CTPOUTENbHAA MEXAHUKA WHXEHEPHbLIX KOHCTPYKLIUA U COOPYXXEHUN

2024 Tom 20 Ne 4
DOI: 10.22363/1815-5235-2024-20-4
http://journals.rudn.ru/structural-mechanics (OTKpBITBIH 1OCTYI)

Mex1yHapOoHbIi HAYYHO-TEXHUUYECKUI KypHaI
Hsnaercs ¢ 2005 r.

Caugnerenbetso o peructparun CMU ITH Ne dC 77-19706 ot 13 anpens 2005 .
BbIgaHO DenepanbHOi city)00i o Hag30py B chepe cBA3H, HHPOPMAIMOHHBIX TEXHOJIOTHI M MAaCCOBBIX KOMMYyHuKanuii (PockoMHanzop)
Vupemurens: OenepanbHoe rocy1apcTBEHHOE aBTOHOMHOE 00pa30BaTeIbHOE YUPEK/ICHIE BBICIIEI0 00pa30BaHNUs
«Poccwuiickuit yauBepcuteT Apyxk0b1 HapooB uMeHH [latpuca JlymymOb1»

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

Ieproan4HOCTb: 6 BBITYCKOB B FOJ.

SI3BIKH: pyCCKHid, aHTITMHCKHH.

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

Bxmouen B Ilepeuens BemyluX HaydHBIX jKypHanoB n m3gannii BAK npu MunoOpHaykn Poccum mo rpymme HaydHbIX criermanbHocTeit 2.1.1. CrponTenbHble KOHCTPYKIMH, 3IaHMSA
U COOPYKEHHs (TeXHUUeCKHe HayKu), 2.1.2. OcHOBaHUs U (DyHIAMEHTbI, IIO/I3EMHbIE COOPYKEHHS (TeXHUUYeCKHe HayKn), 2.1.9. CTpouTesbHas MEXaHHUKa (TEXHUYECKHE HAyKH).

MeskIryHapO IHBIH Hay4HO-TEXHUYECKUH xypHAT « CmpoumensHas MeXanuKa UHICEHEPHbIX KOHCIMPYKYULL U COOPYHCeHUlly 3HAKOMUT YHTATeNeH ¢ JOCTIKEHUSMHI OTEYECTBEHHBIX U 3a-
py6C)KH'bIX YUCHBIX B obmacti TEOMETPHH NMPOCTPAHCTBEHHBIX KOHC’I’pyKLU/lﬁ, COMNPOTHUBIICHUSA MaTEPHAIIOB, C’I’pO]’lTCJ'lBHof;I MEXaHHKH, TCOPHUH YIIPYTOCTH M pacyueTa CTPOMTEIILHBIX W Malln-
HOCTPOMTENBHBIX KOHCTPYKIIMH, OCBELIACT BOIIPOCH! HAYYHO-TEXHUYECKOTO POrpecca B CTPOUTENBCTBE U MALIMHOCTPOCHHUH, IyOTHKYeT aHATUTHYECKHE 0030pbI 110 TeME KypHaJIa.

CaifT XypHayia COIepKHUT MONHYI0 HHQOPMAIHIO O XKypHAJIE, ero PeNaKIMOHHON MONUTHKE W STHYECKUX NPHHIIUIAX, TPeOOBAHMS K IOATOTOBKE U YCIIOBHS IMyOJIMKAIMN CTaTei,
a TAKoKe MOJTHBIE BBITYCKH sKypHaia ¢ 2008 . (B paMKax MOJIUTHKHA CBOOOJHOTO JIOCTYTIA).

PEOAKUNOHHAA KONNErUa

TMABHbIN PEJAKTOP
Bamun H.H., n-p texu. Hayk, npod., PYJIH, Mocksa, Poccus

3AMECTUTENW MMABHOIO PEAAKTOPA
Epogpees B.T., akan. PAACH, n1-p TexH. Hayk, npod., MI'Y nm. H.II. Orapesa,

COLNEPXAHWE

YNCnEHHbI E METOAbI PACHETA OBONOYEK

Kocuyein C.B., Axyauy B.FO. Yncneunnsiit ananu3z HJC oproronanbHo
MepeceKaroNUXCsl NUIHHAPHISCKUX 000I0YeK, B3aUMOIEHCTBYIOMUX

Capanck, Poccust C OCHOBAHHEM, C YYETOM U3MEHEHUS paCUeTHOW MOJIENIN BO BPEMEHH ....... 303
Konuynos B.H., axan, PAACH, si-p Texu. nayx; npod., HIY MI'CY, Mocisa, Poccust Merkulov V.V., Ulyeva G.A., Yepaneshnikova A.A., Volokitina LE. Preparation
OTBETCTBEHHbIV PEJAKTOP of Polymer Coatings for Protection of Metal Structures from Corrosive
Mamuesa H.A., PYIH, Mocksa, Poccust Effects (IToaroToBKa MoJMMEpHBIX MOKPBHITHUI AJISI 3ALUTHl METAITTMYECKHX

" i FCTBHS) «.vvveeeiieeeiiie e 11
UNEHbI PEAAKLIMOHHOM KONNENMM: KOHCTPYKIHI OT KOPPO3HOHHOTO BO3/ICHCTBHS) 3
Azanog B.IL., i-p Tex. Hayk, npod., HIY MI'CY, Mocksa, Poccust o
Aounxooncaes A M., 1-p texu. nayk, npod., TTTY, Tamkent, Y36ekuctan PACYET Y MPOEKTUPOBAHME CTPOUTENbHbI X KOHCTPYKLIMA
Anopees B.]., axa. PAACH, 1i-p Tex. wayx, npod., HIY MI'CY, Mocksa, Pocenst — pimshin V.1, Suleymanova L.A., Amelin P.A. Strength of Normal Sections
FBasapoe /1.P., i-p TexH. Hayk, ipod)., TUVIM, TarmkenT, Y36ekucran £ Fl | Reinf dC te El ts D d by C . d
Banun B.B., 1-p texu. Hayk, npod., KITU um. Uropst Cukopckoro, Kues, Ykpanna o exura e}n orce oncrete . emgn § Damaged by (orrosion an
Bapym V., 1-p punocoduu, npod., Yunsepenrer Iopry, Hopry, Hopryramus Strengthened with External Composite Reinforcement (ITpounocTs HOpMab-
Boiyuykuii 3., ipo., Bpoluiaekuil HayqHO-TEXHUYECKHUT YHUBEPCHTET, Bpolyias,  HBIX CEUCHHM H3rHO0aeMbIX JKeJe300€TOHHBIX 3JIEMEHTOB, TOBPEXKICHHBIX
Tombma N KOppO3HUel  yCHIEHHBIX BHEIIHHMM KOMIIO3UTHBIM ADMUPOBAHHEM) .......... 331
Bonocyxun B.A., 1-p TexH. Hayk, npod., Kybanckuii 'AY, Kpacuonap, Poccus . .
Tanumnukosa B.B., 1-p Text. Hayk, npod., HAY MI'CY, Mocksa, Poccus Mopo3z06 FO.A., Benenoockuti B.@. TIpoekTHpOBaHHE TOHKOCTEHHBIX JIeTalei
yues M.B., n-p apxutextypsl, npo¢., HHICACY, Hixumit Horopox, Pocenst OJIMHAPHOI KPUBHU3HBI IS HCTIOJIB30BaHUS B O0JIErYCHHBIX KOHCTPYKIHMSX ... 342
Esxun A.JO., 1-p TexH. HayK, pod., He3aBUCHMBIIT HccleoBaTelb, TopoHTo, Kanana
Kaxoeu C., n-p dunocoduu, npod., Texnonornyecknit ynusepcuter [IETPOHAC,  CEHCMOCTOMKOCTb COOPYXKEHWIA
Mepax, Manaiizus . . .
Kapnenxo H.H., axan. PAACH, 1-p Texn. mayk, npod., HAUC® PAACH, Mocksa, ~ Mkrtychev O.V., Mingazova S.R. Behavior of Reinforced Concrete Buildings
Pocenst with Sliding Belt Seismic Isolation and Elastic Limiter of Horizontal
Kosnos /I B., n-p Texu. nayx, npod., HIY MI'CY, Mockaa, Pocens Displacements (PaGota sene300eTOHHBIX 3aHUH ¢ CEHCMOU30IUPYIOLIIM
Kpacuu C., xaun. Texu. Hayk, Humickuii yausepeurer, Hur, CepOust
Kyopnaues CA., wn-xopp. PAACH, s1p Text. vayx, mpod., ABIYTIC, Xabaposcr, CKonbfﬂumM MOSICOM C YIIPYTUM OTpaHHYHUTENIEM FTOPU30HTAIBHBIX IIEpeMe-
Poceust LICHII) ...cvtneetenetcatetetetetesttne sttt et bes et e bbbttt ebe et eaebeseseenaenenes 355
Kypoauxuii E.H., 1-p Tex. Hayk, pod., MUUT, Mocksa, Poccust
Jazapes FO.I'., 1-p TexH. Hayk, npod., CIIOITY, Cankr-IlerepOypr, Poccust TEOPUS NNACTUYHOCTU
Mazyne m., apoq., Bricmias nHxkeHepHas mikosa «llenTpans CIOI'ICJ'ICK», . .
yHH':epcmeT H];pg)m_Cam", Tapik, @p];Hum Hentp Morozov E-M., Kurbanmagomedov A.K. Is It Possible to Determine the
Menoonka I1., 1-p gunocoduu, ApxuteKkTypHas mkona, Yuupepcurer Munsio, Whole Crack Path at Once? (Bo3MoXHO 1H ompeleneHHe TPaeKTOPUH
Bpara, Ilopryramus TPEUIUHBI Cpa3y U B Heaom?) ... 364
Hepbkosa M.B., n-p apxutextypsl, fouent, CII6ITY, Cankr-Iletepoypr, Poccust
Canmoc P., uccnesosarens, HaljoHasbHas 1a60paTopyst CTPOUTENBHON TEXHUKH, . .
Jluccabowu, [opryranus AVNHAMUKA KOHCTPYKLIMA U COOPYXXEHWN
Tpasyw B.HU., akan. PAACH, 1-p texu. Hayk, npod., SHITU, Mocksa, Poccus - -
®ednox P.C., 1-p Texi. nayk, nouent, JIBBY, Bramsocrox, Poccis Koetiu ,Z{ Yepros I0.T. Pacuer BUOPOU30IUPYIOIIEH CHCTEMBI EI[aHI/ISI
Sxynos H.M., an.-xopp. PUA, 11-p TexH. Hayk, npod., UMM ®UL] KasHI[ PAH, ~C HE/IMHCIHHBIMH XapaKTePUCTHKAMH NPH KHHEMATHYECKOM BO3ICHCTBHN
Kasaub, Poccust (CMEILIEHUM OCHOBAHMS) «.evveenuereenireeaniteeeniteeenueeeeiteeenateeesneeesneneeennnneenns 374

Pepakrop M.J1. [Tankpartosa
PepakTop aHrnosasbIYHbIX TekcToB E.@. [Ilaneesa
[u3aitn o6noxku F0.H. E¢pemosoit
KomniroTepras BepcTka H.B. Mapkenosoit

Apnpec pepakuuu:
Poccwuiickuii yHuBepcuTeT Apyx0bl HapoaoB umeHu [larpuca JIymymOsI
Poccuiickas ®enepanms, 117198, Mocksa, yi1. Mukinyxo-Maknasi, 1. 6; Tein./daxc: +7 (495) 955-08-28; e-mail: stmj@rudn.ru, i_mamieva@mail.ru
Toamucano B mevars 19.08.2024. Beixox B cBet 31.08.2024. ®opmar 60x84/8.
Bymara odcernas. [leyats odcernas. apaurypa «Times New Romany. Yen. neu. i1, 10,23 Tupax 250 sx3. 3aka3 Ne 1075. Llena cBoboaHasi.

®denepanbHOE TOCYIapCTBEHHOE aBTOHOMHOE 00pa30BaTeIbHOE yIPexkKACHHE BhICLIETo 06pa3oBanus «Poccuiickuii yHuBepcuteT ApyxOb! HapoxoB umenu larpuca JIymymOs»
Poccwmiickas ®enepauns, 117198, Mocksa, yin. Mukimyxo-Maxkunas, 1. 6

Orneuatano B tunorpaduu UMK PYTH
Poccwniickas ®enepauns, 115419, Mocksa, yin. Opkonnkuase, 1. 3

© Poccuiickuii yHHBepcUTeT IpYKOBI HapooB UMenH [laTpuca JlymymoOsI, 2024
© An6oposa JLA., ¢poto Ha obnoxke (ctaguoH «banrukay, Kamununrpaz, Pocens), 2024



STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS

2024 VoLumE 20 No. 4
DOI: 10.22363/1815-5235-2024-20-4
http://journals.rudn.ru/structural-mechanics (Open Access)

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.

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

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

EDITORIAL BOARD

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

ASSISTANT EDITORS-IN-CHIEF

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

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

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

MEMBERS OF EDITORIAL BOARD:

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

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

Vladimir 1. Andreev, chairman, member of the RAACS, DSc, Professor, NRU MGSU,
Moscow, Russia

Dilshod R. Bazarov, DSc, Professor, TIHIAME, 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

Vladimir I. Travush, member of the RAACS, DSc, Professor, ENPI, Moscow, Russia
Viadimir 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 Wijcicki, 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

CONTENTS

NUMERICAL METHODS OF SHELL ANALYSIS

Kosytsyn S.B., Akulich V.Yu. Numerical Stress Analysis of Orthogonally
Intersecting Cylindrical Shells Interacting with Soil Considering Stages
OF CONSIIUCHION ..ttt
Merkulov V.V., Ulyeva G.A., Yepaneshnikova A.A., Volokitina L.E.
Preparation of Polymer Coatings for Protection of Metal Structures
from Corrosive Effects ..o

ANALYSIS AND DESIGN OF BUILDING STRUCTURES

Rimshin VI, Suleymanova L.A., Amelin PA. Strength of Normal Sections
of Flexural Reinforced Concrete Elements Damaged by Corrosion
and Strengthened with External Composite Reinforcement ...............
Morozov Yu.A., Belelyubskiy B.F. Design of Thin-Walled Single-
Curvature Parts for Use in Lightweight Structures ........c..ccccceeneee.

SEISMIC RESISTENCE

Mkrtychev O.V., Mingazova S.R. Behavior of Reinforced Concrete
Buildings with Sliding Belt Seismic Isolation and Elastic Limiter
of Horizontal DiSplacements ...........ccceveevveerireenierinieenieesieeeesieeieenns

THEORY OF PLASTICITY

Morozov E.M., Kurbanmagomedov A.K. Is It Possible to Determine
the Whole Crack Path at Once? .......cocccoeoevevirnieccninnireceneneeenes

DYNAMICS OF STRUCTURES AND BUILDINGS

QObaily J., Chernov Yu.T. Calculation of a Vibration-Isolated Building
System with Non-Linear Characteristics Under Kinematic Action
(Base Displacement)

Copy Editor I.L. Pankratova
English Texts’ Editor E.F. Shaleeva
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

303

311

331

342

355

364

374

© Peoples’ Friendship University of Russia named after Patrice Lumumba, 2024

© Alborova L.A., photo on the cover of the journal (Baltika Stadium, Kaliningrad, Russia), 2024



CTPOMTENBHAS MEXAHUKA UHXEHEPHBIX KOHCTPYKLIMIA U COOPYXXEHUIA - —
STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS

2024. 20(4). 303-310

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

YNCNEHHBLIE METObI PACHETA OBONOYEK
NUMERICAL METHODS OF SHELL ANALYSIS

DOI: 10.22363/1815-5235-2024-20-4-303-310
VK 69.04
EDN: TVXXYV
HayuHas cTatbsl / Research article

Yucuaennbiid anaau3 HAC opToronaabHo nepecekaromuxcs
HWIHHAPUYECKHAX 000/109€K, B3aNMOAEeHCTBYOIIUX ¢ OCHOBAHHUEM,
C Y4eTOM U3MEHEeHHUs PaCYeTHOI MO/1eJ I BO BpeMEHHU

C.B. Kocunpin “, B.JO. Akyauny ~™

Poccuiickuil yHuBepcutet tpancnopra, Mockea, Poccus
> 79859670635@yandex.ru

Ioctynuna B pepakuuio: 12 anpens 2024 r.
ITpunsirta k my6aukanun: 30 urons 2024 r.

AHHoTanus. OOBEKTOM HCCIEIOBAHMS SBIISIOTCS OPTOTOHAJIBHO MEPECEKAIONINeCs MUIMHAPUICCKIE 000I0YKH U OKpY-
karouui ux rpyHT. OCHOBHAs 1I€Nlb pacueTa COCTOMT B ONpPEASNICHUH HAIPsHKEHHO-Ae()OPMUPOBAHHOTO COCTOSIHUSI LIUJTHH-
JIpUYECKUX 000JI0YEK W BIMSHUS ydeTa CTaJAWN CTPOWTENHCTBA HA PE3yJbTaThl pacuera. UMCICHHBIH aHAJN3 BEIOJIHEH B
YHHUBEpCcaIbHOM MporpamMmmaoM Komiuiekce ANSYS Mechanical. Y3en opTOroHanbHO MEPEeCEKAIOUIMXCS HUITHHAPUICCKAX
obonoyek pacroiiokeH Ha r1yOuHe 30 M OT BepXHeil MOBEPXHOCTH OCHOBaHWs. Pa3Mepbl IpyHTOBOTO MaccHBa BHIOpaHBI U3
YCIIOBHSI 3aTyXaHUs HAIPSHKEHHO-Ie()OPMUPOBAHHOTO COCTOSHUSI TPYHTA W MPUHSTHI [0 5 AHaMETPOB OONBIION 000JIIOUKH
clieBa W crpaBa OT Hee. [Ipu penieHun 3aadu YYTCHBI (pr3HyecKkas W KOHTaKTHas HeJIWHEHHOcTH. KoHTakTHAas HeIWHEH-
HOCTbh 00YCIIOBJIEHa COBMECTHOH pabOTOH y351a OPTOTOHAIBHO MEPECEKAFONINXCs IMHAPHIECKUX 000I0UYEK C OKpyXKaro-
MM TPYHTOBBIM MacCHBOM B TIporiecce 1e(opMUpOBaHUS CICTEMBI U TIPH aKTHBALIMH SJIEMEHTOB 000JIOUEK Ha CTAIIX pac-
gera. KOHTaKT MeXIy TelaMy BBIITOJHEH C TIOMOIIBIO KOHTAaKTHBIX map. CocTaBleHBI pacueTHEIe ciaydan ¢ 8, 4, 2 u 1 cranu-
SIMA BO3BEJICHHSI TPOWHUKOBOTO COSIWHEHHS (B KKIOM CIydae JOTONHUTEIHHO ONHA CTaaws (HyIeBas) OTBOAMIACH Ha
omperneneHue OBITOBOTO COCTOSIHHS OCHOBaHUS) M 6e3 yuera craguid. [lo pe3ympratam BHAHO, 9TO CTaIWIHBIA pacyeT JAaeT
3HAYUTEIIFHOE M3MEHEHNE BEIMYMH HANpsDKEHHH 10 Mu3ecy B TPOWHHKOBOM COEAWHEHHWH IO CPABHEHUIO C PACUCTHBIM
ciydaeM 6e3 ydera ctanuil. [lepcriekTHBBI JaTbHEHIIIX UCCISIOBAHNH CBSI3aHBI C IPUMEHEHHEM HEJIMHEHHBIX MaTepHaioB
000JI0YKH U Ppa3JIMYHBIMH BapyuaHTaMU KOHTAKTHOT'O B331/IMO}1€I7[CTBPI§I O60J’IO‘~IKI/I 1 OCHOBAaHUs.

KaroueBble ciioBa: CTpOUTCI/IbHAA MCXaHHKa, MCTO/J] KOHCYHBIX 3JICMCHTOB, TpOfIHI/IKOBOG COCINMHCHNC, HpOC’I‘paHCTBeHHLIﬁ
pacyer, CTa[[HﬁHBIﬁ pacyeT, MNOA3EMHBIC COOPYKECHUSA, TOHHCJICCTPOCHUEC

3asBiieHHEe 0 KOH(JIUKTE HHTEPECOB. ABTOPHI 3aSBISIOT 00 OTCYTCTBHH KOH(IIUKTa HHTEPECOB.
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Numerical Stress Analysis of Orthogonally Intersecting
Cylindrical Shells Interacting with Soil Considering Stages of Construction
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Abstract. The objects of research are orthogonally intersecting cylindrical shells and the surrounding soil. A numerical
stress analysis of the shells has been conducted the effect of taking into account the stages of construction has been
evaluated. The analysis was performed in ANSYS Mechanical software. The joint of orthogonally intersecting cylindrical
shells is located at a depth of 30 m from the ground surface. The dimensions of the soil body are selected from the condition
of stress release and are adopted as 5 diameters of the larger shell to the left and to the right of it. The problem takes into
account the physical and contact nonlinearities. Contact nonlinearity is associated with the interaction of the joint of the
orthogonally intersecting cylindrical shells and the soil body in the process of deformation and as a result of shell element
activation at calculation stages. The contact between the bodies is modelled using contact pairs. The cases of 8, 4, 2 and
1 stages of the construction of the T-connection were designed (in each case an additional stage (zeroth) was allocated
for determining the initial state of the soil). The case without taking into account the construction stages was also
considered. The results showed that the stage analysis leads to significant changes in the values of the von Mises stresses
in the T-connection compared to the case without taking into account construction stages. The potential for further research
is associated with the use of nonlinear materials for the shell and various alternatives for the contact interaction of the shell
and the soil.

Keywords: structural mechanics, finite element method, T-connection, three-dimensional analysis, construction stages,
underground structures, tunnel construction
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1. BBenenue

BaxxHpIM HampaBieHHEM DPa3BUTHUS CTPOMTEIBHOM MEXaHHKH SBISIETCS YUCICHHOE MOJCIMPOBAHHE
HaNpsHKEHHO-1e()OPMUPOBAHHOTO COCTOSHHSI IPOCTPAHCTBEHHBIX CHCTEM CIIOKHON T€OMETPHHU, B TOM YHC-
Jie¢ OPTOrOHAJIBHO MEPECEKAIOUINXCS MMIMHAPUYECKUX 000JI0UEK, B3aMMOJCHCTBYIOIUX C OKPY>KAIOIIUM
ocHoBanueM [1-3]. UncneHHOE MOIEIMpPOBAaHNE TAaKMX CHUCTEM HMEET DS OCOOCHHOCTEH, KOTOphIe HEe00-
XOAMMO YYHUTHIBAaTh, & UMEHHO KOHTAKTHOE B3aMMOICHCTBHE MEXIY IMIUHIPHYECKON 000I0YKOM U OKPY-
JKAIOUIMM OCHOBAaHHEM, a TakXKe Y4YeT CTaJAMMHOTO Bo3BeAeHUsA 000s10ukd. COBpEMEHHbIE MPOTrpaMMHbIE
KOMIIJICKCHI TI03BOJISIIOT PEaIn30BaTh yUeT STUX OCOOCHHOCTEH.

OOBEKTOM HCCIeIOBaHUS SBISIOTCS OPTOTOHAIBHO MEPECEKAIONUECs HINHAPUIECKHE 000T0YKU
U OKpyXaromui ux rpyHT. OCHOBHas LieJb pacdyera COCTOMT B ONPEIENICHUU HAINpsKeHHO-Ie(HOopMUpO-
BAaHHOI'O COCTOSHHUSA NWIMHAPUYICCKUX 000JI0UEK U BIUSHUSA yucTa CTaI[I/Iﬁ CTPOUTECIILCTBA HAa PE3YJIbTAThL
pacuera. Pa3paboTanHasi MOAETh OPTOTOHAIBHO MEPECEKAOIINXCA MINHAPHYECKUX 000JI0YEK, B3aUMO-
JEHCTBYIOIIUX C OKPY’KAIOLIUM OCHOBAaHUEM, C YUETOM MEPEUUCIICHHBIX BbIIIE OCOOCHHOCTEH o0ecnieunBa-
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€T HOBBIN, BOCTpeOOBaHHBI COBPEMEHHOW MPAKTHKOW YpOBEHBb PAacu€THOTO OOOCHOBAHHUS IMOIO0OHBIX
cucteM. Hammpumep, pu CTpOUTENBCTBE METPOIIOIUTEHA, IIOMUMO MIEPETOHHBIX TOHHENEH U CTaHIUK BCe-
r7la ecTb HEOOXOJMMOCTh B IPUTOHHENIBHBIX COOPYXKEHUSAX (TOHHEIbHBIX COOIKax), KOTOpBIE SIBIISIOTCS
BCIIOMOTATEIbHBIMH COOPYKEHHSIMH, HEOOXOIMMBIMHU JJIs1 PYHKITHOHUPOBAHUS OCHOBHBIX.

UucneHHbI aHATH3 BBINOJHEH B YHUBEpcalbHOM nporpaMmMHoM Komiuiekce ANSYS Mechanical
[4—8], KOTOpBIil O3BOJISIET BBIIOIHATL PacyeT CTATHUECKOrO HAMPSKEHHO-Ae(OPMHUPOBAHHOIO COCTOSIHUS
MPOM3BOJIBHBIX MPOCTPAHCTBEHHBIX KOMOMHHPOBAHHBIX KOHCTPYKIMH, 3AaHUN M COOPYKEHHH C y4eToM
3 PeKToB PU3NUECKON, TEOMETPUIECKON, KOHTAKTHON M TeHETHUECKOH (CTaJAMHHOCTD BO3BEACHUS U HATPY-
JKEHUS) HEJTMHEHHOCTEH Ha OCHOBE METO/1a KOHEUHBIX 3JIEMEHTOB. brOnnoTeka KOHEUHBIX 3JIEMEHTOB IPO-
rpaMMHOro Komiiekca ANSY'S conepkut Oosiee MECTUIECATH THUIIOB JIEMEHTOB IS 33]ja4 CTaTUYECKOTro
U JAuHaMudeckoro aHanusza. C ucrosb3oBaHHeM KomaHn Ha si3bike APDL BO3MOXXHOCTH NpPOrpaMMHOIO
KOMIUIEKCAa MOTYT OBbITh paciIMupeHbl (HalpuMep, UIsl pelieHus CBA3aHHbIX 3a1a4) [9—-10].

