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YIK 691.3 HAVYHAS CTATbS / RESEARCH ARTICLE

OCHOBBI TEOPUHU TEXHOJIOTHH MOJYUYEHH, pacyeTa (PU3NMKo-MeXaHUYIECKHX CBOMCTB
U MoKa3aTeJieil XUMHKO-0MO0JI0TM4eCKOr0 CONMPOTUBJICHUSI KAPKACHBIX CTPOMTEIbHBIX
KOMIIO3UTOB

B.T. Epogees

Hayuonanvnwiil uccneoosamenvckuti Mopoosckuii 2ocyoapcmeenmwii ynusepcumem umenu H.I1. Ozapesa, Capanck, Poccutickas ®edepayus
vlalmo@mail.ru

Hcropus cratbu AHHOTauMA. DHEProcOepeKeHNE, IKCILTyaTAllMOHHAS HAJICKHOCTh 3JIaHUH U CO-
IMoctynuna B pegakuuto: 12 mast 2022 r. OpYXKEHMI Pa3IMYHOIO Ha3HAYEHWS OIPENENACTCS JOINOBEUHOCTBIO IPUMEHsE-
Jopaborana: 24 urons 2022 r. MBIX TPH UX BO3BEACHUH CTPOHUTENBHBIX MaTepuayioB u u3aenuidt. K Hacrosmemy
ITpunsara k myonukanuu: 27 utonsg 2022 r. BPEMEHU Ha OCHOBE MOJIMCTPYKTYPHOH TEOpUM pa3paboTaHbl KapKACHbIE CTPOUTENb-

Hble KOMNO3UTHI. KapkacHas TEXHOJOTMS M3rOTOBJIEHMS CTPOUTEIBHBIX H3JEIHi
3aKIII0YAeTCsl B MPEBAPUTEIIHHOM HM3TOTOBJICHHHM KapKacoB M3 KPYIMHOIOPHCTHIX
cMecel ¢ MOCIEyIOIMM 3all0JIHEHUEM ITyCTOT B OTBEP/EBIIEM KapKace MaTpULeH —
I1AaCTU(UIMPOBAHHBIM CBSI3YIOIIMM, TOHKOIUCIEPCHOM MIIM MEJIKO3EPHHUCTON KOM-
TIO3UILIMEH, TIPY 3TOM KapKachl 1 MaTpHLa MOTYT OBITH c(OPMUPOBAHBI HA PA3IIHY-
HBIX CBA3YIOLMX. JIaHHAsl TEXHOJIOTHs 1aeT BO3MOXKHOCTb IOJIy4YaTh CTPOUTENbHBIC
MaTepuaibl U M3JIENUs ¢ COYETAaHUEM CaMbIX Pa3iIMYHBIX U JJaXKe HECOBMECTHUMBIX
BSUKYILMX C 3apaHee 33/IaHHBIM KOMIUIEKCOM CBOMCTB, TO €CTh OTKPBIBAET ITyTh K
HallpaBJIEHHOMY MarepHanoBefeHHIo. IIpencraBieHsl pe3ynbTaThl TEOPETHUECKUX
UCCIIEAOBAHUM U PacuyeTa TEXHOJIOTHYECKUX U (DU3MKO-MEXaHUYECKHX CBOMCTB
KapKacHbIX KOMIIO3UIIMOHHBIX CTPOUTEIBHBIX MaTepHalIOB. BBIABICHBI 3aKOHO-
MEPHOCTH CTPYKTYPOOOpa30BaHHs KapKaCHbIX KOMIIO3UTOB Ha yPOBHE (hOPMUPOBAHUS
KapKacoB M MaTpHII, a TAKKE MPU UX OOBEAUHEHUHU. Y CTAHOBJICHO, YTO TPOLIECC MPO-
IIMTKH KapKaca MaTpULell NOIIUHACTCS 3aKOHOMEPHOCTSM JIBIXKEHUS CBOOOJHOIHC-
TIEPCHBIX MM CBSI3HOIMCIIEPCHBIX cHcTeM. [lomydeHbl (opMyJIbl UTs pacdera CTpyK-
TYpPHBIX HAaNpsDKEHUH B TBEPICIOLIMX KapkacHbIX komnosutax. C ¢eHomeHonornye-
CKUX TIO3WLIMH TIOTyYeHbI aHATUTHIECKHE 3aBUCUMOCTH TS pacuera koddduimenTa

TETUIONPOBOHOCTY M3Aeui. [l mMonenel U3 yrnopsaoyeHHO PaCIONOXKEHHBIX 3a-
TIOJTHHUTEJIEH TTOTyYeHbI BEIPKEHHS TS pacueTa MOyl YIPYrOCTH W MOKa3aHa KH-
HETHKA MPOLIECCOB pa3pyLICHUs KAPKACHBIX KOMIIO3UTOB IMPH MX HArPYKEHUH. YCTa-
HOBJICHBI TEOPETHYECKHE 3aBHCHMOCTH UL BBIYHCIICHHS Koddduimenta mudpdysim B
KapKaCHBIX KOMITO3UTaX OT OCHOBHBIX CTPYKTYpPOOOPa3yIOIHX (paKTopos.

JJ1st ntuTHpOBaHUSA
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Fundamentals of technology theory of production, calculation physical
and mechanical properties and indicators chemical and biological properties
of frame building composites

Vladimir T. Erofeev

National Research Ogarev Mordovia State University, Saransk, Russian Federation
vlalmo@mail.ru

Article history Abstract. Energy saving, operational reliability of buildings and structures for
Received: May 12, 2022 various purposes is determined by the durability of building materials and pro-
Revised: July 24, 2022 ducts used in their construction. To date, frame building composites have been
Accepted: July 27, 2022 developed on the basis of polystructural theory. The frame technology for the manu-

facture of building products consists in the preliminary manufacture of frames
from coarse-pored mixtures, followed by filling voids in the hardened frame
with a matrix-plasticized binder, fine-dispersed or fine-grained composition, while
the frames and matrix can be formed on various binders. This technology makes
it possible to obtain building materials and products with a combination of the most
diverse and even incompatible binders with a predetermined set of properties,
i.e. opens the way to directional materials science. The paper presents the results
of theoretical research and calculation of the technological physical and mecha-
nical properties of frame composite building materials. The regularities of
the structure formation of frame composites at the level of the formation of
frames and matrices, as well as when they are combined, are revealed. It is estab-
lished that the process of impregnating the frame with a matrix obeys the laws of
motion of freely dispersed or connected dispersed systems. Formulas for calcu-
lating structural stresses in hardening frame composites are derived. Analytical

dependences for calculating the thermal conductivity coefficient of products are

For citation obtained from phenomenological positions. Expressions for the calculation of

Erofeev V.T. Fundamentals of technology the modulus of elasticity are obtained for models of ordered aggregates and
theory of production, calculation physical the kinetics of the processes of destruction of frame composites under their
and r.nechanlcahl properties an@ indicators loading is shown. Theoretical dependences for calculating the diffusion coeffi-
chemical and biological properties of frame cient in frame composites on the main structure-forming factors are established.
building composites. Structural Mechanics
of Engineering Constructions and Buil- Keywords: building composite materials, frame structure composites, frame,
dings. 2022;18(4):283-296. (In Russ.) matrix, patterns of structure formation, filler, filling material, matrix viscosity,
http://doi.org/10.22363/1815-5235-2022- structural stresses, physical properties, mechanical properties, strength, thermal
18-4-283-296 conductivity, fracture mechanics, durability

BBenenne

Co3pnaHne HOBBIX CTPOMTENIBHBIX MAaTEpPHAJIOB U M3AEIHH, 00eCIeUMBAIOIUX yIyUIICHUE UX JKCIUTyaTa-
UOHHBIX MOKa3areneH, moBsieHue 3QHEKTUBHOCTH, CHIKEHNE MAaTEPHATIOEMKOCTH, CTOUMOCTH U TPYIOEMKO-
CTH U3TOTOBJICHUS, SBJISIETCS] OCHOBHOH 3a/aueii B 001aCTH CTPOUTEILHOTO MaTePUATIOBEICHHS.

PagnkanbHBIM c110cOOOM MOBBIIIEHUS TOJTOBEYHOCTH KOMITO3ULIMOHHBIX MAaTEPUAJIOB M M3CIHHN SBIISIET-
Cs1 IPUMEHEHNE KOMIIO3UTOB Ha MOJIMMEPHOM BsXKyIleM. Tak, K HACTOAIIEMY BPEMEHHU IIUPOKOE IPUMEHEHHE
B CTPOHUTEIBHOM OTPACIX HaXOAAT MOJTUMEPOETOHBI Ha OCHOBE CHHTETHUECKUX CBA3YIOMUX [1-3], koMno3uim-
OHHBIE KOHCTPYKIIMOHHBIE Matepuansl [4—10], no6aBo4YHbIE NOIMMEPHBIE KOMIIO3UTHI K LIEMEHTHBIM U APYTHM
OeToHam u kKoMrozuTtaM [11-14].

[lepcrieKTHBHBIM HamlpaBIEHUEM TAJbHEWUIIEro Pa3BUTHS CTPOUTEIHHBIX KOMIIO3UTOB MPEACTABIAETCS IMO-
Jy4eHHe W BHEIpEHHE MaTepUalioB KaPKaCHOM CTPYKTYpbL. DTO MOKa3aHO B paboTax aBTOPOB MPHU UCCICAOBAHUM
KapKaCHBIX KOMIIO3UTOB Ha MOJIMMEPHBIX CBS3YIOILHX, CTEKIOLIETOYHBIX BSDKYILMX, PACTBOPUMOro cTekia [15—-18],
a TaKk)Ke KOMIIO3UTOB C OPraHU30BaHHON MaKpOCTPYKTYpPOil Ha OCHOBE CHHTeTHUecKuX cmout [19; 20].

TexHonOrns: MX U3roTOBJIEHUS BKJIIOYAET MpEIBApUTEIbHOE CO3[JaHNE ONTUMANBHBIX CMECEN 3aloIHUTE-
Jiel ¥ CKJICMBaHHUE 3€PEH IPYT C APYIOM C IOCIEAYIOIINM 3all0JHEHUEM MYCTOT MOJyYeHHOro KapKaca MaTpu-
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1ei. DTO MO3BOJISET NOIYy4aTh BHICOKOHAIIOJIHEHHBIC KapKAaCHbIE KOMIIO3UTHI, 00JIEr4aeTcsi UX U3TOTOBICHUE U
yKJIaJKa, TOSBISETCS BO3MOXKHOCTh CO3/1aBaTh Ha MX OCHOBE MaTepHalbl C 33JaHHBIMH CBOMCTBAMU U U3JENUS
Pa3InYHOrO Ha3HAYEHUs. Y CTAHOBJICHO MOBBIIEHHE (PU3UKO-TEXHUUYECKUX CBOMCTB KapKACHBIX KOMIIO3UTOB I10
CPaBHEHMIO C KOMIIO3UTaMHU OOBIYHOI CTPYKTYpBI: INPOYHOCTH IPH CKATHHM M PACTSDKEHMM Bblme B 1,2 pasa;
yaapHas MpoyHoCcTh — B 1,5-3,5 pasa. Ilpu aTom ycamounsie aeopMaliuy CHIDKAIOTCS B 5—7 pa3, TeMieparyp-
HBIe nedopmManuu — B 2,2 pasa, a nmon3ydyects — B 1,2 paza. [lokazaHo pe3koe MOBBHILICHHE YAAPHOH NPOYHOCTH
(Oomee ueM B 3 pasza) KapKaCHBIX KOMITO3UTOB, ApMHUPOBAaHHBIX TUCIIEPCHON apMaTypoii [20].

B cBsI31 ¢ pa3BUTHEM BBIYHUCIUTEIBHON TEXHUKH PE3KO BO3POCIIA POJIb MATEMaTHUECKOT0 MOACTUPOBAHU
KaK CpeZICTBa M3y4YECHHUs SIBICHUIN U MPOIECCOB B JKUIKUX, TA30BBIX, INTACTUYHBIX Cpeaax, TBEP/BIX TeslaX, B TOM
yycie B 0ETOHAX U JPYTruX KOMIO3MIUOHHBIX Marepuanax (KM). Ycunusa TeopeTukoB cocpeIoTOYEeHbI Ha pac-
YyeTax MEXaHMUECKUX M HEKOTOPBIX (PU3MKO-XMMUYECKUX CBOHCTB KOMIIO3UTOB.

TeopeTnueckue UccIeq0BaHUs MHOTUX MOKOJIEHUH YYEHBIX U WHXKEHEPOB 3aJI0KUIIM OCHOBBI MPOEKTHPO-
BaHUsI KOHCTPYKLHMH M UX 3JIEMEHTOB C YUETOM OOECIHEeUYEeHUsI UX MPOYHOCTHBIX U Je(OPMATHBHBIX XapaKTepH-
cTuK. IIpuHATEIE METOMBI pacyeTa Aal0T BO3MOXKHOCTh OLIEHUTH COCTOSIHHE JIEMEHTOB KOHCTPYKLIUH, IIPU KOTO-
POM MPOU30HAET UX pa3pylleHHe WIN Korjaa JehopMaliy IpeB30HIyT UX TOMYCTUMYIO BEJIMYUHY. B 3TOM CBS-
31 Ba)XKHBIM SIBJISIETCS MPOLIECC MOTY4YEHUS] YUCICHHBIX 3HAUYCHUN INPOYHOCTH U XapaKTEPUCTHK NeGOopMUpOBa-
HUS Pa3sHBIX MATEPUANIOB MPU PANIMYHBIX BHEINHUX BO3JCHCTBHAX. BO3MOMKHOCTB TEOPETHUYECKOTO MOAXOMA
K HCCIIeIOBaHUIO Mpolecca AehOpMUPOBAHHS TBEPABIX TeJl CBsI3aHa ¢ HEOOXOANMOCTBIO MPHHATHS HEKOTOPOH
MOJIEH ITHUX TeTl.

Lenp nccienoBanus cocTosyia B pa3padOTKe TEOPETUUECKUX MPENNOCHIIOK CO3aHusI KapKaCHBIX KOMIIO-
3WUTOB C YJIyYIICHHBIMH MTOKA3aTEISIMU CTPYKTYPBI i (PU3NKO-TEXHUUECKUX CBOMCTB.

3agauu ucciIen0BaHUMI!

— 000CHOBATh METO/bl TEOPETUUECKOTO U3YUECHUS] KOMIIO3UIIMOHHBIX CTPOUTENIFHBIX MAaTEpUAJIOB KapKac-
HOW CTPYKTYpBHI;

— M3YYHUTh MPOLECCH CTPYKTYPOOOpa30BaHusl U CTPYKTYPHI KapKacHBIX KOMIIO3UTOB;

— CTPYKTYpHBIE HaIlPSHKEHUS B KAPKACHBIX KOMIIO3UTAX;

— TMOBEeJIeHNEe KapKacHBIX KOMITO3UTOB MPH JeMCTBUM BHEIIHUX HAarpy30K;

— XUMHKO-0HOJIOTNYECKOE CONPOTUBIICHUE KAPKACHBIX KOMIIO3UTOB;

— IOJTy4YUTb MaTEMaTHUYECKYIO 3aBUCUMOCTB IS OLIEHKH TEPMHYECKOTO CONMPOTHBIICHNSI KAPKACHBIX KOMITO3UTOB.

MarepuaJibl U METOABI

CTpyKTypa KapKacHOTO KOMIIO3UTa MPEACTaBIsIeT COOOH COBOKYMHOCTH CONPHKACAIOLIMXCS, CKICEHHBIX
JpyT € IPYyrOM 3€peH KPYIHOI'O 3allOJHUTEIS WM BOJOKOH, ITyCTOTBI MEXIY KOTOPBIMU 3aIlOJHEHBI AUCIEPCHON
cpenoit — marpunei. @U3NKO-TEXHUYECKUE CBOMCTBA KAPKACHBIX KOMIIO3UTOB MIPEAOIPENEISIOTCS: CTPYKTYPOU
KJIesl KapKaca, 3all0JIHUTEIeH U MaTpHLbl; OCOOCHHOCTSIMY B3aHMMO/EHCTBUS Ha TPAHUIAX «3alOJIHUTEIb — KIIeH
KapKaca» M «KapKac — MaTPHIay; XapaKTepoM T€OMETPUIECKON YITaKOBKH 3aIIOJTHUTEIEH B KapKace.

ba3oBeIME MeTOIAMM ATl IPOBENEHHS TEOPETUUECKUX HCCIEIOBAaHUH KapKAaCHBIX KOMITIO3UTOB CITY KHIIH:
MOJIUCTPYKTYPHASL TEOPUsL KOMIIO3ULIMOHHBIX MATEPUAIIOB; 3aKOHBI U SIBICHUS THIPOJUHAMUKYA U TUAPOCTATUKY;
3aKOHOMEPHOCTH JBIKEHHS CBOOOTHOAMCIIEPCHBIX U CBSI3HOAMCIIEPCHBIX CUCTEM; METOJl KOHEYHBIX 3JIEMEHTOB;
METO/ 0000IIEHHOH MTPOBOJUMOCTH; TEOPUSI XUMHUYECKOTO COTIPOTHBIICHHS KOMITO3UTOB.

Teopernyeckue NPeANOChIIKH CO3AAHUS KAPKACHBIX KOMIIO3UTOB
€ YJIy4YIlIeHHbIMH II0Ka3aTeJSIMH CTPYKTYPbI U (PM3UKO-TEXHUYECKUX CBOICTB

Teopus cmpykmypooopazosanus KapKacuvlx KOMRO3UMOG

B HayyHOM MaTepHanoBeIEHHH B MOCIEAHUE TOIBI YTBEPIKIAETCS KOHLEIIINS, COTJIACHO KOTOPOi KOHEeU-
HBIE CBOICTBA MaTepUaNIOB ONMPENEIISIOTCS UX CTPYKTypoil. [Ipobnemsl ynpasneHus aeopMUpOBaHUEM CTPYK-
TypHI (OT HAHO- JI0 MaKpOYPOBHS) KOMITO3UIIHOHHBIX MaTEPHUAIOB B HACTOSIICE BpeMs SBIISIOTCS IPHOPUTETHBI-
mu. CTPYKTYpBbI, CO31aBacMble Ha MAaCIITAOHBIX YPOBHSAX OT HAHO JI0 Makpo, 00eCIeunBar0OT OCHOBHbIE CBOICTBA
MmarepuanoB. C 3TOH HeNbl0 B MEXaHWKE MAaTepUaioB [UIS MPEACTABUTEIHHOTO 00beMa KOMITO3UTA 4acToO HC-
MOJIB3YIOTCS cPepruiecKre MoIeH TIeHKH (3((DEKTUBHBIE U CTPYKTYPHBIE).

YcTaHOBIICHBI 3aKOHOMEPHOCTH CTPYKTYPOOOpa30BaHUs KapKacHBIX KOMITO3UTOB. OCHOBHBIMU ITOKa3are-
JSIMH, OTIPECIAIONIMMU KaueCTBO CTPYKTYpBI KapKaca, CIIyKaT MpPOITyCKHAas CIIOCOOHOCTB, MO3BOJISIONIAS 3a-
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MOJTHUTH MTOPOBOE MPOCTPAHCTBO CBA3YIOMINM, M aATe3Ws CBA3YIOMIETO (MAaTpHUIlB) K BsDKyIIeMy Kapkaca. [Ipo-
MYCKHAsi CIOCOOHOCTh KapKaca OTNpe/elsieTcss H3 COOTHOLICHHUST pa3MepoB 3aIlOJIHUTENICH KapKaca U CBSI3YIOIIe-
ro, a TaKXke BSI3KOCThIO mocieanero [20].

[IpemnoxeHo onTHMaabHOE COOTHOIICHHE Pa3MEpOB HAITOJIHUTENEH MaTpPHUIBI M 3allONHUTENEH Kapkaca
HaXOJIUTh U3 BRIPAKCHUS

r:0,14\/R2+O,9(R+6m)2, (1)

rae ¥ u R — pagnychl HAIOJHUTEINS U 3alIOJHUTEINS; Oxe = Vi/S — TONIIKMHA TIICHKH CBS3YIOIIETO Ha 3e€pHaX Kap-
Kaca; Vi — o0beM Kilest KapKkacHOH cMecH; S — cyMMapHasi HOBEPXHOCTb 3allOJTHUTEICH.
Pa3mepsl 3epeH 1 ux ynenbHasi IOBEPXHOCTh PACCUMTHIBAIOTCS 10 (hopMyaM

d, =3/6m/(np,) umu d =.|d\d, (sacTun onnoit paxuun);

N
d, = Z x,d,; lim (cmecn nanonnureneit); S, = (6/p,) Z((pqixi /d,)), (2)

- X—>0
i=1

TIIe M U Py — Macca M IUIOTHOCTD YacTuL; d|, d» — TMHEWHBIE pa3Mepbl OTBEPCTHI CHUT, MEXIY KOTOPBIMHU 3a/epiKa-
JMCh YyacTHLBL; N — 9ucio Gpakiuii; ds,; — CpeAHNE AUaMETPBI 3€PEH; X; — MaCCOBBIE JOJIM OTACTBHBIX (PPAKIII.

Peonorndeckue cBOKWCTBAa HEHANIOTHEHHBIX TPOMUTOYHBIX KOMIIO3UIUI U KOMIIO3HINN ¢ HATOJHUTEIIMHI
paccuMThIBAaIOTCS 0 ypaBHeHHUsM HbroToHa, bunrama — I1IBenoBa u Kysnona:

1=n,(d0/dx), t=n+n, (dQ/dx) u t1=otg(p)+n, (dQ/dx), (3)

rae (dQ/dx) — rpagueHT CKOPOCTH CABHIa; G — HOPMAJIbHOE HANIPSDKEHHE; () — YOl BHYTPEHHETO TPEHUSI.
IIponecc mponuTKH KapKaca MOJMMEPHBIMH CBS3YIOIIUMH CIIEAyeT 3aKOHAM JIBI)KEHHS JKHUAKOCTU B Ka-
HaJle Kpyrinoro ceueHus. [lo peorornueckuM mapameTrpaM NpONUTOYHBIE MaTPHULbI pa3AeisIioTcss Ha OecCTpyK-
TypHBIE (BSI3KHE) U CTPYKTYPHPOBAHHBIE (BA3KOILIIACTUYECKHE).
VYpaBHEHHE TUAPABINYECKON INPOHUIIAEMOCTH KapKaca BA3KMMHU MaTpULAMU B pe3yJbTaTe Npeodpas3oBa-
HUSI U3BECTHOTO cooTHolIeHus [lya3eiisia moaydeHo B BUae

_ mAPTI[(\/3R? - 0,57(R+35,)* / o]’
M= 80I[1+0,274(1-TI)]

, “)

TZIe s — BA3KOCTb >KUAKOCTH; AP — KanwsipHoe naBieHue; 11 — mopucrocts kapkaca;  — pacxof )KUIKOCTH;
[ — 1MuHA KanuwuIspa.

CTpyKTypHBIE U TEXHOJOTHYECKHE MTapaMeTpPhI MPoIiecca MPONMUTKH BI3KOIIACTHUECKUMHU MaTpUIIaMU Ha-
XOAATCS U3 ypaBHEHUS, MOTYYSHHOTO NP Mpeodpa3zoBaHuM COOTHOIEHHs bykunrema — Peiinepa:

81,/ +l 21,1
3AP. || BR*—0,5n(R+8 ) |/n 3| AP | 3R> =0,57(R+5.) |/n
[ K K

nc :nB 1_ > (5)

TZI€ )¢ — CTPYKTypHAas BA3KOCTH; Tt — MPEAeNIbHOE HAMIPSDKEHUE CIIBUTA.

K mponmuTouHBIM KOMMIO3UIUSAM, COACPIKAIUM HAMOIHHUTEIH, HEOOXOIMMO NpPEIbSIBIATH TpeOOBaHUA
HepaccliauBaeMocTd. HamonHuTenu JOMKHBI HAXOAUTHCS B CBSI3YIONIEM BO B3BELICHHOM COCTOSHUU. JJis BBI-
MOJTHEHMSI 3TOTO TPeOOBaHUS MPOMUTOYHAS KOMITO3UIIMS JIOJDKHA TIPYU BBEIECHUHM HAIOJHUTENS TPHOOPETaTh
CTPYKTYpY, 00Taal0NIyI0 HEKOTOPOI MPOYHOCTHIO. B cirydae eciii ITOTHOCTD HATIOJTHHUTENS OOJBIIIE TIOTHOCTH
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BSDKYIIETO, YAaCTHIIBI TIepBOTO OyAyT ocenarh. BspKylee MpensTCTBYEeT NBIKEHHIO, © B HEM BO3HHKAIOT Kaca-
TETHHBIC HAMIPSHKCHUS:

t=m/F, (6)

rae m — Macca 4aCTullbl B CBﬂSyIOH.[eM; F - I1omaab HOBCpXHOCTI/I YJacTULbI.

CI/IJ'Ia COHpOTI/IBJ'ICHI/IfI CB$I3yIOI]_[Cl"O JABMKCHHUIO YaCTUIl HAIIOJHHUTCIIA BHU3, HpHXOI[fIH.[aSICfI Ha e,Z[I/IHI/IHy
IUIOIIA/IH, €CTh CTATUYECKOE HanpsykeHue casura ©. [IpuHuMas 4acTUIbI HAIOHUTEIS apoo0pa3sHoi GopMbl
I[HaMeTpOM d, OHpeZ[eHI/IM MaCCY JaCTHUILIbI B CBH3yIOHIeM:

3
nd

m—T(Yr—Yc), (7

TIIE Jr, Yo — IUIOTHOCTH HATIOJIHUTEIS U CBA3YIOIIETO COOTBETCTBEHHO.
[Tmomaas TOBEPXHOCTH YaCTHUITHI MapooOpa3Hoit hopMBI paBHA

F=nd>. (8)
Torna hopmyna (6) mocne noacTaHOBKY BeipaxkeHui (7) u (8) Oymer uMeTh BU

d
rz@zg(yr—yc). )

B peanpHBIX yCTOBHAX IS IPEIYTIPEKICHHS OCAXKICHUS HAMPSHKEHUS Ha TIOBEPXHOCTH YaCTHIIBI TP ee
TBIDKCHUW TTOJDKHBI TIPEBOCXOMUTH CTATHYECKOE HAIPsDKCHHE CABUTA, YTO YUYHUTHIBAeTCS Kod(DHUIMCHTOM K.
Ero 3nauenue 3aBHUCHUT OT pa3Mepa YacTHUIl U C POCTOM HX JUaMeTpa yBeiaumuuBaetcs. [Ipu quameTpe 4acTHITHI
o 2 MM Kk = 2,5-3. YUuThIBas 3T0, U3 BhIpakeHUs (9) MOIyduM MpeAeTbHBIN pa3Mep YacTHUIlbI, HE OCEHArOIICiH
B CBSI3YIOIIEM:

d=6x0 / (y,—yo). (10)

[Ipu 3amoHEHNH MyCTOT KapKaca TepMOILUIaCTaMi HEOOXOIMMO MPEI0TBpAIIaTh 3aCTHIBAHNE PacIliaBa BO
BpeMs nponuTKu. COrlacHO 3aKOHY COXpaHEHHs! PHEPTUU U Pe3ysbTaTaM SKCIEPUMEHTAIbHBIX HMCCICIOBaHUN
MeXaHM3Ma TEUYCHUS B IMTHUKOBBIX KaHAJaX PacIlIaB He OXJIAXKIAeTCs IIPU TEUSHUH CO CKOPOCTHIO HE HUXKE

v, =0,06(z, -1, )/, (11)

THe tp, U ty — TEMIIEpaTyphl paciijiaBa v MOBEPXHOCTH KaHalla COOTBETCTBEHHO; 7o — HAINIPSDKEHUE CIIBUTA Y CTEHKH
KaHaja.

Cmpylcmypubte HANPAIICEHUA 6 KAPDKACHbBIX KOMRno3umax

Kommo3uraM onTtuManbHOW CTPYKTYpPBI COOTBETCTBYIOT Oe3ae(eKTHBIE CHCTEMBI, B KOTOPBIX 10 MHHH-
MyMa CBEZIeHa BEINYMHA CTPYKTYPHBIX HANPSKEHUH.

W3BecTHO, UTO B mpoliecce OTBEPKACHNS OETOHOB MPOMCXOIUT ycaJKa MaTpULbl. Pa3BUTHIO yCcaTOYHBIX
nedopMallii IpensSTCTBYET 3alloNHUTENb. BeaencTerue 3Toro B MaTpuile BO3HUKAIOT HANPSDKEHHSI, Ha3bIBaEMbIC
CTPYKTYpPHBIMH, TaK KaK OHH TOSBISIOTCS B Tporiecce (hopMHUpoBaHUS CTPYKTYpHl OeTOHOB. Bennmumna cTpyk-
TYPHBIX HaNpsKEHUH 3aBUCUT OT YCaJKH MaTPHIIbI, CTETICHN €€ HAIOJIHEHUS, )KECTKOCTH 3allOJTHUTENEH, MOLyIs
YIPYTOCTH MaTPUIIBl, peXUMa OTBEPHKACHUSA KOMIIO3UTA.

s aHanmM3a 3aBUCUMOCTH YCaJOYHBIX HATIPSHKEHHUH OT CBOMCTB AJIIEMEHTOB CTPYKTYpPhI OETOHA Mpeasio-
’K€Ha TpocTas pacdeTHas MOJelb, KOTOPYIO MOXXKHO NPUMEHHTh M TpPHU KAayeCTBEHHOHM OIEHKE YCaJOYHBIX
HanpsDKEHUH B KapKacHbIX komnosuTax (puc. 1). [Ipeamonaraem, 4to KapkacHble KOMIO3UTHI, KaK U OOBIYHEIE,
COCTOSIT W3 3aIOJHATENEH MMINHAPUIECKONH (GOPMBI U MATPHUIIBl. VX OTIMYUTENEHOW OCOOCHHOCTBIO SIBISAETCS
TO, 9TO B 9TUX OETOHAX MaTpHIlA C 3aIOTHATEISIMA B3aUMOJIEHCTBYET depe3 KIeeBYIO MPOCIonKy Kapkaca. [lo-
3TOMY 11 OETOHOB JTAaHHOT'O THIIa pacCMaTPUBAEM 3aJlady O HAIPSDKEHHOM COCTOSIHUM IMJIMHAPA U3 )KECTKOTO
CeplIeYHHKA C ABYXCIIOMHBIM MOKPBITHEM (pHC. 2).
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Puc. 1. CTpyKTypHBI 3JIEMEHT KOMIIO3UTa OOBIYHON CTPYKTYPHI:
a — pacdeTHas MOJIeib: [ — 3aMOJIHUTENb, 2 — MAaTPUIIA; O — paCYETHAsl CXEMa; 8 — IEPEMEILICHUS OT YCaKH
Figure 1. Structural element of a regular structure composite:

a — theoretical model: 7 — filler, 2 — matrix; 6 — structural design; ¢ — shifts from shrinkage

Puc. 2. CTpyKTypHBIi 2JIEMEHT KOMIIO3UTa KapKaCHOH CTPYKTYPBL:
1 — 3anonHUTEND; 2 — MaTpHLA; 3 — KIEeBOil CIIon
Figure 2. Structural element of a framed composite:

1 —filler; 2 — matrix; 3 — glue layer

[onmy4eHsl aHaTUTHYECKUE BBIPAXKEHHsSI JJIsl pacueTa CTPYKTYpPHBIX HampsDKEHUH B TBEPIACIOIIUX KapKac-
HBIX KOMIIO3MTaX, ONpEHeiomye 0COOEHHOCTH (OPMHUPOBAHUSA CTPYKTYpPhl KOMIIO3UTOB WU NPUIOAHBIC VIS
yIpaBJICHHsI MIPOIIECCAMH CTPYKTYpOOOpa30BaHUs U MOyYeHHs KapKaCHBIX MaTEpHaliOB ¢ ONTHUMAILHBIM KOM-
TuiekcoM cBoUcCTB. [1o momydeHHBIM popMyaM noxydeHs! Tpaduiaeckue 3aBUCUMOCTH (puc. 3).

S O = = = e
0 O O = N W

CTpyKTypHBIE HATIPSKEHHUS /
Structural stresses (0% / 67712%)

Puc. 3. I3MeHeHre CTPYKTYPHBIX HAPSDKEHUH B MaTPHIE KAPKACHOTO KOMITO3HTA OT TOJIIMHBI KJIEEBOTO CIIOs Kapkaca (¢ / a)
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The ratio of the elastic modulus of the adhesive frame and filler
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1 COOTHOIICHUS MOIYJIEH yIpYyrocTH Kies Kapkaca E3 u 3anonHuTens E1:

a — OKPYXHBIX; 0 — paJuaIbHBIX

The ratio of the elastic modulus of the adhesive frame and filler

Figure 3. The change in structural stresses in the matrix of the frame composite from the thickness of the adhesive layer of the frame (¢ / a)
and the ratio of the elastic modulus of the glue of the frame E3 and the filler E1:
a — circumferential; 6 — radial
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W3 rpadukoB BUIHO, UTO CTPYKTYpPHBIC HAIIPSKEHUS 3HAYUTEIHFHO CHIDKAIOTCS YIPYTHM KJIeeM Kapkaca,
MIPU 3TOM ONTHUMAJIHFHOE COOTHOIICHHE MOMYJEH YIPYrocTH Kiies KapKaca W 3aloIHUTENICH MPH MOCTOSTHHOU
JKECTKOCTH MaTpulbl HaxoauTcs B npenenax ot 0,01 xo 0,04.

Hccneoosanue noseoenusn KApPKACHbIX KOMno3umoe npu oelicmeuu 6HEeUHUX HAZPY30K

TeopeTHuecku U HKCIEPUMEHTATBFHO N3YyUEHO MMOBECHNE KAPKACHBIX KOMIIO3UTOB MPH AEHCTBUN BHEIIHEH
Harpy3ku. [loBenieHre KOMIMO3UIIMOHHBIX MaTepUasIoB MU BO3AEHCTBUY BHENIHEH Harpy3Kyu BO MHOTOM OIpeniessieTcs
HanpspkeHHO-edopmupoBaHHbeM coctostHreM (HJIC) B ero cTpykTypHBIX aieMeHTaX. Tak Kak KOMITOHEHTHI
KOMITO3HITHOHHBIX CTPOUTENBHBIX MaTepranoB (KCM) uMeroT pasnuyHbIe yIpyronpoYHOCTHBIE CBOWCTBA, HATPY3Ka,
NPHIOXKEHHAs K KOMIIO3UTY, pactperensieTcs: o 00beMy HEpaBHOMEPHO. B cTpykType MaTepuana npu 3HauUTeIbHOH
HEOTHOPOAHOCTH BO3HUKAIOT 00JIACTH C KOHIICHTpAIIeH HAIIPsHKEHUH, U B HUX 3apOXKAAOTCs MUKPOTPEIMHEL. M3yunB
BIMSIHHE CTPYKTypooOpazyronmx (pakropoB Ha HJ/IC, MOXHO yCTaHOBHUTE, TIPH KAaKUX XapaKTEPUCTHKAaX KOMIIOHEHTOB
KOHIICHTpAIWs HalPsDKEHUI B CTPYKType OyleT MUHUMAaJIbHOM. Vcrone3ys 9T TaHHBIE MPH MPOESKTUPOBAaHUU COCTaBa
KOMITO3UTOB, MOYKHO TIOJTHEE UCIONIb30BaTh PabOTy BCEX €ro KOMIIOHEHTOB H YIIYUIIUTh KCIITyaTallMOHHBIE CBOIMCTBA.

C menpio BBISICHEHHS BIVSIHHS CTPYKTYPHBIX (PaKTOPOB Ha HAIpPsDKEHHO-AE(QOPMHPOBAHHOE COCTOSHUE
KCM mpu meiicTBum BHENTHEH HArpy3KH IEIeCO00pa3HO HCIOIh30BaTh METOABl KOHEUHBIX JJIEMEHTOB. B HUX
paccMaTpHuBarOTCsl IJIOCKUE W 0OBEMHBIE pacueTHble MoAenu [21]. beToHbl 0OBIYHO MOIENUPYIOTCS IIOCKOM
pacueTHON MOJeNbIO ¢ OHUM BKItoueHueM [22—27]. [Ipu mpoBeneHu pacyeToB MOJIeIh pa3OUBaeTCs Ha OIpe-
JIEJIEHHOE YHCIIO DJIEMEHTOB KOHEYHBIX Pa3MEpOB, Yallle BCETO TPEYTONbHON WM YeTBIPEXyTONbHOW (DOPMBL.
B npenenax 3THX 3JIEMEHTOB CHadaia ONpeelsioT eopMaliy, a 3aTeM Mo 3aKoHy [ 'yKa M HanpsipKeHHs, KOTO-
pBIe TPEACTaBISAIOTCS B BHJE KOA(D(OUIIMEHTOB KOHIIEHTPALUN HAIIPSKEHUH, BRIPAYKAIOIIUX OTHOIICHUE MaKCH-
MaJIbHBIX HaNpsDKEHUH K MHTEHCHBHOCTH BHEIIHEW C)KMMarolled YCIIOBHOW HarpysKu, ONpeJesieMord Kak OT-
HOILICHHE CyMMapHOH BHEIIHEHN Y3JI0BOM CHIIBI K JUIMHE MOJCIIN.

Pacuernas mopnens, cocraBneHHas i u3ydeHns HJIC kapkacHBIX KOMITO3UTOB, ITOKa3aHa Ha puc. 4.
Omna paz0ouBasiach Ha 172 saeMeHTa TpeyTronbHOM (opMbl. Ee 3arpykeHne MpOU3BOIMIOCH CKUMAFOIICH Harpy3KOM
M0 BepXHeW rpaHu B y3iax. [y KapkacHBIX KOMIIO3UTOB BaKHBIM sBIIsieTCs BbisicHeHue BiusHuA Ha HJIC cooTtHo-
HICHHUS KECTKOCTEH 3all0JIHUTEIA, Kilesl KapKkaca 1 MaTPULBL, ()OPMBI 3aIIOJTHUTEINS U TOJLIMHEI KiIesl Ha eTo 3epHax.

[Ipu onTuMU3aLMK CTPYKTYPHBIX MOKa3aTesel Kiesl KapKaca OTHOLICHUE TOJNIIUHBI IJICHKU CBS3YIOLLETO
K JMaMeTpy 3aroJIHUTEN BapbupoBaiock B peaenax ot 0,05 no 0,1, a cooTHOlIEHHEe MOTyJIel yIIpyrocTy Kies
KapKaca ¥ 3anoiHuTens u3Mensiocs ot 0 1o 0,75.
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Puc. 4. Pa30uBka Moeny KapKaCHOTO KOMITO3UTa Puc. 5. PacnipeneneHue MakCUMalbHbIX HaNPsDKCHUN
Ha TPEYTOJIbHBIC AIEMEHTBI B KapKaCHOM KOMIIO3UTE B 3aBUCUMOCTH OT COOTHOILICHHUS
Figure 4. Breakdown of the frame composite model MOJyJIel YIPYTOCTH KIIesl 1 3allOJHUTEIIS IPU COOTHOIICHUT
into triangular elements MOJIyJIeH YOpyrocTH MaTpuibl U 3anonuutens E3/ E1=0,5:

1 — B matpuie; 2 — B 3anoHuTeNe; 3 — B Kiiee
Figure 5. Distribution of maximum stresses in the frame composite
depending on the ratio of the elastic modulus of the adhesive
and the filler with the ratio of the elastic modulus of the matrix
and the filler £3/E1=0.5:
1 — in the matrix; 2 — in the filler; 3 — in the glue
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JIist m3ydeHusT HapsOKEHHOTO COCTOSTHUS KOMITO3UTa KapKAaCHOW CTPYKTYPHI BO3BMEM CEMb YPOBHEH OT-
HOIIICHUI MOIYJIeH ynpyrocTH kies k 3amomaurtento: 0; 0,01; 0,05; 0,1; 0,25, 0,5; 0,75. HyneBomy ypoBHIO cO-
OTBETCTBYIOT HAIIPSDKEHHUS! B KOMITO3UTE OOBIYHON CTPYKTYPBI, O€3 KIIeeBOW TUICHKH Ha 3aIllOJTHHUTEIE.

YCTaHOBIIEHO, YTO W3MCHECHHE KOHIICHTPAIMH PACTATHBAIONINX HANPSOKCHUH MPOUCXOIUT B OOJBITHX
npenenax. B Marpuiie, HanpuMmep, Ko3Q(HUIUEHT KOHIICHTPAIIMK PACTATHBAIOIINX HAMPSDKCHUN M3MEHSETCS OT
0,01 npu E3/ E1 = 0,1 no 0,25 npu E3/ E; = 0,01. Cxxumaromye HanpsHpKeHUs PU STOM M3MEHSFOTCS HE3HAYH-
TeNbHO. B 3amonHuTENe pacTArHBaIONINe HANPSHKEHIS YMEHBINAIOTCS ¢ yBeanueHueM £3 / £y o Bennauns 0,05.
[Ipu cooTHOmEHNN MoIyIel yrpyroctu 6osee 0,05 HampsHKEHUS B 3alIOJTHATENIE BO3paCcTaroT (puc. 5).

