CTPOUTENBHASA MEXAHWKA UHXEHEPHBIX KOHCTPYKLIUA U COOPYXXEHWUH
2024 Tom 20 Ne 6
DOI: 10.22363/1815-5235-2024-20-6

http://journals.rudn.ru/structural-mechanics (OTKpBITBII ZOCTYTI)

Wsnmaercs ¢ 2005 r.

Caugnerenbetso 0 peructparuun CMU ITH Ne dC 77-19706 ot 13 anpens 2005 r.
BhITaHO DetepanbHOil ciTyk00ii 10 Ha3o0py B chepe CBA3M, HHPOPMAIHMOHHBIX TEXHOJIOTHI H MaCCOBBIX KOMMYHHKarmii (PockoMHaa30p)
VYupenurens: enepansHoe rocy1apcTBEHHOE aBTOHOMHOE 00pa30BaTeIbHOE YUPEXKIACHUE BHICIIEro 00pa3oBaHuUs
«Poccniickuii yHHBepcHTET ApyX0bI HapoaoB uMeHn Ilatpuca JlymymOb»

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

Kypuan unnexcupytor: PUHLI, RSCI, Cyberleninka, DOAJ, Google Scholar, Ulrich’s Periodicals Directory, WorldCat, Dimensions.
Bromouen B IlepeueHb BeIylmX HayqHbIX jKypHaNoB W m3nanuii BAK nmpun MunoGpaaykn Poccnn 1o rpyrime HayuHbIX criermaibHocteld 2.1.1. CTpouTeNnbHbIe KOHCTPYKIHH, 3/IaHHs
U COOpYKEHHs (TeXHUUECKHe HayKn), 2.1.2. OcHOBaHMs 1 (DyHIAMEHTBI, IIO/I3EMHbIE COOPYKEHHS (TeXHUUYecKHe HayKn), 2.1.9. CTponTenpHas MeXxaHNKa (TEXHUYECKHE HAyKH).

MexmyHapoIHbIH HayYHO-TEXHUUYECKHIT sKypHAI « CIpoumensHas MexaHuKka UHICEHEPHbIX KOHCMPYKYULL U COOPYIceHuily 3HAKOMHUT YUTATENeH ¢ JOCTIKEHUSIMH OTeYECTBEHHBIX H 3a-
PYOEKHBIX YUEHBIX B 00JIACTH TEOMETPHH TIPOCTPAHCTBEHHBIX KOHCTPYKIHIA, COPOTHBIICHHS MaTePHaoB, CTPOMTEIEHOI MEXaHHKH, TEOPHH YIPYTOCTH H PacyeTa CTPOMTEIBHBIX N MAIlIH-
HOCTPOHTENBHBIX KOHCTPYKIIHIA, OCBEIIAET BOIPOCHI HAYYHO-TEXHIUECKOTO MPOrpecca B CTPOUTENCTBE H MALIMHOCTPOSHHH, ITyOJIMKYeT aHAJIMTUYECKIE 0030pBI 110 TEME XKypHAIa.

CaifT XypHaia COIEpKHUT MONHYI0 HHQOPMAIHIO O XKypHAJIE, ero PeNaKIMOHHON MOIUTHKE W STHYECKUX NPHHIIUIAX, TPeOOBAHMS K MOATOTOBKE U YCJIOBHS IyOJIMKAIMN CTaTei,

a TaoKe MOJHBIE BRITYCKH JKypHana ¢ 2008 T. (B paMKax TIOJTHTHKH CBOOOHOTO JIOCTYTIA).

PEOAKUMOHHAA KONNErua

IMABHbIN PE[JAKTOP
Bamun H.H., n-p texu. Hayk, npod., PYJIH, Mocksa, Poccus

3AMECTUTENW TMABHOIO PEQAKTOPA

Epogheee B.T., akan. PAACH, a-p TexH. Hayk, npod., MI'Y um. H.II. Orapesa,
Capanck, Poccust

Konuynos B.H1., axan. PAACH, i-p Tex. Hayk, ipod., HIY MI'CY, Mocksa, Poccust

OTBETCTBEHHbIN PEQAKTOP
Mamuesa H.A., PY]IH, Mocksa, Poccust

YNEHbI PEAKLIMOHHOW KONNErUU:

Azanog B.IL., i-p Texu. Hayk, npod., HIY MI'CY, Mocksa, Poccust
Aounxooicaes A.H., 1-p TexH. HayK, ipod., TTTY, TamkeHT, Y30ekucraxn
baszapoe /[.P., n-p TexH. Hayk, npod., TUNM, Tamikent, Y30ekucran

Banun B.B., n-p Texu. Hayk, npod., KITN um. Urops Cuxopckoro, Kues, Ykpanna
Bapym V., n-p dunocodun, npod., Yuusepcurer Iopry, [Topry, Ilopryramus
Bouayuyxui 3., npod., BporuiaBekuit HayqHO-TeXHHUECKHi yHHBEpCHTET, Bporyias,
Monbia

Bonocyxun B.A., 1-p TexH. Hayk, npod., Kybanckuii TAY, Kpacroaap, Poccus
Tanuwnukoea B.B., 1-p texH. Hayk, npod., HUY MI'CY, Mocksa, Poccust
Hyues M.B., n-p apxurextypsl, npod., HHT'ACY, Hmxnuit HoBropox, Poccust
Eexun A.JO., 1-p TexH. HayK, npod., He3aBUCUMBIH HccnenoBatens, Toponto, Kanana
Kaxoeu C., n-p dunocodwm, npod., Texnonormuecknii yansepcurer IIETPOHAC,
Iepak, Manaiizus

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

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

Kpacuu C., xaun. Texu. Hayk, Humckuii yausepeuret, Hu, CepOust

Kyopseuee C.A., an.-xopp. PAACH, n-p TexH. Hayk, npod., JIBI'YIIC, Xa6aposck,
Poccust

Kypéoauxuii E.H., 1-p TexH. Hayk, npod., MUUT, Mocksa, Poccust

Jlazapes FO.I'., 1-p TexH. Hayk, npod., CIIOITY, Cankr-IlerepOypr, Poccust

Mazyne @., npod., Beicmas nmxenepnas mxona «llentpans Cromenex»,
Vuusepcutet [apmx-Caxiu, [Tapuxk, Opanuus

Menoonka II., n-p dpunocopuu, ApxuTeKTypHas IIKoja, YHUBEpCUTeT MUHBIO,
Bpara, [Toptyranus

Hepbkosa M.B., n-p apxutextypsl, fouent, CII6ITY, Cankr-Iletepoypr, Poccust
Canmoc P., viccnenosatens, HarmonanbHast 1abopatopysi CTPOUTENBHOM TEXHUKH,
JInccabon, INopryranms

Tpasyw B.H., axan. PAACH, n-p Texn. Hayk, npo¢., DHIIN, Mocksa, Poccust
®Deowk P.C., 0-p TexH. HayK, AoueHT, JIBOY, Bnagusoctok, Poccust

Axynose H.M., un.-xopp. PUA, n-p texu. Hayk, npod., UMM OUII KasHI[ PAH,
Kazans, Poccus

COLEPXAHWE

AHAIIMTUYECKUE N YNCTIEHHbBIE METOAbI PACYETA KOHCTPYKLINIA

3gepsies E.M. VccnenoBanne HanpspkeHHO-Ae(pOPMUPOBAHHOTO COCTOSIHHS
n3ruba JUIMHHOU MOJIOCHI U3 Pa3HOMOIYIEHOTO TPEIIMHOBATOrO MaTepHaa
MIPYMEHUTENBHO K 00pa30BaHUIO TPEILHH B PACTSIHYTOH 30He OeToHa

Knouxos M.FO. Vcnons3oBaHue pa3nuuHbIX GopmynupoBok MKD B pac-
4eTax TOHKOCTEHHBIX KOHCTPYKITHI

Mo3zzeonos M.B., Okonvruxosa I'.0. OueHka BpIOOpa MOJEIH METO/Ia KOHEY-
HBIX JJIEMEHTOB JUTsl pacyera OAlOK HAa OCHOBE Paclpe/eNieHHs] KacaTeb-
HBIX HaIPSHKECHUI

[1POBNIEMbI TEOPUN YN PYrOCTH

Kurbanmagomedov A.K., Morozov E.M. Specific Strength Under Combined
Loading (Y nenbHast IpOYHOCTH IIPH CI0KHOM CONPOTHBIICHHUH)

PACYET TOHKUX YN PYrUX OBONOYEK

Krivoshapko S.N. Analytical Calculation of Cylindrical Shells in the form
of Second-Order Algebraic Surfaces (AHanUTHUECKUI pacueT HUIUHIPU-
4yeckux 000J1049ek B (hopMe anreOpanuecKux MOBEPXHOCTEH BTOPOTo MO-
psnka)

PACYET W NPOEKTUPOBAHWE CTPOUTESbHbIX KOHCTPYKLMA

Xapuenko U.A., Xapuenxo A.U., [lanuenxo A.U., Epoghees B.T., Mupcasi-
nos U.T., Xosun B.I'., Tapakanoe O.B., 3asaruwun E.B. ITHbeKINOHHbIE
TEXHOJIOTHH JJIsl YCTPaHEHUs! KapcTOBO-CY(H(HO3UOHHOM OMAaCHOCTH U IPO-
CaJIOYHOCTH I'PYHTOB B OCHOBAHUH 3/IaHUH U COOPYKEHHH

CENCMOCTONKOCTb COOPYXKEHWA

Rakhmonov B.S., Sagdiev Kh.S., Ter-Martirosyan A.Z., Mirsayapov L.T.,
Erofeev V.T. Energy-Based Evaluation of Dynamic Soil-Structure Interaction
Process Under Seismic Impact from Explosion (JHepreruyeckas orneHka
Tporiecca B3aUMOICHCTBYS B ANHAMUYECKON CHCTEME «IPYHT — COOpYIXKe-
HUE» [PHU CEHCMOB3PBIBHBIX BO3JICHCTBHUSIX)

Pepakrop 1.J1. [Tankparosa
PepakTop aHrnossbI4HbIX TekcToB E.@. Illaneesa
[uzait o6noxku F0.H. Edpemosoit
KomnbloTepHas Bepctka H.B. MapxenoBoit

Appec pegakuuu:
Poccniicknii yanBepcuteT apyxOs! Hapogos umenn Ilarpuca JIymym6sr

Poccniickas ®enepaums, 117198, Mocksa, yi. Mukinyxo-Maxas, 1.

6; Ten./hakc: +7 (495) 955-08-28; e-mail: stmj@rudn.ru, i_mamieva@mail.ru

Tlopnucano B nevats 15.12.2024. Beixoa B cet 28.12.2024. ®opmat 60x84/8.
Bymara odcernas. ITedats opcernas. Naprntypa «Times New Romany. Ve mew. 1. 14,18, Tupax 250 5x3. 3aka3 Ne 2059. Llena cBo6oaHast.

DeziepalibHOE roOCYJapCTBEHHOE aBTOHOMHOE 00pa30BaTeNIbHOE YUPEKIACHHE BhICIIEro 00pa3oBaHus «Poccuiickuii yHUBEepCHTET ApyxObl HapoioB umenu [atpuca JIymymOb»
Poccwniickas ®enepauns, 117198, Mocksa, yin. Mukinyxo-Makunas, 1. 6

Ortnevatano B tunorpaduu UK PYIH
Poccuiickas ®exeparmst, 115419, Mocksa, yi1. OppkoHukuise, 1. 3

509

526

539

552

567

593

© Poccuiicknit yauBepcuteT ApyKOb Haponos umenu Ilatpuca JTymym6sr, 2024
© I'pubko C.O., poro Ha obnoxkke (OOmecTBeHHbIH IeHTp, Xanwkoy, Kuraif), 2024



STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS

2024 VoLUME 20 No. 6
DOI: 10.22363/1815-5235-2024-20-6
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 1. Adylkhodzhaev, DSc, Professor, TSTU, Tashkent, Uzbekistan

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Viadimir I. Travush, member of the RAACS, DSc, Professor, ENPI, Moscow, Russia
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 Wajcicki, Professor, Wroctaw University of Science and Technology, Wroctaw,
Poland

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

CONTENTS

ANALYTICAL AND NUMERICAL METHODS OF ANALYSIS

OF STRUCTURES

Zveryaev E.M. Study of Stress-Strain State of Long Cracked Multi-Modulus
Strip in Bending in Relation to Crack Formation in Tensile Zone of Concrete...

Klochkov M.Yu. Using Different FEM Formulations in Calculations of Thin-
Walled Structures

509

526

Mozgolov M.V., Okolnikova G.E. Evaluation of Selection of Finite Element

Model for Beam Analysis Based on Shear Stress Distribution ..................... 539

PROBLEMS OF THEORY OF ELASTICITY

Kurbanmagomedov A.K., Morozov E.M. Specific Strength Under Combined

LOAGINE ... 552

ANALYSIS OF THIN ELASTIC SHELLS

Krivoshapko S.N. Analytical Calculation of Cylindrical Shells in the Form

of Second-Order Algebraic Surfaces ..............ccooooeiniiiiiiiicicc 567

ANALYSIS AND DESIGN OF BUILDING STRUCTURES

Kharchenko 1.Ya., Kharchenko A.I., Panchenko A.L, Erofeev V.T., Mirsa-
vapov I.T., Khozin V.G., Tarakanov O.V., Zavalishin E.V. Injection Technologies
for Elimination of Karst-Suffosion Hazard and Soil Subsidence in the
Foundation of Buildings and Structures ..

593

SEISMIC RESISTENCE

Rakhmonov B.S., Sagdiev Kh.S., Ter-Martirosyan A.Z., Mirsayapov I.T.,
Erofeev V.T. Energy-Based Evaluation of Dynamic Soil-Structure Interaction

Process Under Seismic Impact from Explosion ... 613

Copy Editor I.L. Pankratova
English Texts’ Editor E.F. Shaleeva
Graphic Designer Iu.N. Efremova
Layout Designer N.V. Markelova

Address of the Editorial Board:
Peoples’ Friendship University of Russia named after Patrice Lumumba
6 Miklukho-Maklaya St, Moscow, 117198, Russian Federation; tel./fax: +7 (495) 955-08-28; e-mail: stmj@rudn.ru, i_mamieva@mail.ru
Printing run 250 copies. Open price

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

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

© Peoples’ Friendship University of Russia named after Patrice Lumumba, 2024
© Grinko S.O., photo on the cover of the journal (Citizen’s Center, Hangzhou, China), 2024



CTPOMTENBHAS MEXAHUKA UHXEHEPHBIX KOHCTPYKLIMIA U COOPYXXEHUIA *

(CIPONTEABHAR MEXAHHKA
VIHAEHEPHBIX KOHCTPYKLIH

STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS L

2024. 20(6). 509-525

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

AHATTUTUYECKME N YNCNEHHBIE METOOBI PACYETA KOHCTPYKLIMA
ANALYTICAL AND NUMERICAL METHODS OF ANALYSIS
OF STRUCTURES

DOI: 10.22363/1815-5235-2024-20-6-509-525
VK 539.3
EDN: CEORTO
HayuHas ctatbs / Research article

HccnenoBanue HANPSIZKEHHO-1€()OPMUPOBAHHOI0 COCTOSIHUS M3ru0a JJIUHHOM
I10JIOCHI M3 PAa3HOMOAYJIbHOI0 TPEUIMHOBATOI0 MAaTEPUAJIA IPUMEHHUTEIbHO
K 00pa30BaHUI0 TPEIIMH B PACTSIHYTOM 30He OeTOHA

E.M. 3BepsieB

Poccuiickuii yauBepcuret npyx0s1 HaponoB, Mockea, Poccus
ITHNU ctpoutenbHbix KoHCTpyKIui uM. B.A. Kyuepenko, Mockea, Poccus
< zveriaev@mail.ru

Ioctynuna B pepakiuio: 3 ceHTs0ps 2024 r.
[punsra k nyonukamuu: 4 nekadpst 2024 r.

AHHOTanms. 3a7a4a HaXOXKJICHUS HaIpsHKEHHO-Ie(OPMUPOBAHHOTO COCTOSIHUS TIOJIOCHI M3 Pa3sHOMOJIYJIBHOIO MarepHhaja
MOXCECT 6I)ITI) BOIIPEKU CYHICCTBYIOIIEMY MHCHHIO O CyﬂleCTBeHHOﬁ HEJIMHEHHOCTH MOCTaBJICHA KaK JIMHEHHAS T ABYX-
cioiiHo# nonockl. Jnddepenipanbabie ypaBHEHHST TEOPUH YIIPYTOCTH MEPBOTO TOPSIAKA TUIOCKOW 3a/1au¥l ISl OJIOCHI CBO-
JiTcs K 0e3pasMepHOMY BUJy M 3aMEHSIOTCSI MHTErPaJbHBIMU YPAaBHEHUSIMH OTHOCHUTEIBHO MONEPEYHOH KOOPIMHATHI IO~
JIOOHO TOMY, KaK 3TO JIeNaeTcs B MeToe npocThix urepauunii [Tukapa. [Ipu 5TOM B MHTErpajbHBIX ypaBHEHHSX Iepe]] 3Ha-
KOM MHTErpaia MOSBIISETCS KaK MHOKHUTENb Majbli IapaMeTp, ¢ MOMOIIBI0 KOTOPOTO 00ECIEUNBACTCS CXOAUMOCTD pelle-
HUH B COOTBETCTBHH C NPHHIMIIOM CXKaThIX 0TOOpa)KCHMH, Ha3bIBAEMBIM TaKKe TeopeMoii banaxa o ¢pukcHpoBaHOOH TOUKE.
HcxonHas cucreMa ypaBHEHHUI! T€OPHH YIPYTOCTH pacllellJIeHa Ha MHTErpupyeMble YpaBHEHHUs TONEPEYHOro n3ruoda, mpo-
JIONIBHOTO PAcCTSKEHUA-CKaTusl M KpaeBoro 3 ¢dexra. HalineHHbIE perieHus yIOBJIETBOPSIOT BCEM I'DAaHWYHBIM yCIOBHUSIM
3a71a4i TEOPHUHU YNPYTOCTH. 3alMcaHa ONpENeIIIomas MoJI0KeHNEe HEHTpaabHOH ocu mpu u3rude dopmyna. s pasHomo-
JIyIBHOTO MaTepualla, TaKoro Kak OCTOH, HeWTpasbHas JIMHUS IIPU N3rHOE CYHIECTBEHHO CIBHIAETCsl BBEPX B 00IacTh Cka-
TUsI, B PE3yNbTaTe YeTO Ha HIKHEH pacTSHYTOH I'paHd BO3HUKAIOT OOJBIINE IIEPEMEIICHUS U CO3AAI0TCS YCIOBUS IJIs pac-
KPBITHS BEPTUKAIBHBIX TpeniH. OOBSICHEHO MOSBICHIE HAKIOHHBIX TPEIIHH OKOJIO OTIOP.

KaioueBnle cioBa: meton Cen-Benana — Iukapa — banaxa, SVPB, npuHunn cxareix oToOpaskeHHU, MabIii ITapameTp,
CJIONCTAs T0JIOCA, HEHTpalIbHAS JIMHUS, UTEPALMK, PA3HOMOIYJIbHBII TPEIIMHOBATBIA Marepuall, KpaeBoi addext

3asiBjieHHe 0 KOH(PJIMKTe HHTepecoB. ABTOp 3asBISIECT 00 OTCYTCTBUU KOH(IIMKTa HHTEPECOB.

Jas uutupoBanus: 3gepses E.M. VccnenoBanue HanpsHKEHHO-Ie(QOPMUPOBAHHOTO COCTOSIHUSI N3rH0a JJIMHHON TIOJIOCH
W3 Pa3HOMOJYJIBHOTO TPELIMHOBATOr0 MarepHalia MPUMEHHUTENIbHO K 00pa30BaHMIO TPEUIMH B PacTSHYTOM 30HE OeToHa //
CrpourtenpHas MEXaHHKa WHXEHEPHBIX KOHCTPYKIMI U coopyxenuid. 2024. T. 20. Ne 6. C. 509-525. http://doi.org/10.22363/
1815-5235-2024-20-6-509-525
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Study of Stress-Strain State of Long Cracked Multi-Modulus Strip
in Bending in Relation to Crack Formation in Tensile Zone of Concrete

Evgeniy M. Zveryaev

RUDN University, Moscow, Russia
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Abstract. The problem of strength analysis of a multi-modulus strip, in contradiction to the existing standpoint of essential
nonlinearity, may be formulated as a linear problem for a two-layer strip. First order differential equations of the theory of
elasticity for the plane strip problem are transformed to dimensionless form and are replaced by integral equations with
respect to the transverse coordinate, similar to how it is done in the Picard’s method of simple iterations. In this case, a small
parameter appears as a multiplier in the integral equations before the integral sign, which ensures the convergence of
solutions in accordance with the contraction mapping principle, also called the Banach fixed point theorem. The original
system of equations of elasticity theory is splitted into integratable equations of bending, axial tension-compression and
edge effect. The found solutions satisfy all boundary conditions of the elasticity theory problem. The formula determining
the position of the neutral axis during bending is written. For a multi-modulus material, such as concrete, the neutral line
shifts upward significantly in the compression region during bending, resulting in large displacements at the lower edge in
tension and creating conditions for opening of vertical cracks. The occurrence of inclined cracks near supports is explained.

Keywords: Saint-Venant — Picard — Banach (SVPB) method, contraction mapping principle, small parameter, layered strip,
neutral line, iterations, cracked multi-modulus material, edge effect
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1. BBenenue

KoHcTpyKIIMOHHBIE MaTepralbl B IIPOLECCE IKCIUTyaTalliy UCIIBITHIBAIOT Pa3IMYHbIe Harpy3KH, BbI3bI-
BaIOIINE CXKMMAIOIINE WM PACTATUBAIOIINE HANpsDKEHHsI. BBIOOp CTPYKTYpBl MaTepHaia 3aBUCHUT OT yCIIO-
BUH JKCIUTyaTallMd JIEMEHTAa COOPYKEHUS WM KOHCTPYKIMH, a TakXe OT BHUJA HAarpy3Kd M CONPOTHB-
JSIEMOCTH Marepuasa B TOM WIM MHOM HanpaBieHUd. CUNTAeTCsl, 4YTO B HEKOTOPBIX 3a/1a4ax Ui ONMUCAHUS
HaNpsHKEHHO-1€(OPMUPOBAHHOTO COCTOSIHUSL TBEPAOrO Tejla MOXKET OKa3aTbCs HEAOCTATOYHO JIMHEHHOTo
npeacrasieHus ['yka. [IpakTuka Mokas3blBaeT, YTO BO MHOTHX CIIy4asiX pasjIMyHasi COIMPOTUBISAEMOCTb KOH-
CTPYKIIMOHHBIX MaTepHAJIOB CKUMAIOIIMM W PACTATUBAIOLIUM HAINPSKEHUSIM 3aBUCUT AK€ HE OT aHM30-
TPOIIUU CBOWCTB KOHCTPYKIIMH BIIOJIb OCEN IIIABHBIX HAMPSIKEHUH, a CKOPEE OT MUKPOTIOBPEKIAEHUN U HEOI-
HOPOHOCTEH, PACMOIOKEHHBIX CIy4YailHO 10 BceMy 00beMy Marepuaia. EcTeCTBeHHO MpeanonoKuTh, YTO
HAJMYUe MUKPOAE(PEKTOB MOXKET CKa3aThCsA HE JIy4IIUM 00pa3oM Ha «paboTOCroCOOHOCTHY» MaTrepuaa,
a 3a4acTyl0 IPUBOAMT €TI0 K pa3pyLICHUIO paHbllIe IIPEJHA3HAYEHHOIO CpoKa. Bee ckazaHHOE B IIOJIHOU Me-
pe OTHOCHUTCS K CTapeileMy U, oxanyi, Hau0osee ClI0)KHOMY KOMIIO3UIMOHHOMY Marepuaity — OeTOHY.

PazHoMopynbHast Teopust yIpyroctu 6eper cBoe Hayasio ¢ pador [1—4], oTHocsmmMXCs K KoHIY 60-x
TOJIOB MPOILIOTO CTOJIETHS U CIPOBOLMPOBABIINX Psii MyOnuKanuii [5—21], mpoaomKarommxcst 10 HacTosI-
miero BpeMeHu. B [5; 12] cauTaeTcs, 9T0 OMpeesfonie COOTHOICHUST OCHOBaHBI Ha 0000IICHNH Kilac-
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CHUYECKOr0 yNpyroro rnoTeHIHana, XapakTepu3yoIlero 3aBUCMMOCTb CBOMCTB MaTepHalia OT BUJa Hamps-
JKEHHOTO COCTOsIHUA. B 3TOM ciyuyae B KauecTBe MapaMeTpa, XapaKTEepU3YIOLIEro BUJ HAIMPSHKEHHOTO CO-
CTOSIHUSI, TIPEJIaraeTcsl B3ATh OTHOLICHHE CPEIHEro HaNpsHKeHHs] K MHTEHCHUBHOCTU HampspkeHuil. MoHo-
rpadus [6] mocBsIIeHa MOCTPOCHUIO 0OOOIIEHHBIX KJIACCHUECKHX TEOPUIl TOHKOCTEHHBIX TEN, TAKHX KaK
IUTACTUHBI M 00O0JIOUKH, IIPU HEKOTOPBIX MPEUIOKECHHBIX aBTOPaM COOTHOIIEHUSIX YIPYTOCTH JUIsl Pa3HOMO-
JIyNbHBIX TEJI. ABTOp OTMEYAET, YTO ISl YTOUHEHUS MPEAJIOKEHHBIX TEOPUl W MOCTPOEHUS KOPPEKTHBIX
MEXaHMYECKUX MOJENIeH pa3HOMOIYJIBHBIX MaTepUalioB TPEOYIOTCS HOBBIE HKCIIEPUMEHTAIBHBIE MUCCIIEI0-
BaHus. B [7; 8] paccmarpuBaeTcs moBeAeHUE TeNl U3 Pa3HOMOIYJIBHOIO MaTepuaia ¢ MO3uLUi TEOpPUU BO3-
myieHuil. [logo6HbIM 00pa3oM CBOMCTBA JTMHEMHBIX (PU3HMUECKUX COOTHOLICHHH Pa3HOMOIYJIBHOIO Mare-
puana uccinenyoresa B [9]. B [10] npeanoxena KOHCTPYKTHBHAsI TEOPHUs Ul MONEPEYHO-U30TPOIHBIX OU-
MOYJIBHBIX MaTepHAJIOB C KJIACCOM CTAllMOHAPHBIX BOJIHOBBIX pemieHui. Pabots! [11-15] nocsmiens! pas-
paboTKe OMpeAeIIONUX COOTHOIICHUH Pa3HOMOIYIIbHOM Teopun yrpyroctu. Crares [16] mocsimeHa pe-
IICHUIO 3312491 ONPEACTICHNUS TeMIIEPAaTYPHbIX HAIPSHKEHUH B OaJke.

B [17] mpemioxeH METOI AKBUBAJIEHTHOTO CEYEHUS, KOTOPBIA HCIIONB3YeTCsl IUIsl MpeoOpa3oBaHUs
OUMOZYIISIPHON KPHUBOJIMHEHHOW OaJKM B KJIIACCHUYECKYIO C OCOOCHHBIM MOJYJIEM; YIPOUICHHOE PEHICHUE
JUIST U3TUOHBIX HANPSDKEHUH ONpeneseHo MyTeM M3MEHEHHs MapaMeTpoB, OTHOCSIIMXCS K XapaKTepUCTH-
KaM cedeHus. J{Js modydeHus SBHOTO BBIPAXKEHUsI HEUTPAJIBHOTO CJIOS MCIIOIb3YeTCsl METOJl BO3MYIIEHHUH.
[Tocne HaxOX/AEHUS MOJIOKEHUS HEUTPAIBHOTO CI0s METO (DYHKIMM HANpPSKEHUS MCIOIb3YeTCs Ui Io-
Jy4YEeHHs PeLleHUs Ul HAIPSDKEHUH U MEepEMEIEHUI IPH BBIIOJHEHUHM TPAaHUYHBIX YCJIOBUU U yCIIOBUI
HeTpepbIBHOCTH. Ha 0cHOBe permeHust yrpyrocTu paccMaTpuBaeTcs 3a/1adya HadalbHbIX HANPsDKEHUN B OU-
MOJYJISIPHOM MHOTOCBSI3HOM Tejie. CpaBHEHHUE JBYX PEIIEHUH IOKA3bIBAE€T, YTO YIPOIIEHHOE pEIlIEeHUe
OYEHb XOPOIIO comtacyercs ¢ ynpyruM. Kpome Toro, Takxke 00CyXIal0TCSl yueT KacaTeJIbHOTO HAaIPSKEHUs
Y IPUMEHEHNE METOo/Ia HKBUBAJICHTHOTO CEUEHUS B JKeI€300€TOHHBIX KPUBOJUHEHHBIX Oankax. Pe3ynbrarsl
MIOKA3bIBAIOT, YTO OMMOAYISPHOCTh MaT€pHaJIOB OKa3bIBAET ONPE/IEICHHOE BIMsHUE Ha U3THOHbIE CBOMCTBA
OuMonynpHOU M30THYTOM Oanku. B [18] mpoBeneH aHanu3 BA3KOCTH pa3pylleHus AByX(a3HOM CTanu C uc-
MOJIH30BAaHMEM METO/Ia MPEAeNIbHON pabOTHI pa3pyIIeHHs.

B [19] nHa ocHoBe kiaccuyeckoil rumore3sl Kupxroda npeanokeHa ynpouieHHas MeXaHU4ecKast MO-
JIelb, TIPUTO/IHAS JIJIsl pellieHHs 3a7a4 Ui OMMOIYJIbHBIX TOHKHX IIACTUH Majoro mnporuba. B [20] npex-
CTaBJICHbI PE3yJIbTaThl YUCICHHOTO cueTa JiJIsi OMMOIYIbHOM KPYIJIOHN IJIaTHHBI.

B HexoTopbix paboTax OCHOBHAs MpobiemMa pa3sHOMOIYJIBHBIX 3a/1a4 CBOAUTCSA K 000OLICHHUIO KIIaCCH-
YEeCKOT0 YNPYyroro NOTEHIIMAaa, COAEPIKAIETo IB€ KOHCTAHTHI (CBUTOBOW U 0OBEMHBINH MOJYIIN) Ha CPEIbI,
Pa3HOCOIPOTUBIISIIOIINECS PACTKEHHUIO U CKATHUIO.

B skcneprMeHTabHBIX paboTax TeM MU MHBIM CIIOCOOOM Pa3bICKUBAIOTCS MOIYIH YIPYTOCTH B CXKa-
TOM M pacTsHyTOM 30He Tena. Hampumep, B [21] paccMoTpeHa U YHUCIEHHO ¢ MOMOIIBIO METOZa KOHEYHBIX
AJIEMEHTOB MPOCUYMTAaHA MOJENb HEIMHEHHON YNPYyrocTH, OCHOBAHHAS HA MCIOJIb30BAaHUM MapaMerpa Tpex-
OCHOCTH JUIsI ONTUCAHMs BUAA HANIPSLDKEHHOTO COCTOSTHUS Marepuana. OTMeyaeTcsl, 4TO SKCIEpUMEHTalbHbIE
UCCIIeIOBaHUS 1€(OPMUPOBAHMSI CIIOMCTHIX KOMIIO3UIIMOHHBIX MaTe€pUajoB YacTO IOKA3bIBAIOT CIOXKHYIO
3aBUCHMOCTD KECTKOCTHBIX U MIPOYHOCTHBIX XaPAKTEPUCTHK OT TUIA HArpy>KeHUs. Y TBEPKIACTCS, YTO YUECTh
nono6HbIe 3G GEKTH B MPUKIAIHBIX pacyeTax BO3MOXKHO JIMIIb C WCHOIb30BAaHUEM MOJENe HeIMHEHHOH
ynpyrocT. TpyaHOCTH, C KOTOPBIMH CTOJIKHYJIMCH aBTOPHI YIIOMSIHYTBIX Pa0OT, 3aKJII0YAI0TCS B OTCYTCTBHU
pelIeHui TeOpUU yIPYTOCTH, C OAHON CTOPOHBI, I0CTATOUYHO MPOCTHIX, C APYTON CTOPOHBI, CBOOOIHBIX OT
KaKHX-JINOO alpUOPHBIX TUIIOTE3.

B Hactosmieit pabote Ha OCHOBE HEMPOTUBOPEUMBOTO PEIICHUS YpaBHEHUH JIMHEHHOU TEOpHH yIpy-
roctu [22; 23] mia JUIMHHOM ynpyroi BYXCIOWMHOMN TOJOCH M3 Pa3HOMOIYJIBHOTO MaTepuaia 0e3 KaKhX-
1100 anpUOPHBIX AOMYIIEHUH U IPEANOI0KEeHU 00 MCKOMBIX HEM3BECTHBIX HAXOJATCS BCE HEU3BECTHBIC
3amadn U (opMysa s HEHTpadbHOW JIMHWH, Pa3leliIoNell YJacTKU CKAaTUS W pacTsHKeHHs. PemeHus
MPEICTABIAIOTCA ACUMIITOTUYECKUMH PsJIaMU IO MaJIOMy MapaMeTpy M BCIEACTBHE 3TOTO SBISIOTCS CXO-
JSIIMMHCS B CUITy TeOpeMbl baHaxa 0 HENOJABMKHOM TOUKE.
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2. IIpou3BOJIbHO HATPYKEHHAS 10 JJMHHBIM CTOPOHAM
ABYXCJIOHHAsl PAa3HOMOYJIbHAsI 110710Ca

JUTMHHAsT PSMOYTOJIbHAS MOJOCAa PACCMATPUBAECTCS B MPAMOYTOJIBHOM CHCTEME KOOpIAMHAT X , Z'

(puc. 1), Tak uto 0<x <[, —h<z <h.

Puc. 1. [Tonoca U3 pa3sHOMOAYJIBHOTO MaTepuaa, peICTaBIeHHAs KakK JBYyXCJIOHHAs 1oJIoca
W c T ouHuk: BemonHeHo E.M. 3BepsieBbIM

Figure 1. A strip of multi-modulus material presented as a two-layer strip
S ource: made by E.M. Zveryaev

*
JITMHHBIE CTOPOHBI OJNIOCH! z =1/ HECyT IMPOU3BOJIBHYIO HArPy3Ky, KOPOTKHE CTOPOHBI MOJIOCH MO-
TyT ObITh TaK WJIM MHA4Y€ 3aKPEIUICHbI WIH TOXKE HarpyeHbl. MI3BecTHbIE ypaBHEHUS MIOCKON 3aJa4M TE€O-
pUH YIPYTOCTH

Jdo° ot J6. JT

X —_ Z

ox* 0z 0z"  ox’
) ) o . . 2(1+v)
E Ex :GX _VGZ > E 8z =Gz _VG,\ > ’Y:TT ’
ou* ow' dut ow'
= = = +

ONHMCHIBAOIIHE HAMPSDKCHHO-Ie(pOPMUPOBAHHOE COCTOSHUE TaKOW MOJOCH B Ge3pa3MepHBIX KOOpIHHATAX
* % * * o % *

x=x/l, z=z /h, nepemenieaussx u=u /h, w=w /h BIOJIb OCEH x ,z COOTBETCTBEHHO M HOPMaJb-

HBIX 6, =0,/ E,, 6. =0,/ E, ¥ KacareJpHbIX T=1T /E, HaNpsDKCHWsX (pa3MepHbIC IIePEeMEIICHHUs ¥ Halpsi-

JKCHHA OTMCYCHBI 3B€3,Z[O‘-IKOI>'I) IMPUHUMAIOT BUJ

8&4.81/:0, %4_80;:0;
0z 0z ]
Gx: E2(8x+\182), ’E:L'Y, c. = 2(8-+V8Y);
1-v 2(1+v) Fol=vi o ]
ow ’ Ju ,
€ =—,€ =€u,y=—+ew. 1
: aZ Y az ( )

3nech E — Ge3pasMepHBIii MOyIIb yIPYTOCTH, ONpeelennblii opmynoi E* =E(z)E,, rae E,— HEKOTO-
poe 3HaueHue Moxayisi FOHra wim kakoe-mubo Jpyroe MmoaxoAsiiee Mo pa3MepHOCTH M CMBICTY 3HAYCHHE;
E(z)— GespasMepHas 3aJjaHHas 10 CIOSIM (YHKIHUs, KOTOpask MOKET ObITh Pa3pbIBHOM, TaK Xe KaK H ee

IepBas Nponu3BoaHasA; v =V (Z) — KOS(b(l)I/II_[I/ICHT HyaCCOHa, CHUTAIOMMUECA OJI1 aHU30TPOIMTHOI'O HJIM KOMIIO-

512 ANALYTICAL AND NUMERICAL METHODS OF ANALYSIS OF STRUCTURES



3sepsieg E.M. CTpouTenbHas MexaHuka MHXEHEPHBIX KOHCTPYKLMIA 1 coopyxeHuit. 2024. T. 20. Ne 6. C. 509-525

3UTHOTO Marepuaia QyHKIUSIMH KOOPAMHAT; € ,€ — Oe3pa3MepHBbIC 10 ONPENEICHUIO MTPOIOIbHAS U T0-
nepedHas Aeopmanmu; Y — CIBUT, TaKXKe MO ompeaeseHnio Oe3pa3mepHas Bennanna. [Ltpuxom 0603Ha-
YyeHa onepanys JudpdepeHIupoBaHus 1o 6e3pasMepHOMY apryMEHTY X, M BBEJEHO 0003HaueHHE JJIs Majlo-
ro mapamerpa €=h/l. Bonee Toro, B 00iiem ciyuae ko3 uimenTsl £ M vV MOTYT TaKKe 3aBUCETh OT
MPOI0JIBHOM KOOP/IMHATBI X .

ITpumem, uto HIKHMH citoif pu —1<z <z, 0<x <1 umeer xecTKoCTh E, u ko3pPunuent [lyaccona
V,, BepxHuil cinoit mpu z, <z<1,0<x<1 umeer xxectkoctb E, n xko3dpduuuent Ilyaccona v,. s npo-

CTOTBI 3aIMCH C TEM, YTOOBI BBIJICIUTH OCHOBHYIO HJICI0 paOOThI, 3aKII0YAIONICHCS B UCCIEIOBAHUN Pa3HO-
MOIYJIBHOCTH TPEIIMHOBATON Cpeabl, puMeM E,, E,, v He 3aBHCALIMMHU OT KOOPIUHAT X H Z .

PacrionoxuB ypaBHeHHs cucTembl (1) B onpeneneHHoN MocaeI0BaTeIbHOCTH U 33/1aB B KAYECTBE M3-
BECTHBIX BEJMYMH HAYaJbHOTO MPHUOIMKEHUS HEKOTOPbIE W) =w,(x) u o) =1T,(X), MOXKHO CBECTH Bbl-

YUCJICHUS K METOY IOCIIEI0BaTEIbHbIX MPUOIMKEHUN B COOTBETCTBUH CO CIEAYIOLIEH CXeMOil:

g o 204V) O
Y ew, - T,, = = €T » &) =Elg) ;
_ 2
Go) = E€,(g) TVO () €.5) =—VE, () + G.0)>
My A L ,, 21+Y)
Y—EZ(O), g— 80'X(O) , ?— €T(1) , . = 8W(1) TT(I) U T.O.

3nech U Janee HWKHUM MHIEKCOM B CKOOKax 00O3HaueH HOMep MPUONMMKEHHS W IITPUXOM — OIepalus
mubdepeHIUPOBaHUs IO KOOPAUHATE X .

B cuity He3aBUCMMOCTH BEJIMYMH HAYAJIBHOTO NMPUOIMKEHUS OT z BCE HEM3BECTHBIE BBHIYHUCIISIOTCS
B PE3yNbTaTe HHTETPUPOBAHUS 110 Z :

. 22(1+V)
Uy =—EW, Z+TOJ dz +uy;
0
t2(1+v
e =—EZW”Z+E‘C,IQdZ+8u,'
x(0) 0 0 E 0>
0
—_— 4 .
O =€ 2+0,;
t2(1+v
dezz—Esﬂ%”z+8TJ Ej—i———le—VZ-+E£m;+VGm;
’ E
0
- A oF2(14v) L 1-v? %
€ ) = VE'W, Z-E€T, v.[ dz + z |—Veu, + G.os
z E z
0

t1—-v?

//Z ’ zl—Vz t r2(l+v
w(l):gzwO .([Vzdz—i-:‘co I z zdz+}[v£%dzdz + 0,

z
’
dz —¢€u, Jvdz + W,
0 0

0

” 7 ” r r 2 1 f ” r ’ f
Ty = £'w, IEzdz -e’1, IEJ(T+\))dZdZ - Ivzdz —€’u, IEdz —€0,, .[de +7,;
0 0 0 0 0 0
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O, = —£4w0””ijzdzdz +e't,” j.j.E j. 21+v dzdzdz ijzdzdz +
00 00 0
+¢’ uo'"ﬁEdzdz +e’c,, j j[vdzdz —£1,2+0,,;
00 00
Uy = —ew, z+1, jz(l—Jr\))dz +u, — 83w0m jjwdn&t—f + Mj‘j‘Eza’zdz +
0 E 00 E 00

+82‘Eo” j-Jz.l_Evz zdzdz+jjvj2(lgv)dzdzdz —M ijiz 1+V)dzdzdz—jj.\/zdzdz +
00 00 0 00 0 0

2(1

+82u0” jjvdzdz —T-’-V)ijdzdz —€0,, 2(1+v jjvdzdz + j.j. 1=V dzdz ;. 2)
00 00 00 00

E

HOCJ’IGI[HC@ BbIPAKCHUC U3 (2) MOKAa3bIBACT, YTO K IMOJTYYCHHBIM BCJIIMYHMHAM HYJICBOI'O HpI/I6J'II/I)K€HI/IH
us3 nepBoﬁ (I)OpMYJ'IBI JIIA M(O) B HepBOﬁ UTCpalnuu K OAHOMMCHHBIM ,I[O6&BJ'I$IIOTC$[ YJICHbI, UMCOIIIUEC OTHO-

(9 ’ ”
CHTEJIBHBIA MHOKHTENb €, TO €CTh K W, H00aBisercs €w, , K T, JobaBisercs €T, U K u, J00aBIseTcs
£’u, . KoopuuueHTsl mpu 3TUX 106ABOYHBIX WICHAX B CHIIY BBIOOpA €IMHUI] H3MEPEHHs TIPpH (HOPMUPOBa-
HUH Ge3pa3MepHbIX BETHUMH UMEIOT Mopsaaok € . [103ToMy 106aBOYHbIE BEIMUMHBL, €CIIM OHU HE SABIAIOTCS

OBICTPO MEHSIOIIMMUCS, T.¢. He YBEIHMUUBAIOTCA B €  pa3 IpH AuddepeHupoBaHuy, OyIyT 0(82) U MO-

T'yT OBITH OTOPOILIECHBI.

3. BoinosineHue IrpaHUYHBIX yC.]'lOBI/lﬁ Ha JJIMHHBIX CTOPOHAX I10JI0CHI

Ha nuIeBbIX MOBEPXHOCTSAX TOJNOCH Z =1/ JOKHBI YIOBIETBOPATLCSA TPAHUYHBIE YCIOBHS, COOT-
BETCTBYIOIME YCIOBUAM HarpyxeHnus. B 6e3pazmepHoM BUJIE 3TU YCIOBHS 3aUCHIBAIOTCS TAK:

0,=Z,(x),1=X,(x) npu z=1; ©,=Z (x), 1=X_(x) npu z=-1, (3)

z z

rje O0e3pa3MepHbIe HAarpy3KH MOJIyUeHbl ITyTeM JEJICHHs pa3MEpHBIX Ha XKecTKocTh F, . Ycnosus (3) Oynem
YAOBJIETBOPATH BEIMYUHAMH TIEPBOTO MPUOIIKEHUS U3 OOIIUX pemieHui (2) B MPeInoIoKeHHH, YTO OHU C

JIOCTaTOYHOM TOYHOCTHIO AMMPOKCHUMUPYIOT UCKOMBbIE BeNUYMHBI. [lonmydyeHHas TakuM 00pa3oM cucTeMa
ypaBHEHUI

1

e'w, jEzdz e'1, .[Eszv)
0

1 1 1
dzdz — IVZdZ — Szuo’,jEdz — Sczo’Jde +1,=X,,
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0
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-1z

[ 2 dzdzdz jjvzdzdz +
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MOKET OBITH paspeuicHa OTHOCUTECIIBHO OCHOBHBIX HCU3BCCTHBIX T, (X) , O, (X) s W (X) , U (X) IIOCJIC BbI-

YHCJICHUA B 06H_[CM CIydyac mICCTHAAUATH UHTCTPAJIbHBIX KOB(l)(I)I/ILII/IeHTOBZ

j Ezdz Jl. E j. 2 dzdz J.Vzdz j. Edz j\/dz
0 0 0 0
-1

]lEde f E JZ. 2 1;_ M dzdz — j vzdz :[lEdZ Tvdz
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:[1 j.Ezdzdz ]li E j 2 ( 1; v) dzdzdz — I I vzdzdz I I Edzdz j J.dedz

ot 3ananubix Gyukimit E(z) n v(z).
[Ipumem (puc. 1), yto HUxKHMIA cnoi pu —1<z<z, 0<x<1 uMeer KeCTKOCTb FE,, BEpXHHUI CIIOH

npu z, <z<1,0<x<1 umeer xkecrkocts E,; E, u E, — KoHCTaHTHI. [1010KHM A1 COKpAILEHUs BBIYKC-

JICHUM U U3JI0XKEHUS V =const BO Bcell monoce. Beraucnum BXOAIINEC B YPaBHCHUA MHTCIPAJIbHBIC K03(1)-

¢bunmenTs! (5) IpyU UCKOMBIX HEU3BECTHBIX W, , U,, T, U O,

*npu z=0

24V

2(1 1
( +V)dZdZ—IVZdZ=T,
0

1 Z2 1 1 z

!Ezdz:(El—Ez)j+E25, .([E!;
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) S\ TR AT E S /) 2
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enpu z<0

].lj.EZdZdZ = _lEl 5 ]lej—z(l +v) dZdZdZ—].lj.VZdZdZ = _24y ,
’ 6 00 o £ 00 6

0

-1z -1z

-([ 0 Edzdz = %El , ~(l;}l;vdzdz =%V

U MOJICTAaBUM UX B ypaBHEHU (4)

2
e3w0'”[(E] —EZ)Z?+E2 %} —ezro”erTV—:—:zuo”[(E1 -E,)z +E2:|—vecszo' +1,=X,;

+

" 1 n2+V ” ’
e'w, Ela—ezro T+£2u° E +veo,, +1,=X_;

” 22 Z3 1 m2+V
—etw, {(E,—Ez)(?—? +Ezg +e't, T+

1 24+v 1 1
e'w, E, e et —* eu, E, o+ ve’s,,” >t €1, +6.,=2_.