2. Mertoa pacuera

[TpocTpancTBeHHAs pacyeTHasi MOJEIb COCTOUT U3 y3JIa OPTOTOHAIBHO MEePECEKAIONINXCS IHITUHIPH-
YecKuX 000J104eK (TPOMHHUKOBOIO COECIMHEHHS) U OKPY’KAIOUIEr0 OCHOBAHMSI: OCHOBHAS IMJIMHApPUYECKAst
obonouyka auamerpoMm Di=5,50mM u rtonumHOM #1= 0,25 M; mpuMbIKaromas 000J04YKa AMAMETPOM
D>=3,85 ™ u TommuHo# 2= 0,20 M. MaTepuan o6onouek [11-13] 3agan uneanbHO ynpyroil MOJIENbIO CO
CIIeYIOUIMMHU NapaMeTpaMu: Moaysb ynpyroctu Es=30 000 Mlla, xoadduiment Ilyaccona ps»=0,2,
IIOTHOCTB Psh = 2300 kr/m°. MaTepuan 0CHOBaHMS 3a/1aH YIPYToMIacTHIeCKoiH Mozenbio Mopa — Kyrnona
(O. Mohr, C.A. Coulomb) [14-15] co crnemyrommmu apameTpaMu: Moayib nedopmanuu Es.i = 30 Mlla,
k09 puLEEenT nonepedHoil gedhopMaluu L= 0,3, WIOTHOCTH Psoir= 2000 kr/Mm°, cuennenue Cson= 10 kI1a,
YTOJI BHYTPEHHET O TPEHUS Psoit = 25°.

V3en OpTOrOHANBHO MEPECEKAIOIINXCS MIMHAPHYECKUX 000JI0YeK pacrosiokeH Ha ryOumHe 30 M
OT BEpXHEH MOBEPXHOCTH OCHOBaHUS. Pa3Mepsl TPyHTOBOTO MacCHBa BBIOpAHBI M3 YCIIOBHS 3aTyXaHUs
HaNpsHKEHHO-1€(OPMUPOBAHHOTO COCTOSIHHSI TPYHTA U MPUHSATHI 10 5 1MaMeTpoB OOJbLION 000I0UKH Clie-
Ba U crpasa oT Hee. Ha puc. 1 moka3zan oOumii Bua pacuetHoit moxenu (puc. 1, @) u BUI TPOWHUKOBOTO
coemuHeHus (puc. 1, ), KOTOpOe COCTOUT U3 YETHIPEX YacTeld OCHOBHOW HMJIMHAPUYECKONW 0OOIOUYKH U de-
ThIpEX YacTel MPUMBIKAIOUIEH 000I0UKH.

Y
)\ 0,000 10,000 )
— b i
Y- 3

5,000

0,00 40,00(m)
]

20,00

a 7]

Puc. 1. PacuetHas Mozens: a — oOmuil Bua; 6 — BUJ TPOIHUKOBOIO COEJUHEHUS
U ¢ 104 Huk: BemonHeHo B.JO. Axynaudem B nporpamMuoM koMiutekce ANSYS Mechanical

Figure 1. Finite element model: @ — general view; 6 — T-connection
S ource: made by V.Yu. Akulich in ANSYS Mechanical software
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Hwxnell 1 60KOBBIM MTOBEPXHOCTSIM TPYHTOBOTO MacCHBa M KpasiM TPOWHUKOBOTO COEIMHEHUS 3a7a-
HBI TPAaHUYHBIE YCIOBUS, KOTOPBIE 00ECTIEYMBAIOT TEOMETPHUECKYIO HEU3MEHIEMOCTh U KOPPEKTHYIO pabo-
Ty paccmaTpuBaeMoii cucteMsl. K Tenam mpusioxkeHa Harpy3Kka TOJIBKO OT COOCTBEHHOTO Beca.

[Tpu pemennn 3aauu yuyTeHa KOHTaKTHAs HETMHEHHOCTh, KOTOpasi 00yCIIOBIEHAa COBMECTHOI pabo-
TOW y371a OPTOTOHAIBHO MEPECEKAIOIINXCS IIMHAPHUECKIX 000JI0YEK C OKPY)KAIOLIMM I'PYHTOBBIM Mac-
CHUBOM B TIpoliecce 1e(h)OpMUPOBAHUS CUCTEMBI U MTPHU aKTHBAIIMH 3JIEMEHTOB 000JI0UEK Ha CTausIX pacuera
[16—18]. KonTakT Mexmay TeiaamMH BBIMOJIHEH C MOMOIIbI0 KOHTAKTHBIX Iap, PACIIONIOXKEHHBIX HA BHEITHEH
CTOPOHE TPOMHUKOBOI'O COEIMHEHHS] U HA MAacCHBE OCHOBaHUsA. 30HA KOHTAKTa /10 PELICHUS 33aJa4d HEU3-
BecTHa. B 3aBHCHMOCTH OT Harpy3ok, CBOWCTB MarepHala, TPaHHUYHBIX YCIOBUH M APYrux (PakToOpoB MO-
BEPXHOCTH MOTYT BXOJUTH B KOHTAKT JIPYT C IPYrOM U BBIXOJIUTH M3 HEro. Pacyer KOHTaKTHOTO B3aMMO-
JIEWCTBHS BBITIOJIHEH C MCIIOJIb30BAaHUEM METO/1a ITPadoB, KOTOPBIN pear30BaH B MPOIrPAMMHOM KOMILIEKCE
ANSYS Mechanical [19-20]. B 1anHbIX pac4eTHBIX MOAEISAX BO3MOKHOCTb OTJIMIIAHUS TPOUHUKOBOTO CO-
€/IMHEHHUS OT OKPY>KaroOIler0 OCHOBaHUS YUTEHa, HO KOHTAKTHOE TPEHHE MEXKIy 00bEKTaMH HE paCCMOTPEHO.

CocTtaBnensl pacueTHble ciaydau ¢ 8, 4, 2 u 1 ctagusiMu BO3BeAEHUS] TPOMHUKOBOTO COEJIMHEHHUS
(B Ka)JIOM cliy4yae JOMOJIHUTENBHO O/IHA CTaaus (HyJeBasl) OTBOAMUIIACH HA OINpesesieHHe ObITOBOIO COCTO-
SIHUSL OCHOBaHHUs1) U 6e3 yuera craauil. [lepBoii akTHBHpOBaJIaCh BCS OCHOBHAs LIMJIMHJpUYECKas 000JI0uKa
nuamerpoMm D1 (324, 2 u | ctanuu B 3aBHCHMOCTH OT PAaCU€THOTO Ciydas), 3aTeM MPUMBIKAoIIast 000JI09Ka
nuametpom D2 (3a 4, 2 1 1 cTraguu B 3aBUCUMOCTH OT PACYETHOT'O CIIy4das).

3. Pe3yabTaTsl U 00Cy:KIeHUe

ITo pe3ynbTaram pacuera NMpOBEICH CPABHUTEIBHBIA aHAIN3 MAKCUMAJIbHBIX SKBUBAJIEHTHBIX HAIPS-
KeHui 1o Musecy [21-23] B OPTOrOHAIBHO TEPECEKAIONMUXCS IMIMHIPUICCKUX 000moukax. KpuBbie u3-
MEHEHHS HallpsDKEHUH B 000J0YKE B 3aBUCUMOCTU OT KOJIMYECTBA CTAJUN B PACUETHOM CIy4yae MOKa3aHbI
Ha puc. 2. JIonoJHUTENbHO MapKepoM Ha rpaduke yka3aHO MaKCUMaJbHOE SKBHBAJCHTHOE HAINPSDKEHHE B
TPOINHUKOBOM COEJIMHEHUH 0e3 y4eTa CTaJAUHHOCTH BO3BEICHUSI.

120,0
Bes ctaguid [ without stages

100,0

80,0

s (von Mises), MPa

60,0

Mane. sHB. HanpAmerua No Muaecy, MMNa
-

Wax. equivalent stress

20,0

0,0 1
Craaua 0 1 2 3 4 5 6 7 8
Stage —@~Gesz cragmit 1cragma —e—2 cTaguu —e—4 cTagum 8 cragmi

—&=Without stages 1 stage ~ =——a=2stages ——e=iIctages 8 stages

Puc. 2. MakcuMaibHble SKBUBAJICHTHBIC HATIPSDKEHUS 110 Mu3secy
B OPTOTOHAIBHO NEPECEKAOIINXCS [IMINHAPHIECKUX 000T0UKax
U cto4H u k: BeimoaHeHo B.1O. Akynuyem B nporpammuom komiuiekce ANSYS Mechanical
Figure 2. Maximum equivalent stresses (von Mises) in orthogonally intersecting cylindrical shells
S ource: made by V.Yu. Akulich in ANSYS Mechanical software
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HUH

Ilo pe3yabTaTaM BUAHO, YTO CTa):[PIfIHBIfI pacyeT AacT 3HAYUTCIbHOC N3MCHCHUEC BCIIMYKMH HAIIPSAXKE-
10 MI/IBCCY B TpOﬁHPII(OBOM COCAUMHCHHUHU IO CPABHCHHIO C PACUHCTHBIM CJIydacM 0e3 ydueTa CTaI[I/Iﬁ

[24-25]. B cnyyae ¢ 8 ctagusiMu BO3BEI€HUSI MaKCUMaJbHble SKBUBAJIEHTHbIE HANPsKEHUsI o Musecy
B 000ouke coctaBisiroT 75,2 MIla, B TO Bpems Kak 0e3 ydera CTaIuHHOCTH MaKCHMaJlbHBIE SKBUBAICHT-
HbI€ HAapsDKEHUsS B 00oJouke coctapistoT 105,6 MIla.

Hanpsioxenus mo Musecy 6. onpeaenstorces 1no gopmyie

0, = %[(Gl —02)2 +(Gz _63)2+(G3_G‘)2:|’

rae 6,,0,, 6, — INIaBHBIC HAIIPSDKCHU.

Pacnpe,ueneHI/Ie MAaKCHMAaJIbHBIX 3KBHBAJICHTHBIX HaHpﬂ)KeHI/Iﬁ 110 MI/I3GCY B TCJIC HNUIHHAPHYCCKUX

000J104€eK B Cilydae ¢ 8 CTaIusiMHi BO3BEJICHUs MTOKAa3aHO Ha puc. 3. MakcHMaibHbIC 3HAYCHHST HANPSHKCHUN
BO3HUKAIOT B MECTE COIPSHKEHUS 000JI0UEK.

A: Static Structural A: Static Structural
Equivalent Stress

Type: Equivalent (von-Mises) Stress - Top
Unit: Pa

Equivalent Stress
Type: Equivalent tvon-Mises) Stress - Top
Unit: Pa

7,52297 Max
6,697¢7
5,8511e7
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417047
3,3435¢7

7,5229¢7 Max
6,697¢7
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1,6718e7
835806
183,36 Min
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Puc. 3. PactipesiencHie MaKCHMAIIbHBIX S9KBUBAJICHTHBIX HAIPSHKEHUH 10 Musecy
B TeJIe HMIMHIPUIECKUX 000JI04eK (CIIpaBa MoKa3aH yBEeJIMYCHHBIH BU]I MECTa COMPSKEHHS 000JI0UEK)
U ¢ T 0 9 H u k: BemoaHeHO B.JO. Axymidem B nporpammuoM koMiuiekce ANSYS Mechanical
Figure 3. Distributions of maximum equivalent stresses (von Mises)
in the body of cylindrical shells (the connection of the shells is shown on the right)
Source: made by V.Yu. Akulich in ANSYS Mechanical software

B TaGnuue npeacraBieHbl MaKCUMallbHbIE SKBUBAJICHTHBIC HANpsDKeHUs 1o Musecy B Telle TpOHHH-

KOBOI'o0 COCIMHCHUA IJI1 KaXXKI0I'o U3 8 PaCyYCTHBIX CJIydacB.

MaxkcumMaibHbIe YKBHBAJIEHTHbIE HaNnp#AKeHUs 1o Mnsecy B TeJ1e TpOﬁHHKOBOl"O COC/IMHCHUSA

Ne KonnuecTBo craguii Bo3BeaeHust MakcumaJibHble JKBHBaJIEHTHbIe Hanpsi:keHus no Mu3zecy, MIla
1 bes yaera crammit 105,6

2 1 78,2

3 2 72,5

4 4 77,4

5 8 75,2

U ¢ 104 Huk: BemonHeHo B.1O. Axynaudem B mporpamMuoM koMiutekce ANSYS Mechanical
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Maximum equivalent stresses (von Mises) in a T-connection

Ne Number of stages Maximum equivalent stresses (von Mises), MPa
1 Disregarding stages 105.6

2 1 78.2

3 2 72.5

4 4 77.4

5 8 75.2

S ource: made by V.Yu. Akulich in ANSYS Mechanical software

4. 3axkjirouenue

1. PaccMoTpeHo BinsiHUE yuyeTa IOCIEN0BaTeIbHOCTH BO3BEACHHS TPOMHUKOBOIO COEIMHEHUS Ha €r0
HaMpsHKEHHO-1e(OPMHUPOBAHHOE COCTOsIHUE. B ciydae ¢ 8 ctagusiMu BO3BEIEHUS MaKCHUMaJbHbIE YKBUBA-
JICHTHBIE HanpshKeHus o Musecy B obonouke coctasisitor 75,2 MIla, B To Bpems kak Oe3 ydera cTaiuii-
HOCTH MaKCHMMaJIbHbIE SKBUBAJICHTHBIC HANpsKeHUs B 000souke coctasisior 105,6 MIla.

2. IlonydeHHble pe3yabTaThl OKA3ad, YTO YY€T MOCIEI0BATENIbHOCTH BO3BEAEHHUS CYIIECTBEHHO
BIIMSCT HA HAMPSKEHHO-IE(POPMUPOBAHHOE COCTOSIHUE OPTOTOHAIBHO MEPECEKAOIINXCS MITHHAPUISCKUX
000JI04€K U OKPY>KAIOIIeTO OCHOBAHUSI.

3. [lepcrieKTUBHI JalbHEHITNX HCCIEAOBAHHUMN CBS3aHbI C IPUMEHEHHUEM HETMHEHHBIX MaTepHuaioB
000JI0YKH U pa3TUYHBIMU BapUaHTaAMH KOHTAKTHOTO B3aUMOICHCTBHUS 000JIOUKH U OCHOBAHHUSI.
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Abstract. Copolymers and the methodology for their synthesis are presented. In order to protect metal products and
structures from the effects of corrosion processes, various fillers for polymer coating were selected: silicon production waste
(microsilica) and titanium dioxide, as well as their combined mixtures. The obtained copolymers exhibit good adhesion
required for composite protective coatings. An experiment was conducted to evaluate the corrosion resistance of metals
subjected to aggressive environment, as well as to determine the hardness and thickness of the obtained polymer coatings.
Thus, the corrosion score of the polymer coating with titanium dioxide filler is 2 in 5% NaCl and 5% KOH aggressive
media and is 3—4 in acidic media with 10% KOH. Polymer coating with microsilica filler has a corrosion score of 2 in salt
and acid aggressive media, but in alkaline media such coating performed worse and has a corrosion score of 4. The best
corrosion resistance values are for the series 2 combination polymer coating consisting of methyl methacrylate, styrene and
vinyl butyl ether, with a corrosion score of 2 in salt and acid media and a corrosion score of 4 in alkaline media. Series 1,
methyl methacrylate, maleic anhydride, and vinyl butyl ether combined coating has the worst corrosion resistance: corrosion
score of 4, 5, 6 in 10% H>SO4 and in an alkaline media (5 and 10% KOH), respectively. At the same time, the developed
polymer coatings exhibit satisfactory adhesion properties even after the exposure to aggressive media.
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Annoranus. [IpencraBieHsl comoanMepsl 1 pa3paboTaHa METOOUKA WX CHHTE3a. J{JIs MOTUMEpPHOTO MOKPHITHS OBLITN
Bbl6paHI)I Ppa3IMYHbIC HAIIOJHUTEIN — OTXOAbI MTPOU3BOACTBA KPEMHUS (MI/IKpOerMHCSCM) U JUOKCHJ TUTAHA, a TAKXKC UX
KOMOWHUPOBAHHBIC CMECH C IENBI0 3alIUTHl METALIMYECKUX W3JCIUN M KOHCTPYKIMH OT BO3ICUCTBUS KOPPO3UOHHBIX
nporeccoB. [lomydeHHBIe cOnOIMMEPHl 00JIaIal0T XOpOIIel aare3neii, HEOOXOIUMON ISl CO3IAaHMS KOMITO3UTHBIX 3aIlIHT-
HBIX MOKpBITHH. [IpoBeieH SKCIIEPUMEHT IO OINPEACIICHUI0 KOPPO3UOHHON CTOMKOCTH METAJNIOB T0J1 BO3JIEHCTBUEM arpec-
CHUBHBIX CpE€J, a TaKXKEC MO OMNPCACICHUIO TBEPAOCTH U TOJMIIUHBI MOJTYUYCHHBIX MOJIUMEPHBIX HOKprTHﬁ. Takum O6p330M,
KO3 PHUIIMEHT KOPPO3UH MOJUMEPHOTO MOKPHITHS C HAMOTHUTEIEM U3 TUOKCHIa THTaHA COCTABIISICT 2 B arpeCCUBHBIX
cpenax c¢ coaepxanueM 5 % NaCl u 5 % KOH u 3—4 B kucnsix cpegax c¢ conepxkanuem 10 % KOH. ITonumepHoe mo-
KPBITUC C MUKPOKPEMHE3CMHBIM HAIOJHUTEIEM HUMECT IMOKa3aTcjib KOPPO3UHN 2B COJICBBIX W KHCJIOTHBIX arp€CCUBHBIX
cpenax, HO B IEIOYHBIX Cpelax TaKoe MOKPHITHE paboTaeT XyKe M UMEeT MOoKa3aTellb Koppo3uu 4. Hamnydmme nokasare-
T KOPPO3HOHHOM CTOHKOCTH MUMEIOT KOMOWHHPOBAHHBIC TIOJIMMEPHBIE TIOKPBITHS CEPUH 2, COCTOSIINE U3 METHIMETaKpH-
JlaTa, CTUpOJa ¥ BUHIIOYTHIIOBOTO 3(Hpa, ¢ oKa3aTeIeM KOPPO3HuH 2 B COJICHON M KUCIION cpefax U 4 B IIETOYHOH cpere.
KOM6I/lHl/IpOBaHHOC TMOKPBITUE CEpUU 1, COCTOALICC U3 METHUIIMCTAaKpuiaTa, MaJICMHOBOI'O aHIuapuaa u BI/IHI/IHGyTI/IHOBOFO
s¢upa, obagaeT HaUXyAlIed KOPPO3MOHHOM CTOHKOCTBIO: MTOKa3aTelb Koppo3nuu coctaiseT 4, 5, 6 10 % HoSO4 u me-
mounoit cpene (5 u 10 % KOH) coorBercTBeHHO. B TO e Bpems pa3zpaboTaHHBIE MMOJMMEPHBIE IMOKPHITUS 00JIagaioT
YAOBJICTBOPUTECIbHBIMU aAlC3MOHHBIMHU CBOMCTBaMH Jaxe 110CJIe BO3)1617[CTBI/IH arp€CCUBHLBIX CPEL.

KuroueBble cjioBa: cUHTE3 COIoJIMMeEpa, COroJInMmMeEp, MoJIMMEp, MOJIUMEPHOEC MMOKPLITUEC, 3aAIIUTHOC IMTOKPLITUC, HAITIOJTHUTCIIb,
MUKPOKPEMHE3EM, TUOKCH] TUTaHA, aaArc3us

3asBaenne o KOHGINKTE HHTEPECOB. ABTOPHI 3asiBIISIOT 00 OTCYTCTBUHM KOH(IMKTA HHTEPECOB.
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for protection of metal structures from corrosive effects // CtpoutenpHas MexaHWKa WHKCHEPHBIX KOHCTPYKIUU U
coopysxenuit. 2024. T. 20. Ne 4. C. 311-330. http://doi.org/10.22363/1815-5235-2024-20-4-311-330

1. Introduction

Concrete and reinforced concrete are the most common building materials, and therefore the problem
of increasing the durability of various buildings and structures is particularly relevant. Corrosion protection
is one of the most important scientific, environmental, social and economic challenges, since technical
progress in many industries is hampered by a number of unresolved problems of corrosion control.

Mepkynoé Baaoumup Bumansvesuu, xannuaat XMMUYECKUX HayK, TOLEHT KaeApbl XMMUYECKOH TEXHOIOTUH U 9KOJIOruH, KaparaHanHCKUI HHIyCTpH-
anbHBII yHEBepcuTeT, Temupray, Pecryonuka Kazaxcran; ORCID 0000-0003-0368-3890; e-mail: smart-61(@mail.ru

Ynvesa I'vnivnapa Anamonvesna, KaHANIAT TEXHUYECKUX HAYK, HOLEHT, BEAYIIHil crieluaancT JabopaTtopun MeTauioBeeHns u aedexkrockornu Lenrpa
aHanuTHIeckoro KoHTpoist AO «Qarmet», TemupTay, Pecmy6muka Kasaxcran; ORCID: 0000-0002-3600-1318; e-mail: g.ulyeva@mail.ru

Enanewnuxoea Anacmacusn Anopeesna, MarucTpanT Kadeapsl METaUTyprud M MaTepuanoBeneHus, KaparaHquHCKuil HHIyCTpHAIbHBIH YHUBEPCUTET,
Temupray, Pecyonuka Kazaxcran; ORCID: 0009-0004-8295-1367; e-mail: aae9909@mail.ru

Bonokumuna Hpuna Eezenveena, noxtop PhD, nmpodeccop kadenpsl Metaurypruu 1 MaTepuanoBeaeHus, KaparaHIMHCKUi HHAYCTPUAIbHBIA YHUBEP-
curet, Temupray, Pecriyonuka Kazaxcran; eLIBRARY SPIN-kox: 8965-4704, ORCID 0000-0002-2190-5672; e-mail: irinka.vav@mail.ru

312 NUMERICAL METHODS OF SHELL ANALYSIS


https://orcid.org/0000-0003-0368-3890
https://orcid.org/0000-0002-3600-1318
https://orcid.org/0009-0004-8295-1367
https://orcid.org/0000-0002-2190-5672

Mepkynoe B.B. u dp. CTpontenbHasi MexaHuka NHXEeHEPHbIX KOHCTPYKLMA 1 coopyxeHnid. 2024. T. 20. Ne 4. C. 311-330

The significance of corrosion processes is particularly evident in enterprises that use metal structures,
equipment, machinery, tools and transportation with substantial wear and tear during their service life.
According to open sources, annual direct global losses from corrosion are estimated at 1.8 trillion dollars.?

The importance of corrosion studies is determined by three aspects:

» economic — aims to reduce material losses as a result of corrosion of metallic and non-metallic
structures and products;

» improving the equipment reliability, which as a result of corrosion can be destroyed with catastrophic
consequences;

» metal stock preservation. The world’s metal resources are limited, and metal losses due to corrosion
lead to additional energy and water costs. Equally important, the human labor spent on the design and
reconstruction of metal structures and equipment affected by corrosion can be directed to other socially
useful tasks [1; 2].

This is most relevant in countries with a large metal stock due to the increasing use in the industry
(construction, metallurgical, machine-building, etc.) not only of high-strength materials, but also of particularly
aggressive media, high temperatures and pressures. Under these conditions, the specific weight of metal
losses increased significantly.

Polymer coatings are widely used to protect metals from corrosion. They not only protect the metal
from corrosive and other chemical influences, but also give the building structure or metal product excellent
electrical insulation, decorative, antiseptic and other properties. Compared to paint and enamel, polymer
coatings have a number of advantages. They are more durable, more elastic, better bonded to the metal;
in the process of operation, they rub off and crack much less than enamels.

The requirements for polymer coatings are quite serious. First, they must exhibit very high surface
adhesion as they bond to the metal base at the molecular level rather than just coating it. Polymer coatings
not only protect metals from the effects of aggressive environments, but also increase their wear resistance,
reducing the adhesion of various substances to the working surfaces, allow saving non-ferrous metals and
other scarce materials [3; 4].

Scientists of many countries are engaged in the problem of corrosion of metal building structures or
products, developing polymer coatings with the required complex of properties. Thus, in paper [5] the
authors cite the technology of obtaining a composition for protective and decorative coating on a building
material, including film-forming component (polyester resin 5.0-20.0% wt.), binding component (polyvinyl
acetate emulsion 30.0-60.0% wt.), pigment 5.0-30.0% wt., plasticizer (diethylene glycol 2.0-15.0% wt.
and butadiene-styrene copolymer in the form of “Bustilat” glue 5.0-10.0% wt.), polymerization initiator
(ammonium persulfate 5.0-15.0% wt.) and water (rest). However, this protective coating is a complex
composition including expensive functional additives.

The technology of obtaining the composition for the protection of steel structures and equipment
made of carbon steel was developed by the authors of [6]: the obtained anticorrosive polymer coating
consists of (part weight h): epoxy-diane resin (100), dibutyl phthalate, (10-20), highly dispersed silicon
dioxide (1.5-3) with a specific surface area of 150-400 m?/g, acid hardener (30—50), mineral filler (100-550),
accelerant, for example, dimethylaniline (0.1-0.5). Phthalic and maleic anhydrides can be used as acid
hardener. The composition ensures increased corrosion and wear resistance. The developed protective
polymer coating is difficult to prepare, is multi-component and belongs to hot curing coatings, which limits
its application.

In papers [7; 8], a composition for anticorrosion coating used in various industrial fields is proposed,
including film-forming agent — copolymer of trifluorochloroethylene with vinylidene fluoride F-32L,
organic solvent — acetone, butyl acetate, additionally contains pigments — aluminum powder, or titanium
dioxide, and/or blue phthalocyanine pigment, and/or yellow iron oxide pigment, and/or red iron oxide
pigment, and/or technical carbon, and as an organic solvent additionally contains toluene and ethyl acetate.

% Corrosion is one of the main problems in the operation of metal structures (In Russ.). 2015. Available from: https://
I cert.ru/stati/korroziya-odna-iz-osnovnykh-problem-pri-ekspluatatsii-metallicheskikh-konstruktsiy (accessed: 12.04.2023).
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Combination of components in a certain ratio results in coatings with adhesion to steel of 75-810 N/m,
impact strength of 12—15 J and drying time of 2.0-2.5 h, while maintaining the values of flexural strength
and resistance to vapors of 30% HCI at 90 °C. However, the coating developed by this technology has low
adhesion and negligible water resistance.

