CTPOUTENBHASA MEXAHWKA UHXEHEPHbIX KOHCTPYKLIUA U COOPYXXEHWUH
2025 Tom?21 Ne 6

DOI: 10.22363/1815-5235-2025-21-6
http://journals.rudn.ru/structural-mechanics

Wzmaercs ¢ 2005 r.

Caupnerensctso o pernctpamui CMU ITH Ne ©C 77-19706 ot 13 anpens 2005 r.
BhITaHO DerepanbHOil ciTyk00ii 10 Ham30py B chepe CBA3M, HHPOPMAIMOHHBIX TEXHOJIOTHI H MaCCOBBIX KOMMYHHKaImii (PockoMHaa30p)
Yupenurens: deaepanbHoe Tocy1apcTBEHHOE aBTOHOMHOE 00pa30BaTeIbHOE yUPEKICHHE BBICIIEro 00pa3oBaHus
«Poccuiickuit yausepcuteT aApyx0b1 HaponoB umenu Ilatpuca JlymymOs1»

ISSN 1815-5235 (Print), 2587-8700 (Online)

Hepnoz{nqﬂocm 6 BBIITYCKOB B TOJ.

S3pIKu: pycckuii, aHTIHHCKUI.

Kypuan uanexcupytor: PUHL, RSCI, Cyberleninka, DOAJ, Google Scholar, Ulrich’s Periodicals Directory, WorldCat, Dimensions.

Bxurouen B Ilepeuenp Bemymmx HaydHbIX sKypHaioB u m3maHuii BAK npu MunoOprayku Poccun mo rpymnne HaydHbix crenpaibHOcTed 2.1.1. CTpouTenbHble KOHCTPYKIHH, 31aHHS
1 COOPY’KeHHsI (TeXHIUeCKHe Haykn), 2.1.2. OcHOBaHMs U yHJAMEHTBI, TI0J3eMHBIE COOPY)KEeHHS (TeXHUUYeCKUe HaykH), 2.1.9. CTpouTenbHas MeXaHHKa (TEXHHYECKHE HAyKH).

MeskITyHapOIHBIH HayqHO-TEXHUYECKUH xypHAI « CmpoumensHas Mexanuka UHICEHEPHbIX KOHCMPYKYULL U COOPYCeHUlly 3HAKOMUT YHTaTelIeH ¢ IOCTHKEHUSAMHI OTCUECTBEHHBIX U 3a-
PYOSKHBIX YYEHBIX B 00JIACTH FeOMETPUN POCTPAHCTBEHHBIX KOHCTPYKLMH, CONPOTHBIICHHS MATEPHAJIOB, CTPOUTEILHON MEXaHHKH, TEOPHH YIIPYTOCTH U PacdeTa CTPOUTEIBHBIX U Malli-

HOCTPOUTEJIbHBIX KOHCprKHHﬁ, OCBEIIACT BOIIPOCHI HAYYTHO-TEXHUIECKOT'0 NMPOIrpecca B CTPOUTEIBLCTBE U MAallIMHOCTPOCHHH, Hy6J1'HKy€T AHAJIMTUYCCKHC 0630pLI TI0 TEME JXypHaJIa.

OPEN
ACCESS

PEOAKUNOHHAA KONNErna

IMABHbIN PE[JAKTOP
Bamun H.H., 1-p TexH. Hayk, npod., PYJTH, Mocksa, Poccust

3AMECTUTENU rMABHOIO PEAKTOPA
Epogpees B.T., akan. PAACH, a-p TexH. Hayk, mpo¢., MI'Y um. H.II. Orapesa,

COLNEPXAHWVE

AHATIMTUYECKUE W YNCTIEHHbBI E METOLbI PACYETA KOHCTPYKLINIA

Alekseytsev A.V., Yurusov K.V. Analytical Modeling of Reinforced Concrete
Columns Under Lateral Impact with Shear Failure (Ananurndeckas Moaeib
JTIMHAMHYECKOTO PacyeTa KeJIe300€TOHHBIX KOJOHH TPH TOPH30HTAIBHOM

CaiiT )ypHaJa COIepKHT HONHYI0 HH(POPMAIIHIO 0 XYpHaJIe, Er0 PeIaKIIMOHHO NMOTUTHKE U STHYCCKNX NPUHINIIAX, TPeOOBAHMs K TTOJITOTOBKE U YCIOBHUS ITyOIMKaIII
CTaTeid, a TakKe MOJHbIE BBITYCKH sKypHaia ¢ 2008 r. (B paMKax MOIMTHKH CBOOOIHOTO JOCTYIIA).

IC(aPaHC& IP;O;ICWI PAACH HIY MICY. M P yaape ¢ pa3pylIeHUEM [0 HAKIIOHHOMY CEUCHHUIO) ...uvvrerurreeureeernnreennveeeannns 497
OnpHo6 B, Bia » Acp TEXH. HayK, 1pop., » Viockea, Focawt Chepurnenko A.S., Al-Zgul S.H., Yazyev B.M. Rectangular Concrete-Filled
OTBETCTBEHHbI PEQAKTOP Steel Tube Rational Dimensions under Uniaxial Eccentric Compression
Mamuesa H.A., PYJTH, Mocksa, Poccust (PanmoHanbHbIe pa3Mepsbl MPSIMOYTOIbHOW TPYOOOETOHHOH KOJOHHBI MPH
. BHEIICHTPEHHOM CIKATHHL) ..uvveveenreenseeteenunesnseanseesseessnesnseenseesseesneesnesnsesnee 509
YNEHbI PEAAKLWOHHOW KONNETrUU:
Azanos B.IL., 5i-p Texu. Hayk, npod., HIY MI'CY, Mocksa, Poccns PACYET W1 POEKTUPOBAHUE CTPOUTENbHbI X KOHCTPYKLIMK
Aounxooicaee A.H., n-p Texu. Hayk, npod., TT'TY, Taumkenr, Y36ekucran
Basapoe JI.P., 1-p Texi. nayk, mpod., TAUM, Tamkent, Yabekucran Jleteowv E.B. HanpsokeHHO-1eOPMUPOBAHHOE COCTOSIHUE PEOPUCTO-KOIIb-
Banun B.B., n-p Texu. nayx, npod., KITH um. Frops Cuxopckoro, Kues, Ykpansa ~ HEBOTO KYIIOJIa IIPH HECUMMETPUITHON M CUMMETPUIHON HArpy3Kax C yqe-
Bapym Y., 1-p dpunocoduu, npod., Yuusepcuter [lopry, Hopty, [Topryramus TOM pa3HbIX y3JIOBBIX COMPSHKCHUN M PEIKO YCTAHOBJICHHBIX KOJIOHH ......... 524
Bodtyuykuii 3., npog., Bpownasckuit nay4Ho-TexHuueckuii yunsepeuter, Bpowias,  Cyup I'., Muponosa JI.H. Bnnsuue n3ruGHOi )EeCTKOCTH COEIMHEHNs Ha
[onpma . PabOTOCIIOCOOHOCTD CTAIBHOTO KAPKACA ....evenvenernrenrenneeeenneresseeneennenuesuens 537
Bonocyxun B.A., 1-p TexH. Hayk, npod., Kybanckuii AV, Kpacronap, Poccus
Tanuwmnuxosa B.B., n-p Texn. nayk, npod., HIY MI'CY, Mocksa, Poccust Yakupov S.N., Giniyatullin R.R., Yakupov N.M., Nizameyev V.G., Ryn-
Hyues M.B., 1-p apxutekrypsl, npod., HHTACY, Huxnnit Hosropoa, Poccust kovskaya M.I. Diagnostics of Structures Under Vibration Loads and
Eexun A.FO., 1-p Tex. nayk, npod., HesasucumbIi necrenosareny, Toponto, Kanama  Elevated Temperatures (JIuarocTika COCTOSHHUS KOHCTPYKIMH B YCIOBUSX
Kakoeu C., n-p ¢punocodpun, npod., Texnonornueckuii yrnusepeurer IETPOHAC,  pp6paniioHHBIX HATPY30K M MOBBIMICHHBIX TEMIIEPATYP) ..ocvevvevvereerveeeeennns 551
Iepak, Manaiizus
Kapnenro H.H., akan. PAACH, n-p Texu. Hayk, npod., HIIC® PAACH, Mocksa,  PACYET TOHKUX YIPYrUX O6OJIOYEK
Poccus - .
Koz106 JI.B., 1-p Textt. nayk, npot., HIY MI'CY, Mocksa, Poccrs rivoshapko S.N., Chiadighikaobi P.Ch. Strength, Stability and Dynamics
Kpacuy C., xany. Texn. nayk, Humcxuii yrusepcurer, Hu, CepGust of Rigid Shells: Analysis of Recent Research (IIpo4nHOCTS, ycTOHYHBOCTS H
Kyopseues C.A., wn.-kopp. PAACH, 1-p Texn. nayk, npod., JIBIYIIC, Xa6aposck, JAHHAMHUKA )KECTKUX 000JI0UEK: aHAJIN3 COBPEMEHHBIX HCCIEN0BaHui) ... 565
Poccus
Kypbayxuii E.H., n-p Texn. Hayk, pod., MUUT, Mocksa, Poccust CTPOUTENIbHbI E MATEPUATIbI W U3LENNS
Masapes FO.T, 1-p et neyk, npogt, CIIGIIY, Camer Terepdypr, Poccist Ehsani A., Nasimi Sh., Shambina S.L., Yazyev S.B., Kireev O.L. Self-
azyne @., mpog.. Bricmas wrkenepras mkona «llentpams Cromenexy, Healing Mechanisms in Nano-Modified Concrete: A Comprehensive Review
Vuusepcurer IMapux-Caxmm, INaprx, @panrms . . L [ .
of Synergy Between Microbial Biomineralization and Nano-Additives
Menoonka I1., n-p punocoduu, ApXUTeKTypHas IIKOIA, YHUBEPCUTET MHUHBIO,
Bpara, Mopryramas (MexaHns;Mm CaMOBOCCTAHOBJICHHA B HAHOMOAM(HULIPOBAHHOM OETOHE: KOM-
Hepvkosa M.B., 1-p apxurtexrypey, nouent, CIIGITY, Canxr-Tletep6ypr, Pocens ~ [VIEKCHBIH 0030p B3aUMOJICHCTBUS OMOMUHEPAIM3AIMK U HAHOI00aBOK) ... 585

Canmoc P., uccnenosatens, HarnonanbHast 1a6opaTopysi CTPOUTENBHOM TEXHUKH,
JInccabown, ITopryramms

Tpasyw B.H., axan. PAACH, n-p Texs. Hayk, npod., ODHIIU, Mocksa, Poccus
®Deowk P.C., 0-p TexH. HayK, foueHT, JIBOY, Bnagusoctok, Poccust

Axynoe H.M., an.-kopp. PUA, n-p texu. Hayk, npod., UMM UL KasHIL[ PAH,
Kaszanb, Poccus

IKCMEPUMEHTAJIbHbI E NCCITEAOBAHMNS

Kopnes 0.A., Illlysanos A.H., Kopnunosa A.B., Epmakoe B.A. Unterpaib-
HBII KpUTEpHil BEIOOPA aTFOMHHUEBOTO CILIABA JJIsi CTPOUTENIBCTBA Pe3ep-
BYyapoB B YCIOBHSX APKTHKH

Pepaktop 1.JI. ITankparoBa
PepakTop aHrnossbiuHbIX TekcToB C.JI. IllamGuHa
[uzaitd o6noxku F0.H. Edpemosoit
KomniroTepras BepcTka H.B. Mapkenosoit

Appec pepakuuu:
Poccuiickuii yHuBepcuteT ApyxObl HaponoB umenu Ilatpuca JIymymOst
Poccuiickas ®epepamms, 117198, Mocksa, yi. Mukiryxo-Maknas, 1. 6; Ten./daxc: +7 (495) 955-08-28; e-mail: stmj@rudn.ru, i_mamieva@mail.ru

Toamucano B mevats 24.12.2025. Beixox B cBer 30.12.2025. ®opmar 60x84/8.
Bymara odcernast. ITeyats odpcernas. [apuutypa «Times New Romany. Yei. neu. i1. 14,9. Tupask 250 ox3. 3aka3 Ne 1686. Liena cBo6oxHast.

DeziepalibHOE rOCYJapCTBEHHOE aBTOHOMHOE 00pa30BaTeNIbHOE YUPEKIACHUE BhICIIEro 00pa3oBaHus «PoccHiickuii yHUBEpCUTET ApyKObl HapoioB umenu [atpuca JIymymOb»
Poccwmiickas ®enepauns, 117198, Mocksa, yin. Mukimyxo-Maxkunas, 1. 6

Ortnevatano B Tunorpadun UIIK PYJIH
Poccuiickas ®exeparust, 115419, Mocksa, yi1. OpmpkoHukuise, 1. 3

© Poccuiicknii yauBepcuTeT IpyxkOb! Hapogos umenu Ilatpuca JTymymo6s1, 2025

© I'punsko E.A., dpoto Ha obnoxke (Tpounkas 6amms Mockosckoro Kpemis, Mocksa, Poccus), 2025


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

STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS

2025 VoLuME 21 No. 6
DOLI: 10.22363/1815-5235-2025-21-6
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 RSCI, Russian Index of Science Citation, Cyberleninka, DOAJ, Google Scholar, Ulrich’s Periodicals Directory, WorldCat, Dimensions.
The journal has been included in the list of the leading review journals and editions of the Highest Certification Committee of Ministry of Education and Science of Russian

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

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.

OPEN
ACCESS

EDITORIAL BOARD

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

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

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

Alekseytsev A.V., Yurusov K.V. Analytical Modeling of Reinforced
Concrete Columns Under Lateral Impact with Shear Failure ................
Chepurnenko A.S., Al-Zgul S.H., Yazyev B.M. Rectangular Concrete-
Filled Steel Tube Rational Dimensions under Uniaxial Eccentric
COMPIESSION ..ottt ettt sttt b et ebe st ese sttt et beneeae e

497

509

ANALYSIS AND DESIGN OF BUILDING STRUCTURES

Lebed E.V. Stress-Strain State of the Ribbed-Ring Dome Under
Asymmetric and Symmetric Loads Taking Into Account Different
Nodal Connections and Rarely-Spaced Columns...

524

Sun G., Mironova L.I. Influence of Rotational Stiffness of Beam-
to-Column Connection on Steel Frame Performance ..........c.cccccovueeneee.
Yakupov S.N., Giniyatullin R.R., Yakupov N.M., Nizameyev V.G.,
Rynkovskaya M.1. Diagnostics of Structures under Vibration Loads
and Elevated TEMPEratures ..........cccoeveeereeirieinieinenieeneeeeseeiestenesneennens

537

551

ANALYSIS OF THIN ELASTIC SHELLS

rivoshapko S.N., Chiadighikaobi P.Ch. Strength, Stability and

Dynamics of Rigid Shells: Analysis of Recent Research .........................

565

CONSTRUCTION MATERIALS AND PRODUCTS

Ehsani A., Nasimi Sh., Shambina S.L., Yazyev S.B., Kireev O.L. Self-
Healing Mechanisms in Nano-Modified Concrete: A Comprehensive
Review of Synergy Between Microbial Biomineralization and Nano-
AQAITIVES .o

585

EXPERIMENTAL RESEARCH

Kornev O.A., Shuvalov A.N., Kornilova A.V., Ermakov V.A. Integral
Criterion for the Selection of Aluminum Alloy for the Construction
0f ReServoirs in the ATCHC ....cevveirieirieieieieieieeeeee et

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, i_mamieva@mail.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, 2025

© Grinko E.A., photo on the cover of the journal (Troitskay Tower of the Moscow Kremlin, Moscow, Russia), 2025


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

CTPOMUTENBHAS MEXAHUKA WHXEHEPHBIX KOHCTPYKLIMY U COOPYXEHMI ~-
STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS

2025. 21(6). 497-508

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

AHATUTUYECKUE N YNCTIEHHbI E METOLbI PACYETA KOHCTPYKLNNA
ANALYTICAL AND NUMERICAL METHODS OF STRUCTURAL ANALYSIS

DOI: 10.22363/1815-5235-2025-21-6-497-508
EDN: EBFSNK
Research article / HayuHas ctatbs

Analytical Modeling of Reinforced Concrete Columns Under Lateral Impact
with Shear Failure

Anatoly V. Alekseytsev'”™, Konstantin V. Yurusov

Moscow State University of Civil Engineering (National Research University), Moscow, Russian Federation
P4 aalexw@mail.ru
Received: September 26, 2025

Revised: November 20, 2025
Accepted: November 30, 2025

Abstract. The issue of ensuring the mechanical safety of load-bearing structures in buildings and facilities is currently of
particular relevance. One critical aspect of this problem is the strength of compressed and compressed-bent elements under
transverse impact loading. Several failure mechanisms can occur in reinforced concrete (RC) columns. This paper develops an
analytical methodology for determining the ultimate load capacity of square cross-section elements under horizontal impact,
specifically for the failure mode associated with diagonal shear. Such scenarios are possible in cases of vehicle collision with a
column or impacts near the support zone of the structure. The analytical model is based on static equilibrium equations, which
incorporate the ultimate mechanical characteristics of the materials, accounting for dynamic strengthening effects. The concrete
deformation model considers the confining effect in the direction perpendicular to compression, which enhances the concrete’s
calculated resistance but induces additional stresses in the transverse reinforcement. A numerical example of the calculation for a
building’s RC column is provided, yielding specific numerical results. A comparison is made between the outcomes of the
proposed methodology and those obtained from a detailed numerical simulation performed using a verified solid finite element
model. The limitations of the proposed analytical method are identified, and its sufficiently high accuracy and efficiency are
demonstrated. Finally, prospects for further development are outlined, and recommendations for the practical application of the
method to ensure the mechanical safety of reinforced concrete columns are provided.

Keywords: lateral impact, reinforced concrete structures, dynamic loading, structural safety, shear strength
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AHaJIUTHYeCKAs MOJeJIb JTMHAMUYECKOI0 pacyeTa Kejie300eTOHHbIX KOJIOHH
NPH FTOPU30HTAJIBLHOM yape ¢ pa3pyuieHreM 0 HAKJIOHHOMY Ce4eHHI0

A.B. Asekceiines ™, K.B. IOpycos

! HauuoHanbHbli HeciIe0BaTelbckuii MOCKOBCKMIA roCY IapCTBEHHBIH CTPOMTENLHBIN yHUBEpCUTET, Mocksa, Poccutickas Dedepayus
P4 aalexw@mail.ru
Ioctynuna B pepakiuio: 26 centsops 2025 r.

Jopa6otana: 20 HosiOpst 2025 .
[punsra k nyonukamuu: 30 HosOps 2025 .

Annortaunus. [Ipodiema obecrieueHns MeXaHUUECKOH 0€30IacHOCTH HECYIIMX KOHCTPYKUHUH 31aHUH M COOPYKESHUH MPeACTaBIs-
eTcsi 0COOSHHO aKkTyanbHOH. OJHUM U3 BaXKHBIX aCHEKTOB 3TOH MPOOJIEMBI SBIISETCS MPOYHOCTH CHKATHIX M CHKATO-U30THYTHIX
9JIEMEHTOB IIPH JEWCTBHU HONEPEYHON ynapHOi Harpysku. IIpu 3ToM Ui Kelae300€TOHHBIX KOJOHH MOXKET Peai30BBIBATHCS
HECKOJILKO CXeM paspylieHus. Pa3paboTana MeToAnKa aHATUTUYECKOTO ONPEeIeH s IPeIeNIbHOM Harpy3KH OT TOPU30HTAILHOTO
yAapa U 3JE€MEHTOB KBaJPaTHOI'O MONEPEYHOI0 CEUCHMs NPH PEaNU3alUd CXEMbl Pa3pyLICHUS [0 HAKJIOHHOMY CEUYEHHIO.
XapakTepHbIMHA aBapUMHBIMU CUTYAIHSIMU, COOTBETCTBYIOLIMMH 3TOH CXeMe pa3pyLIeHHUs, SIBJISIOTCS CTOJKHOBEHHUS C KOJOHHOM
aBTOMOOWJISL WIIM yapbl BOJIM3H 30HBI OIIOPHOTO 3aKpeIieHuss KOHCTPYKUMU. OCHOBOM aHAINTHYECKOTO pacyera SBISIOTCS ypaB-
HEHMs CTaTMYECKOT'O PABHOBECHUS, B KOTOPBIX HCIIOJIB3YIOTCA MPEJe/IbHbIE MEXaHNUECKHE XapaKTePUCTHKA MaTepHalIOB C Y4ETOM
JTMHAMHUYecKoro ynpouHenus. [Ipu nedopmupoBannu 6eToHa yunuThiBaeTcs 3)(GEKT OT CTECHEHUs B HaNpaBICHHUH, NEPIECHANKY-
JSIPHOM CXKaTHIO, YTO MOBBINIAET PACYETHOE CONMPOTHUBICHHE OSTOHA, HO BBI3BIBAET AOTOJHUTEIBHBIE HAIPSHKEHHS B IIONEPEYHON
apMmatype. BblnonHeH npuMep pacuera >kene300€TOHHONW KOJIOHHBI 3[jaHusl, JOBEJCHHBIM 10 YMCIOBBIX 3HAYCHUH, U MIPUBEIICHO
COIOCTAaBJICHUE PE3YJIbTAaTOB MpEIJiaracMoil METOJUKH C YMCICHHBIM pacueToM. B kauecTBe MHCTPYMEHTa YHCIIEHHOTO pacueTa
UCIIOJIb30BAJIaCh BepUPHULIUPOBaHHAS 00bEMHAsi KOHEUHO-3JIEMEHTHAsE MOJIeIb. BBISBIEHBI OrpaHUYEHHs MPEIaraeéMoro aHaju-
THYECKOTO METOJIa M YCTAHOBIIEHA €T0 JJOCTATOYHO BBICOKAs TOYHOCTH U 3(h(deKTuBHOCTE. CHOpMyIHpOBaHBl HEPCIIEKTUBBI Aajlb-
HeWmux pa3paboTOK M JaHbl PEKOMEHIANUH M0 KOHKPETHOMY HCIIONIB30BAHHIO METONA ISl 0OecIieYeHUs] MeXaHUIecKoi 0e3-
OTIACHOCTH )K€J1e300€TOHHBIX KOJOHH.

KuaroueBble ciioBa: nonepeqﬂmﬁ yaap, JKe1e300€ TOHHEIC KOHCTPYKIIMHU, TUHAMHUYCCKOC HAIpy>XCHUE, MCXaHUICCKas Oe3ormac-
HOCTb, CABUTI'OBAs IIPOYHOCTH

3asBiieHHE 0 KOH(JIUKTE HHTEPECOB. ABTOPHI 3aSBISIOT 00 OTCYTCTBHH KOH(IIUKTa HHTEPECOB.

Bruiax aBTOpOB: Anekcetiyes A.B. — KOHIECIILIUS UCCIIEIOBaHNUS, pa3paboTKa 3aBUCUMOCTEH aHAIUTHYECKONW MOJIENH, TIOATOTOB-
Ka PUCYHKOB, IIOJI'OTOBKAa KOHEYHOIJIEMEHTHOM MO, HayuyHoe peaaktupoBanue; FOpycos K.B. — pa3paboTka 3aBUCUMOCTEH
AQHAJTUTUYECKON MoJeny, BepupuKausg KOHEYHOIIEMEHTHOM MOJEIH, BBHIIOJIHEHUE YHCIIOBBIX IPUMEPOB pacueTa, IMOArOTOBKa
TEKCTa, aHaJIM3 pe3yJIbTaToB pacuera. O0a aBTOpa 03HAKOMJICHBI C OKOHYATEJILHON BepcHuell cTaTbu M OJI00pHIIN ee.

Jast uurupoBanus: Anexcetiyes A.B., IOpycos K.B. AHanutndeckas MOJIeNb JHHAMUYECKOTO pacdera Kelle300eTOHHBIX KOJIOHH
[IPY TOPH3OHTAIILHOM yZape C pa3pylIeHHeM 110 HaKJIOHHOMY ceueHuio // CTpouTenbHass MeXaHHKa MH)KCHEPHBIX KOHCTPYKIMI
u coopyxenuit. 2025. T. 21. Ne 6. C. 497-508. http://doi.org/10.22363/1815-5235-2025-21-6-497-508 EDN: EBFSNK

1. Introduction

An important aspect of ensuring the safety of buildings and structures with reinforced concrete frames
is checking the strength of columns and beam-columns against lateral impact. This issue has received
considerable attention, which indicates the relevance of this research area. Factors such as the load-bearing
capacity of reinforced concrete columns, taking into account the effect of confinement of concrete (confined
concrete) [1], the deformability of composite reinforced concrete columns in carbon fiber reinforced plastic
(CFRP) tubes [2], and the dynamic response and energy absorption capacity of structures with modified
concrete, for example, with the addition of rubber crumb [3]. A large amount of experimental research,
analytical and numerical modeling has been carried out, which shows interest in a comprehensive study of
the behavior of compressed columns under impact loads. This includes corrosion damage [4], considering
the longitudinal (vertical) coupler splicing of rebar along the length [5], and considering combinations of
bending and compressive actions [6]. One of the most important aspects of research in column dynamics is
its response and damage assessment due to horizontal impact [7]. The point of application of the impact
load is important. For example, in [8], impact on a part of a column near its support node is considered.
The authors of this study prove the effect of the type of supports on the load-bearing capacity of columns.
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A number of papers are devoted to the study of compressed structures under low-velocity impact, for
example [9]. For such an impact, the damping properties of the column and its ability to absorb energy can
be increased by strengthening it with CFRP [10]. Low-velocity impact can be modeled in calculations as
both quasi-static [11] and impulse load [12], where it is noted that the limit state of columns can be reached
either by fracture or buckling. Buckling usually prevails for slender reinforced concrete columns with a
slenderness ratio of more than 50. The complexity of describing the deformation and modeling of columns
under horizontal impact has necessitated the development of simplified analytical approaches to
calculations and engineering methods. Various features of these methods are presented in the following
papers. Article [13] compares simplified approaches to assessing the load-bearing capacity of conventional
and CFRP-strengthened reinforced concrete columns, paper [14] describes the probabilistic nature of the
loading effect and assesses the reliability of structures, and study [15] reveals the influence of the
percentage of longitudinal reinforcement on the load-bearing capacity. Analytical models for determining
the load-bearing capacity under dynamic impact are based on quasi-static equilibrium equations [16], which
have been refined for cases of random corrosion damage [17] and various compressive and impact force
ratios [18]. There are significant differences in calculation methods depending on the impact velocity, the
stiffness of the impactor body, the stiffness of the column itself, and the penetration of the impactor tip into
it. In [19], a significant reduction in the stiffness and load-bearing capacity of a compressed column as a
result of corrosion is noted, but stiffness can also decrease due to cracking under combined loads, including
static moments and shear forces [20]. A number of studies focus on the stiffness of the impactor. If the
stiffness of the impactor body is high, then all the kinetic energy is transferred to the impacted structure
(“hard” impact), and if the impactor itself can absorb energy during impact, such an impact is considered
soft [21]. In addition to the stiffness of the impact, the shape of the cross-section has a significant effect on
the dynamics of columns. Thus, when comparing the results of studies [22] (square cross-section) and [23]
(round cross-section), it can be seen that round columns are more vulnerable to brittle shear failure than
square ones.

A number of considered studies [7; 8; 18; 22] involve the use of intensive computational procedures
and require highly qualified researchers, which significantly hinders the practical application of the proposed
developments.

Therefore, the purpose of this article is to develop an engineering method for calculating compressed
columns under impact causing shear failure. To achieve this goal, it is necessary to solve the problem of
constructing a simplified method for evaluating the load-bearing capacity and to verify it on the basis of
experiments and numerical modeling. The object of the study is a compressed reinforced concrete column
subjected to horizontal impact at the support, and the subject of the study is the ultimate shear bearing

capacity.
2. Methods

When a horizontal force is dynamically applied to the column, most researchers, including [24],
identified the following failure patterns: local crushing, which may be accompanied by chipping or punching
(local failure), bending failure (along normal sections), and shear failure (along inclined sections) (Figure 1).

Considering experimental and theoretical studies of column shear failure, as well as qualitative results
of numerical modeling, it is noted that the load-bearing capacity is significantly affected by the level of
compressive loading, as well as the magnitude and direction of the static shear force present in the frame
structure. As a result of dynamic impact, the column is loaded by both shear force and bending moment.
Therefore, similar to normal operation, two strength conditions must be formed: strength along the inclined
section under shear force taking into account added stress from dynamic loading; strength along the inclined
section under bending moment taking into account its change under dynamic loading:

kdl max < cd ult >
deMmax < cd ult >

(1
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where k,,, k;, are the dynamic load coefficients of the system; Q.. , M, are the internal forces due to

load for the considered inclined section; Q. ;> M4, are the ultimate force values determined by the

resistance of concrete and reinforcement in case of shear failure.
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Figure 1. Failure modes under horizontal impact:
a, b, c — local crushing at various impact velocities; d — diagonal shear failure of a compressed column;
e — flexural failure: / — impactor; 2 — column; 3 — local crushing zone;
4 — concrete spall on the side opposite to the contact area between the impactor and the column

S ource: made by A.V. Alekseytsev.

The method chosen for solving the system of inequalities (1) consists of compiling static equilibrium
equations with respect to the lateral axis of the column and with respect to the point passing through the
beginning of the inclined section. Cases of local failure (Figure 1, a—c) are not considered in this study. For
numerical verification, the method of direct integration using the implicit scheme of differential equations
of motion of the system, discretized using the finite element method (FEM), was adopted. For a reinforced
concrete frame, this equation can be represented in the form of (2).

M§3+Cy+K.y=F, (2)

where 3, , ¥ are the acceleration, velocity and displacement vectors respectively, F is the vector of nodal

forces, M 1is the mass matrix. Damping matrix C and global shear stiffness matrix K, in formula (2) are

determined using formula (3):
C=BK’E; K=K+ Ky +Kgps (3)

where P is the structural damping constant; K,,,K,,,K, are the shear coefficient matrices for concrete,
reinforcement and supports (in case when the column rests on a deformable base).

3. Results and Discussion
3.1. Calculation Procedure

The first strength condition is obtained from expression (1). If there is static load present in the system
before the dynamic impact, the following formula is proposed:

AQ 0
2y Lo | @
knOg  Opn +Osun
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where AQ, is the added shear force caused by the horizontal impact; k]‘f, is the coefficient accounting for

the restraints and the column stress state under service load; Qgh is the ultimate shear force in the section
taking into account dynamic strengthening of concrete and reinforcement and the confinement effect;
Q> Opv > Osy are respectively: the shear force from the design static load, the shear force resisted by
concrete, and the shear force resisted by transverse reinforcement during normal operation, taking into
account the presence of longitudinal force N, .

Coefficient k]‘f; is determined according to formula (5):

-1
1 N, | put N
— |k, + Ne PNe , Ne <0.6,
i 1.5—n ult \ Lult ult
ky = 1 (5
It -
%+k Ne >0.6
e B = V.Y
Pult ult

where P}\ﬁg is the static equivalent of the lateral impact load, at the value of the service longitudinal force

equal to Ne and when bending failure of the column occurs; B, is the same for longitudinal force Ne=0;
p is the coefficient for converting the design column length to the geometric length. When one end of the
column is fixed and the other is pinned, p=0.7; when both ends are fixed, but compression remains
possible, u=0.5. Evaluation of P#/, P, is performed taking into account the influence of bending
moments and deflections caused by these forces. The value of N, is determined for the case of small
eccentricity (virtually axially compressed bar) using the formula from SP 63.13330':

Ny = (P(RbAb + RSCASC) > (6)

where ¢ is the buckling coefficient; Rj,R,. are the design compressive strengths of concrete and
reinforcement respectively; A4y, A, are the areas of concrete and reinforcement.
The value of k, refers to the level of the confinement effect. For a square cross-section based on the

basic recommendations of J. Mander’s model [25], it is determined based on the percentage of longitudinal
reinforcement and the geometry of transverse reinforcement:

2
S [1_5w“’wj, (1)
-y, 2d

where .,d,, are the percentage of longitudinal reinforcement taking into account the area of the

confinement contour (puc. 2) and the transverse rebar diameter respectively; d is the transverse rebar
length along the side, which is parallel to the plane of impact P within the bounds of the centers of gravity

of the transverse rebars perpendicular to P.

ult

Ultimate force Q)" can be determined based on the expression that is valid for shear failure with a

projection length of the inclined section ¢ =24

(1yNe/ Nty ) b

oyt = J 3ky Ry, (14 k) Gasy (8)

'SP 63.13330. Concrete and reinforced concrete structures. General provisions. JSC Research Center of Construction —
A.A. Gvozdev Research Institute of Concrete and Reinforced Concrete (NIIZHB). 2019.
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where Ry, is the design tensile strength of concrete; k; is the coefficient of dynamic strengthening of

concrete; b,h, are the width and the design height of the cross-section; qfw is the intensity of the load

resisted by the transverse reinforcement, taking into account dynamic strengthening of steel and the stress
from confined concrete core (Figure 2).

A
< y I h P
I
P \ : / Sw
4 ) 2 : \ ,,SW
* P MRl
al ’ d's|

Figure 2. Determination of the confinement level:
a — column cross-section; b — section s—s: / — confinement boundary;
2 — core zone of the confinement; 3 — longitudinal rebars; 4 — transverse rebars

S ource: made by A.V. Alekseytsev.

The value of qsdw is determined as

d Ry Ay N,
=k 1-(0.2+k% , 9

v ’ Sy [ ( e) Ny ] ®
where R, 4, are the design strength and the area of transverse reinforcement; &, is its coefficient of

dynamic strengthening.

The value of the shear force resisted by concrete, taking into account compression by the longitudinal
force, is calculated as follows, based on the methodology described in SP 63.13330 for the design of
prestressed reinforced concrete structures:

5 OS(Panl‘bhO < QbN < 2‘5Rbtbh0 N (10)

1.5¢, Ry, bh3
OpN D

where c¢ is the projection of the inclined section onto the vertical axis, and the value of ¢,, accounts for the
presence of normal stress caused by the compressive force. It is determined as follows:

1.25, 0.25R, <0y, <0.5R,

N,
(Pn = Op » Op = 5 (11)
25—-|1-—=1, 0.5R, <0, <R oFe
( ij b =0p =1L A+ Il;bbo A,

where in the case of small eccentricity (all of the section is non-uniformly compressed) 4. is the area of
the longitudinal reinforcement; 4, is the area of concrete; a=E / Ej, is the ratio of the elastic moduli of
concrete and reinforcement, determined taking into account the stress state of the column; R;, is the design

compressive strength of concrete; €5, =0.002 is the concrete strain for short-term load.
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The value of ¢ can be determined as:

2
15(anbtbh0 c< 2h0

: (12)
0.75¢5,

where the intensity g, of the load resisted by the transverse reinforcement is determined according to (5)
at kg =1.

The second strength condition from expression (1) has the form given in SP 63.13330 and, in general,
if the required development length of longitudinal reinforcement is achieved, it is satisfied

kd2MmaXSMcd,ult:Ms+Msw > (13)

where M¢,Mg,, are the bending moments resisted by the longitudinal and transverse reinforcement of the
column, respectively.

3.2. Analytical Calculation

A column with the following parameters is considered: cross-section of 400x400 mm, length of
4.0 m, B25 grade concrete (R, =11.5 MPa, R;, =0.9 MPa), A500 grade longitudinal reinforcement with

R; =435 MPa, transverse reinforcement of the same grade, but with Ry, =300 MPa, coefficients of dynamic
strengthening taking into account [26] k= 1.1 for concrete, and k,= 1.2 for reinforcement, fixed at the
base, pinned connection to the upper floor slab, u=0.7, the distance from the exterior face of concrete
(horizontal and vertical) to the center of gravity of the longitudinal reinforcement a =5 cm (Figure 3).
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Figure 3. Calculation example for a column under horizontal impact:

a — initial structure; b — cross—section S; ¢ — design model with an inclined section (i.s.);
d — bending moment diagram from a unit impact load; e — principal tensile strains in concrete

at the peak dynamic force under service load Ne

Source: made by A.V. Alekseytsev.
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Aﬁgf)zg =24.63 cm?, symmetrically at the

The column is reinforced with 4428 longitudinal bars,
corners. The transverse reinforcement represents a closed frame made of 4d8, and this frame is arranged at
a constant spacing of 250 mm along the height of the column, rebar area Asdf =0.503 cm? . The column is
assumed to be virtually axially compressed under service load N, =2000 kN, shear force O;; =0 kN..

The column is subjected to dynamic action in the form of a horizontal impact from car collision. This
impact is simulated by a mechanical force applied at a distance of 0.8 m from the base support. It is
necessary to determine the maximum value of this dynamic force, assuming that the shape of the impact
impulse is rectangular.

In the calculation, it is assumed that the failure occurs along an inclined section with a projection
length of ¢=2A, and the strength condition for the inclined section under the action of bending moment is
satisfied (the value of the moment is small compared to the beam elements).

Condition (4) takes the form AQ, < k]‘f,let . For determining k]“\', , the following values are calculated:
W =24.63/30-30=2.73%, where d = 30 cm is the size of the square confinement region (Figure 3, b, ¢).

Then the confinement level

2 2
P (1—SW_de _ 1 (1_25—2.8j —0.408,
LTI 2d 1-0.0273 2-30

4 =O(Ry Ay + Ry A;,0) =0.9(1.15-40- 40 +43.5-24.64) = 2620 kN .

and

N,

u

Ratio N,/ N,; =2000/2620=0.763>0.6, the equilibrium equation at the beginning of the inclined
section passing through section S (Figure 3, ¢), is used, and the conditional ultimate horizontal forces at
N,=0kN, N,=2000 kN, which would cause bending failure, are calculated. The maximum moment from

the action of these forces will be at the fixed support (Figure 3, d), an equilibrium equation is formed for
this section. The deflection from the horizontal force at the fixed support is zero, so the equation will take
the form:

M ynax + Neer =ki Ry -b-hg ‘ap +hR, -Iélszcd28 -(hy—a ), the maximum moment is determined using
the displacement method under the condition that it is caused by force Pﬁ‘,g , eccentricity
er = ((35-5)/2)=15cm. Constant ap, associated with ensuring plastic failure mode, is determined, for
which the boundary value of the relative height of compressed concrete under impact is calculated:

<§R=0.8+(1+(435+2~105)+0.OO35):O.493, then op =0.493(1—0.493/2)=0.37. Substituting all the

obtained values into the equilibrium equation yields:

0.144- 4004 +2000-15=1.1-1.15-40-352-0.37+1.2-43.5-12.32-(35-5),

57.6P1 =22934+19293-30000, Pi! =212.74kN. When N, =0kN, P, =733.1kN.

e:

Then k]”\l, =(0.403+212.74/ 733.1)_1 =1.4427. The intensity of the impact load resisted by two d8

transverse reinforcement bars taking into account the confinement effect level and the presence of service
compressive force (5) is calculated:

2000

30101 (1 —(02+ 0.403)(—2620D —1.4544(1 - 0.422) = 0.78493 KN/cm.

¢¢ =12

sw T
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The adopted diameter of the transverse reinforcement, taking into account the presence of longitudinal
force and the adopted reinforcement spacing, must be checked for developing its full strength in concrete.
Elasticity coefficient:

Vp = Ry + Eyep =11.5+(27.5-0.002:10° ) =0.209.
Average stress is calculated as

6=N/ Ay =2000/ (40 -40+0.2097" - (2/2.75)-10- 24.64) =1.017 kN/cm?,

coefficient

0, =2.51-—|=25 1—ﬂj=0.289,
R 1.15

8

G, 2 Gy min = 0.25¢, Ry = 0.25-0.289-0.09 40 = 0.2601 .

The condition is satisfied. Then, according to (4):

ot = \/3 1.1-0.09- (14 0.403)FV2262) 40,352 .0.7849 = 146.8kN.

The value of AQ,; = Q4" - k§, =146.8-1.4427=211.8kN.
That is, with an impact time of 1 second, the column can withstand a mechanical force of 211.8 kN.

3.3. Numerical Verification of Calculation Results

Due to the complexity of setting up and conducting a full-scale experiment that reproduces the
calculated situation, the problem is verified using a three-dimensional finite element model. The Drucker —
Prager plasticity model [27] was used for concrete, with the possibility of material softening under shear
stress, which simulates shear failure. The reinforcement was modeled using a bilinear diagram with a limit
on the rupture strain. The parameters of the concrete and reinforcement deformation models, as well as the
hyperparameters of the calculation algorithm, are given in Table 1.

Verification of the finite element method (FEM) model with respect to bending strain with concrete
deformation model parameters was carried out in [28]. For compressive strain, a design comparison at the
ultimate force N, =2620 kN is performed. Numerical simulation of this process, taking into account slow
(close to static) loading, yielded a value of 2778 kN. Numerical and analytical calculations with other
material parameters also yielded similar results for the ultimate compressive force. However, there are the
following differences in the strength parameters obtained on the basis of the numerical and analytical
models. The compressive stress in concrete obtained in the finite element model corresponds to the value
of Ry, but the stress in the longitudinal reinforcement at the limit state is at the level of 6=(0.4+0.7) Ry,

and the main criterion for stopping the load growth is the stress in the transverse reinforcement reaching its
limit 6=R,,,. It has been established that the growth of strain in the transverse reinforcement leads to
concrete failure. It is evident that analytical models need to take into account the concrete confinement
effect and the formation of strength criteria in terms of strain in the presence of transverse reinforcement, as
well as the need to consider the aspects of concrete deformation in the area surrounding the reinforcement,
which has been done in [29].

Using the verified finite element model, calculations of the considered column were made at various

values of N,, and these were compared with the results obtained using the proposed analytical method
(Table 2).
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Table 1. FEM-analysis constants

Parameters
H Material / Cohesion stress .In-ternal Dilation angle Yield Ultimate strain
yperparameters friction angle strength
0.9 MPa 0.0001
(tension) (tension)
B25 concrete 3.3 MPa 38 deg. 28 deg.
11.5 MPa 0.0035
(compression) (compression)
AS500 longitudinal rebars - - - 435 0.025
A500 transverse rebars - - - 300 0.025
General damping ratio 5%
Convergence criterion Load convergence tolerance 0.1%
Nonlinear iteration 25 Newton — Raphson iterations per step, stiffness matrix updates each 5 iterations
Integration step and time | Ar=0.05s, r=15s
Source: made by A.V. Alekseytsev.
Table 2. Comparison of the AQ, values
Method AQ, , with axial compression force Ne equal to
2500 kN 2000 kN 1500 kN 1000 kN 500 kN
FEA 109 195 256 287 309
Proposed method (M) 257.28 211.8 272.4 275.3 298.2
Tolerance 6 =(FEA-M)/M 91 % -0.07 —0.048 0.026 0.022

Source: made by A.V. Alekseytsev.

The FEA results in this problem agree well with the analytical ones. As the table shows, the
applicability of the proposed methodology should be limited by the level N, /N,; <0.8, since the error of

the method as N, — N,; becomes very large. Calculations have shown that in the presence of service

transverse force Q,, condition (1) yields results, which correspond with numerical modeling quite
satisfactorily.

3.4. Discussion and Perspectives

The presented method is based on one of the possible scenarios of column failure, when the dynamic
force increases at a relatively low rate, so that the stress in the concrete does not exceed the crushing stress,
and its strain rate does not exceed the critical values leading to the formation of crack fans. If the load
application rate is high, then during contact interaction, a failure pattern in the form of punching or chipping
may occur. The calculation models for compressed elements given in a number of regulatory documents do
not currently take into account the effects of concrete dilation, confinement effect, and the emergence of
stress in the transverse reinforcement due to this confinement, but numerical models and experiments
confirm these effects. Numerical models show that the load-bearing capacity of a compressed column along
an inclined cross-section, taking into account lateral impact, significantly depends on the stress state of the
concrete. The proposed model indirectly takes into account the effects of the emergence of stress in the
transverse reinforcement when calculating parameter ¢, (5), however, microcracking and, as a result,
concrete dilation are not taken into account, nor is the resistance of concrete on the descending branch.
Therefore, it is assumed that a significant error arises as N, = N, ;.
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The developed method can be used as an additional tool for solving problems related to assessing the
survivability of buildings and structures [30; 31] in the event of man-induced accidents of mechanical
nature. Prospects for improving this method include refining it for calculating elongated rectangular cross-
sections (pylons) and slender reinforced concrete columns (A>50). It is also interesting to introduce
various types of initial or acquired damage into the model, as well as to adapt the method to the calculation
of reinforced concrete columns strengthened with steel or carbon fiber.

4. Conclusion

1. A method for analytical calculation of the lateral impact load capacity for reinforced concrete beam-
columns causing shear failure has been developed. Verification showed satisfactory agreement with the
obtained results based on the calculation of the solid FEM model in the range of compressive force values
corresponding to characteristic loading of columns in civil buildings. The difference in results at
N, <0.8N,;, is no more than 5%.

2. The analytical model takes into account the confinement effect of concrete under compression,
considering different spacing, diameter, and grade of transverse reinforcement. Limitations in the
application of the method have been identified in terms of the compressive force, which must be less than
80% of the ultimate value.

3. A possibility has been established to quickly, compared to a solid FEM model, assess the safety of
reinforced concrete columns in accidental situations such as collisions of technological or other transport
with columns, man-induced mechanical impacts on columns in support areas, when failure occurs due to the
action of a lateral force with a projection length of the inclined section 24y <c¢ <3k, -

4. The proposed relationships are recommended for use in the design of preventive measures aimed at
improving the mechanical safety of buildings and structures, including their protection against progressive
collapse.
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Abstract. An algorithm for generating the training dataset and the machine learning model for selecting the cross-sectional
dimensions of eccentrically compressed concrete filled steel tubular (CFST) columns have been developed. The paper presents a
predictive model based on the CatBoost algorithm for determining the optimal geometric parameters (width 5 and height /) of the
cross-section of rectangular CFST columns in compliance with regulatory strength requirements. The input parameters used were
the concrete compressive strength class B according to Russian standards, the magnitude of the longitudinal force F, the wall
thickness of the steel section ¢ and the eccentricity of load application e. The model was trained on a synthetic sample formed
taking into account the conditions of limit equilibrium under the combined action of the axial force and bending moment,
restrictions on the cross-sectional dimensions in the range from 100 to 500 mm, strength conditions, as well as the requirements
for minimizing the cost of the structure. The application of the CatBoost algorithm allowed achieving high forecasting accuracy
with an average of two target variable metrics: the determination coefficient R* = 0.999122 and the average error in determining
the section dimensions of 2.485 mm. The obtained results demonstrate the significant potential for using the developed model in
the practical activities of design organizations, ensuring the accuracy of calculations while simultaneously optimizing material
costs and reducing the time for implementing design solutions.
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PauunonasibHbIe pa3Mepbl NPSIMOYT0JIbHOI TPY0OOCTOHHOM KOJIOHHBI
NPHU BHELIEHTPEHHOM C/KaTHU

A.C. Yenypuenxo ™, C.X. Anp-3ryas"”, B.M. fI3bieB

JloHCKOl rocy 1apCTBEHHBIN TEXHUUECKUH YHUBEpCUTET, Pocmog-na-/{ony, Poccuiickaa Pedepayus
P4 anton_chepurnenk@mail.ru

Ioctynuna B pepakiuio: 20 uromst 2025 r.
JlopaGotana: 27 aBrycra 2025 r.
[Npunsita k my6aukauuu: 5 centsaops 2025 r.