CkiagpiBasi MU BBIYMTAs OMAPHO MEPBBIE J1BA U MOCJIEIHUE JBA YPAaBHEHUS U IMOMEHSB MOPSA0K 3alu-
CU YpaBHEHH, OTYyYUM

2

83W0,/|:(E1 _Ez)%+(El +Ez)%} _(2+V)8210” _32u0,,(E1 _EZ)(ZI +1)"'2170 = X+ +X,

3

V2 22 V4 1 m2+V
—&'w, {(El —Ez)[?—?‘JﬂE, +E2)g}+e3ro 5t

u E(E1 —E,)(2z, -z —-1)-2et)=2,-Z_,

+

+

83Wom(El _Ez){%__J_Szuo”[(El _EZ)ZI _(El - K, )]—2V8(520’ =X, -X,

2 3
—&'w,” (E, - E, )[%—%—%}+ sfuo"'%[(E1 ~E,)(2-2z)z+E +E, |+Vve’o,) +20,,=Z, +Z_.

ITpumem B coorBercTBHM ¢ onucanueMm merona SVPB [22] 1, =1, + 1] B HepBoi mape ypaBHEHHI,
Ie T, — MEUIEHHO MeHsomascs GyHKIMsA; t¢ — ObICTpo MeHstomasica GyHKuus. (MeqIeHHO MeHso-

uielicst GpyHKimeldl HasbiBaeTCs Takas (YHKIWs, TPUMEHEHUE K KOTOPOi omeparopa d/0x He MEHSET ee

ACUMIITOTUYCCKOI'0O opsAaakKa I10 €. BBICTpO MEHSIIOIICHCS (bYHKHHCfI HAa3bIBACTCA TaKas, IPUMCHCHUC K KO-
TOpOﬁ orieparopa Ea/ax TAKKC HEC MCHACT €€ aCUMIITOTUYCCKOI'O IOpsaAKa 1o 8.)
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e'w, ;[(E ~E,)z} (El+E2)}—(2+v)ez(rg"+¢g”)_
—€'u, [(E,~E,)z +E +E, | +2(1,+ 7)) =X, + X_,

" Z Z 3 1 2+V " "
—*w, {(E E)(é 3 ]+(E‘+E)6}LT8 (1‘0 +1T) )+

+e'u, ;(E E)(221—212—1)—28(13’”3’):2 -Z

+ -

5

1 3alIMIIEM UX pasaCIbHO OJIsA 6I>ICTpO MCHAIOIIMXCSL
(2+v)e’te” —6et! =0, (5)
—-(2+v)e’ ! +21¢ =0, (6)

OTMCYCHHBIX BEPXHHUM MHACKCOM ¢, U MCAJICHHO MCHAIOININXCA HCU3BCCTHBIX

2
e'w {(E ~E)2 : (El+E2)ﬂ—ezug”[(El—E2)zl+E1+E2]+2rg=X++X_, (7)
4. MM le Zl3 1 ,,,1 2 o
—'w)" | (E, - E,) T3 +(E1+E2)g + £u 2(E ~E,))(2z, -z -1)-2et) =2, - Z_, (8)
sﬁwg"”%(E1 —E)(z” -1)-&uw)[(E - E,)z +(E +E,)]-2vec}, =X, - X_, 9)
V72 2 Z3 1 "
—e*w)”" (E, - E,)| = > —?—g ++&'u)” [ (E,—E,)(2-2,)z,+(E +E,) |+ 20}, =Z, + Z_, (10)

OTMEUYEHHBIX BEPXHUM UHICKCOM S. YpaBHeHUs (5) 1 (6) HECOBMECTHBI, TaK KaK HE MOTYT OJHOBPEMEHHO
oOpararscst B HOJIb AJIs1 OHOM U ToM ke (yHKuu T¢ . Huxke mpu BHINOIHEHNH YCIOBUI Ha KOPOTKHUX CTO-

poHax B 1. 4 OyJeT NMPEATIOKEHO pa3pelIeHne ITON CUTYyallnu.
’
[Tponuddepenuupyem neppoe ypaBHEHHE 10 X U YMHOXHM Ha €. 3aTe€M MCKIIOUUM T, W3 IEpPBBIX

AByX. [ToyunM ypaBHeHUE, CBA3BIBAIOLIEE W, C U, :

e s o[l )
e'w 3[(E ~E,)z (E1+E2)]+e U [E(El—Ez)(zl—zl —1)—(E1+E2)}:
:Z+—Z_—8(X+'+X_'). (11)

U3 ypasuenus (10) 3ameuaem, uto o°, ~¢*. [109TOMY 3Ty BEJIUYHHY MOKHO OTOPOCHTH KaK MAIYIO

nopsiaka € B ypaBHeHHH (9):

+

O L B (2 1)’ [(E - E)7 + (5, + E)]= X, - X 12

W3 cucremsl ypaBaenuii (11), (12) HaxoquM paspelaromiee ypaBHEHUE Ul W),

/ll/

g'cw;

=7 -7 —a(X +X ) [(El_(E)Z(;Zl+)§E])+E2)}[%(EI—Ez)(zl—zlz—l)—(El+E2)] (13)
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31ech BBEAEHO 0003HAYECHHE
;oL (X -x 2 1
C=(Z+—Z_)+£(X+ +X_)+eT (E ~E,) 25 =55 ~(E +E,)|. (14)

U pasperaroniee ypapHeHue i QyHKIMU u,

7 o 1 (E -K ) (X"', - X’,)

eu) =¢e'w L 7' =1)-¢ , (15)
’ ’ 2[(E1_E2)Zl+(E1+Ez)]( 1 ) |:(E1_E2)21+(E1+E2)]

BBIPAKEHHYIO uepe3 QyHKuuto w,. YpaBHeHus (13) u (15) MOryT OBITH JIETKO IPOUHTEIPHPOBAHBI.
BenuuuHbI T, ¥ G}, IPU U3BECTHBIX wém u ug” HaxojasTcs u3 ypapHenuit (7) u (8):
2

20 =X, +X_—'w” {(El ~E, )%Jr (E, +E, )ﬂ +e'uy [ (E,—E,)z,+E +E, |; (16)
P 4 " le 213 1 3 ¢

260, =2, +Z +¢e*w)”" (E,~E,) S [(E,-E,)(2-2z)z+(E +E,)]. (17)

4. HeiiTpaJibHast IMHUS B 110J10Ce U3 Pa3HOMOAY/IbHOI0 MaTepHaJIa

Paccmotpum citydait u3ruba nosocs! Harpy3kot X, =X =7 =0, Z, =—p. JInsd npocTOThl IpUMEM

p =const . YpasHenus (13) u (15) npuHuMaror Bua

s P 3w 4 gm] (El _Ez) 2
_L - - ). 18
EM = Bl o 2[(E1—E2)z1+(E1+E2)](Z1 ) (18)

HeI/ITpaﬂBHaﬂ JIMHUA JOJDKHA YOOBJICTBOPATH YCJIIOBHUIO OTCYTCTBUS NPOAOJIHBHOH I[eq)opMaL[HH Ex(o) ,

ornpeneneHHON BTOpoi ¢opmyioit B crincke (2):
” ,22(1+v ,
—e’w, z+eT, I%dz+8uo =0. (19)
0

N3 popmyn (13), (15)—~(17) cnenyroT oneHKH
w,~ep, ul~e’p, T, ~ew wm T, ~e'p, c, ~p. (20)

CnenoBarenbHO, cpelHU wieH B ypaBHeHUH (19), COOTBETCTBYIOIIMN KacaTelbHOMY HAIPSHKEHUIO,
MOJKET OBITh OTOPOIIEH KaK MaJias BeJIMYMHA 0(82) , 1 YpaBHEHUE HEUTpaJIbHOU JIMHUU OYy/IET BBHINVIAIACTh

TakK:
—& wo”z + Suol =0. (21)

Takum oOpa3om, 3amaua HAXOKIACHUS HEUTPATHHOW JIMHAH B TI0JIOCE CBOAMTCS K PEIICHUIO ypaBHE-
Hu# (18) mpu 3aJaHHBIX YCIOBHUAX Ha KOPOTKHX CTOPOHAX MOJOCHL. [IpMeM MX COOTBETCTBYIONTUMH YCJIO-
BHSIM CBOOOTHOTO OMMPAHUS MOJIOCH! U O6anku (puc. 2).
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Puc. 2. HanpspkeHust Ha KOPOTKUX CTOPOHAX MOJIOCHI,
KOTOPBIE JIOJDKHBI ObITH OOpaIlleHbl B HOJIb IIPH CBOOOTHOM OMHpPaHHUU
W cTouHuk: BemonHeHo E.M. 3BepsieBbIM

Figure 2. Stresses on the short sides of the strip, which must be zero when freely supported
S ource: made by E.M. Zveryaev

IIpu x = 0; 1 Hanpsoxenuss 6, =T=0. Kpome TOro, BepTUKaJbHOE NEPEMELICHUE MOJOCHl HA KOHIAX

JIOJHDKHO OTCYTCTBOBaTh. C moMOIIbio popmys (2) 3amuiiem 3Ty YCIOBHSI B pa3BEPHYTOM BHUJIE:

”z , z _ 2 z 22 1+V z _ 2 ’z
£’w, jvzdz—e*co J.l v zdz+jngdzdz +020I1—de—8u0 Ivdz+w0 =0,
0 0 E 0 0 E 0 E 0
x=0;1
{[—Eazwg" + e(tg' - 13')(2 +V)}z + Eeu, +VGZO} =0; (22)
x=0;1
///Z ” ’” 22 //Z ’
{e3wg jEzdz—ez(rg +1 )(2+v)?—ezug jEdz—vecjoz+rO} =0. (23)
0 0 x=0;1

Ha ocHOBaHMM acCHMIITOTHYECKUX OIEHOK (20) MOXHO B yCJIOBHX (22) OTOPOCHUTH BETUYHHBI 0(82)

IO CPaBHCHUIO C ITIaBHBIMMU:
{WO}x=0;l =0,

{[—E&wg" +et! (2+ v)} z+ Eeug'} =0
x=0;1

U 0TpeOoBaTh 0OpalIeHUs B HOIb KOG (OUIIMEHTOB IPH KaXJI0H CTENIEHH z BO BTOPOM YCIOBHH U3 (22) Ha
kpasx x = 0; 1:

WO:O,u3’=O; (24)

—E¢’w)” +et! (2+Vv)=0. (25)
Brerancnum mHTErpansl B BeIpakeHUH (23) W ¢ momoripio cooTtHomeHus (6) m ouenku (20) s

T, ~ &' p MpHUBEIEM K BUIY:

1 3. m ” ’
_ q 2 2 _ .
T _(EE'S W, —T |z —€u, Biz—veo ,z+1,=0 pu 0<z<z;
1 3. " q 2 2 2 7 ’ ‘
Ty = EEzg W, —T¢ (z -z )—8 uy, E,(z—z,)—-veo,, (z—z,)+1,=0 mpu z <z<I;

1 7" ” ’
T, =(EE183W0 —rgjzz +&u, Ez+vo_,z+1,=0 mpu —1<z<0. (26)
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OueBHIHO, UTO 3/1€Ch T{ SBISIETCS pelleHHeM ypaBHeHUs (6). YpaBHeHUe (5) MOXET OBbITh 3aIICAaHO

TaK:
4 4 4
U=(2+v)e’t] —2et] —4et? .
To ecTh mepBbIe /1Ba YWiICHA IPH BHITIOIHEHUH ypaBHEeHHUs (6) 0OpamaroTcs B HOJb, @ OCTaBIIUIACS YIeH
4
—4€T) nmaer peakiuio B OIOpE.
[pupaBHuBas B ycnoBusx (26) KodpQHUUMEHTBI TP K&KIOH CTENEHN z M Pa3HOCTH cTeneHe (z—z,),

HOoTyYuM yciaoBusl Ha Ha kpasx x = 0; 1. [lepBbie ycloOBHs B CKOOKaX CIIy»aT IUIs OMpeaesieHus QyHKIHN
kpaesoro sddexra T =T¢ (x):

1
EE183WO”’ —10=0 mpu 0<z<z;

1
EE2£3WOW —1¢=0 npu z <z<l;

%Ele3w0m —1=0 npu —1<z<0. (27)

Hecmotpst Ha 10, 4T0 yHKIMs T) =1T¢ (X) B 3THX YCIOBUSX ONPEAEISETCS Kak paspbiBHAs, B pOpMy-

nmax (27) T, HenpepbIBHA 10 KOOPIAUHATE Z .

BennunHa 1 U3 yclIoBUS COBMECTHOCTH ypaBHeHMH (25) u (27) nomxkHa ObITH 0(83). Ha ocHoBanumn

(v 4
5Tl oleHKH ycioBue (25) nocine otOpachBanus 1) ~ €’ p MpHoOpeTaeT BUJ

w, =0. (28)

OTO yclI0BUE BMECTE C MEPBBIM YCIOBHEM U3 (24) coBHalaeT ¢ KJIACCUYECKUMH YCIOBUAMHU CBOOOI-
HOTO omupanus Oanku Ha koHMax x = 0; 1. Teneps ypaBHeHUs (18) MOTYT OBITH IPOMHTETPUPOBAHBI TTPU
ycnoBusix (28) u (24) nns nepBoro ypaBHeHHs: U yclioBuu (24) maist Broporo. [lonywaem pemenue s

s s
Wy, Uy

El _Ez

e 2[(E1—E2)zl+(E1+E2)](Zl2_1)'

24C

S

wy =€

(x4 -2 +x) uy =ew,

N4 4 v (v
IloncTaBuB W, W u, B ypaBHEHUE HEHTpasibHOH auHUM (21), MOTy4YUM JOBOJBHO MPOCTOE ypaBHE-

HUE JUJIS ONIPEJENICHNs] KOOPAUHATBI HEUTPAJIBHOM JIMHUM Z,

2 1

z,+1=0.

OTcrona noixy4yaem noaxojsiiee 3Ha4YeHne KOOpAMHATHl HEUTPpaIbHOM JTUHUH (CM. pHC. 1)

_E+E,

2

I'paduk KOOpAMHATEI HEUTPAIBHON JMHUH Z, = Z, (El) npuBeneH Ha puc. 3. [lpunsto E, = E, . Ha puc. 4

M300paKCH 3JICMEHT U30THYTOM IMOJIOCHI/0aJIKK CO CMEIICHHOW HelTpanbHOU InHuel F'G BCaencTBUe pas-
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HOMoaynpHOCTH. Ha rpaduke BHIHO, 4TO MPH CMENICHHON BBEpX HEUTPaTbHOW JMHUU B MCKPUBICHHOM
aneMmenTe nonocsl AMEC Mexny HopMalIsiMU K HeWTpanbHOU InHnd AC 1 ME yaJIMHEHHWE HAKHETO CI0s

CD mamHoOTO OOIMBIIIE YKOPOUEHUs BepxHero ciosi BA. Hanpuwmep, npu E, =0.1, korga Moxynu *ecTKOCTH
cioeB oTianuatorcs B 10 pas, yanuHenue HuxHero BotokHa CD B 3 pasa Gosblie, 4eM yKOpOUCHHE BEpXHe-
ro BojokHa BA. Ilpu Takux nepeMeuieHusX B HIKHEH 4acTH MOJOChl/0aKi B TPELUIMHOBATOM HIDKHEM

CJIO€ BO3MOXKXHO O6T>CI[I/IHCHI/IC MCJIKUX TpPCIIUH B 60J'IBIJ_II/IG, I/1306pa)KCHHBIC Ha puc. 4 MMYHKTUPHBIMUA JIMHU-
sAMHU, U UX PACKPBITHEC.

0.8

OL_4 \
N

™
0.2 ~

~_ FE

“'-...,____1
02 04 06 08

Puc. 3. 3aBucUMOCTD KOOPAUHATHI HEUTPATEHOUN TUHUH Z | Puc. 4. [losBneHue nonepeyHbIX TPEIUH
OT COOTHOILIEHUS JKECTKOCTEH CII0EB B PaCTSHYTOH 30HEe OeTOHA
W c T o4Huk: BemonHeHo E.M. 3BepsieBbIM U c 1o 4Huk: BemonHeHo E.M. 3BepsieBbiM
Figure 3. Dependence of the coordinate of the neutral line Z; Figure 4. The appearance of transverse cracks
on the ratio of the stiffness of the layers in the stretched area of concrete
S ource: made by E.M. Zveryaev S o urce: made by E.M. Zveryaev

Ha puc. 5, 3anmcTBOBaHHOM U3 [24], MOKa3aHbl Pe3yNIbTaThl UCTIBITAHUS ONBITHBIX OAJIOK, I1I€ aBTOPBI
OTMEYAIOT: «...TIEPBbIe HOPMAJIbHBIE TPELIUHBI IIPU CUIIOBOM BO3AEHCTBUY MOSBISUIMCH BO Beex Oankax 0e3
uckimodeHus npu Harpyske Ni= 7,5+ 0,7 kH. Ha nocnenyromux sranax 3arpy>keHus MOSBHINCh HOBBIE
HOpMaJIbHbIE TPEIIMHBI, JaIbHEHIINI XapaKkTep pa3BUTHS KOTOPHIX, KAK U yPOBEHB IMOSBICHUS U PAa3BUTHS
HaKJIOHHBIX TPEIIUH, HAXOJWJICS B ONpPEIEICHHON 3aBUCUMOCTH OT Kjlacca paboueil apmarypbl, IpoLeHTa
CTaJILHOT'O apMUPOBAHU U BU/1a KOMIIO3UTHOI apMaTypbl, HAKJIIEEHHOH Ha PacTAHYTYIO IPaHb 0aI0K».

Puc. 5. PacnionoxxeHue TpelrH B xKele300eTOHHOM Oake
U c 1o 4Hu k: BemonneHo JI.P. Mannsaowm, ILIT. ITonsckum, A. Muxyoom [24]

Figure 5. The location of cracks in a reinforced concrete beam
S o urc e: made by D.R. Mailyan, P.P. Polskoy, A. Mihoub [24]

AHANUTVYECKME W YNCTEHHBIE METO[IbI PACYETA KOHCTPYKLIA 521



Zveryaev E.M. Structural Mechanics of Engineering Constructions and Buildings. 2024;20(6):509-525

To ecTp TpeuMHbI THIA N300pAKEHHBIX HA PHC. 4 B Pa3HOMOAYIBHON MOJIOCE TOSIBISIIOTCS 1aXKe B YCH-
JICHHBIX apMaTypoi Oaykax. BepxHuii cioi, rie OSTOH MOIBEPIKEH CKATHIO M3-32 CMEIICHHS HEHTpaIbHON
JIMHUM, JOBOJBHO Y3KUW, M, COOTBETCTBEHHO, CMEIIEHUE HEUTPaIbHON JIMHUU BBEPX JOBOJBHO BEIHUKO.
3aMeTuM, YTO B HACTOALICH CTaThe HE YUTEHO O€3yCIOBHO MMEIOIIee MECTO U3MEHEHUE MOl YIPYTOCTH
B PACTSIHYTOH 30HE OT HEKOTOPOW KOHEUHON BEIMYMHBI 10, CKOPEE BCETO, HyJISl B HIKHEH YacTH Oaku.

J1st Toro 4yToObl OOBSCHUTD MOSIBIICHHE HAKIOHHBIX TPELIMH OKOJIO Omop, ooparumcs K puc. 6. Ha Hem
n300paXKeHbl KIIaCCHYECKUe SII0pbl MOMeHTOB M u monepeunbix cun (,, . [locnenusis nzoOpaxaercs nps-

MOM JIMHMEHN, JOCTUTraloIIel CBOero HanbOoJIbIIEro 3HaUeHus Ha KoHIax Oanku. [lox Hell n3o0paxeHa cym-
MapHas 3I1I0pa IMOMEPEUHBIX CHII ¢ TIONPaBKOH OT kpaeBoro 3¢dexra, onucrBaeMoro ypaBHeHueM (6).

} }

—‘ O,

Puc. 6. YTouHeHHas1 31TI0Opa MONEPEYHBIX CHII B ITOJIOCE TI0 CPABHEHUIO ¢ OanovyHON
U ¢ T o4 Huk: BemonHeno E.M.3BepseBsiM

Figure 6. PacnionoxeHue TpeLIKH B XKe1e300€TOHHOH Oanke
S ource: made by E.M. Zveryaev

W3 smrop cnenyert, 4To B 00J1aCTH ONIOP MOMEHTHBIE HOPMaJIbHBIE U KacaTeIbHbIE HANIPSKEHUS MaJlbl.

Paccmorpum Oanky, He IO Teopuu OaNOK MPUHATYIO B COMPOTHBICHUH MaTepHalioB, a MO TEOPHUU
YIPYTOCTH KaK JUIMHHYIO MIPSIMOYTOJIBHYIO ITOJIOCY Ha TPEYTOJIBHBIX NpU3Max-onopax. B atom ciayuae Hazno
BBIIIOJIHUTh T'PAHUYHBIE YCIOBUS OTCYTCTBHSI HOPMAJIbHBIX M KacaTeJIbHBIX HANPSDKEHUH Ha TOPUEBBIX IO-
BEPXHOCTSX MOJOCHL. JTa 3a/1a4a peueHa B [25]. @opmyna i NONepeuHOro HanpsKeHUs Gz

o.= éz—i +l— Eex —Ex +Eex —E(l—x) éz—i 1
TPy 3 )2 TP TP U e P e ’

2 o
rac K2 = 2— YKa3bIBACT HAa OTCYTCTBUC HAIIPSKCHUU B BCPXHUX YITIAX ITOJIOCHI. Takum 06p330M, B TOpLax

MOJIOCHI-0ATIKM OKOJIO OTIOP MOXKHO BBIJICJIUTH MAJIO HANpsDKEHHBIE 001aCTH, M/IeaTM30BaHHbIE B BHJIE Tpe-
yronbHUKOB ABC u DGM (puc. 7), Ipy 3TOM CUUTATh UX KBa3WKECTKUMH TellaMU, B KOTOPBIC 3aKpEIUICHA
CpeaHss 4acTh OaJIKM € MPOEKIKeH B INIOCKOCTH pUCYyHKa B Buje Tpanermuu CMDM.

A_BH {}DG

C M
A A

Puc. 7. KBazmwxkecTkoe BKIIIOUeHHE, 00pa3yolieecs B 10J0Ce IPH CBOOOIHOM ONUPaHUU
W ¢ T ouHuk: BemonHeHo E.M. 3BepseBbiM

Figure 7. Quasi-rigid inclusion forming in the strip with free support
S ource: made by E.MM. Zveryaev
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5. 3akJilouenue

3amaya HaxXOXKACHUS HANPSDKEHHO-IE(OPMHUPOBAHHOTO COCTOSHHS IMOJIOCHI M3 Pa3HOMOIYIIBHOTO Ma-
TepHasia BONPEKU CYLIECTBYIOIIEMY MHEHUIO O CYIIECTBEHHOM HETMHEHHOCTH MOXKET OBITh IIOCTABJICHA KaK
JUHEWHAs Ul JBYXCIOWHOM MOJIOCHI.

B Xoze npoBeeHHOro NCCIE0BAHNS OTYUYEHBI CIIEAYOIINE PE3yIbTaThI.

1. B crarbe onpezeneHbl M3ruOHas U MPO0JbHAS KECTKOCTh IBYXCIOMHOM 1MOJIOCHI/0aKy.

2. Haiinena onpeaenstomias mojokeHue HEUTpaIbHON Ocu Tpu U3rubde mpocrast hopmyna.

3. [l pa3HOMOYIBHOTO MaTepHaa, TAKOro Kak OeTOH, HeHTpasibHas JIMHUS TPH U3THOE CYIECTBEHHO
C/IBUTAETCsl BBEPX B OOJIACTH CXKaTHsA, B PE3YJIbTAaTe Yero Ha HIDKHEH pacTIHyTOM rpaHd BO3HUKAIOT OOJb-
IME MTePEeMEIIEHHS U CO3/Ial0TCS YCIOBUS JIJIS1 PACKPBITHSL BEPTUKAIBHBIX TPEIIHH.

4. OOBSCHEHO TOSIBIIEHUE HAKIIOHHBIX TPEIIUH OKOJIO OTIOP.

5. [Momyuens! hopMysIb 11 BCEX MEPEMEIICHUH U HAMPSHKCHUN 3a1a4uu.

6. [TocTpoeHHOE C TIOMOIIBI0 METOJ[a MAJIOTO MapaMeTpa PelIeHne YUYUTHIBAET BCE OCOOCHHOCTH HC-
XOIHOM 3a7a4il TEOPUH YIPYTOCTH M SIBISETCS ACHMIITOTUYECKH CXOISAIIMMCA B CHIIy TeopeMbl baHaxa o
HENOJBUKHON TOUKE.

Jiig ynoOHOTO UCHOIb30BaHUS MpEANoiaraeTcs B fajabHeiemM GopMysbl nepenucarb A1 HOBOU CH-
CTeMBI KOOpIuHAT: 0cb ¥ =0 COBMECTUTH C HEHUTpaIbHOW JTMHHUEH IMOJIOCHI/0aIKU. ITO YIPOCTUT 3alUCh

q)OpMy.]'I Y BBIYUCIICHUS IO HUM. Taxoke HpHBeHeHHBIfI AHAJIM3 TTOKAa3bIBACT, YTO HAA0 MMPOBCCTU B I[aJII)HCfI—
IIEM HCCIIEIOBAHNE TPEIIMHOOOPAa30BaHMs JUISl CTPEMSAIIETOCS K HYJII0 B CHIY pa3pylICHUS MOCTHKOB II0
KpasiM TPELIUH Ha HI)KHEN TPaHH MOJIOCHl MOyl YIPYTOCTH.

Taxke BO3MOXHO pacCMOTPEHHE TPEXCIOWHOMN MOJOCHI C YYETOM apMaTypbl U YETHIPEXCIOWHOM ¢ yue-
TOM MOJKPEIUICHUS MOJI0CHl KOMIIO3UIIMOHHBIMU MaTepHaIaMHu.
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Hcnoab3oBanue pa3iniHbix popmyauposoxk MK
B pacyeTax TOHKOCTEHHbIX KOHCTPYKIHUM
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Annorauus. [IpencraBieH CpaBHUTENbHBIM aHAIM3 TOYHOCTU KOHEYHO-3JIEMEHTHBIX PELIEHHH TOHKOCTEHHOM KOHCTPYK-
iU B popMe 000JI0UKH SIUTUIICOMIATIFHOTO THIIA TIPH Hcnonbs3oBanud MKD B ¢opme MeToza nepeMereHnid ¥ cMelaHHOH
(hopMynHpoBKe. DIEMEHTOM JUCKPETU3AINN TOHKOCTEHHOH KOHCTPYKIMHU BHIOpaH YeTHIPEXy3JI0BOH (hparMeHT CpeqrHHON
MOBEPXHOCTH C y3JIOBBIMU HEU3BECTHBIMH B BHJI€ KOMIIOHEHT BEKTOpA MEPEMELIEHNS U UX YACTHBIX MPOU3BOAHBIX MEPBOTO
TIOPSi/IKA 110 KPUBOJIMHEHHBIM KoopauHaTaM. llpu peanmmsammu cMermanHon popmymupoBkun MKD B kadecTBe CHIOBBIX y3-
JIOBBIX HEM3BECTHBIX BHIOpaHBI Je(opMalii 1 MCKPUBJICHUS CPEIUHHON MOBEPXHOCTH TOHKOCTEHHON KOHCTpYKIHU. Mar-
pHIa JKECTKOCTH 3JIEMEHTA JANCKPETH3aINH pa3MepHOCThI0 36%36 B opme MeToza mepeMenieHni Obuta MmoydeHa MUHH-
Mu3aien ¢pyHkimonana Jlarpamka. Marpuma >KeCTKOCTH KOHEYHOTO JIEMEHTa B CMEIIaHHOW (OPMYIHPOBKE OBLIA CKOM-
NIOHOBaHA MUHHMMM3AIMEH CMEIIaHHOTO (DYyHKIMOHAA 10 KHHEMAaTHYEeCKHM M 110 CHJIOBBIM Y3JIOBBIM HEM3BECTHBIM. [Ipu-
MEHEHHE METOJa MOACTAaHOBKM IPU PELIEHUU CHCTEMBbI MAaTPUUYHBIX ypaBHEHUH cMmemaHHoro Bapuanta MKDO mozsomumiio
COXPAHHUTH ONTHUMAIBHYIO Pa3MEPHOCTh MATPHUIIBI JKECTKOCTH AJIEMEHTa AUCKPETH3anuu 36%36, TaKylo Xe, KaK U MPH UC-
nonb3oBannn MKD B Gopme meTona nepemeineHnii. Ha TecToBBIX mpuMepax pacyeToB HUJIMHIPUYECKON 000NOUYKH C KpPY-
TOBBIM M JJUIMITUYECKUM IONEPEYHBIM CEUYEHHSMH MOKa3aHO, YTO IPEJIOKEHHbIH BapuaHT cMemanHoro MKD oGnaznaer
CYIIECTBEHHBIMH NTPEUMYIIECTBaMH B IUIaHE TOYHOCTH KOHEYHO-3JIEMEHTHBIX pemreHui mo cpaBHeHnio ¢ MKD B ¢dopme
MeTofa nepementeHni. [IprueM ykazaHHbBIE IPEMMYIIIECTBA BO3PACTAIOT 110 MEpPE YBEIMUCHUS KPUBU3HbI IOBEPXHOCTH Pac-
CUUTBHIBaEMOI 000JI04EYHOM KOHCTPYKIIHH.

KiroueBble cj10Ba: METOJ KOHEUHBIX AJIEMEHTOB, METOJ IIepeMellIeHuil, cMemanHas popmyauposka MKD
3asBienne 0 KOHQINKTE HHTEPECOB. ABTOD 3asBJIsIET 00 OTCYTCTBUHM KOH(IMKTa HHTEPECOB.
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Abstract. A comparative analysis of the accuracy of finite element solutions of a thin-walled structure in the form of an
ellipsoidal shell using displacement-based and mixed FEM is presented. The discretization element of the thin-walled structure
is a four-node fragment of the middle surface with displacement components and their first-order partial derivatives with
respect to curvilinear coordinates as the nodal unknowns. When implementing the mixed FEM formulation, strains and
curvatures of the middle surface of the thin-walled structure are chosen as the force-type nodal unknowns. The stiffness
matrix of the discretization element of dimension 36x36 according to the displacement method was obtained by minimizing
the Lagrange functional. The finite element stiffness matrix in the mixed formulation was compiled by minimizing the
mixed functional with respect to the kinematic and force nodal unknowns. The use of the substitution method when solving
the system of matrix equations of the mixed FEM made it possible to maintain the optimal dimension of the stiffness matrix
of the discretization element 36x36, the same as in the case of the displacement-based FEM. Test examples of calculations
of a cylindrical shell with circular and elliptical cross sections show that the proposed version of the mixed FEM has
significant advantages in terms of the accuracy of finite element solutions compared to the displacement-based FEM.
Moreover, these advantages improve as the curvature of the surface of the analyzed shell structure increases.
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1. BBenenue

K HacrosimeMy BpeMeHH TOHKOCTEHHBIE KOHCTPYKIIMH, COCTOSIIIIME U3 TOHKUX 000JIOUeK WM uX (par-
MEHTOB, HOJIYy4al0T Bce OoJiee MUPOKOe pactpocTpaneHne. K TakoBbIM OTHOCATCSI apOUHbIe KOHCTPYKIIHH,
TpyOOIPOBOABI PA3NIUYHOIO HA3HAYEHMS, aHTAPBI, Ta3TrOJIbJAEPHI, Pe3epBYyaphl, OyHKEPHl 1 MHOTHE JpPYyTHE.
ITpouHoCTHBIE pacyeThl NOJOOHOIO poja 000JI0UEUHBIX KOHCTPYKIMH B HacTosIee BpeMs 6a3upyroTcs Ha
OCHOBE HCIIOJIb30BAaHMsI YHCICHHBIX METOOB, NMPE0OIalalouM U3 KOTOPBIX SBISIETCS METO]] KOHEUHBIX
aneMeHToB (MKD) [1-5]. Bo MHOrMX COBpeMEHHBIX BBIYMCIUTENBHBIX KoMIuiekcax MKD peanusyercs B
dopme MeTona nepemerienuil [6—15]. OnHako npuMeHeHne JaHHOTO Buja popmynnpoBku MKD k pacuery
000JI09eYHBIX KOHCTPYKIMA TpeOyeT Mpu HMCTOIh30BAaHUH TEOPUH TOHKHX 00oyiouek [16] ompemeneHus
MPOU3BOJHBIX KOMIIOHEHT BEKTOpPA MEPEMEILEHUS BIIOTh O BTOPOIO MOPSIKA BKIOYUTEIBHO, YTO COMpPS-
JKEHO C JIOTIOJIHUTEIbHBIMU BBIYMCIUTENBHBIMUA TPYAHOCTSIMH. K HUM OTHOCUTCSI HEOOXOAMMOCTh MCIIOJIb-
30BaHUsl MHTEPHOJISALMOHHBIX ITOJMHOMOB BBICOKOIO MOpSIKA C JOMOJIHUTEIbHBIM BKIOYEHHEM B UYHUCIIO
HCKOMBIX HEU3BECTHBIX MPOU3BOJHBIX HOPMAJIBLHOTO MEpeMeleHust BToporo nopsaka [17]. Jnsg Beruucne-
HUSl UICKOMBIX CHJIOBBIX HEM3BECTHBIX B BHUJE NMPOAOJBHBIX CHJI U U3rMOAIOIIUX MOMEHTOB HEOOXOAMMO
MpeBapUTEIHHO TOTYYUTh AePOpMaIMi U UCKPUBIICHUS CPEAMHHON MOBEPXHOCTH KaK (DYHKIIMI OT mepe-
MEIIEHUH U UX TPOU3BOIHBIX.

AnbTepHAaTUBOM NTaHHOMY TOJXOAY MOKET CIIy>)KUTh ucnoiibzoBaHue MKD B cMemanHoit ¢popmyinu-
poBke [18—26], nmpu KOTOPOW OTKpPBIBAE€TCS BO3MOXKHOCTh OJJHOBPEMEHHO MOJy4YaTh KaK KHHEMAaTHYECKUe
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(mepemMerieHus 1 UX IPOU3BOIHBIE), TAK U CHIIOBBIE (IIPOIOJIBHBIE CHUIIBI, MOMEHTHI, 1e()OpMaIii) HCKOMBIE
MPOYHOCTHBIE TAPAMETPHI.

EcTtecTBeHHBIM 00pa3oM BO3HHMKAET BONPOC O TOM, Kakas ke ¢opmynupoBka MKD sBnsercs Hanbo-
Jee TpeANouTUTENbHON. B nanHO# pabore Ha mpumepe pacyera GparMeHTa SUIMNTHYECKOTO IMIHMHIPA
NpeJCTaBJICH CPAaBHUTENbHBIN aHamu3 3(dexkTuBHOCTH ncnonb3oBanuss MKD B ¢opme merona mnepemerie-
HUM U cMemaHHoro Bapuanta MKD, Oasupyromierocs Ha MPUMEHEHUH YEThIPEXY3JI0OBOTO 3JIEMEHTa JHC-
KpETH3aluH ¢ BApbUPYEMBIMHU TTapaMETPaMHU B BU/I€ KOMIIOHEHT BEKTOpA MEPEMEIIEHUS U UX TPOU3BOIHBIX
MIEPBOTO MOPSAKA.

2. MeTtoabl
2.1. 'eomempuueckue coomnouienus

CpennHHas MOBEPXHOCTh TOHKOCTEHHON KOHCTPYKLMHU JUTMIICOMIAIBHOIO TUIIA MOXKET OBITh 3a/1aHa
pazuyc-BeKTOPOM

R=xi + y(x,t)]'+z(x,t)/€, (1)

rae ! — mapaMeTp 3IUIMIICA TONEPEYHOr0o CeueHUs 000I0UKH IIOCKOCTRIO, HepreHauKy spHoii ocu OX .

KoapuanTHble BekTOphl 6asuca Touku M 0 CPeAMHHOW TOBEPXHOCTH OOOJOYKH B HEAEPOPMHUPO-
BaHHOM COCTOSIHUU OIpeeNSIIoTCs (popMyaamu

a=RY (p=1,2), 2

a OpT HOpMAJIK B TOYKE MO — BCKTOPHBIM IIPOU3BCACHUCM

-0 _ 70y 70
a =q Xaz/dao, (3)
_(70.70\(70. =0\ _ (=0 =0\

rac ao—(al 'al )(az 'az)_(al 'az) .

IIpy IPUIOKEHUH K 060I0YEUHOM KOHCTPYKIMH BHEIIHel HOBEpXHOCTHOM Harpysku Touka M 0 sait-
MeT HoBOe ToNioskenre M | onpezensemoe pajnyc-BEKTOPOM

R=R’+v=R"+(wa) +va"), “

a TO4YKa MOC" , HaxoasAmasiCs B IMPOU3BOJIBHOM CJIOC 060H011KI/I, NEPpEMCCTUTCA B TOUKY MC , Onpcacisic-
MY paJlyC-BEKTOPOM
RC:ROC+V=(R°+Q5°)+V. (5)

Bxopsmmii B (5) Bektop nepememienus Touku M % Mosker GbITh OTIpeJIeJIeH C MPUBJICUYEHHEM THIIO-
Te3bI 0 MpsIMOi HopMauH [16]

I7=\7+§(Zz—ﬁ°), (6)

rae c_i=c_i1><c_iz / \Ja — opr wopmanu B Touke M  neOpMHPOBAHHON CPEIMHHON MOBEPXHOCTH;

zzsz,p:(Row)p; a=(d,a)(d,d,)~(aaq) .
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Jluddepermmposanmem R° u RS mo X u ¢ onpenensiorcs BeKTOpbI Gasuca HCXOAHOrO U aedop-
MHUPOBAHHOI'O COCTOSIHUI

go=R%; g =R (7

7p > 5p 2

CKAJLIPHBIC MTPOU3BCACHHA KOTOPBIX, B CBOKO O4YCPCAb, OIIPCACTIAIOT KOMIIOHCHTBI METPUICCKOI'O0 TCH30pa B
JaHHBIX COCTOSAHHAX!

ggyzgggw({)a gpyzgp'gy' (8)

Z[e(bOpMaLII/II/I IPOU3BOJIBHOTO CJI0sA O6OHO‘IKI/I, OTCTOAIICTO HAa PAaCCTOSHUU C OT €€ CpeILI/IHHOﬁ I10-

BEPXHOCTH, MOTYT OBITh IOJYyYEHBI TOCPEICTBOM HCIIOJIb30BaHUS COOTHOIICHWH MEXaHWKH CILIONTHBIX
cpen [27].

€5, =O.5(gpy—ggy). ©)

2.2. Yempwlpexy3noeou nemenm OucKpemu3ayuu

ToHkoCcTeHHast KOHCTPYKIHSA MOJICIIUPYETCS YEThIPEXyTrOoIbHBIMU (parMEeHTaMU CPEIMHHON MOBEPX-
HOCTH C y31am I, J, k, [, pacnionoxeHHbIMH B UX BEpIIMHAX. Y3/I0BBIMH HCKOMBIMU HEU3BECTHBIMU BBIOH-

paroTcsi KOMIIOHEHThI BEKTOpA MEpEeMEIICHUs U UX MPOU3BOAHbBIE NEPBOro MopsaKka npu peanuzaunu MKO
B Gopme mMeToa nepemeniennid. [Ipu ucnonp3oBanuu cMemanHon GopmyarupoBkn MKD B kadecTBe HCKO-
MBIX y3JIOBBIX HEHU3BECTHBIX Hapsily € NEPEMEUICHUSMH M MX MPOU3BOJHBIMU JIOTOJHUTEIBHO MpPUBIIEKaA-
I0TCSl CUJIOBBIE MapaMeTphl B BUJIE AepOopMalvii 1 UCKPUBICHUN CPEIUHHON MOBEPXHOCTH TOHKOCTEHHOM
KOHCTPYKLHH.

Taxum 00pa3om, /Ui MCIIONIB3YEMOTO JIEMEHTa JAUCKPETU3AllUN BBOAATCS JIBa CTOJIONA Y3JIOBBIX HE-
M3BECTHBIX

R R g R 10)
1x36 1x12 1x12 1x12

{Sx}i = {Spv}i{xpv}j : (1
1x24 Ix12 Ix12

T o . .
rae {qL} ={q’q-/qkqlq,’§... Q,lg%--- qfn}; 0] ¢ NMOHMMAeTCs KOMIIOHEHTA BEKTOpa nepemenieHus VP
112

T T T T
50105 vV, —1< &, n<s 1 — JIOKAJIbHbIE KOOPAUHATEI, {SPY }y = {81 l}y {822 }y {2812}y ;
Ix12 x4 x4 x4

T T T T
{va}y - {Nn}y{xzz}y {leh
Ix12 Ix4 1x4 1x4

JUis MHTEpHOSIIMA KOMIIOHEHT BEKTOpa NEpEeMEIICHMs MPUBJIEKAIOTCS MPOU3BENEHUS MOJIMHOMOB
DpMHUTa TPETHETO TOPSAJIKA
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—t L[ L
g={o}" {4"} (12)

1x12 12x1
a ans jgedopmaluii U UCKpHUBJIEHUH — OWIMHeHHble (QYHKIMH JokanbHbiX koopamnar —1<E n<1,

HarpuMmep:
T T
e ={v} {enl,: Npy={y} {Nll}y- (13)
1x4 4x1 1x4 4x1

C yuetom (12), (13) MOXKXHO CKOMITIOHOBATh CJIEAYIONINE MAaTPUYHBIE WHTEPIOISIMOHHBIE COOTHO-
IICHHUS:

{Uy=[4){u*}=[4] R U} (14)
3x1 3x36 36x1 3x36 36x36  36x]
(e =[H]{eX] . (15)
6x1 6x24 241
rae {U }T Z{Vl V2 V} — KOMIIOHEHTEI BEKTOpa IEPEMEIIECHUSI TOYKU MP CpPEIMHHOW IOBEPXHOCTH;
1x3

{UG} — CTOHGCL[ Y3JI0BBIX 3HAYEHUI KOMIIOHEHT BCKTOpPa MNEPEMEIICHUA U UX ITPOU3BOJHBIX B r100ajb-
36x1

HOW CHCTeMe KOOpauHat X, [; [PR] — MaTpHIIa, ONpPEIEISIONIas CBA3b MEXIY CTOJIOIAaMHU {U L}
" {UG}.

Oynkiuonan Jlarpanxka, HEOOXOIUMBIN 711 KOMITOHOBKH MAaTPHIILI )KECTKOCTH MCIOIB3YEeMOT0 dJie-
MEHTa JUCKPETU3AINH, MOXKET ObITh 3amucan B Bujie [17]

D, =; i {cpv}T {ggy}dV—; ﬁ[ Uy {P\dr (16)

numu ¢ yuetom (9), (14)

o= ey (A [[8] [S] [T [S]Buv R U°)-
x36  36X36 V36x6 6x3  3x3  3x6 6x36  36x36 36x] (17)
— ey R[] {Plar,

36 36x36 F36x3  3x1

rac |:C:| — MaTtpula yrnpyrocrTu, |:Sj| — MaTpula Irnepexoaga oT ,I[C(l)OpMaLII/Iﬁ MINPOU3BOJILHOTO CJIOA K IC-
33 3x6

dbopMaIusM U UCKPUBJICHUSIM CPEIUHHON MOBEPXHOCTH; [B] — MarpuIa, KOMIIOHyeMast Ha OCHOBE COOT-
6x36
Hommenuit Komm u (14).

