivity of horizontal displacement to building height, with a COV of 102.75%. Axial force, bending
moment, and shear force also demonstrate moderate variability, while vertical slab deflection shows low
variability with a COV of 9.69%.

Table 18. Variability indicators of response parameters for combined nonlinear analysis

Parameter Mean SD COV, % Minimum Maximum
Nt 625.89 266.93 42.65 340.67 869.69
M,, txm 11.55 3.49 30.25 7.93 14.90
Ot 7.78 2.68 34.40 4.78 9.92
A, mm 33.37 34.29 102.75 2.44 70.24
0, mm 18.68 1.81 9.69 17.36 20.74

S ource: made by G.M. Dabi.

Therefore, the reported trends are not isolated results of a single computational case but reflect
systematic changes in structural response associated with increasing building height.

Overall, the sensitivity analysis confirms that the significance of nonlinear effects increases with
building height, particularly for lateral displacement and internal force redistribution. This supports the
conclusion that nonlinear analysis becomes increasingly important for taller and more flexible reinforced
concrete frame systems.

3.6. Discussion in Relation to Previous Research

To evaluate the reliability and practical significance of the obtained results, the present findings were
compared with recent studies on nonlinear analysis of reinforced concrete buildings. Particular attention
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was given to displacement amplification, force redistribution, stiffness degradation, and the influence of
second-order (P—A) effects. Table 19 summarizes the comparison between the present study and selected
publications.

Table 19. Comparison of present results with previous studies

Reference Structural System Reported Findings Agreement with Present Study
Abd-Elhamed 5-, 10-, and 15-storey Ijlzrrg;ﬁiasr :Ifgegiscgif:?ﬁgr:l:?gli?ggzt Similar increase in nonlinear effects
et al. (2023) [13] RC buildings with building height with increasing building height

RC buildines Drift increase up to 16.5%; Similar influence of stiffness
Zavala et al. . . cne . shear force increase up to 11.0%; de-gradation and (P-A) effects
with stiffness irregularity . . . . .
(2022) [14] and (P—A) effects bending moment increase up to 14.0%; on displacement amplification
stiffness degradation up to 59.9% and force redistribution
Present stud 12-, 25-, and 34-storey Horizontal displacement: +93.7-109.4%; | Consistent with trends reported
udy RC frame-core buildings M,: +8.6-60.7%; O-: +36.8-49.0% in recent studies

S ource: made by G.M. Dabi.

As shown in Table 19, the present results are consistent with the trends reported in previous
investigations. Zavala et al. [14] observed that stiffness degradation and P—A effects lead to increases
in drifts, shear forces, and bending moments, while Abd-Elhamed et al. [13] demonstrated that non-
linear effects become increasingly significant with building height. Similar behavior was observed in the
present study, where combined physical and geometric nonlinearities increased horizontal displacements
by 93.7-109.4%, bending moments by 8.6—-60.7%, and shear forces by 36.8-49.0% relative to the linear
analysis. Although the magnitude of the response differs among the studies due to differences in structural
configuration, modeling assumptions, and building height, all investigations confirm the importance of
accounting for stiffness degradation and second-order effects in reinforced concrete structures.

Although the observed differences between linear and nonlinear analyses are primarily attributed
to stiffness degradation caused by cracking and the development of second-order (P-A) effects, other
modeling assumptions may also influence the structural response. These factors include the adopted
stiffness-reduction coefficients, reinforcement distribution, boundary conditions, finite element discretization,
and the interaction between the frame and the central core. Variations in these parameters may affect force
redistribution, displacement demands, and local stress concentrations. Nevertheless, identical modeling
assumptions were maintained for all investigated building models and analysis variants, allowing the
relative influence of physical and geometric nonlinearities to be evaluated consistently.

4. Conclusion

This study presented a comparative investigation of linear and nonlinear analyses of reinforced
concrete frame-core buildings with heights of 36, 75, and 102 m.

1. Nonlinear effects significantly influenced the structural response of the investigated building
models, and the difference between linear and nonlinear results increased with building height and structural
flexibility.

2. Physical nonlinearity associated with crack-induced stiffness degradation was identified as the
dominant source of variation between linear and nonlinear analyses, while geometric nonlinearity became
increasingly important when combined with physical nonlinearity through second-order (P-A) effects.

3. For the investigated 18%18 m building configurations, the reduced-stiffness linear approach showed
reasonable agreement with the combined nonlinear analysis for the 36 and 75 m models, whereas larger
discrepancies were observed for the 102 m model, particularly in the prediction of displacements and
slab deflections. Further studies are required before generalized height-based applicability limits can be
established.
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4. Combined nonlinear analysis resulted in significant redistribution of internal forces throughout the
structural system. Support slab moments decreased by 33—-89%, while transverse forces near columns were
substantially reduced, demonstrating the influence of stiffness degradation and stress redistribution on
structural behavior.

5. The interaction analysis confirmed that physical and geometric nonlinearities do not act
independently. Their combined influence became more pronounced with increasing building height and
provided a more realistic representation of structural response than separate consideration of either effect.

6. For the analyzed building models, the engineering nonlinearity method implemented in LIRA-
SAPR 2024 (Commercial License) provided a practical compromise between simplified reduced-stiftness
approaches and full nonlinear analysis while maintaining computational efficiency.

Overall, the results indicate that linear and nonlinear analyses should be regarded as complementary
engineering tools. Linear analysis remains suitable for preliminary design and routine verification, whereas
nonlinear analysis is required for reliable assessment of displacement response, force redistribute ion, and
second-order effects in the investigated medium- and high-rise reinforced concrete frame-core buildings.

References / Cniucok JuTepaTypsl

1. Dogan TP, Erkan IH. Evaluation of the Nonlinear Seismic Responses of High-Rise Reinforced Concrete Buildings
with Different Foundations and Structural Plans—Considering Soil-Structure Interactions. Buildings. 2024;14:1686.
https://doi.org/10.3390/buildings14061686 EDN: XEKOBI

2. Moturu TS, Rani MS. Performance evaluation of functionally graded fiber reinforced concrete under compressive
and flexural loading conditions. Civil Engineering and Architecture. 2025:13(4);3380-3393. https://doi.org/10.13189/cea.
2025.130438

3. Tamrazyan AG. Special considerations in high-rise building design and analysis. Moscow: ASV Publ.; 2004.

4. Abd-Elhamed A, Mahmoud S, Alotaibi KS. Nonlinear analysis of reinforced concrete buildings with different
heights and floor systems. Sci Rep. 2023;13:14949. https://doi.org/10.1038/s41598-023-41656-7 EDN: EGJPQK

5. Kuzhakhmetova ER. Influence of constructive solutions on the stiffness characteristics of the rammed monolithic
reinforced concrete cone-shaped piles with side and bottom forms from crushed stones. Structural Mechanics of Engineering
Constructions and Buildings. 2021;17(5):500-518. (In Russ.) https://doi.org/10.22363/1815-5235-2021-17-5-500-518 EDN:
CMCHSS

Kyorcaxmemosa O.P. BiusHue KOHCTPYKTHBHBIX PEIICHUH Ha KECTKOCTHBIE XapaKTepUCTUKHA HaOMBHOI MOHOJHUTHOM
JKene300eTOHHOH KOHYyco0oOpa3Ho#l cBam co meOHeBRIMU oOpa3oBaHUsAMH // CTpoWTEeNbHAs MEXaHWKa WH)KEHEPHBIX KOH-
cTpykimii 1 coopyxkenuid. 2021. T. 17. Ne 5. C. 500-518. http://doi.org/10.22363/1815-5235-2021-17-5-500-518 EDN: CMCHSS

6. Dabi GM, Rynkovskaya MI, Baza TT, Dereje LS, Nagassa EK, Ali YM. Analytical modelling of fiber reinforced
composite coupling beams. Proceedings of the International Conference ON Engineering Research and Application. 2022
(ICERA 2022), 6-8 March 2022, Cairo, Egypt, 2023;2936(1):040005. https://doi.org/10.1063/5.0178523

7. Karpenko NI, Sokolov BS, Radaykin OV. A determination of strain reinforce concrete flexural elements using
stress-strain diagram of concrete and reinforcement. Construction and Reconstruction. 2012;2:11-9. EDN: OZMBYX

8. Metwally IM. Three-dimensional nonlinear finite element analysis of concrete deep beam reinforced with GFRP
bars. HBRC Journal. 2017;13:25-38. https://doi.org/10.1016/j.hbrcj.2015.02.006

9. Krenn C, Schlicke D. Crack width simulation with discrete reinforcement and 3D nonlinear finite element models.
Engineering Structures. 2025;332:120122. https://doi.org/10.1016/j.engstruct.2025.120122 EDN: NDREBF

10. Inozemtseva OV, Inozemtsev VK, Murtazina GR. Roll-over stability as a problem of high-rise buildings’ designing.
Structural Mechanics of Engineering Constructions and Buildings. 2021;17:228-247. https://doi.org/10.22363/1815-5235-
2021-17-3-228-247 EDN: CHSWNA

Hnozemyesa O.B., Unozemyes B.K., Mypmasuna I'P. YCTONUUBOCTh NPOTUB ONPOKUIBIBAHUS B MPAKTUKE MPOEKTHPO-
BaHMS BBICOTHBIX 34aHui // CTpouTenbHas MEXaHWKa WH)KEHEPHBIX KOHCTPYKUMH U coopyxenuit. 2021. T. 17. Ne 3. C. 228—
247. https://doi.org/10.22363/1815-5235-2021-17-3-228-247 EDN: CHSWNA

11. Evseev NA. Accounting of physical nonlinearity of reinforced concrete structures at computation of structural
systems. Bulletin of Civil Engineers. 2017;14:66—70. (In Russ.) https://doi.org/10.23968/1999-5571-2017-14-5-66-70 EDN:
YOAUHF

Escees H.A. Yuer puznueckoil HeTMHEHHOCTH Kene300eTOHHBIX KOHCTPYKLUH MPH YUCICHHBIX pacdeTax KOHCTPYK-
TUBHBIX cucTeM // BecTHUK rpaxkaanckux urxenepos. 2017. Ne 5. C. 66-70. https://doi.org/10.23968/1999-5571-2017-14-
5-66-70 EDN: YOAUHF

12. James DeLuzio A. Geometric nonlinearity in structural behavior: evaluating analytical processes. Springer;
2024. ISBN 103031405072

366 ANALYTICAL AND NUMERICAL METHODS OF STRUCTURAL ANALYSIS


https://doi.org/10.13189/cea.2025.130438

Bensk A.B. u 0p. CtpouTenbHas MexaHuka MHXEHEepHbIX KOHCTPYKLNA 1 coopyxeHnit. 2026. T. 22. Ne 4. C. 348-367

13. Abd-Elhamed A, Mahmoud S, Alotaibi KS. Nonlinear analysis of reinforced concrete buildings with different
heights and floor systems. Scientific Reports. 2023;13:14949. https://doi.org/10.1038/s41598-023-41656-7 EDN: EGJPQK

14. Zavala DJ, Torres CJ, Moreno JD. Influence of the P-delta effect and stiffness irregularity on the structural behavior of
reinforced concrete buildings. Journal of Physics: Conference Series. 2022;2287:012047. https://doi.org/10.1088/1742-
6596/2287/1/012047 EDN: XLWIZI

15. Belhocine M, Benyahi K, Bouafia Y, Rahmouni O, Messas A. Nonlinear analysis methods for reinforced concrete
structural elements subjected to static and dynamic loads. Journal of Applied Engineering Sciences. 2024;14:202-211.
https://doi.org/10.2478/jaes-2024-0025 EDN: FDKWBN

16. Ahmed M, Liang QQ, Sheikh MN, Hadi MNS. Nonlinear inelastic analysis of eccentrically loaded square high-
strength concrete short columns incorporating steel equal-angles. Engineering Structures. 2023;283:115882. https://doi.org/
10.1016/j.engstruct.2023.115882 EDN: FAVSTW

17. Bouckaert I, Godio M, Pacheco de Almeida J. A Hybrid Discrete-Finite Element method for continuous and
discontinuous beam-like members including nonlinear geometric and material effects. Journal of Solids and Structures.
2024;294:112770. https://doi.org/10.1016/].ijsolstr.2024.112770 EDN: AKCOFF

18. Kolozvari K, Kalbasi K, Orakcal K, Wallace J. Three-dimensional model for nonlinear analysis of slender flanged
reinforced concrete walls. Engineering Structures. 2021;236:112105. https://doi.org/10.1016/j.engstruct.2021.112105 EDN:
CTHSWX

19. Abu-Farsakh GAFR, Obaidat YT, Al-harahsheh H. Nonlinear finite element modeling of reinforced concrete
beam—column joints retrofitted using various plates configurations of carbon fiber-reinforced polymers. Computational
Particle Mechanics. 2024;11:1329—1344. https://doi.org/10.1007/s40571-023-00690-y

20. Shamsi M, Zakerinejad M. Numerical experimental and theoretical investigation of reinforced concrete elements
with rectangular spiral rebar for multi-behavior analysis. Scientific Reports. 2025;15:45015. https://doi.org/10.1038/s41598-
025-29097-w EDN: GDGBJE

21. Aminulai HO, Robinson AF, Ferguson NS, Kashani MM. Nonlinear behaviour of corrosion damaged low-strength
short reinforced concrete columns under compressive axial cyclic loading. Engineering Structures. 2023;289:116245.
https://doi.org/10.1016/j.engstruct.2023.116245 EDN: DZGRUM

22. Holicky M, Sykora M, Barnardo-Viljoen C, Mensah KK, Retief JV. Model uncertainties in reliability analysis of
reinforced concrete structures. Proc. SEMC. 2013:2065-70. https://doi.org/10.1201/b15963-372

23. Baza TT, Rynkovskaya MI, Dereje LS, Dabi GM. The effect of joint deformation on the seismic performance of
exterior rc beam column joint. Modern Construction and Architecture. 2025;1(56). https://doi.org/10.60797/mca.2025.56.1
EDN: BEPGXR

24. Arruda MRT, Deividas M, Vadimas K. State of the art on structural reinforced concrete design guidelines with
non-linear analyses. Mechanics of Advanced Materials and Structures. 2024;31:4154—68. https://doi.org/10.1080/15376494.
2023.2192214

25. Hariri-Ardebili MA, Sattar S. Sensitivity analysis of reinforced concrete structures: A Review. National Institute of
Standards and Technology, Gaithersburg, MD, NIST TN 2254; 2023. https://doi.org/10.6028/NIST.TN.2254


https://doi.org/10.1016/j.engstruct.2023.115882
https://doi.org/10.1080/15376494.2023.2192214

CTPOMTENBHAS MEXAHUKA UHXEHEPHBIX KOHCTPYKLIMIA U COOPYXXEHUIA * =”'”=
STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS

2026. 22(4). 368-382

ISSN 1815-5235 (Print), 2587-8700 (Online)
HTTP:/JJOURNALS.RUDN.RU/STRUCTURAL-MECHANICS

DOI: 10.22363/1815-5235-2026-22-4-368-382
EDN: LQIMYQ
Research article / HayuHas ctatbs

Nonlinear Layered Formulation: Modeling Reinforced Concrete Semi-Precast Slabs

Dara A. Mawlood™", Alexandr A. Koyankin

Siberian Federal University, Krasnoyarsk, Russia Federation
P4 dara.mawloud@univsul.edu.iq
Received: April 4, 2026

Revised: June 22, 2026
Accepted: July 5, 2026

Abstract. Semi-precast reinforced concrete slab systems enhance construction efficiency by substantially reducing on-site
formwork. Construction involves two primary phases: (1) off-site fabrication of semi-precast components and (2) on-site casting of
a concrete topping. The interfacial bond strength between the precast base and the cast-in-place overlay is a critical factor
governing the composite system's performance. This study presents a comprehensive numerical investigation to evaluate the effect
of surface treatment techniques on the flexural behavior of semi-precast RC slabs. A novel six-node triangular layered finite
element approach is developed, incorporating material nonlinearity through an enhanced global-local plate formulation. The
method employs a cross-sectional discretization strategy, decomposing the slab into distinct material layers where concrete and
steel are modeled as discrete plate elements with individual constitutive laws. The computational framework utilizes a decoupled
treatment of displacement fields and transverse stresses, facilitating accurate nodal stress evaluation via integrated constitutive
models. Spatial discretization is achieved using a C'-continuous six-node triangular element, with governing equations derived
from a partially mixed variation principle. Validation through benchmark cases demonstrates the method’s robustness, with
ultimate deflection errors below 4.68% and reaching 0.5% accuracy in optimal scenarios. The proposed triangular layered finite
element method achieves superior accuracy and computational efficiency compared to conventional approaches.
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AnHoTtanus. CuctemMbl U3 COOPHO-MOHOJHUTHBIX XKEJIE300€TOHHBIX IUIMT MOBBIMIAIOT 3()(YEKTUBHOCTh CTPOUTEIILCTBA 32 CYET CY-
[IECTBEHHOTO COKpAIIEHHs 3aTpaT Ha ONMaNyOKy Ha CTPOUTENbHOHN Iuiomaake. CTPOUTENhCTBO BKIIOYAET B CeOs 1B OCHOBHBIX
sramna: (1) u3roroBneHue cOOPHBIX AIEMEHTOB 3a MpeesiaMy IIOMIAKU U (2) 3aJIMBKa BEPXHETO CJI0S U3 MOHOJIMTHOTO OETOHA Ha
rromazake. [IpoYHOCTh CBSI3M MEXIy COOPHBIM OCHOBAaHWEM M MOHOJIUTHOW OOJHMIIOBKOM SIBISIETCS KPUTHYECKUM (DaKkTopoMm,
OINPEACIIAIOIINM JSKCIIyaTalUOHHBIC XapaKTCPUCTUKH KOMIIO3UTHOM CcHCTEeMEI. B JAaHHOM HCCJICNOBAaHNUU INPEACTABJICHO KOM-
TUIEKCHOE YUCIICHHOE MCCIIEJOBAaHUE ISl OLICHKH BIMSIHUSI METOZOB 00paObOTKU IIOBEPXHOCTH HA H3THO COOPHBIX JKeNe300€ TOHHBIX
TIJIAT. Pa3p360TaH HOBBIM MCTOJ pacuc€Ta C HICCTUY3JIOBBIM TPEYTOJIbHBIM CJIOUCTBIM KOHCYHBIM DJIEMCHTOM, y'{I/ITbIBaI-OIU,I/Iﬁ HEIIN-
HEWHOCTh MaTepHala 3a CieT yCOBEPUIEHCTBOBAHHOW IM0OANTBEHO-IOKAIBHON (POPMYITMPOBKY IUTACTHHEBL. B 3TOM MeTone mcnons-
3yeTcs CTpaTerus AUCKPETH3AIMU MONEPEeYyHOro CedeHHs, PH KOTOPOH IUINTa pa3OMBaeTcsi Ha OTHAEIbHBIE CJIOM MaTepHaia, Iie
OCTOH M CTaJlb MOJACIUPYIOTCS KaK OTIEIbHBIC HIEMEHTHI IUTUTHI ¢ COOCTBEHHBIMH ONPEICIIIFOLIMMEI COOTHOLICHUSMHU. B pamkax
JTAaHHOM METOIMKH pacdeTa MCIONb3yeTcs HECBSI3aHHbIN MOAXO0M K MOISAM CMEIIEHHH U IONePeYHbIX HANPSHKEHHH, YTO MO3BOJISIET
TOYHO OLICHUBATH Y3JIOBBIC HAMPSKEHHS C TIOMOIIBI0 HHTETPUPOBAHHBIX OMpeeISIIoIMX Mozaeneil. [IpocTpaHCTBEeHHAs TUCKPETH-
3aUs TOCTHTAETCA ¢ MOMONIBI0 C'-IIaiKoro IMeCTHY3I0BOTO TPEYTOMBHOTO IEMEHTA C OCHOBHBIMU YPABHEHHUAMH, MOJTYYEHHbI-
MU Ha OCHOBE YaCTHYHO CMEIIAHHOTO BapUAIIMOHHOTO MpUHIUMA. [IpoBepKa ¢ HOMOIIBIO KOHTPOJIBHBIX IPUMEPOB IEMOHCTPUPY-
€T HaJIeKHOCTh METO/1a, IPH 3TOM IOIPEIIHOCTH IPeeIbHBIX OTKIOHEHUH He NnpeBbllatoT 4,68 %, a B ONTUMAJIBHBIX CLIEHApUAX
nocturaloT To9HocTd 0,5 %. TIpeyiokeHHBIA METO MHOIIIOCTIOMHBIX TPEYTOIBHBIX KOHEUHBIX AIEMEHTOB 00SCIIEUUBACT MPEBOC-
XOAHYIO TOYHOCTh M BBIYUCIHUTENIBHYIO 90 ()EKTHBHOCTH [0 CPABHEHHIO C TPAJAUINOHHBIMHU ITOIXOJAMHU.

KuarwueBble ciioBa: C60pHO-MOHOHI/ITHa${ IJInTa NMEPEKPbITHA, T10JIE ,Zle(l)OpMaL[PIfI, 110JIE HaHpH)I(eHPIﬁ, JAUCKpETHU3alusd Ha MHOTO-
CITIOMHBIC KOHEYHBIC OJIEMCHTBI, YMCJICHHBIC PE3YIIbTAThI

Bxnajg aBTopoB. ABTOPHI BHECIH PaBHBIH BKIAJ B Pa3pabOTKy KOHIETINH, COOp JaHHBIX M UX HHTEPIPETAIUIO, IIOATOTOBKY CTa-
ThY K IyOnukanuy. Bee aBTOpbI 03HaKOMIIEHBI ¢ OKOHUYATEIbHOM BepCUel CTaTbu U OROOpUIIH €e.

3asiBiieHHe 0 KOH(IMKTE HHTEPECOB. ABTOPHI 3asBISIIOT 00 OTCYTCTBHU KOH(INKTA HHTEPECOB.

3asiBjieHHe 00 MCIOJb30BAHMHU TEXHOJIOTHH HCKYCCTBCHHOI'0 MHTE/IJIEKTA. HpI/I CO3/IaHUW HACTOSIIIEH CTarbu TEXHOJOTHH
TCHEPATUBHOI'O NCKYCCTBCHHOI'O MHTCIJICKTA HE UCITOJIb30BAJIUCH.

3anBieHue 0 AOCTYITHOCTH JaHHBIX. Bee JAHHBIC, ITOJTYYEHHBIC B XOA€ 3TOI0 UCCIICAOBAHM, BKJIFOUCHEBI B OHy6JII/IKOBaHHy}O CTaTblo.
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1. Introduction

The use of precast reinforced concrete (RC) systems has greatly enhanced construction productivity
by optimizing project timelines and costs [1; 2]. Subsequently, researchers have refined semi-precast slab
methods to tackle ongoing industry challenges [3; 4]. Accurate prediction of the structural performance of
semi-precast reinforced concrete systems is essential for optimizing cost-efficiency and ensuring safety in
design applications [5]. However, the complex composite behavior of these systems, particularly at the
interface, poses significant challenges in modeling their nonlinear response, making it an active area of
research in structural engineering [6—8]. The finite element (FE) method has established itself as the
predominant technique for this nonlinear analysis, demonstrating greater effectiveness than alternative
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approaches [9—11]. Over the past four decades, advances in FE formulations have produced increasingly
sophisticated models capable of capturing the complete nonlinear load-deflection response of reinforced
concrete slabs [12—14]. Among these, the layered method was developed to offer a computationally efficient
alternative to conventional 3D solid elements, thereby overcoming their inherent limitations [15—-17].

This challenge of accurate shear modeling contributes to a broader issue: standardized numerical
modeling protocols for semi-precast slabs are still lacking [18-20]. Existing studies and formulations
largely concentrate on specialized configurations, such as pre-stressed variants, fiber-reinforced composites,
and hybrid structural solutions [21-23].

This research presents a novel six-node, triangular-layered finite element formulation for the
materially nonlinear analysis of semi-precast reinforced concrete slabs with cast-in-place concrete overlays.
The work complements prior experimental investigations on prototype systems by introducing numerical
models to analyze flexural capacity as a function of systematically varied interfacial surface textures,
enabling a rigorous evaluation of composite performance [3]. The proposed formulation is based on an
innovative global-local plate theory. Semi-precast RC slabs are modeled by discretizing the cross-section
into perfectly bonded concrete and steel layers via a superposition approach, with material nonlinearities
captured by distinct constitutive models: a smeared crack formulation for concrete and an elasto-plastic
framework for steel reinforcement. A key innovation is the unique incorporation of transverse stress
components as nodal degrees of freedom within the six-node triangular composite plate element, which
significantly enhances computational capability and accuracy.

Within this displacement-based framework, primary solution variables are displacement field para-
meters, while stress components are derived as secondary quantities through constitutive equations. The
model’s robustness is validated against benchmark cases, demonstrating superior accuracy and computational
efficiency compared to conventional approaches for predicting the nonlinear load-deflection response of
semi-precast slab systems.

2. Materials and Methods

The theoretical development of the proposed six-node triangular layered element is based on a plate
formulation for combined membrane and bending action. It proceeds according to the following steps.

A more versatile member of the triangular element family is the six-node linear strain triangle (LST)
[24-26], depicted in Figure 1.

1
(0,0) (1,0)

Figure 1. Linear strain triangular element
S ource: made by A. Khennan [26].

The displacement field within the element is approximated by:
u=Nu, +Nu, +Nyu, + Nu, + Nu, +Nu,,
v=Nwv +N,v, + Nyv; + Nv, + Nyvs + Ny, or [U]=[N][a], (1)
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The Jacobian matrix [J] of the geometric transformation is given by:
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A=1-E-n. (3)
Then, the membrane strain can be determined:
[e,]=[B.]al; (4)
M, g AN, AN, AN, AN, AN,
ox ox ox Ox ox ox s
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To evaluate the [B] matrix, the partial derivatives with respect to global coordinates (x, y) must be
transformed to the local (&, ) coordinates using the chain rule:
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o5 || ox
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oy

on

(6)

The membrane stiffness matrix for the element is given by using the Gauss quadrature (often called
the Hammer formula for triangular domains) [26; 27]:
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where nhp represents the number of Hammer points.
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2.1. Bending Element Formulation

Modern finite element formulations for plates commonly adopt Mindlin — Reissner plate theory.
Its primary advantage in FEM context is the use of independent rotational degrees of freedom, 6x and 0y,

and transverse displacement, w(x, y) [24; 26; 27].

6 6
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Therefore, the element stiffness matrix is composed of two distinct contributions: the bending stiffness
matrix and the shear stiffness matrix.

(K] =[&,]+[k]=] [B,] [D'][B,Jaa+] [B] D, ][B]ax (10)

2.2. Layer Kinematic Formulation

Reddy’s third-order shear deformation theory (TSDT) relaxes the restrictive kinematic assumptions of
classical plate theory by explicitly accounting for transverse shear strains and their associated deformation.
The displacement field within this framework is expressed as [28]:

u' (x.7.2) =2y, (x.9)—(42')/ (38°) (v, (x.) + (oW, (x.)) /&) (11)
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V(6 p,2) = 2y, (6, ) = (42°) 1 (30°) (v, (e, ) + (0w (x, )/ );

w(xy)=w (%),

aVVO 8W0
where Y, =——,y =——.

ox 7 oy
2.2.1. Strain Field Components

Using the kinematic strain—displacement relations, the strain state in the i-th layer of the reinforced
concrete slab is formulated vector form as [19; 28].
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The strain field can be expressed as follows:
g, =zel) +26; v =y 422y (13)
2.2.2. Out-of-Plane Stress Formulation
The element normal stresses are derived from the strains via Hooke’s law [24; 29] as follows:
Gi :Z_)iﬁi of O'i :Qi (ZSi(l) +Z(3)8i(3)). (14)

Transverse shear stresses, .- and 1z, are calculated independently for each material layer within the
reinforced concrete slab. Their expressions are derived as follows:

T, E I 0}V, . -
__ 5 Vel t=Dy,1= l_);(y(o) n z<2)yi(2)), (15)
T, | 2(1+p)|0 1][v, - ‘

yz

where parameter E, is the elastic modulus of the i-th layer, and p is the Poisson’s ratio of the reinforced

concrete. Within Reddy’s Third-Order Shear Deformation Theory, the plate’s constitutive law is:
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Following the standard finite element procedure, the stiffness matrix is assembled as:

F, B, 0 _ 0, 0, 0
F=F F, 0 :J.Zl._l 0, 0, 0 z'dz;
0 0 F 0 0 O
H, H, 0 ; o, 0, O
H =H, H, 0 :_Li_l 0, 0, 0 |Zfdz
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- 0 £y @100 Cy | ’
i_ A44 0 _:J‘Zi _C44 0 _szz
=0 Ay Y0 Cy| T
where

:L, = :L, :L, =GandC,, =C. =G.
O, (I_HZ) 0, =0y (I_Hz) O, (l—uz) Oss and C 55

3. Methods

(16)

The reinforced concrete slab geometry (Figure 2) is defined within a Cartesian coordinate system
(x1, x2, ), with the mid-plane at z = 0 serving as the reference plane. The slab is idealized as a laminated
composite structure comprising perfectly bonded layers of normal concrete (NC) and steel [8].
Computationally, a smeared reinforcement approach is adopted, representing steel rebars as equivalent
uniaxial layers positioned at their centroids. The thickness of an equivalent steel layer, zens, is determined

from the rebar cross-sectional area 4s and spacing S as fens= As/S.
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Figure 2. Configuration of the RC slab (a); Idealized laminated composite model (b)
S ource: made by D.A. Mawlood, A.A. Koyankin.

3.1. Steel Reinforcement Layer

Steel reinforcement layers are modeled with an idealized elastoplastic constitutive law. For layer i, the
elastic stress-strain relationship is given by [28]:

i

Oteet = —siteelgi' (17)
E. 00 E, 00

The sectional properties Dsteel for steel: _siteel =0 0 0f, Qs[teel =0 00
0O 0 O 0O 0 O

E,\ represents the elastic modulus of the i-th steel reinforcement layer. The parameter Eps denotes the
post-yield plastic modulus of the steel reinforcement layers [8].

3.2. Concrete Layer Properties

In its pre-cracked state, the i-th concrete layer exhibits isotropic, homogeneous, and linear elastic
behavior, characterized by the constitutive relation:

Gi = Di € Tioncrete = Q; z ° (18)

concrete —concrete —i? i

When the tensile strength f* is exceeded in any principal direction, the isotropic constitutive relations
(Egs. 18) become invalid. This study employs the smeared crack approach [29] to characterize post-cracking
concrete behavior, necessitating a transformation from isotropic to orthotropic material representation in
a local coordinate system &,m,(. The post-cracking constitutive relationship for layer i in this local

coordinate system is expressed as:

o, E I p 0 € . p 1 o
o, |=—5|n 1 0 £, { EC}:_f{ Hyﬂ, (19)
1_“' TUC 2(1+].,I,) 0 p YT]C
0

I-p |y
0 &n
p( 2 )

Note that pe(0, 1] represents the shear retention factor, which is utilized to model the effects of

aggregate interlock.
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3.3. Mixed Stiffness Matrix

The element stiffness matrix, Ke;, can be additively decomposed into its membrane and bending

components as follows: [Ke[] = z [Ke"fi] + [K f l.] , where n: number of layers.

n
i=1

(&2 ]=[1, (8] (P18 Juaa .

(K. =[K,J4[K)=] (BT [D)[BJad+] (8] [D][8]ds.

Within this formulation, steel reinforcement contributes solely to the membrane stiffness, while
concrete contributes to both membrane and bending stiffness components.

(K] = Ko + Kl =KDy then [K,|=[ K7 ]+ K2 = {Klgffz KSB } 20)
18,18

3.4. Application of Load

The applied load can be calculated using:

(Klla)-le) wen |5 0 [0 e

BB BB BB
K18,18 d P
BB :
where d"™, d”° are the membrane (ul, Uy, Uy, Uy, Us, Ug, Vi, Vyy Vs, Vg, Vs, vﬁ) and bending

(Wl’ Qrrs P> Was Qs Doy Wi O35 @z Wy @y @5 Wss sy @55 Wes Qs (Pye) element displace-

ments; P™", P”” are the membrane and bending element loads.

The nonlinear algebraic system is solved using an incremental-iterative strategy that combines load
stepping with the Newton — Raphson method [30; 31].

The algorithm for the standard (non-incremental) Newton — Raphson method is summarized as follows:

1. Find initial displacements; d, = [[Z’O (E0 )]71 AP, , where K, is found by equation (20).
2. Computing the residual (unbalanced) force vector7, : 7, = [E (E, )a_f()] —AP,.
3. A displacement correction, d,, is computed by: Ad, = [[Zl (E1 ):'71 7.

4. The total displacement is updated: 671 = c70 +Ad . Thus, the iterative Newton — Raphson step can
be expressed in its standard form [12]:

=K )d,~P.Ad,, =[K ., (E,.)| 7 for j=1.23...

3

Jj+l (Ej+l

5. The final, total displacement vector is obtained by: d = d,, + z;loAc?jH .

4. Results and Discussion

A MATLAB-based computational tool was developed to implement the proposed six-node triangular
layered finite element method for nonlinear analysis. The program’s performance was validated by
numerically analyzing two semi-precast reinforced concrete slabs with cast-in-place toppings. These test
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specimens identical in configuration to those experimentally studied by Mohamed et al. [3] were modeled
using the proposed finite element approach, as illustrated in Figure 3.

Two semi-precast slab specimens were modeled using the developed six-node triangular layered FEM.
The slabs had a total thickness of 125 mm (75 mm precast slab with 50 mm top slab), are illustrated in
Figure 3. Complete material and structural details are provided in Tables 1 and 2.

Overtopped concrete Loading points
—— w < B AT A
o —a 5 5 & 5 " M 5 &

LVDTs

Semi-precast portion

50.0—~

S516.7

516.7 516.7

Figure 3. Schematic four-point testing arrangement of the slab
S o urce: made by Mohamed et al. [3].

Table 1. Description of the specimens and casted concrete strengths.

No. | Thickness, mm Description Semiprecast slab Overtopping
B : 3 Compressive |Splitting strength,| Compressive Splitting
strength, MPa MPa strength, MPa | strength, MPa
S2 125 Untreated full thick slab 29.4 43 24.9 3.4
Wire brushed roughened 3
53 125 at the interface slab 30.1 4.1 234

S ource: made by D.A. Mawlood, A.A. Koyankin.

Table 2. Input parameters for the numerical model

Parameters Values
Young’s moduli of concrete 17,000-24,000 MPa
Poisson’s ratio of concrete 0.15
Dilation angle 31°
Eccentricity 0.1
Biaxial strength ratio 1.16
K 0.667
Peak compressive strengths of concrete 23.4-33.2 MPa
Peak tensile strengths of concrete 1.3-1.9 MPa
Young’s modulus of steel 190,000 MPa
Poisson’s ratio of steel 0.3
Yield tensile strength of steel 535 MPa

S ource: made by D.A. Mawlood, A.A. Koyankin.

A 12x8 mesh of laminated triangular plate elements discretized the semi-precast slab, with the mesh
size determined via a convergence study, illustrated in Figure 4.
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concrete Semi nrecast lavers concrete
o steel layer Semi precast layers _Tnp layers mmsteel layer p ' -Tnp layers

a b
(2) cross section discretization

Figure 4. FE mesh of semi precast reinforced concrete slab with concrete topping:

a — neutral axes position before bonding failure; b — neutral axes position, after bonding failure
S ource: made by D.A. Mawlood, A.A. Koyankin.

Specimen S2 — a one-way semi-precast RC slab with an untreated, full-depth precast section and
a concrete topping — was analyzed using the six-node triangular layered finite element methodology. The
evaluation of mid-span deflection established a constant moment region, enabling a detailed assessment of
flexural performance. Predictions from the layered FE model were compared against experimental data
from Mohamed et al. [3] and results from high-fidelity 3D ABAQUS simulations in a three-way validation.

While the layered approach yielded a conservative estimate of the initial cracking load (Figures 5
and 6), excellent agreement with all reference data was observed beyond the 42 kN load threshold. The
model demonstrated high fidelity in deflection prediction, with maximum values deviating by only 4.68%
from experimental measurements and 7.40% from the ABAQUS simulations.

The triangular layered FE model demonstrated excellent predictive capability for Specimen S3, which
featured a wire-brushed interface, accurately capturing its ultimate load capacity. As shown in Figures 7
and 8, the numerical load-deflection response exhibited remarkable agreement with both the experimental
data and the ABAQUS results (Table 3). The maximum deflection prediction deviated by only 0.50% from
the experimental measurement and by 12.5% from the ABAQUS simulation.