Biinsinue ¢opMblI 3aN10JIHUTEISI HA BHYTPEeHHUE HATIPSIAKEHUS Influence of the filler shape on internal stresses
Ycii0BHbIE HATIPSIXKEHUSI B MaTpULie Conditional stresses in the matrix
®Dopma 3aN0JTHUTES Placeholder form - -
Pactsixenne Cxartue Stretching Compression
Huck 1 1 Disk 1 1
16-yronpHuK 1,16 1,02 16-square 1,16 1,02
8-yroJibHUK 1,58 1,26 8-square 1,58 1,26
Pom6 2,17 1,37 Rhomb 2,17 1,37

dopMa 3epeH pealbHOrO 3aMOTHUTEIS MOXKET OTIMYATHCSA OT Chepbl, MOITOMY OBUTH HCCIICIOBAHBI MO/IC-
JU ¢ pa3nuIHON (opMoit BKIOUeHHUI. OTHOIICHHE HX 00bEMOB K 00IeMy 00beMy MOJIENH MTPHHIMAIOCH PaB-
HbiM 0,24. OTKIOHEHUE OT KPYTOBOH (hOPMBI 3aIIOIHUTEIIS TPUBOJIUT K YBEIHUCHUIO

P KOHIICHTpAIMK HampsbkeHuil (Tabnuna). Hanbonee 3HAYUTENBHBIA €€ POCT MO OT-
HOIICHHUIO K KPYTroBOW (opme HaAOIIOZAeTCs B MOIEIIX C BKIIIOUCHHEM poMOWde-
CKHX CTPYKTYpP, OPHEHTHPOBAHHBIX OOJBIIONW OCHIO B CTOPOHY HAIpaBICHUS ICH-

CTBUS BHEIIHEH HATrpy3KH.

AHaM3 HaIPsSHKEHHOTO COCTOSIHHS KapKacHOTO KOMITO3UTa ITO3BOJIMII OIIpe-
~ JEIIUTh €ro ONTHUMAJIBHYIO CTPYKTYPY, B KOTOPOM CTPYKTYpPHBIE HAIIPSKEHUS CyILIE-
CTBCHHO CHIDKAIOTCS KiieeBbIM cioeM. C JTaHHOH TOYKHM 3pEHUs HauOojee paruo-
3 HaJbHO CJIEAYIOLIEE COOTHOILIECHHWE MOMAYJIEH YHOPYrocTd 3alONHUTENs, MAaTPHULIBI U
/ kies: 1:0,3 — 0,5:0,05 — 0,1; mpudem >kenaTeabHO UMETH KJIeH KapKkaca ¢ TOBBIIICH-

HBIMU 3HAYEHUSMH MPOYHOCTH Ha PACTSHKCHHE. DTO JOCTUTACTCS, HAIPUMED, ITyTEM
AUCIICPCHOI'O0 apMUPOBAHUS KJICA KapKaca.
P Mogens KapKaCHOTO KOMIIO3WTa pacCMaTpHBAaeM KaK JIBYXKOMIIOHEHTHYIO
CUCTEMY U3 3anoJIHUTENICH U MaTpUIbIl. 3epHa 3aIIOJIHUTEIA B KOMIIO3UTEC HAXOAATCS
Puc. 6. Mogens 111 pacuera
MEXaHHYECKHX XaPaKTEPUCTHK B HCIMMOCPCACTBCHHOM KOHTAKTEC, a 00BeM MaTpuiibl paBCH O6’LCMy ITyCTOT 3all0JIHU-
Figure 6. A model for calculating ~ T€Jlel. 3aMEHMM PeajbHYI0 CHCTEMY MOJEJBIO C PETYJISAPHO PACIONOKEHHBIMH 3a-
mechanical characteristics MOJTHUTENAMU (pHC. 6).
Paccrostaus MCXKAYy HCHTpaMHU 33HOHHI/IT€HCI>1, PaCIOJIOKCHHBIX BAOJIb BEPTUKAIIM U TOPHU30HTAJIA, B HaA4YaJIb-
HOM COCTOSIHMHU MPUHUMACM OAWHAKOBBIMU. HpH MMPUIIOKCHUH CXKUMAIOIINX HArpy30K pacCTOAHUC MCIKAY LICH-
TpaMUu ABYX COIPUKACAIOMIUXCA 3€PCH YMCHBIINUTCA Ha BCIIMYUHY 6, qTO 6y,£[eT OIpeACIATHCA MMpouecCaMu ac-
(GopMUpOBaHHMS B 30HE KOHTAKTA MIPU COMPSHKCHUH YacTHIl (O1) M BAABIMBAHUS UX B MAaTPHILy (O2).
Jlnst Mozieniel, COCTOAIINX U3 PETYISPHO PACMOIOKEHHBIX 3aMOTHUTENCH, MoTydeHbl GopMyIbl I pac-
YyeTa MOAYJIS YIPYTrOCTH IPH CTATUYECKOM M THHAMHYECKOM HArPyKEHUH:

E= Pl S i (12)

P2 Sh(1+B*) (-p)P | ™ wR[x+f(EE,)]
2B 2E,R

rae P — Harpyska; / — paccTosiHEe MEeXIy LEHTPaMH KOHTaKTHPYIOUIMX 3amloiHuTenei; 64 — aedhopmanus no
Iepiy; B — KO3 OUIKEHT CKATHS SIIOPHI, 3aBUCALIMNA OT TapaMeTPOB HIEPOXOBATOCTH M CKUMAIOLICH HArpy3-
ku; E> 1 W — Momyib FOHTa 1 ko3 dumuenT [lyaccona MaTpUIlbl COOTBETCTBEHHO; X = O — Op (34eCh O — cOmm-
JKCHUE MEXIy [ICHTPAMH COMPHKACAIONIMXCS 3€PEH MPH MPUIOKECHHH HArpy3KH; Op — COMMKEHHE B TOUKE CTa-
TUYECKOT'O PABHOBECHS).
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Tep.uuttecxoe conpomueéjieHUe KApKACHbIX KOMRO3umoe

[Iupoko pacnpoCTpaHEeHHBIM METOIOM TEOPETHUECKOTO MCCIIEA0BAHUS TETUIONPOBOAHOCTH KOMIIO3UIIMOH-
HBIX MaTEpHUaJIoB SBISETCS METO OOOOIIEHHON NMPOBOIMMOCTH, MO3BOJISIOMINA NPHUMEHUTH JUIs pacdeTa OCHOB-
HBIC COOTHOIICHUS JIEKTPOCTATHKH U dJIEKTPOANHAMUKH. [Ipn omrcanny mponecca TeIIonpoBOIHOCTH 1T0 METO-
Iy 0000IICHHOHN MPOBOJJMMOCTH UCTIONB3YIOT KOHTHHYAIBHYIO (DH3HYECKYI0 MOJIENb. B KOHTHHYaITbHBIX MOJIEISIX
OTZAEeNbHBbIE KOMIIOHEHTBI MaTepHala pPacCMaTPUBAIOTCS B BUE CIUIOIIHOM cpenbl (KOHTHHYYMa) U Ha OCHOBaHUH
(heHOMEHOJIOTMYECKOro aHaIu3a Ipolecca MepeHoca YCTaHaBINBACTCS 3aBUCHMOCTh KO HUIMEHTa ITepeHoca OT
CTPYKTYpPBI CMECH, OT KO3 PHUIMEHTOB ITEPEHOCA OTACIBHBIX KOMIIOHCHTOB 1 OT HX KOHIIEHTPAIINH.

CTpyKTypy KapKacHOTO KOMITO3HTa OTHECEM K CHCTEMaM ¢ B3aUMONPOHUKAIOIINMHU KoMIoHeHTaMu. KoH-
TaKTUPYIOLIME YAaCTHUIBI U MaTPUId MEXIY 3aIOJHUTEIIIMH 00Opa3yroT HENPEPHIBHYIO MPOTSHKEHHOCTD 3aIloj-
HUTEJICH ¥ MaTPHIIBI BO BCEX HAIIPABICHHSAX.

PaCCMOTpI/IM MOJ€CJIb, COCTOANUIYIO U3 LICIIOYHO-CBA3AHHBIX B HAIIPABJICHHUU TCIJIOBOI'O IIOTOKA 3aII0JIHUTC-
neit B Matpuue (puc. 7).

S
ONONEE &

G

G

I

T TTTT

Puc. 7. Mozens a5 pacyera TEIIONPOBOAHOCTH KAPKACHBIX KOMIIO3UIIMOHHBIX MaTepHUaIoB:
@ — dIIeMEHTapHasl siueiika; 6 — cxeMa COCTaBIISIONINX TEPMUUYECKOTO COMPOTHBICHHS MOCIIN;
1 — 3anonHuUTeNb; 2 — MaTPUL@; 3 — JIMHAM TEIUIOBOTO MOTOKA Yepe3 KOHTAKTUPYIOLIKE 3alOJHUTENH; 4 — JIMHAM TEIUIOBOIO MOTOKA [0 MATPHIIE
Figure 7. A model for calculating thermal conductivity of frame composite materials:
a — an elementary cell; b — a diagram of the components of the thermal resistance of the model;
1 — filler; 2 — matrix; 3 — lines of heat flow through contacting fillers; 4 — lines of heat flow through the matrix

o

C q)eHOMeHOJIOFI/I‘IeCKI/IX HOSI/IHI/Iﬁ C HCIIOJIb30BaHHECM KOHTI/IHyaJ]LHOﬁ MOACIN TIOJIYyY€HBI aHaJIUTU4YC-
CKHC 3aBUCUMOCTHU [JI1 pacueTa TCPMHUICCKOTO COIPOTUBJICHUS I/IBILCJ'II/Iﬁ 13 KApKAaCHbIX KOMIIO3UTOB:

R, =[1002d” / (6F,,p Y[8,p, /1003, )]+ {1~ (1,45 / d)[2Pd (1 -y} / E,]"} x
xF, /12,9 [2Rd(1—p,)/ E1"}} +{100md /[6F,q (100 —p, )]} x {3,(1—p, /100) /&, +
H1-(1-0,25m)"*1x F, / {2\ [1-0,25m)/0,25x]"*} }, (13)

rie d — quaMeTp 3armoiHUTeNs;, Fosp U 81 — IUIOMIAAb CEYCHUSI M TOJIHHA 00pa3na; p; — 00beMHasi KOHIIEHTpa-
U 3ATOTHATENS; Arp M Ay — KOO(PDHUIIMEHTH TETUIONMPOBOJHOCTH TPAHYII 3allOJIHUTENS U MAaTPHUIbl; P — KOH-
TaKTHOE YCUIINE, BHI3IBAEMOE BHYTPEHHUMH HAMPSHKEHUSIMH B KoMTio3uTe; £1 U [ — Moayns FOHra u k03¢ du-
nuenT IlyaccoHa MaTpHIIBI COOTBETCTBEHHO; Fy = mh*\/4 u F3 = na’,/4 — momany cedeHus MaTPHIIBI U 3aro-
HuTenel (31ech ay U by — IUaMETPhl YCIOBHOTO MUIHHPHYECKOTO CEUYCHHS MATPHIIBI B Y3KOM H ITHPOKOM IPO-
X0JIe COOTBETCTBEHHO (MEXKTY YE€THIPHMS M BOCEMBIO IIIapO00Pa3HBIMU 3aTIOTHUTEIISIMH)).

3HaueHus TeHHOHpOBOI{HOCTeﬁ 3al0JIHUTEICH M HEHAITOJTHEHHBIX MaTpUYHBIX KOMHO3I/I]_II/H71 SABJIIFOTCSL
CIIPaBOYHBIMH JaHHBIMH. J[7s pacueTa TEIUIONMPOBOJHOCTH HATIOJHCHHBIX MATPUYHBIX KOMIIO3UTOB CIIEIYET
MOJIb30BATHCS M3BECTHBIMU COOTHONICHUsIMH. Hampumep, TEmIonpoBOIHOCTh MOJIUMEPHBIX KOMIIO3UITUHA ¢ MEJ-
KOJUCIIEPCHBIMU HATIOJHUTEISIMU B [28] mpeaiaraeTcs OonpeaesaTh Mo ¢popMyiaM DKeHa:

PACYET U MPOEKTVUPOBAHVE CTPOUTENBHBIX KOHCTPYKLM 291



Erofeev V.T. Structural Mechanics of Engineering Constructions and Buildings. 2022;18(4):283-296

— 27\’0 _}\IH _2YH(7\’C _}\’H)

= opu A, <A ; 14
T By T o
+
XMZIIAKC opu A, > A, (15)
~Va

T7I€ M, Ac, Ay — TETUIOMPOBOIHOCTH HAIOJHEHHOW KOMIO3HIINY (MATPHIIBI), CBSA3YIOIIETO M HAMTOIHUTENS COOT-
BETCTBEHHO; Yy — 00bEMHOE COJIepyKaHNe HATTOTHUTEIIS.

Xumuxo-ouonozuuecxoe cConpomueleHue KapKAacHbvlx KOMnRno3umose

CdhopmynupoBaHbI MPEIIOKEHHSI IO TOCTPOCHUIO KOJTHYECTBEHHON TEOPUH XUMHUYECKOTO M OHOJIOTHYe-
CKOT'0 COTIPOTHBIICHHS KAPKACHBIX KOMITO3UTOB. B KapKacHBIX KOMITO3UTaX, COCTABICHHBIX Ha IUIOTHBIX (HEMpo-
HUIIAEMBIX) 3aMIOJTHUTENSX, TBEPABIA CKEIeT U3 3all0HUTeNeH (KapKac) TOPMO3HUT CKOPOCTh MEPEHOCa BEIIECTBA
yepe3 MaTpUIly, HaXOSIIyIOcS B €ro mycTtoTax. 3amemienue auddysun o0yciaoBineHo yUIMHEHUEM MyTH JU}-
(GyY3HMOHHOTO TIOTOKA BCJICACTBUE OTMOAHUS HEMPOHUIACMBIX 3epeH. [10dy4eHbl TeOpEeTHUSCKHE 3aBUCHMOCTH
kod(pummenta quddy3un B KapKacHBIX KOMITO3UTaX OT OCHOBHBIX CTPYKTYpooOpaszyomux (pakTopoB. Dddek-
TUBHBIN KO3QPunmenT nupdy3un KapKacHOTO KOMITO3UTa MPEII0KEHO MOJCUUTHIBATE IO POpMYyJIIe

D
= " ; (16)
1+0,274(1-10)

a

rze I — nopucrocts kapkaca; D, = ,[—D, — >0dexruBHbIi K03 PuurenT 1uddy3un NponUTOUHOH MaTPULIbL;
r

1

a — pacCTOSHUE MEXKIy HANOJHUTEISIMU; 7 — PAINYC YaCTHI] HAITOHUTENS; D) — K03 durneHT nuddys3un cBs-
3YIOILETO.
PaccrosiHue Mex Ty HAMOJTHUTEISIME ONIPeeNsaeTcs o hopmyie

1/3

n(m,/p,+m,/p,)
6m,/p,

~1td, (17)

TIE M ¥ My — MACChl CBSA3YIOIIETO M HAMIOJIHUTEIS COOTBETCTBEHHO; Pc M Py —TJIOTHOCTHU CBSZYIOIIETO M HAIOJI-
HUTEJSI COOTBETCTBEHHO; d — TMaMETp HAITOTHHUTEIIS.

[IpakTuueckoe 3HaUCHUE UMEIOT TEOPETUUECKUE U IKCIEPUMEHTAIBHBIC NCCIICIOBAHUS MTOBEICHHUS CTPO-
UTETIbHBIX MAaTEPUANIOB IPU BO3ACHCTBUM OMOJOIMYECKHUX Cpell B ONTHUMAJIBHBIX A POCTAa MUKPOOPIaHU3MOB
YCIIOBHUSIX, KOTJa TIPOUCXOJIST MAKCUMAIILHOE BBIJIJICHHE MTPOAYKTOB MeTabonu3Ma ((pepMeHTOB) U Ooliee ObICT-
past Aerpananysi MaTepuayioB. Y paBHeHHE OMocHHTE3a EePMEHTOB Ha MOJMMEPHBIX cyOcTpaTax, coriaacHo [29],
HMMEET CIICYIOIINMI BU/T

E = Xpg —{[E]s + O,1[E].} o, (18)

rae X — buomacca MUKPOOPraHM3MOB B €AMHUIIE 00bEMa; |r — yAeTbHasi CKOPOCTh OnocuHTe3a; [E]s — paBHO-
BeCHasl KOHIIEHTpalus (EepMEHTOB B Cpelie, TO €CTh HE CBSI3aHHAs ¢ cyOcTpaToMm; [E], — KOHICHTpAIUS acopOu-
pOBaHHBIX CyOcTpaToM (DepMEHTOB; J, — YIeIbHAS CKOPOCTh MHAKTUBAINA (DEPMEHTORB.

PocTt Mukpoopranu3mMoB nmoguuHseTcs cieayomnemy ypapaenuto [30]:

X:)?(HX_AJC), (19)

rae X — npeenbHas KpUTHdeckas ouomacca; L 1 A, — yIeIbHble CKOPOCTU POCTa OMOMAcChl U OTMUPAHUSI KJle-
TOK COOTBETCTBEHHO.

Bennunna cormacHo [31] onpeaensiercss npu KOMOMHHPOBAaHMM ypaBHEHHI OanaHca (epMEHTOB M H30-
TepMsI aacopouun Jlanrmropa:
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[E] = [E]a + [E]s; (20)
[E]a — S[E]v , (21)
E, K, +[E],

rae £ — obmast KoHIeHTpanus: pepMenTa; £ — BelM4nHa MpeesbHON afacopOunu; S — Mmiomaab NOBEPXHOCTH
cyocrpara; Kr— KoHcTaHTa afcopOuun hepMeHTa.
[MoncranoBka [E], 3 (20) B (21) npuBOAXT K KBapaTHOMY YpaBHEHHIO, PEIIEHHE KOTOPOTO JaeT

[El.=0,5{b— (b* - 4E\S[E])}"*, (22)

rae b = E\S+ Kg + [E].
Koopnuuara ¢hpoHTa nuddy3un MpoIykKToB MeTa00IN3Ma B KOMITO3HT MOYKET OBITh OIleHeHa 110 (hopmyiie

a=k()~/Dt. 23)

B cnyuae ke, ecny HEKOTOPbIe KOMIIOHEHTBI MaTepHana SIBJISIOTCS UCTOUHUKAMU TIMTaHWs, TO B YpaBHe-
HUE HEOOXOAMMO BBOIWUTH KOI(DPHUITMEHTHI 1 U ki, XapaKTEePHU3YIOIIHEe KOHIICHTPAIIUIO BEIIECTB, YCBAMBAECMBIX
MUKPOOpPraHH3MaMH, U KOHCTAHTY CKOPOCTU B3aUMOJICHCTBUS BEIECTB C HUMU COOTBETCTBEHHO:

a=k(C)+/Dt/ nk,. (24)

JlerpaganimoHHbBIE TIPOIIECCHI B IIEMEHTHBIX 0€TOHAX MPU KOPPO3HH BTOPOTO BHUIA MOTYT COMPOBOXKIATHCS
00pazoBaHMEeM B MOBEPXHOCTHBIX CIOSIX MaTepuaia MPOAYKTOB Pa3pylLICHUS B BUAC TPYIHOPACTBOPUMBIX CO-
SIUHEHUH, 00JI1agaloNIuX MaIold IPOYHOCTEIO [30], KOTOphIe 3aTPyAHSIOT JOCTYIT arpeCCUBHOM CpPeIbl BO BHYT-
PEHHHE CIIOW MaTepHaja U TeM CaMbIM CHIDKAIOT MHTEHCHBHOCTh KOPPO3HOHHBIX TporeccoB. [Ipu Takom mexa-
HU3ME Ha Ha4aJbHOM 3Talre KOPPO3HH, KOT/Ia CIIOH ele He o0pa30oBaics, €€ HHTEHCUBHOCTh OIPEeIsieTcsl CKO-
POCTHI0 XHMHYECKUX PEAKIMA — MPOIECC HAXOAUTCS B KHHETHUECKOW 00JacTH, Ha BTOPOM e dTare, 1Mo Mepe
pocTa cios IPOAYKTOB KOPPO3HUH, €€ WHTEHCUBHOCTH OmpeaenseTcs AudQy3nen arpecCHBHOMN KUIKOCTH depes
MPOKOPPOTUPOBABIIHIA CIIOH K €Ille He TIOBPEXISHHOMY — Tpoliecc MepeXxoauT B auddy3noHHy0 001acTs.

JUJis IeMEHTHBIX KOMIIO3UTOB MPU TaKOM MEXaHW3ME JIerpafaluy TTyOuHa MOBPEKICHUS OMPEICIIIeTCS
1o ypaBHeHUI0 TammaHa:

a=,D*C,)3xt, (25)

rae D* — apdexruBnbiit korddunuenT auddy3nn arpecCHBHOM cpelsl Yepes3 ciioi mpoaykTos kopposun; Co —
KOHIICHTpPAIINS arpeCCUBHOTO BEIIeCTBa; D = mMC,0 / nMyucn — XAMHYSCKUH YKBUBAJICHT, MPEACTABIISIFOIIII CO-
001 COOTHOIIIEHNE MacC OKCHJA KAJIBIUS ¥ KUCIOTHI, BCTYNAIOIIUX BO B3aUMOACUCTBHE; /M U 1 — CTEXUOMETPH-
yeckre Ko GUIHUEHTHI; ¢ — BpeMsl.

Hapsny ¢ auddy3noHHBIMI MEXaHU3MaMH JICTPAIalliK PH BO3JICHCTBIH IPOIYKTOB METa00IM3Ma MUKPO-
OpPTraHM3MOB BO3MOXKHA pealTU3allHsl YACTO TeTEPOreHHOTO MEXaHU3Ma Pa3pyIICHHs.

CkopocTh OHOKOPPO3HMH MPH FeTEPOreHHOM MEXaHU3Me Jerpaialiy SKCIEPUMEHTATFHO MOYKHO OLICHUTD
o opmyire

V= M’ (26)
St

rae Py u P, — Macca obpasia 0 u 1ocJie UCIBITAHAH COOTBETCTBEHHO; S — IIIOMAAh BCEi MOBEPXHOCTH 00pasma.
Pa3paboTranbl MeTOIBI MPOTHO3HPOBAHUS U PAOOTOCHOCOOHOCTH KOMIIO3UTOB KapKacHOW CTPYKTYpHI B
arpecCUBHBIX CpeAax.
CornacHO TEOPHH XUMHUYECKOTO CONPOTUBIICHHSI KOMIIO3HTOB, YTOObI YCTAaHOBHUTH JETpaJallii0 KOMIIO3HIIH-
OHHBIX MaTEpUaoB, HEOOXOIUMO OIPENENUTh KOOpANHATY (ppoHTa nepeHocuMoit (muddyHIUpyromen win Quib-
TpyIOLIEi) JKUIKOCTH M U3MEHEHHE MPOYHOCTHBIX M YIPYTOIUIACTHYECKHX XaPaKTEPUCTHK KOMITO3UTA IT0 CEYEHHUIO.
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3akaouenue

1. [ToxaszaHa MEePCIEKTUBHOCTH MPUMEHEHUS B CTPOUTEIHCTBE KAPKACHBIX CTPOUTEIHHBIX KOMITIO3UTOB, TE€X-
HOJIOTHS M3TOTOBJICHUSI KOTOPHIX BKJIFOUAET MPEIBAPUTEIHLHOE CO3JaHNE ONTHMAIBHBIX CMECEeH 3aroNHuTeNe u
CKJIEMBaHUsI 3€PEH JAPYT C IPYTOM C TOCIEAYIOMINM 3aIl0JIHEHHEM ITyCTOT MOTYYEHHOTO KapKaca MaTpHUIIEH.

2. Cnemududeckas CTPYKTypa KapKacHBIX KOMIIO3UTOB M CBOECOOpa3Has TEXHOJIOTHS MX HM3TOTOBJICHUS
MO3BOJISIIOT CO3JaBaTh HA UX OCHOBE MAaTE€PHAIHI C 3aJaHHBIMUA CBOMCTBAMU U U3JICIUS PA3IMYHOTO HA3HAUCHUSL.

3. YcTaHOBIEHBI 3aKOHOMEPHOCTH CTPYKTYPOOOpa30BaHMS KapKacHBIX KOMITO3UTOB Ha YpOBHE (hOPMHUPO-
BaHUS KapKacoB W MAaTPHII, a TAK)XE MPH UX 0ObEAMHEHUH.

4. TlpenmoxxeHsl GOpPMyNBI Uil pacueTa KOJWYSCTBEHHOTO COICPXAHUS COCTABJISIONIUX KOMIIOHCHTOB
KapKacHBIX KOMITO3UTOB. [Toka3aHo, 4T0 mporecc MpONMUTKHA KapKaca MaTpHUIIeH MOTIHHSIETCS 3aKOHOMEPHOCTSIM
JIBUKEHHS CBOOOTHOAMCIIEPCHBIX TN CBSIZHOIMCIIEPCHBIX CHCTEM.

5. IlomyueHsl aHATUTUYECKUE BBHIPAKCHUSI IS pacdyera CTPYKTYPHBIX HAMPSKECHUN B TBEPICIONIUX Kap-
KACHBIX KOMIIO3UTAaX, IPUTOIHBIC AJISl OTyYeHUS MaTEPUAIOB C ONTUMAIbHBIM KOMIUIEKCOM CBOMCTB.

6. MeTo1oM KOHEYHBIX 3JIEMEHTOB HCCIIEIOBAHO BIMSHNUE OCHOBHBIX CTPYKTYPHBIX M MEXaHHYECKHX IT0-
Ka3areseii KOMIIO3UTOB Ha MX HANPSHKEHHO-IS(POPMUPOBAHHOE COCTOSIHUE.

7. C (peHOMEHONOTHYECKUX TIO3UIIUK C UCTIONH30BAHHEM KOHTUHYAIBLHOW MOJEIH MOJyYeHBI aHATUTHYC-
CKHe 3aBHCHUMOCTH IS pacueTa Kod(h(QUIMeHTa TeIUIONPOBOIHOCTH U3ENNH U3 KOMIIO3UTOB CILIOIIHOTO H CJIO-
HCTOTO MIOTIEPEYHOTO CEYCHUSI.

8. Jl1st Mozieneli, COCTOSIIUX U3 YHOPSJOYCHHO PACITIONOKEHHBIX 3ATIOIHUTENICH MOyYeHbl POPMYIIBI JUIs
pacuera MOZYJS YIPYTOCTH M IIOKa3aHa KWHETHKA MPOIECCOB pa3pylICHHsS KapKAaCHBIX KOMIIO3HTOB TPH UX
Harpy >KeHHH.

9. ChopmynupoBaHbI MPEATOKEHHS IO TIOCTPOCHHUIO KOJTMYECTBEHHON TEOPUH XUMHUYECKOTO COMPOTHB-
JICHHsI KapKAaCHBIX KOMIMO3uToB. [loiydeHsl TeopeTrueckue 3aBucuMoctu kodddunmenta muddy3un B kapkac-
HBIX KOMITO3UTaX OT OCHOBHBIX CTPYKTYPOOOpa3yroommx (hakTopoB.
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BBenenne

HecMoTpst Ha 3HAUHTENHEHOE B MOCISIHUE TOABI YIIYUIIEHHE KOHCTPYKTHUBHBIX CHUCTEM KapKacoB 3IaHUN
U COOPYKCHUMN UX KaTacTpO(PUUECKUE CTPYKTYPHBIC OTKA3bl B YCIOBUSIX IMOCTOSHHO BO3PACTAIIIUX BHUJIOB IIPU-
POJHBIX U TEXHOTCHHBIX BO3JACHCTBUN OCTAIOTCS MevyalbHOU peanbHOCThIO [1—4]. IlocTosiHHO yBenuuuBaromuecs
BHIBl 1 WHTEHCHUBHOCTH TaKUX BO3JEHCTBHHA TPEOYIOT COBEPIICHCTBOBAHHUS KOHCTPYKTHBHBIX PEIIEHHH, obec-
MEYUBAIOIIUX 3AIIUTY OT HUX.

BHresanHoe n3MeHeHne KOHCTPYKTUBHOW CUCTEMBI 3/IaHUI BCIICJCTBHE pa3pylLICHUS HECYyIeH Omophl (Ko-
JIOHHBI) BEAET K MPOTPECCUPYIOIEMy OOPYIICHHUIO 3/1aHuUs M, KaK Pe3yNbTaTy, aBapuu U Jake TIOTEPH YelloBe-
YecKuX Xu3Hel. JlanHast mpobiema, Cyasl 10 BCe YBEIMYHUBAIOMIEMYCS MOTOKY IMyOIMKAIAN, 10 CHX TOP UMEET
OCTpBII XapakTep.

Ha ocHOBe HOBBIX TEOPETHUECKUX W DKCIEPUMEHTAIBHBIX OTeUeCTBeHHBIX [1-9] u 3apyOexnbix [10-15]
HayYHBIX HCCIIEIOBAHIMI B HACTOSINEE BPEMS MPEATIOKECHBI Pa3IMIHbBIC CIIOCOOBI 3aIUTHI 3JaHUN U COOPYKEHUU
OT MPOTPECCUPYIONIETO OOPYIIICHUS PY BHE3AIMHOM BBIKIIOYCHHH U3 Pa0OTHI OJHOM M3 HECYIIMX KOHCTPYKIIHIA.
W3BecTHBI pemieHns, B KOTOPBIX MPENIaracTcs: yBeIMIUTh CEUEHUS! KOHCTPYKTUBHBIX AJIEMEHTOB HECYIINX CH-
cTeM KapkacoB 3maHuii [1; 16]; ycTaHOBUTE B pHUTEISX HEMPEPHIBHOE MBOHHOE BepXHEEe M HIDKHEE pabouee ap-
MupoBanue [1; 16]; ucmonp30BaTh JOMOITHUTEIFHO KOCBEHHOE apMHPOBAHUE AJIEMEHTOB [4]; ycTaHABIMUBATh
MpeIBAPUTEIHHO HAMPSHKEHHYIO apMaTypy, PacloloKEeHHYIO B IBYX YPOBHAX [5; 17]; obecniednTs HaleXKHYIO,
C YYETOM Tiepepacipe/eNieHus] CHIIOBBIX MTOTOKOB, aHKEPOBKY apMaTypHI B y3JIaX COSAMHEHUS PUTeIel ¢ KOJIOH-
Hamu [18] u ap. OgHAKO CIIOCOOBI 3aLTUTHI KEJIE300€TOHHBIX KAPKACOB 3[IaHHi OT MPOrPECCHPYIOIETO 00pyIIe-
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HUS TI0 HAKJIOHHBIM CEUYCHUSIM, OCTAIOTCS HEJIOCTATOYHO M3YYCHHBIMHU. B TO ke BpeMs paspylleHUe MO HAKIOH-
HBIM CCUCHUSAM HOCHUT Xpyr[KI/Iﬁ XapakTep, 4TO CO34a€T JONOJHHUTCIIbHYIO OIMMaACHOCTD IPHW BHE3AITHOM M3MCHCHUUN
CHJIOBBIX MTOTOKOB B COOPYKCHHUH.

B cBs31 ¢ 3THM TeNsIMU paboTHI CTaH: 1) UCCIIeIOBAaHUE CTATUKO-IMHAMHYECKOTO 1e(OpMHUPOBaHUS JKe-
71e300€TOHHBIX KapKacOB MHOTO3TAXKHBIX 3aHUH C pa3pyIlIeHHEM 10 HAKJIOHHBIM CEYeHMSIM pureneil; 2) paspa-
00TKa MPEIUIOKESHUN M0 UX 3aIIUTE OT MPOrPECCUPYIONIECro 00pylieHus. B COOTBETCTBUM ¢ aHHBIMU IIEIAMU
ObUTH CHOPMYITHUPOBAHBI U PEIICHBI CICTYIONIHNE 3a1a4H:

— TPE/INIOKEH BapHaHT apMHPOBAHUS PUOMIOPHBIX 30H pUTEIed MHOTOITAXKHOM paMbl, TOBBIIIAOIIUA HX
TUTACTUYHOCTb MPH Pa3pyIICHUU 110 HAKIIOHHBIM CCUCHUSIM;

— pa3paboTaH alropuTM pacueTa C YPOBHEBBIMH PACUCTHBIMH CXEMaMH JUIS HCCICJOBAHUS CTATHKO-
JUHAMUYECKOTO 1e(OPMHUPOBAHUS pACCMATPUBACMBIX KOHCTPYKTUBHBIX CUCTEM;

— MPOBEIICHBI YHUCIICHHBIC UCCIICIOBAHUS M BBITIOJIHEHA OLICHKA 3((EKTUBHOCTH MEPEKPECTHOTO apMUPO-
BaHUs MPUOIIOPHBIX 30H PUTEINEH ISl TOBBIICHUS 3alIUThl KAPKACOB MHOTO3TaXHBIX 3J]aHUI OT MPOTPECCHPY-
FOIIIETO OOpYIICHHUS.

MaTepna.m,l H METObI

B [19] Ha npocrefimeit MojieH xene300eTOHHON paMbl MoKa3aHa 1esiecO00Pa3HOCTh MEPEKPECTHOTO apMHUPO-
BaHMS MTPHUOTIOPHBIX 30H PHUTeJiel 10 OTHOIICHUIO K TPAIHUIIMOHHO HCIIOIB3YeMOW CXeMe apMHPOBaHHUS MOMIEPEYHbI-
MH cTepKHSAMH. [IpemoykeHHbII BapuaHT TIEPEeKPECTHOTO apMHUPOBAHMS CYIIECTBEHHO ITOBBIIIAET CHIIOBOE COIIPO-
THUBJICHUC pHreneﬁ PpaMBbl IIpyU BHE3AITHOM 3alIPOCKTHOM BO3I[GI71CTBI/II/I B BHUAC BBIKIIFOUCHUS OI[HOI\/‘I N3 HECYIIHX KO-
JIOHH, KOTJIa IPOMCXO/IUT Tiepepacipe/ieieHie YCHIHiA, MEHsIeTCS 3HaK BHYTPEHHHUX YCHJIMN Ha OTIENBHBIX Y4aCcTKax
purenel v IPUHATHI HA OCHOBAaHWH TMPOEKTHOTO pacydeTa TPaJWIHOHHbI BApHAHT apMHIPOBAHUS B BHJIE TOIEped-
HBIX HJIM OTHOCTOPOHHHX HAKJIIOHHBIX CTEPIKHEH CTAaHOBUTCS HEI(PPEKTHBHBIM. B cBsi3M ¢ 3THM B paboTe npeiokeH
BapUaHT CXEMbI APMHUPOBAHUS IPUOTIOPHBIX 30H PHUTrelieh KeIe300eTOHHBIX KapKacOB MHOTOATAXKHBIX 3/IaHUMN, KOTO-
PBIil TIO3BONISIET B KOHCTPYKTHUBHO HEITMHEHHBIX CHCTEMaxX NPH W3MEHEHHH CHJIOBBIX IOTOKOB OOECTIeurBaTh UX 3a-
HIUTY OT MPOTpecCHpyronIero oopymenus. [IpeacTaBieH BapuaHT CXeMbI MEPEKPECTHOTO apMUPOBAHUSI TIPUOTIOP-
HBIX 30H TAKUX KOHCTPYKTUBHBIX CUCTEM M MPOBEICHBI YHUCICHHBIC HCCIIEIOBAHUSI 110 OICHKE d(PPEKTUBHOCTH JIaH-
HOTO BapyaHTa CXEMbI apMUPOBAHHSL.

[Ipenmaraemast cxema KOHCTPYKTHBHOTO PEIICHHS MOHOJIMTHOTO JKeNe300€TOHHOTO KapKaca M CXeMa ap-
MHUPOBaHUS MIPHOMOPHON 30HBI OKa3aHb! Ha puc. 1 u 2. IlepekphITUS BHIIOIHEHBI B BUI€ MOHOJUTHBIX peOpu-
CTBIX IUIHT, OMEPTHIX 110 KOHTYPY Ha MOHOJIMTHEIE Xelle300eTOHHbIe purend. [IpononsHoe apMUpOBaHUE pUTre-
JIeW MPUHSTO JABOMHOM apMaTypol B BepXHEW U HUKHEN 30HaxX cedueHus. [lonepeyHoe apMUpoOBaHUE BBIMOJHEHO
JIByCTOPOHHHMH MEPEKPECTHHIMHI HAKJIOHHBIMH CTEPKHAMHU (pHC. 2).

B coOTBETCTBUM ¢ TPeOOBAHHAMMU JEHCTBYIOIMX POCCHMCKHX M aMEPUKAHCKHMX HOPM' B KauecTBe 0C000-
TO 3aIpPOEKTHOTO BO3JIEHCTBHUS PacCMOTpEH Ciydail yJIaleHWs W3 KOHCTPYKTHBHOW CHCTEMBI 3JaHUs KpaiHen
KOJIOHHBI TIEPBOTO dTa)ka (CM. yAaNsieMbId dJIeMeHT Ha puc. 1, 6). PaccMoTpeHo Tpu BapmaHTa MOJETHPOBAHUS
KapKaca MHOT'OSTaXKHOTO 3/IaHHUS.

B nepBom BapuaHTe pacdeTra MOAETHPOBAHHE KapKaca BCETO 37aHHS BBITOIHSIIOCH CTEPKHEBHIMU KOHEU-
HBIMH DJIEMEHTaMH, apMHUPOBAaHUE 33/1aBaJIOCh C TIOMOIIBI0 HA3HAYEHHUS THIIOB 3aJaHHOTO apMupoBaHusi. CyMm-
MapHas paBHOMEPHO pacipe/leJeHHast Harpy3ka Ha JUCK NepeKphIThs cocTapnsia 8 kH/m?.

Bo BTOpOM BapmaHTe MPOU3BOAMICS pacdeT MOJKOHCTPYKIIMH B BHJE (parMeHTa MEPBOTrO Kapkaca 3/1a-
HUS C MCIIONIB30BaHUEM IS ATOTO (pparMeHTa 0OBEeMHBIX KOHEUHBIX 3JIEMEHTOB C JIETAIbHOW MPOPHUCOBKOM ap-
MHPOBaHHA KOHCTPYKTHUBHBIX 3JICMCHTOB. K paCCManHBaeMOﬁ MMOAKOHCTPYKIHU OONOJHUTCIIBHO IIPUKIIaAbIBa-
JIUCHh yCUJIHS, TIOTy4YEeHHbIE IO TIEPBOMY BapHAHTY pacueTa KapKaca BCEro 3/1aHusl, U COOTBETCTBYIOLIUM CIIOCO-
OOM MOJIENUPOBAINCH TPAaHUYHEIE YCIIOBUSI.

B Tperpem BapuaHTe pacueT MpOU3BOIMICS aHATOTHYHO, C UCTIOIH30BAHUEM MOJIKOHCTPYKIIMH B BHIE OJT-
HO3Ta)XHOTO (hparMeHTa M3 0OBEMHBIX AJIEMEHTOB, HO Pa3Mephl 3TOH MOJKOHCTPYKIUH OMPEesINCh YCTaHOB-
JIEHHBIMH HOPMaMHU’ — B PacCMaTPUBAEMOM CITydae MpojieTaMH, NPUMBIKAIOIIMMHE K yaanseMoii kononne. CooT-
BETCTBEHHO MOJIEIMPOBAJIOCH HA KOHTYpPE MOJKOHCTPYKIIMH JIEHCTBHE yCHIINH, MMONyYeHHBIX M3 pacdyera BCETro
Kapkaca 3aaHusd, 1 TPaHUYHBIC YCIIOBHA.