T
Munumuzanueit (16) no {U G} MOKHO TOJIYYUTh MaTPUILLy KECTKOCTU [ K LJ U CTOJIOEI Y3JIOBBIX

ycunui { f G} 3JIEMEHTA IUCKPETU3aK B (OPMYIMPOBKE METO/AA IIEpEeMELICHUN
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o, [ojue] =[K,Jfue}-{r°}=0, 19

36x36  36x1 36x1

ve [K, =[P J[B] [ST [CT[S BV R )= ([ 4] {PldF

36x36 36x36 V36x6 6x3  3x3  3x6 6x36 36x36 36x1  36X36 F'36x3  3x1

CMmemanHbIi QyHKIIMOHAI U1 TIOTY4YEeHHUS MaTPULIBI )KECTKOCTH MCTIOIb3YEMOT0 JIEMEHTA IUCKPETH-
3allMU MOKET OBITh 3alKCaH B BUJE

1 T
5= {e5,} {Gm}dV—*I fe5,) {orlav = [{U}' (P)aF. (19)
Vi3 3 X3 3 2r 3 3
VYuurteiBas BeIlLIEU3I0KEHHOE, PyHKIMOHAI (19) MOXKHO mpeoOpa3oBaTh CleIyOIIUM 00pa3oMm:

@ ={ex]] [[H][S][C][S] B[P U°)-

boa Y 24x6 6x3 3x3 3x6 6x36 3636 36x]

1 1
e X} [H] [ST [CTSHWV{ex} - [U°) [B] ][] {P}aF. (20)
o4V 24x6 6x3 3x3 3x6 6x24 124 1x36  36x36 F 36x3  3xl
[TocnenoBarensHo mpumensis K (20) npoieypy MUHUMH3AIUH 110 {8 N}Z Y 110 {U G}T , MOKHO 3aIu-
caTh CJIEIYIOUIYIO0 CHCTEMY MaTPHUYHBIX YPaBHEHHI:

0Ds/d]e N}Z = [GHUG}— | D|{e N}y =0;

r 21)
90,/0{ue) =[6]"{ex) ~[7°}=0
36x24  yug 36x1
ve [G]=[[H][ST[C[S][BWV[R]: [D]=[#] [S] [C]S][Hav.
2436V 24x6 63 33 3x6 636 3636 24x24 V 24x6 63 B3 3x6 6x24
Peanuzys HO,Z[CTaHOBKy SN I:D:' I:G:I{ , cucteMy (21) MOXXHO MPUBECTH K BUIY
(61" [p]7 [61{ue)={r°] @)
36x24 24524 24x36 360 3ex
WK
[Ksluel={r} (23)
36x36 36 36x
e [K S]: [G] g [D] -l [G’] — MaTpHIIa KECTKOCTH 3JIEMEHTa [MCKPETU3alMKH B CMEIIaHHOM (pop-
36x36  36x24 24x24  24x36

MysupoBke MKO.
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IMporemypa KOMIOHOBKH TJI00ATBHON MATPHUIIBI )KECTKOCTH 000JI0UCUHON KOHCTPYKIIHH OCYIIECTRIIS-
etcs ctanaaptHeM Uit MKD criocobowm [1] u3 [ K L] I [K S] TIOCPEJICTBOM MAaTPHUIIbI UHJIEKCOB.

3. Pe3yabTaTsl U 00CyKIEHUSI

I[Tpumep pacueta 1. Beun paccuntan ¢pparMeHT MUIMHIPUYIECKON 00OIOYKH B BUE MOJTYKOJIbIIA,
3arpy’kKeHHOTO BJIOJIb 00pa3yIoNMX PaBHOMEPHO pacpesieIeHHON Harpy3koi HHTeHCHBHOCTRIO ¢ =1 H/cMm,

/7
IIAPHUPHO 3aKPEIIEHHOTo B Toukax B, B’ (puc.). BbliM HCIONB30BaHbI ClEIyIONIUE HCXOIHbIE TaHHBIE:
E=2-10°MIla; v=0,3; L=1cwm; romumna creaxu 7 =0,2 m.

PacuetHas cxema 000J0YKH
U ¢ 1o 4 u uk: BemoaneHo M.IO. KinoukoBeim

Shell model
S o ur c e: made by M.Yu. Klochkov

[lepBoHayankHO OBLT paccyMTaH (pparMeHT KPYroBOTO IMIMHIPA, MapaMeTPhl AIUIHAIICA TTOTIEPEYHOTO
CEYEHHUS MIPH STOM NMPUHUMAIUCH paBHBIMH a = b = 50 cM. PacueTs! ObIITM BBITIOJIHEHBI B IByX BapHaHTax: B
nepBoM BapuaHTe ucnonbszoBasicss MKD B ¢popme metona nepemeniennii (16) u (17); Bo BTopoM BapuaHTe
obu1 peaninzoBad MKD B cmemannoit popmynuposke (19)...(23). Pe3ynbrarsl pacueToB cBeieHbI B Ta0M. 1,

B KOTOPO# MPHUBEIEHBI «(PU3NIECKUE» 3HAUEHHS KONBIEBBIX HANPS)KEHUI Ha BHyTpeHHe Oy , HapyKHOM

out

o midl .
G” U CpCAUHHOU G” d MMOBCPXHOCTAX O6OJ'IO‘-IKI/I, a TAaKKC IIPOJOJbHOU CHJIIbI N22 B TOYKax A nu C

000JI0YKH B 3aBUCUMOCTH OT CETKHU y3JI0B IUCKpeTH3alu. B mpaBoil kpaiiHeil KOJIOHKE MpHUBEIEHBI 3HaUe-
HUS aHATUTHYECKOTO PEIICHHUS.

AHanu3 NaHHBIX, TPEACTABICHHBIX B Ta0J. 1, MOKa3bIBaeT, YTO U B IEPBOM M BO BTOPOM BapHaHTE
Ha6J'II-OI[aeTC$I yCTOﬁqHBaH CXOOUMOCTh BBIUMCIIEHUH K TOYHOMY AHAJIMUTUYICCKOMY PCHICHUIO. B T0 xe BpE-
MSl CIelyeT OTMETUTh, YTO TOYHOCTh KOHEYHO-JIIEMEHTHBIX PEIICHUH BO BTOPOM BapHaHTE OKa3ajlach BbI-
11e, YeM B IIEPBOM BapHaHTE.

I[Ipumep pacueTa 2. Bo BTOpoM mpuMepe pacuera KpyroBoi HWIMHAP ObLT 3aMEHEH Ha JJUIMNTH-
YEeCKHIi ¢ COOTHOLIEHHEM MapaMeTpoB dJLIHIICA HonepedHoro cedenus a/b =150 ¢cm/40 cm, pasuoro 1,25.

[Ipoune ucxoaHble JaHHBIE UMENH T€ K€ 3HAUCHHA. Pe3ynbTaThl MOBapHAaHTHBIX PAcueTOB MPHUBEIEHBI B
TalbJI. 2, CTPYKTypa KOTOpO# coBmaaaer ¢ Tadi. 1.
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Tabnuya 1/ Table 1

3HayeHHs1 HOPMAJIbHBIX HANIPSI’KEHUI U IPO0JILHOIl CHJIbI B TOUKAX HPHJI0KEHHs] HATPY3KH B KPYTOBOM IIHJIHHpe
Values of normal stress and axial force at the points of load application in the circular cylinder

KOOpIII/IHaTl)I TO4YECK

Bapuantsl ¢popmyaupoBok MKI /
FEM formulation option

X,em; [, pan/ O, H/em?; sz ,H/ | Meton nepememenuii / | Cmemannasi gopmy.iupoBka /
Displacement method Mixed formulation Aﬂal.;mT;/l'?acloe ll)e't]_leH"e/
. . nalytical solution
Point coordinates | 5 N/em?; N 79,>N CeTka y3/10B JUCKpeTH3AIHH / y
X,cem; [, rad Nodal grid
101x2 | 151x2 | 201x2 | 101x2 | 151x2 201x2
Ggl 6,190 | 5,470 | 5,250 | 5,600 5,250 5,130 -
Touka / Point A:
out
x=0,00 Oy 4,490 | 4,720 | 4,830 | 4,400 4,750 4,870 -
j=_ T omid 5,340 | 5100 | 5,040 | 5,000 | 5000 | 5,000 5,000
2 N
22 1,0672 | 1,0191 | 1,0079 | 0,9998 | 0,9999 1,0000 1,0000
(5}? 6,290 | 5,500 | 5,250 | 5,600 5,250 5,130 -
Touxka / Point C:
out _
x= 0, 00 Oy 4,400 | 4,690 | 4,830 | 4,400 4,750 4,870
;T omid 5340 | 5,100 | 5,040 | 5000 | 5000 | 5,000 5,000
2 N22 1,0681 | 1,0192 | 1,0079 | 0,9998 | 0,9999 1,0000 1,0000
U ¢ T o4 uk: BemonHeno M.1O. KioukossiM / S o ur ¢ e: made by M.Yu. Klochkov
Tabnuya 2 / Table 2

3HauyeHHUsI HOPMAJIbHBIX HANIPS’KEHUI U IPOA0JILHOI CHJIbI

B TOYKAaX NPUJIOKEHHs] HATPY3KH B JLUIMNTHYECKOM HUJIHHAPE NIPH a/ b=1,25/

Values of normal stresses and axial force at the points of load application in the elliptical cylinder at a/ b=1.25

KOOpIHHATHI TO4EK | (3, H/em?; N22 H MeTton nepememenuii / Displacement method
X, em; t » paa / / Cetka Y3/10B JUCKPETU3ALUH / Nodal grid AHaJIMTHYECKOe peuienue /
Point coordinates Analytical solution
X,em; [, rad O, N/em?; sz,N 101x2 | 201x2 | 301x2 | 351x2 | 401x2
I ' point A Gi,? 6,013 5,578 5333 5,246 5,133 -
ouka / Point :
x=0.00 og“t 2,489 | 3,837 3,854 4,345 4,869 -
b
j=_T omid 1735 | 4702 | 4453 | 4793 | 5000 5,000
2 N 27 0,347 0,940 | 0,8905 | 0,9586 | 1,000 1,000
s/ Point C on 6015 | 5492 | 5233 | 5181 | 5,19 -
ouka / Point :
x=0.00 oot —2484 | 3,152 | 5246 | 4841 | 4,540 -
b
T omidl 1,739 | 4315 | 5239 | 5010 | 4866 5,000
2 N 27 0,349 0,863 1,049 1,002 | 09733 1,000
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Oxonuanue mabn. 2 / Ending of the Table 2

Koopmunarsr Touex G . Hlem?: N22 H/ Cmemannas ¢popmynuposka / Mixed formulation
X,em; I, pan/ > ’ ’
" pai Certka y3i0B quckperuzanuu / Nodal grid AHannane.:cm)e peienne /
Point coordinates G . Nlem?: N, N Analytical solution
X,em; 1, rad » Nem'; L¥22 101x2 201x2 251%2 251x2
on 5,588 5,123 5,123 5,037 -
Touxa / Point A :
out
x = 0,00 O 4,416 4,877 4,877 4,963 -
PR omid 4,999 5,000 5,000 5,000 5,000
2 N22 0,9997 1,000 1,000 1,000 1,000
o 5,588 5,123 5,123 5,037 -
Touxka / Point C:
out B
x=0,00 opa 4,416 4,877 4,877 4,963
. omid 4,999 5,000 5,000 5,000 5,000
2 sz 0,9997 1,000 1,000 1,000 1,000

U c 1o 4uuk: BemonneHo M.IO. KnoukoBeiM / S o u r ¢ e: made by M.Yu. Klochkov

AHanu3 TaONUYHBIX JTaHHBIX MOKa3bIBA€T, YTO B MEPBOM BapHaHTE HAOIIOAAeTCs MEUICHHAs CXO-
JIMMOCTb BBIYMCIUTENBHOTO nponecca. OTHOCUTEIBHO MpUEMIIEMbIe Pe3yJIbTaThl JOCTUTAIOTCS MPU CETKE
puckperuszanuu 351...401x2. Kpome TOro, ciegyer OTMETUTh HEKOTOPOE pa3iIudue B 3HAYCHUAX Oy
u N,, B TOUKax A n C 060104KkH, XOTS OHM JOIDKHBI GBITH AGCOTIOTHO OJMHAKOBBIMHU, HCXOJIS U3 CHM-
METpUU pacueTHOU cxeMbl. Bo BTopoMm BapHuaHTe pacyeTa MOKHO KOHCTaTUPOBATH OBICTPYIO CXOAMMOCTH
BBIYHCIIMTENBHOTO TIPOLECCa U a0CONMIOTHOE COBNajeHue G, U N ,, B TOYKaX A n C, uro u 10mKHO BBI-

ITOJIHATBCA.

3HaveHust HOPMAJIbHbIX Hanpﬂme}mﬁ u l'lpO)]()J'IbHOﬁ CHJIbI

Tabnuya 3 / Table 3

B TOUYKAX NPUWJIOKEHUs HATPY3KHU B JIMNITHYECKOM LUJIUHAPe IPH a/ b=2,5

Values of normal stresses and axial force at the points of load application in the elliptical cylinder at a/ b=25

Koopaunater Tovex G .Hew?: Non H/ Meton nepememenuii / Displacement method
X,em; 1, pan/ ’ 2422 - AHanuTHYECKOE penieHue /
. . Cetka y3i0B auckperusanuu / Nodal grid . .
Point coordinates G . Njem?: N, N Analytical solution
X ,em; £, rad s N/ems; LV, 101x2 | 201x2 | 301x2 | 401x2 | 501x2
Ggl -342,0 | -22,29 | 4,098 7,924 9,031 -
Touxa / Point A :
out
X = O, 00 GOy -880,85 | -142,1 | 46,52 | —17,385 | -39,42 -
jo_T omid 6183 | 83,72 | —21,85 | —5,048 | —15,80 5,000
2 Ny, 1237 | -1674 | -4369 | ~1,010 | -3,160 1,0000
in -342,0 -22,23 3,830 7,507 7,062 -
Touka / Point C': Cu
out _ _ _ _
xX= 0’ 00 Oy 880,84 1419 | 47,91 23,50 19,99
T omid 6183 | -83.60 | —22.69 | 8386 | 13,67 5,000
2 N22 -123,7 -16,72 | —4,538 -1,677 2,733 1,0000
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Oxonuanue mabn. 3 / Ending of the Table 3

Koopaunatel Tovex 2. N, Cmemannasi popmymuposka / Mixed formulation
X ,em; I, pan/ G, Hiems [Npp, H - AHaJIUTHYECKOE penIenue /
. . Cetka y3108B auckperusanuu / Nodal grid . .
Point coordinates | G N/em?; N. 22, N Analytical solution
X, em: f,rad 101x2 151x2 201x2 251x2
Touca / Point A ol 5,500 5,150 5,030 4973 -
ouka / Point A:
+=0.00 c;’t‘“ 4512 4,850 4,970 5,025 -
9
fo T cgﬁdl 4,994 5,000 5,000 5,000 5,000
2 N22 0,99875 0,9996 0,9999 1,0000 1,0000
Toua ) Point C ol 5,501 5,150 5,030 4973 -
ouka / Point C :
¥=0.00 oot 4,512 4,850 4,970 5,025 -
M
T omid 4,994 5,000 5,000 5,000 5,000
2 sz 0,99875 0,9996 0,9999 1,0000 1,0000

U ¢ T o4 Huk: BemonHeno M.1O. KioukoBsiM / S o ur ¢ e: made by M.Yu. Klochkov

[Ipumep pacuera 3. B TpeTrhem npumepe OblIa paccuuTaHa 000JI04YKa ¢ OOJBINEH KPUBU3HOU Cpe-
JTUHHOW TIOBEPXHOCTH, YeM BO BTOpoM mpumepe. COOTHOIICHHE MapaMeTPOB AJUTUIICA MONEPEYHOrO ceye-
HUs OBUIO MPUHATO paBHBIM a/b =50 cM/20 cM=2,5. Pe3ynbTaThl KOHEYHO-3JIEMEHTHBIX PEIIECHUI MpH

a/b=2,5 npusenensl B Tadn. 3. Kak cinemyer u3 Tabi. 3, pe3y/bTaThl pacueTOB NPUHIMITHAILHO Pa3jiuya-

IOTCA IO BapUaHTaM. B IEPBOM BAPUAHTEC YUCJICHHBIC 3HAYCHUSA HaHpH)KeHI/Iﬁ )51 HpOIIOJIBHOf/’I CHJIbI HCJIB3s51
IMPpHU3HATh YAOBJIICTBOPUTCIBbHBIMH, HCCMOTPSA HA 3HAYUTCIIbHOC CTYIHICHUC CETKU JUCKPCTU3ALHU. Bo BTO-
pPOM BapuaHTC MOXXHO Ha6J'IIOJlaTB yCTOﬁqHBYIO CXOAHMMOCTDb YHUCJICHHBIX 3HAQUEHUH K TOYHOMY aHAJIMTHYC-
CKOMY PCHICHUIO ITPpHU CPABHUTCIIBHO pez[Koﬁ CCTKC NUCKPCTHU3AallUH.

4. 3akjroueHue

Takum 00pa3oM MOKHO OTMETHTh, YTO TPH BBHITIOJIHEHUU MPOYHOCTHBIX PACUETOB TOHKOCTEHHBIX KOH-
CTPYKIMUA U3 000JI0YEK AIUIUIICOUIATBLHOTO Mpoduis Handosee 3pGEeKTUBHBIM HHCTPYMEHTOM HCCIIeI0Ba-
aust HJIC nocnenanx npeacrasisercs MKD B cmemannoit hopmymupoBke. [IpemioxkeHHbIi BapraHT QyHK-
nroHana (16) mo3BOJIWII MOTYYUTh B PE3YIHTATE €T0 MUHUMU3AIINH 110 TIEPEMEICHHUSIM U UX MPOU3BOIHBIM,
a Takxe 1o aedopManusiM ¥ UCKPUBICHUSIM CPEAMHHON MOBEPXHOCTH MATPHILy KECTKOCTHU YETBIPEXY3JI0-
BOT'O KOHEYHOTO 3JEMEHTa Pa3MEepHOCTbIO 36%36, HEOOXOIUMOTro JUIsl TUCKPETH3AllMH PacCUUTHIBAEMOM
000104eYHON KOHCTPYKIUH. BBINOTHEHHBIE UCCIIEA0BAaHUS TTO3BOJIMWIN CACNATh CIEAYIOLINE BHIBOIbL:

1. [IpumMeHeHne MeTo/1a MOJACTAHOBKHU JJIsl PEIICHUs CUCTEMbl MaTPUYHBIX ypaBHEeHUH (21) nano Bo3-
MOKHOCTh M30€XKaTh yBETUYEHUS Pa3MEPHOCTH MATPHIIBI )KECTKOCTH KOHEYHOTO JIEMEHTA TpHU peannsa-
MY TIPEIIOKEHHOT0 CMeIlIaHHOTO BapuanTa MKDO.

2. IIpu onpenenerann HJIC TOHKOCTEHHBIX KOHCTPYKIUH U3 000J0YEK AILTUIICOUIATEHOTO PO
TOYHOCTH BBIYUCJICHUSA KOHTPOJIUPYCMBIX MMAPAMETPOB MNPOYHOCTH HNPCIJIOKECHHBIM CMCHIAHHBIM BapuaH-
toM MKD okazanach CymecTBEHHO BBILIE 110 CPAaBHEHHUIO ¢ BAPUAHTOM pacyeTa, B KOTOPOM ObLIT peanns3o-
BaH MKD B hopme MeToa mepemenieHuit.

3. Ilpu pacdere 000IOUKH IUTUICOMIATBHOTO MPOGUIIS CO 3HAYUTETHHON KPUBU3HOM CPETMHHOM T10-
BEPXHOCTH KOpPpPeKTHbIE 3HaueHus napamerpo HJIC yaanoch moimy4uTs TOJIBKO MPH UCIONIb30BAHUU MIPEJI-
JoKeHHOTo BapuaHTa cmenrannoro MKD. Tpaaunmonnsiit Bapuant MKD B hopme MeTo1a mepemMenieHnii B
ATOM CJIy4ae He TO3BOJIMII OIYYUTh YIOBIECTBOPUTEIBHOTO MO0 TOYHOCTH PEIICHHUS.
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AnHoTauus. [Tpu pacueTe CTPOUTENBHBIX KOHCTPYKIMI B MPOrpaMMHBIX KOMIUIEKCaX, OCHOBaHHBIX HAa METO/I€ KOHEUHBIX
AJIEMEHTOB, MOXXHO TOJTYYIHUTh HEBEPHBIC Pe3yIbTaThl. 711 000CHOBaHMS MPABUIBHOCTH MOTyYCHHOTO PEIICHUS HE00X01u-
MO BBITOJIHSTH BEpU(DUKAIIMOHHBIC UCCIICIOBAHUS M HHKCHEPHYIO OIICHKY MOJYYEHHBIX JaHHBIX. ITOro TpeOyeT HaIMOHAIb-
HbIl ctrannapt Poccuiickoit denepanuu no MoaeaupoBaHuio. [IpaBMIbHOCTE CO3/1aHUsl PACUETHBIX MOJENEH MOXKHO oOle-
HUTb IIPU MOMOILIY CPABHEHHUS JAHHBIX METOJA KOHEUHBIX 3JIEMEHTOB C 3TAJIOHHBIM 3HaueHueM. [Ipon3BeneH 4MCIeHHbII
9KCIEPUMEHT B IporpaMMHoM koMmruiekce SCAD++ Bepcun 21 i natu Mozeneil KOHEUHBIX JIEMEHTOB Il KOHCOIBHOIM
Oanku n3 Oerona kiacca B15S ¢ pasmepamu 2,5%0,5%0,5 m: geTbIpe TBepaoTenbHbIe Moaean Ne 1-4 U ojHa «3TaNOHHAs»
MOJIENIb, COCTOSIIAs U3 TYCTON CETKM 00BEMHBIX KOHEUHBIX DJIEMEHTOB BTOPOTO IMOpsiaKa Kyoudeckoit ¢popmsl. [1o pe3yms-
TaTaM pacueTOB BBIIOJIHEH CPAaBHUTEIbHBIN aHaIU3 XapaKTepa paclpelesIeHUs KacaTeNlbHbIX HalpsHKEHUH OT AEHCTBUS IOIIe-
PEYHOM CHIIBI JUIS BCEX MOJIeNIel ¢ HAPsDKEHUSMHU, BBIYMCICHHBIMU MIPU TTOMOIIY U3BECTHOTO aHAIMTUYECKOTO METO/a, 10
dopmyne KypaBckoro. YCTaHOBIECHO, YTO pacHpeIciiCHHE KacaTebHBIX HANPSDKCHUH B CCUCHHSX YETBIPEX KOMITBIOTEp-
HBIX Mozeneit No 14 He COOTBETCTBYET TEOPETHUECKUM 3HAUEHUSIM, BEIYUCICHHBIM IO MIPaBUJIaM CONPOTHUBIICHUS MaTepH-
anoB. ToyHoe peleHre MOXKHO MOIYYUTh MPU UCIOJIB30BAHUU «3TATIOHHON» TBEPIOTEIBHON MOJIENH, NPEJIOKEHHON aB-
TOpPaMHU, COCTOSIICH U3 TYCTOM CETKH 0OBEMHBIX KOHCUHBIX HJIEMECHTOB BTOPOTO MOPSIKA KYOHUECKOWH (hOPMBI.
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Abstract. When analyzing building structures in software packages based on the finite element method, incorrect results
can be obtained. To justify the correctness of the obtained solution, it is necessary to perform verification studies and
engineering assessment of the obtained data. This is required by the national standard of Russian Federation on modeling.
The correctness of constructing calculation models can be assessed by comparing the data of the finite element method with
the reference value. A numerical experiment was carried out in the SCAD++ version 21 software package for five finite
element models of a cantilever beam made of B15 grade concrete, with dimensions of 2.5x0.5%0.5 m: four solid models
No. 14 and one “reference” model consisting of a dense grid of second-order volumetric finite elements of cubic shape.
Based on the calculation results, a comparative analysis of the shear stress distribution pattern from shear force was
performed for all models with stresses calculated using the well-known analytical method, according to the Zhuravskii
formula. It was found that the shear stress distribution in the sections of four computer models No. 1—4 does not correspond
to the theoretical values calculated according to the rules of strength of materials. An accurate solution can be obtained
using the “reference” solid model proposed by the authors, consisting of a dense grid of volumetric finite elements of the
second order of cubic shape.
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1. Beenenune

B cooTBeTcTBHM C COBpeMEHHBIMU TPEOOBAHUSIMHU POCCHICKOTO 3aKOHO/IATENLCTBA BHITIOJHEHUE TPO-
eKTHBIX paboT', B cllydae HEOOXOMMMOCTH TIPOBEIECHHUS HX SKCIEPTH3BI, JOJUKHO BBITIONHATECA B BHAE IH(-
poBoil uHpOpMaIMOHHOH Mozenu’. IIpOYHOCTHON aHANM3 CTPOUTENBHBIX KOHCTPYKIMH BBINOJHAETCS Ha
OBM B nmporpaMMHBIX KOMIUIEKCaX, OCHOBAHHBIX Ha METOJIe KOHEUHBIX dieMeHTOB (MKD).

C maremaruveckoi Touku 3perusi, MKO TouHbIM MeTOz10M pacuera He sBhsiercs [ 1-6].
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! TpamocTponTensHbLi Kopeke Poccutickoit ®enepamn: 29 mek. 2004 ., Ne 190-®3. URL: https://normativ.kontur.ru/document?
moduleld=1&documentld=485433#h993 (nara obpamenus: 21.06.2024).

2CII 333.1325800.2020 MudpopmanoHHOE MOEIMPOBAHHIE B CTPOUTENLCTBE. [IpaBuna hopmupoBanus HHOOPMALIUOHHOM!
MoJeNIM 00OBbEKTOB Ha pa3HbIX cTaausx xuzHeHHoro nukia. URL: https://docs.cntd.ru/document/573514520 (nata oOpaieHus:
21.06.2024).
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CyuiecTByeT MHOXKECTBO YMCIIEHHBIX MCCIIENOBAHUH ISl U3yUEHHs MTOBEJCHHUS HKeIe300eTOHHBIX Oa-
JIOK TIPY CHJIOBBIX, TEMIIEPATYPHBIX BO3ACHCTBUSX; OAJIOK C MOBPEKACHUAMHU; OAOK, YCHUIICHHBIX BHEIIHUM
apMHUpOBaHKEM; OAJIOK C HOBBIMH BUJIAMU apMaTyphbl.

B pabore [7] aBTOpamu mpou3BeeHa OIlEHKa OCTATOYHON HECyIIed CIOCOOHOCTH Kelle300€TOHHBIX
6asok mocie mokapa Mpy moMoInu nporpammHoro komruiekca ABAQUS meTonomM KOHEYHBIX 3J€MEHTOB,
ObUTa IOCTpOEHAa TEPMOAMHAMUYECKAs MOJIEIb KeJIe300€TOHHBIX 0aJoK ¢ TpeMs CTOPOHAMH, HO/ABEPTraro-
IIMXCSI BO3JIEHCTBUIO OTHS. Monenb Obula MOATBEPKIACHA pe3yabTaTaMH HCIBITAHHH Ha OTHECTOMKOCTD,
pacxXoKJIEHUE MEKIY pe3ylbTaTaMU SKCIIEpUMEHTa U pacueTa coctaBuio 10—-18 %.

Uccnenosanue [8] moCBALIEHO aHATU3Y Ke1€300€TOHHBIX 0aJIOK, YCHJICHHBIX KOMIIO3UTaMH U3 apMHU-
POBAHHOTO BOJIOKHAMU MOJMMepa (yIIIeIIacTUKa U CTEKJIOIUIACTUKA), HA YCTOMYMBOCTh K M3THOAIOMIUM U
CABUTAIOIIUM Harpy3kaMm. AHaln3 ObUI MPOBEJEH C TIOMOIIBI0O METOa KOHEYHBIX AJIEMEHTOB M MPOrPaMM-
Horo obecnieueHnst ABAQUS, KoTopoe MIMPOKO HCIONB3YETCS NI MOJSITHPOBAHUS SKCIIEPHUMEHTATBHBIX
YCIJIOBUH B UHCJIEHHBIX UCCIIEOBAHUSX.

Pabota [9] mocesieHa HENMHEHHOMY MOJIEIMPOBAHUIO KOHEUHBIX SJIEMEHTOB JUISI IPOTHO3HPOBAHUS
MIPOYHOCTH KeTe300€TOHHBIX 0AOK C TpeUIMHAMHU (TTOBPEKICHHBIX 0ajoK) 1 0aJoK, YCHICHHBIX KOMITO3H-
tamu. CMOJIENIMPOBAHO HCTIBITAHUE HA M3THO CeMH Kele300€TOHHBIX 0aJloK B MPOrpaMMe KOHEYHBIX 3Je-
MEHTOB JIJIsl IPOBEPKH CTPATETUI MOJICIMPOBAHUS ITyTEM CPAaBHEHUS CTPYKTypHOU peakuuu 6aiok. TouHoCTh
MOJEJIMPOBAHNUS B cpeqHeM cocTaBuia 18,5 %.

B uccnenosanuu [10] npeacrasieH moaxol K MOJASIUPOBAHUIO METOIOM KOHEUHBIX 3JIEMEHTOB IS
MPOBEPKHU TOBEICHHUS TTOBPEXKACHHBIX JKEIe300€TOHHBIX 0aJIOK, YCHJICHHBIX BOJIOKHHUCTHIMUA KOMITO3UTAMH,
NpH BO3JEHCTBUM HArpy3Kku. Hannuue TpeluH B HOBPEXKIEHHBIX jKe1e300€TOHHBIX 0ajKax ObLJIO0 BKIIIOYEHO
B MOJIETIb B KQYECTBE T€OMETPHUYECKUX OOBEKTOB. bbun mpoBeaeHs! mapaMeTpudecKue UCCICIOBAHUS, U IS
Pa3IMYHBIX YPOBHEW MOBPEXKACHUI OBUIN MPEIOKEHBI aeKBATHBIC 3HAUEHHsI IIMPHUHBI, BBICOTHI U MHTEP-
Basia TpeuuH. /i1 MoJeTMpoBaHus OBEAECHUs OETOHA U STIOKCHIHONW CMOJIbI OBLIM HCIOIb30BaHbl MOJIEIh
MOBPEXKJCHHON TUIACTHYHOCTH OETOHA M MOJENb OTAEJCHUs OT OeToHa. J{JIsi YMCICHHOTO aHalu3a MpHMe-
HsICS TporpaMMHBIii maketr ABAQUS.

Agtopsl [11] mpencraBuian pe3yapTaT HEJIMHEHHOTO HCCIIEJOBAHUS METOJOM KOHEYHBIX 3JIEMEHTOB
JUTSI TIOBBIIIICHUS IPOYHOCTH Ha CIABUT KeJIe300€TOHHBIX T-00pa3HbIX OallOK C MOMOIIbIO albTepHATUBHON
JIMaroOHaJIbLHOM MONEepPEeYHON apMaTyphl.

B [12] Tpexmepnas (3D) HenuHelHasi KOHEUHO-3JIEMEHTHAs! MOJIEN b BHEIIHETO COSTMHEeHUs OAJIOK U KO-
JIOHH NPOBEPSETCS, a 3aTeM HCTIONb3YEeTCs U N3yUSHHS TUIACTUYHOCTH COSTMHEHNUS 0AIOK U KOJIOHH.

B pa6orte [13] npennoxena Mojelpb )i aHAJIM3a MOBPEXKIACHUI OETOHA.

B xone uccnenoBanus [14] olleHMBAIOCH MTOBEICHUE KEIIE300€TOHHBIX 0alOK, YCUIICHHBIX TUIACTHHA-
MU U3 YIJIEPOAHOTO BOJIOKHA, MPU U3TMOE C MCMOIb30BAaHUEM YEThIPEX TPEXMEPHBIX HETMHEHHBIX KOHEYHO-
AIIEMEHTHBIX MOJIEJICH, pa3paboTaHHBIX B MporpaMMHOM obecriedeann ABAQUS.

[TporHo3upoBaHue MOBEACHUS HA CIBUT JKEJIE300€TOHHON Oaliku, yCUICHHOW MONEepEYHbIM BHEIIHUM
IIPEIHANPSKCHUEM, BBIIOJIHEHO aBTOPAaMU UCCIIEA0BaHUsA [15] ¢ IOMOIIBIO METOa KOHEUHBIX HJIEMEHTOB.
Pe3ynbrarel, mogyyeHHbIE METOAOM KOHEUHBIX IEMEHTOB, OTIMYAIOTCS OT Pe3yIbTaTOB UCIIBITAHUN B Cpell-
HeM Ha 8—10 %.

Pe3ynbrarel paccMOTpeHHBIX HccaeoBaHUN [7—15] mokas3pIBalOT, 4YTO HA TOYHOCTH MOJEIMPOBAHUSA
BIIMSAIOT TaKHE MapaMeTphl, KaK IUIOTHOCTH CETKH, YTOJl paCcIIUPEHUs] © MOJIEIb TIOBeIeHUs OeTOHa (PHEprus
paspylieHus 6eToHa), a TaKkKe NOAUYEPKUBAIOT HEOOXOIMMOCTh YCOBEpIIeHCTBOBaHMs Mozeneit MKD.

C 1enpio J0Ka3aTeabCTBa MPABUIBHOCTH MOJYYEHHOIO pEeIIeHUs HEOOXOAMMO BBINOIHATH BepUH-
KAIHOHHbIE PACYETHI’, OLEHUBATH CXOIMMOCTh PE3y/IbTaTa, BEIIONHAT HHKEHEPHYIO OIIEHKY TIOTydeHHOTO
pemenus [16—-17].

3TOCT P 57700.10-2018. Yucnennoe Moaenuposanue GuzMueckux mpoueccos. OmnpeaeneHue HanpsKeHHO-1e()OpMHUpO-
BAaHHOTO COCTOSIHUsA. Bepuduxarys 1 Bamuaanns YUCICHHBIX MOCIEH CII0KHBIX 3JIEMEHTOB KOHCTPYKIUH B ynpyroi o0iacTu.
Mocksa : Cranaaptundopm, 2018.
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K KOHTpOITIO KauecTBa MPOEKTUPOBAHUs YCTAHOBJIEHB MHHHMAJIbHBIE TpeboBaHus®, oTMedaeTcss HEOb-
XOIUMOCTh BBIIIOJTHEHHSI IPOBEPKHU TOT0, UTO MCIOIb30BAHbI aJIEKBATHBIE pAacUE€THBIE MOJENHU, a CaMH pac-
YCThbI NPOBEACHBI C HCO6XO,III/IMOI71 TOYHOCTBIO. Bo3HHKaeT BOIIPOC O JOIMYCTUMBIX OTKJIOHCHHAX JaHHBIX,
MOJTYYEHHBIX TPHU BEpU(UKAIIMOHHBIX BBIUYUCICHHUSIX. 32 OCHOBY MOXHO B3ATh IpEAIoKeHue padboTsl [18,
c. 134]. Ilpu npoBeneHUN MOBEPOYHBIX PACUETOB KOHCTPYKIMM B Pa3IMYHBIX MPOTPAMMHBIX KOMIUIEKCAX
pa3HuIa MKy MOJYyYEeHHBIMU pe3yJibTaTaMu He JTOJKHA MpeBbIath 5 %.

Kak mpaBuio, B 30HaX HECYIIUX CTPOUTEIBHBIX KOHCTPYKIMNA ¢ MUHUMAJIbHBIMU 3aI1acaMy, TaK Ha3bl-
BAaCMBIX KPUTHYECKHX 30HAX, BO3HHKAECT CIOKHOE HanpshKEHHO-IeGopMHpOBaHHOE cocTosiHue. Mccnenosa-
HUE TAaKUX MECT IPU MOMOIIM METO/Ia KOHEYHBIX 3JIEMEHTOB TPeOyeT 0CO00Tr0 MoaXoaa ¢ U3yYeHUEM pa3-
6poca HaprDKCHI/Iﬁ B CMCXKHBIX 2JIECMCHTAX Yy3Jia 3BE€31bl KOHCYHBIX E)JIGMCHTOBS. B KPUTHYCCKUX 30HAX KOH-
CTPYKIMHA HEOOXOTUMO MOAPOOHO U3yYaTh pachpeieeHne Kak HOpMaJIbHbIX, TaK M KacaTelbHBIX HampsiKe-
Huil. OJHUM M3 IPUMEPOB KPUTUYECKOW 30HBI MOXKHO Ha3BaTh OTIOPHBIA Yy4acTOK 0€30aJI04HOr0 MOHOJIHT-
HOTO KeJIe300€TOHHOTO MEPEKPHITH, PadOTAIONMN HAa TPONABIMBAHUE W BOCTIPUHUMAIOIINN 3HAYUTEIb-
HBI OMOPHBIA M3rHOaromuii MOMEHT. JTH MECTa OMAacHbI KaK M0 HOPMAaJbHBIM, TaK U IO KacaTeIbHBIM
HarnpspkeHusiM. Hanpumep, o npuunHe HepaboTOCHOCOOHOCTH OMOPHBIX 30H IUIOCKUX NEPEKPBITHIA 16 U0
2009 roxa B 1. KomomHa nociie 3anuBKy OeTOHA NMEPEKPBITHS BTOPOTO 3Ta)ka MPOU3O0IIIIO 00pyIIeHUE Tiepe-
KPBITHS TIEPBOTO ATAaXKa CTPOSAIIErocs 3AaHns MeXpallOHHOTO PerucTpaliMOHHO-3K3aMEHAIMOHHOTO OT/erna
locynapcTBeHHOW MHCIEKIMH Oe3omacHoCTH AopoxHoro newkeHus (MPDO I'MB/I/]) na yn. Mutseso
(puc. 1, 2), a B ropoae Ceprues Ilocan 4 sauBaps 2018 r. xononus! ceuenuem 400x400 mm u3 cOopHOTO
XKeJe300eToHa MPOTKHYIIN TUIOCKOE MOHOJHMTHOE JKelle300eTOHHOe MOKphITHE TommuHON 300 MM mom3eM-
HOM aBTOCTOSTHKH KHJIOTO KoMITIekca 1o yi. dectuBanbHo# (puc. 3, 4). OObEKT roTOBUIICS K BBOAY B AKCILTY-
araiuo. O0e aBapuu XapaKTEePU3YIOTCS XPYNKHM pa3pylICHHEM OTOPHBIX 30H MEPEKPBITHH C JalbHEHIITUM
MPOTPECCUPYIOIINM OOpYIIEHHEM HeCcylnx KoHCTpyKiuid. [Ipumeps! momoOHBIX aBapHii nMeroTcs Kak B Poc-
CHH, TaK u 3a pyoexxom [19].

Puc. 1. OOpyueHne cTposIerocs 31aHus Puc. 2. O0pyueHne cTposIerocs 31aHus
MP3O I'MBJ/ B r. Konomua, yi. MursieBo MP3O T'MBJI/ B r. Konomua, yin. Mutseso.
W ¢ T ouHuk: BemonHeno M.B. Mo3ronossim, OnopHbIH y3el MepeKphITUs IEPBOTo dTaxka
T".3. OkoJIbHUKOBOM W ¢ T o4 HuK: BemojgHeHo M.B. Mosronossim, .2, OkoIsHUKOBOM
Figure 1. Collapse of the road police Figure 2. Collapse of the road police driver licencing
driver licencing office building office building under construction in Kolomna,
under construction in Kolomna, Mityaevo street Mityaevo Street. Support joint of the first floor slab
S o urce: made by M.V. Mozgolov, G.E. Okolnikova S ource: made by M.V. Mozgolov, G.E. Okolnikova

4TOCT 27751-2014 HanesKHOCTb CTPOUTENBHBIX KOHCTPYKIMiA  0cHOBaHMH. OCHOBHBIE MoJoxkeHns. Mocksa : CTanaap-
tuapopm, 2015.

STOCT P 57700.10-2018. Yncnennoe moaenuposanne pusudeckux npoueccos. Onpenenenne HanpsHKeHHO-1e(GOpMHUpO-
BAaHHOTO COCTOSIHUsA. Bepuduxarys 1 Bamuaanns YUCICHHBIX MOCIEH CII0KHBIX 3JIEMEHTOB KOHCTPYKIUH B ynpyroi o0iacTu.
Mockga : Cranpaptaapopm, 2018.
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Puc. 4. O6py1eHre NOKPBITUS OJ3EMHON aPKOBKH

Puc. 3. O6py1ienne nOKpHITHs MOA3EMHOI IaPKOBKH B I. Ceprues Ilocan, yn. @ecrusanbhast. OnOpHBIN y3ei
B 1. Ceprues Ilocaz, yn. decrnBanbHas MOHOJIUTHOTO TIOKPBITHS ¥ COOPHOM 7Ken1e300€TOHHOI KOJIOHHBI
W ctouymnuk: Bemonneno M.B. Mo3rosnossim, M cTouHuk: BemoaHeHo M.B. Mo3ronossiM, I'.D. OKOIBHUKOBOIH

I'.3. OxonbmikoBoii Figure 4. Collapse of the underground parking roof

Figure 3. Collapse of the underground parking roof in Sergiev Posad, Festivalnaya Street. Support joint
in Sergiev Posad, Festivalnaya Street of the cast-in-situ roof and precast reinforced concrete column
S ource: made by M.V. Mozgolov, G.E. Okolnikova S o ur ¢ e: made by M.V. Mozgolov, G.E. Okolnikova

2. MaTtepuajisl 1 METOIbI

Pacuer xoncTpykumii no MK3, ocHoBaHHOMY Ha Me-
TOJIe IIEpEeMEICHNH, BHa4asle pe/roaraeT onpeaeacHue z
HEPEMEIIEHUH y3JI0B KOHEUHBIX JIEMEHTOB, IO KOTOPHIM
nyteM quddepeHInpoBaHUs MOIy4daeTcs ojle HanpshKe-
Huit [5]. OmuOku BbuMcieHus nepememienuit mo MKD ¢ Y
SIBIISIIOTCS. HEU30EKHBIMH, 3TO MPUBOAUT K Oosee rpy0oit
omuOKe B MOMEHTax, U elle 0osiee rpyooil ommoke B 1mo-
nepeuHbix cuiax [5]. M3BecTHO, 4TO 4eM Melbue CeTKa

KOHEYHO-3JIEMEHTHOTO Pa30MEHNs, TEM TOYHEE PEe3yJIbTar Ox Oy
M0 TIepeMelIeHrsIM U u3rudarormmM MomeHntaM. Kak mpa-

BHJIO, OH CXOIMTCA UL Pa3INYHBIX TUIIOB KOHEYHBIX JJIe- Puc. 5. Hanpsokenust, aefcTByoOMIME
MEHTOB. UTO KacaeTcsi HONEPEYHON CHJIIbI, TAKOW BBIBOJ TI0 TPAaHsM KOHEYHOr0 dIIeMeHTa [8]

U ¢ T o4 Huk: BemonHeHO M.B. Mo3ronoBsim,
I'.3. OxonpHUKOBOI

caenatb Heb34 (Tabm. 2.8—-1, 2.8-2 [6]).

JlanHas paboTa SBISETCS MPOIOIKEHHEM I/I3y‘{eHI/IiI Figure 5. Stresses acting along
MPaBUWIBHOCTH MOJICIMPOBAHUS OalOYHBIX KOHCTPYKIUI the edges of a finite element [8]

13 OOBEMHBIX KOHECYHBIX 3JIEMEHTOB PELICHUs POCTPAH- S ource: made by M.V. Mozgolov, G.E. Okolnikova
CTBEHHOH 3amayu teopuu ynpyroctu [20]. Jnsa oueHku

MoJIeIell paHee paccMaTPUBAIUCh MEPEMELICHUS Y3JI0B KOHCOIbHOW OalKu M HOPMaJIbHbIE HAIPSKEHHUS.
[To momy4eHHBIM JTaHHBIM OBLI ClieJaH BBIBOJ, YTO BCE KOHEUHO-3JIEMEHTHBIE MOJEIH AAl0T XOPOIIMA pe-
3yJIbTar.

B nanHO# paboTe YMCIIeHHBII YKCIIEPUMEHT BBITIOIHACTCS HA YETHIPEX TBEPIOTEIBHBIX MOAETSAX KOH-
conpHOU Ganku Ne 1-4, co3MaHHBIX HA OCHOBaHMM CXEM, IPEJCTABIEHHBIX B OcOOUH [6], M OAHOM «3Ta-
JIOHHOI» MOAENH, NMPEUI0KEHHOW aBTOpaMu [22], u3ydaeTrcs CXOAMMOCTb KacaTelIbHBIX HANPSKCHUH Tz,
(puc. 5), BOBHUKAIOMHKX OT AeWcTBUS nonepedHoit cuibl Oz = § T. [IpaBUIbHOCTE peIIeHUs] MOKHO OLIEHUTH
IPY TIOMOIIH 3TAJIOHHOTO 3HAYEHHUs, TOJIyYEHHOTO SKCIIEPUMEHTAIBHBIM WIIM aHATUTUYECKHM CIOCO0aMu
[1-6; 21]. Takum oOpa3om, 4TOOBI cENaTh BBIBOA O CXOAMMOCTH PACTIPECIICHHs KacaTeIbHBIX HaIpsDKe-
HUI 110 CEYCHUSIM KOMITBIOTEPHBIX MOjIeNel, HeOOXOIMMO BBIYHMCIUTG UX 3HAYSHHUS IO MPAaBUIaM CONIPOTHB-
JeHus MatepuainoB. /i KBaJIpaTHOrO MONEPEYHOro CEUeHHs 3TO MOXKHO crenath no (opmyne [1.1. XKy-
pasckoro (1855 r):

.SOTC
sz = QZ - s (1)
1,b
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OT¢ __ cTaTH4EeCKUil MOMEHT

1€ Tx: — CABUTrarollee HanpsbkeHne; (J- — MoIepedHasl CUia BAoJb ocu Z; Sy
OTCEYEHHOM YacTH MOMEPEUHOr0 CEYEHHs] OTHOCUTEIBHO OCH Y; [y — MOMEHT MHEPIUH TONEPEeYHOro ceue-
HUSI OTHOCUTEIBHO OCH Y; b — IIMpHHA NONEPEYHOTO CEUEHUSI.