AnHoTauus. Pazpaboran anroputM GopMHpOBaHHs 00yUaroOIIEro araceTa, a TAKKe MOJeNb MAIIMHHOTO 00y4YeHus 1Jis moabopa
Pa3MepoB MONEPEYHOro CEUCHUsI BHELIEHTPEHHO CXKaThIX TPYOOOETOHHBIX KOJIOHH. IIpencraBieHa NpOrHO3HAas MOZIENIb HAa OCHOBE
anropurMma CatBoost uis onpesiesieHust ONTUMAIbHBIX TEOMETPHUYECKUX NTapaMeTPOB (IIUPHUHBL b U BBICOTHI /1) IONEPEYHOTO Cede-
HUSl IPSMOYTONBHBIX TPYOOOETOHHBIX KOJIOHH C COOJIOJEHUEM HOPMATHBHBIX TpeOOBaHMI 1O IIPOYHOCTU. B KayecTBe BXOAHBIX
TapaMeTpoB MCIIOIB30BaHbI KJIacc OETOHA IO MIPOYHOCTH Ha C)KaTthe B COrTacHO POCCHICKUM CTaHAApTaM, BEHIHHA ITPOIOIBHOM
CHJIBI F, TONMIIMHA CTEHKH CTaJIbHOTO MPOGMIIS ¢ M SKCLEHTPUCUTET MPUIIOKEHNS Harpy3ku e. OOydeHre MOZIeNIN IPOBOAMWIOCH Ha
CHHTETHUYECKON BBIOOpKE, CHOPMUPOBAHHON C YUETOM YCIOBHH NPeNeIbHOIO PaBHOBECHUS IPU KOMOMHHUPOBAHHOM JEHCTBHU HPO-
JIOJIbHOM CHJIBI ¥ M3ru0aroIero MOMeHTa, OrpaHU4eHUi Ha rabaputhl cedeHus B auanasone or 100 go 500 MM, yciioBus IpoOYHO-
CTH, a TaKKe TpeOOBaHUS MUHHMHU3ALUN CTOUMOCTH KOHCTpYKIHHU. [Ipumenenue anropurma CatBoost 103BoIMIO0 JOCTUYB BBICO-
KO TOYHOCTH IPOTHO3UPOBAHUS C YCPESAHEHHBIM IIO JIBYM IIEJIEBBIM HEPEMEHHBIM METpPHUKaM: KO3(D(UINCHTOM AeTepMUHAIINI
R?*=0,999122 u cpenHeii omrOKoi onpeencHus pasMepoB cedeHnus 2,485 mm. [lomydeHHbIe pe3yIbTaThl JEMOHCTPUPYIOT 3HAYH-
TENBHBIA ITOTEHINAJ HUCIIONB30BaHUS Pa3padOTaHHON MO B IMPAKTUUECKOH AEATENBHOCTH IMPOEKTHBIX OpraHM3alui, odecme-
YMBas TOYHOCTb PAcueTOB IIPU OJIHOBPEMEHHOW ONTUMU3ALMK MaTepHaIbHBIX 3aTPaT U COKPAIEHUH BPEMEHH BBIIIOIHEHUS IPO-
€KTHBIX PEIICHUH.

KaroueBble ciioBa: BHELICHTPEHHOE C)KaTHE, TPYOOOSTOHHAS KOJIOHHA, HECYIasi CIIOCOOHOCTD, MPEACITbHOE PABHOBECHE, OIITUMU-
3a1Ms pa3MepoB MONEPEYHOro CeueHHs, MannHHoe 00yuenue, Catboost
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1. Introduction

The paper investigates rectangular concrete filled steel tube (CFST) columns under uniaxial eccentric
compression. The widespread use of such structures in modern construction is explained by a number of
key advantages: the synergistic effect of the combined resistance of the steel tube and concrete filling [1],
increased fire resistance [2], high energy capacity under dynamic loads and economic efficiency at all
stages of construction and operation of the structure. Due to their high spatial rigidity and ability to resist
combined loads, these structures are widely used in construction as load-bearing elements both in Russia [3]
and abroad [4]. However, their widespread implementation faces serious difficulties due to the lack of
reliable calculation methods that adequately take into account the complex nature of the interaction between
the steel shell and concrete filling under various types of loading.

The foundation of modern research in the field of CFST column analysis is experimental data obtained
during field and laboratory tests [5; 6]. This data serves as the basis for the development of more accurate
analytical methods that take into account the nonlinear behavior of materials [7]. For a detailed stress
analysis, researchers widely use numerical modeling, such as the finite element method. To work effectively
with growing amounts of information, specialized databases are created to systematize experimental results
[8—10]. Since the start of the 21st century, the use of artificial intelligence and machine learning has been
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actively developing. These technologies are applied to predict the load-bearing capacity of structures and
optimize their parameters. Taken together, all these areas allow to comprehensively study the behavior of
composite structures and develop improved calculation methods.

The development of machine learning methods for designing CFST columns is largely driven by
fundamental limitations of both normative and numerical calculation methods. On one hand, traditional
normative approaches (Eurocode 4', AISC 360-162, SP 266.1325800.2016°), despite their widespread use in
design practice, have significant drawbacks: they are only applicable to a narrow range of material
characteristics, do not allow for reverse design tasks, are limited to certain types of cross-sections, and do
not take into account complex loading cases.

On the other hand, numerical methods implemented in existing finite element software (ABAQUS,
ANSYS, SCAD, LIRA, etc.), although they provide more accurate modeling of nonlinear behavior of
structures [11], require significant computing resources, labor-intensive model calibration, and are
insufficiently effective for practical use in design work [12; 13].

These limitations of the traditional approaches have created the conditions for the introduction of
innovative analysis technologies, in particular artificial neural networks and other artificial intelligence
methods capable of adequately accounting for complex nonlinear interactions in structures.

An artificial neural network for calculating the load-bearing capacity of square CFST columns under
axial compression was first used in a study by H. Gao [14], where a three-layer feedforward network trained
on experimental data showed high prediction accuracy when validated on an independent sample. This
study confirmed the fundamental possibility of using neural network models as an effective auxiliary tool
for engineering calculations.

Subsequent studies [15-19] significantly expanded the scope of application of artificial neural
networks for CFST column analysis. These papers present improved neural network architectures trained on
both experimental data and numerical simulation results.

Alongside the development of neural network approaches, significant progress has been made in the
field of gradient boosting algorithms, which demonstrate comparable accuracy with greater computational
efficiency and interpretability of results.

In [20], a comparative study was conducted on the accuracy of predicting the load-bearing capacity of
reinforced concrete columns using five machine learning algorithms: AdaBoost, GBR, XGBoost, LightGBM,
and CatBoost. The analysis used a database of experimental data, including, in particular, 401 tests of
rectangular eccentrically compressed columns, containing the following parameters: geometric characteristics
(cross-sectional dimensions, wall thickness, element length), physical and mechanical properties of
materials, eccentricity values, and ultimate load-bearing capacity values. Statistical analysis confirmed the
representativeness of the data for a wide range of parameters. This database was previously validated by
Thai et al. [21] for the evaluation of normative methods (AISC 360, Eurocode 4, AS/NZS 2327%), which
attests to its reliability.

A comparative analysis showed that CatBoost provides the highest prediction accuracy for eccentrically
loaded rectangular columns, while LightGBM demonstrates slightly lower accuracy, but outperforms it in
training speed by 1.5-2 times. Although the LightGBM algorithm is characterized by high training speed
when working with large amounts of data due to the optimization of the tree construction process and
supports distributed computing, CatBoost was preferred in this study. The key factor in the choice was the

"EN 1994-1-1 (2004) (English): Eurocode 4: Design of composite steel and concrete structures. Available from:
https://www.phd.eng.br/wp-content/uploads/2015/12/en.1994.1.1.2004.pdf (accessed: 13.06.2025).

2 ANSI/AISC 360-22. An American National Standard Specification for Structural Steel Buildings. Chicago: American
Institute of Steel Construction; 2022. Available from: https://www.aisc.org/publications/steel-standards/aisc-360/ (accessed:
13.06.2025).

3SP 266.1325800.2016 Composite steel and concrete structures. Design rules. Moscow: Stroitel’stvo Publ.; 2017.

4 AS/NZS 2327:2017. Composite structures — Composite steel-concrete construction in buildings. AS/NZS 2327:2017.
Composite structures — Composite steel-concrete construction in buildings. Available from: https://www.standards.org.au/
standards-catalogue/standard-details?designation=as-nzs-2327-2017 (accessed: 13.06.2025).
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need to simultaneously predict two interrelated geometric parameters: the height and width of the cross-
section of CFST columns. Unlike LightGBM, CatBoost has built-in mechanisms for multidimensional
regression, which eliminates the need to create complex user-defined loss functions. An important advantage
of CatBoost is its resistance to overfitting, provided by a combination of ordered boosting and automatic
L2 regularization, which is especially important when working with synthetic data. Thus, despite the
absence of categorical features in the analyzed data and the potential advantages of LightGBM in
processing speed, the choice of CatBoost proved to be methodologically reasonable, as it best suits the
specifics of the problem at hand, given that for the dataset under consideration, the gain in processing speed
is not a determining factor, while the advantages of CatBoost in terms of accuracy and prediction stability
become of primary importance.

It is also worth noting that despite the significant number of studies devoted to CFST columns, most of
them focus on verification calculations in determining the load-bearing capacity [22; 23], while issues
related to determining the required cross-sectional dimensions remain insufficiently studied. Moreover,
while a few studies do address design tasks, they are mainly limited to cases of central compression of
round columns, while the issues of optimal design of rectangular CFST columns under eccentric loading are
practically not considered, despite the importance of such calculations.

In this regard, it seems particularly relevant to develop new approaches to solving these problems for
rectangular cross-sections under eccentric compression. This article is a continuation of the research [24-28]
aimed at obtaining the most convenient and reliable tools for performing verification and design calculations
for CFST columns.

The model proposed in this article can be used for automated design of CFST columns, reducing
calculation time and increasing the economic efficiency of structural solutions. The results of the study are
of interest to structural designers involved in the development and implementation of CFST columns, as
well as for further scientific research in the field of optimization design of these structures.

2. Methods

Short columns are considered, for which deformations are small and do not lead to a significant change
in the eccentricity of the longitudinal force. The following values were taken as input parameters for the
machine learning model:

1) Concrete compressive strength class B, MPa according to the Interstate Standard in force in Russia
GOST 18105-20187;

2) Compressive force magnitude F, kN;

3) Tube wall thickness ¢, mm;

4) Compressive force eccentricity e, mm;

The output parameters of the model are width , mm and height 4, mm of the cross-section.

Synthetic data was generated to train the model. The concrete class ranged from B15 to B80. The
compressive load varied from 500 to 10000 kN in increments of 100 kN, the wall thickness varied from
3 mm to 22 mm in increments of 1 mm, and the eccentricity of the longitudinal force varied from 10 to
250 mm in increments of 10 mm. The selection of these concrete class ranges was determined by the
possibility of purchasing concrete mixes with the declared strength from mass producers (ultra-high-
strength concrete and low-grade concrete were not considered). The selected wall thickness range is
determined by the rolled steel sections available in the Russian Federation. The minimum eccentricity value
of 10 mm in the training set corresponds to the minimum value of random eccentricity according to SP
63.13330.2018°. The upper eccentricity limit of 250 mm is justified by the fact that at large eccentricities of

> GOST 18105-2018. Concrete. Rules for control and strength assessment. A.A. Gvozdev Concrete and Reinforced Concrete
Research Institute. Moscow: Standardinform Publ.; 2019.

¢ SP 63.13330.2018. Concrete and reinforced concrete structures. General provisions. Available from: https://docs.cntd.ru/
document/554403082 (accessed: 13.06.2025).
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the longitudinal force, when the structure resists mainly bending rather than compression, the use of CFST
structures becomes irrational. For each set of values [B, F,t,e] the problem of determining the optimal
values of dimensions b and h was solved under minimum cost of the structure taking into account the
requirement to satisfy the strength condition.

Since most rectangular tube sections manufactured for the Russian market are made from grade 09G2S
steel, yield strength R of the tube material is assumed to be constant. For this grade of steel, it averages

345 MPa.
The cost of 1 linear meter of the structure S is determined by the formula:

S=S,bh+Sp 2(b+h)t —min, (1)

where S, is the cost of 1 m® of concrete; S, is the cost of 1 tonne of steel; p, =7.85t/m’ is the density
of steel.

The value of S, was assumed to be 86800 rubles per tonne as an average value for tube sections of
grade 09G2S steel according to the data of Metallotorg JSC as on 27.03.2025 for the city of Rostov-on-
Don, Russian Federation. The value of S, depends on the concrete class. Table 1 contains the values of S,

for the considered concrete classes in this study according to the data of Astragal company?®. This table also
shows the values of the design strength of concrete depending on its class based on the Russian code SP
63.13330.2018°.

Table 1. The cost of 1 m® of concrete depending on its compressive strength class,
as well as the design compressive strength

Concrete class B The cost of 1 m? of concrete, Sb, rub Design compressive strength Rb , MPa
B15 5300 8.5
B20 5700 11.5
B25 6250 14.5
B30 6650 17
B35 6900 19.5
B40 7700 22
B45 8700 25
B50 9200 27.5
B55 10200 30
B60 10800 33
B70 12700 37
B80 13400 41

S ource: made by S.H. Al-Zgul.

For designing the cross-section, it is necessary to write the strength condition of the CFST element
under eccentric compression. This article considers the case when bending moment acts only in one plane.
The effect of strength increase due to the resistance of concrete in confined conditions is not taken into
account. The wall thickness of the tube is assumed to be small compared to the cross-sectional dimensions b
and /4. The external dimensions of the column are considered approximately equal to the dimensions of the
concrete core.

" Metallotorg. Available from: https://www.metallotorg.ru/ (accessed: 13.06.2025).

$ Astragal. Available from: https://www.astragal.su/ (accessed: 13.06.2025).

 SP 63.13330.2018. Concrete and reinforced concrete structures. General provisions. Available from: https://docs.cntd.ru/
document/554403082 (accessed: 13.06.2025).
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The limit equilibrium method is used to determine the ultimate load under eccentric compression.
Previously, this method for CFST columns was validated using experimental data in [29]. The stress in the

compressed zone of the concrete core is assumed to be equal to R, . The stress in the tension zone of the

concrete core is not taken into account. The stresses in the compression and tension zones of the steel tube
are assumed to be equal to R ~with the corresponding signs (Figure 1).

Compressed zone

A’
Stresses in steel Stresses in concrete
R, R,
ul 3
R,
N R, 0 R
< 0 x
Ry 0
b

Figure 1. Diagram for determining the maximum load
Source: made by S.H. Al-Zgul.

The equation of equilibrium between internal and external forces projected onto the longitudinal axis
of the column is as follows:

F=Rby,+2Rty,+ Rtb—R tb—2R 1 (h—y,)- (2)
From (2), parameter y, is expressed as:

F+2R th

= 3
Rb+4R 1 ©)

Yo

The equation of equilibrium between internal and external moments with respect to the x-axis in the
limit state is written as:

h h h
Fe=R,by, (%_(yo _Ejj'i'zRyth-i_ZRylyo (%_(J’o _Ejj-i_

" 4
—J
+2Ryt(h—yo)(y0—5+ > 0).
Or, after simplification:
1
Fe=Ethy0(h—y0)+Ryt(bh+2y0(h—yo)). (5)
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Substituting (3) into (5) yields a quadratic equation with respect to F, from which ultimate load Fur is
determined as the minimum positive root of this equation satisfying the condition:

F

ult

+2R th < ©
=T e S
* Rb+4R?
y
If none of the positive roots of the quadratic equation satisfy condition (6), this indicates that the
compressed zone covers the entire concrete core and the neutral line runs either at the boundary between the
concrete core and the lower side of the tube (Figure 2) or directly at the lower side of the tube. These cases
are possible when the longitudinal force has a small eccentricity.

Compressed zone

y
A Stresses in steel Stresses in concrete
R, R,
F
O
< O x
-
R, R, R,
= ¥
b
Figure 2. The case when the compressed zone covers the entire concrete core
S ource: made by S.H. Al-Zgul.
For the case shown in Figure 2, the ultimate load is determined by the formula:
F,, = R,bh+2R ht. (7)

If the neutral line is inside the lower side of the pipe, then £, will take an intermediate value between

F

o and F o corresponding to the case of central compression:

F0=Rbh+2R, (h+b)t. (8)

If when calculating y, it was obtained that y, > A, the ultimate load was determined using formula (7),

which was included in the factor of safety.
The problem of finding the values of » and % from the minimum condition of cost function S limited

by F'<F, was solved as a nonlinear optimization problem using the interior point method [30] in the
MATLAB R2024b environment (Optimization Toolbox package, fmincon function). Besides the limitation
of F<F

> the minimum and maximum values of dimensions b and & were also constrained. These
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constraints are dictated by the possibility of laying concrete inside the tube (limit on minimum dimensions)
and the current range of rectangular tube sections (limit on maximum dimensions):
100 mm <5 <500 mm;
100 mm < /2 <500 mm.

©)

Only the data for which a solution to the optimization problem could be found under the specified
constraints were included in the training dataset. The total volume of the training data set ultimately
amounted to 504841 rows. A fragment of the training dataset is shown in Table 2.

Table 2. A fragment of the training dataset

No. B, MPa F, kN t, mm e, mm b, mm h, mm
1 15 500 3 10 100 171
2 15 500 3 20 100 171
3 15 500 3 30 100 171
4 15 500 3 40 100 178
5 15 500 3 50 100 191
6 15 500 3 60 100 204
7 15 500 3 70 100 217
8 15 500 3 80 100 229
9 15 500 3 90 100 240
10 15 500 3 100 100 252
504832 80 10000 22 160 259 500
504833 80 10000 22 170 272 500
504834 80 10000 22 180 285 500
504835 80 10000 22 190 299 500
504836 80 10000 22 200 312 500
504837 80 10000 22 210 326 500
504838 80 10000 22 220 341 500
504839 80 10000 22 230 355 500
504840 80 10000 22 240 369 500
504841 80 10000 22 250 384 500

Source: made by S.H. Al-Zgul.

In this study, a program was developed in Python language with support of version 3.11+,
implementing the gradient boosting algorithm (Catboost) for predicting two physically interrelated geo-
metric characteristics (width and height) of CFST column cross-sections based on four initial characteristics
(design compressive strength of concrete, magnitude of compressive force, tube wall thickness, eccentricity
of compressive force). Since the presented model has a small number of parameters, it can be trained and
used on most modern (as of 2025) consumer GPUs or even in cloud environments with free quotas (e.g.,
Google Colab, Kaggle). When setting the regression problem, the MultiRMSE (Composite RMSE) metric
was used — a generalized case of the standard RMSE for simultaneous optimization of the loss function for
two target variables — the width () and height (%) of the cross-section (10):

MulﬁRMSE:\/ﬁzzl[(@_gj)u(@_iﬂ’ (10)

where N is the number of records (columns) in the sample; 2 is the number of target variables; b, is the true
width of the i-th column section, mm; /4 is the true height of the i-th column section, mm; l;l is the

~

predicted width of the i-th column section, mm; 4, is the predicted height of the i-th column section, mm.
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As part of the study, the initial dataset was divided into three independent subsamples. The initial split
was carried out in a 80% to 20% ratio, with 20% of the data being set aside as an isolated test sample for the
final evaluation of the model quality. The remaining 80% of the data, constituting the training pool, was
further divided: 25% was allocated for the validation sample (corresponding to 20% of the total data
volume), and the remaining 75% (60% of the total volume) formed the final training sample.

The following control metrics were selected: the composite MultiRMSE metric on the validation
dataset to evaluate the overall predictive power of the model, as well as individual metrics for each variable:
MAE to evaluate the average accuracy of the model (in understandable, interpretable units), RMSE — allows
detecting the influence of outliers when selecting the final model, and the coefficient of determination —
R* demonstrates the advantage of the current model compared to the average prediction.

The split was performed by fixing the random seed parameter using the train_test split function from
the scikit-learn library. This makes the procedure completely deterministic and reproducible.

To verify the quality of the split, a statistical test for the homogeneity of distributions (Kruskal —
Wallis for categorical/continuous features) between samples was performed based on key features. The test
results (p value > 0.05) did not reveal any statistically significant differences, which confirms the
correctness of the random split.

3. Results and Discussion

The model training graph (Figure 3) demonstrates virtually identical behavior of the training and
validation curves. At the initial stage (before ~500 iterations), there is a sharp decrease in RMSE from ~1.2
to ~0.1, after which the process enters a phase of smooth optimization, reaching a stable plateau after ~2000
iterations.

Learning error (RMSE)
— — Validation error (RMSE)

—
[\
1

© =
[e¢) o
1 1

RMSE Metric
o
o
1

0.2 1

0.0 T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000

Number of training inerations

Figure 3. Graph of the learning curve for training and validation samples
S ource: made by S.H. Al-Zgul.

The analysis of the model accuracy (Figures 4, 5) showed that the coefficient of determination reaches
R?* = 0.999033 for the cross-section width (b) and R*> = 0.999211 the cross-section height (%), which
indicates that the predicted values correspond almost perfectly to the target values. It is worth to note the
uniform distribution of errors across the entire range of the studied dimensions (100—500 mm). This fact,
along with the small dispersion, confirms the high reliability of the algorithm. It should be emphasized that
the difference in prediction accuracy between the parameters does not exceed 2%, which indicates the
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balance of the predictive power of the model for the two target variables. Since the application of the
Catboost algorithm is essentially a solution to the problem of multidimensional nonlinear interpolation,
the limits of the model application are determined by the range of input parameters in the training dataset.

Model accuracy for the b parameter
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Figure 4. Accuracy of prediction of section width (b)
S ource: made by A.S. Chepurnenko, S.H. Al-Zgul.
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500 ~
Fl
E
% 400 1
=
s
&
~=
£ 3004+
&
E
g
2 200 -
%
&
100 A

100 150 200 250 300 350 400 450 500
Actual value of the / parameter (mm)

Figure 5. Accuracy of prediction of section height (/)
S ource: made by A.S. Chepurnenko, S.H. Al-Zgul.

To evaluate the contribution of individual features to the final result, it was decided to use SHAP
analysis. This method, based on the principles of game theory, allows to accurately determine the independent
contribution of each feature, unlike the standard feature importances, which can give distorted results due
to the possible uneven distribution of Gain when splitting initially balanced subsamples.
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SHAP-value calculation requires a trained model and a test dataset. SHAP values were calculated for
the entire test sample. TreeExplainer was used, which employs the TreeSHAP algorithm for efficient and
accurate calculation. As the background distribution, which is required to determine the basic mathematical
expected value E[f(x)] of the model, 100 randomly selected objects from the training sample were used
(100 objects is the optimal compromise between accuracy and computational efficiency). Feature importance
was estimated as the mean absolute SHAP-value (mean [SHAP]) across all objects in the test sample.

The results of the feature importance analysis using SHAP-values demonstrate a clear, physically
justified hierarchy of the influence of input parameters (or, more accurately, features) on the geometric
characteristics of the cross-section (Figures 6, 7). At the same time, the SHAP dependence graphs demonstrate
the nature of the influence of individual variables on the target value (Figures 8, 9).

Contribution of features for prediction parameter b

F,kN

t, mm

Predictor variables

B.MPa

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Average absolute value of SHAP ( | SHAP | )

Figure 6. Analysis of the importance of features for predicting the section width ()
S ource: made by A.S. Chepurnenko, S.H. Al-Zgul.

Contribution of features for prediction parameter /4
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Predictor variables
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Average absolute value of SHAP ( | SHAP | )

Figure 7. Analysis of the importance of features for predicting the section height (/)
Source: made by A.S. Chepurnenko, S.H. Al-Zgul.
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Figure 8. SHAP-analysis of the influence of factors on the width of the section
S ource: made by A.S. Chepurnenko, S.H. Al-Zgul.
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Figure 9. SHAP-analysis of the influence of factors on the height of the section
S ource: made by A.S. Chepurnenko, S.H. Al-Zgul.

Data analysis revealed the dominant influence of the longitudinal force (F) on the geometric
parameters of the cross-section, which is confirmed by the maximum values of SHAP indicators (0.79 for
the width and 0.75 for the height). This pattern is fully consistent with the fundamental principles of
calculating the load-bearing capacity of compressed elements. It is worth noting that the character of the
influence of the load differs for the parameters under consideration: the section width demonstrates a more
pronounced dependence with the SHAP-value in the range =~ +3 compared to the height in the range ~ £2,
which is explained by the aspects of stress distribution in a rectangular section under eccentric compression.
The results show a positive dependence between the increase in load and the increase in the geometric
parameters of the cross-section (width b and height /), which is confirmed by the data in Figures 8 and 9.

The analysis reveals a significant difference in the degree of influence of the eccentricity (e) on the
section parameters. Although eccentricity is significant for both dimensions, its effect on height is more
pronounced (2nd in importance) than on width (3rd in importance). This is explained by the quadratic
dependence of the moment resistance on the height of the cross-section, which makes an increase in # more
effective in counteracting eccentric loads (Figures 6, 7). Graphical visualization confirms the need for
|]a proportional increase of both dimensions as eccentricity increases, which corresponds to the mechanics
of the structure resistance to the combined action of bending moments and longitudinal forces.
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The study using SHAP-value revealed a greater influence of wall thickness (7) on the cross-sectional
width (SHAP~0.51) compared to the height (SHAP~0.25) (Figures 6, 7). According to the results, an
increase in wall thickness leads to a decrease in both geometric parameters (b and /), which is expected,
since an increase in the wall thickness increases the proportion of forces absorbed by the steel shell.

Concrete class (B) demonstrates a statistically significant but relatively weak influence on the
geometric parameters of the cross-section, which is particularly pronounced for the height (Figures 6, 7).
This behavior is fully consistent with the mechanics of composite CFST structures, where the concrete core
is mainly involved in the resistance at the ultimate stages of loading. The analysis revealed a clear inverse
relationship between the concrete class and the cross-sectional dimensions: as the strength characteristics of
the concrete increased, there was a regular decrease in both the width and height of the cross-section
(Figures 8, 9).

The results of the analysis reveal significant dependencies between the structural parameters (wall
thickness), mechanical properties of materials (concrete class, steel strength), and loading conditions
(longitudinal force, eccentricity) on one hand, and the geometric characteristics of CFST columns on the
other.

4. Conclusion

The following scientific results were obtained based on the findings of the study:

1. A regression model based on the CatBoost algorithm has been developed and validated for
predicting the optimal geometric parameters (width b and height /) of rectangular concrete filled steel tube
columns under eccentric compression. The model demonstrates high prediction accuracy with a total
composite metric MultiRMSE = 3.6 mm (on the validation dataset), as well as MAE = 2.503 mm for width
b, MAE =2.467 mm for height / (on the test dataset) with a coefficient of determination R* > 0.999 for both
target parameters. The design values of the height and width of the cross-section obtained using the
algorithm are for reference only. The final selection of the geometric parameters must comply with the
requirements of GOST, SP, or other regulatory documents and is agreed upon by the structural designer
based on detailed calculations and a technical and economic justification.

2. A multi-criteria optimization method has been developed that takes into account strength conditions,
design constraints, and economic efficiency by minimizing the cost function S.

3. The interior point method has proven its effectiveness in solving this nonlinear problem, providing
an optimal balance between load-bearing capacity, overall dimensions, and economic parameters of the
structure, as well as allowing design requirements and technological constraints to be taken into account at
the stage of forming the training sample.

4. SHAP-analysis allowed to establish a clear hierarchy of importance of the input parameters, where
the longitudinal force demonstrates dominant influence (SHAP-values in the range of 0.75-0.79), which
quantitatively confirms its key role in determining the dimensions of the structure. At the same time,
a differentiated influence of eccentricity on the geometric parameters was revealed — its influence on
section height # was more pronounced compared to width b. The obtained distribution of feature importance
fully corresponds to the fundamental theoretical principles of structural mechanics, which confirms the
physical validity of the developed model.

The developed approach ensures optimal design of rectangular concrete filled steel tube structures
under eccentric compression while meeting reliability and cost-effectiveness requirements within the range
of input parameters on which the model was trained.

The obtained results form the scientific and methodological basis for the automation of concrete filled
steel tube structure design processes, opening up promising areas for further research, including: expanding
the model to account for long-term loads and complex loading conditions, integration with BIM
technologies, and the development of regulatory recommendations for the implementation of machine
learning methods in design practice. These areas will significantly improve the efficiency of structural
design while ensuring the required reliability and cost-effectiveness.
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AHHoTanus. VccnenoBaHo BIMSHUE HECUMMETPUYHOM Harpy3ku Ha aedopMalnuio Kapkaca U Ha HalpsHKEHHOE COCTOSHUE OCHOB-
HBIX 2JIEMEHTOB PEOPHCTO-KOJBIEBOrO KymHona. BrisBieHa 0coOCHHOCTH pabOTHl KYNOJIBHOTO KapKaca Ha HECHUMMETPHUYHYIO
HarpysKy 10 CpaBHEHMIO C CUMMETPUYHON IPHU YBEIMUYEHHH PACCTOSHUS MEXIy MOJICPKUBAIOIUMH KyToJl KoJoHHaMu. OxHo-
BPEMEHHO C TUM TaKKe YCTAaHOBJIECHA 3aBHCHMOCTH HANpPsHKEHHO-Ae()OPMHUPOBAHHOTO COCTOSHHUS KYIOJIBHOTO Kapkaca OT BHIA
Y3JI0BBIX COINPSKEHUM €ro 31eMeHTOB. B kauecTBe 00bEKTa HCCIIEI0BaHUS PACCMATPUBAJICS METAIIMYECKUH PeOPUCTO-KOIbLIEBOI
KyIIOJI U3 CTaJbHBIX TpyO. Kymon nmen deTsipe pasHble CXEMBI ONMPAHMS, XapaKTEepU3YIOMuUecs TeM, YTO KOJIOHHBI pacroara-
JIUCh HE MO/ KaXKIBIM PeOpOM, HO IMKINYECKH CUMMETPUYHO IO KOHTYpY. [ KaKIoi cXeMbl ONMpaHus B KyIOJIe U3MEHSIINCH
BUJIBI Y3JIOBBIX COIIPSDKEHHI DIEMEHTOB Kapkaca MexIy co0oi. Pa3sHBIX cxeM Mo KOMOWHAIUSM BHIOB CONPSHKEHHH OBUIO ISTH.
HccnenoBanus MpoBOAMINCH IIOCPEICTBOM PAaCUETOB PAa3HBIX CXEM KapKacoOB HA KOMIIBIOTEPHBIX MOJENsIX. Beero uccnenoBaHHbIxX
pacdyeTHHIX KOMITBIOTEPHBIX MOJIENEell HaCUUTHIBAJIOCHh ABAALATh. B mpolecce pacueToB onpenesuich nedopManuy ¥ HarpsKe-
HYSI B OCHOBHBIX 3JIEMEHTaX KyIoja Kakaoi monenu. IlosrydeHsl cBeieHHs O HAIpsKEHHO-Ae(OPMUPOBAHHOM COCTOSIHUM BCEX
MoJeNneil Uil HeCUMMETPUYHOW U CUMMETPUYHON Harpy3oK, KOTOpbIe CpaBHUBAIUCH APYyT € ApyroM. CocTaBieHbl CPaBHUTEIb-
HBIC MarpaMMBbl 3aBUCUMOCTEN AeopMaluii KyHona 1 HalpsHKEHUH B €ro OCHOBHBIX 3JIEMEHTaX OT HECUMMETPUYHOHN U CUMMeT-
PHYHON Harpy3okK Ui BCeX PacCMOTPEHHBIX Mojelneil. Jluarpammsl rmokasajiu CylnieCTBEHHOE BIMSHIE HECUMMETPUYHON Harpys-
KU Ha JedopMaliuio Kymoja U HalpsXKEHHOE COCTOSHME 3JIEMEHTOB PeOpHCTO-KONBLEBOTO KyIoJa JUIl BCEX CXEM ONUPAHUS U
BUJIOB Y3JIOBBIX comlpsbkeHuil. OTMEUYEeHO, YTO NMPU HECUMMETPHUYHON Harpy3ke HauOoJplliee YBEIWYCHUE HANPSIKEHUH 10 cpas-
HEHUIO ¢ CUMMETPUYHON NMPOHCXOAUT B MEPUIHOHANBHBIX peOpax U 3HAYMTEIbHOE B BEpXHEM Kojblie Kynona. B naubosbiueit
CTENEeH! yBenmdeHue neopMalvii 1 HalpsHKEHHH HaOMIoMaeTcsl MPU MIAPHUPHBIX Y3JIOBBIX CONPSDKEHUSAX M 3aBUCHT OT CXEMbI
ONUPaHUS KYIOJIBHOTO KapKaca.

KitoueBbie c10Ba: peOPHCTO-KONBIEBON KYIION, KOMIIBIOTEPHAS MOJENIb, MEPUIHOHAIBHBIC peOpa, BEpXHEEe KOJBIO, HHUKHEE
KOJIBIIO, KOJIOHHBI, ITAPHUPHBIC U )KECTKUC Yy3JIbI, CTATHYECKUM pacyer
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Abstract. The effect of asymmetric load on the deformation of the frame and on the stress state of the main elements of the
ribbed-ring dome was studied. The aspects of the dome frame resistance under asymmetric load compared with a symmetrical one
with increase in the distance between the columns supporting the dome were investigated. At the same time, the relationship
between the stress-strain state of the dome frame and the type of nodal connections of its elements was also established. A metal
ribbed-ring dome made of steel pipes was considered as the object of the study. The dome had four different support arrangements,
characterized by the fact that the columns were not located under each rib, but cyclically symmetrical along the contour. For each
support scheme in the dome, the types of nodal connections of the frame elements to each other varied. There were five different
connection type combinations. The research was carried out by calculating different frame systems as computer models. There
were twenty computer models studied in total. During the calculations, strain and stress in the main elements of each dome model
were determined. Data on the stress-strain state of all models under asymmetric and symmetrical loads were obtained, which were
compared with each other. Comparative diagrams of the relationships the dome deformations and stress in its main elements
and asymmetric and symmetrical loads for all the considered models have been compiled. The diagrams showed a significant
influence of the asymmetric load on the deformation of the dome and the stress state of the elements of the ribbed-ring dome for
all support arrangements and types of nodal connections. It is noted that with an asymmetric load, the greatest increase in stresses
compared to a symmetrical one occurs in the meridional ribs and a significant increase — in the upper ring of the dome. The
greatest increase in deformations and stress occurs with hinged nodal connections and depends on the support arrangement of the
dome frame.

Keywords: computer model, meridional ribs, upper ring, lower ring, columns, hinged and rigid nodes, static calculation
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1. Beenenune

Merammdeckue Kynosa sBISIOTCS IPOCTPAaHCTBEHHBIMU KOHCTPYKTUBHBIMU CHCTEMAaMH, IIPUMEHSIOT-
Csl B KAQueCTBE IOKPBITUI YHMKAJIbHBIX 3/1aHUI BO BCEM MHUpPE HM3-3a BbIpa3uUTEIbHON (POpMBI M BBICOKOM
HaJE)KHOCTHU. brarogaps mpocTpaHCTBEHHOH JKECTKOCTH KyIOJIbHBIX KapKacOB U YKOHOMUYHOCTH pacxona
MeTaJjlIa 110 CPAaBHEHMIO C APYTUMH KOHCTPYKLMSIMU OHH 3aHUMAIOT BEIyIee MECTO Cpeiu OOJbIIETIPOIEeT-
HBIX MOKpbITH [1-3].

I'eomeTprueckne cxembl KaAPKaCOB METAIIIMYECKUX KYIIOJIOB 3aBUCAT OT IEPEKPBIBAEMBIX IIPOJIETOB U
HasHaueHus s3nanus’ [4]. Hambonmee MPOCTBIMH 10 T€OMETPUYECKOMY CTPOECHHMIO CUMTAKOTCS PEOGPUCTO-
KOJIBLIEBBIE KYIIOJIa, B KOTOPBIX, OHAKO, BOZMOKHBI PAa3JIMYHBIE CXEMBI KaK 110 YHCIY CEKTOPOB IO OKPYXK-
HOCTH, TaK U KOJIMYECTBY sIpycOB 110 BeicoTe. KpoMe Toro, BaxXHbIM (pakTopoM B paboTe KyIOJIBHOTO KapKa-
ca SIBJIETCSl KOJIMUYECTBO MOJAEPKUBAIOIIUX €ro KOJOHH. OT 3TOro 3aBUCHUT CTaTHYECKas cCXeMa KapKaca
BCET0 COOPY’KEHHS M HAIPSIKEHHOE COCTOSHUE DIIEMEHTOB Kynosa. OTCyTCTBYIOT B II€4aTH CPABHUTEIIbLHBIE
XapaKTEePUCTUKHU pabOThI KyIOJIBbHBIX KAPKACOB HA CUMMETPUYHBIE U HECUMMETPUYHbBIE HAIPYy3KH.

! MeTamueckne KOHCTPYKIMHK: CIPABOYHHMK MPOEKTHPOBIIHKKA : B 3 T. / ox o6, pea. B.B. Kysuenosa (IIHUWnpoekTcTab-
koHcTpykuus uM. H.II. Menbunkosa). T. 2. CranpHble KOHCTPYKINHY 34aHUN U coopyxeHuil. Mocksa : ACB, 1998. 512 c. ISBN
5-87829-081-2
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OOBIYHO KOJIOHHBI B PEOPUCTO-KOMBIEBBIX KYIIOJIaX pa3MeNaroT IMoJ KaXKIbIM MEpUINOHAIBHBIM Peo-
pom. OgHako mpu OONBIIOM YHCe pedep B KYNOJbHOM KapKace Takoe KOHCTPYKTUBHOE PELICHHE MOXKET
0Ka3aThCsl HEMIPUEMJIEMBIM ISl apXUTEKTYPHOTO 3aMbIciIa. B 3TOM cilyyae MCHONB3YIOT MEHbINEe KOJIU4de-
CTBO KOJIOHH TI0 CPAaBHEHHUIO C YHCIIOM MEPHIUOHAIBHBIX pedep, YTO MPUBOAMT, KaK MOATBEPANIO MPE/IbI-
Jyliee uccieioBanue aBTopa [5], K i3MeHeHHIO padoThI KyTioia U, KaK CIIICTBUE, H3MEHEHUIO BHYTPEHHHUX
YCHUJIMH B 2JIEMEHTaX KyMOJBHOTO KapKaca. JTO HCCIEIOBaHUE MOKA3al0 TAaKKe, YTO, HECMOTPS HA IMOXO-
KeCTh Xapakrepa aedopMalil Kynomia, ¢ yMEHbIICHHEM KOJIMYECTBAa KOJOHH IPOUCXOAUT CYIIECTBEHHOE
YBEJIMUYEHHUE €T0 TPOTUOOB.

HccnenoBanus CTepKHEBBIX CHCTEM KYTIOJIBHOTO THIIA B PA3JIMYHBIX KOMIBIOTEPHBIX MTPOTPaMMax BbI-
MOJTHSJINCh MHOTUMH yY€HBIMH. Tak, HalmpuMmep, HAIpsHKEHHOE COCTOSIHHE KYTIOJIBHOTO KapKaca aHaJHM3H-
POBAJIOCH IIPU M3MEHEHUH €T0 TEOMETPUUECKHX apaMeTpoB [6], mpH pa3HBIX OTHONICHUSAX BBICOTHI KyTIOJIa
K AUaMETpy JJIS pa3HbIX MpOJIETOB [7], MpH BKIIOUYEHUH B paboTy OTpa)kIeHUs B SUYEHKaX KapKaca MEXIy
peOpaMu U KosbLamH [8], Ipu pa3HBIX COOTHOIICHUSAX BBICOTHI U AMAMETPa U PA3HBIX CEUYCHUAX JIEMEHTOB
[9], mpu pa3HOIl BBICOTE MO CPABHEHHIO C MIPOJIETOM KyIMOIBHOTO Kapkaca co cBsizsimu [10]. ABTOpom BHI-
MOJHAJIOCH TaKXKe CPaBHUTEIBHOE MCCIIeI0OBaHUE PEOPHCTO-KONBLEBBIX KYIOJIOB MPU PA3TUYHBIX KOJIHYE-
cTBax cBszeit [11] u pasHbIX pa3mMepax BepxHero koibia [12].

OTCcyTCTBYIOT MyOJIHMKALINKU, KPOME YIIOMSHYTOW paHee aBTOPCKOi [S], Mo Mcciaej0BaHuI0 3aBUCUMOCTH
HAIpsDKEHHOTO COCTOSIHUS OT PEAKO YCTaHOBICHHBIX MOAICPKUBAIOLINX KyIoJ KoJoHH. Kpome Toro, moryT
MCTIOJIB30BATHCS PA3ITMYHBIC BUBI CONIPSDKEHUN JIEMEHTOB KYITOJIBHBIX KAPKACOB, YTO TAKXKE BIUSAET HA UX
paboty. BiusiHre KeCTKOCTH y3JIOBBIX CONPSDKEHUI Ha HAINPSDKEHHOE COCTOSHHUE KyIojia 3aTPOHYTO B IMy0-
mukaruu [13], Tae npeacraBieH CpaBHUTENBHBIN aHAINA3 paboThl peOPUCTO-KOIBIIEBOTO CTAIHHOTO KYIIOJIa
muametpoM 41 M u BeicoToit 7 M. Kymon HacuuteiBasr 20 pedep u 10 komerl, onupaics MEpUIAOHATHLHBIMU
pebpamMu HEMOCPEACTBEHHO Ha (PYHIAMEHTHI, @ Ha KOJBIIAX-IIPOroHaX ObLIa YCTPOEHA CTEKIISTHHAS OOIINB-
ka. B 3T0#l myOnuKkanuy paccMOTPEHBI MOJENN KYHOJIBHOTO KapKaca, pa3Inyaroniiecs JIUMHEHHBIM U HeJlH-
HEHHBIM pacyeTamMy, a TaKKe IByMs BUJIaMHU COEIMHEHHS: C KPEIUIGHHEM KoJiell K peOpaM U 0e3 KperyIeHuUsI.
OnHako MOSICHEHWH K WHTEPIPETAINHA COSTUHEHNN B KOMITBIOTEPHON MO/ HET. B HEKOTOPBIX MOJIETSAX B
paboTy BKIIIOUEHA OOIIMBKA, @ B HEKOTOPHIX IMArOHAIBHBIE CBA3M BO BCEX CeKTOpax. B mybnukanum ananm-
3UPOBANKCH JIe(hOpMaLIUK KyIoJIa, BHYTPEHHHUE YCUIHS U HAIIPSHKCHUS B 2JIEMEHTAaX.

ABTOp panee yxe HccienoBal paboTy Kapkaca peOpHCTO-KOJIBIIEBOTO KyIoja C yYETOM pa3HbIX y3J0-
BBIX CONPSDKEHUH U PEIIKO YCTAHOBJICHHBIX KOJIOHH [ 14], 1eNTbi0 KOTOPOTO OBIIIO BBISABICHHE 3aKOHOMEPHO-
CTH U3MEHEHHUS YCHJIUI B OCHOBHBIX AJIEMEHTaX KyMOJIBHOTO Kapkaca. TO HCCIeJOBaHUE MTOKA3alIo, 4To C
YMEHBIIEHHEM KOJMYECTBA KOJIOHH BHYTPEHHHUE YCHIUS N CyIIECTBEHHO BO3pPACTalOT B KOJIOHHAX M yMe-
PEHHO B MEPHINOHAIBHBIX pedpax, a n3rubaronye MOMEHTHl M 3HAaYUTEIBHO BO3PACTAIOT B HUDKHEM KOJIb-
1€ ¥ HEMHOTO B KOJIOHHaX M BEpXHEM KoJjblle. OTMEUEHO, YTO CTeTeHb N3MEHEHUs ycuianid N u M 3aBUCUT
TaKXe U OT BUJA Y3JIOBBIX CONPSDKEHHH HIEMEHTOB MEXY COOOH.

Lenp mpencTaBiIeHHOrO Marepuaia — IPOBEIEHHE CPaBHHUTEIBHOTO HCCIEIOBAHUS HANpPsHKEHHO-
ne(OPMHUPOBAHHOTO COCTOSIHHS KapKaca peOpHCTO-KOIBIIEBOTO KyMosa MpHu paboTe Ha HECHMMETPUYHYIO
Harpy3Ky IO OTHOLICHHIO K CHMMETPUYHOI. MccnenoBanue npoBOaMIIOCh HA paHee CO3IaHHBIX PaCUETHBIX
KOMIIBIOTEPHBIX MOAENSIX [14] 1 BBIMOIHEHO B TIOJHOM COOTBETCTBHHU C MPUHIUIIAMHU aHAIHM3a PA3TUIHBIX
COCTOSIHUI CTEPKHEBBIX IPOCTPAHCTBEHHBIX CHCTEM.

2. MeTtoabl

B nponecce ucciaenoBanus paccMaTpUBAIMCh JBAaJUATh PA3HBIX PACUETHBIX KOMITBIOTEPHBIX MOJENEH
KapKaca KpyIJIOro B IUIaHE COOPYKEHHUs ¢ KynosioM. OHU pa3eNisyIuch Ha YEThIpe IPYMIbl 10 CXEMaM OIH-
paHus Kyrojia Ha KOJIOHHBI, U KaXKasi TpyIiNa BKJI0Yaia B ce0s MATh pa3HbIX KOMOMHALMN BUJIOB Y3JIOBBIX
COMPSKEHUI HIIEMEHTOB KapKaca MEKIy COOOi.

HcxonupiM KapKacoM i UCCIEI0BaHUS CIY KT peOpUCTO-KOIbIIEBOM KyIol cpepuueckort popmal ¢
paznycoM KpUBU3HBI 23 M, pa3aeleHHbI MEpUIMOHATBLHBIMU peOpamMu Ha 36 CEKTOPOB U HACUUTHIBAIOIIUN

526 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



ITebedb E.B. CtpoutenbHas MexaHuka MHXEHEepHbIX KOHCTPYKUWIA U coopyxennit. 2025. T. 21. Ne 6. C. 524-536

7 KoJIeI] BMECTE C BEpXHUM M HIDKHUM, KOTOPBIH ormupaeTcs Ha 36 konoHH [14] (puc. 1). Jlnametp HIKHETO
kombiia 39,3 m, nuametp BepxHero koubiia 5,0 M, BeicoTa Kymona 11 m, BeicoTa kojoHH 7,0 M.

Bce snemeHTBI Kapkaca MPUHATHI U3 CTAJIBHBIX TPYO MO pe3ynbTaraM IpeIBapUTEIBHOTO pacdera Ha
Harpy3Ku oT Beca orpaxaaroummx xkoHcrpykuuii (1,0 kH/m?), ot Beca cuera (2,1 kH/M?) u oT co6cTBEHHOTO
Beca: MepuauoHansHble pedpa n3z O 530%9, Bepxnee konbuo u3 O 530x9, HuxHee koibuo u3 O 630%20,
npoMexyTouHbie Konbiia u3 O 273%7, kononast uz O 402x10.