' CIT 385.1325800.2018. 3amura 30aHMM U COOPYKEHHI OT mporpeccupyromero obpymenus. M.: Cranmapruadopm, 2018;
GSA. Alternate path analysis & design guidelines for progressive collapse resistance. Washington, 2016. 203 p.
2 CIT 385.1325800.2018. 3amuTa 30aHMi 1 COOPYKEHHI OT mporpeccupyouero obpymernus. M.: Crannapruagopm, 2018.
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6

Puc. 1. KoHcTpyKTUBHAs cXxeMa 31aHUs:
a — obmuii BUJ KapKaca; 6 — IIJIaH 3/[[aHusl C yIalieMOoi KOJOHHOH 1; 6 — cXeMa apMHUPOBaHUS TIEPEKPBITHS
Figure 1. Structural scheme of the building:
a — general view of the frame; 6 — building plan with column 1 to be removed; ¢ — floor reinforcement scheme
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Puc. 2. CxeMa apMHUPOBaHUsI TIPUOTIOPHOMN 30HBI PUTEIISI ABYXCTOPOHHUMH MEPEKPECTHBHIMH HAKIIOHHBIMH apMaTypPHBIMH CTEPKHIMH
Figure 2. Scheme of reinforcement of the support area of the crossbar with double-sided cross inclined reinforcing rods
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Bce Tpu BapuanTa pacueTa npoBoAWIIMCH B Ba dTana. Ha nepsom stane B [IK JIMPA npousBoausics pac-
YeT KOHCTPYKTHBHOM CHCTEMBI 3[JaHUS Ha 33JaHHYI0 SKCIUTYaTAIMOHHYIO HArpy3Ky W OMpPENelsUIoCh HAIPsHKEHHO-
nehOopMUPOBAaHUE COCTOSHUE B AJIEMEHTaX BCEH KOHCTPYKTHBHOW CHUCTEMBI O TaK HAa3bIBAEMOW TMEPBUYHON
cxeMe pacueTa’ (0 BBIKTIOUEHHS KOTOHHEI). Ha BTOpoM Tare MpOM3BOAMICSA pacyueT 110 BTOPHYHOM pacdeTHOM
cXeMe — MPH IPWIOKEHUH IKCIUTYaTallnOHHONW HArpy3Kd M 0COOOTO BO3/ICHCTBUU B BHJIC BHE3AITHOTO YAAICHUS
W3 Kapkaca 3JaHus KpaitHeil mpaBoil CTOMKHU MEePBOTo Taxa.

Pesynbratel u 00cyR1eHHe

[To pe3ynapTaTaM pacuera MOJYUYEHBl XapaKTEpHbIE KAPTHHBI NEPEMEILECHUN 10 IEPBUYHON U BTOPUYHOU
pacueTHbIM cxeMam (Tabi. 1 u puc. 3).

Puc. 3. Mo3aunka nepeMenieHus 3JIeMEHTOB KapKaca 3[aHus [IPH pacyeTe 1o nepBoMy (¢, 6) 1 BTOpoMy (8, 2) BapHuaHTaMm
MOJZENNPOBaHMs KapKaca 3aHus 10 (g, ) 1 mocie (6, 2) BBIKIIOYEHHS OTIOPHI
Figure 3. Mosaic of moving elements of the building frame when calculating the first (4, 6) and second (s, ) variations
of modeling the building frame before (g, 6) and after (6, ) turning off the support

3 CIT 385.1325800.2018. 3amuTa 31aHMii M COOpYyXKEeHMiT OT mporpeccupylomero oopymenus. M.: Crangaptuadopm, 2018.
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Tabauya 1
IIporu6s1 mo nepBomMy, BTOPOMY U TPeTheMY BAPHAHTY pacyeTa

MaxkcumajbHbie IPOrudbl
IIporu6 purens

BapuaHT pacyera u pacyeTHas cxema LEeHTPA pHreJisl, NPUMbIKAIOIIET0 N N
L HaJ yAaJseMoii KOJIOHHOH, MM
K yaJisieMoii KOJIOHHEe, MM
N IlepBuuHas pacueTHas cxema 3,33
[lepBblii BapraHT pacyera
Bropuunas pacyerHas cxema 86,1
N [epBuuHas pacyeTHas cxema 3,39
Bropoii BapuaHT pacuera
Bropuunas pacueTHas cxema 87,6
. IlepBuuHas pacueTHas cxema 3,37
Tpernii BapuanT pacuera
BropuuHas pacueTHas cxema 86,7

Table 1
Deflections according to the first, second and third calculation options

Maximum deflections of the center Deflection of the crossbar over

Calculation option and calculation scheme of the crossbar adjacent
the column to be removed, mm
to the removed column, mm
. . Pri ttl t sch 3.33
The first calculation option Timaty setfiement scherme
Secondary settlement scheme 86.1
. . Pri 1 t sch .
The second calculation option rimary settlement scheme 3.39
Secondary settlement scheme 87.6
. . . Pri ttl t sch 3.37
The third calculation option rimary settiement schieme
Secondary settlement scheme 86.7

W3 nmpuBeneHHbIX B Tabl. | MakCUManbHBIX 3HAYCHHH IEpEeMEIICHUN MEPEeKPHITUS HaJ MEPBBIM 3TaXKOM,
MOJyYSHHBIM TIPH pacdeTe o nepBoMy (a, 6) U BTOpoMy (8, 2) BapuaHTaM MOJECTHPOBAHMS KapKaca 3JaHusl JI0
U 1ocie 0co0oro BO3AECHUCTBHUS, CIEAYET, YTO MPEATIOKEHHBI BapHaHT MOJAECIUPOBAHMS BCETO 3[JaHUSI CTEpPIKHE-
BBIMH KOHEUHBIMH 3JIEMEHTaMH, C HCIIOIb30BAaHUEM OOBEMHBIX KOHEUHBIX 3JIEMEHTOB U JI€TAIbHON MPOPUCOBKOM
apMHUPOBAHMSI KOHCTPYKTUBHBIX 3JIEMEHTOB TOJBKO JJISI IIOAKOHCTPYKIMH B BHJIE OJHOITAKHOTO (pparMeHTa Kap-
Kaca 3/1aHMs], BKIIOYAIOIIEro M 30HY BO3MOXKHOTO JIOKJIBHOTO Pa3pyIIEHUs, MPAaKTHYECKN HE CHIKAeT TOYHOCTh
OIIPEEIEHNs NEPEMELICHUH B 30He, IPUMBIKAIONMIEeH K yaanieMoil koinoHHe. OTCroia MOXHO CIEaTh BBIBOJ O
BO3MOXKHOCTU U d(PPEKTUBHOCTH KOMOMHHUPOBAHHOTO MOJEIUPOBaHHS HENWHEWHO nedopMHUpyeMbIx xere3o0e-
TOHHBIX KapKacOB MHOTO3Ta)KHBIX U BBICOTHBIX 3/IaHMU MPH HUX pacyeTe Ha >KUBYUECTb METOJOM KOHEUHBIX 3Jie-
MEHTOB C HCIIOJIb30BaHUEM IOAKOHCTPYKLHUH, TO3BOJIAIOIINX 3HAYUTEIIFHO CHU3UTh BPEMS U 00BEM BBIYHCIICHUH.

Pacyer mo TpeTheMy BapHaHTy MOJEIMPOBAHUS MOJKOHCTPYKIIMM KapKaca 3JaHHUs C HCIIOJb30BaHUEM
MOAKOHCTPYKLMH B BU/E OAHOATAKHOTO (hparMeHTa U3 0OBEMHBIX 3JIEMEHTOB, HO C pa3MepaMu 3TOH MOJKOHCTPYK-
MY B TJIAHE OTPaHMUYEHHON MpOJIETaMM, IPUMBIKAIOIIMMHU K YJAlIsieMOH KOJIOHHE, TO3BOIMIO JETATU3UPOBAThH
HaNpsDKEHHO-1e(OPMUPOBAHHOE COCTOSHUE B OETOHE, MPOIOIBHON U MONEPEYHOI apMaType pureiei kapkaca
B 30HE BO3MOXKHOTO JIOKQJFHOI'O pa3pylIeHHs (30HEe MpHUMBIKAIOUIeH K yaanseMol KojouHe). [IpuBeneHs xa-
paKTepHbIe KapTUHBI pacipeieieHns epeMeleHuid (puc. 4) NpoJoibHBIX HANPSHKEHUH B CXaToM OeToHe Mpu-
OIIOPHBIX 30H pHUTres, KapTUHBI TPeUH (puc. 5), HanpspkeHUs B HanOoJiee HANPSDKEHHBIX NPOAOJIBHBIX U Ha-
KJIOHHBIX CTEP)KHSAX PUTelisd HIKHEro dTaxka Kapkaca 31aHus (puc. 6). KonmudecTBeHHBIE 3HAUEHUS PE3YIbTaTOB
3TOTO pacyera JAaHbl B Ta0I. 2.

W3 ananu3a nony4eHHbBIX IPOJOJIbHBIX HANPSDKEHUH B HanOoJiee HaPsHKEHHBIX 30HaX puUrens ¢pparMeHTa
MOJKHO BHJETbh, UTO IOC]IE 0COOOT0 BO3JEHCTBHUS Ka4yeCTBEHHO MEHSETCS KapTHHA HANPSIKEHHOT'O COCTOSHUS B
paccMaTpuBaeMoi 30He.

Oco0blif HHTEpEC MPEACTABIAIOT KAPTUHBI HANIPSPKEHHOTO COCTOSIHUS B IPOJOJIBHON U TIOIEPEYHON apMa-
Type B Haubolee HanpspKEHHOM NPUONOPHOM 30He purens gpparmMeHTa KOHCTPYKTUBHOM CUCTEMBI B IIJIaHE Orpa-
HUYEHHOM IIpoJieTaMH, MPUMBIKAIOIIMMHU K yaanseMoi konoHHe. Kak BuaHO U3 puc. 6, mocie ocodoro Bo3zei-
CTBUS M U3MEHEHHs 3HaKa MOMEHTa B pacCMAaTPUBAEMOM KOHCTPYKTUBHOM JIEMEHTE HANpsKEHHOE COCTOSHUE
B IIPOJIOJILHOM U MOINEPEeYHO apMaType KaueCTBEHHO MEHseTcs. B To ke BpeMs NpensioKeHHbI BapuaHT ToTe-
pPEYHOTO apMHUPOBAHUS JABYCTOPOHHUMH NEPEKPECTHRIMH HAKIIOHHBIMU CTEPXKHSIMHU oOecrieunBaet aedopmanu-
OHHBIE KPHTEPHH 0COOOT0 MPEAeTbHOTO COCTOSHHS, YCTAHOBIEHHbIE' M [T TIPOrUOOB, U IS MPeaeTbHBIX Je-
(dopmarmii 6eToHa B apMaTyphI (CM. TaoI. 2).

4 CII 385.1325800.2018. 3amura 31aHuii 1 COOpYXKeHHil OT mporpeccupyiomero odpymenns. M.: Crangaprundopm, 2018.
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Puc. 4. Mo3anka nepemMenieHus 31aHus 10 TPETbeMY BapHaHTY pacueTa:
a — NepBUYHAS CXE€Ma Harpy»XeHHs; 6 — BTOPHYHAS CXEMa HarpyKeHHs
Figure 4. Mosaic of building movement according to the third calculation option:
a — primary loading scheme; 6 — secondary loading scheme
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Puc. 5. KapTrHa HanpspkeHHOTO COCTOSIHUS B OS€TOHE B IIPHONIOPHBIX y3JIax HPH pacuere:
a — TI0 IEPBUYHON CXeMe Harpy»KeHHs; 6 — [0 BTOPUYHOI CXeMe HarpyKeHHit
Figure 5. The picture of the stress state in concrete in the supporting nodes when calculating according to:
a — the primary loading scheme; 6 — the secondary loading scheme
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Puc. 6. HanpsoxeHus B Hanbosiee HalPsDKEHHBIX TONEPEYHbIX U IPOJIOIBHBIX apMaTyPHBIX CTEPIKHAX
pHrelis HIKHEro dTaka Kapkaca 3JaHHsl IPH pacyere:
a — 10 HepBH‘IHOﬁ CXEMCE; 0 — 110 BTOpI/I‘IHOﬁ CXeMe
Figure 6. Stresses in the most stressed transverse and longitudinal reinforcing bars
of the crossbar of the lower floor of the building frame when calculated according to:
a — the primary scheme; 6 — the secondary scheme

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLI

303



Kolchunov V.1., Bushova O.B. Structural Mechanics of Engineering Constructions and Buildings. 2022;18(4):297-306

Tabauya 2

MakcuMaJbHbIe IIPOru0bl, HANPSKeHUs U AedopMaluy B OeTOHe U apMaType pureis
710 M 1I0CJIe YAQJIEHHS YTIJIOBOH KOJIOHHBI

Kom0OunupoBaHHasi pacueTHas MoJieJib (BapuaHT 3)

HanmeHoBaHue
IlepBuuHas pacueTHas cxema BropnuHnas pacueTHasi cxemMa

MaxkcuManbHbIE IPOTHOBI, MM 3,37 86,7
MaxkcuManbHbIe HaNPsDKEHUS B cokaToM Oetone, MIla -14,3 -26,6
MakcuMainbHble HallpsDKEHUS B HAKJIOHHBIX cTepkHsIx, MIla 17,5 110

-17,5 470
OTHOCUTENBHBIC JIcOopMaIIUU B HAKIIOHHBIX CTEPIKHAX 0,0001 0,00055

0,0001 0,00235
MakcrManbHble HaIpsKEHUs! B IPOJOIbHBIX cTepxHX, MIla %ilp)::::: :Ex:;}}:g: :; 17:2 %ilp;:::: zgx:;}}:g: :21 ’273_;:)
OTHOCUTENBHBIC JIehOpMALIUU B TPOIOIBHBIX CTEPIKHIX 0,00019 0,001

0,0001 0,00136

Table 2
Maximum deflections, stresses and deformations in concrete and crossbar reinforcement
before and after removal of the corner column
. . Combined calculation model (option 3)
Designation -
Primary settlement scheme Secondary settlement scheme
Maximum deflections, mm 3.37 86.7
Maximum stresses in compressed concrete, MPa -14.3 -26.6
. L . 17.5 —-110
Maximum stresses in inclined reinforcement, MPa _175 470
. L . 0.0001 0.00055
Relative deformations in inclined reinforcement 0.0001 0.00235
Maximum stresses in longitudinal reinforcement, MPa Upper rel.nforcement =379 Upper rel.nforcement —183
Lower reinforcement —21.6 Lower reinforcement —273
. L Ny . 0.00019 0.001
Relative deformations in longitudinal reinforcement 0.0001 0.00136

3akaouenue

[pemoxena cxema MEPEKPECTHOTO apMHUPOBAHMS PUTEIIEH KeJIe300€TOHHBIX KapKacOB MHOT'OATAKHBIX
3aHM#, 00eCIeunBaroIias COMPOTUBICHUE KOHCTPYKTHBHON CUCTEMBI Kele300€TOHHOTO KapKaca MHOTO-
STaKHOTO 3JaHVsI TPU 0COOOM BO3JICHCTBHH, BHI3BAHHBIM yNAJICHUEM OJHOHN M3 HECYIIMX KOHCTPYKIUH MepBO-
TO dTaxa.

Ha ocHOBe MpOBEJICHHOIO YWCIICHHOTO aHaln3a JAe(QOpPMHPOBAHUS KEIC300CTOHHBIX PaMHBIX CHUCTEM
MHOT03Ta)XHOTO KapKaca 3JaHus 10 TPEM pa3IMyHbIM BapHaHTaM PACUETHBIX CXEM YCTaHOBJIEHAa BO3MOXKHOCTh
1 3 PEKTHBHOCTH KOMOMHUPOBAHHOTO MOJICIIMPOBAHUS HEITMHEHHO neopMUpPYyEMBIX KapKacoB IIPH MX pacueTe
Ha XUBYYECTb METOJAOM KOHCYHBIX 3JICMCHTOB C UCIIOJIB30BAHUEM HOI[KOHCprKHHﬁ, IIO3BOJIAOIINX 3HAYUTCIIb-
HO CHU3UTH BpeMs U 00bEM BBIUUCIICHUH.

UncneHHBIM aHaIu30M Ae(QOpMHPOBAaHUS KeNe300€TOHHBIX PaMHBIX CHCTEM MHOTO3TaXHOTO KapKaca
3MaHUS C MPEIJIOKEHHON CXEMOW apMHPOBAaHUS MPHOMOPHBIX 30H pHreliel IoKa3aHa IeIeco00pa3HOCTh HC-
MOJIb30BAaHUS TAKOH CXEMBI apMHUPOBAHMSI JJIsl 3aIIUTHI OT TPOTPECCUPYIONIETO OOPYIICHUS MTPH 0COOBIX U aBa-
PUHHBIX BO3JICHCTBHUSIX.
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Hcrtopus cTaTbu Annortaumst. [IpencraBieHbl pe3ysibTaThl aHATIM3a TAHHBIX KOMIDIEKCHBIX HATyPHBIX
[Hoctynuna B penakuuto: 25 mast 2022 r. HCCIIEJIOBaHNI BEPTUKAIBHBIX Je(OpMAaIliii IPUKOHTAKTHOTO CJIOSI CKAJIBHOTO OCHO-
Jopaborana: 17 aBrycra 2022 r. BaHUA M IOJHBIX OCAJIOK CeKumid OeToHHOH ruioTuHbI borydanckoit [DC B nemsix
[Mpunsita k myonukamuu: 17 aBrycra 2022 1. OIIPEJIENIEHHs] COCTOSIHHS KOHTAKTa MOJONIBBI OETOHHOM IIOTHHBI CO CKJIBHBIM OCHO-

BaHMeM. Llens ucceoBaHys 3aKTIOYaeTCsl B KOHTPOJIE COCTOSIHHSI KOHTAKTA TTOZIOIII-
Bbl OETOHHOH IJIOTHHBI C OCHOBAHHEM IIOCPEJICTBOM aHalu3a KOMILIEKCA HATyp-
HBIX HAaOMIONCHUH 332 BEPTUKANBHBIMA Je(hOpMAaUIMH IIPUKOHTAKTHOH 30HBI OC-
HOBaHMS CEKIMH OCTOHHOH INTOTHHBI M TOJIHBIMH OCAaIKaMH CEKIMi OeTOHHOH
IUIOTHHBI JJ1s1 0OOCHOBAHUS YCTOMUMBOCTH CeKLUH OeTOHHOM IIoTUHBL B memsax
KOHTPOJISL BEPTHKAIBHBIX Ae(opMaIii IPUKOHTAKTHOH 30HBI CKaJbHOTO OCHOBA-
HHS yCTaHOBIIGHA CTPYyHHAs KOHTPOJBbHO-U3MEPHUTENbHAS ammapaTypa (JaTIuKu
nepementenuii IITIC-10). ITonnble ocanku ceKuuii OETOHHOM IIOTUHBI U3MEPSIIOTCS
C TIOMOIIIBIO TIOTOJIOYHBIX MapoK, YCTAHOBJICHHBIX B IIEMEHTAIMOHHOH ranepee. AHami3
HATYPHBIX JIAHHBIX O MONHBIX OCA[KaX CEKIHi OETOHHOI IIOTHHBI M BEPTUKAIBHBIX

He(bOpMaHI/ISIX MIPUKOHTAKTHOI'O y4aCTKa CKaJIbHOI'O OCHOBAHMA I1OKa3ajl, YTO KOH-

Hast uuTHpoOBaHUs TaKTHBIH II0B MEX/Ty TIOJIOIIBON CEKIMI OCTOHHO# TIOTHHBI U OCHOBAHHEM HAXOJIHT-
HOpves C.B. Ananu3 naHHBIX HATyPHBIX Csl B YCJTIOBHSIX BEPTHKAIBHOTO CKaTWsl. Pe3ysibTarhl aHanmm3a MMEIOIIMXCS JaHHBIX
HAO/IOICHUH 32 AeOPMALHAMU OCHOBA- KOMILIEKCHBIX HCCIEAOBAaHUN BEPTUKAIBHBIX JAe(OopMaluil NPUKOHTAKTHOIO CIOS
HUSL M TIOJHBIME OCaJIKaMU OETOHHOH ILI0- CKQJILHOTO OCHOBAHMS M IOJIHBIX OCAIOK CEKIUil OCTOHHOM IUIOTHHBI IO3BOJIMIA
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control the state of the contact of the concrete dam foot with the foundation
based on the analysis of a set of field studies of the vertical deformations of
the near-contact zone of the foundation of the concrete dam sections and the total
draft of the sections of the concrete dam to justify the stability of the concrete
dam sections. In order to control the vertical deformations of the near-contact
zone of the rock foundation, string control and measuring equipment (displace-
ment sensors PLPS-10) was installed. The total draft of the concrete dam sections is
measured by means of ceiling marks installed in the grout gallery. Analysis of
the field data on total drafts of concrete dam sections and vertical deformations
of the near-contact section of the rock foundation showed that the contact joint

between the foot of the concrete dam sections and the foundation is in vertical
compression. The results of the analysis of the available data of complex studies
of vertical deformations of the near-contact layer of the rock foundation and
the total draft of the concrete dam sections made it possible to substantiate
the stability of the concrete dam sections.
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BBenenue

Bboryuanckas 'DC npoektnoit momuocTsio 3000 MBT pacnonoxena B KpacHosipckom kpae Ha p. AHrape,
COCTaBJIsIsl YUETBEPTYIO (HWKHIOIO CTYyIeHb) AHTapckoro kackaaa ['DC.

Hamopusrit pport boryuanckoit [9C umeer obmryto mpoTsbkeHHOCTH 2670,5 M 1 00pazoBaH OeTOHHOM
TpaBUTALMOHHON M KaMEHHO-HaOpOCHO! IUIOTHHAMHU. beToHHas TI0THHA UMeeT MpoTsbKeHHOCTh 809,3 M 1 Hau-
Oombiryto BeIcOTY 96 M [1-3].

Paiton ctpomtennsctBa borywanckoit ['DC xapakTepu3yeTcs CYpOBBIMH KIMMATHYECKAMH YCIOBHSIMH,
NPU KOTOPBIX TeMIIEpaTypHBIE Tiepenapl B TeueHne rona MoryT npeBbimath 90 °C. CTpouTensCTBO OCHOBHBIX
COOpy>KeHHH Haudanoch B 1979 r., HamoiHeHNEe BOJOXpaHUIIHILA 10 OTMETKU NepBoit ouepenu (185 m) mpoucxo-
muino ¢ ampens 2012 r. B cepemune 2015 1. ypoBeHb BOABI B BepxHEM Obee MOCTHT MPOCKTHOW OTMETKH
208,00 m. B nexabpe 2017 r. boryuanckast I 9C Obuia BBeZieHa B MPOMBIIUICHHYIO dKCIUTYaTaIHIO TIOCTIE 3aBep-
HICHUS CTPOUTEIBHO-MOHTaKHBIX PadoT [4].

MeTtoanl

Hatypnsle HaOmoeHNs 32 COCTOSHHEM OCHOBAaHUS OETOHHOMU IIOTHHBI (B TOM YHCII€ BEPTHKAIBHBIX JIie-
(opManuii IPUKOHTAKTHOTO CJIOSI M TIOJHBIX 0CaJ0K OETOHHOH TUIOTHHBI) BBIMOIHSIOTCS 110 MPUOOpaM JUCTaH-
IIMOHHOM CTPYHHO! KOHTPOJIbHO-U3MepuTenbHOH ammaparypsl (KUA), ycranosnenabiM B ocHoBaau | 1 11 cton6oB
CeKIMii OETOHHOW TUIOTHHBEI, a Takxke reoge3ndeckoii KA (ycTaHOBICHHBIM B IIEMEHTAIIMOHHON Tajiepee Bep-
XOBBIX CTOJIOOB CEKIMi OETOHHOM IIIOTHHBI). [Ipy 3TOM y4YTE€H OTE€HYeCTBEHHBIN U 3apyOEKHBII ONBIT HATYPHBIX
Habronenuit' [5; 6].

BeprukanbHbIe AeopManuy TPUKOHTAKTHOTO CJIOS OCHOBaHHS OETOHHOMW TUTIOTHWHBI Ha TIIyOWHY 2 U1 5 M
M3MEpSIOTCS CTpYHHBIMH JaTurkamu nepemeniennit [IJITIC-10 ¢ yanuHuTeNIMH, 3aJ0KEHHBIMH B CKBOXXHHAX
CKaJbHOTO MaccUBa Nepel] YKIaaKkold OeToHa B CEKIMH TUIOTHHBI.

[TomHbie ocanku cekimii OETOHHOW IIIOTHHBI U3MEPSIOTCS Ha OCHOBE I'€0JIE3NYECKUX MapOK, YCTAHOBJICH-
HBIX B IIEMEHTAIIOHHOU Tajepee (110 1Be MapKH B KKION CEKIIHH).

Co cTopoHBI BepX0oBOi U HU30BO# rpaHeit iotuHsl npudopsr [JIJC-10 pa3merniens! B cekmusax 12, 21,
28, 31, 34, xoTophle HA3BIBAIOTCS CTBOPHBIMU. B ocTanmpHBIX ceKnusax 3akiagHas nuctanuumoHHas KHMA ycra-
HaBJIMBAJIACh TOJIBKO CO CTOPOHBI BEPXOBOW I'PaHU INIOTHHHI (TO €CTh B OCHOBaHUM | cTomnba).

B kauecTBe mpumMepa Ha puc. 1 mpeACTaBICHO pa3MelIeHNEe YKa3aHHOW CTpYHHOU U reone3mdeckoir KUA
B OCHOBaHMHM ceKiuu 12 O0eToHHOM mioTuHbl boryuanckoit ['OC.

HatypHbple HaOmroneHus: 32 OCHOBaHHWEM OSTOHHOW TUIOTHHBI BKIIIOYAIOT M3MEPEHUS 3HAYSHWH JAMarHO-
CTHYECKHX TOKa3aTeleld COCTOSHIS OCHOBAaHUS OETOHHOM MJIOTHHBI.

CornacHo [exnapanun 6e3onacnoctd ['TC Borywanckoii 'DC, B cocTaB AMarHOCTUYECKUX TOKa3aTeNneH
cocTossHUA OeTOHHOW TUIOTHUHBI boryudanckoit 'DC BXOIAT KONMMYECTBEHHBIE NTUAarHOCTUYECKHE TMOKA3aTeld

' ICOLD. Bulletin 188. Incident database. 2019.
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HanpsbkeHHO-AehopmupoBanHoro coctossaus (HJIC) cucteMbr «O6eToHHAS IUIOTHHA — OCHOBAHKE», B TOM UHCIIE
COCTOSIHME KOHTAKTHOTO IIBa «0ETOH — cKayia» (1o mucTaHnuoHHbIM Iienemepam [IJITIC ¢ 6a3oii 2 u 5 M B oc-
HOBaHUM) (0TCyTCTBHE packpbiTusi). [Ipu atom kputepuit K1 coOTBETCTBYET Mepexoay OT CXKATUS KOHTAKTHOTO
mBa K pacTspkenuto (K1 > 0), a kputepuit K2 He HazHagaeTcs.
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Puc. 1. Pasmenienue ctpyHHol u reonesuueckoil KA B ocHoBaHMU cekiyu 12 GETOHHOM TIOTHHBI
Figure 1. String and geodetic instrumentation placement at the base of the section 12 of the concrete dam

Takxke MMEIOTCS KpUTEpUU OE30MaCHOCTH, KACAIOUIUECs TOJHON OCaJKh CTBOPHBIX CEKIUl OCTOHHOM
TJIOTHHEL.

Takum 00pa3oM, Ha OCHOBE aHAJIM3a JaHHBIX KOMIUIEKCA HATYPHBIX HAOJIIOJICHUI OCYIIECTBIISACTCS KOH-
TPOJb YCTOWYMBOCTH OCTOHHOM IUIOTHMHBI, TAK KaK YCTOWYHMBOCTH OOCCIICUMBACTCS MPH BO3JCHCTBUH BEPTH-
KaJIbHBIX CKUMAIOIINX HANPSHKEHWH Ha KOHTAKTe TOOIIBBI TUIOTHHBI C OCHOBAHUEM, TO €CTh UMEIOT MECTO BEp-
THKJIbHBIE eopMariy cxaTus (B 0COOCHHOCTH B BEPXOBOW YaCTH IUIOTHUHEI), UTO TaKke 000CHOBAHO 3HAYH-
TEIbHBIM 00BEMOM HCCIICIOBAHNN COCTOSHHS KOHTaKTa O€TOHHBIX IUIOTHH CO CKaJbHBIMU OCHOBaHUSAMH [7—17].

PesyabTathl

AHanmm3 JaHHBIX HATYPHBIX HAONIO/IEHUH 32 BEPTHKAIBHBIME Je(hopManrsMi TPUKOHTAKTHON 30HBI CKaJlb-
HOTO OCHOBAHUSI MOKa3aJl, YTO HauOOJNbIINE TeOopMaluK CKAaTHS CHOPMHUPOBAINCH K HAYaIy HATIOJIHEHHS BO-
nmoxpanuuia (B 2012 r.). Ha nepBoM 3Tarne BoIoOXpaHUIHINE HAIOIHSIOCH 0 IPOMEXKYTOYHOTO YPOBHS 185 M.
[lon ne¥icTBreM B3BEIIMBAIOIIETO BIMSHUS BOJBI, HATIONHSIONIEH BOIOXpaHMIHIIE (TP YMEHBIIICHUN JaBICHUS
CEeKIMii OETOHHOMW TUIOTHHBI HA OCHOBaHHE), BEPTUKAIbHBIC Ae(OopMalii CKaTHS MPUKOHTAKTHONH 30HBI OCHO-
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BaHUS CTaJdW yMeHbIaThcs. [Ipw 3TOM BO3HHMKIIO omaceHre, 4To B MpoIlecce AajJbHEHIIero MmoabeMa ypOBHS
BOJIBI B BOJOXpaHMIHUIIE A0 MpoekTHOW oTMeTkH 208 M (kx cepenune 2015 1.) yMeHBIIEHHE CKUMAIOIINX Je-
(hopMaruii MOXKeT JOCTUTHYTh TaKOTO YPOBHSI, YTO MPOU30iIeT HApyIlIEeHNEe KOHTAKTa MOJIOMIBEI OETOHHOM IIJIO0-
THUHBI C OCHOBaHUEM (pacKpBITHE KOHTAaKTHOTO 1mBa). [Ipy MpOHMKHOBEHNN BOJBI B KOHTAKTHBIN IIOB «OETOH —
cKaJia» MOTJIO BO3HUKHYTH BEPTHUKAIBLHOE YCHIIME Ha MOJONIBY CEKIM OETOHHOM TUIOTHHBI OT MEHCTBUS MPOTH-
BOJIABJICHHUS BOJIbI, HAPABJIEHHOE BBEPX_.

[Ipu packpbITHH X€ KOHTAaKTHOTO IIBa «OETOH — CKallay, COMPOBOXKIAIONINMCS JIEHCTBHEM MPOTHUBOAB-
JICHWSI BOJBI B PACKPHIBIIEMCS IIIBE, HAITPaBIIEHHOM BBEPX, yCTOMYNBOCTh OETOHHOM IJIOTHHBI MOTJIa HE o0ecTe-
YHBAThCS, TAK KAK CHIDKACTCS CONPOTHBIICHUE KOHTAKTA «OETOH — CKaJia» CIBUTY IIPU CHIDKEHUU €T0 00XKaTHS.

Tem He MeHee MaHHBIE HATYPHBIX HAONIONCHUHN B MEPHOJ MOAbEMa BOJOXPAHMIUIIA IO MPOEKTHON OT-
MeTku (208 M) Mmokaszay, 94TO BCE YCTAaHOBJICHHBIC B OCHOBAHWU NMPUOOPHI PUKCHPOBAIN MehOpMAaIii BEPTH-
KaJIbHOT'O C)KaTHS MIPUKOHTAKTHOU oOsactu. [Ipu stom ¢ 2016 r. HaMeTHUIach CTaOWIM3AIMS BEPTUKAIBHBIX JIe-
(hopMaruif MPUKOHTAKTHOM 00JaCTH OCHOBAHHSI.

BeprukanbHbie aedopManyy IBYXMETPOBON NMPHUKOHTAKTHOW 30HBI OCHOBAHMS CTBOPHBIX ceknmit 12, 21,
28, 31, 34 x oktsa6pro 2021 r. coctaBumm —2,45...—7,02 MM; IATUMETPOBON MPUKOHTAKTHON 30HBI OCHOBAHUS
-2,69...-8,17 MmMm.

Pe3ynbprarel HATYpHBIX HAONIOIEHUH 32 BEPTHKAIBHBIME Je(pOpMalusiMu IBYX- U MATUMETPOBBIX 30H OC-
HOBAHMSA MTPEICTABIICHBI B Ta0M. 1.

Tabnuya 1/ Table 1

3HauyeHUs BePTHKAILHBIX Je(popManuii 1ByX- M ISTHMETPOBLIX IIPHKOHTAKTHBIX 30H OCHOBAHUS B XaPAKTEPHbIE EPHOIbI BpEMEHH, MM
The vertical deformations values of the two- and five-meter near-contact zones of the base in characteristic periods of time, mm

geec'z‘o‘:l': IJL t‘:ﬁfg&igﬁ‘;ﬁ 23.09.2012  11.01.2016  23.09.2019  11.10.2021 If;:i‘l :fe’ﬁf‘ﬁ’i?;f’m
12 212¢21 5,68 5,28 5.4 522 2
21 221¢21 6,23 5,98 5,91 5,90 2
21 221¢22 6,61 —6,44 6,45 6,47 2
21 221¢23 748 7,02 7,02 7,02 2
28 228¢21 5,56 4,13 420 426 2
28 228¢23 3,46 245 242 2,45 2
28 228¢24 3,67 3,66 3,66 3,66 2
31 231¢22 3,31 3,30 3,28 3,28 2
34 234¢22 5,99 5,34 526 5,25 2
34 23423 -6.91 ~6,47 6,45 6,49 2
12 212¢51 8,15 8,03 8,03 8,03 5
12 212¢57 6,05 6,08 6,08 6,09 5
21 221¢51 8,19 8,18 8,18 8,17 5
28 228¢52 272 2,69 2,69 2,69 5
28 228¢53 3,72 2,80 2,74 2,79 5
31 231¢52 747 ~7,40 7,28 725 5
34 234¢51 5,98 5,77 5,71 5,68 5

Ha puc. 2—6 npuBeaeHbl rpaduku BepTHKAIbHBIX ne(hOopMaIuii [ByX- U MATUMETPOBBIX MPUKOHTAKTHBIX
30H CKaJIbHOI'O OCHOBaHUsA cexiui 12, 21, 28, 31, 34.

2 CII 23.13330.2018. OcHOBaHMS TMAPOTEXHMUECKHMX COOPYKeHUiL. AKTyamusuposanHas pexakius CHull 2.02.02-85. M.: Crangapr-
uadopm. 2019. 96 c.; CII 40.13330.2012. [Inotunsl OeTOHHBIE U kene300eToHHbIe. AKTyanusupoBaHHas pegakuus CHull 2.06.06-85.
M.: DAY «DILCx». 2012. 65 c.
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Puc. 2. Beprukanbhbie nedopmaruy NpuKOHTaKTHOW 30HBI OCHOBAHUS ceKuuu 12
Figure 2. Vertical deformations of the near-contact zone of the base of section 12
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Puc. 3. Beprukanbubie aehopMaini MpUKOHTAKTHOW 30HBI OCHOBaHUS cekiun 21
Figure 3. Vertical deformations of the near-contact zone of the base of section 21
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Puc. 4. Beprukansasle gedopManiiv IPUKOHTAKTHOM 30HBI OCHOBAHHMS CEKIMU 28
Figure 4. Vertical deformations of the near-contact zone of the base of section 28
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Puc. 5. Bepruxansasie aeopManuy MPUKOHTAKTHOW 30HBI OCHOBAaHUS ceKiun 3 1
Figure 5. Vertical deformations of the near-contact zone of the base of section 31
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Puc. 6. Beprukanbhbie nedopmanyuy NpuKOHTAKTHOW 30HBI OCHOBAHUS CeKIUH 34
Figure 6. Vertical deformations of the near-contact zone of the base of section 34

W3 npencraBneHHBIX TpadUKOB CIEIyeT, YTO B MEPHOJ MHTCHCUBHON JOCTPOWKU CEKLUil OETOHHOU IJIo-
tuHbI (2007-2012 rT.) OTMEUancs pocT BEPTHKAIBHBIX JeopMaIliii MPUKOHTAKTHOTO CIIOSI CKaJTbHOT'O OCHOBA-
HUS1 OETOHHO MIIOTHHBI.

Kax oTmedanoch panee, BeTUYHHA TOTHOW OCAIKU CEKITMI OETOHHOM IIOTHHBI KOHTPOJIUPYETCS Ha OCHO-
BE T€0/Ie3MUECKUX MapOK, yCTAHOBIIEHHBIX B [IEMEHTAIIMOHHOH Tajepee.

B Ta6:1. 2 npuBeneHs! MOJTHBIC 3HAUSHHS 0Ca0K CTBOPHBIX cekituii (12, 21, 28, 31, 34) 6eTOHHO¥ IJIOTHHEL.

Kak moka3zan aHanu3 IaHHBIX, IPUBEACHHBIX B Ta0I. 2, MaKCHMaNbHas TIOJTHASI OCaKa CTBOPHBIX CEKIHH
0eToHHOM TIOTHHBI cocTaBmiaa 55,3 MM (ans cekuuu 28 mpu K1 = 70 mm, K2 = 80 MM), uTo He mpeBbIIAET KpH-
TepHaIbHbIE 3HAYCHUSI.

Ha puc. 7-11 npuBeneHs! rpaduKu TMOJHBIX 0CaI0K (MM) cekruit 12, 21, 28, 31, 34 6eTOHHOH ITOTHHBL.

W3 npencrasienHbix rpadukoB (puc. 7—11) cnemyer, 4To B IepHO HATOJHEHUS BogoxpaHmiuma (2012—
2015 rT.) MPOUCXOMI WHTEHCHUBHBIM POCT OCAIKH CEKIWH OCTOHHOW IUIOTHHBI BCJIEJCTBHE BO3PACTAOIIETO
JTABJICHUS BOJBI B BOJOXPAHMIIUINE HA OCHOBaHME. BMecTe ¢ TeM yBennueHHe IMOTHON OCaJKH CeKIHi OETOHHOM
TUIOTUHBI CBUETENLCTBYET O Mepeiade BEPTUKAIBHON HAarpy3KH OT Beca CEKIMH IIOTHHBI Ha OCHOBAaHHUE (TO €CTh
OTMEYaJICs IOJTHBINA KOHTAKT MOJOIIBEI CEKLNH MNIOTHHBI C OCHOBaHHUEM).

Takum oOpa3zoM, B HaCTOAIIEE BpeMs IIPH IPOSKTHOH OTMETKE BOJABI B Bogoxpanmuiie 208,0 M nonepu-
ThI OCHOBAHHS CO CTOPOHBI BEPXOBOUM IpaHU OETOHHOH IUIOTHHBI OCTAIOTCS B COCTOSHHU BEPTUKAILHOTO CHKa-

THA, KOHTAKTHEIN II0B «0ETOH — CKaJla) OCTaeTCs 3aKpBITBIM U, CJICO0BATCIbHO, YCTOﬁQHBOCTL IUIOTUHEI 00ec-
nCYnBacTCA.
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Tabnuya 2 / Table 2

3HaueHHs MOJTHBIX 0CAI0K CeKIMiT 0eTOHHOI IJIOTHHBI 110 MIOKA3AHUSM I'e0/le3H4eCKHNX MapOK B XapaKTepHble NepUoIbl BpeMeHH, MM
The values of the total settlings of the concrete dam sections according to the geodetic marks indications
in characteristic periods of time, mm

Cekuuu Ne npudopa Centsi0ps / September ®eBpans / February  Oxraops / October [lexadps / December

Sections  Instrumentation No. 2012 2016 2019 2021
12 MIT 12-1 -18,1 -33,1 -34,9 =355
12 MIT 12-2 -19,8 -35,0 -37,6 -38,1
21 MIT 21-1 -26,8 —45.4 —47,2 —47,6
21 MII 21-2 28,4 —46,7 —48,6 —49,1
28 MIT 28-1 -333 -52,3 -54,1 -54,5
28 MIT 28-2 -33,6 -52,2 54,9 -553
31 MIT 31-1 -28,9 —46,1 48,1 —48,5
31 MITI 31-2 -33,2 -50,0 -52,1 -52,5
34 MIT 34-1 -12,4 —28,4 -30,6 -30,8
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Puc. 7. I'paduku moaHBIX OcanoK cexuuu 12
Figure 7. Graphs of total draft of section 12

NES:SNES

—=MII21-1/MP21-1
=——MII21-2/MP 21-2

ocagKH, MM /
drafts, mm

Puc. 8. I'paduku momHpIX ocamok cexiun 21
Figure 8. Graphs of total draft of section 21
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Puc. 9. 'paduku mosmHbIX 0CaT0K ceKuu 28

Figure 9. Graphs of total draft of section 28
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3akaouenue

AHanM3 JaHHBIX HATYPHBIX HAOJIOJNECHUI 3a BEPTHKAIBHBIMU JehOpMalMsIMH MPHUKOHTAKTHOTO CJIOS
CKaJIbHOTO OCHOBaHUS MOKa3al, 4To HanOoibimue aegopmanuu (—7,48 MM mo mpudopy 221¢23 mist AByXMeTpo-
Bo# 30HBI; —8,19 MM 1o ipubopy 221¢51 mus mAITHMETPOBOM 30HBI) 3auKCHUpoBaHbl B 2012 T. mmepes HaIOJIHE-
HUEM BOJOXPAHIIIUIIA.