The authors of papers [9; 10] offer a technology for obtaining protective polymer coatings characterized
by a composition based on copolymers, solvent, modifier, filler and hardener containing copolymers of
vinyl-n-butyl ether (VBE), methyl methacrylate (MMA), maleic anhydride (MA) and low molecular
weight dimethyldihexylbutyndiol as a modifier at the following ratio of components, % pts. wt.: copolymer
VBE:MMA:MA 30-70, solvent 10-50, modifier 0.5-1.5, filler 20—60, and having corrosion properties of
corrosion-resistant coatings.

A lot of scientific studies are aimed at obtaining composite protective polymer coating using silicon
production wastes — microsilica (microsilicas, nanosilicas), as well as with zinc production wastes — zinc
ashes [11-19].

The filler for polymer coatings is selected depending on the application. For example, for polymer
coating of concrete floors, the composition may include silica sand, corundum and other substances that
increase strength and resistance to abrasion. For metal surfaces it is steel, aluminum and other powder, as
well as fibers. Products with such fillers are close in strength to the base material. The compositions may
also include coloring agents [20].

Therefore, effective measures that can lead to the development of polymer protective coatings of new
formulations are needed.

The authors of this article, having made a literature and patent analysis, offer a technology for
creating a corrosion-resistant polymer coating, using various fillers (Figure 1).

Figure 1. Filler appearance: a — microsilica; b — titanium oxides
S o urce: made by I. Volokitina

The purpose of this study is to develop a technology for obtaining a composition of protective coating
based on copolymers with corrosion properties, as well as the possibility of using this coating to protect
against the effects of aggressive environments of metal products.

The object of research is the obtained protective polymer coating with the use of various fillers.

The following tasks are set for fulfillment of the specified purpose:

1) development of the technology of copolymer production;

2) selection of formulation for a new polymer coating for protection of metal structures and products
from the effect of aggressive media;

3) selection of fillers for making the polymer coating;

4) development of complex technology of obtaining protective polymer coating on the basis of
copolymers;

5) determination of physical and mechanical properties of the obtained corrosion-resistant polymer
coating.
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In the course of the study, a copolymer based on vinyl butyl ether, styrene and methyl methacrylate
was obtained. On the basis of the obtained copolymer, the composition of the protective coating was
developed.

2. Methods

Methyl methacrylate and vinyl butyl ether were poured into a three-neck flask and maleic anhydride
(copolymer 1) was loaded into the flask. 100 g of toluene was loaded after the maleic anhydride was
dissolved. The heating temperature of the monomer mixture is about 60 °C. Then 0.2 g of dinitrilazoiso-
butyric acid polymerization initiator was added. Copolymerization occurs when slowly heated to a tem-
perature of 70—80 °C for 1-2 hours. The reaction mixture was incubated for 24 hours (1 day) to mature the
copolymer.

The synthesis of copolymer 2 (methyl methacrylate and vinyl butyl ether) with different ratios of
initial components was carried out in a similar manner. The obtained copolymers were blended with fillers
in order to change their technological and operational properties in a directed manner.

After preparation of copolymers (Figure 2—4) of different compositions, they were mixed with fillers —
microsilica, titanium oxide and jointly titanium oxide and microsilica at the same copolymer to filler ratio
of 3:1. During the mixing of the components, a solvation process occurred with vigorous bubbling lasting
15 min followed by a settling process. The drying time is 24 h after applying polymer coatings to the samples.

f-'dﬂp-‘-m
HER Bh

Figure 2. Copolymer preparation Figure 3. Finished copolymer materials for coating application
S our c e: photo by I. Volokitina S our c e: photo by I. Volokitina

_ R -
i | Sy W il
—— 3 !."A_ =~ e
3 -.' .

Figure 4. Finished polymer coatings for metal samples
S o ur ce: photo by I. Volokitina

Table 1 shows the formulation of the developed protective polymer coatings.

The method used was dip coating, a process in which a substrate is immersed in a liquid and then extracted
under controlled environmental conditions, ultimately resulting in a coating.

Determination of hardness, adhesion, thickness of coatings was carried out according to state-approved
methods. The microstructure was studied by electron microscopy on a Jeol microscope.
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Table 1
Compositions of developed polymer coatings
Composition

No. of coverage Polymers Filling materials

Copolymer 1 MMA:VBE:MA Copolymer 2 MMA:VBE SiO: TiO:
1 - + - +
2 - + + -
3 - + + +
4 + - - +
5 + - + -
6 + — + +

Note: MMA — methyl methacrylate; VBE — vinyl butyl ether;
MA — maleic anhydride; SiO2 — microsilica powder; TiO2 — titanium dioxide powder.
S o ur ce: made by I. Volokitina

3. Results and Discussion

The obtained polymer coatings were applied to metal plates (Figures 5-7).

Figure 5. Polymer coating with titanium oxide filler Figure 6. Polymer coating with microsilica filler
S ource: photo by A. Yepaneshnikova S ource: photo by A. Yepaneshnikova

Figure 7. Combined polymer coating
S ource: photo by A. Yepaneshnikova

Plates with the studied coating and uncoated plates were placed in different aggressive media in order
to determine the behavior of the obtained polymer coatings and to calculate their corrosion resistance.
The composition of aggressive media is as follows: H2SO4 acid — 5% and 10%; KOH base — 5% and
10%; NaCl salt — 10%. The plates were incubated in aggressive media for 24 hours (Figure 8).
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c

Figure 8. Immersion of metal samples in aggressive media:
a — samples with titanium filler; b — samples with microsilica filler; ¢ — samples with combined polymer coating
S ource: photo by A. Yepaneshnikova

Table 2 describes the behavior of polymer coatings in contact with aggressive media.

According to the results of Table 2, it can be seen that the samples with titanium dioxide filler withstood
the test in hydrochloric medium and in 10% KOH medium. Microsilica filled coating showed the best results
after exposure to aggressive environments (5% H>SO,). Samples with combined polymer coating showed very
good results when exposed to aggressive media: salt solution and sulfuric acid solutions.

The appearance of samples after exposure to aggressive media is shown in Figure 9.

The rate of corrosion of metals at their uniform destruction is determined by the depth index K
(mm/year):

g:Km-8760’ (1)
p-1000

where Kn_1 — corrosion rate, g/(m**h); 8760 — number of hours per year; p — density of metal, kg/cm®.
Mass loss per unit surface area Am, kg/m?, is calculated by the formula:
_my—nm

A =
" S

, 2

where M, — mass of the specimen before testing, kg; 7] — mass of the sample after testing and removal
of corrosion products, kg; S — surface area of the sample, m>.
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Figure 9. Appearance of samples after exposure to aggressive media:
a — coating with titanium filler (series 1); b — coating with titanium filler (series 2);
¢ — coating with microsilica filler (series 1); d — coating with microsilica filler (series 2);
e — combined polymer coating (series 1, series 2, series 3); f— metal samples without coating
S ource: photo by A. Yepaneshnikova

Table 3 shows the weight of coated samples before and after exposure to aggressive media and
corrosion score according to Interstate standard GOST 9.908-85%.

Table 3
Results of determination of corrosion weight score of polymer coatings with fillers
(microsilica and titanium oxide)
Parameter Coating 1TiO2 Coating 3TiO: Coating 1SiO: Coating 3SiO:
5% NaCl
Mo, 8 12.43 11.92 11.78 12.19
My, & 12.45 11.88 11.81 12.16
V, g/m>*h 0.00083 0.00167 0.00125 0.00125
Cr 0.001 0.0019 0.0014 0.0014
R, % quite resistant / 2 quite resistant / 2 quite resistant / 2 quite resistant / 2
Am, % 0.16 0.34 0.25 0.25
5% H2S04
Mo, g 11.94 11.60 11.11 11.56
Mk, g 11.56 11.24 11.14 11.60
V, g/m**h 0.0158 0.0150 0.00125 0.00167
C 0.0178 0.0169 0.0014 0.0019
R, % resistant / 4 resistant / 4 quite resistant / 2 quite resistant / 2
Am, % 3.18 3.10 0.27 0.35

2 GOST 9.908-85. Unified system of corrosion and ageing protection. Metals and alloys. Methods for determination of

corrosion and corrosion resistance indices. 1989. (In Russ.)
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Ending of the Table 3

Parameter Coating 1TiO: Coating 3TiO: Coating 1SiO: Coating 3SiO:
10% H2SO4
Mo, g 11.90 11.86 13.02 15.76
M, & 11.72 11.68 13.06 15.73
V, g/m**h 0.0750 0.0750 0.00167 0.00125
Cm 0.0084 0.0084 0.0019 0.0014
R, % quite resistant / 3 quite resistant / 3 quite resistant / 2 quite resistant / 2
Am, % 1.51 1.52 0.31 0.19
5% KOH
Mo, 11.33 11.45 11.89 12.14
Mk, 11.42 11.49 12.30 11.10
V, g/m**h 0.0038 0.00167 0.01708 0.04333
Cr 0.0042 0.0019 0.0192 0.0487
R, % quite resistant / 2 quite resistant / 2 resistant / 4 resistant / 4
Am, % 0.79 0.35 3.45 8.57
10% KOH
Mo, 12.50 12.15 12.08 16.37
My, g 12.17 12.63 12.67 15.39
V, g/m**h 0.0138 0.0200 0.0246 0.0408
Cr 0.0154 0.0225 0.0276 0.0459
R, % resistant / 4 resistant / 4 resistant / 4 resistant / 4
Am, % 2.64 3.95 4.88 6.00

S our ce: made by I. Volokitina

The results of Table 3 show that the introduction of maleic anhydride into the composition of polymer
coating significantly increases corrosion processes, i.e. decreases their corrosion resistance. Effect of
aggressive media: the series samples with TiOz filler withstood the effect of aggressive media better in
hydrochloric and alkaline solutions, and the series samples with SiO: filler can perform well, on the
contrary, in acidic media.

Table 4 shows the weight of samples with combined polymer coating before and after exposure to
aggressive media and the corrosion score.

The results of Table 4 show that the combined polymer coating of series 2 performed well in hydro-
chloric and acidic solutions, worse in alkaline solutions. This is probably due to the presence of styrene in
the composition of the combined coating, which has good resistance to aggressive media. Series 1 combined
polymer coating has good resistance to salt solution and 5% H2SO4 solution. Series 3 combined polymer
coating has average values of corrosion resistance in all presented aggressive media (score not higher than
4). The combined polymer coating with microsilica filler performed the worst in aggressive media; it has
the highest corrosion rate, weight loss and corrosion scores.

Figure 10 shows a comparative plot of the change in corrosion rate of polymer coatings after exposure
to aggressive media.

Figure 11 shows a comparative analysis of the weight change of the polymer coatings after exposure to
aggressive media, and Figure 12 shows the score of the polymer coatings.

Figures 10—12 show that the combined polymer coating with microsilica filler performed the worst in
aggressive media; it has the highest corrosion rate, mass loss and corrosion score.
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Table 4
Results of determining the corrosion weight score of the combined polymer coating
Hrl;il;ﬁizn::lﬁ:z?‘:e ZMet'hyl methacrylate 3Met¥1yl methacrylate
+ Vinyl butyl ether + Vln):'l but)'fl et'her . +'V1ny} bu?yl ethe.r
Parameter TiO; (titanium oxide) + styrene + TlOz.(tlta{u'um oxide) + Tl(?z (tltar.num' (Tdee)
+ Si0: (microsilica) + SiO: (nTlcrosﬂlca) + SiO: (n}lcrosﬂlca)
series 1 series 2 series 3
5% NaCl
Mo, 12.87 12.53 16.78
My, g 12.85 12.47 16.66
V, g/m**h 0.0008 0.0250 0.0050
C 0.001 0.0028 0.0056
R, % quite resistant / 2 quite resistant / 2 quite resistant /3
Am, % 0.16 0.48 0.71
5% H2S04
Mo, g 12.68 12.98 12.52
My, g 12.63 12.95 12.43
V, g/m**h 0.0021 0.0013 0.0038
Cn 0.0023 0.0014 0.0042
R, % quite resistant / 2 quite resistant / 2 quite resistant / 2
Am, % 0.39 0.23 0.72
10% H2SO4
Mo, 17.11 17.26 16.95
My, g 16.86 17.21 17.09
V, g/m**h 0.0104 0.0021 0.0058
Cn 0.0117 0.0023 0.0066
R, % resistant / 4 quite resistant / 2 quite resistant / 3
Am, % 1.46 0.29 0.83
5% KOH
Mo, 11.65 12.42 12.55
My, g 12.87 12.73 12.86
V, g/m**h 0.0508 0.0129 0.0129
Cn 0.0571 0.0145 0.0145
R, % resistant / 4 resistant / 4
Am, % 10.47 2.50 2.47
10% KOH
Mo, 16.53 13.61 12.34
My, g 12.59 13.20 12.59
V, g/m**h 0.1642 0.0171 0.0104
Cn 0.1844 0.0192 0.0117
R, % 0 6 resistant / 4 resistant / 4
Am, % 23.84 3.01 0.36

S ource: made by A. Yepaneshnikova
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Figure 10. Graph of change in corrosion rate of polymer coatings after exposure to aggressive media
S ource: made by G. Ulyeva
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Figure 11. Graph of change in weight of polymer coatings after exposure to aggressive media
S ource: made by G. Ulyeva
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Figure 12. Score of polymer coatings
S ource: made by G. Ulyeva
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The photo shows microstructures of polymer coatings (Figure 13—19) obtained from the scanning
electron microscope “Zeiss” in laboratory of metal science and defectoscopy of the Analytical Control
Center of “Qarmet” JSC.

200pm  EHT= 187KV Mag= 29X  SignalA=SE1  Date:29 May2023 [HNN 10pm EHTs 187kv Mag= 1.05KX SignalA=SE1  Dete:29 Mey2023 TN
1 WD = 10.65mm Photo No. = 2546 Time :17.:00:52 | WD=1065mm Photo No. = 2545 Time :17.00:12

Figure 13. 1SiO: polymer coating after exposure to aggressive media
S ource: made by G. Ulyeva

100pm  gHTw 187RV  Mog= 120X  SkrelA=SE1  Dete:29 May2023 [N
! {WDG 1296 mm Photo No. = 2539 Time :16:2623

Figure 14. 3Si02 polymer coating after exposure to aggressive media
Source: made by G. Ulyeva

,J‘ yo i
20pm EHT=2000kV  Mag= 605X  SinelA=SE1 Date 22 May 2024 FRNRY
r WD = 11.38 mm Photo No. = 2622 Time :17:36.04

Figure 15. 1TiO2 polymer coating after exposure to aggressive media
Source: made by G. Ulyeva
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20pm EMT=2000AV  Mag= 534X  SiralA=SE1  Dete 22May202¢ [N
WO= 1131 mm Photo No. = 2626 Time :17.:37:46

Figure 16. 3TiO2 polymer coating after exposure to aggressive media
S ource: made by G. Ulyeva

Figure 13 shows that the 1SiO2 polymer coating has a uniform homogeneous structure after exposure
to the aggressive media. The 3SiO2 polymer coating after exposure to aggressive media is also uniform
and homogeneous, but local microcracks are observed at high magnification (Figure 14). 1TiO2 polymer
coating has a similar structure after exposure to aggressive media (Figure 15). In polymer coating 3TiO2
after exposure to aggressive media microcracks are observed in some places already at low magnification,
the coating itself has a uniform homogeneous structure (Figure 16).

Combined polymer coating of series 1 after exposure to aggressive media has a uniform homogeneous
structure, microcracks are also observed in some areas at low magnifications (Figure 17).

200 ym EHT= 1874V Mag= 23X Signal A= SET Date 22 Jun 2023 20pum EMT=2000kv  Mag= 543X Signel A= SE1 Dato 22 May 2024 [H
WO= 1328 mm Photo No. = 2555 Time 1226 46 WO = 11.71 mm Photo No. = 2617 Time :17:26:15

Figure 17. Combined polymer coating of series 1 after exposure to aggressive media
Source: made by G. Ulyeva

Combined polymer coating of series 2 after exposure to aggressive media is characterized by a some-
what heterogeneous structure, there is a local swelling of the coating, but there are no microcracks (Figure 18).

Combined polymer coating of series 3 after exposure to aggressive media is characterized by a uniform,
homogeneous structure, there is an interesting pattern of “crystallization”, and there are no microcracks
(Figure 19).

Further, the adhesion of the polymer coating to the metal base was analyzed by scratch grid method
according to Interstate standard GOST 15140-78>. The scratch grid method consists in that four-six parallel

3 GOST 15140-78. Paintwork materials. Methods for determination of adhesion. Standartinform Publ.; 2009. (In Russ.)
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lines with depth to the base metal at a distance of 2-3 mm from each other and four-six parallel lines
perpendicular to the first ones are drawn on the surface of the controlled coating with a steel point.
No peeling should be observed on the controlled surface of the coating®.

Figure 20 shows the applied scratch grid on the polymer coating.

Table 5 shows the test results of polymer coatings with different filler for adhesion properties.

100 pon EHT=2000kV  Mag= 100X  SignalA=SE1 Date 22 May 2025 [N 10pm EHT= 187KV Mag= 105KX SignalA=SE1 Date 22 Jun 2023

ZE
WO = 11.31 mm Photo No, = 2627  Time :17:38.05 . WD= 11.36 mm Photo No. = 2564  Time :12.36:31

Figure 18. Combined polymer coating of series 2 after exposure to aggressive media
Source: made by G. Ulyeva

EHT= 187KV Mag= 29X Signal A= SE1 Date 22 Jun 2023 [N 10 pm EMT= 1.87kv  Mag= 1.05KX SignalA=SE1 Date 22 Jun 2023
WD = 11.16 mm Photo No. = 2565  Time :14:04:55 WD = 11.43 mm Photo No. = 2568 Time 114.08:17

Figure 19. Combined polymer coating of series 3 after exposure to aggressive media
S ource: made by G. Ulyeva

Figure 20. Example of scratch grid application
S o urce: made by V. Merkulov

4 Hardness testers. Available from: http://www.tverdomer.ru/products/portable-hardness-testers (accessed: 25.02.2024).
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Table 5
Determination of adhesion of polymer coatings on metal samples
NaCl H:S04 5% H:S0410% KOH 5% KOH 10%
1 2 3 4 5

MMA+VBE+MA+TiO: (1TiO2)

No delamination
of the coating during
scratch application

The coating crumbled
when the scratch
grid was applied

The coating crumbled
when the scratch grid
was applied

The coating crumbled
when the scratch grid
was applied

The coating
crumbled when
the scratch grid

was applied

VBE+MMA+Ti02(3TiO2)

When applying the scratch
grid, the coating peeled off
locally (in one place),
but overall withstood the test

The coating generally
has good adhesion
but crumbles
at the intersections
of the scratch grid

The coating adheres
tightly to the base; there
is no peeling in all the
scratch grid crosshairs

The coating has
completely peeled off
when the scratch grid

was applied

The coating has
completely peeled
off when the scratch
grid was applied

MMA+VBE+MA+SiO: (1Si02)

The coating did not peel

The coating did not peel

The coating has

The coating has

The coating has

off when the scratch off when the scratch completely peeled . completely peeled qff completely peeled
rid was applied arid was applied off when the scratch grid | when the scratch grid | off when the scratch
£ was applied was applied grid was applied
VBE+MMA+SiO: (3Si02)
When applying the scratch When applying the When applying the scratch The coating has The coating has

grid, the coating did
not peel off, tightly
adheres to the base

scratch grid, the coating
did not peel off, tightly
adheres to the base

grid, the coating did not
peel off, tightly adheres
to the base

completely peeled off
when the scratch grid
was applied

completely peeled
off when the scratch
grid was applied

MMA+VBE+MA+Ti0:+Si0O:2 (1 series combined)

When applying the scratch
grid, the coating
did not peel off, tightly
adheres to the base

When applying the
scratch grid, the coating
did not peel off, tightly

adheres to the base

When the scratch grid was
applied, the coating did not
peel off, leaving scratches
in the coating but still
adhering tightly to the base

The coating has
completely peeled
off after exposure

to aggressive media

The coating has
completely peeled
off after exposure

to aggressive media

MMA+VBE-+styrene+TiO:+SiO: (2 series co

mbined)

When applying the scratch
grid, the coating
did not peel off, tightly
adheres to the base

When applying the
scratch grid, the coating
did not peel off, tightly

adheres to the base

When applying the scratch
grid, the coating
did not peel off, tightly
adheres to the base

When applying the
scratch grid, the
coating did not peel
off, tightly adheres
to the base

When applying the
scratch grid, the
coating did not peel
off, tightly adheres
to the base

VBE+MMA+Si02+TiO:2 (3 series combined)

When applying the scratch
grid, the coating did not
peel off, tightly adheres

to the base

When applying the
scratch grid, the coating
did not peel off, tightly

adheres to the base

When applying the scratch
grid, the coating
did not peel off, tightly
adheres to the base

When applying the
scratch grid, the
coating did not peel
off, tightly adheres
to the base

When applying
the scratch grid,
the coating did not
peel off, tightly
adheres to the base

S o urce: made by V. Merkulov

According to the results of Table 5, it can be seen that samples No. 1 of 1TiO, and 3TiO, series have good
adhesion properties with the base. Samples Nos. 1-2 of 1SiO: series and samples Nos. 1-3 of 3SiO:z series
have the best adhesion properties with the base. Series 2 and 3 combined polymer coatings have the best

adhesion properties.
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Series 1 combined polymer coating has good adhesion properties except for the samples exposed to
aggressive media (5 and 10% KOH).

The authors decided to determine the hardness of the coatings in order to evaluate the effect of
coating composition and aggressive media on this mechanical characteristic. Hardness was determined
using a MET-UD portable combination hardness tester. Hardness was determined on a selected Brinell
scale. This hardness tester determines hardness electronically by measuring the change in ultrasonic
frequency and by determining the ratio of the velocity of the striker inside the transducer before and after
impact.

The striker, located in the dynamic sensor, has a carbide ball at the end, which is directly connected to
the controlled surface at the moment of impact. There is a permanent magnet inside the striker. After the
trigger is pressed, the striker is ejected onto the surface to be measured by means of a preloaded spring.
In this case, the striker moves inside the inductance coil and induces EMF in it by its magnetic field.
The signal from the output of inductance coil is fed to the input of the electronic unit, where it is converted
to the value of hardness of the selected scale and displayed on the screen.

Table 6 shows the average Brinell hardness results of the samples after exposure to aggressive media.

Table 6
Results of hardness measurements of polymer coating samples on metal
. Hardness, HB
Solution - - - - - - - -
Coating 1TiO: Coating 3TiO: | Coating 1SiO: | Coating 3SiO: Cncoated sample

5% NaCl 244.6 219.4 210.6 214.8 204.4
5% HaSO4 233.2 233.8 182.4 195.4 211.6
10% H2SO04 272.2 239.0 247.0 175.4 200.4
5% KOH 310.6 227.0 232.0 264.4 192.0
10% KOH 221.5 228.6 192.6 230.4 203.4
Medium 254.4 229.6 212.9 216.1 202.4

S ource: made by G. Ulyeva

According to Table 6, the highest hardness values are found in titanium filled coatings of both series.
Accordingly, the uncoated sample has the lowest values, indicating exposure to aggressive media and metal
corrosion. It can be concluded that both titanium-filled and microsilica-filled coatings have protective
properties against corrosion, since the hardness of the polymer-coated samples is greater than that of the
uncoated sample.

Table 7 shows the average hardness results of the combined polymer coating samples after exposure
to aggressive media according to the Brinell method.

Table 7
Results of hardness measurements of combined polymer coating samples on metal
Hardness, HB
Solution - - - - - -
Series 1 coating Series 2 coating Series 3 coating
5% NaCl 133.7 253.7 187.7
5% Ha2SO04 156.7 182.8 239.7
10% H2SO4 150.0 143.0 168.8
5% KOH 2333 206.0 248.0
10% KOH 204.0 233.0 231.3
Medium 175.5 203.7 215.1
Not covered 213.0 214.5 203.5

S ource: made by G. Ulyeva
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According to Table 7, the hardness of metal samples with combined polymer coating is less than that of
polymer coated samples with different fillers individually. However, the combined polymer coating of series
3 has the highest hardness value compared to series 1 and 2.

The thickness of coatings was also determined in accordance with National standard of the Russian
Federation GOST R52146-2003° “Polymer-coated rolled products”. Table 8 shows the results of determining
the thickness of the polymer coating using an electronic micrometer MK-25 (mechanical testing laboratory
of the Analytical Control Center of “Qarmet” JSC) after exposure to aggressive media.

Table 8
Results of thickness measurements of polymer coatings with titanium oxide and microsilica fillers, pm
Solution Coating 1TiO2 Coating 3TiO: Coating 1SiO: Coating 3SiO:
5% NaCl 0.096 0.152 0.217 0.687
5% H2S04 0.093 0.093 0.267 0.197
10% H2SO4 0.059 0.103 0.338 0.256
5% KOH 0.875 0.113 0.159 0.179
10% KOH 0.119 0.091 0.220 0.277
Medium 0.249 0.111 0.241 0.320

S ource: made by G. Ulyeva

According to the results of Table 8, it can be seen that the highest thickness values have the polymer
coating with microsilica filler of series 3, but at the same time this coating has low hardness values. Conversely,
the titanium filled polymer coating, especially series 3, having low thickness values, has higher hardness values.

Table 9 shows the results of the combined polymer coating thickness determination.

Table 9

Thickness measurement results of combined polymer coatings, pm

Solution Series 1 Series 2 Series 3
5% NaCl 0.294 0.389 0.349
5% H2S04 0.300 0.383 0.267
10% H2SO04 0.415 0.527 0.409
5% KOH 0.236 0.472 0.379
10% KOH 0.177 0.492 0.313
Medium 0.284 0.453 0.343

S ource: made by A. Yepaneshnikova

According to Table 9, the combined polymer coating of series 2 has the maximum thickness values,
which also performed well in aggressive media. Series 3 combined polymer coating with poor resistance
to aggressive media has average thickness values. The combined polymer coatings of series 2 and 3 had
higher thickness, which means that their initial formulation shall be taken into consideration. The combined
polymer coating had a low viscosity when it was created, and initially already had a low thickness.

Thus, the technology of protective coatings of a new composition used for metallic and non-metallic
products operating in aggressive media was developed. The new formulation of developed polymer
protective coatings favorably distinguishes the proposed composition from the existing ones.

