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MeToa KOMIIEHCHPYIOIIUX HATPY30K /IJIsl PelleHus 3a1a4 0 HUKJINYEeCKA CHMMETPUYHOM
M3rude aHN30TPONHBIX MJIACTHH, KOHTAKTHPYIOLIMX ¢ YIIPYTHM OCHOBAHHEM

E.b. KopeneBa

Mockosckoe gvicuiee 00uedolicko8oe KoManoHoe opoerog Jlenuna u Oxmsabpuvckoii Pesonoyuu Kpacrnosnamennoe yuunuwe,
Poccuiickaa ©edepayus, 109380, Mockea, yn. I'onosauesa, 0. 2
elena.koreneva2010@yandex.ru

Hcrtopus cTaTbu AnHoTanus. L{enp uccnenoBaHusi — MOCTPOCHUE TOYHBIX aHAUTHYECKHX pe-
[octynuna B pegakuuto: 30 aBrycra 2020 r. IIEHUH 3a/1a4 CTAaTMKU aHU3OTPOIHBIX IJIACTHH, HAXOISAIIMXCS MOJ IEeHCTBUEM
Jopaborana: 3 pespans 2021 r. LUKIMYECKH CUMMETPHYHBIX BO3JEHCTBUI U JIEKAIIUX HA YIPYTrOM OCHOBaHMHU.
[punsTa k myonukanuu: 10 mapra 2021 1. Jyis pelieHus: OCTaBICHHBIX B PadOTe 3a/1a4 MCIIOIb3YETCsl METO]] KOMIICHCH-

PYIOLIMX Harpy3oK, OINpPEeAessIOTCS OCHOBHOE M KOMIIEHCHPYIOIINE pEIICHUS.
st HaxOXKACHUS PEIIeHUI HCIIONb3yeTCsl HOBBIM IpPHEM, CBSI3aHHBIA C IpHUMe-
HeHneM ypaBHeHUs HuibceHa. C MOMOIIBIO METO/Ia KOMIIEHCHPYIOIIHUX Harpy-

Jlast IHTHPOBAHHST 30K BIEPBBIE MOJyUYEHBI TOUHBIE aHATMTHUECKUE PENICHHUS Ul 3a1a4 00 aHM30-
Kopenesa E.B. MeTo1 KOMIICHCHDYIOLIHX TPOMHBIX MIACTHHAX, OYEPHCHHEIX KPYTOBBIM KOHTYPOM, NEXKAIIMX Ha YIPYroM
HATPY30K JUIsl PELIeHMs 3324 O LUKIHYe- OCHOBAHMU IIPY PA3JIMYHBIX YCIOBUAX ONUPAHUS U IPU JEHCTBHU LUKIMIECKH
CKH CHMMETPHYHOM H3IHOE aHH30TPOIHBIX CHMMETPUYHBIX HAarpy30K, PacIpeeJIeHHBIX BJIOJIb OKPYKHOCTH M IO IUIOIATH
[LIACTHH, KOHTAKTHPYIOLIAX C yIPYTHM OC- xonbua. Taxke paccMaTpuBaeTcs 3aja4a O pacyeTe HEOrPAHMYIEHHOM IIJTACTUHBI,
HoBaHueM // CTPOMTE/IbHAS MEXAHHKA MH- JieXxallel Ha yIpyroM OCHOBAaHMM M MMEIOIEH KpyroBoe oTBepcTHe. Pemenns
JKEHEPHBIX KOHCTPYKIH U COOPYKCHHUIL. HOTyYeHBI B 3aMKHYTOM BHJIE U BRIpaKeHHI B QyHKIUAX beccens.

2021. T. 17. Ne 2. C. 99-111. http://dx.doi.org/

Knro4eBble ¢j10Ba: aHU30TPOIIHBIE IUIACTHHBI, METOJ, KOMIIEHCH UX Harpysok,
10.22363/1815-5235-2021-17-2-99-111 P 8 PYIOHI HATPY

ynpyroe ocHoBanue, Gpynkuun beccerns

The method of compensating loads for solving of problems of cyclic symmetrical flexure
of anisotropic plates, resting on an elastic subgrade