The deflection behavior and stress distributions resulting from the ABAQUS finite element analysis of
the precast reinforced concrete slab are presented in Figures 9 through 14.
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Figure 5. Load-deflection curve for sample (S2) Figure 6. Deflection chart for sample (S2)
S ource: made by D.A. Mawlood, A.A. Koyankin. S ource: made by D.A. Mawlood, A.A. Koyankin.
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Figure 7. Load-deflection curve for sample (S3) Figure 8. Deflection chart for sample (S3)
Source: made by D.A. Mawlood, A.A. Koyankin. Source: made by D.A. Mawlood, A.A. Koyankin.
Table. 3. Experimental and theoretical data
Exp. Moment = PL/4 Theo. Moment . Exp. strain=c/FE, | Theo. Strain .
Sample P ’ * | % diff. p ’ | % diff.
N. mm N. mm mm/mm mm/mm
S2 17.94-10"6 17.02-10"6 -5.13 0.00287 0.00270 -5.92
S3 25.98-10"6 24.02-10"6 —7.54 0.003158 0.002897 -8.26
Source: made by D.A. Mawlood, A.A. Koyankin.
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Figure 9. Plot of deflection for sample (S2) Figure 10. Plot of steel stress for sample (S2)
S ource: made by D.A. Mawlood, A.A. Koyankin. S ource: made by D.A. Mawlood, A.A. Koyankin.
AHATUTUYECKME W YACTIEHHBIE METO[bI PACYETA KOHCTPYKLLVIVI 379




Mawlood D.A., Koyankin A.A. Structural Mechanics of Engineering Constructions and Buildings. 2026;22(4):368-382
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Figure 11. Plot of stress for sample (S2) Figure 12. Plot of stress for sample (S3)
S ource: made by D.A. Mawlood, A.A. Koyankin. S ource: made by D.A. Mawlood, A.A. Koyankin.
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Figure 13. Plot of deflection for sample (S3) Figure 14. Plot of steel stress for sample (S3).
S ource: made by D.A. Mawlood, A.A. Koyankin. S ource: made by D.A. Mawlood, A.A. Koyankin.

5. Conclusion

1. This study presents a six-node, triangular layered plate finite element model for the nonlinear analysis
of semi-precast reinforced concrete slabs.

2. The proposed formulation employs a layer-wise discretization to accurately capture complex through-
thickness material behavior.

3. The slab is discretized into multiple concrete layers, with steel reinforcement modeled as equivalent
smeared layers positioned at the rebar centroids under a perfect bond assumption.

4. The method directly computes out-of-plane stress components without requiring through-thickness
integration and inherently satisfies transverse shear deformation requirements, thereby eliminating the need
for shear correction factors. The formulation is derived from a partial mixed variational principle,
incorporating both stress and displacement fields within a six-node triangular element.

5. Numerical results demonstrate that the model successfully predicts the ultimate load capacity and
failure deflections of semi-precast slabs.

6. Benchmark tests confirm the method’s accuracy and computational efficiency, with maximum
deflection prediction errors ranging from 0.5 to 4.68% compared to experimental and high-fidelity reference
data. The model achieves an excellent balance between accuracy and computational cost.

7. Future research will extend this approach to the materially and geometrically nonlinear analysis of
reinforced concrete shell structures within the presented layered framework.
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pudeckoit u pu3ndeckoi HenuHeHHoCTH. IIpeuIoXKeHHbIH 0X0/] IO3BOIAET OLEHUBATh PECYPC COEIUHEHUH, IaHUPOBATh IPO-
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Abstract. The development of resources in the Far North must be accompanied by the establishment of infrastructure for their
storage and transport (tanks, gas holders, pipelines). The use of steel for the construction of tanks in low-temperature operating
conditions is not always advisable, due to the presence of a cold-shortness threshold and its shift over time towards positive
temperatures. As an alternative, the authors propose the use of aluminium alloys, which offer advantages in low-temperature
operating conditions. The most cost-effective and technologically advanced method of tank construction has been selected — the
coil-forming method, in which the majority of welded joints are pre-fabricated under quality control. However, defects may arise at
the construction site during the execution of field welds, which reduce the service life of the welded joints. The number of cycles
required for crack initiation in welded joints of a tank wall with defects in the form of angular and linear misalignment of the plate
sections has been determined. Analytical calculations were performed based on the results of finite element modelling of the tank
and of tank wall fragments with defects. The stress state of the wall fragment models was reduced to the stress state of a tank wall
region. Calculations for fragments with defects were performed taking into account geometric and physical non-linearity. The
proposed approach enables the service life of joints to be assessed and facilitates the planning of inspections, strengthening, or repair
and restoration work.
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1. Beenenune

ComacHo JaHHBIM TeOJIOTHYECKOM pa3Benku, B ApkTuke conepxkutcs 30 % MUPOBBIX 3a11acOB IPUPOJ-
HOTO Ta3a, 13 % HedTH, 9 % yris, 60mbIIue 3amackl METaUIOB, B TOM YHCIIE PEIKO3EMETbHBIX, 1 MUHEPAJIOB
(OpunnmanTsl, rpaduT). OmHONM U3 aMOUIIMO3HBIX 33/1a4 10 OCBOCHHUIO MMPUPOAHBIX PECYpPCOB SIBISIETCS pea-
m3anus npoekra «Apktuk CIII-2» g nocraBok cxmkeHHoro npupoaHoro rasza (CIII) B Kuraii [1]. Palionst
Kpaitnero CeBepa Poccuu Taxske 6oraTsl mpupoaHBIME pecypcamu. Hanpumep, Ha Tepputopun PecryOnmuku
Caxa (SIkyTtus) cocpenoroueHo 23 mectopoxkiaenus HedTu (453 mupa M°) u 44 MecTopoxueHHs rasa
(1392 mupa M%), cpeau KOTOPBIX OHO 0ONAfAeT CTaTyCOM YHHUKAIbHOTO U 9 — KkpynHbIX [2]. OcBoeHue Ta-
KHX 00bEMOB PECYpPCOB HEBO3MOKHO 0€3 CO3/1aHuUs KaueCTBEHHOW MH(PACTPYKTYpbl — TPYOOIPOBOIOB, Ta3-
TOJIbJIEPOB, PE3EPBYaPOB VIS IEPEKAYKU U XPAHEHUS IPOITYKTOB.

OnHaKO CTPOUTENBCTBY HOBBIX OOBEKTOB M UX JaJbHEUIIeH SKCIUTyaTallii COMMyTCTBYIOT TEXHUYECKHE
PHUCKH, CPEN KOTOPBIX BBIICTISIOT CTPOUTEIEHO-MOHTAKHBIE M KCIUTyaTallHOHHBIE. TPyIHOIOCTYITHOCTD pe-
THOHOB, CIIOJKHBIE TE0JIOTUIECKHE YCIIOBHSI ¥ TOHMKEHHBIE TeMIIepaTypsl TPeOyIOT peaqu3alii HayKOeMKHX
U BBICOKOTEXHOJOTHYHBIX NpoekToB [3]. [IpumeHeHue cTanu As CTPOUTEIbCTBA PE3EPBYapOB B YCIOBUAX
paboTHI ITpH MOHMKEHHBIX TEMIIEpaTypax He BCera Iesiecoo0pa3Ho BBUAY HAIHUUS MOPOTa XJIaTHOIOMKO-
CTH U €TO CMEIIEHHS CO BPEMEHEM B CTOPOHY TOJIOKUTEIBHBIX TeMiiepatyp [4]. B uccnenoBanuu [S] onpe-
JIeNIeHo, 4To 3a 31 roj skcIulyatanuu TpyoompoBoja mopor xmagHoaoMkoct craimu 171'1C cMmectuncs Ha
10 rpamycos: ¢ —40 1o —30 °C. Kpome Toro, mpu AIUTETHHON IKCIUTyaTaIllul CHUKAIOTCS (DU3HKO-MEXaHUYe-
CKHe XapakTepucTuku cranu. Hanpumep, npenen npounoctu cranu P92 ymensmmuncs 3a 10 ner ¢ 745 go
650 MIla [6].

B xauecTBe 3aMEHBI CTAIBHBIX CIUIABOB L1E€J1€CO00PAa3HO PACCMOTPETH CILIaBbI AJIFOMUHUEBBIE, KOTOPbIE
He 00J1aAa0T MMOPOTOM XJIaTHOJIOMKOCTH. PU3NKO-MeXaHNYEeCKHE XapaKTEPUCTHKH COBPEMEHHBIX aJTFOMUHH-
€BbIX CIUIABOB HE YCTYIAIOT HEKOTOPBIM CTaJsIM, a MPH MOHMKEHUHM TEMIIEpaTypbl TOJBKO YIIy4IIAIOTCS.
Menbnit 00beMHBIN Bec (B 3 pa3a) ¥ MOBBIIICHHAs: KOPPO3HUOHHAS! CTOUKOCTD MO3BOJIST YMEHBIIUTD 3aTPaThl
Ha TPAHCHOPTHPOBKY, MOHTAX M SKCIUTYaTALMIO aJFOMUHUEBBIX KOHCTPYKIMIL [7].

C ToukHM 3peHUs TEXHOJOTMH BO3BEJCHHUS JJIs KIUMaThHueckux ycioBuii Kpaitnero CeBepa Hamnbonee
MEPCIIEKTUBHBIM SBIISIETCS METOJ PYJIOHUPOBAHMS KaK Hanbosiee SKOHOMUYECKU BBITOJHBIN U TEXHOIOTHY-
HBIH [8], 4TO TakXke MOATBEPKIAETCS PACUETOM METAJUIOEMKOCTH IIPU PACCMOTPEHUH PE3EPBYAPOB PA3ZHBIX
00beMoB [9]. OcHOBHas 4acTh CBApOYHBIX PadOT ¢ MpOBeIeHHEM /1e(hEeKTOCKOIIUU OCYIIECTBISETCS Ha 3a-
BOJIE — CBapHUBAIOTCS MOJOTHUIIA CTEHOK. [ 0TOBBIE MOJIOTHHILA CBOPAYMBAIOTCS B PYJIOH U JOCTABISIOTCS
Ha CTPOUTEIBHYIO IUIOIIAKY, I/le YCTaHABIMBAIOTCS BEPTUKAIBHO U MOCTEIIEHHO pa3BopaynBaorcs. Takum
00pa3oM, Ha CTPOUTEIHHON TIIOMIA/IKE BEHITIONHIECTCS OTHOCHUTEIBHO HEOONBIION 00heM CBApOYHBIX padboT
(BepTUKaIbHBIN 3aMBIKAIOIIMH 1110B, PUBapKa narpyoOka u jap.).

Tem He MeHee Nake TP TaKOW TEXHOJOTHH CYIIECTBYET BEPOATHOCTh BO3HUKHOBEHHUS TE(EKTOB.
B xadecTBe OCHOBHBIX MOKHO BBIZICTTUTH J1e()EKTHI B 30HE CTHIKA MOJIOTHUII CTEHOK: YIJIOBATOCTH U JIMHEIHOE
CMeIleHre TIOJIOTHHII OTHOCUTENBLHO ApyT Apyra [10].

HopmatuBHbBIE JOKyMEHTBI pErIAMEHTUPYIOT JOIyCKaeMble apaMeTphl JaHHBIX Ae(EeKTOB MpU H3ro-
TOBJIEHUU KOHCTPYKIMH, @ TAK)KE IPU OLIEHKE UX PAaCUETHOTO CpOKa Ciry>k0bl. Hanpumep, npu U3roroBieHnn
MOJIOTHHUII CTEHOK U3 cTayn Kiacca C245 nomyckaeTcs yrioBaTocTh (YIVIOBbIE 1ehopMalii CTHIKOB) paBHas
20 MM Ha 6a3e m3mepenus 500 mm. Taxoke oImycKaeTcst IMHEHHOE CMEIIEHHE TOBEPXHOCTEH OTHOCUTEIHHO
JpyT Apyra npu tonmuHe netaneit 6onee 10 Mm — 10 % Tonmuuel, HO He 6osee 3 MM.

PacueTHbIil cpoK CITy>KOBI pe3epByapoB OIpPEAENsIeTCs YIIOBATOCTHIO BEPTUKAIBHBIX CBAapHBIX IIBOB
CTEHKH B CJIy4ae OTCYTCTBHSI TPEIIMHOMOAOOHBIX IKCILTyaTallMOHHBIX nedekToB. [IpenensHoe 3HaYeHHE yT-
JIOBATOCTH 3aBUCHUT OT LIMKJIMYHOCTHU HarpyK€HUsI KOHCTPYKLMM, TOJIIHUHBI CTeHOK. Harpumep, mpu ronosom
quclie IMKJIOB Harpy>keHusi, paBHoM 250 1 TonmuHe cTeHku 6onee 15 MM, — mpeenbHOe 3HaYeHUe YIvIoBa-
TOCTH cOCTaBisgeT 5 MM Ha 0aze nzmepenust 500 mM. Beimonnenne 3Toro ycnoBust 00€CeuuT CpoK CIIyKOBI
40 ner. Ilpu yBenrueHUHN UKIMYHOCTH HATPY>KEHUS Mpe/leIbHOE 3HAYEHUE JTOJHKHO ONPENEIAThCS pacyeT-
HBIM ITyTEM.
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Ecnu pe3epByap CMOHTHPOBAH C MPEBBIIICHUEM IPEIEIbHBIX TapaMeTpoB e(EKTOB JOMYCKAETCS €T
npreMKa Ha OCHOBE BBHINOJIHEHHBIX PacueToB Hecymei crocoOHocTH. CortacHO MeXrocyapCTBEHHOMY
craugapry FOCT 31385-2023! pacuer 10mKeH IPOBOIUTHCS C TOMOIIBIO METO/Ia KOHEYHEIX JIEMEHTOB, Y-
THIBaTh (PAKTHUYECKYIO T€OMETPUIO KOHCTPYKIIUH, BBITOIHATH IPOBEPKH MO MPOYHOCTHU (B TOM YHCIIE MaJo-
IUKIJIOBOM) M YCTOWYHUBOCTH.

OTeuyecTBEHHBIX HOPMATHBHBIX JOKYMEHTOB, KOTOpbIE Obl OJHO3HAYHO PErIAMEHTUPOBAIM IpaBHJIa
MPOEKTUPOBAHUS PE3EPBYapPOB U3 ATOMUHHUEBBIX CILUIABOB, HA CETOIHSAIIHUN JeHb HE cyuiecTByeT. /s mpo-
eKTUPOBAaHUSI KOHCTPYKIMM 3MaHUI U COOpPY>KEHHH M3 aJTIOMMHHUEBBIX CIUIaBOB pa3paboTaH CBOJ MpPaBUI
128.13330.2016%, onHako B JOKyMEHTE CKa3aHO, UTO €ro MOJNOKEHHS He PacIPOCTPAHAIOTCA Ha ATIOMUHHE-
BbI€ KOHCTPYKIIMH, TOJIBEPralOLINecs] MHOTOKPATHOMY BO3JIEHCTBUIO Harpy3oK.

B cBsi3u ¢ 3TUM ISl CTPOUTENBCTBA PE3EpPBYapOB U3 AIFOMUHHUEBBIX CIUIABOB TpeOyercs pa3zpaboTka
U COMIaCOBAHUE JOMOJHUTENILHON TOKYMEHTAlluH, MOATBEPKIAIoe 0€30MacCHOCTh MPUHATHIX PEIICHUH.
Jo 1 centsiOps 2024 1. B Ka4€CTBE TAKOTO JIOKYMEHTA BRICTYyAIN CIeMalIbHbIe TexHu4eckue ycnosus (CTY),
B HacTos1Iee Bpems Heobxoauma paspadotka PIICO (pe3ynbraTsl NpuMeHeHHs cioco00B 000CHOBaHUS).

[IpoekTrpoBaHue OCIOKHIETCS HEOOXOMUMOCTBIO YUeTa HUKIMYHOCTH Harpy>KeHUsI U CBapKOM alito-
MUHHUEBBIX KOHCTPYKLUNA, BO3MOKHBIM HaJIMYUEM AePeKToB MOHTaxa. i1 00ocHOBaHMS pelieHuil u odec-
nedeHus: O6e3aBapuiHON HKCIUTyaTallud MPU MUHUMAJIBHBIX 3aTpaTax pPecypcoB HEOOXOAMMO MpOBENECHUE
HAy4HbIX UCCJIEJIOBAHUHN B JAHHOM HaIpaBJICHUH.

WccnenoBanus HampaBieHbl HA U3yYE€HUE U3MEHEHHUs CBOMCTB OCHOBHOI'O MaTepuaja U €ro CBapHbIX
COCIMHEHUI MpHU pPYJIOHUPOBAHUH, MMONOOPE ONTUMANBHBIX JUAMETPOB KapKacoB PYJIOHOB, YCTaJOCTHOM
MPOYHOCTH MaTepuasoB MOCIe pyJIOHUPOBaHUS U pa3BopaunBanus. B [11] uccrienosasics ypoBeHb HaIpshke-
HUU NPU CKPYyYMBAaHUU JTUCTOB pa3HOM TOMIIMHBI B pysioH u3 ctaynu 091 2C. OnpeneneHo, yTo Npu CKpy4uBa-
HUU JIUCTA TONIMHONW 18 MM Ha Kapkac 1uaMeTpoM 2,2 M BO3HHMKAIOT HAPSKEHUS, MPEBBIMIAIONIIE MTPeies
TeKkydecTu Marepuana Ha 37,6 MIla, 4To mpUBOAMUT K 3HAYUTEIBHBIM ITACTHUECKUM Jedopmarusam. [1ono0-
HBbIE Pa0OTHI BEAYTCS HE TOJIBKO KCTIEPUMEHTAIILHO, HO M PACUETHBIM ITyTEM METOJIOM KOHEUHBIX 3JIEMEHTOB
[12]. UccnenoBaHue 0CTaTOYHBIX HAPSDKEHUH B CBAPHBIX IIBAX CTEHOK PE3€pBYyapoOB TaKKe MOKa3ajio HaJu-
que ynpyromiacTuaeckux aedopmanuii [13].

UccnenoBanne craibHBIX CBapHBIX COEIMHEHUN JUCTOB C UMUTALMEW TEXHOJOTHMHU PYJIOHUPOBAHUS
[14] mokazaio, 9T0 MPUMEHEHHBIE TEXHOJIOTHH CIIOCOOCTBYIOT XpyIIKOMY pa3pyuienunto. [Ipu aTom kputnde-
CKHE TeMIIepaTypbl BI3KOXPYIKOI'O MEPEX0AA CMEIIAIOTCA B MOJOKUTEIBHYIO CTOPOHY.

PesepByapbl MOTYT OBITH Harpy>K€Hbl CTATUYECKHU, OJJHAKO B PsIJI€ CIy4YaeB UX HECYIUE KOHCTPYKLIUU
paboTaroT B YCIOBUAX LUKINYECKOTO HArpyXeHus, 4To TpeOyeT OLIEHKH pecypca 10 paspylienus. lanHoi
TeMaTHKe MOCBALICHO UcciienoBanue [ 15], B KOTOpoM 3KCIIEpUMEHTAIbHO U TEOPETUUECKHU OLICHUBAJIOCH BIIU-
SIHUE Tpollecca PYJIOHHUPOBAHMS HA KOJMYECTBO IIMKJIOB J0 pa3pylueHus oopa3uoB. McnbpiTanus nokasanu,
YTO MPH OJHOW M TOM K€ Harpy3ke KOJMYECTBO LIMKIIOB JI0 Pa3pyLIECHUs MOCIE PYyJIOHUPOBAHUS B CPETHEM
yBeIMYMIOCH B 3,4 pa3a.

JledekThl cTaabHBIX pe3epByapoB (OTKIOHEHHE 00pa3yOIUX OT BEPTUKAIH, YIIIOBATOCTh MOHTaKHBIX
IIBOB M JIp.) YCTPAHSIOTCS METOAOM BCTaBOK, CBAJILIOBAHHBIX IMOJI MPOEKTHBIN paauyc. [Ipu 3ToM BakHO
3HaTh OCTATOYHOE HAMPSKEHHOE COCTOSIHME CTEHOK pe3epByapa M MPaBHIILHO MOJOUPATh painyC BaJbIIOBKU
[16]. IIpu HEnpaBUILHOM PEMOHTE METOAOM BCTaBOK BO3MO)KHO BOZHUKHOBEHHE «XJIOMYHOBY. J{J1s1 perieHus
JaHHOU 1poOisieMbl aBTopamiu [17] paspaboTaHa METOIMKa KOMITbIOTEPHOTO MOJICIIMPOBAHHUS, MTO3BOJISIONIAS
MPOrHO3UPOBATH MOSABJICHHUE JAaHHBIX J€(EKTOB.

JluTepaTypHbIil MOKCK MO JAHHBIM TEMaTUKaM MPUMEHUTENLHO K pe3epByapaM U3 alFlOMUHUEBBIX CILIa-
BOB [10Ka3aJ1 OTPAaHUYEHHOE KOJIMYECTBO COBPEMEHHBIX TPyA0B. OCHOBHAs YacTh UCCIIEOBAHNIN IPUXOJUTCS

'TOCT 31385 — 2023. PesepByaphl BepTHKAIbHbIE WINHAPAYECKHE CTATBHBIE II HeTU U HeTenpoayKToB. OOmue Tex-
HHU4eckue ycinoBus. Mocksa : I'ocynapcTBeHHbIH MHCTUTYT cTanaaptuzanuy; 2023. 112 c¢. URL: https://files.stroyinf.ru/Index/80/
80549.htm (nata o6pamienus: 18.02.2026).

2 CIT128.13330 «CHuII 2.03.06-85 AntoMuHHEBbIE KOHCTPYKIMMWY. Mocksa, 2016. 86 ¢. URL: https:/files.stroyinf.ru/Data2/
1/4293747/4293747699.pdf (nata obpamienus: 27.02.2026).
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Ha 1970-1980-¢ . Cpenn Hux nuccnenoBanne X.P. CanmoBa 1Mo orieHKe BIUSHUS TTIOBEPXHOCTHBIX 1e(hEeKTOB
Ha YCTAJIOCTHYIO MPOYHOCTD AJIEMEHTOB JIUCTOBBIX KOHCTPYKIIHIA, B TOM YHUCIIE pE3€PBYyapOB, U3 AIIIOMUHHE-
BbIX cIu1aBoB [18]. B paborte omnpezneneHo, 4To mpeaBapuTeIbHOE TUIaCTUYECKoe JeOopMUpOBaHIE, BHI3BAH-
HOE TIPOLIECCOM PYJIOHUPOBAHUS, IPUBOINT K YBEITHMUCHHUIO CONPOTUBIICHUS MaTepraia yCTaTOCTHOMY pa3-
PYIICHUIO HA CTaJIUN POCTa TPEIIMHBI B 2—3 pa3a B 3aBUCUMOCTHU OT YPOBHS HarpyXeHusl.

Taxum o6pasom, pazsutue peruonoB Kpaitnero CeBepa u TEXHOJIOTHI CTPOUTEIHCTBA JEJIAET UCTIONb-
30BaHNE COBPEMEHHBIX AJIFOMUHHMEBBIX CIUIABOB JJISI CTPOUTENBCTBA PE3EPBYapOB METOAOM PYTOHHPOBAHUS
AKTyaJIbHBIM.

Llenv uccneoosanus — OUeHKa BIUSAHUSA MOTEHIUANBHBIX Je()EKTOB MOHTaKa pe3epByapa U3 allOMUHU-
€BOTO CIUIaBa C YYETOM (PU3HKO-MEXaHHMUECKHX XapaKTePUCTUK CBAPHOTO COCTUHEHHs U BOBMOXKHOU Tepe-
TPY3KH IIPH IPUEMOYHBIX HCTIBITAHUSX.

2. MaTepna.nbl, HCXOAHBbIC JAHHBIC U METOAUKA UCCJICI0BAHUA

B xauectBe pabouero marepuaia B UCCIEI0BaHUH IPUHAT paHee BIOPAHHBINA aBTOpPaMU aJTFOMUHUEBBIH
nedopmupyembiii cruiaB 1915 B cocrosuuu T rpynmsl criaBoB Al — Zn — Mg [7]. OcHoBHBIE (QHU3UKO-
MEXaHUYECKUE XapPaKTEPUCTHKHU CIUIaBa M €r0 CBApHOTO COCTUHECHHMSI, HEOOXOAMMBIE /ISl MOJICIIMPOBaHUS,
MOJTyY€HbI SKCIIEPUMEHTAIBHO U MpescTaBieHbl B Ta0. 1. McnbiTanus oO6pa3noB mpoBeAeHbl o Mexrocy-
napcteeHHbIM cTanaaptam ['OCT 1497-84, TOCT 9454-78, TOCT 25.502-79°.

Tabnuya 1. DU3UKO-MeXaHHYECKHE XaPAKTEePUCTHKH aTIOMHHHeBOro ciiasa 1915T npu £ =20 °C
Table 1. Physical and mechanical properties of 1915T aluminium alloy at #=20°C

. 30Ha TepMUYECKOTo "
. OcHoBHOIT MeTasLI / CpapHoii mos /
Xapakrepucruka / Characteristics BJIUSIHUS /
Base metal Weld
Heat-affected zone

IIpenen npounocty, c,, MIla/
Ultimate strength, c,, MPa 365 270 269
y i . Gy,»MIla/

.CJ'IOBHLII/I npener TeKy4ecTH, O, 255 910 164
Yield strength, ©,,,MPa
IIpemen BBIHOCIMBOCTH P CHMMETPHYHOM 1uKie, 6_;, MIla/ 100
Fatigue strength for a symmetrical cycle, 6_ MPa - 7
Monyss ynpyroctu, £, MTla/
Young’s modulus, £, MPa 70 000 70 000 70 000
O , %/

THOCI/.ITCJ'[I)HOOe cyxenue, Y, % 28 B 262
Reduction, v, %

M cto4Huk: BeimonHeHo B.A. EpmakoBeiM / S o ur ¢ e: made by V.A. Ermakov.

B xauecTBe 00beKTa HCCIEAOBAHMS MPUHAT pe3epByap U3 aJIOMHHHEBOTO CIIIaBa MO TUIIOBOMY IIPO-
ekty. JlmameTp pesepByapa cocrasuser 15,18 m, a Beicota — 11,92 M. JlHumie pezepByapa o0pa3zoBaHoO JiH-
CTOM TOJNIIMHON 6 MM. Pe3epByap umeet BxoqHOH naTpyOoK TonmMHON 6 MM U AuametpoM 530 mm. Bokpyr
naTpyOKa MpuBapeHO YCWJICHHE CTeHKH ToimuHor 6 MmMm. Ha ormetke +7,700 M mpenycMOTpeHO KOJIBIIO
JKECTKOCTH U3 almoMuHHEeBOTr0 npodmist. Ha ormerke +11,600 pacronokeHo oOpHOE KOJIBIO )KECTKOCTH,
Ha KOTOPOE OMUPAIOTCs KOHCTPYKUMM TOKpbITHS. [lokphiTHE pe3epByapa COCTOUT U3 LEHTPAJIbHOIO

3TOCT 1497-84. Meramisl. MeTozibl MCIIbITaHMI Ha pacTsxenue. Mocksa : Ctangaptundopm, 2008. 26 c.; TOCT 9454-78.
Mertamnsl. MeTon ucnbITaHUS Ha yAapHBIA U3rH0 MPH MOHW)KEHHBIX, KOMHATHOHW W MOBBIICHHBIX; TeMreparypax. Mocksa :
UIIK UznpatenscTBO cTangaptos, 2002. 12 c.; TOCT 25.502-79. Pac4ets u ucbITaHus HA TPOYHOCTH B MAIITTHOCTPOEHUH. MeTOo b
MEXaHMUYECKUX UCIBITAHUI METaJuIoB. MeTozbl HCIbITaHuid Ha ycranocth. Mocksa : ['ocynapcrBennsiii cranaapt Coroza CCP,
1985.25 c.
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pPacmopHOTO KOJIbIIa B BHUIE TPYOb! TommuHOoN 20 MM nuameTpoM 510 MM M CHCTEMBI paJHalIbHBIX U TaH-
TeHIUATBHBIX POTOHOB M3 aJIOMUHHEBBIX Npoduiei. [ToBepx paanambHBIX MPOrOHOB MPUBAPEH HACTHI
TOJIIUHON 6 MM.

TomnmMHa CTEHKU MEHSETCS 10 BBICOTE:!

— ot otMmeTkH 0,000 10 +3,000 — 10 Mm;

— ot otMmeTkH +3,000 1o +6,000 — 8 MmMm;

— ¢BbIlIe oTMeTKH +6,000 — 6 MM.

Pacuernas mMomenb pesepByapa cozmanHa B IIK
Ansys C MOMOUIbIO CTEPKHEBBIX U IUIACTUHYATBIX
aneMeHToB (puc. 1).

B nmaHHOM HccieoBaHUM MOJEINb 3aKperyieHa
Ha »ECTKOM OCHOBaHMU. Mojenp paccuMTaHa B
YIPYrol MOCTaHOBKe, JUISl 3aJlaHus Marepuana Hc-
MOJIB30BaH MOJYJIb YIIPYTrocTH E=70000 MIla , K03¢-
¢unuenrt Ilyaccona p=0,3 U INIOTHOCTb aJTIOMUHHU-

eBBIX CIUIABOB p = 2700Kr/™’ .

Z[JBI pacyucTa MMpUHATHI CJICAYIOIUC KIIMMAaTH4C-

CKHE YCJIOBHSL:
Puc. 1. O0muii BH KOHEYHO-3JIEMEHTHON MOJEIN _ BeTpOBOﬁ paﬁOH Ia;
W c1ouHuk: BemonHeHo B.A. EpmakoBbiM.

. . . — CHEroBo# paiioH IV.
Figure 1. General view of the finite element model P .
Source: made by V.A. Ermakov. B kauectBe pa6oqu/I KUAKOCTU MpUHATA HC(bTL

3
¢ mmoTHOCThIO P, = 0,9 T/M .

K Mozneny ObLIM IPUIOKEHBI CIETYIONIEe OCHOBHBIC HATPY3KH:

— JaBlieHHE pabovei )KUIAKOCTH;

— CHeroBasi Harpy3Ka Ha IOKPBITHE pe3epByapa;

— BETpPOBasl Harpy3Ka.

Amnanu3 pe3ynsraToB pacdera nokasai, 4ro H/IC crenku ¢popmupyeTcst B OCHOBHOM 3a CUET ACHCTBUS
JaBieHust paboyeii xKuakocTH. Tak Kak uccienoBanue HanpapiaeHo Ha uzydenue HJIC crenku ¢ nedexramu,
OBLIO MPUHSTO PEIICHUE JAIBLHEHIITNE PACUEThI BHIOIHATh HA TAHHOE BO3ICHCTBHE.

MonenupoBaH#e pe3epByapoB LEITHKOM € e(eKTaMH TPYIOEMKO B TpeOyeT OONIBIINX PacUeTHBIX MOIII-
HOCTEH, TOTOMY OIICHKA BIUSHUS Je(EKTOB OCYIIECTBISIACH HAa OTAEIBHBIX 00BEMHBIX MOJIENAX (pparmen-
TOB cTeHOK. [Ipu 3ToM HanpshkeHHO-neopmupoBannoe coctosiue (HC) moneneit pparMeHTOB MOBTOpSIET
H/C ocHoBHOI Monenu pe3epByapa.

Jlns uccnenoBaHus BEIOpaHO Ba THIIA J1e(heKTOB MOHTa)Ka pe3epByapoB METOJIOM PYJIOHUPOBAHUS IIPU
CTBIKOBKE MOJIOTHHIL CTEHKH: YIJIIOBaTOCTh M JIMHEHHOE CMEIEHUE MOJIOTHULLI.

B pesynbrare Obu1a pa3paborana 6azoBas Monenb hparmMenTa 0e3 1eexToB, 7 MoeNei CTEHKH C yIIlo-
BatocTsIMU (puc. 2) 1 5 Mojienei co cMenenneM nojotHuil (puc. 3). Bce Moaeny y4uThIBalOT HATUYUE OfI-
HOCTOPOHHETO CBAPHOTO II1BA, TIOITy4EHHOTO METO/IOM aproHOIyToBOM cBapku. Ha cxeme ykaszana 30Ha cBap-
Horo mBa (CIII), 3ona Tepmudeckoro BausHus (3TB) m ocHoBHOM MeTtamut (OM). ['panuria cBapHOTO TIBa
CHEeUAIbHO HEMHOTO PAaCIIUpeHa, YTO0bI 30Ha KOHIICHTPAIIUN HANPSKEHUH MPUXOAWIACH HA OJUH THIT Ma-
Tepuana. Beicora mogneneit cocrasisger 100 mm.

BepTukanbHBIM IpaHsIM MOJIENICH Ha3HA4YaI0Ch CHMMETPUYHOE 3aKperuieHue. K ropu3oHTanbHbIM rpa-
HSIM MOJIETICH TPUKIIaIbIBATHCH MTEPEMEIICHUS U MONEPEYHOE PACHIPEACTICHHOE YCUIINEe, COOTBETCTBYIOIINE
TOPU30HTAJIBHOMY MEPEMEIICHUIO Y3JI0B CTEHKU pe3epByapa U MONEePEYHbIM YCUIIHSM B MECTE «BBIPE3aHH»
(dparmMenTa MOJeNM OT JEHCTBUS TaBIeHUs paboyel KHUIKOCTH.

BepTukanbHBIM IpaHsIM MoOJeei Ha3Ha4aI0Ch CHMMETPUYHOE 3aKperuienue. K ropuzoHTaabHbIM rpa-
HSIM MoOJIeJIe PUKIIaIbIBAINCh NTEPEMEIIEHUS U MONIEPEYHOE PACHIPEAETICHHOE YCUIINEe, COOTBETCTBYIOIINE
TOPU30HTAJIBHOMY IEPEMEIIEHHUIO Y3JI0B CTEHKU pe3epByapa U MONEePeUHbIM YCUIIUSM B MECTE «BBIPE3aHHSD)
(dparmMeHTa MOJIEIIN OT JCHCTBUS IaBICHUS pabodei KHUIKOCTH.
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— T = 4

(i — Owmm
— —r = 3
! 1 1 MM
— _—— = 4o
e : —— 2 MM
m 5°
L —— 3 MM
—_——————————————
Ly 400 vl i = — 4wmm
= 7°  ———] ‘_K
o F I = — 5wmm
200 . 800 *° N
/r 2 /r -
om/ 378/ cw/ 318/ oM/ ow/ 318/ cw/ 318/ oM
Puc. 2. Cxemsl (hparMeHTOB CTEHOK ¢ fedexTamu Puc. 3. Cxemsl (hparMeHTOB CTEHOK C Ae(eKTaMH
B BHJIE yTJIOBATOCTEH B BUJIE JTMHEHHOIO CMELIEHHS IOJIOTHHII]
W c 1o uHuk: BemonHeHo B.A. EpMakoBbM. W c1o04nuK: Bemonaeno B.A. EpmakoBbiM.
Figure 2. Schematics of wall sections with defects Figure 3. Schematics of wall sections with defects
in the form of angular misalignment in the form of linear misalignment of the wall panels
S ource: made by V.A. Ermakov. S ource: made by V.A. Ermakov.
PacueT BhITIONHSICS C Y4eTOM FCOMeTpI/I‘IeCKOfI n (1)I/I-
3MYECKOW HeTMHEWHOCTH. JIJis peamu3aiyu GU3nIecKkor He- O-‘ 1
JUHEHHOCTH PabOThl MaTepHajoB B PACYETHOM Mporpamme % 5L
OBLTH 3a7]aHbI OMITMHEHHBIC TUarpaMMbl Je(hOPMHUPOBAHH. 0' I
JUis BepuUKaMM pacueTHON Mojenn (parmMeHTa / 3
,Z[e(l)eKTOM CpPaBHHUBAJIUCH HAIIPSAKCHUSA B 30HC, pacCIIOo- ’, [ 8
o —
KEHHOHU BOAJIM OT J:[eq)eKTa C HanpsDKCHUSIMH B MOJICTIM pe- 0 0.2% 1
3epByapa. 2

JUJi *MUTAIMH TIeperpy3KH MPU UCTIBITAHUSX U LIUKJIA
HOPMAaJIBHOM 3arpy3Ku K IJIOCKOCTH CTEHKH U3HYTpPH IpH-
KJIaJbIBAJIOCh JIaBjieHHEe pabouelt )KUJIKOCTH B CIIEAYIOLIEH

Puc. 4. Cxema nehopMHpOBaHuUsi cCaMoro
Harpy»KEHHOTO y3J1a B Pa3HBIX YCIOBHSX HarpyKeHHUS
W c1o04nuK: Bemonaeno B.A. EpmakoBbIM.