B namem cJ1ydac HauOOIBIIINE KacaTeIbHbIE HalpsPKEHUSA BOSHUKAIOT B CCPEANHE CCUCHUA!

= _30._ 38 =4812, )
2bh  2-0,5-0,5 M

rac h — BBICOTA IIOIECPEIHOro CCUCHM.
MuHuManbHbBIC KacaTeabHbIC HaIlps>KCHUS BO3HHUKAIOT Ha BCpXHCfI U HIDKHEH rpaHgax 3JIEMEHTaA II0
MMPUYINHE PABCHCTBA HYJIIO CTaATHYCCKOIO MOMCHTA OTCEUECHHOM YacTH MMOMNEepCeUYHOIro CCUCHUA:

™" =0, (3)

3. Pe3yabTaThl M 00Cy:KI€eHUE

Jyist ©3y4eHus: MPaBUIBLHOCTH PACIPEACICHHs KacaTelIbHBIX HAMPSDKEHUH B KOMITBIOTEPHBIX MOAEIISX
Ha I10JIAX HaprI)KCHI/Iﬁ Txz «O6CCIIBCIH/IB36M» MHUHHUMAJIbHBIC U MAaKCUMAJIbHBIC TCOPCTUUCCKHUEC 3HAYCHHA
Txz = 0 T/M* 1 - = 48 T/™M? (puc. 6, 8, 10, 12). «OGeciBeueHHbIE» 30HBI TIOKA3aHbI YEPHBIM IBETOM. Mofe-
JM TIPEICTaBIICHBI TAKMM OOpa3oM, 4TOOBI MIOCMOTPETh HAINPSDKEHUS BHYTPU KOHCTPYKIHMH. V3ydnTh cX0-
JIUMOCTb PEIICHHS TI0 TIONIEPEYHOMN CHIIe MOKHO, YMHOXKasl YCPEIHCHHOE 3HAYCHHUE KacaTeIbHBIX HaIpshKe-
Hu# (puc. 7,9, 11, 13), neficTByromiee 1Mo BbICOTE OaIKH, Ha TUIOIIA/Ih €€ MOTIEPEYHOTO CCUCHUS:

Q. =12"bh. (4)

Pe3ynbTarsl pacueToB NpeACTaBIEHbI B TAOIUIIE.
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Puc. 6. Mozenns Ne 1. UepHbIM LIBETOM MOKa3aHbI 30HbI C KACATENbHBIMU HANPSKEHUAMHU T = 0 T/M? U T = 48 T/M?
U ¢ T o4 Hu K: BemoaaeHo M.B. Mosrosnossim, I'.D. OKOJIBHUKOBOM

Figure 6. Model No. 1. Zones with shear stresses 1.- = 0 T/m? and 7. = 48 T/m? are shown in black
S o urce: made by M.V. Mozgolov, G.E. Okolnikova
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Puc. 7. Mozens Ne 1. 3HaueHus KacaTeNbHbIX HAPSKEHMUIT Ty, B IEHTPE KOHEUHBIX DIEMEHTOB, T/M>
W ¢ 1T o4 Huk: BemonHeHo M.B. Mo3sronossmv, ['.0. OKonsHIKOBOM
Figure 7. Model No. 1. Values of shear stresses t.- in the center of finite elements, T/m?
S o urce: made by M.V. Mozgolov, G.E. Okolnikova
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Puc. 8. Mozenns Ne 2. UepHbIM LBETOM MOKa3aHbI 30HbI C KACATENbHBIMM HANPSKEHUAMHU T = 0 T/M? U T = 48 T/M?

X

U ¢ To4Hu K: BemoaaeHo M.B. Mo3sronossiM, I'.D. OK0JI5HUKOBOI

Figure 8. Model No. 2. Zones with shear stresses 1. = 0 T/m* and 1. = 48 T/m? are shown in black
S o urce: made by M.V. Mozgolov, G.E. Okolnikova
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Puc. 9. Mozenb Ne 2. 3HaueHust KACATENBHBIX HAMPSDKEHUH T,z B IIEHTPE KOHEYHBIX 3JIEMEHTOB, T/M>

W ¢ T o 4 H u K: BeioaHeHo M.B. Mosronossim, .0, Oko1bHUKOBOI

Figure 9. Model No. 2. Values of shear stresses 1.: in the center of the finite elements, T/m?
S o urce: made by M.V. Mozgolov, G.E. Okolnikova
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Puc. 10. Mozens Ne 3. UepHbIM IBETOM IOKA3aHBI 30HbI C KACATENbHBIMU HANPSKEHUAMHU To = 0 T/M? U Ty = 48 T/M?
U ¢ To4Hu K: BemoaaeHo M.B. Mo3sronossiM, I'.D. OK0JI5HUKOBOI

Figure 10. Model No. 3. Zones with shear stresses of .- = 0 T/m” and 1.: = 48 T/m? are shown in black
S o urce: made by M.V. Mozgolov, G.E. Okolnikova
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L Puc. 11. Mogens Ne 3. 3HaueHuUs KacaTeNbHBIX HATIPSHKEHHI Tr: B IEHTPE KOHEUHBIX HIEMEHTOB, T/M>
o W ¢ T o4 H uK: BemoigHeHo M.B. MosronoseiM, .0, OkoabHUKOBOM
Figure 11. Model No. 3. Values of shear stresses t.- in the center of the finite elements, T/m?
S ource: made by M.V. Mozgolov, G.E. Okolnikova
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Puc. 12. Mognenpb Ne 4. UepHbIM 1IBETOM ITOKa3aHbl 30HBI C KACATEIIbHBIMU HAIPSIKEHUSAMHU Tx: = 0 T/M? u 1o = 48 T/M?
W ¢ T o4 HwuK: BemosiHeHO M.B. Mo3sronoseiM, I'.D. OKoJIbHUKOBOM

Figure 12. Model No. 4. Zones with shear stresses of 1. = 0 T/m? and 1. = 48 T/m? are shown in black
S ource: made by M.V. Mozgolov, G.E. Okolnikova
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L Puc. 13. Mogens Ne 4. 3Ha4eHUs KaCATENbHBIX HATIPSHKEHHI Tr: B IEHTPE KOHEYHBIX DIIEMEHTOB, T/M>
* W ¢ T o4 HwuK: BemosHeHO M.B. Mo3sronoseiM, ['.0. OkonsHUKOBOMI
Figure 13. Model No. 4. Values of shear stresses 1.- in the center of the finite elements, T/m?
S o urce: made by M.V. Mozgolov, G.E. Okolnikova

W3yunB monist KacaTeabHBIX HANPSKEHUH Trz, JEHUCTBYIOUIMX B CEUEHUSX KOMIIBIOTEPHBIX MOJEIeH
Ne 1-4, MOXXHO cenaTh BBIBOJ, YTO UX PACIpeeIeHUe HE COOTBETCTBYET TEOPETUUECKUM 3HAYCHUSIM, BbI-
YHUCJICHHBIM IO MpaBUJIaM COIIPOTUBJICHUS MATCPUATIOB. CO3I[aI[I/IM MMPpaBUJIbHYIO, «3TAJIOHHYI0» KOMIIbIO-
TepHYyI0 Mozaens [22]. OHa OyzeT COCTOSATh U3 TYCTOH CETKH KOHEYHBIX 3JIEMEHTOB BTOPOTO TOPsAKa KyOu-
yeckoil hopmel ¢ pazmepom pedpa 50 mm (tun KO 37 6ubmmorexu BK SCAD++ Bepcun 21 [6]). [Tons ka-
CaTENIbHBIX HANPSDKEHUN Tx: B MOJENIH IIPEICTAaBJICHBl HA pUC. 14. 3HaueHMs KacaTeNbHBIX HANPSIKEHUH Ty
B IIEHTPE KOHEYHBIX 3JIEMEHTOB, PACTIOJIOKEHHBIX B MIOCKOCTIX XOZ n YOZ, npeacrapnens Ha puc. 15 u 16.
AHanu3 JaHHBIX CBUAETEILCTBYET O MPABUIIBHOCTU PACHpPECIICHUs] HANPSHKEHUH IO CEYEHUSM KOHCTPYK-
1un. OTKIOHEHHS OT TEOPETUUYECKUX 3HAUYEHHI HAOIONAIOTCSI B MECTaX JICHCTBUS CHUJI — Harpy3Kd U OIop-
HBIX peakinuii. OT0 0OBSICHSAETCS MPOSIBIICHHEM 0COOCHHOCTEH, KOTOphIe Ha3bIBaroT npuHimnoM CeH-Benana
[5]. TTox cioBOM «3TanmoHHas» B paboTe MmoapazyMeBaeTcs Hauboee TOYHasE MOJEIb, CXOAMMOCTD PeIICHHHA
B KOTOPOI COOTBETCTBYET HOPMATUBHBIM TpeOoBaHUsAM. KOHEUHO, MOXKHO c03/1aTh U elie 0ojiee TOUHYI0 MO-
Jielb, HalpHMep, YMEHBIINB CETKy KOHEUHO-3JIEMEHTHOTo pa3ouenus. B HamieMm ciydae pasmep KOHEUHOTO
anemMenTa paBeH 1/10 xapakTepHOro pa3mepa MornepeyHoro CeueHHst KOHCTPYKIIHH.
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Puc. 14. «Jranonnas» Mozesb. UepHbIM [IBETOM MOKA3aHbI 30HbI C KACATENBHBIMU HANPIKEHUAMHE Trz = 0 T/M? U 1o = 48 T/m?
U ¢ 109 HuK: BemmoHEHO M.B. Mo3ronoBeiM, I'.D. OK0IbHUKOBOM

Figure 14. The “reference” model. Zones with shear stresses 1.: = 0 T/m* and t.- = 48 T/m? are shown in black
S o urce: made by M.V. Mozgolov, G.E. Okolnikova
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B LIEHTPE KOHEYHBIX DJIEMEHTOB, PACIIONIOKEHHBIX B MIOCKOCTH XOZ, T/Mm?

f Puc. 15. «DtanonHas» Mozesb. 3HaUEHUs KacaTeJbHbIX HANPSDKEHUH Taz
X U ¢ T 04 Hu K: BemmonHeHo M.B. Mo3sroinossiM, I".D. OK0oIbHUKOBOI

Figure 15. The “reference” model. Values of shear stresses t.. in the center
of finite elements located in the XOZ plane, T/m?
Source:made by M.V. Mozgolov, G.E. Okolnikova
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Puc. 16. «JranonHas» Mozaesb. 3HAYEHUS KacaTeJbHbIX HAPSDKEHUH T
B LIEHTPE KOHEYHBIX DJIEMEHTOB, PACMONIOXKEHHBIX B MIockocTH YOZ, T/m?
W ¢ T o 4 H ¥ K: BeinoaHeHOo M.B. Mo3ronossim, I.0. Oko1bHUKOBOI
Figure 16. The “reference” model. Values of shear stresses .- in the center of finite elements located in the YOZ plane, T/m?
S o urce: made by M.V. Mozgolov, G.E. Okolnikova
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3HayeHHsl yCpeAHEHHBIX KACATEIbHBIX HANIPSIKEHUH Tx,
10 CeYEeHHSIM KOMIIBIOTEPHBIX Mo/ieJiell U BbIMHCJIEHHBIE 110 HUM MoNepeYHble CHJIbI
The values of the averaged shear stresses Tx.
in the cross sections of computer models and the shear forces calculated from them

Mopeanb Ne 1/ Model No. 1 | Moaeanb Ne 2/ Model No. 2 | Moaeanb Ne 3/ Model No. 3 Mopeas Ne 4 / Model No. 4

Txz 0 Taz 0 Txz 0 Txz o

T/m? / T/m? T/T T/m? / T/m? T/T T/m? / T/m? T/T T/m? / T/m? T/T
32 8 21 5,25 40 10 33,5 8,375
32 8 44 11 - - - -
32 8 35 8,75 32 8 - -
32 8 32 8 - - - -
32 8 31 7,75 28 7 - -
32 8 31 7,75 - - 23 5,75
32 8 31 7,75 29 7,25 - -
32 8 31 7,75 - - - -
32 8 31 7,75 28 7 - -
32 8 31 7,75 - - 24,5 6,125
32 8 31 7,75 - - - -
32 8 31 7,75 28 7 - -
32 8 31 7,75 - - - -
32 8 31 7,75 29 7,25 - -
32 8 31 7,75 - - 25 6,25
32 8 31 7,75 28 7 - -
32 8 30 7,5 - - - —
32 8 29 7,25 29 7,25 - -
32 8 28 7 - - - -
32 8 3 0,75 14 3,5 19,5 4,875

U ¢ T o4 Hu k: BemoaHeHO M.B. Mo3ronosevm, I'.9. OkoasHUKOBOI
S ource: made by M.V. Mozgolov, G.E. Okolnikova

W3 Tabnuiiel BUAHO, YTO TIPU BBIYKMCICHUM TOTICPEYHON CHJIBI 110 JICHCTBYIONIUM KacaTelbHBIM HaIpsi-
JKEHUSIM TOUHOM MOJIENRI0 siBiIsseTcs Moaenb Ne 1, a camoli HeTouHOM — Moaeab Ne 4.

4. 3akrouenue

B uccnenoBaHuM mpoM3BENEH YHCICHHBIM SKCIEPUMEHT ISl KOHCOJBHOM OalKu B MPOTPaMMHOM
komiuiekce SCAD++ Bepcun 21 paccMOTpeHBI IATh TBEPAOTEIbHBIX MOJIEICH KOHEUHBIX JIEMEHTOB (MOze-
mu Ne 1-4 u «aTanmonHas» mozaens). s Bcex Mozenel mpoaHaaIn3upoBaH XapaKkTep pachpeneseHus Kaca-
TEJIbHBIX HAPSKEHUI U BBITIOJTHEHA OLIEHKA CXOJUMOCTH PEILIEHUS M0 MONEPEYHON CUIIe.

B uccnenoBanum npousBe/ieHa OLIEHKA BHIOOpA MOJENIN METOa KOHEUYHBIX 3JIEMEHTOB JUIsl pacdera
0aJIOK Ha OCHOBE pacIpe/ieIeHus KacaTelIbHbIX HalpsHKEHHM:

1. Pacnipenenenne kacareiabHBIX HANPSKEHUN OT JEHCTBUS MOMEPEYHON CHIIBI B CEUCHUSX KOMIIBIO-
TepHbIX Mojieniel Ne 1-4 He COOTBETCTBYET TEOPETUUECKUM 3HAUEHUSIM, BBIYMCICHHBIM 110 [IPaBUJIaM COIPO-
TUBJICHHSI MaTEPUATIOB.

2. 114 onpenienieHns MONEPEYHOM CHIIbI 110 JEHCTBYIOIIMM KacaTeabHbIM HAIIPSDKEHUSAM MOKHO PEKO-
MeHA0BaTh Mozienb Ne 1.

3. [l u3ydeHus KacaTelIbHbIX HANPSKEHUI IPU ITOMOIIU TBEPAOTENbHBIX MOJENECH MOAEIIN PEKO-
MEHJIyeTCsl CO3/1aBaTh M3 KyOMUECKUX KOHEUHBIX 3JIEMEHTOB BTOPOTO IMOPSIKA C T'YCTOW CETKOM KOHEYHO-
AIIEMEHTHOTO pa30HeHusI.
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AHHoTaunus. VccienoBaHo NpUMEHEHUE NOHATUS YAEIbHOM MPOYHOCTU JUJISl PACUETHOIO M3YUYEHUS! CTEIEHU HCMOIb30-
BaHUS MEXaHHMYECKHX CBOWCTB Marepuaja Opyca MmpH ero paboTe B yCIOBHIX CIOKHOTO CONMPOTHBIEHHUA. [IpeacraBneHo
HccIenoBaHre Opyca ¢ JaJbHEHIINM ITOCTPOSHHEM S0P C Pa3NYHBIMH BHIAMH HArpy30K, TAaKUX KaK YHCTHIA M3rH0 ¢ pac-
TSODKEHHEM, YUCTBIH U3rH0 C PacTsSHKEHUEM M KpPYYEHUEM, YUCTBIM M3rH0 ¢ KpyYeHHEeM M MoTy4deH KO3 UIIMEHT HCIONb30-
BaHMs Hecyllel cnocoOHOCTH Opyca ¢ IPON3BOJIbHBIM TIOIIEPEYHBIM ceueHHeM. MeTos1 MCcCiIeIoBaHUsI OCHOBAH Ha CyIepIio-
3UIMH HAMPSDKEHHBIX COCTOSHUM € ONpeAeNeHHEeM Pa3IMyus MEXAy SII0paMH CONPOTHBIICHUS HarpykeHuio. BeneHo
MOHSITUE CONPOTHBJICHUS MaTepHaja pa3pylieHHIO B BUJE IPEACIbHBIX HaNPsDKEHHUH, paclpeesieHHbIX 110 00beMy Tela.
[TpuBenen Merox pacuera yIelnbHOM MPOYHOCTH JUIS CIOKHOHAIPSDKEHHOTO Opyca, a TakkKe TOJICTOCTEHHBIX TpyO, Harpy-
JKCHHBIX BHYTPEHHHUM JaBiieHHeM. [IpencraBiieHa 3aBUCUMOCTD ce4eHHs Opyca OT yIelIbHOM NPOYHOCTH, C MOCIEAYIOIINM
BEIBOZIOM TSI HAaHOOJIee BHITOHOTO MCTIONB30BAHUS Opyca C NCIIONb3YeMbIM CEICHUEM.

KuiroueBble ciioBa: MexaHHKa TBEPIOrO Telia, KOMIIO3UIMOHHBIH MaTepuall, pa3pylleHus] TBEPAbIX MaTepHalioB U KOHCTPYK-
nui, neopmanus

3asBienne 0 KOH(IUKTEe HHTepecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.

Bxaan aBropoB. Mopozos E.M. — Hay4HOE€ PYKOBOACTBO, KOHUEINLUS, Pa3BUTUE METOAOJIOIMU, UTOTOBBIE BBIBOIBI.
Kypbanmazomeoos A.K — aHanm3 pe3yapTaToB UCCIEIOBAHUS, IOATOTOBKA UCXOMHOTO TEKCTA, MOATOTOBKA HH(POTPadhUKOB,
HATOTOBBIE BBIBOJIBI.

Jost murupoBanus: Kurbanmagomedov A.K., Morozov E.M. Specific strength under combined loading // CrpoutensHas mexa-
HHMKa WHXEHEPHBIX KOHCTPYKIHMH u coopyxenuit. 2024. T. 20. Ne 6. C. 552-566. http://doi.org/10.22363/1815-5235-2024-20-
6-552-566

1. Introduction

Solving the problem of increasing strength of structures while simultaneously reducing weight and with
minimal consumption of scarce materials leads to the development of methods for evaluating the degree of
utilization of the shape and dimensions of the body and the strength of the material. These methods were
developed first along the path of assessing the shape and dimensions of the cross-section [1-6] at a constant
distribution of material properties across the cross-section. To create a body of equal strength in all its zones
and in all directions, it is necessary to evaluate the degree of approximation to an equal-strength state and
the correspondence of the stress state in each element of the body to the material strength in the same
element.

Since in most cases material properties are distributed non-uniformly over the cross-section, either as
a result of technological side processes or as a result of their deliberate changes, evaluation of the load-
bearing capacity of the body must be made taking into account the variability of mechanical properties
across the cross-sections of the body. Reasonable use and creation of variability in material properties plays
a similar role to the rational choice of body shape. Recently, methods have been proposed for estimating the
load-bearing capacity of bodies taking into account the variability of not only the stress distribution, but
also the resistance distribution [2; 7; §].

Kypoaumazomeoose Apcnan Kypoanmazomedosuu, xanaunatr (GpU3NKO-MaTEeMaTHYECKHX HayK, CTapIIMi MpernojaBaTelb MaTeMaTHYeCKOTO HHCTHTYTa
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In works [7-9] the main conclusion was that from the point of view of increasing the specific strength,
it is not the stress distribution itself that is important, but the mutual correspondence of the stress and
resistance distributions, and it is necessary to add the analysis of the stress distribution to the analysis of the
resistance distribution.

2. Methods

Attempts to assess the load-bearing capacity of bodies and individual cross-sections have been made
for the simplest loading cases — tension, pure bending, torsion. The bearing capacity of cross-sections is

evaluated by specific strength [9-11] using a nondimensional coefficient 0., called the strength utilization

factor, which varies from 0 to 1. Specific strength is numerically characterized by coefficient 0.

B IFG ydF B M
FccymaxdF ymaxFGav

(1

C

where M 1is the load-bearing capacity of the cross-section; y, .. 1s the half-height of cross-section; G, is

the average reduced resistance of the cross section; F' is the area of the cross-section under study.

In evaluation of the bearing capacity, the existing bearing capacity must be compared with the
maximum possible one and, thus, the unused reserves are identified. The given formula (1) allows to
evaluate the degree of utilization of the mechanical properties of the material and the geometry of the body
based on the specific strength of the body, i.e. strength per unit cross-sectional area of the body, per unit
“arm” and per unit of average strength of the material.

The denominator in formula (1) represents the load-bearing capacity of some ideal cross-section, the
entire area /' of which is concentrated at the end of the “arm” y, . , and the material of which has an

average resistance of o, .

Based on this, it can be said that the specific strength of a body is the ratio of the bearing capacity of
the body to the bearing capacity of an ideal body with the same dimensions. An ideal body (cross-section)
has an average resistance, i.e. resistance equal to

1
O =" [ ,0.dF , ()

where o, is the reduced resistance of the material of the cross-section, depending on the coordinates of the

c
cross-section points. The reduced resistance based on the most common theories of strength (first and third)
is either the resistance to brittle fracture, or the yield strength, or variable resistance to plastic deformation if
hardening is taken into account.

Thus, specific strength (similar to efficiency) is a dimensionless number varying from 0 to 1. A specific
strength value equal to one (achieved only in rare cases) corresponds to 100% utilization of the given
dimensions and strength of the material.

Below is an attempt to calculate the specific strength value for combined loading cases for a straight
beam.

In the general case, the internal forces in the given section of a beam form the resultant vector and the
resultant moment [11; 12], which can be decomposed into the following components (Figure 1). The resultant
moment is decomposed into two components: perpendicular to the cross-section plane, M, (torque moment),

and lying in the section plane, M, (bending moment). The resultant vector — into force P perpendicular to

the cross-section (applied at the center of gravity of the cross-section) and the shear force, which is not
taken into account.
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An ideal section can be represented as two concentrated
areas F, spaced from each other at the maximum possible distance

h (dimension) perpendicular to the M , vector (Figure 1). This type

of cross-section is ideal for bending moment apprehension. For
torsion resistance, a thin-walled ring of diameter / with area Fj is

ideal. It is assumed that steady state is maintained for ideal sections.
Both types of cross-sections are able to carry axial load. Thus, the
ideal cross-section for a combined load is assumed to consist of
the sum of two separate types of ideal cross-sections [13—15].

The load-bearing capacity of the real cross-section is
determined by a set of values P, M ,, M, , which satisfy the strength

conditions (according to the chosen strength theory) with a certain
reserved strength.

In order to ensure that the specified load acting on the real
cross-section can also be accepted by the ideal cross-section, it is necessary to find the values of the areas
F, and F; of the ideal cross-section. The required areas F, and Fy can be found from the strength

Figure 1. Two types of ideal cross sections
S ource: made by A.K. Kurbanmagomedov

conditions for both types of ideal cross-sections.
For the part of the ideal cross-section subjected to bending and axial load, the following is obtained:

P 2M,

Gav = *
F+F, hF,

1

3)

For the annular part of an ideal cross-section, subjected to torsion and axial load, the following is
obtained:
¢ according to the 1-st theory of strength

2 2
26,, = L P r4f 2Mr , 4)
F+F; \\F+F hFy
¢ according to the 3-rd theory of strength
P Y [(2m, )
o, = +4] =L | | (5)
F +F, hF,

The presented equations determine the minimum required areas for carrying maximum loads P, M,
M .. With such values of the areas of the ideal cross-section, loads P, M ,, M, will be ultimate not only

for the given cross-section, but also for the ideal cross-section. The sum of areas Fi +Fk gives the total area
of the ideal cross-section required to carry the ultimate sum of all types of loads. Moreover, each of the two
areas resists with ultimate efficiency only to its own type of load [16—19]. The total area of the ideal cross-
section is less than (or equal to) the area of the given cross-section. To assess the degree of utilization of the
material properties and the shape of the cross-section, the ratio of the areas can be taken: the minimum area
required to withstand the specified combined ultimate load, and the given area that carries the specified
combined ultimate load. Then the coefficient evaluating the specific strength will be
_ L+ Fg

0 =~ ©)

where F,,F, are the required values of ideal cross-sectional areas calculated using equations (3), (4) or (5).
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Under the action of only one type of load, coefficient 6¢ according to formula (6) coincides with the

strength utilization factor (1) according to the work of N.D. Sobolev and Ya.B. Friedman [7-9].
In fact, substituting the value of the ultimate bending moment from (3) into (1) results in
M F,

Op=— =1,
C ymaxFGaV F

Thus, the ratio of the minimum required area to the given one evaluates the specific strength of the
cross-section in the same way as the ratio of the load-bearing capacities. Specific strength in terms of
bearing capacity under combined load can be characterized by the ratio of ray segments from the coordinate
origin to the real and ideal ultimate load curves:

PP+ M+ M2
0

C =
P+ M? + M

b

where the numerator is the ultimate load of the given cross-section, and the denominator is the ultimate load
of the ideal cross-section, the area of which is equal to the area of the given cross-section.

However, this method must be abandoned, since adding values with different dimensions can lead to
inconsistencies.

In formulas (3)—(5), there are maximum loads for the given cross-section, i.e. they satisfy the strength
condition according to the maximum normal stress theory

2
ST J[Lﬁyj rart ”

F I,

or the strength condition according to the maximum shear stress theory

2
P My 5
=l =+=2y| +41°. 8
o \/(F IZ yj ! ( )

Here t is the shear stress at the tangency point of the G, and O diagrams.

The specific strength evaluated using the strength utilization factor (6) shows the degree of utilization
of the cross-sectional shape and mechanical properties of the material.

As an example of specific strength calculation, some special cases of combined resistance are considered
further.

2.1. Pure Bending with Tension

1. Let a beam have rectangular cross-section and constant material resistance. Bending moment M ,

acts in the principal plane. Using the 3-rd theory of strength according to equation (8) for the given cross-
section (rectangle), the following is obtained:

Fo,=P +%MB . )

Substituting the loads from (9) into (3) and then into (5), the strength utilization factor is obtained:

0, P 2M, _,_4M,

~ Fo, hFo,  hFs,
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In Figure 2, the values of 0. are plotted on the lines

of ultimate forces and moments [1]. The specific strength Py
of the body equal to 0.33 under bending increases linearly
. . . P Foc
with the increase of ratio —— and becomes equal to one > .
M < / '(/“0/
n f'? Vi
in the absence of bending. R <
P
: . . c
2. Let the resistance increase linearly from —= on the R. / >
0 Wo. 3Wo,. M,

central axis to the value of G, at the upper and lower
Figure 2. The combined effect

of bending and stretching on the beam
Source: made by A.K. Kurbanmagomedov

points of the rectangular cross-section. The average

. o . 3
resistance in this case is equal to ZGC.

Here, when calculating the strength, it is necessary to distinguish between three cases (Figure 3)
depending on the points of the cross-section at which the G and G, diagrams contact.

— 0o,
Py

Figure 3. Stress and resistance diagrams for bending and stretching
S ource: made by A.K. Kurbanmagomedov

From equation (8), the following is obtained:

Fo, :P+6%, (10)

where for the above three cases the loads are limited as follows:

Case I Case 2 Case 3

P:chC P:lFoc P<chsc
2 2 2

2

M<%WcsC Wlecc M>%Woc

The strength utilization factor is obtained from (6) by substituting the loads from (10) into (3):

4 P 8 M
=S —t— :
3 Fo, 3 hFo,
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Figure 4. The strength utilization factor under combined
bending and stretching of the beam
S o urce: made by A.K. Kurbanmagomedov

In Figure 4, strength utilization factor 0. is
plotted on the line of ultimate loads P and Ms.

M
At a value of P= 67 the specific strength is the

highest due to the coincidence of G and G . curves.

In tension only, the specific strength decreases to
0.66, and in bending only to 0.45.

In Figure 4, strength utilization factor 0. is
plotted on the line of ultimate loads P and Ms.

M
At a value of P= 67 the specific strength is the

highest due to the coincidence of G and G curves.

In tension only, the specific strength decreases to
0.66, and in bending only to 0.45.

2.2. Tension with Pure Bending and Torsion

3. Let the cross-section be round with constant resistance.
For such a cross-section, the following is obtained from (8):

2 2
(Foc)2=(P+8ﬁj +64[&j :
d d

Substituting these load values into formulas (3) and (5) and then into (6), the load-bearing capacity
coefficient is obtained, which is plotted for the values of the ultimate loads corresponding to the coordinate

planes (Figure 5).

Figure 5. The combined effect of stretching, torsion and bending on the beam
S ource: made by A.K. Kurbanmagomedov
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4. Let the same beam have variable resistance of the cross-sectional material. At the center of the

round cross-section the resistance is equal to 7” The resistance increases linearly along the radius to the

GC

value of G . at the circumference. The average cross-sectional resistance according to (2) is equal to

The point of contact of diagrams G and G, will be in the center of the circle at

2 2
PO n(ro,y > praMe]| vea[ Mo
F 2 d d

Contact of O and © c will occur on the surface if

2 2
£<G”;(562= £+MB +4 My
F 2 F W /4

P

If the stress and resistance diagrams contact simultaneously both in the center and on the surface, then

2 2
M M
o= 218 | 1q| 2L
2w w,
Based on these cases, Figure 6 shows the surface of ultimate P, Mz, Mr and the strength utilization
factor. The most favorable load ratios are determined by the greatest mutual approach of the ¢ and G

diagrams, at which the specific strength is the highest [17-20].

P

Figure 6. Cross-section of regions on coordinate planes
S ource: made by A.K. Kurbanmagomedov
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2.3. Pure Bending with Torsion

5. Let the cross-section be elliptical with constant resistance. The bending moment acts in the plane of
the major axis of the ellipse. When the reduced stress at the end points of the major axis of the ellipse
reaches the resistance value, the load-bearing capacity of the section will be exhausted and according to (8)

2

a
EFzG"Z =M, +M;.

In this respect, there are three possible cases:

18 II. II1.

2 2 2
M, = nc;b 5. M, - nc;b 5. M, < nab

MB<F‘TC Va’ -b’ MB:FI" a’-b MB>FIC Ja’ -b

In case 1, G touches G . at the extreme points of the minor axis of the ellipse (with that a < b); in case

3 — at the extreme points of the major axis of the ellipse (a > b); in case Il (a = b) — simultaneously at
both of these and other points of the cross-section.

Plotting strength utilization factor on the curves of the ultimate Mp and Mr (Figure 7), it can be
observed that the specific strength depends on the ratio of semi-axes of the ellipse and with an increase in

the proportion of torque it varies from 0.25 to 0.5 —.

a
P A
e(=0,5/i 1111
a H
1 2
-nab o, #
4 i
/
Y
p=sM /
b
/ :
4 —
L2 =—100,25 .
1 >
I FO c WG C A’MB

Figure 7. The strength utilization factor in case of combined torsion and bending
S ource: made by A.K. Kurbanmagomedov
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For a particular ratio between bending and torque ultimate moments, the most favorable ratios

: : : o . b
of ellipse semi-axes can be found. For example, for case II, equating the derivative of 0, in terms of —
a

. . , b
to zero, the most favorable cross-sectional shape is obtained at — = 0.89.
a

Let the application of the concept of specific strength to the calculation of the optimal cross-section
dimensions be demonstrated using a specific example.
Cantilever steel tubular shaft is subjected to static bending moment M, = P/ and torque Mr = Pa.

The shaft has variable strength in the normal annular cross-section.

The outer layer of the shaft with a thickness of 6 =5 mm has a strength K times greater than the core
(increasing the strength of the surface layers can be structurally achieved, for example, by freeze casting a
stronger material onto the core).

The optimal value of the internal diameter d is determined assuming that the remaining parameters are
specified and constant, and the violation of strength occurs in the subsurface layer of the shaft.

The following notation is adopted:

D = 30mm is the outer diameter of the shaft annular section;

G,, O, are the resistances (strengths) of the material of the surface layer and the shaft core
respectively;
d
c=2% n=2c0167; k=%0= 1 ¢6.
D D c 0

sc

From (8), the ultimate value of the force is obtained as

nD’ (l—c“)csC
P= :
32(D-28)NI* +d’

The average resistance according to (2) will be

_4h(1-h)

O 1-¢2

(0,—0,)+0

sc*

Substituting P and G into (3), (5) and (6), the strength utilization factor is obtained as

(Z+2a)(1—c4)

< 2(1-2m)[ 4h(1=n)(k=1)+(1-c*) NP +a®

0

From the condition of maximum specific strength of the cross-section aicc =0, the equation for
determining the best value of C is obtained:

¢t =[8h(1-n)(k-1)+2]c’ +1=0.

For the considered case, this results in C = 0.57, or the internal diameter should be equal to 17 mm.
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2.4. Specific Strength of Thick-Walled Pipes

The specific strength of a beam under combined loading was discussed above. Let the definition of
specific strength be applied to evaluate the extent to which the strength of thick-walled pipes loaded with
internal pressure is utilized [21-23].

A thin-walled pipe is assumed to be an ideal body, based on obtaining the maximum load-bearing
capacity for a given internal radius of the pipe, considering that the entire thickness of the thick-walled pipe
under consideration is concentrated in its internal diameter. The resistance of the material of an ideal pipe,
according to definition, is equal to the average resistance of the material of the given thick-walled pipe
[23-26].

Then the reference load-bearing capacity of an ideal pipe will be:

o, (R—-r)
id =
r

IRGCd p

r

where ¢, = 1s average resistance.

R—r
The specific strength of a thick-walled pipe will be:
P pr

eC:—:

Ba’ Gav(R_r)’

where p is the load-bearing capacity of this pipe; R, r are the outer and inner radii of the thick-walled pipe

under consideration.
The resulting coefficient can be represented as a product of the coefficients of equal strength and
shape:

0. =——=00,,
C P'Bd p - sh

where P' is the maximum internal pressure in the thick-walled pipe, in which the reduced stresses O

throughout the entire thickness of the pipe coincide with the G resistance diagram.

3. Results and Discussions

The coincidence of the diagram of reduced stress from internal pressure with the resistance diagram
can be achieved, for example, by continuously increasing the elastic modulus along the thickness of the pipe
from the inner to the outer surface. The practical implementation of a continuous change in the elastic
modulus according to the desired law is apparently difficult to achieve.

The specific strength calculated for some cases of resistance of thick-walled pipes is given in Table.

The Table shows that for a jointed pipe and for a pipe, part of the wall of which has crossed into the
plastic zone, the strength utilization factor is approximately the same. In the case of a very thick pipe wall,
the specific strength drops significantly, which indicates that pipes with very thick walls are unprofitable.
By changing the diagram of the yield strength along the thickness of the pipe, it is possible to increase the
strength utilization of the pipe yet in the elastic stage to the degree of utilization in case of plastic operation
of the pipe with constant resistance.
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4. Conclusion

The following conclusion is made based on the obtained results:
1. The paper provides a method for calculating the specific strength for a beam under combined loading,
as well as for thick-walled pipes loaded with internal pressure.
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AHAJIUTHYECKHH pacyeT HMJIUHAPUIECKUX 000J109€eK
B popme asredpanyecKux NOBEPXHOCTE BTOPOI0 MOPSiAKA

C.H. KpuBomanko

Poccuiickuit yauBepcuret npyx0s1 HaponoB, Mockea, Poccus
P4 sn_krivoshapko@mail.ru

Ioctynuia B penakiuio: 30 urosst 2024 r.
[punsra k nyonukanumu: 27 centsiops 2024 r.

Annortanus. [Ipu Ber6ope Gopmbl 00601109eK HY)KHO CTPEMHUTBCS, YTOOBI TPAHUYHEIEC YCIIOBHS O0eCIIeYnBaIn padboTy 000J10-
4yeK B OE3MOMEHTHOM COCTOSIHMU. B cocTaB ayiredpandyecknx NOBEPXHOCTEH BTOPOTO MOPsAKA BXOIST TPU BBIPOXKICHHBIC
MOBEPXHOCTH: MapadoInyecKas, SUIMNTHYECKasl U THIepOoNIndecKast HUINHAPHIECKHE TOBEPXHOCTH, a TAKKE JIBE MPOU3-
BOJIHBIE OT HUX MOBEPXHOCTH: KPYTOBasl IIMIMHAPHIECKAs! TOBEPXHOCTh M IMIMHAPHYECKAs TOBEPXHOCTh C HETIOJIHBIM 3J1-
JIUTICOM B ONEPEYHOM CEYEHHUHU. DTH IATh LIIMHIPHUUECKUX TIOBEPXHOCTEH CTann 00bEeKTaMH UCCIIEA0BaHus B cTaThe. Briep-
BbIC MPOW3BEJCH CPABHUTEIBHBIA pacdeT Mo 0e3MOMEHTHOH TEOpHH MATH 00O0JOYEK Ha JEHCTBHE CTaTHUECKOW HATPYy3KH
THUITa COOCTBEHHOTO BECA, /IS YETO MOTYHICHBI B IBHOM BHE (POPMYITBI AT ONPEIEIICHHS TPEX TAHTCHIIMATBbHBIX BHY TPEHHUX
ycunuit. [Tokazano, 4To B paMKax 6€3MOMEHTHOH TEOpHH 000JI0UEK JTydle paboTaeT napabosimueckas HWINHIpUIEcKast 000-
JIOYKa ¥ [UJIMHAPHYECKas 000JI0YKa C HETIOJIHBIM JJUTUIICOM B MONEPEYHOM ceueHUH. [1oATBEpKICHBI MTOJyYeHHbIE paHee
JIPyTUMH aBTOpaMHy OrpaHUYEHHS Ha IpUMEHEeHNEe 0€3MOMEHTHOM Teopuy. BriepBblie BbIBeeHa cucteMa Tpex AngdepeHiu-
IBHBIX yPaBHEHHUH B YaCTHBIX MPON3BOIHBIX OTHOCUTENBHO MEPEMEIIEHIH CPEANHHOM MOBEPXHOCTH MATH IMITHHIPHUECKUX
000J104€eK, 33/IaHHBIX B paHee He NMPUMEHSBIIMXCS KPUBOJIMHEWHBIX KOOpPAWHATAX. Y CTAaHOBJIEHO, YTO JI0 HACTOSIIEro Bpe-
MEHH HUKTO HE 3aHMMAJICS PacyeToM runepOoonndecKoil IiInHApuIeckoil obomouku. IlpuBenen kpaTkuii 0030p omyOIruKo-
BaHHBIX paboT MO pacyeTy Ha NPOYHOCTb, YCTOHYMBOCTh, KOJIEOAHUs U MPUMEHEHHUE IIATH pacCMaTpUBaEMBbIX IIMIMHAPHYCE-
CKHX O6OJ'IO'—I€K JJI1 BBIACHCHUA HaHpaBJ’IEHHﬁ I/ICCJ'IeIlOBaHI/Iﬁ OTHUX IATH HUJTUHAPUICCKUX 060.]'[0‘161(.

KnroueBble ci1oBa: ToHKas 000JsI0uKa, TUIEpOOIMYecKas MUIMHIpUYEcKas 000JI04Kka, mapadoinyeckas HUIHHAPUYECcKas
0007104Ka, KPyropas IIIHHAPHUECKas 00071049Ka, JUTUNTHYECKAs IIIHHAPUIECcKast 000J104Ka, TMHEHHAsE TeopHsi 000I0ueK
B JINHUSX KPUBU3HBI, 0€3MOMEHTHAs TEOpHsl 000JI09eK

3asBienne o KOHQINKTE HHTEPeCOB. ABTOP 3asBISIET 00 OTCYTCTBUM KOH(INKTa HHTEPECOB.

s nurupoBanusi: Krivoshapko S.N. Analytical calculation of cylindrical shells in the form of second-order algebraic
surfaces // CtpouTenbHas MEXaHHKa HH)KEHEPHBIX KOHCTPYKIMH 1 coopyxeHuid. 2024. T. 20. Ne 6. C. 567-592. http://doi.org/
10.22363/1815-5235-2024-20-6-567-592

1. Introduction

Various analytical, semi-analytical and numerical methods for the calculation of thin- and thick-walled,
single- and multi-layer shells made of physically linear and nonlinear structural materials have been developed
in response to the demands of practice. To assist the design engineer, the corresponding computational soft-
ware systems have been created. Various optimality criteria have been developed for the design of thin shells.

A number of review papers [1-4] show that shells of rotation, translation, cylindrical and conical shells
are among the most popular thin and thick shells that can satisfy a variety of practical and scientific demands
arising in different time periods.

The greatest attention has been given to shells of rotation. Twenty three optimality criteria were
proposed for them [5]. V.V. Novozhilov et al. [6] showed that, in terms of stress magnitude, a parabolic dome
is the most efficient, but it requires the largest area of the supporting ring and is the least efficient from this
standpoint. In [7], the stress-strain state of the rotation shells with holes in the apex and the same overall
dimensions, but different meridians, was compared. Comparative calculations of domes were performed to
determine the strength parameters under external static [6], dynamic and explosive [8] loads. The choice of
an optimal velaroidal shell on a rhombic flat base, the middle surface of which is formed by the motion of
different plane curves with variable curvature, was studied in [9].

Kpusowanko Cepzeii Hukonaesuu, TOKTOp TEXHUYECKHX HayK, npodeccop, mpodeccop kadeapbl TEXHOIOTHIA CTPOUTENBCTBA M KOHCTPYKIIMOHHBIX MaTe-
pHAJIOB, MHXKEHepHas akajeMus, Poccuiickuii yHuBepeuTeT npyxObl HaponoB, Mocksa, Poccnst; eLIBRARY SPIN-kox: 2021-6966, ORCID: 0000-0002-
9385-3699; e-mail: sn_krivoshapko@mail.ru
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However, such comparative calculations have not been performed for hyperbolic, parabolic, elliptic and
circular cylindrical roofs, although architects have tried to expand the list of surfaces of zero Gaussian
curvature on a rectangular base by including developable surfaces [10].

Materials for analytical calculation of cylindrical shells defined by algebraic surfaces are considered
primarily in this paper. At present time, virtually all problems of structural mechanics are solved using
numerical methods. But there is another standpoint, such as that of the authors of monograph [6]: “In a
reasonable combination of analytical and numerical methods with an understanding of the mechanical side of
the problem under consideration”.

Purpose of the study. To determine the strength parameters of two elliptic, circular, hyperbolic and
parabolic cylindrical thin shells, having the same span and height, constant thickness, physical and mechanical
characteristics of the structural material and subjected to the same static external load using the analytical
calculation technique of the momentless shell theory.

By comparing the obtained approximate calculation results, conclusions need to be drawn regarding the
choice of an optimal cylindrical shell in the form of a second-order algebraic surface and regarding the
applicability of the momentless shell theory to the calculation of the considered shells.

It is also necessary to determine the position of the shells in the form of second-order cylindrical surfaces
in the modern construction practice and in the solution of new problems, arising in the design of these shells
for various needs of society.

2. Explicit and Parametric Equations of Second-Order Algebraic
Cylindrical Surfaces and Their Coefficients of Fundamental Quadratic Forms

Second-order algebraic surfaces include 3 degenerate surfaces: parabolic (Figure 1), elliptic (Figure 2)
and hyperbolic cylindrical surfaces. These three surfaces are well known to geometers, architects [11], and
engineers. Based on these surfaces, two more surfaces can be derived: circular cylindrical surface (Figure 3)
and cylindrical surface with incomplete ellipse in cross-section (Figure 4).

y Y
h h
-a 4 0 .a -a 0 a
X X
Figure 1. Parabolic cylindrical shell Figure 2. Semielliptic cylindrical shell
S ource: made by S.N. Krivoshapko S ource: made by S.N. Krivoshapko
Y y
h h
R
-a @ a -a 0] a
N R o X
Ol X1 , 01 al\
\ / I X1 '
R —h = (a*—h»)/(2h) hi—h = h(1 — a¥a®)"*[1- (1 — a¥ai®)"] h?)/(2h)
Figure 3. Circular cylindrical shell Figure 4. Elliptic cylindrical shell
S o ur c e: made by S.N. Krivoshapko S o ur c e: made by S.N. Krivoshapko
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2.1. Parabolic Cylindrical Thin Shell

The canonical explicit equation of parabolic cylindrical surface (see Figure 1):

2
yzy(x):h(l—x—z} z=2z.
a

The parametric equations of this surface may be expressed as
x=x(u)=an, y=y()=h(l -u’), z=z(v)=h,

where u, v are the dimensionless independent parameters, —1<u <1, 0<v<1.