Elena B. Koreneva

Moscow Higher Combined Arms Military Command School Holding the Order of Lenin, the Order of the October Revolution
nd the Order of the Red Banner, 2 Golovacheva St, Moscow, 109380, Russian Federation
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Article history Abstract. The purpose of the study — receiving of exact analytical solutions of
Received: August 30, 2020 statics problems of anisotropic plates, resting on an elastic subgrade and subjec-
Revised: February 3, 2021 ted to an action of cyclic symmetrical loads. The method of compensating loads
Accepted: March 10, 2021 is used for solving of the formulated problems. The basic and the compensating
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For citation solutions are determined. The new approach, connected with the use of Nielsen’s
Koreneva E.B. The method of compensating equation for receiving of the solutions, is applied. For the first time by means of
loads for solving of problems of cyclic the method of compensating loads the exact analytical solutions of the cycle sym-
symmetrical flexure of anisotropic plates, me;tric ﬂexgre of anisotropic ci.rgular plates, resting on _the elastic subgrade, are re-
resting on an elastic subgrade. Structural ceived. Vapous boundary COl’ldlltIOIIS and the loads, d1str1buted al.on.g CJI.cumferenc.es
Mechanics of Engineering Constructions and and over ring surfaces, are considered. The problem of anlsotroplc_mﬁmte plate with
Buildings. 2021;17(2):99-111. (In Russ.) the circular opening, resting on the elastic subgrads:, is also examined. Au the solu-
http://dx.doi.org/10.22363/1815-5235-2021- tions are obtained in the closed form and expressed in terms of Bessel functions.

17-2-99-111 Keywords: anisotropic plates, method of compensating loads, elastic subgrade,

Bessel functions

BBenenune

[TmacTHHBI TOCTOSTHHOM U MEPEMEHHOW TOJIIMHBL, a TAK)Ke 000JIOYKH BPALICHUS HAXOMAAT IIMPOKOE MpPH-
MEHEHHE B Pa3IUYHBIX 00JACTSAX: B CTPOUTENBHON TEXHHKE, MAIIMHOCTPOCHUH, aBUAaCTPOCHHU. B yacTHOCTH,
(byHIaMEHTHBIC IUIUTHI U MEXKIY3TaXKHbIC IEPEKPBITHS COOPYKEHUH, MMEIOLMX B IJIaHE KPYroByio (GopMy, mpen-
CTaBJIIFOT COOOH KPYTIIylO MM KOJBLEBYIO IUIUTY NEPEMEHHOM MM MOCTOSHHON TonumuHbl. Cpenu nomoOHBIX
COOpPY)KEHHH cJIelyeT Ha3BaTh TEJICBH3MOHHBIC U BOJOHAINOPHBIE OAIHU, JHIMOBBIC TPYOBI, HMIMHAPHYECKHE
pesepByapbl. [logoOHbIe 3a1a4M BO3HUKAIOT B MALIMHOCTPOCHHUU INIPH pacueTe TYpOMHHBIX OHCKOB, JoHacTeil
TypOOMaIINH, TUCKOBBIX MPYXKHH.

[Ipu 3amure coopykeHHH OT HeKeIaTeIbHOTO YPOBHS BHOpaluil ynmoTpeOsaioTcs TapeiabdyaTbie BUOPO-
M30JIATOPBI, OCHOBHBIMH KOHCTPYKTHBHBIMH 3JIEMEHTAMU SBIISIOTCS KPYyTJible, @ MHOTAA U MPAMOYTOJIbHbIE TUIa-
CTHHBI IEPEMEHHON TOJILIMHBI U UX CUCTEMBI.

OTHM BOmpoOcaM IMOCBSIIEHa BechbMa OOIIMpHas nuTeparypa. HazoBem, B dacTHOCTH, MOHOTpaduu [1]
U [2], B KOTOPBIX OTpPa)KeHbl MHOTHE BOIMPOCHI TEOPHU IMJIacTUH U obonouek. B [3] paccmarpuBaeTcs MUpPOKUA
KPYT' BOIIPOCOB pacyeTa OpPTOTPOIHBIX U M30TPONHBIX IUIACTHH PA3IMYHbIX OUEPTaHUN MPU ICHCTBUH CIIOKHBIX
Harpy3oK, IPUMEHSIOTCS TOUHbIEC AaHATUTHYECKUE METOMBI.

B nacrosiee Bpemst CyIecTBYIOT MOITHBIE TIPOTpaMMHbIE KOMIUIEKCHI, TO3BOJISIONINE U3y4yaTh paboTy mo-
JOOHBIX KOHCTPYKLUMA. [IINPOKO HCTIONB3YIOTCS YHCIIEHHBIE METOABI, B YaCTHOCTH METO]] KOHEUHBIX JIEMEHTOB.

B [4] uccnenyroTcst BOIPOCH! NOTEPU yCTOWIMBOCTH OPTOTPOIHBIX IUTACTHH C Pa3IMYHBIMUA IPAaHUYHBIMH
ycnoBusiMu. B [5] nzyuarotcst konebaHHUs CIOUCTHIX IJIACTUH, B [6] — BOIIPOCH BUOpAIMK H30TPOIHBIX U OPTO-
TPOIHBIX MPSAMOYTOJIBHBIX IUTACTUH JTUHEHHO-TIEPEMEHHOM TONIIUHEI.