5 GOST R52146-2003. Cold rolled and cold rolled hot-galvanized sheet with polymer coating, prepainted by the
continuous coil-coating process. Moscow: Izdatel’stvo standartov Publ.; 2004.
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4. Conclusion

1. The formulation of corrosive polymer coating with various fillers for protection of metal structures
and products from the harmful effects of corrosion was developed. The behavior of different polymer
coatings in aggressive media (acidic, neutral, and alkaline) with fillers of microsilica, titanium dioxide and
their combination were also considered.

2. It was found that the polymer coating with microsilica filler performed well in acidic environments
(5 and 10% H2SOs4), while the polymer coating with titanium dioxide filler performed well in hydrochloric
(10% NacCl) and alkaline (5 and 10% KOH) environments.

3. The best performance was achieved by the combined polymer coating series 2, which performed
well in hydrochloric and acid solutions, worse in alkaline solutions (corrosion score 2—4). This is due to the
presence of styrene in the composition of the combined coating, which has good resistance to aggressive
media.

4. The use of production waste as secondary raw materials coming from electrothermal, metallurgical,
coke and chemical industries will serve as a basis for the creation of new production in order to strengthen
and develop the economy and will reduce the environmental load, as well as reduce the area of storage of
production waste.
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Abstract. The aim of the study is to develop a methodology for calculating the strength of normal sections of flexural
reinforced concrete elements, which suffered corrosion damage and were strengthened with external composite reinforcement.
The objects of the study are reinforced concrete elements used in various structures that are exposed to aggressive chloride
environment that causes corrosion of concrete and rebars. The research method is based on the use of a diachronic model of
deformation of corrosion-damaged elements. This model takes into account changes in the mechanical characteristics
of concrete and reinforcement during corrosion and includes equations based on analytical relationships for determining the
initial load-bearing capacity of intact structures. An important aspect of the method is taking into account external polymer
composite reinforcement, which allows to increase the flexural rigidity and strength characteristics of damaged elements.
The Picard’s iterative method, which is designed for approximate solutions of differential equations, was used to ensure the
accuracy of calculations. The results of the study showed that the proposed method allows to effectively assess the strength
of normal sections of reinforced concrete elements subjected to corrosion. It was found that the methodology, which takes
into account the changes in strength and deformation characteristics of materials, as well as the effect of aggressive chloride
environment, ensures high accuracy and reliability of the analysis. The use of external polymer composite reinforcement
significantly increases the stability and durability of structures. Thus, the developed methodology is an important tool for
increasing operational reliability and extending the service life of reinforced concrete structures exposed to aggressive
environments, which is a relevant problem in the construction industry.
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IIpoYHOCTHL HOPMAJIBHBIX CeYEeHHH U3rn0aeMbIX Kea1e300€ TOHHBIX 3JIEMEHTOB,
NMOBPEKIACHHBIX KOPPO3Hel U YCUJIEHHBIX BHEIIHUM KOMIIO3UTHBIM AapMHUPOBAHUEM

B.A. Puvmnn' 7™, JI.A. Cyaeiimanosa®”, II.A. Ameann?

! HanpoHansHEI HccIeqoBaTenbekuii MOCKOBCKHI TOCYIapCTBEHHBIN CTPOUTENLHEIN YHuBepcuter, Mockea, Poccus
2 benropocKuii rocy1apcTBEHHbIH TexHonornueckuil yausepcurer uM. B.I'. Illyxosa, Benzopod, Poccus
P4 v.rimshin@niisf.ru

Ioctynuna B pepakuuio: 10 anpens 2024 r.
ITpunsita k my6iaukanun: 25 urons 2024 r.

AHHOTanus. VccnenoBanne HanpaBiIeHO Ha pa3pabOTKy METOAMKH pacdera MPOYHOCTH HOPMAJIBHBIX CEUCHHH M3rH0aeMbIX
JKeJIe300€TOHHBIX JIEMEHTOB, MOABEPIIINXCS KOPPO3HOHHBIM ITOBPEXKICHNSM W YCHUJICHHBIX BHEITHUM KOMITIO3UTHBIM apMH-
poBarueM. OOBEKTOM HCCIIE0BAHUS SBIIIOTCS JKeIe300€TOHHBIE KOHCTPYKIIUH, UCTIONb3YEMbIE B PA3INUHBIX COOPYKECHUSX,
KOTOpBIE TOJBEPTalOTCS BO3ACHCTBHIO XJIOPHIHON arpeCCHBHOW CpeNbl, BRI3BIBAIOIICH KOPPO3WI0 OETOHAa W apMaTypHBIX
crepkHel. MeTox uccinenoBanus 0a3upyercss Ha NPUMEHEHUH JHUAaXpOHHOM Mojesnn neOopMHUpPOBAaHUS KOPPO3UOHHO-
TMOBPEKJACHHBIX 3JICMCHTOB. OTta MOJCJIb YUYHUTBIBACT USMCHCHUA MEXAHUYCCKUX XaPAKTECPUCTHUK 6eTOHa 1 apMaTyphl B IIPO-
1ecce KOppo3un M BKIIOYAET B ceOs pacdeThl, OCHOBAaHHBIC HA aHAIMTHYECKHX 3aBUCHMOCTAX JUISl ONpENeICHHs MepBOHa-
YaJbHOM HECyIIeH CIIOCOOHOCTH HETOBPEXICHHBIX KOHCTPYKIMH. Ba)kHBIM acrieKTOM METOJMKH SIBIISIETCSI yYET BHEIIHETO
TMOJMMEPKOMIIO3UTHOI'O apMHUPOBaHMs, KOTOPOC MMO3BOJIACT IOBBICUTH HU3rHOHBIE KECTKOCTU U IMPOYHOCTHBIC XapaKTECPUCTH-
KU TIOBPEKACHHBIX 31eMEHTOB. [I11s1 oOecrieueHnst TOUHOCTH pacyeToB UCIIOIb30BAH UTEpannoHHbIi MeTos [Inkapa, npenHa-
3HAYEHHBIN I aMpPOKCUMAIMH pereHni quddepeHManbHbIX ypaBHEHUH. Pe3ybTaTsl uccieJoBaHus OKa3alt, YTO Mpea-
JIOKCHHAas1 MCTOJHKaA ITO3BOJISCT 3(1)(1)6KTI/IBHO OLICHUBATH MPOYHOCTH HOPMAJIbHBIX CEUCHUIM )K6H6306GTOHH]>IX 3JICMCHTOB,
HOJBEPXKEHHBIX KOPPO3HH. Y CTAHOBJICHO, YTO METOJIMKA, YUUTHIBAIOIIAs] U3MEHEHUS IPOYHOCTHBIX U JIe(hOpMaLHOH-
HBIX XapaKTEPHUCTHK MaTepHajioB, a TAKXKE BO3/ICHCTBHE XJIOPUIHON arpecCHBHON Cpelibl, 00ECTIeunBaET BHICOKYIO TOUHOCTh
U HaJIeXHOCTh pacueToB. [IpuMeHeHue BHEIIHEro NOMUMEPKOMIIO3UTHOTO apMUPOBAHUS 3HAYUTENILHO YBEJIMYHUBACT yCTOMU-
YUBOCTh U JONTOBEYHOCTh KOHCTPYKIMHA. TakuM oOpa3oMm, paspaboTaHHass METOJUKA CIY)KUT BaKHBIM MHCTPYMEHTOM JUIS
TIOBBIIICHNS 3KCIUTYyaTA[IOHHON HAJEKHOCTH M HPOJJICHUS CPOKa CIIyXKOBI >KeNe300€TOHHBIX KOHCTPYKIMH, MOJBEPraro-
HIUXCsI BO3AEHCTBUIO arpeCCUBHBIX CPEJ, UTO ABISIETCS AKTyalIbHOM 3afaueil B CTPOUTENBHON OTPACIIH.

KnaioueBsbie coBa: NpoYHOCTS, )KeN€300€TOH, XJIOPHIHAS KOPPO3Hsl, KOMIIO3UTHBIE MAaTEPHAIIbl, YCHIEHHE CTPOUTEIIBHBIX
KOHCTPYKLMH

3asiBjIeHHe 0 KOH()INKTe HHTEPeCcOB. ABTOPHI 3asBISIOT 00 OTCYTCTBHH KOH(IMKTAa HHTEPECOB.
Bkuan aBropos. HepaszaenbHoe coaBTOPCTBO.
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elements damaged by corrosion and strengthened with external composite reinforcement // CtpoutesnbHas MeXaHUKa UHKE-
HEepHBIX KOHCTPYKIHiA 1 coopyxenuii. 2024. T. 20. Ne 4. C. 331-341. http://doi.org/10.22363/1815-5235-2024-20-4-331-341

1. Introduction
1.1. Problems of Corrosion of Reinforced Concrete Structures

Buildings and structures may contain flexural reinforced concrete elements that are exposed to
aggressive corrosion loads, which leads to deterioration of concrete and reinforcement, causing premature
onset of limit states [1-4]. Corrosion of reinforced concrete is a complex set of chemical processes,
as a result of which the strength and deformation properties are significantly changed [5-7].
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One of the key problems in construction is exposure to chloride environments, which is recognized as
hazardous and is widespread in practice. Studies conducted by various methods, including expert surveys,
analysis of project documentation and field observations, show that about 3/4 of enterprises in chemical,
metallurgical and other industries, as well as in the field of transportation and in coastal areas, are exposed
to aggressive environments containing chlorides [8—10].

1.2. Existing Models of Corrosion Damage

At the moment, the processes of determining the stress-strain state of structures damaged by corrosion
under the combined action of service and environmental loads have been sufficiently investigated.
The works of V.M. Bondarenko, V.I. Rimshin, N.K. Rosental, A.I. Popesko, I.G. Ovchinnikov, G.A. Smolyago,
V.P. Selyaev, V.P. Chirkov, P.S. Mangat, G.C. Gaal, R. Al-Hammoud, C. Andrade and others [1-16] are
devoted to this subject.

In the model of corrosion damage of concrete, it is possible to partially apply the dissipative resistance
theory of V.M. Bondarenko [5], according to which the cross-section of the element is divided into three zones.
The first zone represents the area of complete material failure of thickness Z". The second zone is a transitional
zone of partial concrete damage of thickness 6. The third zone is the area of concrete undamaged by corrosion
of thickness p (Figure 1).

By - K*=1

I — K*

Agressive —_—— /_

environment

7

compressive stress
compressive stress

Figure 1. The change of strength characteristics of concrete along the cross section

and the relationship between the depth of corrosion and stresses
S ource: made by V.I. Rimshin, L.A. Suleymanova, P.A. Amelin

According to the theory, the stress in corrosion-damaged concrete is described by the following
relationship [4-6]:

G oo =0, (1) K (2), (1)

where o, (¢) is the stress-strain model of undamaged concrete; K(z) is the function of damage for layer of

thickness z.
Coefficient K varies between 0 and 1 and is defined in general form as:

K (Z)Ziiaiz g 2

where zis the vertical coordinate measured from the stress axis of the corrosion-damaged concrete
element; a, are the coefficients of the power series, which are found at fixed values of K.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLI 333



Rimshin V.I., Suleymanova L.A., Amelin P.A. Structural Mechanics of Engineering Constructions and Buildings. 2024;20(4):331-341

According to the model, the conditions for determining parameters a; are the following:

dk”
tz=p Kp)=1 2| _=o, 3
at z=p K(p) r - 3)
at z>p K'(p+d)=K,. (4)

Given that z=p+ 06 — K (p+c)=0, coefficients a,, a,, a, are equal to:

_(rY.
a, (6)3 (5)

a1=26£2; (6)
1
a2=—8—2. (7)

Rebar corrosion changes the geometric characteristics of reinforcement to a greater extent than the
physical and mechanical characteristics of steel. The calculated cross-sectional area of damaged steel
reinforcement is presented as [15]:

A =44, ®)

where As is the cross-sectional area of rebar before corrosion; 4" is the calculated area of corrosion
damage of rebar cross-section determined from Table 1.

Table 1
Models of corrosion development along the rebar cross-section and calculated area of corrosion damage

Rebar corrosion type Hlustration Function for determining the corrosion area of rebar, 4,

)

Absence of critical concentration 0

Continuous uniform corrosion \ / j 7I5S (2r - 55 )
\| /
pE P-4

8 |
. . . 1
Continuous non-uniform corrosion |\ ) J I/SV i
\ . © g
— // |
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Ending of the Table 1

Rebar corrosion type Illustration Function for determining the corrosion area of rebar, 4"

/ \ 82\/m—m’ +8? arcsin Jm - 2r6S\/E - 2r83\/Z+

| +8_Jmr® —8>m* + r’arcsin d,Nm
Local and pitting corrosion s s .
/’_\/ B 85

where m 3
A

S ource: made by V.I. Rimshin, L.A. Suleymanova, P.A. Amelin
Note. r is the original radius of rebar, ds is the depth of corrosion damage.

The depth of corrosion of steel reinforcement in the studies of I.G. Ovchinnikov is determined by
the following relationship [16]:
0,t<t,,

8, =18, ,(t—t,) , 9)
T+(t te)

where §, ,, T are experimental constants of damage; finc is the corrosion initiation time.
The time duration of the incubation period is determined based on the Fick’s law [15]:

2

p =L | 4 (10)
inc 12D 1_& H
C

N

where D is the coefficient of chloride diffusion, a is the thickness of the protective layer of concrete, C; is
the chloride concentration at concrete surface.

1.3. Existing Prerequisites for Composite Strengthening of Reinforced Concrete Elements

A relevant problem in long-term operation of buildings and structures is the extension of the remaining
service life of damaged reinforced concrete elements. In construction practice, the process of inspection of
technical condition of reinforced concrete structures is performed simultaneously with the aim to increase
the bearing capacity of the elements for resisting higher load values.

Along with the existing methods of strengthening of structures, such as increasing the cross-section
and reinforcement, application of steel casings, the method of external polymer composite reinforcement
is used. The development and application of strengthening methods for intact reinforced concrete structures
with external composite reinforcement became possible owing to theoretical and experimental works of
V.I. Rimshin, D.R. Mailyan, V.I. Morozov, S.I. Merkulov, P.P. Polsky, J.F. Bonacci, A.H. Al-Saidy and
others [17-23].

The tensile behavior of composite materials is characterized by their elastic deformation up to
fracture. Composite fibers differ from steel in that they are not ductile and their failure is brittle. The stress
of composite materials depends on their strain according to Hooke’s equation:
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6,=E&,8 ,, (11)

where £ is the elastic modulus of the composite material; ¢ , is the fiber strain at a specific moment in time.

This affects the strengthening design of reinforced concrete structures with external reinforcement
made of composites, as restrictions are imposed on the magnitude of elastic deformations of concrete and
steel.

However, at the moment, the problem of determining the load-bearing capacity of previously
damaged flexural reinforced concrete elements due to contact with aggressive chloride environment during
operation is studied to a small extent. Which is the subject of this scientific study.

The objects of this study are flexural reinforced concrete elements damaged by aggressive chloride
environment and strengthened with external composite reinforcement.

The aim of the study is to develop a methodology for calculating the strength of the normal sections
of flexural reinforced concrete elements subjected to aggressive chloride environment and strengthened
with external polymer composite reinforcement.

2. Methods

In this paper, a mathematical iterative method is used for determining the unknowns, which is reduced
to the sequential application of the Picard’s method.

The Picard’s method, when used as a tool for partitioning the cross-section of a reinforced concrete
element, is an iterative approach used for analysis and modeling of damaged structures. It involves
successive refinement of the cross-section characteristics by dividing it into sub-elements and iteratively
calculating their properties. In general, the formula of the iterative Picard’s method is defined by the
following relationship:

y(t)=y0+J.;f(x,y(x))dx. (12)

Below is the solution algorithm:

> Initial conditions such as cross-sectional configurations of the reinforced concrete element, including
dimensions, shape, position and number of rebars, geometric parameters of damage such as depth and
length of cracks are specified.

» The cross-section is divided into several zones (sub-elements), taking into account both damaged
and undamaged areas.

» An initial approximation of y is selected (adopted at first as a constant) and substituted in the right-
hand side of the differential equation: dy /dx = f(x, y).

» The equation is integrated with respect to x, which yields y in terms of x in the second
approximation, and the specified numerical values are substituted into it. The result is rounded to the
specified number of decimal places or significant digits. Initially, the mechanical properties of each sub-
element are evaluated. Iterative calculation of the stress-strain state is performed for each sub-element,
taking into account the interaction between them. The sub-element characteristics are updated based on the
calculation results, gradually refining the model.

» The iterative process is repeated until convergence is achieved, when changes in the characteristics
become insignificant. The results are verified to ensure that the model is adequate and the calculations are
correct.

» Integral characteristics of the entire section, such as moment of inertia, static moment, stiffness
and bearing capacity, are determined on the basis of the iterative calculations.

The Picard’s method in this context provides accurate modeling and analysis, which is essential for
assessing the condition of a structure and making decisions about its repair or strengthening.
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3. Results and Discussion

The methodology of strength analysis of flexural elements assumes initial determination of flexural
strength M of the undamaged structure using the following analytical relationships:

o Z, h
N+o6 A +0 A +bj_l/26pdz+bj /zccdz =0; (13)

o Z, h/2
M+o, Az .+0.4.z, +bI_h/chzdz +bjz0 c,.zdz =0. (14)

Further, to calculate the strength of normal sections damaged by corrosion and elements with
cracks, a special case of the diachronic deformation model of V.V. Belov and S.Ye. Nikitin is used [24; 25].
This model takes into account:

» changes in strength and deformation characteristics of concrete in compression and tension;

» development of corrosion in rebars;

For the normal section, the resultant systems of equations of the diachronic model of deformation for

corrosion-damaged reinforced concrete elements comprise the conditions of static equivalence XN, =0

and XM =0, as well as kinematic relationships under all-round aggression:
New=b[ 61 (1)y+ 28] 1% (1) +(5=28,) [0, (D + Ar e Err= Asen s (15)

—bj o) ( ydy+28j ¢ (v) ydy +
h ho
+(b—282)j5 ,(y)ydy+A4  Es, (5 j AscorEsss(E—aj, (16)
_m:L, (17)
X

where 7 is the height of the rectangular section; b is the width of the rectangular section; €' is the strain
of the reinforcement in tension, in the middle section; E, is the elastic modulus of the reinforcement; a is
the distance from the resultant force in the reinforcement to the closest section edge; €, is the concrete
strain, in the middle section; cjeg’,cb are the concrete stresses in the damaged and undamaged zones

respectively; d,, 0, are the depths of damage of the concrete section in the compression zone and side edges.

The calculation methodology is based on a number of assumptions and hypotheses, including the
assumption of constant external load on the element and concentration of aggressive environment around
the section throughout the entire observation period. Corrosion of reinforcement by section reduction and
polynomial stress-strain relationship of concrete are also taken into account. It is assumed that the axis of
the center of gravity passes through the middle of the beam section height.

The contribution of external composite strengthening of flexural element is determined by adding the
forces in the composite reinforcement at a distance 4/2 from the location of the axis of symmetry to the
equilibrium equations (15) and (16), as shown in Figure 2.

As a result, the following relationships are obtained:

N =b o (128, 0 (190 +(v-282) [ 0, (1 +

+A;,corE;€b - As,corEsss - AfEfef; (1 8)
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5 egr Y _degr *
M =b[ o3 (y)yay+28,[ .0 (V) yay+(p-252) LIGI, (»)ydy +

hi/2

N N h R h h .
+As,corES8b (5_51 j - As,corEsgs (5_0) - As,corESSS E ) (19)
g, x
y i g (20)
ey h—x
b
qa where A, is the cross-sectional area of the composite material;
/%/ E, is the elastic modulus of the composite material; €7 is the
6 34 g cor . . . . . . .
s 1 . strain of the composite material, in the middle section.
! 84 In order to perform the iterative calculation, equations (17)
=
X, |, and (18) defining axial force NV, and bending moment M are
| \ﬁ‘ L : 5
] 5/ 1
expressed in terms of flexural stiffness D, curvature - and fiber
strain at the starting point €,:
! 21
N =Diz—+ D3€os 2
Vx
s
1
M s = D11—+ D1i3€o - (22)
Figure 2. Model of the normal section I'x

of strengthened damaged rectangular element o ]
S ource: made by V. Rimshin Taking into account the forces of the polymer composite

L.A. Suleymanova, P.A. Amelin material, the flexural stiffness values are equal to:

5 eg r * eg r *
Di=b[ B vy dy+ 28] B (n)viy 0y +(6-28) [ E, (v)vsyay+

2

N R N A
+As,corasEsVs (5_0 ) - As,cor(xs EsVs [E_aj - Aj(xfEf[E) > (23)

3 egr ¥ egr *
Du=b[ EX* (y)vsy oy + 2BZJ&E§ (s oy +(b-282) L,]Eb (Mvsy Iy +

hl/2

. NN . h
+ Ag.corOs E sV Eg—a j - As,corocSEsvs(E—a) - A/-ongf (%) (24)

8

Di3 = bj E;egr (y)vbay + ZSZI;Esegr (y)Vbay + (b—282) _[;Eb (y)vbay +

hil2

+A;,cora;E;vs - As,coraSESVs - AfafEfa (25)

where E&¢" F, are the elastic moduli of concrete in damaged and undamaged zones respectively; E.. E,

are the elastic moduli of reinforcement in tension and compression zones respectively; £, is the elastic

modulus of the polymer composite material; o(;,, o,.o, are the adjustment factors of geometrical

characteristics of compressed, stretched and polymer composite reinforcement; v,,y, are the coefficients
of the secant modulus of concrete and reinforcement of a particular region.
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4. Conclusion

In this study, the general relationships of stress-strain state changes in corrosion-damaged flexural
reinforced concrete elements, which are strengthened with external polymer composite reinforcement, were
determined. The results of the study allowed to formulate the following conclusions:

1. A methodology for calculating the strength of flexural reinforced concrete elements has been
developed, including the initial determination of the load-bearing capacity of undamaged structure using
analytical relationships.

2. To estimate the strength of normal sections of corrosion-damaged reinforced concrete elements,
a diachronic deformation model was used, which takes into account the changes in strength and deformation
characteristics of concrete and reinforcement due to corrosion.

3. The developed methodology includes stress-strain models of corrosion-damaged reinforced
concrete elements and application of external polymer composite reinforcement, which makes it possible
to accurately determine flexural stiffness and strength characteristics of structures.

4. The proposed methodology is based on a number of assumptions, including constant external load
and concentration of aggressive environment around the cross-section throughout the observation period,
which ensures the stability of the calculations.

5.1t is established that exposure to aggressive chloride environment is a critical factor contributing
to the corrosion of concrete and reinforcement, which leads to premature failure of reinforced concrete
structures.

6. In order to obtain accurate results, the Picard’s mathematical iterative method, designed for
approximate solutions of differential equations, was applied, which provides high accuracy and reliability
of the results.

These conclusions emphasize the significance of the developed methodology and its potential for
improving practices of protection and strengthening of reinforced concrete structures in aggressive
environments.
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AnHoTaums. Llenp ucciaenoBaHus — HAaXOXKICHHE MUHUMAIBHOW (KPUTUYECKOH) KPUBH3HBI JIUCTOBOIO MaTepHaa, JOIyC-
Karomel THOKy 0e3 pa3pylIeHus: THyTOro 3yeMeHTa (o0pa3oBaHHe MPOJOIBHBIX TPEIIWH) U OTPEAETIeMOi COBOKYITHOM
«Hrpoit» IBYX Ne(OopMaIlIOHHBIX TApaMETPOB — YTOHEHHUE, TIPHBOJISILEE K OCIA0ICHHUIO CEUSHUsI eTall, U e(opMarioH-
HOE YNpOYHEHHE MaTepuaia, XapakTepu3yeMoe WHTEHCHBHOCTHIO nedopmanuii. [IpoananusupoBaHa cymiecTByoMas
cXeMa JINCTOBOW THOKU B COBOKYITHOCTH ¢ KHHEMATHKOH Je()OpMalMOHHOTO M3MEHEHHS IepBOHAYAIIbHBIX PaJHyCcoB JeTa-
JIM BBHJY HEPa3pBIBHOCTH CHKUMAIOMIMX (pajiMalibHasl) U PacTATCMBAIOMIMX (TaHTeHIUalbHas1) nedopmanuid. [Ipu nomyue-
HHUHM TUIIOTE3bI IUNIOCKUX CEYEHHUH B YCIIOBHMSX JIMCTOBOW r'MOKM pa3paboTaHa MaTeMaTH4YecKasi MOJIeNb, TI03BOJISIONIAs OlLle-
HHTH Je(POPMAIMOHHBIE U TeOMeTpHIecKie (YTOHEHHE) TapaMeTphl pH (GopMooOpa3oBaHMU TOPOBOH MOBEPXHOCTH pa3iHy-
HOH KpUBH3HBIL. BEIABIICH ypOBEHb pafnaibHBIX HANPSHKEHUH ¢ yueToM Ae(OPMALIOHHOTO YIIPOUHEHHS U YTOHEHHS U3TH-
OaeMoro marepualia, NPUBOJSIIMX K UCUEPIIAHUIO €r0 HECYIEH CIIOCOOHOCTH (pa3pylIeHue), rlie KpUTEepUeM IIacTUYHO-
CTH SIBIISIFOTCSI MEXaHWYECKUE CBOWCTBA KOHKPETHOTO MaTepHala, MOJTyYCHHbIC B UCIBITAHHAX Ha pacTshKeHHe (TIpeielibl
TEKy4eCTH U NPOYHOCTH, OTHOCHTEIILHOE YIJIMHEHHE), allPOKCHMHPOBAHHBIE CTEIEHHOW 3aBHCHMOCTBIO. [lomyuyeHHbIe
pe3yNbTaThl HAWIYT MPUMEHEHHE NPU NMPOSKTUPOBAHUY CHJIOBBIX OOJIEr4€HHBIX KOHCTPYKIHW; B MOJICIMPOBAHUM HAIpsi-
JKEHHO-/1e()OPMUPOBAHHOTO COCTOSHUS METaIa NPU pa3pabOTKe TEXHOJIIOTHYECKHUX MPOLECCOB JIMCTOBOHW IITAMITOBKH
(ruOKM) Ay BBIYMCICHUS BEIWUYMHBI YTOHCHHS, OLCHKH YPOBHS paJHAIIbHBIX HANPSDKEHHH TMOKM MeTalla 1O TOpPLEeBOH
KPOMKe JIaBAIIEero IIyaHCOHA, a TaKkKe IPH NPOSKTUPOBAHUHM THOOYHON OCHACTKH.