HOCICIOBATCIIEHOCTH. Figure 4. Deformation diagram of the most heavily
1. 125 % cpennero pabouero JaBieHHUs B yPOBHE pac- loaded node under various loading conditions
CMaTpuUBaeMoro (parMeHTa, MMHUTHPYIOIIETO Teperpys3Ky Source: madeby V.A. Ermakov.

IIPU IPUEMOYHBIX UCTIBITAHUSX pe3epByapa.

2. HyneBast Harpy3ka, COOTBETCTBYIOIIAs TOJTHOM pasrpy3Ke pe3epByapa.

3. 100 % cpennero pabouero AaBiIeHUs B ypOBHE PACCMAaTPHBAEMOTO ()parMeHTa, IMUTHPYIOIIETO IIUKJIT
HOPMaJIbHOM 3KCIUTyaTalluu pe3epByapa.

B pesynbrare pacdera ka0 MOJENH ¢ Ae(PEKTOM OMpENeIsyICs CaMblii HarpyKSHHBIN y3el, IS KO-
TOpOTO CTpomiIach auarpamma «Hampspkenus — aegopmanusy.

OOumii Bua nuarpammsl «Hanpspkenuss — nedopmarius»y npeacrasieH Ha puc. 4. [Ipu HarpyxeHuu
pesepByapa 0e3 meperpy3kyd BO3HUKAET pabouuid UK, COOTBETCTBYIOUMI yyacTky «0—0’». OnHako u3-3a
NEePErpy3KH B XOJ€ UCHBITAHUH, a TAKKE HAJINYMS KOHLIEHTPALMK HaNpsSKEHUH BO3MOKHO BOSHHKHOBEHHUE
IIACTUYECKUX Ae(opMannii, KOTOpbIE MPHU AaJIbHEHIIIEM HUKINYECKOM HarpyXeHUHU U3MEHSIOT IapaMeTphbl
LIUKJIa, YTO, B CBOIO OYEPE/b, U3MEHSET NPEEI BEBIHOCIMBOCTH CBAPHOIO COEINHEHUS.
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Ha yugactke «0—1» mpoucxoauTt HapacTaHUe HANPsHDKEHUH U ieopManuii BCIeCTBUE IPHIIOKESHUS HC-
nblITaTebHOM Harpy3ku (125 % oT 3KcmTyaTaliMoHHOM), TaK KaK HANPsHKEHUS PEBBIIIAIOT 3HAUE€HUE YCIIOB-

HOTO TIpefieNia TEKyYeCTH O, , HAUMHAIOTCA IIacTudeckue aedopmanun. Ha crnefyromem sTane Harpyska

MOJTHOCThIO cHUMaeTcs (y4dacTok «1—2»). Harpyxenue 100 % skcruryaTalliOHHOM Harpy3kd MPUBOIUT
K JUHEHHOMY YBEIHYEHHUIO AedopManuil U HanpspkeHu# (ydacTtok «2—3»). B manmpHeiimem moBTopsieTcs
pasrpy3ka M HarpyXeHue TOH ke Harpys3koil. TakuMm oOpa3om, HANpPsIKEHUS B TOYKE «2)» COOTBETCTBYIOT

MHUHUMAJIBHBIM HAIIPSKCHUAM ILUKIIA O a HaIlIps>KCHUSA B TOYKE «3» — MaKCUMaJILHBIM HalpsKCHUAM

min *
UKNIa O .

JUJ1g OLIEHKH JTOIyCKaeMOro YKCiia [UKIOB 0 Pa3pylIeHUs HOPMATUBHBIMU JJOKYMEHTaMH 3aKPETICHO
JIBE METOJIUKH:

1. Metoguka o I'OCT 34233.6-2017. Cocynsl u anmnaparsl. HopMbl 1 METOZIBI pacdeTa Ha IPOYHOCTb.
Pacuer Ha MpOYHOCTH IPU MAJTOLUKIIOBBIX HAarpy3Kax.

2. Meroauka no ITHAD I'-7-002-86. Hopmbl pacdyeTa Ha MpOYHOCTH 00OPYAOBaHUS U TPYyOOTIPOBOIOB
ATOMHBIX PHEPIeTUYECKUX YCTAHOBOK.

Metoauka o 'OCT ocHoBaHa Ha MCHOIB30BAHUM aMIUINTY/BI HANPsHKEHUH G, , KO3 PUIEHTaX 3a-

naca NPOYHOCTH IO YHCITy LIUKJIOB M, W IO HAIPSKCHUAM 7, XapaKTEPUCTUKAX A U B, IPUBOAUMBIX JUIS
OIIpEJIeTICHHBIX CTATbHBIX U aIFOMUHUEBBIX CIUIABOB, a Takxke kodduuuenra C, 1 ydeTa N3MEHEHHS TeM-

nepaTypbl IKCIUTyaTaluu:

2

Nl=_—| 2%
[N] |- B
“n

(o)

Metoauka [THAD Gonee pacmmpeHa W JONOTHUTEIHHO YUYUTHIBAET XapaKTEPUCTHUKU Marepuaa,
B TOM YHCJI€ IPOYHOCTh U MJIACTHYHOCTh, KOA((UIHMEHT aCUMMETPHUH IIUKJIA HanpspkeHuit. OnHako B J10-

KYMEHTE 3asBIICHO, 4TO (opMysa MPUMEHSCTCS JUIs CTallell IPH OTHOLICHUH G, /Gy < 0,71 xonnuecTse

k0B 10 10°,
B nokymenTe n3zHadanbHO ipuBeIeHa (popMyna onpeneneHus JoMyCcKaeMol aMITTUTYIbl HampsKEHUH:

Ee o
[G“]: et c _11+r ’
(47’1N [NO]) 1+;17
oy 1-r
rie E— Monynb ynpyrocTd Marepuaina; G_, — HpeleNn BEIHOCIMBOCTH Marepuaia IMpH CHUMMETPUYHOM

LHKIIE; 71, — KO((PUIUEHT 3araca 110 KOJM4eCTBY HUKJIOB (B PaMKaX HAy4YHOIO UCCIIEA0BAHUS IPHHUMAETCS
paBHbM 1); m = 0,5 — xapaxkTepucTuka Matepuana, npuHuMaemas o tabmuue 5.7 [THAD I'-7-002-86; 6, —
Ipeaes NPOYHOCTH MaTepuana; [NO]— JIOITyCKaeMO€ YHCIIO IUKJIOB JI0 pa3pyleHus; ¥ — KO3 UIIHESHT

ACUMMCETPHUH LUKJIA HArPY>KCHUA; € T XapaKTCPUCTHKA INIACTUIHOCTH, OIIpCacsieMas 1o (bopMyne
100
e, =In| ———
100—y

[IpeoOpa3oBanue BBIpAKEHHS] U MOACTAaHOBKA XapaKTEPUCTUKH IIACTUYHOCTU MO3BOJISIET BBIIEIUTD
bopmymy ans pacyeTa JOMyCKaeMOro YUCIa UKIIOB 0 pa3pyIICHUs:
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1 E
[NO]:Z =
G_
o e
oy -7

Taxoke 11 MOBBIIEHHUS YKCIA IIUKIOB MOTYT MPUMEHSTHCA Pa3IUYHbIE METOAbI MOBEPXHOCTHOTO
YOPOUHEHUS U YBEIMUYEHUS Mpeieia BBIHOCIUBOCTU COSAMHEHUH.

Hanpumep, A5 cy1ecTBEHHOIO MOBBIIIEHUS YCTAI0CTHOM IPOYHOCTH YCIIEHIIHO IPUMEHSIETCS YIbTpa-
3BYKOBasl yaapHas 00padoTKa, 4TO JI0OKa3aHO MPH UCIIBITAHUN 00Pa3llOB CBAPHBIX COANHEHUN U3 aIFOMUHH-
eBoro cruiasa 2024-T4 [19]. JlanHbIil MeTOI AABHO U3BECTEH, MPOCT U LIMPOKO MpuMeHsiercs. OaHako pa3pa-
OarpiBatoTCA 1 OoJiee ClokHbIe MeTonbl. B uccrnenosanuu [20] mokazaHo, 4To KoMIiekcHas o0paboTka, co-
yeTarollas TepMUIEecKyto 00paboTKy B pacTBOpE, YACTUYHYIO MPOKATKY U €CTECTBEHHOE CTapeHHe, MO3BO-
JISIET YBEIMYUTH PECypC CBAPHBIX COSIUHEHU B 2—6 pa3s.

B paMkax TaHHOTO MCCIIeIOBaHUs OBLIO MPHHATO PEUICHNE MPUMEHUTEIHHO K AIIOMUHHEBOMY CILJIaBY
1915T ucnonwsizoBats Metonuky mo [THAD I'-7-002-86 BBUaY BO3MOXHOCTH ydeTa aCUMMETPHUH IUKIIA
Harpy>keHwsI, BO3HUKAIOLIEH NpHU Meperpy3ke KOHCTPYKLUH U TUIACTUYECKOH JeopMani B 30He KOHIICH-
TpaIuH.

OrpaHnydeHneM UCCIICIOBAHUS SBISIFOTCS XapaKTePUCTUKH 1e(DEeKTOB: 7 IpaayCcoB YIIIOBATOCTH U 5 MM
JUHENHOT0 CMEIleHUs MOJOTHUII. B pacueTax He y4TeHBI BO3MOXKHBIE IIacTHUECKUE AedopMaluu Mpu
PYJIOHMPOBAHUU U PA3BOPAYMBAHUM JIMCTOB, YTO TAK)KE SIBJIETCS OIPAaHUYECHUEM HcceioBaHus. Pe3ynbraTsl
WCCJIEZIOBAHUS TPUMEHHUMBI JJIs JTF0OO0T0 y4acTKa BEPTUKAJIBHOTO CTHIKOBOTO LIBA CTEHKH, 3a UCKIIOUEHUEM
30HBI YTOPHOTO y3Ja.

3. Pe3yabTarhl U 00CyXK1eHUE

B pesynbrare pacuera Ha OCHOBHYIO Harpy3Ky (IaBieHHe pabodeid KHUIKOCTH) MOTyYeHbI H30MOMS K-
BUBAJICHTHBIX HANPsDKEHUH (pUC. 5) M pagualibHbIe TIEpeMEIeHNs 3JIEeMEHTOB pe3epByapa (puc. 6).

MakcumMalibHble HANPSKEHUs B CTEHKE BAAJIA OT 30H KOHUEHTpaluu cocTapistor 78,48 Mlla u pacno-
JIO>KeHBI Ha BbIcoTe 750 MM OT AHHMIIA pe3epByapa. s Bepudukanuu Mojenu pparMeHTa pe3epByapa npu-
HATBl CPEJHHE 3HAYECHUs HArpy3KH, NepeMelIeHU U IONepeyHOro pacupeesIeHHOIO yCUIUs Ha JaHHON
BBIcOTE, paBHbIe 99 kl1a, 8,52 MM 1 1,4 H/MM COOTBETCTBEHHO.

B pesynbrare pacuera Mojenu pparmMeHTa CTEHKU pe3epByapa 0e3 1e(eKTOB Ha y/laJeHUH OT CBAPHOTO
1B TIOJTyY€HbI 3KBUBAJICHTHBIE HANpspKeHus1, paBHbie 78,46 MIla (puc. 7).

Taxkum 00pa3oM, NPUHATHIN MOAXO/ MO3BOMISET NOTY4YUTh B Mosenu (pparmenta HIC, ananoruynoe ¢
TEM COCTOSIHUEM, YTO BO3HHMKAET B TOM K€ MeCTe IIpH pacueTe Bcero pesepByapa. IIpu stom Habmronaercs
JI0CTaTOYHasi CXOAUMOCTSH B Tipesenax 5 %.

Tak kak auarpamma neopMHUpoBaHusl MaTepraia MoJdydYeHa Mo pe3yabTaTaM OJHOOCHBIX MCIBITAHUN
Ha pacTsDKEHHE, NAbHEHIas OleHKa Pe3yJIbTaTOB OCYIIECTBISUIACH HE MO YKBUBAJICHTHBIM HAIIPSDKEHUSM,
a 110 KOJIBIIEBBIM.

B pe3ynbrare cepun pacueToB pparMeHTOB € YIIIOBATOCTIMH M CMEIIEHUSIMHU OBIITH TOTY4Y€HBI H30I0IIS
KOJIBbLIEBBIX HanpspkeHui (puc. 8) u rpaduxu «Hanpspkenus — nedopmanusy Hanboliee Harpy>KeHHbIX y3J10B
MoOJIeJIel B 30HaX Y CBapHBIX IIBOB (puc. 9).

AHanorn4Ho rpagukam Ha puc. 9 nomyueHsl rpaduku 06e3 neperpyskH.

B pe3synbrare 06paboTKu [uarpaMM MojIyyeHsl apaMeTphl [IUKIOB HArpy>KeHUs ISl PA3JIMUHBIX THIIOB
nedeKToB, ¢ meperpy3koii u 6e3 (Tabm. 2).
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A: Static Structural A: Static Structural
3KEMBBNEHTHBIE HaNPAXEHNS PagnankHbIe NEpeMeLLEHN
Type: Equivalent (von-Mises) Stress - Top Type: Directional Deformation(X Ais)

Unit: MPa
Time: 1

Unit: mm
Cylindrical
Time: 15

o
8,5251 Max 7 #
75627 p
6,604 !

5,638 |
46757

3,7133

2,751 |

1,7886 -

0,82620

-0,13605 Min

120,64 Max
107,23
93,829
80424

67,02

53,616
40212
26,808
13,404

0 Min

£ o
Node 85056 [»

Puc. 5. M30omo:mst skBUBaNeHTHBIX HanpsbkeHuit, MIla
(30Ha maTpyOKa yCIOBHO HE MOKa3aHa)

W cTodHuK: BeMONTHEHO B.A. EpMakoBbiM. Puc. 6. PagnansHbie nepeMenienns 2IeMEHTOB pe3epByapa, MM
Figure 5 Equivalent stresses. MPa M ctouHuk: BeimonaHeHo B.A. EpmakoBbiM.
. >
(the pipe connection area is not shown for clarity) Figure 6. Radial displacement of tank elements, mm
S ource: made by V.A. Ermakov. S ource: made by V.A. Ermakov.

A: Static Structural
SKBMBANEHTHbIE HANPAXEHNA
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 3 s

140,46 Max
126,85
113,24
99,629

72,406 Node 2168

58,795
45,184
31,572
17,961 Min

Puc. 7. DxBUBaJICHTHbBIE HAIIPSHKCHUS B MOJIENHU (parMeHTa CTEHKU pesepByapa, MIla
W ctouHuK: BemonHeHo B.A. EpmakoBbim.

Figure 7. Equivalent stresses in the tank wall fragment model, MPa
S ource: made by V.A. Ermakov.

)
MNode 67543
19843 . 142,34
Node 05124 £
| =
Node 12022

w
o
Node 46027 2

Puc. 8. M30moist KONbIEBBIX HAIPSHKEHUH B 30HAX Y CBAPHOTO IIBA HA 3TAIle HArpy KEeHHUs C Ieperpy3Koii:
a — B MOJICJIU C YIJTIOBATOCTBIO 70; 6—B MOJCIHU CO CMCIICHUEM 5 MM
W ctouHuK: BemonHeHo B.A. EpmakoBbim.
Figure 8. Hoop tension in the regions adjacent to the weld during the overload loading stage:

a — in the model with a 7° angular misalignment; 6 — in the model with a 5 mm linear misalignment
S ource: made by V.A. Ermakov.
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Hanpsokenus, MITa / Stress, MPa
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Puc. 9. I'paduku «Hanpspkenus — nedopmariius» ¢ y4eToM Meperpy3ky B Hauboliee HarpyKeHHBIX y3/1ax:
a — B MOJICJISIX C YIJIOBATOCTSMU, 6—B MOJCIIAX CO CMCIICHUAMU
W ¢ 1o04HuK: BemonaeHo B.A. EpmakoBbIM.

Figure 9. Stress—strain diagrams accounting for overload at the most heavily loaded joints:
a — in models with angular misalignment; 6 — in models with linear misalignment
S ource: made by V.A. Ermakov.

Tabnuya 2. Ilapametpsl nukiioB / Table 2. Cycle parameters

0,007

0,007

C neperpyskoii / Overload

Be3 neperpysku / Normal load

Tun nedexra / Type of defect G in> O axs r G in> O axs r
MIla/MPa | MIla/MPa MIla/MPa | MIla/MPa
Bes nedekron / Defectless 0,0 1279 0,00 0,0 1279 0,00
VYrnosaroctk 1° / Angular misalignment 1° —0,6 154,8 0,00 0,0 167,0 0,00
VYrnosarocts 2° / Angular misalignment 2° 2.9 169,0 —0,02 0,0 188.,5 0,00
Yrnosatocts 3° / Angular misalignment 3° —38,7 148,6 -0,26 -7,6 188,4 -0,04
Yrnosatocts 4° / Angular misalignment 4° -50,8 150,5 -0,34 -14,7 195,8 -0,08
Yrnosatocth 5° / Angular misalignment 5° -76,0 149,2 -0,51 -232 201,7 -0,11
Yrnosatocth 6° / Angular misalignment 6° -112,2 140,9 -0,80 -50,5 202,4 -0,25
Yrnosatocts 7° / Angular misalignment 7° —142,3 131,1 -1,09 —75,4 197,8 -0,38
Cwmemienne 1 MM / Linear misalignment 1 mm -36,81 133,54 -0,28 4,14 169,62 -0,02
Cwmemenne 2 MM / Linear misalignment 2 mm -51,68 135,53 -0,38 -11,59 175,44 -0,07
Cwmemennie 3 MM / Linear misalignment 3 mm -70,70 135,52 -0,52 -25,32 180,88 -0,14
Cwmenienne 4 MM / Linear misalignment 4 mm -119,52 119,39 -1,00 —64,49 174,55 -0,37
Cwmenienue 5 MM / Linear misalignment 5 mm -132,18 125,77 -1,05 -74,10 184,14 -0,40
M c1ou4Huk: BemoineHo B.A. EpmakoBbiM / S o ur ¢ e: made by V.A. Ermakov.
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Ha ocHOBaHMU JaHHBIX O MapaMeTpax LUKIOB HArPyKEHUS U PU3UKO-MEXaHHUECKHX XapaKTepUCTHKAX
MarepHaja MOJIy4yeHO KOJIMYECTBO IMKIIOB /10 3apOXKAEHHS TPEIUHbI I KaXI0T0 U3 BapUAHTOB MOJEIH.
Caonnble rpaduku pecypca npeacrasieHsl Ha puc. 10.
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Puc. 10. Pecypc cTBIKOBOTO CBapHOTO COEAMHEHUS:
a — IIpYU HAJIMIWHU YTIJI0BAaTOCTH, 6 — TIpU HaJIM49uKn JIMHEWHOTO CMCIICHUA IMTOJIOTHHIIL
W ctouHuk: BemoiHeHo O.A. KopHeBbIM.

Figure 10. Fatigue strength of a butt weld:
a — where there is angular misalignment; 6 — where there is a linear misalignment of the plate edges
Source: made by O.A. Kornev.

Amnanus rpaduxos Ha puc. 10 nokasai, 4To HaJIMUUE U CTENEHb JIe(eKTa 0XKH1aeMO OTPHUIIATENILHO CKa-
3bIBAIOTCS HA KOJIMUECTBE LIUKJIOB O 3apOKIEHUS TpeuHbl. [Ipu 9ToM nonoxxuTenbHoe BIUsSHUE HA padoTy
CBapHOTO COEAMHEHUs OKa3bIBAET MEperpy3ka BO BpeMs IPHEMOYHBIX HCIBITAHUN. BiusiHue HuBenupyercs
10 Mepe YBEIUYECHHUS CTENIEHH JE(PEKTHOCTH.
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Pe3ynbrarsl IpOBEICHHBIX PACUETOB MO OIIEHKE BIMSHUS YITIOBaTOCTH OMUCHIBAIOTCS CTETIEHHOM (DYHK-
uuen B uHTepBaiie otr 1 1o 7°, a 1aHHbIE IO OLIEHKE JIMHEWHOTO CMEIICHUS — SKCIIOHEHIIUAIbHOM 3aBUCUMO-
CThiO B UHTepBasie OT 1 g0 5 mM. [Ipu 3TOM MUHMMAaTBHAS BEJIMYMHA TOCTOBEPHOCTH AMMPOKCUMAIIUU CO-
crapistet 0,956.

JIoTIOTHUTENTEHO OBLT IPOBE/ICH aHAIM3 KOJIMYESCTBA IIUKIIOB JI0 3aPOXKICHUS TPEIIMHBI B 3aBUCUMOCTH

OT aMIIJIUTYbI z[e(bopMaum"I OUKJIa HArpy>KCHUA €, U THIIA I[C(bCKTa. HOJ'Iy‘-ICHHBIG MAaCCHBBI JaHHBIX HAHC-

CeHBI Ha o0mIyto mKary (puc. 11).
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Puc. 11. 3aBHCHMOCTb KOJHUYESCTBA HHUKJIOB 0 3apOXKACHUSA TPCIINH
OT aMILTUTYAbI JeopMaluii €, MPH Pa3HBIX THIAX JAe()EKTOB
W ¢ 1o unuk: BemonHeno O.A. KopHeBbiM.

Figure 11. The number of cycles before cracks initiate as a function
of the strain amplitude ¢, for different types of defects
S ource: made by O.A. Kornev.

Ananu3 naHHbIX (puc. 11) mokaspiBaeT aHAJIOTHYHBIA XapakTep AehopMUpOBaHUS PParMEHTOB CTCHKH
C YIJIOBAaTOCTSMU U JIMHEHHBIM cMelleHneM noioTHuml. B uatepsane ot 0,6 1o 0,7 MIH HHUKIOB OTYETIHBO
BUIHO, YTO YIJIOBATOCTh 2° SBIISIETCS 00JIee ONMACHBIM JIe(EKTOM, YeM JIMHEHHOE CMEIIeHHE OJIOTHHUIIL, PaB-
Hoe 1 MM, IIOTOMY 4YTO INPHUMEPHO TAKOC KC KOJINMYCCTBO UKIIOB JOCTHUIACTCA IPpHU MEHBIIIEN AMIUIUTyAC Oc-
dbopmarmii.

4. 3akJoueHue

AHanu3 uccieqoBaHU B 001aCTH CTPOUTEIbCTBA PE3EPBYAPOB METOAOM PYIOHUPOBAHUS MO3BOJISET
CZI€TaTh CIEIYIOLUE BEIBOABIL:

1. B OonpinHCTBE MyOMMKaLUi KOHCTPYKLIIMOHHBIM MaTepUaIOM SIBJISIETCS CTallb, U JIUIIb OTPAHUYEH-
Has yacTb TpyaoB CCCP 1970-1980-X IT. OTHOCUTCS K aJIFOMUHUEBBIM CILIaBaM.

2. DKCIIepUMEHTAJIbHbIE UCCIIEIOBAHUS COCPEAOTOUEHBI HAa YyUYETe BIUSHUS TEXHOJIOTMH PYJIOHHPOBA-
HUS U CBapHBIX COEMHEHUI Ha YCTAJIOCTHYIO IPOYHOCTh KOHCTPYKLIUH.

3. CpezncrBa KOMIIBIOTEPHOT'O MO/IEIMPOBAHMS HAIIPABJICHBI HAa IPOTHO3UPOBAaHUE MOSBIECHUS Ae(EKTOB
B pe3yJIbTaTe PEMOHTHO-BOCCTAHOBUTEIBHBIX pa0OT METOIOM BCTaBOK.

HoBu3Ha uccnenoBaHus 3aKiIouaeTcs B pacyeTe KOJIM4eCcTBa LUKIIOB 10 pa3pylleHHs CBAPHBIX COEAU-
HEHUIl CTEHOK pe3epByapa U3 aJIOMUHHMEBOIO CIUIaBa C FEOMETPUUECKUMU Ae(DEKTaMU Ha OCHOBE PE3ybTa-
TOB KOMIIBIOTEPHOTO MOJECITUPOBAHUS.
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HcxonHbIMU TaHHBIMU AJIS1 IPOBE/ICHUS PACYETOB MOCIY KM TUIIOBOM IIPOEKT pe3epByapa, a TaKxkKe pe-
3yJBTATHI OTpeIeTeHHs (PU3UKO-MEXaHMUECKIX XapaKTepUCTHK alFOMUHKEBOTO critaBa 1915T.

B o6meil ciioxkHO ObUIO MOATOTOBIEHO 14 KOHEUHO-3JIEMEHTHBIX MOJENeH: MOjenb pe3epByapa M3
CTep>KHEH M IUTaCTHH; MOJIeNb (PparMeHTa CTEHKH CO CBapHBIM IIBOM 0e3 1edeKToB; 7 Mozenel pparMeHToB
CTEHKHU CO CBapHBIM IIBOM M Pa3HOIl CTENEHBIO YIIIOBAaTOCTH; 5 MOJENeH (pparMEHTOB CTEHKU CO CBApPHBIM
IIBOM U Pa3HOM CTENEHbIO JIMHEHHOI0 CMELeHUs TOJOTHUIL. DparMeHThl CTEHOK PACCUUTBIBAINCH C yUETOM
u 0e3 ydera meperpy3KH.

AHanu3 pe3ynbTaToB 10Ka3ajl 3aKOHOMEPHOE CHIKEHHE PECypca CBAPHOIO COEJUHEHUS C yBEITMUECHUEM
creneHu gegekrHocTy. [Ipu 3ToM oTMeuaeTcs MONOKUTENbHOE BIUSHHUE IEPErpy3Ku KOHCTPYKIHIMA IPU PpH-
€MOYHBIX MCIBITAHUSIX.

ITpensioxeHHbIN MOIX0] TO3BOJISIET OLEHUBATh KOJIMYECTBO LIMKJIOB /10 3apOXKICHHS TPEIIUH Ha JII000H
BBICOTE BEPTUKAJIBHOTIO I1IBA, 3a MCKIFOYEHUEM 30HBI YTOPHOTO y31a. ClienoBaTeIbHO, MOHTaKHAsl OpraHu3a-
Ul TOJIy4aeT MHCTPYMEHT JUIi OOOCHOBaHMsS HEOOXOIMMOCTH IIPOBEJCHHUS PEMOHTHO-BOCCTAHOBU-
TENBHBIX PadOT WM MPUEMKH KOHCTPYKIMHU C JOMYCKaeMbIMHU Je(eKTaMu HCXOHs U3 PacyeTHOrO CpokKa
CIIy>KOBI (KOJIMUYECTBA LIUKJIOB Harpy)xeHus ). Takxke cBeZCHUS O KOJMUYECTBE LIUKIIOB MOTYT OBITh MCIIOIb30-
BaHbI [IPYU IJIAHUPOBAHUN OCBUJIETEIbCTBOBAHUS KOHCTPYKLUII B 30HaX ¢ Aedexramu.

Pe3synbTarel Mccie0BaHusI IPUBEIEHBI ITPU YCIOBUH, YTO BO3MOXKHBIE IIJIaCTHYECKHE JIe(hopMaLlui IpU
PYJIOHUPOBAaHUY U Pa3BOPAYMBAHUM JIUCTOB HE YUUThIBAIUCH. [lanbHelue uccnenoBaHus OyayT BKIOYATh
y4eT JaHHBIX IPOLIECCOB.
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AnHoTanus. Ilyrem aHanm3a OTEYECTBEHHBIX M 3apyOEKHBIX JHMTEPATYPHBIX HCTOYHUKOB HCCIIENOBAHBI BO3MOXKHBIE METOIBI
YIpaBJIEHHEM paclpeleleHus HaNpsHKeHUIl B PasJIMUHBIX KOHCTPYKLHMSAX M PAaCCMOTPEHAa BO3MOXKHOCTb MX HMPUMEHMMOCTH K
CTaJBHBIM PEOPHUCTO-KOJIBIIEBEIM KYIIOJIaM IPH BO3HHKHOBEHHH aBapUITHOW CHTyallMd B OHOpHOM y3ie. IIpoBeneH pacuer ymc-
JICHHBIX MOJIeJiel peOpHCTO-KOIBIIEBOIO KyINOia B pa3jMuHbIX MOCTAaHOBKAaX 3a/ad C YYE€TOM IPOrPECCUpPYIOLIEr0 OOpyIIeHUs! KOH-
CTPYKIMY TIPY TIOBPEKACHUH OMOPHOTO AIIEMEHTA: IMHEWHBIN CTaTHUECKU, HEIMHEHHBIH KBa3UCTaTUIECKUN, HEMMHEHHBIN TUHAMU-
yeckuil. [lo naHHBIM pacyera clenaHbl BBIBO/IBI O XapaKTepe NepepacnpeiesieHns] HalpsDKeHUH B KOHCTPYKTUBHOM CHCTEME U ITOCIe-
JYIOIIEM CLEHAapUH oOpyIIeHHs KOHCTPYKIMHU Kynosa. [IpoBeaeH aHalu3 YMCICHHBIX MOENEH peOpHCTO-KOIBLEBOTO KyIoia ¢
MOBPEXKJICHHBIM OIOPHBIM Y3JIOM M MOJeNel, B KOTOPBIX peali30BaHbl pa3IMYHbIEe METObl PETYIMPOBAHUS HaIpsKEHHO-Aedop-
MHPOBaHHOTO COCTOSIHUSI M JjaHa OIleHKa 3((QEKTHBHOCTH WX HCIIONB30BAHUS JUIS YIPABICHUS HaNPsHKEHHO-IE(OPMHPOBAHHBIM
COCTOSIHUEM B KYIOJbHBIX KOHCTPYKLMSAX IPH BO3SHUKHOBEHMHU aBapuiiHON cuTyauuu. [lo pesyapraraM 4MCIIEHHOIO aHalu3a ITy-
TeM CpaBHEHHs HallpsHKEHHO-1e()OPMUPOBAHHBIX COCTOSHUI Pa3HBIX CXeM C peaH30BaHHBIMU CHCTEMaMH YIPaBIEHUs pacipe-
JIJICHUEM YCUJIMH B CUCTEME TIPEIUIOKEH MEXaHU3M PETyIHPYeMOi paboThl KyNOJIBHOTO MOKPBITHS C JOITYCTUMOM CTENEHbIO pa3-
PYIISHHS, TO3BOJSIONINI COXPAHUTh HECYIINI Kapkac U n30eXKaTh JaIbHENHIIEro IporpecCUpyIOIIero 00pyIeHusl.

KnroueBble cjoBa: ynpasiseMas KOHCTPYKIHUS, IPOrpeccUpylolliee 00pylIeHHe, KOHTPOIUPYEMOE pa3pyllieHHe, IpeIBapUTeIlb-
HOE HaNpsKEHUE, Pa3rpy3Ka CUCTEMBI
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Abstract. Through a review of Russian and international scientific literature, this study investigates potential methods for control-
ling stress distribution in various structural systems and evaluates their applicability to steel ribbed-ring domes in case of acci-
dental situations involving the failure of a support node. Numerical simulations of the ribbed-ring dome were conducted across
various problem settings to account for progressive collapse triggered by the localized failure of a supporting element. These simu-
lations encompass linear static, nonlinear quasi-static, and nonlinear dynamic analyses. Based on the computational results, con-
clusions are drawn regarding the patterns of stress redistribution within the structural system and the subsequent collapse scenarios
of the dome. Furthermore, a comparative analysis was performed on numerical models of the ribbed-ring dome with a damaged
support node, alongside models incorporating various techniques for stress distribution control. The efficacy of these techniques in
controlling the stress distribution in dome structures under accidental situations was rigorously evaluated. Finally, based on the
numerical analysis and through a comparative evaluation of the stress distributions across different configurations equipped with
force distribution control systems, a mechanism for the adaptive action of the dome roof system is proposed. This mechanism al-
lows for a tolerable degree of localized damage while preserving the integrity of the load-bearing frame and preventing subsequent
progressive collapse.
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1. BBenenue

ObecrnieyeHne HeCylIel ClIOCOOHOCTH KOHCTPYKIIMU TPU BOZHUKHOBEHUH aBApUMHOMN CUTYaIlH SBIIS-
eTcs OTHOW M3 3a7a4 NP MPOCKTUPOBAHUN YHUKAIBHBIX KOHCTPYKIIMNA U 3aHUH C TIOCTOSHHBIM MaCCOBBIM
npe6biBanyeM Jofeil cornacHo Tpebosanuio Poccuiickoro cona npasun CIT 385.1325800.2018'. K nan-
HBIM THIIaM KOHCTPYKIIUH OTHOCSITCS W KYIOJBHBIC TOKPBITHS BBUAY CBOEH paclpoOCTPaHEHHOCTH IMPH
CTPOUTENHCTBE OOIIECTBEHHBIX 3aHUN U COOPYKEHHI C OOIBIIUMH MTPOJIETAMH.

Ocoboe BHMMaHHE K 3aIIUTE OT HPOTPECCHUPYIOIIEro OOpYyIIEHHs yAEseTcs OJHOCIOWHBIM Mpo-
CTPAHCTBEHHBIM 000JI0YKaM, TaK KaK B JIaHHBIX KOHCTPYKIMSIX MOBPEXKICHUE B OJHOM 3JIEMEHTE WU y3JIe
HPUBOJUT K BBIXOY M3 CTPOSI BCEX MPUMBIKAIOUINX JIEMEHTOB, YTO, B CBOIO OY€PEb, MOXKET CIIPOBOIIHPO-
BaTh Mporpeccupymomiee oopymeHne Bceid KoHCTpyKuuH [1]. K maHHBIM cucTemMaM OTHOCATCS U peOpHcTo-

' CII 385.1325800.2018. Cox npasui. 3aiuTa 31aHui 1 COOPYKEHHUH OT NPOrpeccupyromero obpyuenus. Ilpasuna npo-
extupoBanusi. OCHOBHBIC ToNIoXKeHHsI. MockBa : Ctanmaptuadopm, 2018. 24 c.

Alexander V. Golikov, Candidate of Technical Sciences, Senior Lecturer of the Department of Metal and Timber Structures, Moscow State University of
Civil Engineering (National Research University), 26 Yaroslavskoye Shosse, Moscow, 129337, Russian Federation; eLIBRARY SPIN-code: 1369-7819,
ORCID: 0000-0001-6588-6031; e-mail: av.golikoff@yandex.ru

Alexander M. Korenets, Postgraduate student of the Department of Metal and Timber Structures, Moscow State University of Civil Engineering (National
Research University), 26 Yaroslavskoye Shosse, Moscow, 129337, Russian Federation; eLIBRARY SPIN-code: 5970-7718, ORCID: 0009-0005-9503-8822;
e-mail: korieniets@bk.ru

400 ANALYSIS AND DESIGN OF BUILDING STRUCTURES


https://orcid.org/0000-0001-6588-6031
https://orcid.org/0000-0001-6588-6031
https://orcid.org/0009-0005-9503-8822
https://orcid.org/0009-0005-9503-8822

lonukos A.B., Koperey A.M. CTpouTenbHas MexaHuka UHXEHEPHBIX KOHCTPYKLMIA U coopyxeHuit. 2026. T. 22. Ne 4. C. 399414

KOJIBLIEBBIE KyIIOJIa, KOTOPHIE, HECMOTPS Ha JOCTATOYHO BBICOKYIO CTEIEHb PE3EPBUPYEMOCTH CHUCTEMBI,
HUMEIOT B CBOEW KOHCTPYKLIMU AJIEMEHTHI, BBIXO/ U3 CTPOSl KOTOPBIX TAK)KE MOXKET NMPUBECTH K 3HAYUTEIIb-
HBIM TIOBPEKJIEHUSIM BCETO COOPY>KEHHUS.