Then, the coefticients of the first (4, £, B) and the second (L, M, N) quadratic forms of the surface will
be the following:

A*=a®> +4h*u*, F =0, B=I1,L=2ah/4, M =0, N =0,
and the radius of curvature of coordinate line u will be
R, = A*/L = A*/(2ah).

Hence, hereinafter, a coordinate grid in the lines of curvature is used, with coordinate line u# coinciding
with the directing parabola of the cylinder, and coordinate lines v coinciding with the rectilinear generators
of the cylinder (R, = R, = ).

2.2. Elliptic Cylindrical Thin Shell
The canonical explicit equation of elliptic cylindrical surface:

2 2
X Y
—+t—==L z=z

a® h

where a, h are the lengths of the semi-axes of the ellipse.

2.2.1. Cylindrical Thin Shell With Semi-Ellipse in Cross-Section (Figure 2)

The parametric equations of this surface can be represented as

xzx(u) =au, y=y(u)=h(1—u2)1/2, Z=Z(v)=lv,

where u, v are the dimensionless independent parameters, —1<u <1, 0<v<I.
The coefficients of the first (4, £, B) and the second (L, M, N) quadratic forms of the surface will be

£ =a + i1 —uz),F=0,B=l,L=ah/[A(1 —uz)m},M=0, N =0,

and the radius of curvature of coordinate line u will be
R, = A*/IL = A1 —u?)"*/(ah).
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2.2.2. Cylindrical Thin Shell with Incomplete Ellipse in Cross-Section

The canonical explicit equation of the considered cylindrical surface (see Figure 4):

2
2 2
Tl -5 =1, 2=z
4 hy a4

In the considered case it is necessary to set the length of the semi-axis of the full ellipse a1> a, and then
to determine the length of the other semi-axis of the full ellipse /1:

__h
—.

- f1-%
a4

The parametric equations of the considered cylindrical surface can be represented in the following form:

h‘1=

The coefficients of the first (4, F, B) and the second (L, M, N) quadratic forms of the surface will be

2 42
hia’u

a2

4 2

ay | 1=—u
4

3/2
L:a3hla1/[A(a12 —a’u?) } M =0, N=0,

A*=a*+ , F=0, B=1,

and the radius of curvature of coordinate line u will be

3 , )2
Aa a’ 5
Ru:R1= 1——21/! .

3
ah, aj

2.2.3. Circular Cylindrical Thin Shell (See Figure 3)

The formulas obtained in section 2.2.2 may be used for the circular cylindrical shell, but one must set
a1 =R, hi = R, then
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The coefficients of the first (4, F, B) and the second (L, M, N) quadratic forms of the surface will be

2p2
Az:%’FZO’B:”
(R —au)
3p2 2
r=—2K @R M=o, N=0,

A(R2 _a2u2)3/2 R P

and the radius of curvature of coordinate line u will be

_ a’ +h?
2h

The radius of curvature of coordinate line v will be R, = Rz = 0.

2.3. Hyperbolic Cylindrical Thin Shell

The implicit equation of one branch of a hyperbolic cylindrical surface can be written in the following
form (Figure 5):

2 2
X
Tr=ir=l
\ Y / ce b
\ / . .
\ y where for a single considered branch
~ ”
~ - 2 a202
Ol X b =
e .| h(2c + h)
/-_ . . . . . . .
In this case, the explicit equation of the hyperbolic cylindrical
h surface defined in the xOy axes is written as
-a o a
¢ + 1/2
x y:h+c—[cz+x2h'(20+h)/a2] ,
Figure 5. One branch of the hyperbolic o ) ) ) o
cylindrical shell taking into account the introduced geometric notation shown in Figure 5.

Source: made by S.N. Krivoshapko The parametric equations of the considered cylindrical surface
can be represented in the following form:
x = x(u) = au,

z=z(v)=1v,

y=c+h—\/cz+hu2(2c+h).

The coefficients of the first (4, F, B) and the second (L, M, N) quadratic forms of the surface will be

, o K (2c+h)
L =ad+ ,F=0,B=1,
¢ +hu”(2c+h)
ahcz(20+h)
L=——— —, M =0, N=0.
A[c + hu (2c+h)]

The radii of curvature of coordinate lines u and v are R1 = A%/L, Ry = R> = .
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3. Three Groups of Governing Equations of Linear Theory
of Thin Shells in Lines of Principle Curvatures

Taking into account that the coefficients of the first fundamental form for cylindrical surfaces are B = /,
A = A(u), then

OBlou = 0Blov =0, 04/ov =0, R, = R, = oo,

and therefore the equations of the general linear theory of thin shells will be simplified in some way.

Equilibrium equations:

laN Aa—S—AZQ“ +AIX =0,
ou ov ,

oS

ou v

Al “+laQ +AaQ —AlZ =0,
R, d

u dv
120 My 0 =,
Ju dv
oM, o0H
| —L—A4—+ Al 1
ou Aoy TAG= (1)

where the positive directions of bending and twisting moments, internal normal and shear forces, external
surface load are shown in Figure 6.

Ay Yn

v
oN. M,
N, + N, d
ou N, +—2dy v
) . d(p Jv
o, + du’ AaPu 9
au Q + Qv dV M
a b

Figure 6. Positive directions of forces (a) and moments (b)
S our ce: made by S.N. Krivoshapko
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Constitutive equations:
N,=C(g,+ve,), N,=C(g,+ve,), S=C(1-v)e,/2,

Mu =7D(Ku +VKV)> Mv =7D(Kv +VKu)’ H =7D(1 7V)K“v’ (2)

where C=Eh/(1—v2),D=Eh3/ [12/(1—\12)],}1 is the shell thickness, v is the Poisson’s ratio, £ is the

modulus of elasticity of the shell material. €4, €, €w, Ku, Kv, Kuv are the components of the membrane and
flexural strains. The contradictions introduced by formulas (2) into the shell theory were first pointed out by
V.Z. Vlasov. However, in the opinion of V.V. Novozhilov, all these contradictions do not exceed the errors
introduced into the shell theory by the initial assumptions of the thin shell theory.

Geometrical equations:

10u, u, 1 du, 1 du,  1du,
guz— -, Ev:— ,Suv:_ +- s
Aodu R, [ dv Aodu [ dv
2
LI T L Tl L G)
Aoul A ou R, > o’ l[ov{40u R,

where w., uy, u: are the displacement components.

4. Determination of Internal Forces of Thin Cylindrical Shells in the Form
of Second-Order Algebraic Surfaces Using Momentless Shell Theory

In this section, the linear theory of thin rigid shells will be considered in the approximate momentless
setting, when it is assumed that internal bending and twisting moments, and hence shear forces, can be
neglected. The assumption of uniform stress distribution over the thickness of the shell led to the emergence
of the momentless theory of rigid shells. Those who are interested in the momentless thin shells that only
accept tensile internal forces and change their shape under external forces can explore the materials of review
article [12] with 80 sources used.

Assuming that a rigid shell satisfies the requirements of momentless state, then the first three general
equations of equilibrium (1) of the shell can be used excluding the shear forces:

oN, as

[ —+ A—+ AlIX =0,
Ju ov

la—S+A%+ AlY =0,
Ju v

Ny

R

u

from which it follows that

N, =ZR,,
Sz—l.[(%a(;\;” +dev+fl(u)=—lv(%a§;” +Xj+fl(u),
[0S
NV:_Z EdV—lY‘Hffz(“)- 4)
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Thus, the problem of determining the internal normal and shear forces by the approximate momentless
shell theory is a statically determinate problem for all shells in the form of second-order cylindrical surfaces.

Arbitrary functions of integration fi(u), f2(u) and dfi(u)/du are determined by satisfying boundary
conditions according to the momentless shell theory.

In further calculations of all five cylindrical shells defined by second-order algebraic surfaces, it is
assumed that ¢ =5 m, 2 =4 m, and the external surface load components X, Y, Z are

. t
XzX(u)zqsm(pquI, Y =0,
(1 + th(P)E
1
Z=Z7(u)=—gcosp =—q =
il -a
(1 + tgz(p)2
D

where ¢ is the distributed load of s'elf-we.lght kind, ¢ is the Figure 7. Geometrical parameters, external loading,
angle between the tangent to coordinate line u and the fixed and hinge supports of the considered shells

Ox axis (Figure 7). S ource: made by S.N. Krivoshapko

It is assumed that the hinges are connected to an
absolutely rigid in-plane and flexible out-of-plane support at the ends v= 0, v = 1. For open cylindrical shells
it is impossible to satisfy the boundary conditions on the straight edges of the contour.

Then, formulas (4) give

_va L e
YT 04 du\ 4 du 2V T L)

u

2.2
YA d(ldNM_Xj [ df,

from where C =0, f2 (u) = 0, since Ny = 0 at v = 0. Then, from the boundary condition of v =0 atv =1,
the following is obtained:

du  2du\ A du
from where
[(1dN
=—|———"+X |
filw) Z(A du J

By substituting the obtained expressions for fi(u), dfi/du and f2 (1) into formulas (4), the final formulas
for calculating the internal membrane forces under the considered boundary conditions are written:

N,=ZR,,
s=L[LMNu  x\1-2m),
2\ A du
2
o vd[LlaN, |y (1-v). (5)
24 du\ A du
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4.1. Parabolic Cylindrical Thin Shell
The following was obtained previously for the cylindrical parabolic surface:
A*=a* + 4h*u?, Ri = Ru= A°/(2ah).
In the previous section, the formuals for calculating sing, cosp were presented, thus

x=2M, yoo, z=-9%
4 A

According to formulas (4):
q(a2 +4h2u2)
Nll =
2h

2lghvu
),

a” +4h7u

—*gha? e vl dah
(@ +ar?) Na®+dntu? du

b

S=

v

The boundary condition of Nv= 0 at v = 0 gives f2(u) = 0. The boundary condition of Nv= 0 on the
opposite end of the shell v=1 gives

dfld(u):_lqhaz 1 =
u il
(a® + 4022 2
from where
u
fi(u)=—lgh +C,

Va? + an*u?

where C = 0 when S(u = 0) = 0. Finally, for the parabolic cylindrical shell:

q(a2 +4h*u? )
Nll = >
2h
G- Ighu(2v—-1)

Na* +4h*u? ’
N - PPgha’v(1-v)
(az +4hzuz)2

4.2. Elliptic Cylindrical Thin Shell
4.2.1. Cylindrical Thin Shell with Semi-Ellipse in Cross-Section

All geometric parameters of the elliptic cylindrical middle surface with a semi-ellipse in the cross-
section (see Figure 2) are given in Section 2.2.1. In addition to this

uh a
Y=0, Z=—qg—.
4
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According to formulas (5):

u

N, =—%A2(1—u2);,

q12 (v—-

2| @’ - ( 2)} [

4.2.2. Cylindrical Thin Shell with Incomplete Ellipse in Cross-Section

N, = —9a2u2( 2—h2)—a2h2+6u4<a2—h2)2}.

All geometrical parameters of the elliptic cylindrical middle surface with an ellipse fragment in the
crosssection (Figure 4) are given in Section 2.2.2. In addition to this

1_ 2
X=g Buh, Y=0, Z=—q a\J1—-Pu

\/a2+Bu2(Bh12—a2)’ \/a2+[3u2([3h12—a2)

b

\/024‘3“2 (Bhf—az) a’ A° 32
4= 1-Bu’ ’ B:E’ = hlaB( P ) '
According to formulas (5):

3
qA? (1-Bu?)?
N“:_—(Bhl ) :_B_hl 1- Bu [a2+[3u2([3h12—a2)},
lqu(1-2v) 2 2 2
S=———— 347 (1- —Bh |=
2h1A./1—;3u2[ ( Bu) Bl}
Iqu(1—2v)

g e e L K

qlzv(v—l) 3[412 +2Bu’ (Bhl2 —azﬂ B Bazhlz

’ 2 A \/a2 +Bu2 (Bhlz - az) [az +Bu2 (Bhl2 —a? )T/Z .

The obtained formulas allow to the calculate the elliptic cylindrical shell with a semi-ellipse in the cross-
section (see Figure 2). For this purpose, in the formulas of Section 4.2.2, it is necessary to take

B=1,a1=a, hi=h.
4.2.3. Circular Cylindrical Thin Shell

In this case, it is necessary to take R =5.125 m,

au \/R2 -x? \/R2 —a*u?
=—, CcosQp= = .
R R R

Yoo o=
oy POl °=
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According to formulas (4):

N, =—q R* —a*u?,

u

S=—2h17quv+f1(u),

INR? —a*u? [ Ip* v df;
N, = ——=L |+ :
Y R ( R adu fZ(u)

The boundary condition of Ny =0 at v =0 gives f2(u) = 0. The boundary condition of Nv= 0 on the other
end of the shell v=1 gives dfi/du = alq/R, and fi(u) = alqu/(R) + C.

Let =0 at u = 0, then C = 0. Substituting the obtained results into the equations for determining the
internal forces according to the momentless theory allows to write the following:

N,=—q R* —a*u’ = —qRcoso,

S:%qu(l—zv),
R® -a*u’
N, =1 2 v(v-1).

For the calculation of long circular cylindrical shells, it is advisable not to use the momentless theory.
When using the momentless theory, it is necessary to fulfill the following relation [18; 12]:

[ R
—< .
R h

4.3. Hyperbolic Cylindrical Thin Shell

All geometrical parameters of the hyperbolic cylindrical middle surface (see Figure 5) are given in
Section 2.3. It is necessary to take into account that

[2 2
+vh
X=gq huy Y=0,Z=—g asjc” +vhu

\/a202 +yhu2(a2+yh) \/a202 +yhu2(a2+yh)

b

\/a202+yhu2 (a2+yh) PE (c2+yhu2)3/2
A= y=2c+h, R, =

e +yhu? ahyc®

where ¢ > 0 is an arbitrary number; 0 < cosp < 1, i.e. 0° < ¢ < 90°.
According to formulas (5):

N __qad __q\/cz + yhu?

WEE P [azc2 +yhu2(a2 +yh)],
e
g lug a 3[012c2 + Yhu* (a2 +yh)}+czyh

\/a202 +yhu? (a2 + yh)
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N lzv(l—v)\/c2 + yhu?
=q

' 2¢* [arzc2 + Yhu? (a2 + yh)}

5 [a2c4 (3a2 +yh)+9yha202u2 (a2 +yh)+

+6y7 R (a® + yh)z].

5. Comparison of Results of Momentless Analysis
of Five Cylindrical Thin Shells in the Cross-Sections of the Shells
(in the Longitudinally Middle Section of the Shells, i.e. at v = 0.5)

As noted earlier, all shells are assumed to have the same overall dimensions, i.e. A=4m, a= 5 m,
[ =20 m. In this case, the formulas for calculating the internal membrane forces per unit length of the
coordinate line take the following form:

® parabolic cylindrical thin shell:

_10uq(2v—1) N _9.77v(1—v)

Jo39+u2 (0.39+u2)2q;

N, =-8¢(039+u), S

® cylindrical thin shell with semi-ellipse in cross-section:
N, =-2.25¢(2.78 -1 ]N1-u?,

_49.2-22.54°

S qu(1-2v),
N2.78 —u?
—1)V1-u?
v, =D —(300u* ~1250u* +910);

(2.78-u7)

® cylindrical thin shell with incomplete ellipse in cross-section (a1 =5.98 m, h1 = 8.84 m, p = 0.7):
N, =—q(4.04+336u% )]N1-0.77,
5 14.1qu (1 - 2v)
V1+0.83u°
18.35v(v—1)V1-0.7u>

N, =g ( 7 (1+9.2207 +5.14*);
1+0.83u

0.37+u2),

® circular cylindrical thin shell (R =5.125 m):
N,=—q R* —25u* =—gRcoso,

G- 1000gu (1—-2v)
- R

N, =400gv(v—1)vR* - 25u* / R?;
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® hyperbolic cylindrical thin shell (c=2m,y=8 m,b=0.88 m; 0.68 <cos p<1,1i.e. 0°<p <47°:
N, =—1.56qm[1+18.24u2],
107(1+0.17u)
iv1824
N 107g31+8u®

' (1+18.24u2)2

S=—qu(1-2v)

v(1-v)(1+38.36u" +466u* ).

The values of shear and normal forces per unit length of coordinate lines « and v in the z = /2 section
of cylindrical shells are presented in Tabl.

Momentless analysis results

v=0.5 (z =12 =10 m section)

u==1
No. Shell type Force/q u=90 u==04 (support along
the length of the shell)
Nwq -3.12 —4.4 -11.12
1. | Parabolic cylindrical thin shell S/q 0 0 0
Nv/g 16.05 8.07 1.27
Nuw/q —6.25 -5.42 0
2. | Cylindrical thin shell with semi-ellipse in cross-section S/q 0 0 0
Nvq -29.4 —24.05 0
Nw/q —4.04 43 —4.05
3. | Cylindrical thin shell with incomplete ellipse in cross-section S/q 0 0 0
Nv/g -4.59 -8.8 -11.6
Nuw/q —-5.125 —4.72 -1.13
4. | Circular cylindrical thin shell S/q 0 0 0
Nvg -19,51 -18 —4.28
Nu/q -1.56 -9.23 -90
5. | Hyperbolic cylindrical thin shell S/q 0 0 0
Nv/gq 26.75 50.14 109

S ource: made by S.N. Krivoshapko

Using the momentless theory, normal forces N, in a hyperbolic cylindrical shell are determined by the
first formula (5):

Nu = ZRu = —qcos Ru,

where the radius of curvature R,= 1.56 m at u = 0, but R, = 131.8 m on the contour u# = +1, therefore this
normal force takes on a larger value Nu = —90g. The momenless theory does not allow to specify a boundary
condition on these edges. Taking into account that at the apex u = 0, ¢ = 0°, cos = 1, this results in Nw/g = Ru,
1.e. the values in the u = 0 column of Table in the first row for N, show the radius of curvature of a coordinate
line Ry in its apex.

All the above formulas in Sections 4 and 5 should be used with caution. Biderman V.L. [14] found that
for open circular cylindrical shells, the momentless theory can be used in exceptional cases if the membrane
boundary conditions on longitudinal edges are automatically satisfied. The scope of application of the
momentless theory is limited to short shells with respect to shell radius R (see Section 4.2.3). Apparently, for
non-circular cylindrical shells, the applicability of the momentless theory, by analogy with circular shells, can
be limited by the relation:

/ \/E
- <<, |—.
a h
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Although in some cases the formulas for the momentless theory provide acceptable results, and the
possibilty of their application needs to be confirmed by more accurate calculation methods. In many cases, it
is possible to incorporate the solutions of the momentless theory equations into the approximate solution of
the general equations by splitting the latter into the momentless stress state equations and the edge effect.

In monograph [6], a similar analysis is performed on four cylindrical roof shells under dead load
according to the momentless theory and it is concluded that the most optimal shell is the cylindrical shell with
an incomplete ellipse in the cross-section, since this shell transfers a relatively small normal load to the
supporting beams.

6. The System of Design Equations of the General Theory
of Thin Cylindrical Shells in Terms of Displacements

Five equations of equilibrium (1), six constitutive equations (2) and six geometric equations (3) were
derived for the calculation of thin elastic cylindrical shells using the general linear theory.
Substituting the geometric equations (3) into the constitutive equations (2), the following is obtained:

u

N,

v

N o—c| L% 1 vou, ).
Aou R, [ ov

2

" _A Ju

_i 0’u,

lau
1 ov

L du,
A du

v o

)

u

+—”j+
R,

18 u, Vou,
e e e
ldv R, Aodu

g 1=v. (1au
A du

v82

? av |

1 9u,

o .

o .

uu
v 25302 T o
|/ dv Aoul A du R |

u

19(10du u

H:—D(I—V)yg(za—;'Fﬁj (6)

The values of the shear forces are determined from the last two equilibrium equations (1):

1(8}1 IaMuj :l(aH AE)MV]

ll=l

ou [ v

(7

From the last three equations (6) and equations (7), it can be seen that internal moments M., M., H and
shear forces Q. and Qv do not depend on displacement .

Substituting the expressions for internal forces and moments into the first three equilibrium equations
(1) results in a system of three partial differential equations in terms of displacements of the middle surface
of the eighth order, which are usually written in a reduced form:

Liu, + Lhu, + LU+ AIX =0,

Ly, + Lyyu, + LU, + AIY =0,

Ly, + Lyu, + LU, — AlZ
where L’i‘j ... are differential operators, the upper index of which shows the maximum order of the
corresponding partial derivative. In a more extended form these three equations can be expressed as
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u\ 4 ou dv R, 2 ovlou [ dv

2 _ 3 —
h {(1 2v) u, +(1 V)Au_u_li|:1 9 [la&+ﬂ]}}+A—1X:O,

+ —_—
12R, | | oud’ 21 R, Ou|AoulAdu R, C

124 (1 ou,  du, u,
| v |+
h°R,\ 4 ou dv R

d |l d|1d(1ldu u, v u, (1-v)o* (20u. u,
| ——| — =+ | |+ - — | ===+ |+
ou|Aou| Aou\ A du R, )| lAoudr* | o’ 4du R,

2 2
10 |:£a U, + J (la&.FﬁJ:I_A_ZZ:O’

a[zauu ou, uj (1—v)a(auv Aauuj
——t v | T+ " |+

| Z o Vowl Ao R )| D
(1—v>li(1%J+i Aduy (4v) o, u: ) ALy o ®)
2 oJu\Ad du ovl [ ov 2  du

Thus, the equilibrium equations (1) of cylindrical shells are expressed in terms of displacements uu, uy,
u: of the middle surface. The system of three partial differential equations (8) with variable coefficients is
obtained. The system is of the eighth order. The use of geometric equations (3) guarantees the satisfaction of
the strain compatibility conditions in the mid-layer of the shell.

The system of three differential equations in displacements for developable shells, i.e., for shells of zero
Gaussian curvature defined in a non-orthogonal conjugate coordinate system, is given in monograph [15], but
for the case of zero Poisson's ratio (v = 0). Taking v = 0 and the average coefficient of the first quadratic form
F =0, equations (8) can be reduced to the form presented in monograph [15].

In general form, equations (8) will probably never be applied to the calculation of cylindrical shells
defined in lines of curvature. These equations are derived here only to illustrate the displacement method for
cylindrical shells in the form of analytic surfaces. Their application to circular cylindrical shells, the geometry
of which is described in Section 2.2.3, will be shown only in Section 7.

7. Existing Approaches to the Calculation of Thin Elastic Cylindrical Shells
Using Analytical Methods During the “Golden Age of Shells”

It is commonly believed that the “Golden age of shells” fell on 1924—1970s. It was at this time that
reliable analytical methods for the calculation of thin elastic shells emerged, which are related to the requests
of the construction practice for shell design and making it possible to describe the behavior of shells under
external static loads more or less accurately.

In addition to specific theories of cylindrical shells (V.Z. Vlasov, L. Donnel, A.A. Umansky, H.M. Mushtari,
S.M. Feinberg), V.V. Novozhilov [16], at that time, proposed a complex resulting equation that includes all
specific theories of cylindrical shells, including those strenghthened by stiffeners.

7.1. Circular Cylindrical Thin Shell

The largest number of analytical methods for the calculation of thin cylindrical shells based on the
general linear theory of elastic shells has been proposed for circular cylindrical shells. The equations and
formulas of the theory of circular cylindrical shells are mainly written in terms of z and s or £ =z/R and
0 = s/R, where s is the distance along the middle surface from the initial position to the corresponding point.
As aresult, 4 = B =1 in equations (1) — (3), and R, = R = const.
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V.Z. Vlasov [17] introduced function ®(&,0), through which displacements w4, uv, u- are expressed. This
allowed to turn the first two equations of equilibrium (1) into identities, and the third equation of equilibrium
took the form of a partial differential equation with respect to the introduced function ®(&,0). This function
was expressed as a double trigonometric sine series, which corresponds to a shell with hinged supports along
the contour. The extension of the solution to shells with other boundary conditions is possible, but requires
cumbersome calculations [18].

In the calculation of open circular shells of length /, the load and displacements were decomposed into
Fourier series with period /:

u, —ZMW,( )cosTnZ; u, —Zuun( )sm%

n=1

)

u, = iuzn (S)sinﬂ;
n=1

Z= iZm (s)sin%,
m=1

where the known decomposition coefficients Xm, Ym, Zn can be determined using the formulas given by
V.Z. Vlasov [17]. Substituting these values into equations (8) for open circular cylindrical shells, three simple
differential equations with respect to uun, uvn, uzn are obtained. In z = 0 u z = [ planes, only the free support
conditions will be satisfied, i.e., ux = uz=0 and N, = M, = 0.

For a closed circular cylindrical shell loaded with axisymmetric load, the solution can be represented as
a single cosine series, which leads to an eighth order ordinary differential equation with respect to variable
& =z/R. Its solution is sought in the form of the sum of hyper-geometric functions of &.

Lurye A.L. [19] proposed the calculation of the optimal strenghthening of a circular hole in a circular
cylindrical shell.

In [20], solutions in the framework of technical and semi-integral shell theories using the method of
separation of variables are demonstrated. The solution methods and simplifying assumptions for closed and
open circular shells are different. In this work, it is noted that in many cases calculations for building shells
give excessive accuracy from the practical standpoint, therefore it was possible to introduce a number of
simplified versions of the shell theory, which allowed to solve a certain class of problems at that time. For
example, V.Z. Vlasov [17] and his students introduced additional static and geometric hypotheses, and
A.L. Goldenweiser [21] and V.V. Novozhilov [22] and their followers revealed conditions under which some
terms of the design equations turn out to be insignificant.

In the semi-momenltess theory of cylindrical shells, it is assumed that Mv=H = Qv = 0 and &, = &w = 0,
due to which the design equations of shells are simplified. The semi-momentless theory is discussed in more
detail in [20; 23]. In [20] it is argued that one can introduce additional assumptions that do not have a
noticeable effect on the behavior of closed cylindrical shells, in particular, one can assume that the Poisson’s
ratio is zero (v = 0) or one can discard relatively small values compared to a unit. W. Fliigge [23] gave
recommendations for the calculation of multi-wave reinforced concrete circular cylindrical shells with
flexible or high sides.

Diftferent assumptions for the calculation of shallow and non-shallow short open shells and medium-
length and long shells were proposed.

During this period, many researchers studied buckling of circular cylindrical shells with closed contour
under compressive and shear loads applied at the ends [23] and under pure shear [23].
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The theory of multilayer shells also appeared at this time. The main directions in the development of
the theory of multilayer shells were presented in 1972 by E.I. Grigolyuk and F.A. Kogan, as described in
article [24]. In this article, the first works on the calculation of cylindrical shells are mentioned.

7.2. Elliptic Cylindrical Thin Shell

In [20], it is stated that cylindrical thin shells of non-circular cross-section were generally supported by
flexible diaphragms at the transverse ends and the longitudinal edges were strenghthened with edge elements.
The performance of such a system depends largely on the //(2a) ratio. In long shells (//(2a) > 4), the external
load is taken up almost exclusively by the N, Ny, S forces. In medium-length shells (4 > //(2a) > 1), in addition
to these membrane forces, bending moment M, is significant, while bending moment M, and torque H play a
minor role and may not even be taken into account. In short shells (/(2a) < 1) the effect of bending moment
M, is relatively small, but the role of bending moment M, increases. The mentioned features of shell behavior
allow simplifying their calculation by replacing the actual structure with a simplified model. For example,
short shells can be calculated as beams of length /. In contrast to circular cylindrical shells, the exact
calculation of non-circular shells was extremely difficult in the mentioned period of time [20].

Most of the approximate methods were based on the idea of replacing the shell by prismatic folds.
Basically, the methods differ from each other by the hypotheses about the degree of influence of certain
internal forces, moments, or strains on the behavior of the considered shell. Studies on the use of computers
for the calculation of the approximating folds began to appear [25].

7.3. Parabolic Cylindrical Thin Shell

The contents of the first two paragraphs of the previous Section 7.2, which deals with elliptic cylindrical
shells, are fully consistent with parabolic cylindrical shells as well.

In the considered time interval, studies of multilayer shallow parabolic cylindrical shells, taking into
account plastic deformations, have begun, e.g. [26].

7.4. Hyperbolic Cylindrical Thin Shell

Hyperbolic cylindrical surface has been known for a long time, but only geometers have used it in their
research. Not a single structure has been built. Not a single scientific article devoted to the strength analysis
of a shell in the form of this surface has been found.

7.5. Conclusion of Section 7

E. Freyssinet, a French bridge engineer, designed and built the first parabolic cylindrical shell, which is
technically a system of parabolic arches, to cover a 30-meter span of a factory in Monluson (France) in 1905.
In Russia, long and short cast-in-situ cylindrical shells have been used in industrial buildings since 1928.
For example, the first reinforced concrete cylindrical shell was erected under the direction of Prof.
M.A. Novogorodsky over a water tank in Baku in 1925. After, cylindrical shells were used for the building
of the Kharkov post office (1928), Moscow automobile depot (1929) and Rostov agricultural machinery plant
(1931) [27]. A large number of circular and elliptic cylindrical shells made of reinforced concrete and brick
constructed for the roofs of industrial buildings in 1930-1970 in Italy are presented in review article [28].
The advent of reinforced concrete and public demand for large-span structures for warehouses, hangars and
public buildings led to the need of static calculation methods for these rigid shells. It was during the “Golden
age of shells” that the fundamental discipline — shell theory — emerged, initial hypotheses and assumptions
were accepted, resolving equations adequately describing the behavior of shells were formed, simplifications
of the equations of the shell theory were proposed, and qualitative studies of a number of specific problems
appeared.
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8. Information on Publications After 2000 about Calculation
of Cylindrical Shells with Second-Order Algebraic Middle Surfaces
and Their Application in Architecture and Construction

8.1. Application of Cylindrical Shells with Second-Order Algebraic Middle Surfaces

Many review [3] and scientific [11] papers, monographs [29] and reference books [30] are devoted to
the application of cylindrical shells, structures and cylindrical surfaces in architecture, construction and
mechanical engineering. In all these works, there are sections on structures and products in the form of
second-order cylindrical algebraic surfaces.

8.2. Information on Publications After 2000 About Calculation
of Cylindrical Shells With Second-Order Algebraic Middle Surfaces

As already mentioned in the Introduction, in the last quarter of a century, almost no studies have been
conducted to determine the optimal cylindrical shell among the five cylindrical shells with the same overall
dimensions and boundary conditions and subjected to the same external load. There is only paper [32], where
the stability of the computational algorithm is studied when one type of cylindrical surface is replaced with
another, which can simplify the computation. It is argued that the replacement of hyperbolic and elliptic
cylindrical shells with a parabolic shell simplifies the calculations.

All other scientific articles are devoted to studies on the calculation of specific cylindrical shells of the
same shape for strength, stability, and dynamics, i.e., each article is devoted to only one type of closed or
open, thin or thick cylindrical shells. The most complete review of works on the calculation of three
degenerate cylindrical shells in the form of second-order algebraic surfaces is given in article [11], which
contains 14 references on the subject.

Almost all new studies are devoted to circular cylindrical shells. It is noted in [33] that, despite the
extensive literature on the development of shell theory, the comparative analysis of analytical and numerical
solutions is not sufficiently covered. One of the first works devoted to this direction in the study of natural
frequencies and vibration modes of closed circular cylindrical shells is [33].

Very interesting results have been obtained in the experimental study of the behavior of masonry
cylindrical roofs under the settlement of one of the longitudinal rectilinear supports, due to which longitudinal
cracks appear [34].

Many papers claim that the momentless theory provides acceptable results for thin shells with a ratio of
thickness to internal diameter equal to 0.1 and having the shape of shells of rotation [13]. Examples of using
the momentless theory for cylindrical shells subjected to axisymmetric loading are given mainly in textbooks
for students of various fields [13; 35; 36].

In monograph [6], the maximum stresses and displacements in an elliptical tube caused by uniform
normal pressure are determined. It is found that the maximum normal stresses in the direction of the ellipse
will occur at the ends of the minor semi-axis, the shear stresses will reach the highest value at the shell
supports. The normal axial stresses reach their maximum in the middle of the span. The authors of monograph
[6] point out that the results obtained by the momentless shell theory are not applicable to long pipes. Similar
conclusions were made in Section 5 and in the “Results” section of the presented paper.

With a major excess of studies on open or closed circular cylindrical shells, there are works whose
authors believe that non-circular shells are an interesting object for research, for example, elliptic, in which
the values of semi-axes Rx and Ry act as variable parameters. At their specific values, it is possible to achieve
a decrease or increase in the minimum natural frequency relative to the cylindrical configuration without
changing the mode of vibration. Paper [37] shows the variation of natural frequencies of vibration depending
on the type of boundary conditions set at the edges of an elliptic shell and the frequencies of vibration of a
cantilever steel non-circular shell at different lengths of one semi-axis.

PACUYET TOHKUX YMPYTVX OBOMNOYEK 585



Krivoshapko S.N. Structural Mechanics of Engineering Constructions and Buildings. 2024;20(6):567-592

The aeroelastic stability of closed cylindrical shells with an elliptical cross-section streamlined from the
outside by a supersonic gas flow is investigated in article [38] in a three-dimensional setting using the
mathematical model and its numerical realization based on the finite element method. Using the developed
program, the influence of kinematic boundary conditions, dimensions, and the ellipticity parameter on the
critical characteristics of buckling in the form of flutter was analyzed. It is demonstrated that in the cantilever
case, there exist such ellipse semi-axis ratios that provide higher aeroelastic stability boundaries as compared
to a similar circular configuration.

Finite element modeling and buckling analysis of a composite closed elliptic cylindrical lattice shell
under axial compression and lateral bending were studied for spacecraft in [31]. Here, the natural vibration
modes of the considered product are obtained and it is found that the structure and geometry of the object
affect the magnitude of the critical load and the natural vibration modes.

There are studies on the determination of strength of parabolic cylindrical shells. For example, FEM
was used to numerically investigate the behavior of a straight parabolic cylindrical shell with supports at four
corners, subjected to dynamic loading, when increasing the shell height or its thickness [39]. The tabular and
graphical results of the study were obtained using the standard SAP 2000 software.

A numerical study, performed together with the experimental one, proves the effect of cracks in
parabolic cylindrical reinforced concrete shells on the static and dynamic behavior of the studied shells [40].
The obtained results will help to determine the choice of shell repair times.

In [41], it is argued that parabolic cylindrical panels made of memory polymers are very useful in
spacecraft that are subjected to dynamic (vibration) loads.

One of the first attempts to select an optimal shell among shells with different cross-sections was made
in [42], where single-layer shells with a triangular lattice with circular, catenary and parabolic cross-sections
under a distributed load such as self-weight were considered. It is established that the shells of greatest mass
will have a cross-section in the form of a catenary curve. The same article presents graphs of the relationship
between the mass of the three considered lattice shells and the height. The parabolic shell will be the most
economical in terms of material. If the maximum deflection of the structure is taken as the main criterion, the
shell in the shape of a catenary curve has an advantage over the circular and parabolic shapes.

An interesting approach to the calculation of long open cylindrical building structures of non-circular
cross-section is proposed in [43], where the stress-strain state of a structure obtained using a beam model with
supports at two ends and using the equations of linear shell theory is studied.

8.3. Conclusion of Section 8

The presented brief review of the studies of cylindrical roofs and closed circular and elliptic shells
carried out over the last 25 years shows a decline in interest in their investigation. The only exceptions are
closed circular cylindrical shells, which have found applications in underground structures [44] and in
mechanical engineering [45]. However, there are still unsolved problems. For example, as mentioned above,
there is still no answer to the question of the optimal shell with respect to the five cylindrical shells shown in
Figures 1-4 and Figure 5, which are subjected to some static or dynamic load. There are practically no studies
on the determination of radial displacements of a hollow cylinder under the combined action of internal
pressure, centrifugal forces, and temperature effects, which is very important in the manufacture of products
in the field of mechanical engineering [46].

To determine the strength and dynamic characteristics of cylindrical objects, numerical methods and
standard computer systems are almost always used. Analytical methods are developed only for individual
cases.

The form of cylindrical shells, shell structures and cylindrical external outlines of buildings, defined by
second-order algebraic surfaces, is used very widely by architects and civil and mechanical engineers in the
XXI century.

A brief review of studies on the strength, stability, and dynamics of cylindrical shells conducted over
the last 25 years confirms the conclusions of V.V. Novozhilov and other scientists in the field of mechanics
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[6] that the “Shell Theory” fundamental discipline becomes one of the sections of applied mathematics.
In this case, the theory is used only to write out the initial system of equations.

An investigation of recent publications shows that the calculation of cylindrical shells is currently
associated with the consideration of multilayered walls, geometrical and physical nonlinearities, new
structural materials [41] and new types of external static, dynamic [47] and thermal [46] loads, sometimes
after the adoption of refining hypotheses [48].

After circular cylindrical shells, the most popular are parabolic cylindrical shells, especially as roofs for
warehouses, industrial and exhibition halls, and elliptic cylindrical shells for mechanical engineering projects.
Open cylindrical shells play a much more important role in construction.

Section 8 summarizes only the main directions of research on cylindrical shells in the form of second-
order algebraic surfaces and which have been presented in publications over the last 25 years. Additional
information on the topic can be found in review and scientific articles [11; 49; 50; 51].

9. Results

A comparative analysis of five thin shells under a static load of self-weight type according to the
momentless shell theory has been performed.

1. Three formulas (4) in explicit form are obtained for the determination of internal membrane forces in
the five shells defined by second-order algebraic surfaces with boundary conditions in terms of forces,
acceptable for the momentless theory of thin shells.

2. Three formulas (5) in explicit form are obtained for the determination of internal membrane forces in
the five shells defined by second-order algebraic surfaces with two specified boundary conditions in terms of
forces at two opposite ends for normal forces in the form N, = 0 involving the momentless theory of shells.

3.The main geometric characteristics of the five second-order middle algebraic surfaces are presented.

4.1t is shown that in the framework of the approximate momentless theory of shells, the parabolic
cylindrical thin shell (Figure 1) and the cylindrical thin shell with an incomplete ellipse in the cross-section
(Figure 4) perform best under external load similar to self-weight, and the greatest internal forces arise in the
cylindrical thin shell with a semi-ellipse in the cross-section (Figure 2).

5.1t has been established that in cylindrical shells, the axial normal forces Ny determined using the
momentless theory depend significantly on the square of the shell length /, which is clearly seen from the
third formulas of systems (4) and (5). This is contrary to common sense, so it is necessary to agree with the
conclusions of many scientists in the field of mechanics and the author, that the application area of the
momentless theory is limited to short cylindrical shells, or to take into account that long shells behave
according to the beam model with hinged supports at the ends [23]. However, cylindrical shells cannot be
calculated as beams with curvilinear contour, because they generally do not follow the law of plane sections
and do not obey the hypothesis of invariability of the cross-sectional shape. Deplanation of cross-sections
occurs.

6. The known statements of the momentless shell theory that the forces determined in the shell regions
farthest from the supports, for which boundary conditions cannot be set, are the closest to the true internal
forces in shells, are confirmed. In the considered cases, these regions are located around the coordinate line
u=0.

The following has been done with respect to the general linear theory of shells:

7. A system of three partial differential equations (8) of the eighth order with respect to the displace-
ments of the middle surface of a cylindrical shell defined in the curvilinear coordinate system u (—1 <u <1),
v (0 <v<1)is derived for the first time for possible future application.

8.1t is shown that the internal bending moments M., M, and torque H as well as shear forces Qu, O
do not depend on displacements u» along the straight cylinder generators.

9.1t was found that no studies on the calculation and application of hyperbolic cylindrical roofs have
been published after 2000.
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10. Conclusion

With the modern development of numerical calculation methods and computer technology, most
approximate methods of calculation of curvilinear civil and mechanical engineering structures of shell kind,
including the momentless theory of shells, are practically not used. However, virtually all textbooks on
structural mechanics of shells have sections devoted to the momentless theory of shells. The materials
contained in this article can be used in the teaching process to illustrate the applicability of approximate
methods of shell analysis.

In the practice of thin shell design, the above materials are unlikely to be used, if only for preliminary
assignment of thicknesses of cylindrical shells. All well-known scientists in the field of mechanics related to
the design of thin shells state that when selecting the shell shape, one should strive for the shell behavior to
be close to momentless.

Having the formulas for calculating the values of internal forces, it is possible to determine the boundary
conditions at the edges of the shell in terms of displacements and forces, by satisfying which it is possible to
obtain a momentless stress-strain state in the considered shell. However, the required boundary conditions
can be created only theoretically, but it is necessary to strive for it.

It may seem that the momentless theory of cylindrical shells is practically useless due to a large number
of constraints. However, in a number of cases it allows to obtain simple and sufficiently accurate solutions.
In particular, it is applicable to the calculation of shells supported by spandrels, since the length of the
compartments between them is set relatively small. The momentless stress state is taken as the basic stress
state, and the stability of cylindrical shells in the basic stress state is investigated.
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Annortanus. [TokazaHo, 9T0 yCTpoicTBO MPpOoTHBOGMIBTpanoHHBIX 3aBec ([ID3) ¢ ucmonp30BaHUEM pa3IHIHBIX OYPOUHB-
EKI[MOHHBIX TEXHOJIOTHH CIeqyeT pacCMaTpHBaTh Kak HaubOoinee 3(h(heKTUBHBIN METOA MO 3alUTe OT Pa3BUTHUS KapCTOBO-
cy(h($o31OHHON ONMACHOCTH MPU CTPOMTENILCTBE M SKCIUTyaTallMM TPAHCIIOPTHBIX W JPYTUX coopykeHuid. [[ns ycTpolicTBa
[1®3 u nukBUAAUN KapCTOBBIX Pa3yIIOTHEHUH, B 3aBUCHUMOCTU OT MHXXEHEPHO-T€OJOTMYECKHX U THAPOre0IOrHYeCKUX
YCIIOBUI! Ha y4acTKe OyAyIero CTPOUTEIbCTBA, BO3MOXHO IPUMEHEHHUE Pa3JIMYHBIX CMECEH Ha OCHOBE IOJIMMEPOB, KUIKOTO
crekia u T.1. [lokazaHo, 4TO HONIMMEPHBIE TPOIUTOYHbBIE KOMITO3ULUH 3 (EKTUBHBI JJIs1 YCKOPEHHOT'O BAPHAHTA ITOBBIIIEHUS
HecyIIel CrtocoOHOCTH TPYHTOB, a UCIIOJIb30BaHUE KOMIIO3UIIMI HAa OCHOBE JKUAKOTO CTEKJIa O3BOJISIET TIOBBICUTH OHOCTOM-
KOCTb. D PEKTUBHO TaK)Ke MPUMEHEHNE TEXHOJIIOTHH CTPYHHOH [IEMEHTAIH, MAaHXETHOM TEXHOJIOTHHU MM X KOMOWHAIIUH.
CriennanpHble HHBEKIMOHHBIE CMECH Ha MHHEPAJIbHON OCHOBE LIEJIECO00pa3HO NPUMEHSTh ISl YIULIOTHEHUS M yIPOYHEHUS
KapCTOBBLIX TOPHBIX IMMOPOA. Ot MUHEPAJIbHBIC CICIUAJIbHBIC HHBEKIMOHHBIEC CMECHU 6onee TCXHOJIOTUYHBEI, a prHTO6eTOH
I1®3 1 yIuIOTHEHHBIX KapCTOBBIX TOPOJ] O0JIeE TOATOBEYEH 110 CPABHEHHIO C TPYHTOM, YIUIOTHEHHBIM HHBEKIIMOHHBIMHU CME-
CSIMH Ha MTOJIMMEPHOW OCHOBE MJIM Ha OCHOBE JKHJIKOTO cTekia. D (eKTUBHON HHBEKIIMOHHOM CMeChIo JjIst ycTpoiicTa [1D3
IPY 3alUTe OT KapcTOBO-CY(H(HO3MOHHON OMACHOCTH SBIISIETCS] MHBEKLIHMOHHAs cMech «[1DC+y», KoTopyro cieayer paccMar-
pHBAaTh B KAY€CTBE AJIbTEPHATHBEI MHBEKIIMOHHBIM CMECSIM Ha OCHOBE OCHTOHUTA, ITOJMMEPOB MM JKUIKUX CTEKOJI. Y UNTHI-
Basl BBICOKYIO BEPOSTHOCTb Pa3BUTHS CYJIb(GaTHONH KOPPO3UH MPU MHBEKTUPOBAHMH TPEIIMHOBATHIX THIICOBBIX MOPOJI, ITOKa-
3aHa 3()(HEKTUBHOCTH IPUMEHEHHS MUHEPaJIbHOTO TOHKOJIUCIIEPCHOTO BSDKYIIEro — MUKpolieMeHTa «IHTporiem» Ha miia-
KOBOHM OCHOBE B MaH)XE€THOH TexHojoruu. C LeNbI0 JIMKBUAAIMH KapCTOBBIX Pa3yIUIOHEHUH HanOosee IpeoYTHTETbHBIM
SBIISIETCS] IPUMEHECHNE CIEUaIbHON 3aKJIaI0YHON MHBEKIMOHHOM cMecH «3MC», KoTopast U3rOTaBINBACTCSl HA OCHOBE MU-
HEPaJIbHOTO KOMITIO3UIIMOHHOT0 BsUKY1Iero. OIBIT HCIOIb30BaHMS TEXHOJIOTHHU «Super-Jet» IpH pa3NnudHbIX TEOTEXHUIECKUX
YCIIOBUSIX M TIPOEKTHBIX PELICHUSX 1T0Ka3ajl, YTO IPOYHOCTh IPYHTOOETOHHOTO MaccKBa, COOPMHUPOBAHHOTO 10 JaHHOI TeX-
HoJIoTHH, MOXKeT pocturath 15 MIla, a npu ycrpoiicTBe IpOTHBOGMIBTPALIMOHHBIX 3aBEC 00ECIEYMBACTCS X MOJTHAS BOJIO-
HENpoHHULaeMOocTh. I1oka3aHo, 4To Gonee BbICOKAst MPOYHOCTh TPYHTOBBIX OCHOBAHHN IOCTUIAETCS IIPH MX NHBEKTUPOBAHUU
MMOPOIIKOBO-aKTUBUPOBAHHBIMH KOMITO3UIHUAMU.