C mOMOILBI0 YHCICHHOTO MeToAa B [7] MpOM3BOAMTCS OLIEHKA HKCIEPUMEHTAJIBHBIX HCCICAOBAaHUN BO-
IIPOCOB YCTOHUYMBOCTH ITOJIOTMX KOHUYECKUX 000I04€EK, HAXOASIIMXCS 1101 AEHCTBUEM BHEIIHETO JIaBJICHHS.

B [8] paccmarpuBatoTcst cBoOOAHBIE KOJIEOaHUs IONACTH NEPEMEHHON TOJILIUHBI IPU POU3BOJILHBIX Ipa-
HUYHBIX ycnoBusix. Crathst [9] mocBsieHa pacdeTy HpsIMOYTOJIBHOW IUIACTHHBI MOA JEHCTBHEM TePMOMEXaHHUIe-
cKkoit Harpy3ku. C ITOMOIIBI0 METOa KOHEUHBIX 21eMeHTOB B [ 10] mpon3BoANUTCS OIICHKA PadOTHI JIOMIACTH BETPOBOM
Typ6unbl. O00JI0YKY U3 HaHOMaTepuaia n3ydarorcs B [11]. Bubparun ciioncTsix miactid — B [12].

C noMonIpo NpUOIMKEHHOTO aHAIMTHYECKOTO METOa JACKOMIIO3UIMU ypaBHEeHUH B [13] uccnexyrotes
HEKOTOpBIE 3a/1a4l CTATHKH, KOJICOaHUH U YCTOHYMBOCTH TOHKOCTEHHBIX KOHCTPYKIMNA. TOUHBIE aHAINTHYECKHE
peleHus 3a1a4 paciera KOMOMHUPOBAHHBIX MJIACTUH KyCOYHO-TIEPEMEHHOI TOJIIMHBI MTOTYy4YeHbI B [ 14].

OnHako MHOTHE 33/1a4M CTATHKH M KOJEeOaHWH aHU30TPOIHBIX IUIACTHH €IlIe He PacCMOTpeHbl. B HacTos-
el paboTe U3ydaeTcs BeCbMa aKTyallbHas MpoOsieMa pacueTa aHM30TPOMHBIX KPYIJIBIX IUIACTHH, KOHTAKTUPY-
IOLIMX C YIPYTMM OCHOBAHUEM IIPH JICHCTBUHM HAa HUX IUKINYECKH CUMMETPUYHBIX Harpy3ok. s pemeHus mno-
CTaBJICHHOW 3a/layM HUCIIOJIb3YyEeTCsl MEeTO KoMmneHcupyoomux Harpy3ok (MKH); ctpoutcst ocHOBHOe pelieHue,
YAOBIIETBOpSIOLIEE paspelaromemMy auddepeHnnanrsHOMy ypaBHEHHIO, U KOMIIEHCHPYIOLIEE PELIeHUE, KOTOPoe
B CyMME C OCHOBHBIM PEIICHUEM YAOBJIETBOPSIET TAKXKE ITPAHUYHBIM YCIOBUSAM. M3yuaercs neiicTBUe pa3phIBHBIX
Harpy30K M pa3ngHbIe ycIoBHs 3aKkperuieHus. [lomyyeHo pemenue 3agaun 06 aHU30TPOITHOW HEOTPaHUYEHHOMN
TUTACTUHE C KPYTOBBIM OTBEPCTHEM.

Pazpemaromee nuddepeHunansHoe ypaBHEHHE 3a1a41 O KPYTJIOH IIacTHHE U3 aHW30TPOITHOTO MaTepua-
Ja, B OTIIMYHUE OT CITy4asi H30TPOIHOW TUIACTHHBI, HE pacliajaeTcs Ha JIBa B3aUMHO CONPSDKEHHBIX TU(PepeHIIn-
ANBHBIX YPaBHEHUSI BTOPOTO MOPAAKA, KaXk10€ U3 KOTOPBIX HHTerpupyercs B pyHkuusax beccenst. Hike ucnomnb-
3yercsi Apyrow mpHeM, CBSA3aHHBIM C MOJY4YEHHEM pEIICHUs B LMIMHApHYecKHX (yHKuusax. Beogurcs B pac-
CMOTpeHHe ypaBHeHue HunbceHa, mo3Bossoliee MOIyuuTh HHTETPal ONPEAEIeHHOro g depeHnnaIbHOro ypas-
HEHUS Y€TBEPTOTO MOPAIKA B IIINHAPHIECKUX (PYHKIHAX.
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IlocTanoBka 3agaun