[Ipu HamONHEHWUU BOJOXPAHWIIUINA MMPOUCXOIIIO YMEHBIICHUE JAeopMaliuii CKaTHsl MTPUKOHTAHKTHOTO
CJIOSl CKAJILHOTO OCHOBaHUS. Tak, MpH HANIOJHEHWH BOJOXPAHMJIMINA JI0 MPOEKTHOW oTMeTKH 208 M cymecTBo-
BaJIO OTIACEHHE TI0 MTOBOY YMEHBIIEHHUS BEPTUKAIHLHOTO CKATHA KOHTAKTHOTO ITBA «OETOH — CKalla), BBUIY BBI-
TaJKUBAIOIIETO ACUCTBHUS BOABI, YTO MOTJIO MPUBECTU K CHIDKCHHIO CONPOTHUBICHUS KOHTAKTHOTO IIIBA CIIBUTY
Y CHIDKEHUIO YCTOWYMBOCTH CEKIIH OETOHHOMN TUIOTHHEI.

Tem He MeHee k okTs0pro 2021 T. BepTUKAIbHBEIC AehOpMAINKA ABYXMETPOBONW MPUKOHTAKTHOW 30HBI OC-
HOBaHUS CTBOPHBIX cekruit 12, 21, 28, 31, 34 cocrasmimu —2,45...—7,02 MM; IATUMETPOBOU MPUKOHTAKTHON 30-
HbI OCHOBaHUA —2,69...—8,17 MM. TO eCTh KOHTaKTHBIH IIOB «OETOH — CKala» OCTABAJICS IMOJIHOCTHIO CKATHIM
Y yIOBJIETBOPSIT TPeOOBAaHUSAM KPUTEPHEB 0€301TacCHOCTH.

BwmecTte ¢ Tem naHHBIE T€0AC3NICCKUX HAOIIOACHUA CBUICTEIBCTBYIOT, UTO B MIEPHUO]] HATIOTHEHUS BOJIO-
xpanwmia (2012-2015 rr.) U B MOCIEAYIONINIA MEPHOA MOJHAS 0CaJKa CEKIM OCTOHHOHN IUIOTUHBI YBEIUYH-
Bajach, YTO TOBOPHUT O BEPTHUKAIBHOW Harpy3ke OT Beca CEKIIMi IUIOTHHBI Ha OCHOBaHHWE (TO €CTh OTMEYalcs
TIOJTHBIN KOHTAKT MOOIIBBI CEKIINH IOTUHBI C OCHOBaHKEM). [Ipy 3TOM MakcHManbHas BeJTMYMHA TTOJTHOM OCaIKn
CTBOPHBIX CEKIMi OETOHHOM TIOTHHBI cocTaBmia 55,3 mm (st cekuuu 28 mpu K1 = 70 mm, K2 = 80 mm), urto
HE TIPEBBINIAET KPUTEPUATbHEBIC 3HAUSHISL.

Takum 0Opazom, Ha OCHOBE aHaNN3a JAaHHBIX KOMIUIEKCHBIX HATYPHBIX HaOJIOJeHNH 000CHOBAaHA yCTOM-
YUBOCTH CEKITUi OeToHHOU mmoTuHb! borydanckoit ['DC.
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Hcropus ctaTbu AnHoTanus. IIpeiaraercss METoIUKa ONTUMHU3ALUH TPEXTPAHHBIX PELIETYATHIX
Iocrynuna B penakuuto: 25 mas 2022 r. OaIlleHHBIX COOPYXEHHUH U3 YCJIOBUS MAaKCUMyMa KPUTHUYECKOH Harpysku. Pac-
Jopaborana: 30 uronst 2022 r. CMaTpHUBAIOTCS OAIIHU C MOMEPEYHBIM CEUYCHHEM DJIEMEHTOB B BHIE KPYIJIBIX TPYO.
IMpunsra k my6aukamuu: 5 asrycra 2022 r. Harpy3ska npencrasieHa ropu30HTalbHOM COCPEIOTOUEHHOM CUIIOH Ha BEpLIMHE

OamHu, Mozenupytolell paboTy BETpPOIHEPreTHUeCKOol ycTaHOBKHU. BBogurces
OTpaHHYEHHE Ha MOCTOSIHCTBO MAacChl COOpYXKeHHs. B kauecTBe BapbHPyeMBIX
rapaMeTpoB BBHICTYIAIOT IIMPUHA OAlIHU, KOTOpas MEHSETCS 110 BBICOTE, BBICO-
Tl IaHENeH, BHEIIHUE OUaMETpPhl MONEePEeYHOro CEUCHUS MOSICOB M PEIISTKH.
Pemenue 3amaun HeIMHEHHON ONTUMM3ALMHU BBIIOIHSAETCS YHCIEHHO B cpelie
MATLAB npu nomomu nakeroB Optimization Toolbox u Global Optimization
Toolbox. B xauecTBe HayaIbHOTO MPUOJIMKEHHUS IPUHUMAETCS OALIHS ITOCTOSH-
HOI mMpuHBL. Brruncnenne KpuTHIecKod Harpy3KH BBITIOIHIETCS METOA0M KOHEU-

HBIX JJIEMEHTOB B JINHEHHOW ITOCTAHOBKE IIyTEeM pCUICHUS HpO6J’IeMLI COOCTBEH-

Jnist UUTHPOBAHMS HBIX 3Ha4eHui. [{na pemenus 3ajaun HeIMHEHHOM ONTUMM3ALUK HCIIOIB3YETCs
Axmamosa JLLI., Hsvies b.M., Henypren- METO/] BHYTPEHHEN TOUKH, METO] IIA0TIOHHOTO TIOUCKA U TEHETUYECKUH arOPUTM.
ko A.C., Cabumos JI.C. Onrummsaumst $op- ITpoussoautcs cpaBHeHHe 3pHEKTUBHOCTH MEPEUHCIEHHBIX METOI0B. Y CTaHOB-
MBI TPEXTPAHHBIX PEINCTIATHIX OIIOp IO JIEHO, 4TO HauOombuiel 3(h(EeKTUBHOCTBIO 001agaeT METOJ BHYTPEHHEN TOUKH.
KPHTEPHIO yCTOH4MBOCTH // CTPOHT?HBHM KpuTnueckas Harpyska JIs ONTHMAaNbHONW OalllHM IO CPaBHEHMIO C OallHeH Io-
MCXaHHKa HHXCHCPHBIX KOHCTPYKIMH U CO- CTOSHHOM LIMPUHBI IIPU TOM >k€ Macce Bo3pocia B 2,3 pasa.
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Trihedral lattice supports geometry optimization according to the stability criterion
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Article history Abstract. The study proposes a technique for optimizing trihedral lattice tower struc-
Received: May 25, 2022 tures from the condition of maximum critical load. Towers with a cross section of
Revised: July 30, 2022 elements in the form of round pipes are considered. The load is represented by a ho-
Accepted: August 5, 2022 rizontal concentrated force at the upper end of the tower, simulating the operation of

a wind turbine. A constraint on the constancy of the mass of the structure is intro-
duced. The variable parameters are the width of the tower, which varies in height,
the height of the panels, the external diameters of the cross-section of the chords and
lattice. The solution of the nonlinear optimization problem is performed in the MATLAB
environment using the Optimization Toolbox and Global Optimization Toolbox

packages. A tower of constant width is taken as the initial approximation. The calcu-
lation of the critical load is performed by the finite element method in a linear formu-
lation by solving the eigenvalue problem. To solve the nonlinear optimization prob-
lem, the interior point method, the pattern search method and the genetic algorithm
are used. The efficiency of the listed methods is compared. It has been found that
the interior point method is the most efficient. The critical load for the optimal tower
compared to the tower of constant width with the same mass increased by 2.3 times.
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Brenenmne

PemeruaTpie OalieHHBIE COOPYKEHHUS INMHPOKO MPUMEHSIOTCS B MPAKTUKE BO3BEIEHUS CTAIBHBIX OIOP
TUHUHR dnekTpornepenad [1-5], omop BeTporeHeparopos [6—10], omop misd pa3MenieHUsT CBETOCUTHAIBHOTO 000-
pynoBanus [11]. IIpu 3ToM OMOpPHI ¢ TPEXTPaHHBIM MOMEPEUHBIM CEUCHUEM SIBIISIOTCS 00JIee IKOHOMHYHBIMH,
yem yetbipexrpannbie [12; 13]. B [14-16] moka3piBaeTCs, YTO 3KOHOMHYECKas 3PPEKTUBHOCTH OAIlICHHBIX CO-
OpYKEHHUH CYIIECTBEHHO 3aBUCUT OT WX T€OMETPHH, a TakkKe (OPMBI M pa3MEpOB IMONEPEYHOTO CEUCHUS dIie-
MeHTOB. B [17] BEIIOMHSAETCS ONTUMU3AINS TAKUX TEOMETPUUIECKUX MapaMeTpoB OalrHu, KaK yroji HaKJIoOHa pe-
HIETKU ¥ ee mupuHa. [Ipy 5TOM muprHa GamHu Mo BHICOTE OCTAETCs MOCTOSIHHOM, OJJHAKO IIeJecoo0pasHo ee
yMeHbllIeHHe K BepiHe. B [18] mpou3BOIUTCS MOUCK ONTUMANBHOW (DOPMBI MOTIEPEYHOTO CEYSHHS IOSICOB
TpEeXTpaHHOW pelmeTdyaTor OaliHu, HO HE 3aTParuBarOTCs BOIMPOCHI ONTHMH3AINN TE€OMETPUU CaMOd OairHH.
Lenpto HacTosmeil paboThl ABIsETCA pa3pabOTKa METOAUKH ONTHUMH3AIMK TPEXT'PAaHHBIX PEIIeTYATHIX OIOop,
B KOTOpPOW B KadecCTBE BapbHPYEMbIX BEIMYUH OYAYT BBICTYNATh T€OMETPUYECKHE MMapamMeTphbl COOPYKECHHS,
BKJTIOYAs €TO MIMPUHY W BBICOTY TIAHETIeH, a TaKKe pa3Mephl MOTEPEUHbIX CEUeHH SIIEMEHTOB.

MaTepna.m,l H METOAbI

PaccmarpuBaercst TpexrpaHHas pemeryaras OamrHs, IUpUHa KOTOPOH MeHsieTcs 1o Beicote (puc. 1). ITome-
pEUYHOE CeueHHE HIIEMEHTOB IOSICOB M PELIETKH — KpyIJyble TpyObl. B KauecTBe BapbUpyEeMBbIX [TapaMeTPOB BBHICTY-
NAIOT IIUPUHBI B, a TaKkKe Hapy>KHbIC TUAMETPhI NIONIEPEYHOI0 CEeUeHHUs MOsICOB 1), HAKIOHHBIX 3JIEMEHTOB pe-
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meTKU D, ¥ TOPU30HTAIBHBIX 3JIEMEHTOB pelieTku Dj;. BBOAUTCS orpaHMYeHUE HA MOCTOSTHCTBO Macchl. BricoTa
BCEI1 OMOPBI MOCTOSHHA U paBHA [, KOJIMYECTBO MAHENEH TaKXKe MOCTOSHHO U PaBHO 7, BHICOTA KaXA0M naHenu H;
BapbUpPYyETCs, HO BBOAUTCS orpanuueHue XH; = H. Harpyska npezacraBieHa TOPU30HTAIBHOM COCPEIOTOUEHHOM
CWJIOW Ha BepIIMHe OallH{, KOTOpas MOIEIUpPYET PaCIOJIOKEHHYI0 HaBepXy BETPOIHEPTETUYECKYIO YCTAHOBKY.
Hampagnenue cunbl F onpeenseTcst yrioM o. 3agada ONTHMHU3AINN peraeTcs Npyu GUKCUPOBAHHOM .. 3aKperuie-
HHE y3JI0B OalllHi B OCHOBaHWHU — IAPHUPHO-HEMOABIKHOE. B kauecTBe 1eneBoi (pyHKIMH BBICTYIIACT BEJIMUMHA
KPUTHUYECKOM Harpy3ku F, KOTopas TOJKHA JOCTUTHYTh MaKCUMyMa IPU HEU3MEHHOM Macce COOpY>KEHUsI.

Buo ceepxy
Top view

Puc. 1. Pacuernas cxema GamrHu
Figure 1. Calculation scheme of the tower

3 y =0,0176x + 1,9134,,:

t, Mm [mm]

0 50 100 150 200 250 300 350 400
D, mm [mm]

Puc. 2. 3aBucuMOCTs MUHUMAJIBHOM TOJIIIUHEI CTEHKH KPYTIIOH TPyOB! 0T HapyxkHOTo quamerpa B coorBerctun ¢ OCT 8732-78
Figure 2. Dependence of the minimum wall thickness of a round pipe on the outer diameter in accordance with GOST 8732-78
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[Ipu onTUME3AITIH 110 KPUTEPHIO OOIIEH YCTONYNBOCTH HA BEMMYNHY KPUTHUECKON HArPy3KH CYIIECTBEHHO
BIIUSCT MOMEHT MHEPIIUH MOTEPEUHBIX CEUYCHUH. B ciyyae Kpyribix TpyO 0CeBOM MOMEHT WHEPIIMU MPUHUMACT

Puc. 3. Mcnonb3yeMblil KOHEUHBI 2JIEMEHT
Figure 3. Finite element used

MaKCHMAaJIbHOE 3HaYCHHE IPU MAKCUMAILHOM BHEIIHEM TUaMETpE U MUHH-
MaJbHOW TOJNIIMHE CTEHKU. B copramMenTte KpyriblX TpyO Hapy>KHBIN aua-
METp MEHSIETCS HE HENpEephIBHO, a AMCKPETHO, YTO J€JIacT HEBO3MOXKHBIM
MPUMEHEHUE NPHU PEIICHUH 3aJaYd ONTHUMM3AalMH I'PaJUEHTHBIX METOMOB.
[l BO3MOXHOCTH HX HCIIONIb30BaHUS Oy€M CUHUTATh, YTO HApYXKHbIM Aua-
MeTp TpyOBl — BeJIHUYMHA HEmpepbIBHAsA. MUHMMaIbHAS TONIIUHA CTEHKH !
KPYTJIBIX TPYO 3aBHCHT OT HapyXHOro amamerpa. ['paduk 3Tol 3aBUCHMO-
ctH, moctpoenusrit mo 'OCT 8732-78, mokasan Ha puc. 2. JlaHHBIH Tpaduk
XOpOIIO aNnmpoKCUMHUpPYETCA JUHEeHHOW (yHKuMeH, ypaBHEHHE KOTOpPOM
TaKKe MPUBEACHO Ha pucC. 2.

Pemienvie 3amaun ontumusauuu BeimomnHsieTcs B cpene MATLAB. s
OIpeNeNIeHUs] KPUTHIECKONH Harpys3Kd IOATOTOBJICHA IieneBast (yHKIMS, BXOZ-
HbIMU IIapaMeTpaMU KOTOPOM BBICTYINAKOT Pa3MEpsl B;, BBICOTHI NaHened H; u
HapyXHbIE TUAMETPBI MorepevHoro cedenust Dy, Dy, Dy. Boraucnenue kputuye-
CKOM Harpy3Ku BBIIIOJIHACTCS IPU IOMOIIM pa3pabOTaHHOM aBTOpaMH IOATIPO-
rpamMbl B MATLAB MeTomoM KOHEYHBIX 3J7€MEHTOB. VCIonb3yroTcs mpo-
CTpaHCTBEHHBIE cTeprkHeBbIe KO ¢ miecTsio cTeneHsmMu cBoOOAB B y3iie (puc. 3).

JlokanpHas MaTpHIIa )KECTKOCTH naHHOTO KD mMmeeT BUa
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rae G — MOIyNb CIBUTA MaTepuana; /, u I oceBble MOMEHTHI HHEPIUH, [x — MOMEHT WHEPITUH NPH KPYICHUH.
BepxHuii TpeyroiabHUK MaTpPHUIBI )KECTKOCTH 3[IeCh CHMMETPHYEH HWKHEMY OTHOCHUTENIBHO TJIABHOM AMa-

TOHAJIM U YCJIOBHO HE ITOKa3aH.
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AHamu3 yCTOWYHBOCTH KOHCTPYKIIUH BBITIONHSICTCS B TMHEHHOM ITOCTAHOBKE U3 YCIOBHS
[K]-A[K. ] =0, )

rae [Kr] — reomerpudeckas MaTpHula XECTKOCTH; A — IapaMeTp, IOKa3bIBAIOLIIMM OTHOILECHHE KPUTUYECKOM
Harpy3Ku K JA€HCTBYIOIIEH.

[Ipu omnpeneneHny reoMeTpUYECKOW MATPUILIBI KECTKOCTH YUUTHIBAETCS MOTEPS] YyCTONUMBOCTH TOJIBKO OT
NpONOJBHBIX cHil. [loTepst yCTOMYMBOCTH OT M3rHOAIOIMX MOMEHTOB (IIOTEPsl yCTOWYMBOCTU IUTOCKOH (OPMEI
n3ruba) U OT KPyTALIMX MOMEHTOB HE YUUTHIBAaeTCA. B 3TOM cilyuae jioKanbHas reoMeTpruieckast MaTpHLa JKecT-
KOCTH 3alliChIBaeTCs B BUE

0
o &
51
003
51
0 0 0 0
00—0,10z
15
00,1000%
K¢1=N , 3
[Kr] 0 0 0 0 -01 0 0 (3)
0—3000—0,10—
51 51
6
0 0 —-—— 0 0 0o 0 0 —
51 51
0 0 0 0 0 0 0 0 0 0
oo-o,lo—ioooo,lo2
30 15
oo,1ooo-i0—o,10002—l
30 15

rae N — mpofoibHas CUila B 3JIeMEHTe.
[lepexo/ 13 MTOKABHOW B TJI0O0ANBHYIO CUCTEMY KOOPAMHAT OCYIIECTBISCTCS TPEMs TIOBOPOTAMH IIPH T10-
MOIIIM MaTpHIlsI [L] o hopmyme

[K]1=[L] [K][L], )

rae [K] — marpuiia >KeCTKOCTH 3JIEMEHTa B JIOKAIBHOHN cucTeMe KoopauHaT; [K| — MaTpulla )KEeCTKOCTH 3Jie-

MEHTa B INI00aJbHON cHcTeMEe KOOPAUHAT.
Martpuma [L] 3anuceiBaeTcs B BUJIE

1 0 0 cosp 0 sinf || cosa sina 0
[L]z 0 cosy siny 0 1 0 ||-sina cosa O, (5)
0 —siny cosy||—sinf 0 cosp 0 0 1
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(22-2)
l

Yo =N

\/(yz _J’1)2 +(x2 _x1)2

o '
wim z' uz IpH COBIIAJICHUHM OCEHU X U X ), (xl s V102, ) n (Xz, Vrs2y ) — KOOPAWHATHI Y3JIOB KOHCYHOI'O 3JICMCHTA.

rae sinf} = , sina = , 'Y — YTOJI YKCTOrO BpaIleHus (YroJl MEKIy OCIMd ) U y

[Ipu ompeneneHun KPUTHYECKOW HArpY3KH KaXKAbli CTEpXKEeHb OallHM pa30MBaeTCs MO JJIMHE Ha JECAThH
KOHEYHBIX 3JIEMEHTOB.

Jlnst pelnieHus 3a1ad HEJTMHEWHOM ONTHMM3AIMK HAMH UCTIONb30BaHbl Moayu Optimization Toolbox u Global
Optimization Toolbox cpenst MATLAB. B nakere Optimization Toolbox npumensiercs QyHKIs fmincon, KoTopast
HaXOJIUT JIOKAJIbHBII MUHIMYM HEJTMHEHHOH 11eNIeBOi (DYHKIIMH HECKOJIBKUX TIEPEMEHHBIX f{X) C OrpaHUYCHHUSIMH:

c(x) <0;
ceq(x) =0;

Ax<b; (6)
Aeq-x = beg;
Ib< x<ub,

TJe X — BEKTOP, COACp AN BapbUpyeMBbIe TTapaMeTpsl; 4 U Aeq IPEACTABIIAIOT COO0I MaTPHIIEL; ¢(X) U ceq(x) —
HeNMHelHble (YHKIIMU HECKOJIBKUX MEPEMEHHBIX, BO3BpAIAtoIIne cKajsp; /b v ub — HKHUE ¥ BEpXHUE TPaHU-
I 7151 BAPDBUPYEMBIX IEPEMEHHBIX COOTBETCTBEHHO.

®yHKIMA fiMincon NO3BOJSET BHIOUPATH OAMH U3 HECKOJIBKHX JJOCTYITHBIX JITOPUTMOB PEILICHUS 33/1a4H HeJTMHEH-
HOU onTuMm3aIwid. Hamu uenosnbs3yeTcst MeTo 1 BHYTPEHHEH TOUKH, C KOTOPBIM ITOIPOOHO MOYKHO 03HAKOMHUTHCS B [19].

Adnroputmsl, 3anoxenHble B Optimization Toolbox, 03BONSAIOT HANTH JOKaNBHBI MUHUMYM B OacceliHe
TIPUTSHKEHHSI, KOTOPOMY MPHHAJIEKMT HayaibHas Touka moucka'. Eciu meneBas (yHKIHMS UMeET HECKOIBKO
JOKaJIbHBIX MHHIMYMOB, TO JUI HaXO0XJICHHUS II100aTbHOT0 MUHUMYMa HEOOX0IMMO HAalTH Ha4YajdbHYIO TOUYKY B
OacceifHe MPUTSHKEHUS TII00aIbHOTO MUHUMYMa. J[iis 9Toro ncnone3yrotes 3anokeHnbie B Global Optimization
Toolbox ¢ynkumu, renepupyromye caydaiiHble HadaabHbIE TOYKU B Ipeaenax rpanul /b u ub.

BonbIIMHCTBO METOIOB HETMHEHHON ONTUMH3AIMH, BKITFOYasi METOJl BHYTPEHHEH TOUKH, UCTIONB3YIOT IS
MOWCKA ONTHMAIBHOW TOYKH WHPOPMAIHIO O TPaHEHTE 1esieBOd (QYHKIUHN JTHOO0 O €€ YaCTHBIX MPOU3BOTHBIX
BBICIIHX MOPSAKOB.

CymIecTByIOT METOJbI ONTHMH3ALMH, HEe TpeOyIore BHIYUCICHUS rpaaneHTa. Hamu nmpuMeHstoTcs 1Ba
TaKHX METOJIa — METOJI MAa0JIOHHOTO MONCKA ¥ TeHETHYECKHI allrOPHTM.

CyTh MeToJla IIa0JIOHHOTO TIOMCKA COCTOUT B clieaytomieM: GopMupyercsi HAbOp TOUYEK BOKPYT TEKYIIEH
TOYKH, Ha3bIBAEMBII CETHIO M HINETCS TaKas TOYKa, B KOTOPOM 3HAYCHWE HWKE, YeM B Tekymied Touke. Cerhb
bopMupyeTcs ImyTeM CI0KEHHs KOOPIMHAT TeKyIIeH TOYKH ¢ MPON3BeIeHHEM Habopa BEKTOPOB, HA3bIBAEMOTO
11abJI0HOM, Ha CKaJIAp, Ha3bIBa€MBbIil pa3MepoM ceTH. Eciau anropuTM HaXoAuT TOUKY, B KOTOPOIl 3HaUEHHE Iie-
7eBod (pyHKOMHM JIydlle, 4eM B TEeKylIel, OHa CTaHOBHTCS TEKylleill Ha cienyromem miare. Habop BeKTOpoB
(mmabmoH) MOXKeT OBITh (PUKCHPOBAHHBIM MO0 CITydaliHO reHepupyeMbiM. [loapoOHO BRIOOpP 1M1a0I0Ha ONTUCHIBA-
ercs B [20]. B makere Global Optimization Toolbox 3ToT MeToz peanu3oBad B PyHKIUU patternsearch.

Mertox 11abJI0HHOTO MOWCKA, KaK U OOJBIIMHCTBO KIIACCHYECKUX METO/IOB, Ha KAKAOW UTEpalliy TeHEPUpYyeT
€IMHCTBEHHYIO TOUKY. [ €HeTHUECKHii aJlrOpUTM B OTJIIMYHE OT KJIACCHYECKHX TTOJXO/IOB CO3/IaeT COBOKYITHOCTh TO-
YeK Ha KaXIOW ureparu. Jlydimas Touka B TOMyJISIHH MPHOTIKACTCS K ONTHMAIBHOMY peleHnto. JIaHHbIi anro-
PHTM HCIIOJNB3YET YEThIPe OCHOBHBIX THIIA MPABIJI Ha K&KIOM dTarle JUIs CO3IaHUs CIIeTYIOIIEro MOKOICHHS U3 Te-
KyLIed MOMyJsIHU: HacleI0BaHKe, 0TOOpP, CKPELIMBAHIE M MYTallui, UMUTHPYS €CTECTBEHHBI OTOOp B MPHUPOE.
[TonpoOHOe ommcaHne adropuT™Ma M MPHUMEpPH €ro MCIONB30BAHMSA B 337adaX ONTHMH3AIMH CTPOMTEIBHBIX KOH-
crpykumii pencrasieHsl B [21-23]. B makere Global Optimization Toolbox ToT MeTos peasin30BaH B QYHKIUH ga.

Pe3yabTaTthl 1 00cy:KI1eHue

B kauecTBe Ha4aIBEHOTO MPUOJIMKEHUS HAMH TTPUHUMAIACh OAITHS TOCTOSTHHOW IMPHUHEI B = 5 M ¢ oH-
HAKOBBIMHU BbIcOTaMu mnaHened H; = 4 m oOmelt Beicotoit H = 40 M. [TonepeuHoe ceueHue MosiICOB B HaUaIbHOM
MPHOIKEHUHN — KPYTJIble TPYObl C HAPY>KHBIM JUaMeTpoM 127 MM, pelieTka — Kpyriible TpyObl ¢ HapyKHBIM

I MathWorks. Local vs. Global Optima. Available from: https://www.mathworks.com/help/optim/ug/local-vs-global-optima.html
(accessed: 31.07.2022).
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nramerpoM 76 MMm. ToONIIMHBI CTEHOK, BRIYHCIICHHBIC MO Gopmyie Ha puc. 2: 4,1 u 3,3 MM COOTBETCTBEHHO.
Yroa o, ompemensIoNINii HampaBiIeHHE COCPEIOTOUYEHHOW CHIIBI, TMPUHUMAJCS paBHBIM Hyito. Kputnueckas
Harpyska JiJjisi Takol KOHCTpyKIuu coctaBuia 53,2 kH. dopma nmoTepu ycTOMYMBOCTH IPUBEACHA Ha puc. 4.
W3 npeacTaBieHHOr0 pUCYHKa BUJHO, YTO A7 OAIllHU TOCTOSIHHOW IIMPUHBI IOTEPS] YCTONYUBOCTH MPOUCXOIUT

B HauboJee Harpy>XCHHBIX CKATBIX 2JICMECHTAaX I10sCa.

Kosppuunent 53,4362 A .
Cocfficient 53.4362 F
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Puc. 5. dopma norepu yCTOWIMBOCTH OAITHU
MOCTOAHHOH mupuHsl, mosyyenHas B [IK JINPA-CAIIP
Figure 5. The buckling form of the tower
of constant width, obtained in the LIRA-SAPR software

Puc. 4. dopma norepu yCTOWYMBOCTH OAIIHHE
MOCTOSIHHOM IIMPHHBIL, II0JIy4YE€HHAasi B aBTOPCKOM NporpaMme
Figure 4. The buckling form of a tower of constant width,
obtained in the author's program

J171st KOHTPOJISt IPABUIIBHOCTH BBIYHMCIICHHSI KPUTHUYECKOW HArpy3KH B pa3pabOTaHHON aBTOPaMH MPOTrpaMme
MoJenb OaliHu 3KcIopTHpoBanachk B nporpamMubiii komiuieke JIMPA-CAIIP. Ins nepenaun B [IK JIMPA aB-
TOMAaTHUYECKH T€HEPUPOBAJICS TEKCTOBBIM (Dailyl ¢ MCXOAHBIMU JAHHBIMH B HPUHATOM VIS JaHHOTO PacueTHOTO
komiuiekca gopmare. [Ipu pacuere B [IK JIMPA-CAIIP kputnyeckas Harpy3ka cocraBmia 53,4 kH, 4to He3Ha-
YUTENIFHO OTIIMYAETCS OT aBTOPCKOTO pemeHus (puc. 5).

Bepxuue n HIKHHE rpaHuLb! #b U /b 11 BapbUpyeMbIX apaMeTPOB NP PELICHUH 3aa4i ONTUMU3ALUH
npezcraBieHsl B Tabnuue. [Ipu mpoekTHpoBaHMM peajbHBIX KOHCTPYKIMH BEpXHSAA I'paHMLA IapaMeTpoB B;
MOXeT OBbITh OTpaHMYEHA TUIOIIAJBI0 YYacTKa, Ha KOTOPOM pa3MelacTcsi COOpYyKeHHe, a HWKHSS TpaHulla —
pacriofaraeMbIM HaBepxXy oOopynoBanueM. [[ns mapamerpoB H; NpUHSATHI Takhe K€ T'PaHULBI, KaKk U A7 B;.
JluaMeTpsl nonepeyHbIX CeYEeHUH, KaK IPaBUI0, OTPAHUYEHB! CYIIECTBYIOIUM COPTAMEHTOM U aCCOPTUMEHTOM

MPOAYKIMU OJIKANIINX POU3BOAUTENEH TPYO.

BepxHue u HHZKHHMe TPAaHHMIIBI BADBUPYEMBIX IAPAMeTPOB IIPH PELICHUH 321241 ONTHMH3AIUU
Upper and lower bounds of variable parameters in solving an optimization problem

IMapamerp . .

Parameter Bi, m [m] Hi, m [m] Dy, m [m] Dy, m [m] Dy, m [m]
Ib 0,5 0,5 0,05 0,05 0,05
ub 10 10 0.3 0.3 0.3

ITonydeHHast B pe3yibTaTe pELICHUs 3afaddl METOJOM BHYTPEHHEH TOUKM ONTHUMalbHas (Gopma OamiHu
npuBejieHa Ha puc. 6. Jlnametp Tpy6 mosicoB coctaBui 148 MM, HAKJIIOHHBIX 3JIEMEHTOB peuieTku — 74,1 MM, ro-
PHU3OHTAJIBHBIX 3JIEMEHTOB pewmeTkd — 62,8 MM. COOTBETCTBYIOIIME TOJIIMHBI CTEHOK, BBIYUCICHHBIE 1O (op-
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MyJie, IpuBeACHHON Ha puc. 2: 4,5; 3,2 u 3 mM. Kputndeckas Harpy3ka 1o CpaBHEHHUIO C OarnrHEeil MOCTOSHHOM
mpHHbL Bozpocia 10 123 kH, o ects B 2,3 paza. @opma morepu yCTOMYUBOCTH IS ONTUMAILHON OalIH| 11o-
KazaHa Ha puc. 7. [lonydeHHoe penieHne 3KcnopTupoBaiock B nporpammubiil komiuieke JIMPA-CATIP. Ilpu pac-

gete B [IK JIMPA-CAIIP xputndeckas Harpy3ka coctaBuia 122,8 kH, 4To He3HAUUTEIHHO OTIMYACTCS OT aB-
Topckoro pemierus. Popma norepu ycroitunoctd B [1IK JIMPA-CAIIP ¢ yBenu4eHHBIM MacUITabOM Iepeme-

]J_[eHI/II\/JI MMpUBCACHA HA pUC. 8. U3 JAaHHOT'O PUCYHKAa BUJHO, YTO B ONITUMAJIbHOM BapuaHTE, B OTJIMYUC OT 6830B01"O,

MoTepsl YCTOWYHMBOCTH IMPOUCXOTUT OJTHOBPEMEHHO BO BCEX CIKATBIX DJIEMEHTAX.
[Ipu mpoexTHpoBaHNN pearbHOW KOHCTPYKIIMH HAapYyXKHBIE AWMAMETPHl TPYO MOXKHO HPHUHSATH PAaBHBIMHU

146, 76 u 63,5 MM, a TOJIIIMHBI CTEHOK 4,5; 3 1 3 MM COOTBETCTBEHHO.

Koadduuuent 122,799
Coefficient 122.799

pa

Jy

Puc. 8. ®opma norepy ycTOHIMBOCTH ONTUMAIBHOM OalIHy,
Puc. 6. OntumasnbHas Gopma GanrHu, nosryuenHas B [IK JINPA-CATIP
MOJTyYeHHAsl Ha OCHOBE METOJ1a BHYTPEHHEH TOUYKH Figure 8. The form of stability loss of the optimal tower
Figure 6. Optimal tower shape based on the interior point method obtained in the LIRA-SAPR software

40
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Puc. 7. ®opma norepu ycTOHIMBOCTH ONTUMAIBHOMN OalIHY, TTOIyYeHHAs B aBTOPCKON IporpamMmMe
Figure 7. The form of stability loss of the optimal tower, obtained in the author's program

324 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



Axmsmosa J1.LL., SA3b1e8 B.M., HYenypretko A.C., Cabumos J1.C. CTpouTenbHas MexaHuka MHKEHEPHBIX KOHCTPYKLI 1 coopyxeHuid. 2022. T. 18. Ne 4. C. 317-328

[Ipu pemreHnn ¢ MpUMEHEHHEM METO/Ia MIa0JIOHHOTO TIOWCKA M TEHETHYECKOTO aliTOPUTMa YYUTHIBAIOCH
JIUCKPETHOE M3MEHEHUE TOJIIIMHBI CTEHKU TPYO B 3aBUCMMOCTH OT JMaMETpPa [0 COPTAMEHTY, TO €CTh IPECTaB-
JIeHHast Ha puc. 2 ¢opMyia He UCTIOIH30BaANIACh. B HaYalbHOW TOYKE TIOMCKA IMONIEPEYHOE CEUCHUE TTOSICOB IIPH-
HAMAJIOCh B BUJE KPYTJIBIX TPYO HAPYKHBIM THAMETPOM 127 MM M TOJIIIMHON CTEHKH 4 MM, TIOTICPEUHOE CCUCHHE
pelIeTKH — KpyTible TpyObl HApYyKHBIM JIUAaMETPOM 76 MM M TONUIMHOMN cTeHku 3 MM. Kputndeckas Harpyska
u1g Takou OamHu — 51,3 kH.

[lomyuenHas B pe3ynbpTare pemieHns 3ajaqd METOIOM IIIa0JIOHHOTO TOUCKa ONTUMalbHas GopMa OarrHu
puBeeHa Ha puc. 9. 9Ta (hopMa HECKOJIBKO OTIIMYASTCS OT MPEACTaBICHHON Ha puC. 6. 1) MOSCOB ONTHMAITb-
HBIH JuaMeTp TpyO okazaiics paBHBIM 131 MM, JUIS HAKJIOHHBIX 3JIEMEHTOB PEUIECTKH — 76 MM H JUIS TOPU30H-
TaJbHBIX AEMEHTOB pereTky — 68 MMm. Tonmuusl cTeHOK: 4, 3 U 3 MM COOTBETCTBEHHO. KpuTHueckas Harpys3ka
pu 3ToM coctapmiia 103 kH, uro mpumepHO B 2 pa3a BEIIIE 110 CPAaBHEHHIO ¢ HAYaJIbHOM TOUKOM moncka. @opma
MOTEepPH YCTOHYMBOCTH IpuBencHa Ha puc. 10. V3 naHHOro rpaduka BHIHO, YTO MOTEPS YCTOMYUBOCTH IPOUC-
XOJIUT BO BCEX CIKATBIX 3JIEMEHTAX MOSCOB U OTJCILHBIX DJIEMEHTAX PEIISTKU. B 11eomM MeTo 1 mabioHHOTO To-
WCKa B JAHHOU 3a/adue okasajcs MeHee dY(D(PEeKTUBHBIM, YeM METOJ BHyTPEHHEH TOUKH. | eHeTHIEeCKUi anropuT™
MIPOSIBUII ce0s elle Xyske, KpUTU4IecKasi Harpy3ka o CpaBHEHHIO ¢ OallrHel MOCTOSHHOM IIMPUHBI BO3POCIIa BCe-
ro Ha 24 %. ®opma OalrHu, MOy4YeHHAs HAa OCHOBE T€HETHYECKOT0 allTOPUTMA, MPUBEICHA Ha puc. 11,

AHajornuHbIe pe3ynbTaThl 0 () (PEeKTHBHOCTH MeTO/1a MIA0JIOHHOTO MTOMCKA ¥ TEHETHYECKOTO allTOPUTMA
MOJTydeHbl HAMHU paHee IMPY ONTHMHU3ANNN TPEXTPAHHBIX PEIIETYATHIX OTOpP C TMHEWHO MEHSIOIIEHCS IO BHICOTE
IIMPUHON C UCIOJIb30BAHUEM KPUTEPUECB MUHMMYyMa MOTCHIMAIBHON 3HEPTruu AeGopMmaivi, MUHUMYyMa mepe-
MEIeHNs] 1 MaKCUMyMa TIepBOM 4acTOTHI COOCTBEHHBIX KoneOanwmii B [24]. Takxe B [24] moka3aHo, 4YTO H3MEHE-
HUE YyIJIa O, OTPECISAIONIEr0 HAIPaBIEHHUE COCPETOTOUEHHON CHJIBI, HECYIIIECTBEHHO BIIMSAET Ha MOIy4aeMyIo
ONTUMAJIBHYIO (HOPMY COOPYIKCHHSL.

OTMeTuM, 4TO B IOJYYCHHBIX PEIICHUSX HE BBOAMIOCH OIPaHUYCHUE HA THOKOCTH DJIEMEHTOB, U JIJIS He-
KOTOPBIX PACKOCOB THOKOCTH MpeBbimaeT npenensayo mo CIT 16.13330.2017. [lannas 3agada pemianach Takxke
¢ ygeToM orpanmdeHus Ha TuOkocth. B CII 16.13330.2017 BenwunHa MpeAeIbHON THOKOCTH 3aBHCHT OT CTETIe-
HHM HATrPYKEHHOCTH JJIEMEHTOB 0= N/ ((pARyyc). [TockonbKy HaMU pacyeT MEepPBOHAYATLHO BEHITIONHSICTCS Ha

JICHCTBUE €IUHUYHOW CUJIbI, @ KPUTUYECKas HAarpy3ka 3aTeM ONpPECIIACTCS U3 PelIeHUs MpoOaeMbl COOCTBEH-
HBIX 3HAYCHHU, ONPEACIUTh 3apaHee (aKTUYECKYIO BEIUYHMHY IPOJOJIEHOW CHUJIBI B KXKJOM M3 JIECMEHTOB HE
MIPEJICTABIIACTCS. BO3MOXKHBIM. [loaTOMY As1st DIIeMeHTOB Tosica npeaeabHast THOKOCTh pUHUMAaIach paBHoi 120,
a JuIg 3JeMeHTOB perieTky — 150.

Puc. 9. Ontumanshas Gopma Gaminmy, Puc. 10. opma norepu yCTOHUNBOCTH AJIs OALIHH,
MOJIy4€HHAsi METOIOM LIA0JIOHHOTO MOUCKA NPHUBEJICHHON Ha puc. 9
Figure 9. Optimal tower shape obtained by pattern search method Figure 10. The buckling shape for the tower shown in Figure 9
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Puc. 11. ®opma Gamny, Puc. 12. OnrumansHas popma OamrHy, noxydeHHas
TIOJTyYeHHas IIPH IOMOIIH TeHETHIECKOT0 AJITOPUTMa C Y4eTOM OTpaHHYEHHs] Ha THOKOCTH 3JIEMEHTOB
Figure 11. The shape of the tower, obtained using a genetic algorithm Figure 12. The optimal shape of the tower, obtained

taking into account the limitation on the slenderness of the elements

®dopma OanrHM, TOTyYeHHAs C Y4ETOM OTPaHWYEeHUS Ha THOKOCTh, IpuBeeHa Ha puc. 12. luamerp nore-
PEYHOTO CeYeHUs MOSICOB IPH 3TOM OKa3zayucs paBHBIM 137 MM, packocoB — 120 MM 1 TOPU3OHTAIBHBIX dJIEMEH-
TOB pemretkd — 106 MM, /laHHas OairHs UMEET Ty XK€ MacCy, YTO U KOHCTPYKIUS B HAYAJIILHOM MPHUOJIMIKEHUH.
Kputnueckas Harpyska coctaBmia 53,2 kH, 4To coBnamaer ¢ pe3yibTaToM B HadadbHOM NpuOimxennu. OTHAKO
JUTSL HAYAJTBHOTO TPUOIMKEHNS HE BBITIOIHSIIOCH YCIOBHE IO THOKOCTH 3JIEMEHTOB: THOKOCTh PACKOCOB COCTaB-
ssita 249, 9To CyIIecTBEHHO OOJIbIIE TOMYCTUMOM 10 JeHCcTBYomUM HopMaMm. [lociie onTuMu3aiuu npu coxpa-
HEHHUH MAaCChI 32 CYCT U3MEHEHHS Pa3MEPOB MOMEPEUHBIX CCUCHHI U TTapaMeTpoB B;, H; MakcuManbHas THOKOCTh
packocoB cHu3unack a0 111.