[lepBble KOHKPETHBIE AEHCTBHS B O0JACTH 3aIMUTHI 31aHUH OT MPOTPECCUPYIONIETO OOPYIICHHUS CTAN
NpeANpPUHUMATHCS Bee yaie B koHle XX B. [2]. Kak oguH n3 BapuaHTOB pelIeHus IpooiieMbl 00eCTIedeHus
JKUBYUYECTH COOPYKEHUS IPU aBapUUHOM CUTyallUM YYEHBIM COOOIIECTBOM OBLIO MPEIOKEHO CO3/1aHue
YIPaBIsAEMbIX KOHCTPYKIMH. V3yueHne BO3MOKHOCTH yIPABICHHUsI KOHCTPYKLHUSAMU C LIEJBIO CO3/IaHUs ca-
MOPETYIHPYeMOl KOHCTPYKTHBHON CHCTEMBI, CIOCOOHOW MIHOBEHHO pearupoBaTh Ha BHEIIHHE BO3JCH-
cTBUs myTeM nepepacnpenenenus HJC, cTano npuopuTeTHHIM HampaBiIeHUEM JJIs TaKUX OTEYECTBEHHBIX
yuenbix, kak H.I1. A6osckuii u B.I. CeGemies [3]. UMu ObIH paccMOTpEHBI pa3IdHbIe CIIOCOOBI MO Tiepe-
pacnpeneNneH!I0 YCUIUH B 2JIEeMEHTaX KOHCTPYKIMH ¢ TOYKU 3PEHHSI CTPOUTENBHON MEXaHUKH, YTO TIOMHMO
KOHTPOJISl YCTOMYUBOCTH COOPYKEHHS B aBAPUIHOM COCTOSIHUM TaKXKe MO3BOJISUIO PELIUTh 331a4y o Oosee
PaBHOMEPHOMY paclpeeleHUI0 YCHUIIUM 10 3JIEMEHTaM KOHCTPYKIHUHU U MOCIEAYIOIIed 3KOHOMUHY Ha MaTe-
pHasiax MyTeM YMEHBILIECHUS CEUEHUS.

O0beKT uccief0BaHUs — KOHCTPYKTHUBHAsI cUcTeMa peOpucTo-koibleBoro kymnoina. [peamer —
XapakTep M3MEHEHUs HalpsKeHHO-Ie(OPMUPOBAHHOE COCTOSIHUE HECYIIeH CUCTEMBI KYIIoJia MPU MCIIOJNb-
30BaHMU Pa3NUYIHBIX MeToA0B m3MeHeHuss H/IC cuctemsl B aBapuitHOM cUTyaIln.

Hayuynasi HOBH3HA COCTOHMT B ONpEAETICHUU CTENEHM 3aIIUThl KOHCTPYKIUH PEOPHCTO-KOIBLEBOTO
KyTI0JIa OT IPOrPECCUPYIOLIETO OOPYIIEHHS KX I0T0 U3 pacCMaTpUBAEMbIX METOIOB.

IIpakTHYeckasi 3HAYUMOCTh PadOThI — BBISBICHHE 3aBUCUMOCTEN B IE€pEpacHpeesIeHUN Halpsi-
KEHUH M YCHJIMH B pacCMaTpUBAEMBIX METOJAaxX 3aIlUThl OT MPOTPECCUPYIOIIET0 OOPYIICHUS B KOHCTPYK-
MU peOpUCTO KOJIBIIEBOrO-KyToia Ha 0cHOBe uncieHHbix mojeneit B [IK JIMPA CAIIP 2024 R2.3.

Lenv uccneoosanuss — mouck Hambosee 3ddexTuBHBIX MeTonoB ympasieHus HAC koHCTpykimm
peOpHUCTO-KONBIIEBOTO KYIOJda Ul CO3JaHUs CaMOPETYIMPYyEeMO KOHCTPYKTHBHOHW CHUCTEMBI, CIIOCOOHOM
MI'HOBEHHO pearupoBaTh Ha BHEIIHHWE BO3ACUCTBUS MYTEM Pa3rpy3KH CUCTEMBI U CHATHS MUKOBBIX Hamps-
skeHuit [4].

JU JOCTHKEHUS LM PEILEH Pl CISAYIOIINX 3a/1ay:

— KPpUTUYECKUN aHalIn3 paboT OTEUECTBEHHBIX U 3apyOEKHBIX YUEHBIX B 00IAaCTU M3YUYEHHS] METOJOB
YIpaBJICHUs] KOHCTPYKTUBHBIMU CHCTEMaMU;

— OIIEHKA MPUMEHUMOCTH PACCMOTPEHHBIX METOIOB [Tl KOHCTPYKIIUU peOPHCTO-KOIBIIEBOTO KYIIONa;

— MOZICIIMPOBAHUE PACUETHBIX CXEM Kyloja ¢ IPUMEHEHHUEM BO3MOXKHBIX CXEM IO PETYIMPOBAHMIO
HJIC cucremsr;

— comocTrasieHue pe3ysibraTtoB MoaenupoBanuss H/IC nmoBpexaeHHON cXeMbl CO CXeMaMU, UMEIOIIMMU
pasrpy304HbIA MEXaHU3M PEryJIMpOBaHUs HANPSKESHUH;

— aHaJIU3 PEe3yJIbTaTOB MOJICIMPOBAHMS 3alIUTHl OT OTKa3a ¢ ompeneneHueM Haubomnee 3(h(HEeKTHBHOTO
metona ynpasinenuss H/IC cuctempl mpuMEHUMO K peOpUCTO-KOIBIIEBBIM KyTIOJIaM.

2. Moaeiau 1 MeTOabI

Ananuz memo0oog 3auwumul 0m npocpeccupyioujeco oopyueHus

[lepen paccMOTpeHHMEM KOHKPETHBIX KOHCTPYKTHBHBIX PELIEHHH IO YIPABICHUIO paclpeieieHHeM
YCHIIHH 110 3JIEMEHTaM KOHCTPYKLIUU peOpPHCTO-KOIBIIEBOTO KYTIOJIa B aBAPHIHOM PeXHMe paboThI [5] 6110
MPOAHAJIM3HPOBAHO BIMSHHUE STHX PEIICHUI B 00IIeM BHJE, a MMEHHO Ha MPUMeEpe YMCIEHHBIX MOJeei
(puc. 1) (c ToUKHM 3peHusi CTPOUTETHHON MEXAHUKH) IIyTEM 3aMEHbI MEXaHHU3Ma PacIpeesieHus] YCUINNA Ha
JMHEWHBIM IpOCTON 37eMEHT JMO0 Ha peaklMio WIH YCHWIHE, KOTOpOe JaHHBIH MEXaHU3M JIOJIKEH BBI-
3Bath [6].

B ocHOBY aHa/n3a U3MEHEHUs YCWINH B KOHCTPYKLIUU KYIIOJIa JIENIU CJIEAYIOIINE METOAbl H3MEHEHUS
H/C cucremsr:

1) mpuMeHeHue NpeABAPUTEIBHOTO HAMPSIKEHUS B AJIEMEHTAX, CIIOCOOHOTO KOMIIEHCHPOBATH JIOTION-
HHTEJIBHOE YCHUIIHE, BEI3BAHHOE aBapUWHOW CUTYallHEw;
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2) WCTONB30BaHUE 3aTSHKEK IS TIepeladyl yCUIINA Ha MEHee 3arpy>KeHHbIE SJIEMEHTHI;

3) yMeHbIIeHHE HAPSHKEHUH B 2JIEMEHTAX IyTeM Pa3rpy3Kd CHCTEMBI.

ITepBoIif MeTon momyuym Ooiee MMPOKOE PACIPOCTPAHEHUE B KEIE300€TOHHBIX KOHCTPYKIHX, HO C
TEM HIOAHCOM, YTO TaM OH NPUMEHSETCS /Ul MOBBIIICHUS HECYlIeld CIoOCOOHOCTH 31eMeHTa 0e3 H3MEHEHUs
cedeHnit n MatepuanoB. CyIHOCTh METO/Ia COCTOUT B MPEIBAPUTEIHLHOM CO3aHUN YCHIIUS B dJIeMeHTe (Ha
JTalne CTPOMUTENbCTBA), HAPABIEHHOIO B IIPOTUBOINOJIOKHYIO CTOPOHY OT YCHJIUS, BO3HMKAIOLIETO B 3Ie-
MEHTE IpU NPHIOKEHUU K HEMY Harpy3KH.

[TpuMeHHUTENBHO K KYTIOJBHBIM CUCTEMaM MpPEABAPUTEIBHOE HAMPSIKEHHE MOXKET OBITh MPUIIOKEHO K
peOpaM KOHCTPYKLIMHU B HANpPaBICHHH, IIPOTHBOMOJIOKHOM YCHIIUSM, BO3HHKAIOIIUM B MOMEHT TOBPEkKIE-
HUS OMOPHOTO y371a. [ mnore3a o BO3MOXXHOM paboTe JaHHOW TEOPHH OCHOBaHA HA TOM, YTO YCHIJINS, BO3HH-
Karolye B pedpax MpH MOBPEXICHUH y3I1a, UIMEIOT TO )K€ HallpaBJIeHHE, YTO U IPU HOPMaJIbHOM padoTe Ky-
10J1a ¥ U3MEHSIOTCS JIUIIb 10 BEJIMYMHE, TO €CTh HalpaBlIeHHE NPeIBApUTEILHOIO HAIPSDKEHUS MOYKHO 3a-
Jathb 3apanee [7].

B nanHOM MeTone HEOOXOOUMO ONpPENeNINTh BEIMYMHY IIeperpy3a B Haubosee Harpy>kKeHHOM 3JIEMEH-
T€ U CO3/aTh MpEIBAPUTEIHHOE HANPSHKEHUE Ha ATy ke BennuuHy. [Ipobiema MeToma cOCTOMT B HEPAaBHO-
MEpPHOCTH HANpPsKEHUI NpU aBapUiHON CUTyallud U HEBO3MOXKHOCTHU 3apaHee OMPENEINTh, B KAKOM U3 Y3-
JIOB TIOBPEIUTCS OIOpa, a HampspkeHHe OyleT BO BceX pedpax MPUIIOKEHO OIMHAKOBOE, MO3TOMY TaKkKe
HEOOXOIMMO MPOBEPUTH Ha OTPHULATENbHBIN 3(h(EeKT OT NecTBUS TaHHOTO METO/A.

Bo BropoM MeToje 3aTsKKH MCIOIb3YIOTCS KaK 3J€MEHTHI, Nepearolue YCHIINE C Meperpy eHHbIX
3JIEMEHTOB Ha HEJOIPYKEHHBIE, TEM CaMbIM OO€CIIeurBasi paBHOMEPHYIO Iepeaady ycuiui 1no pedpam [8].
[Tpu ananu3e paboOTHI KyIoja C MOBPEXKAECHHBIM peOpoM HaOmopanach cieyrollas KapTUHa pacipenene-
HUS HalpsDKCHUI: UMENIOCh JIBa TUIA TPYMIl pedep, neperpykeHHbIe U Pa3rpyKeHHbIE, KOTOPbIe MOCIe0-
BaTeJIbHO YEPEIOBAINCH 110 KPYTY, HAUMHAs C TPYIIIBI IIeperpyKeHHBIX pedep B 30HE aBapuitHoro y3ma. [1o-
TOMY BO3HHKAaeT HEOOXOAMMOCTh B BBEJCHMH B CHUCTEMY 3JIEMEHTOB, KOTOpPBbIE MOIIM OBl TepenaBaTh
Harpy3Ky ¢ Harpy>K€HHOTo pebpa Ha cocesiHee pasrpykeHHoe. Takke BO3ZHHUKAaeT BOIPOC O MECTE yCTaHOB-
KU TaKUX 3JIEMEHTOB, TaK KaK U3 aHAJIN3a 3III0p BUIHO, YTO MAKCUMAaJIbHBIE MOMEHTHI B apKaxX BO3HUKAIOT B
CpeAHEeN 4acTH MOJIyapKH, a MAaKCHUMaJbHbIE YCHJIUS B IPUONOPHON 30HE [9], MOATOMY B JAaHHOM METOJE
OTIPEIEIISAIOTCS MECTa MAaKCUMAJIBHBIX HOPMAaJIbHBIX HANPSHKEHUH, M UCXOIS U3 ITOTO pacCMaTpUBAeTCs He-
CKOJIBKO BapHUaHTOB IIOCTAHOBKHU 3JIEMEHTOB NIepeiaul YCHITHI.

o

Puc. 1. Dmopsl MakCHMaIbHBIX MOMEHTOB:
a — W POJIOJNIbHBIX YCUIINIL; 6 — B pedpax apku Kyroia

U ¢ 1o uHuk: BemonHeHo A.B. IN'omukossiM, A.M. Kopermom.

Figure 1. Diagrams of maximum moments:
a — and longitudinal forces 6 — in the ribs of the dome arch
S ource: made by A.V. Golikov, A.M. Korenets.
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TpeTuit MeTos ¢ pa3rpy3kol CUCTEMBI IOIpa3yMeBaeT CHITHE MUKOBBIX HANpPsKEHHUH ¢ pedep myTeM
o011eil pa3rpy3Ku CHCTEMBI M, KaK CJIEACTBHE, YMEHbIIIEHUE HANPsKeHU B 11esioM 1o cucreme [10]. B nan-
HOM CJIy4ae B Pa3TpyKEHHBIX peOpax HalpspKeHUs MajaloT 10 MUHHMYMa, a B MEperpyKeHHBIX pedpax
YMEHBILIAIOTCS 10 pabOTOCIOCOOHOTO COCTOSIHMS. B KyMmOJbHBIX KOHCTPYKLUMSAX MPHUKIAIBIBAIOTCS CIIEHY-
IOII[€ OCHOBHBIE TUIIBI HATPY30K: COOCTBEHHBIN BEC, Harpy3ka OT Beca MOKPBITUS, CHEroBasi Harpy3Ka, BeT-
poBas Harpy3ka. Tpu mocieqHue Harpy3Ku MEepefaroTcs Ha KyIoJl Yyepe3 KPOBEJbHbIE MaHENIH MOKPBITHS.
COpoc naHHBIX MaHesNeil MO3BOMISAET OCTABUT B CUCTEME HAINPSHKEHHS TOJIBKO OT COOCTBEHHOTO Beca caMmoit
KOHCTpyKimu [11].

s mpoBepku 3(pPEeKTUBHOCTH Pa3IUYHBIX METOAOB 3aIIUTHI KYMOJIBHOTO KapKaca OT MPOTPecCHpy-
fomero oopymenus B nporpaMmuom komriekce JIMPA CAITP 2024 R2.3 pazpaboTtana Moneib CTaIbHOTO
PEOPHUCTO-KONIBLIEBOTO KYTIOJIa C TUAaMETPOM OCHOBaHMS 42 M, BBICOTOM CTpeJbl HoAbeMa 7 M, IIarom pedep
15° ¢ ceuenniem 35B2. /Iy Bcex ayieMEHTOB MpUMeHsuiach ctaib C245 mo MexXrocynapcTBeHHOMY CTaHAap-
Ty TOCT 27772-20212. Tlpu co3naHuy MOJENH MCHOJIb30BAINCH CTEP/KHEBbIE KOHEYHBIE SJIEMEHTHI THIA
K310, pasmepbl KOTOpBIX HA3HAYAINCH JI0 TOYEK MEPECEUEHUS C COCETHUMHU 3JIEMEHTAMU, TaK KaK JaHHOTO
pasmepa JOCTaTOYHO JUIS aHaJH3a M0 KPUTEPUIO HECYIIeH CIOCOOHOCTH 3JI€MEHTa, KOTOPBIN SIBISIETCS OC-
HOBHBIM ITapaMeTPOM TpH OIeHKE YPPEKTUBHOCTH METOJOB. Tak KaK Ha MPAKTHKE MHOTHE THIIBI OMIOPHBIX
y3JI0B KYTIOJIbHBIX KOHCTPYKIIUH MMEIOT KECTKOE 3allleMJIeHHe, B CXeMe Ha KOHIax pedep ObUIM HalOKEeHBI
rpaHUYHbIC YCIOBHS B BUJE OTPAaHUYECHMS MEpPEMEIEHU U YITIOB MOBOPOTa BO BCeX HampamieHusx [12].
[Tpumbikanue Kosel K pedpaM KyIojia BBIIOJHEHO HIAPHUPHBIM C pa3pelieHUueM MOBOPOTa MO OCsAM, Mep-
NEHAMKYJIPHBIM ocu cTepkHA. K maHHO# cxeme mpuiiokeHb! clieayrole HOpMaTUBHbIE HAarpy3KU coIiac-
no CIT 20.13330.2020°:

— Harpy3ka oT kpoBenbHOTo nokpseiTus 0,5 klla;

— Harpyska ot cHeroBoro nokposa 1,5 kIla,

U TPETUH BapuaHT 3arpyeHUs /Ul KyHOJIbHOW MOBEPXHOCTH:

— Harpy3ka oT BeTpoBoro BozzaeiicTeus 0,23 kIla.

PacueTHOE cOCTOsIHME CHUCTEMBI MPEAIOIaraeT aBapuilHyl0 CUTYallliO, BI3BAaHHYIO JONOIHUTEIbHBIM
BHEUIHUM YCHJIMEM IPH HAUXY/IIEM COUYETAaHUM MPOEKTHBIX HArpy30K, MO3TOMY pacyeT Mpearnoiaraet mnpo-
BEPKY Ha J[Ba pacueTHBIX COYETAHUS HArpy30K: OCHOBHOE 1 0coboe (puc. 2). ABapHiiHast CUTyalus PEIo-
JaraeT Xpynkoe paspylleHUe ONOpBI, IO3TOMY B PACUETHOM CXEME€ peain30BaHa IyTeM MIHOBEHHOIO yna-
JICHUS y37a.

N 3arpyx. Haumerosarmne Bua 3nxaxonepeM.  Bsaumonckn. Kosd. HagexH. fons anuTensH. 1.0cHosHoe 1 2.0cHosHoe 1 3.0cHosHoe 3 4.0coboe 1 5.0coboe 2 6.0coboe 3
LoadingID  Name Type Alternating sign  Mutually exdusive Safety factor ~ Reduction factor Basic 1 Basic 2 Basic 3 Spedal 1 Specal2  Spedal 3
— CobcrsenHbii ec / Self-weight | MocTosrroe(M) / Permanent + 1.0 1.0 1 1 1 0.952 0.952 0.952
2 MokpeiTue /Roof NocroskHoe(1) / Permanent + 1.0 1.0 1 1 1 0.833 0.833 0.833
3 Crer 1/Snow 1 Kparx. npouie (K) / Variable other + 1 12 0.35 1 0 0 0.357 0. 0.
4 Crer 2 / Snow 2 Kparx. npoune (K) / Variable other + 1 1.2 0.35 0. 1 0. 0. 0.357 0.
5 CHer 3 /Snow 3 Kparx. npouue (K) / Variable other + 1 1.2 0.35 0. 0 1 0. 0. 0.357
6 Nynscaws X / Fluctuation X Tocrozrroe(TT) / Permanent + 1.0 1.0 1 1 1 i 1 1
7 + 0. 0 0 0

Betep X /Wind X HeaxTtusHoe (H/a) / Inactive (N/a) 0.0 0.0 0. 0.

Puc. 2. KoaduimeHTsl pacueTHBIX COYCTAHUI HATPY30K

W c 1o uHuk: BemonHeHo A.B. IN'omukossiM, A.M. Kopermom.

Figure 2. Factors of design load combinations
S o urce: made by A.V. Golikov, A.M. Korenets.

[lepBUYHBIM KpUTEPHUEM OLIEHKHU MOBPEXKICHHOCTH 3JIE€MEHTOB Kynona 1 3()()EeKTHBHOCTH paccMaTpu-
BAaE€MBIX METOJIOB SIBJISIETCS KO3(DPHUIIMEHT HCTIONB30BaHUSI CEUCHHSI TI0 TIEPBOMY TPEACTFHOMY COCTOSHUIO.
AHanu3 KOHCTPYKLMH 10 JaHHOMY KPHUTEPHIO JAaeT MPEACTABICHHE O CTENEHH MOBPEXKICHUS IEMEHTOB,

2TOCT 27772-2021. TIpoKar Iyis CTPOUTENBHBIX CTANBHBIX KOHCTpyKIuid. OOIume TexHUueckue ycnosus. Mocksa : Poc-
CUHCKWH MHCTUTYT cTaHaapTu3anmm, 2021. 35 c.

3 CIT 20.13330.2016. Harpysku u Bo3neiictBus. AxryamusupoBannas penakius CHull 2.01.07-85%. Mocksa : Cranuap-
tuHdopm, 2018. 95 c.
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ydJacTKax HauOoJbIIei KOHIIEHTPALUHU YCUIINI, Ha KOTOPBIE MepepacpeeNniach Harpy3Kka, a TaKkKe Ipe-
M0JIaraeMOM CLEHApUU JajbHEHIIero pa3pyluieHusi KOHCTPYKIMHU. JJaHHBIA aHaJIn3 MO3BOJIWII CAENaTh nep-
BOHA4YaJIbHBIC MPCAIIOI0KECHUA O MECTax I[aJH)HeI\/'IHIeI‘O pa3pyui€Hus1, KOTOPbIC BLICTYIIAIOT HCXOHHOﬁ TOY-
KO# 115t mpuMeHeHus: MeTo 0B 1o n3meHeHuto HJIC cucremsr.

Taxoke UIsl YTOYHEHHsI pe3yJbTaTOB JIMHEHHOTO CTaTHYECKOIO pacueTa BHINOIHEH HEJIMHEHHBIN reo-
METPUYECKHI pacyeT Ha Imporpeccupyromee oOpyiieHne B KBa3UCTaTHUECKON U TUHAMUYIECKOM OCTaHOB-
Kax, 110 pe3yJbTaTaM KOTOPBIX IMPOBEACH CPaBHUTENBHBIA aHAIHM3 MOKa3areneil ko3 (UIIMEHTOB HCIIOIb30-
BaHUS HECYIIEH CIOCOOHOCTH CEYSHMIA JIEMEHTOB, a TakXKe 3HAaYCHHE YCWINK B HambOoliee HApsHKEHHOM
anemenTe (Tabam. 1).

Tabnuya 1. PacyeTHble 3HaYUeHUs] YCHIIMIE B HanGo/1ee HANIPS’KEHHOM 3JIeMeHTe NPU Pa3InYHbIX OCTAHOBKAX 321241

TporpammHbiif JINPA CATIP 2024 R2.3
KOMILJIEKC
Tun pacuera ﬂﬂHeﬁHblﬁv Henuneiinbrit 5 He.nnnep”mblﬁu Henunuelinblii KBa3MCTaTHYECKUI € YTOUHEHHBIM
CTATHYECKUH | KBAa3MCTATHYECKHMI | JTMHAMUYECKHUI K03 PUIEHTOM THHAMHYHOCTH
N, xH 1648 1952 1603 1603
My, kHxm 87,3 118,7 93,7 93,7
0Oz, kH 34.6 47,1 24,7 24,7
Oy, xH 0,03 0,1 0,24 0,24
Mz, kHxm 2,1 0,3 1,08 1,08
Mx, kHxm 0,1 0,2 0,11 0,11
W cTouHuk: BeimosnHeHo A.B. IN'onukosbiM, A.M. Kopeniiom.
Table 1. Design values of internal forces in the most stressed element for different problem settings
Software LIRA SAPR 2024 R2.3
Analysis type Linear static N on-linear N online'ar Nonlinear guasi-st‘atic \ivith a refined
quasi-static dynamic dynamic amplification factor

N, kN 1648 1952 1603 1603
My, KNxm 87,3 118,7 93,7 93,7
0Oz, kN 34.6 47,1 24,7 24,7
Oy, kN 0,03 0,1 0,24 0,24
Mz, KNxm 2,1 0,3 1,08 1,08
Mx, kKNxm 0,1 0,2 0,11 0,11

S ource: made by A.V. Golikov, A.M. Korenets.

[Ipn nepBUYHON UTEpaMK KBA3UCTAaTHUECKOTO pacueTa B y3Jie HaJ MOBPEXKIECHHON OMTOPON Ha3HAYal-
cst kKoahdunmeHT TMHAMUIHOCTH Ddin= 2 [13].

[o pe3ynpraTram JaHHOTO pacyeTa MOJYYEHO, YTO OOPYIIEHHE OIIOPHOTO AIEMEHTa pedpa COOTBETCTBYET
nepBoil hopme koneGaHMid, IsI KOTOPOM OBLIM MPHUHATHI YaCTOTa BHYTPEHHUX KojeOaHwii v = 2,43 pan/c
u niepuon konebanuit 7 = 2,93 c. JlanHbIe mapaMeTpsl OBUIN UCTIONB30BAHBI JUIS JaJbHEUIIETO HETMHEHHOTO
JMHAMHUYECKOTO pacyeTa.

[Ipu 3aganum TMHAMUYECKOTO pacueTa ObLIM 33JaHbl CICIYIOLIIE TapaMeTphl:

—Bpems otkaza d7=0,17=0,1%x2,93 =0,293 c;

— mwar uHrerpupoBanusa 0,57 = 0,5%2,93 = 1,47 c;

— BpeMs uHTerpupoBanus 30 c;

— Y4acToTa JAJs BhlUMCIIeHus: Ko uuueHtoB Panes 2,43 pan/c, 3HaueHue JorapuMUIECcKoro JeKpe-
MeHTa Kojiebanwmii 0,3;

— 3HaueHue kodpduimenta Panes o = 0,232.

[To pe3ynapraraM HEIMHEHHOTrO IMHAMHYECKOTO pacdera IMOMy4YeH IpapuK KUHETHYECKOH SHepruu
(puc. 3, a) u rpadMK BEpTUKAIBHBIX TIEpEMEIICHUI HAA0MOPHOTO y3ia (puc 3, 0)
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Swdawy

x
N

o

Puc. 3. I'padux kuHeTHYECKOH 3Hepruu (a), Tpaduk nepemMenieHns HaJomopHOro y3ia no Z, MM (6)

W c1ouHuk: BemonHeHo A.B. IN'omukosbiM, A.M. Koperiom.

Figure 3. Kinetic energy graph (a), graph of the displacement of the support node along Z, mm (6)
S ource: made by A.V. Golikov, A.M. Korenets.

W3 ananu3a rpadukoB MOIYy4EHO, YTO 3HAUEHHE MAKCUMAJIbHBIX IIEPEMELICHNI COBNAET ¢ KOHEYHOM
TOYKOM Tpadyka, COOTBETCTBYIONIEH PaBHOBECHOMY COCTOSIHUIO CHCTEMBI, U3 YeTO0 MOKHO C/IEaTh BBIBOJ,
9T0 K03()(YUIMEHT TMHAMUYIHOCTH JUISl IAaHHOTO KOHCTPYKIUH paBeH Ddin= 1.

IIpy MOBTOPHOM HENMHENHOM KBa3HCTATUYECKOM PACYETE B y3JIe C MOBPEKACHHBIM OINOPHBIM 3JE-
MEHTOM KO3 GHUIHMEHT TUHAMUYHOCTH 3aMeHeH Ha Ddin= 1.

B nanHO# cxeme paccMmarpuBajach aBapHifHasi CUTyalus, MPHU KOTOPOH OMOPHBIN y3en Hamboiee
Harpy>k€HHOro pedpa KyIoja BbIXOAUT U3 cTpod. IIpu Takoll MOCTaHOBKE 3aJa4u Pedpo ¢ MOBPEXKIECHHBIM
y3JI0M BBIKJIFOUAETCSI U3 pabOoThl, U HAarpy3Kka OT HEro nepepachpeaessercs Ha coceiHue pedpa, B KOTOPhIX
BO3HHKAIOT HAMPSKEHUS, 3HAYUTEIHHO MPEBBIIIAIOIINE HECYIIYI0 CIOCOOHOCTh pebpa. B pesynsrare mo
LEMHOM peakuuu MPOUCXOAUT MOCIEI0BATEILHOE pa3pyIIEHUE OCTAIbHBIX pedep, TO €CTh POrPeCCUPYIO-
niee oOpymieHue Bcel KOHCTpyKimu (puc. 4). Jlanuwii cuenapuii nepepacnpenenenus HJIC B cucreme
HaOII0aJICst BO BCEX BapHaHTaxX MOCTAHOBKHU 331241 KaK P JIMHEWHOM pacueTe, TaK U IpU HETMHEHHOM.
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Puc. 4. Mo3anka HCII0JIb30BaHNs CEYEHHI 110 rpynnam npeacibHbIX COCTOSIHHI:
a — TepBas TpyImna; 6 — BTOpasi rpyImmna
W c1o4nuK: BemonaeHo A.B. I'omukoBsiM, A.M. KopeHom.

Figure 4. Mosaic of the utilization of sections by type of limit states:
a — ultimate limit state; 6 — serviceability limit state
S ource: made by A.V. Golikov, A.M. Korenets.

B noBpex1eHHOI MOJIeNN TIPEBBINICHNE PACIETHOTO COMPOTUBIICHHUS IIPOUCXOIMIIO B IIEPBYIO 09epeb
B JIByX COCEIHHUX pedpax OT MecTa MOBPEKICHHs U pedpax, MPUMBIKAOIIUX K CBSI35M, TIOITOMY IEPBOHA-
YaJIbHO ONPEEIIMIA BEITMYUHY U TOUYKY KOHIICHTPAIIMM MaKCHMAJIbHBIX HANPSDKEHHUH B IaHHBIX pedpax. M3
aHaJIM3a MPOIOIBHBIX YCHIMN M U3rHOAOIINX MOMEHTOB BBIICJIIIN YEThIpe HAaHOOJIee OIMaCHbBIX y4acTKa:

y4acTok 1 — B pedpe, cocelHeM C MOBPEIKICHHBIM C MAKCUMAITbHBIM MOMEHTOM;

y4acTok 2 — B pedpe, COCEHEM C MOBPEXKICHHBIM ¢ MAKCUMAIIbHBIM TPOJOJIEHBIM YCUIIAEM;

y4acTok 3 — B pedpe, NPUMBIKAIOIIEM K CBS3H, C MAKCHMAJILHBIM MOMEHTOM;

y4acTok 4 — B peOpe, NPUMBIKAIOMIEM K CBS3U, C MAKCHMAIbHBIM ITPOJOTBEHBIM YCHIIHEM.

Ha ocHoBe pe3ynbsraToB pacyera JUisi 0cOO0TO COUETaHUsI Harpy30K MOJyYeHBI CIEAYIONINE pe3yibTa-
THI IPOJOIBHBIX YCHIINH, MOMEHTOB 1 HOPMaJIbHBIX HaNPsOKEHUH (Taod. 2).

Tabnuya 2. PacyeTHble 3HaYeHus1 IV, M, 1 6x 17151 HauOoJ1ee ONMACHBIX Y4aCTKOB
Table 2. Design values of V, My, and o for the critical regions

Ne yyactka / Region ID N,xH | M,, xHxm ox, MIla 1 m.c./ ULS, % 2 m.c./ SLS, %
1 890 123 365 92 52
2 1167 164 408 112 57
3 1019 44 300 107 56
4 16438 87,3 490 168 82

M ctouHuk: Bemonuero A.B. TomukossiM, A.M. Kopentom / S o ur ¢ e: made by A.V. Golikov, A.M. Korenets.

W3 ananuza JaHHBIX TAOMUIBI MOMYYWJIM, YTO MECTO C HAuOOJbIIeH KOHIIEHTpAlUel HarpsuKeHH
HaXO/UTCS B MPHOIIOPHOM Y4acTKe pedpa, MPUMBIKAIOMIETO K CBsI3H (ydacTok Ne 4), mosTtomMy nanbHeHmuit
aHaJIM3 METOJIOB 3aIIIUTHl KOHCTPYKIIMU OT MPOrPECCUPYIONIEro 00pyIIEHHs! TPOBOAMICS I 3TOTO yYacTKa.

g ynoOcTBa aHaivM3a U3MEHEHUH B MOJENSAX Bce pedpa Kymojia mpoHyMmepoBaHbl (puc. 5). ITope-
JKJIEHUE, COIVIaCHO JaHHOM HyMepaluH, paccMaTpuBajioch B pebpe 6, Hanboiee HalpspKEHHBIM ydacTOK
paccMarpuBaiics B pedpe 9.

Yucnennas mooenv — 1-u memoo

JlJis MeToia mpeaBapuTEIbHOTO HAMPSDKEHUST B MIEPBOM MTepanuu (Tadi. 3) YUCICHHON MOIENH MpH-
JIO)KEeHa Harpy3ka K Haubosee HampsHKeHHOMY YYacTKy pedpa, MPOTHUBOIIOJIOKHAS HANPAaBICHUIO BHYTPEH-
HEro CKMUMAIOIIET0 YCHIINS, C BEIUYUHON, KOMIECHCUPYIOIIEH pa3HUIy MEXAY YCHUIMEM NpU aBapuiHONU U
HOpMaJIbHOH paboTe KOHCTpyKuuu. JlJisi JaHHOTO y4yacTka 3Ta BenuunHa coctasiser 1580 — 1270 = 310xH.
Jlis manHOTO y4acTKa 3Ta BenmuuHa coctapisieT 1580 — 1270 = 310 xH. B pesynsrare mepBoro mpuommke-
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HUS TIPOLEHT HCIOJIb30BaHMUS CEYEHMs 110 MEPBOMY IPEIEIBHOMY COCTOSIHMIO yMeHbIIMCS ¢ 169 no
145 %, B coceaHeM dIEMEHTE ITOro ke pedpa TakKe YMEHBUIMJICS MPOLEHT Hcmojib3oBaHus ¢ 107 mo
106 %. Bo BTOpO#i HTepalyu JaHHAs Harpy3ka IpeaBapUTEIIbHOTO HAPsHKEHHs Obla IPUIIOKEHA KO BCEM
pebpam [14], B pe3yabrare 4ero 1o nmepBoMy MpeaeIbHOMY COCTOSHUIO B peOpe 9 MpOIEHT HCIIOIb30BaHuUs
HE U3MEHWJICS OTHOCUTENBHO mpeabayeii urepauuu (145 %), HO BO BceX OCTalIbHBIX peOpax yMEHBIIUII-
cs 1o 3HaueHuit menbiue 100 %. B TpeTbell nTepaunu 3HaYeHUE MpeIBapUTEIbLHOIO HANpsKeHHs B pedpax,
COEIMHEHHBIX CO CBs3sMH, OblI0 yBenmuueHo 10 650 kH, a B ocranbHbeIX pedpax ymenbuieno a0 200 kH.
B gerBeproii urepanuu Harpy3ka B pedpax co cBs3saMu Obuta yBenmdeHa 10 950 kH. [Ipu maHHBIX 3HAYCHU-
SIX TPOLICHT UCTIONIb30BAaHUs CedeHus Bcex pedep cran menbie 100 % (tadm. 4).

— - pebpo,BbIKNIDMEHHOE U3
paboTbl / rib is disabled
- pebpa c NpoLEeHTOM UCMNONb30BAHNSA CEYEHUA
MoBpekaeHHbIA yaen Gonbwe 100% / ribs with a percentage of
Damaged node cross-section utilization greater than 100%
—— - pebpa c MakcumanbHbIM NpoLeHTOM
ncnonbaoBaHusa cevenna f ribs with the
maximum percentage of cross-section utilization
- pebpa c NpoUeHTOM MCMONbL30BAHNA CeYEHUA
no 100% / - ribs with a percentage of
cross-section utilization up to 100%

Puc. 5. Hymeparus pebep kymoina

W cTouHuk: BeimosnHeHo A.B. IN'onukosbiM, A.M. Kopeniiom.

Figure S. Numbering of the dome ribs
S ource: made by A.V. Golikov, A.M. Korenets.

Tabauya 3. Onucanue uTepanuii mepBoro MeToa

Ne urepanun

Onucanue

VYcunue npeaBapuTenbHOTO HANPSHKEHUS TPUKITAABIBAETCS TONBKO K pedpaM, HCUEPIABIINM 3a1ac IPOYHOCTH

pu aBapuiiHoii cutyauuu. Benmuuuna ycunus 310 kH

Ycunue npeaBapuTesIbHOTO HAPSHKEHUS IPUKIIAIbIBACTCs KO BceM pedpam. Bennuuna ycumust 310 kH

Ycunue mpeaBapuTEIbHOTO HAaNpsDKEHMsS NPHKIAagbIBaeTCs KO BceM peOpaM. BenmmumHa ycwmust s pebep

ucueprasmux 3amnac npoynoctd — 650 kH, nuist Bcex ocranpubix — 200 kH

Ycunue mpeaBapUTEIbHOTO HANPSDKEHMS NPHKIagbIBaeTcs KO BceM pebpaM. BenmmumHa ycwmust ms pebGep

ncuepnaBmux 3amnac npoudoctu — 950 kH, ns Beex ocranpabix — 200 kH

W c T ouHuk: BeimosnHeno A.B. INonukosbiv, A.M. Kopeniiom.