KaroueBble ciioBa: micToBast THOKa, paalyc KPUBU3HbI, YTOHECHNE, paJlalbHOe HAPSDKEHNE, TUIACTHYECKAst OTepst YCTOH-
YHBOCTH, Pa3pyIICHHE MaTepHaa
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Design of Thin-Walled Single-Curvature Parts for Use in Lightweight Structures

Yury A. Morozov!“™ Boris F. Belelyubskiy>

! Bauman Moscow State Technical University, Moscow, Russia
2Moscow Polytechnic University, Moscow, Russia
D4 akafest@mail.ru

Received: February 26, 2024
Accepted: June 15, 2024

Abstract. The aim of the study — the purpose of the study was to find the minimum (critical) curvature of sheet material,
to which it can be bent without fracture (formation of longitudinal cracks) and which is determined by the combined «play»
of two deformational parameters: thinning, responsible for cross-section weakening, and strain hardening of the material,
characterized by the intensity of deformations. The existing sheet bending pattern is analyzed with regard to the kinematics
of deformational changes in the initial radii of the part due to the continuity of compressive (radial) and tensile (tangential)
deformations. Assuming the Bernoulli’s hypothesis in sheet bending conditions, a mathematical model has been developed
for estimating the deformational and geometric (thinning) parameters during the formation of a torus surface of various
curvatures. The level of radial stresses has been identified taking into account strain hardening and thinning of the bent
material, which lead to the exhaustion of its load-bearing capacity (fracture), where the plasticity criterion is the mechanical
properties of a particular material obtained in tensile tests (yield and strength limits, relative elongation), approximated
by a power law. The obtained results can be applied in the design of lightweight power structures; in modeling the stress-
strain state of metal when developing technological processes of sheet stamping (bending) for calculating the magnitude of
thinning, assessing the level of radial stresses in metal bending along the end edge of a pressing punch, as well as when
designing bending equipment.

Keywords: sheet bending, radius of curvature, thinning, radial stress, plastic buckling, material failure
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1. BBenenue

CoBpeMeHHOE CTPOUTENBCTBO 3aHUN M COOPYKEHHM MpelycCMaTpUBAET MCIIOIh30BaHUE 00JIer-
YEHHBIX CHJIOBBIX JJIEMEHTOB, CPE HUX CBETOMPO3padyHble (acagHbie MM HABECHBIE CUCTEMBI, 00pa-
30BaHHbBIC CTCKISTHHBIMH TAHEISIMH, YITAKOBAHHBIMU KapKaCHOUW O0OBSI3KOW, KOTOPYIO Yallle BCETO BBI-
MOJIHSIIOT U3 aFOMHUHHUEBBIX CIJIABOB MM CTajH (B 3aBUCUMOCTH OT MHTEHCHUBHOCTH JIEWCTBYIOIIHUX
Harpy3oK).

N3roTorneHne amOMUHUEBBIX TTPOQUIICH MPECCOBAHUEM MO3BOJISET CIPOSKTUPOBATH JIFOOYIO MX
KOH(HUTyparuio, Ho BHICOKAss CTOMMOCTh MHCTPYMEHTAJIbHON OCHACTKH TAaK)KE OTPa’KaeTcs U Ha CTOU-
MOCTH TIOJIOOHBIX U3/IEIHI.

[Tpou3BoACTBO CTaNBbHBIX TpoduiIei He TpeOyeT KaKoro-To HHCTPYMEHTA UHAUBHIYIbHOTO HC-
MOJTHEHUS] U MOXKET OCYIIECTBISTHCS Pa3IUYHBIMU cXeMaMu popMonsMeHeHus (Tubka, npodumuposa-
HUE U Tp.). B 5TOM OTHOIIEHUH U3TOTOBJICHHE THYTHIX MPOQUIICH SBISETCS aHAJOTUYHBIM IPOU3BO/I-
CTBY TOHKOCTCHHBIX JIeTaJIell OJMHAPHON KPUBU3HBI METOJAMU JIMCTOBOM IITAMIIOBKH, 00€CIIeUnBarO-
el Tpedyemyro KoHpHUryparuio aeTanei, KOTopble NIUPOKO MPUMEHSIOTCS B aBHa-, CyJ0-, aBTOIPO-
MBITIICHHOCTH [ 1 2].
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[Tpr >TOM akTyadbHBIM SBJISETCS BONPOC OMpPEICICHUS MHHHMMAaJIbHO BO3MOXKHOT'O pajauyca
n3ruba COrHyTOM JeTalld, KOTOPBIN B TIpeJiesie CTpeMHUTCs K HyIto (puc. 1).

WHorma yMeHbIIeHHE TPEeAebHO AOMYCTUMOTO paguyca M3ruda IUKTYeTCs HEOOXOIUMOCTBIO
CHIDKEHUSI MaTepPHAJIOEMKOCTH M3JIENHNA, YCIOBUIMU MOHTaxa u Ap. [Ipu 3TOM Mcmonbp30BaHue upes-
BBIYAIHO MaJIBIX PaJlyCOB THOKH MPUOIIKACT KOH(PUTYPALHIO JTMCTOBOM MPOPUIBHOM AeTanu (yroyikH,
IIBEJJIEPHI U JIp.) K CEYSHUIO MTPECCOBAHHBIX poduIIeii, T.e. K IoKa3aTensM 0oJblIel )KeCTKOCTH [3; 4].

Puc. 1. Cxema V-00pa3Hoii THOKH B LITaMIIe
U c T o 4 v u k: https://ugselmash.ru/uslugi/gibka-metalla/gibka-stali;
https://ipmet.ru/razd/metalloobrabotka/gibka-metalla

Figure 1. V-die bending
S o ur c e: https://ugselmash.ru/uslugi/gibka-metalla/gibka-stali;
https://ipmet.ru/razd/metalloobrabotka/gibka-metalla

OcHOBHOM 3a/1a4eil B JAHHOM Cilydae sIBJIsieTCs MPeoTBpallleHre pa3pyLIeHHs 3ar0OTOBKHU MPH €€
n3rube, OOBIYHO TPOUCXOJSINEE Ha BBIMTYKIOW MOBEPXHOCTH paaumyca R (1o OWCCEKTpuce yria),
BCIIECTBUE GONbIIHX JehopMalyil pacTsKeHHs 1 yTOHeHus Matepuana (puc. 2)!.
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Puc. 2. Ceuenne n30rayTol 3aroTOBKHU:
1, 2 — 30HBI TAHT€HIMAIBHBIX HATIPSDKECHUH PACTSIKSHUS U COKATHS
W ¢ T o0 4Huk: BeinonaHeHo 0.A. Mopo3oBbIM
Figure 2. Section of a curved workpiece:
1, 2 — zones of tangential tensile and compressive stresses
S ource: made by Yu.A. Morozov

! Epwos B.U. UnTencupukanus GopMOM3MEHSIONMX ONEPalrii IMCTOBOI mTaMIoBKy. M.: Briciasg mkoma, 1989. 85 c.
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YTOHEHNE NPUBOAUT K CHUYKCHHUIO MPOYHOCTU JACTAIM U SIBISAETCS JOMOJIHUTEILHONW MPUYMHOMN
KOHIICHTPAIIMU HANIPSDKEHUH U yCTAIOCTHOTO pa3pylieHHsI (OOBIYHO JOIMYCTUMOE YTOHCHUE OTPaHNYIU-
Baercs 20 %).

Texnomornyecku mporecc THOKH (M3MEHEHUE KPUBHU3HBI JIMCTOBOTO MaTepHalia) SBIISETCS BECh-
Ma IIPOCTOM oneparueil, 10CTaTOYHO OCBSMIEHHOI B pab0TaX OTE€YECTBEHHBIX” U 3apyOEKHBIX aBTOPOB,
Mpeyiaraiux pa3inyHble METOJUKU OIpeAeNeHUs] YTOHEHUsI MaTepuana u ero AedopMariOHHOTO
yrpouHeHus [5-9].

OnHako penieHrne 3aa4u MHUHUMAJIBHOTO paanyca u3ruda TpedyeT KOMIUIEKCHOTO PacCMOTpe-
HUS KMHEMATHKH TIpoIlecca M aHaM3a HampsHKEHHO-IePOPMUPOBAHHOTO COCTOSHUS MeTaia, 00y-
CIIOBJICHHOTO COBOKYITHOW «HUTPOi» ABYX NedOpPMAIIMOHHBIX MapaMeTpPOB — YTOHEHUE, MPUBOIS-
1iee K OCJIa0JICHUIO CEYSHUS JIeTand, U JAe(opMalMoHHOE YIPOYHEHHE MaTepuaia, XapakTepu3yemMoe
WHTEHCUBHOCTHIO fedopmartuii [10-14].

Cnengyer OTMETUTh, YTO COBPEMEHHOE MPOTPaMMHOE OOecleueHrne MO3BOJAET peniaTh moaoo-
HbI€ 3aJ1a4M B IMAJIOTOBOM PEKUME KOMIBIOTEPHOTO MOJICIMPOBAHUS C UCIIOJIb30BAHUEM YHCICHHBIX
METOJ0B WJIM METO/1a KOHEUHBIX 3JeMeHTOB [15; 16]. IIpu 3TOM cieayer y4ecThb, 4TO OCHOBOM Kax-
noro ogooHoro 10 sBiseTcss MaTeMaTUYSCKUN aITOPUTM, OCHOBAHHBIN Ha ONIPEICICHHBIX MOICIISIX
U JOMYIIEHUSX. B CBS3M C 3TUM pacCMOTPHUM MOBEJACHUE METala B YKAa3aHHBIX YCIOBUSIX (HOPMO-
H3MEHCHUS.

2. MeTtoa

®opMon3MeHEeHHE TMOKON NMPUBOJUT K MOSIBJICHUIO B MaTepHane ABYX HNPOTHBOIOJIOXKHBIX
nehopMaIMOHHBIX TPOLIECCOB: PACTSHKEHUS U CHKATHsL, 00YCIaBIUBAIOMINX Ae(POpPMallMOHHOE U3MEHE-
HHUe MepBOHAYAIBHBIX PAUycoB R; U R, (puc. 3)’ [17; 18].

g )
r r
€
—
[ o
vy v 7
€9
<—

Heiitpanproe ceuenue /
Natural cross-section

Puc. 3. PacnipenienieHre TaHreHIMABHBIX Ae(opMalinii 0 CEYCHHUIO TTOJIOCH
U c 1o 4HunK: BemonaeHo F0.A. Mopo3oBbIM
Figure 3. Distribution of tangential deformations over the strip section
S ource: made by Yu.A. Morozov

2 [Ionoe E.A. OcHOBBI TEOPUH TMCTOBOH mITaMIOBKH. M.: Mammnoctpoenue, 1977. 278 c.; 3y6yos M.E. Jluctosas mram-
noBka. JI.: Mamunoctpoenue, 1980. 432 c.; Asepkues I0.A., Asepxues A.FO. TexHOIOTUs XOIOAHON WITaMnoBKU. M.: MamuHo-
crpoenue, 1989. 304 c.

3 Koxan JI.C., Jlebeoes H.H., Mopozoe FO.A., Mouanos H.A. TIpoekTupoBanne KanubpOB COPTOBBIX CTAHOB U OIEpAIMit
JIMCTOBOH mTamnoBku. M.: MI'BMU, 2007. 340 c.
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Hapy>xHblii paguyc R; moJ JedcTBUeM paauanbHoil aedopmanuu €, <0 yMeHbIIaeTcs, Ipu-

r Hap
HUMas HOBOE YCJIOBHOE 3Ha4eHue R, . BHyTpeHHuH ke paauyc R, yBenumuuBaercs 10 R, mox nei-
CTBHEM COOTBETCTBYIOIIEH paguanbHoi nedhopmammu &, >0

r Hap

(1)

Bennuuna yroHeHus: OyneT onpeaesaTbes BEIUYHMHON TaHTeHIMAIbHBIX AedopMaluii, 1eiCcTBy-
IOIUX B PACTSAHYTBIX U CKATBIX CJIOSAX 3arOTOBKH, BCIEACTBUE YETO NEPBOHAYAIBHBIE PANUYCHl R; U

R, NPUHUMAIOT HOBBIE MPOAEHOPMUPOBAHHbIC 3HAYEHHS. — COOTBETCTBEHHO R, M R ¢ rpaHuuei

paszena B HEHTpaJIbHOM CEUYEHUH [, , B KOTOPOM TaHT€HIMAIbHBbIE 1e(hOpMali €, PABHBI HYJIIO:

Rﬂap _pH _ Ruap -1

89 Hap = -
pHR pHR (2)
SGBHsz_ B | _ B
Pu Pu

CoBmectHOe perieHue (1) u (2) ycTaHaBIMBaeT BBIPAKECHHS HAPYKHOTO M BHYTPEHHETO PaHy-
coB (TIpH JomyIIeHHH (PUKCUPOBAHHOTO BHYTPEHHEro paauyca R, =R ):

R _ _ _ 2
Hap_(Z Z]) \4Z,-3Z, 1 (32)

P \Jaz -3z -z,

R %_Z‘
Bosii® (36)
pH 1

rne Z, =p, / R, — xoaddurenT, onpeaensronui mojaokeHne HeuTpaTbHONW TTOBEPXHOCTH.

Torga u3 ycnoBus paBeHCTBA MO MOIYJIIO TaHT€HIUANbHBIX JedopMaluil B pacTIHYTHIX U CKa-
TBHIX CIIOSIX THYTOTO 3JIEMEHTA TMoJydyaeM JAe(opMallMOHHYI0 MOAENh U3ru0a, MO3BOJISAIONLYIO MOCIEI0-
BaTEJIbHO OMPECIUTh MOJIOKEHHE HEUTPATbHOW MOBEPXHOCTH Z; B CEYCHHUU U YCTAHOBUTH OKOHYA-

TEJIbHYIO TOJIIIMHY TOJIOCHI [Tl pa3HbIX 3HaYeHUH MepBOHAYAIIBHBIX PaluycOB R; /R, :

Ry
" _z
~ 2-2z))-\4z,-32> R "
89 Hap _89 s M 5 - 7 . (4)
V4z, =322 -7, 1

C ucronb30BaHNEM BEJIWYHHBI YTOHEHUS TPU OICHKE PaTUalIbHBIX HANPSHKCHUH H3rH0aeMoro
MaTepHuaja Mo TOPIEBOM KPOMKE JABSIIETO MyaHCOHA, MOYKHO PacCUMTATh MPEACTbHBIN U KpUTHUE-
CKHI paJiiyC KPUBU3HEI, JIOMYCKAIOMIMA THOKY 0€3 pa3pylIeHus THYTOTO dJIeMeHTa (00pa3oBaHHE MPO-
JTOJIBHBIX TPELIUH).

PaccmoTpum rulKy aeranu Ha KpUBH3HY R;/R, =1,1, ONpeAESAIONIYIO CIEAYIOMUN XapaKkTep

paBHOBECHsI TAHTCHIIMAIBHBIX nedopmaruii (4):
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1
(2-2))-\4z,-32> ﬁ_zl
J4z,-322 -7, Z

HtepanrioHHBIM TIepeOopoM ompenensieTcsi KOdQGHUIMEHT MOJI0XKEeHUS HEUTPaTbHON MOBEPXHO-
cTi Z; =0,9535 (puc. 4).

N 1,0
— »
2 Z = 0,595 +0,416
£ 09 ; R,/R,
= I R*=0,998
= 0,8
= TN
= \\
_g, 097 Ty
\
-1 S —
S 06 —

10 125 1,5 175 20 225 25 275 3,0
OTtHotweHue /Ratio RI/R2

Puc. 4. Koaypdunuent HeiiTpanbHON HOBepXHOCTH, Z|
W ¢ 1o 4Huk: BemonneHo F0.A. MopozosbiM, b.®. benentodckum
Figure 4. Neutral surface factor, Z;
S o urc e: made by Yu.A. Morozov, B.F. Belelyubskiy

[ToxcraBnsisi naHHOE 3HaueHue B BoIpakeHus (3a) u (30), ycTaHABIMBACTCS OTHOCHTENBHAS BE-
TU4KrHA Je(OPMUPOBAHHBIX PAIUYCOB:

R, (2—21)—,/421—3212“_

P J4Z,-327 -7,

(2-0,9535)—+/4-0,9535-3.0,9535°

- +1=1,0466;
J4-0,9535-3-0,9535% —0,9535
R
2 fz—zl 111—0,9535
B — ] 4 =1+= =0,9534.
P, Z, 0,9535

ITpu ncxoaHoit Tonmuue aucroporo Metauia S =0,8 MM 1 pUKCUPOBAaHHOM BHYTPEHHEM PaJuy-

ce tuoku R / p, =const ycTaHaBIMBAETCS paJuyC TOPOBOIO CKPYIJICHUS NABSIIETO IyaHCOHA U paau-
YC HEUTPAJIBHOW MOBEPXHOCTH

s 08
R/R,—-1 11-1

7/;1 :RZZRBH

0. =7 R =22 R —095351,1-8=839 wu.
R

2
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Hapy»xHb1ii pagunyc TOpOBOr0O CKpyIJIeHUS

R
R, = 2 p,. =1,0466-8,39=8,78 mm.
Y

H

Koaddurment yronenus (puc. 5) [19]

’ Z
Sz (Rm_QJZL%f(I,O466_Lj:o,976.
S Lo- PP oL >
R /R, 1,

10 S 027
= ]
£w S = 22l 0,734
2 2 .05 S~ R,R,
3 :
ZZ ., R*=0997
= <0,
S 2
= 2 0.85 —
S = T ——
S EI
§ 0.8

1,0 1,25 1,5 1,75 2,0 2,25 2,5 2,75 3,0
Ornomenue /Ratio R,/R,

Puc. 5. Ko dunuenTt yroneHus IMCTOBOro MeTaia, S7S
W ¢ 1o 4 Huk: BemonneHo F0.A. MopozosbiM, b.®. benentodckum
Figure 5. Thinning factor of sheet metal, S”/S
S o urce: made by Yu.A. Morozov, B.F. Belelyubskiy

YrupoyHeHne MaTepuaia mpu THOKe ONpeaeIIeTcss HHTGHCUBHOCTRIO Je(hopMaIuid, T.e. cymmap-
HBIM 3HaUEHHEM TaHTCHIUAIBHBIX JeopManuii Ha HAPY>KHOW M BHYTPEHHEH MOBEPXHOCTAX M3rHbdae-
MOW MOJIOCEI

Ruw _Res _ 1 0466-0,9534=0,093 (9.3 %).

81’ = 8OHap +863H =
Pa  Pu

[IpuHMMaeM MOZeIbHBIM MaTepuanoM ctanb 20% [20], miacTHYHOCTH KOTOPOii OyeT ycTaHaBIK-
BaThCSl MEXaHUYECKUMH CBOMCTBAMM, TIOJYYEHHBIMU B UCHBITAHUSX HA PACTSHKEHUE U alIPOKCUMHUPO-
BAHHBIMU CTEMIEHHON 3aBUCUMOCTBIO

Oy =0y, + g, =245+22,4-9,3%% =334,3 MIla,

rae o,, =245 MIla® — ycnoBHbIi npeaen Tekydectu ctamu 20; A, n — Ko3(QQUIHMEHTH yIpOYHEHHUS

Marepuania [21].

4 Apsamacoe B.H., Maxapoea B.H., Myxun I'.T"., Pvioicos H.M., Cunaeéa B.M. Marepuanosenenne. M.: MI'TY um. H.D. Bay-
maHa, 2008. 648 c.

5 Cranb KoHCTpyKIMOHHas / Mapounuk ctanu u crmasos. URL: http://splav-kharkov.com/choose_type_class.php?type id=3
(mata ob6parenus: 23.04.2024).
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6,0  410-0,25
G, —C,, 410-245

n=

b b

G, —0,, 410-245

6’1 250,62

A= =22,4,
rie 6, =410 MIla — npenen npounoctu ctamu 20; =25 % — OTHOCHTENBHOE YTMHEHUE TIPH Pa3-

phIBE.
PagmansHoe HanpspkeHue npu V-o0pa3Hoi ruOke TUCTOBOTO MaTepuana Ha yroa 90 rpamgycoB
(a=m/2 ) c ucronp3oBanueM K03 uIHeHTa KOHTaKTHOTO TpeHust f =0,2 (tabm. 1) [22]:

o, S . 3343 08

o =21 2 i 2 =22,4 M,
T Dp SUSC 28,390,976

r7e 6; — CONPOTUBIIEHUE INIACTUUECKON Ae(OpMalHH.

Tabruya 1
Hanps:xenHno-negopMupoBaHHoOe COCTOSTHUE MeTaJlJIa PH rHdKe

Kpususna Ko dnunent Kosddpuuuent HNHTEHCHBHOCTH PaagmanbHblie
H30THYTOT'0 3JIeMEHTa HelTpaabHOI MOBEPXHOCTH YTOHEHHUs negopmanuii HANPSKeHUst
RI/R2 Zl =pH/R1 S,/S €,% Gpmax,Ml'[a

1,1 0,9535 0,976 9,30 22,40

1,3 0,8779 0,938 24,8 78,50

1,5 0,8192 0,919 37,2 137,9

2,0 0,7171 0,871 60,6 290,0

2,5 0,6514 0,840 77,2 432,1

3,0 0,6055 0,819 89,9 558,2

W ¢ T o0 4Huk: BeinonaneHo 0.A. Mopo3oBbIM
Table 1
The stress-strain state of the metal during bending
Curvature Deformation .
Neutral surface factor Thinning factor . . Radial stresses
of a curved element _ , intensity

Ri/R Z =p,/R N 6% G ) max » MITa

1.1 0.9535 0.976 9.30 22.40

1.3 0.8779 0.938 24.8 78.50

1.5 0.8192 0.919 37.2 137.9

2.0 0.7171 0.871 60.6 290.0

2.5 0.6514 0.840 77.2 432.1

3.0 0.6055 0.819 89.9 558.2

S ource: made by Yu.A. Morozov
[IpenenpHBI pannyCc KPUBU3HBI, TOMYCKAIOMUN THOKY 0e3 pa3pylIeHHs THYTOTO JJIEMEHTa,
OyZeT npu JOCTHKEHUN PaHaIbHBIX HANPSKEHUH HAYaJIbHOTO Mpe/ielia TeKy4eCTH MaTepraa

o <6, = 245 MIla.

pmax
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Kputnyeckuii paguyc KpHBH3HBI, XapaKTepU3yeMbIil HA4aJOM pa3pylICHHs THYTOTO 3JEMEHTa
(0Opa3oBaHKE MPOIOJIBHBIX TPELIUH), OyAET NpU paAuaIbHBIX HAMPSHKEHUSX, CPABHUMBIX C MPEAEIIOM
MIPOYHOCTH JTAHHOTO MOJIEIBLHOTO MaTepuaa (puc. 6):

< o, =410 MIla.

Gpmax

. 600 ‘ ’
o5 & 500
Z= | _ || __|AlOMI/MPa
E e § 400 ,:
S %300 :
S -~ |

= < 100 ~— |

= S 5 2,4=2

1,o 1,25 1,5 1,75 2,0 2,25 2,5 2,75 3,0

Ornomenue /Ratio R /R,

Puc. 6. PaguanbHble HanpspKeHUs IPpU U3rude IMcToBoro Marepuana (craab 20)
W ¢ 1o 4HuK: BeimonaHeHo 0.A. Mopo3oBbIM

Figure 6. Radial stresses during bending of sheet material (steel 20)
S ource: made by Yu.A. Morozov

AnNnpokcuMHpysl pacipeesieHue paauaibHbIX HapsHKeHUH (CpeaHeKBapaTUiHas OMKOKa onpe-

nenennst R = 0,999), ycraHaBIUBaeTCs KPUTUUECKHUI pailyC KPUBU3HBI R; /Ry = 2,42:

2
c =-10 % +324£—320,6=

p max
2 2

=-10-2,42* +324-2,42-320,6 = 405 MI1a.

JIJIsi OLIEHKH BJIMSIHHSI TUTACTUYECKUX CBOWMCTB PA3IMYHBIX METAUIOB HUXKE PAaCCMATPUBAIOTCS
HEKOTOPBIE CTaJIH, UCTIOB3YEMbIC JUIs TPOU3BOJICTBA JINCTOIITAMIIOBAHHBIX U3/CIUI  HMEIOIIHE pa3-
JUYHBIC XapAKTEPUCTUKU ITPOYHOCTH M TUIACTUYHOCTH (Ta0I. 2).

Tabnuya 2
MexaHn4ecKkue CBOHCTBAa MaTePHAJIOB VIS JINCTOBOM IITAMIIOBKH
Marepuan
IMapametp Mousoca, TOCT 1577-93! Mpoxat, TOCT 1050882
Cransp 08 Cransb 40 Cransp 15 Cranp 20
Y cIiloBHBIN Ipeen TeKyuecTu O 0.2 > MIla 196 335 225 245
Ipenexn npouroctu O, MIla 320 570 370 410
OrHocurensHOE yuuHeHue O, % 33 19 27 25
Koadduiuentst ynpounenust 4 / n 6,35/0,85 60,7/0,46 14,9/0,69 22,4/0,62

W ¢ 1o 4HuK: BemonaHeHo 0.A. Mopo3oBbIM
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Table 2
Mechanical properties of sheet stamping materials
Material
Parameter Strip, GOST 1577-93° Rolled steel, GOST 105088’
Steel 08 Steel 40 Steel 15 Steel 20
Proof strength G, ,, MIla/ MPa 196 335 225 245
Tensile strength G, MPa 320 570 370 410
Relative elongation 9, % 33 19 27 25
Hardening factors, 4 / n 6.35/0.85 60.7/0.46 14.9/0.69 22.4/0.62

S ource: made by Yu.A. Morozov

3. Pe3yabTaTthl U 00Cy:KAeHUE

AHanu3 MHTEHCUBHOCTH PACTIPECIICHHUS PAaJIUaIbHBIX HANPSIKEHUH C YYETOM IIACTHYECKUX
CBOWCTB pacCMOTPEHHBIX MAaTEPHAIOB YCTAHABIMBACT MPAKTUICCKU OJJTHAKOBBIC KPUTHUECKHUE PAIIYCHI
KPUBU3HBI, TPaHUYAIINE C pa3pyLIeHHEM MaTepuaia npu Ry /R, <2,41...2,45 (puc. 7).