KiioueBble cj10Ba: HHBEKIIMOHHBIE MUHEPAJIbHBIE BSDKYIINE, KAPCTOBBIE PA3yINIOTHEHHS, TPOTUBO(QMITPALMOHHBIE 3aBECHI
3asBaenne o KOHGINKTe MHTEPECOB. ABTOPHI 3asBIISIIOT 00 OTCYTCTBUHM KOH(IMKTA HHTEPECOB.

Bruan aBropoB. Bee aBTOpbI BHECTH PaBHOICHHBIN BKJIAJ B pa3pabOTKy KOHIIEMIIMUA U MPOBEICHHUE HCCIIECI0BAHUS,
pelLieH3pOBaHKe, PEIAKTUPOBAHUE U HAIIMCAHUE TEKCTA.

Jast umtupoBanus: Xapuenxo U A., Xapuenxo A.U., llanuenxo A.U., Epogees B.T., Mupcaanoe U.T., Xo3un B.I"., Tapaxa-
nog O.B., 3aéanuwun E.B. IHbeKINOHHBIE TEXHOJIOTUH JJIsl yCTPaHEHUs! KapcTOBO-Cy()()O3MOHHON ONTaCHOCTH U IPOCa0y-
HOCTH I'PYHTOB B OCHOBaHMH 31aHHH U coopykeHuil // CTpouTesbHasi MeXaHuKa HHKEHEPHBIX KOHCTPYKIMH M COOPY>KEHHI.
2024. T.20. Ne 6. C. 593-612. http://doi.org/10.22363/1815-5235-2024-20-6-593-612

Injection Technologies for Elimination of Karst-Suffosion Hazard and Soil
Subsidence in the Foundation of Buildings and Structures

Igor Ya. Kharchenko'"”, Alexey I. Kharchenko?", Alexander I. Panchenko®"”, Vladimir T. Erofeev?"*,
Ilizar T. Mirsayapov*”, Vadim G. Khozin*", Oleg V. Tarakanov*"”, Evgeny V. Zavalishin®

' Russian University of Transport, Moscow, Russia

2 JSC “Rossevzapzastroy”, Moscow, Russia

3Moscow State University of Civil Engineering (National Research University), Moscow, Russia
4Kazan State University of Architecture and Civil Engineering, Kazan, Russia

5Penza State University of Architecture and Construction, Penza, Russia

®N.P. Ogarev Mordovia State University, Saransk, Russia

P4 erofeevvt@bk.ru

Received: August 11, 2024
Accepted: December 10, 2024

Abstract. It is shown that the installation of cutoff walls (CW) using various drilling and injection technologies should be
considered as the most effective method to protect against the development of karst-suffosion hazard during construction and
operation of transportation and other structures. Depending on geotechnical and hydrogeological conditions at the future
construction site, it is possible to use various mixtures based on polymers, liquid glass, etc., for CW construction and
elimination of karst unconsolidation. It is shown that polymeric impregnation compositions are effective for the accelerated
option of increasing the bearing capacity of soils, and the use of compositions based on liquid glass allows to increase biologic
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resistance. The use of jet grouting technology, collar technology or their combination is also effective. It is reasonable to use
mineral-based special injection mixtures for compaction and hardening of karst rocks. These mineral-based special injection
mixtures are more technologically advanced, and the soil cement of CW and compacted karst rocks is more durable compared
to soil compacted with polymer-based or liquid glass injection mixtures. An effective injection mixture for CW installation
for protection against karst-suffosion hazard is the “PFS+” injection mixture, which should be considered as an alternative
to injection mixtures based on bentonite, polymers or liquid glass. Taking into account the high probability of sulfate corrosion
development during injection of fractured gypsum rocks, the efficiency of application of mineral fine-dispersed binder —
“Introcem” slag based microcement in collar technology — is shown. In order to eliminate karst unconsolidation, the most
preferable approach is the use of the “ZIS” special injection mixture, which is made on the basis of mineral composite binder.
The experience of using the “Super-Jet” technology under different geotechnical conditions and design solutions has shown
that the strength of the soil cement body formed by this technology can reach 15 MPa, and the cutoff walls are fully waterproof.
It is shown that higher strength of soil bases is achieved when they are injected with powder-activated compositions.

Keywords: mineral injection binders, karst unconsolidation, cutoff walls
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1. BBenenue

W3BecTHO, 4TO OGe30macHasi SKCIUTyaTalus 31aHUH U COOPYKEHUH MOBBIIICHHONW OTBETCTBEHHOCTH He-
BO3MOYKHa 0€3 pallmoHaILHOTO MOAX0/a K MPOEKTHPOBAHUIO TPyHTOBOTO ocHoBaHus [1]. Cpenu MHOXKECTBa
HETaTHBHBIX (PaKTOPOB, KOTOPhIE HEOOXOIUMO YUUTHIBATh, BA)KHOE MECTO 3aHUMAIOT KapCTOBO-CY(P(PO3nOH-
HBIE IIPOLIECCHl. YCTpaHEHHE KapCcTOBO-CY(P(O3NOHHBIX MPOLECCOB B MUPOBON MPAKTUKE OCYLIECTBISETCS C
MIOMOILBIO Pa3INYHBIX Meponpusatuil [2—4].

3HaunTeabHAs YacTh Tepputopun Poccun, Bkitodas paitonsl 3anaanoro [Ipuypanes, Pycckoit paBHUHBI,
[Tpuanrapes u MHOTHE pyrue pailonsl Cubupu, KaBkasza u Jlansnero Boctoka, HaXoquTcs B yCIOBUSX pa3-
BUTHS KapcTOBO-cy(hdo3nonHON onacHocTH [5—7]. B 3TO# CBSA3M MPOSKTHPOBAHUE U CTPOUTEIHCTBO TPAHC-
MOPTHBIX COOPYKEHUH PA3TMYHOTO HA3HAYCHHS, BKIIIOYAsi MOCTOBBIE U JJOPOJKHBIE COOPYKEHHS, HEOOXOTUMO
BBITIOJHSTH C YYETOM peain3alii COOTBETCTBYIOIIUX 3AIUTHBIX MeponpusTHii. CTeneHb pa3BUTHS KapCTOB
OIPENEIAETCS CKIIOHHOCTBIO TOPHBIX IOPOJ] K PACTBOPEHUIO, TUAPOT€OI0rHYECKUMHU YCIIOBUSIMU U I'€0JIOTH-
YECKUM CTPOCHHEM Y4YacTKa, peinbe(oM MECTHOCTH, CTENEHBIO TPEIIMHOBATOCTH MOPOJ, KINMAaTHYeCKIMHU
YCIIOBHSIMH, a TAaKXe JAPYTMMHU MPHPOAHBIMH M TeXHOTeHHBbIMH (akTopamu [8—10]. Pasnuuator nBa Buaa
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cyhdosnnm — MexaHndeckyro u xuMmudeckyto. [Ipn Mexanndeckoit cyddo3nn puabTpyromascs Bogaa pa3mMbi-
BAaeT rOPHBIE TIOPOJIBI U TIEpeMeNaeT NIMHUCTHIC, MITUCTHIE WIIM NIeCYaHble YaCTUIBI BO B3BEILICHHOM COCTOSI-
HUU TI0 PYCIy MOA3EMHBIX WJIM HAJ[3€MHBIX PEK; MPH XUMUYECKON KOPPO3WU TPYHTOBAsl BOJA PAacCTBOPSET
TOpHBIE IOPOJIBI (TUIIC, COH, KApOOHATHI) BILIOTH JI0 MX MOJHOTO Mcue3HoBeHUs. [Ipyu ogHOBpeMEeHHOM feii-
CTBHH 3THUX JIByX BUJIOB cy(hHo3un npuMeHsIoT TepMUH — MexaHoxuMudeckas cyddosus [11-13]. Drot Bug
cyhdozuu pazBuBaeTcs B opojax, I1e pacTBOPSAETCS LIEMEHTUPYIOLIEe BEUIECTBO C OTHOBPEMEHHBIM BBIHO-
COM IJIMHHCTBIX WJIM WIOBBIX YaCTHUIL.

YcraHOBJIEHO, UYTO Hanbojiee MHTEHCHMBHOMY DPa3BHTHIO IMOIBEPIKEHBI TOPHBIE MOPOJBI, COAEPIKaIINe
pacTBOPUMBIE BOJIO COJIH, TUTIC, U3BECTHSAKH, TOJIOMUTHI U MarHe3uThl. OIHUM U3 TIIAaBHBIX (PaKTOPOB, YCKO-
PSIOIINX Pa3BUTHE KAapCTOBBIX MPOIECCOB, SBISIETCS MOBBINICHHE WHTEHCUBHOCTH (PHIIBTPALIMOHHBIX TPO-
IIECCOB MPH YBEIUYCHUHU CTEIICHU TPEUTMHOOOpa30BaHus U 00BOHEHHOCTH TOpHBIX Topoy [14; 15]. Hanbo-
Jiee MHTEHCUBHO Pa3BUBAIOTCS KAPCTOBBIE MPOIECCH B TPEIIMHOBATHIX OPOIaX MPH HATHMYUH TPEIUH M-
PHHOI packpbITHs Oosee 1 MM, YTO 0OecTeunBaeT MHTEHCUBHYIO H CBOOOTHYIO IUPKYJISIIHIO BOABI, COPO-
BOYK/IAIONIYIOCS ITPeoOpa3oBaHUEeM TPEIIMH B KPYIHBIE KaHAJIBI M MeEIepbl. DTOT MpPOIece, MOMyYHBIIUI
Ha3BaHUE KOPPO3UH, Pa3BUBACTCA JI0 YPOBHS ecTecTBeHHOTO Bojoymopa [16; 17]. IIpu pazpaboTke u peanu-
3aI[UM MEPOTIPUATHH 10 3aIUTE TPAHCIIOPTHBIX COOPYKEHUI B YCIOBUAX KapCTOBO-CY(PPO3MOHHOI OIacHo-
ctu (KCO) nepBoouepenHbIM SIBISIETCS YCTPOHCTBO MpoTHBO(MIbTpannoHHbix 3aBec (I1M3), a Taxoke 3amuT-
HBIX 9KPAHOB.

CrniocoObl yIUIOTHEHHS U YIIPOYHEHHUSI TPYHTOB, IpHUMeHsieMble utst 3amuThl oT KCO, Ha3HauaroTcs uc-
XOJISl U3 TEOTEXHUYECKHX 3a/1a4, HAalpaBJIeHHBIX HA (POPMHUPOBAHKE MMPOTHBO(DMIBTPAIIMOHHBIX 3aBEC B CTPYK-
Type TPEUIMHOBATBHIX TOPHBIX MOPOJ, a TaKXKe Ui YIPOYHEHUS TPYHTA U JTUKBUAALUH yKe cHOpMHUpPOBaB-
IIMXCS KapCTOBBIX moniocteld [18; 19]. B oTnenbHbIX cilydasx 10CTaTOYHBIM H SKOHOMUYECKH 000CHOBaHHBIM
MEPOTIPHUATHEM SIBIISIETCS YCTPOWCTBO 3AIIMTHBIX WIIM PA3rPy’KarOIIUX SKPAHOB, Pa3MEUIaeMBbIX MEXIy
TPAHCIOPTHBIM COOPYKEHHEM M c(hopMUpOBABIIUMICS KapcToBbIME rTopoaamu [20; 21]. Kpome Toro, addek-
TUBHBIM PEIICHHEM MOXKET ObITh YCTPOMCTBO TPYHTOOCTOHHON OMOPHOM MSTHI AJIsi CBAitHOTO (yHAaMEHTa,
KOTOpast 00eCIeYnT HEOOXOJMMYIO HECYIILYIO CITOCOOHOCTh CBail Jake B CIIydae pa3BUTHUS KapCTOBO-Cyhdo-
3WOHHBIX MPOIIECCOB B OCHOBaHUM coopyxkenus [10; 22; 23].

I'eoTexHUYECKIE TPOTUBOKAPCTOBBIE MEPONPHUSATHSI OCYILECTBIISIOTCS ITyTEM IPeoOpa30oBaHuUs CBOMCTB
TPYHTOBOTO MaccuBa B 30He ()yHIaMEHTOB WM B IPyHTaX MOKPBIBAIOLICH TONIIM. ['eoTeXHUUeCcKne Mepo-
TIPUSATHS BBITOIHSIOTCS HECKOIBKIUMHU CTIOco0amMHu (MITH UX KOMOHMHAINEH ):

— JTUKBUIAIUS KAPCTOBBIX MOJIOCTEH TI0 TEXHOJIIOTUH CTPYHHOM IIEMEHTAINH, 110 MaH)KETHON I KOM-
OMHUPOBAHHOW TEXHOJIOTUH;

— MHBEKIIMOHHOE 3aKPEIUICHHE TPEIIMHOBATHIX 3aKapCTOBAHHBIX IMIOPOJ TI0 MAH)KETHON TEXHOJIOTHH BOC-
XOJSIIIIUMHE 3aX0/IKAMH;

— 3aKpeIUIeHUe TPYHTOB MOKPBIBAIOIICH TONIIM O TEXHOJIOTUU CTPYHHOM IIEMEHTAlluu, MaHKETHOU
WA KOMOWHUPOBAHHOW TEXHOIIOTHH.

leoTexHnYECKHE MPOTUBOKAPCTOBBIE MEPOIIPHUATHUS Pa3ACsIOT Ha J1BA TUTIA:

— MepOnpuUATHs 1-ro THUIa HanpaBIeHHBI HA UCKITIOYCHUE YCIIOBHI 00pa30BaHuUsl, pa3BUTHSI U TPOSIBIIE-
HUS KapCTa;

— MEpONPUATHS 2-TO TUIIA HANPaBJIEHbI HAa 00ecTIeueHIe TPOYHOCTH U YCTOHUMBOCTH COOPY>KEHUSI TPU
BO3MO)KHOM Pa3BUTHH KapCTOBBIX MPOIIECCOB.

leorexHnYecKre MEPONPUATHS TUIIA | TPEANONaraoT CIIONIHOE 3aKPETUICHUE TOJIIINA KapCTOBBIX TMO-
PO B pe3yJbTare 3aroJHeHNs] HHBEKIIMOHHBIMUA CMECSIMH TPEIIMH U KaHAJIOB B 30HE TPEIIMHOBATHIX IPyH-
TOB. ['e0TeXHUYECKHE MEPOTIPHUATHS THIIA 2 TIPEAIOIAraoT 3aKpETIeHHE TPYHTOB B TOJIIIE HAJl KAPCTOBBIMU
MOPO/IaMH, B OCHOBAaHUH COOPY>KEHHsI, yIIPOYHEHHE MOBEPXHOCTHBIX KaPCTOBBIX CIIOEB HIIM COUETaHHE yKa-
3aHHBIX MEPONPUATHHA. B cirydyae npumMeHeHus cBaiiHBIX (yHAaMeHTOB HanOonee Y3PPEeKTUBHBIM pelIeHuEM
SIBJISIETCS] YCTPOMCTBO IPyHTOOCTOHHOW OTIOPHOM TISITHI B OCHOBAHUU CBai [24].

Vcxons U3 MMEIOUIETOCs ONbITa M B 3aBUCHMOCTH OT KOHCTPYKTHBHOTO HCIIONHEHUs (DyHIaMEHTOB,
0COOEHHOCTEH MHKEHEPHO-TEOIOTUUECKUX YCIIOBHUH IIOMIAAKHA CTPOUTENBCTBA, MPEATOIaraeMoro xapakrepa
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Pa3BUTHS KAPCTOBBIX MPOLIECCOB H T.JI., IEMEHTAIUS 3aKapCTOBAHHBIX MOPOJ (T€OTEXHMYECKUE MEPOTIPHSTHS
tumna 1) 1 3aKperieHre TPYHTOB TIOKPOBHOW TOJIIH (T€OTEXHUIECKUE MEPOIPUATHS TUTIA 2) MOTYT BBIIIOJI-
HATHCS 110 IUIOIAMHON WU JIOKAJIBHOM CXEMaM.

[InomanHas cxema INpexycMaTpUBAET BBINOJIHEHUE MPOTUBOKAPCTOBBIX MEPOINPHUATHH B IpaHUIAX
BCEro 0ObEKTa WIIM y4acTKa (a2 mpu He0OXOAMMOCTH — 3a €ro rpaHuiaMiu). JIokanpHas cxema npeaycMaTpu-
BacT BBIIIOJIHCHUEC pa60T B I'paHHIaX OTACJIBbHBIX YYACTKOB UJIM B OTHOIICHUHN OTACIIbHBIX KOHCTPYKTUBHBIX
3IIEMEHTOB (HaIpUMep, IEeMEHTAIMI OCHOBAHUS MO ISITOH cBali-cToek). [Ipu mpoekTupoBaHUN TPOTHBOKAP-
CTOBBIX MEPONPUATUHN MO IUIOMATHON CXeME CKBaXMHBI PEKOMEHIYETCSl pacnojaraTb Mo CETKe C Perysp-
HBIM IaroMm.

Jlasiee IpHUBOAATCA HEKOTOPBIE PE3YNBTAThl MCCIENOBAaHUM M MPAKTHYECKOIO ONbITA YIPOYHEHUS U
YIUIOTHEHUSI TPYHTOB C NPUMEHEHHEM HHBEKIMOHHBIX CMECed Ha MHMHEPaJIbHON OCHOBE, MO3BOJIIONINE
000CHOBAHHO OIpeNeNUTh 001acTh UX 3()PEKTUBHOrO NPUMEHEHUS MPU CTPOUTENHLCTBE 3AAHUNA U COOPYKe-
HUH Pa3JIMvIHOr0 Ha3HAYCHUA B CJIOXHBIX HHXXCHCPHO-T'COJIOTNICCKUX YyCIIOBUAX.

2. UnbeKIMOHHBIE CMECH JIJIsl YCTPOHCTBA MPOTUBO(UILTPANMOHHBIX 3aBeC

KpynHble mycToThl XapakTepHBbI 151 MACCUBOB KapOOHATHBIX MJIM TMIICOHOCHBIX MOPOJI, MOPAKEHHbBIX
KapCTOBBIMHU MPOLIECCAMH, JUIS BBIBETPEIIBIX 30H 0CAI0UHBIX TOPO/I C IIBIOOBBIM CII0KEHUEM, JTABOBBIX TOPOT
MOJIOJIOTO T€0JIOTMYECKOrO Bo3pacTa. OTIMUUTEIbHON OCOOCHHOCTBIO SIBIISIOTCS HE TOJIKO OOJIbIIME pa3-
Mepbl MyCTOT, HO M OoJbIIast X HEOJHOPOAHOCTh (0OCOOEHHO B 3aKapCTOBAHHBIX MOpOJax) MO pasMepy U
pacipoCTpaHEHUIO B IPOCTPAHCTBE.

Jis BoIsiBIIEHUS (DOPMBI 1 Pa3MEpPOB KPYITHBIX ITyCTOT AOJKHBI IIPEAyCMaTpUBaThCs pa3BelouHbIE CKBa-
JKUHBI C IOKyMEHTalMel MyCTOT, UX pa3Mepa, 3aloHUTeNs; reopu3ndeckue padoThl, IPOBOJUMbBIEC ITyTEM
AIIEKTPO- WM CEMCMOaKyCTUYECKOTO MPOGUINPOBAHUS U POCBEUYNBAHUS, TO3BOJISAIOIINE YCTAHOBUTH 00JIa-
CTH pacHoJIO0KEeHHUs KPYIHBIX MyCTOT.

3ano’aHeHue KPYIMHbIX MyCTOT AOHKHO MPOU3BOJUTECS CIIOCO0aMHU 3aMOIHUTEIbHON [IEMEHTALUH.

B cBsi3u ¢ HEBO3MOXKHOCTBIO 3apaHee ONPEIeNIUTh 00BEM MTyCTOT MPOIECC MPOU3BOICTBA LIEMEHTAIIH-
OHHBIX pa0OT PAaCCUMTHIBACTCS Ha IMIMPOKUH JAHANa3oH U3MEHEHUS IEMEHTAIlMOHHBIX padoT U cOCTaBa BBO-
JUMBIX MaTE€pUaJIOB.

TexHonornueckue mpueMbl 3arOJIHUTEIHHON [IEMEHTALMHU 3aBUCSAT OT psja (PaKkToOpoB: Ha3HAUEHUS 11e-
MEHTaIH (MPOYHOCTU M BOJOHETIPOHUIIAEMOCTH 3aMIOJIHUTENS MyCTOT); BUAA U (POPMBI IEMEHTAILIMOHHOTO
COOPY>KEHUS; pazMepa IyCTOT; COOOIIAeMOCTH ITyCTOT; XapaKTepa 3aroJIHUTEINS B yCTOTaX; 0OBOAHEHHOCTH
Y HAJIMYUS TIO/I3€MHBIX BOJI.

JJ1s 3anomHeHus] KpyIHBIX MMyCTOT MOTYT MPUMEHSTHCS paCTBOPBI PA3IMYHBIX TUIIOB:

1. lleMeHTHO-TIECYUaHbIE PACTBOPHI (C JOOABKOM IIIMHBI UM OCHTOHUTA).

2. llemeHTHBIE PaCTBOPHI C JOOABKON HCKYCCTBEHHBIX IMBUIEBATHIX MaT€PHAJIOB (30J1bI-yHOCA, KAMEHHOM
MYKH, MOJIOTOTO IILTaKa).

3. LleMeHTHO-IJIMHUCTBIE UM LIEMEHTHO-CYIJIMHUCThIE CTaOUJIbHBIE pACTBOPHI C JOOABKOM Mecka Win
0e3 Hero).

4. beictpocxsarsiBatoruecs cmecu (BCC) mim cxBaThIBaIOLIUECS U PACIIUPSIONINECS PACTBOPHI.

[Ipu yxkpenureabHON IEMEHTALMU HETOCPEACTBEHHO MO/ COOPY>KEHUSIMU, MPU KOTOPOIl HEOOXOUMO
HaJIe’)KHOE 3all0JTHEHHE ITYCTOT, LIeleco00pa3Ho UCTONIb30BaTh pacTBOPHI 1-3-ro TunoB. [Ipu 3anonHeHnu my-
CTOT B Ipejiesiax MPOTUBOPMIBTPALIMOHHON 3aBECHI CIIEAYET MPUMEHITH pacTBOPHI 3-10 U 4-ro TUINOB. B Ka-
YeCTBE aKTUBHBIX J100ABOK HCIOJIB3YIOTCS KHUAKOE CTEKIIO0, ajiedacTp, MOPOIIKOBBINA alIOMUHUN (pacIIUpsIIo-
mas 700aBKa) u Jap.

O6opynoBaHue sl HEMEHTAIMU KPYIHBIX MTyCTOT JOJKHO OBITh PACCUMTAHO HA MOJIady T'YCTBIX pac-
TBOPOB CO 3HAYUTEIHHBIM pacxo oM. HarHeTanue pacTBopa B IyCTOTHI OOBIYHO MPOU3BOAUTCA O€3 JaBIICHUS
WY C JJaBJICHHEM, COOTBETCTBYIOLIMM MOTEPSM Haropa B KOMMyHUKanusx. [losBieHne naBieHus B cucreme
HarHeTaHusi U ero pocT OOBIYHO CBUJETENILCTBYIOT 00 OKOHYAHWU 3aloyHEeHUsl mycToT. [Ipu HarnetaHuun
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pacTBopa 4epe3 OTKPBITYIO0 CKBAKUHY OKOHYAHUE 3alIOJHEHUS IyCTOT MPOSBIAETCSA BBIXOJOM pacTBOpa Ha
noBepxHOCTh. [Ipy HarHeTaHUK pacTBOpa B 3aMKHYTBIE ITyCTOTBI IPOOYpPUBAETCS PSAOM C HATHETATEIbHON
BO3/1yXOOTBO/IAIIAsl CKBAXKHHA, ITOSBJICHNE PACTBOpPA B KOTOPOM CBHUJIETENLCTBYET 00 OKOHYAHUH 3aIIOJTHEHUS
Ty CTOTBI.

Jlist orpaHMYEeHUs PACIIPOCTPAHEHUs IO ITyCTOTaM pacTBOp ClelyeT HarHeTaTh ¢ nepepeiBaMu. Bosse-
JICHHE 3/1aHUH Ha 3aKapCTOBAHHBIX IIOPOJIAaX MpPEACTaBIIsAET OONbIINE TPYAHOCTH U TPpeOyeT NPUHATHUS CHIeIH-
aJIbHBIX 3aIIUTHBIX Mep. B npakTuke cTponTeNbCTBAa U3BECTHBI CIy4au, KOT/ia HEIIPUHATHE TAKUX Mep B yCIIO-
BUSIX KapcTa MPUBOJMIIO K PE3KOMY YBEIMUCHUIO (PUIBTPALMU U 1a)Ke K KaTacTpOo(YUUEeCKUM MOCIIEICTBUSIM.

[Tpu HamMuuKM KapcTa ONACHOCTH IPEACTaBIAET HE TOJIbKO NMPOLECC BhINIEIAYNBAHUS KapOOHATHBIX
HOpoJl, HO ¥ MexaHu4eckas cy(dosusi, 3aTparusaroiias B IEpByI0 O4EPeab OTIIOKEHHs], HAKAIUTUBAIOLIUECs
4aCcTO B KAPCTOBBIX MOJOCTAX (MI€CUaHblil, NMIMHUCTBIN MaTepuai u zip.). BeiHOC Takoro marepuaiia npuBOAUT
K OBICTPOMY BO3pacTaHUIO (PUIIBTPALIUH, YTO B CBOIO OYE€pE/lb AKTUBU3UPYET MPoLecC KapcToOOOpa30BaHusl.
B paifonax kapcTta mopojbl, ciararoliie OCHOBaHME 3[aHHUM, JOHKHBI ObITh 0CO00 THIATEIBHO HCCIIENO-
BaHbl. B 3aKkapcTOBaHHBIX MOPO/AX YacTO HAOIONAIOTCS pa3BEeTBICHHbIE (PUIBTPAIMOHHBIE XO/Ibl BEChMa
OO0JIBILIOTO MPOTSHKEHMUS, CBA3BIBAIOIUE HHOIZIA C COCEIHUMU JIOJMHAMU U PEKAMH.

[Tpy HamuuuKM B MOPOJAX KapCTOBBIX SBICHUN Pa3BEIOYHbIE CKBAXKHMHBI JIOJDKHBI 3aaBaThCsi Oolnee
OJIM3KO OJJHA OT JPYTOif, 4eM OOBIYHO, TaK KaK B IPOTUBHOM CIIy4ae MOTYT OBbITh IIPOITYIIIEHb! BEChMa Ba)KHBIE
JaHHbIe 0 AedekTax nopoasl. [loaToMy 0OBIYHO IPUHUMAEMbIE PACCTOSIHUSA U1 PA3BEJOYHBIX CKBAXKUH de-
pe3 30-50 M o cTBOpY HEMpHEMIIEMBI IJIs1 PailOHOB KapcTa.

ITpu ompeneneHHbIX yCIOBUAX B pallOHaX KapcTa BO3MOXKHO YCTPOHCTBO MOIIHBIX IPOTUBO(UIBTPA-
IIMOHHBIX 3aBEC U MPOU3BOJCTBO CIIOMIHON LIEMEHTAIlMU OCHOBAHUS 110/l HOAOLIBOM (pyHIaMeHTa.

ITpy IpOEKTUPOBAHNY U OCYILECTBICHUH 3aBEC B KAPCTOBBIX PAlOHAX PYyKOBOACTBYIOTCS CIIEAYIOIIUMU
OCHOBHBIMHU I1OJIOKEHUSIMHU:

1. ITpu HanmMuMK KapcTa onacHsle (pUIbTpalOHHBIE TOKU MOTYT 00pa30BaThCs HE TOJIBKO B INIOCKOCTH
WIN B HENIOCPEACTBEHHOM OIM30CTU OT MPOEKTUPYEMBIX PYCIOBON U OEPETOBBIX 3aBEC, HO TaKXKe U MO ca-
MUM 3/JaHHEM WM COOpYKEHUEM. B cBs3M ¢ 3TUM Hapsy ¢ MIPOSKTUPOBAHHEM 3aBEC JOIKHA OBITh yCTAaHOB-
JIeHa He0OXOIMMOCTh B IPUHATHU NTPOTUBO(QMIBTPAIIMOHHBIX MEP B TAKUX YACTAX OCHOBAHUS, IJI€ UMEETCs
yrpo3a 00X0mMHOH (prThTpaIum.

2. OtaenbHBIE KPYIHbIE IIOJIOCTU WIIM KAPCTOBBIE MEIIEPHI, BHIABICHHBIE NIPU Pa3BelOYHBIX paboTax,
JIOJKHBI OBITh TIATENILHO OKOHTYPEHbI Ha Mpodiisix. OHU MOoAJIekKAaT 3all0JIHEHUIO PACTBOPOM WIIM OETOHOM,
IJIMHUCTBIM MaTe€pUajIoM U T.II., ISl YETO JOJKEH OBbITh 3aIIpOEKTUPOBAH B 3aBUCUMOCTHU IIyOUHBI 3aJI€TaHus
KapCTOBBIX MOJIOCTEH TOT WM MHOM MeToJ] pa3pabOTKU — OTKPBITBIM CIIOCOOOM WJIM ITyTE€M T'OPHBIX BBIPA-
60ToK. Oco0eHHO 3((EKTUBHBIM B ITHX CIydasx 0Ka3ajioch OypeHHe CKBaKUH OOJBIIOTO TUaMeTpa.

3. OmbIT NOKa3aj, YTO MPOMBITHIE KaBEPHBI BCTPEUAIOTCS MHOI/IA HAa 3HAYUTENIbHON MTyOuHe (Ipu Lie-
MEHTAIIUU IOPOJ 3aPErUCTPUPOBAH CIIydail BCKPHITUS OONBIINX KaBepH Ha ITyOuHe 10 90 M). B cBa3u ¢ aTUM
Ipy [TyOOKOM 3aJleTaHuH BOJOYIIOPHBIX INIACTOB MJIM IPU OTCYTCTBUU NTPU3HAKOB 3aTyXaHUS TPELIMHOBATO-
CTU C IIyOMHOM MPUXOAUTCS B 3aBUCUMOCTH OT MECTHBIX YCIJIOBHUIl IPOEKTUPOBATh 3aBECHl 3HAUUTEIbHON
[TyOUHBI.

4. 3aBechl, KaK IIPAaBUIIO, IPOCKTUPYIOTCS ABYX- U TPEXPAJHBIMHU, & B OCOOBIX CIIy4asiX MHOTOPSIAHBIMU.

5. Paccrosinne Mex 1y CKBa)KMHaMH 3aJ1a€TCs C Y4ETOM 3aKapCTOBAaHHOCTH ITOPOJ B LIEJIAX MTOBBIIICHUS
KauecTBa LIEMEHTALUH U BO U30€KaHUE MIPOITyCKa KaBepH U TPELIKH.

6. HanpaBneHne ieMEHTallMOHHBIX CKBaKUH JTOJKHO 3a/1aBaThCs COOOPA3HO HAIMIACTOBAHUIO OO C
YUETOM CHCTEMBI TOCIOACTBYIOIUX TpeurH. [lookeHne OTAeIbHBIX KPYIHBIX TPEIIMH HEOOXOAUMO MpH
3TOM YYMTBIBaThb CaMOCTOATENbHO. [IpH CI0XKHOM TPEIMHOBATOCTH MOPOX Ul TMOBBILIEHUS LIEMEHTALUN
MHOIJA 33JJal0T CUCTEMY IIePECEKAIOIUXCS CKBAYKUH.

7. IloMumo co3aanust TyOMHHOM NMPOTHBO(UIBTPAIMOHHOM 3aBeChl OOBIYHO IpelyCMaTpUBAIOT YKpEI-
JIEHHEe BEpXHero, HanboJiee BHIBETPEJIOTO CIIOA MOPOJL IyTeM IIEMEHTAllMN MEJIKUX CKBa)KUH I10J] BEPXOBOU
4acThIO WJIU IO BCEN MOJOMIBON COOPYKEHUA.
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8. B mpoexre nmpon3BoacTBa paboT JOIKHBI HAXOAUTH OTPAKEHNE XapaKTepHbIE 0COOCHHOCTH IIEMEH-
TaI[¥ CHJIbHO HAPYIICHHBIX M 3aKapCTOBAHHBIX MOPOA: HEJOMyCTUMOCTh MPUMEHEHHS [IEeMEHTAIlMA METO-
JIOM BOCXOJISIIIIUX 30H, TYCTBIX PaCTBOPOB M OTOIIATENeH, OECIUPKYIISAIIMOHHOTO (ITPSIMOT0) METO/la HarHeTa-
HUSI, @ B YCIIOBHSIX O4€Hb CHIIBHOM TPEUIMHOBATOCTH — MPEPBIBUCTOTO METO/]a HArHETAHHS.

OOumM A5 BCEX ITHX CIIOCOOO0B TPeOOBAaHHUEM SIBIISICTCS MOCIEIYIONIAs [IEMEHTAIUS TPHIIETAIOMINX K
KapCTOBBIM IOJIOCTSIM IOPO/], B 0COOEHHOCTH B CTBOPE CaMOMi 3aBECHI.

XapaKTepHBIM JUIsl yCTPOHCTBA 3aBEC B KAPCTOBBIX PallOHAX SIBISIETCS UX BBHICOKAsi CTOMMOCTD U OOJIb-
I0# pacxox HarHeTaeMoro marepuana. [losTomy ocoboe 3HaUeHHe MpUOOpeTaeT BEIOOP HanboIee 1eneco-
00pa3HOro IS JAHHBIX KOHKPETHBIX YCIOBUI Marepuala: IEeMeHTa, ecka, OEHTOHNUTA, OUTyMa, IMHBI | T. 11

DKOHOMHUYECKHE COOOpaKeHHS JOJDKHBI IPUHUMATHCS BO BHUMAHHE ITPH OHOBPEMEHHOM YIOBIIETBO-
PEHHUU OCHOBHOTO TpeOOBaHUS — JOJITOBEYHOCTH 3aBECHl. TakK, HApUMep, MPHU BHIOOpE LIEMEHTa JI0JKHA
OBITH OOecrieueHa ero KOppO3NOHHAS CTOMKOCTh MPOTHUB BO3ICHCTBUS MOA3EMHBIX BOJ; MIPHU BHIOOPE TIMHBI
cyhdo3rOHHAsT YCTOHYHNBOCTD 3aBECHI 711 YCIOBHUSX THAPABINYECKUX I'PAJIMEHTOB, OTBEUAIOIINX POSKTHOMY
noamnopy. [Ipu Ber6ope 6uTyMa JOIKHO OBITH HE TOJBKO 00€CIIeYeHO HaIeKHOE 3aI0JIHEHHE MEJTKUX TPELIHH,
HO ¥ IPEI0TBpaIlleHa IUIACTHYEeCKasi TeKy4eCThb (BbIIABIMBaHKE) OUTyMa U3 IIMPOKUX TPEIIHH P OOJIBIINX
Haropax.

CtpemiieHHe K YI0BJIETBOPUTEILHOMY Pa3pelIeHUI0 3TUX CIOKHBIX 3a/1a4 IPUBEIIO, B YACTHOCTH, K IIPHU-
MEHEHHIO0 KOMOMHUPOBAHHOTO METO/Ia CO3/IaHMUS 3aBEC, IPH KOTOPOM HCIOIB3YIOTCSI COBMECTHO LIEMEHTAITUS
u ourymumzanus. [Ipu 5ToM cHadana OUTYMH3HPYIOTCS Oojiee TOHKHE TPEIIUHBI, a 3aTeM IIEMEHTHPYIOTCS
KPYITHBIE KaBEPHBI M TPELIHHEI.

Haunnas ¢ 1920-x rr. B CoBerckom Coro3e HCIIOIB30BAIMCh Pa3HOOOPA3HbIE CIIOCOOBI 3aKPETUICHUS
TPYHTOB C MPUMEHEHHEM PA3IUYHBIX TOJIUMEPHBIX, OUTYMHBIX, KHIKOCTEKOJIBHBIX M MHHEPAJIBHBIX COCTA-
BOB.

[TponwTKa rPYHTOB C IEJBIO UX 3aKPEIUICHUS SBISETCS MIUPOKO MPHUMEHSEMBIM TEXHOIOTUIECKHIM IPO-
IIECCOM B 00JI1aCTH CTPOUTEIBHOTO MPOU3BOACTBA. CoCmagwl u c80UCMBA UHLEKYUOHHBIX CMecell, NPeOHA3HA-
YeHHbBIX OJ18 YNJIOMHEHUS U YNPOUHEHUSL 3AKAPCMOBAHHBIX NOPOO, NOOOUPAIOMCSL C YYemOM XapaKmepa u cme-
neHu UX MmpewjuHo8amocmu, a maxice cUOPO2eoIocULeCKUX YCI08Ull YUacmKa npousgoo0cmea pabom no pe-
3yI6mamam 1abopamopHuix ucciedosanuil. /lanree smu pe3yibmamsl YMOYHAIOMCS 6 PAMKAX GbINOIHEHUs
ONBLIMHO-NPOUZBOOCMBEHHBIX PAbOM.

JIOCTHKEHHST COBPEMEHHOTO MaTepUAIIOBEICHHS, BHEPEHHE HOBBIX CIIOCOOOB CTPOHUTEIHCTBA, MOSIB-
JICHWE COBPEMEHHOT0 OypOBOTO M HHBEKIIHOHHOTO 000PYAOBaHHS CYIIECTBEHHO MOBBICHIN YPOBEHb TEXHO-
JIOTHYHOCTH U 0€30MaCHOCTH MPUMEHSIEMBIX TEXHOJIOTHI HHBEKTUPOBAHHUSI.

VYIUIoTHEHHE M yIPOYHEHHE TPEIIMHOBATOMN MOPO/IBI 3aKII0YAETCS B HATHETAHUY T10]] IABICHUEM Yepe3
WHBEKIIMOHBIE CKBAXHHBI CIICIUATBHBIX CMECEH, KOTOpbIE MOCIe 3aTBepAeBaHus (HOPMUPYIOT CIUIONTHON
3alIUTHBIN dKpaH B KadecTBe [1D3, ¢ 3agaHHOI BOJOHETIPOHUIIAEMOCTBIO, YTO MCKIIIOYAaeT pa3BUTHE MPO-
1ecca pacTBOPEHHS TOPHBIX MOPOA M 00eCeYrBaeT HAJESKHYIO IKCIUTyaTallii0 TPAHCIIOPTHOTO MIIH WHOTO
COOPYKEHHUSI.

B HacTosiee Bpemsi IpUMEHsSEMbIe MOJMMEPHBIE CUCTEMbI MPEHMYIIECTBEHHO HCIIONB3YIOTCS IS
YCTpaHEHUs aBapUIHBIX CUTYallui MPH JIMKBUIALWU aKTUBHBIX BOJOIPOSIBIEHUH, BDEMEHHON THIIPOU30JIS-
uH, THAPOoGhoOHU3aMy KOHCTPYKITNH ¥ IPUMEHSIOTCS B HEOONBITUX 00beMaxX BBUIY IOPOTOBU3HBI COCTAB-
JISIOIMUX MaTepuanos [25].

J1J1 orepaTuBHOTO YCUJICHHsI OCHOBAaHUH pa3paboTanbl 3()(hEeKTHBHbIE COCTaBbI AMOKCHIHBIX KOMIIO3H-
TOB C HOBBIMH OTBEPAUTEINISIMH, a TAKXKE COCTABBI KOMITIO3UTOB PA3IUYHON BA3KOCTH, PETYINPYEMOM 3a CUET
BBEJICHUS paCTBOPUTENIEH U MIacTU(PHUKATOPOB. B KauecTBe OTBepANTENEH MPEIOKEHBI TOJIMOKCUITHITHPO-
BaHHBI TPUATAHOJAMMHH U CMECh MOJUATUIICHIOIMAMHUHA U KYOOBBIX OCTAaTKOB ATHIIKapOuTomna. JlaHHbIe
OTBEPAUTEN MEHEE aKTUBHBI, YEM TPAJAUIIMOHHBIE MONUATHICHIONHAMHUHBI. [[puMeHeHne mpeioKeHHbIX
OTBEpIUTENEH TIO3BOJISIET MMOBBICUTD KU3HECTIOCOOHOCTh MPOMUTOYHBIX COCTABOB.

Pe3ynbrarel uCnibITaHU MPOYHOCTHBIX MOKa3aTelei COCTABOB C IaHHBIMHU OTBEPAUTEIISIMH MTPUBEICHBI
B Tabm. 1.
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CBolicTBa IMOKCHIHBIX KOMIIO3UTOB ¢ HOBHIMHU OTBEPAUTEIAMH /
Properties of epoxy composites with new hardeners

Tabnuya 1/ Table 1

Conep:xanue IIpounocTb Ynemsuan
Cocras, mac. 4. / OTBepaUTeIsA, Mac. 4. / | mpu c:katuu, MIla / yrapuas BﬂiKOCTb’
o OtBepautenns / Hardener R K/ x/m* /
Composition, pts. wt. Hardener content, Compressive Specific impact
pts. wt. strength, MPa strength, kJ/m?
Cwmomna D/1-20 — 100 /
ED-20 resin — 100; 10 96 5.0
W3zonpormnosstit cimpt — 10 / TTonmoxcuaTUIINPOBAaHHBII 15 107 5,42
Isopropyl alcohol — 10; TPUITAHOJIAMUH / 20 106 536
Mapmramut — 100 / Polyoxyethylated
Marshallit — 100; triethanolamine 25 101 5,12
Ksapuessiii mecok — 250 / 30 95 475
Quartz sand — 250
Cwmoma D/1-20 — 100 / CMech MOJIMITUIIEHIIOIMAMHIHA 75 106
ED-20 resin — 100; 1 KyGOBBIX OCTATKOB ’
IMoprnanauement — 100 / STHIKApOMTONA / 10 109
Portland cement — 100; A mixture of polyethylene 15 92 -
Ksapuesbiii necok — 250 / polyamine and still residues 20 g5
Quartz sand — 250 of ethylcarbitol

U ¢ 1 o u H un k: BemonHeno M.5. Xapuenko, A.M. Xapuenko, A.U. ITanuenko, B.T. Epodeessim,
WN.T. MupcasmnoseM, B.I'. Xo3uneM, O.B. TapakanoseM, E.B. 3aBammmuaemv

S ource: made by I.Ya. Kharchenko, A.I. Kharchenko, A.I. Panchenko, V.T. Erofeev,
L.T. Mirsayapov, V.G. Khozin, O.V. Tarakanov, E.V. Zavalishin

BrICOKOHANOMHEHHbIE COCTaBbI, IPUBE/ICHHbIE B Ta0J. 1, IPUTOIHBI AJIS YCUIIEHUS CKAJIbHBIX OCHOBA-
HUI, B KOTOPBIX UIMEIOTCS TPEIIMHBI 00JIBIIOT0 pa3Mepa. B pyrux ciaydasx, a MMEHHO IIPU TPELMHAX MaJIOro
pasmepa, UCIOJIb3YIOTCS HU3KOBSA3KHE HEHAIIOJTHEHHBIE COCTABHI.

CocTaBbl HEHAIIOJIHEHHBIX AMOKCHIHBIX KOMITO3UIMH ONTUMU3UPOBAHBI HAMH 110 [TOKa3aTeIsIM yIpyro-
MPOYHOCTHBIX XapaKkTepUCTHK. ONTUMHU3AIIMOHHbIE HCCIEJOBAHMS IPOBOAMINCEH C TOMOIIBIO IIJIAHA JKCIIe-
pumenta Buza 110D 22, Bbuln npuHATH clefyroue GakTopsl Ha YpOBHAX BapbupoBanus (—1 +1): Xi —
Konu4yecTBO orBepauTens (9 u 12 mac. 4.), X2 — xonudecTBo gobaBku-pazkmxutTens (10 u 20 mac. 4.).
KonmnuecTtBenHble 3HaueHUs (pakTopoB NpUHATHI Ha 100 Mac. 4. cBA3yIOIIETro.