Table 3. Description of iterations of the first method

Iteration ID

Description

design situation. The prestressing force is 310 kN

The prestressing force is applied only to the ribs that utilized all their strength under the accidental

The prestressing force is applied to all ribs. The prestressing force is 310 kN

their strength and 200 kN for all other ribs

The prestressing force is applied to all ribs. The prestressing force is 650 kN for the ribs that utilized all

their strength and 200 kN for all other ribs

S ource: made by A.V. Golikov, A.M. Korenets.
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Tabruya 4. TIpoueHT UCNOJIBL30BAHUS cedeHusl B pedpax s 1-ro merona
Table 4. Percentage of cross-section utilization in the ribs for the first method

Ne pedpa / Rib ID | ABapuiinas padora / Accidental situation I/IlTep auzm / Ite}ratior;s
1 60 60 | 35 44 | 44
2 153 153 | 129 | 104 | 81
3 53 53 30 | 41 | 57
4 65 65 40 | 48 | 48
5 110 110 | 85 94 | 94
6 31 31 31 31 | 31
7 112 112 | 87 96 | 96
8 40 40 | 39 57 | 73
9 169 145 | 145 | 119 | 97
10 62 62 37 | 45 | 45
11 60 60 | 35 44 | 44
12 58 58 34 | 42 | 42
13 58 58 33 42 | 42
14 85 85 62 36 | 24
15 47 47 | 23 29 | 45
16 55 55 30 | 39 | 39
17 55 55 30 | 39 | 39
18 55 55 30 | 39 | 39
19 55 55 30 | 39 | 39

20 77 77 54 | 28 | 36
21 84 84 | 61 35 | 19
22 58 58 33 42 | 42
23 58 58 33 42 | 42
24 69 69 | 44 53 | 53

M cTou4Huk: BemoaneHo A.B. INomukoBbiM, A.M. Koperniom / S o ur ¢ e: made by A.V. Golikov, A.M. Korenets.

Yucnennas mooenvb — 2-1ii memoo

Bo BTOpOM MeTOE /Ui Tepesadr yCUIIHN ¢ Teperpy>KeHHbIX pedep Ha MEeHee HarpyKeHHbIE UCIIONb-
30BaJIMCh 3aTSDKKH, BBIMOJIHEHHBbIE M3 Kpyra nuamerpoMm 30 mMm. B mepBoit urepauuu pacuera (puc. 6, a)
3aTSDKKU YCTAHABIMBAINCH B OMOPHBIX 3JIEMEHTaX pedep, COeIMHEHHBIX CO CBSI3SIMH, B BepxHel Touke. [1o
pe3ylbTaTaM pacueTa 3HAuYUTEIbHBIX H3MEHEHHI B CUCTEME HET: B peOpe cO CBSA3BIO MPOLEHT HCIOIb30Ba-
Hust yMeHbmics ¢ 169 1o 168 %. Bo Bropoit urepauuu (puc. 6, 6) npu ycTaHOBKE 3aTsXKEK Ha BceX pedpax
IPOILIEHT UCHOIb30BaHMsI CeueHUs yMeHbImiIcs 10 156 %. B tperbeit urepanuu (puc. 6, 6) 3aTsDKKU ycTa-
HaBJIMBAJIMCh B TOYKE MAKCHUMAJIBbHBIX MOMEHTOB [15], U B pe3ynabraTe MPOLEHT UCIOJIB30BAHUS CEUCHUS
ymenbuics 10 147 %.

a ] 8

Puc. 6. Cxema yCTaHOBKH 3aTsKEK:
a — TIepBasi UTepanus; 6 — BTOpPasi UTEpaLUs; 6 — TPEThs UTEpaLUs
W ctouHnuk: BemonHeHo A.B. IN'omukosbiM, A.M. Koperiom.
Figure 6. Tie installation diagram:

a — first iteration; 6 — second iteration; ¢ — third iteration
S ource: made by A.V. Golikov, A.M. Korenets.
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[Tpu nanpHeHIIEH yCTaHOBKE 3aTsDKEK eIl Ha YPOBEHb BBINIE 1O peOpy MpUBEN K yBETHUEHHIO JaH-
HOTO TOKa3aTelii B OCTalbHBIX pedpax, MOATOMY B YETBEPTOW HTEPALMU HCHOJIb30BAIUCH 3aTSDKKH B
YPOBHE TOYEK C MAaKCUMaJIbHBIM MOMEHTOM C MPEIBAPUTENbHBIM HApsHKEHHEM B HUX. [Ipu Mcnonb30BaHun
MPEIBAPUTEIHHOTO HAIPSDKEHUS 3HAUYECHUS] YMEHbBINAIOTCS B mpeaenax 1-2 %, 4To He a0 3HaYUTETHHOTO
pesynbraTa JUisl IPEIOTBPAICHHS TPOTPECCUPYIOLIETO 0OPYIIECHHS] KOHCTPYKITHH.

Yucnennas mooenvb — 3-ii memoo

B manHOM MeToie MOIEIHMPOBAIOCH JBAa BAPHAHTA PACUETHBIX CUTYAIM: C TIOJIHBIM CHSTHEM Harpys-
KA ¥ C YaCTUYHBIM CHSTHEM Harpy3kd ¢ BepxHel MosoBUHBI pedep. Cuctema moapasymeBaeT cOpoc Kpo-
BEJIbHBIX MAHENIeH, B Pe3yJIbTaTe Yero B pacyeTe HE YUMTHIBAIOTCS HArpy3Kd OT MOKPBITUS, BETPOBOTO BO3-
JIEHCTBHS M CHETOBOTO MOKpoBa. [IpuHIunmaibHoe OTIIMYMe JaHHOTO METOJA OT JBYX IPEIbIIYIIUX COCTO-
UT B TOM, YTO B MPEABIAYIINX MOICIAX COXPAHAETCA 3aMKHYTOCTh CUCTEMbI U OOIINE YCUIIUS 10 CHCTEME
nepepacnpenessIoTcs BHYTPU Hee oT Oojiee 3arpyKeHHBIX pedep K pasrpykeHHbIM. B manHOM Metone cu-
CTeMa CTAaHOBUTCS Pa30MKHYTOHM, TaK KaK YaCTUYHO CHUMAETCS! BHEIIIHEE BO3/ICHCTBHE C HEe, B pe3ysbTare
YEero ¥ MPOUCXOJUT YMEHbIIICHNE HAIPsDKCHHM B a1iemeHTax [16].

B nepBoii urepanuu (puc. 7, 6) (tabn. 5) cucrema pasrpy’xajiach HOJTHOCTHIO U OCTaBajach TOIBKO
Harpy3ka oT COOCTBEHHOTO Beca. AHAIM3 Pe3yJbTaToB pacyeTa JaHHOM UTepaluu MoKas3as, YTO MPOLEHT
WCIIOJIb30BaHMSI CEUEHHs B peOpax MpH MepBOM IMPENETbHOM COCTOSIHUM HE MpeBbIIaeT 5 %, 9T0 TOBOPHUT O
BBICOKOI 3()(eKTUBHOCTH METO/A.

Tabruya 5. OnucaHue UTepalnii TPETHEro METO1a

Ne Iteration Onucanne

1 C KOHCTPYKIMH yOUpArOTCs Bce KPOBENbHbIE TAHENN U Harpy3ka, KOTopas depe3 HUX IepeaeTcs

) C KOHCTpyKIHM yOHMpaeTcsl BEpXHHMH SpyC KPOBEIbHBIX INaHENIeH BO3Je IEHTPATbHOTO KOJNbIA KyIola H
Harpyska, KOTopas uepe3 HHX IepeaeTcs

3 C KOHCTPYKIMHU yOupaeTcs IBa BEPXHHX fApyca KPOBENBHBIX MaHENeH OT IEeHTPaIbHOTO KOIbIA KyHoNla H
Harpyska, KOTopas uepe3 HUX IepenaeTcs

4 C KOHCTPYKIHH yOUpaeTcs TpHU BEPXHHUX Apyca KPOBEIBHBIX IaHENEH OT IeHTPaIbHOTO KOIbIA KyHoNia H
Harpyska, KOTopasl 4epe3 HUX IepenaeTcs

5 C KOHCTPYKIMH yOUpaeTcs YeThIpe BEPXHUX SIPyca KPOBEIBHBIX MaHENIeH 0T MEHTPAIBHOr0 KOJbla KyIojia
U Harpy3Kka, KoTopas 4epe3 HUX Hnepenaercs

6 C KOHCTPYKIUH yOHpaeTcs MATh BEPXHHX SAPyca KPOBEIBHEIX MaHENCH OT IEHTPAIBHOTO KOJbIa KyIoia H
Harpyska, KOTopas 4yepes HUX MepefacTcst

W ctouHuk: BemonHeHo A.B. IN'omukosbiM, A.M. Koperiom.
Table 5. Description of iterations of the third method
Ne urepauuu Description

1 All roof panels are removed from the structure, along with the loads transferred through them

5 The uppermost tier of roof panels adjacent to the central ring of the dome is removed from the structure, along
with the loads transferred through it

3 The two uppermost tiers of roof panels adjacent to the central ring of the dome are removed from the structure,
along with the loads transferred through them

4 The three uppermost tiers of roof panels adjacent to the central ring of the dome are removed from the structure,
along with the loads transferred through them

5 The four uppermost tiers of roof panels adjacent to the central ring of the dome are removed from the structure,
along with the loads transferred through them.

6 The five uppermost tiers of roof panels adjacent to the central ring of the dome are removed from the structure,
along with the loads transferred through them.

S ource: made by A.V. Golikov, A.M. Korenets
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B nensx sxoHOMUYecKoi 3((EeKTUBHOCTH CHCTEMBI TIPY JaJIbHEUIIIEM ee BoccTaHoBieHuH [17], B mo-
CIIENYIOLIUX UTEPalUsIX U3 MOAENH YIAISUIMCh MMOCIEA0BATEIbHO PSAIbl KPOBEJbHBIX MAaHENed U Harpys3Ka,
KOTOpas 4€pe3 HUX ICpClaBaliaCb, HAYMHAA C BEPXHETO psAAad, TPUMBIKAIOINICIO K HEHTPAJIbHOMY KOJIBILY.
Wtepannn npoBOAUINCH A0 MOMEHTA MOKA MPOIEHT MCIOIb30BaHUs CAMOI0 HarpyKeHHOro pedpa He craj
Menbie 100 % (tabm. 6).

Tabnuya 6. IIpoueHT UCNOIB30BAHNUSA cedeHUs B pedpax uis 3-ro MeToaa
Table 6. Percentage of cross-section utilization in the ribs for the 3rd method

Ne pedpa / Rib ID | ABapuiinas cutyauust / Accidental situation - I/IzTepauslm / Itfratiozls -
1 60 2 | 55| 51 | 45 | 38 | 28
2 153 5 149 | 143 | 130 | 110 | 81
3 53 3 50 | 46 | 43 | 35 | 25
4 65 2 | 61 | 56 | 49 | 40 | 28
5 110 3 | 105]|100| 91 | 79 | 61
6 31 1 30 | 30 | 29 | 28 | 26
7 112 3 | 107|102 | 93 | 80 | 62
8 40 4 | 36 | 33 | 28 | 21 | 14
9 169 5 | 164 | 156 | 141 | 117 | 83

10 62 2 | 56 | 52 | 45 | 37 | 27
11 60 2 | 55| 50 | 44 | 35 | 24
12 58 2 | 54| 49 | 43 | 34 | 24
13 58 2 | 54| 49 | 42 | 34 | 24
14 85 5179 | 72| 63 | 51 | 41
15 47 3 | 44|39 | 32|23 | 14
16 55 2 | 50 | 46 | 40 | 32 | 22
17 55 2 | 51| 46 | 40 | 32 | 22
18 55 2 51 46 | 40 | 32 | 22
19 55 2 51 46 | 40 | 32 | 22
20 77 3 75 | 70 | 61 | 46 | 24
21 84 5178 | 71 | 62 | 51 | 27
22 58 2 | 54| 49 | 42 | 34 | 24
23 58 2 | 54| 50 | 44 | 37 | 27
24 69 2 | 66 | 62 | 56 | 47 | 34

M cto4Huk: BeimonHeHo A.B. T'omkossiM, A.M. Kopenniom / S o ur ¢ e: made by A.V. Golikov, A.M. Korenets

3. Pe3yabTaThl HCC/IEJOBAHUS M HX AHAJIN3

ITo pe3ynbraTaM pacyeToB U aHaNM3a pabOThl KOHCTPYKIMU B COYETAaHUN C METOJaMH 3allUTHI OT IPO-
rpeccUpyIoLero oopyIIeHus cocrtaBieHa Tabnuua (tadin. 7), rie oToOpa)keHsl pe3yibTarsl 3G dekTuBHOCTH
IPUMEHEHHS KaXKJJOTO M3 METO/Ia OTHOCHTEIILHO aBapUITHON CUTYaIHH.

Tabnuya 7. IIpoueHT HCNOIB30BAHMSA CeYeHHUs B pedpax /Ul KaxKI0ro Meroaa, %
Table 7. Percentage of cross-section utilization in the ribs for each method, %

1-ii meTon / | 2-it meTox / | 3-i meTox /

Hapawerp / Parameter 1th method | 2nd method | 3rd method

MaxkcuMaNbHBIH MPOICHT HCIOIB30BaHUs CEUCHUS pebep /

Maximum percentage of rib cross-section utilization 7 148 83

CpenHee 3HaUYCHNE YMEHBIICHHS MPOLICHTA UCIIOIB30BAHMS CEUCHHUS 10 pedpam /

The average value of the reduction in the percentage of section utilization along the ribs 21,6 0.0 39.3

M cto4Huk: BeimonteHo A.B. T'omukobiM, A.M. Kopentom / S o ur ¢ e: made by A.V. Golikov, A.M. Korenets.
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Puc. 7. PacueTHas Mmonens:
a — ucxonaHoe cocrosiue; urepauun: Ne 1 — 6, No2 — 6, No3 —2, Noe4— 09, No 5— e, No 6 — orc
W c1ouHuk: BemonHeHo A.B. INonukoBbiM, A.M. Kopeniom.

Figure 7. Model:
a — initial state; iterations: No. 1 — 6, No.2 —6, No. 3—2,No.4—0,No.5—e, No. 6 —arc
S ource: made by A.V. Golikov, A.M. Korenets.
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4. 3akjiloueHue

1. ITo pe3ynpraraM aHanu3a pabOTHl METOAOB 3AIIUTHI CTAILHOTO PEOPHCTO-KOIBLEBOTO KyHojia OT
MIPOTPECCUPYIOIIETO OOpYIICHUS B CIydae BOSHUKHOBEHHS aBAPUIHON CHUTyallMyd B OMOPHOM y3Jie HauOOJb-
mryro 3¢dexTuBHOCTH Mmokazan metox Ne 3 ¢ pasrpy3koil CHCTEMBI, PH KOTOPOM TPOLEHT HCIOIB30BAHUS
CEUEHUS B MEPErPYKEHHBIX pedpax ynaioch YMEHbIIUTH 10 83 %, a 00muii cpeqHuil IPOIeHT yMEeHbIIIe-
Hus coctaBui 39,3 %. Metog Ne 1 ¢ nmpenBapuTebHBIM HANpPSKEHUEM TMO3BOJIMII YMEHBIIUTh MPOIEHT
UCIIOIB30BaHUS cedeHui B pedpax 1o 97 %, a obmwuii cpeguuii nporeHt cocraBmi 21,6 %. Metom Ne 2
C HUCIIOJIb30BAHUEM 3aTSHKEK OKazajics HauMeHee d(PQEeKTUBHBIM, HE oOecredrBas HeOOXOIMMOI HecyIei
CIOCOOHOCTH.

2. Ilo pesynpraram aHanm3a 1-ro MeToma MOXKHO CKa3aTh, YTO JAHHBIA METON CIIOCOOEH 00eCTIeYHTh
paboTOCTIOCOOHOCTh KOHCTPYKIUH M MPEAOTBPATUTH €€ MPOTrpeccupylomiee o0pymeHne, mpu 3TOM coxXpa-
HSIETCS IEPBOHAYANILHBIA ACTETUYECKUN OOMUK KOHCTPYKUUHU Oe3 BBEACHHS raOapUTHBIX JONOJHUTEIbHBIX
sneMeHToB. K HemocTaTkaM JaHHOTO METO/Ia MO)KHO OTHECTH CIIOKHOCTh pa3pabOTKH TEXHOJIOTUH TpE/iBa-
PUTEILHOTO HATSOKEHUS pedep KOHCTPYKIIMHU, a TaKke TOT (haKT, 4To Il pa3HBIX THIIOB pedep Tpeldyercs
o0ecrednTh pa3Hylo BEJIMUMUHY HAPsLKEHUS B MpeesiaX OHOM KOHCTPYKTUBHON CHCTEMBI.

3. U3 pe3ynbraTtoB paboThl 2-T0 METOZa OTHOCHUTEIHHO HYJIEBOTO 3HAUEHHUs CPEIHEro Iepepacipe-
JICJIEHUsI MOXKHO CKa3aTh, YTO YCHJIUS B KOHCTPYKIIMH IE€pepaclpeesUiInNCh, He HapyIIUB 3aMKHYTOCTH
CUCTEMBI, HO, HECMOTPSI Ha CHID)KEHHE YCHIINI B HanOoJiee HarpyKeHHOM dJIEMEHTE, HaJmuue pedep ¢ mpo-
LIEHTOM HCIONIb30BaHus cedeHus 6omnbiie 100 % cBUAETENBCTBYET O HEIOCTATOUHO 3((HEKTUBHOM U HEPaB-
HOMEpPHOM IepepacipeneneHny ycunuid. Jlanueiid (akT CBUAETENBCTBYET O HEBO3MOXXHOCTH HCIIONB30Ba-
HUSI JaHHOTO METO/Ia JUTS TPeIOTBpaIlleHHs porpeccupyomiero oopymenus. Kpome Toro, Takast KOHCTPYK-
uus TpedyeT BHEIPEHUS JOMOJHUTEIBHBIX IJIEMEHTOB C OONBIIMMH TradapuTaMu, OTPaHUYMBAIOIIMMH
MCIIOJIb30BAaHNE KOHCTPYKIIMHU TI0 3CTETHYECKUM U TEXHOJIOTHYECKUM IPUYHUHAM.

4. C Touku 3peHus 3QPEKTUBHOCTH TPETHH METO[ MMOKa3aJl HAWIYYIIHe Pe3ybTaThl, TaK KaK MPOHC-
XOJUT 3HAYUTEIbHOE CHIDKEHHE HANPsLKEHUN U B cllabo pa3rpy:KeHHbIX pedpax, a Takke HaOIogaeTcs Mak-
CHUMaJIbHOE CHMKCHUE HANPSOHKEHUS B CaMOM Harpy>KeHHOM peOpe, YTO MOBBIIIAET BEPOSTHOCTh MPEIOTBpPa-
IICHUS IPorpeccupyromero oopyuienus. Takxke TaHHBII METOJ 3a CYET YACTUYHOTO CHSTHS HArpy3KH HMMe-
€T JIONOJHUTEIbHBIA HepeaTn30BaHHbIN 3amac A OONbIIEro CHIKEHUS Harpy3KH, 4yTo JiesliaeT ero Oosnee
YHUBEpPCATBHBIM ISl APYTUX TUIOpa3MepoB KymosioB. K HemocTaTtkaM JaHHOTO METOAAa MOXKHO OTHECTH
3HAUUTEILHO OOJIBINNE 3aTPaThl HA BOCCTAHOBICHHE BTOPOCTETIEHHBIX KOHCTPYKIUN KYITOJIa.

5. U3 ananu3a Bcex JTOCTOMHCTB M HEJOCTATKOB PAacCMAaTpUBAEMbIX METOJOB MOXKHO COCTAaBHUTbH Clie-
IYIOIIYIO TPaJaliiio MPUOPUTETHOCTH UX IPUMEHEHUS:

—metoj Ne 3 ¢ pa3rpy3Koil CUCTEMBI;

—metoa Ne 1 ¢ mpeBapuUTEIbHBIM HAIIPSHKEHUEM;

—meton Ne 2 ¢ ncnonb30BaHUEM 3aTsikek (TpeOyeT manpHeimen 10paboTkH).

6. Mcxons u3 cymiecTByIOIIEH MPaKTUKHA aHAJIN3a paboThl KyHNOJIbHBIX KOHCTPYKIHI, BO3MOXKHO pac-
CMOTpEHHUE MPUMEHEHUS TAHHBIX METOJIOB K aHAJIOTHYHBIM 10 KOHCTPYKTHBHOW CXeMe peOpHCTO-KOIBbIIEBHIM
KyToJjaM ¢ ApPyTuMU rabapuTamu.
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Aunnoranus. [IpencrapieHo YUCIEHHOE HCCICIOBaHHE JUHAMHUYCCKOM PEakMi CTPYKTYPHOTO KapKaca, OCHAIICHHOTO AOMOIHH-
TEIBHON CHUCTEMOH JeMI(pUPOBAHUS, NPH CEHCMUYCCKUX BO3ICHCTBHAX MHTEHCHBHOCTBIO OT 3 1o 9 GamwioB. B uccrenoBannn
[IPOBEICHO CPABHEHKE MUKOBBIX IIEPEMEILICHHUI M YCKOPCHHUI Ha YPOBHE BEPXHET0 3Taxka sl 0a30B0il KOH(HUrypauuu u KOHUry-
pauuu ¢ aemndepamu. Pe3yabTaTsl MOKa3bIBAIOT, YTO YCTAHOBKA AEMI(UPYIOMHUX YCTPOUCTB MPUBOAUT K 3HAUUTEILHOMY CHIDKE-
HUIO MTHUKOBBIX TOPU30HTAIBHBIX MepeMelneHnii: Ha 40,5 % npu HU3KOH UHTEHCUBHOCTH U OoJiee yeM Ha 53 % mpH dKCTpeMaIbHON
celicMuueckoil Harpyske B 9 6amioB. Kpome Toro, aHamms akceleporpaMM BO BPEMEHH IT0Ka3bIBACT, YTO CHCTEMa AEMIT(pUPOBAHUS
3G PEKTUBHO TOJABISAET BBHICOKOUACTOTHBIC OCTATOYHBIC KOJeOaHUS u A(PPEKThl «OMEHUIT», XapaKTepHbIe JUIS HE3alIMIICHHON
KOHCTPYKIMH. PaccMaTprBaeTcss MEXaHHYECKOE YCTPOMCTBO (PPUKIIMOHHOTO THIIA. Ba)KHBIM BBIBOJOM HCCIICIOBAHHMS SIBIISICTCS TO,
4TO MeMI(HPOBAHHAS CTPYKTypa TMPH IKCTPEMAILHOM BO3IEHCTBUM B 9 OAIOB JEMOHCTPUPYET PEAKIIHMIO, COMTOCTABUMYIO C He-
3alIMIICHHBIM KapKacOM MPU YMEPEHHOM 5-0aJUIbHOM BO3ACHCTBUH. YCTAHOBIICHO, YTO SHEPTOAMUCCUIIATHBHAS CIIOCOOHOCTH CH-
cTeMbl 0OeciedrBaeT OBICTPBIN MEPEXO OT BBIHYXKICHHBIX KOJeOaHUI K 3aTyXaroluM B TedeHne 12—14 ¢ BO BCeX MPOTECTHPO-
BAaHHBIX cleHapusX. [1omydeHHbIe pe3ynbTarhl IOATBEPKIAI0T IPHEKTUBHOCTD U HA/ISKHOCTD MPEUIAraeMOT0 PELICHHUS 110 JIEMII-
(UPOBAHUIO B CHIDKCHUM JUHAMHYECKUX HArpy30K U MPEeJOTBPALCHUM YCTAIOCTU KOHCTPYKIMI IPHU CHUIBHBIX CEHCMHUYECKHX
COOBITHSIX.
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3asiBjieHHe 00 HMCIOJIb30BAHHH TEXHOJIOTHI HCKYCCTBCHHOI'0 MHTEJLJICKTA. HpI/I CO3/IaHUW HACTOSIIIICH CTaTbu TEXHOJOTHH
TCHEPATUBHOI'O NCKYCCTBCHHOI'O MHTCIJICKTAa HE UCIIOJIb30BAJIUCH.

3asiB1eHneE 0 AOCTYNMHOCTH JAHHBIX. Bcee JAAHHBIC, MTOJYYCHHBIC B XOA€ 3TOT0 UCCIICA0BaHUs, BKIIFOYCHBI B Hy6J'II/IKyeMyIO CTaTbIO.
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Analysis of the Effectiveness of Friction Dampers in Multi-Storey Buildings
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Abstract. A numerical study of the dynamic response of a structural frame equipped with an additional damping system under
seismic impacts with an intensity of 3 to 9 is presented. The study compares peak displacements and accelerations at the upper
floor level for the basic configuration and the configuration with dampers. The results show that the installation of damping
devices leads to a significant reduction in peak horizontal displacements: by 40.5% at low intensity and by more than 53% at an
extreme seismic load of intensity 9. In addition, the analysis of accelerograms over time shows that the damping system effectively
suppresses high-frequency residual vibrations and the effects of “beats” characteristic of an unprotected structure. A friction-type
mechanical device is considered. An important conclusion of the study is that the damped structure under an extreme impact of
intensity 9 demonstrates a reaction comparable to an unprotected frame under a moderate impact of intensity 5. It was found that
the energy dissipative ability of the system ensures a rapid transition from forced to damped vibrations within 12—14 seconds in all
tested scenarios. The results obtained confirm the effectiveness and reliability of the proposed damping solution in reducing
dynamic loads and preventing structural fatigue during severe seismic events.

Keywords: earthquake-resistant construction, reinforced concrete frame, dry friction, dynamic response, energy dissipation,
beating effect, high-frequency vibrations, numerical modeling
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1. Beenenue

1.1. Akmyanvnocmo

CeiicMuueckue BO3ICHCTBUS MPEACTABIAIOT OJHY M3 Hambolee Cephe3HBIX Yrpo3 AJs 3[AaHUil U COo-
OpYKEHHil, 0COOCHHO B PETHOHAX C BBICOKOW CEHCMHMYECKOH aKTUBHOCTBHIO. TpaguIIMOHHBIE MOAXOABI K
celicMo3aIluTe, OCHOBAaHHbIE HAa YBEIMUEHUH KECTKOCTH U MPOYHOCTH HECYIIUX KOHCTPYKILUH, 4acTo Mpu-

Elvira N. Egereva, Candidate of Physical and Mathematical Sciences, Associate Professor of the Department of Structural and Theoretical Mechanics,
National Research Moscow State University of Civil Engineering, 26 Yaroslavl Highway, Moscow, 129337, Russian Federation; eLIBRARY SPIN-code:
3128-6470, ORCID: 0000-0002-5474-924X; e-mail: EgerevaEN@mgsu.ru

Sergey A. Kalinovsky, Candidate of Technical Sciences, Associate Professor of the Department of Structural and Theoretical Mechanics, National Research
Moscow State University of Civil Engineering, 26 Yaroslavl Highway, Moscow, 129337, Russian Federation; eLIBRARY SPIN-code: 1638-7838, ORCID:
0000-0001-6780-5215; e-mail: KalinovskiiSA@mgsu.ru

Nikolai V. Semchenkov, Master's Student at the Institute of Hydraulic and Power Engineering, National Research Moscow State University of Civil
Engineering, 26 Yaroslavl Highway, Moscow, 129337, Russian Federation; ORCID: 0009-0006-7423-4960; e-mail: nikolajsemcenkov5@gmail.com

416 DYNAMICS OF STRUCTURES AND BUILDINGS


https://orcid.org/0000-0002-5474-924X
https://orcid.org/0000-0002-5474-924X
https://orcid.org/0000-0001-6780-5215
https://orcid.org/0000-0001-6780-5215
https://orcid.org/0000-0001-6780-5215
https://orcid.org/0009-0006-7423-4960
https://orcid.org/0009-0006-7423-4960

Ezepesa 3.H., Kanurosckuti C.A., Cemyerkos H.B. CTpouTenbHas MexaHuka NHXEHEPHbIX KOHCTPYKLMA 1 coopyxenuit. 2026. T. 22. Ne 4. C. 415-430

BOJSIT K 3HAUNTEILHOMY YIOPOXXAHUIO CTPOUTENBCTBA U HE Bceraa 3QeKTUBHBI MPU IKCTPEMaIbHBIX (3a-
MIPOEKTHBIX) BO3JEHCTBUSAX. B 3TOM CBsI3M Bce Oolbliee pacpoCcTpaHEeHUE MOyYaloT CUCTEMbBI TACCHBHOTO
ceficMoraInieHus, TO3BOJISIFOIINE CHU3UTh IUHAMUYECKUN OTKIMK 3/1aHUs 0€3 CYyIIECTBEHHOTO YBEIMUYEHUS
ero marepuamoeMkocTH [1-5]. Cpenu Takux cucteM 0co00€ MECTO 3aHUMAIOT (PUKIIMOHHBIC TeMII(EPHI,
KOTOPBIE PAcCEMBAIOT CEHCMUYECKYIO DHEPTHIO 32 CUET CHJI CYXOTO TPEHHsI, BO3HHKAIOUIMX MEXTy KOH-
TAaKTHBIMH TTIOBEPXHOCTAMH IIPHU B3aUMHBIX NepemelieHusx [6; 7]. Obecneuenue ceiicMuueckoit 6e3onacHo-
CTH 00BEKTOB TPAKIAHCKON HHPPACTPYKTYPBI OCTAETCS OAHOM U3 HanboJee aKTyalbHBIX 3a/1a4 CTPOUTEINb-
HOTO MIPOEKTHPOBaHUs, 0OCOOCHHO B PETHOHAX, MOJBEPKEHHBIX BBICOKOMHTEHCUBHBIM 3eMileTpsiceHusM. Ha
COBPEMEHHOM 3Talle pa3BUTUS CTPOUTEIbHOW MHIyCTPUU, BBHJY OOHOBJICHHS HOPMAaTHUBHOW JOKyMEHTa-
IIMU Ha OCHOBE YTOYHEHHBIX JIaHHBIX MCCJIEIOBAHMIA, TIEpEeUueHb PErMOHOB, O(PHUIIMATFHO OTHECEHHBIX K 30-
HaM TOBBIIIEHHOTO CEHCMHUYECKOTO PUCKA, CYIIECTBEHHO PACIIMPHIICS IO CPABHEHUIO C PaHee yTBEPKICH-
HeIMU HOpMaMmu [1]. TIpobGrema celicMMYHOCTH TONOIHUTEIBHO YCYTyOIseTcs MpU CTPOUTENIBCTBE HAa TIPO-
CaJI0YHBIX U HaOyXaloluX IPyHTaX, paclpoCTpaHEHHBIX HA TEPPUTOPUH HAIlleH CTPaHbI, TaK Kak crienudu-
YEeCKUM CBOMCTBOM TAaKHX TPYHTOB SBISIETCS MX CIOCOOHOCTH MPH TOBBIIMIEHUH BIAKHOCTH YMEHBIIATh
CKOPOCTb MPOXOXK/ICHHUS MOMEPEYHBIX CEHCMUYECKUX BOJIH, YTO, B CBOIO OYepe/ib, HEOIAronpusITHO CKa3bl-
BaeTCsl HA YCTOWYMBOCTHU 3[JaHUM U coopykeHui [2]. TpaauunoHHbIe KOHIENIMU CEHCMOCTOMKOTO MpPOEK-
TUPOBAHHUS 3a4aCTYIO OIMUPAIOTCS HA IUIACTHYHOCTh CTPYKTYPHBIX JIEMEHTOB JUIsl TMCCHUIIAIIMH SHEPTUH 32
CUeT Heynpyrux jaedopmanuii, 4T0 HEPEAKO MPHUBOIUT K HEOOPATUMBIM TOBPEKACHUSIM KOHCTPYKIMNA I
UX TIOJTHOMY OOPYIICHUIO TIPU CHJIBHBIX BO3AEHCTBHSIX. /)1 MUHUMH3AIMH TOAOOHBIX PHCKOB MHTErpaIUs
JIOTIOJTHUTENBHBIX CHCTEM TUCCHIIAIMK YHEPTUU 3apEeKOMEHJI0Bajia ce0sl KaK BBHICOKOA((EKTHBHAs CTpaTe-
THUSl 3alUTHI U HOBBIX, U CYIIIECTBYIONUX KapKacHBIX 3aaHuil [8—11].

1.2. 0630p cywecmeyroniux peuieHuil

B nmocnenHue roap! akTUBHO Pa3BUBAIOTCSI HOBbIE KOHCTPYKIMU (PPUKIIMOHHBIX AeMII(EpOB, OPUEHTH-
pOBaHHbIE Ha MOBBIIEHHE 3(PHEKTUBHOCTH SHEPTOMOMIONIEHUS U paciIupeHre GyHKIIMOHAIBHBIX BO3MOXK-
HocTeil. B [12] mpennoxkeHna HoBast KOHCTpYKIHsl poropHoro aemmdepa (RAFD), nmo3Bonsiomas MHOTO-
KpaTHO YBEJIMUYUThH CUJY TPEHHUS 0€3 Upe3MEpHOI0 pocTa HOPMAJIbHON Harpy3ku. ABTOPBI MPOBENN 3KCIIe-
pPUMEHTaJIbHBIC UCCIIEIOBAHUS HA IPOTOTHUIIE, Pa3paboTaii HEIMHEHHYI0 MEXaHUIECKYIO MOJETh (C Y4eTOM
3a30pa MEXy 3y04aThIM KOJIECOM M PEHKO) W BaJIMIUPOBAIH €€ Ha OCHOBE HKCIIEPUMEHTAIBHBIX JIAHHBIX.
AHamTUTHYECKOE MCCIIE0BAaHNE CHUCTEMBI C OHOM CTETEHBI0 CBOOOMBI MOATBEPAMIIO €T0 MPEBOCXOJICTBO
HaJ TPaIWuIMOHHBIMH nemrdepamu. B [13] mpencraBieH AByXCTyIeHYAThIH (HPUKIIMOHHBIM CaMOBOCCTa-
HapiuBatommuiica aemndep (TFSD), kotopslil oGecrieunBaeT SHEProNONIONIEHNE Ha MEPBON CTYIICHH M COB-
MEIIaeT YHEPrONoONIONIEHNEe C CAMOBOCCTAHOBICHUEM Ha BTOPOU. DKCIEPUMEHTAIbHbIE UKINUYECKHE HC-
IBITAHMS TOATBEPAMUIN €ro paboTy, a yuciIeHHas Mozeiab B OpenSees Nokasaja XOpollee COnIacue ¢ IKCIe-
pumenTtoMm. [lapamerpuueckuii aHaJIU3 HA MHOTOATaKHOM pame mpoieMoHCcTpupoBai npeumymectsa TFSD
B KOHTPOJIE MEXITAXKHBIX J1ehopMannii U yCKOPEHHUH TI0 CPAaBHEHHUIO C paMHBIMH cucTemMamu ¢ BRB.

B [14] nmpencraBieH HOBBI caMOBOCCTaHaBIMBarommiics Gpukimonnsiii nemmndep (SCFD), npenna-
3HAYEHHBIN I TIOBBIIICHUS CEHCMOCTOMKOCTH HEpa3pe3HbIX MOCTOB. ABTOpHI pa3padoTaiu aHaIUTH4e-
CKYI0 MO/JIeJIb BOCCTAHABIMBAIOLIECH CHIIBI U TIPEATIOKUIN (GOPMYITy JUIs pacueTa aeMI(upyromen CUiIbl Ipu
pa3HBIX yIIax HaMOTKH (PUKIMOHHOTO Tpoca. MHOro(aKkTopHble KBa3HUCTAaTUUECKUE UCTIBITAHUS MOATBEP-
WA CTaOUIIbHYIO paboTy yCTPOMCTBA, BHICOKYIO CIIOCOOHOCTh K JIMCCUIAIIMKM SHEPTHH U TOYHOCTH MpeJ-
JIO)KEHHBIX TEOPETUIECKUX (POpMyIL.