WcxonHblii Kapkac COOTBETCTBYET MEPBON CXeME ONHPAHHS, IPU KOTOPOH KOJIOHHBI PACHIOIOKEHBI IO/
KaXIbIM CONPSDKEHUEM MEPHUIMOHAILHOTO pedpa ¢ OMOPHBIM KOJBIIOM. BTopas, TpeThsi u yeTBepTas cxe-
MBI ONUPAHUS 00Pa3yIOTCS IMyTeM HUKINYECKH CHMMETPHUYHOTO YMEHBIICHHS KOIWYECTBA MOAICPKHUBAIO-
IIMX KYNOJ KOJIOHH, T.€. UX PEryJsipHOTO yIaJeHHs W3 KOMIbIOTEpHOU Moaenu. OTINYUTENbHBIM NpU3HA-
KOM BCEX CXEM OMNHPaHUS SBISIIOCH YUCIIO CEKTOPOB MEXy KoloHHamMu. [losToMy McxonHas cxema onupa-
HUS KapKaca, B KOTOpOI KOJOHHBI YCTaHABJIMBAIUCH Yepe3 OJMH CEKTOp, 0O03Havanach kak /. Eciu e ko-
JIOHHBI YCTaHABJIHMBAJIKNCH Yepe3 [[Ba, YEThIPE U MIECTh CEKTOPOB, TO M CXEMbl 0003HAYAINCh KAaK CXEMBI
onupanus 2, 4 u 6 COOTBETCTBEHHO (puc. 2).

N
7NN
/ITT

)
(1]
11

Puc. 1. UcxonHas cxema Kapkaca UCCIIEyeMOTro KyIoJia ¢ KOJIOHHAMU 0] KaXXJbIM peOpom
U ¢ 1o 4HuK: BemonHeHo E.B. Jlebenem.

Figure 1. The initial model of the dome under study with columns under each rib
Source: made by E.V. Lebed.

CoOcCTBeHHBIH BeC Orpa)IalOMIUX M HECYHIMX KOHCTPYKIMH IpeCTaBiseT COOOH CUMMETPHUYHYIO
HArpysKy, a Harpy3Kka OT Beca CHera MpeICTaBJIeHa IByMs BApUAHTAMU’: CHMMETPUYHBIM M HECHMMETPUY-
HbIM. B cMMMeTpUYHOM BapuaHTe / CHET JIEKUT PABHOMEPHO 10 MOBEPXHOCTU B BEPXHEH YaCTH KyIloja ¢

YIJIIOM CKara O < 300 , @ C YBCIIMUCHUCM 3TOT'0 yIJla €TO TOJIIWHA YMCHBIIACTCA 1O HYJICBOI'O 3HAYCHUA IIPpU

0> 60° (puc. 3, a). B HecHMMETpUYHOM BapuaHTe 2 CHET JIEKHUT TOJIBKO C OJHOM CTOPOHBI KyIOJia, KOTOPBIi
MPOELUPYETCs Ha TIOIYKPYT, C HAUOOJIBITUMH 3HAYEHUSIMHU B €T0 CEpeMHE, BHYTPHU KOTOPOTO €ro TONIINHA

CHauaja yBEIMYMBAETCS IO CKary J0 Makcumyma mpu o,.=30", MOTOM yMeHbIIAeTCs 10 (PUKCHPOBAHHOTO

2 CIT 20.13330.2016. Harpysku u BosaeiicTBus. AkTyanusupobanHas pegaxius CHull 2.01.07-85". Mocksa : MuncTpoit
Poccun, 2016. 80 c.
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3HadeHus npu o.=45°, a 3aTeM 10 HyIEBOTo 3HaUeHus pH .= 60°, a B KOJIBLEBBIX HANPABICHUAX TOIIINHA
YMEHBIIIAETCs 10 HYJIEBOTrO 3HAYCHUS Ha rpaHulle noimykpyra (puc. 3, 6). [Ipu 3ToM Hambonpimas cuia ot
CHETOBOW HArpy3KH Ha y3eJ CaMOro 3arpy>K€HHOTO MPOMEKYTOUHOTO KOJblla B BapuaHTe 2 10 BEJIMYHMHE B
2,42 pa3a Gonbiie, yem B BapuaHte /. Takum oOpa3oM, B KOMOMHAIIMK C BECOM OTPaXKIAIOIINX U HECYIIUX
KOHCTPYKIIMH KyIOJIa BEC CHEra Ha HEM I10 BapHaHTy 2 CO3JaeT HECUMMETPHUHYIO HAarpy3Ky, a 10 BapHaH-
Ty / CHMMETPUYHYIO Harpys3Ky.

Puc. 2. CxeMbl KapKacos ¢ p M YHCJIOM pPOB MEXIY M 11 Ky M
— 1 cexTop; 6 —2 opa; 6 — 4 cekropa; e — 6 P
)41 : BBII E.B. Jle6enem

Figure 2. Models of frames with different numbers of sectors between the columns under the dome:
a — 1 sector; 6 — 2 sectors; 6 — 4 sectors; 2 — 6 sectors
Source: made by E.V. Lebed.
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N\
LV A AN

L} &

a 7]

Puc. 3. Cxemsl 3arpy’keHn# KyIOJIBHBIX KApKacoB OT Beca CHEra:
a — BapuaHT / (CMMMETpHUYHBI); 6 — BapuaHT 2 (HECUMMETPHYHBIN)

W cTounuK: Bemonaeno E.B. JIebenem.

Figure 3. Loading schemes of dome frames from the weight of snow:
a — option / (symmetrical); 6 — option 2 (asymmetrical)
Source: made by E.V. Lebed.

WccnenoBanus BBINOTHSUINCH HAa KOMIIBIOTEP-
HBIX pAacyEeTHBIX MOJENAX KapKacoB ¢ pedpucro-
KOJIBLEBBIM KynosioM B nporpamme SCAD kak mpo-
CTPaHCTBEHHBIX CTEPKHEBBIX cucteM [15; 16].

Bo Bcex cxemax OIIMpaHuA CTCPIKHHU BCPXHCEIO / / / /

KOJIbI[a, HIYKHETO KOJIbLIa U MEPUIUOHATILHBIX pedep
COEJIUHEHBI APYT ¢ JIpyrom xectko. CoennHeHUe
pebep ¢ BEepXHMM M HUKHHM KOJIbLIAMH, COEIAHHE-
HUA KOJIOHH C HUXXHUM KOJIbLIOM U COEIWHEHHUS
IIPOMEXYTOYHBIX KOJIEIl ¢ peOpaMu B KaKJON cXxeme

il

Puc. 4. Cxema HCXOAHOTO KapKaca

ONMpaHus ObUIM Pa3IMYHBIMU: OT IIAPHUPOB B JIBYX C LIAPHHPHBIMH Y3TOBBIMH COMPSIKEHUAMH
TUIOCKOCTSX (pHC. 4) 10 KECTKUX B JIByX IUIOCKO- U ¢Toumuk: Bomosneno E.B. JleGenem.
crax. B mpolecce Mccien0BaHus paccMaTpUBaIoOCh Figure 4. Model of the initial frame
AT BHIOB y3JIOBBIX CONPSKEHUH, 0003HAYEHUE U with hinged node connections

OIMCAaHUE KOTOPBIX MIPUBEICHO B TaOIIHIIE. Source: madeby E.V. Lebed.

Pa3peniennsi noBopoToB BOKPYTI COOCTBEHHBIX OCeii B Y3JI0BBIX CONMPSKEHHAX
Rotational degrees of freedom around proper axes in nodal connections

HaumenoBanue conpsi:keHuii 3;1emeHnToB / Element joint name
Bun Pebep ¢ BepxHuM Pebep ¢ HusKHUM Kos10HH ¢ HHKHEM IDOMesKY TOUHBIX KOXEIl ¢ Defpamu /
COTIP AR / Ko.IbUOM / Ko.IbUOM / Ko.IbUOM / P IntZrmediate rin :ltoli’ibls)
Joint type Ribs to upper ring Ribs to lower ring Columns to lower ring g
UX Uy UX Uy UX Uy UX Uy

1113 v v v v v v v v

112 - A% v A% v v \% v

I - A% v \% \% A% - v

XK1 - v - \% - \% - v

K2 - - - - - -

TIpumeuanue: 3HaK «v» 03HAUAET Pa3pelIeHHEe TOBOPOTA BOKPYT OCH, a 3HAK «—)» O3HAJaeT 3amper /
Note: The “v” sign means that rotation around the axis is allowed, and the “~” sign means that it is prohibited.

M cTouHuk: BemonHeHo E.B. Jlebenem / S o ur ¢ e: made by E.V. Lebed.
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HampspkeHHO-1e(pOpMUPOBAaHHOE COCTOSHHE KYIOJIBHOTO Kapkaca BO BCEX CXEMax OIMHPAHUs OICHU-
BaJIOCh MO €ro mporudaM f WU Mo HanmpsKeHHsM G B OCHOBHBIX 3J€MEHTaX, KOTOPbIE BHIUMCIIAIHCH IO
BHyTpeHnum ycumusm N, M, M, M,. Tlpu 5ToM 5T BHYTPEHHHE YCHIIMs BBIOMpAIMCh B Haubolnee

Harpy>K€HHBIX CTCPIKHAX MCPUIHNOHAIIBHBIX pe6ep, BCPXHECTO KOJIbLIAa 1 HUKHETO KOJIbIIA KYyIIOJIa.
OHCHKa HAIMPS’KECHHOTI'O COCTOAHUA KapKaca BBIMOJJHAIACH 1O MMPUBCACHHBIM HANPSKCHUSAM B €0 3JiC-
MCHTax

6" =+c*+31% . (1

HOpMaJ'ILHbIG HanpspDKCHUA O I pr6anoro CCUCHUA

N M
6=t ©)
A w

X

2, 142 .
e ms 1py6 M =,/ M+ M — 310 paBHOneiicTBYOMmAs BemuunHa MoMentoB M ., M, .
KacarenpHble HanpspkeHUs T TPU HAIMYUH KPyTsiero Momenra M,

M, 3)

T=——". 3
W,

Crnenyer OTMETHUTH, YTO BBIIIOJHEHHBIE aBTOPOM paHee HCCIIeNoBaHus KpydeHus [17] mokasaiu, 4Tto
KacaTelbHbIe HapsHKeHNUs T 3HAUUTEIbHOE BIMSAHUE OKAa3bIBAIOT HA BEPXHEE KOJIBIIO, KPOME CONPSIKEHUI
[I13, u 3amMeTHOe Ha HIDKHEE KoIbLo i conpsbkeHud JK1. B MepuanoHanbHBIX peOpax KacaTelbHbIe
HanpspbkeHus. T TakyKe OKa3bIBAlOT CYLIECTBEHHOE BIMAHME. TaM ke MPUBEIEHBI U JUarpamMMbl IIPUBEICH-

ok
HBIX HaNpsDKEHUIl G B MEPUIHOHAIBHBIX peOpax, BEpPXHEM M HIKHEM KOJIbLIaX KyTIOJa.

3. Pe3yabTarbl

[Ipu cummerpuuHOl Harpyske aedopManuy KyNoOJbHOTO KapKaca TaKKe MPOSBISIIOT CHMMETPHIO
CMEIIEHH y3JI0B M, KaK IpaBuio, BHU3. [Ipn HEcuMMeTpuuHON Harpyske aedopmanuy He TOIBKO CTAHO-
BATCS ACHMMETPUYHBIMH, HO ¥ XapaKTEePHU3YIOTCS CMEIIEHUSIMH y3JI0B CO CTOPOHBI OOJIBIIETO HATPy>KEHHs
BHHU3, a CO CTOPOHBI MEHBIIETO HAarpyxeHust BBepx. [lpuyem cmemenust BHU3 (porud) mo abCoarOTHON Be-
JUYUHE TOPa3/io OONbIe, YeM CMENICHUE BBEPX (BHITHO).

B ucxonnoit cxeme kapkaca (cxema onupaHus /), a TakKe B CX€M€ ONHUpaHus 2 IpU CUMMETPUYHON
Harpy3Ke U3MEeHEHHE BHJIOB y3JIOBBIX conpspkeHus ot 1113 o JK2 mpakTuyecku He BIHMSET HAa IPOTHOBI KyTO-
na (puc. 5). B kapkacax co cxemamu onvpaHust 4 ¥ 6 Ipu CHMMETPUYIHON Harpy3Ke MpOTHObl YBEITHUHBAIOTCS
10 OTHOIIEHHUIO K HCXOTHOM CXE€M€E M Ha UX BEJTMYMHBI BIUSAIOT BU/IbI Y3JIOBBIX CONPSKEHHM.

f, cM/cm 8

0. I 1D e |

L3 L2 L X1 K2

Buns! y3noBbix conpsbkennii / Types of nodal connections

Puc. 5. MakcuManbHbIe IPOrHOBI KYTOJILHBIX KAPKACOB MPH CUMMETPUYHOM HArpy3Ke:
1,2, 4, 6 — 4nCII0 CEKTOPOB MEXY KOJIOHHAMHU
U ¢ 1o04Huk: Bemonneno E.B. JIebenem.

Figure 5. Maximum deflections of dome frames under symmetrical load:
1, 2, 4, 6 — number of sectors between columns
Source: made by E.V. Lebed.
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HecummerpuyHast Harpy3ka NpUBOAUT K 3HAYUTECIHPHOMY YBEIHUYCHHUIO IIPOTHOOB BO BCEX CXEMax OITH-
paHusl, 1 BMECTE C TeM U3MEHCHHE BHJOB y3JIOBBIX compspkenust oT 113 mo X2 cymecTBeHHO BiusieT Ha
nporuOsl Kymoina (puc. 6). B xapkacax co cxemoi onupaHusi 6 Tpu HECUMMETPUYHON HArpy3Ke MporuoObl
XapaKTepU3YIOTCS HANOOIBIIUMH BETMYMHAMHE JJISI BCEX BHJIOB Y3JIOBBIX CONPSKCHUIH.

f,CM/Cl’n 16
12
8 6
3 124
0 ll[
3 L2 L1 XK1 K2

Bunp! y3noeix conpspkenuit / Types of nodal connections

Puc. 6. MakcumaiipHble IPOrHOBI KYTIOJBHBIX KapKacoB IIPU HECUMMETPHYHON HAarpy3Ke:
1, 2, 4, 6 — 9uCI0 CEKTOPOB MEXKAY KOJIOHHAMH
W c1ouH uk: BemosHeHo E.B. JleGenem.

Figure 6. Maximum deflections of dome frames under asymmetrical load:
1, 2, 4, 6 — number of sectors between columns
Source: made by E.V. Lebed.

[TporuGsl KymompHBIX KapKacOB MHOTOKPATHO YBEIUYMBAIOTCS NMPH HECUMMETPUYHOH HaArpyske Io
CPaBHEHUIO C AHAJIOTUYHBIMH MPOTrHOaMH MPU CUMMETPUYHON HArpy3Ke, U 3TO YBEJIHMUEHUE 3aBUCUT KakK OT
CXEMBI OMHpAHUsS KyIoJia, TaK ¥ OT BHJA Y3JIOBBIX COMNpPsDKEHUH ero aneMeHToB. OTHOIIEHHUS MPOruOoB

| / /| TpH HECUMMETPHYHON Harpy3ke f, K IpOrubaM Ipu CHMMETPUYHOI HAarpys3Ke f, JIEMOHCTPHDYIOT
3Ha4YeHUs JJs y31oBbIX conpsbkenuid ¢ 13 no XK2 B crenyromux nuamnasonax (puc. 7): B UCXOTHOM cxeme

onupanus [ ot 17,7 no 5,1, B cxeme onupanusi 2 — ot 14,2 no 4,5, B cxeme onupanus 4 ot — 4,9 no 2,7,
B cxeme onupanusi 6 — ot 2,3 1o 1,5.

LA T )
16 H
12
12 H =
=5 4
Pl 6
0 I-lL
L3 L2 L1 X1 K2

Buss! y3n0BbIx conpsbkenuii / Types of nodal connections

Puc. 7. OtHomenue nporu6a npu HECUMMETPUUHOK f, K Mporuby Npu CUMMETPHYHOH f| Harpyskax:

1, 2, 4, 6 — 4UCIIO CEKTOPOB MEXKIY KOJIOHHAMH.
U ¢ 1o uH uk: BemmosiHeHo E.B. JleGemem.

Figure 7. The ratio of deflection under asymmetrical load f, to deflection under symmetrical load £ :

1, 2, 4, 6 — number of sectors between columns
Source: made by E.V. Lebed.
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Brraucnennsie no gopmyne (1) nmpuBeaeHHbIE HAPSHKCHHS G uMeroT HEKOTOPBIH YCIIOBHBIN Xapak-
Tep, MOCKOJIbKY MAaKCUMaJIbHbIE BBIYMCICHHBIE 110 (hopMyie (2) HOpMalbHbIE HANPSKEHUS O U BBIYMCIICH-
Hble 110 popmyne (3) MakcUMasbHbIE KacareiabHble HANpsKeHUs T MOIVIM BO3HUKATh B Pa3HbBIX CEUEHUSAX
OJTHOTHITHBIX 3JIEMEHTOB. Takoi moaxox oObACHSAETCA TeM, YTO B ACHCTBUTEIBHOCTH TH HANpPSDKEHUS CO-
YeTarTCs MO0 BEJIMYMHAM B IIMPOKOM JIMANa30HE 3HAUE€HUN O ¢ MIMPOKHUM JMANa30HOM 3Ha4eHUH T U UX
MaKCUMaJIbHbIE 3HAYEHHs] MOIVIM HE coBNaaarh. OJHAKO MPHUHSTHIE B JAHHOM MCCIEIOBAaHUM COYETAHUS B
MIOJTHOM Mepe OTPakaloT BIMSHUE KPYyUSHHS HA HECYIIYIO CIIOCOOHOCTh 3JIEMEHTOB C MAKCUMAJIbHBIMU 3Ha-
YEHUSIMH HOPMAJIbHBIX HAPSKEHUH O .

CormnnacHo mpenpIyIieMy aBTOpCKOMY HcciieoBaHuio [17], B MepuauoHaIbHbIX pedpax KyIoja Hpu-

* ~
BEJICHHbBIC HAINIPSDKEHUS G 3aBHUCAT OT BHUJOB Y3JIOBBIX CONPSKEHHI 3JE€MEHTOB M IOYTH HE M3MEHSIIOTCS
IIPU U3MEHEHUU CXEM ONMUPAHUs OT [ A0 6, 332 UCKJIIOUEHHUEM Y3J0BbIX conpsbkeHnid JK1 u 2K2 cxemsbl onu-

panust 6. B BepXHEM KOJIbIIE KyIOJIa PUBEICHHBIE HAPSIKEHUS. G 3aBHCST OT BUIOB CONPSUKEHU U Tak-
K€ OCTAIOTCsI CTAOMJIBHBIMU B CX€Max ONUpaHus /—4, a B cXeMe ONUpPaHus 6 CyIIECTBEHHO BO3PACTAIOT.
B HmwxHeM KoJblie Kymnosia B HauOOJbIIeH CTENEeHU OTpa)kaeTcsl 3aBUCUMOCTb ITPUBEACHHBIX HANPSKEHUH

® ®
O OT CXEMBbI OIIMpPaHMs KyIIoJa. Bemuuune © BO3paCTarOT B HECKOJIBKO pa3 MpHU IMepexoae K CxeMaM OIlru-
pannd ¢ YMCHBIICHHBIM KOJIMYCCTBOM KOJIOHH (B cxeMmax 2, 4n 6) 1 B TO K€ BpEMA BJIMAHUC HAa HUX BHU/I0B
Y3JI0BBIX COHp)DKCHI/Iﬁ YCUIIUBACTCA.

B MepuanoHalbHBIX peOpax OTHOLICHHS G, / G| TPHMBEIEHHBIX HANPSKEHUH TIPH HECHMMETPUYHOMN
) * )
Harpys3ke G, K HPHMBEICHHBIM HANPSKCHUSAM IIPH CUMMETPUYHOM Harpy3Ke O, IS Y3IIOBBIX CONPSKCHMIA

ot I3 mo JK2 mokasamu odeHb Oonplnve 3HaueHus. Ho 3HaueHHs OTHOIIEHHIA c; / cs”; MPOSBUIIACH I10-

pasHOMY B CIEIYIONIUX JnanazoHax (puc. 8): B cxeme onupanus [ — ot 7,4 10 2,9; B cxeMe onupaHus 2 —
ot 7,4 no 2,6; B cxeme onupanus 4 — ot 4,9 10 2,1, a B cxeMe onupaHusi 6 OTHOIIICHHE cs; / cs”{ KoJie0IeTCst

B auanasone ot 1,7 no 2,4.

L J ¥ 2
G2/%1 4 HH : :
4

1 2 4 6
Yncio ceKTOpOB MKy KOJIOHHAMH /
Number of sectors between columns
Puc. 8. OTHONIEHYE HATIPSKEHHS TIPH HECUMMETPUYHON G5 K HATPSKEHHIO
o *
[P CHMMETPUYHOH O Harpys3kax B MEpHIHOHAIBHBIX pedpax.
Bugs! conpsoxennit: 1 — 113, 2 — 112, 3 — 11, 4 — XK1, 5 — K2
U ¢ 1ouHuk: Beimonneno E.B. JIebenem.
Figure 8. The ratio of stress under asymmetrical load o,
to stress under symmetrical load G, in the meridional ribs.

Types of connections: / — 113, 2 — 112, 3 — 11, 4 — X1, 5 — K2
Source: made by E.V. Lebed.
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B BepxHeM KoJblLie OTHOLUCHHS G, / G| TPHBEICHHBIX HANPSDKEHHUI IPH HECHMMETPUYHOM Harpyske
o * v
G, K NPUBEICHHBIM HATIPSOKEHUSM IIPU CHMMETPUYHON HArpy3Ke G JUIsi y3JIOBBIX conpsbkenuit ot 1113 no

K2 nokasamu cymecTBennble 3HadeHus. Ho oTHOLICHNS G, / G| MMEIOT HanOOJbIINe 3HAYCHHS [UIS y3II0-

BbIX comnpspkeHuit 111 1 He HAMHOTO OTIIMYAIOTCS B PAa3HBIX CXEMaxX ONMMpPaHHs KyIoja B CICAYIONUX JHa-
na3zoHax (puc. 9): B ucxomgnoi cxeme ormpanusi / — ot 2,4 no 1,4; B cxeme onmpanus 2 — ot 2,5 no 1,4;
B cxeme onupanust 4 — ot 2,0 1o 1,4, a B cxeme onupanust 6 — ot 1,6 1o 1,1.

1234

a1 W a1

1 2 4 6

YHCII0 CEKTOPOB MEXTy KOJIOHHAMH /
Number of sectors between columns

* *
G,/ 0,

o -2 N W b
w

Puc. 9. OTHONIEHYE HANPSKEHHS TIPH HECUMMETPUYHON G, K HAIPSKEHHIO
[PU CAMMETPUYHON G| HArpy3Kax B BEPXHEM KOJbLIE.

Buner conpsoxennit: 7 — 1113, 2 — 112, 3 — 1, 4 — XK1, 5 — K2
W ¢ 1o 4uuK: Bemonaeno E.B. Jlebenem.
Figure 9. The ratio of stress under asymmetrical load © ; to stress under symmetrical load G ﬁ in the upper ring:

Types of connections: / — 13, 2 — 112, 3 — 111, 4 — XK1, 5 — X2
Source: made by E.V. Lebed.

B HmxHeM KOJIbIIC OTHOIIICHMA 6*2 / 6#1( IPUBCACHHBIX HaprI)KeHI/Iﬁ npu HeCI/IMMeTpH‘IHOﬁ Harpys3ke

O, K IPUBEICHHBIM HANPSKEHUAM NIPH CHMMETPHYHOM Harpy3Ke O, XapaKTepH3yIOTCsl HE3HAYMTENbHBIMH

3HAYEHUSIMA B cXeMax omupaHusi 4 u 6 ans y3noBbix comnpstkeruit ot I3 go K2 B guanazonax ot 1,0
no 1,2 mor 1,1 go 1,2 coorBercTBenHo (puc. 10). A B cxeme onupanusi / U B cxeMe onupaHus 2 3TO OTHO-
IIEHUE MPOSBUIIOCH CYIIECTBEHHBIMH 3HAYCHHUSIMHU B Auana3zoHax oT 1,3 go 2,0 wu ot 1,2 1o 1,7 coorBet-
CTBEHHO ¢ HaMOOJBIIMMHU 3HAYEHUSMU JJIs1 Y3JI0BBIX conpsbkenuit K1 u 2K2.

GZ/G’; 12345
1§ B § R0 RN T

1 2 4 6

YHUCII0 CEKTOPOB MEK/TY KOJIOHHAMHE /
Number of sectors between columns

O -~ N W b

Puc. 10. OTHOLIEHHE HATIPSKEHUS TIPM HECUMMETPHYHOH G, K HANPSKCHUIO
TIPH CHMMETPHIHON cs*i Harpy3Kax B HIDKHEM KOJIIBIIE.
Buge! conpspxennit: 1 — 113, 2 — 112, 3 — 111, 4 — XK1, 5 — K2

U ¢ 1o04Huk: BemonneHo E.B. JIebenem.

Figure 10. The ratio of stress under asymmetrical load o, to stress under symmetrical load G *; in the lower ring:

Types of connections: 1 — 1113, 2 — 112, 3 — 11, 4 — X1, 5 — K2
Source: made by E.V. Lebed.
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B nponecce ucciieaoBannsa OTACIIbHO BBIABJIAJIOCH BJIIMAHHUC YaCTHU HaHpH)KCHI/Iﬁ TOJIBKO OT IIPOAOJIb-

HBIX CUJI N T.e. On = N A . I/ICCHeﬂOBaHHe I10Ka3aJ10, YTO BJIIUAHHUC I[OJ'Ieﬁ HanpsHoKEeHU O Ha UTOI'O-
) N ) N

* ~

BBl HampsDKCHUsI O HEOJWHAKOBO JJISl pa3HBIX DJIEMEHTOB KYyMOJLHOTO Kapkaca. Bemu4yuHBI 3TUX JTONICH,
o %

IpECTaBICHHbBIC OTHOILICHUEM HANPsDKEHUH Ay =Gy / O, 3aBUCST KaK OT CXEM OIMPaHUs, TaK U OT BH-

JIOB Y3JIOBBIX CONMPsKEHUH. J[/isl HECHMMETPHUYHOM Harpy3ku 3HadeHus Ay H3MEHAIOTCA Tak: B MEPUIHO-

HalbHBIX pedpax B muamnazone — ot 0,14 go 0,46; B BepxHeM Koiblle B AuamnazoHe — ot 0,12 mo 0,41;
B HIDKHEM KOJIbIIE B quara3sone — ot 0,05 mo 0,73.
OTHOLICHUS HATPSHKCHHUI OT TPOJOJIBHBIX CHI [N TIpH HECHMMETPUYHON HArpy3Ke ©,, K aHAJIOTHY-

HBIM HAIPSDKCHUSIM [IPH CUHMMETPHYHOI Harpyske Opq, T. €. Gy, /Oy, B PasHBIX 3JIEMEHTaX MOKa3aiu

HE3HAYUTENbHbIE OTIANYMS IPYT OT Apyra. /[ pasHbIX BUOB Y3JIOBBIX CONPSKEHUM 3HaUeHus O p) / O N1

cocTaBuIM: MeHee 4 % OT CpeJHHMX 3HAa4eHUH B MEPUAMOHANIBHBIX peOpax, MeHee 2 % OT CpeJHMX 3Haye-
HHMI B BEpPXHEM KOJbLle, MeHee 7 % OT CPeJHMX 3HA4CHHMH B HUKHEM Konble. IToaTomy Oblla ycTaHOBIIEHA
3aBHCHMOCTB OT CXEM OIIMPAHHsS OTHOLICHHI CPEAHNX 3HAYCHHIT Gy, /Gy MU BCEX Y3JIOBBIX CONMPSDKCHUI

(113, 112, 1111, K1, X)K2) B ocHOBHBIX 31meMeHTax Kynonia (puc. 11). DTa 3aBUCHMOCTb MOKa3bIBA€T, 4TO
pOOJIbHBIE CHIIBL N B KaKJIOM M3 OCHOBHBIX DJIEMEHTOB KYIIOJIa H3MEHSIOTCS OJJMHAKOBO M IIPH CHUMMET-
PUYHOMN, U TP HECUMMETPHUYHON HArpy3kax B pa3HBIX cxemax onupanus. OJHAKO B MEPUIMOHATBHBIX
pedpax HamnpsKEHUs] IPU HECUMMETPUUHON Harpyske G, craHoBATcs Ha 20 % Oosbllle HaNpsKEHUN npu

CUMMETPUYHOM Harpy3ke Oy, B BEPXHEM KOJIbLE HANPSKEHUs P HECUMMETPUYHOM HArpy3Ke G, CTa-
HOBATCS Ha 33 % MEHbIIE HaNpsHKEHUH IPU CUMMETPUYHON Harpyske O, @ B HIKHEM KOJbLIE HaIpsDKe-
HUS TP HECUMMETPUYHON Harpy3ke O o MPAKTUYECKUA HE OTIMYAIOTCS OT HANPSHKEHUH MPU CUMMETPHY-

HOI Harpy3ke Oy .

2
On2 / On1 1
0

1 2 4 6

Yucio ceKTOpOB MEXKTy KOJIOHHAMH /
Number of sectors between columns
Puc. 11. OTHOmIEHNE CpEeAHNX HAMPSIKEHUA OT Pa3HBIX Y3JIOBBIX CONPSKEHUI
TIPY HECUMMETPHUYHOM HArpy3Ke O o K AHATOTHYHBIM HAMPSDKEHUAM [IPH CAMMETPUYHOH C pyq
1 — MepuanoHanbHOE pedpo; 2 — BepxHEe KOJbL0; 3 — HIKHEE KOJBIO
U ¢ 1o04Huk: Bemonneno E.B. JIebenem.
Figure 11. The ratio of the average stresses from different node connections
under asymmetrical load G, to corresponding stresses under symmetrical load G

1 — the meridional rib; 2 — the upper ring; 3 — the lower ring
Source: made by E.V. Lebed.

4. 3akirouenune

Ha ocHoBaHNM H37I0)KEHHOTO MaTepHajia MOXKHO CJIeNaTh CIEAYIOLINE 8b1600bL:

1. ITpy HECUMMETPHUYHON HArpy3Ke KyMoJbHBII KapKac He TOIBKO Je(hOpPMUPYETCS aCUMMETPUYHO,
HO U €r0 IpOoTruObl BO MHOTO pa3 MPEeBOCXOAT MPOTUObl IPU CUMMETPUYHOM.

2. IIporu6s1 peOpHCTO-KOIBIIEBOTO KYITOJia IPU HECUMMETPHUYHOM Harpy3Ke XapaKTepU3yITCsi POCTOM
3HAUEHWH MPU yBETUYEHUH KOJMYECTBA MAPHUPHBIX Y3JIOBBIX CONPSDKECHHMN, @ C YMEHBIICHUEM KOJIMYeCTBa
MOJIJISP’KUBAIOIITNX KOJIOHH Bo3pacTaroT B 1,827 pasza.
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3. [Ipy HeCUMMETPUYHON Harpy3ke HalpsKEHHOE COCTOSIHHE AJIEMEHTOB KyIOJBHOIO Kapkaca IO
CPaBHEHMIO C CUMMETPUYHON M3MEHSETCS Mo-pa3HoMy. B HanbosbIel cTeneHn yBeTUIUBaIOTC HAIIPsHKe-
HUSI B MEPUIHOHAIBHBIX pedpax (ot 1,7 1o 7,4 pasa), ¥ 3TOT pOCT 3aBHCUT KaK OT CXEMbI ONUPAHUS, TaK U
OT BHJA Y3JIOBBIX COMpspkeHUM. HauMeHbIMii pocT HanpsKEHU MpU 3TOM HAOJIONAeTCsl B CXeMe OMupa-
HUS 6, a HAUOOJBIINUN B CXEME ONTUpPaHus 1.

4. Menbliee, HO CyIIECTBEHHOE YBEIUYEHUE HANPSHKEHUH NP HECUMMETPUYHON Harpyske 10 CpaB-
HEHUIO ¢ CHMMETPHUYHOM HaOII0MaeTcsi B BEpXHEM KOJIbIIE, I7I€ B 3aBUCUMOCTH OT BHJIA Y3JIOBBIX COIPsDKE-
HUH OHU BO3pAcTalOT B MHTEpBase ot 1,1 10 2,5 pa3a ¢ HAMOOIBITUM POCTOM B CXEME ONTUPAHUS /.

5. He3HauutenbHOE yBeIMUYEHUE HANPSKEHUN MPU CPAaBHEHUH HECUMMETPUYHOM HArpy3Ku ¢ CUMMET-
pudHOI HaOMIOMaeTCs B HIDKHEM KOJIBIIE, T/Ie OHM BO3pacTaioT B uHTepBaie ot 1,0 g0 1,4, 3a uckimoueHuem
JKECTKUX Y3JIOBBIX COMPSKEHUH B cxeMax onupanus [ u 2 (poct 7o 2 paz).

6. HezaBucumMo OT BU/IA Y3JIOBBIX COIPSDKEHUN M CXEM ONUpPAaHUS yBEJIMYEHHE HANpSKEHU B OCHOB-
HBIX IEMEHTaX KyIoJia IPU HECUMMETPUYHOM Harpy3ke B CPaBHEHMH C CUMMETPUYHON MPOUCXOJUT B OC-

HOBHOM H3-3a POCTa M3rnGaromux MomentoB M, M , , a taioke kpyuenus M, .

7. CpeI[I/I BCCX PACCMOTPCHHBIX BHIOB Y3JIOBbIX COHp)DKCHI/If/‘I 9JICMEHTOB MEHbBIIICH YYBCTBUTCJIbHO-
CTBIO K HCCHMMeTpHHHOﬁ Harpy3ke BO BCCX CXEMaX OIIMPAHUA XapaKTCPU3YECTCA KynOJ'IBHBIfI Kapkac € KCCT-
KHUMHU y3JIaMU.
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AnHoTanus. O0bEKTOM HCCIIEIOBAHUS SABIAETCS CTaIbHON KapKac ¢ OONTOBBIMH (DIaHIEBBIMH COSAMHEHHS, KOTOPBIE PacCMaTpu-
BAIOTCS KaK MONYXECTKOE COEANHEHHEe, OCHOBAHHOE Ha IOHSATHU CTAIbHBIX COSIMHEHHH, cOOTBeTCTBYIomeM EBpokony-3. Llens
JTAaHHOHM paboThl — pa3paboTKa MeToa pacyeTa CTaJbHOrO Kapkaca ¢ (uiaHIEBBIMH COSIMHEHHMSMH M BBISBICHUE BIMSHUS Tepe-
MeIIeHus y3i1a Ha paboTy Bcero kapkaca. [IpoBeJieH aHaIHM3 MOBEICHHS CTAJIBHOTO KapKaca ¢ OOJITOBBIMU (pIIAHIICBBIMU COSITUHE-
HUSIMH, B KOTOPOM COCAMHEHHE MOXET YaCTHYHO IOBOPAYMBATLC. B 3TOM ciydae Marpuia )ecTKOCTH MOXKET ObITh HCIOJIb30Ba-
Ha JJIs1 yIPYToIJIaCTHYECKOTO aHaIu3a KapKaca C MOJy)KeCTKMMHU coenHeHusMuU. [IpoBeieHa onTuMm3anus MaTpHIbl )KECTKOCTH
C YU4ETOM XECTKOCTH COeUHEeHHs OaJKu ¢ KOJIOHHOH. PazpaboTan MeTon pacueTa yriia OBOPOTa y3ia OajaKky ¢ KOJIOHHOH, yUHUTHI-
Basi JIMHEIHYIO ’KECTKOCTh OAJTKU M TIOIEPETHYIO JKECTKOCTh KOJIOHHBI. O000IIEHBI METOBI pacueTa U3rudaromeil )KecTKOCTH 00JI-
TOBBIX (MIIAHIEBBIX COEAMHEHHI BpALICHUs, OCHOBaHHbIE HA KOMIIOHEHTHOM Mertone u3 EBpokoma-3. IIpoBenena Bepudukanms
TOYHOCTH 1 3()(HEKTUBHOCTH Pa3pabOTaHHON METOAUKH, Pe3yJAbTaThl KOTOPOH CBUICTENBCTBYIOT O JOCTATOYHON BBICOKOW TOYHO-
CTH BBINIOJIHEHHBIX 3KCIIEPUMEHTOB. B KauecTBe pe3yabTaroB BBITOJIHEHHOTO MCCICOBAHHUS MOXKHO BBICITHTH COOCTBEHHO METOJ
MPOEKTHPOBAHMS KapKaca ¢ YYeTOM MOBOPOTA y3Jia U BBISBJICHUE BIMSHUS U3THOHON JKECTKOCTH Ha pabOTOCIOCOOHOCTH LIEJIOr0
Kapkaca. Ha ocHOBaHMHM MOJTyYEHHBIX PE3YyJIFTAaTOB CHENaH BBIBOX O TOM, YTO MCIOJIB30BaHUE pa3pabOTaHHONH METOIMKH IO3BOJIS-
€T TOYHO IPOTHO3MPOBATH PabOTy CTAIBHBIX KapKacoB ¢ (JIAHIEBHIMH COSTMHEHMSMH W ONTHMAJIBHBIM BapHAHTOM JUIS MPOBE-
PEHHOTO CTaJIbHOTO KapKaca SBIISETCS MPUMEHEeHHE (DIaHIeBbIX COSANHEHHH ¢ TOMIMHON (uanma 16,4 M.

KuroueBble cJI0Ba: cTajbHas KOHCTPYKIHA, MaTpUlla ) XKECTKOCTH, OTHOLICHUE )KECTKOCTH, YI'OJI IOBOPOTA, MEXaHU3M pa3pyHICHUA
3asiBieHune o KOHq)JII/lKTe HHTEpPECOB. ABTOpI)I 3asABIAIOT 00 OTCYTCTBUHU KOH(l)J'II/IKTa HUHTEPCCOB.
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Abstract. The object of this study is a bolted end-plate connection, which is considered as a semi-rigid connection based on the
concept of steel connections corresponding to Eurocode 3. The aim of this work is to develop a method for calculating a steel frame
with bolted end-plate connection and to identify the effect of joint displacement on the behavior of the entire frame. Method. The
behavior of a steel frame with bolted flange connections is analyzed, in which the connection can partially rotate. In this case, the
stiffness matrix can be used for the elastic-plastic analysis of a frame with semi-rigid connections. Optimization of the stiffness
matrix is carried out taking into account the stiffness of the beam-column connection. A method for calculating the rotation angle
of the beam-column joint is developed, taking into account the linear stiffness of the beam and the transverse stiffness of the column.
Methods for calculating the bending stiffness of bolted flange connections of rotation, based on the component method from
Eurocode 3, are summarized. The accuracy and effectiveness of the developed methodology were verified, and the results demonstrate
a sufficiently high level of accuracy in the experiments. The results of the study include a frame design method that takes into
account joint rotation and the influence of bending stiffness on the overall frame performance. Based on the results, it can be
concluded that the developed methodology enables accurate prediction of the performance of steel frames with flanged connections,
and that the optimal option for the tested steel frame is the use of flanged connections with a flange thickness of 16.4 mm.
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1. BBenenue

CranbHble KOHCTPYKIMH CTPEMUTENBHO pa3BuBatorcs. B Kurae, no ouenkam uccnenosareneit, k 2035 r.
Ha CTaJIbHbIE KOHCTPYKIMHU OyneT npuxonuTbes okono 40 % noBoro crpoutenscTsa [1]. B Poccun ects 3a-
MPOC Ha CKOPOCTh, 3KOJIOTUYHOCTh U KAaYECTBO CTPOUTEIHCTBA, KOTOPHIE HE BCErJAa MOXET T'apaHTUPOBAThH
MOHOJIUT. BmecTe ¢ TeM, cormacHO HallMOHAJIIbHOMY IIPOeKTy «Kuibe u ropoackas cpenay», k 2030 1. B cer-
MEHTE MaCCOBOTO KHJIHIHOTO CTPOUTENLCTBA JOIKHO BO3BOAUThECA 80 MIIH M* exeroqHo (ceifuac Bo3Bo-
nutcs menee 50 maH M2 B rof) [2]. [IpuMeHenye CTaTbHBIX KOHCTPYKIHI OTBEUaeT TPeOOBAHHUAM K CKOPO-
CTH U KadecTBYy Bo3BeleHUs. [Ipu aToM aiis coequHeHus Oalku ¢ KOJIOHHOM 4acTo HCIOJIBb3YIOT OONTOBBIE
¢nanuessie coequaenus (OC) [3; 4].

BbontoBeie ¢nannessie coenunenus (PC) 06manaoT NATHI0 OCHOBHBIMH NPEUMYIIECTBAMHU, K KOTOPBIM
OTHOCSTCSI 3aMEHa BBICOKOKBAJM(UIIMPOBAHHON COOPOYHOM CBAapKU MPOCTHIM MOHTAXOM OOJITOB, MOHTaX
B Pa3IMYHBIX KIMMATHYECKUX YCIOBHX (BKJIIOUYAsi HU3KUE TEMIIEPATYypPhl), BHICOKAs HAICKHOCTh TIpU JIeH-
CTBHHM TUHAMHUYECKHX HArpy30K, yIOOCTBO KOHTPOJIHMPOBAaHHS KadyeCcTBa MOHTaka W MPOM3BOACTBA, BO3-
MOKHOCTbH J€MOHTaka 0e3 moBpexaeHus koHcrpykiuu. Cormacno Hopme EN1993-1-8!, kpusyio 3aBucu-
MOCTb MEXJ[y MOMEHTOM U yIJIOM NOBOpoTa (M-0) peKoMEeHJ0BaHO UCIOIb30BaTh B KA9Y€CTBE OCHOBBI IPO-
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exTrpoBaHus. V3ruOHast ®KecTKOCTh M Hecymias crocoOHocTh PC SABISAIOTCS KIIOUYEBBIMU TTapaMeTpaMHu,
OTIpEICTISIONIMMHE 3aBUCUMOCTH M-0. B [5] aBTOpHI HCIIONBb30BaIl KOMIIOHEHTHBIA METO [Tl IPOTHO3UPO-
BaHUS HAYaIbHON M3rMOHOM JKeCTKOCTH U Hecytel cnocooHoctn PC ¢ pazHbIME pedpamul )KECTKOCTH, YTO
MO3BOJIMJIO MOJMYYUTh 3aBUCUMOCTh M-0. B [6] mpoBeneHo ympolieHne npoueaypbl NpOSKTUPOBAHUS IS
@C BeICOKOI Hecymell cnocoOHOCTH 3a cueT oObeaunenust meroga The yeild line theory ¢ T-oOpa3sHbiM
aneMeHToM Juis npoektupoBanuss PC ¢ Oonee yeM 4eThIpbMsi OONTaMU B 30HE PACTSDKEHHS. Pe3ynbrarsl
paboThl [6] mOKa3anu, YTO MEXaHUYECKHE CBOMCTBA BBICOKONPOUYHBIX PC croxHee, ueM y 0ObIYHbIX. B [7]
pa3paboTaH MeTOX pacuera HadaIbHOU kecTKoCTH ®C, OCHOBaHHBIM Ha TPEX MEXaHU3Max pa3pylIeHUS
T-06pa3HbIx 3memMeHTOB. B [8] mpoBeaeHO 3KclepUMEHTaIbHOE UCCIIEAOBAHUE MEXAHMUYECKUX CBOMCTB
T-00pa3HBIX AEMEHTOB B YCIOBHUSX IMKIMYECKUX Harpy3ok. B [9] ycoBepmieHcTBOBaHa MOaens MeToa
The yield line theory s pacuera 3meMeHTOB Ha M3rHO M pa3paboTaHa METOAMKA pacueTa HECYIIeH CIio-
coOHocTH a5t T-00pa3HbIX 3JIEMEHTOB, BKIIOUAIOLIas riacTuyeckyto aepopmanuio. B [10; 11] npeanoxen
HNOJXOJ K IMPOEKTUPOBAHUIO MPOCTPAHCTBEHHBIX CTAJIBHBIX paM, OCHOBaHHBINA Ha u3ydeHnn PC, pacmoio-
JKEHHBIX KaK BJIOJIb CUJIBHOM, TaK U BIOJIb €1a00ii oceit.

OpHako B BBIIICONMHMCAHHBIX UCCIIEOBAHUAX HE TOBOPUTCS 00 aHalin3e pabOThl LEI0ro CTAIBHOTO Kap-
Kaca. B panee npoBeneHHbIX uccienoBaHusax [12—17] mis cTanbHOro kapkaca TakKe pacCMaTpUBaINCh
XapaKTepUCTUKHU Y3JIO0B Ul ONTUMU3AIMH MaTpUIlbl xKecTkocTh. B [12] mpencrasnen 3¢ dekTuBHbIi MeTON
ONTHUMH3ALUU JJIS MONYKECTKUX MPOCTPAHCTBEHHBIX CTAJbHBIX KOHCTPYKIIMM, UCHOJIB3YIOLUIUHN Mepeio-
BOM IIPaKTUYECKHH aHaiu3 B coueTaHuu. B [13] cnemana onTtumusanus IpOEKTHPOBAHUS IMOJIYKECTKUX
IPOCTPAHCTBEHHBIX CTAJBbHBIX KAPKACOB C HMCIIOJIIb30BAHHUEM OTKPBITOTO MHTep(delica MPUKIaTHOTO MPO-
rpammupoBanusi MATLAB-SAP2000. Pesynbrarel pabotsl [13] mokaszaiu, 4To K€CTKOCTh COECAHMHEHHUS UT-
paeT BayKHYIO POJIb B ONITUMM3ALIMHU CTAJIbHBIX IIPOCTPAHCTBEHHBIX KAPKACOB U BIMSAET HA BEC KOHCTPYKIUH.
B [14-16] uccnenoBano Heynpyroe MoBeeHUE MPOCTPAHCTBEHHOTO CTAJILHOTO KapKaca BTOPOTO MOPsIKa
Y TIPOBE/ICH YUCIICHHBINA pacueT Ais Bepudukanuu. B [17] npoBeneHO KOMIIBIOTEPHOE MMPOSKTUPOBAHUE U
aHAJIM3 TPEXMEPHBIX CTAJBHBIX PaM C MOIYKECTKUMHU COCIWHEHUSMHU U BBITIOJHEH HEJMHEHHBINA aHaJu3,
YYUTHIBAIOIIMKM BIUSIHUE MOAATIMBOCTH coeauHeHnii. Ho B [12—17] oTcyTcTByeT MccieoBaHUE BIUSHUSA
KJIaccu(UKaIMK COSAMHEHHSI 110 KECTKOCTH Ha PabOTOCIIOCOOHOCTh CTAILHOTO KapKaca.

N3yuenue 3aBUCUMOCTH Mexay Aedopmanueil U pacnpeneeHUeM CHIIbl JIEMEHTOB COECJUHEHUS U
Topia OanKu MO3BOJNSET pa3padoTaTh METOAMKY pacdeTa MOBOPOTa TOpIa OAlKH C YYeTOM pPa3IWYHbIX
YCIIOBUH 5KE€CTKOCTH COETMHEHMS], YTO TO3BOJIUT ONTUMHU3UPOBATh MAaTPUIy KECTKOCTH.