PaccmoTtpum 3a7ady 0 HUKINYECKH CUMMETPHYHOM H3THOE KPYIJION aHM30TPOITHOM TTACTHHBI, JIeXKalei
Ha YIPyroM OCHOBaHMHU. B 3TOM ciydae nedopmManiy B IIacTUHE U3MEHSIOTCS 110 3aKoHaM cos k O unn sink 6,
(k =2,3,...). llogoOHBI# U3rKO BHI3BIBAETCS CAMOYPABHOBCIICHHOW KOHTYPHOH M IMOBEPXHOCTHOW HArpy3KOM
BUJIA

Q(®) = Qi coskb, M(0) = M, cosk6, )
q(r,0) =q,(r)coskb, (k=2,3,4, ...), 2)

rae Q(0) m M(0) — MHTEHCHUBHOCTh KOHTYPHOU MOIEPEYHOW CHIIBI M KOHTYPHOTO HM3THOAIONIET0 MOMEHTA;
q(r,0) — UHTEHCUBHOCTH pacIpeesCHHbIX 10 MOBEPXHOCTH MONEPEUHBIX CHI; Q, M), — MOCTOSIHHBIC BEIUYH-
HBIL, ¢4 () — QyHKIUSA TOJTBKO TEPEMEHHOM 7.

[ukmuueckn CHMMETPUYHBIA N3rH0 MOKET BO3HUKHYTh, KOTAa Ha (DYHIAMEHTHYIO IUIUTY Harpy3Ka CBepXy
nepefaeTcs Yepe3 paBHOOTCTOSIIUE OTIOPEI.

[MpuBenem muddepeHraIbHOE ypaBHEHHE, OMHMCHIBAIONICEe MUKINYECKH CHMMETPUYHYIO AeQOpMaIHIo
KPYIJIO aHM30TPOIHOW IUTACTHHBI, JIekKaIeH Ha yIpyroM OCHOBAaHHH, CBOWCTBA KOTOPOT'O OMHUCHIBAIOTCS MOJIE-
neto Buakitepa. [1oiroxuM, 9T0 MaTepHall IIIACTHHBI 001a1aeT MIIMHIPHIESCKON aHU30TPOTIMECH U SBIIIETCS Op-
ToTponHbIM. [Ipu BHeIIHEN Harpy3Ke, onpezenseMoil BopaxenueM (2), umeem [3]

D 0*w  203W  n?0%w n26W+2(cl+0) 0*W  2(cy +0) 33w
ort rord3 r2orz 3 or 2 9r2902 3 9roo?

2(ci+o+n?) 32w = n? 9tw

4 302 ' 7+ 90

} + kW = q(r,0), (3)

3nech D — mMAMHApPUYECKas KECTKOCTh; ¢ — KoadduuueHt Ilyaccona; k; — KoappULIuEHT TOCTENH; napamMeTp
2

n‘ = nyn, onpenenseTcs u3 coornomenwi [3], [15].
E c
Er:n—z,EezEnz, Or =300 =G; 4

¢, = 2(n? — 6%)G,y/En,.
Bynem passickuBath pemieHre 0JHOPOJIHOTO YPaBHEHHUS, COOTBETCTBYIOIIETO (3), B BH/IE
W(r,0) =w(r)coskb. ®)
[Moacrassist (5) B (3) 1 mpuBOASI MOAOOHBIC YWICHBI, TIOTYIUM

d*w  2d3w  n?+2(ci+o)k? d?w | n?+2(ci+o)k? dw n n?k*-2(cy+o+n?)k?

ar* = rars 2 dr? 3 ar r4

Dn, ( W) + kiw =0. (6)

B pesynbrare paga npeoOpa3oBaHHi MOIYyYUM CIEeOyIOLIEe pa3peliaiolniee ypaBHeHUE:

d*w dw d*w
r*—+2r3——— (n? + 2(c; + 0)k?) x r? 7

dw
2 2y,
It 173 + (n* + 2(c; + 0)k*)r I +

kT

Dn,

+k?(n%k? = 2(c; + o+ n?))w + w = 0. (7

ITpuBeneM BelpaskeHMs U1 N3HOAIOIUX U KPYTSIIMX MOMEHTOB, a TAK)KE MONEPEYHBIX CHUJI U KPYTJIOHN
OpPTOTPOITHOM TIACTUHEI [16]:

a’w 10w | 1 9%w
M, = —Dn, <F+ 0(;¥+72W)>’ ®)
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2w 10w 1 0%w
My = ( (r or T 72 002 )> ©)
a (1w
Myg = My, = =Dnyc - (250), (10)
_ 10°W  n? 0w | (otcx) 33W  otcx4n® 0PW dD[ aZw oa W]
Q N2 [D [6r3 r or? r2 or r2  9rd0* r3 902 r r or? r 90% (11)
Q= -Dny 2 (cx+0) X + L I 00y ok L (22Y) (12)
0= 25 90 arz ' r 90 ' 12 962 ar 2% " ar \r 90

THE C *= CqNy.