800
= 700 Crainb/Steel 40 P
g (Ri/Ry=2,45) \\ //
= S 600 P
=
5 Eﬁ 500 Crann/Steel 20
¥ (R\/Ry=2,42)
R »n N
= 8 400 CranSteel 15 =
'3 300 + (RI/R,=241) /7

'U e
2 < 200 y =
5100
~ /

0 =~

1,0 1,25 1,5 1,75 2,0 2,25 2,5 2,775 3,0
OTtHowenue / Ratio Ri/R2

Puc. 7. PaguanbHble HanpspKEHUS IPU M3rube IMCTOBOrO MaTepuana
W ¢ 1o 4 Huk: BemonneHo F0.A. MopozossiM, b.®. benemodckum

Figure 7. Radial stresses during bending of sheet material
S ource: made by Yu.A. Morozov, B.F. Belelyubskiy

Haiinennoe 3HaueHre KpUBU3HBI, TAK)KE MOXKHO NPEACTAaBUTh (PAKTUYECKON BETUUMHON KPUTHUYE-
CKOI'O BHYTPEHHETO paauyca

s s
>R, = _ =(0,71...0,69) S .
o= T RIR -1 (2,41...2,45)—1 ( )

$TOCT 1577-93. IIpoKar TOJICTOIUCTOBOM M NIMPOKOIIOJIOCHBIN M3 KOHCTPYKIIMOHHON KaueCTBEHHOM cTanu. Munck: W3-
BO cTaHgapToB, 2002. 24 c.

"TOCT 1050-88. I'pynina B32. [TpokaT copTOBOi, KalMOPOBaHHEI, CO CHENUAILHON OTAENKOM OBEPXHOCTH U3 YIJIEPOIH-
croit kadecTBeHHOH. KoHcTpykumonno# cramu. O6mue Texuudeckue yciosusi. M.: M3n-Bo cranmapros, 2003. 33 c.
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4. 3akaouenue

B crarbe mpoBeneHO Bccle0BaHNe MUHUMAIBLHOTO (KPUTHYECKOTO) BHYTPEHHETO pajnyca KpH-
BHU3HBI THYTOTO 3JIEMEHTA, JOIYCKAIOIIEro THOKY JUCTOBOTO MaTepuana 6e3 paspyiieHus (oOpa3oBa-
HUE MPOAOJBHBIX TPEIINH) HA OCHOBE MaTeMaTUYECKOW MOJIENH HAaMPSKeHHO-Ie()OpPMHPOBAHHOTO
cocTosiHUs (hOpMOHM3MEHIEeMOM 3aroToBKM. Ha OCHOBaHUM MPOBEIECHHOTO UCCIEIOBAaHHUS MOXXHO Chop-
MYJIAPOBATH CJICIYIOIINE BHIBOJIBI:

1. Ha ocHOBe TUmoTe3bl MIOCKUX CEYCHHM MPEICTaBICH METOJ BBHICUMTHIBAHUS KPUTHUYECKOTO
paauyca, onpeaessieMblii HHTCHCUBHOCTBIO JepopMannii Ha HApy»KHOM M BHYTPEHHEH MOBEPXHOCTSIX
n3rudaeMoi 3aroToBKH (TI0JIOCHI).

2. YucneHHOE MOJIeTMpOBaHNe, YUUThIBatoee JeopMalMOHHbIE TPOLECCHl U MEXaHUYECKHIE
XapaKTePUCTHKU MPOYHOCTH W TUTACTUYHOCTH MaTepuaia, MoKa3ajao yCTONYMBBIA POCT pagralibHBIX
HANPSDKEHUH, BBI3BIBAIOIIMX Pa3pylIeHHe MaTepralia MpHu JOCTHXKEHUN ONPEEICHHON BeTMUYUHBI KPH-
TUYECKOTO paJyca KPUBU3HBL.

Takum 00pa3zom, IpeqIoKeHbl MaTeMaTHYECKH 00OCHOBAaHHBIE PEKOMEHAAIMU IS Pa3pabOTKH
TEXHOJOTUYECKHX MPOIIECCOB JTUCTOBOM MITAMITOBKY WJIH MPOCKTUPOBAHUS THOOYHONW OCHACTKH C yde-
TOM TITACTUYECKUX CBOWCTB KOHKPETHOTO MAaTephalia, YTO MO3BOJIHUT CHH3UTh MATEPHATIOEMKOCTh U3/Ie-
JIUSL C TIOBBIIIEHUEM €T0 JKECTKOCTH.

JlJiss MCKITFOUEHUSI 3HAYUTEIFHOTO0 00heMa UTEPAlMOHHBIX PAaCYETOB, MPUBOASTCS COOTBETCTBY-
IOIIUE aNMpPOKCUMAIIMOHHBIE 3aBUCUMOCTH, TO3BOJISIONINE C BBICOKOM TOYHOCTHIO 2...3 % ompeaenuThb
MIOJIO’KEHUE HEHUTPaThbHON TOBEPXHOCTH THYTOT'O JIEMEHTA M BEIMYMHY YTOHSHUS MaTepuaa.
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Abstract. An effective way of ensuring seismic resistance of buildings and structures is the use of active seismic protection
systems — seismic isolation. One known type of seismic isolation is a sliding belt at foundation level. However, the
application of this seismic protection system is limited by the lack of necessary design justifications and studies. The
behavior of a cast-in-situ reinforced concrete building with different number of storeys (5, 9, 16 floors) with sliding belt
seismic isolation at foundation level containing fluoroplastic plates and an elastic limiter of horizontal displacements is
considered. The main focus of the study is the effect of the size of the gap between the elastic limiter and the side faces
of the upper foundation on the efficiency of the sliding belt. The analysis was carried out using the direct dynamic method.
Comparative graphs of relative displacements and the stress intensity distributions for each calculation case are obtained.
It is revealed that proximity of the elastic limiter to the foundation increases the likelihood of collision and the emergence of
dangerous vibrations that can lead to the failure of the structure. The optimally selected gap size will allow the sliding belt
to operate effectively, limiting excessive horizontal displacements, and reduce seismic loads on the superstructure.
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AnHoranus. JpdexTuBHBIM criocoO0M obOecreueHnsT CeCMOCTONKOCTH 3MaHUH U COOPYKEHUH SBISAETCS MCIIOE30BAHIE
AKTUBHOM CHCTEMBI CeiicMO3aIluThl — celicMon3osanun. M3BecTHa celicMOU30IIUs B BUJIE CEHCMOM30JIMPYIOIIETO CKOJIb-
3s11ero nosica B ypoBHe gyHaamenra. OJHako MpUMEHEHHE JaHHON CHCTEMbI CEHCMO3AIUThI OTPAHUYUBACTCS OTCYTCTBH-
€M HeoOXOJMMBIX pacueTHhIX 000CHOBAHMN W UCCIIeOBaHN. PaccMoTpeHa paboTa MOHOIUTHOTO KeJle3006 TOHHOTO 37aHHs
pa3nuuHOM 3TakHOCTH (5, 9, 16 3Taxkeil) ¢ ceicMOM30IMPYIOIIMM CKOJIB3SIINM IT0SCOM B YPOBHE (yHIaMEHTa ¢ TopoIuia-
CTOBBIMHU IUTACTUHAMU U YIPYTUM OTPAHUYUTENIEM TOPU30HTANbHBIX NepemenieHuid. OCHOBHOE BHUMAaHHE YAEICHO BIIUS-
HHIO 3330pa MEXIY YIPYTHM OTpaHUYHMTENeM M OOKOBBIMH I'paHsSMH BepxHero (yHnamenrta Ha 3()(eKTHBHOCTH pabOThI
CKOJIB3AIIETO Tosica. Pacuer MpoBeIeH C MCIOJIB30BAaHNEM IMPSIMOTr0 AMHAMHYECKOTo MeTona. IlomaydeHsl cpaBHUTEIb-
Hble Ipa)MKM OTHOCHUTENILHBIX MEPEMELICHUI U W30II0JsI MHTEHCUBHOCTH HANPSDKEHUN JUIS KaXKIOW pacyeTHOW CUTYalHH.
BrisiBIIeHO, 4TO ONHM3KOE PACIIOIOKEHHE YIPYroro OrpaHHYHTeNs K QYHIAMEHTY YBEIHMYMBAET BEPOSTHOCTD CTOJIKHOBEHHMS
1 BO3HMKHOBEHHS OIIACHBIX KOJIEOaHHH, KOTOPBIE MOTYT NPHUBECTH K Pa3pyIICHHIO KOHCTPYKInH. ONTHManbHO MOg00paH-
HOE€ PACCTOSHHUE MO3BOJIUT 3(PPEKTUBHO PabOTaTh CKOJIB3SIIEMY MOSICY, OTpaHHUYMBasi Ype3MEPHBIE TOPHU30HTAIBHBIE CMe-
IIEHHs, CHU3UTh CEHCMHUYECKHE HArPy3KN Ha HAaJ3€MHbIE KOHCTPYKLIUH 3[aHUsL.

KiroueBble cjioBa: akTUBHAsI ceiicMO3aIInTa, CEHCMOM3OIISIINSA, CEHCMOCTORKOE CTPOUTENBCTBO, (PTOPOILIACTOBBIC IIIa-
CTHHBI, IPSIMOM JTUHAMUYECKUN METOJ

3agBaenne 0 KOHGINKTE HHTEPECOB. ABTOPHI 3asBJISIIOT 00 OTCYTCTBUHM KOH(JIMKTA HHTEPECOB.

Bxaan aBTopoB. Mkpmuiueg O.B. — Hay4HOE PYKOBOJCTBO, KOHIICIIIHS FCCIEIOBAHUS, PA3BUTHE METOJOJIOTHH, UTOTO-
BbI€ BbIBOJIbL. Muneazosa C.P. — npoBelleHUue YUCICHHBIX UCCIEI0BaHUMN, aHAJIU3 PE3YJIbTaTOB UCCIIEOBAHMUSI, TIOATOTOBKA
MCXOJHOT'O TEKCTa, HOATOTOBKA HH(POrpaQHUKOB, UTOTOBBIE BHIBOIBI.

s murupoBanusi: Mkrtychev O.V., Mingazova S.R. Behavior of reinforced concrete buildings with sliding belt seismic
isolation and elastic limiter of horizontal displacements // CTpouTenbHas MeXaHUKa MHKCHEPHBIX KOHCTPYKIHN M COOPY-
xeHui. 2024. T. 20. Ne 4. C. 355-363. http://doi.org/10.22363/1815-5235-2024-20-4-355-363

1. Introduction

Seismic resistance of buildings and structures is an important aspect of engineering design and
construction in earthquake-prone regions. With increasing urbanization and development of cities, involving
construction in complex geological conditions, the problem of seismic resistance is becoming more and
more relevant and important. Earthquakes can cause loss of life, destruction of infrastructure and significant
economic losses, so it is important to ensure the safety and stability of buildings and structures against
possible seismic impacts.

Many experts around the world are actively engaged in research and development of methods and
technologies in the field of earthquake-resistant construction, contributing to this important field. The research
papers of Ya.M. Eisenberg [1], O.V. Mkrtychev [2], I. Mirzaev [3], V.I. Smirnov [4], N. Maureira-Carsalade
[5], M. Erdik [6], P.M. Calvi [7] and others [8—16] consider methods of increasing earthquake resistance
of buildings and structures using various types of active seismic protection systems, including sliding belt

Mxpmuiues Onez Bapmanosuu, J0KTOp TEXHUYECKHX HayK, Ipodeccop, 3aBeayromuii Kadeapoii conpoTupieHns Matepuanos, HanmoHansHsIi Hccieo-
BaTeNbCKUif MOCKOBCKHI rocynapcTBeHHbIN cTpouTensHblilt yHuBepeuter (HUY MI'CY), Mocksa, Poccus; eLIBRARY SPIN-kon: 9676-4986, ORCID:
0000-0002-2828-3693; e-mail: mkrtychev@yandex.ru
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base isolation. The authors of papers [17-19] investigated the sensitivity of seismic isolation systems under
different parameters of the external seismic loading and the structure, as well as the influence of seismic
isolation parameters under the optimal design of structures. In [20-22] the issues of seismic isolation of
nuclear power plants are considered. In [23; 24], the influence of damping and its parameters on the
performance of seismic isolation was studied.

The subject of this study is the performance of sliding belt base isolation with fluoroplastic plates
(PTFE) during earthquake.

The purpose of the study is to analyze the influence of the elastic limiter of horizontal displacements on
the efficiency of the sliding belt base isolation.

The main objectives of the study are:

1) development of a model of a cast-in-situ reinforced concrete building with sliding belt base isolation
and an elastic limiter of horizontal displacements;

2) analysis of the cast-in-situ reinforced concrete building with sliding belt base isolation and an elastic
limiter of horizontal displacements under an intense earthquake using the direct dynamic method;

3) examination of the results of the numerical study and evaluation of the influence of the elastic limiter
on the efficiency of the sliding belt.

2. Method

The behavior of a cast-in-situ reinforced concrete building of different storeys (5, 9, 16 floors) with
sliding belt seismic isolation and an elastic limiter of horizontal displacements on a rigid base has been
investigated (Figures 1, 2).

Figure 1. Model of a 16-storey building with a sliding belt
and an elastic limiter of horizontal displacements:
1 — cast-in-situ reinforced concrete building with upper foundation;

ey

2 — contact surface (PTFE+PTFE); 3 — lower foundation on rigid base; Figure 2. Fragment of the finite element model
4 — elastic limiter of horizontal displacements (sand) S ource: compiled by S.R. Mingazova
S ource: compiled by S.R. Mingazova in the LS-DYNA program in the LS-DYNA program

A material combination of PTFE over PTFE with a sliding friction coefficient of p = 0.05 is used as
the friction minimization component.

Compacted sand with the following mechanical characteristics is used as the elastic limiter of horizontal
displacements: p = 1680 kg/m®, E = 100 MPa.

The elastic limiter is installed along the perimeter of the upper foundation at a particular distance.
The value of the distance from the side edges of the upper foundation to the side edges of the sand should
be selected in such a way as to ensure the efficiency of the sliding belt on one hand, and on the other hand,
to prevent large residual displacements that may adversely affect the structure, including service lines.
In the course of the study, the cases when the distance between the sand and the upper foundation is 5, 10,
15, 20 cm were considered.
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The height and width of the sand is assumed to be 1 m. The concrete-sand sliding coefficient of
friction is 0.3.

The initial data of the considered cast-in-situ reinforced concrete buildings are given in [25-27].

The analysis was performed by the direct dynamic method in LS-DYNA software using explicit
schemes of direct integration of the equation of motion. The nonlinear behavior of concrete (024 MAT
PIECEWISE LINEAR PLASTICITY) and elastic behavior of sand (001 MAT ELASTIC) were adopted in the
analysis [28].

The intensity of the earthquake is 9 on the MSK-64 scale. A rigid base problem in a non-inertial
reference frame is considered. The external seismic loading is specified using the accelerogram of the
ground surface, which is the result of the combined ground motion due to the incoming waves from the
interior of the earth (longitudinal, transverse and surface waves). The equation of motion of a system with
a finite number of degrees of freedom in this case is written in the following form [29]:

(MU +[C)T+[K]T =—[M]T-a,(2),

where [M] is the mass matrix; [C] is the damping matrix; [K] is the stiffness matrix; U is the vector of

velocities of the concentrated masses; U is the vector of accelerations of the concentrated masses; U is the
vector of displacements of the concentrated masses; @, (t ) is the acceleration of seismic motion.

When analyzing a building with seismic isolation in the form of a sliding belt at the foundation level,
it is necessary to take into account that, generally, the worst case for such structure is a low-frequency
external seismic loading, which can, for example, lead to large residual displacements. Therefore, a two-
component accelerogram with a dominant frequency of 1.04 Hz in the X-axis and 0.83 Hz in the Y-axis was
considered as an external seismic load (Figures 3, 4).

Acceleration ao®, [m/s?]
o

Time ¢, [s]

Figure 3. Single-component earthquake accelerogram in X direction for the 16-storey building
S ource: compiled by S.R. Mingazova in the LS-DYNA program

Acceleration a¢’, [m/s?]

Time ¢, [s]

Figure 4. Single-component earthquake accelerogram in Y direction for the 16-storey building
S ource: compiled by S.R. Mingazova in the LS-DYNA program
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3. Results and Discussion

Below are comparative graphs of relative displacements of the 1st floor of the 5-storey building along
the X and Y axis without seismic isolation, with seismic isolation and without elastic limiter, with seismic
isolation and with an elastic limiter of horizontal displacements located at a distance of 5, 10, 15 cm
(Figures 5, 6).

It should be noted that in all figures for the 5-storey and 9-storey building there is no graph of relative
displacement of the Ist floor in the case when the elastic limiter is installed at a distance of 20 cm from
the side edges of the upper foundation, because the displacement of the upper foundation is less than this
distance. This analysis case is similar to the case of a building with seismic isolation and without an elastic
limiter.

A without seismic isolation
2 f T 1 B with seismic isolation -
€ with seismic isolation (3 cm)
D with-seismie-isolation (10 em)

E i - g _with seismic isolation {15 cm)
= o i e npf e A A
g \ -.\p‘v\l it u'!\‘*&p}f v \.‘-"‘U- A B Ay
o - [ . | |
E
[=5
2 Ll _
=

3 | : |

2 10 15 A u:
Time ¢, [s]

Figure S. Displacement of the top of the 1st floor of the 5-storey building relative to its bottom along the X axis
S ource: compiled by S.R. Mingazova in the LS-DYNA program
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(] 5 10 15 20 25
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Figure 6. Displacement of the top of the 1st floor of the 5-storey building relative to its bottom along the Y axis
S ource: compiled by S.R. Mingazova in the LS-DYNA program

Below are comparative graphs of relative displacements of the 1st floor of the 9-storey building along
the X and Y axis without seismic isolation, with seismic isolation and without elastic limiter, with seismic
isolation and with an elastic limiter at a distance of 5, 10, 15 cm (Figures 7, 8).

Below are comparative graphs of relative displacements of the 1st floor of the 16-storey building
along the X and Y axis without seismic isolation, with seismic isolation and without elastic limiter, with
seismic isolation and with an elastic limiter at a distance of 5, 10, 15 cm (Figures 9, 10).
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Figure 7. Displacement of the top of the 1st floor of the 9-storey building relative to its bottom along the X axis
S ource: compiled by S.R. Mingazova in the LS-DYNA program
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Figure 8. Displacement of the top of the 1st floor of the 9-storey building relative to its bottom along the Y axis
S ource: compiled by S.R. Mingazova in the LS-DYNA program
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Figure 9. Displacement of the top of the 1st floor of the 16-storey building relative to its bottom along the X axis
S ource: compiled by S.R. Mingazova in the LS-DYNA program
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Figure 10. Displacement of the top of the 1st floor of the 16-storey building relative to its bottom along the X axis
S ource: compiled by S.R. Mingazova in the LS-DYNA program

Figure 11 presents the stress intensity distributions for the 9-storey building with a PTFE sliding belt
and an elastic limiter of horizontal displacements (at a distance of 5, 10, 15, 20 cm).

1.573e+07 9.418e+06
1.417e+07 ] 8.483e+06
1.261e+07 _| 7.548e+06 _
1.105e+07 _ 6.613e+06 _
9.484e+06 _ 5.679e+06 _
7.923e+06 _ 4.744e+06 _
6.362e+06 _ 3.809¢+06 _
4.800e+06 _ 2.874e+06 _
3.239e+06 1.939¢+06
1.677e+06 1.005¢+06
1.159¢+05 _| 6.992e+04 _|

Ly £y
a
1.311e+07 7.954e+06
1.181e007:| 7.164e+06
1.051e+07 _ 6.374e+06 _
9.213e+06 _ 5.584e+06 _
7.913e+06 _ 4.794e+06 _
6.614e+06 _| 4.003e+06 _
5.314e+06 _ 3.213¢+06 _|
4.015e+06 _| 2.423e+06 _|
2.715e+06 1.633e+06
1.416e+06 8.428e+05
1.160e+05 _| 5.263e+04 _|
Ly Ly
c d

Figure 11. Stress intensity distribution (in units of Pa) at time # =13.20 s of the 9-storey building with seismic isolation
and elastic limiter of horizontal displacements at a distance of: @ — 5 cm; b — 10 cm; ¢ — 15 cm; d — 20 cm
S ource: compiled by S.R. Mingazova in the LS-DYNA program
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The analysis of the obtained results shows that at a distance of 5 cm between the sand and the upper
foundation, the worst outcome — collapse — is observed for the 5- and 16-storey buildings. This is due to
the fact that at the moment of impact of the upper foundation with the sand, strong vibrations of the building
and large relative displacements occur.

As the distance between the upper foundation and the elastic limiter increases, the probability of
collision decreases. The farther away the elastic limiter is located, the smaller the building vibrations and
relative displacements will be, which is observed in the results of the 5, 9-storey and 16-storey buildings.
The case where the distance between the upper foundation and the elastic limiter is 20 cm is similar to the
case without the elastic limiter, where the lowest relative displacement of the storey is observed.

4. Conclusion

The following conclusions are made based on the obtained results:

1. If the elastic limiter is close to the foundation (5 cm), the probability of impact increases, causing
dangerous vibrations and structural damage.

2. When selecting the optimal gap size, it is necessary to ensure that this distance facilitates the
performance of the sliding belt on one hand and is not too large on the other hand.

3. Despite of the fact that it is quite obvious that when the elastic limiter is close to the foundation,
the probability of impact increases, causing dangerous vibrations and failure, the conducted studies allow to
determine the value of the most optimal gap, which would ensure the efficiency of the sliding belt, limit
excessive horizontal displacements and at the same time would not be too large.

4. The results of the numerical study show that the position of the elastic limiter of horizontal
displacements critically affects the performance of the seismic isolation. With an optimally selected gap,
this type of seismic isolation significantly reduces seismic loads on the superstructure, which allows to
increase its stability and safety during earthquake.

The proposed analysis method of a cast-in-situ reinforced concrete building with seismic isolation
by the direct dynamic method, based on explicit schemes of direct integration of the equation of motion,
allows to obtain a solution in the time domain, taking into account the nonlinear behavior of the structure.
The developed calculation method and research results can be used by design and research organizations
in the construction of buildings and structures in earthquake-prone areas.
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introduced. The problem of determining the crack path on the basis of integral principles of mechanics is insufficiently
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Bo03M0:xHO JIM omnpesiesieHHEe TPACKTOPUM TPELIMHBI CPa3y U B 1eJIOM?

E.M. Moposos'”, A.K. Kyp6anmaromenos? "™
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Annortanus. [IpeacTaBieH KpaTKuil 0030p METOIOB pacyeTa TPAeKTOPUHU TPEIIHUHBI C UCIIOJIB30BAHUEM MHTETPATBHBIX
MIPUHIIMIIOB MEXaHUKHU. B IByMEpHOI MOCTaHOBKE TpeIllMHA PacCMATPUBAETCS KaK IeoJIe3nYecKas JIMHUS Ha MOBEPXHOCTH
Tela C METPUKOH, KOTOpasi 3aBICHUT OT HAYaJHHOTO HAIPSHKECHHOTO COCTOSHHUSA. BO3MOXKHOCTB NMPHOIMKEHHOTO OTIpeiee-
HUS TPACKTOPUH TPEUIMHBI HA OCHOBE MHTErPAbHBIX MPUHIIUIIOB MPOWLIIOCTPUPOBAaHA Ha psjie 3a7a4d. B vacTHOCTH, ompe-
JIeJIeHbl TPAeKTOPUU TPEIIMHBI B MOJYIJIOCKOCTU MOJ AEHCTBHEM PAaBHOMEPHO PACIPENEICHHON Harpy3Ku Ha €€ KPOMKY.
PacdeTs! BKITIOYArOT HANIPSHKEHHOE COCTOSTHHE MOJMYIUIOCKOCTH, B3STOE M3 pEIIeHus s Tena Oe3 TpemwHbl. [Toka3ana mio-
JIOTBOPHOCTH MPEICTABICHUS CMEIIEHIH KPaeB TPEIIMHBI C TOMOIIBI0 TUIOTe3sI BuHkiepa. [ u3ydeHns: JOKpUTHYECKO-
'O INOBCACHUS TpeLlII/IH]:.l MOXET 6])ITI) BBCJICHO IIOHATHUC Cracon — KBa3W4YaCTHIIbI, HMMTprIOLLleﬁ JBHUXKCHUC BepH_ll/lHI)I
TpemuHbl. [IpobGiaema omnpeneneHuss TPAaCKTOPHH TPEIIUHBI HA OCHOBE WHTEIPANbHBIX IPHUHIAIIOB MEXaHUKHU H3y4YcHa
HEJIOCTaTOYHO M TpeOyeT NaNnbHEHIINX UCCIIeTOBAaHHMN.

KiroueBnbie ciioBa: (pakrajgbHas MeXaHMKa, MEXaHHMKAa TBEPJOTrO Teja, TPACKTOPUs TPEINWHBI, KBa3UXPYIKUH (pakTai,
(hpakTampHOE HAMIPSDKEHHE, KOMITO3UIIMOHHEIA MaTepra

3asBiaenne o KOHGINKTe HHTEPECOB. ABTOPHI 3aiBISIOT 00 OTCYTCTBUH KOH(DIMKTA HHTEPECOB.