3akaouenue

Pa3paboTrana MeToaMKa ONTUMU3AIUN TPEXTPAHHBIX PENIETYATHIX OAIlleH MEPEMEHHOTO MPOoQMIIsl C ToTe-
PEUHBIM CEUCHHUEM JIEMEHTOB B BUJIC KPYIJIBIX TPYO MO KPUTEPUIO MAKCUMyMa KPUTHYECKON HArpy3KH MPH TO-
CTOSTHHOM Macce. BhIloHeHa ONTHMHU3aIHsI OTIOPHI MOJ] BETPOIHEPTETHYECKYIO YCTAHOBKY. B paccMoTpeHHOM
mpuMepe 10 CPaBHEHUIO ¢ OalllHEeW MOCTOSHHOW IIMPUHBI TOM K€ MAacCChl YAAJOCh MOBBICUTh KPUTHUYECKYHO
Harpy3ky B 2,3 paza. [loTeps yCTOHYHMBOCTH B ONITUMAIBHON KOHCTPYKIIMU MTPOUCXOANT OJHOBPEMEHHO BO BCEX
ckatheiX dneMeHTax. CpaBHeHHe 3()(EKTHBHOCTH TPEX METOJIOB ONTUMH3AIUU — METOJa BHYTPEHHEH TOYKH,
METO/Ia I1a0JIOHHOTO MTOMCKA U TEHETUYESCKOr0 ajirOpUTMa — I0Ka3ajo, YTO MEePBbIi M3 HUX UMEET HauOOJIbIIYIO
3¢ (EeKTUBHOCTE.

OTMeTHM, YTO B HACTOSIIEH CTaThe PEUICHUE 33724l ONTHUMHU3AIUH 110 KPUTEPUIO YCTONYUBOCTH BBIMO-
HSUTOCH 0€3 ydeTa Harpy3Ku OT cOOCTBEHHOTO Beca 3JIEeMEHTOB. JIJish Orop BETPO3HEPTreTHIECKUX YCTAHOBOK OC-
HOBHOW BKJIaJl B MOTEPI0 YCTOWYMBOCTH BHOCHT Harpy3ka OT BETpOTE€HepaTopa, a BKJIaJ COOCTBEHHOrO Beca
3JIEMEHTOB HE CTOJb CYIIECTBEHEH. B ManbHEHINX UCCIIeIOBAHUAX MBI TUIAHUPYEM YUECTh M HArpy3Ky OT CO0-
CTBEHHOTO Beca.
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HA BHE3aIHbIA 0TKAa3 0THOI0 M3 ee DJIEMEHTOB
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Hcropus ctatbu AHnHoTauus. [IpyBeeHbl UTOTH COMOCTABUTENFHOIO aHAINM3a PA3JIMYHBIX O]~
[octrynuna B penakuuto: 14 mast 2022 r. XOJIOB, PACUETHBIX MOJIEJIEH, METOJOB PAaCUETHOTO aHaln3a Harpy>KeHHOW KOH-
Jopaborana: 17 aBrycra 2022 r. CTPYKTUBHOW CHCTEMBI, & TaK)Ke IOJYYEHHBIX PE3yJIbTATOB TaKOrO pacyera Ha
[punsTa k myOmukauu: 20 aBrycra 2022 T. BHE3AMHBII 0TKa3 OJHOTO M3 HECYIIHX 3yeMeHToB. [lokazaHo, 4To MeTOaBI pac-

4eTa, PEKOMEHJOBAaHHBIC POCCUNHCKUMU U 3apyOe:KHBIMU HOPMaMH, ITOCTPOEHBI
Ha OJMHAKOBOM METONOJIOTMYECKOH OCHOBE, a PEKOMEH/IOBAHHbBIE BAPUAHTHI BbI-
0opa BTOPUYHBIX PACUETHBIX CXEM B CTaTUUECKOH, KBa3UCTATHYECKON U JUHA-
MHYECKOH MOCTaHOBKAX UMEIOT Pa3HYIO CIO0KHOCTB, HO JAIOT JOCTATOYHO OM3KHE,
npueMiIeMble Ul MPaKTUYECKUX PAcyeToB pe3yibTaThl. HexoTopele pazauuus
pe3yJbTaTOB CBA3aHBI C PAa3JMYHBIMHU IIOAXOAAMH K y4eTy BPEMEHH Iepepac-
IpeAeIeHUs PeaKLuK YAAIsIeMOro 3JIEMEHTA, TO €CThb, O CYLIECTBY, C PEKUMOM
BBIKJIIOYEHUS U3 KOHCTPYKTUBHOU CHCTEMBI yaanseMoro aieMenTa. O0cysknaercs
BOIIPOC O KPUTEPUSX 0COOO0ro mpenenbHoro cocrosHus. Ilokasana nenecoobpas-
HOCTb BKIIFOUEHHUSI B HOPMATHBHBII JOKYMEHTBI IONOIHUTEIBHOIO KPUTEPUS UL
yueTa BO3MOXKHOCTH OTEPH yCTONUUBOCTH 2JIEMEHTOB KOHCTPYKTUBHON CUCTEMBI

TIpH 0COOBIX BO3INEHCTBHAX M, COOTBETCTBEHHO, MOJIOXKEHHMIT MO 3aIl[UTe KOHCTPYK-
THBHBIX CUCTEM OT HCUEPIaHMs HeCyIleil COCOOHOCTH, CBA3aHHOIO C MOTepel
yCTOHYIHNBOCTH. B KauecTBe TaKOro KPUTEPUS MOXKET OBITh HIPHHATO HOCTIKCHUE
TOYKH IPENIeTbHOr0 PaBHOBECUS Ha JUarpaMMme «IpoJoNbHas CUjIa — IOIeped-
HBI IPOrud».
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dards are based on the same methodology. And the recommended options for
choosing secondary design schemes in static, quasi-static and dynamic formula-
tions have different complexity, however, give results which are close enough
and acceptable for practical purposes. Some differences in the results are associ-
ated with different approaches to consider the reaction redistribution time for
the removed structural member, i.e., in essence, with the mode of failure of
this member. The issue of criteria for a special limiting state is also discussed.

The authors present the expediency of including an additional criterion in regu-
latory documents that considers the second-order effects on the buckling of
the structural elements under accidental impacts and, accordingly, provisions for
protecting structural systems against the exhaustion of the bearing capacity due
to the loss of stability. As such criterion, the achievement of the limiting equilib-
rium point on the diagram “axial force vs. transverse deflection” can be adopted.
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BBenenne

Jluckyccnn 1o mpoOiieMe MPOrPeCCUpPYIONIEro OOpYIICHHS Ha CTPaHHWIAX POCCHMCKUX W 3apyOeKHBIX
Hay4HO-TEXHUYECKUX JKYPHAJIOB BOT YK€ Ha MPOTSHKEHUU OoJiee IBYX NIECATHIIETHI He ocnadeBaeT. JJucKyccnoH-
HBIMH OCTAIOTCSI KaK MOAXOIbI K TOCTAHOBKE CaMUX 33/1a4, TaK M K METOo/IaM UX perieHus. HeoqHo3HauHO ceroqus
CTIeIIMATICTAMI BOCTIPHHMMAIOTCS 1 cTaThi denepanbHoOro 3akoHa PO Ne 384-D3!) oTHoCcAmMecs k 3Toi mpo-
Oneme, B 0COOGHHOCTH CT. 16, 1. 6 — 0 HEOOXOMUMOCTH pacdeTa ¢ UCKIIOUYEHHEM OJTHOM W3 HECYIIUX KOHCTPYK-
mid. Ct. 5, 4. 2 mpoTuBOpeyHT CT. 6, 4. 3. B cBA3M ¢ 3TUM B HEKOTOPBIX MyOJIMKAKMAX, HApUMep B [1], a Takxe
CHELHUAINCTaMH HEKOTOPBIX MPOEKTHBIX OpPraHW3alMidi M OCOOCHHO HMHBECTOpaMHU MPEIUIaracTcsl UCKIIOYUTH W3
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OT NPOTPECCUPYIOIIETO OOPYIIEHUS W IO0-Pa3HOMY YUHUTHIBACTCS AMHAMHUYECKUN XapakTep yAaleHHs OJHOU W3
HeCyIMX KOHCTPYKUUH. Hanmpumep, B OJHHX CIlydasx IpelycMaTpuBacTCs BBEICHHE B pacueT Kod(pQHIUCHTA
JUHAMHUYHOCTH [4; 5], B Apyrux mpeajaraetcs npsMol TMHAMUYEeCKUN pacueT [6; 7], B TpeThUX NP yAAJICHUU U3
KOHCTPYKTHUBHOM CHUCTEMBI OJTHOM W3 KOHCTPYKUUW MPEIaraeTcsl MpoCcToe M3MEHEHUE PACUETHOM CXEeMbl IMyTeM
YMEHBIIIEHHUS €€ CTaTHYEeCKOH HEONpeAeIMMOCTH 6e3 yueTa TMHAMUYECKOTO BO3/IEHCTBUS OT yaleHUs] KOHCTPYK-
1uu [8]. lHTepecHBI B 3TOM OTHOIIEHUH METOAWKH MPOBENCHUS U PE3yNIbTaThl SKCIEPUMEHTAIBHBIX HCCIIENI0Ba-
HUH XKUBYUYECTH KOHCTPYKTHUBHBIX CUCTEM IPU BBIKIIOUEHUH OJTHOTO M3 HECYLIUX 3JeMeHTOB [9—17]. B psae skc-
NEPUMEHTAIBHBIX UCCIICI0BAaHUN MOJEIMPOBAIOCH BHE3AIIHOE BRIKIFOUCHUE HECYIIIETO 3JIEMEHTa KOHCTPYKTUBHOM
CHCTEMBI ITyTeM ero nojpsisa [11] uiam ¢ ucrnoap30BaHUEM YCTPOMCTB ¢ HHAYLIMPYEMON F€OMETPUYECKOIN U3MEHSI-
eMocThio [13—-16], B Ipyrux Harpy>ke€HHUE BBIIOIHSIOCH C UCIIOJIB30BAHUEM THIPABIMYECKUX JOMKpAToB [9; 10; 17]
U Jp., IPUUYEM B MOCIIEIHEM CIIydae CKOPOCTh U3MEHEHUS NaBJICHUs B ITHIPABINYECKOM IIpecce, KaK MpaBHIIo, CO-
OTBETCTBOBAJIA CTATUYECKUM HCIIBITAHHSIM.

B npennaraemoil ctatbe NpUBEAEHBI PE3yJbTaThl COMOCTABUTEIBHOIO aHAIM3a PA3IMYHBIX MOJXOMOB,
pacyeTHBIX MOJIEJIE U pa3IMYHBIX METOJIOB pacueTa Harpy»KEHHOW HEeCyIllel cCuCTeMbl Ha BHE3aIMHbIA OTKa3 OJI-
HOT'O U3 JIEMEHTOB 3TOU CHCTEMBI.

Meton

CHavana paccCMOTPHUM MPOCTEHIIYIO CTATHYECKH HEOTIPEeIEINMYI0 HEPa3pe3HyIo Oallky U3 JMHEWHO YIIpy-
roro Marepuaina c MmpojeTaMyd Mo 6 M M MOCTOSHHOM IO JJIMHE XKECTKOCThIO E.J, HArpyKEHHYI0O PAaBHOMEPHO
pacrpeneNIeHHOM Harpy3Koi ¢ HHTeHCUBHOCTBIO ¢ = 10 kH/M (puc. 1, ).
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Puc. 1. PacueTHble CXeMBI U pe3yJIbTaThl pacyeta OaJIKu:
a — JUIsl CTaTHYECKOro pacyera IPH HOPMAJIbHOM PEXHME KCIUTyaTaliu; O — JUlsl IPSIMOTO IWHAMHYECKOTO pacdera
[IPU BBIKJIFOUEHHUH CPEIHEH ONOpBI C nepepacnpeielieHneM peakuuu 3a Bpems £, = 0.17'= 0.043 c; 6 — 11151 KBa3UCTATHUECKOT0 pacuera
Ha MTHOBCHHOE BBIKIIIOUCHHE CPEHEH OMOPBI PY MOJECTUPOBAHIN IMHAMHYECKOT0 3 deKTa peakineit OTOPOLICHHOH CBA3H
¢ 00paTHBIM 3HAKOM; 2 — JUTsl KBa3UCTaTHYECKOTO PacyeTa Ha MTHOBEHHOE BBIKIIFOYEHHE CPEIHEH OIOpPBI
HPH MOJICTTUPOBAHUN IMHAMHYECKOr0 3(()eKTa yMHOXKEHHEM HAarpy3Ku Ha KO3Q(QUIHEHT AMHAMUYHOCTH ky = 2
Figure 1. Design schemes and analysis results for the beam:
a — static analysis for normal operation mode; 6 — linear dynamic analysis for middle support removal scenario
when reaction decreases up 0 during the time #, = 0.17 = 0.043 s; 6 — linear quasi-static pull-down analysis for instantaneous removal

of the middle support; ¢ — linear quasi-static push-down analysis for the instantaneous removal of the middle support (k, = 2)

BrimonHuM OleHKY YCHIIMN B aHATM3UPYEeMOi Oallke Ha dTare HOpMalbHOH AKCIUTyaTalliy U IPY BHE3aIl-
HOM BBIKJIFOUEHUH 13 PabOTHI CpemHell OMOopHl, paccMaTpuBasi TPU METOAA MOJISTHPOBAHUS TaKOTO HAYAIBHOTO
JIOKAJIBHOTO Pa3pyIICHUS: a) MPIMON TUHAMUYECKUN METOJ B JIMHCWHON MOCTaHOBKE 0e3 ydera memmdupoBa-
Hus (puc. 1, 6) Ipyu 3a1TaHUU BpEMEHH TIepepactpeieNieHus peakui oTopomeHHoH cesi3u £, = 0,17, rne T — nepron
COOCTBEHHBIX KoJIeOaHWH 1O HuU3MeH (opMe, COOTBETCTBYIOMIEH MpeamoiaracMoMy JaehOpMHPOBAHHOMY CO-
CTOSIHHIO KOHCTPYKIIMH TI0C/Ie HAYadbHOTO JOKAIBHOTO pa3pylieHus ; 6) KBa3HMCTaTHUECKU METOJl B IMHEHHOM

4 UFC 4-023-03. Design of buildings to resist progressive collapse. 2016; GSA-2013. Alternate path analysis & design guidelines
for progressive collapse resistance. 2013.
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MMOCTAHOBKE C MOJIETHPOBAHUEM IWHAMHYECKOTO 3¢ (eKTa CTaTHIEeCKUM SKBHBAJIIEHTOM B BHIE PeaKIHnu OTOPO-
IEHHOH CBSI3U, MPUIIOKEHHOH ¢ 00paTHBIM 3HaKoM (puc. 1, §), ciefys MOAXOMy M3 METOIMYECKOro MocoOus’,
a taxxke [18; 19]; B) KBa3UCTaTUUECKUIT METO/ B TMHEHHOHN IMOCTAHOBKE C MOJEIUPOBAHUEM JHHAMHUYECKOTO (-
dekTa ImyTeM yMHOMKEHHs HAarpy3Ku Ha Ko3(hHUIMEHT tuHaMIgaHOCTH kg = 2 (puc. 1, 2), cnemxys UFC 4-023-03°,

Jns pacdera B JMHAMHYECKOW MOCTAHOBKE MPEABAPUTENBHO OBbLI BBITOJHEH MOJAIBHBIA aHalM3 OJHO-
NpoJieTHOH Oanku (6e3 MpoMeKyTOYHOH OMOpHl), HA OCHOBaHUH KOTOPOTO IO MepBoii opme koneOaHui Ha3zHa-
YEHO BpeMsl IepepacnpeeeHus peaklMK BhIKIIIouaeMou cBsi3u = 0,17'= 0,043 c.

Jisa mieneit conocTaBiIeHNs pacCMOTPHM TaKXe pacueT Ha IMporpeccupytomiee oOpylieHne xene300eToH-
HOW pambl MATHATAKHOTO 31aHuA (pHc. 2, @). s mpocTOThl U OONbLIeH HATTISAHOCTH MIPU MOACIUPOBAHUH HE
paccMaTrpuBaeTcs MPOCTPAHCTBEHHAs: paboTa paMbl B COCTaBe KapKaca.

[IpomeTs! momepevHoi paMel B 0Csx — 6 M, BbIcOTa 3Taxei — 3,3 M. KOHCTpYKITMK pam BBITIOJTHEHBI U3 Oe-
ToHa kiacca B30. Pasmeps! momepedHsix cedeHni KoimoHH mpuHATH 300x300 mm (puc. 2, 6), pureneid —
300x450 mm (puc. 2, 8, 2). B xauecTBe mpomonsHOH paboueit npuHsaTa apmarypa AS500, ans xomyToB — A240.
[TapameTpbl apMHpPOBaHUS MOAOOPAHBI ¢ yIeTOM KOHCTpYKTHBHBIX TpeOoBanuit CII 63.13330 mo pe3ynbpratam
pacdeta Ha ocHOBHOE codeTanue Harpy3ok mo CIT 20.13330, Bkmrouaromiee MOCTOSHHBIC U IITUTEIBHBIC HATPY3-
KH, KpaTKOBPEMEHHBIE HArPy3KH HA MEPEKPHITHS ¢ HOPMATHBHBIM 3HaueHueM 1,5 kH/M?, CHEroByI0 Harpysky c
HOPMATHBHEIM 3HaueHHeM 1,5 kKH/M?, BeTpoByI0 Harpy3Ky U1 BETPOBOTO paifona I, Tuma MecTHOCTH A.

B xauecTBe aBapuiiHON pacueTHOM CUTYyallMUd pacCMaTpUBaJICs BHE3AIMHbIA OTKa3 KOJOHHBI IEPBOTO dTa)a
B ocsix B-1 (puc. 2, a). OneHka AMHaAMUYECKUX JOTPY>KEHUH paMbl BBIIIOJHATIACH B JIMHEHHON M HEeNWHEHHON
JTUHAMHYECKOW IMTOCTAHOBKE, a TAK)KE B IMHEHHON ¥ HETMHEWHOM MMOCTAaHOBKE C MCIIOJB30BAaHHEM KBa3uCTaTHYE-
CKOTO METOJa B JIByX BapWaHTaxX, M3J0KECHHBIX BHIMIE. I[IpM ATOM cTaTHUecKWi SKBHBAJICHT JWHAMHYECKOMH
Harpy3kd NPUHHMAJICS C YUETOM TUCCUTIAINN SHEPTHU KoleOaHMid 3a CUeT pa3BUTHUS ILIACTHYECKUX Aedopma-
muid. B KBazucraTHueckoM pacueTe, IpU KOTOPOM TUHAMUYECKUH 3(P(PEKT MOIeInupyeTcsi MPUIOKEHUEM peak-
[IUU OTOPOIIEHHON CBS3M C OOPAaTHBIM 3HAKOM, 3(PPEKT AUCCUTIAIIMH SHEPTHH YUUTHIBAJICS MyTEM YMHOXKEHUS
peaknuu oTOpachiBaeMoil CBsI3U Ha BhIpakeHue (kg — 1), Tae ks — koapduuuentT nuHaMu4HOCTH. BOo BTOpOM
ciydae Ha KO3(pQUIUEHT AMHAMHYHOCTU ky YMHOXXAIUCh HATPY3KH, MPUIOKEHHBIE K HEPEKPHITUSAM M TOKPbI-
THIO HaJ| BBIKJIFOUaeMBIM 3j1eMeHTOM. [Ipu 3ToM B 000ux cinydasx kodhQUIHEeHT TMHAMUYHOCTH ky TIOIOMpAIICS
W3 YCIIOBHS TONYYEHHUS JIyUIIeil CXOMUMOCTH Pe3yIbTaTOB KBA3UCTATHYECKOTO pacueTa C pe3ylbTaTaMH HelH-
HEWHOro IMHAMUYECKOT0 pacyera.
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Puc. 2. XKenezoberoHHas pama 5-3Ta>KHOTO 31aHHUS:

a — NEPpBUYHAA pacu€THAs CXeMa, 06— TOTIEPEYHOC CEUCHHUE U CXEMa apMHUPOBAHHUS KOJIOHH;
6 — TO K€ JUISI IPUOTIOPHBIX YUACTKOB PUTENICH; ¢ — TO JKe JUIsl pUresieil B cepe/iuHe npoJjera
Figure 2. Reinforced concrete 5-storey frame:

a — primary design scheme; 6 — column cross-section and reinforcement scheme;

6 — the same for a girder end cross-section; ¢ — the same for a girder middle cross-section

Ha ocHoBaHMM MpeBapUTEILHO BBHIIOJIHEHHOTO MOAAILHOIO aHAIM3a JIIS JKeJIe300€TOHHOM paMsl (puc. 2, @)
HaWIeH Meprol COOCTBEHHBIX KoJieOaHmit i Hu3MIeH GopMbl, Hanboliee MoXoXKel Ha mpeanonaraemMoe aedop-

3 TIpOEeKTUPOBAHNE MEPONPHATHIL 110 3AIIMTE 3IAHMI U COOPYKEHHH OT IPOrPECCHPYIOIIEr0 0OPYILEHHUS: METOAMYECKOE TI0CO-
6ue. M.: MUHHCTEPCTBO CTPOUTENLCTBA M KHUIHIHO-KOMMYHAJIBHOTO X03siicTBa Poccuiickoit deneparun, 2018. 158 c.

¢ UFC 4-023-03. Design of buildings to resist progressive collapse. 2016; GSA-2013. Alternate path analysis & design guidelines
for progressive collapse resistance. 2013.
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MHPOBAHHOE COCTOSIHHE paMbl IMOCJIE BBIKIIOUEHUS KpaiiHell KoJoHHBI B ocsix B-1 Ha mepBom ataxke 7T = 0,97 c.
[lo aHanoruu ¢ pacyeToM KOHCTPYKIIMU OAJIKM HAa OCHOBAHUHU ATHX JAHHBIX MPUHATO BPEMs Mepepacipe/ie/iCHuUs
peakLMU BBIKIIIOUaeMoro 3neMenTa , = 0,17 = 0,097 c.

Pe3yabTathl U 00cy:x1€eHHE

[To pe3ymbraTaM pacdeToB IMOJYYCHBI SIMIOPHI M3THOAIOIMIMX MOMEHTOB M TOMEPEUHBIX CHJ IS Oajku
Ha CTaau¥ HOPMAaJbHON 3KCILTyaTalldd M IOCIE BHE3AITHOTO BBIKIIFOUCHHS MPOMEKYTOUHOW OmOphl (puc. 3),
JUTSL TIPSIMOTO TMTHAMHUYECKOTO pacueTa OHU COOTBETCTBYIOT MOMEHTY BpeMeHu ¢ = 0,16 ¢ oT Havaia 3arpoeKTHO-
IO BO3JCHUCTBUA.

45 M, kHwm [KNm] M, xHm [kNm]

-

I |
252 252 ’
102 354

ws s 0, kH [kN] e 0, kH [kN]
| — =
37.5 225

102
a o
M, xHwm [kNm] M, xHwm [kNm]
97.5 205 120 360
37.5 O, kH [kN] | 0, kH [kN]
97.5 120
6 2

Puc. 3. PesynbraThl pacuera Gaiuku:
a — JUIsL CTaTHYECKOT0 pacyeTa MPH HOPMAIBHOM PEXHME KCILTyaTaliu; 6 — JUIsl HPSIMOTO AMHAMHYECKOTO pacdera
NP BBIKJIIOUYEHHUH CPEHEH ONOPEI C IepepacnpeielieHneM peakuuu 3a Bpems £, = 0,17 = 0,043 c; 6 — 17151 KBa3UCTAaTUYECKOTO pacuera
Ha MTHOBCHHOE BBIKJIIOUCHHE CPEHEH OMOPBI PY MOJEINPOBAHIN INHAMHYECKOT0 3¢ (deKTa peakiueii 0TOpOLICHHOMN CBS3H
¢ 00paTHBIM 3HAKOM, 2 — JUISl KBa3HCTATHIECKOT0 pacyeTa Ha MTHOBEHHOE BBIKJIIOUCHHE CPE/IHEH OIOpPBI
IIPU MOJIETTMPOBAHUH AUHAMHYECKOTO 3()(heKTa YMHOKEHHUEM HATrpy3KH Ha KO3(QGHULIUEHT JMHAMUYHOCTH kg = 2
Figure 3. Analysis results for the beam:
a — static analysis of statically loaded beam under normal operation; 6 — linear time-history dynamic analysis of the beam
under middle support removal scenario for reaction redistribution time #, = 0.17'= 0.043 s; 6 — linear quasi-static pull-down analysis
of the beam under middle support instantaneous removal scenario at dynamic amplification factor &, = 2;
2 — linear quasi-static push-down analysis of the beam under middle support instantaneous removal scenario at dynamic amplification factor £, = 2

Awnanuz IMMOJIYYCHHLIX PE3YJIbTATOB IMOKA3bIBACT, YTO METOJ KBA3UCTATUYECKOI'O pacyde€Ta, Ipu KOTOPOM
MUHAMHYECKUH 3PPEKT MOJSIUPYETCS TPUIOKCHUEM PEaKIMH OTOPOIICHHON CBSI3W C OOpAaTHBIM 3HAKOM,
JUTSL pACCMOTPEHHOU BBIle 0aJ0YHON KOHCTPYKIMK (pHC. 3, g) JaeT 3HaU€HHE MAKCUMAILHOTO H3THOArOIIero
MOMEHTa B mpoiiete Ha 14,4 % Oonbiie (B 3amac MPOYHOCTH), YEM IO pPe3ysibTaTaM JUHAMHUYECKOTO pacue-
ta (puc. 3, 6). llonepeunsie cuibl B Mposiere (B CCUCHUM C MPUIIOKCHHOW peakiuel OTOPOIICHHON CBS3H ¢ 00-
paTHBIM 3HAKOM) OKa3aJUCh B § pa3 Ooublle, 4eM 10 pe3yjbTaTaM IWHAMHYECKOTO pacdera, OJHAKO IMPHU STOM
OHH COOTBETCTBYIOT 3HAYECHISM IMOMEPEUHBIX CHJI IO MEPBUYHON pacdeTHoi cxeme. Takum oOpazoM, OTMEUeH-
HOC NPEBBIIICHUEC I10 Honepequﬁ CHJIE B CCUCHUAX HaAl BBIKJTFOYAa€MOM CBS3BIO (SJIeMeHTOM) HE NPHUBOOUT K
HEOOXOAMMOCTH JIOTIOHHUTEIBHBIX KOHCTPYKTUBHBIX MEPOIPUATHI MO YCHIICHUIO JAHHOTO CEUEHHUS, IIOCKOIIBKY
TaKWe yCHJIUS JOJDKHBI OBITh YUTEHBI MPH MPOEKTHPOBAHWM Ha OCHOBHBIE COYETaHHWS HArpys3ok. J[ms xpaiHmx
OTIOp 3HAYCHUSI MTOTIEPEYHBIX CHJI II0 pacCMaTPUBACMOMY KBAa3UCTATUUECKOMY ITOIXOAY OKazamuch Ha 4,4 % MeHslIIe,
4eM 10 TUHAMHYECKOMY PacyeTy, YTO OLICHUBACTCS HE B 3aIac MPOYHOCTH.

KBazucrarndeckuii pacder, mpu KOTOPOM ITUHAMHYECKHH 3PQPEKT MOIETUpyeTcsl MyTeM YMHOKEHUS
Harpy3Kku Ha KO3()PHUITMEHT JMHAMHUYIHOCTH, PaBHBIA 2 (puC. 3, 2), JaeT MaKCUMAaJTbHBIM N3THOAIOIINI MOMEHT B
nposere O6anku Ha 1,7 % OoJbIlIe 1O CPABHEHUIO C MPSMBIM JUHAMUYSCKUM PACUYCTOM C KOHCUHBIM BPEMEHEM
nepepacipeie]IeHns PeaKkiiui OTOPOIEHHOH CBsi3U. [Ipr 3TOM IS TTOTIepedHbIX CHIT HAOII0JaeTCs MPEBHIICHNE
Ha 17,6 % B kpaifHux omopax. B cepenmne mposera 1mo KBa3uCTaTHIECKOMY METOy B paMKax JaHHOTO TOAX0/a
0’KU/IaeMO TIOTIepeydHasl CHla paBHa HYJTIO.
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ComnocraBieHue pe3ynbTaToB PEIleHHs] JUHAMUUECKON 3aa4yd BO BPEMEHHOM 001acTH MpHU 3alaHUH KO-
HEYHOTO BpEMEHH IepepactpeiefieH!s] peakiiui B yAaasieMon cBsi3u (KoHcTpykuun) £ = 0,17 ¢ pesyapratamu
KBa3MCTATUYECKOr0 pacyeTa Ha MTHOBEHHOE BBIKIIOUEHHE CBS3U MOKA3aJI0, YTO YCHJIHS B 3JIEMEHTAaX KOHCTPYK-
THBHOU CHCTEMBI MEHSIOTCS HE3HAUYHUTEIHLHO TPU BpeMeHHU ymaneHus snementa ot 0 mo 0,17. CinexgoBarensHo,
3Ha4YeHHE BPEMEHHU yAaJeHHs aneMeHTa, paBHoe 0,17, MOXXeT paccMaTpuBaThCs B KadeCTBE TPAHHMYHOTO 3HAYe-
HUS 715 CITy4aeB MPAKTUYECKH «MTHOBEHHOT'0» BBIKIIOUEHUS 3JIEMEHTOB.

ITo pe3ynbTaTtam pacdeToB kene300€TOHHON paMbl ONpPEAEICHBl YCHIUS BO BTOPUYHOM pacueTHOH cxeme
C y4eTOM ITMHAMHUYECKUX JOTPYKEHUH BCIIEACTBUE BHE3AITHOTO BBIKIIOUYEHUS KpaifHel KOJIOHHBI IEPBOTO 3TaXa
B ocsix B-1. Pe3ynpTarsl pacueToB, BHIIOJHEHHBIX B JMHEHHON MOCTAHOBKE JJI TMHAMHUYECKOTO M KBa3UCTaTU-
YECKHUX METOJIOB, IpUBEAEHBI B BUjie »mtop M, O, N Ha puc. 4. []ns pacyeToB B HEIMHEHHON IOCTAaHOBKE PE3yJib-
TaThI IPEJICTABIICHBI HA pUC. 5.
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83.9 ’\I

Puc. 4. Pe3ynbratsl pacyera xene300eTOHHON paMbl Ha IPOTrpeccupyomiee 00OpyIIeHHE B IMHEHHON TTOCTaHOBKE:
a — IMHAMHYECKUH pacydeT; 6 — KBa3UCTaTUYECKHil pacyeT IPU MOZAEIHPOBAHUN TUHAMUIECKOTO BO3AEHCTBHS
YMHOXKEHHEM Harpy3KH Ha NepeKpBITHS U MOKPHITHE HaJl BHIKIIOYAaEMBIM 3JIEMEHTOM Ha KOO()(GUIHEHT IMHAMUYHOCTH ky = 2;
6 — KBa3MCTaTMYECKUH pacyeT Npu MOAEIMPOBAHUN TMHAMUYECKOTO BO3/IEHCTBHS peakuueid OTOPOLIEHHOM CBsI3H, IPUIIOKEHHON ¢ 00paTHBIM 3HAKOM
Figure 4. Numerical results for progressive collapse behavior of reinforced concrete frame under outer column removal:
a — linear time-history dynamic analysis; 6 — linear quasi-static push-down analysis at dynamic amplification factor k, = 2;
6 — linear quasi-static pull-down analysis (removed support reaction multiplied by 1)

W3 ananu3za smiop yCHIMi, MPEACTaBICHHBIX Ha pHC. 4 U 5, BUAHO, YTO yueT (PU3HMUECKOH HETMHEHHOCTH
0KMJaeMO MPHUBOIUT K CHIKCHHUIO AMHAMUYECKHX AOTPYKCHHUH Ha 3JIEMEHTHI paccMaTpuBaeMoi pamel. Komuue-
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CTBEHHOE CONMKEHHE PE3yJIbTaTOB HEIMHEHHBIX KBa3UCTATHYECKUX PACUETOB C JAHHBIMU HEJIWHEWHOTO JAWHAMH-
YEeCKOT0 pacyera JOCTUTraeTCs mpu K03(G(UIMEHTe TUHAMUYHOCTH kg = 1,25, 4TO COBMAAaeT ¢ IKCIEPUMEHTAIIb-
HBIMHU JaHHBIMU JIJIS IBYXATAXKHOHN TOJTHOMACIITAOHOW MOJIENH KeJIe3006TOHHOTO KapKaca C IJIOCKUMHE ITePEeKPhI-
THSIMH, TIOABEPKEHHOTO 0COO0MY BO3ACHCTBHIO B BHC BHE3AIMHOTO BHIKIIIOUCHHS YTIIOBOH KOJOHHEI [12].

M, kHwm [kNm]

50.2 l\{ 28.9

188

6000 6000

O @ o

Puc. 5. Pe3ynbrathl pacuera sxene300€TOHHOI paMbl Ha Iporpeccupyomiee 00pynieHHe B HeTMHEHHOI TOCTaHOBKE:
a— I[HHaMI/I'{eCKHﬁ pacuerT, 6 — KBa3UCTaTUYECKUI pacyeT npu MOACIIMPOBAHUNA JTUHAMUYIECKOT'O B03HeﬁCTBHﬂ
YMHOXKEHHEM Harpy3Kd Ha HEPEKPBITUS U HOKPHITHE HaJI BHIKIIOYAEMBIM 3JIEMEHTOM Ha KO3 GUIMEHT AMHAMUYHOCTH ky = 1,25;
6 — KBa3UCTaTHYECKUIA pacyeT npu MOACIUPOBAHUN JUHAMUYECKOTO BO3I[CI>iCTBI/I$I TIPUIIOKEHUEM 0,25 peaknumn OT6pOHIeHHOf;I CBsA3H C O6paTHBIM 3HAKOM
Figure 5. Numerical results for progressive collapse behavior of reinforced concrete frame under outer column removal:
a — nonlinear time-history dynamic analysis; 6 — nonlinear quasi-static push-down analysis at dynamic amplification factor &, = 1.25;
6 — nonlinear quasi-static pull-down analysis (removed support reaction multiplied by 0.25)

Tak e Kak W I KOHCTPYKIMH OaJIKH, BpeMsl TIPHIIOKEHUS BO3ACHCTBUSA 3a £, = 0,17 TIpu BBITIOJIHEHUN
MMHAMAYECKOTO pacueTa B JMHEHHOHN MOCTAHOBKE JA€T KAUYECTBEHHO M KOJWYCCTBEHHO OJIM3KHE PE3YJbTATHI
C pe3yibTaTaMy KBa3UCTATUYECKHX PACUETOB IO JIBYM PACCMOTPEHHBIM TOIXOJaM Ha MTHOBEHHBIN CIieHaphit
BBIKITIOUCHUST HECyIIero 3aeMenTa. [Ipu aTom HaOII0OMaeTCsS MPEeBBIMICHUE 3HAYCHUH YCHITUH TTPAKTHICCKH IS
BCEX JJIEMEHTOB paMbl IS PE3yJbTaTOB KBAa3UCTATHUYCCKUX PACUCTOB IO CPAaBHEHHUIO ¢ AuHaMuueckum. Oco-
OCHHOCTH KBa3UCTAaTHMYECKUX ITOJXOJIOB, BBISBJICHHBIC MPH PACUCTHOM aHAJIM3E OAJIOYHON KOHCTPYKIIUU, Ha-
OJIFONTATOTCS W U paMbl: MPHIIOKEHHE PEaKIMH OTOPOIICHHOW CBS3W JaeT HauOOJbIlee MPEBHINICHIE HEIo-
CPEICTBECHHO HaJl yIaJICHHBIM M3 KOHCTPYKTUBHOM CUCTEMBI DJIEMEHTOM, & YMHOXKEHHE HArpy3Kku Ha K03 durm-
€HT AUHAMUYHOCTHU — B OIIOPHBIX CEUCHUSIX BTOPUUHOMN pacueTHOM cxeMbl. OJHAKO AJI1 KOJIOHHBI BTOPOTO ATaxKa
B ocsix B-2 HaOmronmaercs wHas kaptuna. s Hee 3HaueHus M, O, N, momydeHHbIe THHAMUYECKIM PacdeTOM,
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okazaymch B 1,5-2 paza OosbIe, 4eM 1o JaHHBIM KBa3UCTAaTHYECKUX PAacueTOB. AHAJOTHYHAS KapTHHA HAOJIO-
JaeTcsl M TIPH CPaBHEHUH Pe3yJIbTaTOB PacyeToB B (PM3MUECKH HEIMHEHHOH moctaHoBKe. Takoe pacxokaeHue
MOJKET OBITh OOYCIIOBJIEHO HEYYETOM IepepacipeeNIeHHs ITONepeuHOr CHIbl U U3THOAIONIeT0 MOMEHTa B KBa3H-
CTaTUYECKOM pacueTe, B TO BpeMs KaK MPH BBINOJIHEHUH JTUHAMUYECKUX PACUETOB B JIMHEHMHOW M HEIMHEHHOMN
MTOCTAHOBKAX 3TO ABJIEHHE YUUTHIBAIOCH. B CBS3U C 3TUM JAOMOJHUTEIHFHO PACCMOTPUM OCOOEHHOCTH COTIPOTUB-
JICHWSI BHELIECHTPCHHO CXKATHIX JKEJIe300CTOHHBIX AIIEMEHTOB MPH UX JIOTPYKEHUH BCIICJCTBUE TIEpepacIpe/ICIICHUS
CHJIOBBIX TIOTOKOB ITOCJIE BO3HUKHOBEHHSI B KOHCTPYKTHBHOM CHCTEME HA4aIbHOTO JIOKATEHOTO pa3pyIICHUs.

Paccmotpum Tpu I'-00pa3HbIe jkene300eTOHHBIC paMbl C KOPOTKUM pHUTeNieM (pHUC. 6) U CTOMKaMU pa3HOU
JunHEL: 4, 8 u 10 M. Takas KOHCTPYKIUS paMbl, C OJHON CTOPOHBI, ObLIa BRIOpaHa JUIsl MPOCTOTHI aHAIHM3a Pe-
3yJbTATOB, C APYTOM — JUII BOBMOXKHOCTH ydeTa d(hdekra pasrpy3ku croek npu ux aepopmupoBannu. Koaddu-
[IUEHTHI PACYETHBIX JJIMH CTOEK BBIYMCIEHBI TS IEPBBIX (POPM MOTEPH YCTOWIHBOCTH, OJTYUSHHBIX IyTeM pe-
IIeHHA 33/1a4H ycToiuuBocTy B octaHoBke Dinepa B [IK JIMPA-CAIIP. ['ubxocTs cTOEK BRIYUCIATIACH HA OC-
HOBE MPUHATHIX 3HAYEHUM pacueTHhIX JUIUMH U cocTaBmia: 10,4; 20,5; 25,5 coorBercTBeHHO. [0 KOHIIEBBIM ce-

i P YEHUSIM CTOEK M PUTENedl NMPUHATHI CIEAYIONINE TPaHWYIHBIE yCIOBHS:

e s, HIDKHMH KOHEI[ CTOMKHM JKECTKO 3alEMJIEH; BEPXHUM KOHELl CTOWKHU 00-

o pasyeT paMmHBbIi y3en ¢ pureieM (ToJaTIUBas 3a/elKa); MpaBblid KOHEIl

pUress 3aKperyieH OT BEPTHUKAIBHOTO CMEIICHUS U TIOBOPOTa, IIPU 3TOM
JTOITYCKaeT TOPU30HTAIHFHOE CMETIIEHHE.

Marepuainsl croiiku: 6eTon kiacca B30, apmarypa — 4016 AS00,
YCTaHOBJIGHHAsl B yIJIax CeYeHHs Ha paccTosHuu 30 MM OT TpaHed ce-
yeHus. s pacdera MpWHATHI HOPMATHUBHBIE 3HAYEHHS MapaMeTpOB
MPOYHOCTH U ehopMaTUBHOCTU. Pa3mep monepeyHoro ceueHus: CTOMKU
400x400 mm, purens — 400600 mm (mmpuHa X BbicoTa). Jlns GeToHa
— MIPUHATA YKCMIOHEHIANIbHAS allPOKCUMAINS JBYXJIMHEHHBIX THArpamMM,
2000 JUTSL CTalld — IByXJIMHEWHas nuarpamma gedopmupoBanus. [Ipu pacuere
YYUTHIBAJIACh (PU3UYECKAS U TEOMETPUUCCKAsT HEIMHEHHOCTb.