Omnpenenum pemenne nuddepennnansaoro ypasuenus (7). Kak Obuto yka3aHo BbIIe, B OTJIIMYHE OT CIIY-
YyaeB, PACCMOTPEHHBIX paHee B JIUTEpaType, Uil PelIeHus 3a1a4 O IUIaCTHHAX, CACTaHHBIX U3 U30TPOIHOIO Mare-
pHana M JIeKalMX Ha YyIPYroM BUHKJIEPOBCKOM OCHOBAaHMH NpPHU IEHCTBUU HEOCECHMMETPUYHBIX HArpy3ok [9],
paspelnaroiiee ypaBHEHHE HE PaclagaeTcsl Ha 1Ba CONPSDKEHHBIX YPaBHEHUS! BTOPOTO MOPAIKA, KaXI0€ U3 KO-
TOPBIX MHTETpHpYeTca B GyHKUMsAX beccens. B pabote ncnonb3yeTcs HOBBIN npueM: K03 GUIMEHTHI pa3pera-
tomero auddepeHiuansHoro ypaHenus (7) OyaeM conocTaBisTh ¢ kKo3ddunuentamu ypaBHeHus Hwuibcena,
KoTopoe umeeT Buf [16; 17]

~ 0, (13)
3/1ech
Az = 6 —4a —4c,
Ay =2(a®>—p?cH+4(a+c—1D*+4(@-1) x(c—-1)—-1,
Ay =[2(02c? —a?) — 2a—1D(2c—D]Ra+2c - 1),
Ay = (a? — p2c?)(a? + 4ac + 4c? — p%c?) — bctrie,

Kax m3BecTHO, ypaBHeHue Hubcena nnaterpupyercs B GyHKnuax beccemns [18-20]. B pesynbTare como-
craBnenns ko3hdunuentos (7) u (13) nmeem

6 —4a —4c = 2,
2(@> —p?cH +4(a+c—1D)2+4(@a—-1) X (c—1)—1=-n%—2(c; +0)k?

2(p?c? —a®) — (2a — 1)(2c — 1) x (2a + 2¢ — 1) = n® + 2(c; + 0)k?, o

(a? — p2c?)(a? + 4ac + 4c? — p2c?) — b*c*r* = k?(n?k? — 2(c; + o +n?)) + Dler“;
2

OTCIOJIa TTOJYYNM CIEYIOIIHe 3HAUYCHNUS TTapaMeTPOB, IPH KOTOPBIX PELICHHS 331a4i TOJy4YaroTCsl B IIMITHHAPH-
4eCKUX (DYyHKIUAX:

c=1bp="*12 15
; ; (15)

Dn,

a=0;p=0wmmp==2.
[IpuBenem pemienue ogHOponHOTrO ypaBHeHHs (7), mocraBiseMoe ¢yHkuusiMu beccens. B 3aBucumoctn
OT 3HaUEHHS TapaMeTpa |L 3TH PELIeHUs] MOKHO 3aIllucaTh CISAYIOMUM 00pa3oM:
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—npup =0

w = (CyJo(br) + CoYo(br) + C31y(br) + C4Ko (b)) cos k 6; (16)
—npu p = +2

w = (B, (br) + Byv,(br) + Bsf, (br) + B4g,/(br)) cos k0. (17)
Hanee, ucrons3ys popmydst (8)—(12), onpeaenum ycuims.