OOBeKTOoM HCCceIoBaHus ABISETCS CTaJbHON Kapkac ¢ 00nTOBbIMU (praHueBbIMU coenunenus. [Ipen-
MET HCCIIEeOBaHUS — MEXaHW4YecKasi MOJEJb IHOIYKECTKOTO CTaJbHOTO Kapkaca. [lens ucciredosanus —
pa3paboTKa MeToJa pacueTa CTaJbHOTO Kapkaca ¢ (JaHIeBBIMUA COSTUHEHUSIMH U BBISIBICHUE BIUSHUSA T1€-
peMelIeHns y3ia Ha paboTy BCEro Kapkaca.

B nanHoil pabore mpuMeHeH KOMIIOHEHTHBIM MeToa, coorBeTcTBylomuii Hopme EN1993-1-8 mis uc-
cieoBaHMs M3rHOHOMU kecTKocTH coenuHennss OC 1 MPOrHO3UPOBAHUS JIMHEHHOM kecTkocTH Oanok. Ha
OCHOBE 3TOT'0 OLICHHWBAETCS BIMSHUE MEXaHM3Ma Pa3pyLICHUs U KECTKOCTU COCAMHEHUS Ha MEXaHUYECKUE
XapaKTepUCTUKHU 11eJ0ro kKapkaca. IIpoBeneHO dnciieHHOE HMcciaeoBaHUe JUlsi BepU(UKAIIMM TOYHOCTU U
3¢ deKTUBHOCTH pa3pabOTaHHON METOTUKH.

2. MeTtonbl

Ha puc. 1 noxasan npouecc pazaenenus ®C Ha Heckonbko T-o0pa3Hbix 3meMeHTOB. B [18-23]
T-00pa3Hblil 371eMEHT UCHIONb3yeTcs A HccienoBanus oomel paborocnocodnoctu OC.

B [7] pa3paborana MeTonuka pacuera HadajdbHOW M3THOHOM *KecTKocTH. B [7; 8; 24] momuepkuBaercs,
4TO K MeXxaHu3MaMm pazpymeHus @C 0THOCATCS CIENyIOIIUe TPU TUTIA pa3pyIIEeHH, TOKa3aHHbIC Ha PHC. 2,
CO CJIEAYIOIINMH XapaKTepUCTUKAMU:

® Bo (uIaHIle MOJHOCTHIO pa3pyiieH miacTuaeckuii mapuup (Type-1);

B pa3pymieHbl OONTHI MIPU YaCTUYHOM pa3pyLISHUH IUIACTUYECKOro mapHupa Bo duanme (Type-2);

® paspymensl 0ontsl (Type-3).
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Puc. 1. Paznenenue @C Ha Heckonbko T-00pa3HBIX 371EMEHTOB
W cTouHuk: BemonHeHo I'. CyH.

Figure 1. Decomposition of bolted end-plate connections into T-stubs
S ource: made by G. Sun.
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Y, Y,

Puc. 2. Mexanunyeckas mogens T-o0pa3zHoro snemenTa [7]:
a — Type-1; 6 — Type-2; 6 — Type-3
W ctounuk: BemondeHo I'. CyHs.
Figure 2. Failure modes of bolted T-stubs:
a — Type-1; 6 — Type-2; 6 — Type-3

S ource: made by G. Sun.

B HopMe EN1993-1-8 HauanbHast N3rHOHAS KECTKOCTD Sini OTIPE/IEIICHa 110 (hopMyiam:
Sini =Eyhb2keq /l“ts’ (1)

1 ,M<M,
= 2
K (M) M, <M, @
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kog =2 Ky [Py 3)
:1/21_1/1;,, 4)
hy = ko 2 |3 Kyl (5)

rne M — MOMeHT, AeicTByromuid Ha coenunenuu; My a — Type-1; 6 — Type-2; 6 — Type-3 — MoMeHT
npu TeKydecTu; ke a — Type-1; 6 — Type-2; 6 — Type-3 — SKBHUBaNCHTHBIH KO3(pPUIIMEHT KECTKOCTH
LEJIOTO COCAWHEHHS;, Kegi — SKBUBAJCHTHBIH KOA(QQHUIMEHT KECTKOCTH i-mapbl 0ontoB; kj a — Type-1;
6 — Type-2; 6 — Type-3 — dKBHBaJICHTHBIN KOAPPHUIMECHT KECTKOCTH j-3TIE€MEHTa; heq a — Type-1; 6 —
Type-2; 6 — Type-3 — pacuernoe 1ieyo; hi a — Type-1; 6 — Type-2; 6 — Type-3 — paccrosHue OT
i-lapel OONTOB 10 HEUTpanbHOU ocH; hy a — Type-1; 6 — Type-2; 6 — Type-3 — BbicoTa OaNKK; [s @ —
Type-1; 6 — Type-2; 6 — Type-3 — OTHOILIEHHE IUIACTUYECKON >KECTKOCTH K HayaJdbHOM MKECTKOCTH;
Ey a— Type-1; 6 — Type-2; 6 — Type-3 — Moynb ynpyrocTH.
B Tabnuie npuBeneHs! GopMyItel U pacuera HadanbHO xectkoctu OC [7].

Pacuyer HauaabHoii kecTtkocTu DC / Initial stiffness calculation of each component

JjemenTt / Component ®opmy.sl / Formula

HauanpHast )KeCTKOCTh 30HBI Ha pacTshKEHHE / S —ER L 1 + i + L

. . . . . iy = Ly hy P 6)
Initial rotational stiffness of area in tension k kcwt k / kc y
HauanbHas >KeCTKOCTb 30HBI Ha CyKaTHe / S E R 1 1 1

.. . X ; . mie =L, —t—t (7)
Initial rotational stiffness of area in compression e Yk, kp k, f
Bonr na pactspkenue / Bolt in tension k,, =84, /1, (8)
Crenka KoJIOHHBI Ha pacTsbkeHue / Column web in tension kcw,, cu d, 9

3
Buemnss 3ona ¢nanna Ha m3rud (Type-1) / k=1 m L,
External area of the end-plate in bending b 127 224,
P 0
Buemnss 30Ha ¢paanna Ha usrud (Type-2) / ko= 241 (a+q) an
External area of the end-plate in bending P2 Ba
T
BHeruHss 30Ha ¢uanna Ha u3rub (Type-3) / k .=k (12)
External area of the end-plate in bending p3 - Tho
BHyTpenHsis 30Ha ¢uiaHIa Ha U3rub / ko=12(1 3 3
. . = +1 ,/m
Internal area of the end-plate in bending P ( ”’1/ " p,2/ 2 ) (13)
Hpumeuanue. S;;,— HadaIbHas KECTKOCTh 30HBI HA PACTSDKCHHE; S;y; . — HAYAIbHAS KECTKOCTh 30HBI HA CHKATHE, kj, — KOIDDHUIMEHT KECTKOCTH

607Ta HA PACTIKEHUE; Key, i, Koy, — KOI(DOHUIMEHT KECTKOCTH CTEHKM KOJIOHHBI HA PACTsKEHHE U Ha CKAaTHE, COOTBETCTBEHHO; k, — KO3 UIIHEHT KecT-
KocTH (pr1aHIa Ha U3TH0; kor— KOI(POHUIMEHT KECTKOCTH MOJIKU KOJIOHHBI Ha N3THO; /i, — PACcCTOSHHUE OT MOJKU KOJIOHHBI Ha PAaCTsHKEHHE 10 HEHTpalIbHOM
ocu; lp, — yanuHenue 6oira; A, — IUIONIAIb HOBEPXHOCTH PACTSDKEHHS] CTEHKU KOJIOHHBI IIPU PACTSHKEHNH; [, — MOMEHT HHEpLHHU ceueHus duaHia;
m — PacCTOSHUE OT OcH OONTA [0 ITOBEPXHOCTH MOJIKH OaJKH; d, — pacyeTHas LIMPHUHA CTEHKH KOJOHHBI, /1 — npoieT T-obpasHoro snementa; 1, 5, 1, , —
MOMEHT HHEPLUHU HONEPEYHOT0 CeYEHMsI ABYX T-00pasHbIX 3JIEMEHTOB B COOTBETCTBUH C /1) U/, BHYTPEHHEH 30HBI ()1aHIa, TOKA3aHO HA PHC.3; my, ny —
PAcCTOsHUE OT OCH OONITOB JI0 CTEHKH T-00pa3HOro 31eMeHTa; &, 5, kj, 2, k3 — KO3 UIUEHT KECTKOCTH BHEIIHEH 30HbI (UIaHLA B COOTBETCTBHH C TPEMsI
MexanuzMamu paspymenus (Type-1, Type-2, Type-3); a, ¢ — pacueTHbIe K03 PUIUEHTEL, onpeneneHHsle Io hopmynam (14) u (15).

Note. Sy, is the initial tensile stiffness of the zone; S;,; — the initial compressive stiffness of the zone, &, is the tensile stiffness coefficient of the bolt;
Kew» kew — the tensile and compressive stiffness coefﬁc1ents of the column web, respectively; &, is the bending stiffness coefficient of the end plate; koy—
the bending stiffness coefficient of the column flange; 4, — the distance from the tensile column flange to the neutral axis; /,, — the bolt elongatlon
Acy.— the tensile surface area of the column web under tension; /, — the moment of inertia of the flange section; m is the distance from the bolt axis to the
beam flange surface; d, is the design width of the column web; lr — the span of the T-stubs; 1, ;, 1, — moment of inertia of the cross-section of two
T-stubs in accordance with m; and m, of the inner zone of the end plate, shown in Figure 3; m;, m, — distance from the axis of the bolts to the wall of the
T-stubs; k1, ky,2, k3 — stiffness coefficient of the outer zone of the flange in accordance with three destruction mechanisms (Type-1, Type-2, Type-3);
a, g — design coefficients determined by formulas (14) and (15).

W ctounuk: BemonHero I'. Cyns / S o ur ¢ e: made by G. Sun.
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®opmyiet (14) u (15) ucrons3yroTes a1 pacdera kKodhGUIMEHTOB @, ¢, TPUBEICHHBIX B TA0.

g="0 (30, —4a;) /24, (14)

Zb
_ o , 15
’ (l/lp +1/1L:/')Ab0 ( )

rae ar = e /It — ko3 dunment pacuera T-o0pa3HOTO 3IEMEHTA; € — PACCTOSHUE OT OCH 0O0JTa 10 KPOMKH
¢uanma.

mi

N . ’
‘\'\\'? .{‘\\v

/s s

_mi

Puc. 3. Mexanuueckasi MOJIelIb BHYTpEHHEI! 30HbI (uiaHna
W ctouHn uk: BemonHeHo ['. CyHsb.

Figure 3. Mechanical model of the inner end-plate zone
S ource: made by G. Sun.

A Moment

region 3

Sini=25E_1’[b / lb
Sinizo- 5E\ [/) / lb

region 2

region 1 rotation & (rad)
-

:

Puc. 4. Kinaccudukauus coeimHeHUs OaNKu ¢ KOJOHHOH Ha ocHOBaHMH HOpMbI EN1993-1-8
W ctounuk: BemondeHo I'. CyHs.

Figure 4. Node stiffness division of EN1993-1-8
S ource: made by G. Sun.

Knaccudukarus coenuaeHwst 0K ¢ KOJIOHHOM T10 )KE€CTKOCTH, TpenicTaBieHHas B Hopme EN1993-1-8,
MOKa3aHa Ha PUC. 4, TIe BBIICICHBI TPU OT/AEIbHbBIE 00IaCTH:

® o0JacTh 1, KecTKas;

® 00nacTh 2, MOMYXECTKasi, U BCE COSIUHEHUS B 00JacTH 2 clenyeT KIacCH(PUIMPOBATh KaK IMOIY-

KCCTKUC,
® 00JIacTh 3, HOMMUHAJIbHO IIapHUPHOC COCANHCHUC.
Ha puc. 5 moka3aHbI MNEPEMECIUICHUA TOPLOB Oanku. 3aBHCUMOCTH BHyTpeHHefI CHJIbI OT CMCHICHUA

KOHITOB OaJiku BeIpaxkaeTcsi hOpMyIIoHn
[P]Z[Sb][Ab]’ (16)

rae [P] — marpuna cui; [Sh] — MaTpuia )KecTKOCTH 0alku 0e3 ydeTa MOBOpOTa y3ia KOJIOHHBI ¢ OaJIKoH;
[Ap] — MaTpHIla IepeMeleHIi IBYX TOpLIOB Oanku 6e3 ydeTa moBopoTa y3i1a KOJIOHHBI ¢ OAJIKOM.
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Puc. 5. [lepemenenus Oanku:
a — Harpy3Ka Ha Topiax 0ajnKku; 6 — MepeMeIeHUs Ha TOpLax OanKu
M cTouHuk: BemonneHo I'. CyHb.

Figure 5. Beam displacements:
a — load at beam ends; 6 — displacements at beam ends
S ource: made by G. Sun.

Marpwuria yria nmoBopora CTaJIbHOTO KapKaca orpesesieHa mo Gopmyie
[6]=[6,]+[6,]. (17)

rae [0] — marpuia oOmiero yria moBopoTa Topua 6anodnoit moaenu; [05] — marpuia oOuiero yria moBo-
pota Topia 6anku; [0.] — marpuia obmiero yria mnoBopoTa y3ia KOJIOHHBI C OaJIKOM.
Marpuia BepTHKaJIbHBIX MTEpEeMEIIeHI Topiia OaaKu onpeaeeHa no popmysie

=y ]+[v.], (18)

rae [v] — Marpuiia mepeMeIeHnid OT CABUTa Topia 0aJoyHONW MOJAENH; [Vb] — MaTpulla MepeMeIIeHui oOT
caBuTa Topia Oayku 6e3 ydera moBOpOTa y3Jia KOJIOHHBI C 0allkoM; [ve] — MaTpuIiia o0mmiero yria moBopoTa
y3J1a KOJIOHHBI ¢ 0aJIKOH ¢ y4eTOM OBOPOTA y3J1a KOJIOHHBI C OAJIKOM.

3aBUCUMOCTh MEX/1y MOMEHTOM U IIepeMEIeHUEM ONpeieieHa o popMyIie

[M]=%Sb(1 _1][vb]+Sb(1 _1J[eb], (19)

1 -1 1 -1

rae [M] — marpuiia u3rudaronmx MOMEHTOB; Sp— yABOCHHAs JTMHEHHAs KECTKOCTh OaJIKH, KOTOpast Orpe-
neseHa o popmysie

S,=2E,1L][l,, (20)

rae /» — MOMEHT UHepUUU Oaliku; /» — pacueTHBIN IpoJieT OaIKu.
3aBUCUMOCTb MEX/1y MOMEHTOM U IIOBOPOTOM Y3J1a OaJIKM C KOJIOHHOM olpesiesieHa o ¢popmyie

prl-lsliad=[ o ol @

rae [Sc] — marpuiia HadaIbHOHN KECTKOCTH COSNWHEHUH Tpu M3rude; [A:] — MaTpuIla moBOpOTa COSAMHE-
HUSL; S1c — HavaJbHAs )KECTKOCTh COSIUHEHHS ITPU U3ruOe Ha JICBOM Tople O0aku; S2c — HavdajJbHas JKEeCT-
KOCTh COEIMHEHHS IPU M3TUOE Ha MTPABOM TOPIIEC OATIKH.
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O6wvenunss ypaBaenus (19) u (21), momygaem Gpopmysr:

S L TR e T )

sdlo =2} T+ el @)

l,
rae [S«] — matpuna, cocrosmas u3 k03pPUIueHToB oi; o — K0I(PPUIMEHT OTHOCUTENBHOM KECTKOCTH,
i = Sic/(Sb).
B stoM ciyuae [Sq] 1 [Sq] ! BeIpaxarorcs o gopmynam, nono6HsM (24)—(25):
o, +2 1
S, |= , 24
s L 24
a 1{o,+2 -—1
ST == , 25
[5.] k[ -1 oc1+2j 23)

rae k — xod(hdunmeHT cBsizaH ¢ o, k= (o + 2)(o2 +2) — 1.
YTo moBopoTa CoeTMHEeHUs OalIKi ¢ KOJIOHHOH ompererneHa 1mo Gopmysie

(s} Tt (] 3ol 20

O6bequanM popmyast (21) u (26) u nonmyunm dopmyny (27) anst onpeaeneHns 3aBUCHMOCTH MEXTY
[M] wu ot [0]:
38, (o (o, +1) —oy (o, +1) S, (20, (o, +1,5) o, 0,
[(M]=[S.][A]=—F [v]+ ) [6]

Lk oy (o +1) —o, (o +1) & o, 0L, 20, (o, +1,5

27

Kpome Toro, HeoOXOMMMO YUYHTHIBATh BIHMSIHUE O Ha MEepeMEelICHUE NP CABHUTE. 3aBUCHMOCTb MEXKIY
BepTUKAIIbHOMW critol [Q] u mepemerieHuem Oaiku ornpesneneHna mo gopmye (28)

RS I I S e O} 29

5, \ -1 -1

O6benuauM dopmyast (17) u (28) u nomyunm Gopmyinsl (29) u (30) ams onpeneneHus: 3aBUCUMOCTH
mexay [O] u [0]:

1= T2 Jeor-te, 29)

-1 1 I,

20, +0, 43 1_20c1+oc2+3
L5(o,+o,+2) ) 1 -1
)= 5[y Lt 2) ]+ 25 ¢ N !
k -1 1 K, _(1_20c2+0c1+3j _(1_2a]+a2+3j
k k

(30)

Ha ocHOBaHMH BBIIIEIPUBEICHHOTO aHAIM3a MOJIydYeHa MaTpHIla KECTKOCTH deMeHTOoB Oanku (31),
YUYUTBIBAIOIIAS Ie(OPMAIINH MTOTYKECTKUX COCAUHECHUH, TIPENICTaBIsIeMast CIISTYIOIIMM 00pa3oM:
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6 3 6 3
B E a,, Z Ay _E a,, Z Ay B
) 3 3 Y
- _fv,l 2fe,l __fv,z fe,z b~
Mg | b X i (1)
o 'l 6 3 6 3 na
= 54, 74y 54, T4y, |
M l, L, , b 9
2 )
3 3
l_gv,l 8,1 _l_gv,z 2ge,2
b b

TIE av,1, dv2, ao,1, aoz, fv.i, fv2, fo1, fo.2, g1, gv2, g0,1, g0.2 — KO03(PPULIUEHTH pacueTa, KOTOpPbIE OIpee-
JIEHBI TI0 (hOpMyIIaM:

a, =a,,=1-15(o, +o, +2)/k; (32)

Sy Sy
2123) 2 3456) ay, =1 (201, + 0, +3) /k; (33)
he Eidoly dy, =1—(20, +0t, +3)/k; (34)
| e 3 for = fon =04 (0, +1) [ (35)
1 for =0 (0, +1,5)/k; (36)
L1009 4000 L for = 8oy =040, /; (37)
Puc. 6. OnHonponeTHbI cTaIbHON KapKac 81=8.,=0, (0€1 + 1) / k; (38)

W cTo4Huk: BeimonHeHo I'. CyHsb.

e ey G Son 8o2 =0, (04 +1,5)/k. (39)

JU1 OTHONPOJIETHOTO CTAJIBHOTO KapKaca, MOKa3aHHOIO Ha pUC. 6, MOKHO MOJIYYUTh MaTPUILy JKECTKO-
CTH C YYE€TOM )KECTKOCTH KOJIOHHBI

E 4, E A E A

y_ ¢ 0 _TyTh _Tyte 0
lb hc Zb hc
6 6 3 3 6 6 3 3
580 @S, TS, +t—S, =S8, —753a,5, —a,5,+-S5,
h? L A n R
3 3 3 3
_h_S"O I_fV,le 2Sbf‘6,1 + 2SL’0 h_Sco _l_ f;/,ZSb f‘G,ZSb + Sw
ST : b , 40
[ ] EyAb EyAC 0 EyAb EyAc . (40)
IR h, I, h,
6 3 3 6 6 3 3
h_czsco _Eav,lsb _Zsbae,l +ZSca _h_fSco Eav,ZSb __bae,zsb _h_cSCO
3 3 3 3
Ty P l_gV’ISb Sbgesl + SCG h_Sco _l_ gv,ZSb 2g6,2Sb + 2’Sco
c b A b

rae A» — pacdeTHas IUIOLIAb ITONEePEYHOro cedeHus 0allku; A — pacueTHas IUIONa/b MOMEPEeYHOro ce-
YEHUsI KOJIOHHBI; /ic — PacueTHas BBICOTA KOJIOHHBI, Sco ONpeEeeHa 1o Gopmyiie
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S,=2E]I,[h,, (41)
rae /co — MOMEHT MHEPIUHU TIONEePEYHOT0 CEUECHNUS KOJIOHHBI.

B ciyuae Sic = S2c HavanpHast M3ruOHAs KECTKOCTh OJHOMPOJIETHOTO KapKaca C Y4eTOM )KECTKOCTH CO-
eMHEeHus Sg b OTpeziesieHa 1mo Gpopmyre

_Sb<fe,1 _f6,2)+Sco‘ (42)

3. Pe3yabTarsl U 00CyxKAeHHE

B [25] npoBeneHo 3KciepUMEHTAIbHOE UCCIIEA0BAHUE OAHOIPOJIETHOTO NPOCTPAHCTBEHHOTO CTaJIbHO-
ro kapkaca ¢ ®C. Ha puc. 7 moka3zana cxema obpasua SF-1 u pacnonoxenue Harpy3ok. B nanHom oGpasie
KOHCTPYHMPOBAHHE SIBISIETCSI CHMMETPHYHBIM, M03TOMY (opmyna (41) MOXKET MCIONB30BaThCS IS pacdera
M3ruOHOMN KECTKOCTH JaHHOro Kapkaca. [Iporner kapkaca — 1,5 M, Bbicota komoHHBl — 0,8 M. ITpoduns
Oamku — 150x75x5%7 MM u ipodminb kodoHHBI 150x150%7%10 MmM. Pazmep dumanma — 250x100x14 mwm.
Junamerp GontoB — M16 u knacc 6onto 10,9. M3rubHas >xecTkocTh y3na obpasna SF-1 cocrammsier
8851 kN-m/rad. Hecymast ctocoOGHOCTb CTaJIbHOTO KapKkaca IpH TeKy4yecTu cocranisgeT 21,96 kN-m.

~~ Bolt M16 ("uihf/'/nh )
Stiffeners, / distributed load

400

| YYyvuvyy yYYyvuvyy

l
Stiffeners g

l

l

ih

295,38, 60 38,2525

2
[4)

Bean (15075x5x7) gl 65,

Mesh refinement area w 27
J Mesh refinement area

Endplate’l|  _ 1500 |

800

Column (150x150x7x10)

Puc. 7. O6pazer; SF-1 u3 pabotsl [15] u pacnonoskenue Harpy3ok
M cTouHuk: BemonneHo I'. CyHb.

Figure 7. Specimen SF-1 from [15] and the location of the loads
S ource: made by G. Sun.

BrImonHeH pacyeT BBIIEONMCAaHHOTO CTAILHOTO Kapkaca. PacueTHast HauanbHas H3rHOHas )KEeCTKOCTh
coenuHeHust Se cocrapuser 8749 kN-m/rad, u pacueTHas HadasbHas M3TUOHAsl JKECTKOCTh TOplLa Oanku
CTAJIbHOTO KapKaca C YYETOM JKECTKOCTH coeluHeHHs Sgp» cocTaBisieT 8991 kN-m/rad. 3nauenne oTHoIe-
HUSI M3TUOHOH >KECTKOCTH, INMOJYYEHHOM B XOA€ JKCIEpPHUMEHTa, K Sg» coctapiser 1,01, yto mosBonseT
YTBEPXkKAaTh, YTO HCIOIb30BaHHE pa3paOOTaHHONW METOJMKU 00eCleYrBaeT TOYHOE MPOTHO3UPOBAHUE U3-
rHOHOM KECTKOCTH CTaIbHOTO Kapkaca ¢ DC.

Ha puc. 8, a, moka3zaHa 3aBUCHMOCTh KOA(hHUITMEHTA KECTKOCTH (praHIa Ha W3THO kp W TONIIMHON
¢naHma #p, KOTOpas moMoraer omnpenenuTs Mexanmsm paspymenus ©C. Ha puc. 8, 6, mokaszana 3aBucu-
MOCTb O U fp, KOTOpasi yKa3bIBaeT TUIl coequHenus. U3 puc. 8, 6, BugHo, uro OC sBiseTcs MOITYKECTKUM
COEMHEHUEM B COOTBETCTBHHU C KPUTEPHUSAMH KiIacCU(UKAINH, TTOKa3aHHBIMH Ha puC. 4.
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Puc. 8. PezynbraTsl pacuera:
a — 3aBUCUMOCTb ky—tp; 6 — 3aBUCHUMOCTD G—fyp
W ctounuk: BemondeHo I'. CyHs.

Figure 8. Calculated results:
a— curve ky—tp; 6 — curve o—tp
S ource: made by G. Sun.

JluneitHas )keCcTKOCTh 00pasia Oaku co-
craBisgeT 818 kN -m/rad, :Ke€CTKOCTb KOJIOHHBI
Sco — 7647 kN-m/rad. Ha puc. 9 nokasana 3a-
BHCHUMOCTh M3THOHOM XKECTKOCTH H fp. B dop-
Mmyne (puc. 9) BUIHO, YTO yYBEIWYCHHE WU3THO-
HOM KECTKOCTU COEAMHEHUS Sc BIHSIET Ha BO3-
pacTaHue M3THOHOM KECTKOCTH LEJIOro Kap-
Kaca Sgb B clyuae, KOTja TolmuHa ¢aHua
pacnionoxxkena B auarnaszone (0, 8,8), koTopsIii
cootBeTcTByeT PC C mepBBIM MEXaHHU3MOM
paspyuenus (Type-1). dna obpasua SF-1 u3-
rubHas KeCTKOCTb Sgh TMOYTH IOCTOSHHA B
cilydae, Korzna ToymmHa (IaHma #, pacmoio-
xeHa B nuamazone (8,8, 30), KoTopbIii COOT-
BercTByeT @C €O BTOPBIM M TPETBUM MeXa-
HuzMamu paspymenus (Type-2 u Type-3). 3to
3HA4UT, 4yTO Oe3 yuera (pakropa Hecylel cro-
cobroctr OC ¢ TomumHOM ¢uaHma f = 8,8 MM
u o=23,66 sBusgeTcs caMbiM 3(PQHEKTUBHBIM
pELICHHEM C TOUKH 3pEHHS U3TUOHOM JKEeCTKO-
ctu. [lo pe3ynpraram sKCeprUMEHTa HECyIIas

Rotational stiffness, AN-m/rad

12000

10000

8000

6000

4000

2000

nominally pinned

| . 8,/2=818kN-m/rad.

T T T T T T T T 1
20 25 30
tp, mm

Puc. 9. 3aBrucuMOCTb MEX1y TONIUHOW (1aHLa

U U3rHOHOM KECTKOCTH
W cTo4Huk: BemonHeHo I'. CyHb.

Figure 9. Rotational stiffness and end-plate thickness curve

S ource: made by G. Sun.

CIIOCOOHOCTD OaJIKH 0 pa3BUTHS TutacTUueckoil reopmanuu coctasiser 21,96 kN-m. C yuerom Ge3omac-
HOCTH COETUHEHHS caMbIM 3((EKTUBHBIM BapHAHTOM C TOYKU 3pEHHS M3THOHOI kecTKocTH siBisieTcss DC
¢ TonmuHOM (pnanua 7, = 16,4 mm u o = 5,85, T.e. Hecymas CNOCOOHOCTh COCMHEHHMS TPEBBINIAET HECY-
HIyI0 CIIOCOOHOCTH OajKH 10 Pa3BUTHS ITUIACTHUYECKOHN nedopManuu npu JTaHHOM Bapuante. V3 rpadukoB
(puc. 9) BunHO, yTO KOOpAMHATHI B cooTBEeTCTBUU C DC ¢ £, = 8,8 MM U #, = 16,4 MM pacnosokKeHbl B AUara-
30HE BTOPOTO MEXAHMU3MA Pa3pyLIEHHs], IO3TOMY PEKOMEHIyeM IPUMEHATh COEIMHEHUSI MEXaHU3Ma paspy-

meHus Type-2 Ui CTalnbHOIO KapKaca.
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4. 3akloueHue

B nccnenoBaHuu NpeCTaBIEHO ONMCAHUE METOIUKH pacyeTa )KeCTKOCTH CTalIbHOTIO KapKkaca ¢ 601To-
BbIMHU (DIaHILEBBIMU COEUHEHUSMU C Y4ETOM IOBOPOTa y3i1a. [IpoaHaln3upoBaHO BIMSHUE )KECTKOCTH CO-
eIMHEeHUs1 Ha PabOTOCIIOCOOHOCTD 11esIoro Kapkaca. [1o pesynpraTtam MpoOBEIEHHOIO UCCIIEIOBAHUS MOXKHO
clienarthb psijl BEIBOJIOB.

1. Ucnone3oBanue pa3pabOoTaHHON METOAMKH MO3BOJISET TOUHO IPOTHO3UPOBATh U3THOHYIO JKECTKOCTh
CTaJIbHBIX KapKacoB.

2. Pa3paboTaHHas METOIUKAa MOXET HCIIOJIB30BAThCS Ul OIPEAEIEeHHsI MEXaHU3Ma pa3pylleHus 00i-
TOBBIX (NIAHLIEBBIX COEAMHEHUH U THUIIA COSTUHEHNUS 110 )KECTKOCTH.

3. I cranbHBIX KapKacoB ¢ OONTOBBIMU (MIAHIIEBBIMM COEJUHEHUSIMH PEKOMEHAYETCS HMPUMEHSThH
COeIMHEHUs MexaHu3Ma paspyiuenus Type-2.

4. Tns obecrieuenust pabOThI LEJIOro Kapkaca U 3((GEKTUBHOTO MPOEKTUPOBAHUS CIEAYeT NPUMEHSTh
COETMHEHMS ¢ TOMIUHON (ranma #, = 16,4 MM u a = 5,85.
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Abstract. Industrial building structures operate under severe conditions. An apt example of such structures are fan cooling towers,
which resist significant vibration loads caused by a running fan; at the same time, the internal surfaces of the structures are
exposed to relatively high temperatures from contact with cooled water, and the external surfaces are constantly exposed to the
environment. The well-known approach to structural diagnostics does not take into account changes in the integral mechanical
properties of thin-walled structural elements and the formation of local depressions and holes. Using the example of a large-sized
fan cooling tower, an approach to diagnostics of structures affected by vibration from a running fan and the temperature of the
cooled water, as well as the environment, is described. The effect of vibration and temperature on the process of corrosion wear of
thin-walled structural elements has been studied experimentally and theoretically. Based on a new version of the finite element
method developed for calculating structures in a cylindrical coordinate system, the initial and current state of the metal part of the
fan cooling tower is investigated, taking into account plastic deformations. When analyzing the current state, corrosion defects and
changes in the stiffness properties of thin-walled elements caused during operation as a result of the combined effects of vibration
and relatively high temperatures were taken into account. It has been established that the presence of vibration and elevated
ambient temperature contribute to accelerated corrosion; at the same time, the effect increases with increasing temperature and
time of exposure to vibration. Corrosion wear leads to a significant increase in stresses and the formation of plastic deformations,
which leads to a redistribution of stresses. It is noted that the discovered effects must be taken into account in the design and
service of metal structures that experience significant vibration loads and operate at high temperatures.

Keywords: thin-walled structures, fan cooling tower, corrosion wear, experimental and theoretical method, mechanical properties,
thin-walled elements, defects, high temperature, interpolation splines, finite element method variant, stress-strain state, elastic and
plastic deformations
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AnHoTanus. [TpoMbIIITIeHHBIE CTPOUTENBHBIE KOHCTPYKINH Pa00OTAIOT B TSDKEIBIX SKCILTYaTAlIMOHHBIX YCIOBUAX. SIpKUM Impume-
POM TaKuX KOHCTPYKLUH SIBISIFOTCSI BEHTHJIATOPHBIE TPaJUpPHU, KOTOPbIE BOCIPUHUMAIOT CYIIECTBEHHBIE BUOPAIIHOHHBIE HAIPY3-
KM, BBI3BIBaeMbIe OT pabOTalONIero BEHTWISTOPA; [IPU 3TOM BHYTPEHHHE MOBEPXHOCTH KOHCTPYKIHUI HCIIBITHIBAIOT BO3AEHCTBUE
OTHOCHUTEJILHO BBICOKHX TEMIIEPATYp OT KOHTAKTa C OXJIAXKJAaeMOH BOJOM, a Hapy>KHbIE IIOBEPXHOCTH HAXOMATCS MOCTOSHHO I10JT
BO3Z[CI>’ICTBM6M Opr)KalOLLlCﬁ Cpeabl. W3BecTHBIN noaxoa AUAarHOCTUKH KOHCTPYKIUHU HE YUYWUTHIBACT U3MCHCHUC WHTEIPAJIBHBIX
MEXaHUYECKUX CBOMCTB TOHKOCTEHHBIX 3JIEMEHTOB KOHCTPYKLHH 1 00pa30BaHMe JIOKANbHBIX YITTyOJISHUH U CKBO3HBIX OTBEPCTHH.
Ha npumepe kpynHOrabapuTHOW BEHTHJISITOPHOW TPAJIMPHU OIMCAH MOIXO0/ JUATHOCTUKKA KOHCTPYKIHH, MOIBEPKECHHBIX BO3CH-
CTBHIO BHOpanuu oT paboTaromiero BEHTWISATOPA W TEMIIEPATYPhl OXJIaXIaeMOW BOJBI, a TAKXKe OKpYy’Karoleld cpelpl. DKCrepu-
MEHTaJIbHO-TEOPETHYECKUM METOJ0M HCCJIEe0OBAaHO BIIMSHME BHOpalM{ M TeMIIepaTypbl Ha IPOllecC KOPPO3SHOHHOI'O M3HOCA
TOHKOCTEHHBIX 3JE€MEHTOB KOHCTpyKUui. Ha 0aze HOBOro BapumaHTa MeTOJa KOHEYHBIX 3JIEMEHTOB, PA3BUTOTO JUIS pacyeTa
KOHCTPYKIMH B LMJIMHAPUYECKON CHCTEME KOOPAMHAT, UCCIIEIOBAHO UCXOJHOE M aKTYaJIbHOE COCTOSHHE METaLIMYECKOH 4acTu
BEHTWJIITOPHOI T'PaJUpHU C yYeTOM IUTaCTHYecKuX aedopmarmii. IIpu pacyere akTyaabHOTO COCTOSHHS OBUTH yUTEHBI KOPPO3U-
OHHbIE JIe(eKTHl U M3MEHEHUsI KECTKOCTHBIX CBOWCTB TOHKOCTEHHBIX JIEMEHTOB, BOHHUKIINX B IPOIecce SKCIUTyaTalluu B pe-
3yJIbTaTe KOMIUIEKCHOTO BO3JIEHCTBHSI BUOPAIIMU M OTHOCHTENIFHO BBICOKHMX TEMIIEpaTyp. Y CTAHOBIICHO, YTO HAIMYNE BUOpAlN U
MOBBIILICHHAs] TEMIIepaTypa cpelbl ClIOCOOCTBYIOT YCKOPEHHOW KOPPO3MH; IPH ATOM C YBEIHUYEHHEM TEMIIepaTyphl U BPEMEHH
Bo3zelcTBUA BUOparyu 3¢ ekt ycunupaetrcsa. Koppo3noHHBIH H3HOC NIPUBOIUT K CYIIECTBEHHOMY POCTY HalpsHKeHUH U 00pa3o-
BAaHHUIO TUIACTHYECKHUX JIedopMaiuii, 4To 00yCIOBIUBAET NEepepaclpe/esieHue HanpspkeHuil. OTMedeHo, 4To OOHapyKEeHHbIC
3¢ eKTs HeOOXOIUMO YUUTHIBATH NIPH MPOSKTHPOBAHUH M IKCILIyaTAllMU METAJUINYECKUX KOHCTPYKLHUH, HCIIBITHIBAIOIINX CYIIIe-
CTBEHHbIE BUOPAIIMOHHBIE HATPY3KH U Pa0OTAIOMNX NP BBICOKUX TEMIIepaTypax.

KirroueBble €JI0Ba: TOHKOCTCHHBIC KOHCTPYKIIMHM, BEHTWISITOPHASI TPAAMPHS, KOPPO3HOHHBINH M3HOC, SKCIEPHMCHTAIBHO-TCOPETH-
YECKHUiT METOJI, MCXaHUYECKHE CBONCTBA, TOHKOCTEHHBIC 3JIEMEHTBI, Ie(DEKThI, BBICOKAsI TEMIIEPATYPa, HHTCPIOISIIHOHHbIC CILIANHBL,
BapUaHT METOJIa KOHEUHBIX DJICMEHTOB, HAIPSLHKEHHO-1e(DOPMUPOBAHHOE COCTOSIHHE, YIIPYTHE U IUTACTUYECKHE TeopMaum

3asBiieHHe 0 KOH(JIUKTE HHTEPecOB. ABTOPHI 3asIBISAIOT 00 OTCYTCTBUM KOH(IIUKTA UHTEPECOB.
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1. Introduction

The structure of a fan cooling tower (Figure 1, a, b) is a complex spatially curved system of reinforced
concrete and steel elements. The inclined supports and cylindrical part of the cooling tower are made of
reinforced concrete [1]. The metal part consists of a reducer — a converging truncated conical shell,
a neck — fragments of toroidal and cylindrical shells, and a diffuser — a diverging truncated conical shell.
The 4 mm thick shells are reinforced on the outside with a longitudinal and transverse set of channels,
angles and plates. At the neck level and near the upper section of the diffuser, the structure is strengthened
with ribs that are fixed to the cooling tower body with bars. The cooling tower design includes
technological windows, as well as platforms and a stair system for maintenance.

Figure 1. Large-sized cooling tower:
a — general view; b — metal part

Source: compiled by N.M. Yakupov

In addition to wind, vacuum, and weight loads, the cooling tower structure is subjected to vibration
loads. Vacuum and vibration loads occur during the operational period when the fan is running. The internal
surfaces of the structures are exposed to relatively high temperatures from contact with cooled water (up to
60°C and above), while the external surfaces and part of the internal surface are constantly exposed to the
ambient temperature.

Severe service conditions contribute to intense corrosion wear. Field surveys of the condition of the
structural elements of a number of cooling towers have shown that reinforced concrete supports and part of
the metal shell are most susceptible to corrosion wear.

During more than 20 years of operation, the strength of concrete for some columns has significantly
decreased. Concrete loosens, micro and macro cracks develop, and corrosion spots appear in the reinforce-
ment. As a result, the strength properties of reinforced concrete structures are reduced. Figures 2 and 3 show
fragments of the most worn areas I, 2, and 3 (according to Figure 1) of the reinforced concrete structural
elements.

In the metal part of the cooling tower, the neck area is experiences maximum corrosion wear, where
the maximum air flow velocity, high vibration loads, and the greatest temperature impact take place. As a
result of intense corrosion, the thickness of the shell has decreased significantly, in particular, in the neck
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area; the thickness has decreased to 2 mm. There are a large number of holes and local depressions. A
number of shell panels have turned into a “sieve”. This pattern is observed in the neck area and in the lower
parts of the reducer and diffuser. Active corrosion wear occurs at the panel joints, in the narrow gaps
between the panel elements, and above the stiffening ribs. The supporting elements of the cooling tower,
due to their external location, show less wear. Figure 3 shows some fragments of the most worn structural
elements in the area where the reducer rests on the upper reinforced concrete ring (region 4 in Figure 1) and
in the neck area (region 5 in Figure 1).

a b c

Figure 2. Defects (according to Figure 1):
a — in the area of inclined supports; b — in the area of the base; ¢ — in the cylindrical part
Source: compiled by S.N. Yakupov.

Figure 3. Defects:
a — in the area of the upper reinforced concrete ring; b — in the reducer in the area
of the reinforced concrete ring; ¢ — in the area of the neck (inside view)

Source: compiled by S.N. Yakupov.

Metal corrosion is a physical and chemical interaction between metal and the environment — the
oxidation of metal with the formation of corrosion products (rust), resulting in the reduction of the
geometric parameters of structural elements. Upon that, the surface layers of structural elements are
loosened to a certain depth or to the entire depth for thin-walled elements, which changes the mechanical
properties of the element.

A thin protective passivating layer forms on the metal surface in water or other environments (Figure 4).
When this layer is destroyed, corrosion damage begins [2].

It is evident that various factors influence the destruction of the protective passivating layer: physical
and mechanical fields, environment and temperature, and others.
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The influence of stress state on the kinetics of corrosion processes has been previously considered by
the authors. Studies have shown that an increase in tensile stress contributes to the destruction of the pro-
tective layer and, thus, leads to accelerated corrosion wear. When analyzing the performance of structures,
especially thin-walled structures exposed to corrosion, in addition to changes in geometric parameters, it is
necessary to take into account changes in the reduced mechanical properties, as well as the level and nature
of mechanical loads.

The influence of various physical fields on the state of the protective passivating layer has not been
sufficiently studied. The influence of an active magnetic field on the corrosion process has been noted in
[3-10].

lg ! ‘P Formation of a passivating layer DeStI?UCti_OH of the
passivating layer

Initial metal Pt )
= %
surface O - %Qo

b e

Sv

®p ©a Op

Figure 4. Relationship between the rate of anodic dissolution of metal 7 and the potential ¢
Source: compiled by N.M. Yakupov

In structural design, the amount of material wear per unit of time (e.g., 0.1 mm per year) is generally
specified. This approach does not take into account changes in the integral mechanical properties of thin-
walled structural elements, as well as the formation of local depressions and holes. The results of a study of
thin-walled beams with local defects are given in [13]. Some results of studying the influence of the
environment on the creep and long-term strength of metals are given in [14—16]. The influence of vibration
on the corrosion rate of protective anodes made of magnesium, aluminum, and zinc in fresh and sea water
of the Persian Gulf is noted in [17]. The results of a study of the influence of vibration excitation during
high-temperature processing on the mechanical properties and corrosion resistance of cast steel under stress
are presented in [18].

The aim of this work is to develop an approach for diagnostics of thin-walled structures exposed to
corrosion wear in the presence of vibration and elevated temperatures, using the example of a large-scale
fan cooling tower. Research objectives: investigation of the effect of vibration and temperature on the
corrosion wear process in thin-walled structural elements using a combined experimental and theoretical
method; stress analysis of the initial and current condition of the metal part of the fan cooling tower, taking
into account plastic deformations based on a version of the finite element method [11] developed for
calculating stress-strain state of structures in cylindrical coordinate system.

2. Method

To evaluate the degree of corrosion wear of samples
exposed to vibration and temperature field for a specific period 1 2a
of time in a given environment, a combined experimental-
theoretical method [12] is used, based on the synthesis of p I H
experimental data and theoretical relationships obtained from E

nonlinear shell theory. This approach is an effective method
for evaluating the integral stiffness properties of various thin-
walled elements of complex structures. A diagram of the setup Figure 5. Diagram of the experimental setup
for flat samples is shown in Figure 5. Source: compiled by N.M. Yakupov.
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Round samples, aged for a specific period of time in the test environment under vibration and
temperature exposure, are restrained along their contour and loaded with uniform pressure p . As pressure p

increases, the shape of the dome is monitored, in particular, rise H of the dome is measured, and a pressure
p — deflection H graph is constructed. At the theoretical stage, using the ratios obtained from nonlinear

shell theory for the case of moderate bending and the experimental pressure p — deflection H relationship

for metal samples, the reduced tangential stiffness for tension-compression B and the reduced bending
stiffness D are calculated [12]:

3 472

a a'h
B=0.3037 — 1|, D=0.0253p——, 1
pa(Hj P (1

and also the modulus of elasticity, according to formula:

0.303pa*(1-v?)

E 3
hH

; 2)

where 4 and a — the thickness and radius of the test part; V — the Poisson’s ratio.

3. Results

3.1. Influence of Vibration on Corrosion Wear

A study of the influence of vibration on the corrosion wear process of St3 steel samples with an initial
thickness 2 = 0.6 mm in an aqueous medium has been conducted.

Thin round samples are placed separately in containers with the medium. The containers are
placed on a vibrating platform. Specifically, on a platform attached to a compressor (rotation frequency
n =2800 rev / min).

Cases of horizontal and vertical sample placement are considered (Figure 6, a, b).

The samples were kept in the aqueous medium for a specified period of time. The control group of
containers was located in an area free from vibration. The degree of corrosion of the samples was evaluated
using a combined experimental-theoretical method [12].

Samples in a container with water

N |

Vibrating platform

Compressor

a b

Figure 6. Schemes for placing samples on a vibrating platform:
a — horizontal placement of samples; b — vertical placement of samples
S ource: compiled by N.M. Yakupov.

In the first series of tests, samples were placed horizontally on a special compressor platform
(Figure 6, a). The compressor turned on automatically for two months (except Sundays) from 9:00 a.m.
to 6:00 p.m.: during the day, the compressor periodically turned on (vibration — 20 seconds) and off (no
vibration — 3 minutes 40 seconds).
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In the second series of tests, samples were placed vertically on a special compressor platform
(Figure 6, b). The compressor operated for four months in automatic mode: it turned on (vibration) for
30 seconds and turned off (no vibration) for 6 minutes and 10 seconds. In each series of tests, the control
group of samples, that were not subjected to vibration, was examined.

Using the combined experimental-theoretical method mentioned above, the relationship between the
maximum deflection H and pressure p was determined for each sample. Pressure p — deflection H

curves were constructed based on the average values of the maximum deflections of the samples, which are
presented for the first series of tests in Figure 7, a, and for the second series — in Figure 7, b.

H, mm
H, mm
1.1 o e
| 1.4
1.0
1 [ ] 1.2
0.9 x
] 2 /'/. 0
1. E
0.71 A 1
- v
4 // 0.8
0.51 '.,./
] S 0.6
03] ° -
4 :ﬁ 0.4
) p, MPa 02 p, MPa
T T ! . L '0'140'16 D S N TN PN N NN, N ERN T S N S ) FRE O I |
0.02 0.06 0.10 ' 0 0.05 0.10 ).14 0.16 0.18
a b

Figure 7. p — H relationships when samples are placed:
a — horizontally, b — vertically; / — at rest; 2 — under vibration
S ource: compiled by N.M. Yakupov.

As can be seen, in both series of tests, samples from the group exposed to vibration (2) deflect more
than samples from the control group (1) at the same pressure, i.e., samples under vibration experience
greater corrosion wear than samples from the control group. This conclusion is consistent with the
measurements of the thickness of the samples after corrosion wear: the average thickness of the samples
exposed to vibration in the first series of tests was 0.588 mm, while the average thickness of the samples in
the control group was 0.593 mm. For the second series of tests, the corresponding values were 0.556 mm
and 0.569 mm.

This conclusion can be explained by the fact that vibration creates more favorable conditions for the
destruction of the passivating layer in the electrochemical corrosion process.

Thus, the influence of vibration on the process of corrosion wear of steel samples in an aqueous
medium has been established, with vibration contributing to faster destruction of the protective passivating
layer formed during corrosion, thereby promoting accelerated corrosion.