W3 pesynbraToB pacdera pambpl CO CTOMKAMU Pa3IMYHON THOKOCTH
Ha OHOKPATHOE HarpykeHue (puc. 7) cuemyer, 4To MoTepsl yCTOHINBOCTH
CTOWKH pambl, IPU OMPEEICHHON €€ THOKOCTH, MOXKET HACTYITUTH PaHbIIIe MCUEPITAHUS IPOYHOCTH €€ CEUCHHUIMA.
MoXHO Takke BUIETH (pHC. §) KapTHHY WHTEHCHUBHOTO POCTa MPOTruda CTOMKH ¢ THOKOCTBIO A; = 25,5 mocie 1o-
CTIDKEHHS TOUKH MPEAETHHOTO PABHOBECHS M CHIDKEHHE TIPOJIONBHBIX YCHIIMH TP HApaCTAIOMINX ITPOTHOax.

B cBs13u ¢ 3THM TIpH pacydeTe YKUBYYECTH KOHCTPYKTUBHBIX CHCTEM C BHEIICHTPEHHO CXKATHIMH JKEIe300eTOH-
HBIMH JJIEMEHTaMU C THOKOCTBIO A; > 20 clieyeT yuuThiBaTh 3QQEKThl, BEI3BAHHBIC T€OMETPHUUCCKON HETMHEHHO-
cThi0 X AehopmupoBanus. [Ipu 3TOM B KadecTBe KpUTEPHS NCUEPIAHUSI HECYIIIEH CIIOCOOHOCTH MOYKHO MPUHUMATh
JIOCTIKEHUE TOUKH MPEAETHHOTO PABHOBECHSI Ha AWArpaMMe «IPOIOTbHAS CHIa — IOTIEPEYHBIN TPOTHOY.

8000
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774
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Puc. 6. Pacuernas cxema croek I'-06pa3HbIx pam
Figure 6. Design scheme of I'-frames
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Puc. 7. Pesynbratsl pacuyera ['-00pa3Hoii pamMbl cO cTOHKaMH Pa3IMYHON '’MOKOCTH HA CTaTUYECKOE OJHOKPATHOE HAarpyKEeHUE
Figure 7. Results of inelastic second-order analysis of I'-frames under single static loading
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Puc. 8. [luarpamMmma «mpoaonbHast Cuila — XapaKTepHBIH MPOTHO» Ui CTOMKH THOKOCTBIO s = 25,5
Figure 8. Diagram of “axial load vs. transverse deflection” for the column of slenderness ratio A» = 25.5

BrimonHeHHbI pacueTHBIN aHaTu3 KOHCTPYKTHBHBIX CHCTEM M MX DJIEMEHTOB MPHU 0COOOM BO3AEHCTBUU
B BHJIC BHE3AITHOTO OTKa3a OJHOTO U3 3JICMEHTOB CUCTEMBI, TPOBEICHHBIN O PEKOMEHIOBAHHBIM HOPMATUBHBIM
noxkymenToM CII 385.132580 pacueTHbIM cXeMaM, B CTATUYECKOM, KBa3UCTATUYECKON U JUHAMUYECKOM mocTa-
HOBKaX € y4eToM u 0e3 yuera (PM3HIecKoi U TeOMETPUIECKOW HETMHEHHOCTH, TIOKa3all KOPPEKTHOCTD U MPHEM-
JIEMOCTh HCIIOJIB30BAHUS 3TUX METOJOB ISl MPAKTUYECKUX PACUETOB JJIA 3AIUTHI 3[aHUNA M COOPYKEHHUH OT
MIPOTPECCUPYIOIIET0 OOPYIICHUS.

Crnemyer 3aMeTHTh, 9TO B HEKOTOPBIX 3aMEUYAHHAX, IIOCTYMUBIINX OT HAYYHBIX U MPOEKTHBIX OpraHU3a-
nuit Ha CII 385.132580, 1 B oTAENBHBIX MyOIUKaIMsIX, HaripuMep B [1], BRICKAa3aHbI OMMACEHUS O TOM, YTO HpHU
OykBaJIbHOM COOJIIONIeHUHN TpeOoBaHus QenepanbHoro 3akoHa Ne 384-d3 u CII 385.132580 o paccMmoTpeHun
MIPH pacdeTe 0TKa3za OAHON M3 HECYMINX KOHCTPYKIIMHA pearbHOe MPOEKTUPOBAHNE HEKOTOPHIX 0OBEKTOB CTAHO-
BHUTCS HEBO3MOXKHBEIM U HE TMO3BOJIIET MPOCKTUPOBIIHUKAM IIpEnaratb COBPEMEHHBIC, HANEKHBIC, B TOM YHCIIC
YHUKaJIbHBIC TeXHUYECKUE perieHus. C 3TUM YTBEPKICHUEM CIIOKHO COTTIACUTHCS, TaK KakK JJIsl BHOBb MIPOEKTH-
PYEMBIX KOHCTPYKIWH BBITTONHEHHE ATOTO TPeOOBaHUS OMpeAeIsieTcs] MPUHATHEM COOTBETCTBYIOIIEH MMEHHO
HOBOM, 060JIee TIpOrpecCHBHON M Hanbojee 0€30IacHOM TOIIOJIOTHH KOHCTPYKTHBHBIX CHCTEM, YeM, COOCTBEHHO,
U OmpezeNnseTcs] YHUKAIbHOCTh coopyxeHusa. CiiokHee 0OCTOUT JENI0 C BBHIMOJIHEHHEM 3THX TpeOOBaHUH MpU
PEKOHCTPYKIIUHU YK€ IKCILTyaTUPYyeMbIX 00beKTOB. OHAKO U 3/1eCh, Kak OblIo Toka3aHo B [20] Ha mpumepe pe-
KOHCTPYKITHH CKJIT4aToro OOJBIIETPOJIETHOTO MOKPHITHS aHTapa B asponopTy «XKymnsue» r. Kuepa, pemenne
MOeT ObITh HalJIEHO.

Elle oaMH BaXKHBIA BOIPOC, KACAIOIIMIICA aHAIN3a MOJOKEHHH POCCHICKHX U 3apyOeKHBIX HOpM® 110
3aIIUTe OT MPOTPECCUPYIOIIETO 0OPYIIEHHS, — BOIPOC O KPUTEPHUIX 0COOOT0 MpeleabHOro COCTOSHUA. B HOp-
MAaTHBHBIX JTOKYMEHTaX YETKO MPOMHCAHBI KPUTEPHUH, O0YCIOBICHHBIC NCUEPIIAHUEM MPOYHOCTH CECUCHHUH WU
OTpaHUYCHHS TPEIEITbHON NehOPMATUBHOCTH 3JCMEHTOB KOHCTPYKTUBHOW CHUCTEMBI M CBS3aHHOH C ITHM ee
TreOMETPUIECKON N3MEHSIEMOCTH. B TO e BpeMsl B psjie ciiydaeB, B OCOOCHHOCTH IIPU pacueTe peKOHCTPyHpye-
MBIX 00BEKTOB, MOKET BO3HUKHYTH CUTYallHs «3aIyCKa» Mpolecca reOMeTpUIeCKOW N3MEHIEMOCTH U, COOTBET-
CTBEHHO, IPOTPECCUPYIONIECTO OOPYIICHHSI KOHCTPYKTUBHOM CHCTEMBI BCIICICTBHE MOTEPH YCTOWYMBOCTH OT-
JISNBHBIX €€ 3JIEMEHTOB. DTO MOXKET CIYYUTHCS 10 Pa3HBIM NPUYMHAMU: H3HOC M TIOBPEXKICHUE COKATBIX U BHE-
[EHTPEHHO CXXAThIX 3JIEMEHTOB KOHCTPYKTHBHON CHCTEMBI, YBEIHMYEHHE SKCICHTPUCUTETOB MPHIIOKEHUS yCH-
JIUI B 3THUX 3JIEMEHTaX OT MOJI3YYECTH WM BCICACTBHE UX KOPPO3UHU MPU HETUHEHHOM JJIUTEIBHOM Je(hOpMHU-
poBanuu u Ap. B cBs3u ¢ atum, nmo-supumomy, B CIT 385.1325800 1ienecoobpa3Ho ObUIO ObI BKIIFOYUTH KPUTE-
pUH UL y4eTa BO3MOXHOCTH IMOTEPU YCTOWYMBOCTH. B KadecTBe TakMX KPUTEPHUEB, HAIIPUMED LIS JKene300e-
TOHHBIX 3JIEMEHTOB, MOKET OBITh IPUHSATA MPeNeTbHas THOKOCTh WIIM TOCTIKEHHE TOYKH MPEAETHHOTO PaBHO-

7 TIpOeKTUPOBAHNE MEPONPHATHIL 110 3AIIMTE 3IAHMI U COOPYKEHHH OT IPOrPECCHPYIOIIEr0 OOPYILEHHUS: METOAMYECKOE TI0CO-
6ue. M.: MUHHCTEPCTBO CTPOUTENLCTBA M KHUIHIHO-KOMMYHAJIBHOTO X03siicTBa Poccuiickoit deneparun, 2018. 158 c.

8 UFC 4-023-03. Design of buildings to resist progressive collapse. 2016; GSA-2013. Alternate path analysis & design guidelines
for progressive collapse resistance. 2013.
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BECHsI Ha THarpaMMe «IIPOJIOJIbHASI CHJIa — TIOTIepeTHBIN poruo». Tem 6omee uro B 1. 5.6 CII 385.1325800 yka-
3BIBAETCS, YTO «...IPOBEPKY HECYIIEH CIIOCOOHOCTH MO MPOYHOCTH M YCTOWYMBOCTH 3JEMEHTOB KOHCTPYKTHB-
HOW CHCTEMBI TI0O BTOPUYHOHN PacYeTHOW CXeMe CIIeyeT MPOBOAMTH MO METOIWKAM COOTBETCTBYIOUINX CBOJOB
MPaBWJI Ha MIPOEKTHPOBAHUE C YUIETOM XapaKTEPUCTHK MATEPHAIIOB U KPUTEPHEB 0COOOTO MPEAEeTFHOTO COCTOS-
HUs». B 3apy0exkHBIX HOpMAX® OTMEYaeTcss HEOOXOAMMOCTh ydeTa BO3MOKHOCTH MOTEPH YCTOHYHMBOCTH MpHU
IPO0IBHOM M3rube. IIpu 5TOM NPUMEHHTENBHO K JKeIe300eTOHHBIM HecymuM nementam B ACI 318-19'0 yka-
3BIBaET Ha TUOKOCTH A = 22 (A, = 6,3) B KauecTBE MHHAMAIBHOTO 3HAYEHUS, IPU KOTOPOM TpeOyeTcs y4eT 3¢-
(hexTOB, BEI3BAHHBIX TEOMETPUUYECKON HENMHEHHOCTHIO 1ehOpMUPOBAHUS, UISI BHEIIEHTPEHHO CHKATBIX JJIEMEH-
TOB, JOIMYCKAIOIIUX TOPU30HTATIBFHOE CMEIICHUE KOHIIEBBIX CEUEHHMM OTHOCUTENIbHO Apyr apyra. B ACI 318-19
BBOJAWTCS OTPaHWYCHHE HA MPOSKTHUPOBAHHME BHELEHTPEHHO CXKATHIX AJIEMEHTOB, JUI KOTOPBIX OTHOIICHHE W3-
rubaroIero MOMEHTa OT TOMEPEYHOr0 N3rnda K MOMEHTY, BRI3BAHHOMY MPOIOIBHBIM H3THOOM, TIpeBbImaeT 1,4.
o ananoruu ¢ CII 63.13330.2018 HopMBr ACI 318-19 nomyckatoT 3aMeHy pacueTa B TeOMETPUYECKH HEJIHMHEH-
HOU MOCTaHOBKE yBEIMUEHHEM PACUETHBIX M3THOAIOUINX MOMEHTOB, OJHAKO MPUMEHUTENBHO K TAKOMY CIIy4alo
OTCYTCTBYIOT YKa3aHWUsI 10 YUETy CHIKSHHS MIPeIeTbHOI Harpy3KH Ha 3JIEMEHT, BRIABIEHHOW, Harpumep, B [21].

3akiaoueHue

PacyeTHBII aHAM3 KOHCTPYKTUBHBIX CTATUYECKH HEOTPEACITUMBIX CUCTEM Ha 0C000€ BO3/CHCTBUE — BHE-
3aITHBIA 0TKa3 OJTHOTO M3 DIIEMEHTOB CHCTEMBI — ITPOBEJICHHBIN 10 PEKOMEHIOBAHHBIM HOPMATHBHBIM JOKYMEH-
toMm CII 385.132580 pacueTHBIM cXeMaM B CTATHIECKOM, KBa3UCTATHUCCKONW M TMHAMHUIECKON IMOCTAaHOBKAX ITO-
Ka3aJl KOPpEKTHOCTb U NPUEMIIEMOCTb HCIIOJIL30BaHUA 3TUX METOAOB IJId IMPAKTHYCCKHUX PACUCTOB IO 3alIUTE
3IaHUH B COOPYKEHHI OT MPOTPECCUPYIOIIET0 OOpYIICHUSI.

JIy1st TIOBBITIICHMSI 3aIUTHI 3JJaHUI M COOPYKCHHM OT OCOOBIX BO3JACHCTBHI B aJITOPUTM PACUETHOTO aHa-
JU3a, HapsAAy C MPUHIATHIMHU B POCCHICKUX U 3apyOeXHBIX HOPMATUBHBIX JOKYMEHTaX KpUTEPUSAMHU UCUEPIIaHUS
MPOYHOCTH CEYCHUH WU OrpaHUYCHUS MPeAeIbHON 1e(hOPMAaTUBHOCTHU 3JICMEHTOB B 3alpeICiIbHBIX COCTOSIHH-
X, 1Ie7Ieco00pa3HO BKIFOYUTH JIOTIOJHUTEIEHBIE KPUTEPUH, ONPEIEISIONNE BO3MOXKHOCTh IMIOTEPH YCTOMYMBO-
CTH 3JICMCHTOB KOHCprKTI/IBHOI‘/‘I CHCTEMBI.
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The results obtained by the finite element method, the numerical method, as well
as experimental data are compared. The analysis by finite element method by
considering an additional degree of freedom at a node to include the restrained
torsion and the dimension of the stiffness matrix is thus 14x14. The results of
the calculation according to this theory are compared with the numerical solution
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subjected to combined loading are displayed graphically. To evaluate the results,
a theoretical, numerical, and experimental investigation of I-beam behavior under
bending and restrained torsion was carried out. As a result of the comparison,
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close to the values obtained using commercial software.
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Hcropus cratbu AnHoTtamust. [{enb paboTel — UcclieoBaTh MOBEICHUE TOHKOCTEHHOW Oaku | ceve-
IMoctynuna B penaxuuto: 12 anpens 2022 r. HMSI, HATPY>KEHHOM M3rMOOM U KpydeHUEM, UCIHOIIb3ys TEOPETUUECKUE, YUCTICHHbIE
Jopabotana: 21 aBrycra 2022 r. U DKCIIEPUMEHTAIbHBIC NOJXO0/bl. B TaHHO# paboTe OCHOBHBIM KPUTEPUEM IS
IMpunsra k mybnaukanuu: 23 aBrycra 2022 r. paccMOTpEHUs Pa3IM4YHbIX METOAOB aHAIM3a SBJIIETCA T€OMETPUYECKAs Xapak-

TepucTHKa cedeHus1. CpaBHUBAIOTCS PE3yIbTAThI, IOJyIEHHbIE METOIOM KOHEY-
HBIX DJIEMEHTOB, YHCJICHHBIM METO/IOM, a TAKXKE SKCIIEPUMEHTAJIbHbIC JaHHBIE.
Ilpn aHanmM3e METONOM KOHEYHBIX 3JIEMEHTOB YYUTHIBAETCS OIOJIHHUTEIbHAS
CTerneHb CBOOO/IbI B y3JI€ [/ BKIIIOYEHHUS IIOBTOPHO J1e(pOPMUPOBAHHOTO KPyUYEHHUS,
TakuM 00pa3oM, pa3MEpPHOCTh MATPHUIIbI JKECTKOCTH cocTaBisier 14x14. Pesynb-
TaThl pacyeTa Mo JaHHOW TEOpPHU CPAaBHHUBAIOTCS C YUCIEHHBIM PELICHUEM, IO-
Jy4eHHBIM C TTOMOLIBIO NMPOTPaMMbl KOHEUHBIX JJIEMEHTOB, M C Pe3yJbTaTaMH
sKcnepuMeHTa. PaccmarpuBaeTcs JByTaBpOBOE ceyeHHe Oaiku, NOJABEp >KEHHON
n3rudy ¢ kpydenueM. [Ipeacrasiens! nedopmanny, HAMPSHKEHUS U pacmpenese-
HUS HAIpPSHKEHUI OTKPBITBIX TOHKOCTEHHBIX KOHCTPYKLMM, IOJIBEP)KEHHBIX HU3THOY
1 KPYYEHHIO, C MCIOJIb30BaHHEM JKCIIEPUMEHTAIBHBIX MeTOHOB. CpaBHUTEIb-
HBIE PE3yJbTaThl Ul YIJa 3aKpyduBaHHd, AeGopMaluii 1 HOPMaIbHBIX HaIps-
KEHUH B DJIEMEHTE PaMbl, IOJBEPrHYTOM KOMOMHHUPOBAHHOMY Harpy>KeHHIO,
oToOpaxkeHbl rpaduuecku. i OIEHKU MOIYYEHHBIX PE3yJIbTAaTOB NPOBEICHO
TEOPETHKO-KATBKYJSIIUOHHOE, YHCICHHOE M KCIIEPHUMEHTAILHOE HCCIIeIOBAaHHE

HOBEJICHUS ABYTABPOBOM Oalky IpH U3rude U OrpaHUYEHHOM Kpy4yeHUH. Briss-
JIEHO, YTO PE€3yJbTATHI, IOIy4YEHHBIE B COOTBETCTBHH C NPEUIOKEHHON aBTOpa-
MH YTOYHEHHOW TE€OpHEN, UMEIOT XOPOUIYI0 CXOAUMOCTh C SKCIEPUMEHTAIIbHbI-
MU JAHHBIMM U JOCTATOYHO OJM3KM K 3HAYECHHSAM, IOJIYYEHHBIM C HOMOILBIO
KOMMEPUECKOTO IPOrpaMMHOT0 00eCHIeUEeHUs.
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Introduction

Thin-walled steel beams used in various engineering structures can be assembled to withstand a combined
loading situation of bending and torsion. They are well-known for their high strength, high flexibility, ductility,
quick construction, and effective space partitioning. Various challenges in the use of thin-walled structures
emerge on a routine basis, and numerous studies are called upon to provide proper solution. Steel beams with
thin-walled sections are one of the suggested possible solutions in such scenarios because they are commonly
used in various fields of engineering. When a thin-walled section is subjected to a combined load, they are inef-
fective at resisting, and it leads to reduce the capacity of the beam. Consequently, proper experimental and nu-
merical bearing strength analysis is required to assess it, especially for open sections such as I-profiles. Bending
results in strain and shear force in common construction practice, but in thin walled sections, normal stresses
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determine the bearing capacity of the beam because they are the sum of longitudinal force acting, bending mo-
ments of two planes, and bimoment [1; 2]. Considering the analysis of beams loaded for bending and torsion
by considering its plastic deformations allows for a reduction in steel usage when compared the analysis with
the elastic range [3]. Considering the plastic deformations in the analysis allows increasing the bearing capacity
of profile [4; 5]. The significance of elastic behavior is commonly used in experimental studies to assess the be-
havior of thin-walled structures subjected with the combined loading.

There are different studies which accounts only the elastic behavior of the steel element [6-10]. In sum-
mary, basic structural analysis relies on the well-known Euler — Bernoulli and Vlasov beam theories, which pre-
dict displacements and stresses in the frame element [11]. Occasionally, those theories overlook the shear defor-
mation effect for long span members [12]. Numerical and experimental investigations of thin-walled structures
subjected to bending and torsion revealed that it is dependent on section properties and that non-uniform torsion
is influenced by moments [13]. Various studies use section properties as a primary criterion for analyzing finite
element methods of thin-walled sections with restrained torsion [14-19]. Typically, section properties were used
as a benchmark for predicting the behavior of open and closed thin-walled sections in those studies [20]. Various
commercial programs usually consider six degrees of freedom at each node of a member element of a 3D frame,
neglecting warping effects, as a common approach [12; 21-24]. When the finite element analysis for torsion only
considers Saint-Venant torsion, the analysis may overlook the torsion in the members, tends to result in an un-
conservative design. Numerous scholars attempted to overcome this inconsistency by developing a 14x14 stiff-
ness matrix that does include warping due to torsion as an additional degree of freedom at each node of a thin-
walled section [25-30]. In addition, there are new findings in finite element methods analysis using quadratic
and linear approximations methods to develop the stiffness matrixes [31].

A theoretical, numerical, and experimental investigation of I-beam behavior under bending and restrained
torsion should be carried out in this study. As various authors have studied, it is acknowledged that the load car-
rying capacity of an I-section tends to increase as the action of combined loading increases. This study provides
an analysis of the theoretical, experimental, and numerical calculations that use the section property as the pri-
mary criterion for implementing the theoretical method. The angle of twisting, normal stresses value from bend-
ing, and warping torsion are compared using theoretical, experimental, and numerical calculations. Based on
the study's findings, the parameters of test specimens and the productive solution of beam angle of twisting,
normal stresses for I-sections were calculated.

Method

To incorporate the warping behavior into the study, a bar element of length L with an I-cross section beam
is considered. At each node of the element, a seventh degree of freedom is added to the well-known six DOFs of
the classical three-dimensional frame element to account for warping torsion. In the local coordinate system,
the nodal displacement and load vector are shown below:

T
Ve :‘ Via ‘VZA ‘V3A ‘Bm “52/; ‘B3A ‘Bl,lA ‘VlB ‘st ‘Vss ‘Bm ‘ﬁzs “333 “31‘1/; ‘

.
Nig ‘nzs ‘ Nsg ‘ Mg ‘sz ‘mm ‘ Mg ‘

an :‘ Mp ‘ Moa ‘ N3a ‘ m;, ‘ M, ‘ My, ‘ Mon

The stiffness matrix as it is known, the relationship between the generalized force vector gn and the gene-
ralized displacement vector vy, is established by the stiffness matrix Ky, of the element.

qm:Km VITI' (1)

The design diagram of the structure under test, which includes a cantilever thin-walled section beam under
bending and torsion as shown Figure 1. The beam is subjected to a load acting in the vertical plane with eccen-
tricity relative to the longitudinal axis, causing the beam to experience torsional and bending moments at the same
time. To validate the theoretical calculation of the behavior of a thin-walled section with restrained torsion of
an I-beam section with a length of 500 mm, a height of 100 mm, a flange thickness of 5.7 mm, a flange width of
55 mm, and a web thickness of 4.5 mm as shown in Figure 1. A cantilever I-profile is subjected to a combined
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loading which are torsional moment My or a point load F with lever arm e is applied at the free end as shown in
Figure 1. The material properties of the prismatic cantilever steel beam are as follows: Young modulus E = 200 GPa,
Poisson ration v = 0.3, and shear modulus G = E/(2(1+v)) = 76.92 GPa. The maximum applied concentrated
force is applied gradually, and its magnitude is 91.893 kg including its self-weight.

|

!
X | X
A —

100 MM

5.7 Mm

Figure 1. Geometry, boundary conditions, loading and cross-section of the beam

Experimental test set-up and instrumentation: the strain is measured using eight LVDT sensors, four of
which are placed at the fixed end and four at the free end of the specimen as shown in Figure 2. At the top of
the section, two LVDTs are used, and similarly, at the bottom of the section, two LVDTs are installed in both
the fixed and endplates. Eight LVDTSs sensers are used, of which four LVDTSs are placed at fixed end and four
of them are placed at the free end of the specimen used to measure the strain. Two LVDTSs are used at the top of
the section and similarly two LVDTs are placed at the bottom of the section in both the fixed and endplates.

Figure 2. The specimen alignment, with measuring systems, and combined loading test stand
(photos by Tesfaldet H. Gebre)

The specimen is adjusted for creating warping restraints at one end and free at the other end as shown in
Figure 2. The specimen is carefully placed on the test setup on the fixing plate so that the required loading can be
applied. The test setup and instrumentation adopted is shown in Figure 2. Three angular rotation measurement
devices are used to measure the angle of twisting in three different axes as shown in Figure 2.
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Result and discussion

The member variables are collected in member displacement vector Vi, and member load vector g and

the matrices are arranged correspondingly in member stiffness matrix k.

k, k,
K, K, K, K,
Kq Ky Ky, Kio
le sz kTB kT4
Kio Ky Ky Ky
K, K, K, K,
K = Kss Krg K+ Krg
" K, K,
Ks K, ks K,
Ky, Kis Kq Kis
Kt K10 Kry K1z
Kio Ky Ky Ky
K, K Kk, K,
Kis K Krs Kis

The nonzero elements of the stiffness matrix for the 3D finite element calculation of beam element with

restraint torsion are given below:

EAl1|-1 k | K
K, = — =
a |-1|1 k, | k
12 | 6a |-12 | 6a K | Ky | kg | K,
« - EJ,| 6a 4a° | —6a | 2a® | |k, | ks | K, | K
a* |12 |-6a| 12 |[-6a| |k, |k | Ky |k
6a | 2a’ | -6a | 4a’ k, | kg | Kk, | ke
12 | 6a | -12 | —6a Ko | Ky | Kpy | Ky
K = EJ, | -6a 4a’ | 6a | 2a’ _ Kio | ki | Ky | Ky
* a® |-12| 6a | 12 | 6a Ko [ K | Ky | Kis
—6a | 2a’ | 6a | 4a’ Kio | Kia | Kis | Ky
le kTZ kT3 kT4
K — ECQ, kT2 kT6 kT7 kT8
T a3 kT 3 kT 7 lel kT 12
kT4 kTB leZ leG
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sinh@_ _,

Ky, = Ky, = S#0sinh6, K, = K;,, = S(cosh®——)a?;

K, = K;, =S(coshf-Da, Kz = S(%—ljaz;

Il
A
Il
A

2
S =(%}, Q =2(1-cosh)+0sinh0, K, =-K., K,

Experiments were used to obtain the deformation, angle of twisting, strain data, and stress of the corre-
sponding pointes. The distributions of the experiment's results based on the applied loading conditions are given
below. The graphs are the comparison between applied loading, angle of twisting and load application point dis-
placement for the three experimental trials as shown in Figures 3-5.
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60 60
50 50
40 40
30 30
20 20
’ IIJ ° J-IJ-I
0 _m 0 -_J_,
1 2 3 4 5 6 7 1 2 3 4 5 6 7 8
= Angle of twisting = Load application point displacement Applied Load u Angle of twisting = Load application point displacement = Applied Load
Figure 3. The distribution of the first experiment's results of Figure 4. The distribution of the second experiment's results
applied loading, angle of twisting and load application point displacement of applied loading, angle of twisting

and load application point displacement
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o%%ﬁﬁﬂl,
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[*]
=)

[
=
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Figure 5. The distribution of the third experiment's results of applied loading, angle of twisting and load application point displacement

During the loading process, the angle of twisting, strain and deflection of beam end-span section were
measured. Graphs of strains and stress vs the lever arm deformation which is measured experimentally as shown
in Figure 6.

As a result of the three tests, the twist angles of the beams were measured and graphically expressed as
twist angles vs load, as shown in Figure 7.

Furthermore, using the three-dimensional finite element (FE) model of the thin-walled bar with an open
cross-section developed in the ANSYS environment, we compared the experimental data with both theoretical
calculations and numerical simulations, as shown in Figure 8. ANSYS finite element software was also used to
model the beam. Ansys simulations with beam 189 elements were performed, with an additional degree of free-
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dom considered. A computer program for analysis is created based on the proposed finite element analysis.
An illustration of the accuracy of the presented method is demonstrated by comparing using experiment and fi-
nite element software. The comparison of various results is presented graphically. A concentrated torque and
point load are applied to the shear centre of the wall at the free end.
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Figure 6. The strains and stress, MPa vs the lever arm deformation measured experimentally
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Figure 7. Applied load vs twisting angle relationships for the three tests
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Figure 8. Open thin-walled section beam model and angle of twisting
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Figure 9 depicts the percentage differences of the experimental tests in comparison to the results of
the current theory and numerical results. The load-angle dependencies and their correlations for the theoretical,
experimental, and numerical results are presented graphically as shown in Figure 9.
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Figure 9. Load vs. angle of twisting of the three experimental tests, current theory, and numerical results
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Figure 11. The stresses vs loads results by experimental, theoretical, and numerical
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The obtained results are displayed for the predefined points on the cross section which is considered dur-
ing the experiment. For typical beams, the stress concentrations at the sensor’s locations of the I-beam thin-
walled section are shown in throughout the span with the applied combined load as shown in Figure 10.

The graphical expression of the variation in stresses with increasing applied loads as determined by expe-
rimental, theoretical, and numerical calculations as shown in Figure 10.

Refereeing Figure 11 of the theoretical, numerical, and experimental normal-stress distribution graphs
is practically identical to each other. The relative deviation between the three results is estimated to be between
2.5and 3.5%

Conclusion

The following conclusions could be drawn based on the experimental results and analysis of the I-shape
thin-walled steel beams under combined bending and torsion loads.

e The simple geometric properties of the section are used to generate the stiffness matrix for thin-walled
beam sections with retrained torsion. By considering an additional degree of freedom at each node, the trigono-
metric and approximation solutions of an interpolation function are used to express the 14x14 DOFs stiffness
matrix for non-uniform torsion.

e The stiffness matrix for 3D thin-walled sections subjected to combined loading is presented, making ad-
vanced structural analysis bar elements more convenient. This stiffness matrix is more applicable for open thin-
walled sections because the value of characteristics number for open section is very small compared to the closed
thin-walled sections.

¢ An investigation was carried out between the theoretical, experimental, and numerical results of an I-beam
section under the combined loading conditions of bending and torsion. The behavior of experimental specimens
has confirmed that beams in bending, and torsion have significant reserves of bearing capacity when compared
to steel work at the elastic stage.

o As the experiment is conducted within the elastic range, the rotation angles for the three methods are
nearly identical. In addition to the experiment results, numerical calculations are commonly used as a compari-
son in engineering design procedures because they allow for the use of a wider range of parameters engineering
design procedure of beams under combined loading.

o Experimental, theoretical, and numerical investigations of 1-beam profile beams section is carried out.
The behavior of experimental specimens was analyzed, and it was discovered that beams in bending, and torsion
have similar results to theoretical results within the elastic stage of steel work. The bearing capacity of
the spaceman is determined by the distribution of normal stresses in the experiment for the I-beam with re-
strained torsion. When compared to each other, the rotation angles begin to increase smoothly based on the ap-
plied loading and they are similar.
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BBenenne

B mocnennme nBa-Tpu IECATHIETHS YHCICHHBIE METOIBl W NMHU(POBHIE TEXHOIOTHH CTAIM MPEBATNPYIO-
IMUMHU B UCCJICAOBAHUAX U IPOCKTUPOBAHUN 3I[3HI/II>1 u COOpyx(eHHP'I, 4YTO OTOABUHYJIO HA BTOpOI>'I IIJTaH KOHIICII-
MU U METOJIOJIOTHIO KOMIUIEKCHBIX (PM3UYECKUX SBJICHHUN B CIIOXKHBIX H OTBETCTBEHHBIX COOPYIKEHHSX MPH TI0-
CTOSTHHO BO3PACTAIOUINX BUAAX BO3JEHCTBHI Ha HUX. DTO HE MOXET HE CKa3aThCs Ha HAAECKHOCTH MPOEKTHPO-
BaHUA CTPOUTCIIBHBIX KOHCTp}/KHI/Iﬁ U YBOOUT HMCCJICAOBATCIIA OT I‘Hy6I/IHHOFO IIOHMMaHHW IIPOLCCCOB UX IC-
(bopMHPOBaHUS U pa3pyLICHUs IPH TaKUX Bo3AEHCTBUAXK. OCOOCHHO MaryOHO CEroIHs 3TO OTpa)kaeTcsl Ha TMOA-
TOTOBKE HOBBIX ITOKOJIEHUN HHKEHEPOB, KOTJa CTYJEHT, HE MOJYYMB YETKOIO IIOHUMAaHUS UT'PbL CUJI B COOPYKE-
HUU, NBITAETCS NPOBOJAUTH PACUYETHI C UCIOIb30BaHUEM KOMIBIOTEPHBIX TEXHOIOIUI. B 3TOH CBs3M 3HAKOMCTBO
MOJIOABIX YUCHBIX, HHKEHEPOB C HayYHO-TBOPYECKHM HAcJlequeM OJHOTO M3 Hambojee SPKUX yYeHBIX B 00ia-
CTU MEXAHMKH CIUIOIIHOW Cpelibl, CTPOUTENbHON MEXaHUKH, TEOPUH YIPYrOCTU U HOJ3Y4YECTH, TEOPUHU ABHXKE-
HUS CHITTyYed cpeipl, TOKTOPOM TEXHHUYECKHX Hayk, dieHoM-KoppecmounaeHToM PAACH, cozmarenem u3BecT-
HOW Hay4yHOH mKoibl ['eopruem AnekcanapoBuueM ['eHneBbIM, 95-eTHe co qHS POKACHHUA KOTOPOTO OTMeda-
eTcs B 3TOM TOAy, PEACTABIACTCS BaKHBIM U CBOEBPEMEHHBIM (pHcC. 1).

AHanu3 TeopeTuueckux uccienopanuit I'.A. ['eHueBa Moka3piBaeT HACKOJbKO MHOTOIPaHHBI U Pa3HOCTO-
poHHM OBLIM Hay4yHble MHTEpechl ['eoprusi AyekcaHIpoBUYA NPU BCEH HECTaHIAPTHOCTHU, TITyOHHE M HOBU3HE
MIPOBOAMMBIX UM HccienoBanuid. He yrpatunu cBoei akTyansHOCTH co3faHHas ['.A. 'éHHEBBIM TEOpHs MPOYHO-
CTH | IJTACTUYHOCTH OETOHA, jKeIe300eToHa U IPYTHX MaTepHalIOB, TEOPHS CBHITyUUX U CIUIOIIHBIX CPell, TeOpHUs
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pacIpocTpaHeHus TPEXMEPHBIX BOJIH AeopManuii B HEYNIPYTUX cpelax, TMHAMUYECKUE 3aJauu IBHOKCHUS KHI-
KOCTeH M Ta30B B TpyOOIIpOBOAAx, 3a7auy MO MOMEPEUHON YCTOMYMBOCTH 3aMKHYTHIX LMJIMHAPUYECKUX 000JI0-
YeK, UCCIICOBAHUS 110 TEOPUH MPOYHOCTH U MIACTUYHOCTH KUPIMUYHON KJIAJKU U JPYTHX aHU3OTPOIHBIX MaTe-
puainos u 1p. VIM npoBeeH psAa OPUTHHAIBHBIX HUCCIEI0BaHUH TEOPUH TEIIIONPOBOAHOCTH U ONITHMU3ALNY Pa3-
JIMYHBIX MPOLECCOB M KOHCTPYKIMM. YUEHUKH U IOCIEOBATENN Hay4YHOH MIKoJbl ['eoprust AnexcaHapoBuda
YCIICIHO MPOAOJIKAIOT €T0 AEJI0 M BO BCEX OTHOLICHUSAX CTAPAIOTCs OBITh JOCTOMHBIMU CBOETO YUUTEIIS.

AHanu3 Hay4HbIX ucciaenoBanuii I'.A. I'enneBa

I'eopruii AnexcanapoBud ['eHHEB SBISETCS OTHUM M3 HaHOOJIiee SPKUX MPEACTaBUTEIICH 3aMedaTeTbHON
TUIESZBI COBETCKUX M POCCHICKHMX YUYEHBIX BTOPOW MONIOBHHBI XX B. B 00JacTH TEOPHU COOPY>KEHHH CTPOH-
TEJILHOW MEXaHHKH, MEXaHHUKH KeJIe300eTOHA 1 MEXaHUKHU TpyHTOB. Hayunas nestensHOCTh ['eoprus AsexcaH-
JipoBHUYa Hayanach B 1948 r., korza oH mocie okoH4aHusi MOCKOB-

CKOTO0 WH)KEHEPHO-CTPOUTEIBHOTO WHCTUTYTA TpHINEN B Jabopa- e o s
toputo pacuera coopyxenunit [ITHUMUCK umenn B.A. Kydepenko c @ % é A '
HOATOTOBJIEHHBIM Ul HOCTYIUIEHHS B acIMpaHTypy pedeparoM Ha s ‘\;%é
temy «MHTerpupoBanue auddepeHnranb-HOT0 YpaBHEHHS YIIPYTOH

JIMHUHM YTJIOB 3aKPyYNBaHUS TOHKOCTEHHBIX CTEPIKHEN. MUHUCTE

Ero HacronbHOM KHUrO#M B 3TOT mepuop cran «Kypc teopuu
yrnpyroct» M.M. ®unonenko-boponuya. B Hell oH jAeTanbHO
pa3o0pai Bce BBIKIAJKHU IO MOJHOTO OBJAJCHHUS NMPUEMaMHu pacue-
TOB. MiTorom paboThl B acUpaHType CTaja 3alluTa KaHIUIATCKON
Juccepraniui Ha Temy «TeopeTudyeckoe HccleoOBaHUE Hecyllen
CIIOCOOHOCTH BHEIIEHTPEHHO CHKAThIX CTEp)KHEH W3 YIpYroIuiacTu-
YeCKOro MaTepHaia, He padOTaroIEero Ha PacTsHKCHUE

[lepBriMu ero pabotamu B Havane 1950-x rr. ctanu uccieno-
BaHUsI BHEIICHTPEHHO CXKATBIX CTEP)KHEH, B TOM 4YHCIIe THOKHX JKe- Sl

W TBOPYECTBO
i - BO UMA
71e300€TOHHBIX U aPMOKaMEHHBIX KOJIOHH KaK CTEpXKHEW U3 yIpyro sl
TUIACTUYECKOT0 MaTepraia, He padOTaloIero Ha PacTsDKeHHUE, a TaKkKe el
XKene300eTOHHBIX KOJIOHH C JKeCTKOW apMaTypou U Jp.

Marepuansl cBoeit kanaunarckoi auccepranuu [.A. ['eaunen

POCC

Feoprui
AnekcaHapoBuy
rEHUEB

Pa3BUII 3aTEM B PsJ€ TEOPETUUECKUX HCCIIEIOBAHUN 110 BHELICHTPEH- 21 auBaps 2022 rona | Mocksa
HOMY C)KaTHIO CTEpP)KHEH W3 HEIMHEHHOIo yNpYroIUIaCTHYECKOIO )
o Hay4yHo-npakTu4eckmin ceMuHap
Matepuana [1; 2], He paboTarolero Ha c)XaTue, 1o pacueTy CBs3ei MOCBALLEHHBIN 95-NETUIO CO AHA POXACHMA
COCTaBHBIX METAJUIMYECKUX CXKATO-U30THYTHIX CTepxkHeH [3; 4]; AT.H., 32CNyKEHHOTO AeATens Hayku Pocciu
o yneHa-koppecnonaeHTa PAACH A leHuesa

M0 HCCIIENOBAHUIO HECYyIel CIIOCOOHOCTH BHELEHTPEHHO CHKATBIX
XKeJle300€TOHHBIX KOJIOHH C KEeCTKON apMaTypoi [5] u ap. «MpouHocTs M fedopMaTMBHOCTD

C 1954 r. T'eopruem AnexcaHIpoBHYEM ObLI Ha4yaT HOBBIH CTPOMTENbHBIX KOHCTPYKLMIA
OONBLION LUKJI MCCIEAOBAaHUH, KOTOPHIM OH IHOCBSITMI MHOTO JIET. B YCNOBMSX HOBBIX BbI30BOB»

[Ipexxne Bcero, 3T0 pabOTHI MO TEOPHWH ABMKCHHS CHIMy4YeH cpe-
el [6—11], mepemieamye 3aTeM B HOBBIE 3314l TUHAMUKH CHIITY-
4yeil cpenpl U Teopuro miuacTuyHocTy [12-35]. C Humu okazamuch  Puc. 1. K 95-netmio I A. I'ennesa, HUY MI'CY,
CBSI3aHHBI 33/1a9l 00 YCIIOBHSAX MPOYHOCTH OETOHA W Kene300eTo- AHBapb 2022 1. ($pOTO U3 MPOrpaMMEI HayIHO-
Ha [36-42], 3a1a4H 10 UCCIIEIOBAHMIO H Pa3PabOTKe KPUTCPHEB POt~ | Do 1ookoro Cekﬁﬂga?éggggemmm 95-nemmo
HOCTU PA3INYHBIX MAaTEpPUANOB, XapAKTEPU3YIOLIUXCS HETUHEHHOH  Figure 1. To the 95.th.anniversary of G.A. Geniev,
pabotoii o Harpy3koi [43—48]. NRU MGSU, January 2022 (photo from the program

B mocnenane 10—15 et cBoeit IIOZOTBOPHOM HAay4YHOMU esi- of a scientific and.practical seminar de(.iicated to
tenpHocTU I'.A. T'eHneB HaYas UK TEOPETUYECKUX MCCIENOBAHNT, the 95th anniversary of G.A. Geniev)
CBSI3aHHBIX C MPOOIJIEMOI 0€30ITaCHOCTH COOPYIKEHHI MPU 0COOBIX U aBapUIHBIX BO3IEHCTBUAX, 3aJI0KUB HOBOE
HaIpaBJIeHUE B CTPOUTEIHFHON MEXaHWKE — OCHOBHI TEOPHH JKUBYYECTH (PM3MUECKH U KOHCTPYKTHBHO HEJIMHEH-
HBIX CHCTEM 3/IaHUI U COOPY)KEHHUH NMpHU TaK Ha3bIBAEMbIX 3alIPOEKTHBIX BO3AeHCTBUAX [49—55], KoTOpBIE BMe-
CTE C IPYTUMH pabOTaMU HAIIUX KPYITHBIX YUYCHBIX JISTJU B OCHOBY UCCIIEIOBAaHUI MO0 00ECIEYCHNI0 KOHCTPYK-
TUBHOW (MeXaHW4YeCKOH) 0€30MacHOCTH 3IaHUI M COOPYKEHHUU B 3aIlpellebHBIX COCTOSHHSIX U 10 TpeoTBpa-
IIEHUIO MTPOTPECCUPYIONIETO OOPYIICHUS MPHU BBIXOJE U3 CTPOSI OJHOTO WJIM HECKOJIBKHX DJIEMEHTOB C YMEHb-
IICHUEM CTETIeHU CTaTUYECKON HEONPEASTIUMOCTH CUCTEMBI.
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Crnenyer OTMETHUTh, YTO TeMa HMCCIEIOBAHUN ChIMy4ed Cpenbl MpoIia KPaCHOW HUTBHIO YEepe3 BCIO €ro
Hay4HYIO XU3Hb [56—78]. Kak cam OH rOBOpHIJI B OTBET Ha HEKOTOPHIC YIIPEKH B TOM, UTO OH 3aHUMAETCS MU3yde-
HUEM CTaTUKW M JUHAMHUKHU CBHIIy4uX cpel, OyAy4d COTpyIHHUKOM MHCTHUTYyTa CTpOMTENBHBIX KOHCTPYKLUH,
a HE OCHOBaHUM M (yHIaMEHTOB, MHOTHE 3aBHCHMOCTH M CO3JaHHBIH MM MaTeMaTHYEeCKUH ammapar 4pe3Bbl-
YaifHO JIETKO MEPEeHOCITCS Ha KOHCTPYKTHBHBIE CHCTEMBI M3 JIOOBIX MaTepHaioB. JTH HCCIEAOBAHUS JIETTH
B OCHOBY €ro JOKTOPCKOH auccepTanuu « Bompocsl IMHAMUKH ChIydel cpesl», HanucaHHoW B 1955 r., korna
eMy OBLJIO TOJBKO 28 JIeT.