MeTox KOMIEHCHPYIOIINX HATPY30K
Ocnognoe peuwienue

Jlns penieHus MOCTaBICHHOM 3a/laul IPUMEHUM METOJ| KOMIIEHCUPYIOIIUX Harpy3okK. PaccMoTpuM nei-
CTBHE PA3IUYHBIX LUKIWYECKH CUMMETPUYHBIX HArPYy30K U Psif YCIOBUM 3aKpeleHus KoHtypa. Takxke uzy-
YUM 3a/ady O pacdeTe HEOrpPaHWYEHHOW aHW30TPONHOM IIACTHHBI C KPYTOBBIM OTBEPCTHEM IIPH HEOCECHM-
MeTpu4HOH Harpyske. s ucnonszoBanust MKH TpebyeTcst MOCTpOUTH OCHOBHOE M KOMIIEHCHPYIOIIEE pellie-
HUsl. OCHOBHBIM Ha30BEM TaKO€ pELICHHE, KOTOpOe YIOBIETBOpseT nu(depeHInalbHOMY YPAaBHEHHIO H OJ-
HOBPEMEHHO UMEET HeOOX0IuMBbIE 0COOEHHOCTH, KOTOPBIE COOTBETCTBYIOT BHEIIHEH HArpy3Ke, AeHCTBYIOLICH
Ha NJjacTUHy. B OOJBIIMHCTBE CiyyaeB OCHOBHOE PELICHHE MOXET PacCMaTpUBATHCS KaK PEIIEHHE 3aJadu
0 HEOTpaHWYeHHOW B IUIaHe MiacTHHe. OJHAKO OCHOBHOE pEIIeHHE HE MOXET YJOBJIETBOPSATh T'PaHUYHBIM
YCIIOBHSIM, €CIIM paccMaTpUBaeTcd 3ajada O MIACTHHE, KOTopas OrpaHHMYeHa TEM WM WHBIM KOHTypoM. Kom-
NEHCUPYIOIEEe PELICHNEe BBOAUTCS AJSA TOrO, YTOObI BMECTE€ C OCHOBHBIM PELICHHUEM YJOBJIETBOPAThH YIIOMsI-
HYTBIM TPaHUYHBIM ycioBuAM [21-23].

BBenem Oe3pasmepHyro koopauHaty x = br. Ilpu 3arpykeHHH OPTOTPOIHOM MJIACTHHBI COCPEAOTOYEH-
HOM cUJI0il P OCHOBHOE pellleHrEe UMEET BU]L

Wo = s fo(®). (18)

[IpuBeneHHOE BBINIE BHIpAXKEHHE SBISIETCS OCHOBHOW (yHKIWed BiusHUS mpu P = 1. Jlns oTAETbHBIX
YaCTHBIX 33734 MOKHO TIOJIy4aTh OCHOBHBIE pelIeHus], uHTerpupys (18).

PaccMoTpuM aHU30TPONHYIO HEOTPAHWYCHHYIO TUIACTHHY, HAXOJSIIYIOCS MO ACHCTBHEM CHI q cos k 6,
PaBHOMEPHO PACIpeIeNIeHHBIX 10 OKPYKHOCTH, KOHIIEHTPUYECKOH KOHTYPY, C IPUBEIECHHBIM PAIUYCOM .

3anuiueM BeIpaKeHUE ATl IPOruda B TOUKE ¢ KOOPIAUHATAMH X, ¢, OJIB3YSCh IPUHIUIIOM CIIOKEHHSI BO3-
JeHCTBHN:

w ==L x [* f(JaZ + x% — 2ax cos(0 — ¢)) cos k Od6. (19)

" 4Dn,b3

Jlsi BBIYUCIICHHSI BBINIIEIPUBEICHHOTO MHTEeTpana (19) BocmombzyeMcss GOpMysIon ClIoKeHUs (yHKIIHH
Beccens:

Zo(e? +x2 — 2ax cos(0 — §)) = 2 Xz T, (@) Z, (x) cosk (6 — ¢), (20)

371eCh 3HAK ' CHMBOJIM3UPYET TO, 4To 1pu k = 0 BBOAMTCS KO3 duuueHt 1/2.
VYkazanHas GopMylia crpaBeInBa Mpu o < X; €CIu o > X, TO B mpaBoit wacth (20) o ¥ X MEHIIOTCS Me-
ctamu. ITomoxum

Zy = Hél)(\/f\/az +x2 — 20x cos(0 — ¢)).

IIponsBoast HHTErPUPOBAHHUE U OTHEISAA JEUCTBUTENBHYIO 1 MHUMYIO YaCTH, IOIYYUM:
—mpu x < o

Wy = Wy = % [uu(x)fu(a)—vu(x)gu(a)] cos k 0; (21)
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—IIpU X = o
WO=wm=Eﬁgﬁhm0ﬂmﬁj—q(@gdxﬂcwke. (22)

[Tpu ucnons30BaHNY BPOHCKHAHA ypaBHEHUs beccenst MOXKHO 1MOKa3aTh, YTO MOTYYCHHBIE BBIIIE PEIICHHS
(21), (22) pu x = o YIOBIETBOPSIOT YCIOBHUSM COTIPSKEHUS YIACTKOB.