The discovered effect is of high theoretical significance to the study of corrosion as a complex
electrochemical process under the influence of vibration, and of practical significance as well. The effect
must be taken into account in the design and operation of metal structures that experience substantial
vibration loads, such as fan cooling towers, vehicles, pipelines, and others.

3.2. Influence of Temperature on Corrosion Wear

The effect of temperature on the corrosion process is of particular scientific interest, although studies
on this topic are rare. An increase in corrosion wear at 70°C was discovered at a coal-fired power plant
during a study of boiler walls, where viscous deposits were observed on the walls due to acid condensation
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[19]. An increase in susceptibility to stress corrosion cracking for some grades of stainless steel in KCI
solution under the influence of temperature was noted in [20].

An experimental study of the influence of water temperature on the corrosion wear of thin-walled St3
steel samples has been conducted.

Experimental procedure. A setup has been developed (Figure 8)
consisting of a cylindrical container (1) for filling with aggressive liquid.

A heating element (2) is located in the center of the container.
Sample holders (3) are installed around the perimeter of the container at
equal distances from the center. Temperature sensors are installed near
the samples to monitor the temperature of the medium.

In the experiment, three installations located next to each other were
used to implement three temperature modes. Samples fixed in a holder
are placed in appropriate containers with a particular medium and kept
there for a particular period of time. Before and after the experiment, the

Figure 8. Installation scheme: thickness of the samples under study is inspected and measured.
1 — cylindrical container; 2 — heating . . .
clement; 3 — sample holders . To evaluate Fhe influence of tejmperature on the corrosion of circular
Source: compiled by N.M. Yakupov. thin-walled specimens, the combined experimental-theoretical method

mentioned above is used.

St3 steel samples with a thickness of 0.6 mm were exposed to corrosion wear over 107 days in the
following temperature modes: 71 = 70°C, T2 = 40°C, T3 = 18°C. The thicknesses of the samples subjected
to corrosion under the influence of the temperature field were as follows: #1 = 0.528 mm, 7 = 0.576 mm,
t3=10.581 mm, respectively. The “pressure p — deflection H ” curves for the considered samples are

presented in Figure 9.

H, mm /
0.6 A ///
04 -

—=— 70°C
e 40°C
02 - I8°C i
| T
0.02 0.04 0.06 p, MPa

Figure 9. Pressure p — deflection H curves
S ource: compiled by R.R. Giniyatullin.

As seen in Figure 9, as the temperature of the medium increases, the deflection of the samples
increases, i.e., corrosion wear increases. The resulting elasticity moduli of the corroded samples, calculated
according to (2) at p =0.02 MPa, were: E, = 1.778x10°MPa, E, = 1.946x10°MPa, E; =2.051x10°MPa,
respectively.

Figure 10 shows images of the surface of corroded samples at 4x, 10x, and 400x magnification.

As can be seen, corrosion causes the surface of the samples to loosen to a certain depth, and as the
temperature rises, cavities form, which merge into large regions at 70°C.
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Thus, it has been established that the temperature of the environment significantly affects the corrosion
wear of thin-walled steel samples. An increase in the temperature of the environment contributes to a more
rapid destruction of the protective passivating layer formed during the corrosion process, thereby leading to
an increase in the degree of corrosion wear.

4x
magnification

10 x
magnification

400 x
magnification

T,=18°C T,=40°C

Figure 10. Images of the surface of corroded samples
S ource: compiled by R.R. Giniyatullin.

The established effect is of high theoretical significance in studying the complex electrochemical
process of corrosion, taking into account the temperature of the environment. The effect is also of high
practical significance, especially for thin-walled structural elements, and must be taken into account in the
design and operation of metal structures that interact with high-temperature environments during service,
such as fan cooling towers, pipelines, and others.

3.3. Structural Condition of Cooling Tower with Corrosion Defects

As noted above, cooling tower structures operate in severe conditions. Wind, vacuum, and weight
loads, as well as vibration from operating fans, high temperatures of the cooled medium, and solar radiation
contribute to significant corrosion wear of the structural elements. This results in the formation of various
local depressions and holes, and changes in the stiffness properties of the thin-walled elements. All this
contributes to an increase in internal stress, appearance of additional stress concentrators, and a reduction in
the load-bearing capacity of the entire structure.

In the region of the corrosion defect, the structure of the surface layer material changes. This fact is
practically ignored, although it can be critical for thin-walled structural elements. Changes in the structure
of the surface layer can lead to significant changes in the integral mechanical properties of thin-walled
structural elements. In this regard, to perform the stress analysis of the metal part of the cooling tower
structure (Figure 1), the current integral stiffness characteristics of thin-walled elements cut out from the
structures during repair were preliminarily determined using the combined experimental-theoretical
method. That is, the calculations took into account the actual stiffness properties of the structural elements,
which were subjected, in particular, to the influence of vibration and temperature loads during the
operational period.

To perform the stress analysis of the metal part of the fan cooling tower, a spline version of the finite
element method (SV FEM-2) [11] was used, developed for the case of plastic deformation. The method was

PACYET V1 MPOEKTUPOBAHVIE CTPOUTENbHBIX KOHCTPYKLI 559



Yakupov S.N. et al. Structural Mechanics of Engineering Constructions and Buildings. 2025;21(6):551-564

developed by the authors. The method is based on a synthesis of the idea of preliminary parameterization of
the mid-surface of the shell in a cylindrical coordinate system and the finite element method. The method
allows one to determine the stress-strain state of thin-walled structures under static loads. The effects of
vibration and temperature are taken into account by specifying relevant integral stiffness characteristics for
structural elements. The key points of the spline version of the finite element method (SV FEM-2) are
presented below.

Parameterization of the middle surface of the cooling tower shell. The parametric equation in the
cylindrical coordinate system used in the cooling tower analysis is as follows:

r(t, ) =x(",)i+p(t,H)e(t' ,tH)e(t',t*) =siny(¢',¢*) j+cosy(t', )k, (3)

where x(tl,tz) — the linear coordinates; \V(tl,tz) — the angular coordinates; p(tl,tz) — the shortest

distance from axis OX to the middle surface of the shell; ', # — the parameters of the unit square; i, j, k —
the unit vectors of orthogonal axes OX, OY, OZ.

By differentiating position vector 7, coordinate vectors 7; and 7, , the components of the first &

and second b,, metric tensors and Christoffel symbols 1’ }k are determined.

Geometrical and physical relationships. The case of moderate bending of a thin shell is considered.
In this case, the tangential and bending strains of the mid-surface according to the Kirchhoff — Love model
are determined by the formulas [20]

2ey =¢; te; to, K =—Vo —be_ (4)

where i, k, s = 1,2; €, are the covariant components of the tangential strain tensor; K., are the covariant

components of the bending and torsional strains; ®, =V ,w + bl-ku  are the components of the normal line
rotation vector M ; e, =Vu, —b,w are the components of the rotation tensor; V. is the symbol of covariant
differentiation with respect to @, ; U,, W are the covariant components of the displacement vector
(u, =u,u, =v), b’ are the mixed components of the second metric tensor.

The relationship between stress intensity o, and strain intensity €, is taken in the form

o, = g(g)g;. (5

Here g(,) 1s a positive function, characteristic for the considered material.
Resolving equations. To derive the resolving equations, Lagrange variational equation is used [11]

3W —-384=0, (6)

where 6 — the variation of the strain potential energy of the shell, 64 — the work of the external forces
applied to the shell.
In each rectangle €3, of the unit square area the solution is expressed in the form of interpolational

Hermite cubic spline of two variables
u=0(s)Ep(s"), v=0(s)F0(s), w= (s ) F,0(s"), (7)

where @(s'), @(s*) — the vectors of coordinate functions; F,

u?’

F, F,, — the matrices of nodal values of

the displacement components, the first and the second mixed derivatives.
The use of preliminary parameterization and the representation of the solution in each rectangle Q,j in

the form of a cubic spline ensure geometric continuity, as well as the continuity of the displacement function
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and its first derivatives throughout the entire considered domain €2, which is an important condition for
convergence to the exact solution as the size of rectangles ) decreases. Thus, it is possible to obtain

consistent elements based on the Kirchhoff — Love hypothesis for shells of complex geometry.

By substituting variations of displacements and strains into the Lagrange variational equations and
taking into account the independence of nodal displacements and their derivatives, after a series of
transformations, a system of algebraic equations is obtained

[A){U} ={R}, +{),. ®)

Here [A] is the symmetric stiffness matrix of the system of band structure, {U } is the vector of unknowns,
{R}p is the load vector, {R}n is the vector of nonlinear components. The solution to the resulting system of

nonlinear algebraic equations is determined using the general iteration method.

The algorithm of the above-mentioned spline version of the finite element method for calculating the
stress-strain state of shell structures of complex geometry in a cylindrical coordinate system is implemented
by the SV FEM-2 software package.

Stress analysis of the metal part of a fan cooling tower, taking into account physical nonlinearity.
Based on the spline version of the finite element method (SV FEM-2) [11], developed to calculate the
stresses and strains of shell structures with complex geometry in a cylindrical coordinate system, taking into
account physical nonlinearity, the stress analysis of the metal part of a fan cooling tower is performed
(Figure 11).

Information about the ribs is specified at each calculation
point in the following format: area, static moment, and moment
of inertia of the rib section. Due to the presence of a plane of
symmetry, half of the structure is considered, which is divided
into 10 elements along the circumferential coordinate (angle 6°)
and 23 — along the generatrix. The horizontal sections
(Figure 11) are numbered from bottom to top. The zero angle
corresponds to the wind direction plane. The distribution of
pressure from wind load, both along the height and the circum-
ferential coordinate, is taken in accordance with the building
code in force in the Russian Federation, SP 20.13330.2016". 1

The current mechanical characteristics of the thin-walled
structural elements were determined using the combined
experimental-theoretical method described above. Samples
were cut from a cooling tower structure that had been shut Figure 11. Design diagram of a fan cooling tower
down for major repairs. Changes in shell thickness ¢ along the Source: compiled by N.M. Yakupov.
generatrix and the degree of wear of horizontal ribs W for the
current version (for some of the most worn sections according
to Figure 11) are shown in the Table.

Change in shell thickness and degree of wear of horizontal ribs

Section 1-1 2-2 3-3 4-4 88 9-9 10-10 11-11 12-12 13-13 14-14
t, mm 0,35 0,30 0,10 0,00 0,05 0,30 0,35 0,30 0,10 0,05 0,10
W, % 40 30 10 0 5 30 40 30 10 5 10

S ource: compiled by N.M. Yakupov.

'SP 20.13330.2016. Set of rules “Loads and actions”. JSC “Reseach center “Construction” — V.A. Kucherenko Central
Scientific Research Institute for Building Structures, 2017.
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The displacement and stress distributions for the initial and current cooling tower designs were
analyzed. Significant stress concentrations were identified in defective areas of the structures, formed as a
result of corrosion wear under the influence of vibration from operating fans, high temperatures from the
cooled medium, solar radiation, as well as wind, vacuum, and weight loads. The maximum values of stress

intensity ©; along circumferential coordinate 6° at maximum load in a linear setting for the first two
horizontal calculated sections (according to Figure 11) are shown in Figure 12 (section 1-1) and Figure 13
(section 2-2).

As seen in Figure 12, stress concentrations in the first section (the area where the reducer is supported
by the reinforced concrete part of the cooling tower) are observed in the region of 0 = 36° and 0 = 160°.
In the second section (Figure 13), a stress peak is observed in the zone of 6 = 63°. For the current version,
the linear stress exceeds the yield strength for this material (o,, =200 MPa).

Gi,MPa Gi,MPa
200 7 1 v Sy
240 1

4 v vV—v
160 e ] / \ 2

i 2 v/ v v
120 /v / e w01 \(
80 1 ¢ \ / :r/ 1 V~—v—y—v—V

/V 1 80

40 7 v / 7 _/ =

‘/-/I\._-_,- —g—a——n T——-- = T r—a—p—p—g—n—n

0 40° 80° 120° 160° ©° 0 40° 80° 120° 160° ©°

Figure 12. 6i—0° relationship for section 1-1:
1 — initial; 2 — actual
Source: compiled by N.M. Yakupov.

Figure 13. 6i—0° relationship for section 2—-2:
1 — initial; 2 — actual
Source: compiled by N.M. Yakupov.

Figure 14 shows the changes in stress intensity depending on the load value for points D and C located
in section 1-1; point D is at some distance from point C, where maximum stresses occur.

Line F corresponds to ¢, =200 MPa. As seen from Figure 14 at 82% of the maximum load at point

C, the stress reaches G,, and effectively does not increase further.

At point D, starting at 82% load, as expected, a more intense increase in stress is observed. That is,

load redistribution occurs.

o, MPa

120 1

200 i7o—o”——z%g—o
—a—D
T A/A
a—
A—A—
—
40 % , Pmax
70 80 90 100

Figure 14.

Dependence 6i—P for points D and C located in section 1-1

Source: compiled by N.M. Yakupov.

562

ANALYSIS AND DESIGN OF BUILDING STRUCTURES



Skynog C.H. u dp. CTpouTenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLMiA 1 coopykeHuid. 2025. T. 21. Ne 6. C. 551-564

Thus, a spline version of the finite element method in a cylindrical coordinate system has been
developed, taking into account plastic deformations. Stress analysis for the initial and current condition of
the metal part of the fan cooling tower has been performed. The current mechanical properties of thin-walled
structural elements were determined using a combined experimental-theoretical method. In particular, it was
established that corrosion wear leads to a significant increase in stress, which may exceed the yield strength
of the material. At the same time, the resulting plastic deformations lead to a redistribution of stresses.

4. Conclusion

According to the results of the conducted research, the following should be noted:

1. An approach for diagnostics of metal structures is described using the example of a large-scale fan
cooling tower, which is exposed to the combined effects of vibration and elevated temperatures.

2. The corrosion wear of thin-walled steel structural elements exposed to vibration and temperature
was investigated using a combined experimental-theoretical method.

3. It has been established that vibration and elevated ambient temperatures contribute to the
accelerated destruction of the protective passivating layer of the thin-walled steel elements and thus
contribute to accelerated corrosion. At the same time, the effect intensifies with increasing temperature and
duration of exposure to vibration.

4. A spline version of the finite element method was developed in a cylindrical coordinate system, and
stress analysis was performed for the metal part of the fan cooling tower, taking into account plastic
deformations for the initial and current condition of the metal part. When analyzing the current condition,
corrosion defects and changes in the stiffness properties of the thin-walled elements caused during operation
as a result of the combined effects of vibration and high temperatures were taken into account.

5. It has been established that corrosion wear leads to a significant stress increase in the structural
elements, which may exceed the yield strength of the material, while the resulting plastic deformations lead
to stress redistribution.

The obtained results are of high theoretical and practical importance and need to be taken into account
in the design and operation of metal structures that are exposed to significant vibration loads and operate at
high temperatures and under the influence of various types of radiation.

To address the issue of safe operation of thin-walled structures exposed to corrosion wear, when
diagnosing their condition, in addition to considering changes in the geometric parameters, it is necessary to
consider changes in the mechanical characteristics due to the influence of external factors, in particular
vibration, ambient temperature, and physical fields.
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Abstract. Many numerical methods of analysis of rigid shells, such as the displacement-based finite element method (FEM), finite
difference energy method, method of separation of variables, kinematic method of the theory of limit equilibrium, and so on, were
proposed and tested until 2000. Most problems of static and dynamic analysis of canonical shells were successfully solved at the
same time. All these methods were used actively after the 2000, too. However, new problems began to appear before structural
engineers, architects, and builders. These problems are associated with multi-layer shell walls, with the emergence of new
composite construction materials, and therefore, with the solution of physically nonlinear problems. Geometricians presented
several hundred new forms of middle surfaces of shells, and that is why the need to select optimal forms from several alternatives
using criteria of optimality came into existence. The selection of necessary computing software from many of their types began to
be a problem. New problems demanded new methods of approach for their solution. In this paper, a critical evaluation of proposed
solutions on strength, stability, and vibration analysis of shells was conducted in connection with new problems that appeared after
the year 2000. Rigid shells in the form of analytical surfaces, designed using the canon of parametric architecture, were taken as an
example. Analytical middle surfaces of shells, which attracted the attention of architects after 2000, are pointed out, and suitable
methods of analysis of these shells are noted for the first time. The review was compiled based on 112 fundamental scientific
works published after 2000. Other scientific reviews devoted to the investigation of joint problems of geometry, application, and
calculation of assembled rigid thin-walled shells with analytical middle surfaces were not found.
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AHHOTanus. MHOTHE YMCIICHHBIE METO/IbI aHAIM3a XKECTKUX 000JI0YEK, TaKHe KaK MeToJ] KoHeuHbIX anemeHToB (MKD) B nepe-
MCHICHUAX, METOA KOHCYHBIX paSHOCTel}’I 3H€pFHﬁ, METOA pa3acICHUA NNCPECMEHHBIX, KMHEMaTUYECKUI METOA TCOPUU MPEACIIBHO-
IO paBHOBECHS U T.J., IPEUIOKEHBI U anpooupoBansl 10 2000 r. BoibIIMHCTBO 3a/1a4 CTATUYECKOTO M JHHAMHYECKOIO aHaIn3a
KaHOHHUYECKUX 000JI0UeK OBLTH YCIEIIHO PEIICHBI OJIHOBPEMEHHO. Bee 3TH MeTo bl aKTUBHO UCIOJIb30BATUCH U mocie 2000-x TT.
OpHako 1epel HHKeHepaMHU-KOHCTPYKTOPaMH, apXUTEKTOPAaMH M CTPOUTENSMHU CTaJIH BO3ZHUKATh HOBBIE IIPOOJIEMBI, CBSI3aHHBIE C
MHOT'OCJIOMHBIMU CTEHKaMHU 000JI0YEK, C MOSBICHUEM HOBBIX KOHCTPYKTUBHBIX KOMIO3UIIMOHHBIX MaTepHaJIOB, a CJIEI0BATEIbHO,
U ¢ peleHueM (GpU3MYecKH HEIMHEHHBIX 3a1ad. ['eoMeTphbl MpeACTaBUIN HECKOJIBKO COTEH HOBBIX (JOPM CPETHUX IOBEPXHOCTEH
0001104€K, U I03TOMY BO3HUKIJIA HEOOXOIUMOCTh BHIOOpA ONTUMAIBHBIX (POPM U3 HECKOJBKUX AHAJIOIOB C HCIONb30BAHUEM KPU-
TECPUCB ONITUMAJIBHOCTH. BLI60p HCO6X0)II/IMI>IX BBIUYHCJIUTCIBbHBIX KOMIIJICKCOB U3 MHOXKECTBA UX THUIIOB CTall HpO6J’ICMOﬁ. Hosrie
poGJIeMbl TPeOOBAIM HOBBIX MOAXOMOB K UX pemIeHuIo. [IpoBeeH KpUTHUECKUI aHaIN3 IpeUlaraeMbIX PEIIeHHI MO BEHINOJIHE-
HUIO aHaJIH3a 000JIOYKH Ha MMPOYHOCTh, YCTOWYMBOCTD M BHOPALIUIO B CBSI3M C HOBBIMH IpOOJeMaMH, IosiBUBIIUMHCS 1tocite 2000-
ro roza. B xauecTBe mpuMepa B3SITHI KECTKHE 000IOYKU B BUJIE AaHATUTHIECKUX OBEPXHOCTEH, CIPOEKTHPOBAHHBIE C HCIIOJIB30-
BaHMEM KaHOHA NapaMeTPUYeCcKOil apXUTEKTYpbl. BblieneHbl aHaIUTUYECKUE CPEIHHME MOBEPXHOCTH 000JIOYEK, KOTOpPbIE MpPHU-
BJIEKJIM BHUMAaHHE apXUTeKTOpoB nocie 2000 rona, u BIepBble OTMEUCHBI OIXOIINE METO/BI aHaIu3a 3TUX ob6onouek. O630p
cocTaBlIeH Ha ocHOBe 112 (yHIaMEeHTaIbHBIX HAY4HBIX paboT, omyOiaukoBaHHbIX mocie 2000-x ronoB. [lpyrux HaydHBIX 0030-
POB, TIOCBSIIEHHBIX HCCJIEIOBAHHIO COBMECTHBIX 33/1a4 F€OMETPHH, NPUMEHEHHUIO M PacdyeTy COOPHBIX JKECTKUX TOHKOCTEHHBIX
000JI0YeK ¢ aHATUTHIECKIMH CPEAHUMH TIOBEPXHOCTSIMH, aBTOPaMH HaiIeHO He OBLIO.

KiroueBble cjioBa: MpOYHOCTH 000JIOYKH, YCTOHYHUBOCTh 000JIOUKH, CBOOOIHBIC M BBIHYKACHHBIC KOJIEOaHUsI 000JI0YKH, KOHEY-
HO-Pa3HOCTHBIA SHEPreTUYECKHH METOJ, METOJ DPa3feleHHs MepeMEHHBIX, aHATUTHYECKas ITOBEPXHOCTh, KJIACCH(PHKAIMS MO-
BEPXHOCTEH

3asBiieHHEe 0 KOH(JIUKTE HHTEPECOB. ABTOPHI 3aSIBISIIOT 00 OTCYTCTBHH KOH(IIUKTa HHTEPECOB.

Bkaan aBtopoB: Kpusowanxo C.H. — KOHIEIHS HCCIENOBaHHs, COOp W HAYYHBIH aHaIW3 MaTepHaloB, HallMCaHHE TEKCTa,
o0o0uienue pe3ynbraToB; Yuaoueuxaobu I1.X. — HayuHast 00pabOTKa HCTOYHHUKOB.

s uutupoBanus: Krivoshapko S.N., Chiadighikaobi P.Ch. Strength, stability and dynamics of rigid shells: analysis of recent
research // CTpouTenbHas MeXaHHKa WHXCHEPHBIX KOHCTPYKIUi u coopyxeHuid. 2025. T. 21. Ne 6. C. 565-584. http://doi.org/
10.22363/1815-5235-2025-21-6-565-584 EDN: FQCZQA

1. Introduction

The interest in designing and building shell structures, rigid shells, and facilities of curvilinear forms
has increased considerably over the last 25 years. Some experts associate it with the emergence of
convenient computer software for accurate analyses of these structures, others prove the advantages of
human perception of curvilinear forms [1], and the others foretell the rebirth of the “golden age” of shells
[2]. Broad information about research on the structural mechanics of thin shells performed until the middle
of the 1960s is presented in the book by Prof. V.G. Rekach [3], who himself took an active part in working
out methods of analysis of thin-walled shells of complex geometry using linear shell theory. More and more
structural engineers are drawn into the investigation of the structural mechanics of thin shells in
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geometrically and physically linear and nonlinear formulations of the problem. Scientists and structural
engineers from different countries made valuable contributions to the development of the shell theory,
mentioned in study [4]. The interest in the study of theories of analysis and strength characteristics of
construction materials for spatial structures appeared at that time [5]. Plywood, corrugated steel, multi-layer
wooden panels, and reinforced plastics were used as construction material of thin rigid shells besides
reinforced concrete. Study [6] contains information about increasing interest in the development of new
methods of shell analysis in connection with the emergence of numerical methods of calculation and the
growing use of computers.

During the “golden age” of shells between the 1920s and 1960s, thin shells were built and designed in
great numbers in practically every country. But the majority of shells, used in real structures and designed
based on analysis from the geometrical point of view, concerned a limited number of surfaces that are
cylindrical, conical, spherical, and torus surfaces, right translational surfaces, paraboloids of revolution,
hypars, ellipsoids of revolution, and some others [7]. Shells having more complex forms, generally, were
implemented on the basis of experiments or intuition of architects and engineers with the application of the
simplest calculation methods.

The list of geometrical shapes for the design of thin shells considerably increased because of the
computerization of calculating processes, accurate definition of taken hypotheses for the shell analyses, and
the emergence of new construction materials closer to the 21* century [2].

This paper aims to highlight geometrical shapes of thin rigid shells for which methods of strength
analysis were obtained. The objectives of this study are:

i. To investigate methods of calculating critical forces that cause local or general buckling.

ii. To explore methods of resistance of shells to dynamic actions.

iii. To highlight analytical, semi-analytical, and numerical methods of shell analysis from the sets of
methods proposed in the 20™ century, which structural engineers continue to use.

iv. To expose new approaches to strength analysis of thin rigid shells in the 21* century.

2. Methodology

This study used a qualitative approach to achieve the aim and objectives. The study examined the
strength, stability, and dynamic of rigid shells after 2000.

3. Shells with Ruled Middle Surfaces

Ruled shells can have only zero or negative Gaussian curvature. There are no ruled shells of positive
Gaussian curvature.

3.1. Shells with Ruled Middle Surfaces of Zero Gaussian Curvature
3.1.1. Cylindrical Shells

Cylindrical shells have been known since ancient times. They have not lost their relevance at present.
A voluminous review of investigations on cylindrical shells has been conducted in study [8], where the
author considers, in general, the works before 2000.

At the present time, cylindrical shells with horizontal and vertical axes are investigated with the help of
typical computer software. For example, the derivation of the governing equations for analysis of three-
layered vertical cylindrical shells under axisymmetric loading with creep taken into account and with the
fixed lower edge was given in study [9]. The solution is performed with the help of the finite element
method (FEM) together with Euler’s method. It was proved that the creep of the middle layer has a positive
influence on the strength of the examined shell. Another approach was taken in the study [10], where the
presented analytical method allows for solving two types of engineering problems, which are the
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determination of deviation of dimensions of a shell under known parameters of thermal and pressure
loading or the determination of ultimate load when limiting deviations are given. Examination of the
publications of the last 20 years shows that, at the present time, analysis of cylindrical shells is connected
with taking into account multi-layer walls, geometric and physical nonlinearity, new types of external static
and dynamic [11] loading, and assumption of accurate hypotheses [12].

Thus, the newest research shows that structural engineers can calculate any cylindrical shell subjected
to various loads without difficulty.

Parabolic cylindrical shells. Parabolic cylindrical shells are the most popular after circular cylindrical
shells, especially as roofs of warehouses, industrial workshops, and exhibition pavilions. At the present
time, additional investigations of these shells are needed. The dynamic behavior of a thin concrete shell
resisting jointly with support columns with the application of FEM has been studied [13]. FEM has been
used [14] for the evaluation of the influence of cracks on static and dynamic behavior of reinforced concrete
roofs. The account of settlement of one of four corner supports under columns is one more direction in the
investigation of parabolic cylindrical shells [15].

3.1.2. Conical Shells

Conical shells and cylindrical shells are some of the first spatial structures that humans learned to
build. Conical thin shells always attracted the attention of architects (Figure 1).

—

Figure 1. Conical pavilions of Austria at “EXP0O-2020" exhibition

S ource: compiled by Available from: https://www.constructionweekonline.com/cloud/2021/07/07/
SwgTuR50-wam-expo-2020-dubai-Austria-Pavilion-1200x801.png (accessed: 04.03.2025).

The investigation of conical shells is realized involving more complex mathematical technique, which
allows solving more complex problems as close as possible to present-day reality. Study [16] addresses the
issue of thermal stresses and strains in a thin-walled conical shell subjected to uniform heat flow along its
side surfaces and at both ends of the thermal insulation shell. The governing equations were derived using a
semi-coupled static thermoelastic equation and an energy equation. The Galerkin finite element method was
employed. Dissertation [17] deals with a right circular conical shell of variable thickness. A system of three
partial differential equations in terms of displacements that was reduced to a system of ordinary differential
equations, which was solved by a finite difference method, was derived in this work [17]. The mathematical
model of the refined theory depends on three-dimensional equations of the theory of elasticity using
approximation of the stress state components by polynomials for the normal coordinate of the middle
surface by two exponents higher relative to the classic Kirchhoff — Love theory. It shows that the
components of the stress state calculated based on the presented model near the zone of distortion of the
stress-strain state differ from alternatives of the classic theory.
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The vibrational behavior of shells in the form of truncated cones containing ideal compressible fluid is
studied in [18]. The dynamic behavior of the elastic structure is investigated based on the classical shell
theory, the constitutive relations of which represent a system of ordinary differential equations written for
new unknowns. Small fluid vibrations are described in terms of acoustic approximation using the wave
equation for hydrodynamic pressure written in spherical coordinates. Its transformation into the system of
ordinary differential equations is carried out by applying the generalized differential quadrature method.
The formulated boundary value problem is solved by Godunov’s orthogonal sweep method. The natural
frequencies of shell vibrations are calculated using the stepwise procedure and the Muller method. The
accuracy and reliability of the obtained results are estimated by making a comparison with the known
numerical and analytical solutions. For conical, straight, and inverted shells, a numerical analysis has been
performed to estimate the possibility of finding configurations, at which the lowest natural frequencies
exceed the corresponding values of the equivalent cylindrical shell.

Hence, the calculation of thin conical shells of general type subjected to the action of different factors
can be fulfilled, but it is carried out with some difficulties.

Besides the right circular conical shell, the right elliptical conical shell finds application in practice.
S.N. Krivoshapko obtained analytical formulae for the calculation of tangential forces using the momentless
shell theory.

3.1.3. Developable Shells

Over 400 scientific papers of 280 authors are devoted to the study of the geometry of developable
surfaces. The least scientific papers are devoted to the investigation of problems of strength, stability, and
dynamics of developable shells. A vast majority of them appeared after 2000. The opening period of the
study of developable shells was described in study [19], where it was noted that the main difficulty in the
determination of the stress-strain state of developable shells involved the necessity of using a system of
20 governing equations of thin shells given in non-orthogonal conjugate curvilinear coordinates. It allowed
to use analytical methods of calculation of the moment shell theory.

The situation improved after the emergence of computer software using numerical methods of analysis
of shells with middle surfaces given in arbitrary curvilinear coordinates. Now, a vast majority of studies is
devoted to strength analysis of developable shells of equal slope and in the form of evolvent helicoids.

Equal Slope Developable Surfaces with Directrix Ellipse at Base. The problem is solved most
simply for equal slope developable shells because their middle surfaces can be defined in principle
curvature lines. Firstly, an analysis for the determination of uniformly distributed critical load for an equal
slope developable shell with a directrix ellipse at the base has been made in the study [20]. The study
calculated a steel shell subjected to vertical load in the form of its weight with the help of the LIRA 9.4
computer software which uses displacement-based FEM. The cases when the low edge is fixed or simply
supported were solved in the study. The first two buckling modes for the
first case of supports and three modes for the simply supported shell were
found. It was shown that the buckling of the shell takes place before
exhausting its strength [20].

Static analysis of a developable shell of equal slope with a directrix
ellipse at the base was presented first in studies [21; 22]. This analysis was
made with the help of two numerical methods. Displacement-based FEM and
finite difference energy method of calculation of the action of static external
load were used.

Evolvent helicoidal shells. Evolvent helicoid (developable helicoid,
Archimedes’ screw) is the most known developable surface with a helical
edge of regression [23] (Figure 2).

All results on the investigation of the strength parameters of the shell in pjgyre 2. Developable helicoid
the form of developable helicoid appeared effectively at the end of the 1990s  Source: compiled by V.N. Ivanov.
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and after the 2000. The approximate method of small parameter was used for the calculation of a long
developable helicoid with fixed helical edges due to the given displacement of the inner contour [24] and
due to the action of its weight [25].

Firstly, study [26] carried out a FEM investigation of the influence of restraining rectilinear edges of a
shell in the form of a developable helicoid on the stress-strain state in its middle zone. It was shown that a
very small near-support zone reacts on the restraining method of the straight edges of the helicoid. So, the
study confirmed that for a long evolvent helicoidal shell, the reduction of the governing system of equations
in partial derivatives to three ordinary differential equations with one independent parameter makes sense if
the length of the helical edge is greater than its rectilinear edge.

3.1.4. Parabolic Bending of Elastic Thin Plates into Developable Shells

The main theoretical investigations on parabolic bending of plane metal sheets into developable
structures are conducted at the Academy of Engineering of the Peoples Friendship University of Russia
(RUDN University), Moscow. The main results of the investigation are outlined in study [27], while several
works from other organizations can be examined [28; 29]. Seemingly, the results of investigations on this
problem are not interesting for engineers. However, neglect of inner normal stresses appearing in the process
of bending the sheet can have great consequences. Bending of real plane sheets from plywood, aluminum,
or steel into accurate developable shells with the preservation of rectilinear generatrices is impossible
because of the presence of the Poisson’s ratio of sheet material according to study [30], which was the first
to point this out.

The researchers of [31] realized a series of experiments devoted to the bending of copper plates
5 millimeters thick into cylindrical shells. They constructed experimental curves using the results of the
experiments. However, the process of bending is why it is necessary to compare experimental results with
theoretical results with a certain portion of skepticism.

Metal sheet bending is realized by different methods, and every one of them has specific advantages.
One may obtain conical or pipe hardware of different forms with the help of cold bending. This method
would be suitable to receive a bend of a big radius in any case.

3.2. Shells with Ruled Middle Surfaces of Negative Gaussian Curvature

Ruled surfaces of negative Gaussian curvature may also be called oblique ruled surfaces or ruled
saddle surfaces. Conoids, hyperbolic paraboloids, and one-sheet hyperboloids are twice-ruled surfaces.
Hyperbolic paraboloids and one sheet hyperboloids are considered as a part of the “second order surfaces”.

3.2.1. Conoids and Cylindroids

Shells in the form of conoids and cylindroids are seldom used in comparison with conical, spherical,
umbrella shells or parabolic shells of revolution (Figure 3) or the form of one-sheet hyperboloids of
revolution. The general information about conoids and cylindroids is given [32]. The visualization of new
conoidal surfaces has been presented in [33]. Here, only papers published recently on the analysis of thin
shells in the form of conoids and cylindroids are mentioned, but we shall not repeat known information

published before 2000, which is contained in study [32]. It is noted in

study [34] that composite conoidal shells are very important for the
= = aerospace field, and that is why it is necessary to investigate the natural

vibration of such structures. The investigation of the conoidal shell
resting only upon columns is presented [35]. Computer software are
used for the design of cylindroids [36].

Figure 3. Right parabolic conoid Almost all scientific papers devoted to the analysis of conoidal
Source: compiled by V.N. Ivanov. shells were published by scientists from India.
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3.2.2. Right Helicoidal Shells

The right helicoid is the only ruled surface from a family of minimal surfaces. This helical shell of
negative Gaussian curvature found a wide application after the beginning of the 20™ century, especially in
mechanical engineering. In buildings, they are used, primarily, as ramps for car parking lots. The growing
application of right helicoids calls for the elaboration of reliable methods of analysis. In the first period,
these were approximate analytical methods but later, reliable numerical methods appeared on the basis of
FEM [23].

Now, analytical methods with the application of equations of the linear theory of shells are used only
for static analysis of long right helicoidal shells, when the system of governing equations is reduced to
ordinary differential equations [37]. In 1957, V.G. Rekach, using two partial differential equations of
E. Reissner, obtained one partial differential equation of the eighth order, which he proposed to solve with
the help of Fourier series. But only in 2008, M.I. Rynkovskaya [38] composed a computer program with the
help of the MathCad computer language and derived numerical results after the correction of equations
obtained by Rekach.

The kinematic method of the theory of limit equilibrium was used for the evaluation of the bearing
capacity of a right helicoidal shell in study [39]. Examples of calculation of the upper limit of ultimate load
are presented in it. The influence of methods of restraint on the bearing capacity of the shell is discussed.
One can continue quoting modern works, for example [40—42], but the review of the investigations shows
that these ruled shells continue to be used. Study [41] is devoted to the shape optimization of right and
developable helicoids in Comsol Multiphysics. Engineers expect more accurate methods of analysis using
the principles of the theory of elasticity and shell theory, but one can consider that now problems on
strength, stability, and dynamics of right helicoids are solved quite enough.

Having taken the importance of accurate results for mechanical engineering, study [43] proposes to use
the results obtained experimentally.

3.2.3. Oblique Helicoidal Shells

The oblique helicoid found application in mechanical engineering, but it is known much less than the
right helicoid [23]. Several works on static analysis, published after 2000, are available; for example, one
can read paper [44].

4. Shells of Revolution

Shells of revolution enjoy the greatest popularity among architects and mechanical engineers due to
their attractiveness, varieties of geometrical forms [45], and due to satisfaction of the majority of techno-
logical, economic, ergonomic, and other desires in the design of large-span buildings and to structures of
small size. For example, a selection of shells of revolution using 23 criteria of optimality is proposed in the
paper [46]. Research paper [47] proposes to extend geometrical investigations of surfaces of revolution. It will
be conducive to the introduction of shells of revolution into different fields of engineering and construction.

All known surfaces of revolution, described in the scientific literature on the geometry of surfaces, are
presented in study [45] in graphical form. Part of them found application or were recommended for
application in engineering and construction, and that is why the necessity appeared for their subsequent
investigation on strength, stability, nature, and forced vibrations.

It is easier to obtain results using the momentless shell theory. Simple formulae for the calculation of
longitudinal (meridional) and circular stresses in cylindrical, conical, spherical, ellipsoidal, and toroidal shells
loaded by inner pressure are given in [48].

The emergence of numerical methods of analysis allows the calculation of layered shells of revolution
[49], shells of revolution with pre-defined geometric characteristics [50], shells with the creep of shell
material [9], and shells strengthened by frames.
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4.1. Spherical Shells

Sphere is one of the canonical forms used in all branches of manufacturing industry, engineering, and
construction. Several hundreds of scientific works are devoted to the investigation of geometry, strength,
stability, vibration, and application of thin-walled and thick-walled structures in the form of spherical
surfaces. Those who are interested in the achievements of scientists in the field of strength, stability, and
dynamics of structures in the form of spherical surfaces can begin investigating these problems by studying
the following literature [3, 6, 51, 52]. Practical interest in rigid spherical shells does not go out [17; 53-55].
Almost all new construction materials were used in spherical shells. Spherical structures are present in
seven of nine types of spatial curvilinear structures and shells, but rigid spherical shells are among the group
“rigid shells.” The information presented above shows that designers will not have any problems with
designing spherical shells.

4.2. Paraboloids of Revolution

Domes in the form of paraboloids of revolution are not new. These shells are a particular case of
elliptic paraboloids. The paraboloid of revolution is also considered to be among surfaces of the class
“surfaces of right translation”. The results of the investigation of shells in the form of a paraboloid of
revolution can be divided into the following groups: momentless theory of shell analysis, moment theory of
shell analysis, natural and forced vibrations, stability of shells, experimental research, temperature actions,
problems of elasticity theory, and application of paraboloids of revolution in analytical geometry,
architecture, building, using optical properties of paraboloids of revolution. The solution to the indicated
problems has been the aim of many investigations in the last 30 years. For instance, FEM and Vlasov’s
shallow shell theory have shown good agreement in terms of stresses [56]. A paraboloid-shaped resonator
with characteristics of high-overload resistance is proposed in the study [57]. A model of a paraboloid-
shaped shell was established by using the energy method. The characteristics of natural frequency and
vibration modes were analyzed, and the effects of structure parameters on the natural frequency were
obtained by using the finite element method. Finally, experiments on actual resonators proved that this
method is reasonably practicable.

Study [58] established that a significant contribution to the overall stress state of the paraboloid of
revolution shell with radial waves is made by normal and tangential stresses. The influence of bending
stresses acting in the circumferential direction is also great. The minimum load parameter when the shell
buckles is more than three times the margin.

4.3. One-Sheet Hyperboloids of Revolution

One sheet hyperboloid of revolution is the only ruled surface of revolution of negative Gaussian
curvature. This form can be seen in hundreds of built cooling towers [59; 60]. The majority of investigations
of structures in the form of a one sheet hyperboloid of revolution are devoted to lattice shells. However,
interesting results can be obtained if one analyzes rigid shells using the physically non-linear theory. The
calculation of a shell subjected to wind load and its weight gives excessive values of displacements in
comparison with displacements obtained with the help of the physically linear theory [61].

4.4. Pseudospherical Shells

Pseudospherical surfaces (Figure 4) are regarded by geometricians, physicists, and landscape designers.
However, there are proposals for their applications in building shells of negative Gaussian curvature. These
gave rise to the elaboration of methods of their analysis. In the 21 century, study [62] shows the results of
theoretical investigations on the strength and stability of pseudospherical shells subjected to the action of an
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external distributed load. Both geometrical problems of the middle
surfaces of the considered shells and the momentless theory of shell
analysis were investigated. Later, the momentless shell theory proved
useful for the determination of critical load. The results of analytical
and numerical calculations by using FEM are presented in tabular
form. Numerical analyses have been performed with the help of the
ANSYS computer software. The authors showed that the buckling
behavior of thin shells is untypical for the majority of shell structures
[62].

Detailed study of numerical methods of calculations and the
emergence of standard computer programs of strength analysis Figure 4. Pseu dospheriéal surface
allowed using geometrically nonlinear shell theory [63; 64]. Source: compiled by V.N. Ivanov.

4.5. Circular Toroidal Shells

Circular toroidal shells can be seen in aerospace engineering, in objects of nuclear power engineering
[65], and in other branches of mechanical engineering [66]. In study [65], an analysis of a smooth toroidal
shell is presented. Godunov’s method of orthogonal sweep was used for the numerical solution of the
system of differential equations (a boundary element method) at the finished stage. A method of designing a
solution of composite pressure vessels of high pressure of toroidal form subjected to inner pressure is
proposed in study [66]. The asymptotic method was evaluated in the process of studying the vibration of the
toroidal shell. This form is rarely used in construction fields. Seemingly, only roofs from toroidal fragments
are used in construction and architecture.

4.6. Catenoidal Shells

A catenoid is formed by the rotation of a catenary curve around the
axis of the surface of the revolution (Figure 5). Soap film pulled over two
wire circles, the planes of which are perpendicular to the axis of rotation,
which passes through the centers of the circles, takes the shape of a
catenoid. Several buildings in the form of catenoids are available, but
their extended application is put off for the future. At the present time,
theoretical investigations of the strength of these smooth [67] and ribbed
[68] shells are in progress. The catenoid is the only minimal surface of
revolution. Figure 5. Catenoid

Orthographic representations of displacements, internal normal S ource: compiledby by

. . S.N. Krivoshapko, V.N. Ivanov [67].
forces, and bending moments have been compared [67]. A conclusion
was made that the catenoid shell, based on these parameters, possesses some advantages over four other
shells of revolution loaded by the same linear vertical load applied to the upper shell edge.

4.7. Untypical Shells of Revolution

It was pointed out earlier that all known shells of revolution are listed in study [45]. One can design an
infinitely large number of new surfaces of revolution in addition to the list presented in study [45]. Some
authors created shells of revolution unknown before. They affirm that these shells are necessary for some
branches of science, engineering, and construction. For example, the supercritical behavior of any untypical
shells of revolution was investigated [69]. A momentless analysis of the hyperbolic-parabolic shell of
revolution is proposed and a parabolic-logarithmic shell of revolution is introduced into practice [70].
Generally, the study of these untypical shells of revolution finished after the first published paper.
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4.7.1. Egg-shaped Shells

There is no such name in the classic theory of surfaces. However, some authors use this name for
a surface. For example, buckling of the egg-shaped shell of revolution was studied in [71].

4.7.2. Shells of Barreled Shapes

The situation is similar for barreled surfaces that are surfaces of rotation of a plane curve around the
axis of rotation, but the axis of symmetry of the generatrix curve, that is a meridian, is perpendicular to the
axis of rotation. A so-called barreled reservoir has been considered in study [72].

5. Shells With Cyclic Middle Surfaces

A cyclic surface is a surface formed by the motion of a circle of variable (Figure 6) or constant radius
in space in some pattern. Prominent geometricians A.P. Norden, V.F. Kagan, V.I. Shulikovskiy, A.M. Yaku-
bovskiy, and others have studied cyclic surfaces.

A valuable contribution to the study of the strength of shells with
cyclic middle surfaces was made by Prof. V.N. Ivanov [73] and other
researchers [74—76]. Prof. V.N. Ivanov paid attention to these shells in
1971 [77] and compiled a complete classification of cyclic surfaces,
specified the names of some surfaces, formed many groups and subgroups
of cyclic surfaces, and developed computer software for their analysis
using the finite difference energy method. The researchers considered the
finite difference energy method more convenient for the calculation of
cyclic shells.

Method of curvilinear nets, momentless shell theory [77], finite
difference method, the equations of linear shell theory in complex form,
and the method of complex limitations for the determination of natural

Figure 6. Catenoid frequencies have been used for the analysis of cyclic shells. More than
Source: compiled by V.N. Ivanov [73]. 150 monographs, dissertations, scientific papers, and conference proceed-
ings contain information on geometry (80%), analysis of strength (15%),

and vibrations of thin shells with cyclic middle surfaces.

Pipe shells with a bent axis. Study [78] is the first work on the analysis of pipe shells. Several early
works devoted to the calculation of cyclic shells are listed in bibliography [3]. Several alternatives of the
arrangement of pipe shells with curvilinear center lines are presented in study [79]. Many studies are devoted
to static analysis and dynamic behavior of pipes with curvilinear axis. They are not considered in this study
because general attention is given to the calculation of rigid, large-span shells.

6. Helical and Helical-Type Shells

The most complete information on helical ruled and cyclic shells is given in study [23] with 181 sources.
Results of scientific works published in the 20" century are analyzed in the study.

Investigation of helical and helical-type shells did not stop after the year 2000. Performed investigations
showed that engineers and designers, in general, engage with ruled helical surfaces and with helical pipe
surfaces, but geometricians have some more classes and groups of surfaces with helical or spiral directrix
curves in their toolbox.

Ruled helical shells were considered earlier in the “Evolvent Helicoidal Shells”, “Right Helicoidal
Shells”, and “Oblique Helicoidal Shells” sections.
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6.1. Helical Pipe Shells

Helical pipe shells find extensive use besides helicoidal ruled shells. Before the year 2000, structural
engineers used the method of model equations [52], the method of separation of variables, and the method
of the curvilinear net, which is a generalization of the method of finite differences. After the year 2000,
in study [80], an analysis of a pipe shell with a bent axis was presented. V.S. Lyukshin distinguished five
types of circular helical surfaces, one of which is shown in Figure 7.

Figure 7. Helical pipe surface with the generatrix circle
perpendicular to the axis of the directrix helix
S ource: compiled by S.N. Krivoshapko.

7. Shells with Kinematic Middle Surfaces

The total classification of kinematic surfaces with congruent generatrix curves is given in study [81],
containing 38 sources.

7.1. Shells of Right Translation

Fundamental surfaces of right translation that found application in architecture and construction are
listed in study [45]. In study [82], examples of using surfaces of right translation in the construction of
compound shells were shown. In general, all problems of the design of translation shells were solved after
the emergence of design computer programs. Some problems associated with the emergence of new
construction materials, taking into account the orthotropy of wooden roofs [83], and with strengthening of
the bearing capacity, are solved as new ideas arise [84].

7.2. Velaroidal Shells

Velaroidal surfaces are formed by plane curves of variable
curvature, but surfaces of right translation are formed by a plane
rigid curve. Formed velaroidal surfaces are supported by straight
lines of plane rectangular contour (Figure 8). About ten velaroidal
surfaces are presented and studied in scientific and technical
literature. In study [85], velaroidal shells are considered from
a standpoint of their architectural potential. Scientific paperdevoted

oo = N ®w & 0 C

) ’ Figure 8. Velaroidal shell
to the strength analysis of velaroidal shells began to appear, too [86].  Source: compiled by E. Tupikova, M. Berdiev [86].