B skcnepuMeHTaIbHOM M UMCIEHHOM HccienoBaHuM [15] mpennokeH caMOBOCCTaHABIMBAIOIIMNACS
bpuxmonnsnii nemmdep (SFD) co BCTpOCHHBIM MEXaHH3MOM CaMOBOCCTAaHOBIICHUSI HA OCHOBE Tapeibya-
THIX TIPY>KUH. ABTOPBI IPOBEH MATH SKCIEPUMEHTOB C Pa3IMYHBIMH KOMOWHAIMSAMH TPY>KUH M CHJI Tpe-
HUS, pa3paboTaIl TEOPETUUECKYI0 THCTEPE3UCHYI0 MOJIeNb U BepuHUIMPOBAIN ee. Pe3ynbraTsl nokasany,
YTO OCTaTo4yHas Aepopmalns BO BCeX IKCIepuMeHTax He npeBbimana 10 % oT MakCUMalIbHOTO mepemeliie-
Husi. Mogenuposanue B ABAQUS noaTrBepamiio cornacue ¢ sxcrnepumerToM (6omnee 90 % mo makcumalb-
HOMY YCHJIHIO).
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1.3. Hcceneoosamenwvckuii npooen (GAP)

AHann3 COBpEeMEHHOW JHUTEpaTyphl MOKa3bIBACT, YTO OONBIIMHCTBO HccienoBanuii [12—19] cocpeno-
TOYEHO Ha TIOATBEPXKACHUHM (PaKTa CHIDKCHHS CEHCMHUYECKOTO OTKJIHMKA IMPHU yCTaHOBKE (DPHUKIIMOHHBIX
nemriepoB, Kak MPaBUIIO, ISl OTHOTO PACUYETHOTO ClieHapus (OOBIYHO JIJIsl OTHOTO YPOBHS HHTEHCUBHOCTH
3emieTpsaceHns). OQHAKO B 3TUX MCCIEIOBAaHMSIX OCTAETCA OTKPBITBIM BOIPOC O IOBEACHHU CHUCTEMBI
B IIMPOKOM JTHANa30He HMHTEHCUBHOCTEH OT yMEPEHHBIX BO3AECHCTBHIA, IPH KOTOPBIX KOHCTPYKIHS paboTaeT
yIpYro, 0 3alpeeibHbIX, MPUOIIKAIOIINXCA K 00PYILICHHIO.

B uacTtHOCTH, B MTEparype OTCYTCTBYIOT KOJIMYECTBEHHBIE KPUTEPUU, MO3BOJISIIOIINE OLICHUTH, IIPU
KaKHUX MHTEHCUBHOCTSAX JieMI(ep coXpaHseT CBOIO 3((PEeKTUBHOCTh; CUCTEMATHUECKUE JaHHBIE O TOM, CIIO-
cobeH nu nemrdep «HOPMAIU30BaTh» OTKIMK CHCTEMBI, CBOIS dKCTPEMaJIbHBIE MEPEeMEIEeHHs] K YPOBHIO,
XapaKTepPHOMY JUIsl YIPABIAEMBIX (PaCueTHBIX) BO3ICHCTBUI; aHAIN3 YyBCTBUTEILHOCTH 3THX d(PPEKTOB K
M3MEHEHUIO JKECTKOCTHBIX IapaMeTpPOB CaMOM pambl, YTO Ba)KHO ISl OLEHKU HAJEKHOCTU MPUMEHEHUS
TaKHUX CUCTEM B PEANIbHBIX 3/IaHHSIX C HEM30EKHBIM Pa3dpoCcoM CBOWCTB MaTepHAIIOB.

Cpenu pa3nuuHBIX TEXHOJIOTUN NTACCUBHOTO KOHTPOJIS 3HAUUTEIbHOE BHUMAaHHUE MPUBIEKIN (HPUKLIHU-
OHHBIE JIeMII(pUpPYIOLIME YCTPOCTBA Oaarofaps UX MEXaHHYECKOH MPOCTOTE, BBICOKOW PHEProeMKOCTH U
skoHOMUYecKor pdextuBHOCTH [20-23]. [IprHuIMI pabOTHI JaHHBIX YCTPOWCTB OCHOBAH HA CYXOM TPEHUU
MEX/1y CKOJIB3SIIIIMMHU MMOBEPXHOCTSAMH, YTO MO3BOJISIET TPEOOPA30BhIBATh KHHETUYECKYIO SHEPTHUIO B TEILIO-
BYIO M OIpPaHUYMBATh CEHCMHUYECKHE CUJIbI, NIEpeaBacMble Ha OCHOBHYIO KOHCTPYKTHBHYIO cHCTEMY [24—
26]. B otmmume oT BA3KOCTHBIX AeMII(epoB (PUKIMOHHBIE YCTPOUCTBA XapaKTePU3YIOTCSI BEICOKOIM HalexX-
HOCTBIO M MHHUMAJIbHBIMH TPEOOBAHUSAMHU K OOCIYXHMBAaHHUIO, TaK KaK B WX KOHCTPYKIHH OTCYTCTBYIOT
YIUIOTHEHUS WK pabouue *KHUIKOCTH, ITOJIBEPKEHHbIE CTAPEHUIO WIN yTeuke [27].

TeM He MeHee MOBEAEHUE KOHCTPYKLUUN ¢ (PPUKIUOHHBIMHU AeMI(epaMu B IIUPOKOM CIIEKTpE CEl-
CMHUYECKUX MHTEHCHUBHOCTEH OT HE3HAUUTENIbHBIX TOJYKOB /10 HKCTPEMAaJIbHBIX BO3JeHCTBUI B 9 OaiioB
TpeOyeT NeTaTbHOrO YMCIEHHOTO HCCIe0BaHMs. BONBIIMHCTBO TPaaUIIMOHHBIX PabOT COCPEIOTOUYEHO Ha
KOHKPETHBIX CIICHApUAX 3emiieTpsceHuil. CpaBHUTEIbHBIN aHaIM3 paObOThl CHCTEM C AeMI(UPOBAHUEM U
0e3 Hero npu pa3IUYHbIX MacmTabaXx HHTEHCUBHOCTH 3a4acTylo yImyckaeTcs u3 Buaa. Kpome roro, cmoco0-
HOCTh (DPUKIIMOHHBIX YCTPONCTB MOJABIATH OCTATOYHBIE KOJeOaHMs U CIOXKHBIE SBJICHUS, Takhe Kak 3¢-
(beKThl «OMeHUID» B MHOTOITaXKHBIX KapKacax, OCTaeTcsl 00JacThI0 aKTUBHBIX HccienoBanui [17; 28-29].

Takum o0Opa3om, HayuHas poOieMa COCTOUT B OTCYTCTBUU KOJIMYECTBEHHO OOOCHOBAaHHBIX 3aKOHO-
MEpPHOCTEH, ONMUCHIBAIOLINX 3(P(PEKTUBHOCTh (PPUKIIMOHHOIO AeMidepa Kak cpeicTBa HOPMATH3AIUH I10-
BEJCHHSI KOHCTPYKIIMH IIPH MEPEXO/I€ OT YMEPEHHBIX K SKCTPEMAIIbHBIM CEHCMUYECKUM BO3JICHCTBUSIM.

1.4. Ilenv u 3a0auu uccineoosanus

Hacrosiee nccrenoBanye HarmpaBlieHO Ha BOCIIOMHEHNE YKa3aHHBIX Mpo0enoB. Beimonxneno cucrema-
TUYCCKOC MapaMETPUICCKOC UCCICAOBAHUC BIUSIHUSA MHTCHCUBHOCTU CEMCMHUYECKOIO BOSI[CI\/'ICTBI/IH (B auva-
nazoHe ot 6 mo 9 6amioB) Ha 3pPekTUBHOCTH PPUKIMOHHOTO AemIdepa B COCTaBE CTAIBHOTO PaMHOTO
kapkaca. J{Js JOCTIKEHHS 1eNN PEelIajIich CIIEAYIOIINe 3a/1a9u:

1) pa3paboTka KOHEYHO-JIIEMEHTHOW MOJETH PAMHOTO Kapkaca ¢ (pPUKIMOHHBIM JeMI(pepoM H ee
Bepudukanys (McciaeoBaHue CXOAMMOCTH MO CETKE, CPAaBHEHUE C aHAIMTHYECKUMH PEIICHUSMHN ),

2) KoIWYecTBEHHAasl OIICHKA CHMKCHUS IMKOBBIX MEPEMEIIEeHUH U YCKOPEHUH MPH pa3iIudIHbIX YPOB-
HiX cericMudeckoro BozneicTBus (PGA ot 0,05g no 0,8g);

3) mpoBepka THUIOTE3bl O HOPMAJIM3AIlMH MTOBEJACHUS KOHCTPYKIIMH, T.€. CIHOCOOHOCTH nemidepa
o0ecrieunBaTh CHMKCHHE NMUKOBBIX PEaKIMi 10 YPOBHS, COOTBETCTBYIOIIETO BO3AECHCTBUIO MEHbIIEH HH-
TEHCHBHOCTH (BBelIeHHE KOA(PPHUIIMEHTA PEAYKIIUU U KPUTEPHsI SKBUBAJICHTHONH HHTEHCUBHOCTH);

4) aHanM3 YyBCTBHUTEIBHOCTU IMOJYYCHHBIX PE3YJbTaTOB K BapbUPOBAHHUIO JKECTKOCTH Y3JIOB M KOH-
CTPYKIIMOHHOTO JeMIT()UPOBAHHS JJISl OLEHKH YCTOMYMBOCTH MPEIOKEHHOTO PELICHUSI.

Hacrosmee nccrnenoBaHne MOCBSIIEHO PELICHHUIO AAHHBIX BOMPOCOB MOCPEICTBOM KOMIUIEKCHOTO
YHCJICHHOTO MCCIIEIOBAHUS JMHAMHUYECKON PEaKlMu CTPYKTYPHOTO KapKaca, OCHAIIEHHOTO JIOMOJHHUTEb-
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HBIMH (DPUKIIMOHHBIME NeMmipepamu. C UCTIONB30BAHUEM BBICOKOTOYHOTO JUHAMHUYECKOTO aHaimm3a (time-
history analysis) ucciemyroTcst mapaMeTphl EpEeMEIIeHIH U YCKOPEHUI B KPUTHYECKUX y3JIaX KOHCTPYKIHU
pU ceCMUUYECKON MHTEHCUBHOCTH OT 3 110 9 GamnoB. OcHogHas yenb — KOINYECTBEHHO OLIEHUTh CHUXKE-
HUE TUKOBBIX JHHAMUYCCKUX pEAKIHMiA (IepeMeleHuii U YCKOPEHHI) KOHCTPYKTHBHOH CHCTEMBI IIPH
BKJTIOUEHHH (DPUKIIMOHHOTO AeMIlipepa, a TaKKe MPOBEPUTh TMIIOTE3y O BOZMOXKHOCTH HOPMAaJIU3aIMH T0-
BE/ICHUSI COOPYKEHUS B YCIOBUSAX MHTEHCUBHOIO cecMMUecKoro BosaeictBus. Ilon Hopmanuzanuei mo-
HUMAETCSl CHIDKCHHE MHUKOBBIX OTKJIMKOB JI0 YPOBHS, COOTBETCTBYIOWIETO Oosee ciabomy (pacueTHOMY)
BO3/ICHCTBHIO, TIPU KOTOPOM KOHCTPYKIIMS COXpaHSET YIpyryi pabory 0e3 pa3BUTHS HEOOPaTHMBIX Je-
dhopmanmii [30-32].

2. MeTtonanl

B kagectBe 0a30BOI KOHCTPYKIIMH ISl TaHHOTO WCCIIEOBAHUS BBIOpAH TPEXITaKHBIH MOHOJIUTHBIN
KeJIe300eTOHHBIA Kapkac. [eomeTpuueckas KOH(HUrypamus oOIpeaesieHa CIEAyIOUMM 00pa3oM: BBICOTa
KaKJI0TO 3Taka cocrapiser 3,0 M, mmpuHa nposnera paBHa 6,0 M, o6miast Beicota 3manust 9,0 m. [lnockas
(2D) xoHeuHO-37€MEHTHAsi MOJeNb Kapkaca paszpaborana B mporpammHoM mnakere Abaqus/CAE 2024
(Dassault Systémes). Kapkac cmonenupoBaH B BUE CTEpKHEBOW crcTeMbl. KOJIOHHBI ¥ pUTENIN TUCKPETH-
3UPOBaHbI JIBYXYy3JIOBBIMU JIMHEWHBIMU OAJOUYHBIMU 3JeMeHTaMu B21, MO3BOISIONIMMH yUUTHIBATh M3TU0-
Hble U oceBble Aedopmaruu. [ obecrnedeHnss TOUHOCTH BOCIPOU3BEIECHUS TUHAMUYECKUX XapaKTepu-
CTHUK MPUHAT pa3Mep KOHEYHOTO 3JIeMeHTa npuonausutenbHo 0,3 M. Jluckperusaius BHITOTHEHA ABYXY3JI0-
BBIMH 0aJIOYHBIMU 3JeMeHTaMu B21, peanusytomumu Teopuro TUMOMIEHKO (YUYET MOMEPEYHOrO C/IBHTA).
O06ocHOBaHME 1Iara CETKU BBIMOJIHEHO Ha OCHOBE KPUTEPHs, PEKOMEHI0BAHHOTO JUIsl OAJIOYHBIX CUCTEM:
JUIsL KOPPEKTHOIO OMNHMCaHMs HM3THOHBIX jAedopManuii B JIMHEHHOM MOCTAaHOBKE HEOOXOOUMO HE MeEHee
8—10 smeMeHTOB Ha TOTYBOJIHE (WJIM HA JUTMHE CTEPIKHS MPH OTCYTCTBHH COCPENOTOYECHHBIX MOMEHTOB).
B nanHo# Monenu Kaxkablid cTepaxeHb (mposneroM 3 M) pazzaeineH Ha 10 anemenTtos ¢ marom 0,3 m. J{ns npo-
BEPKHM CXOAMMOCTH OBIJIO BBIIOJIHEHO CPAaBHEHME C CETKOM, coxeprkamieil 15 31eMeHTOB Ha CTepKEeHb
(mar 0,2 M). PacxoxkneHne 1o 3Ha4e€HUSIM MaKCUMAJIbHBIX TTEPEMEIICHIH 1 H3rHOA0NIIX MOMEHTOB COCTa-
Buiio Menee 0,8 %, yTo nmoaTBepkAaeT NpUHATHIN mwar 0,3 M B KauecTBe pacyeTHOro. Marepuan kapkaca —
TsoKenblid 6eToH kimacca B30. B pamkax HacTOSIIEro CpaBHUTEIHHOTO MCCIEIOBAaHUS €r0 MOBEIEHUE MPH-
HATO JINHEHHO-YNPYTHM, OCKOJIBKY OCHOBHOMW IEJIBIO SIBJISIACH OIICHKAa OTHOCHUTENBHOU 3(PPEKTUBHOCTH
nemripepa B CHIKCHUU OTKJIMKA KOHCTPYKIMH. XapaKTEPUCTHKH MaTepuaia Kapkaca MPUHSATHl COITIACHO
CI1 63.13330.2012" n1s GeToHa ecTeCTBEHHOTO TBEPAEHHS: ILIOTHOCTh p = 2500 Kr/M°, HOPMATHBHBIH
HavanbHBINH Moynb FOHra E = 32,5 I'Tla u koaddumment [Tyaccona v = 0,2. [lonepeunsie cedeHns KOJIOHH
Y pUTeNel IPUHSITHI MPSAMOYTONbHBIMA: 117151 KoJoHH 0,4%0,4 M, aiis pureneii 0,4%0,6 M. B Mozens BKiItoueH
GpUKIMOHHBIN eMiidep, YCTaHOBIECHHBIM B BUJE JMAroHaJbHOM CBSA3M Ha mepBoM 3taxe. Jemmdep co-
€IMHSAET BEPXHUI y3eJ1 JIEBOM KOJOHHBI (KoopauHarhl X = 0,3 M) ¢ HIIKHUM y3JI0M MPaBOX KOJOHHBI (KOOp-
muHaTel X = 6,0 M). Jlemndep cMomenupoBaH ¢ MCHONB30BAaHHEM COEAMHUTEIBHOTO snemMeHnTta Translator
B SIMULIA Abaqus 2023. JlaHHbIi 3eMeHT 00eCIeuynBaeT OJTHOOCHYIO 3aBUCUMOCTb CHIIBI OT TIepeMeIiie-
HUSl BIOJHL cBoeil ocu. [loBemenue nemmdepa omnpenensercs AByMsl NapaMeTpaMu: YIpyras >KeCTKOCTb
D11 = 1,0x10% H/M (oceBas xecTkocTh aemmndepa B cOope); cuaa mpockanb3biBaHus, pasHas 5000 H.
Mojenb KyJOHOBCKOTO TPEHHUsI peau30BaHa MOCPEICTBOM 3aJaHMs MIACTUYECKUX CBOMCTB COCAMHUTEIS.
[InacTryeckoe ABMKEHUE MPH JOCTHKEHUM YCHJIUS MPOCKAIb3bIBAHUS IPUHATO PABHBIM HYIIIO, YTO COOT-
BETCTBYET MJCAILHOMY JKECTKOIUIACTHYECKOMY MOBEACHHIO (PPUKIIMOHHOTO 31eMeHTa. ComnpsbKeHHas Tia-
CTUYHOCTh HE YUUThIBaIach. KOHIIBI COEIMHUTENBHOTO 3JIEMEHTA MPUKPEILJICHBI K y3J1aM pambl ¢ TIOMOILBIO
KMHEMaTHYeCKHX CBs3e, 00eCIeunBaroNnX KECTKYI0 niepeaady Harpy3ku. s orieHku paboTsl nemmdepa
IPU Pa3IMYHON MHTEHCUBHOCTU CEHCMMUYECKHX BO3/IEUCTBUI HA paMy HOAAHbl CHHTETUYECKHUE aKCeIepo-
TrpaMMbl, COOTBETCTBYIOIIME MarHutyaam 3, 5 u 9 6amios no mkane MSK-64. [TukoBeie yCKOpeHHs TpyHTa

U'CIT 63.13330.2012. BeToHHbBIE M KeNe300€TOHHbIE KOHCTPYKUMM (akTyanusupoBanHas penakius CHull 52-01-2003).
Mocksa, 2015. 162 c.
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(PGA) nns ykazanHbIX MarHuTy puHATH paBHbiMU 0,3, 1,0 1 7,0 M/c? coorBeTcTBeHHO. [IpoaomkuTenb-
HOCTh KaXKJI0TO ceiicMuueckoro curHana paBHa 20 c. CelicMuyeckoe BO3JAEHCTBHE MOJIEIUPOBAIOCH MPH-
JIOKEHHEM TOPU30HTAILHOM MHEPLIMOHHOM HArpy3Kku Ko Bcell koHcTpykuuu [33; 34]. Ha stane nuHamunye-
CKOTO aHaJ|3a 3TO Peayn30BaHO MOCPEICTBOM HArpy3KH IPaBUTAIIMOHHOTO THIIA C MACIITAOHBIM KOd(pQH-
entoM 1,0, 3ajaHHOM IO COOTBETCTBYIONIEH aMILTUTYAHON KPUBOM. Y3116l B OCHOBAHWHU KOJIOHH 3aKper-
JIeHbl TI0 BceM cremneHsaM cBoboasl (U = U, = UR3 = 0) [35]. UncneHHOe MOAeIMpOBaHUE MPOBOAUIIOCH
C WCTOJIb30BaHUEM JTUHAMHUYECKOH, IBHOU mporeaypsl B makete Abaqus/Explicit, KoTopbIii XOpo1ro moaxo-
JIIT JIJIS1 aHAJIM3a CUJIbHO HEJNMHEHHBIX IMEePEXOIHBIX 3a/a4, CBSI3aHHBIX C TPEHHEM M OONbIIUMU JedopmMa-
UMAMH. AHAJIW3 MPOBOJWJICS B JBA 3Tara:

1. I'pasumayuonnaa nazpyska. CHadana ObUT UCTIONIB30BaH CTATUYECKHIA OOLIMIA dTam I ompene-
JIeHNsI COOCTBEHHOTO Beca KOHCTPYKIMH (TpaBUTAIMOHHAs Harpyska 9,81 m/c?).

2. Ceiicmuueckoe 8030yicoenue. Ilocie stamna onpeaeneHus CUIIbI TSHKECTH CIIeI0Bal THHAMUYE KU
SIBHBIM 3TaIl JJIs1 ONpeIelIeHUs TOPU30HTAIBHOIO CECMUYECKOTO YCKOPEHUSI.

JIJis KaXkioro ypoBHST MarHuTynsl (3, 5 u 9 6aimioB) ObUTH MPOAaHATH3UPOBAHBI JIBE KOHPUTYpAIUN
MOJIeNU: paMbl O6e3 nemndepa u paMbl, OCHAIIEHHOW (PUKIMOHHBIM JIeMII(epoM.

Bepudukarus pa3paboTaHHONH KOHEUHO-3JIEMEHTHON MOJETH BBINONHAJIACH IyTEM COMOCTABICHHS
pe3ynbTaToB pacyeTa ¢ OMyOJUKOBAaHHBIMU SKCIEPUMEHTAIbHBIMU JaHHBIMU JUIsI (PPUKLUOHHBIX JeMIde-
poB. B ncciemoBanuu [35; 36] mpeacTaBieHbl HCTIBITAHAS (GPUKITHOHHBIX TEMII(PEPOB € YIyUIICHHON TeH-
TpUpyoLIel CrtocOOHOCTHIO, TIOKA3aBIINE BHICOKYIO 3()()EeKTUBHOCTD B pacCeMBaHUU dHEpruu. ABropamu [37]
BBITIOJTHEH JIETANIbHBIA KOHEUHO-JIEMEHTHBIN aHAJIM3 YCUIIEHHOTO POTAllMOHHOTO (DPUKIIMOHHOTO JeMIde-
pa B SIMULIA Abaqus 2023, mpu 3TOM pacxXoKACHUE MEXIy YUCICHHBIMH U HKCIIEPUMEHTAIBHBIMHU pe-
3yabTaTaMu He mpeBbickiio 5 %. B [38] uccrnenoBano ceiicMuueckoe MOBEICHHE JKeIe300€TOHHBIX PAMHBIX
KOHCTPYKIIMI C TIEpEMEHHBIM ()PUKIIMOHHBIM JieMIipepoM; BepupHUKALIKs MOAEIH 110 JaHHBIM dKCIIEPUMEH-
TOB MOATBEPANIIA €€ aJIeKBATHOCTH JIJIsl OLEHKU JMHAMUYECKOTO OTKIIMKA CHCTEMBI.

B HacTosiiiemM nccieaoBaHUN UCTIONB30BAIACh aHATIOTUYHAS METOJMKA MOJEITMPOBaHUS (PPUKIIMOHHO-
ro nemrmdepa u xxene3o0eToHHoro kapkaca B Abaqus/Explicit. ConocraBieHue pacyeTHbIX THCTEPE3UCHBIX
nerenb AeMindepa ¢ JaHHBIMH, IPEICTaBICHHBIME B [37], IOKa3aJ0 pacXoXAeHUE 10 KIFOUEBBIM MapaMeT-
pam (cuiia MpoCKaJib3bIBaHUS, YIIPyTas *KEeCTKOCTh, JUCCUIIUpYyeMas SHEprusi) B npenenax 5—7 %, 4To noj-
TBEPKIAeT KOPPEKTHOCTh MPUHSITHIX MOJIEIeH MaTepralioB U KOHTAKTHBIX B3aUMO/ICHCTBHH.

3. Pe3yabTarhbl U 00CyXKIeHUE

3.1. Kpumepuu ouenku u pezyinbmamst CPAGHUMENbHOZ0 AHATU3A MOOeTell

W3 pe3ynbTatoB MOAETHPOBAaHMS ObUTH W3BJICUCHBI CIEIYIOIINE BBIXOIHBIC IEPEMEHHBIC ISl CPAaBHU-
TeIBHOTO aHanm3a: ropu3oHtansHoe cMenieHne (Ul) u yckopenue (Al) BepxXHEro JIeBOro yIiioBOTO y3ia;
oceBoe ycunue (CTF1) u orHocuTensHOe cMenienne (CUL) B coeqMHUTENEHOM 3JIeMeHTe (YPUKIIMOHHOTO
nemndepa.

Pacnpenenenue HanpsokeHuid poH Museca B Kapkace Ui OIEHKH HaIllpsHKEHHOTO COCTOSIHUS OeTOHA:
3¢ deKTUBHOCTD JeMIdepa OlEeHUBAIACH ITyTEM CPaBHEHHS MMKOBBIX 3HAYEHUN 3TUX MapaMeTpoB JJIS MO-
neneit «c nemrdepom» u «6e3 gemrepa» Mpu KaxI0M YPOBHE CEHCMUUECKONH HHTEHCHUBHOCTH.

XapakTepucTHKa yCKOPEHHUs ITAIOHHOTO (HEe3aTyXalollero) Kajapa npeacrasieHa Ha puc. 1, a. [pu
3-0a/TbHOM CEMCMHUYECKOW aKTHMBHOCTH BEPXHHUH ATaXX NEMOHCTPUPYET IOCTOSHHBIE BBICOKOYACTOTHBIC
KojiebaHusl B TeueHue Bcero 20-ceKyHIHOro mepuojia MojenupoBanus. KitoueBbIM 3aMeuaHueM SBISIETCA
OTCYTCTBUE PACCEMBAHMs YHEPIUH: aMIUIUTY/bl YCKOPEHHs KoneOmoTes B quanasone ot £0,05 1o 0,10 m/c?
0€e3 CyIEeCTBEHHOTO CHIKEHUS MOCIe TePBOHAYAIBHOTO yAapa. DTOT YCTOMUMBBIN JUHAMUYECKUNA OTKIIUK
CBUJIETEIILCTBYET O TOM, YTO JIa)Ke CEHCMHUYECKUE SBJICHUS HU3KOM MHTEHCHUBHOCTH MOTYT BBI3BIBATh JJIH-
TEJbHYI0 BUOPALIMIO B HE3ANIMIICHHBIX KOHCTPYKIIMOHHBIX CHCTEMAaX, YTO MOTEHIIMAIHHO MOXKET NPUBECTH
K YCTAJIOCTH COEIMHEHUH 1 BCTIOMOTaTeIbHBIX AJIEMEHTOB.
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Puc. 1. BpemeHHast 3aBUCUMOCTb YCKOPEHHI BEPXHETo Taxa NP CeHCMUYECKON HHTEHCUBHOCTH 3 Oasuia:
a — 6e3 cucteMsl 1eMI(GHPOBAHYS; 6 — C CUCTEMON JeMII(pUpOBaHUL
M cTodH U K: BHIIOIHEHO aBTOpaMH C NOMOIIBIO Abaqus.

Figure 1. Time history of accelerations of the upper floor at a seismic intensity of 3:
a — without damping system; 6 — with damping system
S o ur c e: made by the authors in Abaqus.

ITokazaHa BbICOKasi 4yBCTBUTEJILHOCTh U 3(P(HEKTUBHOCTH pa3pabOTaHHOW CHUCTEMBI JeMI(pUPOBaAHUS
IpU BO3JEHCTBUAX Majloil MHTEHCHBHOCTH (3 Oajia), BbIpaXK€HHAs B COKpAIlCHUU BPEMEHU pPelaKcalluu
cucTembl Oojiee yeM Ha 65 % 1o CpaBHEHMIO C ATaJIOHHOW Mozenbio (puc. 1, 6). JlanHblii rpaduk ycTaHaB-
JMBAET, YTO IpPHUMEHEHHEe (PUKLHUOHHOTO JeMIiepa CyXoro TpeHHs MOo3BosAeT 3(P(PEKTUBHO racUTh He
TOJIBKO OCHOBHBIE TOHA KOJIEOAHUM, HO U BHICOKOUACTOTHBIH CHEKTP OTKJIMKA BEPXHUX 3Ta)KeH MPU MasbIX
aMIUIMTYJaxX NepeMeleHuil.

_be3 nemmpepa / Withouta damper

/C nemrgepom / With a damper
0.00f

-0.10

IMepemenenne, M / Displacement

-0.20t . . .
0 5 10 15 20
Bpewms, ¢/ Time, s

Puc. 2. CpaBHEeHME TOPU3OHTAIBHBIX NTEPEMEIIECHHIH BEPXHETO 3TaXka JJIsi KOHCTPYKLUH
¢ nemndepoM u 6e3 Hero npu ceiCMUYEeCKO HHTEHCUBHOCTH 3 Oasia
W ¢ To4H M K: BBIITOJIHEHO aBTOpaMH C IIOMOIIBIO Abaqus.

Figure 2. Comparison of the horizontal displacements of the upper floor
for a structure with and without a damper at a seismic intensity of 3.
S o ur c e: made by the authors in Abaqus.

ITo rpaduky puc.2 ycTAaHOBICHBI KPUTHYECKUE MApaMeTPbl JHHAMHYECKOH ITOJaTIIMBOCTH He3a-
IIUIIEHHOTO KapKaca IPH MaJbIX BO3JCHCTBHAX, BHIPAKCHHBIC B IOCTHKEHHH NMUKOBBIX NEPEeMELICHHH
0,42x107° m.

B xoze uncieHHOro MOJeIMpOBaHUs YCTAHOBJIEHO, YTO Jaxe Ipu ciaaboil mHTeHCHBHOCTH (3 Oana)
OTCYTCTBHE CUCTEM JeMI(UPOBAHNUS NPUBOANT K BOSHUKHOBEHHIO HE3aTyXalOIINX BBICOKOYACTOTHBIX BHO-
pauuii, 4T0 000CHOBBIBAaCT HEOOXOAMMOCTh NMPUMEHEHHsI METOJ0B aKTHBHOW WJIM MacCHBHOW BHOpo3a-
HIUTHI. XapaKTePUCTHKA TOPU30HTAIBHOTO CMEIICHUS BEPXHETO dTa)ka Uit AeMIi(pupoBaHHON KOHPUTYpa-

LVHAMUKA KOHCTPYKLWIA 1 COOPYXXEHUM 421



Egereva E.N., Kalinovsky S.A., Semchenkov N.V. Structural Mechanics of Engineering Constructions and Buildings. 2026;22(4):415-430

IIUH TIpeJcTaBiIeHa Ha puc. 2. [Ipu Harpy3Kke HHTEHCUBHOCTBIO B 3 0aiia MaKCUMallbHOE CMEIEHHE JOCTH-
raer Makcumyma B 0,25x107 M nipu ¢ = 4 ¢. IIpuMeyaTensHON 0COOEHHOCTBIO OTKIIMKA SBISETCS HaIOXKe-
HUE BBICOKOYACTOTHBIX KOJICOAHMII HA OCHOBHOM HMU3KOUACTOTHBIA TPEHJ, YTO MOXXHO OOBSCHUTH TWHAMU-
YECKUM B3aMMOJCHCTBHEM pambl W AeMIpupyromux ycTporcTB. [locnme aktuBHON (a3sl HarpyKeHUs
(t > 12 c) cucrema 3¢ PeKTHBHO CTAOMIN3UPYETCS, IPU STOM OCTATOYHBIE KOJIEOaHHUs MOJICPKUBAIOTCS Ha
MHHHMMAJIbHOM ypoBHE £0,05%107 M. DT0 HOATBEPKIAET CIIOCOOHOCTL CHCTEMBI JeMI(HpoBaHus obecIie-
YUBaTh KOHTPOJIb CMELEHUS J1aXe MIPH yaapax HU3KON aMIUTUTY/IbI.
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Puc. 3. BpemMeHHast 3aBUCHMOCTD YCKOPEHHI BEPXHETo 9TaXka IPH CEHCMHYECKONH HHTEHCHBHOCTH 5 0ayuioB:
a — 6e3 cucteMsl 1eMI(GUPOBAHUS; 6 — CUCTEMOH JIeMII(HPOBaHHS
U ¢ To4H M K: BBIITOJHEHO aBTOpaMH C NOMOIIBIO Abaqus.

Figure 3. Time history of accelerations of the upper floor at a seismic intensity of 5:
a — without damping system; 6 — with damping system
S o ur c e: made by the authors in Abaqus.

Peaxmust He3aTyxaromieil CUCTeMBI OTCYETa Ha YCKOPEHHE NPU Harpy3ke MHTEHCHBHOCTBIO 5 0aiiioB
noka3zaHa Ha puc. 3, a. [locie nepBoHaYaIbHOTO CEMCMUYECKOTO BO3ACUCTBHS y3€7 BEPXHErO dTaxka Je-
MOHCTPHUPYET MMOCTOSIHHBIE BRICOKOYACTOTHBIE KOJICOAHUs, KOTOPhIE HE MPOSIBIISIOT CYIIECTBEHHOTO 3aTyXa-
HUS B TeueHue 20-CeKyHHOro mepuoja MoaenupoBaHus. OTIHUUTENFHON 0COOEHHOCTBIO 3TOTO OTKIIMKA
sBisieTcs: 3PPeKT «OUeHUs», TPU KOTOPOM aMIUTUTY/bl YCKOPEHUSI KOJIEOIIOTCS B CTAOMIIBHOM JIHana3oHe
+0,05 10 0,08 m/c*. TTonHOE OTCYTCTBHE PACCEMBAHMS SHEPIUM B 3TOM 6a30BOM CIydae HPUBOAMT K JUIH-
TEJIbHOW MHEPIMOHHOW Harpy3ke, KOTOpast MOTEHIIHAIFHO MOXKET MPUBECTH K YCTAJIOCTHBIM TOBPEKICHU-
SIM KOHCTPYKTUBHBIX COCTUHEHUI U BTOPOCTEIIEHHBIX KOMIIOHEHTOB.

I'paduk (puc. 3, 6) nokazpiBaeT 3pHEKTHBHOCTH QPHUKITMOHHOTO JAeMIIepa CyXOro TPSHHS MPH BO3-
JEHCTBUSX CpeqHe HHTEHCUBHOCTH (5 6ayioB), BRIpaKEHHYIO B 00ecrieueHIH OBICTPOTO 3aTyXaHusl HHep-
IIMOHHBIX CHJI (peJlakcalusi CUCTeMbl B TeueHue 12—15 c¢). YcTaHOBIeHO, 4TO IpUMEHEHHE JeMIPHPYIO-
el CHUCTEMBI MO3BOJIAET M30€KaTh UIMTENBHBIX PE30HAHCHBIX 3()(EKTOB, XapaKTepHBIX Ui HE3allH-
[ICHHBIX KOHCTPYKIMH, U CHU3UTh OCTaTOYHBIC YCKOPEHHS K KOHIYy PaCUe€THOTO IEePHO/Ia 10 MUHUMAIbHBIX
3HAYEHUM.

U3 rpa¢ukoB (puc. 4) criemyert, 4To Ipu S5-0aUTbHOM BO3ACHCTBHH HE3ALIUIICHHAS CUCTEMa UCTIBITHI-
BAeT 3HAUUTEIbHBIC aMIUINTYIHBIE KOJIEOaHUs, a TaKKe COXpaHSIET BHICOKOUACTOTHBIA PE30HAHCHBINA OT-
KUK B (pa3e cBOOOMHBIX KoebaHuil. B Xxo/e 4nciieHHOro MOIeIMpOBaHUsl yCTaHOBIICHO, YTO B OTCYTCTBHE
JVICCUTIAaTUBHBIX YCTPOUCTB (AeMI(epoB) KOHCTPYKIMS HE COCOOHA CAMOCTOSTENBHO MOTACHTh SHEPTHIO
CEICMHUYECKOro TOMYKA 3a pacueTHbI mepuon 20 ¢, 9YTO BeJeT K HAKOIUICHUIO AMHAMHYECKOH YCTaIOCTH
y3110B Kapkaca. ['paduk (puc. 4) nmokassiBaeT 3pGEKTHBHOCTh (PPUKIIMOHHOTO JeMIidepa MpH mepexoae K
CPEIHUM aMIUTUTyJaM Bo3JeicTBuUs (5 0amioB), BRIPAXKEHHYIO B COXPAaHEHUH BPEMEHH PEIaKCaIlH CHCTe-
MbI B mipenenax 13—14 c. ITo rpadukam, n300paskeHHBIM Ha puc. 4, YCTAaHOBJICHO, YTO NMPUMEHEHHE JIEMII-
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¢bupyromei cucTeMsl MO3BOJISIET CHU3UTH ITMKOBBIE TTEpEeMEIIeHuUs Py S-0anapHoM Bo3aericTBin Ha 40,5 %
10 CPAaBHEHUIO C HE3ALUIIEHHBIM KapKacoM, oO0ecreunBast IpH 3TOM TOJHOE MOJaBIEHHE HU3KOYaCTOTHBIX
CBOOOIHBIX KOJIEOAHMIA.

JIlnvHAMUYECKUI OTKJIMK HE3aTyXalolled ATajJOHHOM MOJENIW TPEICTABIECH HAa pPHUC. 5, a. BaxHpIM
HaOMIOZICHUEM SIBIISIETCS] 3HAYUTEIIBHOE YBEIMYCHNE aMIUTUTY/IBI yCKopeHus nocie ¢ = 10 ¢, mpu 3Tom mu-
KOBBIE 3HAYEHHS JOCTUTAIOT MpuOIM3uTensHO £0,35 M/c%. DTo ABIEHHE MPeNnonaraeT Pe30HAHCHOE MOBe-
JICHUE WM MHTEPPEPEHIINIO HECKOIBKIX PEKUMOB BUOpAIMU MIPU OTCYTCTBUH PACCESHUS SHEPTHH. YCTOM-
YMBBII U HAPACTAIOIMI XapaKTep 3TUX KojeOaHUi CBUAETEILCTBYET O TOM, YTO KOHCTPYKTUBHAsI CUCTEMA HE
B COCTOSIHUM aBTOHOMHO TO/IaBJISATh CHJIBI MHEPIIUH, YTO ONPABIbIBAET HEOOXOAUMOCTh B JTOTIOJIHUTEIBHBIX
JIeMI(pUpyIOMHUX yCTPOUCTBAX JTaKe MPU CEHCMHUECKUX SBICHUSAX HU3KOH HHTEHCUBHOCTH.