Pemim 3a1aqy 00 aHH30TPONHOM HEOTPAaHHYCHHOMH TUIACTHHE, 3arpyKEHHOH 10 3aKOHY

y(x) cosko,

rae y(x) —3agaHHas QyHKIHSL.

i aToro motpedyercss HHTerpupoBaTh BeipaxkeHus (21) u (22).

[TycTs Ha M3y4yaeMyro IUIACTUHY JEHCTBYET Harpy3ka ¢, pacrpe/elieHHas 0 OKPYKHOCTH, IPUBEICHHBIH
panuyc KoTopol paBeH o. PaznoxuM yka3aHHyIo Harpysky B psan @ypee:

q = X(ay cosk 0 + by sink 6).

YunteiBas (21) u (22), momyduM CIeAyIONINE BEIPaXKCHHS:
—npua < Xx

wo = #(:bg X {2 ag [un (@), (%) = v (@ g, ()] sink ¢ + X by [y (@) £, (x) = v, () g, ()] cos k ¢}; (23)

—Ipu o = X

o

Wo = = X {Z ag [, () fu (@) — v, () gy ()] sinke ¢ + X by [, () fu (@) — v, (x) gy (0)] cos k ¢} (24)

- 2Dn,b3
Jlanee mocTpouM OCHOBHOE pelIeHHe IS ClTydast Harpy3KH, H3MEHSIOIIEHCS 110 3aKOHY
q =F(x,9). (25)
st aToro Oyzaem ucnosb3oBath Gopmynsl (23) u (24). [IpeacraBum Harpysky (25) B Buae paga
q =2y, () [ay cos kO + by sink 0]. (26)
B cimydae, ecnu BHENIHAS Harpy3ka MOXKeT OBITh IIPEACTaBIICHA B BUIE (HOPMYJIIBI
q =Y x* (ay cosk 0 + by sink 0) 27)
WITH
q =Y x*(aycosk0+ bysink0), (29)

HpoLeCC HHTETPUPOBAHMS 3aMETHO yIPOIIAETCH.
[Mpusenem dpopmynsr nuddepenuporanus Gyukuuii beccens:

= [24(2)] = 241 (2),
d

29
Ll @) = 7 HE @), (29)

Honoxum z = xv/i. [IponsBeieM MHTErPUPOBAHKE; OTACINM ICHCTBHTEIbHYIO H MHHUMYIO YacTH, TOJTY-
YUM CIIEAYIOIINE BEIPAKCHHS:
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[ g () dx = 2 [ug () + v (@),
[ ¥ vy (e = =X [ (1) = v ()]
[ 3 o (dx = 21500 + g6 ()
[ 3* g (dx = = 21500 - gx (]

(30)

PaccmoTpumM neficTBHE Ha HEOTPAaHMUYEHHYIO aHW3OTPONHYIO IUIACTUHY HArpy3KH, PACIpEleICHHOH 110
TUIOIA/IA KPYTOBOTO KOJIbIIA ¢ BHYTPEHHUM PAJHYCOM Oy M HAPYKHBIM Oy, 01 < X < O, ¥ U3MCHSIONICHCS T10
3aKoHy (27). Pemenne MOXHO MONTYYUTh, HHTETpUPYS BeIpakeHus (21) u (22). C 3TO# MeNbi0 B 3TUX BBIpaXKke-

) o o
HUSIX TIPeIBAPHTENHHO 3aMEHHM HArpy3Ky ¢ 2JeMEHTapHOi Harpyskoil qoa*dz = qq > da. TIpu 3TOM NOSBUTCS

o 1 o
MHOXHTCIIb , PaBHbBIU k_ 3aTeMm IMPOU3BCAEM MHTCTPHUPOBAHUEC YKAa3aHHBIX BBIPAXXCHUU B Npe€acax OoT
1

1
b*Dn,
=04y D00 = 0y.

3anumieM penieHue npu X < o < Oy:

= —2;:[\0/5 ({a’2<+1[fk+1(az) + i1 (02)] =05 [fros1 () + Grrq (01)] }uk(x) n

+{a2 [fie1(02) = G+ (02)] = a¥ 2 [fr1 (01) = Gier1 (04) Ik (X)) cos k ¢; (31)

—IpU X > 0y > 0 HMEEM

_Tqo

Zk\/_

{05 [ 41 (0) — Vgerr (02)] =05 X [tg41 (04) — Vg1 (1) 139k (%)) cos k ¢; (32)

({08 w41 (0z) + Vgy1 (@2)] =¥+ [uge 11 (0q) + vperq (o)1} fie () +

—IpH 0y = X = 0 pELICHUE IPUHUMAET BUI

qo

Zk \/—{ 05 [ frer1(02) + g1 (@) () + 05 [ firr1 (02) — Grey1 (@2)] X
1

X 0 () = 0F T [0 (01) + Vg1 (@)1 fe (1) — 0 [0 (01) = Vpers (1)1 g () +2x% \/;} cosk ¢.(33)

[MpuBenennsie Boime Gopmyisl (31)—~(33) maroT BeIpaskeHUs: MPoruOoB AJist k-ro unena psna (27). Cneny-
€T OTMETUTh MMEIOUIMH MpaKTU4ecKoe 3HadeHue cirydail, korga k = 1. [loqoOHOe MMeeT MecTo MpH pacuere
(yHIaMEHTHBIX IJIUT Ha ACHCTBHE TOPU3OHTANBHBIX HATPY30K.