VYIpyro-npo4HOCTHBIE XapaKTEPUCTUKHU TOKCUIHBIX KOMIIO3UIUI onpeesuinch Ha oOpa3iax-0anou-
kax pazmepom 20x20x70 mMm. B kauecTBe CBS3YIONIETO MUCIIONB30BAIA AMOKCUIHYIO cMoIly Mapku DJ1-20,
a B Ka4eCTBE OTBEPAMTEIIS — MOJIMITUIICHIIONNAMUH. B kauecTBe pazxmkaromieit 100aBKU IpUMEHSIN OeH-
3uH Mapku AN-92. KoMno3uiuy roToBUJIM COBMECTHBIM MEpEMEIIMBaHEeM KOMIIOHEHTOB B MUKCEPE B TEUE-
Hue 120 c. [Topsnok npuroToBieHUs: 00pa3LoB U3 KIEEBbIX U MPONUTOUYHBIX KOMIIO3UIMH OB IPUHSAT Ciie-
JTYIOLIHI: 3TTOKCHTHOE CBA3YIOIIee NIepeMeIINBaJId BHAUAJIE C Pa3KIKaroliel 100aBKoi, Iocie 4ero B cMech
BBOJAMJIN OTBEPAUTEINH (BSI3KOCTh NPUTOTOBICHHBIX KOMIO3UIIUI KOHTPOJIHUPOBAJIM BUCKOZUMETPOM THIIA
B3-246 ¢ guamerpoM BopoHKH 5 MM). [lomyueHHbIe cMecH yKiTaabBaind B GOPMBL. YIJIOTHEHHE 00pa3oB
NPOM3BOAMIIM Ha BCTpsixuBatolieM ctonuke npu 30 ynapax u yacrore 1 ynap B cekyHay. OOpa3ibl TBepaein
B CymmiIbHOM Hikady rnpu temneparype 80 °C B Teuenue 6 u.

ITocne ucnbiTanus 00pa3LoOB U CTATUCTUYECKOI 00paOOTKH Pe3yIbTaTOB HKCIIEPUMEHTA MOJIyUEeHBI Clle-
JYIOIIKE MOZEIN YIIPYrO-IIPOYHOCTHBIX XapaKTEPUCTHK COCTABOB:

R, =52,16+16,22X1 —2,72X>, (1)
w = 14,88+ 10,291 —3,17 X3, )
EJ =1892,8+379,7 X1—151,9 X2, (3)
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M M M o
rac Rb , Rbt n EO — MPCACIIbI IIPOYHOCTHU IIPU CKATHUU, PACTIKCHUUN IIPU n3rude U HaYaILHEBIH MOOYJIb

yrpyroctu Marpui, MIla.
ITo ypaBHEHUSIM perpeccuy NOCTPOeHbI rpaduuecKrue 3aBUCUMOCTU U3MEHEHHUsI CBOMCTB KOMIIO3UTOB
OT BBIOpaHHBIX (DAaKTOPOB M YPOBHEH UX BapbUpoBaHUs (pHC. 1), U3 KOTOPBIX CIEAYET, YTO MPOYHOCTD ITOK-
CUJIHBIX KOMIIO3HULIMHI MPH CHKaTHUH U U3rHOe B Mpeenax IlaHa SKCIEPUMEHTa U3MEHSETCSl COOTBETCTBEHHO
B npeaenax 33,2-71,1 u 1,4-28,3 Mlla, moayns ynpyroctu — 1 361-2 424 Mlla, Bsizkocts — 55-170 c.
Ha ocHOBe oCyI11€CTBIEHHBIX UCCIIEIOBAHUI /Il TPOBEACHUS JAJIbHEHIIINX OIBITOB BIOPAHBI COCTABbI
HEHAIOJTHEHHBIX KOMIIO3UIINH PA3INYHOM BSI3KOCTH, OCHOBHBIE XapAaKTEPUCTUKH KOTOPBIX MIPUBEACHBI B TA0M. 2.

* 3
v, | e s mmm s wemm e emme

Puc. 1. 3aBucumocTy npeena NPOYHOCTH IPH CXKATHUU:
a — Tpeena MPOYHOCTH MPH U3TH0e; O — HAYAIBHOTO MOJYJIS YIPYTOCTH;
6 — HCHAIOJHCHHBIX 3MMOKCHIHBIX KoMI03uToB, MIla:
X1 — conepxanue [1911A; X2 — conepxanue OeH3MHA
W ¢ 1oy nu k: Bemmosnneno W.5. Xapuenko, A.U. Xapuenko, A.U. [Tanuenko,
B.T. Epodeessim, N.T. Mupcasmossim, B.I'. Xo3unsiM, O.B. Tapakanossim, E.B. 3aBanuimnHeiv

Figure 1. Compressive strength relationships:
a — bending strength; 6 — initial modulus of elasticity; 6 — unfilled epoxy composites, MPa:
X1 is the content of PEPA, X: is the content of gasoline

S o urc e: made by I.Ya. Kharchenko, A.I. Kharchenko, A.I. Panchenko,
V.T. Erofeev, I.T. Mirsayapov, V.G. Khozin, O.V. Tarakanov, E.V. Zavalishin

Tabnuya 2 /| Table 2
CocTaBbl M OCHOBHBIE XaPAKTEPUCTUKH MPOMUTOYHBIX MATPHUIL /
Compositions and main characteristics of impregnation matrices

O0o3HayeHue Du3uKo-MexaHuYecKHre noKazaresu /
KOMIO3H I Hii / Cojaep:kaHue B COCTaBax, Mac. 4. / Physical and mechanical parameters
Naming Content in the compositions, pts. wt.

of compositions s ,MIla/MPa | R} ,MIla/MPa | E; ,MIla/MPa | Ly ,c/s

31-20 - 100/ ED-20 — 100
M1 TI3ITIA — 10 / PEPA - 10 81,6 36,3 3030 159
OeHsuH Au-92 — 5/ Al-92 gasoline — 5

3/1-20 — 100 / ED-20 — 100
M2 TI2ITA — 10 / PEPA - 10 74,8 36,0 2920 111
6ensuH Au-92 — 7,5 / AI-92 gasoline — 7.5

31-20 — 100 / ED-20 — 100
M3 TI3ITIA — 10 / PEPA - 10 68,0 35,8 2750 69
6ensuH Au-92 — 10 / AI-92 gasoline — 10

U ¢ 1o unun k: BemonHeno M.5. Xapuenko, A.M. Xapuenko, A.U. ITanuenko, B.T. Epodeessim,
WN.T. MupcasmnoseM, B.I'. Xo3unemM, O.B. Tapakanose, E.B. 3aBammmuasmv
S ource: made by I.Ya. Kharchenko, A.I. Kharchenko, A.I. Panchenko, V.T. Erofeev,
L.T. Mirsayapov, V.G. Khozin, O.V. Tarakanov, E.V. Zavalishin
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B ormenbHBIX citydasx TpeOyeTcs, 9TOOb HHHEKIIMOHHBIE COCTaBbI OBLTH CIIOCOOHBI OTBEPIKIATHCS BO
BIIXKHBIX YCIIOBHSIX, @ TAK)K€ HEMOCPEICTBEHHO B Boje. C y4eTOM MONTyuYeHHbIX paHee JaHHBIX HaMH Oblia
NpOBENICHA ONTUMU3AIHS COCTABOB 3MOKCUHBIX KOMIIO3UTOB Ha aMUHOCJAHIIE()EHOIBHOM OTBEPIHUTENE C
MIPUMEHEHHEM Pa3InIHbBIX M1acTudukaropos (Tadm. 3).

Tabnuya 3 / Table 3
CBolicTBa IMOKCHIHBIX KOMIIO3UTOB € Pa3JINYHBbIMU IJIacTH(PHUKATOPpaMu /
Properties of epoxy composites with different plasticizers

IToxa3aTesn cOCTABOB HA OCHOBE CBSI3YIOLIMX /
Parameters of compositions based on binders

31-20/ | K-153/ | K-115/ | DKP-22/ | DUC-1/
ED-20 K-153 K-115 EKR-22 EIS-1

Xapakrepuctuku / Specifications

Ipenen npounoctu, MIla / Ultimate strength, MPa

IIpu cxxatuu / In compression 120,8 86,8 119,9 92,5 111,2
Ipu m3rube / In bending 42,1 47,1 493 44,2 -
[pu pactsoxennu / In tension 13,2 16,1 15,6 14.3 -
Mopnyb yrnpyrocta, MITa / Modulus of elasticity, MPa 8227 5736 6569 4168 5553
VaenbHas yaapHas Bsi3kocTh, KJIx/M / Specific impact strength, kJ/m 49 7,3 8,1 6,5 -

U ¢ 1 o u H un k: BeimonHeno M.5. Xapuenko, A.M. Xapuenko, A.U. ITanuenko, B.T. Epodeessim,
WN.T. MupcasmnoseM, B.I'. Xo3unemM, O.B. TapakanoseM, E.B. 3aBammmuasmv

S ource: made by I.Ya. Kharchenko, A.I. Kharchenko, A.I. Panchenko, V.T. Erofeev,
L.T. Mirsayapov, V.G. Khozin, O.V. Tarakanov, E.V. Zavalishin

Kak BHIIHO M3 pe3yJbTaTOB UCCIIEIOBAHNUS, STIOKCHIHBIE KOMIIO3UTHI C BBEIEHHBIMHU B UX COCTaB IUIa-
ctudukaropamu: K-115 (¢ onmurospupom MI'®-9); K-153 (¢ onurospupom MI'®-9 u tnoxomnom); DKP-22
(c M30MepU30BAaHHON OKCUTEPIIEHOBOW CMOJION M OKUCICHHBIM CKUIIUAPOM) — CIIOCOOCTBYIOT MOBBIIIIE-
HUIO TIPOYHOCTH AMOKCUIHBIX KOMIIO3UTOB MPU U3THUOE, PaCTSHKEHUHU U CYIIECTBEHHO MOBBIIIAIOT yAAPHYIO
MPOYHOCTb.

B nocnennee Bpemsi CTAaHOBATCS aKTyaJIbHBIMU BOIPOCHI MOBBIIIEHUSI OMOJIOIMYECKOM CTOMKOCTH pa3-
JUYHBIX MaTepuanoB [26; 27]. ObecrnieueHre 10AT0BEYHON pabOThl KOMIIO3UTOB HAa OCHOBE YKUAKOTO CTEKJIa
HEBO3MOXKHO 0e3 3HaHUs UX pabOTOCIIOCOOHOCTH B cpefiaxX, ONTUMH3AINU CTPYKTYPBI U COCTAaBOB MaTepHa-
JIOB pa3iMyHOro Ha3HauyeHus. Cienyer OTMETUTh, YTO JaHHbIE O OMOJIOTUYECKONH CTOMKOCTH KHIKOCTEKOJIb-
HBIX KOMIIO3UTOB B JINTEPATYPE SIBIAIOTCA MaJIO4YUCICHHBIMU. [Ipy mpoBeieHuu MEpOTIPUSTHIA, CBSI3aHHBIX C
3aIUTON 3IaHUI 0T OMOTIOBPEKICHHH, TpeOyeTcs pa3padoTka OMOIUIHBIX IPOMUTOYHBIX COCTABOB ISl CHU-
YKSHUSI MEKPOOHOJIOTHYECKOH 3apaykKeHHOCTH TPYHTOB, KOHTAaKTUPYIONIINX C (QyHJaMEHTaMH U IPyTUMH KOH-
CTPYKLHUSIMU 30aHUNA U COOPYKEHHM.

B manHOM citydae 3¢ (eKTHBHBIMHE SIBIISTFOTCS KHIKOCTEKOJIbHBIE KOMITO3UTHI [27]. B oTeuecTBeHHOM 1
3apyOeXHOH MpaKTHke Hanbosee MPUMEHSIEMBbIM OTBEPIUTEIEM KHIKOTO CTEKJIa SBISIETCS KpeMHe(TOpH-
cThii HaTpuil. OCOOEHHOCTh KPEMHE(PTOPUCTOTO HATPUS 3aKIIOYAETCS B TOM, YTO OH HE TOJIBKO B3aUMOJIEH-
CTBYET CO IIENI0YbI0, TIOHIKAS €€ COJEpKAaHNe, HO M BBIJIENISET MPU Pa3IoKEeHHH KPEMHEKHUCIIOTY, KOTopast
3aMETHO YIUIOTHSET TBEPACIONIYIO CHCTEMY, IIOHIKas MOPUCTOCTh. K TOMy e N3BEeCTHO, YTO OH 00JagaeT u
XOpOIIUM (PyHTUUUAHBIM JeiicTBHEeM. Takxke H3BECTHO, YTO MPH MOAKUCIECHUU cpensl (ymeHblieHun pH)
pa3BUTHE OTACIBHBIX BUOB MUKPOOPTAaHU3MOB MTPEKpaIIaeTcs. Y YUThIBAsK 3TO, MOXKHO MTPEAOI0KHUTD, YTO
NIPY BBIJICTICHUN KPEMHUEBOM KUCIIOTHI Cpella CTAHOBUTCA 00Jiee KHCIION, M 3TO MOXKET OKa3aTh BIMSHHUE HA
POCT U pa3MHOKEHHE MHUKPOOPraHU3MOB Ha marepuaiie. CoracHO JIUTEpaTypHbIM JaHHBIM, ONTHUMAaJbHAS
KOHIIEHTpAIMs KPEMHE(PTOPHUCTOTO HATPUS JJISl TTOMyUEHUS TIIOTHBIX, BOJOCTOMKUX M KUCIOTOCTOMKHX Ma-
TEPUAJIOB COCTABIAET MpUMeEpHO 15 % oT Macchl xukoro crekia. C 1enbio MPOBEPKH TEOPETHIECKUX PEe-
MOJIOKEHHUI 0 BO3MOKHOCTHU MOBBIIICHHUSI OMOCTOMKOCTH KHUAKOCTEKOJIBHBIX KOMIIO3UTOB 3@ CUET PEryIHUpO-
BaHMsI KOJIMYECTBEHHOTO CO/IEPKaHMs KpeMHE(PTOPUCTOTO HATPHsl OBLIIM MTPOBEICHBI UCCIIEIOBAHUS COCTABOB,
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B KOTOPBIX COJIEpP’KaHHE KPEeMHE(PTOPHUCTOTO HATPHUS BaphbUPOBAIOCH B mpeaenax oT 15 mo 20 mac. 4. Ha
100 mac. 4. )KUAKOTO CTeka. Pe3ynpraTel HCIBITaHUN 00pa3lioB HA OMOCTOMKOCTH PUBEIEHBI B Ta0II. 4.

AHanu3 pe3ynbTaToB UCIBITAHUN IOKa3bIBACT, YTO MIPU YBEIMUYEHUH COJIEPKAHUS B COCTaBaX KOMIIO3U-
TOB KpeMHe(dTopucToro Harpus 6osnee 19 mac. 4. Ha 100 Mac. 9. BDKYIIETO KUAKOCTEKOIbHBIE MaTepUaIbl
CTaHOBATCS QyHTUIMIHBIMU. Cpean pa3InYHbIX CIOCOO0B 3aKPETUICHHS 3HAYUTEIIHHOE MECTO 3aHUMAIOT Me-
TOZABI CHIIMKATU3aLMU TPYHTOB. C 1IE€JIbI0 UCCIIEIOBAHMUS TOBEICHHUS TPYHTOB C IPOMUTAHHOU CTPYKTYpOil 1 6e3
MPOBEECHHS MTPOIMUTKH OBUIM MPOBEIEHBI MCCIE0BAaHUS 00pa3IOB B CTAHIAPTHON OMOJIOTHYECKOH cpere.
[Tpu mpoBeneHUH UCClIeA0BaHU paccMmarpuBaiid iecok dpaknuii 0,14-0,315 u 0,63—1,25 mM. B xauecTBe
MPOMUTOYHON KOMIO3UIIMH PUMEHSIIN KUAKOE CTEKIIO0, KOTOPOE CMEUINBAIIN ¢ KpeMHE(TOPUCTHIM HATPUEM.
KomnuectBo kpeMHedTOprcTOro HaTpus OblIo MpUHATO paBHEIM 20 Mac. 4. Ha 100 Mac. 4. Bsxymiero. [Ipo-
MUTKA TPYHTOB OCYIIECTBISUIACH CIEIYIOIIUM CIIOCOOOM: TIeCUaHbIil TPYHT pa3IMYHON KPyMHOCTH MOQpaK-
LMOHHO 3aKJajbiBasica B GopMbl pazMepoM 1x1X3 cM u 3aTeM mosyduBLIecs 00pa3ibl MpsMo B popMax
IPONUTHIBAIMCH KHUJIKOCTEKOJIbHBIMU KoMno3uusamu. [IponuTtka ocymecTsisiack 6e3 IpUMEHEHUS J1aBie-
Hus. Janee momyuuBIIrecs 0Opa3ibl HCIIBITHIBAIHN B CPElaX MUKPOCKOMMUYECKUX TPHOOB. Pe3ynbrarTsl HCITbI-
TaHUH NpUBEICHBI B Ta0MI. 5.

AHanu3upys JaHHbIE TaOJ. 5, MOXKHO CJIeJIaTh BBIBOJI, YTO MPU MPOMHUTKE MECUYAHBIX TPYHTOB KHJIKO-
CTEKOJIbHBIMH KOMITO3HIIMSIMHU 00pa3Iibl TPYHTOB CTAHOBATCS (DYHTUIHIHBIMU.

Tabnuya 4/ Table 4

Biausinue erMHe(l)TOpl/ICTOFO HaTpus HaA OMOCTONKOCTD AKHUJIKOCTEKOJIbHbBIX KOMIIO3UTOB /
The effect of sodium silicofluoride on the biological resistance of liquid glass composites

Ouenka pocta rpu6os, B 0ajiax /
KoauyecTBo oTBepauTes, mac.4. / Assessment of fungus growth, in points Xapaxkrepuctuka no 'OCTy /
Amount of hardener, pts. wt. Characteristics according to GOST
Meron 1 /Method 1 | Merton 2 / Method 2
15 0 2 I'pubocroek / Fungus-resistant
16 0 2 I'pubocroek / Fungus-resistant
17 0 2 I'pubocroex / Fungus-resistant
18 0 2 I'pubocroex / Fungus-resistant
19 0 1 Oyurumuaen / Fungicidal
20 0 0;R=5 Oyuruiuaen / Fungicidal

U ¢ To4Hu k: BemonHeHo W.51. Xapuenko, A.W. Xapuenko, A.U. [Tanuenko, B.T. EpodeeBbim,
WN.T. MupcasmnoseM, B.I'. Xo3uneM, O.B. Tapakanose, E.B. 3aBammmunasmv

S ource: made by I.Ya. Kharchenko, A.I. Kharchenko, A.I. Panchenko, V.T. Erofeev,
L.T. Mirsayapov, V.G. Khozin, O.V. Tarakanov, E.V. Zavalishin

Tabnuya 5/ Table 5

BiinsiHMe NPONMTKYU MeCYAHBIX TPYHTOB Pa3JIMYHOI0 3ePHOBOI0 COCTABA HA OMOCTONHKOCTD /
The effect of impregnation of sandy soils of various grain composition on biological resistance

Ouenka pocra rpudoB, B 0ajuiax /
Assessment of fungus growth, in points Xapakrepuctuka no FOCTy /

But rpynra / Type of soil Characteristics according to GOST

Metox 1 / Method 1 Mertox 3 / Method 3

Iecok kpynuocThio 0,63—1,25 MM /

Sand with a grain size of 0.63—1.25 mm 0 O R=3 @yuruupnen / Fungicidal

Iecox kpynHocTtsio 0,14-0,315 MM /

Sand with a grain size of 0.14-0.315 mm 0 % R=15 -

U ¢ 1o unun k: BeimonHeno M.5. Xapuenko, A.M. Xapuenko, A.U. ITanuenko, B.T. Epodeessim,
WN.T. MupcasmnoseM, B.I'. Xo3unemM, O.B. TapakanoseiM, E.B. 3aBammmuasmv
S o urce: made by I.Ya. Kharchenko, A.I. Kharchenko, A.I. Panchenko, V.T. Erofeev,
L.T. Mirsayapov, V.G. Khozin, O.V. Tarakanov, E.V. Zavalishin
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Bornpiias 9acTh MHBEKIMOHHBIX paldoT (3aKperuieHHe M KOHCOJHIAIMS T'PYHTA, CO3JaHHe MPOTHUBO-
(GUIBTPAIIMOHHBIX 3aBEC) B CTPOUTEIHCTBE MPOU3BOIUTCS HHBEKIIMOHHBIMU CMECSIMU Ha MUHEPAJIbHON OC-
HOBE BBU/y UX 00Jiee HU3KON CTOMMOCTH, JOCTAaTOYHO BBICOKOM JI0JITOBEYHOCTH U TEXHOJIOTMYHOCTH, KOJIO-
THYECKO 0€30TTaCHOCTH M MTUPOKOH JTOCTYITHOCTH.

D¢ dexTHBHON HHBEKIIMOHHOM cMechio Juis yeTpoiictBa [1D3 npu 3amure ot KCO siBnsieTcst ”HbEKIU-
onHas cMech «I[IDC+y, KoTopyIo ciaeayeT paccMaTpUBaTh B Kau€CTBE ajIbTePHATUBBI UHBEKIIMOHHBIM CMECSIM
Ha OCHOBE OEHTOHUTA, TIOJIMMEPOB I KUJIKHUX CTEKOJI. Ha 0OCHOBaHMM BBHIMTOIIHEHHBIX UCCIIEIOBAaHUH yCTa-
HOBJIEHBI IPOYHOCTHBIE (CM. puC. 1) u peonoruueckue (puc. 2) xapakrepuctuku «I[1dC+y», koTopsie onpene-
10T 3¢ dexkTuBHbIe 007acTH ero nmpuMeneHus. U3 rpagukos (puc. 2) BUAHO, YTO UHBEKUMOHHAS CMECHh
«I1DPCH» sBnsgercs 6vicpoTBepaeromeid. Ha Tperbn cyTku ona Habupaet okono 80-90 % mpouHocTH OT
MIPOYHOCTH B BO3pacTe 28 CyT.

MpouHocTk npu cxatum, MMa /
Compressive strength, MPa
M & o ® o b =
— (3] w

0,0 1,0 1:5 2, 2,5 3.0 3.5 4.0
Boaossxyuyee oTHoweHwe / Water-binder ratio

Puc. 2. BiausHue BoJOBSIKYIET0 OTHOLICHUS HA IPOYHOCTH
npu cxkatuu cmec «I1DC+y, coorBercTBeHHO Yyepe3 24 u (1); 3 cyT (2); 28 cyT (3)
U ¢ T 0 4 H u K: BbIONHEHO BoinonHeHo W. 5. Xapuenko, A.W. Xapuenko, A.1. ITanuenxo,
B.T. Epodeessim, M.T. Mupcasimoseiv, B.I'. Xo3unsv, O.B. TapakanoseiM, E.B. 3aBanumuinsiv

Figure 2. The effect of the water-binder ratio on the compressive strength
of the “PFS+” mixture, respectively, after 24 hours (1); 3 days (2); 28 days (3)
S o urc e: made by I.Ya. Kharchenko, A.I. Kharchenko, A.I. Panchenko,
V.T. Erofeev, I.T. Mirsayapov, V.G. Khozin, O.V. Tarakanov, E.V. Zavalishin

120 -
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0,0 1.0 L5 2, 2,5 3,0 3,5 4,0
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YcnoBHas BA3kOCTb /

%)
S

BopossxyLiee otHowweHwe / Water-binder ratio

Puc. 3. BnusHue BOZOBSDKYILETO OTHOIIEHHUS HA YCIOBHYIO BA3KOCTh «IIDC+y:
1, 2, 3, 4 Bs13kOCTH cooTBeTCTBEHHO Yepe3 90 muH; 60 muH; 30 MUH U MTOCIIE IPUTOTOBIICHUS
U ¢ T o4 Huk: BemonHeno U.5. Xapuenko, A.W. Xapuenko, A.1. [Tanuenxko, B.T. EpodeeBrim,
WN.T. Mupcasnossim, B.I'. Xo3unsiM, O.B. Tapakanossim, E.B. 3aBanumunsiv

Figure 3. The effect of the water-binder ratio on the relative viscosity of “PFS+:
1, 2, 3, 4 viscosity, respectively, after 90 min; 60 min; 30 min and after preparation
S o urc e: made by I.Ya. Kharchenko, A.I. Kharchenko, A.I. Panchenko,

V.T. Erofeev, I.T. Mirsayapov, V.G. Khozin, O.V. Tarakanov, E.V. Zavalishin
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[Ipu ycrpoiictee [1D3 B TpemmHOBATHIX MTOPOJAX U MECUAHBIX TPYHTAX MPUMEHSIIOTCSI PACTBOPHI C BO-
JIOBsDKyIIMM oTHoteHueMm B/B = 1,0...2,5, B 3aBUCHMOCTH OT IPOEKTHOM MpoyHOCTH. Ha ocHOBaHUM dKCTIE-
PUMEHTAJIBHBIX UCCIIEJOBaHUH yCcTaHOBIIEHO, YTO «[IPC+» ¢ BogoBskymMM oTHOoIeHneM B/B = 2.5 u 6onee
o0mamaeT yCI0BHOM BSI3KOCTBIO IO BOpOHKE Mapiiia, COIocTaBUMOM ¢ YCIIOBHOH BS3KOCTBIO BOJEI (pHC. 3).

D10 0becrneynBaeT ee paBHOMEPHOE paclpe/IeieHue B CTPYKTYpe TPEIIMHOBATHIX MOPOJI C MOCIEIYI0-
IIMM 3aTBEP/IEBaHUEM U HAECKHOM KOJIbMaTaIlle TPeMH ¢ MUPUHON packpbITus 10 0,5 MM. DTuMm obec-
MEYMBACTCA MPAKTUUECKH TOJIHASL BOJOHETPOHUIIAEMOCTh TPEIIMHOBATHIX TIOPOJI, YTO UCKITIOYAET JaTbHEeH-
mree pa3Butue cypo3MOHHBIX MPOIECCOB U 00pa30BaHHE KAPCTOBBIX MOJOCTEH B OCHOBAaHUN COOPY>KECHHH.
VY CcTaHOBNIEHO yiydleHne (GU3NKO-XUMHUYECKUX U PU3UKO-MEXaHHUECKUX CBOMCTB IIEMEHTHBIX KOMITIO3UTOB
OT COOTHOIIICHHUS BOJIbI, IIEMEHTA U Bo3pacTa [28].

Wnbeknmonnas cMech Ha ocHOBE «[1PC+» MoxkeT HarHeTaTbesl Kak ¢ MPUMEHEHHEM OHOCTOPOHHUX,
TaK ¥ JABYCTOPOHHUX Paz3KUMHBIX MAKEPOB MO0 MAHKETHON TEXHOJIOTUU C LIEIbI0 (hopMUpOBaHUs rpyHTOOE-
TOHHBIX MACCHBOB TUAMETPOM J10 1,2 M 1 GoJiee B 3aBUCIMOCTH OT BUA TPyHTA.

3. UHbeKUMOHHbIE CMeCH VISl YIUVIOTHEHHUS] M YIIPOYHEHH s
NecYaHbIX TPYHTOB H TPELIMHOBATHIX TOPHBIX MOPO/

B cryuae neoOxogumoctu hopmupoBanus [1DO3 B 30He necuaHbIX TPYHTOB U TPEIIMHOBATHIX MOPOT
C IIMPUHOM pacKphITUs TpeuuH MeHee 0,5 MM HCIOJIb3yeTCsl UHBEKIIMOHHOE 3aKPEIUIEHUE 110 MAHKETHON
TEXHOJIOTUU C IPUMEHEHUEM 0CO000 TOHKOAUCIIEPCHBIX MUHEPATIBHBIX, KaK MPAaBUII0, KOMIIO3ULIMOHHBIX [29],
BSOKYIIIUX WM MUKPOIIEMEHTOB B PEXKMME MIPOIUTKH.

Bonbias yacTh HHBEKITMOHHBIX pa0OT, CBA3aHHBIX C YIUIOTHEHUEM M YIIPOYHEHHEM TI€CUaHbIX TPYHTOB
Y TPELMHOBATBIX TOPHBIX MOPOJ B CTPOUTENBCTBE, IPOU3BOINUTCS TAKKE MHBEKIIMOHHBIMU CMECSIMU HA MU-
HEepaJIbHOM OCHOBE BBHUIY MX 0ojiee HU3KOH CTOMMOCTH, JOCTaTOYHO BBICOKOW JOJITOBEYHOCTH U TEXHOJIO-
THYHOCTH, SKOJIOTUYECKON 0€30IaCHOCTH U IIHUPOKOH JOCTYITHOCTH.

VHbeKkunoHHas TEXHOIOTUS IEMEHTAIIHOHHOTO ()OPMHUPOBAHHS IPYHTOBOTO MacCHBa OCHOBaHa Ha Ipo-
MUTKE CTPYKTYPBI TPyHTA B p&KUME HU3KOHAIOPHOM MMOJIauu MpH Mauibix nasieHusx (10 0,5 MIla). [Ipu stom
B MpOLIECCe HAarHETaHUs MHBEKIMOHHAsI CMECh MTOJHOCTBIO 3aIOHSIET MOPOBYIO CTPYKTYpY I'PYHTa, KpoMe
3aKpBITHIX TIOP, 0€3 HapyIIeHHsI ero MPUPOAHOH CTPYKTYpHI. I1pu ciydasx, Korna 3akperuiseMsblil IpyHT HaXo-
JIUTCS B COCTOSTHUM TIOJTHOT'O BOJIOHACHIILEHUS, UHBEKIIMOHHAS! CMECH B IIPOLIECCE MPONUTKH BBITECHSET IPYH-
TOBYIO BOAY, obecrieunBasi OpMHUPOBAHHE TPYHTOOETOHHOTO MAacCCHBa, IO CBOMM ITOKa3aTeNIsIM CPABHUMOTO
CO CTPOMTENBHBIMU PACTBOPAMHU M MEJIKO3EPHUCTHIMU OETOHAMHU.

WHbeKimoHHbIe COCTaBbl, UCTIONIb3YEMBbIE JIJIsl IPOMUTKH, TOTOBSITCSI HA BOJHOM PAacTBOPE CTIELUATbHBIX
MUHEPATBHBIX BSDKYIIMX THApaBiIndeckoro tuna teepaeHus — OTIB, uMeromux 3a1aHHbli XUMHUKO-MHHE-
pajlornueckuil u rpaHyinoMmeTpudeckuii coctas. Takue nokazarenu OT/IB obecnieunBarorcest Mpu UCIOIb30-
BaHHUM CIELUAIBHOTO TEXHOJIOTHYECKOr0 000pyA0BaHMsl, BKIFOYAIOIETo B ceOsl:

— TIOMOJIBHBIN KOMIUIEKC (BBICOKOCKOPOCTHOM TUCTIEPTaTop, TO3UPYIOIIHNA M CMECUTEIBHBIN OJIOKH TSt
npoussozactea OTB);

— TypOyJIeHTHBII CMECUTENb U aKTHBAaTOP TOTOBOTO HHBEKIIMOHHOTO PACTBOPA;

— HacOCHOE 000PYI0BaHKE C ABTOMATUYECKON KOPPEKTUPOBKOM JaBIIEHUS U pacxoja B peKUME HHBEK-
TUPOBaHUS B COOTBETCTBUHU C 33JaHHBIMU NPOCKTHBHIMU MMapaMeTPaMu;

— MaH)XETHYIO TEXHOJIOTHIO C MCIOJIb30BAHMEM KOMIUIEKTAa HHBEKTOPOB TPYO U MAaKEpOB JABYXCTOPOH-
HEro THIIA pa3KuMa.

3HAYUTEIHHBIM PE3epBOM MOBBIIICHUS TEXHUKO-DKOHOMUYECKOH 3(h(heKTHUBHOCTH paboT MO yIIOTHE-
HUIO U YIIPOYHEHHIO TPYHTOB 10 TEXHOJOTUH CTPYHHOM [IEMEHTALIUU SIBJIIETCS 3aMEHA CTPOUTEIBLHOTO MOPT-
JaHaIeMeHTa Ha nutakoBoe Bspkymee [30]. Kpome Toro, nenecoodpa3HoCTh 3aMeHBl CTPOUTENBFHOTO MOPT-
JaH/LIEMEHTa Ha IUJIaKOBOE BsKYyIee 00yCIOBICHA TEM, YTO IPYHTOBBIE BOJBI B YCIOBUSX IUIOTHOM TOPOJI-
CKOM 3aCTpOMKHM 00JIalafoT MOBBIIIEHHON arpecCUBHOCTHIO MO OTHOILIEHUIO K IIEMEHTHBHIM O€TOHAM H,
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HA00OPOT, MOTYT OBITH JONOJHUTEIBHBIM aKTHBUPYIOMIUM (PAKTOPOM IMPH MPUMEHEHHU IIJTAKOBBIX BSIXKY-
mux. TeopeTruueckre 0OCHOBBI MPUMEHEHHs] AKTUBUPOBAHHBIX [IJIAKOB B CTPOUTENBCTBE U3JI0KEHBI B TPYax
I". Krons, 5. daBugosuua, B.I. [lmyxoBckoro [25; 26]. B uactaoctu, 5. JlaBugoBuy BBEJ MOHATHE T€ONOIH-
MEpHBIX CHCTEM, OCHOBAaHHBIX Ha IIEJIOYHOW aKTUBAIIMM METaKaoJWHAa ¢ 00pa30BaHHEM AFOMOCHIUKATHBIX
noJrMepoB. B HacTosimee BpeMsi HccaenoBaHbl U pa3padOoTaHbl pa3InYHBIE CITOCOOBI aKTHUBAIMH IIIJIAKOB U
3011, IPEAYCMaTPUBAOLINX MEXaHUYECKOE, XUMUUECKOE HIIN MEXaHOXMMHUYECKOE BO3IEICTBHE HA UX CTPYK-
Typy. OnauM U3 3(pHeKTUBHBIX CITOCOOOB aKTUBAIIMH JJOMEHHBIX TPAHYIMPOBAHHBIX IIJIAKOB SIBIISETCS CYIb-
¢arHas akTUBAIMs, OCHOBaHHAs Ha CMEUIMBAHUHM MOJIOTHIX [IVIAKOB U THIICA.

VY4uuTteiBas BBICOKYIO BEPOSITHOCTb Pa3BUTHS CyNb()aTHOW KOPPO3UHM MPU MHBEKTUPOBAHUU TPEIIUHO-
BaTbIX TUIICOBBIX MOPOJI, ObUT MPUMEHEH MUKPOLIEMEHT «MHTpoLieM» Ha UIaKOBOW OCHOBE U C UCMOJIb30Ba-
HUEM MaH)XeTHOW TexHonoruu. [Ipu 3ToM Bech pacyeTHbIN 00beM HHBEKIIMOHHONW CMECH MOCIIe OKOHYaHUS
npolecca WHBEKTUPOBAHMS PA3MEIIAJICS B KaNWUIIPHO-TIOPHCTONW CTPYKType TpyHTa, obecmeumBas ee
YIUIOTHEHHE, YIIPOYHEHHUE U MOJHYI0 BOJOHENPOHUIAEMOCTb. VIHBEKTUPOBAaHUE BBINOIHAIOCH IPH HU3KOM
nasineHuu 10 8—10 6ap, B pexxumMe NPONUTKH, C COXPAHEHUEM MTPUPOJHON CTPYKTYPbI TPYHTA, YTO UCKITIOYAET
BEPOSTHOCTh KAKHX-THO0 HEKOHTPOJIMPYEMBIX IOTEph UHBbEKIMOHHOU cMecH. ['apanTupyemoe popmupona-
HUE CIUIOIIHOCTH I'PyHTOOETOHHOTO MAacCHBa, a TakXkKe JOCTHXKEHHE ero MPOEKTHBIX XapaKTepUCTUK obecrie-
YHBAETCS yNPABISIEMbIM MPOIIECCOM MHBEKTUPOBAHUS, IPU CTPOTOM COOJIONEHUHU PACUETHBIX IMapaMeTpoB
TEXHOJIOTUYECKOTO PeryiaMeHTa.

TexHomorus mpexycMarpuBaeT (popMUpoOBaHNE BOZOHETIPOHUIIAEMOTO MACCHBA IPYHTA C IPOYHOCTHIO
npu cxarun He MeHee 2 Mlla, rmy6uno# nponutku a0 1,2...1,8 M (puc. 4). lns obecriedeHus CIUIONTHOCTH
[1d3 HeoOXOMUMO BBIOIHATH HHBEKIMIO CTPYKTYPHI TPYHTA B PEKHME IPOITUTKH C TPUMEHEHHEM pacTBOpa
HU3KOM BSI3KOCTH Ha OCHOBE 0CO00 TOHKOAMCIIEPCHBIX MUHEPATBHBIX BSHKYIIMX HJIK MUKPOLIEMEHTOB C JIHC-
MEePCHOCTHIO He Ooniee Dos < 6 MkM. IHbeKIIMOHHAs cMech puroTaBiuBanack ¢ B/B=1,5...2,5, ¢ BA3kOCThIO
1o Boponke Mapa 32...34 ¢ u cenumenTaiueit He 6onee 5 %, cO CPOKOM 3aryCTeBaHuUs TOCIIE 3aBEPIICHUS
MHBEKIMOHHBIX paboT B niepuoa 10 90 MuH.

180 T
160 T

140 +

Pagwyc pacnpoctpaHeHus cmecu, cm /
Spreading radius of the mixture, cm

0,0 1,0 1,5 2.0 2,5 3.0 3,5 4,0

KoadbduumeHT dunbTpaumm rpyHTa, M/cyT / Soil filtration coefficient, m/day

Puc. 4. Pacipenienenue nHbeKUMOHHON cMecH «HTpo1ieM» B CTPYKType TpyHTa
B 3aBHCHMOCTH OT €TI0 (pUIBTPaMOHHON CIIOCOOHOCTH M AUCTIEPCHOCTH BSIKYILETO:
1, 3, 5 — 0e3 npenBapuTenbHOI 00pabOTKH I'PyHTa; 2, 4, 6 — C IpeaBapUTEIbHON 00paboTKoil rpyHTa HHBeKLMeH Boas! ¢ [1AB;
WHbEKUHOHHasA cMechk pu B/B = 3,0; 1, 2 — HuTtpouem-3kcrpa; 3, 4 — UHTpoueM-ynsTpa; 5, 6 — MHTpouemM-cTangapT
U ¢ T o4 Huk: BemonHeHo U.51. Xapuenko, A.U. Xapuenko, A.W. [Tanuenxo, B.T. Epodeenrim,
N.T. MupcasmnossiM, B.I'. Xo3zunsim, O.B. TapakanoseiM, E.B. 3aBanummnasiv

Figure 4. Distribution of the “Introcem” injection mixture
in the soil structure depending on its filtration capacity and binder fineness:
1, 3, 5 — no soil pretreatment; 2, 4, 6 — soil pretreatment by injection of water with surfactants;
injection mixture at water-binder ratio = 3.0; /, 2 — Introcem-extra; 3, 4 — Introcem-ultra; 5, 6 — Introcem-standard
S o ur c e: made by I.Ya. Kharchenko, A.I. Kharchenko, A.I. Panchenko, V.T. Erofeev,
I.T. Mirsayapov, V.G. Khozin, O.V. Tarakanov, E.V. Zavalishin
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«MHTpOLIEM» ABIAETCS SKOIIOTHYECKH YUCTHIM MIPOLYKTOM, COBMECTUMBIM IO MHUHEPAJIILHOMY COCTaBY
C TPyHTOM. B 3aBHCHMOCTH OT AMCIEPCHOCTH YACTHUI], COAEPKAIUXCA B KoaudecTBe 95 % OT Macchl BSIKY-
mero, «MHTponiemM» kinaccupuippyercs Ha Tpu Buja: «HTponemM-Okerpa» pu Dos < 5,5; « AHTpoLem- Yib-
Tpay pu Dos < 9,0; «aTpotiem-Cranmapm» mpu Dos < 15,5.

Ha ocHOBaHMM KOMIUIEKCHBIX JJa0OPATOPHBIX UCCIIEA0BAHUM orpeeneHsl 3(hGeKTUBHbIE 001aCTH MPHU-
MEHEHUS! UHbEKLIMOHHBIX CMeCel Ha OCHOBE MUKpoLeMeHTa «IHTpo1iemM», KOTOphle ITPECTaBIeHbI B TA0I. 6.

Tabnuya 6 / Table 6
IIpuMeHeHNe HHbEKIMOHHBIX cMeceil Ha 0CHOBe MHKPOIIeMEeHTAa
«HHTpOIEM» 1151 yCTPaHeHUsI (PUIBTPAaMH BOJBI Yepe3 TPeINHOBATHIE MOPObI /
The use of injection mixtures based on Introcem microcement
to eliminate water filtration through fractured rocks

IIupuHa packpbITHS
TpemuH, MM /
Crack opening width, mm

HNuTpouem-dxerpa / HUuTpouem-Yiabtpa / HNutpouem-Cranaapr /
Introcom-Extra Introcom-Ultra Introcom-Standard

B/11 / Water/cement = 1,0+2,5

Pu / Strength < 1,5 MIla / MPa Her /No Her /No

0,1... 0,7 MM/ mm

B/11 / Water/cement = 1,0+2,5 B/11 / Water/cement = 1,0+2,5

Pu/ Strength < 1,2 MITa/ MPa | Pu/ Strength < 1,2 MITa/ MPa Her /No

0,8...1,5 MM/ mm

B/11 / Water/cement = 1,0-2,5

1,5... 3,0 MM/ mm Her / No Her /No Pu / Strength < 1,0 MITa / MPa

U ¢ 1o uHu k: Bemmonneno W.51. Xapuenko, A.W. Xapuenko, A.U. [Tanuenko, B.T. Epodeenbim,
N.T. MupcasmnossiM, B.I'. Xo3unbiM, O.B. TapakanoseiM, E.B. 3aBanuimuasiv

S o ur c e: made by I.Ya. Kharchenko, A.I. Kharchenko, A.I. Panchenko, V.T. Erofeev,
L.T. Mirsayapov, V.G. Khozin, O.V. Tarakanov, E.V. Zavalishin

OKCIUTyaTallMOHHBIE CBOMCTBA IIJIAKOIIETOYHBIX KOMITIO3ULIMN MOXKHO YITyUIIUTh 3a CUET BBEACHUS MO-
Juuuupyromux 106asox [30].

TexHoMOTHH OMHOKOMITOHEHTHOM (Jet-1) u AByXKOMITIOHEHTHOM (Jet-2) IieMeHTaIluu TPUEMIIEMBI JITS
MIMPOKOTO criekTpa rpyHToB [31]. OHun obecneunBatot popmuposanue caii nuamerpom 0,6-0,8 u 1,8-2,0 m
COOTBETCTBEHHO. OTHaKO B 000MX CITy4asiX MPOYHOCTh IPYHTOLIEMEHTA HE MPEBBIIIAET, Kak npasuio, 1-3 Mlla.
Kpowme Toro, 1aHHbBIe TEXHOJIOTHH HE 00€CIeUNBAIOT TOCTATOYHYIO TUIOTHOCTh U BOAOHEIPOHHUIIAEMOCTb.
O¢ddexr nocTuraercs B ciryyae mpuMeHEHNsI KOMOMHHUPOBAHHBIX METOIOB IEMEHTAIUH.

KoMOuHatus TeXHOIOruM TBYXKOMIIOHEHTHOM CTpyHHOM nemMenTanuu (Jet-2) ¢ MaHKeTHON MHBEKIIH-
OHHOM TEXHOJIOTHEHN LIEMEHTALMK TPyHTOB, TIOMyUYHBILEed Ha3BaHHUE «Super-Jet», UMeeT 11eJIbl0 COBMECTUTD
BBICOKYIO HHTEHCUBHOCTB IPOU3BOJICTBA PA0OT, SABISIOIIYIOCS CYIIECTBEHHBIM MPEHUMYIIIECTBOM JBYXKOMIIO-
HEHTHOM CTPYHHOM LIeMEeHTaluH, ¢ HEOOXOAMMOCTBIO MPHUIATh 3aKPEIIIEeMOMY MAacCHBY MOBBIIICHHYIO IIPOY-
HOCTb U HETIPOHUIIAEMOCTh, KOTOpPasi TapaHTUPOBAHHO JOCTUTAETCS] NPUMEHEHUEM MaHXETHOW TEXHOJIOTUU
C MCIOJIb30BAHNEM MHBEKIIMOHHBIX CMECEW Ha OCHOBE MUKPOLIEMEHTOB.

Pe3ynbrarel MoONEBbIX UCHBITAHUM, a TaKXKe OMBIT MPAKTUYECKOTO MPUMEHEHUS! TEXHOJIOTUU «Super-
Jety», mpu pa3nTUYHBIX T€OTEXHUYECKUX YCIOBUSAX U MPOEKTHBIX PELICHUX, I0Ka3aJl, YTO IPOYHOCTh IPYHTO-
OETOHHOTO MaccuBa, CHOPMUPOBAHHOTO IO TAHHOW TEXHOJIOTHH, MOXKET focturark 15 Mlla, a mpu ycTpoii-
CTBE MPOTUBO(UIBTPALMOHHBIX 3aBEC 00ECEYNBACTCS UX TOJIHAS BOJOHEIPOHUIIAEMOCTb. [Ipuuem ycuseH-
Hasl TaKUM 00pa3oM NMPOTUBO(UIBTPALMOHHAS 3aBECa MOXKET pacCMaTpUBATHCS B KAUECTBE OIMOPHOTO 3JIe-
MEHTa JJIs1 pa3IMYHOro BUJa (PyHIaMEHTOB HAa/I36MHBIX KOHCTPYKIIHH.