[x 1.e-3]
1.5
_be3 nemndepa / Without adamper

Ilepemenienne, M / Displacement

Bpewms, ¢/ Time, s

Puc. 4. CpaBHeHME TOPU3OHTAIBHBIX NTEPEMEIEHUH BEPXHETr0 3TaXKa sl KOHCTPYKLIUHI
¢ nemrdepom u 6e3 Hero Nnpu CeHCMUUECKOW HHTEHCUBHOCTH 5 0aiiioB
M ¢ T oY H¥uK: BHITOJHEHO aBTOPAMH C OMOIIBI0 Abaqus.

Figure 4. Comparison of horizontal displacements of the upper floor for a structure
with and without a damper at a seismic intensity of 5
S o ur c e: made by the authors in Abaqus.
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Puc. 5. BpemeHHast 3aBUCUMOCTb YCKOPEHHI BEPXHET0 3Ta)ka MPU CEHCMUYECKON HHTEHCUBHOCTH 9 6asuioB:
a — 0e3 cucTeMbl 1eMI(UPOBAHHS; 6 — CUCTEMO#T AeMI(pUPOBaHUS
U ¢ To4H M K: BBIITOJIHEHO aBTOpaMH C IIOMOIIbIO Abaqus.

Figure 5. Time history of accelerations of the upper floor at a seismic intensity of 9:
a — without damping system; 6 — with damping system
S o ur ¢ e: made by the authors in Abaqus.

JIlnHaMUYeCKUi OTKJIMK HE3aTyXalolled ATaJOHHONW MOJENW MPEACTaBI€H Ha puC. 5, a. BaxHbM
HaOJTFOJICHUEM SIBJISIETCS 3HAYUTEIIBHOE YBEIMUEHUE aMIUTUTY/Ibl yCKopeHus nocie ¢ = 10 ¢, mpu 3ToM -
KOBBIE 3HAYEHHS JOCTUTAIOT MpuOIM3uTensHO £0,35 M/c’. DTo ABIEHHE MPeNnonaraeT Pe30HAHCHOE MOBe-
JICHUE WM HHTEP(EPEHITNI0 HECKOIBKUX PEKMMOB BHOpAIMN TIPU OTCYTCTBUU PACCESTHUS SHEPTUH. YCTOM-
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YMBBIM U HAPACTAIOIINI XapaKTep ATUX KOJIeOaHHU CBHETEIBCTBYET O TOM, YTO KOHCTPYKTHBHAs CHCTEMa He
B COCTOSIHUM @BTOHOMHO TTOJIABJISATh CHJIBI MHEPIMH, YTO ONPABABIBAET HEOOXOIUMOCTh B JIOTIOHUTEIBHBIX
JIeMIUPYIONIMX YCTPOUCTBAX Jake IPU CEHCMUUECKHUX SBICHUAX HU3KOW WHTEHCUBHOCTH.

s Getona kimacca B30 B paMkax naHHOW paOOTHI MPHHSATA JWHEHHO-YIIpyras MOJENb ITOBEICHUS.
JlanHoe nomyiieHre 000CHOBAHO LENBIO MCCIIEI0BAHUS, 3aKITIOYAIOICHCS B OIIEHKE N30JMPOBAHHOTO BKJIaa
(GPUKIIMOHHBIX J1eMI(EepoB B OOLIYIO TUCCHUIIALMI0 YHEPIHMHU CHUCTEMbI MPHU CEHCMHYECKHX BO3JEHCTBUIX
(BKJTFOUAst HHTEHCUBHOCTH 9 OaiioB). VckimroueHne pu3ndeckol HETMHEHHOCTH JKene300eToHa U3 pacyeT-
HOW CXEMBI TO3BOJISIET UCKIIOUHUTH HaNOKeHHe 3()(EeKToB MOBpexaAeHUs OeToHa Ha paboTy YyCTpOICTB
HHEPrONOMIOIEHHS, YTO 00ECIIeYUBACT KOHCEPBATUBHYIO OLIEHKY 3((EKTUBHOCTH JAeMII(pUpPOBAaHUS U Ta-
paHTHpyeT paboTy HECyIIero Kapkaca NperMYIeCTBEHHO B YNPYIoil CTaJuu 3a CUET IepepacrpeieieHus
ycunuid. JInHaMudeckasi XapakTepuCTUKa IeMII(pUPOBAaHHON KOHCTPYKTUBHOW CHUCTEMBI IPU SKCTpEMallb-
HOI 9-ToueuHOl Harpyske Moka3aHa Ha puc. 5, 6. MakcumanbHOe yckopenue gocturaet 0,96 m/c? Bo Bpems
HavaibHOro ummyinbsca (t<0,5 c¢). KiroueBbiM HaOofeHUEM SIBISIETCSl ObICTpOE CHIKEHHE aMILTUTY/IbI
BUOpAIMU: MpH ¢ = 5 ¢ MUKOBBIE 3HAYCHUsI yMEHbIatoTcs Oonee ueM Ha 50 %. HecMoTpst Ha BBICOKYIO UH-
TEHCUBHOCTb yJapa, cucreMa JaeMipupoBanus 3pPEeKTUBHO MPEJOTBpAIAET PE30HAHC, CTAOMIN3UPYS KO-
nebaHns Ha HU3KOAMILIMTYIHOM BBICOKOYACTOTHOM ypoBHe (£ 0,15 M/c?) K KOHILy MozelMpoBaHus. ITO
CBUJICTEIILCTBYET O BBICOKOW HAJEKHOCTH NPEAJIOKEHHOTO NeMII(UPYIOMIEro pelieHus sl 3allUThl CO-
OpY>KEHHS BO BpeMsl CUJIbHBIX CEHCMUYECKUX BO3CHCTBHIA.

0.0101

_bes nemrigepa / Withouta damper

0.005}

[Tepememienue, M / Displacement

-0.005
0 5 10 15 20
Bpewms, ¢ / Time, s

Puc. 6. CpaBHeHHE TOPH3OHTANBHBIX MTEPEMEIIIEHI BEPXHETO dTaXKa ISl KOHCTPYKITHH
¢ nemrdepom u 6e3 Hero Mpu CEHCMUIECKOW HHTEHCUBHOCTH 9 0alioB
W ¢ To04HHKK: BEIIOIHEHO aBTOpaMu C IIOMOIIBIO Abaqus.

Figure 6. Comparison of horizontal displacements of the upper floor for a structure
with and without a damper at a seismic intensity of 9
S o ur c e: made by the authors in Abaqus.

Peakuys KOHCTPYKIIMM IPU MaKCUMaJIbHOU ceicMuuecKkoi Harpyske (9 6amnoB) 0e3 T0MOTHUTEIBHO-
ro aemrn@upoBaHus MOKa3aHa Ha puc. 6. CMelIeHne BEpXHEro 3Taka JOCTHraeT KPUTHYECKOTO IMHKa B
10,010 M npu ¢ = 4 ¢, 4TO SABAAETCA CAMbIM BBICOKUM 3HaueHHEM, 3a(pUKCHPOBAHHBIM BO BCEX TECTOBBIX
npuMepax. [lociae OCHOBHOroO MMIyJbCa CHCTEMA AEMOHCTPUPYET 3HAUNUTENBbHBIE OCTATOYHBIE BBICOKOUA-
CTOTHBIE KOJIeOaHUs C aMILIUTY0M okono £0,5%107 M, KOTopble He 3aTyXaloT K KOHIy 20-CeKyHJHOTO MO-
nenupoBaHus. Takoi yCTOHUMBEINA ypOBEHb BUOpAlMU TMPU SKCTPEMAIbHBIX HArpy3KaX yKa3blBaeT Ha BbI-
COKHI PUCK pa3pyLICHHUs] KOHCTPYKIUU U BTOPHUUHBIX MOBPEXKACHUN B OTCYTCTBUE YCTPOUCTB pacCEeHBAHUS
sHepruu. Peakiyst KOHCTPYKIUHU IPU SKCTpeMalibHON 9-0auibHOM ceiicMrueckoil aKTUBHOCTH MOKa3aHa Ha
puc. 6. HecMoTpst Ha 3HaYMTENBHO BO3POCIIYIO HArpy3Ky, CUCTeMa AeMI(UPOBAHUS OTPAHUYHNBACT MAKCHU-
MaJIbHOE TOPH30HTAIFHOE CMEIIeHHe BepXHero dTaxa 10 4,7x107 M (¢t = 4 ¢). BakHbIM HaOMIOIEHHEM SB-
nsieTcst ObicTpasi cTabuiu3anusi KOHCTPYKIMK: dyepe3 t = 13 ¢ nemndupyiomiee ycTpoicTBo 3¢(HEeKTUBHO
MOABIISIET BBICOKOYACTOTHBIE KOJIEOAHUs, CHIDKAsI aMILUIUTYy OCTAaTOYHBIX KOJIEOAHUH MOYTH A0 HYJIEBBIX
3HaueHUU. Takue XapaKTEepUCTUKU MOATBEPKIAIOT BHICOKYIO HAJIEKHOCTh MpeajaraeMoro aemMidupytoiie-
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ro peICHu:A AJid IMpeaOTBpaAllCHHA CMCH_ICHI/II\/’I KOHCTPYKLII/Iﬁ AaXK€ BO BpCM: CUJIBHBIX CelCMHUYECKUX BO3-
ﬂeﬁCTBHﬁ. PGSyJ'IBTaTBI XOpOoIIO COmIaCyroTcsa € MpPEACKA3aHHbBIMHU KPUBBIMH ,Z[eMH(prOBaHI/ISI, 4TO IIOA-
TBEPKAACT HAACKHOCTb METOAUKH.

3.2. Ouenka uyscmeumenabHOCmMu U 00CHOGEPHOCHU PE3YIbMaAN O

YroObl yOEqUTHCS, YTO MOMyYSHHBIE PE3YJbTaThl HE CIyYailHbI, a 3aKOHOMEPHOCTH YCTOMYUBHI, OBLIT
BBITIOJHEH PSIJT IONOJHUTEIbHBIX PACUeTOB C BAPbUPOBAHUEM KIIIOUEBBIX MApaMETPOB MOJIENIU B Mpeaenax
+20%. MeHsAIICh )KECTKOCTH Y3JIOB CONPSIKEHUS KOJIOHH U pUresiell (MOAEINpOBaINCh KaK KECTKUE, Hap-
HUPHBIE U MOJYKECTKHE); MOIYJISI yIIPYTOCTH OETOHA; BEIIMYMHBI BHEIIHEH HArpy3KH (B AMAana3oHe SKCILTY-
aTaliMoHHOM). Bo BceM paccMOTpeHHOM Juana3oHe XapakTep paclpeesieHrs BHYTPEHHUX YCHIIMN U caMU
BBIBOJIBI MPAKTUYECKH HE MEHsUIMCh. OTKIOHEHHS IO BEIMYMHE He mpeBblmanu 15 %, 94To roBoput 00
ycmoiuugocmu NpeyIoKEHHON pacyeTHON CXeMBI K MTOTPEITHOCTSIM MCXOIHBIX TAHHBIX.

Tabauya 1. Bausinue BapbUPOBaHUSI NAPAMETPOB HA MAKCHMAJIbHbII M3rudawIuii MOMeHT B purese, KH-m
Table 1. Effect of varying parameters on the maximum bending moment in the beam, kN-m

Bapnupyemblii napamerp / 3HauyeHune napamerpa / H3meHenune MmoMeHTa /
Varied narameter Parameter value Moment difference. %

ba3oBsrlif BapuaHT / _ 100 %
Base case
XKectkocTb y31a (yBenuueHa Ha 20 %) / . 0
Node rigidity (increased by 20 %) LZK 2%
XKecrkocTb y31a (ymensiena Ha 20 %) / . 1510
Node rigidity (decreased by 20 %) 08K 51%
Mopynb ynpyroctu (u3mMeHeH Ha +10 %) / . . 1130
Elastic modulus (changed by 10 %) 09E/LL-E 1.3%

U ctounuxk: D.H. Erepesoii, C.A. Kanmunosckum, H.B. CemuenkoBbIM /
S o urce: made by ENN. Egereva, S.A. Kalinovsky, N.V. Semchenkov.

M3 ananuza JaHHBIX (CM. Ta01. 1) BUIAHO, YTO JAXKC 3HAYUTCIIbHBIC M3MCHCHUSA KCCTKOCTHBIX Iapa-
MCTpPOB HC MCHAIOT KAa4YCCTBCHHO KapTUHY HaHpH}KeHHO-I[e(bOpMHpOBaHHOFO coctosaus. CuibHee BCETO
(I[O 5 %) Ha MOMCHT BJIMACT XKCCTKOCTH Y3JI0B, HO 3TO YKJIaAbIBACTCS B O6BI'~IHyIO HHXCHCPHYIO IIOT'PCII-
HOCTBb U HE 3aTparuBacT OCHOBHBIC BHIBO/IbL pa6OTBI.

3.3. Ozpanuuenusn npoeedeHn020 aHaAIU3A

B HacTostmieit pabote BKIIaIbI )KECTKOCTHOTO U JMCCUIIATUBHOTO KOMIIOHEHTOB JemIiepa OTAeNbHO
He pazzaessuuch. [losTomy 3adukcupoBaHHOE CHIDKEHHE JMHAMHYECKOTO OTKIMKA Ha 34 % Henb3s OTHECTH
WCKJTIOUMTENBHO Ha CYET AeMI(UPYIOMUX CBOMCTB ycTpoiicTBa. CBOIO PO MOTYT UIPaTh M POCT OOIIEi
KECTKOCTH CHCTEMBI, M IepepacipeeneHre Macc. s neneil JaHHOrO HMCCIIEN0BaHUs, CPEAH KOTOPBIX
oreHka 3(ppekTHBHOCTH BKIIOUEHHUS AeMIl(pepa B PACUETHYIO CXeMY, — TaKOi CyMMapHBIN MOKa3aTelb TeM
HE MEHee J0CTaTOueH; MopoOHoe pasaenenne 3((eKToB ocTaeTcs 3aAadell MocJe y0IHX IKCIePUMeH-
TAJIbHO-YHCJICHHBIX HccJefoBaHuil. [Ipy 3ToM caMm XapakTep CHMKEHUS OTKJIMKA, yKa3bIBAIOIIMN Ha
YCTOHYMBOE YMEHbIIEHHE MMUKOBBIX 3HAUEHUH BO BCEX PACCMOTPEHHBIX CLEHAPUAX, CBUJIETEIBCTBYET O MO-
JIOKUTENBEHOM 3P PeKTe MpUMEHEeHHs [eMIdepa B paccMaTpUBaeMOil KOHCTPYKTUBHON CHCTEME.

3.4. Ouenka rgpgpexmuenocmu oemnhpepa u Kpumepuit HOpMaAIU3IAUUU PEAKUUU

UTo0bI KONMMYECTBEHHO OLIEHUTH, HACKOJIBKO JIeMII(ep HOPMAIIU3YET MOBEIEHNE KOHCTPYKITUH, OB
BBeZIEH KO3 GuumeHT penykunu Kz:
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KR:R6e3/Rc (1)
e Rees — TUKOBasi peakiiys (MmepeMelieHne ik yCKOPeHne) cucTeMbl 0e3 aemidepa; Re — MIKOBasi peak-
s (TepeMereHne win yckopenue) ¢ gemidepom. [lomydeHHbIe 3HAYCHHSI CBEICHBI B Ta0M. 2.
Tabnuya 2. CpaBHeHHE MUKOBBIX peakuuii U KO3GPUIIMEHT peTyKIUH
Table 2. Comparison of peak responses and reduction coefficient
Ilepememenne | Ilepememienue Ycekopenue 6e3 | YckopeHue
BoseiicTBie 0e3 nemndepa, | ¢ remndepom, ):[eMﬂ/(l)fpa, c )JeMn(})ez-
Cuenapuii /| PGA, we? MM MM Kz m/c pom, M/c Kz
Scenario Impact PGA Displacement | Displacement (ngemememle /| Acceleration | Acceleration (yclcopeﬂ.ne /
P mst without with displacement) without with acceleration)
a damper, a damper, a damper, a damper,
mm mm m/s* m/s*
1 2,0 48,2 31,1 1,55 4,21 2,78 1,51
2 4,0 102,4 54,3 1,89 8,64 4,52 1,91
3 6,0 167,8 74,6 2,25 13,42 6,21 2,16
4 8,0 241,5 89,2 2,71 18,23 7,43 2,45

M ctounuk: cocraieno J.H. Erepeoit, C.A. Kanunosckum, H.B. CemueHKOBBIM /
S ource: made by ENN. Egereva, S.A. Kalinovsky, N.V. Semchenkov.

3necr PGA o0o3naueno mukoBoe yckopenue rpyHra (Earthquake intensity). M3 ananm3a naHHBIX
TabJ. 2 cledyeT, YTO ¢ POCTOM MHTEHCUBHOCTH BO3ICHCTBUS pacTeT M KOAPPUIHEHT peayKiuuu Kr, KOTO-
pBIi moxomuT 1o 2,71 mis nepememenuit u 2,45 s yckopenuit ipu PGA = 8,0 m/c?. lHpIMU cltoBaMH, pe-
aKIuUs CUCTeMBI ¢ aeMipepoM npu BozaeiictBuu 8,0 m/c? (Re= 89,2 MM) OKa3bIBaeTCsS COMOCTaBHMA C pe-
akuuen cucreMsl 0e3 nemrndepa npyu 3aMeTHO MEHEe HHTEHCUBHOM BO3ICHCTBUU:

PGAswus = PGAucx/Kr = 8,0/2,71 ~ 2,95 Mm/c

Takum obpazom, aemiipep GpakTUIECKH MO3BOJIIET HOPMAJIU30BATD [TOBE/ICHUE KOHCTPYKIIUH — IH-
KOBasi peakmus TpU dKCTpeMallbHOM coObITHH (8,0 M/C?) CHWKaeTcs 0 ypOBHS, KOTOpBI 0e3 memmdepa
cooTBeTCTBOBaJ ObI Bo3zAeicTBUIO PGA =~ 3,0 M/C?, TO €CTh pacyeTHOMY CEMCMUYECKOMY BO3JICHCTBUIO IS
pPaillOHOB C YMEPEHHON CEHCMUYHOCTBIO.

3.5. Ilposepka anvmepnamugHvlx 2unomes

CHIKEHUE MMKOBBIX PEaKLUii, OMucaHHOE B M. 3.4, B IPUHLUIIE MOIIO OOBSICHATHCS HE TOJIBKO JIUC-
CHIIATUBHBIMM CBOMcTBaMuU JeMIiipepa, HO U COMyTCTBYIOUMMU (hakTopamMu. UTOOBI HCKIIIOUUTD ajIbTepHA-
TUBHBIE OOBSICHEHUS, ObLIIM BBIIOIHEHbI JOIOJHUTEIBHBIE PACUETHI:

1. BausiHHe ’eCTKOCTHOIO YCHJIeHHUsI: caM JieMIipep KaK JTOMOJHUTEIbHBIN CBSI3€BOM JIEMEHT yBe-
JMYMBAET KECTKOCTh CHCTEMBI, a 3TO caMo M0 cee CHIKaeT nepeMenieHns. YToObl OTAEIUTh 3TOT 3G QEKT,
OBbLI BBINOJIHEH PACUeT C )KECTKOM AMaroHaJbHOM CBA3bI0 03 (PPUKIIMOHHOIO 3J1eMeHTa: KoddduuueHr pe-
qyknuu coctaBuil Kg™™ = 1,12, To ecTh NpUPOCT KECTKOCTH JIaeT Julb 12 % CHUXKEHus, Torja Kak B CU-
creme ¢ nemndepom Kr=2,71. 3naunt, 0CHOBHYIO 10110 3 dexra (= 59 %) obecreunBaeT UMEHHO AUCCH-
nanus SHepIuu.

2. N3MeHeHHMe Macco-HHEPUHMOHHBIX XapaKTePUCTHK: IIPUCOEIMHEHHAs Macca JieMidepa TeopeTH-
YECKH MOXKET CIABMHYTh COOCTBEHHBIE YACTOTHI CUCTEMBI M TEM CaMbIM M3MEHUTb €€ PE30HAHCHBIE CBOM-
crBa. OJJHaKO MOAAJbHBIN aHAJIM3 MOKa3aj, YTO MEPBbIe TPU COOCTBEHHBIE YAaCTOThl MEHSIOTCS HE Ooiee
yeM Ha 2,4 Y%, a 3TO HCKIIIOUAeT «yXO0J] OT Pe30HaHCa» KaK OCHOBHOW MeXaHM3M HaluonaemMoro 3¢ dexra.

3. BausiHue KOHCTPYKIMOHHOTO JeMndupoBanus. Bo Bcex Monensax k03(GUIHEHT KOHCTPYKLHU-
OHHOTO JeMI(UPOBAHMS MPUHAT NOCTOSTHHBIM (§ = 2 % B COOTBETCTBHH ¢ pekoMeHaauusmu [16]). 3Ha-
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YUT, BCE PA3INYMs MEXy MOJEIISIMH CBA3aHbl UCKIIFOUNUTENIBHO C JIOMOIHUTEIBHBIM JUCCUITATUBHBIM YCTPOK-
CTBOM.

Taxum 06pa3om, MpoBepKa aabTePHATUBHBIX TUTIOTE3 TIOATBEPIKIACT: CHUIKEHHUE MMUKOBBIX PEAKIUil U
3 QeKT HOpMaINU3alul NOBEACHUS KOHCTPYKIMH SIBISIETCS MPSIMBIM CIIEICTBHEM pabOThl (YPUKIIMOHHOTO
nemrdepa, a He TOOOUHBIM apTe(PaKTOM MOACTHPOBAHMUSL.

3.6. Conocmaenenue c pezyibmamamu Opyzux ucciedosameineil

UToObl OIIEHUTh, HACKOJIBKO JOCTOBEPHBI M PENPE3CHTATUBHBI MOIYUYEHHbIE PE3YNbTaThl, OHU ObUIH
COIIOCTABJIEHBI C OITyOJIMKOBAaHHBIMH JAHHBIMU 00 3((eKTUBHOCTH (PPUKIIMOHHBIX AeMII(EPOB.

Ilo koappuuuenmy pedykuyuu nepemewienuii. B nameii pabore MHUKOBBIC TIEPEMENICHHSI CHUZHUIINCH
B 2,7 paza npu 9-0ayutbHOM BO3jeWcTBUU. sl cpaBHeHMs: B uccienoBanuu [39], e (QpUKIMOHHBIN
nemriep UCHBITHIBAICA HAa HATYpHOM (hparMeHTe BBICOTHOTO 3/1aHUs, CHI)KEHHE BUOpPOYCKOpEHMH cocTa-
BIIIO 26,3 %, 9TO COOTBETCTBYET KOa(puuueHTy peaykuuu okoio 1,36. B [40], rne cucrema ¢ ppuximnon-
HBIMU JieMIIpepamMu IpoBepsuIach Ha BUOpOIUIaTGopMe MpH CEHCMHYECKUX BO3JEHCTBUAX, MAKCUMAIILHOE
CHIDKEHME Jipeiia pambl B 3aBUCUMOCTH OT PacHojoXeHHUs aemiipepa 1o BbicoTe coctaBuiio ot 0,7 1no
0,3 % (xoadpdunuent pexykmuu oxono 2,3). Ilomydennoe B HacTosimieil pabore 3HaueHue 2,7 JIGKHUT Y
BEpXHEW I'paHMIIbl STOTO JUara3oHa, 4To 00bsICHsAETCS Oosee MHTEHCHBHBIM BozzeiicTBueM (PGA = 0,4g)
Y I0A00paHHBIMU NTapaMeTpaMu aemidepa.

I1o sx6ueanenmuomy Korgpgpuyuenmy oemnghuposanusa. B sxciepuMeHTax ¢ HOBBIM (PPUKIIMOHHBIM
nemrdepom PS-LED, npoBenennsix B IlonmurexHnueckoM yHuBepcuTeTe MusaHa, SKBUBAJICHTHOE JEMII-
(bupoBaHue 10CTUrajIo nopsaka 55 % npu ycTolduBoi NpsIMOYTOJIbHOM netie ructepesuca [41], uro Bbimie
TUIMYHBIX TOKa3aTesel TpaJuMOHHbIX JeMII(epoB ¢ orpaHMueHHOI TekydyecTbio (BRB), kotopsie 00bIu-
HO He mpesbimatoT 40 %. B mpencraBneHHON Mojenu 4YMCIEHHBIM aHanu3 nan 3HadeHue 45-50 %, uro
Onu3Ko K pesynbratam [17] v moaTBepKaaeT afeKBaTHOCTh MPUHATBHIX MOJEIEH TpeHUs.

Ilo cmabunvnocmu xapakmepucmuk. B [42], NOCBSAIIEHHON MHOTOCEKIMOHHBIM (PUKIHOHHBIM
nemriepaM C TapeabdaTbIMU MPYKUHAMH, TIOKa3aHO, YTO TaKHE YCTPOWCTBA COXPAHSAIOT CTaOMIbHBIE KECT-
KOILJTACTHYECKUE METIH TUcTepe3rca 6e3 3aMeTHOTO MaieHUs] CUJIbI TPEHUS MPU MOBTOPHBIX HATPYKEHUSX.
B nHammx pacderax (cMm. puc. 6) HaOIIOMAETCS TOT K€ XapakTep CTaOMIBHOCTH, YTO TOBOPUT O HAIECKHOM
pabore nemmdepa Mpu MHOTOKPATHBIX CEHCMUYECKIX BO3JICHCTBUSX.

B nenom nosyueHHbIe KOMYECTBEHHbIE MOKA3aTeIN CHUKEHHSI IMHAMUYECKOTO OTKJIMKA (Tiepemertie-
HUSI YMEHBUIMIIMCH B 2,7 pa3a) CONOCTaBUMBI C JIyUYIIUMHU M3BECTHBIMU pe3yJbTaTaMu M YKJIAJbIBAIOTCA B
JTMAITa30H, MOATBEPKACHHBIN dKCTIEpUMEHTATLHBIME padoTamu [39; 40]. DTo O3BOJSET CUUTATh pE3yiIbTa-
TBI JOCTOBEPHBIMHU, a TPEAJIOKEHHYIO cXeMy 3((GEKTHBHBIM CPEACTBOM HOPMAIHM3ALUU TOBEICHHUS KOH-
CTPYKLUHU B DKCTPEMAJIbHBIX YCIOBUSIX.

4. 3akiIouyeHnune

Ha ocHOBaHMH BBIIEH3IOKEHHOTO MOXKHO C/IENIaTh CIIEAYIOIINE BHIBOIBI.

1. YcraHOBIEHO, YTO TpaJWIIMOHHBIE KapKacHbIE CUCTEMBbI 0€3 JOMOJHUTEIbHBIX YCTPOMCTB AMCCH-
MAIUHN YHEPTUU CKIIOHHBI K (HOPMUPOBAHUIO [UTUTEIHHBIX HE3aTyXaIOIUX BHICOKOUACTOTHBIX KOJIeOaHU Ha
NPOTSHKEHUHU Bcero 20-CEeKyHIHOTO Meprona MoaenupoBaHus. Jlaxe mpu ciaaObix ceCMUYECKHX BO3JEH-
cTBUsX (3 Oayia) aMIUIMTY/Ia YCKOPEHH BEpXHEro 3Taxka cTabuibHO Kojebnercs B Auana3zone ot +0,05 m/c?
10 = 0,10 m/c? Ge3 CyIeCTBEHHOTO CHIKEHHS MOCIIE IEPBOHAYAIEHOTO TMHAMUYECKOTO UMITYIIbCA.

2. Bkitouenne GppUKIMOHHOTO Jemiipepa B paCUeTHYIO CXeMy paMHOTO KapKaca 00ecreuyuBaeT Cylie-
CTBEHHOE CHMKCHHME aMIUIMTY/bl KOoJeOaHWH Ha BEPXHHUX ATaXaxX U MUHUMH3UPYET INposiBieHue 3ddexra
pe3oHaHCHBIX Ouenuit. Habmonaercss addexruBHOE rameHne OCHOBHOTO M BBICOKOYACTOTHOTO CIIEKTPOB
OTKJIMKA C TIOCJIEAYIOIIMM OBICTPBIM 3aTyXaHHEM TWHAMHYECKOTO IpoIiecca.

3. [TokazaHo, YTO MpUMEHEHHUE JAeMI(epa Mo3BOJIIeT HOPMATU30BaTh MMOBEIEHUE KOHCTPYKILIUU: peaK-
USl TIPY SKCTPEMaJIbHOM BO3IEHCTBUU CHIDKAETCS JI0 YPOBHS, COOTBETCTBYIOIIETO BO3ACHCTBUIO YMEPEH-
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Hoit mHTeHcHBHOCTH (PGA = 3,0 M/C?), 4TO MONTBEPKIAET CITOCOOHOCTh CUCTEMBI YIIPABIISATH OTKIMKOM B
YCIIOBHSAX 3aIlpeeNIbHBIX HAarpy30K.

4. [MonTBepkaeHa paboTOCIOCOOHOCTh eMIi(hepoB B MIMPOKOM JAManazoHe Harpy3ok (ot 3 mo 9 Gain-
JI0B). YCTAHOBJIEHO, YTO MPH 3KCTPEMATBHBIX CEHCMHUYECKUX BO3JCHCTBUAX CHCTEMa MPEeJOTBPALIAET Mpo-
rpeccupyloliee HapacTaHWe WHEPIMOHHBIX HAarpy3ok mocie 10-i cekyHIpl pacueTHOro meprona, odecrie-
YKBasi KOHTPOJIb HaJ MEPEKOCAMU 3TaXel 1 OOIIYI0 CECMOCTOMKOCTD COOPYKEHHUSI.

5. YcTaHOBIICHO, YTO BpeMs pellaKkCaIlii CUCTEMBI (3aTyXaHHs KoJieOaHwii) pu 9 Oammax ocraercs B
npeznenax 13—15 ¢, 4To CBUIETENHCTBYET O BBICOKOI JUCCUIIATUBHON CIIOCOOHOCTH BBHIOPAHHBIX MapaMeT-
poB nmemmdepa.

6. YcTaHOBIIEHO, 4TO MpHU 9-0aJUTbHOM BO3/ICHCTBHM HE3AIIMIIEHHAs KOHCTPYKIUS TOCTUTAET Mpe-
JIeNTbHBIX 3HAYCHUH TOPU30HTAIBHBIX nepeMerienuii (10 Mmm), B To BpeMsl Kak BHEIpEeHUE AeMII(pupyromeit
CHCTEMBI ITO3BOJISIET CHU3UTH 3TOT ToKa3zaTelb Ha 53 % (1o 4,7 MMm), obecrieunBasi CHKEHUE TMHAMHYECKUX
peaxIuii 10 ypoBHSI, IPU KOTOPOM HECYIIHE 3JIEMEHTHI pab0TaloT B Mpeienax MPOeKTHHIX Ae(opMariuii.

7. YCTaHOBIJICHO, UYTO B CUCTeMe Oe3 jaeMIipupoBaHUs UTUTETLHOCTh CBOOOIHBIX KOJIEOAHUH TIPpH Ceii-
CMHUYECKOM BO3JICHCTBUU PAaCUeTHONW MHTEHCHUBHOCTH mpeBbimaeT 20 ¢, 4YTO MPUBOAUT K MHOTOKPAaTHOMY
3HAKOMIEPEMEHHOMY J1e(hOpMHpOBaHUIO y370B. MHTErpanust ppuKIHOHHBIX AeMII()epoB COKpamIaeT BpeMs
3aryxaHus 710 13 ¢, obecrieunBasi COXpaHEHHE TEOMETPUIECKON HEM3MEHSEMOCTH KapKaca M yIAEep)KUBas To-
PHU30HTAJIbHBIE TIEPEMEIICHUSI BEPXHET0 3TaXka B MpeJiesiax HOPMATHUBHBIX JOIMYCKOB 1O 1e()OpMaTHBHOCTH.

Ozpanuuenusa uccinedo6anus u nepcnekmuesl oanpHelnuiell pabomsl. I1omydeHHbIe BBIBOABI O JU-
HAMUYECKOM OTKJIMKE U 3()(PEKTHBHOCTH (PUKIIMOHHBIX JeMI(EpPOB CHPaBEIUBHI ISl WCCIICIOBAHHOTO
JMara3oHa CeMCMUYeCKUX BO3neHcTBHi (3, 5 1 9 6ayyioB) B paMKax MPHUHATHIX pacdeTHBIX Moxene. [pa-
HUIBI TPUMEHUMOCTH TPEICTABIEHHBIX PEe3yJIbTaTOB OTPAHUYEHBI PACCMOTPEHHOIN TreoMeTpuel 3MaHus
MaJIol W CpeIHEH 3TaAXKHOCTH M (PMKCHPOBAHHBIX TPYHTOBBIX YCIOBUH. JlanbHelIIee pa3BUTHE MCCIIEI0Ba-
HUs TpeOyeT Bepu(UKauy pa3paboTaHHOTO MOAX0/IA C YUE€TOM BIHMSHUS BHICOTHOCTH (3TAXKHOCTH) M TIPO-
CTPAaHCTBEHHON KOH(UTYpallMy HECYIIEro paMHOTO KapKaca; BApbUPOBAHUS KOJMUYECTBA JKECTKOCTHBIX Xa-
PaKTEPUCTUK JeMI(UPYIOMNX YCTPOMCTB; ydeTa (U3NYECKOW HENMHEHHOCTH W J1e(hOPMAlMOHHBIX
CBOWCTB TPYHTOB OCHOBAHHMS; PACIIMPEHHS CIIEKTPa BO3ACHCTBHH 3a CUET HCIOJIB30BaHUS PEabHBIX H
CHUHTE3MPOBAHHBIX aKCEIEPOrPaMM 3eMIIETPSCEHHM.
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I'padpuyecknii MeToa NPOEKTUPOBAHMSA U3rH0aeMbIX JJIEMEHTOB
¢ ucnoJsb3oBanueM crangapra CII 16.13330.2017

B.B. lNummmuukosa'”, T.X. I'egpe'?™

"Poccuiickuii yauepeuter apyx0bl Haponos, Mockea, Poccutickas @edepayus

2HauuoHanbHbIi HCCIeN0BATENbCKHE MOCKOBCKHI rOCYIapCTBEHHBIN CTPOMTENbHBINA yHuBEpCUTeT, Mocksa, Poccutickas edepayus
< tesfaldethg@gmail.com

INoctynuia B pepakuuto: 17 anpens 2026 r.

Jlopaborana: 1 utonst 2026 r.
[punsra k nyonukanuu: 11 uons 2026 r.