Bkuaan aBropoB. Mopo3o¢ E.M. — HayuyHOE PYKOBOJACTBO, KOHLIEIILUS MCCIEA0BAaHUSA, Pa3BUTHE METOOJIOTUH, UTOTOBbIE
BBIBOJIbL. Kypbanmacomedos A.K — NpoBeAeHNE YUCICHHBIX MCCIEAOBAHU, aHaIU3 Pe3yJIbTaTOB HCCIIE0BAHUS, MOJr0-
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CrpoutenbHas MEXaHHKA MHKXCHEPHBIX KOHCTPYKIMI U coopyxenuit. 2024. T. 20. Ne 4. C. 364-373. http://doi.org/10.22363/
1815-5235-2024-20-4-364-373

1. Introduction

In a three-dimensional setting, the path along which a crack propagates is the surface on which the
front of the crack is located, limiting its area; in a two-dimensional setting, the line on which the tip (apex)
of the crack is located is the point limiting the extent of the crack. The problem of calculating the crack path
is not new. Moreover, it is completely solvable using numerical, step-by-step methods (at least in plane
formulation). Finally, it is not among the primary ones, although it is possible to think of computational
methods for determining a stronger or more durable body configuration based on the analysis of shape and
length of cracks. Algorithms for finding the crack propagation path using the step-by-step method are clear
because they rely on familiar mathematical operations. The specificity of fracture mechanics arises when
choosing a criterion on the basis of which, at each step of the increase in the length of a crack (hereinafter,
cracks in the form of a line are implied), the direction of this increase is established and, if the crack growth
process is stable, then the load step or, conversely, the length of this increase at the selected load step as well.
Each increment in crack length is accompanied by a final increment in load or stress intensity factor.
Several such criteria are known [1-3]. For example in [4], a relationship for the crack growth rate under
cyclic loading (such as the Paris formula) is used to calculate the increment in the length of subcritical crack
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growth, implemented in [5; 6]. This addition to the step-by-step method, in contrast to the option with
a constant crack increment, takes into account the “inertia” of crack propagation, determined by the crack
speed (and therefore a crack growing at a higher speed is “straighter” than one growing at a low speed).
In this regard, it would be interesting to compare the paths for materials with different mechanical
properties of cyclic crack resistance. What follows is a plane problem (or a two-dimensional one on a curved
surface of a body) for an isotropic material and, in addition, the slow subcritical growth of a crack due to
cyclic loading, creep, etc. is not considered.

2. Methods

It is important that each state before the subsequent small increment in the crack length is a critical
equilibrium state, in which the accepted failure criterion is met and this state is stable ( WB_P; >0, p is the
load parameter, / is the crack length). In this case, there is no avalanche-like growth of a crack (or its jumps
from one stable equilibrium state to another), since the step-by-step method is not able to describe the
unstable, avalanche-like growth of a crack, which is dynamic in nature. At the same time, one can imagine a
calculation algorithm with the necessary load drop per crack step, in order to try to take into account the

unstable domain Wa—l;< 0 of the critical equilibrium state. At the same time, however, the question

remains open about the adequacy of the calculated path compared to the observation. A brief overview of
some techniques for the numerical implementation of path calculations using finite element method can be
found in [7]. However, let us discuss the question of whether there are any possibilities for determining
crack paths in general. The well-known example of determining the entire crack path at once is based on the
intuitive assumption that the crack coincides with the path of the smallest principal stress of the initial
(without crack) stress field. This approach is confirmed by many particular cases of fracture, and is
implemented in design, specifically, for diagnostic purposes using the “brittle coating method”. And yet
there is no “theoretical” evidence of the validity of this approach. In addition to discrete (differential)
methods for finding the path of a process, theoretical mechanics also considers integral methods that are
interconnected with differential ones and describe the same process, but in a different mathematical
implementation. Assuming that the propagation of a crack is a process of mechanical movement of its tip
(as a material point) along an optimal path, in some sense in comparison with other possible paths, then one
arrives at the variational problem

SL=0, szjcp(x,y,y')ds, (1)

in which y= y(x) is the crack path equation, and the conditions at ends 4 and B may be different

depending on the formulation of the problem. Condition (1) allows to interpret the crack propagation line as
a generalized geodesic line with a metric depending on the stress state, namely ds* = ®ds. The art of
choosing the integral function @, as well as the general choice of the Lagrange function in the integral
variational principles of physics and mechanics [8], completely determines the success of the solution.
Some simple specified relationships for function @ in the form of its proportionality to the greatest principal
stress, deformation, and the product of stress and displacement, used in [9-11], gave acceptable forms of
crack paths for the cases studied. The optimization condition can be the condition of the least cost of
fracture work in comparison with the energy supplied to this process. Based on this, the shape of crack cells
on the plane surface of a uniformly stressed body in the form of hexahedrons and rectangles was obtained
[12]. Parts of these hexagonal cells in the form of three cracks converging at an angle of 120° can be
observed on the surface of dried ground. The natural assumption of stress relaxation around the first crack
formed and the sequential formation and growth of subsequent cracks, together with the analysis of
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absorbed and available energies, made it possible to explain [13] various patterns of cracks in the Earth’s
crust on river floodplains, dried silt, on enamel dishes, on the surface of oil paintings etc. By the way, the
idea of two types of energy required for the formation of cracks, allowed the authors together with
Ya.B. Friedman, using the well-known analysis of fractures, introduce crack analysis into the mechanics of
materials [14], which helps to draw useful conclusions about the mechanical behavior of a collapsing body.
These representations, in accordance with the law of conservation of energy when varying the crack path,
made it possible to write function @ in the form

d)=2y—%(p;uf+p;u;). )

Here, 2y =y +v~ is the specific work of fracture, p; is the load acting on the surface of the crack

p;=—0,n,;, o, is the stress in the solid body at the points where a crack is assumed (the principle of
superposition is used to transform the external load to the load distributed over the surface of the crack),

n; is the normal line to the surface of the crack, u, is the displacement on the surface of the crack due to

load p,. The superscripts “plus and minus” refer to the opposite edges of the crack along which integration

is carried out.

From the definition of the intensity of the distributed load p;, from the very meaning of the integral
principles, it is clear that the crack path is determined by the initial stressed state of the body, i.e. without
taking into account its distortion by the presence of a crack (which manifests itself and, therefore, can only
be taken into account when analyzing the process of crack growth).

The use of expression (2) is associated with the difficulty of determining displacement u; included
in this expression. It is proposed to circumvent this complication by applying the Winkler hypothesis, used
in foundation theory. According to this hypothesis, the movement of a point on the boundary of a half-plane
is proportional to the load on this point. The Winkler hypothesisu, =Bp, gives the greatest deviations from

the solution of the theory of elasticity for the case of concentrated forces. Since in the present case
a distributed load of intensity p: acts on the edges of the crack, Winkler’s hypothesis should give acceptable
results. In addition, not a constant, but a variable bedding coefficient is proposed in the form

B =PI’ —s , based on the elastic solution for a straight cut (in the Griffiths problem V:(% I>—s’ J).

In this case, at the end of the crack (at s =/) the displacement is always zero, according to the physical

meaning in the elastic problem. The introduction of such assumption made it possible to obtain reasonable
solutions to a number of problems with crack paths, for example, a spiral for a separation crack during
torsion of a circular cylinder or gouging out an area around the point of application of a concentrated force
in a plane [9].

In [15], the inhomogeneous distribution of the fracture work density was considered in the form

Y=Y, t ylsinﬂsint)—y , the accepted Winkler hypothesis for displacements on the desired path. The tensile
a

stress on the plane is constant and satisfies the condition 2y, + p u =0, which is obtained from (1) and (2)

at [ — 0. As a result of the numerical calculation, a wavy crack path (bypassing the area of increased
fracture resistance) across the tensile direction was obtained.

To be fair, there are negative opinions concerning the possibility of using integral principles to find
crack paths [2; 16]. At the report of E.M. Morozov at the seminar of the Department of Mechanics of the
Steklov Mathematical Institute, Professor G.P. Cherepanov stated that the crack path cannot be immediately
determined as a whole, to which L.I. Sedov [2] remarked — “well, why not, it is an adequate formulation of
the problem — among the multitude of lines passing through the predetermined points A and B, to find one
that satisfies the condition of optimality in energies”. It was also pointed out in [16] that the path obtained
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from the variational principle [17; 18] will depend on the external load as a parameter and will not
“continue itself”. However, in the authors’ opinion, an additional condition (in the form of a fracture
criterion) that crack growth along the desired path occurs at a critical load is omitted here, thereby
eliminating the load parameter from the path equation.

The possibility of finding the path as a whole is also questionable in the case of combined loading,
i.e. when in an unpredictable way, somewhere in the middle of the loading path, another load system is
wedged in. In this case, the loading path must be foreseen in advance, divided into known simple ones,
and the solution must be framed separately at each stage within which the loading is simple. This question
is partly reminiscent of Poincaré’s judgment about the existence of non-analytic solutions to Lagrange’s
equations of motion.

Let us consider the calculation of the path of crack motion under the action of a uniformly distributed
load on a part of the half-plane boundary in more detail [18; 19]. The cracks enter from the ends of the
loaded sections and have a form corresponding to the solution from the orthogonality of the crack to the
lines of identical principal stresses [11; 18]. The determining equation is not the variational condition (1),
but the assumption made that the stationary value of the functional L itself is equal to zero. This assumption
was justified by the fact that the required and released energies are equal during the growth of a static stable

crack, i.e. (pl. =pf (S))
J.Ol(2y—Bp2fl.2 (s)\/l2 —5 ) ds =0.

The modified Winkler hypothesis was used for displacements. The load parameter p, as well as the
L
specific work of fracture 2y, are excluded from the expression for L by the usual condition?)—l =0, which

gives a connection between the load parameter and the crack length. The desired crack path y = y(x) is
approximated by the expression x =a, +a, exp(b,y)+a, exp(b,y), constants a,,a,,a,,b,,b, in which are

determined by the equation

1 f(s)NP =5

1- - ds =0.
j;ﬁz (s)l(l2 —s’ )(_ZJ ds

The length of the crack along its found path depends on the load parameter according to the formula

2 _ 2y
[Br7 (s)1(1 =5 2 ds

p

The load parameter increases monotonically with increasing crack length, which indicates its stable
growth.

In [20; 21], the same problem was solved for the crack equation in the form of polynomials of the
fourth and fifth orders, obtaining approximately the same results. The calculated paths originated from the
ends of the loaded area, going deeper and moving away from it in qualitative agreement with the
experiments [22].

If in a material that is homogeneous and isotropic in terms of crack resistance properties, it is
assumed that when the path is varied at a fixed length, the variation in the work of fracture is equal to zero
and taking into account that,
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oW +d4 =%6J‘j[(04.n AuA)Jr +(04.n Au.)}ds ,

gyt gy oyt

then this expression can be used to formulate a variational condition in which the variation of the functional
is caused by the variation of the crack path. Then condition (1) will be rewritten in the form

Bjj(pfuf+p;ui')ds =0, 3)

Considering the problem in [23]
81=5["L(pru + pru)ds =0
- J.AE(pi U +piui) s = (4)

o . o ! ! . o
with isoparametric condition IO ds = IO 1+ y*>dx =1 —const, one obtains a problem for the unconditional

. X 1 + - — . .. aM
extremum of the functional L = IO [E( piu + pru; )+ A}/l +y*dx with boundary condition > =0
'y
for x =x, (since dy, # 0, M is the integrand of L). Lagrange multiplier A in the isoparametric problem is

the derivative of the extreme value of the original functional along the length of the crack,

:£:£+£d—p. For a crack growing in a subcritical state according to the law p = p(l) at the
dl  dl opdi

d,
critical moment one obtains a _ 0 and then from A = ﬂ we can find

I=Al-C. )

At the same time, on a known path (in this case on the extremal), the load parameter p is related to the
d
length of the crack by the relation 5(271 -1 ) =0, from which 2y— A =0. Now comparing (4) and (5), it

can be concluded that at the extremal the energy functional takes on a constant value equal to zero.

! 1 +, + - - _
J‘O{%/—E(p[ u; +pu; ):ldS—C. (6)

It becomes possible to find the crack path based on the equality of functional (6) to zero. On the other
hand, by immediately writing down the stationary condition of the functional in the form

oL = 8{;[27 —%(pfuf +pu; )} ds =0, (7)

with the same condition / = const, then assuming that the crack develops stationary, all the supplied energy
is spent on fracture, and then with a slow increase or decrease in the external load, the crack also slowly and
steadily spreads along the desired path. This means that the total derivative of functional L (but not /)
with respect to the length of the crack must be equal to zero. Consequently, in essence, both formulations
of the problem gave the same result. An example of a combined solution method — step-by-step and integral
ones — is given in the book [24], where the problem of stretching a plane with a crack, the line of which
makes a specified angle with the direction of stretching, was solved. The displacements u; were determined
by mapping a plane with a broken crack onto a straight segment and then onto the exterior of a unit circle,
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and the increment in length at each step was fixed. The use of a step-by-step method made it possible
to take into account the change in stress state during crack growth. It was found that a growing crack,
starting at the end of the initial crack, is curved and oriented along the direction of tension. This result is
consistent with experiments and other calculations [1; 25].

It is known that catastrophic fracture of main gas pipelines is characterized by the propagation of a
crack along a sawtooth path with rounded teeth. Between the teeth of the saw, the crack path is close to a
spiral one. The sharp change in the direction of the crack in the tooth area is apparently explained by the
fact that the asymmetry of the soil backpressure on the left and right wings of the crack becomes significant
as the crack tip approaches the ends of the horizontal (parallel to the day surface) diameter of the pipe. In
this regard, the problem was posed about the spiral propagation of a crack with a constant pre-Rayleigh
velocity in a pipe under the influence of internal pressure and with a given axial stress [26]. The problem
was solved as a plane one, to develop a cylindrical surface onto an infinite plane containing a number of
parallel semi-infinite cracks. Using the integral [2], it was concluded that the spiral mode of crack
propagation is possible only at negative values of the axial stress. The crack growth rate and the angle
between its vector and the pipe axis are determined. The beginning of the discussion about the ability of
integral variational principles to describe the whole mechanical or physical process at once for a certain
period of time goes back to the times of formation of its formulations, which involved such names as
Huygens, Maupertuis, Euler, Fermat, Hertz, Helmholtz, Ostrogradsky and others. The history of the
creation of these principles can be found in [8]. It seemed impossible to find a process flowing over time, all
at once, with a seeming violation of causality, bearing the character of foresight. For example, a ray of light
according to Fermat’s principle in an inhomogeneously refracting medium, leaving a point, follows the path
of the shortest time; a material point (in the absence of external forces) moves along a surface along a
geodesic line according to Hertz’s principle; even Bernoulli’s classical problem of the fastest movement of
a material point from position A to position B is solved by the integral principle.

In mathematical terms, confusion is dispelled due to the equivalence of the variational formulation of
the integral criteria to the corresponding Euler — Lagrange differential equations. However, philosophically,
confusion remains. For example, Planck tried to explain the process (preliminary) of a ray of light finding
its future path — at first (after switching on) the light goes arbitrarily, but on all other paths except the
suitable one, it stalls, i.e. photons are scattered and their main flux, although not immediately (on the
appropriate time scales), begins to follow the path predicted by the integral principle. Generally speaking,
considering the growth of a crack as a process that occurs in time along the desired path, it should be
recognized that the crack path satisfies variational principles (in the form of the variation of the functional
being equal to zero) only in special cases. In general, one should require that the integral over time of the
variation of the Lagrange function be equal to zero, as required by the Hamilton — Ostrogradsky principle
for non-conservative systems (in which the operations of integration and variation are non-permutable), i.e.

L:B SLdt = 0,80 = j Dds, ®)

where variations of the function y(x) describing the crack path are isochronous and not only the crack path
must be found, but also the law of motion in time of its end x(z), y(¢) (the position of which also varies)
within a given time interval ¢ — t4. Here, the whole path is no longer determined at once, since it does not
provide stationarity to any integral. Only in the case of explicit independence of L from time, 6L =0.
This results in an equation in variations, to obtain which one can use the variational equation of L.I. Sedov
[2], taking into account all possible associated effects.

Let us consider the case when the crack path is known. Then, when the position of the crack end is
varied along path 6L <0, then 8L is essentially dissipation ( L is the difference between the required and
available energy) and the crack grows spontaneously; if 6L >0, then 0L is the increment of free energy

and the crack does not grow spontaneously. Therefore, the condition 6L =0 determines the critical state
corresponding to the beginning of crack propagation.
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Apparently, one can also imagine (by analogy with other quasiparticles introduced in physics,
for example, phonon, hydron, etc.) the tip of a crack in the form of a material quasiparticle — cracon —
a point with mass and moving under the action of the corresponding crack-driving forces according to the
laws of mechanics [27]. The concept of cracon in combination with an additional optimality condition
involving the Pontryagin maximum was quite successfully used to solve the problem of how the stress
applied to a plane should change, so that the ends of a single rectilinear symmetric crack, starting to move
at a critical moment, stop at specified points (the problem of speed). It turned out that for this purpose the
initial tensile stress in the middle of the cracon path, i.e. the end of the crack, should change sign.

In a plane stress field, having written down and solved Newton’s laws of motion for cracon, one can
establish its law of motion and thereby find the crack path.

In addition, in the supercritical stage, the laws of cracon motion for a straight crack were obtained
[28], which made it possible to establish the average growth rate in connection with the critical load.
The result agrees satisfactorily with experiment. It has been shown that in the supercritical stage (in the
Griffiths problem), the crack growth rate practically corresponds to the well-known Mott formula [29].

For a more adequate formulation of the problem, it is desirable to clarify the state and the following
process not only from a mechanical, but also from a thermodynamic point of view, since fracture is the
process of transition of one (initial) state of equilibrium to another (final), one type of energy to another
(taking into account the accompanying conditions). An attempt at such a classification is presented in
[10; 30], where, in particular, on this basis it is shown that for cases with irreversible processes occurring
inside the volume of a body with a crack, on the actual path of fracture the amount of heat acquired by the
body (ultimately dissipation) is stationary. To highlight the methodologically general cognitive usefulness
of thermodynamic signs, let us consider the process of transition of a body from one mechanical and
thermodynamic equilibrium to another using the example of a sample stretched by force. In the case of
a thermodynamically closed system, the increment in internal energy consists of increments in free energy
OF and unavailable energy 70S (at a constant temperature 7', it cannot be separated). A decrease in free
energy F' is accompanied by a corresponding increase in entropy S. The sign of the increment OF indicates
the possibility of a “spontaneous” process (fracture under constant external forces), and the absolute value
of OF can serve as an indication of the rate of this process. Based on the second law of thermodynamics,
the process cannot occur spontaneously without reducing the free energy of the system. In this case, since
OF <0, the equilibrium state of the system is unstable, but for instability to be realized, initial energy is
required to activate this process.

Let us consider the process of deformation over time. First, while there is no external force, the body
is in equilibrium and ' =0. Now (in a closed system that allows the exchange of energy, but not mass),
an external force is applied, the mechanical work of which leads to an increase in internal energy, which
in turn increases free energy (due to an increase in potential deformation energy). With increasing force,
the excess free energy is supported by the work of this force, and the unavailable energy 73 still remains
approximately constant (although it may be due to elastic imperfections). If now the system at a certain
achieved level of F' (and force) is considered, then the energies can be redistributed towards an increase
in entropy and a decrease in free energy. Then OF <0, and all states at />0 are unstable, but this is
instability at rest, such as a supersaturated solution or a superheated liquid. In this case, the degree of
nonequilibrium is proportional to the absolute value of the increase in free energy when the body is loaded
with an external force. The system seems to be stable in small things: the higher F, the smaller “the hole
in which the ball is located, and the steeper the hill on top of which this hole is located.” The system is
unstable at large; but the initial energy is not yet enough to unbalance it. Finally, while F increases,
an inevitable accident occurs — temperature fluctuations (apparently) provided the initial activation energy,
which was sufficient to remove the system from unstable equilibrium (the system becomes unstable in small
quantities) and fracture is a spontaneous irreversible process of transition to a new state of equilibrium —

)
continues, 0F <0, 70S >0, and based on Prigogine’s principle [18; 31] S_S is minimal and therefore
t
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— 1s maximum. From here there are two conclusions — with increasing temperature of the environment,
4

the strength of the body decreases, and fracture occurs at the maximum possible (for given conditions)
speed. In this case, the free energy comes down, but after complete fracture, when a new equilibrium state
is reached, the value ' >0 (i.e., is established at a new, higher level), since the new surface of the body
has surface energy, which is part of the free energy.

3. Results

There are several ways to calculate the crack propagation path on the surface of a stressed body —
the crack trajectory — at which the crack equation is immediately found. Eventually, it turned out that
it will be possible using the mathematical apparatus of calculus of variations and the variational principles
of mechanics. At the same time, in each specific case, among those considered, there are complicating
circumstances, the overcoming of which should be sought in accordance with the formulation of this task.
Several successfully solved tasks can be found in [33].

4. Conclusions

1. An analysis of possible options for determining the crack growth trajectory as a whole is given.
2. It is concluded that the equation of the crack trajectory can be obtained using the basis of the calculus
of variations of mathematics and the variational principles of mechanics.
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AnnoTanusi. Bubpounzonupyromnuye ciucteMbl UTPalOT BAXXHYIO pOJIb B 3alIUTE 3/1aHUH OT CEHCMUYECKHUX MOBPEKICHHH.
Tak Kak OHM COCTOAT M3 JIEMEHTOB C HEIMHEWHBIMH XapaKTEPUCTHKAMH, pAacUETHBIC MOJICIIH BUOPOM30JINPYIONINX CHCTE-
MBI TPEOYIOT pa3paboTKH METOAOB C YYE€TOM N3MEHEHHS JUHAMUYECKHAX XapaKTEPUCTHK COOPYKEHHUS (MaTPHIIBI KECTKOCTH
WIHA TIOAATINBOCTH), YacTOT M (opM cOOCTBEHHBIX KoleOaHWH. B mccnemoBaHuM TpeayioKeH aJrOpUTM M 3aBHCHMOCTH,
OCHOBaHHBIE Ha BO3MOXXHOCTH BBIKJIFOYECHHS WJIM Pa3pyIICHUsS IOMOJHUTENBHBIX CBA3EH (SIEMEHTHI C HEIMHEHHBIMU
XapaKTePUCTHUKAMHU) TP OTPEACICHUN CEHCMUYIECKIX CHII M IIEPEMEIICHNI COOPYKEHUH PU CEUCMUYECKOM BO3JIEHCTBUN.
Pe3ym)TaT1>1 TCCTOBBIX PAaCUCTOB MMOKa3aJr, YTO aMIUITUTYJHO-4YaCTOTHAs XapaKTCPUCTUKA, ICPEMCIICHUC U IMMONIEpEYHas Cujia
B OCHOBAaHHUU COOPYKCHUSA YMCHBLIIWIUCH MPHU BBIKIIOYCHUU WM PASPYHICHHUU JOMOJIHUTCIBHBIX cBs3erl. Takum O6p330M,
npejJiaracMasi METOAMKA, YUUTHIBAIOIIAS PA0OTy BUOPOU3OIUPYIOIIUX CUCTEM C HEIMHCHHBIMU CBS3SIMH, IMO3BOJISICT CHU-
3UTh MaTepPHAIbHBIN, SKOHOMHYECKHI U YEIOBEYECKUH yIiepO Npu ceicMUYeckoM Bo3aeHcTBHU. [lomydeHHbIe pe3ysbTaTsl
MIOKAa3aJIM, YTO 3aBUCUMOCTH QJITOPUTMa pacueTa, paspadoTaHHbIe B paboTe, MOXKHO HCIIOJIb30BaTh B MHKEHEPHOH MTPAKTHKE
IIPY OLICHKE JMHAMUYECKOTO MOBEACHHUSI BHOPON30JIMPOBAaHHON CHCTEMBI 3/1aHus! (aMIUTUTY/IHO-4aCTOTHAsI XapaKTEePHCTHKA)
B TIpoliecce KoJieOaHui TP CEHCMIYECKOM BO3ACHCTBUH.
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Abstract. Vibration isolation systems play a major role in protecting buildings from seismic damage. Since they consist of
elements with non-linear characteristics, the calculation models of the vibration isolation system require taking into account
changes in the dynamic characteristics of the structure (stiffness or compliance matrix), frequencies and forms of natural
vibrations. The study proposes an algorithm and dependencies which are based on the possibility of the disconnection or the
destruction of the additional connections (elements with non-linear characteristics) due to certain seismic forces and
displacement of structures under seismic impact. The results showed that the amplitude-frequency response, displacement,
and shear force at the base of the structure decreased when additional connections were disconnected or destroyed. Thus,
the proposed method, which takes into account the operation of vibration isolation systems with nonlinear connections,
allows reducing the material, economic and human damage during seismic action. The obtained results of the example show
that the dependences of the calculation algorithm developed in the work can be used in engineering practice when
evaluating the dynamic behavior of a vibration-insulated building system (amplitude-frequency response) during vibrations
under seismic influence.
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1. BBenenune

3HAUUTENHFHOE YHCIO CUCTEM BUOPOM3OIALIUH ISl OBBIIIEHUS 3PPEKTUBHOCTH BHOPO3ALIUTHI BKIIO-
qaeT B ceOsl OT/ICIbHBIC HEIMHEHHBIC AIEMEHTHI. DTU 3JIEMEHTHl MOTYT OBITh JTHOO BKJIIOYEHBI B CUCTEMY
KOHCTPYKTHUBHO (BUOPOM3OJIAIMS, JMHAMUYECKHAE TAaCUTENN U T.II.), JINOO BO3SHHUKAThH B TIporiecce nedopmu-
pPOBaHMsI KOHCTPYKIMH NMPH MHTEHCHBHBIX TUHAMUYECKHX BO3ICHCTBHAX KaK BBIKIIOUAIOIIMECS WIH pa3-
pylatonmecs aneMenTsl [ 1-3].

Cucremsl ceiicMHUYECKOH 3alUThI I0CTaTOYHO MHOTOYHMCIIEHHBI, PA3HOOOpa3HbI U HAIpaBJIEHb! HA 3allH-
TY TPXIAHCKUX KOHCTPYKIIMH U UX HECTPYKTYPHBIX KOMITOHEHTOB TIPH CECMHYECKUX BO3ACHCTBUSIX [4; 5].

Bo MHOrHX ciy4asix BUOPOU3OIISIHS 00€CIIEUNBACTCS B OCHOBHOM 3a CUET BBEACHUS MEKIY Ha/I3eM-
HOW YacThI0 KOHCTPYKIMU U (YHIAMEHTOM T'MOKOTO TOpU30HTAJIbHOTO MHTep(eiica ¢ BHICOKUM BHYTPEH-
HUM nemiipupoBanuem [6—8].

B Hacrosiiee BpeMst HanOos1ee 4acTo MCIONB3YIOTCS CIETY OIS BAPHAHTHI ISl CEHCMOU3OISIIHH.

1. YcrpoiicTBO GETOHHOTO CJI0s C IeMII(UPYIOIIUMH XapaKTePUCTUKaMU BOKPYT (DyHIAaMEHTa C LENbIO
M30JIALUY 3[JaHUI OT BUOpanuii BO BpeMsl 3eMIICTPSICEHUS] — TaKOi OETOH TOTOBHUTCS C UCIIOJIb30BAHUEM Pa3-
JMYHOTO MPOLEHTHOTO COICPKAHMSI PE3MHOBOW KPOIIKH U CTAJIBHOTO IIJIaKa B KaueCTBe 3aroaHuTes [9].
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2. HwmmHapudecKkue pe3WHOBBIE OMOPHI ¢ BHICOKMM AeMrdupoBaHueM (puc. 1), yCTaHOBJICHHbBIE
MEXTy HaJI3eMHOM HecyIel cucteMoit u pynaamentamu 3aanus [10].