7.3. Shells of Diagonal Translation with Generatrix Curve of Variable Curvature

Interesting surfaces of diagonal translation with generatrix curves of constant and variable curvature of
velaroidal type on a rhombic plane were proposed for introduction in building shells in study [87].
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8. Second-Order Algebraic Surface Shells

The second-order surfaces (quadrics) form a class of surfaces consisting of 17 names. Five non-
degenerate non-disintegrate surfaces will be considered in this section. Four degenerate non-disintegrate
surfaces that are elliptical, hyperbolical, parabolic cylinders, and elliptical cones were considered in section
“Shells with Ruled Middle Surfaces of Zero Gaussian Curvature”. The remaining three imaginary surfaces
and five degenerate disintegrated surfaces do not find application in the form of rigid shells.

8.1. Ellipsoids

A more detailed description of the results of investigations on the analysis of thin shells in the form of
triaxial ellipsoid, published before 2000, is presented in study [88].

In the second ten years of the 21% century, a group of scientists from Volgograd State Agrarian
University [89] worked actively for the improvement of a method of analysis of ellipsoidal shells with the
help of FEM. They proposed formulae of representation of the radius-vector of triaxial ellipsoids allowing
to perform continuous parametrization of surfaces, but two parameters, used in the formulae, have clear
geometrical interpretation. It is very important for the analysis of shell structures in the form of ellipsoids,
elliptical cylinders, elliptical cones, and similar to them. In study [90], they derived physical equations
without a hypothesis about the separation of deformations into elastic and plastic parts. The condition of
proportionality of the components of deviators of stress increments was used for their determination. The
application of the equations was performed by using a hybrid prismatic finite element with a triangular
base. The method was tried out on a truncated ellipsoid. The study also used a quadrangular curvilinear
finite-element with nine degrees of freedom in the node as a discretization element of thin-walled structures
of concatenated shells with different properties of materials.

8.2. Elliptical Paraboloids

The application of thin shells in the form of elliptic paraboloids took place both in the 20" century and
at the beginning of the 21% century [91], and that is why great attention is paid to investigations on static
analysis, buckling, and vibration of elliptical-paraboloid shells. After 2012, studies were devoted to the deter-
mination of critical forces [92], the strength analysis [93], the determination of free and forced vibrations
[94], and the study of reinforced concrete shells in the form of an elliptic paraboloid with openings [95].
It was determined in study [95] that an opening at the top of a paraboloid reduces shell strength by 14%.

8.3. Hyperbolic Paraboloids

This shell form is very well known. Hyperbolic paraboloids have enjoyed popularity for many years
(Figure 9), and their popularity is not going out at present. Hundreds of monographs and scientific manuscripts
are devoted to them, examples are [7, 96, 97].

Figure 9. Hyperbolic paraboloid
Source: compiled by O.0. Aleshina [98].
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9. Higher-Order Algebraic Surface Shells

A great number of algebraic surfaces of the higher orders were presented and studied by geometricians.
However, a small part of them found application in rigid building shells.

Shells in the Form of Algebraic Surfaces
with a Main Frame from Three Superellipses

Taking the main frame of surface in the form of three superellipses placed in three coordinate planes,
one can construct three analytical surfaces by the motion of every superellipse with a simultaneous change
of its curvature along another superellipse. A surface formed by the motion of the superellipse of variable
curvature in the planes parallel to the horizontal coordinate plane is shown in Figure 10, a. If one of the
superellipses is taken in the form of a rhombus, then one of the obtained surfaces will be a cylindroid [98]
(Figure 10, b).

In the 2020s, studies were published where the results of static
analyses of shells loaded by their weight and which have main frames
from three ellipses (Figure 10, a) [98]. A thin ruled shell with elliptical
base where two of three superellipses of the main frame degenerate into
rhombuses (Figure 10, b) is considered in study [99]. In study [100],

a shell with the middle algebraic surface on a rhombic base is studied. \

Superellipsoidal surface is defined by implicit equation

(xlay"+ (/IbY*"+ (zlcy =1,

which describes a sphere (n=1, a=>b=c), ellipsoid (n=1),
or cuboid (n = ). Buckling of the shell with a pointed middle surface
subjected to external pressure is studied [101].

Unfortunately, all researchers calculating shells in the form of
algebraic surfaces with main frames from three superellipses did not
mention the order of decomposition of the vectors of inner forces and
moments along the local non-orthogonal or orthogonal axes of the
shells. This problem appears because the authors use non-orthogonal
curvilinear coordinates. That is why it cannot be determined what
internal forces or “pseudo-forces” and moments or “pseudo-moments”

) Figures 10. Algebraic surfaces
were derived. with the frames from three superellipses

The same questions can be put before the authors of papers on Source: compiled by V.N. Ivanov.

velaroidal shells (Section 6.2), developable shells (Section 2.1.3), and
oblique helicoidal shells (Section 2.2.3).

10. Umbrella Shells and Umbrella-Type Shells

V.A. Lebedev was the first to pay serious attention to the advan-

=-.,'kul‘

tages of umbrella shells in 1954. In 1958, he published a monography p:“
[102] in which the information on methods of formation of these shells ‘:‘
was generalized, a method of static analysis was proposed, and ::
recommendations on the application of umbrella domes in buildings ;E

were presented. Umbrella shells (Figure 11) enjoy popularity as in
former times [103]. Structural engineers defined more exact methods of .

. ] R ) Figure 11. Umbrella surface
their analysis and optimization of their form [104]. Sourece: compiled by V.N. Ivanov.
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Umbrella-type surfaces are cyclically symmetrical surfaces containing several identical fragments.
Complete umbrella-type surfaces and all identical surfaces compiling a complete surface are defined by the
same analytical equation. Practically, there are no examples of strength analysis of umbrella-type shells.
Only two works on the calculation of these shells were found. In [105], a finite difference energy method
was used, and in study [106], FEM was applied. In study [106], a comparative analysis of three shells was
made. A shell in the form of a paraboloid of revolution and two umbrella-type shells with radial waves
formed by cubic parabolas and sinusoidal curves were studied. The static calculation has been performed
for the action of self-weight.

11. New Analytical Forms of Thin Structural Shells,
Proposed for Architects

There are many scientific studies devoted to applying new forms of thin shells for public and industrial
buildings. The authors of some works adduced the methods of calculation of thin shells with the help of
displacement-based FEM, finite difference energy method, method of separation of variables, membrane
theory, and so on.

Study [74] elaborated the algorithm of analysis of thin-walled shells in the form of Joachimsthal’s
canal surfaces with the help of the finite difference energy method. Static calculation of the shell in the form
of the considered analytical surface for the action of self-weight and with one fixed lower edge (Figure 12)
has been carried out [74]. Joachimsthal’s canal surface is a cyclic surface with a plane directrix line of the
centers of generatrix circles of changing radius lying in the planes of the pencil [107]. Three scale models of
gypsum shells in the form of canal surfaces of Joachimsthal were made [74].

Figure 13. Reinforced concrete roof
Figure 12. The first type of Joachimsthal’s canal surfaces of a house, Nepal
Source: compiled by V.N. Ivanov. S ource: compiled by G.P. Lamichhane [76].

The author of [76] verified the finite difference energy method and method of global elements on the
example of consecutively joined compartments of thin shells in the form of carved parabolic and sinusoidal
surfaces of positive and negative Gaussian curvature. The theoretical elaborations of study [76] were
implemented in the real reinforced concrete roof of a house (Figure 13). Carved parabolic and sinusoidal
surfaces are formed by the movement of a sinusoidal curve at the normal plane of a quadratic parabola [107].

Carved surfaces of general type are formed by a plane fixed generatrix curve, one point of which
moves along any directrix curve, and all the time, the generatrix curve must be in the normal plane of the
directrix curve. Static analysis of thin shells in the form of carved surfaces of general type was presented by
[75], but the author did not show the real application of these shells in practice.
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12. Results

Architects determined that 47 of 600 analytical surfaces, most of which are described in encyclopedia
[107], were implemented in architectural projects. Architects and engineers proposed additional analytical
surfaces for introduction, which did not find architectural implementation, but study [108] considered that
they must be reserved for future application.

Practically all analytical surfaces used before 2000 were implemented in the forms of real building
structures at the beginning of the 21° century. Besides the analytical surfaces pointed out above, inclined
cylindrical, developable, truncated conical (the new Astronomy Centre of the Royal Observatory, Greenwich,
2007), ordinary helical box-shaped, umbrella, drop-shaped, rotational (roof of the Water Sports Complex,
Rostov-on-Don, Russia), velaroidal, wave-shaped (“The Wave” residential complex, Vejle, Denmark,
2006-2015), and wavy (Irina Viner-Usmanova Gymnastics Palace in Luzhniki, Moscow) surfaces, spiral
(wedding chapel in the form of two spiral staircases, Onomichi, Japan, 2013) and spiral-shaped surfaces,
cylindrical helical strip (fence of helical car parking lot), conoids and cylindroids, nodoids, “The Egg”
surface of revolution, circular torus, helix-shaped surfaces, triaxial ellipsoids (the observation site of
“Zhivopisny Bridge”, Moscow, 2007), elliptical paraboloids (lattice roof of the “Shachtar Stadium”,
Donetsk, DNR, 2009), and one-sided ruled surface (340 m long “Mobius Strip” landscape attraction,
VDNKh, Moscow, 2023) were used after the year 2000. But all thin shells with the mentioned analytical
middle surfaces do not belong to the “rigid shells” group. They form the remaining eight structural types of
shells. The additional information on the classification of curvilinear structures can be acquired in paper [2].

Having summarized the written above, one can say, that many earlier review papers with narrow focus
of investigations of rigid thin-walled shells were published in the beginning of the 21* century, for example,
on strength analysis of cylindrical shells [8], on geometrical modelling of shell shapes [45, 81], on archi-
tectural styles as applied to shells, on the application of shells in architecture [7], on distinguished structural
scientists [4], on the reserve of shells for the future [106], and so on. In the presented manuscript, the
researchers have tried, for the first time, to join all solved problems devoted to shell design in the last
25 years in one review. Some problems unsettled today were noted too.

In this review, for the first time, thin shells, formed by analytical surfaces, and for which methods of
strength analysis under static external load were developed and verified, are presented. The critical buckling
parameters and buckling modes are given. The papers where one may explore the methods of determination
of natural frequencies, are presented. The subject-matter of review [109] is the closest one to the topic of the
presented study. The authors of that paper reviewed research on the compound thin-walled shell structures
composed of regular shell elements joined together along their common boundaries. They considered shell
junctions of simple forms.

Methods and instructions, pointed out in this review, are contained in the 112 given sources. These
works show the main directions in investigations of the last 25 years in structural mechanics of thin rigid
shells with analytical middle surfaces. The sources, used in the review, show a high potential of rigid shell
structures that are claimed at the beginning of the 21% century [2]. For example, additional information
on the structural mechanics of thin shells is given in works [4] with 96 references and in [110] with
1163 references. Review paper [4] mentions the researchers who improved the theory, calculation methods
in aspects of strength, stability, and vibrations of thin elastic shell structures. In this review, the results of
contemporary research of thin shell theory are presented. The combined stress state exists widely in nature
and engineering. Hence, strength of materials and shell structures under the combined stress state is a
general problem. Strength theory is of great significance in theoretical research and engineering application.
Review paper [110] presents a survey of the advances in strength theory (yield criteria, failure criterion,
etc.) of materials, including concrete, iron, polymers, and wood, under combined stress and gives a method
of selecting reasonable failure criterion for application in research and engineering.

Design of shell structures begins with the process of “form finding,” when architects and designers
explore geometric shapes that naturally distribute loads and stresses. This process involves finding a form
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that minimizes material usage while maintaining structural integrity. The second stage is the selection of
construction materials for the shell. The third stage contains the structural analysis of shell structures that
involves complex mathematical modelling to understand how stresses and strains are distributed throughout
the shell. So, architectural principles such as form finding, curvature, and attention to visual appearance
converge with engineering principles like structural analysis, material selection, and construction techniques
to bring these shell structures to life [111]. Architects, designers, and structural engineers can use the materials
of this review at every stage of the design process of buildings. It is important to recognize that concrete
thin shells have only had a lifespan of less than a century, quite a short time in comparison to other systems
[112], but due to construction economy and the inherent beauty of these shapes, they can be widely used in
recent years.

13. Conclusion

Nine structural types of shells are known. Researchers limit themselves to the scientific analysis of
existing methods of analysis on strength, stability, and dynamics of only rigid building shells. Some types
of designs can be implemented only in large-span curvilinear structures. These are exhibition pavilions,
planetariums, trade centers, warehouses, cultural facilities, and many others. Having united the experience
and knowledge of geometricians, architects, structural engineers, and IT specialists, one can realize virtually
any idea in construction and mechanical engineering fields. Curvilinear structures built in the last 25 years,
the reliability of which is secured by correct static and dynamic analyses, confirm this assumption. The
safety of buildings depends on structural engineers, on rightly defined problems for engineers, on the
information related to the design objective. Presented materials show that, today, there are many problems
as applied to rigid shells that must be solved in the future or already solved.

It was established that the greatest number of rigid building shells was constructed in the form of
cylindrical and conical surfaces, surfaces of revolution and hypars. Accordingly, the greatest number of
analytical and numerical methods of analysis on the action of static, thermal and dynamic external loading
is devoted to these single or multilayered shells from new construction materials in linear or non-linear
definition of the problem.

Using the materials of this study, researchers can independently make a list of unused surfaces for the
design of shell forms in architecture and engineering and can propose methods of analysis of shells of unusual
form.

This scientific review can help researchers to select future exploration directions and can help clients to
define design objectives more accurately.
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Abstract. The environmental impact of using different building materials to make sustainable concrete is important. The use of
nanotechnology in industry has become increasingly important since sustainable development was established as a necessity to
protect the environment and the interests of future generations. However, cracking is still a big problem, causing structural
deterioration and shorter service life. Novel approaches to self-healing concrete have been made possible by recent developments
in nanotechnology and biotechnology, which have improved the material’s endurance and mechanical qualities. This study
investigates the use of microbial agents, namely alkali-resistant bacteria like Bacillus, and nanomaterials, including carbon
nanotubes and nano-silica, to create self-repairing concrete. While microorganisms incorporated in porous expanded clay (LECA)
create calcium carbonate to seal cracks on their own, nanomaterials enhance the strength, impermeability, and resistance of
concrete to external conditions. In addition, technologies like as shape-memory alloys, hollow fibers, and microencapsulation are
being researched for crack repair. Additionally, by comprehending self-healing nano-concrete’s remarkable mechanical qualities
and durability performance, environmental effects and retrofitting expenses related to structures can be reduced. According to
experimental findings, bacterial self-healing concrete closes all cracks in two months, but conventional concrete only closes 33%
of them. These technologies promise a fundamental change toward sustainable, long-lasting, and intelligent infrastructure, despite
obstacles including high costs, nanoparticle dispersion, and long-term viability. Future studies seek to refine these techniques for
widespread use while maintaining environmental safety and economic viability.

Keywords: self-healing concrete, nanotechnology, biological concrete, smart concrete
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AHHOTauus. BimsHre UCTIONB30BaHUs PA3INYHBIX CTPOUTEIBHBIX MaTEPHAIOB Ha OKPYKAIOUIYIO CPENy IPH MPOU3BOJICTBE KO-
joruyeck 6e30macHoro 0eroHa uMmeeT OoJbLIOE 3HAaUeHHE. VICIONb30BaHUE HAHOTEXHOJIOTMH B MPOMBIIUICHHOCTH CTaHOBUTCS
Bce 0oJjiee akTyaJbHBIM C TeX MOp, KaK YCTOWYMBOE PAa3BUTHE CTAJI0 HEOOXOAMMOCTBIO IS 3alIUTHI OKPYKAIOIIEeH Cpeabl U HHTe-
pecoB Oyaymux nokoieHuid. OfHAKO pacTpecKUBaHUE MO-IPEKHEMY OCTAeTCsl OONBIION NPOoOIeMOH, BBI3bIBAIOIIEH yXyAllIeHUE
CTPYKTYpPBI M COKpaIleHHe CpoKa cy>kKObl. HOBBIE MOAXOABI K CAMOBOCCTAHOBJICHHIO OETOHA CTaM BO3MOJKHBI Onaromapsi mocien-
HUM pa3paboTKaM B 00JaCTH HAaHOTEXHOJOIUil 1 OMOTEXHOJIOIUH, KOTOPhlEe NOBBICUIM BHIHOCIMBOCTh U MEXAHHUUYECKUE KAauecTBa
Marepuanga. ABTOpaMH U3y4eHO HCIONb30BaHNE MUKPOOHBIX areHTOB, a MIMEHHO ILIEJI04eyCTOHYMBEIX OakTepuii Tuna Bacillus, u
HAaHOMATEPHAJIOB, BKIIOYAs yIIIEPOJHbIE HAHOTPYOKH M HAHOKPEMHE3eM, ISl CO3JaHus CaMOBOCCTaHABIIMBAIOIIErocs OeTona. B
TO BpeMsI Kak MUKPOOPTaHU3MBI, BHEAPEHHbIE B IOPUCTHIN KEPAM3UT, CO3AAI0T KapOOHAT KaJIbIHs AJISl CAMOCTOSTEIbHON 3a/1e/IKU
TPEIIMH, HAHOMATePHAaJIbl OBBIIIAIOT IPOYHOCTh, HEIIPOHUIIAEMOCTh M YCTOMYMBOCTH OETOHA K BHEIIHUM ycnoBusaM. Kpome Toro,
JULSL PEMOHTA TPELH UCCIIENYIOTCS TAKUE TEXHONOTUHY, KaK CILIABbI C MaMAThIO (JOPMBI, I10JIbIE BOJIOKHA U MUKpPOKAICybl. Takke
OCO3HAHME 3aMEYaTeIbHBIX MEXaHWYECKUX CBOWCTB U JOJITOBEYHOCTH CAMOBOCCTAHABIHMBAIOIIETOCS HAHOOETOHA MO3BOJSET CO-
KPaTHTh BO3JEHCTBHE Ha OKPYXKAIOUIYIO CPEeAy M PACXOAbl Ha MOJEPHM3AIMI0 KOHCTPYKIHH. COrJIAaCHO SKCIIEPUMEHTATBHBIM
JIaHHBIM, OaKTepUaIbHBI CAaMOBOCCTAHABIMBAIOIIUICS OETOH 3aKpbIBACT BCE TPEIIMHBI 3a J[BA MECSLA, B TO BpeMs KaK OOBIYHBIN
0eToH 3aKpbIBaeT TOJNBKO 33 % W3 HHUX. DTH TEXHOJOTHH 00CMAIOT (hyHIaMEHTaIbHbIe U3MEHEHUS] B CTOPOHY YCTOWYHBOM, J0JI-
TOBEUHOH U MHTENIEKTYalbHOH HMH(PACTPYKTYphbl, HECMOTPSI Ha Takue MPEIITCTBUS, KaK BBICOKAas CTOMMOCTb, JUCIEPCHOCTh
HAHOYACTHIL[ U JOJITOCPOYHAs KH3HECTIOCOOHOCTh. Bymymmue ncciaenoBanus HampaBiIeHbl Ha COBEPIICHCTBOBAHHUE ITHX TEXHOJIO-
TUi JUI IUPOKOro IPUMEHEHHS IIPU COXPAHEHUH HKOJIOTUUECKOH 6€3011aCHOCTH U SKOHOMHUUYECKOH )KU3HECIIOCOOHOCTH.

KiroueBble ciioBa: CaMOBOCCTaHABIMBAIOUIMNCSA O€TOH, HAHOTEXHOJIOTUH, OMOOETOH, KYMHBII» O€TOH
3asiBieHUEe 0 KOH(JIMKTE HHTEPECOB. ABTOPHI 3asIBIISIOT 00 OTCYTCTBHH KOH(IMKTa HHTEPECOB.
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1. Introduction

Concrete, in a broad sense, refers to any material or compound that is composed of a cementitious
adhesive. This adhesive is generally the result of the interaction of hydraulic cements and water. Concrete is
one of the most widely used building materials. The main feature of concrete is its cheapness and
availability of raw materials. The use of concrete can be seen in all construction works such as buildings,
reservoirs and power plants, offshore structures such as piers, roads and paths, dams, etc. So far, many
studies have been conducted to improve the quality of concrete, most of which have examined changes in
the composition of concrete (called the concrete mixing plan), However, the use of additives as well as the
replacement of conventional materials used in concrete with new materials has always been considered.
Nanomaterials are one of the new materials that have been able to improve the mechanical and physical
properties of concrete. Nanomaterials can completely transform the concrete world due to their properties
on very small surfaces.

Currently, the importance of the application of nanotechnology in industry, with the introduction of
sustainable development as a necessity to protect the environment and the interests of future generations,
has become more apparent. Nanotechnology has entered the construction industry in various fields such as
metals, concrete, soil, glass, energy and air conditioning, water treatment, sensors, coatings, paints and
insulators [1]. Extensive research has been conducted in the last decade on the application of nanotechnology
in concrete technology. Concrete as a macro material is strongly influenced by the properties of nano-
technology. Understanding the behavior of concrete and the performance of structures at the micro and nano
scale improves and enhances the properties of concrete and thus contributes the construction and production
of concrete with performance commensurate with today’s needs [2]. So far, nanotechnology in the concrete
industry has proven the possibility of improving the basic characteristics such as strength, lightness,
durability, flexibility, impermeability, construction of smart aggregates and cements, thermal insulation,
self-cleaning and self-healing. And ongoing research continues to unravel the mystery of the industry.

One of the problems in the subject of concrete and reinforced concrete structures is the issue of cracks.
Cracks are now recognized as one of the problems of reinforced concrete structures. Improvement or repair
of cracks with a width of less than 0.2 mm is mainly due to the large range of small particles of non-hydrated
cement on the surface of the cracks. Therefore, we need side mechanisms and mechanisms of high self-
healing. In such a way that in addition to preventing cracking, cracked sections with self-healing ability are
not vulnerable.

A mechanism based on the use of mineral bacteria in crack repair has been studied and developed in
several laboratories. Cracks are effectively closed by the deposition of minerals while the bacteria in the
mixture are sprayed on the damaged surface and injected manually into the cracks [3]. Here, the bacterial
eggs and the organic compounds present enter the porous expanded clay particles (LECA) before being
added to the mixing scheme. It is hypothesized that the protection and maintenance of bacterial cells within
porous aggregates will increase their viability period as well as increase the efficiency of self-healing
concrete when placed in the microstructure. Ever since cement was discovered in its present form, the
subsequent combination of cement with stone and water has produced a cohesive body called concrete [4].
To date, much research has been done on cement and other adhesives in concrete, which has increased
human knowledge about the various properties and applications of concrete. Concrete is increasingly used
in the construction of various structures due to its good performance and lack of destructive environmental
effects, as the current production of more than one ton of concrete per person per year in the world indicates
this. Self-compacting concrete is one of the new generation concretes that has been considered by engineers
due to its many capabilities such as proper flow and efficiency, strength and penetration. Self-compacting
concrete does not need compactors [5]. Nanoscience and nanoengineering, sometimes referred to as nano-
improvement in concrete, are names used to describe two pathways in nanotechnology research in concrete.
Nanoscience is concerned with measuring and describing the structure of nano- and micro-scale cementitious
base materials for a better understanding of large-scale (macro) behavior and its performance through the
use of advanced atomic or molecular surface description and modeling techniques [6].
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Nanotechnology is a branch of science that studies the comprehension and manipulation of materials at
the nanoscale with the goal of enhancing their qualities in products [7]. The idea of nanotechnology has
been used more and more in a variety of industries in recent years, including construction, chemistry,
electronics, biomechanics, pharmaceuticals, textiles, and medicine [7—8]. Numerous studies on the different
uses of nanotechnology in the building materials industry, particularly in cement-based materials, have been
conducted in recent years [9]. Numerous national initiatives have been started in the European Union or in
nations like America, Canada, Japan, Russia, and China to aid in the development of nanomaterials and
nanotechnology. Numerous worldwide professional organizations have formed commissions, groupings,
and working committees. One such committee is the TC 197 NCM, which was established by RILEM [10].

Like other scientific and engineering fields, the construction sector keeps a close eye on
nanotechnology advancements and looks for possible new application areas. The usage of nanoparticles in
construction materials is becoming more and more popular. In addition to improving material qualities like
strength and durability, nanoparticles may be used to provide novel functionalities like pressure sensing and
photocatalysis [11-13]. These nuclei are responsible for the crystal development process that forms cement
hydration products. As hydration products begin to develop between the cement grains, the presence of
nanoparticles speeds up the production of a highly void-free interior structure as compared to a reference
mixture without nanoparticles. This might lead to the production of cement base materials with high
compressive strength and increased voids at an early age [14—16].

Nano engineering includes nanometer-scale structure manipulation techniques to create a new and
suitable generation of cementitious composites with ideal mechanical behavior. And it is even possible to
create concrete with new properties such as low electrical resistance, intelligence, self-cleaning, self-
repairing, high ductility, etc. Recent research activities in the field of nanotechnology in concrete include
the inherent study of hydration in cement, the effect of adding nano silica to concrete, the addition of
nanoparticles to cement, concrete and cementitious coatings, and the observation of their effects on
behavior and properties [17].

Experimental research has shown that nanoscale clay particles enhance concrete's mechanical qualities
while lowering shrinkage and chloride permeability [18]. The surface area or size of these particles is
significant in terms of cement hydration kinetics as the hydration rate is linked to the reactions that take
place on the reactive surfaces of nanoparticles [19]. Cement hydration is also accelerated by nanoparticles
like CSH artificial grains. Although nucleation processes, which are required for crystal formation under
normal circumstances, are not required with this approach, time is lost and the dead period of cement
hydration is reduced [20-23].

Nanotechnology, like all new technologies, needs an economic justification. Currently, the high cost of
nanoparticles sometimes prevents the increasing development of these products and their use in industry.
For this reason, the use of nanotechnology in the concrete industry on a commercial scale is still limited to
a few products available in the market' [24-26].

Another problem in using nanomaterials is their uniform distribution in the concrete matrix. These
materials usually accumulate as lumps when added to concrete and are not well distributed in the mix,
obviously, powerful mixers can be used to solve this problem. Another drawback is the very high water
absorption of nanoparticles. These particles absorb large amounts of water due to their very large specific
surface area and may affect the performance of concrete [26-28]. So, there are challenges that must be
addressed before expanding the use of nanotechnology in the concrete industry, such as uniform distribution
of nanomaterials, compatibility of nanomaterials with cement, processing, production, safety, transportation
issues, mass production and costs [29].

In addition to introducing these new materials to society through social infrastructure requires more
understanding of their impact on the environment and human health [30]. However, now, 50 years after
Feynman’s (Feynman. R) famous article, it is clear that nanotechnology is changing the views of scientists

! Nanotechnology in Construction Market Outlook. Available from: https://researchintelo.com/report/nanotechnology-in-
construction-market (accessed: 22.06.2025)
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and engineers on one of the oldest man-made materials, concrete [31; 32]. Concrete is the most popular
building material, and we have been trying to make it more sustainable since the Romans built the Temples
of the Gods about 2,000 years ago. No matter how carefully we combine or harden it, all concrete will one
day crack, and in some cases, these cracks will lead to the collapse of the building [33; 34].

Professor Henk Jonkers of Delft University of Technology in the Netherlands explains that the problem
with concrete cracks is that they leak. If there are cracks, water will seep into the basement or parking lot.
Second, if this water reaches the reinforced steel part of the concrete — all the concrete has these rebars,
and if they rust, the building will collapse [35]. But Jonkers has come up with a whole new way to extend
the life of concrete. So called “bio concrete” has been invented, that can repair itself with bacteria [36].

Bio concrete has exactly the same composition as ordinary concrete, but with an additional element, a
restorative agent. This agent remains intact during mixing and only dissolves and activates when concrete
cracks and water enters [37; 38]. Jonkers, a microbiologist, has been working on it since 2006, when
concrete technologists asked him if it was possible to use a bacterium to make self-healing concrete. It took
him three years to solve the problem, but he faced many complex challenges [39; 40]. You need bacteria
that can survive in harsh concrete environments, Jonkers said [41]. He went on to say that the material was
similar to rock or stone and was very dry. Concrete is highly alkaline, and the repairing bacteria must be
dormant for years before being able to be activated by water [42].

Jonkers chose the bacillus bacterium for this, because they grow in an alkaline environment and
produce pollen that can survive for years without food and oxygen. Jonkers explained that the next
challenge was that in addition to keeping bacteria in the concrete active, we had to force it to produce
concrete repair agents [43; 44], which are limestone.

Basil is needed as a food source to produce limestone. Sugar is one of the solutions, but adding sugar
to the mixture weakens and softens the concrete. In the end, Jonkers chose calcium lactate. He placed the
bacteria and calcium lactate in a biodegradable rubber capsule and mixed it with wet cement. When the
cracks finally start to form in the concrete, water enters and opens the capsules. The bacteria then grow and
begin to multiply by eating lactate. By doing so, they combine calcium with carbon ions to produce calcite
or limestone, which closes the gaps.

Now Jonkers hopes that his concrete can create a new era of biological buildings as this is “a
combination of building materials and nature”. Nature has provided us with many free capabilities, such as
limestone-producing bacteria. If we can use it in our materials, we can make the most of it. This was a good
example of nature and the environment coming together to come up with a new concept [45; 46].

Sewage sludge has been considered for these destructive effects due to the environmental problems it
can cause in its landfill. On the other hand, today in countries with the construction of more wastewater
treatment plants, the production of these wastes has increased. Therefore, the possibility of creating a
suitable cycle for the use and consumption of these materials is a very good way to reduce the
environmental hazards caused by its burial [47—49]. Although it does not take long for nanoparticles to be
used as advanced materials in concrete, extensive research has demonstrated the tremendous effectiveness
of these materials in concrete [50]. The use of sewage sludge or mosses as a biological ash in concrete has
led to the creation of concrete, which is welcomed today [51]. A group of civil researchers at the Malaysian
University of Technology have succeeded in producing a type of concrete that can repair cracks with the
help of specific microorganisms [52]. This ability to repair has resulted in higher strength and durability
than conventional concrete [53]. Structures made of this type of concrete are able to withstand harsher
environmental conditions and are more resistant to damage caused by acid rain, etc. [54].

At first various researchers have conducted research on the production of self-healing concrete and
have succeeded in presenting such concretes, but the vast majority of them have chosen chemical methods
in this field.

Recent studies that have led to the production of self-healing concretes have used biological methods
[55]. So, despite the high level of technology required to produce them, it has provided the possibility of
producing cheap self-healing concretes. Researchers have named these concretes biologically self-healing
concrete [56—58].
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The future of design and architecture requires innovative thinking about the application of current
construction techniques to be able to expand their capabilities [59]. Sustainability is inferred from
something beyond a trend and has become a constant part of the design process. Sustainability solutions
have always pushed the current state of design. Scientists created the type of concrete that holds and
nurtures many biological organisms on its surface [60].

There are facades of buildings with vegetation, but what sets biological concrete apart from other
systems is that vegetations are an integral part of the structure [61]. This system consists of three layers on
structural elements that together bring environmental, thermal and aesthetic benefits to the building. In this
case, the acceptable amount needs to be reduced. This was not the ideal situation that researchers at UPC
were looking for. Instead, they created a biological layer using magnesium phosphate cement, which is
slightly more acidic and does not need to lower the pH. [62; 63]. Mosses can grow at pH less than 5. To the
extent that most other plants do not prefer. Restricting competition by lowering the pH is likely to expand
moss colonization. The researchers’ strategy led to the development of different types of cement with
variable pH distributions that help grow certain types of organisms such as mosses, microalgae or lichens.
The installation of this living concrete consists of three layers on a structural surface. The first layer is a
waterproof shell that protects structural elements from water penetration. A new biological layer of concrete
is applied to this layer. This layer absorbs rainwater and acts like a microscopic structure that stores
rainwater. The last layer is a discontinuous cover that allows rainwater to enter and traps it between this
cover and the waterproof cover. This optimizes the amount of water that gets trapped inside the biological
coating without compromising the structure [64; 65]. There are many benefits of this system. Plants absorb
CO: from the air and release oxygen. This layer also acts as thermal insulation and helps regulate the heat
inside the building by absorbing heat and preventing it from entering the building in hot weather or
escaping from the building in cold weather. This material has been registered but is still in the testing phase
[66]. Researchers are experimenting with different cements that can be used to grow certain species of
plants. These changes in the facade, both in terms of decoration and environment, give variety and color to
any facade and turn it into a new or renovated building [67].

2. Materials and Methods

The study used a multi-phase method to create and test self-compacting smart nano-concrete that has
better self-healing abilities. The main binding agent was Ordinary Portland Cement (OPC, Grade 43), which
met ASTM C150 standards. It was mixed with Class F fly ash (20% replacement) and nano-silica (2% of
the cement's weight) to improve particle packing density and pozzolanic reactivity. The reinforcement
system included multi-walled carbon nanotubes (MWCNTs, 0.5 wt.%) that were evenly spread using
ultrasonic homogenization in a polycarboxylate-based superplasticizer to avoid clumping.

To obtain biological self-healing concrete, alkali-resistant Bacillus pseudofirmus spores (10° CFU/g
cement) were trapped inside pre-saturated porous expanded clay aggregates (LECA, 2—4 mm size), along
with calcium lactate (5% by weight of LECA) as an organic mineral precursor to promote microbially
induced calcium carbonate precipitation (MICP). The concrete mixtures had a water-to-binder ratio (w/b)
of 0.35 and achieved self-compacting properties through a specific blend of polycarboxylate ether (PCE)
superplasticizer (1.2% by cement weight) and viscosity-modifying admixture (VMA, 0.05%) to ensure flow
ability (> 650 mm slump flow) while reducing segregation. For comparison, control mixtures without
bacterial or nano additives were made alongside three experimental groups: (1) nano-modified concrete
(NMC) with MWCNTs/nano-silica, (2) bio-concrete (BC) with bacteria-encapsulated LECA, and (3) hybrid
smart concrete (HSC) combining both nanomaterials and bacterial agents. Mechanical and durability tests
were conducted following ASTM C39 for compressive strength, ASTM C496 for splitting tensile strength,
and ASTM C1202 for rapid chloride permeability. Self-healing efficiency was measured by pre-cracking
specimens to create a 0.3 mm crack width using three-point bending, followed by immersing them in water
for 56 days. Also, crack closure was evaluated using optical microscopy and X-ray computed tomography
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(X-CT), while thermo-gravimetric analysis (TGA) and Fourier-transform infrared spectroscopy (FTIR)
confirmed the formation of CaCOs. To create smart features, shape-memory alloy (SMA, Ni-Ti) fibers were
added at a volume of 1.5% to test how well they could recover from cracks when heated to 70°C. Also, we
made microvascular networks that imitate biological systems using 3D-printed templates. These networks
help deliver healing agents, which include methyl methacrylate monomer and an initiator, directly to the
cracks. We looked at the environmental impact by conducting a life cycle assessment (LCA) to compare the
embodied carbon between traditional and smart concrete systems. To confirm our results statistically, we
used ANOVA (p < 0.05) along with Tukey’s post-hoc test to check for significant differences among the
mixtures. The findings showed that the hybrid smart concrete group healed 92% of its cracks compared to
just 35% in the control group and had a compressive strength that was 28% higher after 90 days at 68 MPa
than regular OPC concrete. This supports the combined benefits of nanotechnology and bio mineralization.

In this study, nanotechnology and its application in the construction industry were investigated. The
main characteristics and basic applications of nanomaterials, especially in the civil engineering industry,
were the main and important areas of this research at the initial stage. Then, this research studied the effect
of nanomaterials, including the use and effect of bacteria for self-healing concrete to close concrete cracks
with the bond strength and cohesion of the concrete microstructure and the use of filled microcapsules that
are injected into the concrete as a repair agent by taking inspiration from red blood cells in blood clotting
and repair. Also, the thermal selector method, which is the most efficient and intelligent method, was used
to repair concrete with two methods: self-diagnostic composites and plasticity organic film tube. The next
method is the use of cement composites inspired by the healing of injuries to living organisms, which
allows hairline cracks to spread and prevents the formation of deep cracks. Another important method was
the use of low quantities of CNT in concrete to improve the mechanical properties of concrete. The use of
hollow fibers was a method inspired by the mechanism of bruising of living organisms. Another method
investigated in this study was the use of shape memory alloys, which have the ability to recover their
original shape in shape changes due to temperature and stress. In the following sections, a further examination
of these methods, including the efficiency, advantages and disadvantages of the methods, are presented.

3. Results
3.1. Using Bacteria to Make Self-Healing Concrete

Bacteria used in concrete should be suitable as a repair agent. For example, these bacteria should be
able to close cracks effectively during the useful life of the structure. The main mechanism for closing
cracks is that the bacteria themselves act as a catalyst and convert the organic compounds into a suitable
filler for cracks [68]. Therefore, for effective self-healing, both bacteria and microstructure compounds must
be mixed. However, the presence of bacteria and organic compounds in the microstructure should not have
negative impact on other properties of concrete. There are some bacteria in nature that promote bonding and
cohesion of concrete microstructure. And these bacteria belong to a specific group of alkali-resistant
bacteria formed. An interesting feature of this type of bacteria is that they are able to form eggs that have
spherical cells with a thick wall similar to plant seeds (Figure 1). These eggs are viable but inactive and can
withstand mechanical and chemical stresses and can survive in the dry state for more than 50 years. In fact,
in this process, Bacillus bacteria are used as one of the self-healing agents of self-compacting concrete.

Active bacteria can be seen in Figure 1, and the spores have a diameter of one micrometer. When
bacterial eggs are added directly (unprotected) to the concrete mixing plan, their lifespan is limited to one or
two months. Continuous cement hydration may be the cause of the bacterial eggs’ reduced lifespan from
several decades in the dry state to one or two months in the unprotected state at the time of microstructure,
which results in holes that are smaller in diameter than bacterial eggs, which have a micrometer diameter
[70]. A further concern is whether additional undesired qualities of concrete may be lost as a result of the
direct addition of top organic bio-mineral compounds. Leading biomineral substances like calcium acetate,
peptone, and yeast juice have been shown in subsequent research to dramatically lower compressive strength.
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The only exception is calcium lactate, which increases
compressive strength by 10% compared to other control
samples [68].

Currently, biodegradability tests show that no viability
deficiency has been observed for more than 6 months
after setting and it is recommended to pay attention to
the long-term viability seen in the dry state (when it does
not fit in the concrete) [71]. In subsequent experiments,
expanded clay particles (LECA) containing two repre-
sentatives of biochemical compounds were used as

AceV SpotMagn  Det WO p————eei 5 jam additives in the concrete micro-structure to test the repair
1BOKVAD S000x GSE 103 25 Tor B2-E2-1 ik 4 . L.

capacity of concrete-containing concrete [72]. Jonkers [42]

Figure 1. Active bacteria and alkali resistant spores investigated the immobilization of these components on

(Electron microscope image) porous expanded clay particles in order to extend the

Source: compiled by H.M. Jonkers [42]. shelf life, the related functionality of the bacteria in the

concrete, the impact of bacterial spores, and the con-
currently needed biomineral organic compound precursor (calcium lactate). The results showed a significant
increase in shelf life.

Its good long-term condition, as observed in the dry state, was maintained when fitted to the concrete,
as evidenced by the fact that no loss of spore efficacy was seen after six months of integration [69]. This
method is used to make self-healing concrete with the help of a special type of bacteria in nature that are
able to live in alkaline environments above concrete. This bacterium is called Bacillus, which has been able
to live long in alkaline lakes in Russia and Egypt. These bacteria, along with their power supply, are
embedded in small ceramic pellets and placed in suspension in concrete water to prevent premature
activation in the wet concrete mix (Figure 2). The bacteria remain proactive or so-called dormant in the
concrete until the crack is formed, and then they are activated by the expansion of the crack and the
infiltration of water into the cross section [68; 73].

Light weight aggregates Light weight aggregates
with bacterial spores with bio-mineral precursor

Figure 2. Self-healing additives consisting of expanded clay particles:
a — filled with spore bacteria; b — in organic mineral composition (calcium lactate).
Source: compiled by H.M. Jonkers [42].

Figure 3 shows how to perform the self-healing mechanism using bacteria. According to the figure,
after cracking in the concrete section, water penetrates into the section and activates the bacteria. At this
point, the bacteria go from dormant to active and block the cracks by producing calcium carbonate deposits.
It should be mentioned that prior to the discovery of the bacterium; concrete cracks were repaired using
mineral bacterial products. However, because manpower was required to manually install these bacteria in
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the damaged area along with considering that the bacteria’s reaction with concrete compounds produced
ammonia toxin, the process did not last long or develop much. In this method, concrete test specimens are
made where a portion of the aggregate material, for example 2 to 4 mm in size, is replaced with clay
particles, which contain self-healing biochemical bacteria. Before carrying out the work, the load-bearing
clay particles inside it (for a week at 40°C) are dried so that no more weight loss is observed due to water
evaporation [71].

Development
of cracks in concrete

Water infiltration
and bacterial activation

Calcium carbonate
deposition and blocking cracks

Figure 3. The process of repairing cracks in smart concrete by bacteria
Source: compiled by K. Van Breugel [74].

The concept of the bacterial-based crack repair mechanism (Figure 3) is expected in this question.
It states that after the concrete breaks, the bacteria in the cracks start to grow with water by precipitating
minerals like calcium carbonate to seal the fissures and shield the steel from chemical attacks from the
outside world. The aggregates used in this case make up about 50% of the total grain size. Replacing high-
fracture sand and gravel with expanded clay particles will have consequences for the strength properties
of the derived concrete. In this particular case we will have a 50% reduction in compressive strength after
28 days of processing compared to samples with similar compositions but without replacement of crushed
sand with LECA. [68]. Although samples containing expanded clay (LECA) show a substantial decrease in
strength, the repair capacity of cracks in the samples increases dramatically where expanded clay particles
containing bacteria and the leading organic mineral compounds (calcium lactate) are used.

In concrete test specimens, identically sized expanded clay particles loaded with the biochemical self-
healing agent (bacterial spores 1.7x105 g expanded clay particles, corresponding to 5x107spores dm™
concrete, plus 5% w/w fraction calcium lactate, corresponding to 15 g dm™ concrete) were used to replace
a portion of the aggregate material, or the 2-4 mm size class. Loaded expanded clay particles were oven-
dried for one week at 40°C prior to application, or until no more weight loss from water evaporation was
noticeable. Although the aggregate composition of the control specimens was comparable, the biochemical
agent was not present in these enlarged clay particles. Expanded

clay particles of both kinds loaded for bacterial specimensand Compositions of concrete samples

empty for control specimens were checked. Table displays the Compositions Volume, cm® | Mass, g
composition of the concrete sample. The self-healing capacity [ wa, 24 mm LECA 196 167
of precracked concrete specimens is determined from L wA 1-2 mm LECA 147 125
cylindrical specimens treated with water for 50 days using very  sand, 0.5-1 mm 147 397
fine microscopic images before and after permeability [73]. Sand, 0.25-0.5 mm 128 346
Before that, the precracked concrete specimens are glued in an  Sand, 0.125-0.25 mm 69 186
aluminum ring and permeability testing is performed on them.  Cement 122 384
Cracks in concrete specimens (1.5 cm thick and 10cm in  water 192 192
diameter) are formed in a controlled manner using compressive  Total 1001 1796
and tensile stresses (Figure 4, a). Source: compiled by A.M. Neville [73].
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Figure 4. Concrete with special additives:
a — with microcapsules containing crack fillers; b — self-healing concrete

S ource: Bio-Concrete: The Walls are Alive. Available from:
https://sigearth.com/bio-concrete-the-walls-are-alive (accessed: 22.04.2025).

The resulting cracks are cracks 8 cm long that occur at a depth of 0.15 mm and a thickness of 1.5 cm
along the sample. After the formation of cracks, both control samples containing expanded clay particles
(LECA), without bacterial eggs and organic compounds, and samples containing bacteria to which expanded
clay particles containing bacterial eggs and organic compounds were added, were submerged for 2 weeks.
They are placed at room temperature. The permeability of all cracked samples is then automatically
determined by the computer by recording the amount of water penetration within 24 hours. Comparison
between control concrete specimens and specimens containing bacteria (Figure 4, b) shows major differences
in permeability and, of course, in repair capacity or ability. The cracks of the 6 samples containing the
bacteria are completely closed, meaning that we no longer have any permeability (0 ml/h), but only 2 of the
6 control samples almost recover; the other 4 samples will have water permeability 0 ml/h to 2 ml/h [69].
Microscopic testing of the cracks (shown next to the concrete specimen in the water column) indicates that
calcium carbonate deposition occurs on the basis of mineral sediments in both control and bacterial
specimens. Calcium carbonate deposition in concrete specimens occurs significantly near the edges of the
cracks, which prevents the main parts of the cracks from being repaired, while in samples containing
bacteria, we have complete and effective repair of cracks, in which case mineral deposition often occurs
inside the cracks.

3.2. Use of Filled Microcapsules to Repair Concrete (Micro Encapsulated Heating)

In this method, inspired by red blood cells in blood clotting and repair, very small capsules are injected
into the concrete as a repair agent. The microcapsules carrying the repair agent are usually made of polymer
particles embedded inside the capsule and with a catalyst coating in the body. The microcapsules are broken
during impact with the crack and in the vicinity of the catalyst, they perform the polymerization action and
by forming construction materials, they repair the cracks in the concrete [75]. In fact, spherical
microcapsules act like red blood cells and catalysts act like platelets in the process of blood clotting when
repairing an incision in the skin (Figure 5).

In this method, by increasing the number of microcapsules, the homogeneity and uniformity of concrete
may be affected and may reduce the strength and toughness of the concrete piece. Therefore, in order to
improve performance, there is a need to inject repair fluid through an intelligent system. Recent research
indicates the possibility of micro vascular network in the form of transfer of the repair agent, relying on the
capillary property from the source to the site of failure and polymerization in the vicinity of the catalyst,
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resulting in the formation of hard material and crack repair. Future research will seek to develop a capillary
network in the concrete carrying the restorative agent, as intelligently as the biological system. This method
is based on intelligent methods that self-repair to close the cracks created in the concrete section. The capacity
of microvascular networks to facilitate the repeated repair of damage in both synthetic and biological
systems is particularly intriguing. For instance, damage to human skin may be repaired repeatedly in one
place (Figure 6).

Catalyst
The beginning of cross-section cracking s

The microcapsule contains a repair
agent with a catalyst coating == |

Breakage of the microcapsule shell and
release of the repair agent

Polymerization adjacent to the harden-
ing catalyst and crack repair

-

Figure 5. Mechanism of action of microcapsules in crack repair in self-compacting concrete
Source: compiled by M. Nejati [76].

Figure 6. Concrete healing by a capillary network for the development
and installation of microcapsules inspired by a biological system
Source: compiled by M. Nejati [76].

3.3. Heat Zone Selector Method (Selective Heating)

Formerly, one of the most efficient and intelligent self-healing systems is the heating zone selector
system. This system consists of two main parts:

1. Self-diagnostic composites made of fibers and conductors of electricity that also have the capability
of a strain gauge and as an efficient material have the ability to record the time history of failure in the
structure.