4. IHbeKIMOHHBbIE CMECH JJIs JIUKBUJIAIIUHU KAPCTOBBIX noJjiocren

C 1enb0 JIMKBUIALUHU KapCTOBBIX pa3yIUIOTHEHUH 3()()EKTUBHBIM SBIISETCS IPUMEHEHHE CTIeUaIbHON
3aKJIaIOYHON MHBEKIMOHHOU cMecu «3UCy» (puc. 5), KOTOpast U3roTaBIMBacTCS Ha OCHOBE MUHEPATHHOTO
KOMITO3UIIMOHHOTO BSKYILIETO U UMEET CIEAYIOUINE OTIMYNUTENbHBIE CBOMCTBA:
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— UHBEKIIMOHHAS CMECH JIETKO TIEPEKaYnBACTCS M COXPAHSIET CBOIO MOABIKHOCTH B iepuoz 10 120 mun;

— TOCJIe 3aBepIIeHIs] HHBEKIIMOHHBIX paboT OBICTPO 3arycTeBaeT M MPUOOPETAET CTPYKTYPHYIO MPOY-
HOCTb 4epe3 24 1 okono 0,1...0,15 MIla;

— TIpY TBEPJICHUH BO BIAXKHBIX YCIOBHUSAX B IEPHUOL /10 6 MeC. MPOYHOCTh yBenn4uuBaercs 1o 1,5...2,0 MlIla
U IPHOOpETAET CBOMCTBA TYTOIUIACTUYHOM IJIMHBI.

Puc. 5. IHbeKIIMOHHBIE CMECH JUIsI TUKBUJAIMY KapCTOBBIX Pa3yINIOTHEHUI:
1 — MHBEKIMOHHAs CMECh Ha OCHOBE KOMITO3HI[OHHOTO BSDKYIIEro 0e3 pacIIMpsIomeics: 100aBKI
¢ otHo# crpykrypoii (3UC-I1); 2 — nHBEKIMOHHAS cMeCh Ha OCHOBE KOMIIO3UIIOHHOTO BsDKYIIETO C pacIupsroniericss 100aBKoit
¢ mrotHo# cTpykTypoit (3UC-ITP). O6semHoe pacmmpenne 7-10 %; 3 — nerkast HHbEKIIMOHHAS CMECh Ha OCHOBE KOMITO3UI[OHHOTO BSI-
JKYILETO C pacimpsiomeiics 1o6aBkoit u Menkornopuctoit crpykrypoit (3UC-JIP). O6sémHuoe pacimpenue o 15-20 %
U ¢ 1 o4 Huk: BemonneHo M.51. Xapuenko, A.1. Xapuenko, A.U. [Tanuenko, B.T. Epodeessim,
WN.T. Mupcasnossim, B.I'. Xo3unsiM, O.B. Tapakanossim, E.B. 3aBanumunsiv

Figure 5. Injection mixtures for the elimination of karst unconsolidation:

1— injection mixture based on a composite binder without an expanding additive with a dense structure (ZIS-P);
2 — injection mixture based on a composite binder with an expanding additive with a dense structure (ZIS-PR).
Volumetric expansion of 7-10%; 3 — light injection mixture based on a composite binder with
an expanding additive and a fine-pored structure (ZIS-LR). Volumetric expansion up to 15-20%
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[Ton6op coctaBa uHbeKUMOHHON cMecH «3WCy» BhIMOMHAETCS B 1a0OPATOPHBIX YCIOBUSX B COOTBET-
CTBUU C MPOEKTHBIMHU TpeOoBaHMsIMH. B mporiecce npousBoACcTBa paboT OMpPEAestoTCs MPOYHOCTh, PEOJI0-
THYECKUE TIapaMeTpbl CMECH, CEIMMEHTAMOHHAs YCTOHYNBOCTD, BEIMYMHA YCAIKH M pacmupeHus. Kon-
TPOJIb COOTBETCTBUS (DAKTUYECKOTO COCTOSHUS 3aII0JIHEHHOTO KapCTOBOTO MPOCTPAHCTBA MPOEKTHBIM Tpebo-
BAaHHWAM BBIIIOJIHACTCA C IPUMCHCHUCM METOAOB IIPAMOTO 0T6opa Hp06 1 KCPHOB, a TaKXKC C IPUMCHCHUCM
reopU3NIECKUX U CeHCMOAKyCTHYECKIX METO/IOB OIIPEENICHHS CIUIOMIHOCTH C(POPMUPOBAHHOTO MACCHBA.

JIist CIUTOIIHOTO 3aKPETICHUS] MACCHBA 1Al CKBAKUH CJIEAyeT Ha3HAyaTh MCXOJs U3 YCIOBUS B3aMM-
HOT'O NIEpPeCEUeHMs] 30H 3aKPEIICHNs CMEXHBIX CKBAKUH Ha BelHUUHY He MeHee 10 % pacueTHoro paaudyca
3akperieHns. Harueranne MHBEKIIMOHHOTO PACTBOPA MPOBOAAT HEMPEPHIBHO /10 HACTYTIJICHUS 0TKAa3a, 3a KO-
TOPBIH ClienyeT MPUHUMATh MO0 MOJTHOE MPEeKpalleHne MOMIOMIEHUS pacTBOPA, JINOO CHIKEHUE YIEIIbHOTO
pacxozia pacTBOpa /10 yCTAaHOBJIEHHOM MPOEKTOM BEJIMYMHBI MIPU MIPOEKTHOM JaBlieHUH oTka3a. [Ipu orcyt-
CTBHH 0COOBIX TpEOOBaHUH B MIPOEKTE 32 OTKA3 B MOMIOIIEHUH PACTBOPA PEKOMEH/IyeTCsl IPHHUMATh CHUXKE-
HUE pacxoja pacTBopa J10 2 JI/MHH IPU IMPOEKTHOM JaBJIeHuH 110 15 6ap.

JUid TUKBHJAIUM KapCTOBBIX PA3yIUIOTHEHUH U YCTPONCTBA MPOTUBO(MMIBTPALIMOHHBIX 3aBEC BO3-
MOXHO ITPUMEHEHNE CMEeCel PeakIIMOHHO-TIOPOIIKOBEIX OETOHOB C HCIIOJIb30BaHUEM MHUKPO- M HAHOI00aBOK
Y MEJIKUX TIECKOB.

CMecH TOTOBSITCSL HA OCHOBE LIeMeHTa ¢ 3PPeKTUBHBIMU cynepriacTudukaropamu. s MOBBILIEHUS
3(1)(1)CKTI/IBHOCTI/I B COCTaB CMCCH, B 3aBUCHMMOCTHU OT pacxoJa IEMEHTA, BBOAUTCA OAWH WJIM HCECKOJILKO
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MHUKPOHAIOJIHUTEIEH 1 MUKPOKpPEMHE3eM. B MoponkoBo-aKTHBUPOBAHHBIX CMECSIX HOBOTO ITOKOJICHHS K I1e-
MeHTy nooasmnsercs 10 100 % (ot maccel 1ieMeHTa) TOHKOMOJIOTBIX ITOPOIITKOB, TOyYEHHBIX HA OCHOBE IIOT-
HBIX U [IPOYHBIX TOPHBIX NOPOJ (TpaHuT, 1uabdas, 6azanst). [Ipu ncnonb30BaHUK COBMECTHO C MUKPOHAIOJ-
HUTEJSIMA MUKPOKPEMHE3€eMa €ro YaCTHIIbI arpeTUPYIOTCS Ha 3epHaX [IEMEHTa M MUKPOHAITOITHUTEIS, CO3/1a-
Basl JOMOJIHUTENLHBIA 00bEM PEOIOTHYEeCKH AKTUBHOW MaTPHIIBI, 4TO CIIOCOOCTBYET CHIKEHHUIO BOIOTIOTPED-
HOCTH CMECHU U YIUIOTHEHHIO CTPYKTYPHI.

[Tpu ncnonp30BaHUM TOHKO3EPHUCTHIX U MOJIOTHIX TieckoB (pakiuu 0,1+0,5+0,16+0,63 MM Takxke yBe-
JMYUBAETCS CyMMapHbIH 00beM TOHKOAMCIIEPCHOW MAaTpPUIIbl, KOTOPAsl CIY>KUT ISl TIEPEMEIICHUS] KPYITHO-
3€pHUCTOTO MecKa U MOBBIIICHUS IIACTUYHOCTU cMmecei (Tadm. 7) [32].

Tabnuya 7/ Table 7
KuHeTnka TBepieHHs! PeaKIIHOHHO-NIOPOIIKOBBIX cMeceil ¢ HaHOA00aBKaMu /
Kinetics of hardening of reaction powder mixtures with nano additives

Pacxox MaTepuaia IIpounocThb npu cikaTuu Rex, MIla /

Cocran / Combosition na 1 (kr) / B/LL/ Poay KE/M? / Compressive strength Reomp, MPa
P Material consumption Water/Cement | pwet, kg/m® 1cyr/ 7 eyt / 28 cyr/
per 1 m® (kg) 1 day 7 days 26 days
Iement 6enbiit M 500 / 658
White cement M 500
I'TI Melflux 2651F 0,8 % ot 1L / 53
HP Melflux 2651F , 0.8% of PC ?
Iecox MOnOTSIiL Sy, = 3200 cM*/r / 2724
Ground sand S, = 3200 cm?/g K
0,38 2233 39,6 81,8 122

Muxpososnactonurt 0,5+97, p = 2,9 r/em® / 58
Microwollastonite 0.5+97, p = 2.9 g/cm’

Tlecox nemomnotsrit ®p. 0,16+0,63 /
Non-ground sand Fr. 0.16+0.63

MuxkpokpemHeseM / Silica 66
Bona / Water 250

921

U ¢ 1 o u H un k: BemonHeno M.5. Xapuenko, A.M. Xapuenko, A.U. ITanuenko, B.T. Epodeessim,
WN.T. MupcasmnoseM, B.I'. Xo3uneM, O.B. TapakanoseM, E.B. 3aBammmuaemv
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[IpmeHeHne peakIMOHHO-aKTUBHBIX MeCYaHbIX JIUTHIX OETOHHBIX CMecel MO3BOJISET MOTyYarh MPoy-
HocTh 70 40 MIla, a yepes 28 cyt go 120 MIla. Kpome Toro, mpuMeHeHHEe MOPOITKOBO-aKTHBHPOBAHHBIX
0ETOHOB CIIOCOOCTBYET MOBBILICHUIO MTOKA3aTeNIel TPEUMHOCTOMKOCTH.

5. 3akJiroueHune

1. be3omacHas 3KcIuTyaTalysi OCHOBaHU B CIIOKHBIX HHKEHEPHO-T€0JIOTMUECKUX YCIIOBHSIX HEBO3MO)KHA
6e3 yueTa KapcToBO-Cy(hHO3MOHHBIX IporieccoB. ['eoTexHnYecKrne NPOTHBOKAPCTOBBIE MEPOTIPHUATHS OCY-
HIECTBIIIOTCS MTyTeM MPeoOpa3oBaHms CBOMCTB TPYHTOBOTO MAacCHBa MIJIM YCTPOWCTBA 3allIUTHOTO SKpaHa.

2. PaccmarpuBatoTcsi MHBEKIIMOHHBIE TEXHOJIOTHH JIJIs1 yCTPaHEHHs KapcTOBO-Cy(h(HO3MOHHOM OMmacHo-
CTH U NPOCAJAOYHOCTH I'PYHTOB B OCHOBAHUSX 3/1aHUI U coopykeHust. [Ipu 3Tom 11t ycTpoiicTBa MpOTUBO-
(GUIBTPALIMOHHBIX 3aBEC MPEIaraloTCsl TEXHOJIOTUN CTPYHHOH LIeMEHTH3AI[MH, MAaH)KETHOW TeXHOJIOTHH,
a TaKKe MX KOMOMHALINY.

3. IlokazaHo, 4To pa3paboTaHHBIE HHBEKIIMOHHBIE CMECH HA MUHEPAIbHON OCHOBE SBJISIFOTCS] BBICOKOTEX-
HOJIOTUYHBIMH, @ TPYHTOOETOH ¢ MPOTHBO(PHUIBTPAIIMOHHON 3aBECOM U YIUIOTHEHHBIX KaPCTOBBIX ITOPOJ SBIIS-
eTcst 0oJee OITOBEYHBIM 10 CPAaBHEHHUIO C TPYHTOM, YIUIOTHEHHBIMH MHBEKIITMOHHBIMHA CMECSIMHU Ha TOJIN-
MEpPHOH U KUAKOCTEKOIbHON OCHOBE, a TAKXKE Ha OCHOBE OEHTOHHUTOB.

4. Tlokazansl 06macTi 3(h(HEKTUBHOTO MCIIOIB30BAHUS MOJIMMEPHBIX U KUIKOCTEKOIbHBIX MPOMUTOYHBIX
KoMIo3uIMid. [lepBbie peKOMEeHIYIOTCs AJIsi ONEPAaTUBHOIO 3aKPEIUICHUs OCHOBaHMA, a BTOPblE — I MTOBBI-
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IIEHUS OMOCTOMKOCTH TPYHTOB. DKCHEPHUMEHTAIBHO MOA00paHbl ONTUMAIBHBIE COCTABBI IMOJIMMEPHBIX U
JKUJKOCTEKOIBHBIX KOMIO3UIMHA C PAa3IMYHON BSI3KOCTHIO. [10Ka3aHO, YTO CTOMMOCTB MPOMUTOYHBIX COCTa-
BOB Ha OCHOBE IIEMEHTHBIX BSDKYIIUX SIBIISIETCS O0JIee HU3KOM.

5. MuHepasbHbIe CMECH Ha OCHOBE [IEMEHTOB SBJISIOTCS OBICTPOTBEPACIOIINMH, HAa TPETHH CYTKH OHH
HabupaioT okoio 80-90 % mpodYHOCTH OT MPOYHOCTH B Bo3pacTe 28 cyT. C UX MOMOLIbI0 00eCieunBaeTCst
MPAKTHUYECKH MOJIHASI BOIOHENPOHUIIAEMOCTh TPEIMHOBATHIX MOPOJ, YTO UCKIIIOYAET JalbHENWIee pa3BUTHE
cy(h}o3rOHHBIX MPOLECCOB U 00pa30BaHUE KAPCTOBBIX MOJIOCTEH B OCHOBAHUU COOpYXeHH. J{s cioyuyaeB
pa3BUTHS CylTb(paTHON KOpPpO3UH TMokazaHa 3(PpPeKTUBHOCTH MPUMEHEHUs MUKporieMeHnTa « HTporem» Ha
IIJIAKOBOM OCHOBE NP UCHOJIb30BAHUN B MAH)KETHOW TEXHOJIOTUH.

6. PazpaboTano Tpu Buaa KoMno3uiuil « HTpouiemM», OTIMYAIOLIUXCS TUCIEPCHOCTHIO HAMTOIHUTEIS.
Jist TMKBUIAIUH KapCTOBBIX PAa3yIIOTHEHUH HanOoJee MpeOYTUTENIbHBIM ABJISIETCS HHBEKIIMOHHAS CMECh
«3UC», n3roraparBaemMas Ha OCHOBE MUHEPAJIBLHOIO KOMIIO3UIIMOHHOTO BSKYILETO U COXPAHSAOIIAsi CBOKO
MOABWKHOCTH B Teuenue 120 MuH.

7. IToka3zana Takxe 3(h(HEKTUBHOCTH 2-KOMIIOHCHTHOH CTPYWHOH IIEMEHTAIINH, TIOJTYYHUBIICH Ha3BaHHUE
«Super-Jet» Mo3BOIIAONIEH MPU HEOOXOIUMOCTH MPOYHOCTh U HENPOHUIAEMOCTh. OMBIT UCIOIB30BaHUS
TEXHOJIOTUN «Super-Jet» ¢ IpUMEHEHHEM MUKPOLIEMEHTOB IIPH PA3JINYHbIX N'€OTEXHUUYECKUX YCIOBUAX MO-
Kazaj, 4TO MPOYHOCTh IPYHTOOETOHHOTO MacchBa MOXeT nocturarh 15 MIla, a nmpu ycTpoiicTBe mpoTHBO-
(bUIBTPAIIMOHHBIX 3aBEC 00SCIIEYNBAET UX TTOJTHYIO BOJOHETIPOHUIIAEMOCTb.

8. 3HaunTEeNbHOE MOBBIILIEHUE MPOYHOCTU TPYHTOBBIX OCHOBAHUM JIOCTUTAETCs MPHU MX MPOMMUTKE MO-
POILKOBO-aKTUBUPOBAHHBIMH KOMIIO3ULUSIMU.
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Abstract. This study presents the results of instrumental observations of the interaction process of an underground structure
with the soil environment under explosion-induced seismic impact. During seismic impact, the soil imparts kinetic energy to
underground structures, the value of which depends on the contact area of the structure and the soil and the conditions of
interaction. In this regard, the energy-based evaluation of the process of joint vibration of the underground structure and the
environment under explosive seismic waves is of great significance. The analysis of energy release in terms of frequencies
shows that the energy of seismic radiation at different frequencies of the spectrum is not the same, and there is a well-defined
maximum in the energy spectrum at small equivalent distances, i.e. at a certain frequency value much more energy is released
than at other frequencies. Mathematical expressions are provided for calculating the total energy of ground vibrations,
estimated proportion of energy propagating in the soil, and the energy received by the underground structure during their
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interaction. A formula is proposed for calculating a dimensionless coefficient of the vibration process, indicating the share of
energy transmitted through the soil to the underground structures. Three zones are identified that characterize the relationships
of the forces of interaction in the contact area. The first is the zone with a linear relationship between the force and the
deflection of the structure. Then, in the next zone, the proportionality between the values is violated with the loss of the elastic
nature of the interaction. In the third zone, the underground structure slides relative to the ground. Aspects of the interaction
of a thin-walled structure with the soil are considered. Calculations show that the obtained relationships can be used with
sufficient accuracy to evaluate the seismic intensity of explosive seismic waves.

Keywords: calculation of vibration energy, underground explosions, seismic waves, vibrations of the structure of the
structure, kinetic energy, discrete spectra, seismic and explosive vibrations, stress modeling, deformation diagram
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Annotanus. [IpuBeneHbl pe3ynbTaTsl HHCTPYMEHTAIBHBIX HAOMIONECHNH 10 MCCIIEI0BAHHIO IPOLIecca B3aNMOICHCTBHUS 11O/~
36MHOI'0 COOPY>KEHUS ¢ TPYHTOBOM CpefioH, Ipy CeHCMOB3PBIBHBIX BO3IEHCTBUAX. [Ipy celicMUUeCKUX BO3AEHCTBUSAX TPYHT
COO00IIAET MOA3EMHBIM COOPYKEHHSIM KMHETUIECKYIO SHEPTUI0, BEIMYMHA KOTOPOH 3aBHCUT OT IUIOLIAIN KOHTAKTa COOPYKe-
HUSL ¥ TPYHTA, YCIIOBUH B3auMOJIEHCTBHA. B 3TOH CBsI3KM 00JbIIOE 3HAYCHUE MMEET SHepreTHYecKas OleHKa Ipolecca CoB-
MECTHOTO KOJeOaHUs MOA3EMHOTO COOPYKEHHS M CPEAbl NPU JICHCTBHM CEHCMOB3PHIBHBIX BOJH. IIpHBEEHB! NNCKPETHBIC
CIEKTPbI SHEPTOBBIACICHUI HA Pa3HBIX YaCTOTAX, IOCTPOSHHBIE HA OCHOBE 3KCIEPUMEHTANIBHO MOIYYEHHBIX PE3YIbTaTOB.
Amnanus OHCPIroOBBIACIICHUS 110 YaCTOTAM IMOKa3bIBACT, YTO SHCPIUA CEHCMUYECKOTO H3JIYy4YCHHUA Ha PA3JIMYHBIX 4aCTOTaX CIICK-
Tpa He OJJMHAKOBA, a B JHEPreTUYECKOM CHEKTPE IPU MaJIbIX NPUBEIEHHBIX PACCTOSHUAX UMEETCSI YETKO BBIPAKECHHBIM Mak-
CHMYM, T.€. Ha ONPEEIICHHON BEITMYMHE YaCTOT BBIJIENACTCS 3HAYUTENBHO OOJIbIIE SHEPTUH, YEM B JPYIHX yacToTax. [Ipu-
BEJICHbl MAaTeMaTH4ECKHe BBIPQKEHUs IS pacueTa oOLIed SHepruu KoiaeOaHMHd IPyHTOBOM Cpelbl, OLEHKH COOTHOLICHHS
SHEPIuH, MPOTEKAOLIEH B TPyHTE, U DHEPTUH, NOTy4aeMON MOA3EMHBIM COOPYXKEHUEM IIPU UX B3aumopaencTsu. IIpemno-
JKeHa opMyna s pacdeTa O6e3pa3MepHOro KodpGHUINeHTa KoIe0aTeIsHOTO Mpolecca, IIOKa3hIBAIOIIETO OO0 SHEPTUH,
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nepeaaBaeMoi yepes rpyHT Ha MOA3EMHBIE COOPYKEHHUS. BBIIeNneHbl TpH 30HBI, XapaKTePHU3YIOIINe 3aBUCUMOCTH CHJI B3au-
MOJCHCTBHUS B KOHTaKTHOM obnacTw. [lepBas 30Ha XapaKkTepu3yeTcs TNHEHHON 3aBUCHMOCTBIO MEXy CHIJION U OTHOCHUTEIb-
HBIM TIEpEeMENICHUEM COOPYXKEHHS. 3aTeM B CIEAYIOUIEH 30He MPOMOPIIMOHANIBHOCTh MEX/IY 3HAaUCHUSIMU HapyIIaeTcs ¢ Io-
Tepell ynpyroro xapakrepa B3auMoIencTBUs. B TpeTbell e 30He MPOUCXOAUT CKOJIbKEHUE MOJ3EMHOI0 COOPYKEHUSI OTHO-
CHUTETIFHO TPyHTa. PaccMOTpEeHBI 0COOCHHOCTH B3aUMOACHUCTBHUS TOHKOCTEHHOTO COOPY>KEHHSI ¢ TPYHTOBOH cpenoif. PacueTst
TMMOKa3bIBalOT, YTO IMOJTYYCHHBIC 3aBUCUMOCTHU C [lOCTaTO‘iHOﬁ TOYHOCTBIO MOT'YT 6]>ITI) HCIIOJIb30BAHBI ITPU OLICHKE cercMuue-
CKOM MHTEHCUBHOCTH CEMCMOB3PBHIBHBIX BOJIH.

KunroueBble c10Ba: pacder SHEPruu KojaeOaHHH, ITOA3eMHbIe B3PBIBBI, CEIICMHYECKUE BOJHBI, KOJIeOaHUS KOHCTPYKLUH CO-
OpY)KEeHHs1, KHHETHYECKasl SHEPIUsl, TUCKPETHBIE CIIEKTPBI, CEHCMOB3PBIBHBIE KOJIeOaHMUsI, MOZIETMPOBAHHIE HALIPSDKEHUM, Ana-
rpamMma J1eOopMHUPOBaHUS

3asBiieHHe 0 KOH(JIUKTe HHTepecoB. ABTOPHI 3asBIISIOT 00 OTCYTCTBHU KOH(JINKTAa HHTEPECOB.

Bxuaan aBTopoB. Bee aBTOpEI BHECTH paBHOIICHHBIN BKJIAZ B pa3pab0TKy KOHLEIIIMY U TIPOBEICHIE NCCIICIOBAHIS, PELICH-
3UpOBaHUE, PEAAKTUPOBAHUE U HAITUCAHHE TEKCTA.

das nurupoBanusi: Rakhmonov B.S., Sagdiev Kh.S., Ter-Martirosyan A.Z., Mirsayapov I.T., Erofeev V.T. Energy-based
evaluation of dynamic soil-structure interaction process under seismic impact from explosion / CtponuTenpHas MeXaHUKa HHKe-
HEPHBIX KOHCTPYKIMH U coopyxeHuid. 2024. T. 20. Ne 6. C. 613-627. http://doi.org/10.22363/1815-5235-2024-20-6-613-627

1. Introduction

Safe operation of buildings and structures is ensured by designing the foundation and underground parts
of buildings taking into account various negative factors [1; 2; 3]. In seismically active territories, earthquakes
not only cause damage to structures due to vibration, but, in some cases, there is also dynamic liquefaction of
soils accompanied by a complete or partial loss of stability of the soil base [1].

The main regulatory document in the field of design and construction of foundations of buildings and
structures in Russia, the main regulatory document SP 22.13330.2016' recommends to design considering the
dynamic effects from equipment installed in buildings, surface and underground transportation, construction
works and other sources (clause 5.8.11). To take into account additional strain of soil due to cyclic and
vibration loads, a reduction factor is used, the use of which is associated with the correction of the deformation
modulus obtained from the results of static tests [4]. This approach to the quantitative evaluation of additional
strain is called quasi-static, since it can be used within the framework of conventional static methods of
calculating settlement of structure foundation [3].

Design of foundations for safe operation can be performed by analytical methods regulated by both
Russian and international standards [5]. At the same time, there is a possibility of calculations by numerical
methods, using specialized geotechnical software systems that implement the finite element method (FEM)
and the finite difference method (FDM) [6]. The main analytical method for calculations of foundations of
buildings and structures with respect to the serviceability limit states under dynamic impact is the method of
layer-by-layer elementary summation with the use of a reduction factor of the deformation modulus.

Russian building code SP 23.13330.20117 states that the basis for computational and experimental
evaluation of dynamic properties of soils are the results of field and laboratory tests of soils. Experimental
studies are effectively performed by observing the behavior of the structural model or the structure itself in
situ. Extensive measurements of vibration parameters of structures during seismic impact from underground
explosions, which most fully reflect natural tectonic earthquakes, can be considered the most perfect
experimental method of studying the behavior of structures. Energy-based evaluation of the process of joint
vibration of the underground structure and the environment under explosive seismic waves is of great
significance.

The problem of energy-based evaluation of soil behavior during the propagation of seismic and
explosive seismic waves was studied in [7—11].

'SP 22.13330.2016. Foundations of buildings and structures. JSC “SIC “Construction”, 2016.
2 SP 23.13330.2011. Foundation of hydraulic structures. Moscow: Minregion of Russia, 2011.
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The deformation characteristics of soils under cyclic loading depend significantly on the level of average
stress, porosity and strain amplitude. Dynamic effects of this nature occur during earthquakes. At present, the
main parameters used in engineering dynamic analysis of stability of soil bases are dynamic shear modulus
G and damping ratio D.

Damping ratio (or subsidence, decay ratio) D characterizes the property of materials to absorb dynamic
impact.

Russian [12—15] and international scientific literature [16—20] present systematized test results of
measuring shear modulus and damping ratios of cohesive and non-cohesive soils under cyclic (low- and high-
frequency) loading.

The values of dynamic shear modulus of soils are determined in accordance with the international
regulation “Standard test methods for the determination of the modulus and damping properties of soils using
the cyclic triaxial apparatus” using the diagrams of deformation loops plotted in T—y coordinates (Figure 1).

~Ya 0

Figure 1. Determination of the dynamic shear modulus and damping ratio by the hysteresis loop:
W is the stored energy after one cycle; AW is the energy loss after one cycle [1]
S o urce: made by A.Z. Ter-Martirosyan and E.S. Sobolev [1]

Dynamic shear modulus G and damping ratio D are calculated according to the formulas

G- M
Ya

where G is the shear modulus, kPa; t, is the amplitude of shear stress 1, kPa; v, is the amplitude of shear strain
Y, unit fraction,

1w

An W @

where D is the damping ratio, unit fraction; AW is the energy loss after one “loading-unloading” cycle,
quantitatively equal to the area of the hysteresis loop; W is the maximum stored energy after one cycle,
quantitatively equal to the area of triangle Ot,y,.

Based on the results of dynamic triaxial compression tests of soil, it is possible to perform ultimate limit
state calculations — dynamic stability of the soil base using the liquefaction potential. Liquefaction potential
is a characteristic of the soil base as a whole or individual geotechnical elements of the base, showing the
safety factor of the soil body under dynamic loading of specific intensity. Commonly, such calculations are
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performed in conditions of seismically active territories and allow to ensure safe operation of buildings and
structures.

In addition to the presented analytical methods of calculation of foundations taking into account
dynamic properties, nowadays, numerical methods of modeling soil-structure interaction are widely used [1].
Numerical methods allow to model the soil-structure interaction more accurately, apply any types of natural
and anthropogenic dynamic impacts, and take into account physical and mechanical properties of soil base
[21-23]. Implementation of the analysis in specialized geotechnical software systems allows to design
foundations taking into account dynamic effects with a high degree of accuracy and to ensure safe operation
on the basis of reliable prediction.

In [1; 24], a finite element model of a heterogeneous soil body interacting with a structure of finite
stiffness was considered (results of numerical modeling in PLAXIS 2B v.8). In the same works, isofields and
the soil bearing ratio of a heterogeneous base were obtained.

At the same time, it should be noted that the number of works that consider the behavior of an
underground structure in terms of the energies of the structure and the soil environment is very small.

2. Purpose

The main purpose of this study was to investigate the behavior of the underground structure in terms of
the energies of the structure and the soil environment in full-scale conditions. The methodology of
experiments, information about soil conditions and other data are given in [12; 24].

3. Results of Experimental and Theoretical Studies

In the seismic impact process, the soil imparts kinetic energy to an underground cylindrical thin-walled
structure, the magnitude of which depends on the area of contact between the structure and the soil, interaction
conditions, etc. In this regard, in order to objectively estimate the energy characteristics of an underground
structure, it is necessary to address the seismic energy density, i.e. the amount of energy received through
a unit area of contact to the structure.

In [11], the ground vibration energy density was calculated using the following formula by S.V. Med-
vedev:

E, zéycz%.z]}ni , 3)

where 7 is the soil density in g/cm’; ¢ is the wave propagation velocity in the soil, cm/sec; viis the velocity

amplitude in cm/sec, which is defined as one half of the measured individual amplitude due to the wave
reflection effect; 7: is the period of vibration in sec.

Figure 2 shows discrete energy release spectra plots at different frequencies based on experimentally
obtained results. Here, attention should be paid to the spectrum of a well-defined maximum, i.e., at a particular
frequency much more energy is released than at other frequencies.

Figure 2 shows that the energy of explosive seismic waves at different frequencies of the spectrum is
not the same, and there is a well-defined maximum in the energy spectrum of vibration. The peak where the
maximum is pronounced is always observed not at the beginning of the frequency range. Frequency fmax,
which carries most energy, changes with distance.

At small equivalent distances, a pronounced maximum is observed in the high-frequency region of the
vibration spectrum; at equivalent distances of 7.4 and 0.8, respectively, the frequencies correspond to 20 and
12.5 Hz, and with increasing equivalent distance, the peak is observed already in the low-frequency zone of
the spectrum. At the equivalent distance values of 14.7; 16.0; and 24.5, the frequency values are 10 Hz;
9.1 Hz; and 7.1 Hz, respectively.
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Figure 2. Discrete energy release spectra at different frequencies for different equivalent distances

S o ur c e: made by B.S. Rakhmonov, Kh.S. Sagdiev, A.Z. Ter-Martirosyan, I.T. Mirsayapov, V.T. Erofeev

Figure 3 presents a graph based on the experimentally obtained results, which shows the changes in the
magnitude of the carrier frequencies as a function of the equivalent distance. The graph shown in the figure
demonstrates that the frequency corresponding to the maximum energy value changes with the increase in the
equivalent distance. Here, starting from some value of the equivalent distance, a decrease in frequency is
observed. As the equivalent distance increases, the number of peaks increases, i.e., in these cases the spectra
are enriched with low-frequency components of the peaks, and their magnitude decreases.
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Figure 3. Change in the magnitude of carrier frequencies depending on the equivalent distance
S our ce: made by B.S. Rakhmonov, Kh.S. Sagdiev, A.Z. Ter-Martirosyan, I.T. Mirsayapov, V.T. Erofeev
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The total vibration energy of the soil environment is calculated based on records for each of the three
components: two horizontal and one vertical:

Er = Ehl +Eh2 +Evert . (4)

Since each component is commensurable with each other, based on [9], the following expression can be
written for the considered case:

E, =E, =035E, (5)
and taking (3) into account, the following can be written:
1
E, =035 -EycvaizT; : (6)

To estimate the ratio between the energy propagating in the ground and the energy received by the
underground structure during their interaction, the following expression is used:

n= Ek/EO.gr > (7)

where Eiis the kinetic energy received by the structure as a result of the interaction with the ground; Eo.g is
the energy propagating over an area equal to the cross-section of the underground structure, defined by the
following formula:

Eyg = Eg,S. ()
Kinetic energy Ex is defined by the following formula:

E, :%ML‘:Z, 9)

where M is the mass of the underground structure defined by the following formula:
M =mp’(R*=7*)L, (10)

where p is the density of the structure; R and r are the external and internal radii of the structure, respectively;
L is the length of the structure; # is the amplitude of displacement velocity of the structure under explosive
seismic waves (recorded using seismometric channel).

Substituting (10) into (9) results in the following:

1 .
Ekzznp2 (Rz—rz)Luz. (11)
The following expression can be composed from (7), (9) and (11):

(R —rH)i’L
(0.35yc, Y V'T)S

(12)

This dimensionless value can be called the “reduction” ratio of vibrational energy in the dynamic soil-
structure system or the “transfer” ratio. The above coefficient, by meaning, shows the share of energy
transferred through the ground to the underground structure, as a result of their interaction under explosive
seismic waves.

The curve of M as a function of the intensity of seismic vibration, obtained on the basis of formula (12),
is shown in Figure 4.
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Figure 4. Relationship between ratio 1 and the intensity of explosive seismic vibration of the soil
S o ur c e: made by B.S. Rakhmonov, Kh.S. Sagdiev, A.Z. Ter-Martirosyan, I.T. Mirsayapov, V.T. Erofeev

Figure 4 shows that with increasing intensity of the explosive seismic vibration of the soil, ratio n
slightly decreases. With increasing intensity of vibration due to underground explosions, the total amount of
kinetic energy received by the underground structure increases, but the ratio 1 decreases.

Three regions can be distinguished in the general qualitative characteristic of the relationship between
contact forces of the structure with the soil and their relative displacement, according to the experimental
diagrams of the test results. The first one corresponds to the stage of loading the structure, when the
relationship between the forces and relative displacement of the structure is linear. In this case, the soil is
being compacted, and elastic and viscous properties of the body, but not plastic ones, are revealed.

At the second stage, the proportionality between the interaction forces and the displacement of the
structure is violated and the elastic character of the interaction is lost. With the increase of the external load,
it is possible to observe sliding of the underground structure relative to the ground in the third region
(Figure 4). This implies that with increasing intensity, the share of energy transferred from the ground to the
structure decreases.

In the interaction process, when the strength properties of the structure and the surrounding soil are
markedly different and physically complex, the displacement of the structure relative to the ground during
seismic impact is observed. The interaction results in the reduction of vibrational energy in the dynamic soil-
structure system, and therefore this parameter is increasingly attracting the attention of experimental
researchers. In addition to the above, when the structure is thin-walled, the complexity of the interaction
process between the structure and the environment is aggravated. Following this tradition during the
experiments, attention was also paid to studying this parameter. Figure 5 shows the relationship between the

25 values of displacements (U Y, Vf/) of the structure relative
EE::"': R . to the ground and ratio n.
= . .
ey // The above results can be used to predict the behavior

1,5

of underground thin-walled structures subjected to explosive

1 W seismic waves. The calculations show that the relationships

0e %"“/_ﬂ/ﬁ“ u_q//'f}F established in this paper can be effectively used in estimating
N - s I | . 5 the intensity of explosive seismic waves.
29 27 2% 1 105 n-10 Cyclic liquefaction of soils must be considered along
Figure 5. Relationship between the soil-structure with Vibra.ltion issues in case of explosive. se‘ismic impact.
relative displacement and the energy Design of hazardous industrial facilities requires safe
“reduction” ratio n (1= E,.../E,, ) earthquake-proof design solutions. As a result of the con-
Source: made by B.S. Rakhmonov, Kh.S. Sagdiev, struction of the Nizhnekamsk Reservoir in the Republic of
A.Z. Ter-Martirosyan, 1.T. Mirsayapov, V.T. Erofeev Tatarstan, the groundwater level rose and a number of areas
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were flooded along the Kama River. This rise in groundwater level and the presence of tectonic faults in the
area of Kamskiye Polyany provoked an increase in the level of seismic activity of the considered territories
of the Kama River coast. According to the OSR-97 seismic zoning map, earthquakes with intensity of
7.0 points are forecasted on medium soils in the territory of the Republic of Tatarstan. As a result, dynamic
properties of soil bases need to be evaluated during surveys and seismic-resistant reinforcement needs to be
used in the design and construction of structures.

Considering the above, the effect of seismic load from a possible earthquake on the change of physical
and mechanical properties of soils needs to be taken into account when designing foundations of critical
structures [1-3; 5-8].

The site under study is located in the water area of the Kama River, north-east of the Republic of
Tatarstan. The results of seismic microzoning of the construction site show that the seismic activity of the site
with the given soil base is estimated at 7.0 points on the MSK-64 scale with an acceleration of 143 cm?/sec
at short and medium vibration periods. The accelerograms of the scenario earthquakes and their corresponding
response spectra are presented in Figure 6.
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Figure 6. Scenario earthquake accelerograms of and their corresponding reaction spectra
S o ur c e: made by B.S. Rakhmonov, Kh.S. Sagdiev, A.Z. Ter-Martirosyan,I.T. Mirsayapov, V.T. Erofeev

To investigate the dynamic stability of clay and water-saturated sandstone layers from the position of
assessing the possibility of their liquefaction under seismic effects corresponding to the design (predicted)
seismic activity of the site, laboratory triaxial cyclic loading tests equivalent to the seismic impact in terms
of force were carried out.

When modeling the deformation conditions in which the soil is subjected to seismic impact in real field
conditions, the predicted seismic load is modeled before cyclic loading based on the methodology proposed
by H.B. Seed and I. Idriss [16].

According to this methodology, seismic loading can be characterized by the magnitude of the equivalent
cyclic shear stresses (CSR) for an earthquake of a given recurrence and intensity:

CSR = Lo | (13)
p-

v

where Tav is the average expected cyclic shear stress at the specified magnitude; 6, is the vertical overburden
stress.
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It is assumed that before the earthquake, the soil element located under the horizontal surface is
subjected to consolidation for a long time in state Ko (Ko is the ratio of horizontal and vertical stresses during
consolidation in natural conditions). During an earthquake, a series of successive cyclic shear stresses act on
this soil element under undrained conditions. These stresses are applied in the absence of lateral deformation,
because the flat earth surface is assumed to extend infinitely in the horizontal direction.

In practical calculations, in order to assess the liquefaction potential of clayey and sandy soils with
different degrees of water saturation, the average values of shear stresses caused by an earthquake at depth /
are determined from the expression

Tav:[0'65'th'amax T (14)
4

The value of amax is taken from the accelerogram of the earthquake with respect to peak horizontal
accelerations for horizontal components of vibration.

The number of loading cycles (V) in the laboratory experiment simulating seismic impact depends on
the duration of the earthquake, and therefore on the magnitude of the earthquake.

The analysis (approach) described above gives the maximum value of the expected cyclic shear stress
due to earthquake (tav), which corresponds to one half of the axial dynamic load in triaxial dynamic tests
(Figures 7 and 8).

Od'+04
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Figure 7. Modeling of stresses in a soil sample Figure 8. Stress state of the soil during laboratory
under triaxial compression during cyclic loading simulation of equivalent triaxial cyclic loading
S o ur ¢ e: made by B.S. Rakhmonov, Kh.S. Sagdiev, S o ur c e: made by B.S. Rakhmonov, Kh.S. Sagdiev,
A.Z. Ter-Martirosyan, I.T. Mirsayapov, V.T. Erofeev A.Z. Ter-Martirosyan, I.T. Mirsayapov, V.T. Erofeev

Based on the methodology mentioned above, a strength model of layered soil base composed of sandy
and clayey soil with different degrees of water saturation during scenario earthquakes has been developed.
The model takes into account the possibility of acceleration of the soil body in three directions, as well as the
mutual interference of layers of different stiffness.

To quantify the liquefaction capacity of water-saturated sand and clay layers under random irregular
multidirectional seismic impact, correction functions are introduced for cyclic strength obtained under steady-
state cyclic loading in order to take into account the discussed features of real seismic loading Cz and Cs [12].

Based on the developed model, the equivalent parameters of regular cyclic loading were determined for
laboratory studies of liquefaction resistance of sandy and clayey soils of the construction site under the
following design characteristics of the scenario earthquake: magnitude 7.0, acceleration A = 143 cm?/s,
fundamental frequency =2 Hz, fundamental period of vibration 0.56 sec.

The following strength criteria are adopted to evaluate the resistance to liquefaction:

1. Emergence of axial deformation under triaxial cyclic loading less than 5 %;

2. Pore pressure coefficient p=p, /o, must be <0.6;

3. The width of the hysteresis loop at the 30th loading cycle must be less than the width of the loop at
the 29th cycle of loading, i.e. Ag,, < Ae,, .
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Experimental studies of liquefaction resistance were performed on 143 series of undisturbed (134 series)
and disturbed (9 series) soil samples (three twin samples in each series) in a triaxial compression device
(stabilometer) under cyclic loading conditions with parameters equivalent to those of a scenario earthquake
with an intensity of 7.0 points installed for the construction site. In the process of experimental studies, the
main parameters characterizing the state of sandy and clayey soils under cyclic loading were established:
axial and radial strains, pore pressure, effective and average stresses.

The conducted experimental studies allowed to establish patterns of strain growth under equivalent
cyclic loading.

By analyzing the obtained results, it can be concluded that in soil samples of different degree of water
saturation, which are subjected to cyclic triaxial compression equivalent to seismic loading with intensity of
7.0 points, strains develop with different intensity (Figure 9). At the initial stage, the development of strains
is more intense due to post-compaction of the specimen, afterwards the strains stabilize. In all specimens
tested under the cyclic loading equivalent to the design scenario earthquake with intensity of 7.0 points,
the magnitude of axial strain does not exceed 3.0%, the pore pressure coefficient is less than 0.6, the ratio
Ag30 /Ag29 1s less than 1. In the process of testing, there were no external signs of reaching the ultimate
resistance (formation of barrel and inclined shear plane).

Vertical load, kPa )

o1 X3 03 04 05 08 07

Vertical strain, mm

Figure 9. Sample deformation diagram during cyclic loading
S o ur c e: made by B.S. Rakhmonov, Kh.S. Sagdiev, A.Z. Ter-Martirosyan, .T. Mirsayapov, V.T. Erofeev
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Figure 10. Sample deformation diagram according to the “crushing” pattern
S o ur ¢ e: made by B.S. Rakhmonov, Kh.S. Sagdiev, A.Z. Ter-Martirosyan, I.T. Mirsayapov, V.T. Erofeev
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After cyclic loading test with parameters equivalent to the design scenario seismic impact, the soil
samples were brought to failure by deviatoric static loading according to the “crushing” pattern (Figure 10).
It was found that, in general, seismic impact on soils did not lead to a decrease in the ultimate deviatoric load
compared to the results of static loading.

There was a difference in the character of static fracture along the “crushing” trajectory of sandy and
clayey soils. The clayey soil samples fractured on the descending branch of the (c1—03) — &1 diagram
(Figure 11, a), while the sandy soil samples fractured on the ascending branch of the stress-strain diagram
(Figure 11, b). This fact is explained by different initial density of the soils.

120

100

Vertical load, kPa

5
Vertical strain, mm

a

120

100

Vertical load, kPa

5 3 10 7
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b

Figure 11. Sample deformation diagram according to the “crushing” pattern:
a — clay; b — sandstone
S o ur c e: made by B.S. Rakhmonov, Kh.S. Sagdiev, A.Z. Ter-Martirosyan, .T. Mirsayapov, V.T. Erofeev

4. Conclusion

1. The process of dynamic soil-structure interaction under explosion-induced seismic impact has been
evaluated.

2. It is shown that the most comprehensive study method is exploring the behavior of the structure in
full-scale conditions with energy-based evaluation of the process of joint vibration of the underground structure
and the ground environment under explosive seismic waves.
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3. During seismic action, the soil imparts kinetic energy to the underground structure, the magnitude of
which depends on the area of contact between the structure and the soil and the conditions of their interaction.

4. Discrete energy release spectra at different frequencies were obtained and plotted on the basis of
experimentally obtained results.

5. It was found that the energy of explosive seismic waves at different frequencies of the spectrum is
not equal, and there is a well-defined maximum in the energy spectrum of vibration. That is, more energy is
released at a certain frequency than at other frequencies. At the same time, the frequency, which has more
energy, changes with distance.

6. Mathematical expressions for calculating the total energy of soil vibration and the energy received by
the underground structure during interaction with the soil are given.

7. The ratio of the vibrational process, which shows the share of energy transferred through the soil to
the underground structure, is introduced. Relationships between the ratio and the intensity explosive seismic
vibration of the soil are shown.

8. Three regions are defined on the experimentally obtained force-displacement diagram. The first one
corresponds to the stage when the relationship between the forces and relative displacement of the structure
is linear. At the second stage, the elastic character of the interaction is lost. At the third one, sliding of the
underground structure relative to the ground is observed.

9. It is shown that the above results can be used to predict the behavior of underground thin-walled
structures under the influence of explosive seismic waves.
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