[Ipu Hammcanuy MOKTOpcKoM mucceptaruu ['.A. I'eaueB onmupaics Ha GyHIaMEHTAIBHBIC U CETOTHS TPY-
Il B 00JIaCTH CTaTWKU U TUHAMUKH chinydeid cpensl B.B. Cokonosckoro, A.1O. Ummuackoro, M.C. bephiueii-
Ha, A.I'. Ummepmana, B.I'. bepe3zanuena, rungpomexanuku H.E. Kounna u ap., Ha pe3ynbTaThl SKCIIEPUMEHTAIb-
HBIX HCClIeoBaHUN ocHOBaHWT M.B. MainbimeBa u MaTeMaTH4ecKyro Teoputo miactTuaHocTd C.I'. Muxnmaa.
[ToxazaTenbHO, YTO CIIMCOK JIUTEPATYpPHI B AMCCEPTALNN BKIOYAT BCero 13 MCTOYHHUKOB, YTO CBUIETEIHCTBYET
0 HOBU3HE 331a4 U UCKIIOYUTEIHHO CAMOCTOSATEIBHOM MOAXO0/IE aBTOPA K €€ PELICHHUIO.

OnHOBpPEMEHHO C 3a/layaMy IUHAMUKU Chlydel cpeabl [.A. 'eHHeB B 3TOT ke Nepuo] 3aHUMAJICS U IpY-
TUMH BOIIPOCAMH CTPOUTENIFHON MEXaHWKH KaK PyKOBOAWTENb JMCCEPTAIlNil acClIMPAHTOB, HAIPUMEpP HCCIenoBa-
HUSIMH yCTOWYHMBOCTH TOJIOTUX M 3aMKHYTBIX IIJIHMHIPUYECKUX 00oJouek [79—84], 3agauamm pacueTa MTHEBMO-
KOHCTpyKLuit [85-87].

PesympraTer 3THX uccnemoBanuii ['eopruii AnekcaHmpoBud oOHapoaoBal B 1954 r., BEICTYNHMB Ha He-
CKOJIBKMX KPYITHBIX W HanOoJiee M3BECTHBIX B TO BPEMsl HAYYHBIX (opyMax: KOHQEpEeHIMH MO HCCIIETOBAHUIO
MPOYHOCTH, TUIACTHYHOCTH M ToiBydectd crpoutenbHbix MarepuanoB B LIHUIIC (werae HHUUCK nmenun
B.A. KyuepeHko), Ha COBELIaHUU II0 TEOPUH YIPYTOCTH, TEOPUM IUIACTUYHOCTU U TEOPETUUECKUM BOIIPOCAM
ctpoutensHoi MexaHuku B MHctutyTre Mexannku AH CCCP u MI'Y umenn M.B. JlomoHOCOBa.

C 1960 r. T'eopruem AjexkcaHapOBHYEM HAaYMHAETCS HOBBIM OOJNBIION LUK pabOT MO HCCICAOBAHUAM
NPOYHOCTH PA3IMYHBIX MaTepUaioB. JTH MCCIIEA0BaHMUS ObUIM OMyOJMKOBaHbI B XypHale «CTpouTenbHas Mexa-
HHUKa M pacueT coopyKeHui» B cTatbe «K BOIpoCy 0 TEOpeTHYeCKOM ONpeAeTIeHUH IMHAMUYECKUX AuarpaMM pa-
00THI MaTepuanoB» u ap. Hapsany ¢ nponoyskeHneM HccleJOBaHUH 0 TMHAMUKE CBHITYYUX Tell, B 3TOT Ke MEPHOA
HavyaJi NOSABIATECA PAOOTHI O B3aMMOJCHUCTBUIO 1e(OPMHUPYIOIINXCS OCHOBAHUM C MMOKPBITUAMH U IPYTUMHU KOH-
CTPYKLISIMHU IIOJ3EMHBIX COOPY’KEHUH, a Takxke padoThl O AEHCTBUM JKECTKOIO IITaMIIa Ha OETOHHOE OCHOBAaHHE,
MyOJIMKAIMK 110 PacdyeTy MHEBMOKOHCTPYKIMI U3 MATKUX MaTepHaliOB U 110 PELICHUIO 3aJa4l O JeHCTBUM aBie-
HUS B IUITHHIPAYECKOH ITOJIOCTH OETOHHOTO MacCHBa WM B TOJICTOCTEHHOMU TpyOe [88].

B pamkax nukmna paboT 1o TeopuH IIpOYHOCTH MaTepHaIoB HayaTa pa3paboTka TEOPUH IIPOUYHOCTU OETOHA U
JIPYTUX MaTEpUaNIOB C Pa3IMYHBIM COMPOTHUBICHUEM PACTHKEHHIO — ckaTuio. B 1962 1. B )xypHane «betoH u xe-
ne3o00eTon» onybankoBaHa padoTta «K 060cHOBaHMIO yCIOBHS IPOYHOCTH OeToHa» [89] COBMECTHO C acUpaHTOM
B.H. Kuccrokom. A B 1963 . omry0OnukoBaHa cTathsi B cOopHEKe «lccinenoBanus Mo pacyety 000JI04YeK, CTepKHeH
Y MacCHBHBIX KOHCTPYKLHI» 10 pa3pabOTKe TEOPHH NMPOYHOCTH OETOHA U APYIMX MAaTEpHajoB C PA3IMYHBIM CO-
NPOTUBIICHUEM PACTSDKEHUIO — CKaTHIO. J{0 KOHLA IIECTHIECATBHIX TOA0B MPOAODKAIACH Pa3padOTKa CTAaTUKU H
JUHAMMKU CIUIOIIHBIX CPEl, HO OHOBPEMEHHO 1A YK€ JOCTATOYHO INyOoKasi MpopaboTKa TEOPUH CONPOTHBIIE-
HUA OeToHa M kene3o0eToHa. Hampumep, B 1966 1. coBMecTHO ¢ actupadToM ' A. TIOMHMHBIM OIyOJIMKOBAHBI TBE
CTaThH 10 TEOPHHU YIIPYTOCTH jKeIe300€TOHa MTPU HATMYUH TPEIIUH U 0e3 HUX.

B atot xe nmepuog (1964-1965 rr.) I'.A. ['eHHeBbIM OMyOJUKOBaHBI JIBE CTAaTbH, MOCBSIIEHHBIE TCOPUH
MMHEeBMO000I04eK, a B 1966 1. — ctathsa «IIpodHOCT 1 1ehOpMATHBHOCTh KOHCTPYKIIMMA C IPUMEHEHHUEM IIIACT-
Maccey» [90] B KOJUIEKTHBE aBTOPOB.

K xonmy 1960-x rr. 6puta B OCHOBHOM c(hOpMHpOBaHa U MpuoOpena riryboKyto KOHKPETUKY Aedopmanu-
OHHAas TEOPHH IUTACTHYHOCTH OETOHA, MOMyUYHBILIAs OTpaXeHHe KHure «lccienoBanrue NpOYHOCTH KOHCTPYKIMH
U3 HEYIpPYyTuX MaTepuajoB» B BHUIE ABYX I1aB «Bompockl mpoyHocTy U Ae)OpMATUBHOCTH TPYHTOBBIX CpeI»
1 «Bompocsl MpOYHOCTH MAaCCUBHBIX KOHCTPYKITUIT U3 O€TOHA M KAMEHHBIX MaTepuayon» [91; 92].

OnHOBpPEMEHHO MTPOAOIIKATIOCH COBEPLICHCTBOBAHNE TEOPUH IJIACTUYHOCTH Ha OCHOBE MAaTeMaTH4ECKOTO
anmapara, IpUMEHSBILET0CsI B MEXaHUKE TPYHTOB.

Hauano 1970-x TT. cTano o4eHb IUIOJOTBOPHBIM B HICCIICOBATEIILCKOM AesTeNbHOCTH ['eoprust Anekcan-
JpOBHYA U TJIaBHOE B pa3padOTKE TEOPHH IJIACTHYHOCTH OETOHA M Kele300eToHa BO BcexX ee acmekrax. B aror
nepuoj ormyONMKOBaHbI ABE HOBBIE TEOPETUUECKUE CTAThH: «/lMHaMuuecKas 3agada TEOpUH MaJlbIX yIpyromia-
cTrueckux nedopmanuity 1 «O0 ypaBHEHUSX JTUHHUN CKOJBKEHHS TUIOCKOHU NeopMaluy WAeatbHO IIaCcTHYe-
ckoii cpenb» [93; 94] u cBsi3aHHas ¢ HUMH CTaThs «HekoTopslie BOPOCH TEOPHH TUIACTHYHOCTH JKeJIe300€TOHAY
coBMmecTHO ¢ acnpaHToM [.A. TromuabeM [95], a Takxke Tpu cTtaThil B cOOopHUKE «CTpOUTENbHBIE KOHCTPYK-
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m»: «O 3aKOHOMEPHOCTSX PACIPOCTpaHEHUs BONH fedopmanuii B 6eToHe» [96], «O000meHHas mTocKas 3a-
Jada uist eopMaoHHON Teopuu miacTuaHocTH O6eToHay [97] u «O moctpoeHnn GpoHTa ABYXMEPHBIX BOJH
B [IPEABAPUTEIILHO HAMPSKEHHO YIPYromiacTudeckoil cpene» [98].

JlanpHelmuye uccae0BaHus M0 TEOPHH MIIACTUYHOCTH ¢ 0000IIEHNEM X Ha CHCTEMBI U3 XPYNKHUX Mate-
pHAJIOB U MaTEpPHaJIOB C KOHCTPYKTUBHBIMU OCOOEHHOCTSIMH (SY€UCThIe OETOHBI, CBSI3HBIE TPYHTHI, KAMEHHAS
KJagka u Jp.) nmpogospkanuck BmioTk 10 1980 1. K atomy Bpemenu B pabotax I'.A. ['enneBa copmupoBaiich
YyeTKasi KOHIENIHU 1 000CHOBaHHBIC MIPECTABICHHUS O MIOCTPOCHUN KPUTEPHUEB MIPOUYHOCTH PA3IMUHBIX MaTepH-
aJIOB Ha €MHOM METOJ0JIOIMYECKOl OCHOBE, B TOM YHCIE U Ul MaTepUalIOB, HIMEIOIINX OTMEYEHHbIE 0COOEH-
HocTH. K Hanbonee BaskHBIM paboTaMu TOTO MEPUOa MOYKHO OTHECTH CIIEAYIOLINE.

ComectHo ¢ M.U. OctpunbiM B 1972 1. BhIUTa MOHOTpadus «/lMHaMHKa MIACTHYECKOW W CHIMTyUel
cpem» [99] u B 3TOM e ToAy B cOOopHHKE «BOmpockl pacuera cTpoUTeNbHBIX KoHCTpyKmi»y [ITHUWCK Brimura
ctaths «lIpocTpaHcTBeHHas 3aja4ya TEOPHH IMPENETbHOTO HANpsHDKEHHOro cocTosiHus Oetona» [100]. B 1973 1.
B KypHane «CTpouTenbHas MeXaHHKa U pacdeT coopykeHuid» Ne 1 1 5 Beinuiu ABe OONbIIME CTaThH COBMECTHO
¢ B.C. Jlefitecom 1o Bompocam aedopMaIiii uaeaabHO TIACTHYECKON U ueanbHo chimydeii cpen [101; 102].

B 1974 r. B kaure «Teopust 1 METOMbI pacyeTa CTPOUTENBHBIX KOHCTPYKLHUI» OITyOJIMKOBaHA TeOpeTHIe-
ckas cTathsl «Bomnpockl AuHaAMHUKH (pU3MYECKH HENWHEHHBIX CIUOMHbIX cpea» [103] u tam xe crarbsa «O Henw-
HEIHOM TIpe/ICTaBICHNN YCIIOBHUS MPOYHOCTH OeToHa» [104]. B aToMm ke romxy Beiuia pyHAaMEHTANbHAS MOHO-
rpadus I'.A. I'eaneBa B coaBTopcTBe ¢ B.H. Kuccrokom u I'.A. TionmmHbIM «Teopus ImIacTUIHOCTH OETOHA
xkenezo0etoHa» [105] u Obuta onmyOnukoBaHa pabora «OleHKa Hecylied criocoOHOCTH CHCTEM U3 XPYNKHX Ma-
TEpPUAJIOB Ha OCHOBE TEOPUH 3aTBepeBaromIuX cpeny» [106].

Bo BTOpoit mosoBuHe 1970-X IT. BRIMIUIA B CBET PSJT HOBBIX MHTEPECHBIX pabOT TEOPETHIECKOTO XapaKTe-
pa. Tak, B 1975 1. B xypHane «M3Bectus AH CCCP. Mexannka TBepAOTro Tejia» OmyOJuKOBaHaA CTAThi O HEKO-
TOPBIX 3aKOHOMEPHOCTSX PaclpoCTPaHEHHsI TPEXMEPHBIX BOJH AedopMaluii B HEYNpyrux cpepax, B 1976 r.
B cOopHuke «VccnenoBanus 1o Teopun coopyxeruin» [107] Boinia cratbs «IIpocTpaHcTBeHHAs 3a1a4a TEOPUHU
TUTACTHYECKOTO TEYEHHsI MPH YCIOBHU IDIACTUYHOCTH OOIIero Buaa», a B 1977 r. mosBUiIach MyOIUKAIMS
«O06 ypaBHEHUSX TPEXMEPHOHM 3aJaud CTAaTHKH ChIMyYed cpeabl BHE KOHLENLIUU MOJIHOM MIIACTUYHOCTH
B cOopHuke «MccnenoBanus mo Tteopuu coopyxenuiin[108]. B 1978 r. B coaBropctBe ¢ B.H. Kucciok,
N.N. Jlepunsim u I'.A. Hukonosoit [109] Beiia B CBET HOBasi MOHOTpadus 10 TEOPUHU MPOTHOCTH OCTOHOB —
«IIpoYHOCTh JIETKUX M SYEHCTBIX OETOHOB IPH CIOXHBIX HANPSIKEHHBIX COCTOSHHSAX» W IMOSBHJIACH CTAaThs
«Teoperndeckoe 000CHOBaHHE KpUTEpHs podHOCTH acbecroeMenTa» [110]. A B 1979 r. B pa3BuTHe TeMaTHKH
KPUTEPHEB IIPOYHOCTH MAaTE€pUaloB U cTaTtbsi «O KpUTEpUU NPOYHOCTH KAMEHHON KJIaJKU MPH IVIOCKOM HaIlpsi-
JKeHHOM cocTostHum» [111].

B oti xe roasl I A. ['eHneB yxe 3ayMbIBaeTCs HaJl pelIeHNeM APYTUX aKTyaJbHBIX 3a/1a4 CTPOUTENBHOMN
MEXaHUKH ¥ TEOpPUU YHPYrocTH. B pesyipraTe MOsSBMINCH BE AOBOJIBHO MHTEPECHBIE CTAThH B 3THX 00JacTIX
3HaHUH: «O NpPUHLUIE SKBUIPAJUEHTHOCTH M €T0 IPUMEHEHUH K ONTHUMM3ALUOHHBIM 33a4aM yCTOMYMBOCTH
cTepxHeBBIX cucTem» [112] u «BapuaHT BOTHOBOI T€OpUH TEMIONPOBOAHOCTH TBEpAbIX Tem» [113].

Havano 1980-x rr. B TBopuectBe I'.A. I'eHueBa XxapakTepu30BagoCh MPOJOKEHUEM HCCIEIOBAaHUHN MO
TEOpHUX NMPOYHOCTH MaTepuaioB. beuta omyOnukoBaHa ctaThst «O KpUTEPHUSIX IPOUYHOCTH APEBECHUHBI NIPH ILIOC-
KOM HamnpsipKeHHOM cocTosiHum» [114] u MmoHorpadus «Bormpocsl MexaHUKH Heynpyrux tei» [115] (coBmecTHO
¢ B.C. Jleiirecom), a Taxke NpoJOIDKUIIACH paboTa Mo TepMoanHaMHuKe — «O0 OCHOBHBIX (PM3MYECKHUX 3aBUCH-
MOCTSIX HecTallmoHapHOH TepMomamHamMukm» [116]. PazBuBaiack u COBEpIIEHCTBOBAIACH TECOPHS TUIACTUIHOCTH
MaTepuanoB. B sxypHane «CTpouTenbHas MEXaHHKa M PacyeT COOpPYKEHHUID OmyOIMKOBaHBI IB€ HOBBIE CTAThU:
«[Inockas pedopmanusi aHM30TPOITHOW HMAealbHO ITacTHUecKor cpensl» [117] u «O cpaBHHTENBFHON OICHKE
YCJIOBHM MPOYHOCTH peaabHBIX TPyHTOBY» [118].

@DyHIaMEeHTaJIbHBIE UCCICAOBAaHUA II0 TEOPUM IUIACTUYHOCTH PA3IM4YHBIX MAaTE€PHUAIOB NPHUBEIH aBTOPA
K CO3/IaHHIO0 TEOpHH MPOYHOCTH OETOHA, APEBECHHBI, KAMEHHOM KIAAKU U Ap., @ MEXaHHKa CIJIOUIHBIX Cpenl
NPOJOJKala Pa3BUBATHCS B CTOPOHY YCJIOKHEHHMSI M YTOYHEHHUS pacyeTHBIX Mojeneil. OTMETHM JIUIIb HEKOTO-
peie xapakTepHbie paboThl 1980-1990-x TT., MyOIUKAMK KOTOPHIX OCYIIECTBICHBI B OCHOBHOM B KypHAle
«CtpoutenbHas MEXaHUKa M pacyeT coopykeHui» u coopuukax Tpyaos LTHUUCK umenn B.A. Kyuepenko.
B 1983 r. ony6nukoBaHa ctathsi «O0 ypaBHEHHSIX ABMKEHHS U HEKOTOPBIX 3a/a4ax JAJisl COBMEICHHON MOAETH
CIUIOLIHOM cpenbl ¢ mepeMeHHOoH Bs3KocThio [119], a B 1994 1. — cTaThst «YpaBHEHUs] YCTAHOBUBIIMXCS JABHXKE-
HUI aHU30TPOITHON HJICATbHO TUIACTHYECKOM cpefsl MpH 1tockor nedopmaruu [120]. U3 Ha3BaHMii 3THX paboT
BHUJIHO HalpaBjeHHUE UCCIEAOBaHUH, MPUBEIEHHBIX B HUX, — 3TO YTOUHEHHE pacueTHBIX MOJEJIEH ¢ BBEACHHUEM
B 3TH MOJIETIM paHee He YUHUThIBaeMbIX (akTopoB. B 1995 r. coBmectHO ¢ actmpantom A.H. BopoHOBEIM 01Ty0-
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TuKoBaHa cTaThs «O KpUTEpHUH MPOYHOCTH OPTOTPOIHOTO MarepHajia THIa KaMeHHOW KIaJKHA HpPU TUIOCKOM
HaMpsHKEHHOM cOCTOSHUMY [121]. P umei, moiaoKeHHBIX B OCHOBY Ha3BaHHBIX padOT, HAIILIM CBOE BOILIOIIEC-
HUE B MIPAKTHYECKUX MPUIOKEHUSIX, HAIpUMep B cTtaThe «llonepednas yCTOWYHMBOCTh 3aMKHYTBIX IIMIIMHAPUYE-
CKHX 000JIOUEK MPH IBIKCHUH B HUX TOTOKA MACATBHOTO Tazay [122] W aHaJOrMIHOH M0 Ha3BaHHIO cTaThe [123]
MU JBWKEHUH B HUX WACAJIHHON JKUAKOCTH. JTa TeMa Hallljla MPOJODKEHHE B NalIbHEUIINX HMCCIeTOBAHMUAX
I'.A. T'ennena. Tak, B 1986 r. B coaBTopcTBe ¢ P.B. ['oronanse nosBuiack crates «YcCTaHOBUBILIEECS JIAMUHAp-
HOE JIBIDKEHHE HeC)KUMaeMOi 0apOBS3KOW Cpenbl 10 MUIMHIPHYECKAM U MMPU3MATHIECKUM TpyOam» B COOpHH-
ke «MexaHuKa CIUTONTHBIX cpem» [124].

Teopus mmactTuaHOCTH 0000IIEHHO M HamboJiee TONHO TpeacTasieHa B 1987 1. B craTsax «Onpenensto-
HIye ypaBHEHUS U (PYHKIIMOHAJBI B TEOPUU TEUSHHS Ul PACIIMPEHHOTO Kiacca Heynpyrux cpea» [125] u «du-
3UYECKHE 3aBUCHMOCTH U OIPENCIISIONINE YpaBHEHUS IS 6apoyIpyroit cpensn» [126].

Pan uHTEpecHBIX MyOMuKaIuil, CBA3aHHBIX C HOBOM BETBBIO TEOpHH ymnpyroct, [.A. I'eHHeBbIM OBLITH
onyoiukoBansl copmecTHO ¢ C.}HO. KamamankoBeiM: «O MOCTPOSHUN YpaBHEHUH IIOCKOW 3a1aud MHKPEMEH-
TaJnbHOU Teopuu ynpyroctu» [127]; «[lonsspHocumMMmeTpuyHas 3a1aua HHKPEMEHTAIBHOU Teopuu ynpyrocti» [128],
«O0 ydere BIUSHHS HEOAHOPOAHOCTH HAIPSHKEHHOTO COCTOSIHHUS Ha IMEPexo]] MaTepuaia B IUIACTHYECKOE CO-
crostaue» [129] u ap.

Ha ocHoBe uzeil, n3noxkeHHbIX B cTaThsax [.A. I'enneBa [122; 123], 6110 pelieHbl TMHAMUYECKHE 3aa9H
JIBUKEHUS JKUIKOCTEH U ra3oB B TPyOONpPOBOAAX, KOTOPHIE HAILIM 3aTE€M OTpaXKeHHE B OIMyOIMKOBAHHBIX UM
crathsax coBMecTHO ¢ AWM. 3yokoBsM [125; 130]: «CriekTp pe30HAHCHBIX YacTOT THOKUX TPYOOIIPOBOIOB IPH
B3aMMOJICWCTBUU UX C KXUAKOCTHIO» [131], « BeiHYX)1eHHbIe KOeOaHUsI 3aMKHYTHIX [UJIMHIPHYECKAX 000JI0UYeK
MIPH IBMKCHUU B HUX ITYJIbCUPYIOIIETO IMOTOKA UeaIbHOM XKUAKOCTH (ra3a)» [132; 133], «O HeKOTOpBIX BOIPO-
cax TUAPOYNPYTOCTH THOKUX cocynoB» [134].

Ocoboe mecto B HayuHOU nesitenbHOCTH [.A. ['eHneBa 3aHnManyu paboThl, CBSI3aHHBIC C HUCCICIOBaHUEM
MPOYHOCTH aHU30TPOIHBIX MaTEPHASIOB TIPU CIOXKHBIX HANPSHKEHHBIX COCTOSHUX. [locTaBieHHbIe UM 3a1a4l U
HavaThle TEOPETHUECKHE UCCIIEIOBAHUS B STOW 00JIACTH OMPEIENIIN 3aTeM LIeI0oe HaydHOe HalpaBJeHHne, KOTO-
poe ycIenrHo pa3padaTbBaIoCh Kak caMuM ['eoprueM AJEKCaHIpPOBUYEM, TAK U €r0 MHOTOYUCICHHBIMHU YUCHH-
KaMd ¥ mociefoBatensiMu. [loxayii, mepBoil U3 yIOMSHYTOTO IMKJIA UCCIIeAOBaHUH sBriach pabota «Teope-
THYecKoe 000CHOBaHUE KpUTepHs MpoYHOCTH acOecTorieMeHTay [110], omybonukosanHas B 1978 r., Te u3noxe-
HBl OCHOBHBIE€ THIIOTE3BI U METOAOJIOTHA MOJIX0a K MOCTPOCHHIO KPUTEPUEB MPOUYHOCTH aHU3OTPOITHBIX MaTe-
pHaNIoB, OJHUM U3 KOTOPHIX sABJseTca acOecTorieMeHT. Jlanee ciejoBaal ocHOBoOIoNarammue padbotsr: «O Kpu-
TEPUU MMPOYHOCTH KaMEHHOW KJIAIKW TPH TUIOCKOM HamNpsoKeHHOM cocTostHUM» [111] 1 «O KpUTEepUSX MPpOUHO-
CTH JPEBECUHBI MTPH TLTOCKOM HAIPSDKEHHOM cOCTOSHUMY [114]. OTIHYuTenhHBIMU OCOOCHHOCTSIMH 3TUX padoT
CTall0 BBEJIEHUE B PACCMOTPEHHE OCHOBAHHOW HA HKCHEPUMEHTAIBHBIX AHHBIX THIOTE3bl O HANWYUH TPEX He-
3aBHCHMBIX MEXaHHU3MOB pa3pyIlIeHHs aHU30TPONHBIX MAaTepUanoB (OT OTpPhIBA, CMSATHS, C/ABUIa)', a TaKKe
000CHOBaHHE M WCMOJIH30BAaHHE MATEeMAaTHYECKOTO BBIPAXKEHHS 3aBHCHMOCTH TIpefiefia TPOYHOCTH MarepHuaia
OT yrIjla HaKJIOHA K BOJIOKHAM IIPH OJHOOCHOM PacTsDKEHUH, 000011atolee MMEBIIHECS B TO BpeMsI KCIIEPHMEH-
TaJbHBIE TaHHBIE. B pe3ynbraTe aHanmm3a SKCTpeMalbHBIX 3HAUYEHUH (PYHKIMH aBTOPOM MOITYYEHbI aHAIUTHYE-
CKHE€ BBIPOKEHUS IS KPUTEPHEB MPOYHOCTH MATEPHUANIOB B CIIy4ae TUIOCKOTO HAINPSHKEHHOTO COCTOSIHHS ISt
TpeX Ha3BaHHBIX MEXaHU3MOB Pa3pyIICHUS.

B nanpneiimux nccnenoanusax [.A. I'eHueBa M ero y4eHHKOB pa3BHBAJIOCH 3TO HAIPaBIEHUE TEOPUU
MPOYHOCTH, CBSI3aHHOE C MCCIIEOBAHUAMHU IIPOYHOCTH aHU30TPOMHBIX MaTepuanoB. Tak, B [117], paccmoTpena
3aJa4a O TIOCKOM jJedopMaliiu aHU30TPOITHON HICaIbHO TUIACTHYECKOM cpefbl, B [135], pemieHa 3aada cTaTh-
KM W KHHEMATHKU aHU30TPOITHON IJIACTHYECKOW CPeIbl TIPH COMPOTHBICHUH OTPHIBY, B [136; 137] mpuBeacHsI
peleHus] AMHAMUYECKUX 3a]a4 JUIsl aHM30TPOIMHON CKMMAaeMOU TUIACTHYECKOW CpeIbl PU COMPOTHUBICHUH €€
caBury u oTpbiBy. Ocobast IIEeHHOCTh paccMaTPUBaEMBIX MOJIEJICH BUAUTCSA B TOM, YTO 3TH MOJEIH MOTYT OBITh
JIETKO 3KCTPAOINPOBAHbI IJIsl ONMCAHUA MOBEJIEHUS PA3IMYHBIX KOHCTPYKLIMOHHBIX MaTepHaJIOB, B YACTHOCTH
TaKHUX [IMPOKO PACHPOCTPAHEHHBIX CTPOUTENBHBIX MaTepUaNOB, KaK ApeBeCHHa, KaMeHHas KJIaaKa, pa3InyHoro
poJia TJIaCTHKH, apMHPOBAHHbBIE BBICOKOIIPOYHBIMU BOJOKHAMHU. lIpumMepom cimyxuT 10, uto [.A. I'eHHEBBIM
COBMECTHO C €r0 Y4YeHHKaMH pa3paboTaHa TeXHHWYECKas TEOpHs HeIMHEeHHOro ae(popMHpOBaHHS KaMEHHOMN
KJIAJKU IpU IUIOCKOM HaOps>KEHHOM cOoCTOsiHMM [138], a Takke KpUTEpUU NMPOYHOCTH KAaMEHHOW KIAAKU Kak
OpPTOTPOITHOTO MaTepuaa MpH IIOCKOM HaIpsbKeHHOM cocTtosiHuH (1985 1.).

! Panee, emte B 1950-X IT., 3Ta niest Ui H30TPOITHBIX MATEPHATIOB ObLIA HCIIONB30BaHa B CXeMe Kputepus Jasuaenko — @puamana.
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B memsix mpakTH4ecKoro HMCIOJIb30BaHUS pa3pabOTaHHOI Teopuu Oonblioe BHUMaHue I'eopruem Anek-
CaHJIPOBHUEM YJIENSUIOCH €€ IKCIIEPUMEHTAIbHOMY O0OCHOBaHUIO. DTOMY IOCBSIIEH psifi €ro padoT, B YHCIE
KOTOpBIX «O KpHUTEpHSIX MPOYHOCTH IPEBECHHBI M UX IKCIEPUMEHTATbHOM oO0ocHOBaHUM» [139], «Kpurepun
MIPOYHOCTH aHW30TPOITHBEIX MATEPHANIOB, YINTHIBAIOIINE Pa3IMYHbIE MEXaHU3MBI paspymieHus» [140]. B atux
MyOJIMKAIMSIX MPUBEICHO COTMOCTABICHHE TEOPETUYCCKUX IAHHBIX U PE3YJIbTATOB, MOJYYEHHBIX IKCIIEPUMEH-
TaJIBHBIM IyTEM IIPH UCTIBITAHUHM 00pa3I0B APEBECHHBI U KAMEHHOW KJIaJKU MPH IJIOCKOM HANPsSHKEHHOM COCTO-
SIHUM U Pa3lIWYHbIX KOMOMHALUSIX PACTATUBAIOIINX U CKUMAIOIINX HanpsokeHui. [lokazaHo BIOJIHE yIOBIETBO-
PHUTENBHOE COIIACOBAHUE TEOPUH U HKCIIEPUMEHTAIBHBIX JaHHBIX. TEOpeTHUECKUE 3aBUCHUMOCTH, IOCTPOCHHBIE
JUTSL TUTOCKOT'O HANpsDKEHHOTO COCTOSIHMSA, B JalibHEHIIeM ObUTM 00OOILEHBI aBTOPOM M Ha Clydyail 0OBEMHOTO
HanpsDKEHHOTO cocTosiHUA. Kpome Toro, Ui MpakTH4YecKO peann3aldi KPUTEPUEB IPOYHOCTH Pa3IUYHbIX Ma-
TepuanioB I'.A. ['eHuEeBbIM MOCTPOEH JIMHEAPU30BAHHBIN BapHaHT 3TUX KPUTEPUEB KaK JJIA UJEaIbHO IUIacTH4e-
CKOTO MaTepuaja, Tak U JJIs MaTepuaia, 006Ja1aionero BHyTPeHHUM TPEHHEM.

BaxHoi#t 0cOOEHHOCTBIO HayyHBIX MyOnukanuii I'eoprust AnekcanapoBuyia ObLIO Ype3BBIYAMHO SICHOE U3-
JIOXKEHHUIO MaTepuana o pe3yibTaTax TOTO0 WM MHOrO uccienosaHus. [IpuBoanmele UM pelieHre 3aAad MOUYTH
BCETJa COMPOBOXKAATIOCH MTOJAPOOHBIMH U TIOHSITHBIMHU IIUPOKOMY KPYTY CHEIMAINCTOB YUCIOBBIMH ITPUMEPAMHU.
CroXHBIE 331241 OH CTapaJcsl PelIUTh (GU3NUYECKOH M TeOMETPUIECKON MHTEpIpEeTalnueil MOTyYeHHBIX pe3yJiib-
TaToB. M3 ypaBHEHMH, onpeaessIoIuX TO WM HHOe HOBoe pemieHne [.A. ['eHueBa, cienoBajo, 4To B ciiydyae
IPEeAEIbHOTO MIEPEeX01a OHY IIPEBPAIAIUCh B U3BECTHBIE TEOPETHUECKIE 3aBUCMMOCTHY KaK YaCTHBIN CITydail.

Hanpumep, ycioBue conpoTHBIEHNST MaTeprana, 00Jalaloniero BHyTPEHHUM TPEHHEM, CIBUTY TIPH TPeX-
OCHOM HalpsDKEHHOM COCTOSIHWH, reoMeTpudecku ['eopruii AnekcanapoBUY MHTEPIPETHPOBAT B BUAE IIECTH-
TpaHHOH MHMpaMuzbl, paBHO HAKJIIOHEHHOH K ocAM KoopnauHat. Ilpu mepexofne k€ K MAEANbHO MJIACTHYECKOMY
Marepuainy, TO eCTh Koraa KodpQuIMeHT BHyTPEHHETO TPEHUS PaBeH HYIII0, IUpaMKJia TIpeBpaliaeTcs B Ipu3My,
TaK)Ke paBHO HAKJIIOHEHHYIO K OCAM KOOPJAMHAT. Y IpOILasl Janblile, P Mepexoie 0T aHU30TPOIHOTO MaTepHuaia K
M30TPOITHOMY MPHU3Ma MPEBPAILACTCS B IUIMHAP, YTO TOJHOCTHIO COOTBETCTBYET KPUTEPHUIO MPOYHOCTH Mu3eca.

O6o0matoniel myOoIUKayeH 1Mo UCCIeOBAHUIO0 KPUTEPUEB MPOYHOCTH aHU30TPOIHBIX MAaTEPUANIOB MPH
CTaTMYECKOM BO3ACHCTBUU Harpy3ky B JETE€PMHUHHPOBAHHOM MOCTAaHOBKE CTaja KHMra, HanucaHHas [.A. ['enu-
eBbIM 1 ero yueankamu A.C. Kyp6arossim u @.A. CamenoBsiM, «Bompockl IpOYHOCTH U TIIACTUYHOCTH aHHU30-
TPOIHBIX MaTepuaaon» [141].

JanpHeiimme uccieaoBanrs MPOYHOCTH U TUIACTHYHOCTH aHHU3OTPOIHBIX MaTEpHaloOB IMONyYMUIH Pa3BU-
THE B paboTax «BeposTHOCTHBIE acTIeKTHl TEOPHH MPOYHOCTH aHU3O0TPOIHBIX Matepuaiony [142], «O kpurepu-
SIX JUTATETHLHOW MPOYHOCTH aHW3OTPOIHBIX MaTepuaioBy [143], «Hecymas crmocoOHOCTh aHM30TPOIHBIX OCHO-
BaHUH COOPYXEHHMI C MEPEMEHHBIM CIEIJIeHUEM M BHYTpeHHUM TpeHuem» [144], «O BIusHUN MPOAOIKUTENb-
HOCTHU JI€MCTBUA Harpy3kd Ha MPOYHOCTH MarepuanoB» [145] u ap. Metonosnorus, NpuHsTas aBTOPOM B ATHX
paboTax, Mo3BOJMIA PACIIMPUTH MCCIEIOBATEIbCKIE TOPU30OHTHl pacCMaTpUBAEMOM TEOpHH, BKIIOYAs MOCTa-
HOBKHM U PEIICHHS PACCMAaTPUBAEMBbIX 3a7a4 Ul PA3IMUHBIX COCTOSHUM MaTepHaIOB U KOHCTPYKLHUH.

B npexncraBneHHoMm aHanu3e HayyHbIX paboT [.A. ['eHueBa MBI aKIEHTHPOBAIM W YACIUIM BHUMAaHUE
TOJILKO OJTHOMY W3 HallpaBJIeHWH MHOTOTPAaHHBIX HAay4HBIX HcciienoBaHuil I.A. I'enneBa — pazpaboTke TeopuH
IPOYHOCTH aHU30TPOIHBIX MaTepHajIoB. B TO e BpeMs, 3HAKOMSICH C €ro Hay4YHBIMHU HCCIEIOBAHUSIMH, TPYIHO
HAWTH Kakyro-1u00 00JNacTh MEXaHUKH CIUIONIHOW Cpelbl, HaXOASALIYIOCS BHE HAy4YHBIX MHTepecoB [eoprus
AnekcanapoBuua. Ero paboTel oTnn4aloTcsl cofep KaTeNbHbBIM U [eTbHBIM XapaKTepoM, HaunHasi OT IpUHUMAae-
MBIX B UCCIICIOBAHNY TUIIOTE3 U 3aKaHYMBas IOIy4YE€HHBIM pe3yIbTaTOM. B KauecTBe nmpumepa MOXKHO IIPUBECTH
cnenyromee. Korja B mporiecce perieHns 3a1a4y MOoIyJYaiuch 3aBUCUMOCTH, UMEIOIINEe HECUMMETPUIHYIO (hop-
My WIM He UHBAPHAHTHBIE K MPeoOpa3oBaHUAM KOOPIAMHAT, TO K MOJYYEHHBIM BBIPAKEHUSIM aBTOP OTHOCHIICS
¢ 0coboil TmarenbHOCThI0. OH MHOTOKPAaTHO MPOBEPSUI M MEPENPOBEPSIT X MYTEM DPEILICHUs pAga YUCIOBBIX
npumepoB. TeM, KOMy HOCYACTJIMBHIIOCH IIPOBOJUTH C HUM MCCIICAOBAaHMUSA U FOTOBUTH COBMECTHBIC ITyOJIHMKa-
[IUH, YyYBCTBOBAJIN 332 OO0 Takxke OOJNBIIYI0 OTBETCTBEHHOCTD, KOT/Ia MIPECTaBIIsUTH [ eopruto AJleKcaHIpoBH-
9y [OJydCHHBIC pe3yabTaThl. OueHb He XOTEIO0Ch, YTOOB! OBLIIM OOHAPYKEHBI KaKHe-TO OIIMOKH, XOTSI CBOHM 3a-
MeuaHus ['eopruil AnekcaHIpoBUY BCErla BbICKa3bIBaJl HACTOIBKO JEIUKATHO, YTO HEJb3s1 OBbLIO MOHATH 3aMe-
YaHHe 3TO WM nokenanue. Pabots! ['.A. I'eHreBa MOKHO CPaBHUTH C TBOPEHUSMH TaJaHTINBOTO 30{4€r0, KOTO-
PBIi TIIyOOKO Y4yBCTBYET XapaKTep 3aCTPOMKH CTaporo ropoja v BCe CBOM TBOPEHHSI OPTaHUYHO BIUCHIBAET B HETO.