Puc. 1. Hunuaapudeckie pe3nHOBbIC OIIOPBI
M ctounuk: Mike Renlund: Base_isolators_under_the Utah_ State Capitol.jpg

Figure 1. Cylindrical rubber supports
S ource: Mike Renlund: Base isolators_under the Utah State Capitol.jpg

3. PonmkoBas cuctemMa HeUTpalu3aluu KoineOaHui Py CeHCMUYECKIX BO3JIEHCTBUAX. DTO CUCTEMA,
KOTOpasi 00ecreynBaeT BO3MOKHOCTh CEHCMOU3OISIMM 3JaHUSI OT OCHOBAaHUS M JJaeT BO3MOKHOCTb IOCTIE
3eMJIETPSCEHUS BO3BPAILIATh 3Ty CUCTEMY B UCXOHOE cocTosiHue (puc. 2) [11];
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Puc. 2. PonukoBas cucTeMa HEWTpaIu3aluy KoleOaHni ceHCMUYECKOTO BO3ICHCTRUS
UcTtounuk: O.A. bypuesa, C.A. Yunko, H.P. Ab6ynamze [12]
Figure 2. Roller system for neutralizing seismic vibrations
Source: O.A. Burtseva, S.A. Chipko, N.R. Abuladze [12]

4. 3nanue ¢ cucTeMoil reoTexHUUYecKol ceiicmonszomsinuu (puc. 3). ['eoTexHuueckast ceicMOM30ILINs
(I'CH1) cunTaercs MHHOBALMOHHOW CHCTEMOM M30JISLIMU OCHOBAHMS, pa3MEIIeHHON HUXe (yHIaMeHTa
HaJICTPOMKHM JUIsl 3aIUThI OT IOBPEKACHUN NPU 3eMJIETPSICEHUH. JTa CUCTEMA COCTOUT U3 CII0S1 MaTEpUaIoB
C HU3KUM MOAYJIEM CJIBUT'a U BBICOKUMH I[CMH(i)PIpy}OHII/IMI/I CBOﬁCTBaMH, TaKUMU KaK CMEChb IIE€CKa U pE3u-
HBI, ucnioib3yemas juist ciost 'CU [13].
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ITnura pyHnameHTa
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\ MHorocnoHHas TIOUBEHHAS C
V Multilayered soil system

4—%—“——)

CeticMugeckoe Bo3OyXIeHHe
Earthquake excitation
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Puc. 3. 31aHue ¢ cucTeMoil TEOTEXHUYSCKOM CEHCMOM3O0ISIIMI
N ctounuk: A. Boominathathan [14]

Figure 3. Building with geotechnical seismic isolation system
Source: A. Boominathathan [14]

5. 3nanus ¢ Bs3kuMu aemrdepamu. BsazkocTHO# gemriep, canuTaeTcsl TaCCHBHBIM YCTPOHCTBOM pac-
cenBaHus 3Hepruu. lIpuMenseTcs B rpaXkJaHCKUX KOHCTPYKUUAX JUJISl U3MEHEHUsI TMHAMHYECKUX XapaKTe-
PHUCTUK KOHCTPYKIUH, IOJBEPKEHHBIX 36MJIETPSICEHUIO MJIM BETPOBBIM BO3/1EUCTBUSIM (puC. 4).

Puc. 4. BszkocTHblit nemmndep
W c T o uHuKk: https://www.taylordevices.com/direct-acting-damping/

Figure 4. Viscous damper
S o ur c e: https://www.taylordevices.com/direct-acting-damping/

JlaHHBIA TUI CEHCMOM3OMIALMM MOKa3bIBAET XOPOILINE XaPAKTEPUCTUKU MO YMEHBIICHUIO 3HAuYCHUH
peaKknuy KOHCTPYKLUH, IepEeMEIeHIH, CMEIeHHs MeX/ly 3TakKaMH M BO3/ICHCTBUS HA OCHOBAaHHE COOTBET-
crBeHHO. CyTh MeTOJIa OCHOBaHa Ha OLICHKE OTKJIIOUEHMs WM Pa3pylleHMs JONOJHUTEIbHBIX CBA3EH, KO-
TOpbIE HAaXOIATCAd MEXKAY Hecyllel cucTeMoi u ¢yHAaMeHTaMH BO BpeMs KojeOaHui. OTKIIOUCHUE WU
paspylleH’e JONOIHUTENIBHBIX CBSI3€M MPUBOAUT K U3MEHEHUSIM KOHCTPYKTUBHOM CXEMBI B IPOLIECCE KO-
nebaHuil, B TOM 4yHciIe JUHAMUYECKUX XaPAKTEPUCTUK COOPYKEHUS (MATPHILIbI )KECTKOCTH MJIH MOJATIUBO-
CTH), COOCTBEHHBIX YaCTOT U opM KoJiebanuii [15].

CoOcTBEHHbIE YaCTOTHI BUOPOM30IMPOBAHHON CUCTEMbI MPUOIU3UTEIBHO CHIKAIOT YPOBEHb KOJe-
OaHuil (3HaYEHUS aMIUTUTYAHO-YaCTOTHBIX XapaKTepUCTHK). [To00HbIE crcTeMBbl BUOPOU3OIIAIIUN MOXKHO
OLIEHUTbH € TIOMOILBI0 KO HUIIEHTa AMHAMUYHOCTH:

[IMHAMVKA KOHCTPYKLIUA 1 COOPYKEHMI 377
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rjae () — 4acTOTa BBIHYKJCHHBIX KOJIeOaHU; P — YacToTa COOCTBEHHBIX KOJIeOaHHH.

2. AIropuTMBI pacyera

2.1. Anzopumm pacuema cucmemsl ¢ 00HOU CHENeHbIo c60000bl
C BbIKIIOUEHHBIMU CEA3AMU NPU KUHEMAMUYECKOM 6030eiicmeuu (CMeujeHuu 0CHOBARU)

M
K K
e et e
- -
&oft)

Puc. 5. Cucrema ¢ o1HO# CTENIeHBI0 CBOOOIBI C BHIKIIFOUEHHBIMH CBSI3SMH:
K1 — xecTKoCTh cucteMsl; K2 — %eCTKOCTH BUOPOU30JIATOPOB; £o(f) — 3aKOH CMEICHHS OCHOBAHUSL.
U ¢ 1o 4Huk: BemonHeHo JI. Kbeitnn
Figure 5. A one level of freedom system with disconnected constraints
K1 — stiffness of the system; K> — stiffness of vibration isolators; €o(f) — base displacement function.
S ource: made by J. Qbaily

VYpaBHEHUE ABHKCHUSI HETMHEHHOM crcTeMbl (puUc. 5) (aKTHBHAsI BUOPOU3OJISIIINS ) UMEET BUJT
d

My+| 1+2v— C(y)yz—MsO. (1)
dt

JI71st IPUHSITOTO THIIA HEIMHEHHOCTH 3aBUCUMOCTD «PEaKIMU — MEePEMEIICHHSD)

C(y)y =K,y mpuy<y,,

C(y)y=Ky-K,(y—y,) mpny<y,, 2)

TA€ ),— NEPEMENIEHUE CUCTEMBI ITPU BBIKIIFOUYEHUHN CBS3U.

ITpu moctpoenuu anropurma ypasHenue (1) cienyer npeodpazoBarb, a MIMEHHO [IEPEHECTH HEJIMHEH-
HBIE COCTABJISIONINE B IPABYIO YaCTh U 100aBUTh K 00EHM 4acTAM YpPaBHEHUS

d
1+2v— | ply;
( dl‘jply
d d d
P+ 1+2v— | ply=—§,+| 1+2v— |ply—| 14+ 2v— |C , 3
y ( dl‘jply € ( dthly ( dl‘j (J’)y 3)

Z_Ml
rac D —7.
1
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J11g 3aBHCUMOCTH BHJIA (2) ypaBHEHUS JBUKCHUS CUCTEMBI C OJHON CTETIEHbIO CBOOOIBI C HETUHEH-
HOM CBsI3bIO (3) MpUMET BUJ

y+(1+2vijpfy=—éo+(1+2vijM. (4)
dt dt M

Pemenne ypaBHeHus (4) nmpeacTaBiseTcs B BUIC ABYX PEIICHUN: TMHEWHOW CHCTEMBI HA CMETIICHUS

d
OCHOBAHHUS M Ha GUKTUBHYIO HAarpy3Ky, KOTOpas 3aBUCHUT OT BHJIa HETMHEHHOCTH (1 +2v— | K, = »,),

y:yﬂ_yﬂﬂ' (5)

Pemenne YpPaBHCHUSA OT CMCHICHUS OCHOBAaHUA I'/IC

¥, :_le‘téo(t)e_"‘(”) sinp; (1—1)d (7);
pm?

—1 L., —m (=T : * * 1 * *
v =gl @ e sin pitcos pix—sin piecos it Ja (1) -

0

(6)
-1
= OE0-4(OE0)]
e 2m =2vpl, p=Ap-n.
d(t)=e"'sinp t; d,(t)=e""cospt, (7
‘., it . - .
F, =_[080 (t)e™""sin p;td(1); F, :joso (t)e™"cos p,td(1). (8)
HenuHeliHast cocTaBiIsIOMAs PEIICHUS ONPEACIASTCS U3 HHTErPAJIBHOTO YPABHEHUS
—1 t d —n(t-1) . *
Y =— I (1+2v—jl(2(y—y0)e " sin p; (1-1)d (1), ©)
DM~ dt
rae f,— BpeMs epBOro BKIIOYEHUS JOIOIHUTEIBHON CBA3H B IIpoliecce KoeOaHui.
Crnenys (7), (8) MOXHO 3amicaTh CICIYIONTIM 00pa3oM:
K t _”l( —1:) . * * . * *
Y, = pl*;/l J.to(y—yo)e t [smpltcosplr—smplrcosplt]d(r);
KZ
T [d, (OF,(t,.0)~d, (OF (t,,1) ] d (1), (10)
1

e Fl(to,t)zj- M (yEy,)cosptd(t).

)

[ToHOE TIepeMenieHre BeIYHCIseTCs 1Mo Gpopmydie (6).
3nak ((+)) B (10) mpu y(¢£) <0

AM=0 mpuy<y,, A =lmpuy>y,.
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2.2. Anzopumm pacuema eudPOU30IUPOBAHHOU CUCHEMBL 30AHUS
C HEeJIUHEIIHbIMU XAPAKMEPUCMUKAMU RPU KUHEMAMUYECKOM 6030€liCmeuu

R
mj Y
n?
nsz
ms
% ny RO /I
M+ yO ////
M ///
) k o
EREEE 7 y
e s 73 g e L AB—
- . A’.( RO
Puc 6. Pacuernas qunamuueckas cxema
BUOPOHM30JIMPOBAHHON CHCTEMBI 31aHHUS
W ctouHuk: BemondeHo [1. Koeitnmn Puc 7. Henunelinas 3aBUCUMOCTb «CMELIEHUE — PEAKLIMSD)
Figure 6. The calculated dynamic scheme W ctounux: BomonHero JI. Koeitnu
of the vibration-insulated building system Figure 7. Nonlinear dependence of “displacement — reaction”
S ource: made by J. Qbaily S ource: made by J. Qbaily

YpaBHeHUS BUKEHUS CUCTEMBI (puc. 6):

my, +k,y +k,y, +.t+k,y, = mléo

myy, +ky v, +kypy, +.. 4k, y, =myé, (11)

e m;,k; (i, j =1,2,...,n) COOTBETCTBEHHO, XapaKTEPUCTUKH MACC U KECTKOCTH cuctembl, V,(i=1,2,3) —

HepeMEeIEHHs MacC CUCTEMBI.
W3 nuarpaMMel peakiiuy B CUCTEMax BUOPOM3OJIAIMHU, PACIIONOKEHHBIX O/ 3/1aHUeM (pHc. 7), peak-
LU0 CUCTEMBI MOYKHO 3aIIHCaThCs B BUIE

knnyn:Rn :kmyn Hpﬂy<y07 (12)
Rn :knlyniyil(knl+k)12) HpH|y|2ynO (13)
Trac
Rnl = annyn = aniyi’ (14)
i=1 i=1
R, =R, =) k,; (¥, = yy,)- (15)

i=1

Paspemraroryro cucreMy ypaBHeHHI yI0OHO 3amucarh B BUJIE

mnynlyl +knly1 +kn2y2 +"'+knnyn = mnéo + mn (16)

b
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VYuureiBas (16), pazpemaronryo CUCTeMy ypaBHEHUH MOXKHO 3alMcaTh B BUJE CHCTEMBI JIMHEHHBIX
ypaBuenu#t (17) u monomHuTeNbHOU cucTeMsbl (18), KoTopasi yYuThIBacT HETMHEHHYIO COCTABIISIONLY IO

MY +KV =ME, (1
MOXXHO 3aIiiucarb
MY +kY = B, (1o
rac
0
O n
B =| 0| e B, = R, =3k (3= 30) = Ru (19)
B,

Pemenne i OCHOBHOM CHCTEMBI YIOOHO MPEACTaBUTH B BHUJE PA3JIOKEHHsSI IO COOCTBEHHBIM (hop-
MaM B BUJIE

O MOY +® KOY =, , (20)

_. , 5
rae B, = DME; st JONOTHUTEIEHON CHCTEMBI

Yo Dy i O] |¥m

I Y, Y, .. Y,|0| |,

B, =B, wm | 7 =] R, 21)
Y:zl Ynl Ynn RJJ Ynn

2
JKectkocTn BUOPOM30MIATOPOB Ha NepBoM wware pacuera K =M (2.7:. p) ,Tne M, — wmacca Bce-

ro 3/1aHusl.
3. IIpumep pacuera

PaccmoTtpeno 3-3TakHO€ BUOPOHM30IMPOBAHHOE JKeIe300€TOHHOE 3/1aHUE, CHMMETPUYHOE B CXEME,
C BBICOTOM 3Taxa 3,5 M, CBOMCTBA U XapaKTEPUCTUKH MAaTEPUAJIOB U 3JIEMEHTOB KOHCTPYKIHUM IIPUHSATHI
B COOTBETCTBUU ¢ HOpMamMu PD (puc. 8—10).

CocTaBuB ypaBHEHUS JABIKCHHS (CHCTEMBI BHOPOU3OIISTOPOB BBHIKIIOYECHBI), OMPENEIUM YacCTOTHI,
NEePHUObl, MATPUILY )KECTKOCTH k 1 MaTpuity macc M (1),

0,095 10,6
T=| 0,17 | (c) o=|588| (I'm)
0,555 L8
[Tepuomst YactoTs!
67,31 0 0 175424,843 —107559,047 21531,282
M= 0 67,31 0 (1) Kk =|-107559,047 159578,255 -75159,107 | (1/™m)

0 0 60,6l 21531,282 —75159,107  56528,263
Marpuua mace Marpuua keCTKOCTH
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M1
M7
M3
cucmemMa
| e Budponzonsmpob
A J
. —>
Puc. 8. Pa3pe3 3nanus Puc. 9. Pacuernas nuHaMudeckasi cxema 3/1aHus
U ¢ 1 0 9 H u k: BemmonHeHo J1. KGetinu U ¢ T 0 9 H u k: BemmonHeHo J1. KGetinu
Figure 8. Building section Figure 9. Estimated dynamic scheme of the building
S o ur ce: made by J. Qbaily S o ur ce: made by J. Qbaily

Puc. 10. PacueTHas qUHAMHIYecKas CXeMa B pacUeTHOH IporpaMme
U ¢ 1o 4Huk: BemonHeHo Jl. Kbeitnn
Figure 10. Dynamic calculation scheme in the calculation program
S ource: made by J. Qbaily

KonmdecTBo BHOPOU30IATOPOB OMpEAcHsieTcs B COOTBETCTBUU C HECYIIEH CIOCOOHOCTHIO TMpHU
p=10Tu. K, =M, (2.n.p) =770737,14kH/m.

Ha nepBom mare omnpenensieM >KECTKOCTb 3/IaHMsI, CEMCMUYECKHE CUJIbl U MEPEMEIEHUs] BEPXHETO

TaXka [Py XKECTKOCTH BUOpon3ossitopos: K, = K|, Ha BTOpoM Luare K,=0,95K,, n 1.1, a TaKxKe aMILIH-
|
TyJHO-4aCTOTHYIO XapaKTepucTHK A = 7.
T

[Ipu pacuere ucnoab30BaIMCH CUCTEMbI KoMmmbioTepHO MatemaTuku MATHCAD u nporpaMMHbIit
komiuiekc ETABS.

31aHre HaXOAUTCS B CEMCMUYECKOi 30He (8 0aoB), KaTeropus TpyHTa I, CIeKTp peakiuu JUIst 3Tor
o6mactu cornacuo Hopmam CIT 14.13330.2018" noxasan na puc. 11.

Ha puc. 12 noka3ansl nepeMeIieHns BEPXHEro ATaKa 3JaHMsl.

"'CIT 14.13330.2018. CTpouTenseTBo B ceiicMuueckux paiionax. M.: Crangapturdopm, 2018. 114 c.

382 DYNAMICS OF STRUCTURES AND BUILDINGS



K6etinu ., YepHos FO.T. CTpouTenbHas MexaHuKa MHXEHEPHbIX KOHCTPYKLMA u coopyxeHnit. 2024. T. 20. Ne 4. C. 374-387

_ 3
]

E 2,5
é q

"5
RS

gE

£ S 1,5
7.2
B

= 0,5
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[Mepuoas konebanuii C /
Periods of vibrations C

Puc. 11. 3Hauenue ko3pPULHEHTa AMHAMHUYHOCTH
Mctounux: CII 14 13330 2018!

Figure 11. The value of the dynamic coefficient
Source: CII 14 13330 2018'

A

Ilepemernenus BepxHero sTaxa /
Displacement of the top floor

A Bcero / Atotal

1 *

1 ]T
A Bubpowusossitopa / /

A vibration isolator

o R i A i A i A

Puc. 12. IlepemelieHus BEPXHETO 3Taxa
W ¢ 1o 4H uk: BeimoaHeHo J1. Koeinu

Figure 12. Displacement of the top floor
S ource: made by J. Qbaily

4. Pe3ybTaThl M 00Cy:KIeHUE

[Tocne 3aBepiieHHst pacyeTOB OBLIH MOTYYSHBI CEHCMHYECKHE CHUIIbI, YaCTOTHI, IIEPHOBI U MaTpHIIA
&KecTKocTH (Taodu. 1).

C nomonpio faHHBIX Tabu. 1 ObUTM TOCTPOEHBI TpaduKH, peAcTaBIeHHbIE Ha puc. 13 u 14.
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Tabauya 1
Pe3ynbTaThl YHCIEHHOTO MOJEIUPOBAHUSA
o K Kectkoctu ITonepeunas cuna | Ilepemenienue Bepxa AMILTHTY IHO-4ACTOTHAS
o Ki BH6p0H31?1J—1171\T40p0B K| B OCHOI?IEIIHI/II/I S, coopymrirrlllldﬂ Atop, p, 'y XBpAKTEPUCTHKA A o/p
0,95 732195 247,49 12 9,75 5,180722 1,113191
0,9 693000 24398 11,9 9,48 4,233316 1,144238
0,85 655200 240,49 11,7 9,22 3,598649 1,176782
0,8 616500 237,17 11,58 8,94 3,119788 1,213155
0,75 577800 2335 11,4 8,66 2,753401 1,253124
0,7 539100 229.,5 11,2 8,36 2,464027 1,297323
0,65 500400 224.6 10.96 8,06 2,229692 1,346555
0,6 462420 221 10,78 7,75 2,039354 1,400763
0,55 423900 216 10,5 7,42 1,876857 1,463023
0,5 385200 208,2 10,1 7,07 1,737746 1,534757
U ¢ 1o 4HuK: BemoaneHo . Koeinu
Table 1
Results of numerical modeling
v K Stiffness of vibra- Shear force Displacement of the top , Amplitude frequency
o Ki tion 11(;\113}$rs K, at thek‘tli?se S, of the strllllqcr‘;ure Atop, GHz response A ®/p
0.95 732195 247.49 12 9.75 5.180722 1.113191
0.9 693000 243.98 11.9 9.48 4.233316 1.144238
0.85 655200 240.49 11.7 9.22 3.598649 1.176782
0.8 616500 237.17 11.58 8.94 3.119788 1.213155
0.75 577800 2335 114 8.66 2.753401 1.253124
0.7 539100 229.5 11.2 8.36 2.464027 1.297323
0.65 500400 224.6 10.96 8.06 2.229692 1.346555
0.6 462420 221 10.78 7.75 2.039354 1.400763
0.55 423900 216 10.5 7.42 1.876857 1.463023
0.5 385200 208.2 10.1 7.07 1.737746 1.534757

1

0

1 1,1 1,2

S o urce: made by J. Qbaily

1,3 1,4 1,5

11

%K1

1
0,9
0,8
0,7
0,6
0,5

0,4
9,5

w/p
1,6

Puc. 13. AMIIITYJHO-9aCTOTHAS XapaKTEPUCTHKA
U ¢ T o4 H u k: BeinosHeHo J1. Koetinu
Figure 13. Amplitude-frequency response
S o urce: made by J. Qbaily

384

10 10,5

.

11 11,5 12

12,5 13

Puc. 14. OtHOMIEHNE TONEPETHON CHITBI
B OCHOBAHHUH C )KECTKOCTHIO BHOPOHU30JIATOPOB
U ¢ T o 4 H u k: BeimoaHeHo [1. Koeiinu

Figure 14. The ration of base shear force
to the Stiffness of vibration isolators
S o ur ce: made by J. Qbaily
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W3MeHeHus 9acToT U Nepruoa0B 3AaHUA TPHU USMCHCHUHN KCCTKOCTU BI/I6pOI/130J'I$ITOpOBI

K =0,95K;
0,102
T=(0,247 | (c);
3,288
189360,448
Kk =| —108900,678
15915,119
K =0,85K;
0,108
T=| 0,25 (c);
3,471
59514,092
K=|-77177,317
18489,505
K=0,7K;;

0,119
T=(0,247 | (c);
3,818

63070,908
Kk =| —81997,426

19650,426
K=0,5K;

0,141
T=(0,248| (c);
4,658

62747,122
K =| —81898,883
19636,348

Pe3y.HBTaTBI pacucTa, Koraa CuCTCMa BI/I6pOH3OJI$[TOp0B BBIKJIFOYCHA, 0T06pa)KeHBI B Tabm. 2.

9,75
o=[4,053| (Tm);
0,304

-108900,678 15915,119
131889,184 —-50397,878 |;
-50397,878 37135,2793

9,22
= 4 (T');
0,288

=77177,317  18489,505
153907,564 —76929,832 |;
—76929,832  58462,282

8,36
o= 4,05 | (Tm;
0,261

-81997,426  19650,426
1460221,439 —78444,333 |;
—78444,333  58825,381

7,07
o= 4,03 | (Tm);
0,214

—81898,883 19636,348
160191,447 —78440,048 |.

—78440,048 58824,769

[IMHAMVKA KOHCTPYKLIUA 1 COOPYKEHMI
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Tabnruya 2 / Table 2

Pe3yabTaThl 4HCI€HHOT0 MOJCIUPOBAHNSA NIPH BLIKJIIOYEHUH CHCTEMbl BHOPOU30/19TOPOB
The results of numerical modeling studies when the vibration isolator system is turned off

%K IMonepeynas cuia B ocHoBanuu S, kKH / IepemerieHue Bepxa coopyxeHus Atop, mm /
! Shear force at the base S, kN Displacement of the top of the structure Atop, mm
Bes cBsizu /
Without connection 420 24,68

W ¢ 104w uk: BeimosiHeHo J1. Koetinu
S o urce: made by J. Qbaily

OTkIIOUeHNE WK pa3pyIlIeHre JOTIOTHUTENBHBIX CBA3EH B Mporiecce KoieOaHnii MOTYT BbI3BATh 3HA-
YUTEbHBIC M3MEHEHUS TUHAMUYECCKUX CBOMCTB 3/IaHM U, KaK CIEJACTBUE, N3MEHEHUS 3HAYCHHUHN U pacipe-
JIeTICHUs] CEHCMHUYECKUX CHJI.

Bxurouaromuecst cBsisu MOryT yMeHbIIaTh nepemettnenne 10 40 % u nonepeunyro cuily B OCHOBaHUH
1o 49 % npu 3HavueHnn xxectkoctr 50 % K.

5. 3akJ/iroueHue

1. Pa3paboTtan anroputM pacdera BUOPOM30JIMPYIOLIEH CHCTEMBI C Yy4€TOM H3MEHEHHUS JUHaMHUYe-
CKUX XapaKTEePUCTHK KOHCTPYKIUH (MaTPHUIIBI 5KECTKOCTH WIIU TTOIATIIMBOCTH), COOCTBEHHBIX YacTOT U (hopM
Kosie0aHui BO BpeMsl KOoJIeOaHUH.

2. IlomydeHHbIe 3aBUCUMOCTH U JITOPUTMbBI OCHOBAHBI HA OLIEHKE OTKJIIOYEHUS WM Pa3pyLIeHUsS
JIOTIOJTHUTENBHBIX CBSI3€H (2JIEMEHTHI C HEJIMHEHHBIMM XapaKTEPUCTHKAMU) MPU ONpeAeTICHUH ceiicMuyde-
CKUX CHJI U TIEPEMEIIEHUI COOPY>KEHUI ITPU CEICMUYECKOM BO3CHCTBUM.

3. PaccmoTpena BUOpOM30/IMpOBAaHHAs CUCTEMA 3[1aHUS C HEJIMHEHHBIMU XapaKTEPUCTUKAMHU MPH
KMHEMaTHYECKOM BO3JeHCcTBUU. Pe3ynpTaThl pacdera mokasand, YTO aMIUIUTYJHO-4aCTOTHAs XapaKTepH-
ctuka cHusmiack Ha 30 %, monepeyHas cuiia B OCHOBaHMM CHU3WJIAch Ha 49 % mnpu 3HaYeHUU KECTKOCTH
Bubpouzonaropos 50 % Ki.
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