AnHoTanus. Llens uccnenoBanus — MPeUIOKUTh METO IpaduuecKoro NpOeKTUPOBAHUS IBYCUMMETPUYHOTIO CEUCHUS CTAIbHON
Oanku nipu u3rube B coorBeTcTBUU ¢ nocieaauM npoekroM CIT 16.13330.2017. CyuiecTBYIOT pa3iHuHbIC TOAXOAbI K MPOSKTHPO-
BaHUIO CTAJIbHBIX KOHCTPYKIHUH, BKJIIOUask PyYHOH pacdeT, KOMIBIOTEPHBIE IPOrpaMMbl U THOPUIHBIE METO/bI, KOTOPbIE UCIIOIb-
3yIOTCSl B Pa3HBIX HOpMax IPOEKTUPOBAHUS U pacdyera JOIYCTHMOW MPOYHOCTH dlieMeHTa Ha u3rub. I'paduueckuil moxxoxn
HIAPOKO UCIIONB3yeTCs B AMEPHKAHCKOM MHCTUTYTE CTaJlbHBIX KOHCTPYKIMH B KaueCTBE aJbT€PHATHBHOIO METOJA U HallpaBlieH
Ha MOBBIIIEHNE 2 PEKTHBHOCTH MPOSKTUPOBAHMS YIIPYTHX M HEYIPYTUX U3rHOaeMbIX dJIeMeHToB. Hactosmuit MeTon npenHasHa-
YeH I MPOSKTUPOBAHMS M3THOAEMBIX 3JIEMEHTOB B COOTBETCTBUHM C POCCHHCKMMH HOPMaMH NPOEKTUPOBAHMS CTAJBbHBIX KOH-
crpykuuit (CII 16.13330.2017) mis cranbHbIX Ipoduiell, IUPOKO UCIOAb3YEMBIX U JOCTYHHBIX B Poccuiickoil denepaunu.
Pesynbrarel paboTHI IPENCTABIAIOT cOOOH IpaduvecKyio IEMOHCTPAIUIO COOTHOIICHHS MEXAy HOMHUHAJIBHOW NMPOYHOCTHIO HA
u3ru6 1 3GpPeKTUBHON NIIMHON 31IeMeHTa JJIs Pa3IMuHbIX Pa3MEpOB MONEPEUHOro ceueHus. MICnonbp30BaHue 3Toro rpauyeckoro
MeTofa Ul NPOEKTHPOBAHUS W3TMOAEMbIX IEMEHTOB MOXKET IIOMOYb NPOSKTUPOBIIMKY B AalbHEHIIEM MOA0Ope ONTUMAIBHBIX
CTalbHBIX NPOGdUICH, a NPOU3BOIUTENIO CTalU OyAeT IOJIe3eH AT PEKOMEHJIAluu OOJBIIETO KOIUYECTBA HOBBIX POCCHHCKHX
CTaJBbHBIX MTPOQUIEH U1 yMEHBIIEHHS 3a30POB MEXy MOCIeA0BaTeNbHBIMH pa3MepaMu poduist. B cBsa3u ¢ pacTymmmu Tpe6o-
BaHUAMM K THOKUM 3JIeMEHTaM rpauuecKuil moaxos ABILETCS ObICTPHIM METOAOM IPOEKTUPOBAHUS, IIO3BOJIAIOIUM HHXXEHEPAM
U MCCIIeOBaTeNsIM BBIOpAaTh ONTHMAIBFHOE CEUCHHE CTaubHOM Oanku. Kpome Toro, B JaHHOM cTaThbe MPUBOAMTCS MPAKTUYECKUIT
IpuMep, NOATBEPKAAOMINN 3PEKTUBHOCTD U IPOCTOTY IPOEKTUPOBAHUS THOKUX SIEMEHTOB.

KitoueBble c1oBa: U3rudaeMslil 57IEMEHT, IPOJOJIBHBIN U3rH0O C KpydeHHEM, IPOEKTUPOBAHUE CTANBHBIX KOHCTPYKIUM, HAUMEHb-
11e€ CEUEHUE, POCCUIMCKUE CTaIbHble podunu, rpapuueckuil MeTon

Bruax aBTopoB. [ anuwnukosa B.B. — pa3paboTka KOHLEMINH, KypUPOBaHUE JTAHHBIX, METOIOJIOTHS, (YOPMAaIbHBII aHANIN3, PO-
BEJICHNE HCCIEAOBAHMs, HAaydHOE PYKOBOJACTBO, aIMHUHHCTPATHBHOE PYKOBOJACTBO HCCIEAOBATEIBCKUM HPOEKTOM, HAIHCAHUE
YEPHOBHKA PYKOIIMCHU, HAIMCAHUC PYKONUCHU — PCUCH3UPOBAHUC U PCAAKTHPOBAHUEC, BU3yalln3allid U BaJUAallus pE3yJIbTaTOB;
TI'ebpe T.X. — pa3paboTka KOHIENIINH, METOAOJIOTUS, KypHPOBaHUE TaHHBIX, IPOBEACHHE HCCIEJOBaHUS, IpOorpaMMHoOe obecrre-
YeHHe, HallUCaHHe YEPHOBMKA PYKOIHCH, HAMMCAHHE PYKONUCH — PELEH3UPOBAaHHE U PEAAKTUPOBaHUE, (GOPMaNIbHBIN aHaIu3,
BU3yaJIU3alsl U BaIMAALMS PE3yJIBTaTOB.

3asBiieHHe 0 KOHQUIMKTe HHTEepPecoB. ABTOPBI 3asIBISIOT 00 OTCYTCTBUU KOH(IMKTA UHTEPECOB.

3asiBjieHHe 00 MCIOJIb30BAHUU TEXHOJIOTHH HCKYCCTBEHHOI'0 MHTE/JIEKTA. HpPI CO3JIaHWW HACTOSIICH CTaThH TEXHOJIOTHH
TCHEPATUBHOTO UCKYCCTBECHHOI'O MHTEJIJICKTA HE UCIIOJIb30BaINCh.

3asiBJjieHue 0 AOCTYITHOCTH JaHHBIX. Bce JAHHBIC, ITOJTYYCHHBIC B XO€ 3TOT0 MCCIICAOBAaHNs, BKIIFOYCHBI B ny6nHKyeMy}o CTaThIO.

Joas nurupoBanus: Galishnikova V.V., Gebre T.H. The graphical method of design for flexural members using the SP
16.13330.2017 standard // CtpouTenbHas MeXaHHKa MHXECHEPHBIX KOHCTPYKIMH U coopyxenuit. 2026. T. 22. Ne 4. C. 431-441.
http://doi.org/10.22363/1815-5235-2026-22-4-431-441 EDN: LWBQCE

1. Introduction

Due to the use of various steel sections that provide greater architectural flexibility than conventional
reinforced concrete structures, steel or composite structures have grown in popularity worldwide. Architects
and design engineers are increasingly shifting their attention to steel structures considering that they are
much more quickly to construct than reinforced concrete constructions. Using high grade steel structural

Tanuwnukosa Bepa Bnadumuposna, TOKTOp TEXHUYECKHX HayK, mpodeccop Kadeapbl apXUTEKTYPhl U PeCTaBpaliUy, HEKEHepHas akaaemus, Poccuiickuit
YHUBEPCHTET JIpYXObl HaponoB, Poccuiickas ®eneparus, 117198, . Mocksa, yn. Mukiryxo-Makias, 1. 6; eLIBRARY SPIN-xox: 2765-7069, ORCID:
0000-0003-2493-7255; e-mail: galishni@yandex.ru

T'eope Tecpanoem Xaozembec, KaHOUIAT TEXHUUECKUX HAyK, JOLEHT KadeApbl apXUTEKTYphl U pecTaBpaluy, HHXCHEpHas akaaemus, Poccuiickuii yHu-
BepcHUTeT ApYyx)Obl Haponos, Poccuiickas @enepanms, 117198, . Mocksa, yin. Mukityxo-Makuasi, 1. 6; 01eHT Kadeapbl CTPOUTENBHON U TEOPETHYECKOM
MexaHukH, HarmoHaneHbIi ncciietoBaTelibckuii MOCKOBCKHIT TOCYIapCTBEHHBIN CTPOUTENBHBIN yHUBEpcUTeT, Poccuiickas @enepanyst, 129337, Mocksa,
Spocnasckoe mocce, a. 26; eLIBRARY SPIN-kox: 9753-3906, ORCID: 0000-0002-7168-5786; e-mail: tesfaldethg@gmail.com
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faster to construct than reinforced concrete ones. Using high grade steel structural elements has been
attracting interest in Russian construction projects because it yields a more slender structure and the stability
analysis dominates the design procedure [1]. Recommendations faster to construct than reinforced concrete
ones. Using high grade steel structural elements has been attracting interest in Russian construction projects
because it yields a more slender structure and the stability analysis dominates the design procedure [1].
Recommendations from different authors for the steel construction standards of the Russian Federation have
improved and updated the design standards for steel structures to align with international standards
including AISC and Eurocode [2—4]. The graphical approach, which aims to increase the design efficiency
for both elastic and inelastic flexural components, is only utilized as an alternative method in the American
Institute of Steel Construction standard [5—7]. The proposal of graphical design method using Russian steel
sections will provide efficient steel beam design tools for structural designers. Using those methods,
it becomes possible to identify the optimum section considering the moment and unbraced length of the
flexural member. The graphical method is commonly used by AISC (American Institute of Steel
Construction), it is not implemented in other national standards [1-5]. Lateral torsional buckling (LTB)
analysis approaches for hot rolled doubly symmetrical sections using different standards are diverse in the
consideration of the geometric imperfection, residual stress, and also in the consideration of the inelastic
and elastic LTB approaches [6; 7]. AISC used a design calculation method in which the LTB curve is
divided into three different parts: the yield (plastic) region, inelastic buckling and elastic buckling [8]. The
design calculation and construction procedures of different international standards might differ from
country to country and also may result in noticeable variations in the weight of steel considered. The AISC
standard is prepared with detailed and simplified approaches and is considered by researchers are
considered as a benchmark for comparison with other standards for traditional design aid [8—9]. Because of
the presumptions and algorithms employed in commercial software, there are still valid reasons to consider
design charts as a crucial practical tool even though the demand for traditional design, which depends on
tables and charts, has decreased slightly. In addition, the trial and error method is based on an approximate
moment and selecting trial shape, then finally checking the compliance of the section with the requirements
of the specification [10—13]. This will lead to the waste of raw materials and energy, as well as the failure to
account for effects on the environment [15]. Similarly, the Russian standard follows the same traditional
approach for designing flexural members [16]. To overcome this limitation chart-based approach is an
alternative and economical approach. The recommended graphical design approach for steel beams under
flexural load which adheres with the most recent draft of SP 16.13330.2017 can be used as a quick, error-
proof design tool for a variety of steel sections and as a validating tool. While it is a quick design aid, it can
be used for educational purposes because it can improve students’ engineering perspective and judgment
through visual representation. As part of the steel design procedure for flexural members, considering the
lateral torsional buckling analysis is a part of the limit state that must be checked for steel beams [17]. Hot-
rolled doubly symmetric I-beams are designed for lateral torsion buckling in various stages by taking into
account a wide range of scenarios like support conditions, web openings and corrugated webs [15; 18-21].
AISC, Eurocode 3, AS4100, and other common design standards were taken into consideration when
evaluating the research utilizing various design guidelines according to their geographic location. Based on
the Russian standard (SP) for flexural steel member design, the analysis is carried out using plastic moment
resistance, forming plastic hinges, and section element proportions to avoid local buckling [22; 23]. The
Russian standard does not use the elastic critical moment and the non-dimensional slenderness like in the
American Institute of Steel Construction (AISC) and Eurocode 3 (EC-03) for steel design, but it has a
coefficient that accounts for the plasticity and imperfection [24—29]. The lack of the elastic critical moment
for LTB capacity of wide flange sections and the modification factor leads the Russian standard to be
uneconomical and limited to a specific unbraced length. Generally, the advantages of the elastic design for
lateral torsional buckling are to consider in long span beams with a focus on the efficiency and optimization
of the member. The elastic critical moments for LTB capacity were studied in different stages which was
proposed by [30], and later on studied by different authors for the classical solution for the critical LTB in
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different loading types and modification factors [31-36]. Lateral torsional buckling (LTB) is of concern in
long-span flexural members, particularly in the negative bending moment regions of continuous-span, steel
I-shaped members and during construction. While the elastic critical LTB capacity of a simply supported
I-shaped member subjected to uniform moment has a closed-form solution, most LTB modification factors
for beams subjected to moment gradients in the literature are empirical and work well only for specific
loading and boundary conditions [37]. Through comparisons with analytical solutions using the Rayleigh —
Ritz method and numerical solutions from finite element analyses, the stability of the various LTB
modification factors in literature and design specifications for various loading and boundary conditions was
investigated. The analytical LTB modification factors are derived for doubly symmetric I-shaped members
with different combinations of ideal flexural and torsional boundary conditions (simply supported and
fixed) and subjected to different loading scenarios. The validity of the LTB modification factors determined
using the Rayleigh — Ritz method and other formulae in the literature are also assessed for realistic
intermediate restraint conditions, which are neither fully pinned nor fixed, by examining laterally
continuous beams. Demonstrating that current design specifications for elastic critical LTB modifications
are overly conservative for beams with complete or partial warping fixity, the authors recommend practical
and simple alternatives to design such beams. The Russian standard for steel structures has limitations in
calculating the stability of flexural members and different methods are recommended by different authors to
overcome the limitations [38].

The current paper deals with the proposal of a chart-based method of design for LTB for hot-rolled
symmetric [-beam steel using Russian standards. In the presented charts, the flexural member design approach
for LTB was considered. The analysis considered three different sections as plastic or yielding, inelastic
LTB and elastic LTB based on the unbraced length of the beam. The proposed graph-based design for Russian
standard steel sections makes it simple to determine the optimum steel section while taking the available
moment and unbraced length of the beam section into account. The graphs are formulated in such a way
that the solid lines of the graphs indicate the optimum section for the definite unbraced length with available
moment, being stronger than the steel section denoted with a dashed line [3; 39]. The most common
graphical method is prepared for AISC steel sections with imperial units which are not commonly available
in the Russian steel markets [39]. The current proposal for the design curve method will facilitate the selection
of lightweight steel sections, thereby reducing construction costs. Additionally, it may serve as an opportunity
for steel manufacturers to propose new steel section sizes based on the gaps among existing sizes.

2. Methods

In this study, the static schematic adapted is a cantilever beam with doubly symmetric I-section which
is restrained against warping and rotation at the support in its bending plane as shown in Figure 1.

Figure 1. Static schematic of a beam:
a — without loss of stability; b — with buckling of a beam
S ource: made by T.H. Gebre.
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The graphical method of design for flexural members using the SP 16.13330.2017 standard requires
moment capacity graphs from a wide range of steel sections available on the Russian steel markets. This
method is used in AISC manual with a variety of graphs, but for the USA steel sections only, therefore it is
inapplicable to the Russian steel sections. Developing the graphical method of steel design using the
Russian manual and steel sections is performed for an alternative option for designers and researchers. The
current study used the Russian code and steel sections to develop the graphical method of design for
flexural members [40]. As this approach is a common method in AISC and it is known by design engineers,
therefore, it can be assumed that any further actions will not lead to a violation of the integrity of the
document’s philosophy. For the plastic design under the action of the moment in one of the principal planes
for Class 1 members, if the member is loaded with moment in the major principal plane only, the ratio is
given by [40]:

_ M. D

W R, Y.
where M _ is the factored moment about the major principal axis, x, W__is the section modulus of cross
section about the principal axis, x, computed for the compression flange, _ is the minimum section

modulus of cross section about the principal axis, x, R, is the design yield strength, v, is the service factor

for structural members and connections, and @b is the stability factor in bending.

The design buckling moment resistance (nominal moment capacity) for lateral torsional buckling
should be computed by eq. (2) for elastic and inelastic designs with limited bracing lengths and loaded
exclusively on the major plane:

Mx = ch Wm,minRy Yc’ (2)

where W

xn,min
yield strength for tension, compression, and bending, cx is the coefficient for the calculation of structural
elements taking into account the development of plastic deformations for Class 2 and Class 3 sections, B is

is the minimum section modulus of cross section about the principal axis, x, R, is the design

the coefficient that takes into account the effect of average shear stress on the moment capacity.

3. Results and Discussion

Flexural members are dominated by bending deformation when subjected to different types of
loadings. The available steel sections for flexural members on the Russian market are considered in the
current study. Based on the Russian steel manufacturing companies, the most common beam section are
designated as b and III section types [40]. The b section are doubly symmetric section beams with small
flange width to height ratio and III section is a wide flange section with high performance in stability and it
has better performance in bending and compression compared to the b sections [16]. In the current study we
tried to consider the I1I beam section as a case study. The analysis of the nominal bending moment and the
development of the design charts for the current study are considered based on the Russian standard
(SP 294.1325800.2017) [10]. When we consider the buckling curves for SP 294.1325800.2017, it does not
classify sections, but the noticeable part is for the compact section as we considered a limit of the unbraced
length for each section. The nominal bending moments are considered for the moderate and slender beams
as it gives as a high buckling resistance. The nominal bending moments decrease to a relatively small
magnitude and remain constant when we consider a slender beam section. The graphical method of design
for flexural members using the SP 16.13330.2017 standard is considered based on Mx vs L graphs for each
section type and a combined chart is developed. The combined graphical formation of M. vs L chart for
26112 & 2311 sections is shown in Figure 2. The graphical method to select the lightest steel section
between 261112 & 231111 steel sections is given in Figure 2. The combined moment capacity vs lateral
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unbraced length graph reflects that 261112 is heavier than 231111 section which turns into the dashed line
after an intersection between the two graphs. We can consider different options in selecting the lightest
section from 261112 & 231111 by referring to Figure 2 and I-option, both 261112 & 231111 can be selected, but
relatively the 231111 is the lightest one. II-option, as it is above the two curves and the moment capacity
of the two sections is small so there is no sufficient section. For III-option, similarly, as it is outside the two
curves, in the current graph both 261112 & 23III1 are not applicable. Special case can be considered as
VlI-option as shown in Figure 2, 231111 is the optimal section which is considered as lightest and strong steel
section.

M, Vs L, Chart for 261112 & 23111

II-option

140.0

120.0

100.0 I-option Y

80.0 VI-option ~‘\‘

Mx(kN-m)

40,0

-
-
-,
—~————

-
——
——
===

20.0

0.00 1.00 100 3.00
Ly (m)

Figure 2. The graphical representation of (Mx) vs L, Charts for 261112 & 231111 sections
S ource: made by T.H. Gebre.

By considering the Russian steel sections, the graphical method may be applied in the actual practical
design process. First, we must determine the unbraced length and total bending moment of the beam
member. For example, let us consider the unbraced length of 2.5 m and the required moment of 300kN-m.
Referring to Figure 3, the horizontal and vertical lines corresponding the required moments and unbraced
length respectively have to be formed and intersect at a specific point. The intersection point is considered
as a bench mark for the selection of the lightest section and 40I1I1 section is the lightest and adequate
section. By projecting the horizontal line backward, the moment capacity is 302 kN-m and it is greater than
the required moment which is 300 kN-m as shown in Figure 3.

The graphical method moment (Mx) vs unbraced length (L) design curves for moments ranging from
0 to 800 kN-m are shown in Figure 3.

The chart for the flexural member is a plot of moment vs unbraced length and the graph is considered
as a strength curve for each specific beam section. The two axes for each graph characterize available
moment and unbraced length respectively. Referring to Figure 3 for each steel section designated as per the
SP standard, the solid lines represent the lightest and most economic section whereas the dashed lines
represent the weaker sections to be considered at first. The continuity or termination of the lines within the
graphs indicate the slenderness behavior of the beam section and when the beam is inadequate to resist the
load. Generally, the graphs for lateral torsional buckling based on the AISC are classified in to three
different types: plastic, inelastic and elastic stages. Plastic moment indicates that the beam is fully braced
and reaches its plastic moment capacity before buckling. The moment capacity starts to drop with yielding
behavior and it is considered as inelastic lateral torsional buckling. The third stage is elastic lateral torsional
buckling as the beam drops below the yielding point and it is considered as a slender member. In the current
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study, the chart based flexural member design is prepared based on the Russian standard. This method will
overcome the limitation of the traditional method of design of flexural members which follows the
tubulated data and iterative methods for selecting the lighter section. common wide flange sections are
considered and the graphs are compiled together as shown in Figures 3, 4 and 5. The graphical method
moment (Mx) vs unbraced length (Ls) design curves for moments ranging from 800 to 2500 kN-m are

shown in Figure 4.

R, =345 MPa
I Sections
SP 16.13330.2017 No. 1 Moment (M. vs Unbraced Length (Ls)
800
750 401112
700 Heavy and uneconomical
650
011
600
550 — Lightest and
’é‘ 500 3sm3 35112 adequate capacity
E 450
S g0 35101 Lightest but
30III1 inadequate capacity
350
300
50 261111
200
150
100
2011
50
0
0.0 0.3 0.5 0.8 1.0 1.3 L5 18 2.0 2.3 2.5 2.8 3.0
Ly(m)
Figure 3. The graphical method moment M, vs unbraced length L» design curves
for moments from 0 to 800 kN-m
S ource: made by T.H. Gebre.
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III Sections

SP 16.13330.2017

2500

No. 2 Moment (M, vs Unbraced Length (Ls)

2400
2300

701112

2200
2100

2000
1900

1800
1700
1600

M, kN-m)

1500

1400

1300

1200

1100

1000
900
800

0.00 0.25

701114
70111 70115
601113
701111
S04
601111
S0II3
5012
SOII1
1.50 1.75 2.00 2.25 2.50 2.75 3.

0.50 0.75 1.00 1.25 00

L,(m)

Figure 4. The graphical method moment M, vs unbraced length L» design curves
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for moments ranging from 800 to 2500 kN-m
S ource: made by T.H. Gebre.
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Similarly, the moment capacity for the ranges between 1500 to 3900 kN-m can be computed for
different values of unbraced length using the graphs shown in Figure 5.

The above results are considered for charts of plastic moments and inelastic lateral torsional buckling as
the Russian standard is recommended for limited unbraced length. The Russian standard (SP 16.13330.2017)
provides buckling factors and limited optimum unbraced length of every beam section based on the section
properties. In order to consider the stability of the flange or local buckling, the characteristic nominal
slenderness is less than the ultimate slenderness value which can be calculated from ultimate nominal
slenderness [10; 14]. The overall stability of the beam is checked and considered to be ensured if a solid
rigid flooring is supported on the upper belt and securely fixed to it. According to SP 16.13330.2017
[10; 15] the nominal slenderness and stable unbraced length for the lateral — torsional buckling strength
and for doubly symmetric [ — section may be calculated by Eqns. (3)—(9).

R,=345 MPa
III Sections
SP 16.13330.2017

3900

Moment (M) Vs Unbraced Length (Ls)

3700 70015

3500

3300

3100

701114

2900

2700

701113

M, kN-m)

2500

2300

70112

2100

601113

1900

70101
1700 \
1500

0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00 2.25 2.50 2.75 3.00

L (m)

Figure 5. Design Curve of Graphical Method Moment M, vs Unbraced Length Ls
S ource: made by T.H. Gebre.

f . b/ b/ b/
¢ <[0,35+0,0032-L+| 0,76-0,02 L | |4 | £ 3)
bf t t h y Ry

where /. is the effective length, b, and ¢, are the width and thickness of the compression flange; %, is

distance (height) between the axes of the flanges. If the limit slenderness, which is flange stability, is b// <
15, the value of b// = 15 needs to be taken. If the stability condition is not met, then it is necessary to check
the overall stability, taking into account the coefficient of reduction of the design resistance (¢») according
to the formula:

c=——=<R vy.. 4
W Ve 4)

To determine ¢@», @1 needs to be found using the following equation:

I E

h
_yxtE 5
Qwh%& (5)

438 EXPERIMENTAL RESEARCH



lanuwHukosa B.B., [ebpe T.X. CTpouTenbHas MexaHuka MHXEHEPHBIX KOHCTPYKLMIA 1 coopyxeruit. 2026. T. 22. Ne 4. C. 431-441

The v coefficient is taken according to Table 73 of the SP 16.13330.2017 standard and depending on

the parameter shown below:

[t 3
a=8(if‘—f][l+a—lw3J , (6)
h, b, b, t;

where a = 0.5k @ 18 determined from Table 74 of SP 16.13330.2017, and when checking the local stability

of the wall, the following conditions must be met:

_ R
xwztﬁ,/?ysz.s, %)

in the presence of local stresses, and

— (R
xwztﬁ Eys&s, ()

in the absence of local stresses. If these conditions are not met, the beam web must be strengthened with
transverse stiffeners, the maximum distance between which should not fall outside

a. <2h, —>Ai>25 a. <2h —Ai>32, (9)

m

if the we tried to consider for the elastic design (slender member) based on the Russian standards, which is
more conservative in comparing with AISC-LRFD [39] and Eurocode 3 [28; 29], then its flexural capacity
is considered minimum. Therefore, the chart method for larger unbraced length is considered to account for
the elastic design or for slender steel beam sections. The graphical design method for optimal flexural
member using the SP 16.13330.2017 standard with the Russian version of steel sections has been presented.
These visual representations can be easily implemented for the designs of steel beams at the technical office
because they generate the same optimal sections as the standard computer programs. Additionally, other
nations that employ Russian steel with doubly symmetric sections various for support conditions and thin
members can use the graphical method used in this work as a design guide.

4. Conclusion

The paper presented the graphical scheme of design using the Russian design procedure and steel
sections as an alternative to the existing technique. Doubly symmetrical wide flange sections identified as
III sections were considered and the graphical results are presented. The graphical method of design can be
used by engineers as an alternative and quick method of design for flexural members based on the moment
capacity and unbraced length as an input data. For manual or computer design procedure, the design curves
for the method are considered as a validation tool and it increasing the accuracy of the design procedure for
steel members. From the current study of graphical method of design, three different sections as plastic or
yielding, inelastic LTB and elastic LTB based on the unbraced length of the beam, were considered. The
proposed graph-based design for Russian standard steel sections makes it simple to determine the optimum
steel section while taking the available moment and unbraced length of the beam section into account. The
graphs are formulated in such a way that the solid lines of the graphs indicate the optimum section some
definite unbraced length with available moment, being stronger than the steel section denoted with a dashed
line. The current proposal for the design curve method will facilitate the selection of lightweight steel
sections, thereby reducing construction costs. Additionally, it may serve as an opportunity for steel
manufacturers to propose new steel section sizes based on the gaps among existing sizes.

OKCMEPUMEHTAEHBIE MCCIENOBAHNA 439



Galishnikova V.V., Gebre T.H. Structural Mechanics of Engineering Constructions and Buildings. 2026;22(4):431-441

References

1. Bortsov AN, Kuklev AV, Sychev ON, Lipin VK. Issues in the production of shipbuilding and high-strength steel
rolled products with special properties. Metallurgist. 2025;69:971-980. https://doi.org/10.1007/s11015-025-02019-x EDN:
DDWWXS

2. Alekseytsev AV, Gaile L, Drukis P. Optimization of steel beam structures for frame buildings subject to their safety
requirements. Magazine of Civil Engineering. 2019;91(7):3-15. https://doi.org/10.18720/MCE.91.1

3. Gebre TH. The development of chart based method for steel beam designs using the Russian sections. Structural
Mechanics of Engineering Constructions and Buildings. 2019;14(6):495-501. https://doi.org/10.22363/1815-5235-2018-14-
6-495-501 EDN: YUZVRZ

4. Bikoko TGLJ, Tchamba JC. Comparison of a steel column design buckling resistance between the South
African/Canadian (SANS 10162-1:2005/CAN/CSA-S16-01:2005), Eurocode 3 (EN 1993-1-1:2005) and Australian/New
Zealand (AS4100:1998/NZS3404:1997) standards — Part I: PFC-SA (South African Parallel Flange Channel Section). /OSR
Journal of Mechanical and Civil Engineering. 2015;12(3 Ver. 11):160-169. Available from: https://www.iosrjournals.org/iost-
jmcee/papers/voll2-issue3/Version-2/T01232160169.pdf (accessed: 27.06.2026).

5. Gautier T, Bikoko LJ, Tchamba JC. standards-Part I: PFC- SA (South African Parallel Flange Channel Section).
1OSR Journal of Mechanical and Civil Engineering Ver 11 2015;12:2320-334.

6. American Institute of Steel Construction: ANSI/AISC 360—16: An American national standard specification for
structural steel building, Chicago. American Institute of Steel Construction. 2016.

7. Gebre TH, Lebed EV, Galishnikova VV. Comparative study of the AISC-LRFD, Eurocode 3 & SP 16.13330.2017
steel members design. In: IOP Conference Series: Materials Science and Engineering. 2019. Epub ahead of print 2019.
https://doi.org/10.1088/1757-899X/675/1/012009 EDN: SLGIWH

8. American Institute of Steel Construction: ANSI/AISC 360-22: An American national standard specification for
structural steel building, Chicago. American Institute of Steel Construction. 2022.

9. Bakhoum MM, Mourad SA, Hassan MM. Comparison of actions and resistances in different building design
codes. J Adv, Res; 7. Epub ahead of print 2016. https://doi.org/10.1016/j.jare.2015.11.001

10. Pinarbasi S, Gene T, Akpinar E., Okay F. Comparison of design guidelines for hot-rolled I shaped steel Compression
members according to AISC 360-16 and EC3. Advances in Civil Engineering. 2020;20. https://doi.org/10.1155/2020/6853176
EDN: CCIVCC.

11. Research on Engineering Structures and Materials. 2025;12(3):201-216. https://doi.org/10.17515/resm2025-717st0302rs
EDN: FXYGGA

12. Rajendran S, Parthasaarathi R, Kumar MR, et al. Comparative analysis of structural steel design of IS vs. AISC code
standards. Research on Engineering Structures and Materials. 2025;12(3):201-216. https://doi.org/10.17515/resm2025-
717st0302rs EDN: FXYGGA

13. Parkinson A. A Comparison of Eurocode and AISC Stability analysis methods for practical steel design. SDSS 2025
International Colloquium on Stability and Ductility of Steel Structures. 2025;8:1253—1258. https://doi.org/10.1002/cepa.70210

14. Xue J, Ma S, Chen X, Wu Q. Experimental investigation and design of novel hollow flange beams under bending.
Buildings. 2024;14(5):141314. https://doi.org/10.3390/buildings14051413 EDN: PIAFDE

15. Kucukler M, Gardner L, Macorini L. Flexural-torsional buckling assessment of steel beam-columns through a
stiffness reduction method. Engineering Structures 2015;101:662—676. https://doi.org/10.1016/j.engstruct.2015.07.041

16. Drewniok MP, Campbell J, Orr J. The Lightest Beam Method — A methodology to find ultimate steel savings and
reduce embodied carbon in steel framed buildings. Structures 2020;27:687-701. https://doi.org/10.1016/j.istruc.2020.06.015
EDN: OOCBPI

17. Brandio MCL, Yepes-Bellver L, Kripka M, Alves EC. Parametric Analysis in the Optimization Design of
Composite Cellular Beams. Infrastructures 2026;11:135. https://doi.org/10.3390/infrastructures11040135 EDN: JVXZDO

18. Loorits K, Talvik I. Comparative study of the buckling of steel beams in Eurocode 3 and the Russian code.
Journal of Constructional Steel Research 2006;62:1290—1294. https://doi.org/10.1016/j.jcsr.2006.04.022

19. Galishnikova VV, Gebre TH. A comparative study of beam design curves against lateral torsional buckling using
AISC, EC and SP. Structural Mechanics of Engineering Constructions and Buildings. 2019;15(1):25-32. https://doi.org/
10.22363/1815-5235-2019-15-1-25-32 EDN: PPVQNT

20. de Carvalho AS, Rossi A, Martins CH. Assessment of lateral-torsional buckling in steel I-beams with sinusoidal
web openings. Thin-Walled Structures 2022;175:109242. https://doi.org/10.1016/j.tws.2022.109242 EDN: VYPYUX

21. Boissonnade N, Nseir J, Somja H. Experimental and numerical investigations towards the lateral torsional buckling
of cellular steel beams. Thin-Walled Structures 2024;195:111388. https://doi.org/10.1016/j.tws.2023.111388 EDN: ERDTNY

22. Ben Seghier MEA, Carvalho H, de Faria CC, Correia JAFO, Fakury RH. Numerical analysis and prediction of
lateral-torsional buckling resistance of cellular steel beams using FEM and least square support vector machine optimized
by metaheuristic algorithms. Alexandria Engineering Journal. 2023;67:489-502. https://doi.org/10.1016/j.a¢j.2022.12.062
EDN: OSDPIX

440 EXPERIMENTAL RESEARCH


https://doi.org/10.22363/1815-5235-2019-15-1-25-32

lanuwHukosa B.B., [ebpe T.X. CTpouTenbHas MexaHuka MHXEHEPHBIX KOHCTPYKLMIA 1 coopyxeruit. 2026. T. 22. Ne 4. C. 431-441

23. Bamkopf E, Jager B, Kovesdi B. Lateral-torsional buckling resistance of corrugated web girders based on deterministic
and stochastic nonlinear analysis. Thin-Walled Structures 2022;180:109880. https://doi.org/10.1016/j.tws.2022.109880 EDN:
GECOUA

24. SP 16.13330.2011. Steel structures. Updated version of SNiP II-23-81*. Moscow: Ministry of Regional Develop-
ment of Russia, 2011.

25. Vedyakov I, Odessky PD, Gukova MI, Tsetlin BS. Updated edition of SNiP II-23-81 “Steel structures” — SP
16.13330.2011. Structural Mechanics and Analysis of Constructions. 2011;(3):70-77. (In Russ.) EDN: NUYCPZ

Beosixos U.H., Ooecckuii I1]]., I'yxoea M.H., LJemnun b.C. AxryanuznpoBanHas pepakius CHull 11-23-81 “Crains-
Hble kKoHCcTpyKimn” — CIT 16.13330.2011 // CtpouTenbHas MmexaHuka 1 pacyer coopyxenuid. 2011. Ne 3. C. 70-77. EDN:
NUYCPZ

26. Doan SN. Probabilistic safety assessments of truss structures designed by AISC 360-16 and EC 3. Journal of
Science And Technology In Civil Engineering. 2024;18:149—-162. https://doi.org/10.31814/stce.huce2024-18(2)-11 EDN:
XNXYGL

27. Abarkan I, Rabi M, Ferreira FPV, Shamass R, Tsavdaridis KD. Lateral-torsional buckling of high-strength steel
I-beams: design, parameter and reliability analysis. Proceedings of the Institution of Civil Engineers — Structures and
Buildings. 2026;179(5):522—541. https://doi.org/10.1680/jstbu.25.00076

28. Piotrowski R, Andrzej S. The elastic critical moment of lateral torsional buckling of steel beams with spatially
elastically restrained at the support nodes. Materials. 2026;19(1):120. https://doi.org/10.3390/ma19010120 EDN: CZVZQR

29. Piotrowski R, Andrzej S. The effect of steel beam elastic restraint on the critical moment of lateral torsional
buckling. Materials. 2022;15(4):1275. https://doi.org/10.3390/mal15041275 EDN: WXGMXZ

30. EN 1993-1-8; Eurocode 3: Design of Steel Structures—Part 1-8: Design of Joints. Brussels, Belgium: European
Committee for Standardization, 2005.

31. EN 1993-1-1; Eurocode 3: Design of Steel Structures—Part 1-1: General Rules and Rules for Buildings. Brussels,
Belgium: European Committee for Standardization.

32. Timoshenko S. Theory of elastic stability. Mineola, N.Y.: Dover Publications, 2009. http://archive.org/details/
theoryofelastics0000timo_p9e0 (accessed: 20.04.2026).

33. Nayak N, Anilkumar PM, Subramanian L. Lateral-torsional buckling modification factors in steel I-shaped members:
Recommendations using energy-based formulations. Engineering Journal. 2024;61(3). https://doi.org/10.62913/engj.v61i3.1328
EDN: PMROUB

34. Nonn J, Wilden V, Feldmann M. A consistent approach for global buckling of steel structures. Steel Construction.
2023;16(2):93-104. https://doi.org/10.1002/stc0.202200040 EDN: YZMZGB

35. Karim F. Lateral torsional buckling of steel beams with beam and shell elements. Lappeenranta—Lahti University
of Technology LUT, 2024. Available from: https://lutpub.lut.fi/handle/10024/168046 (accessed: 20.04.2026).

36. Schafer BW, Geschwindner LF, Sabol T, Uang ChM. Review of local buckling width-to-thickness limits.
Engineering Journal 2022;59:65-84. https://doi.org/10.62913/engj.v59i1.1212 EDN: QNKUVF

37. Ghasemi Jouneghani H, Fanaie N, Haghollahi A. Theoretical formulation for calculating elastic lateral stiffness
in a simple steel frame equipped with elliptic brace. Steel and Composite Structures. 2022;45(3):437-454. Available from:
http://hdl.handle.net/10453/170430 (accessed: 22.06.2026).

38. Bajer M, Barnat J, Pijak J. Lateral Torsional Buckling of Selected Cross-Section Types. Procedia Engineering
2017;190:106—110. https://doi.org/10.1016/j.proeng.2017.05.314

39. Galay VS. Stability of steel centrally compressed rods in the methods of SP 16.13330.2011 and EN 1993-1-1.
AlfaBuild. 2019;11:82-91. EDN: IFNPOY

40. Ilyushenkov AO. On the SP 16.13330.2017 standard stability calculation of I-type bending elements with constant
and variable cross-sections. Bulletin of Science and Research Center of Construction. 2025;44:20-39. https://doi.org/
10.37538/2224-9494-2025-1(44)-20-39 EDN: EAPXT]J

41. American Institute of Steel Construction (AISC), Specification for Structural Steel Buildings. 16th edn. 2023.

42. SP 294.1325800.2017. The construction of steel. Design rules. Moscow: Ministry of Construction, Housing and
Utilities of the Russian Federation;



http://archive.org/details/theoryofelastics0000timo_p9e0
https://doi.org/10.37538/2224-9494-2025-1(44)-20-39

JLJIs1 3BAMETOK NOTES