I'eopruii AnekcaHAPOBHUY TOHKO YyBCTBOBAJ BO3MOXKHBIE HOBBIC HANPaBJICHHUS B UCCIEIYyEMBIX UM o0Jia-
CTsX Hay4yHbIX 3HaHUU. B 1992 r. o onyOnukoBan ctatbio «O0 olleHKe AMHAMUYECKHX 3(PPEKTOB B CTEpPIKHE-
BBIX CHCTEMax M3 XPYNKUX MaTepuanoB» [146], koTopas, Kak 0Ka3aloch, CTalla OCHOBOW IIEJIOr0 HaIlpaBlIEHUS
UCCIIeIOBAaHUI B CTPOUTENFHON MEXaHUKE M TEOPHH COOPY>KEHHH — )KUBYUYECTb 31aHUH U COOPYKEHHH U HX 3a-
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IIUTa OT TPOTPECCUPYIOMIETO OOpyIIEHNU 3AE€Ch UCCIIE0BAIOCh TIOBEEHIE CTATHUECKH HEONPEIeINMBIX KOH-
CTPYKIUH MPH BHE3AITHOM BBIXOJIE M3 CTPOS OAHOTO (MJIM HECKOJBKMX) HanOoJiee HANpPSKEHHBIX AJIEMEHTOB.
[Ipu 3TOM, YTO XapaKTEpHO, JOCTATOYHO CTPOTHH pacyeT MPOBOAMTCS O3 MPHUBIICYCHUS CIIOXKHBIX 3aBUCHUMO-
CTel TIMHAMUKH COOPYKEHUH.

B ToM ke rony cratbeii «3aBHCHMOCTh MPOYHOCTH OeToHa OT BpeMeHmn» [147] ['.A. ['eHueBbiM HauaT HO-
BBII UK pabOT MO TEOPETUUECKUM HCCIEAOBAaHUAM JUINTEIHHON U THHAMHYECKOI MPOYHOCTH yNPYTOoIIacTh-
YeCKHX TeJ, KOTOPHIN CEeroAHs MpoJoJDKaeTca B TpyJaxX ero MHOTOYHCICHHBIX YUYeHHKOB. OTMETUM HEKOTOpbIe
HamboJiee 3HAUNTENbHBIE Pa0OTHI ATOTO HampasieHus: «lIpakTndeckuii MeTos pacueTa ATUTENFHOW POYHOCTH
oerona» [148], «Bompocsl mnurensHoU [149] m muHammueckoi [150] mMpOYHOCTH aHM3OTPOITHBIX MaTepHa-
noB» [143], «PacyeT npoCTpaHCTBEHHBIX KOHCTPYKIUI HA CTAaTUYECKUE U AUHAMUYECKHUE 3alPOEKTHBIE BO3CH-
ctBus» [151], «K oneHke pesepBa Hecyllel cIOCOOHOCTH KeNe300€TOHHBIX CTaTHYECKH HEONPENeTUMbIX CTEPK-
HEBBIX CHCTEM IIOCJIC 3alPOCKTHBIX BO3IEHCTBUI [152], « BOompockl NIUTENBHON U THHAMUYECKON MPOYHOCTU
aHU30TPOIHBIX KOHCTPYKIMOHHBIX MaTepuanoBy» [153], «Pacuer ¢u3nueckn M KOHCTPYKTHBHO HEJIMHEUHBIX
TUTACTHHYATO-CTEPYKHEBBIX MPOCTPAHCTBEHHBIX KOHCTPYKIMHA B 3amlpefenbHBIX cocTosHuAx» [50]; «Bompocs
JUTHTENBHOMN MPOYHOCTH COOPHBIX JKEIe300€TOHHBIX 000104ex» [154].

YMecTHO 00paTHTh BHHUMAaHHE €Ile Ha JBa [UKIA OPUTHHAIBHBIX Pa0OT, CTOSIIUX, HA TIEPBBIA B3I,
OTIenbHO B psay pador I'.A. 'eHreBa M MpoXoasmyX MoJ OOLIMM HamnpaBlIeHHEM TEOPHH CBHIMYYHX M CILIOLI-
HBIX CpeJ.

IIepBbIil LMK — TEOPUSA TEIUIONPOBOJHOCTH — OTKPBIBAETCS CTAThsIMU «BaprnaHT BOJIHOBOM TEOpHUU Tell-
JIOTIPOBOJHOCTH TBepabIX Te» [113; 155]. 3aTem ObuT OIMyOIMKOBAH IENBIH s padOT 3TOTO ITHKIIA, CPEAH KO-
TOpbIX «O0 OCHOBHBIX (PM3MUECKUX 3aBHCHMOCTAX HECTAIlOHApHOHN TepMoamHaMukm» [116], «O HEKOTOpHIX
3aBHCUMOCTSIX MEXAY TEIUIOPH3MUECKIMH XapaKTEPUCTHKAMU Tell, aHU30TPOIHBIX 110 CBOUM TEILTO(PH3HYECKIM
cBoifctBam» [156], «HexoTopbie BOMpPOCH TEOPHH TEIUIONPOBOAHOCTH TEPMUYECKH aHU30TPOIHBIX MaTepHa-
soBy» [157], «O BapHallMOHHOM IPUHITUIIE U OMpPEACAIoneM QYHKINOHANIE B TEOPUHU TEIUIONPOBOIHOCTH TBEP-
X Tem» [158], «O HEKOTOPBIX 3aBHCUMOCTSIX MEXKIY TEIIOQU3NICCKUMH XapaKTEPUCTUKAMU aHU30TPOITHBIX
tem» [159], «TemnoBoii OayaHc B BOJHOBOM TCOPUH TEIUIONPOBOIHOCTH TSPMUIECCKH aHU30TPOITHEIX Te» [160].
JBe mocneqaue paboThl, HarMcaHHble | eoprueM AnlekcaHIpoBUYEM, OITyOIHMKOBAHEI IIOCMEPTHO.

BTopoii uukn uccnenoBaHuil — BOMPOCH! ONTUMHU3AIMY PA3IUYHBIX TEXHOJIOTMUECKUX MPOLECCOB U KOH-
ctpykiuii. Croja MOXXHO OTHECTH TakKKe paboThl, Kak « BOompockl oNTUMU3aIUK CTPYKTYPhl HEKOHTAKTHBIX JIFOJI-
CKuX MOTOKOB» [161], «O mpuMEHEHUHN TPSIMBIX METOJOB MaTEMaTHUECKOTO aHAlM3a B 3aa4aX ONTHUMHU3AINN
XapaKTePUCTUK HaJIe)KHOCTH KOMOMHUPOBAHHBIX CTPOUTEIBHBIX KOHCTPYKIU» [162], «Bonmpockl onTHMHU3aiu
pacxojia MaTepruaioB B MHOTORJICMEHTHBIX CHCTEMaXx C IMO3HMIIMA MUHUMAIHHOW BEPOATHOCTH WX OTKaza» [163],
«O TIpEMEHEHUH MPSMOTr0 METOJa BEPOATHOCTHOTO aHAIM3a K 33a/la4aM ONTUMHU3AIUH MHOTOMPOJIETHBIX 0aJIoK
C TIO3HMIIMY MUHUMAaJIbHON BEPOSTHOCTH MX O0TKaza» [52] (coaBTops! B.W. KomayHnos, A.H. Jlertsps).

OTnenpHO CleAyeT OTMETHTh Psii UCCIIEOBAHUHN, MOCBAIIEHHBIX NMPUKIAAHBIM 33JayaM CTPOUTENBHOM
MexaHuku. Crojja MOKHO OTHECTH paboThl, BeimonHEeHHBIE B 20022004 TT. M ONMyOJIMKOBaHHBIE B BHJIE CEPUU
cTaTel 0 MUKIMYECKOM MPOYHOCTH OETOHA, CTANIM U JEpeBa MPH PazIUYHbIX JHaa30HaX U CKOPOCTAX Harpyxe-
HUSI, CTaThU O HECYyIeH CIOCOOHOCTH CTANbHBIX, JKEI€300€TOHHBIX M JIEPEBSIHHBIX KOHCTPYKIIUI MPU MOBTOP-
HBIX Harpy>XeHHSX, B TOM YUCIIe THHA CEMCMUYECKHX, a TAK)KE CTaThH 00 YCTOMYMBOCTH CTANBHBIX U XKele300e-
TOHHBIX AJIEMEHTOB MPH IUKINYECKUX HArpyeHusx. JlaHHbIe paboTHI BHITOIHEHBI B coaBTopcTBe ¢ ['.B. Mama-
esoil u K.II. IIaruxpectoBckum [164—171]. IIpu 3TOM HCIOIB30BaHB! AKCIEPUMEHTAIIBHBIE PE3YIbTAThl, MOTY-
yennsie ['.B. MamaeBoii (beueneBoit) u IpyrumMu aBTOpaMu.

3HaunTenpHbIe uccienoBanus nposeneHbl [.A. I'enneBsiM B 2003—2005 rr. ¢ KOJUIGKTUBOM COaBTOPOB
(B.A. KomaynoseMm, H.B. Kirroeroit (DenopoBoit) u K.I1. [IaTnkpecToBCKIM) TIO pa3padOoTKe KPUTEPHUS IIPOIHOCTH
JbAA IUISL CIIOKHOTO HANpSKEHHOT'O COCTOSIHUSI, a TAaKXK€ KCCIEJOBAHUSAM IMPOYHOCTHU JIEHOBBIX MAaCCHBOB IIPH
TUIOCKOH ehopMallii U TNIOCKOM HaIpsHKEHHOM COCTOSHHU, WCCIIEI0BaHMAM TION3ydecTH Jbaa [159; 160; 172-174].
Pe3ysbTaThl 3TUX UCCIEAOBAHUI MPEACTABISIOT CEroAHs OOJIBIION HHTEpEC B CBS3M C peain3aliell HayYHbIX Mpo-
rpaMM H MPOEKTOB TI0 TPobIIeMe U3YUICHHS 1 OCBOSHUS POCCHIICKOM APKTHKH.

Muorue acnupanTsl ['.A. 'eHrueBa BIIOCIEACTBUHU, MIPU €I0 aKTUBHOM MOJACPIKKE — KOHCYJIbTAIIUAX U HE-
ohHUITHATHFHOM PYKOBOJACTBE, CTAd JOKTOpaMH HaykK (puc. 2). OmHako OH HUKOT/Aa HE YIIOMHHAI 00 STOM.
B uactHOCTH, B coTpyarmuectBe ¢ M.M. AnneBbiM ['eHUEBBIM MOATOTOBIEHKI Be paboThl — «Hecymas cro-
cOOHOCTh aHM30TPOIHBIX OCHOBAHHI COOPYKEHHI C MEPEeMEHHBIM CIETTICHHEM W BHYTPEHHUM TpeHuem» | 144]
u «Pacuer Hecyel crnocoOHOCTH aHM30TPOIHBIX OCHOBaHUH coopykeHui» [175].

358 ANALYTICAL AND NUMERICAL METHODS OF ANALYSIS OF STRUCTURES



Mamukpecmosckuti K.I1., ®edoposa H.B., KondyHos B./. CTpouTenbHas MexaHika UHXEHEPHBIX KOHCTPYKLMIA 1 coopyxeHui. 2022. T. 18. Ne 4. C. 351-374

AR PLATRTR 0

=

-

Puc. 2. Berpeun ¢ I'.A. I'enneBbiM Bo BpeMmst oO1ero coopanus PAACH:
a — Kazanb, 2003 r. (cneBa Hanpaso: I'.A. I'enues, b.C. Cokonos, B.1. Konuynos, H.B. ®enoposa);
6 — Hwxuuit HoBropon, 2002 r. (cneBa nanpaso: B.J. Komuynos, H.U. Kapnenko, I'.A. I'enueB)
Figure 2. Meetings with G.A. Geniev during the general meeting of the Russian Academy of Architecture and Construction Sciences:
a —Kazan, 2003 (from left to right: G.A. Geniev, B.S. Sokolov, V.I. Kolchunov, N.V. Fedorova);
6 — Nizhny Novgorod, 2002 (from left to right: V.I. Kolchunov, N.I. Karpenko, G.A. Geniev)

B mocnennue Toasl Mo BIMSHUEM CBOeH akTuBHOU AestenbHOCTH B PAACH u mpu moamep:kke MHOTO-
YHUCIIEHHBIX €IMHOMBIIIJICHHUKOB B JOOPOXKEIaTeIbHOM KOJUIEKTHBE KadeIphl CTPOUTEIbHBIX KOHCTPYKIMN
OpJI0BCKOro TOCYAapCTBEHHOTO TEXHUYECKOro yHuBepcuTera (HpiHe OpIIOBCKHUN TOCYIapCTBEHHBIH YHUBEPCH-
teT umeHu U.C. Typrerera) ['.A. 'eHHeB BBITIOJHAI MHOT'O TPHUKJIATHBIX U TEOPETHUECKUX padOT C COTPYIHH-
KaMHU M acnupaHTamu 3T1oro By3a — B.M. KomuynosesiM, H.B. ®enoposoii, E.Jl. BopoobeBriM, A.H. [dertspem,
AU. Hukynunsiv, H.E. Crenamossivm, E.B. OcoBckux u ap. Cpenu 3tux pabot «Hexoropsie Bompockl Teopuu
GbunpTpanMy aHU30TPONHBIX CPEA OPTOrOHAIBHBIMM IJIABHBIMU OCSIMH IpOHHUIIaeMocTH» [176] coBmMecTHO ¢
B.1. KomuyHoBsiM, «K oIleHKE pe3epBa HECYIIEH CITOCOOHOCTH KEJIe300€TOHHBIX CTATHYCCKU HEOIPEASTUMBIX
CTEPIKHEBBIX CHCTEM IOCTIE 3apOEKTHBIX Bo3aeicTBHil» [152] coBmectHo ¢ H.B. Kmtoesoit (DenopoBoit) u psia
Ipyrux pabot ¢ ee ydactueM [50; 53; 55; 152; 177—-179], BIWioTh A0 ¥ MOCIE 3aIIUTHI €10 KaHIUIATCKOMN JTUC-
cepranuu noj pykooactsoM [.A. ['eHueBa, a 3ateM u npu pabote Haa JOKTOPCKOi 1o TeMe «OCHOBBI TEOPHH
JKUBYYECTH >KeJIe300€TOHHBIX KOHCTPYKTHBHBIX CHCTEM MpPU 3alPOCKTHBIX BO3ACHCTBHUSX», OMpPEICIUBIICHCS
MIpU KOHCYJIBTaTHBHON mopnaepkke ['eoprus AnexkcanapoBuda. PAn NpUKIamHBIX HCCIEIOBAaHWUMI BBITOJIHEH
I'.A. I'enneBsIM B cOcTaBe KOJIJICKTHBA aBTOPOB Ioj pykoBoacTBoM B.M. KomuyHoBa mo pa3paboTke u pa3BH-
THIO METOJIOB pacdeTa KpyIMHOPa3MEPHBIX JKeIe300eTOHHBIX TpyO MHOTOIIENeBOro Ha3HaueHus [166; 180—186].

Tamant ['eoprust AnexcannpoBuda ObIT MHOTOTpaHeH. SIBISACH ONeCTSIUM yueHbIM, yaeHuKkoM A.P. Pxa-
HHUIIMHA, OH IHCAJI CTUXH, IPEKPACHO UX ACKJIaMHPOBal. MHOrHe, KTO BCTpeyalcs ¢ HUM B NEPBBIH pa3, ObLIM
MOpPa)KeHBI ero apTUCTHYECKUM MacTepcTBoM. Hampumep, npoutenne um noamsl Ceprest Ecennna «YepHslii de-
JIOBEK» 3allOMHUHAJIOCh BCEM, KOMY JIOBEJIOCh XOTh pa3 yciblarh ero. [Ipm 3ToM B MOBCEAHEBHOHN XKHU3HU OH
BCETJa OCTaBaJICs JETUKATHEHIINM U CKpPOMHEHIINM 4yeraoBekoM. OH HMKOTJa HE YKJIOHSJICS OT y4acTHs B 00-
IIECTBEHHBIX pab0Tax, CBOMCTBEHHBIX COBETCKOMY 00pa3y >KH3HH, KOTJa Hay4YHbIX PAaOOTHHKOB HEPEIKO MPH-
BJIEKaJM K yOOpKe yposkasi Ha KOJIXO3HBIX MOJISX, MOTPy3Ke, pa3rpy3Ke BaroHOB U mepedopke oBolel u GpyKTOB
Ha OBOLIHOM 0a3e, Ha OYUCTKY MPHJIETAIOIIEH K HHCTUTYTY TEPPUTOPHH OT MyCOpa WIIM CHETa M JbJa.

OH BHEMATEIHHO OTHOCHICSA K cBonM KoiiieraMm B mHCTHTYTe [IHUWCK nmenn B.A. KydepeHko, ToMHIT
JATBl POXKIEHUS MHOTHX COTPYJHHKOB, OCOOEHHO CBOMX CBEPCTHHUKOB MM MOJYMHEHHBIX, BCETAa MOAAEPKUBAI
MPOJIBUKEHUE CBOUX COTPYIHHKOB IO CIIy>KO€, IPH 3TOM «OCTaBasch B TeHW» caM. OH HaXOJIWJI TEIUIbIe CIIOBa
MO3JPaBJICHUS U HEPEIKO Jeall 3TO B CTUXOTBOPHOH (opme. Hukorna Hu o 4em He mpocuin pyKOBOACTBO MH-
CTHTYTa JUIs ce0sl, XOTsl O4YeHb LICHHUJI MPU3HaHWe, 0COOEHHO B Hay4HOU cdepe. EMy mprcBommm noyetHoe 3Ba-
HHE 3aCITy’)KEHHOTO JesiTens Hayku P® nuiip He3amonaro 10 CMEpTH, a BeAb OH ObUT JOCTOMH 3TOTO 3BaHUS IO
KpaiiHeil Mepe JieT Tpuauarh Hazal. ['eopruil AnekcaHIpoBUY JOPOXKHUI H30paHHEM B WICHBI-KOPPECIIOHICHTHI
Poccuiickoll akaileMHH apXUTEKTYPBI U CTPOUTEIBHBIX HAYK, XOTS 110 MHEHHIO MHOTHX €€ WICHOB, HECOMHEHHO,
ObUI TOCTOWH CTaTh €e ACHCTBHUTENbHBIM wWwieHoM. OH OBbUI MCKpeHHE OnarojapeH IMPEKIUH WHCTHTYTa 3a
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MpeOCTaBIeHNE eMy JINYHOTO KaOWHeTa, Tie OH MOT CIIOKOMHO padoTaTe W m3jaraTh Ha Oymare Te HaydHbBIE
MBICJIH, KOTOpPBIE HE OCTaBJISIIM €ro U B Hepabouee Bpems. Henb3s HE OTMETHTH, UTO BCS €0 Hay4dHas >KHU3Hb,
HAYMHAs C TIOCTYIICHHUS B acIUPaHTypy B 1948 T. v 10 caMbIX MOCIEAHUX THEW JKU3HU, OblIa CBA3aHA C €IHH-
crBenHol opranm3anueii — [IHUWCK nmenn B.A. Kydepenko, riae on npopabortan 56 monHbIX JieT. Hago takke
CKa3aThb, YTO B MOCJIETHHE TOABI CBOEH JKU3HU, HECMOTPSI HU HA YTO, HECMOTPS Ha (pakTU4YecKuil ymaaok Hayd-
HOW JICATENILHOCTU B CTPaHE, OH €XKEroJHO MyOIMKOBBIBAI 10 8—10 HAay4HBIX CTaTel, MpUYeM Kakjas u3 HUX
cojepKana NPUHIUIHAIBHO HOBBIE PE3YJIbTATHI.

Hayuno-tBOpueckoe Hacinenue ['.A. I'eHueBa, moaydeHHbIE UM PE3YJbTAThl TEOPETUUECKUX U IKCIEPU-
MEHTANBHBIX HCCIEIOBAaHUN HAIUTA U HAXOST Bce Ooliee MNPOKOoe IPUMEHEHHE TPU MPOEKTUPOBAHUY U pacye-
T€ OTBETCTBEHHBIX IPAXKIAHCKUX U MPOMBILUICHHBIX 30aHUI U COOPY>KEHUH, a TAaKXKE COOPYKEHUU CIIeUaTIbHO-
ro HazHadeHns. OH y4acTBOBaJ B NPOBEACHUU MPOBEPOYHBIX PACUETOB OCHOBaHUS M QyHIamenTa OCTaHKUH-
CKOIl TeneBU3HMOHHON OantHu B MOCKBe, B OIIEHKE MPOYHOCTH MOKPHITHSA bonbInoil criopTuBHOM apeHsl B JIyx-
HUKaX, pabotan B coctaBe komuccu PAACH mo HayyHOMY CONPOBOXKIICHHIO PadOT IO BOCCTAHOBIICHUIO XpaMa
Xpucta Criacurens U psfie APYTUX YHUKATBHBIX 30aHIH H COOPY KCHHM.

O6nanast OorpOMHBIM HAyYHBIM aBTOPHTETOM B 00JAaCTH MEXaHUKH Pa3IMYHBIX MATEPUAIIOB U KOHCTPYK-
LM, OH HUKOT/Ia HE HaBSA3BIBAJ KOJUIETe, COOECEJHUKY CBOETO MHEHUS MPH 0OCYKACHUHU TOTO MM HHOTO Hay4Y-
HOTO Bompoca. B paboTe co cBoMMH YYEHHKAMH U aCIIMPaHTAMHU OH BBIOMpAN CTWIh cOTpyAHn4YecTBa. OH Jenu-
KaTHO BBICKA3bIBAJ CBOE MHEHHE, BCETa BHICTYIIIMBAII MHEHHE COOECeIHNKA, €CITH HE COTIIAIIAIICS, TO apTyMeH-
THPOBAaHHO Bo3pakanl. Takol cTuib paboOThl KO MHOTOMY 00s3bIBasl. Kaxkelid, kTo padortan ¢ I'eopruem Anek-
CaHIpPOBUYEM, CTApAJICS MPOSIBUTH CBOU JIyUILIME KAaYeCTBA U 3HaHUs. Takoil CTUIb COTPYAHUUYECTBA C KOJIJIEra-
MU, YICHUKaMH{ M aclipaHTaMH, 0e3yCcIOBHO, CITOCOOCTBOBAN JOCTH)KEHUIO HAYYHBIX pe3ynbTaToB. OH co3man
HeQOpMabHY0, U3BECTHYIO B CTpaHe M 3a pyOekoM Hay4yHYIO IIKONy. Ero y4yeHWKH — KaHAWIATHI U JIOKTOpa
HayK — paboTaloT BO MHOTHUX PETMOHAaX CTpaHbl U B CTpaHax 3apyOexbs. Paboras B Tex obmacTsx, rae pado-
tan ['eopruit AnekcaHIpoBUY, WK B JPYTUX, CMEKHBIX OONACTSIX, OHU TOPISATCS, YTO SIBIISIOTCS YUCHHKAMH
I'.A. I'erneBa, MpOAOIIKAIOT €TO JIEJI0 U BO BCEX OTHOIICHUSX CTAPAIOTCS OBITh TOCTOWHBIMU CBOETO YUUTEIS.

3akaouenue

[IpuBenenHbIll aHamu3 Hanboyee 3HAYMMBIX TyOnukanuii [.A. ['eHreBa moka3biBaeT, 4TO MOMyYeHHBIE B
HUX PE3YJIbTaThl YpE3BbIUAHO aKTyaJdbHbl U CETOJHA JJISl Pa3BUTHS COBPEMEHHBIX TEOPETUUYECKUX U MPUKIIA]-
HBIX HCCJEIOBAaHUN B PACCMOTPEHHBIX HAYYHBIX HaIpaBieHUSX. be30macHOCTh CTPOUTEIHHBIX KOHCTPYKIIHA,
3IAaHUI U COOPYKEHHUI He MOXKeT ObITh oOecriedeHa 0e3 ydeTa CBS3H BHOBB CO3JaBAEMBIX PACUETHBIX MOJelei
1 pa3BUTHUSA METOJIOB pacyeTa, B 0COOCHHOCTH YHCICHHBIX M YHUCICHHO-aHATUTHICCKUX, ¢ (PyHIaMEHTATbHBIMU
OCHOBaMH MEXAaHHUKHU TBEPAOTO MehopMHUPYyEMOro Tella, AMHAMUKA COOPYKEHUU, TCOPUU YIPYTOCTH, IPOIHOCTH
Y IUIACTHYHOCTU MATEPHAJIOB U JIPYTMMH 0a30BBIMU MMOJIOKECHUSAMHU J1e(hOPMUPOBAHUS U PA3pyIICHUS MaTepHa-
JIOB, KOHCTPYKUUNA U KOHCTPYKTHUBHBIX CHUCTEM, B TOM YHUCJIE U C UCIONb30BAHUEM OPUTHMHANBHBIX aHAIUTHYE-
CKHUX pEILICeHU, MOJy4eHHBIX B HAYUHBIX Tpyaax ['eoprus AnexkcanapoBuua ['eHrneBa u ero HayqYHOM IIKOJIBI.
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CKaTa ¢ HamnpaBJIIOIIUM 3JUIMIICOM PA3IUYHBIMH METOAAMH INPH Pa3IUYHBIX
Harpy3kax W yCJOBHAX omupanus. [IpencraBieH BBIBOA AU(QepeHIHATBHBIX
ypaBHEHMI paBHOBecUsl OE3MOMEHTHOH TeOopUU O0OJIOYEK Ul OIpeesICHUS
BHYTPEHHUX CHJ B TOPCE C HAIPABIAIOIIUM JJUIMIICOM IOJ IEHCTBUEM BHYT-
PEHHEro JaBleHUsA. AHaIUTUYECKUE PE3YNbTaThl CPAaBHUBAIOTCA C pe3ylbTaTa-

MU, MOJIyYEHHBIMH METOJOM KOHEe4HbIX 3neMeHToB (MKD) u BapuaunoHHO-
pasHocTHEIM MeTonoM (BPM). OnpeneneHsl mpeuMyIecTBa 1 HEAOCTATKU TPEX
METO/IOB pacyeTa U YCTaHOBIIEHO, 4TO pe3ynbTaTsl BPM TouHee no cpaBHEHMIO
¢ MKD, Ho nporpamMmmHoe obecnieueHre Ha ocHoBe MKD siBnsieTcst 6onee Motir-
HBIM HHCTPYMEHTOM JUTS BBITIOJTHEHUSI PacieTa KOHCTPYKIIHH.
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Introduction

The present paper is one more of a series of research articles on the study of the geometry and stress-strain
state of torses of equal slope with a directrix ellipse by various methods of analysis under different loads and
support conditions. To date, the authors have reviewed, analyzed, and drawn conclusions on the tensional state
of the torse under the action of a linear uniformly distributed load directed along the generatrix at the upper edge
of the shell [1], uniformly distributed load on the middle surface along straight generatrixes [2], and the shell
self-weight [3]. The works [1-3] study the problem with simple (movable) supports of the ellipse at the base.
The article [4] considers a rigid (fixed) support under the action of self-weight of the torse. A new structure in
the shape of a torse of an equal slope is proposed in [5], and new results in geometric studies are shown in [6; 7].

The development of modern technologies and innovative structural design and construction methods is
impossible without scientifically based methods of analysis, and research of mathematical and experimental
models [8—-10]. Along with numerical methods, there are also analytical methods for structures analysis, which
engineers use, due to their complexity, only for a narrow class of thin-walled structures and elements [11].

The finite element method (FEM) is a numerical method for calculating the stress-strain state (SSS) of
various types of structures. Due to the variety of finite element types and the possibility of modifying their sizes
and shapes, this method has undeniable advantages for the analysis of structures of complex shapes, with holes
or with stress concentration zones. The paper [12] proposes a method of shell design using triangular finite ele-
ments to increase the accuracy of the solutions. The work [13] reports an algorithm developed for strength analy-
sis of large span thin-walled structures in the geometric nonlinear formulation. However, the FEM in comparison
with the variational-difference method (VDM) does not consider the external and internal geometry for the de-
termination of the stress-strain state of thin-shell spatial structures of complex shapes with rapidly changing geo-
metrical characteristics [14].

The variational-difference method [15-17], also known as finite-difference energy method (FDEM) [15;
18-20], also belongs to the numerical calculation methods [21]. The VDM allows to consider the geometric pa-
rameters of the middle surface of shells for a more accurate determination of the SSS of the thin-shell structures.
The history of VDM development begins with Courant's proposal in 1943 [15; 22; 23]. Houbolt in 1958 [18; 24],
Griffin and Varga in 1963 [24; 25], Bushnell in 1973, and Brush and Almroth in 1975 [26] continued the deve-
lopment of this method. In the early 2000s Professor V.N. Ivanov and his PhD students developed SHELLVRM,
a computer software based on the VDM for determining the SSS of certain types of plates and shells with middle
surfaces described by analytical equations [14; 21; 27].

In 2015, Krivoshapko and Ivanov published the encyclopedia [28], where described over 600 analytical
surfaces. Among an extensive variety of analytical surfaces, the torse shells of equal slope have a distinctive
characteristic of unfolding onto a plane without folds [27]. This class of surfaces is used in many areas of indus-
try [29; 30].

Method

Torse shell of equal slope with an ellipse at the base

A straight line moving in the normal plane of a flat directrix curve with a constant angle of inclination
to the normal plane of the directrix forms a ruled surface of equal slope. The torse surface of equal slope with
an ellipse at the base (Figure 1) is formed when the ellipse is set as a flat directrix curve. The basic properties of
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the surfaces of an equal slope are described in [11; 27]. These surfaces are surfaces of zero Gaussian curvatu-
re (K = 0) and also belong to the Monge surfaces [27].
The directrix ellipse is defined by parametric equations [11]:

x=x(Wv)=acosv,y=y{)=bhbsinv. (1)

The parameters a and b are the dimensions of the semi-axes of the directrix ellipse, and the parameter v is
within 0 < v < 2m.

Q)
4
|

Figure 1. Torse shell of equal slope with an ellipse at the base

The parametric equations of the torse of equal slope with an ellipse at the base are [11]

ubcosacosv

H
Va?sin?v + b2cos2v

x = x(u,v) = acosv —

uacosasinv

- )
Va?sin2v + b2cos2v

y = y(u,v) = bsinv —

zZ = z(u) = usina. (2)

The coefficients of the basic quadratic forms of this surface and its main curvatures are [11]

A=1; B=p/2—y—; F=0; L=M=0;
u
N_Babsina b =k =0 = k _absina 3
=B—— 1=k = 0; =k == 3

where p = u(v) = a?sin? v + b? cos? v; B = ab cos a.

In this research the momentless theory (MLT) of shell analysis, the variational-difference method and
the finite element method are applied to study a thin torse of equal slope with a directrix ellipse under the action
of a uniformly distributed load ¢ = 1 kN/m? directed along the normal to the middle surface of the torse (internal
pressure) (Figure 2). Consider the torse with the following geometric parameters ¢ =3 m, » =2 m, o = 60° and
u = 2 m. Boundary condition at the level # = 0 m is simple (movable) support and free edge is at the level
u=2m.
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Figure 2. Torse under the action of internal distributed surface load

To determine the parameters of the stress state of the torse (Figure 2) the momentless theory of shell ana-
lysis, the SHELLVRM program based on the VDM and the SCAD Office software based on the FEM are used.

Differential equations of equilibrium of a momentless torse shell

To determine the normal and tangential forces under the action of a uniformly distributed load acting
in the direction normal to the middle surface of the torse (Figure 2), we obtain differential equations of equilibri-
um of the momentless theory in orthogonal curvilinear curvature lines [11]:

a(BN) aBN +16(A25)+ABX—0'
ou Yogu'? Aov v
0 0A 10
_ _ —_ (R2 -0
30 (AN,) ™ N, + B0 (B?S) + ABY = 0;
N, Ny
—+——-Z=0.
R, Ry 4)

For this type of applied load on the studied torse of equal slope (Figure 2), we have X = Y = 0 and
Z = q. The differential equations of equilibrium (4) are simplified as follows:

d (BN,) aBN +aS
ou Yoou U ov

oN, 10
F™ +§£(B S)=0;
Ny Z=0
R, ' (5)

The forces S, N, are equal to zero, i.e. S=0 and N, = 0 at the level u =2 m.
From the third differential equation of the system (5) we obtain an expression for the normal force Ny:

3
-1 (B,
tanal B

(6)

v

From the second differential equation of system (5) we obtain the expression for the tangential force S:

S = % [— f B(u,v) 661:,: du + Xl(v)] . @)

Here X, (v) is an arbitrary function of integration.
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N, 3q 1 (a% - b?)
= 2 si . e ———— 8
ov ZSinO((pu SinZv; ¢ ab ’ ®
1 u’B u 1 1
[ B vdu = wi - = (Bw) +42) = 35 (0 - 52w, v) ©)

The arbitrary function of integration X;(v) under the boundary condition at the upper edge S = 0 at
u =1 =2 m must be equal to

3q : 1
X, (v) =m(psm2v (2nu—n28u 2). (10)

Equation (7) for obtaining values of the tangential forces S taking into account the value of the arbitrary
integration function X; (v) takes the following form:

1 3q

S=———
B?(u,v) 4sina

5 1 3
@ sin 2v [H73_1 —2nu+1*Buz - B*(y, v)ufB‘l] : (11)

From the first equation of the system (5) we obtain an expression for the normal force N,

1 0B (u,v) A
M= B w U( ou Nv_a_v>d“”2(”)]- (12)

Here X, (v) is an arbitrary function of integration.
Performing the integration by parts of the terms of expression (12) we have

0B (u,
j—g; v) N,du = 0(25(“ B%(u,v)). (13)
as 3 1 3
v w= 4B Zi(fla [2 cos 2v (B(u V) f) + u;ﬁ) +
_ (a? — b?) 1 1
+sin?2v 5 (Bz(u, - &) + Bl )53(1]) + 3uu2)] (14)
where
[ 7
z 1
&) =~ %— 21 + pzn?B|;
) 3,3 )
&) =— 6u%n —%— 3n*B|;
5
$3(v) = 9i2—12w1 n B
P 2 (s)

The arbitrary function of integration X, (v) under the boundary condition N, = 0 at the upper edge u =2 m
must be equal to
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@
Xo0) = e = B0, 0)) + 260520 (s, (0) 4 ) +

_ (@>-b%), 1 1
+sin?2v 5 (B( )2 &) + B v )Eg(v)+3nu2)]

(16)

Taking into account the value (16) of the arbitrary integration function X, (v), the equation (12) for calcu-
lating the values of normal forces N, takes the form

1

Ny = B(u,v) {tga 2B (B?(u,v) = B*(v)) +

3q@ 1 1 3
* 4Bsina [2 cos 2v (El @) (B(n, V) B B(u, v)) +wln = u)) *

+sm22v—(§2 () (BZ(T]' v) Bz(u, v)) *

1 1
+85(v) <B(n, B, v)) +3w2(n - u))] : a7

To find results of forces N, (6), S (11) and N, (17), we use the software Mathcad.
Stress state investigation of the torse by the FEM and the VDM

For the first analysis, the SCAD Office computing complex is used. Figure 2 shows the computational
model of the torse with approximation of the middle surface by quadrangular plane elements with maximum side
size of 0.228 m.

For the second analysis, the program SHELLVRM is used. This program also allows us to implement
the conditions for the momentless state of the shell and the grid is similar to the grid in SCAD.

Results and discussion

The results of the analytical analysis (MLT) are compared with the results of two numerical analysis (by FEM
and VDM) for 11 cross-sections (Figure 3).

Figure 3. Cross-sections of the torse to compare the results
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The maximum deviations of the results of normal force N, by MLT from the results by FEM and VDM in
section 1-1 are 26.7% (Figure 4), in section 2-2 — 21.7%, in section 3-3 — 28.3%, in section 4-4 — 34.7%, in sec-
tion 5-5 — 22.4%, in section 6-6 — 9.7% (Figure 5), in section 7-7 — 2.6%, in section 8-8 — 2.8%, in section 9-9 —
4.1%, in section 10-10 — 4.5% and in section 11-11 — 4.7%. It should be noted that the maximum deviations are
in the nodes with coordinates ¥ = 0 m, ¥ = 1.8 m and u# = 2 m, in other nodes the deviations do not exceed 5.7%.
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Figure 4. Comparison of numerical results for normal force N, in section 1-1
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Figure 5. Comparison of numerical results for normal force N, in section 6-6
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Figure 6. Comparison of numerical results for tangential force S in section 3-3
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The values of the tangential force S in sections 1-1 and 11-11 are equal to zero by all calculation methods.
The maximum deviations of the results of the tangential force S by MLT from the results by FEM and VDM in
the nodes with coordinates u =1.4 m, u = 1.6 m and u = 1.8 m are 112.4% in section 2-2, 62.9% — in section 3-3
(Figure 6), 23.4% — in section 4-4. In the remaining nodes of sections 2-2, 3-3 and 4-4, the deviations do not ex-
ceed 9.0%. The maximum deviations in section 5-5 are 3.2%, 7.4% — in section 6-6, 9.1% — in section 7-7,
7.7% — in section 8-8, 5.6% — in section 9-9 (Figure 7) and in section 10-10 the maximum deviations are 4.1%.
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Figure 7. Comparison of numerical results for tangential force S in section 9-9
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Figure 8. Comparison of numerical results for normal force N, in section 5-5
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Figure 9. Comparison of numerical results for normal force N, in section 11-11
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The maximum deviations of the results of the normal force N, by MLT from the results by FEM and
VDM are 59.0% in section 1-1, 27.1% — in section 2-2, 23.1% — in section 3-3, 32.7% — in section 4-4, 25.8% —
in section 5-5 (Figure 8), 10.8% — in section 6-6, 11.1% — in section 7-7, 37.6% — in section 8-8, 33.1% — in sec-
tion 9-9, 27.1% — in section 10-10, and 18.6% — in section 11-11 (Figure 9). The concentration of the greatest
deviations is in the upper zone of the shell in sections 1-1 — 5-5 at the nodes with coordinates u = 1.40 m,
#=1.60 m and # = 1.80 m. Also, in sections 8-8 — 11-11, the maximum deviations of the results appear in
the regions of the transition from the stretched into the compressed zone of the shell.

The general stress state of the torse shell under the action of internal pressure is shown in Figures 10—12.
All the contour graphs are obtained in the SCAD Office software.
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Figure 10. Normal stress o(V,) by FEM, kN/m?
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Figure 12. Normal stress 6(N.) by FEM, kN/m?

Comparison of the obtained forces by different analysis methods shows good convergence. The largest
deviations of the values of the normal forces N,, N, and tangential force S are localized at the nodes with coordi-
nates u = 0.00 m, ¥ = 1.80 m and u# = 2.00 m. Deviations of the results at the nodes with coordinates # = 0 m
can be explained by the fact that in the momentless theory only the boundary condition at the upper edge of
the torse (u = 2 m) is considered.
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Analytical results of the forces N, and S under the action of uniform internal pressure at the nodes of all
sections with coordinate # = 2.00 m should be N, = 0 and S = 0, which is confirmed by the rules of strength of
materials. However, the values of forces N, and S of FEM and VDM are different from zero, at the same time,
the results of VDM are more accurate as compared to FEM.

The greatest deviations of the values of normal forces A, along curvilinear directrixes and N, along
straight generatrixes are concentrated in the upper free edge of the torse in sections from 1-1 to 6-6. Similar re-
sults have been obtained in [2—4]. When analyzing the geometry of the middle surface of the torse, we see
that this region of the shell has the greatest change in the radius of curvature along the curvilinear directrixes.
As is known, a smooth change in the geometry of the middle surface is one of the conditions for the application
of the momentless theory. The momentless theory allows us to take into account only normal and tangential
forces, and transverse forces and moments also affect the overall picture of the stress-strain state. Moreover,
the correct choice of the finite element size (mesh) affects the accuracy of analysis using FEM and VDM [15].
It is noted that comparison of the results of VDM and FEM analysis for identical meshes shows similar accuracy,
and in some cases VDM gives even more accurate results [14]. Thus, the influence of middle surface geometry
and choice of finite element dimensions (mesh) are topics for further investigation of the stress-strain state of
a class of torse shells of equal slope.

Conclusion

The application of the analytical method to solve the problem of determining the internal forces in
the torse under the action of internal pressure turned out to be a labor-intensive task. Comparison of the results of
the analytical method with two numerical methods (FEM and VDM) shows good convergence, indicating that
the derived differential equations of equilibrium and expressions for determining the numerical values of forces
Ny, N, and § are correct. The SHELLVRM and SCAD programs simplify this task. However, the SHELLVRM
program is not distributed, and it is difficult to implement the momentless condition of shell in SCAD. In this
paper, when choosing a method for solving the problem, the preference is the SCAD program, which is most
universal for solving a research problem.

The values of normal forces N, and N, indicate that this torse shell of equal slope with ellipse at the base
works mainly in stretching. Taking into account the results of the stress state of torse and the properties of this
class of surfaces to be unfolded on the plane without folds and breaks, it can help distribute this class of shells
for the design of various buildings and structures among architects and designers.
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