2. The repair part (Heat-Plasticity Organic Film Pipe), which consists of pipes made of materials with
plasticity and ductility against heat and the content of the repair agent, in such a way that they prevent the
repair agent from leaving before spreading any cracks. When a crack occurs in the part, the first part detects
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a slight strain at the crack site as a sensor and by sending a message to the repairing part (like the function
of neurons in the body of living things), the repairing agent is released and repairs the crack [75]. Of course,
the design of this system, which uses thermal energy to repair the release of the repair agent trapped in the
coating, is associated with many sensitivities. So that the increase in temperature in concrete should not lead
to evaporation of internal water and disintegration of the internal structure or any other harmful process for
the strength and functional properties of concrete. This system, when completed, can provide external
human control to the demolition process outside the structure by monitoring information and pathology and
displaying defects, which will lead to a huge change in the concrete improvement and repair industry in
sensitive structures.

3.4. Use of Cement Composites for Automatic Repair of Concrete
(Engineered Cementitious Composite-ECC)

The performance of concretes that are made using only engineered cementitious composites (ECCs) is
inspired by the healing of injuries to living organisms.

This system does not allow cracks to spread and to create deep cracks as it is continuously repairing
the resulting small cracks (injuries), even if the damaged concrete piece is repeatedly loaded. In fact, the
most important characteristic of ECC is that only hair-wide cracks with a maximum width of 60 micrometers
will be possible to repair, instead of deep cracks in concrete. In other words, new concretes (ECC) have a
considerable flexibility compared to conventional concretes [68]. Research shows that the use of fly ash
pozzolans in ECC greatly improves the performance and repair of concrete. Air ash reacts with calcium
hydroxide from the hydration process of cement to produce a white gel that is capable of suturing hair-wide
cracks and self-healing (Figure 7).

néw cracks formead
during releading
adjacent toc heafed
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Figure 7. Self-repair of cracks in ECC concrete and expansion of cracks after reloading
Source: compiled by M. Nejati [76].

This type of self-repairing concrete is very important for protection of reinforced concrete in corrosive
environments such as chlorinated environments where the possibility of chlorine ions dissolved in water can
penetrate through micro cracks and start corrosion of reinforcements and as a result to reduce the overall
strength of reinforced concrete.

3.5. Carbon Nanotubes

Carbon nanotubes (CNTs) are an allotropic form of carbon that was first discovered in Russia in 1952
but forgotten. It again found a special place in the nanotechnology circle in 1990. Nanotubes are produced
in cylindrical forms of Single Walled Nano Tubes (SWNT) and Multi Walled Nano Tubes (MWNT) with
length up to several millimeters (Figure 8).
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a b c

Figure 8. Different types of carbon nanotubes:
a — Single-walled carbon nanotubes; b — multi-walled carbon nanotubes, ¢ — CNT pipes are magnified
Source: compiled by M. Nejati [76].

The mechanical properties of the concrete can be improved by adding small amounts of CNT (about
1 wt.%) to the cement mixture. These nanomaterials are also used in self-healing concrete processes.
Of course, the main problem of using CNT in concrete is the connection of nanotubes to each other as
strings and lack of sufficient adhesion between them in concrete [71]. Research is still ongoing to
investigate how these materials are used in the self-healing process.

3.6. Use Hollow Fibers

In the method of using fluorescent dyes in the current repair agent in these fibers, the phenomenon of
bruising in living organisms is simulated, which itself plays an important role in identifying the site of
injury. The repair agent is released from a thin hollow fiber to fill the cracks, and as a result the crack is
repaired [71]. The mechanism of repairing by hollow fiber method is shown in Figure 9.

Concrete section

The beginning of cross-
section cracking

Fibers contain a repair
agent in the wall

Crack filling by repair agent

Complete repair of cracks

Figure 9. Mechanism of crack repair by hollow fiber method
Source: compiled by M. Nejati [76].
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Figure 10. Behavior of shape-memory alloys
in stress-free state and under the influence

of temperature changes

Source: compiled by A. Cladera [82].
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Source: compiled by D.C. Lagoudas [83].

3.7. Using of Memory Alloys
in Intelligent Self-Compacting Concrete

Shaped memory alloys are alloys with special ability to
recover their original shape after deformation due to tempe-
rature and stress. In 1932, the Swedish scientist Lander first
discovered super-elastic behavior in cation gold (Au-Cd)
[79]. In 1951, Cheng and Reed discovered a reversible phase
conversion in the same alloy, which is also the first recorded
phase conversion. In 1963, Boiler and colleagues at the US
Naval Weapons Laboratory discovered a shape memory effect
on a nickel-titanium (Ni—Ti) alloy and named it Nitinol [26].
About 30 types of memory alloys have been reported so
far [80].

The reason for the unique behavioral properties of shape-
memory alloys should be sought in their multiphase or multi-
structural nature. In other words, the arrangement of the atoms
of shape-memory alloys within their crystal lattice gives rise
to two states of behavior, martensite and austenite. The aus-
tenitic state is stable at high temperatures and low stresses
and is responsible for super-elastic behavior. Martensite is
stable at low temperatures and is responsible for developing
shape memory behavior. When the material is cooled (without
stresses), the first phase transition, known as a martensitic
(or forward) transformation (FT), takes place. At the temperature
Ms (martensite start), the martensite starts to form, and at
the temperature Mf (martensite completion), the process is
complete. Heating the material (without any stresses) causes
the reverse transformation (RT), which starts at the austenite
start temperature (As) and ends at the austenite finish tem-
perature (Af). Figure 10 illustrates these procedures. Different
forms of martensite phase can also be converted to each other
at low temperatures and form the process of reorientation
or pairing and non-pairing. Figures 11 and 12 show the
strain stress curves for super-elastic behavior and memory

property [81].

3.8. Performance of Self-Healing Concrete

Self-healing concrete works in such a way that when a
crack is created in it and a very thin white layer of calcium
carbonate acts and prevents the spread of cracks and it
actually repairs cracks. Calcium carbonate is a very resistant
compound that is found in nature in abundance in strong
fortifications such as turtles and snails. Wetting and drying
the concrete to repair the joint may take between 4 and
5 times [85]. Today, builders reinforce concrete with steel
bars to keep them as small as possible. But still these cracks
are not small enough to be repaired because of the salts that
sometimes penetrate the concrete through the cracks for
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defrosting. They cause corrosion in reinforcements and reduce the overall strength of reinforced concrete.
Self-repairing concrete is completely safe from corrosion as it does not need to be reinforced and reinforced
to keep cracks small. By reversing the process of concrete deterioration and significantly reducing costs and
environmental effects in creating new buildings, using this self-healing concrete, the building can be
restored for a longer period and self-healing concrete can be used optimally. Regarding the new scientific
achievement of self-healing concrete, which has attracted the attention of the civil engineering scientific
community, there are a few notable points that we will address:

® More comprehensive information explaining how this project works and detailed test results will
soon be available to the public in future issues of several prestigious scientific journals as well as the
University of Michigan Science Database. Professor Victor Lee, the original inventor of this material in
2009 at the International Conference on Self-Repairing Materials in Chicago, presented all the results and
performance of this material in the article entitled “Automatic repair process of cementitious compounds in
wet cycles” and offered multiple drying.

® According to the project’s researchers, they are currently studying how to enter the construction
industry. Imagine buildings that do not use reinforced concrete or the volume of use of steel materials in it is
significantly reduced, this equates to a significant resistance deduction from their manufacturing costs or
even imagine that there is no need for long-term retrofitting and restoration of structures as before. All these
ideas create only one result in the minds of engineers and specialists, that self-repairing concrete made
a revolution in the construction industry.

= Another point to note is how the researchers from the University of Michigan have achieved these
astonishing results in recent scientific achievement. Previously an article was presented about a new bracing
system for tall structures reinforced with concrete with steel fibers, which was also one of the recent
scientific achievements of the University of Michigan.

The key results of the study on advanced self-healing and smart concrete technologies yielded significant
findings in terms of material performance, durability and sustainability are summarized below:

1. Self-Healing Efficiency
Bacterial Self-Healing Concrete:
— Achieved 100% crack closure within two months, compared to only 33% in conventional concrete.
— Bacillus bacteria, embedded in porous expanded clay (LECA), produced calcium carbonate
(CaCOs3) to autonomously seal cracks.
— Bacterial viability increased from 2 months (unprotected) to 6 months (protected in LECA),
enhancing long-term self-repair capability.
Microencapsulation & Hollow Fibers:
— Microcapsules filled with healing agents (e.g., polymers) ruptured upon cracking, releasing repair
material.
— Hollow fibers demonstrated self-repair efficiency by mimicking biological bruising, enabling
crack detection and sealing.

2. Mechanical & Durability Enhancements
Nanotechnology in Concrete:
— Nano-silica and carbon nanotubes (CNTs) improved compressive strength, impermeability, and
resistance to chloride penetration.
— Challenges included uniform nanoparticle dispersion and high-water absorption, requiring
optimized mixing techniques.
Shape Memory Alloys (SMAs):
— Nickel-Titanium (Ni-Ti) alloys enabled crack recovery through super-elasticity and shape memory
effects, reducing structural deformation.

3. Biological Concrete for Sustainable Facades. Three-layer biological concrete system (waterproofing,
biological, and discontinuous cover layers) supported moss and microalgae growth.
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Benefits included:
— CO; absorption & O, production (improving air quality).
— Thermal regulation (reducing building energy consumption).
— Self-sustaining vegetation without external irrigation.

4. Smart Concrete & Al Integration
— Self-sensing concrete with embedded sensors allowed real-time crack detection and dynamic load

analysis.
— Al-controlled neural networks optimized self-healing responses, improving structural longevity.

5. Challenges & Limitations

— High production costs of nanomaterials and bacterial additives to concrete.
— Short-term viability of bacteria in harsh concrete environments.
— Scalability issues for large-scale construction applications.

4. Conclusion

In recent years, the technology of making concrete to compensate for the disadvantages in concrete has
made a lot of progress. The use of complex approach to concrete or the use of special cements leads to some
special features of concrete. According to the above, it can be said that in fact concrete is intelligent and
lively material that is able to be changed including through nanotechnology.

The concrete industry is one of the most widely used industries today, and in recent years, the amazing
achievements of nanotechnologies to improve its behavior and performance, has evoked a unique way in
this industry for researchers. Meanwhile, the process of self-healing, by imitating what happens in the body
of living organisms to deal with damage, is being developed with extensive research. Obviously, the
development of these methods and their application in the construction industry will have a great impact on
increasing the safety of structures in line with the goals of sustainable development. Also, the current high
costs of nanotechnology products, with mass production and consideration of long-term return on investment
due to increased useful life of the structure and reduced repair costs, will be economically justified. On the
other hand, inactive bacteria embedded in LECA can significantly self-repair and close cracks created in
concrete sections. Based on what has been stated by different recearchers, it was observed that Bacillus was
suitable for use as a repair agent for self-compacting concrete cracks, because there was 100% crack
recovery in 2 months in concrete samples containing bacteria, while in the control samples there was 33%
crack recovery.

The viability of bacterial eggs increases from 2 to 6 months when added to LECA in a protected form
compared to direct (unprotected) addition. From this study it can be concluded that active bacteria due to
mineral deposition, can cause effective closure of cracks and at the same time reduce the permeability of
concrete. The future of construction lies in the development of smart, self-sustaining materials that enhance
durability, reduce maintenance costs, and minimize environmental impact. This study explored the
integration of nanotechnology, biotechnology, and artificial intelligence in concrete production, leading to
groundbreaking advancements such as self-healing concrete, biological concrete, and intelligent self-
compacting concrete. The main findings show that:

1. Nanomaterials (nano-silica, carbon nanotubes) significantly improve concrete’s mechanical properties,
impermeability and resistance to environmental degradation.

2. Microbial self-healing concrete (using Bacillus bacteria) achieves 100% crack closure within two
months, compared to only 33% in conventional concrete, through bio-mineralization (calcium carbonate
precipitation).

3. Biological concrete integrates vegetation into structural elements, offering thermal regulation, CO,
absorption, and aesthetic benefits, while self-healing mechanisms eliminate the need for manual repairs.

4. Smart concrete leverages shape-memory alloys, microcapsules, and hollow fibers to autonomously
detect and repair damage, extending structural lifespan.
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Despite challenges such as high production costs, nanoparticle dispersion, and long-term bacterial
viability, these innovations represent a paradigm shift toward sustainable, resilient, and intelligent infra-
structure. Future research should focus on scaling production, optimizing cost-efficiency, and ensuring
environmental safety to facilitate widespread adoption. By embracing these advancements, the construction
industry can move toward self-repairing, energy-efficient, and eco-friendly structures, revolutionizing how
we build for generations to come.
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Annotanus. Llens uccnenoBaHus — pa3padoTka HHTETPAIBHOTO KPUTEPHUs BEIOOpa AIFOMIHUEBOTO CILIABa IS Pe3epBYapoCTpO-
CHHUS B YCIIOBHSIX IOHIKCHHBIX TeMmreparyp. B Xome paOoThl ObLIM NPOBEACHBI 3KCIICPHMCHTATBHBIC HCCICIOBAHMS YETBIPEX
aloMHUHHUEBBIX ciiaBoB 1915T, 6082-T6, AJI35T1, 15654 cornacHo poccuiickuMm HopMaruBaM. [{ns 06paboOTKU pe3yabTaToB HC-
IBITAaHNI TPHMEHSIHCh CTaHJAPTHBIE aITOPUTMBI MAaTEMAaTHYECKON CTAaTUCTHUKH: pacueT BEIOOPOUHBIX XapaKTEPHUCTHUK, IPOBEPKa
BBIOOPOK Ha HOPMAaJBHOCTB PacIpeNielIeHHs] W MCKIIOUeHHEe TPYOBIX IOTPENTHOCTEH N3MEpeHUH. BhIIeneHs! Tpy el XapaKkTepH-
CTUK, BIUSIOIMHUE Ha 3Q(EKTHBHOCTD IPUMEHEHHS CIIaBa: CTAaHJAPTHBIC MEXaHHYIECKIE CBOMCTBA, yIapHas BA3KOCTh, XapaKTepH-
CTUKH TPEIIMHOCTONKOCTH, yCTaJOCTHBIE XapaKTepPUCTHKH, CONPOTUBICHHE KOPPO3HH, CTOMMOCTHO-BECOBBEIC XapaKTEPHCTHKU.
ITpoBeneHHEIC B IPOIECCE HCCICAOBAHMS IKCHEPTHBIC ONPOCH! MO3BOJIMIIM OHPEICIUTE BECOBBIC KOA(D(HIMEHTH KaK BHYTPH
IPYIIL, TaK M CaMHX TPYII OpH GOPMHUPOBAHUH MHTErpabHOTO KpuTepus. [okasaHo, 4To HauOONIBLIMI BEC HMECIOT YCTAIOCTHBIE
XapaKTePUCTUKH M XapaKTePUCTUKH TPEIIMHOCTOMKOCTH, YTO yKa3bIBaeT HAa HEOOXOAMMOCTH BKIIOUEHHsS pacdeTa MapaMeTpoB
YCTalOCTH W TPEIHHOCTOHKOCTH B HOPMAaTHBHBIC JOKYMEHTHI II0 IMPOEKTUPOBAHUIO PE3EPBYapOB M3 aTIOMHHHEBBIX CILIABOB.
BajkHOCTB MOBBIMIECHNUS YCTATOCTHBIX XapaKTEPHCTHK M TPEIMHOCTONKOCTH aIFOMIHHUEBBIX CIUIABOB JUIS IPUMEHEHHS B apKTHIC-
CKHX YCIIOBHSAX JOJDKHA OBITH yYTEHA W MPH NMPOEKTHPOBAHUH HOBBIX CIUIABOB, M TEPMHYECKHX 00paboTKax cymecTByrommux. 13
PacCMOTPEHHBIX B HCCIICIOBAHUY CIUIABOB HAWIYYIIMK MHTETpalbHBINA Moka3arens y cruiaBa 1915T. Dror cruiaB obnajaer cymie-
CTBCHHO 00JIee BHICOKMMH yCTaJOCTHBIMH XapaKTePUCTHKAMU U YIApPHOH BSI3KOCTBIO MO CPAaBHCHHUIO C OCTAJILHBIMH HCCIIC/IOBaH-
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HbIMU crulaBamu. Hauxynmmit uHTerpansHeiii nokasarens y cruaBa AJ[35T1, 4ro KOCBEHHO MOATBEPK/AAeT NPEUMYIIECTBa €CTe-
CTBEHHOTO CTapEeHUs ATIOMHHHUEBBIX CIUIaBOB. JIydIIMMH CTOMMOCTHO-BECOBBIMH XapaKTEpUCTHKaMH oOnanaer cras 15654.
JlanpHeiilee uccienoBaHUE MPEANOaracT paclIMpeHne rmoKas3aresei, BXOIAIINX B NPeAJoKeHHbI HHTETpalbHbId KpUTEpUH 3a
CYET BBEJICHUS IOKa3areyeil CBapuBaeMOCTH.

Ki1ioueBble ci10Ba: aqlOMUHUEBBIN CIUIaB, IIOHWKEHHBIE TEMIIEPATypbl, yAapHas BA3KOCTb, YCTAJIOCTHBIE XapaKTEPUCTHKH, Tpe-
HIMHOCTOWKOCTh, KOPPO3UOHHASI CTOMKOCTb, BEC, CTOUMOCTD
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Abstract. The purpose of the study is to develop an integral criterion for choosing an aluminum alloy for tank construction at low
temperatures. In the course of the work, experimental studies of four aluminum alloys 1915T, 6082-T6, AD35T1, 1565ch were
carried out in accordance with Russian standards. Standard mathematical statistics algorithms were used to process the test results:
calculating sample characteristics, checking samples for the normality of the distribution, and eliminating gross measurement
errors. Groups of characteristics that affect the effectiveness of the alloy are identified: standard mechanical properties, impact
strength, crack resistance characteristics, fatigue characteristics, corrosion resistance, cost and weight characteristics. The expert
surveys conducted during the study allowed to determine the weighting coefficients both within the groups and when forming the
integral criterion. It is shown that fatigue characteristics and crack resistance characteristics have the greatest weight, which
indicates the need to include the calculation of fatigue and crack resistance parameters in regulatory documents for the design of
aluminum alloy tanks. The importance of increasing the fatigue characteristics and crack resistance of aluminum alloys for use in
Arctic conditions should be taken into account when designing new alloys and thermal treatments of existing ones. Of the alloys
considered in the study, alloy 1915T has the best integral index. This alloy has significantly higher fatigue characteristics and
impact strength compared to the other alloys studied. The AD35T1 alloy has the worst integral index, which indirectly confirms
the advantages of natural aging of aluminum alloys. Alloy 1565ch has the best cost and weight characteristics. Further research
suggests expanding the indicators included in the proposed integral criterion by introducing weldability indicators.
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1. Beenenue

B Mupe ynensercs 60ipiioe BHUMaHUE YCKOPEHHIO Pa3BUTHS APKTUUYECKOTO mpocTpaHcTBa. [Ipo-
rpaMMbl IO OCBOCHHUIO PecypcoB APKTHUYECKOM 30HBI akTUBHO pa3pabarsiBatorcst B CHIA, Kanazne, Jlanuu,
WUcnannuu, Hopserun, ®unnsuaauu u senuu. B Poccuiickoit ®enepamun Ykasom Ipesunenta PD!
yTBepxkIeHa coOcTBeHHass CTparerus pa3BUTHs APKTUYECKOH 30HBI U 00eCTieueHHsl HAallMOHAIBHON Oe3omac-
HocTH Ha nepuon A0 2035 . OCHOBHBIM HAIpPaBIEHUEM CTPATETUH SIBISAETCS MpoBeAeHUE (QyHIaMEHTalb-
HBIX ¥ TPUKJIQJHBIX HAYYHBIX UCCIIEIOBAHUN B MHTEPECAX OCBOCHUS APKTHKH, CO3aHie (PyHKIIMOHATBHBIX
¥ KOHCTPYKIIHOHHBIX MarepuasioB, HEOOXOAMMBIX JJIsI OCYIIECTBICHUS XO3IHCTBEHHOM JEATEIbHOCTH B apK-
TUYECKUX YCIIOBUSX.

OpHuM U3 myTel peanu3aluy 3TOr0 HAIpaBJICHUS U3 BbllleyKazaHHOW CTpareruu sBiseTcsl UCIIOIb30-
BaHME AJIFOMUHHEBBIX CIIABOB, KOTOPBIE 00IAJar0T PSIOM M3BECTHBIX MPEUMYIIECTB Hepe IPYyTUMHU KOH-
CTPYKIMOHHBIMH U (DYHKIIMOHAJIBHBIMH MaTepraiamu. B [1] moka3piBaeTcs, 4TO 3TH CIIaBbl 00JIa1al0T BBI-
COKOI KOppO3MOHHOH cTOiKOCThIO. B [2] mOKa3aHa HU3Kasl CTENEHb BIMAHUSA TEMIEPATYpbl OKpYKaroLIeit
cpelbl Ha KOPPO3HOHHYIO CTOMKOCTh QJIFOMUHUEBBIX CIUIABOB M ITOKa3aHbI IEPCIEKTUBBI IPUMEHEHUS CIUIA-
BOB QJIIOMMHMS B PETMOHAX C MOBBIIIEHHON BIaXXHOCTHIO U B arpecCUBHBIX cpeaax. B [3] oTpaxeHo Biu-
SHHE TapaMeTpoB TepMOOOPaOOTKH Ha CBOMCTBA IIMPOKO MPUMEHSEMOI0 aJIOMUHUEBOrO cruiaBa 6082.
B [4] noka3zaHo, 9TO CIIaBbl AIFOMUHUSI UIMEIOT MaJIbIi yAENbHBINA BEC, IPH ATOM 00€CIIeYnBalOT yBEInIe-
HUE CPOKa CIIy>KOBI JMCTOBBIX KOHCTPYKLMH IO CPAaBHEHHUIO CO CTaJbHBIM IpPOKaToM. B skcnepumeHTalb-
HOM HCCIIEZIOBaHUU [5] BBISIBICHO, YTO MPHU MOHWKEHUU TEMIepaTypbl UCTILITAHUI MEXaHHMYECKUE CBOMCTBA
AIIOMUHHUEBBIX CIUIaB TIOBBIIIAIOTCA, YTO, B CBOIO OYEPEb, SBISETCS MOJIOKHUTEILHBIM (GaKTOPOM ISl TIPU-
MEHEHMS 3TUX CIUIABOB CEBEPHBIX yCIIOBUAX. KpoMe TOro, craabHble BEpPTUKAIbHBIE LMIMHAPUYECKUE pe-
3epByapsl (BLIP) ys3BuMbl 11 ucnapeHuil HepTu U HedTenpoaykToB. IIpu KOHTakTe MapoB CEPHHUCTOM
He(pTH U HEPTETIPOAYKTOB CO CIUIABAMHU JKejle3a 00pa3yeTcsi CEpHUCTOE XKeJle30, KOTOPOe Pa3belaeT CTEHKU
U JIHULIA pe3epByapa U yBEJINYHMBAET PUCK BOCIITIAMEHEHHS.

Wcnonp3oBaHne aqtOMUHHEBBIX CIUIABOB IMO3BOJISIET CHU3UTH TPAHCIOPTHBIE PACXOIbl, YMEHBIIHUTH
CTOMMOCTH IKCIUTyaTallMOHHBIX PAacXOJ0B BO BpeMs JKU3HEHHOTO IMKJIa OOBEKTa W €ro KaluTaldbHBIX pe-
MOHTOB. Kpome Toro, kKoppo3noHHasi CTOHKOCTh MO3BOJISIET CYIIECTBEHHO YBEIMYUBATH CPOK CITYKOBI 00b-
ekToB [4; 6]. B [6] mpoBeneHO cpaBHEHHE TEXHUKO-3KOHOMHUYECKUX TMOKa3aresieid pe3epByapoB M3 CTaIH U
aJIOMUHUEBOrO criaBa AMr-6M onuHakoBoM KOHCTPYKIMH. [IperuMyecTBO KOHCTPYKIUU U3 aTIOMUHU-
€BBIX CIIJIABOB MPOSIBIJIOCH B YMEHBIICHUH YAEIbHOW MeTaluioeMKoCcTH (Ha 32 % OT CMETHONH CTOMMOCTH
apMupoBaHus (DyHIaMEHTHOH IUIMTHI), CTOUMOCTH TPAHCIOPTHPOBKU (Ha 8 % mpu pacueTe TOHHBI Ha
KHJIOMETP), a TaAKXKE B YMEHBIICHUH KCIUTyaTallMOHHBIX PACXOJOB U COKPAIICHUH YMCIA KaUTAJIbHBIX

!'Vkas [Ipesunenta P® ot 26 okrsa6ps 2020 r. Ne 645 «O Crpareruu passutus ApKTUdecKoi 30Hb1 Poccuiickoit ®enepannn
1 obecrieueHus HAIIMOHAIBHOM Oe30macHoCTH Ha niepro 10 2035 roaay (C U3MEHEHHUSMH | JOTIOTHEHHUSIMH).
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pemoHTOB (Ha 5 % Ha mepBble 15 ner skcryaranuu). [lepBbie B SIMOHUM afOMHUHHEBBIE pe3epByaphl [UIs
XpaHEHUs CHKMKEHHOTO KUCIOpoAa, NocTpoeHHble B 1960 1., 10 cuX mop HaxoAsTcs B 3Kciuryatanuu. Pe-
3epByap emkocThio 80000 M° umeer BHYTpeHHHiT quameTp 50 M, TONIIMHA CTEHKHM B MAKCHMAJIbHOH 30HE
nocturaer 69 MMm. B kauecTBe KOHCTPYKIIMOHHOTO Marepuaja MCIOJIb30BaH alioMUHUEBBIN crutaB 5063-0.
Bes munmuanpuyeckas o6omouka U 80 % KpOBENbHBIX KOHCTPYKIMK BBIIOJTHEHBI aBTOMAaTHYECKON CBapKOH
(puc. 1).

B nepuon ¢ 2010 1. mo Hacrosiiee BpeMsi BO BCEM MHPE PAcTeT MHTEPEC K MPUMEHEHHUIO allfOMUHHE-
BBIX CIUJIABOB IMPH JTA00OPATOPHBIX, HU3KUX, CBEPXHU3KHUX U TOBBINIEHHBIX Temneparypax [7—17]. B [7] u3y-
4aJloCh BIMSHHE HU3KOW TeMIlepaTypbl Ha MEXaHMYECKHE CBOMCTBA U MUKPOCTPYKTYPY aTIOMHUHHEBOIO
crutaBa 6061-T6 (AA6061-T6), mogBepruyTOr0 AMHaAMUYECKOMY HarpykeHuto. B [8] uccrnenoBanuch cBoii-
CTBa aJIOMUHHEBOIO JIByTaBpa MPH HU3KHUX Temiieparypax. Pabora [9] mocssiieHa BIUSAHUIO TEMIIEPATyphbl
Ha KOppPO3HOHHBIE CBOIcTBa ciiaBoB. B [10] nokazana 3¢ ¢eKTHBHOCTh KPUOTEHHON 00pabOTKH alfOMUHHU-
eBbIX ciuaBoB. B [11-15] mpencraBnens! necnenoBaHus pasInyHbIX aCIEKTOB YCTAJIOCTH aJOMUHHEBBIX
CIUIaBOB (BEIMYHMHA Mpezesia BEIHOCIMBOCTH MPH PAa3IMYHBIX TEMIIEpaTypax U kod(dduimenTtax acummer-
pUU [HMKJIA, YTOoJ HAaKJIOHA BETBHM MHOTOIMKIIOBOH ycTanmoctu kKpuBoil Bemnepa). Kpome Toro, B [11-13]
CZeNIaHbl TIOMBITKH IPOTHO3UPOBAHUS CPOKA CITY>KOBI KOHCTPYKIIMH W3 aJIFOMUHUEBBIX CIIABOB, B TOM YHC-
Jie ¢ mpuBledeHreM HelpoHHbix cetel [13]. B [14; 15] usyueHo BAusiHUE YIPOUHSIONIUX JIA3E€PHBIX TEXHO-
JIOTUH Ha yCTAJIOCTHYIO JIOJITOBEYHOCTh aJIIOMUHUEBBIX CIUIABOB MTOCPEACTBOM BBEACHUS TBEP/BIX YaCTUL U
Ja3epHbIM yaapoMm, B [16] ynpouHeHus npeniaraeTcsi MPOBOAUTH JIETHPOBAHUEM PEAKO3EMEIbHBIMU dJIe-
MeHTamy, B [17] caenana nomneITKa IPOrHO3UPOBAaTh CBOMCTBA AIFOMHUHHUEBOIO IPOKATa MO JOpaMETPUH.

Puc. 1. BeprukanbHble HUINHIPUYECKUE PE3EPBYaphl U3 AIFOMHUHUEBOTO CILIABa,
noctpoenHbie B Snonuu B 1960 r. (doto crenano B 2025 r.)

W cTouHuk: https://en.wikipedia.org/wiki/Liquefied natural_gas terminal

Figure 1. Vertical cylindrical aluminum alloy tanks, built in Japan in 1960 (photo taken in 2025)
S our ce: https://en.wikipedia.org/wiki/Liquefied natural gas_terminal

HawnGonee 3¢ ekTuBHO MpUMEHEHHE allOMUHHEBBIX CIUIABOB JIJIsI CTPOUTEIBCTBA PE3EPBYapOB B YCIIO-
Busix Kpaitnero CeBepa u mpuOIMKEHHBIX K HeMy pernoHoB. OTHAKO AJIsi CTPOUTENbCTBA TAKUX pe3epBya-
POB HMCHOJIB3YIOT B OCHOBHOM CTaJIM’, YTO YBEIMYMBACT MATEPUAILHBIC 3aTPAThI IPH MOHTAXE U SKCILTya-
TallMy U MOBBIIIAET BEPOATHOCTh PA3PYIIECHUS U3-32 OXPYITUUBAHUS B YCIOBHSIX MOHWKEHHBIX TEMIIEPATYP.
Tak B deBpane 1970 r. B SAxyrcke Poccuiickoit @enepaiuu npu TemnepaType OKpy>Karolero Bo3ayxa Mu-
Hyc 57 °C nonHocThIo paspymmics craasHoit BIIP o6semom 700 m* [18]. Xpymkas TpeliuHa BO3HMKIIA
B HIDKHEM YTOPHOM y3ii€. AHAJIOTUYHBIE aBAPUU CO CTaJbHBIMU KOHCTpyKuusMu BLIP npousounum B 3uMm-
Hee BpeMms B T. Bockpecencke Uensbunckoii 061, Poccuiickoit ®eneparmu (pesepyap oosemom 5000 m°),
B I. Ilyuesx MBanoBcKoit 0611. Poccuiickoit denepanuu (pesepsyap oobemom 2000 m*) [19]. Ipu cocrasie-

2TOCT 31385-2023. Pe3epByaphl BEPTUKAJIbHBIE UIMHIPUIECKUE CTAIbHBIE 11 HePTH U HedTenpoaykToB. OOIIMe Tex-
Hudeckue ycioBusi. Mocksa : ®I'BY «PCTy, 2023. 122 c.
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HUU HacTosmero oo3zopa aBapuii BIIP He BBIABICHO HU OJHOTO CIIy4ast XPYIKOTO pa3pymieHUs] KOHCTPYK-
L1 U3 QJIFOMUHHEBBIX CILIABOB.

OpHako ciay4yaw yCTaJOCTHOIO pa3pyLICHHs aJIFOMHUHHUEBBIX JIMCTOBBIX KOHCTPYKIMM OTMedeHHI B [20;
21], B cBAI3M C ATUM BO3HUKAeT HEOOXOAMMOCTH MCCIIEI0BATh 3aKOHOMEPHOCTH 00pPa30BAHUS YCTAIOCTHBIX
TPELINH NPU OTPHUIATENIBHBIX TeMIeparypax sKciutyataunu. Ho pelicTByromue HOpMaTUBHBIE JJOKYMEHTBI
TIPOEKTUPOBAHHS METATNIECKUX KOHCTPYKIIHIA® TIpelycMaTpUBAIOT pacdeT JUCTOBBIX KOHCTPYKIIUA, B 4acT-
HOCTH CTaJIbHBIX PE3€pPBYapOB, TOJIBKO Ha BO3AECHCTBUE CTATHYECKUX HArPY30K.

B 2016 1. 6611 akTyaIM3MpOBaH CBO MPaBHII’, KACAIONMIUXCS ATIOMUHHEBBIX CTPOMTENbHBIX KOHCTPYK-
LU, B TOM 4YHCII€ pe3epByapoB Ul XpaHeHHs] He(pTH, HEPTENPOAYKTOB U CXKIKEHHOTO rasza, B KOTOPOM
TaKXe ykas3biBaeTcs, uTo [IpaBuia He pacnipocTpaHsAOTCs Ha IPOEKTHPOBAHUE AIFOMUHHEBBIX KOHCTPYKINIH
U COOPYXKECHUH, TO/IBEPralOIUXCsI MHOTOKPAaTHOMY BO3JICHCTBHIO HArpy3ok (T.€. HE YUUTHIBAETCS yCTaJIOCT-
Hasl IPOYHOCTB). B CBA3M ¢ TaKUM MOIXOJJ0M MaJlo UCCIIEA0BaHbl YCTAIOCTHbBIE XapaKTEPUCTUKU Psijia allo-
MUHHUEBBIX CIIaBoB 1iisi crpoutenbcTBa BLP B yenoBusax Kpaitnero Cesepa, 4To 3aTpynHseT BHIOOp CIuia-
BOB I Pe3epBYapoB, 00€CIIEYNBAIONINI ONTUMAIbHBIE YCIIOBHSI MOHTAXa U SKCIUTyaTallud KOHCTPYKIIUU.

IIpu cocraBnenun o630pa B HaykoMmeTpuueckux 6azax nanueix (PHUHLI, Scopus, Web Of Science)
He 00Hapy>K€HO HU OJHOTO HCTOYHHKA, B KOTOPOM ObI ObUTH COPMYIMPOBAHBI U CTATUCTUYECKH JTIOKa3aHbI
KOMIUIEKCHBIE TPeOOBaHUS K XapaKTepUCTUKaM aFOMHHMEBBIX CIIJIABOB JJIsI KOHCTPYKIHMH, SKCILTyaTupye-
MbIX B ycioBusix Kpaitnero Cesepa. B c¢Bs3u ¢ 3TuM Obliia cOpMYIHPOBaHA yelb HACMOAWe20 UCCLe006a-
HUsi — Pa3paboTKa MHTErpajbHOTO KPUTEPHs, YUUTHIBAIOUIETO KOMILJIEKC XapaKTEPUCTHK ATIOMHHHEBBIX
CIUIABOB, M HA €r0 OCHOBE AJITOPUTMAa ONTHMHU3ALUK BbIOOpa crutaBoB [uid BIIP npu orpunarenbHbIX TeM-
neparypax skcruryaraiui. OObeKTOM HCCIeJOBaHUs SBISIIOTCS aJIFOMUHHMEBBIE CIUIABBI JIJIs1 CTPOUTENHCTBA
pe3epByapoB.

2. MeToabl, 000py10BaHHE U MATEPHAJTbI

B pabore uccnenoBanuch 4eTeipe Hanboee MPUMEHSIEMBIX U PE3ePBYapOCTPOCHUS ATIOMUHUEBBIX
cmasa 1915T, 6082-T6, AI35T1, 15654. XumMu4eckuid COCTaB OMPEAEIISIICS ONTUKO-3MUCCUOHHBIM CITEK-
tpomeTrpoM ARL easySpark. DkcriepuMeHTabHBIE HCCICIOBAHMS CBOWCTB TPOBOIIIACH Ha 0Opasmax ¢
PEKOMEH I0BaHHON HOPMAaTHBHOM IOKyMeHTaIMell” i JaHHBIX CILIABOB 00pabOTKOiA:

AJ135. CrunaB cucremsl Al-Mg-Si — oxJakIeHHe ¢ TeMIeparypbl TOPSYEro Mpolecca H3roTOBICHUS U
MCKYCCTBEHHOE CTapeHHe Ha MaKCUMaJIbHY0 mpoyHocTh (T1);

1915. CnnaB cucremsl Al-Zn-Mg — 3akanka u ecrectBeHHoe crapenue (T);

6082. CruaB cuctembl Al-Mg-Si — 3akanka u uckycctBeHnoe crapenue (T6);

15654. CrutaB cucrembl Al-Mg — ympodHeHHE TOJNBKO B TIPOIECCE HAKJIeNa IMpH MPOKATKE JIMCTa
(crimaB TEpMOHEYTIPOUHSIEMBIH ).

B kauecTBe KpUTEpHEB OIIEHKU CIJIABOB BHIOPAHBI:

B CTaHJAapTHbIE MEXaHUUYECKHE XapaKTePUCTUKU: Mpelea MPOYHOCTH, Mpenesa TEeKy4deCTH, OTHOCH-
TEIbHOE CYXKEHHE, OTHOCUTEIBHOE YIJIMHEHNE, MOIYJIb YIIPYTOCTH;

3 Cwm.: TOCT 31385-2016. PesepByapsl BepTHKaIbHbIE IIMIMHAPUYECKUE CTATbHBIE JUId HepTH U HedTenpoaykToB. O6IINEe TEXHUIECKUE YCIOBUS.
Mocksa : Crangaptundopm, 2016. 96 c.; P11 16.01-60.30.00-KTH-026-1-04. HopMbl IPOEKTUPOBAHUS CTaIbHBIX BEPTUKAIBHBIX
pe3epByapoB i XpaHeHus Hedtu o6bemom 1000-50000 m>. Mocksa : OAO «AK «Tpaucuedts», 2004. 60 c.; CTO-CA-03-002-
2009. IIpaBuna MpOEKTUPOBAHMS, U3TOTOBICHHUS ¥ MOHTAXa BEPTUKAIBHBIX LIMIIMHIPHUUECKUX CTAJIbHBIX PE3epByapoB Ul HEDTH
u HedrenpoxykroB. Mocksa : Pocrexskcneprtusa, 2009. 216 c.; PJ] 16.01-60.30.00-KTH-026-1-04. Hopmbl TIpoeKTHpOBaHHS
CTANIbHBIX BEPTHKAILHBIX PE3EPBYapOB s XpaneHus Hedtu oobemoM 1000-50000 m>. Mocksa : OAO «AK «Tpaucuedtsy, 2004.
60 c.; CTO-CA-03-002-2009. IIpaBuna mpoeKTHPOBAHUS, U3TOTOBIICHUS M MOHTa)Ka BEPTUKATBHBIX [UIMHIPHUECKAX CTATHHBIX
pe3epByapoB ais HedhTH U HedrenponykroB. Mocksa : Poctexakcneprusa, 2009. 216 c.

4 CIT 128.13330.2016. AmoMunueBble KOHCTPYKIUK. AKTyanusupoBanHas pegakius CHull 2.03.06-85. Mocksa : AO «HUIL
«CtpoutenscrBoy [THUUCK um. B.A. Kyuepenko, uactutyt LHTHUUIICK um. MenbaukoBa, 3A0 «METAKOH LHEHTP», 2016.
80 c.

STOCT 21631-2019. JIucThl M3 aNIOMUHUS U ATIOMUHUEBBIX CIUIaBOB. TexHUYecKue ycaoBus. Mocksa : CtanaapTuadopm,
2020. 35 c.
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B XapaKTEePUCTHKHU TPEIIMHOCTOWKOCTHU: 3HaueHHe KO3(P(UIIMEeHTa NHTEHCUBHOCTU HANpPSHKEHUH IS
MaKCHMaJIBHOTO 3HA4YCHUsI Harpy3KH, BPEMEHHOE 3HAYCHHE BSI3KOCTH Pa3pyLICHHUs MPH IUIOCKOU Jedopma-
[IUU, KPUTHYECKUH J-MHTErpaj, pacKpbITHE B BEPIIMHE TPEIIUHBI IPU MAKCUMAIBHON HAarpy3Ke;

B yhapHas BI3KOCTb.

Bce ucneiranus npoBoauiuck npu temmeparypax +20 °C, —20 °C, 40 °C, =70 °C u —-104 °C.

Harpy:xenne o0pa3iioB Ipou3BOAMIOCH C UCIIOIb30BAHUEM YHUBEPCAIHHOTO CHIIOBOTO HUCIIBITATEINb-
HOTO OoOopymoBanus: Instron 8802, Instron 3382, LabTest 6.500H.5.0, SATEC tun 1000HDX, Instron
MPX-450 nns onpenencHus ynapHoi Bs3kocTH. [lepemereHust onpenessuiich ¢ MOMOIIbI0 peodpa3oBa-
Tens nepemerenuid cepun 2600, Tun 2630-106. OxnaxkaeHue o0pa3IoB 0 TpeOdyemMoil TeMIieparypsl Ipo-
BOJMIIOCH B TepMokaMepax Instron 3119-407 u LaborTech TK3-80. M3mepenue nedgopmariuii BHITOIHAIOCH
TeH3opesucropamu ¢ 6azoit 1,0-3,0 mMm. Ha Bcex ypoBHSIX Harpy3ku mpu IPOBEICHUN YKCTIEPUMEHTOB KaX-
JIOM TpyMIIbl HCTIBITHIBATIOCH 8§ 00pa3lloB BCEX MapOK CILIABOB.

g cratuctuyeckoir 00paboTKU pe3ysIbTaToOB UCTIHITAHUI MPUMEHSUTUCH CTaHAApTHBIE aITOPUTMBI Ma-
TEMaTUIECKON CTATMCTHKHU: pacdeT BHIOOPOYHBIX XapaKTEPHCTHK®, MpOBEpKa BHIOOPOK Ha HOPMAJbHOCTH
pacrnpesiesieHus’ ¥ MCKIIFOUEHHE IPpyObIX MOTPENIHOCTEH H3MEPEHHIl.

B xone uccnenoBanust ObII0 MPOBENIEHO TPU SKCIEPTHBIX OMPOCa, B KOTOPBIX ydacTBoBasio 10 skcrep-
TOB CO CTakeM He MeHee 15 ner (4 umxkeHnepa-skciuryaranuoniuka BIIP, 4 ydensix-merannoBena, 2 arre-
croBanHbIX POCTEXHA/I30Pom skcrniepTa 1o mpoMBIIUIEHHON 0€301acHOCTH).

ITpu 06paboTKke OMPOCOB 3KCIEPTOB pacCUUTHIBANICA KO3 duumeHT konkopaauu W Kennena [22]:

128
=) .

TJ€ m — KOJIMYECTBO 3KCIEPTOB, IPUHABIIUX YYaCTHE B OIIPOCE; 1 — KOJIMYECTBO apaMeTPOB, OLICHUBAE-
MBIX 3KCIIepTaMu; S — CyMMa KBaJIpaToB OTKJIOHEHHI CyMM paHTOB KaXA0ro (pakropa OT cpenHeil CyMMBbI
paHroB.

S= ZL[ZZJ% —0,5m(n+ 1)}

3HaunMMOCTh Ko3((UIMEHTa KOHKOPAALMU OLEHuBanach no kputeputo x> Iupcona [23]. Hopmupo-
BaHHOE KOJMPOBAHHE HATypPaJIbHBIX (PAKTOPOB OCYIIECTBIIIOCH 10 U3BECTHOMY aITrOpUTMY, Harpumep [24].

B nponecce 00pabOTKM SKCIIEPUMEHTAIBHBIX IAHHBIX (DOPMHUPOBAIUCH KPUTEPUM ONTHUMHU3ALUH.
HopmupoBaHHOe KOOMPOBaHHE MPUMEHSIOCH B CBSI3U C TEM, YTO HATypalbHbIE XaPAKTEPUCTUKU UMEIOT
pa3sHyIO pa3MEpHOCTb.

[IpoBeneHHble UCCIENOBaHMS UMEIOT OTPAHUYEHUS: U3Y4aJICsl TOJIBKO JINCTOBOW Marepuan KOHCTPYyK-
uit BIIP, He paccMaTpuBanuch CBapHbIE COSTMHEHUSI U pab0Ta KOHIIEHTPATOPOB HANpPSHKEHUH B YCIOBUAX
LHUKIMYECKH M3MEHSIOIUXCS HANpPsKEHWH, TEMIEpaTypHbIl MHTEpBaJl OrPaHUYUBAJICS 3HAYCHHUSIMH OT
+20 no —-104 °C.

2

3. Pe3yasTarsl U 00CyxKAeHNE

Bce xapaxrepuctuku, Bnustomuye Ha 3(pGEKTUBHOCTh NMPHUMEHEHHS aJIOMUHUEBBIX CIIJIaBOB B apKTH-
YEeCKUX YCJIOBHUSX, Pa3/ieIeHbl Ha IIECTh IPYIMI: CTOMMOCTHO-BECOBBIE (OMPEENIAIOT SKOHOMUUECKYIO (-
(bexTuBHOCTH Ha cTaauu u3rorosinenus: BIIP), crangapTHeie MeXxaHWYEeCKHE XapaKTEPUCTUKH, yapHas Bs3-
KOCTb, XapaKTEPUCTUKU TPELUIMHOCTOMKOCTH, YCTAIIOCTHBIE XaPAKTEPUCTHKH, KOPPO3HOHHAsS! CTOMKOCTb.

®TOCT P 8.736-2011. F'ocynapcTBeHHas CUCTEMA OOECTIEUEHHs €IMHCTBA U3MEPEHHUIT. I3MePEHHUS IPSMbIE MHOTOKPATHBIE.
Mertonbl 00pabOTKH pe3ybTaToB n3MepeHuit. OcHoBHbIE Mojoxenus. Mocka : Ctangaptundopm, 2019. 26 c.

"TOCT P MICO 5479-2002. ITpoBepKa OTKIOHEHHS. PACTIPEIEIEHHS BEPOATHOCTE OT HOPMAIILHOTO pacipeenenus. MOCKBa :
loccrarmapt Poccun, 2002. 27 c.
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B pabote npuHSTH crieayrontie 0003HAYCHNUS:
B Yiwec — kyjec — NOKanbHBIE OOOOLICHHBIE KPUTEPHH MO KAXKIOW U3 6 IPYII XapakTEPUCTUK

(g=1 cTOMMOCTHO-BECOBBIE XapPAKTEPUCTUKH, g =2 — CTAaHJApTHbIE MEXaHHYECKHUE XapaKTEePUCTHKH,
g =3 — ynapHasi BA3KOCTb, g = 4 — XapaKTepUCTUKU TPEIUHOCTOMKOCTH, g€ = 5 — XapaKTEPUCTUKH COIIPO-
TUBJIEHUS YCTAIOCTH; g = 6 — KOPPO3HOHHAs CTOMKOCTB) NMPH KaXK10M Temneparype ucneitanui ¢ °C;

Kyjjroc --Kgjjeoc — HOPMHUPOBAHHOE KOIMPOBAHHOE 3HAYECHUE XAPAKTEPUCTHKHU i BHYTPHU TPYTIIBI st

cmaBaj (j=1—-AJI35T1,j =2 —1915T, j =3 — 6082-T6, j = 4 — 1565 1) npu Kaxx10i TeMreparype UCIbl-
Tauuii t °C;

® @, }i ¥ yi — BHYTPUIPYINIIOBBIE BECOBBIE KOA(D(UIMEHTHI A1 CTAaHAAPTHBIX MEXaHUUYECKUX Xapak-
TEPUCTUK, TPEITUHOCTOMKOCTH U KOPPO3UOHHON CTOMKOCTH COOTBETCTBEHHO;

® 5, — BECOBbIE KOO((HUIMENHTHI TPYIIN XapAKTEPUCTHK, BXOMAIIMX B MHTETPATbHbIA KPUTEPUH Yioc.
Bce BecoBble XapaKTepUCTHK OIPEIEICHBI ¢ IOMOLIbIO CTATUCTHUECKON 00pabOTKH HKCIIEPTHBIX OIPOCOB.

3.1. Cmoumocmmno-gecogvle xapaKmepucmuxu

VrenbHbIN BeC CIUIaBOB PACCUUTHIBAJICA MCXOMAS U3 MAaCCOBBIX IPOLEHTOB, BXOAAIIMX B CIUIAB DJIEMEH-
TOB U UX YJIEJbHOTO BeCa, KOTOPBIH ONpeeNsics M0 CIPaBOYHBIM JaHHBIM®. XHUMUUYECKHUI COCTAB HCCIEN0-
BaHHBIX CIUIABOB, onpezeneHHbIl cektpomerpoM ARL easySpark, mpusenen B Tabm. 1.

C y4eToM yienbHOTO Beca sl KaXA0ro CIijlaBa onpeaensics Bec cranaapTHoro jgucta 10x1200x3000,
JAHHBIE 110 CTOMMOCTH JIICTOBOTO MaTepHasia MOIy4eHbl U3 MPaiCc-IIMCTOB METAJUI000pabaThIBAOIINX KOM-
MaHuN U CeTH UHTEPHET (Tao. 2).

Tabruya 1. XuMuueckuii coctas cmiiaBoB, % / Table 1. Chemical composition of alloys, %

Mapka cniiaBa / Alloy grade Fe Si Mn Cr Ti Al Cu Mg Zn Zr
AJI35T1/ AD35T1 0,50 1,00 0,70 0,25 0,10 96,25 0,10 0,90 0,20
1915T 0,40 0,35 0,45 0,13 0,04 92,49 0,10 1,40 4,50 0,14
6082-T6 0,30 1,00 0,70 0,25 0,10 96,45 0,10 0,90 0,20
15654/ 1565ch 0,30 0,20 0,80 0,35 0,03 91,55 0,10 5,65 0,83 0,20

W ctounuxk: Bemonaeno O.A. KopreBsiM / S o ur ¢ e: made by O.A. Kornev.

Tabruya 2. CTOMMOCTHO-BeCOBbIe XapakTepucTuku ciiiaBoB / Table 2. Cost and weight characteristics of alloys

YaenbHblit CTO(I?II::)OCI;J; };p:[iTa Hopmuposarble
M BecC CIIaBa, Bec Crommocrs K Becy 10x1200%x3000, Glcozmponamn,le SHATCHI
apka 3 JICTA, THIC. P. / BbIOOPKHU OTHOLIEHUS CTOUMOCTH
i/ r/em’ / JINCTA, KT / pyo/xr/ IMCTA K ero Becy K1/
cniiasaj . . The cost . Y Kaj
Alloy grade j Specific gravity Sheet of the sheet The ratio of the cost Normalized coded sample
ye J of the alloy, | weight, kg th H of the sheet to the weight f i of p
Jem? ousand rubles 10x1200x3000 values of the r.atlo of the cost
g RUB / kg ’ of a sheet to its weight k;
AJI35T1/
AD35T1 277,48 100 69,25 69250 0,20
1915T 301,10 108 74,79 74790 1
6082-T6 280,74 101 63,67 63660 —0,61
15654 /
1565¢ch 265,38 96 60,95 60951 -1

M cTo4Huk: BemonHeHo O.A. KopaeBbiM / S 0 ur ¢ e: made by O.A. Kornev.

8 Tabnuua yaensHoro Beca metamios. URL: https:/pkf-uralmet.ru/uploadedFiles/files/Tablitsa_udelnogo_vesa metallov.pdf
(nata oopamienus: 20.08.2025).
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JlokanbHBIN OGO6H.[CHHBII>1 KpI/ITCpI/Iﬁ Yl M0 CTOMMOCTHO-BCCOBBIM XapPAaKTCPHUCTUKAM HE 3aBHUCHUT OT

TEMIICPATYPLI HUCIIBITAHUN U paBCH kl j JJIA KaXJI0TO CILJIaBa. MuHuMaIbHBIMM CTOUMOCTHO-BECOBBIMU Xa-

paKkTepucTUKaMH (ONTHMAaJIbHBIMH M0 JAHHOW TPYIIIE XapaKTepHCTUK) obnagaet crias 15654.

3.2. Cmanoapmuuvle MexanuuecKue XapaKmepucmuku

CTaHI[apTHBIC MCXaHNYCCKUC XAPAKTCPHUCTUKHU OIPCACIIATINUCH SKCIICPUMCHTAJIBHO IIPU na60paTopH0171

temneparype +20 °C u oTpunarensHsx Temneparypax (ot —20 g0 —104 °C) cormacuo TOCT 1497°. Jlan-
HBIC CBeNIeHBI B Ta0J. 3. B xauecTBe nmpuMepa npuBeneHsl 1uarpaMMel aedopmupoBanns cruiaBoB AJI35T1
n 1915T npu Temneparype +20 °C (puc. 2).

Tabnuya 3. MexaHnYecKkHe XapaKTePUCTUKH CILJIABOB NPH Pa3IMYHBIX TeMIepaTypax HCIbITAHUA
Table 3. Mechanical characteristics of alloys at various test temperatures

HopMupoBaHHbIe KOAMPOBAHHbIE
HarypaJjbHble 3HaueHus / 3HAYEHMSs k2ijt°C/
Natural values Normalized coded values kysipoc
t.oC MexaHuuyeckasi XapaKTePUCTUKA [ / 4
? Mechanical characteristics Mapka cniaBa / Alloy grade j
ANI35TL1/ 15654/ | A35T1/ 15654/
AD35T1 1915T | 608216 1565ch | AD35T1 1915T | 6082-T6 1565¢ch
IIpenen npounoctu, MIla / B ~
Ultimate strength, MPa 302 360 330 390 1 0,32 0,36 1
IIpenen Texyuectn, MIla /
Yield strength, MPa 293 255 315 285 0,27 -1 1 0
[
10 OTHO.CI/ITCJ'ILHOG.Cy)KeHI/Ie, % / 36 28 23 15 | 0.24 024 1
Relative narrowing, %
0,
OTHO.CI/ITCJ'ILHOE).y,E[III/IHCHI/IC, % / 122 10,9 13 12 024 1 1 0.05
Relative elongation, %
Monyns ynpyroctu, MIla / a B
Modulus of elasticity, MPa 72000 71000 | 72000 71000 1 1 1 1
IIpenen npounoctu, MIla /
Ultimate strength, MPa 345 365 330 390 -0,5 0,17 -1 1
Ipenen Texyuyectu, MIla /
Yield strength, MPa 320 265 332 285 0,64 -1 1 -0,4
o,
g | QrHocHTenBIOE CYRCHIE, %5 / 38 276 | 23 16 1 0,05 | -0,36 -1
Relative narrowing, %
0,
OTHOCHTEIIbHOE Y Herie, %% / 13 11,2 14 12,5 0,29 -1 1 0,07
Relative elongation, %
Mopnys ynpyroctu, MIla / _
Modulus of elasticity, MPa 74000 73000 | 74000 | 71000 1 0,33 1 1
IIpenen npounoctu, MIla /
Ultimate strength, MPa 350 370 345 400 -0,82 -0,09 -1 1
[Mpenen texyuectu, MIla /
Yield strength, MPa 325 270 335 290 0,69 -1 1 0,38
0,
4o | Qmuocutexiioe cyxeime, % / 37,5 27,5 2 17,5 1 0 0,55 -1
Relative narrowing, %
0,
OTHOF:HTGHLHOE.y,HHHHeHHe, % / 13.1 13 148 13 0,89 1 | 0
Relative elongation, %
Mopnyns ynpyroctu, MITa / _
Modulus of elasticity, MPa 74200 73500 | 74500 | 71500 0,8 0,33 1 1
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®TOCT 1497-2023. Metamisl. MeTobl MCIIbITaHUI Ha pacTskenne. Mocksa : DI'BY «PCTy, 2024. 62 c.
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Okonuanue mabn. 3 / Ending of the Table 3

HopMupoBaHnHble KOAMPOBAHHBIE
Harypaabnble 3Hauenus / 3HAUeHHs Ky o0/
Natural values - e
. Normalized coded values &,;oc
t.oC Mexannyeckasi XapaKTepHCTHKA [ /
’ Mechanical characteristics 7 Mapxa cniaBa / Alloy grade j
AJI35T1/ 15654/ | AO35TL1/ 15654/
AD35T1 1915T | 608276 1565ch | AD35T1 I915T | 6082-T6 1565ch
Ipenen npounocru, MIla /
Ultimate strength, MPa 360 395 350 405 0,64 0,64 -1 1
Ipenen texyuectn, MIla /
Yield strength, MPa 337 275 350 290 0,65 -1 1 0,6
0,
70 | Quocnrenshoe cyxeue, % / 36 265 | 21,5 19 1 0,12 | -071 -1
Relative narrowing, %
V)
OTHO.CI/ITE:J'II)HOG.y}lJ'II/IHeHI/IC, % / 14 13.5 15.5 14,5 05 0 1 0
Relative elongation, %
Monyns ynpyroctu, MIla / . B
Modulus of elasticity, MPa 76500 75000 | 77000 | 74000 0,67 0,33 1 1
IIpenen npounoctu, MIla /
Ultimate strength, MPa 390 415 375 420 0,33 0,78 -1 1
[penen texyvectu, MIla / B ~
Yield strength, MPa 356 280 360 295 0,9 1 1 0,63
0,
—104 | QuuocHTERBIOC CYRCIME, %5 / 37,2 26 | 21 20 1 03 | 088 -1
Relative narrowing, %
V)
OTHO.CI/ITE:J'II)HOG.y}lJ'II/IHeHI/IC, % / 14,6 13.5 16 16,5 027 1 0.67 1
Relative elongation, %
Mogyns ynpyroctu, MIla / B ) B
Modulus of elasticity, MPa 81000 77000 | 78500 | 77000 1 1 0,25 1
W cTo4Huk: Bemonnero O.A. KopaeBeiM / S o ur ¢ e: made by O.A. Kornev.
400 ] 120 350 | 120
| |
§ 1 100 SO T T 1 100
5300 o =""1"""1T""17"""T"""11""1 Z Ezso ————————————————————————— | Z
& 18 % B 180 3
[ = (P9 2 IR NP R VR P R — -
S200 H------1---}F------4---t---|f--] 60 F 5 160 =
g g 150 fm===-po-mmmfo s s s s m e g
§ 140 & g 1 40 EL
£100 fr-=---=q-==F=-=—|---q--=t-=-]---1 = é”’o """""""""""""""" T
T 1 20 SRRV SRR SRR URRRNEDRVN FNRRPRRI MU 1 20
0 bl Lo e I 0 0
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10
JHedopmanms, % / Strain, % Nedopmanus, % / Stress, %
Harpyska, kH / Load, kN Hanps:kenue, MITa / Stress, MPa Harpyska, kH / Load. kN Hanpsenne, MITa / Stress, MPa
a 6

Puc. 2. [luarpamma «Hanpsokenue/Harpyska-nedopmarius» npu temneparype +20 °C:
a — nnst crutaa 1915T; 6 — AI35T1

W c 1o uHuk: BeimonHeHo O.A. KopHeBbiM.

Figure 2. “Stress/Load-strain” diagram at a temperature of +20 °C:
a — for alloy 1915T; 6 — AD35T1
S ource: made by O.A. Kornev.

C menpio ompesesneHus] BECOBBIX KOA(P(UIIMEHTOB 3HAYUMOCTH KaXJIOW M3 CTaHIAPTHBIX MEXaHHWYe-
CKHX XapaKTEepPUCTHUK aJIOMUHHUEBBIX cIIaBoB /g BIP B apkTuueckux ycioBusxX ObLI MPOBENEH SKCIEPT-
Helil onpoc. Koadduuuent konkopaauuu onpoca W cocrasui 0,67 no (1), ypoBeHb 3HAYMMOCTHU (BEpPOAT-

HOCTH OUIMOKH MEPBOTO poza), onpeenenHsiii o upcony, cocrasun 0,01. Becosbie koodduumentsr (0 ),

IMMOJIYYCHHBIC B PC3YJIbTATC CTaTUCTUYECKOMU 06pa6OTKI/I OHpOCHOI\/’I Ta6J'II/ILIBI, COCTAaBWJIN JIA XapaKTCpHU-
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CTHK 3TOM IpymNIbl: Ipezien MpoyHocTH o, =0,27; mpenen TekydecTu O, =0,33; OTHOCUTENIbHOE CyKeHUe
o, =0,20; oTHOCUTENBHOE YUIMHEHHE 0, = 0,13; MOIynb yripyroctu o5 =0,07 , T.e. Hanbosee 3HaUUMOIl Xa-

PAKTEPUCTUKOM 3TOH rpynmsl (pakTopoB, 10 MHEHUIO ONPAIIUBAEMON TPYMIIbI AKCIEPTOB, MPUHST Mpeneln
TEKy4YeCTH MaTepualla, HauMeHee 3HAYMMON — MOIynb ynpyroctd. C y4eToM BECOBBIX KOA(QPHUINEHTOB
OBLIM PacCYMTaHbl 3HAUEHHUS JIOKAJIBHOTO 0000IEHHOTO KPUTEPHUS V)0 IS XapAKTEPUCTHK ITOU IPYIIIIBL:

5
Yypoo = zkzijt"caiﬂ (2)

i=l
r11e kyjpoc — HOPMUPOBAHHOE KOMMPOBAHHOE 3HAYCHHE XapAaKTEPUCTUKH (i) 17ist CTIIaBa (j) MpH Temrepary-

pe ucnbitanui (¢ °C) u3 tadin. 3 (tabdm. 4).

Tabruya 4. JlokaabHbIH 00001IeHHbII KPUTEPUA )/Zloc JJIS1 CTAHAAPTHBIX MeXaHUYEeCKUX XapaKTepUCTHK Mo (2)

Table 4. Local generalized criterion Y,,. for standard mechanical characteristics according to (2)

t,°C AZI35T1/ AD35T1 1915T 6082-T6 15654 / 1565ch
+20 0,12 -0,4 0,38 0,01

-20 0,38 0,38 0,19 0,14
—40 0,15 0,46 0,15 0,26

=70 0,22 -0,33 0,12 0,2

-104 0,44 0,38 0,05 0,08

W ctouuuk: Bemonnero O.A. KopresbiM / S o ur ¢ e: made by O.A. Kornev.

MaxkcuManbHBIMH XapaKTEPUCTHUKAMU (ONTUMANIbHBIMU 110 JAHHOM TPyIe XapaKTePUCTHK) PU TeMIIe-
parype +20 °C obmamaer cruaB 6082-T6, mpu temmneparypax —20 °C, —70 °C, —104 °C — cmias AJI35T1,
npu temneparype —20 °C — cnnaBbl 6082-T6 nu AJI35T1 moka3slBaloT paBHOE MEXy co00il, HO Cylie-
CTBEHHO OOJIbIIEE, YEM OCTAJIbHBIE U3yUYaeMble CILIaBbl, 3HaY€HHE 000OLIEHHOTO JIOKAIBHOTO KPUTEPHS Y),o(- .

3.3. Yoapuas eazxocmo

VcnbiTanus Mo ONpeieeHNIo yIapHoil BA3KoCTH craBoB nposouauchk o TOCT 94540, Dxcnepu-
MEHTaJIbHbIC JaHHbIC IPUBEICHBI B Ta0M. 5 1 Ha puc. 3.

Tabnuya 5. YaapHas Bs3kocTb KCV 1ipu pa3jIMuHbIX TeMIepaTypax UCHbITAHUI
Table 5. Impact toughness KCV at various test temperatures

HarypauabHble 3uayenust, JLax/cm? / HopmupoBaHHBIe KOAMPOBAaHHbIEC 3HAYECHUS k3i/‘t°C/
Natural values, J/cm? Normalized coded values k3g,‘z°c
5 °C Mapka cniiasa / Alloy grade j
AJI35T1/ AD35T1 | 1915T | 6082T6 | 15654/ 1565ch | AJI35T1/ AD35T1 | 1915T | 6082-T6 | 15654/ 1565ch

+20 8,1 38,1 11,8 25,1 -1 1 0,75 0,13
-20 9,2 423 12,2 21,9 -1 1 0,82 0,23
—40 9,4 42,1 11,9 21,1 -1 1 0,85 0,28
=70 9,6 41,1 11,1 20,8 -1 1 -0,9 0,29
-104 9.8 41,8 12,3 20,1 -1 1 -0,84 -0,36

W ctouuuk: Bemonnero O.A. KopressiM / S o ur ¢ e: made by O.A. Kornev.

YTOCT 9454-78. MeTabl. MeTOA UCTIBITAHUS HA YAAPHBIA U3THO NPU NOHWKEHHBIX, KOMHATHOM M TIOBBIIIEHHBIX TEMIIE-
parypax.
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Bce n3moMbl XpyIko-BsS3KHE ¢ TPeodIafaHueM BI3KOH

'S
O

COCTaBJISIOIICH. M37I0MBI COCTOSIT U3 IUIOCKOW IEHTpaib- 54 e ~

HOM 4YacTH, TyO cpe3a M 00lacTH cXaTus B MecTe yaapa 53

MagTHHKa Kompa. C MOHMKEHUEM TeMIlepaTypbl HCIIBITa- iig — :?;}355;1
HUN y cmuiaBa 156549 1mepoxoBarocTh MEHTPaATbLHON YacTH E"[ s N
YBEJIMYUBAETCS, YMEHbIIAOTCA TyObl cpesa, 3Ta (paxTo- 5"2 ¢ —T s —e1565u

rpaduyeckass 0COOEHHOCTh MOXKET CBHJIETEIHLCTBOBATH 00 a

-110 %0 -70  -50 -30 -10 10 30
Temnepartypa ucnbitanuii, °C / Test temperature, °C

YBEJIMYEHUH JIOJIM XPYNKOH COCTABIISIIOIIEH B M3JI0ME, YTO
U TOATBEPXKJEHO YMEHBIICHHEM YIApHOU BSI3KOCTH IpU
MOHWKEHUM TEMIIEPaTypbl UCIBITAHUN. MI3MeHeHnl B Xa-
pakTepe U3JI0MOB OCTaJbHBIX CIIABOB HE mpou3ouuio. Ha
puc. 4 moka3aH Xapakrep U3J10MOB 00pa3ioB ciasa 1915T Figure 3. Experimental KCV values of alloys
pu temneparype ucnsitanuid +20 u —104 °C. at different test temperatures

[To ymapHOI#i BI3KOCTH JIOKaJIBbHBIN 0000IIEHHBIN KpH- S ource: made by V.A. Ermakov.

Puc. 3. Okcniepumenransuble 3HaueHus KCV criinaBoB
IIPH PA3IUYHBIX TEMIIEPATYpaxX UCIbITAHUN
M cTo4HuK: BemonHeHo B.A. EpmMakoBbIM.

Tepuit Y;paBen  kyjoc. MakcuManbHas BENUYUHA Kyjpoc

ijt
(onTHMYM JUISL JAaHHOW TPYMIIBI XapaKTEPUCTHK) COOTBET-
ctByeT cruiaBy 1915T npu Bcex Temneparypax UCIIBITaHUH.

3.4. Xapaxkmepucmuku mpeuwiuHocmoukocmu

XapaKTepUCTUKU TPEUIMHOCTOMKOCTH OMNPENENSUINCh
B cooTBeTcTBHH ¢ Tpedosanuamu I'OCT 25.506'": ycnos-
HBbII KO3(DPUITMEHT MHTCHCUBHOCTH HampsbkeHmin Kc* —
3TO 3Ha4YeHHEe Ko3(duiMeHTa WHTEHCUBHOCTH HAarpsKe-

HUH JUII MAKCUMAJIbHOTO 3HAYCHUS HArPY3KH M UCXOIHOM Puc. 4. Hanom obpasna crnaga 1915T:

a — 1pu Temieparype ucneltanuit +20 °C;
JUIUHBI TpeluHbl /, KQ — BpeMEHHOE 3HauCHUE BA3KOCTU 6 — U TeMmIepaType ucnbITanuii 104 °C
paspyui€Husa mnpu IUIOCKOH I[e(i)OpMaHI/II/I, Jo — KPUTHUYC- W cto4Huk: BeinonHeHo O.A. KopHeBbiM
CKH J-UHTETpall, Oc — PACKPHITHE B BEPIIUHE TPEIIUHBI Figure 4. Fracture of the 1915T alloy sample:
P MAKCUMAJIbHOM HarpysKe. a — at a test temperature of +20 °C;

0 — at a test temperature of —104 °C

C uenpio ompenesneHus: BECOBBIX Ko3(pHIMEeHTOB Source: made by O.A. Kornev.

3HAYMMOCTU KaXXJOM M3 XapaKTepUCTUK TPEUIMHOCTOMKO-

CTH aJIIOMHUHHEBBIX crutaBoB st BIIP B apkTudeckux ycinoBUsX ObUT MPOBEIEH dKCIepTHBINA onpoc. Koad-
¢unmenT koHkopnamuu ompoca W cocraBun 0,58, ypoBeHb 3HAUNMOCTH (BEPOSTHOCTH OUIMOKU IIEPBOTO
pona), onpenenennbiii o [Tupcony, cocrasmi 0,02. BecoBsie koadduiteHTs! f;, MOTyYeHHBIE B pe3yIibTa-

T€ CTAaTHCTUYECCKON 00paboTKM: KOA((UITMEHT MHTEHCUBHOCTH HANPSHKCHUH I MaKCUMaJIbHOTO 3HAUCHUS
Harpy3kMd U MCXOJHOM JUIMHBI TpeuuHbl 3, =0,4; BpeMEHHOE 3HAau€HHE BA3KOCTU Pa3pyLICHUs NpH IUIOC-

koit medopmarmu B, =0,3; kpurnueckuit J-unterpan B, =0,1; packpbITHe B BepUIMHE TPEIIUHBI IPU MaK-
cuMmainbHOl Harpyske B, =0,2.

C ydeToMm BecOBBIX KOA((GUIMEHTOB ObUIM pacCYMTaHbl 3HAUEHHsI JIOKAJIbHOTO O00OOIEHHOTO KpUTe-
pust Yy A XapaKTEPUCTHUK PACCMATPUBAEMON TPYIIIIBL:

3
Yyoo = kac B — B4k44jz°C’ (3)

i=l
Tae k4l.jtoc— HOPMHPOBAaHHOE KOJIMPOBAHHOE 3HAYCHHE XapaKTePUCTUKU (I) IJisl cryiaBa (j) mpu TeMIepary-

pe ucnbitanuii (¢, °C) u3 Tabn. 5. JlanHble cBeJeHbI B Ta0IMI. 6, 7.

"' TOCT 25.506-85. Pac4eThl ¥ MCIIBITAHMS HA IPOYHOCTH. METO/IbI MEXAHMUECKUX MCIBITAHUN MeTamioB. Onpenenenue
XapaKTEePUCTHK TPEIIHHOCTONKOCTH (BSA3KOCTH pa3pyIICHNs) IPU CTATHIECKOM HaT Py KEHHN.
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Tabnuya 6. XapaKTepHCTHKH TPEIHHOCTOIKOCTH

Table 6. Crack resistance characteristics

HopmupoBaHHbIe KOTHPOBAHHBIE
HarypaabHble 3HaYeHHs / 3HAYEHMS k4moc/
] XapaKTepthTl/lKa y Natural values Normalized coded values k4ijt°C
e PEIMHOCTOHKOCTH i
Crack resistance Mapxka cniiasa / Alloy grade j
characteristics i
e R e e R e
Kc*, MIla-m'? / MPa-m'? 42,0 43,0 44,1 52,0 -1 -0,8 -0,58 1
20 Ko, MIla-M"? / MPa-m!” 29,5 34,0 32,0 37,0 -1 0,2 -0,33 1
Je, MITx/M? / MJ/m? 0,044 0,075 | 0,041 0,096 -0,89 0,24 -1 1
O¢, MM / mm 0,138 0,279 | 0,136 0,289 -0,97 0,87 -1 1
Kc*, MIla-m'? / MPa-m!? 40,5 41,0 43,9 48,0 -1 -0,87 | —0,09 1
0 Ko, MIla-M"? / MPa-m'? 31,0 35,0 31,3 38,5 -1 0,07 -0,92 1
Je, MITx/M? / MJ/m? 0,048 0,079 | 0,044 0,083 -0,79 0,79 -1 1
Oc, MM / mm 0,137 0,285 0,13 0,25 -0,91 1 -1 0,55
Kc*, MIla-m'? / MPa-m'? 45,0 43,0 46,9 48,0 -0,2 -1 0,56 1
10 Ko, MIla-M"? / MPa-m'” 30 35 29,6 37,5 -0,9 0,37 -1 1
Je, MITx/M? / MJ/m? 0,046 0,083 | 0,043 0,08 -0,2 0,24 0,24 0,2
Oc, MM / mm 0,146 0,291 0,14 0,24 —-0,92 1 -1 0,32
Kc*, MIla-m'? / MPa-m'? 43 43 44.4 51 -1 -1 -0,65 1
Ko, MIla-M"? / MPa-m'” 30,5 33,5 30,9 29,0 -0,33 1 -0,16 -1
70 Je, MITx/M? / MJ/m? 0,051 0,074 | 0,045 0,067 -0,59 1 -1 0,52
d¢, MM / mm 0,136 0,261 0,13 0,204 -0,23 0,25 -0,25 0,03
Kc*, MIla-m'? / MPa-m'? 42,0 44,0 43,5 51,0 -1 -0,56 | —0,67 1
o4 Ko, MIla-M"? / MPa-m'” 29,0 33,5 30,7 34,0 -1 0,8 -0,32 1
Je, MITx/M? / MJ/m? 0,053 0,061 | 0,047 0,049 0,14 1 -1 -0,71
O¢, MM / mm 0,135 0,215 0,14 0,161 -1 1 -0,88 -0,35

W cTouHuk: Bemonnero O.A. KopaeBsiM / S o ur ¢ e: made by O.A. Kornev.

Tabruya 7. JlokaabHbI 00001IEHHbII KPUTEPHUId Y4toc JUTS1 XapaKTepPUCTHK TpemuHocToiikocTu mo (3)

Table 7. Local generalized criterion Y. for crack resistance characteristics according to (3)

t, °C AJI35T1/ AD35T1 1915T 6082-T6 15654 / 1565ch
+20 —0,595 —0,41 —0,231 0,60
-20 —0,597 —0,448 -0,212 0,69
—40 —0,186 —0,465 0,1 0,656
=70 -0,512 0,05 —0,358 0,146
—-104 -0,514 0,084 —0,288 0,699

W ctouuuk: Bemonnero O.A. KopresbiM / S o ur ¢ e: made by O.A. Kornev.

OueBHUIHO, YTO ONTUMAJIBHBIE XaPAKTEPUCTUKH I10 JIOKATBHOMY KPUTEPUIO Y0~ MOKa3ai cruias 1915T.
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3.5. Yemanocmuwvie xapakmepucmuxu

IIpenen BBIHOCIMBOCTH ONpeeNsics cormacHo MexrocyaapcrsenHomy craaaapry TOCT 25.502'2,
Yacrora Harpyxenus 10 ['m, mukisl mynscupytonme (kodddunuenT acummerpun mukia 0) (tabdmn. 8). Pasz-
PYUICHHBIC B pe3y/bTaTe UCTIBITAHUN HA yCTAIOCTh 00pa3libl MOKa3aHbl Ha puc. 5. Y u3noma crutaBa 1915T
Gosblile 30Ha, BKJIIOYAIOIAs B ce0sl o4ar paspylIeHHUs U CTaOMWIBHOTO pocTa TPELUHBI JO Havaja JA0JIOMa,
110 CPAaBHEHMIO C OCTAJIbHBIMH UCCIIETyEMbBIMH CIIJIaBaMH.

Tabnuya 8. Tlpenes BHIHOCAMBOCTH CILIABOB IIPH MYJILCUPYIOLIEM HArPY:KeHuU HA 0ase 2-10° uukion
Table 8. Fatigue limit of alloys under fluctuating loading based on 2-10° cycles

HatypasnbHbie 3nauenus, MIIa / HopmupoBaHHble KOAUPOBAHHbIE 3HAYEHUS [0/
Natural values, MPa i Normalized coded values kg
5 °C Mapka cniiaBa / Alloy grade j
AJI35T1/ AD35T1 | 1915T | 6082T6 | 15654/ 1565¢ch | AA35T1/ AD35T1 | 1915T | 6082-T6 | 15654/ 1565ch

+20 70 110 105 80 -1 1 0,75 -0,50
=20 72 112 110 82 -1 1 0,90 -0,50
—40 76 116 116 86 -1 1 1 -0,50
=70 82 120 122 89 -1 0,90 1 —0,65
-104 89 124 129 92 -1 0,75 1 0,85

W ctouuuk: Bemonnero O.A. KopresbiM / S o ur ¢ e: made by O.A. Kornev.

[To npeneny BBIHOCIMBOCTH JIOKAJIbHBINH 00OOIIEHHBIN KpuTepuil Y; paBeH Kks;oo. O4eBUIHO, UTO

it

MaKCHMaJIbHAsl BEIHYHHA K50 (ONTHMYM JUTSL TaHHOW TPYIIBI XapaKTEePUCTHK) COOTBETCTBYET CILIABY

ijt
1915T npu Bcex TemnepaTypax UCIbITAaHUM.

Puc. 5. PazpyienHsle B pe3yIbTaTe UCIBITAHUN HA yCTAIOCTh 00pa3Lbl
W cTouHuk: BemonHeHo O.A. KopHeBbiM.

Figure 5. Samples destroyed as a result of fatigue tests
S ource: made by O.A. Kornev.

2TOCT 25.502-79. Pac4eThbl ¥ MCTIBITAHKS HA IPOYHOCTh B MALIMHOCTPOEHHH. METO/IbI MEXAHUYECKHMX UCTIBITAHUN METaJI-
1oB. MeTo/e! ncnisITaHU Ha ycTanocTs. Mocksa, 1985. 50 c.
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3.6. Xapaxkmepucmuku KOppo3uoHHOU CHOUKOCHU

CoOCTBEHHBIC MCIBITAHUS CIUIABOB Ha KOPPO3HOHHYIO CTOMKOCTH HE MPOBOIWIHCH. JlaHHBIC, TIOTY-
YEHHBIC OT MPOU3BOAUTENICH ATFOMUHUEBBIX CIUIABOB JJIS TeMIeparypsl skcmyataiun +20 °C, cBeeHbI
B Ta0I. 9.

Tabauya 9. XapaKkTepUCTUKH KOPPO3UOHHON CTOWKOCTH CIJIABOB
Table 9. Corrosion resistance characteristics of alloys

HaTypaJ]l,H],Ie 3HAYeHud i / H0le/lp0BaHHl>Ie KOAUPOBAHHBIC 3HAYCHUSA k6icj/
Natural values i Normalized coded values kg;;

Bua xoppo3uu /

Type of corrosion Mapka cniaBa j / Alloy grade j

AIBSTI/ 15654 / AJBSTI / 15654 /
AD3sT1 | 91T | 6082T6 | 5050y AD35T1 1915T |  6082-T6 1565¢ch
MKK, mm /
S 0 0 0.1 0.08 . 0 1 0.6
PCK, 6amr /
1G, s 1 3 1 2 . 1 1 0

Tpumeuanue: MKK — MmexxkpuctammTHas kopposus (Mm/roxn), PCK — paccnansaromuecst kopposust (6amn).
Uem MeHbIIe 6aim1, TeM Ooiree KOPPO3NOHHOCTOMKHI CIIaB, 1 — OTCYTCTBHE KOPPO3UOHHBIX TIOBPEKACHHUI.

Note: 1IGC — intergranular corrosion (mm/year), LC — layer corrosion (points).
Lower point score indicates greater corrosion resistance of the alloy, 1 — no corrosion damage.

W ctounuxk: Bemonaeno O.A. KopreBsiM / S o ur ¢ e: made by O.A. Kornev.

bouto npuHsATO, 4TO 00a BHJIa KOPPO3UHU paBHOOMACHBI MpH 3Kciutyarauud BIP u ux BecoBbie k03¢-
buLueHTs paBHbI Y, =Y., =0,5. CienoBatrenbHo, 0000IIEHHbIN JIOKAIbHBIA KpUTepuil Y, ompenensercs

CIIETYIOIUM 00pa3oM:
2
Yg = Keic Ve- 4
c=1

CooTBeTcTBEHHO 110 (4) 3HaUeHUs 0000IIEHHOTO JTOKAIBHOTO KPUTEPHS dTOW TPYIIIBI COCTABIISIOT: JIJIs
crutaBa AJI35T1 — Y, =—1; mua crutaBa 1915T — Y, =0; nnsa comaBa 6082-T6 — Y, =0; nns cruiasa

15654 — ¥, =0,3.

3.7. Humezpanvhulii Kpumepuil

Jis popmMHpoBaHUS MHTErPajbHOTO KpUTEepHUsi ObLI MPOBEACH OMPOC I ONpEesICHUS! BECOBBIX KO-
s dunmeHToB rpynn xapakrepuctuk. Kospdunuent konkopaauuu onpoca W coctasuiu 0,63, ypoBeHb 3Ha-
YUMOCTHU (BEpPOSITHOCTh OLIMOKH MEepBOTO pona), onpenenaeHusii no Iupcony, cocrasmi 0,01. BecoBbie ko-

sddurmentsi (8, ) , MOMyYeHHBIE B pE3yIbTaTe CTATHCTHYECKOH 06PAGOTKH: CTOMMOCTHO-BECOBBIE XapaKTe-
puctuku 9, =0,04; craHgapTHBIE MEXaHUYECKHE XapaKTEPUCTHKU O, =0,19; ymapnas Bs3kocTb 03 =0,14;
XapaKTepUCTHKH TpeuHocToikocTH 84 =0,24; ycranocTHble XapakTepHCTHK Os =0,29; Koppo3uoHHas
croiikocth 8, =0,1.

WHTerpanbHbIil KpUTEPUN B COOTBETCTBUHU C BBIIIEU3I0KECHHBIM:
Yoo ==18; + X0y + Y310003 + YyyocOy + Y5005 — Y, (5)

Wnu c Y4C€TOM JIOKaJIbHBIX O606H.ICHHBIX KpUTCPUCB:

5
Yo ==k 6, +(Zk2[jtoc ocl)ég +hyjip00 05 +

i=1

3 2
+ [Zk4i/'t°C B, —Bakss jioc J84 +Ksjjrocds _(Zk&'cj’Yc j d- (6)
c=1

i=1
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Munyc B BeIpakeHHHU (6) CTOWT Tepe]] ciaaraeMbIM, COOTBETCTBYIOIUM TeM TPyIIaM XapaKTEePUCTHK,
y KOTOPBIX ONTHUMAJIbHBIMH SIBJISIFOTCSI MUHUMAaJIbHbIE 3HaueHus. [IpuHAB MHTErpanbHbIil KpUTEpUN Kak Lie-
JeByI0 (PyHKIMIO ONTUMM3ALNU, MOXKHO YTBEP)KIaTh, YTO ONTUMAIBHBIM OyZIET CIUIaB, YAOBJIETBOPSIOMINN
YCIIOBUIO

Yoc — max. (7)
Pesynbrarel onpeneneHust ”HTETPaIbHOTO KPUTEpHs CBeeHBI B Ta0m. 10.

Tabauya 10. 3HaYeHNsA MHTETPAJbHOTO KPUTEPHUS Y ;oc MPH Pa3JUYHBIX TEMIEPATYPAX UCIBITAHUM
Table 10. Values of the integral criterion Y .. at different test temperatures

t, °C AZI35T1/ AD35T1 1915T 6082-T6 15654 / 1565¢ch
+20 —0,46 0,22 0,15 0,03
20 —0,41 0,21 0,16 0,03
—40 -0,35 0,19 0,25 -0,07
=70 —0,42 0,29 0,13 -0,22
—-104 -0,42 0,28 0,15 0,10

W ctounuk: BemonHero O.A. KopressiM / S o ur ¢ e: made by O.A. Kornev.

MaxkcumanbHas BeIMYMHA WHTETPATbHOTO KPUTEPHs MPH BCEX TEMIEpaTypax JKCIUTyaTallid, KpoMe
—40°C, cootBerctByet ciaBy 1915T, npu temneparype —40°C MakcuMallbHOE 3HAYEHHE WHTErPabHOTO
kputepus y crnasa 6082-T6.

B pabote BnepBbIie MpeiiokeH OpUTrHHAIBHBIN MOIXO0/ K BHIOOPY aTIOMUHUEBBIX CILJIABOB JJIsI CTPOH-
tesnbeTBa BIIP B yenoBusix Kpaitnero Cesepa 1 npuOIMKeHHBIX K HUM pernoHoB. IIpennoxeHHbIN moaxon
MO3BOJMII C(hOPMYTUPOBATh HHTETPATBHBIN KPUTEPUH, MPUHATHINA B KA4eCTBE 1IeJIEBOM (YHKIUU ONTUMHU-
3allMM CBOMCTB CIUIaBOB. B mporiecce paboThl ObLIN MPOBEAEHBI SKCIIEPTHBIE ONMPOCHI, TO3BOIUBILNE BBISIBUTH
BECOBbIE KOA(PHUIIMEHTHI XapaKTEPUCTHK CIUIABOB, KOTOPHIE BOIIUIM B OKOHUYATENIFHYIO ()OPMYIUPOBKY KpPUTE-
pus. ATbTepHATUBAMH MPEAJIaraeMoro TOJX0/1a K PEIICHUI0 3a1aqu Mor Obl ObITh MeTos, TOPSIS, koTophIii
CBOJIMTCSI K U3MEPEHUIO CXOJICTBA C MJEANIbHBIM pelleHrueM. B paccMarpuBaemMoil MHXXEHEPHOU 3ajjaue He
MPEeTyCMOTPEHO UACAIBHOTO PEIIeHHs, BBIOOP OCYIIECTBISIETCS U3 UMEIOIIETOCs Habopa IKCIIEPUMEHTAIIBHO
OTIpe/IeNIEHHBIX XapakTepucTuk. Jpyroii ansrepHatuBoii Mor 661 6b1Th MeToa AHP, koTophIii pegycmarpuBa-
€T CpaBHEHHE albTepHaTuB 1o mKane CaaTy, HO OH B 3a/1a4ax TAKOTo THIA JaeT TpyOyio ONeHKy (pyHKIuu
none3HocTd. [IpuMeHeHne HEeYeTKUX METOI0B BHOCHUT CyOBEKTHBHYIO COCTABIIIONIYIO B pemieHue. Jpyrue
METOJIbI MHOTOKPUTEPHAIILHONM ONTHMHU3ALMH, HaripuMep meton [lapero, agexkBaTHO paboTaroOT MpH HATUMYUHU
KOHKYPHPYIOIMX aJbTepHATUB. B mocTaBiieHHON 3a/jaye Takoro OAHO3HAYHOro pasneneHus Het. [lpumene-
HUE (QYHKIMU KeJaTeIbHOCTH XappHUHIOHA OCHOBAHO HA MPOU3BOJILHON KaJHOPOBKE IIKaI OTKJIMKOB, UTO HE
MO3BOJISIET TIOJyYUTh TOYHOTO PEIICHHS B MEPEXOAHBIX 00macTax. [loaToMy aBTOpBI CUMTAIOT, YTO Pean30-
BaHHBIN B JIaHHOM paboTe MoAXoj JaeT Haubosee aJeKBaTHBIE PE3YJbTAThl IPU IMOMCKE ONTHUMAIBHOTO pe-
HIeHus U, 6oee Toro, mogoOHBIN MOIX0 MOKHO PACIIPOCTPAHUTh HAa APYTHE 33/1a41 MTOJJOOHOTO THIIA.

[IpakTyeckas LEHHOCTh MIPOBEIEHHOIO UCCIIEIOBAHUS 3aKIIIOYAETCS B ONPEIEIICHUN KOMIUIEKCA XapaK-
TEPUCTHK HauboJiee paclpoOCTPaHEHHBIX aIFOMUHHUEBBIX CILIABOB, KOTOPBIE MOTYT OBITh MCIIOIB30BAHbI MPO-
exTupoBIIMKamMu BIIP, sxcruryatupyeMbIX P pa3iIMuHbIX OTPHULIATENBHBIX TEMIIEPATYPaAX.

B nanbHelimem mpenmnosnaraercs MpOBEIECHUE 3KCIIEPUMEHTAIBHBIX MCCIEOBAaHUM CBAapHbBIX IIBOB B
AITIOMHUHHUEBBIX KOHCTPYKLHUAX, TOTYYSHHBIX PAa3TUYHBIMU TEXHOJOTHSIMHU CBAapKH, U PACIIUPEHUE HOMEH-
KJIaTypbl HCCIIEyEMBIX CIUIABOB.

4. 3akrouenue

Craructuueckas 0OpaboTKa MIPOBEIEHHBIX B MPOLECCE MCCIEJOBAHUS 3KCIEPTHBIX OMPOCOB OINpe/e-
J1J1a BECOBbIE KOA(D(UIMEHTHI BHYTPH Ka)I0W I'PyNIbl XapaKTEPUCTUK U BECOBbIE KOA(P(PUIUEHTHI Pyl
XapaKTePUCTHUK, BXOAIIUX B MHTEIPAJIbHBIA KPUTEPHH BHIOOPA aIFOMMHUEBOTO CIUIABa JJISi CTPOUTENbCTBA
pe3epByapoB B YCIOBUIX APKTHUKH.
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BecoBble k03¢ GHUINEHTHI O; COCTaBWIN BHYTPHU I'PYIIIbI CTaHAAPTHBIX MEXaHUYECKUX XapaKTEePUCTUK:
Juid npenena npoyHoctu o, =0,27 ; npenena Tekydectu O, =0,33; oTHOCUTENBHOIO CyxeHus o5 =0,20;
OTHOCHTEJIBHOTO yuinHeHus o, = 0,13 ; moxyns ynpyroctu o5 =0,07 .

BecoBbie k03 HHUIMEHTHI BHYTPHU TPYIIIBI XapaKTEPUCTUK TPEIIUHOCTORKOCTH [3; : st KoaduimneHTa

WHTEHCUBHOCTH HANpPSDKEHUH JI1 MaKCHMaJIbHOTO 3HAYEHUS HArpy3KM M HWCXOJHOW JJIMHBI TPEIIHHBI
B, =0,4; BpeMEHHOTO 3HAUCHUSI BA3KOCTH pa3pylIeHHs PH IOCKoi aedopmarn B, = 0,3; KpuTHIeCcKoro

J-unterpan B, =0,1; packpbiTHs B BEpIIMHE TPEIIMHBI NPH MakCHMalbHOW Harpyske [, =0,2.BecoBbie

K03(hGHUIMEHTH BHYTPU TPYTIIBI XapaKTEPUCTHK COMPOTUBIICHHUSI KOPPO3HH Ye1 = Y2 = 0,5. BecoBble ko3¢-
(GULMEHTHl O, TPYNIN XapaKTEPUCTUK CIEAYIONIHEe: Ui CTOMMOCTHO-BECOBBIX XapakTepucTuk o, =0,04;

CTaHAAPTHBIX MEXaHWYECKUX XapaKTepUCTHK 0, =0,19; ymapHoii BsiskocTn 6, =0,14; XapakTepucTuk Tpe-
muHocTolKOoCcTH 4 =0,24; yCTaNOCTHBIX XapakTepucTuk 05 =0,29; Koppo3moHHOH cToiKocTH &4 =0,1.

HaubGonpmuit Bec, cOracHO 3KCHEPTHBIM ONPOCaM, UMEKOT yCTAJTIOCTHBIE XapAaKTEPUCTUKU M XapaKTepHu-
CTHKHU TPEIIMHOCTOMKOCTH, YTO YKa3bIBaeT Ha HEOOXOAMMOCTh BKIIIOUEHHUS pacyeTa napaMeTpoB YCTAIOCTH
U TPEUIMHOCTOMKOCTH B HOPMAaTHUBHBIE JOKYMEHTHI 10 IPOeKTUpoBaHuio BIIP u3 altOMHHUEBBIX CILIABOB.
Ba)XHOCTb yCTalOCTHBIX XapaKTEPUCTUK U TPEIIMHOCTOMKOCTH aJTFOMUHHUEBBIX CIUIABOB Ul IPUMEHEHHS B
ApPKTHYECKHX YCIOBHSX JOJKHA OBITh YYTEHA U MIPU MPOEKTUPOBAHUN HOBBIX CILJIABOB, U IPU TEPMUUYECKUX
00paboTKax CylIecTBYIOUIHX.

1. Ha ocHOBaHMU IIPOBEAECHHBIX SKCIEPUMEHTAIBHBIX UCCIEIOBAaHUM U SKCIIEPTHBIX ONPOCOB MOTyYEH
MHTETpaJIbHbIN KpUTEpHid, KOTOPBINA MpeiaraeTcsl UCIOIb30BaTh KaK IEJIEeBYI0 (YHKIHMIO BHIOOpa allOMU-
HHUEBOTI'0 CIUIAaBa JUIsl CTPOUTEIBCTBA PE3EPBYAPOB B ApKTHUECKUX YCIOBUSX.

2. VI3 paccMOTpEHHBIX B MCCIICOBAaHUU CIUIABOB HAWIYyYIIUI MHTETPAJIbHBIA ITOKa3aTellb y CIUIaBa
1915T, manxymmumii y AJI35T1, 9T0 KOCBEHHO MOATBEPKIACT MPEUMYIIECTBA €CTECTBEHHOTO CTapeHUS
QIIOMUHHUEBBIX CIIaBOB. JIydIIMMU CTOMMOCTHO-BECOBBIMHM XapaKTEpUCTHKaMU oOnajgaer criaB 1565y,
JYYIIAMHA CTaHIAPTHHIMH MEXaHHYECKUMHU XapakTepucTHKaMu Tipu temmeparype +20 °C obmamaer criiaB
6082-T6, nmpu temneparypax —20 °C, =70 °C, —104 °C — crmuiaB AJI35T1, npu temneparype —20 °C —
crnaBbl 6082-T6 u AJ[35T1 noka3bIBaroT paBHOE MEXay COOOH, HO CyIIECTBEHHO OOJbIliee, YeM OCTaIb-
HBIC M3y4YaeMble CIUIaBbI, 3HaYeHHE 0000IIeHHOTO JoKaimbHOTO Kputepus. CrutaB 1915T obnamaer cymie-
CTBEHHO OoJiee BBICOKUMH YCTaJOCTHBIMH XapaKTEPUCTHUKAMHU M YIAPHOW BSI3KOCTBIO 1O CPAaBHEHHIO C
OCTaJIbHBIMH UCCJIEJOBAHHBIMH CIIJIAaBAMH.
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