Komnencupyrowee pewienue

Janee nepeliieM K pacCCMOTPEHUIO aHU30TPOIHOM IIJIACTUHBL, JIEXKAIEH Ha YIIPYrOM OCHOBAHMH, OIPAHHU-
YEeHHOI KPYroBBIM KOHTYpPOM C pa3lM4YHBIMHU YCIOBHMAMHM 3akperuieHns. KommeHcupytolee pemieHue npeacra-
BUM KaK Pe3yJIbTaT JeHCTBUS IByX KOMIIEHCUPYIOIIUX HArPY30K (4 U (p. DTU Harpy3Ku AEHCTBYIOT IO KOHLIEH-
TPUYECKHM OKPY>KHOCTSIM C TIPUBEACHHBIMH PajHycaMu O; U . O003HaUMM yepe3 [ MpUBEACHHBIN pajiyc
BHCUIHETO KOHTYpaA. KOMnechpy}omee PCUHICHUE MOKET MHTCPIIPETUPOBATHCA KAaK PE3YyJIbTaT I[Cf/iCTBI/ISI HCEKO-
TOPOH CHCTEMBI CHJI, KOTOpast IPUIIOKEHA K IUIACTHHE OECKOHEYHOTO paguyca.

Bynewm pemats 3agauy Ui pa3IM4HbBIX YCIOBUI 3aKpeIyieHus: KOHTypa. Takke U3yduM 3a1ady O Heorpa-
HUYEHHOW aHU30TPOINHOMU IJIACTUHE C KPYTOBBIM OTBEPCTHUEM.

CHagana paccMOTPUM KPYTJIyI0 aHU30TPOIHYIO IUIACTHHY, JEKAIyI0 Ha YIIPYIrOM BHHKJIEPOBCKOM OCHO-
BaHHH, 3aLEMJICHHYIO 10 BCEMY KOHTypy [IpencTaBuM B3ATHIE M3 OCHOBHOTO PEIICHHS NPH X = [3 Iporud w

W
U YTOJl HAKJIOHA HOPMAIIM K KOHTYPY —"~ B BHJIC
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wy = X(Ag sink ¢ + By, cosk ¢), (34)
2% = (i sink ¢ + Dy cos k ¢). (35)

Janee ompenenuM KOMIIEHCHPYIOIINE HATPY3KH G U (5, KOTOPbIe Ha KOHTYpE IUIACTHHBI B CYMME C OC-
HOBHBIM PEUICHHEM JOJDKHBI YIOBIETBOPATH YCIOBUSAM 3aJIENIKH. Y Ka3aHHOE TPeOOBaHUE IPUBOUT K PEIICHUIO
CHUCTEMBI YpaBHEHUI

2n 2n
oo [ a0 Jad + 5~ 2aspeos(o - ) a0+ a, [ a0 (o8 + 5~ 20spcosto— o) ) ao +
0 0

+4Db3w, = 0; (36)
2n 9 2n 9
oo [ @ 5o (ot + 57 - 2aspeoso - )ao+ oo [ 0@ g fo (o + 57~ 20 costo - ) a0+
+4Dp? 20 = o, (37)

dx

dopmyet (36) u (37) oTpaxaroT paBEHCTBO HYJIIO IPOTUOOB U YTIIOB IOBOPOTA HA KOHTYPE TUIACTHHEI.

i pemieHust ’TUX WHTETPAIBHBIX YPaBHEHHUN CIIeIyeT pas3ioXuTh GYHKIHUA ¢ U ¢, B TPUTOHOMETpUYE-
CKH€ PSIBI, MCIOJB30BATh (POPMYIBI CIOKEHUS MUINHAPUIECKUX (DYHKIUH, BBHITOIHUTH WHTETPUPOBAHUE.
Torna ypaBuenus (36) u (37) nepeiinyT B CUCTEMY alireOpanyecKuX YPaBHEHUN OTHOCHTEIBHO KO3 (UITUCHTOB
3THUX PAOB. JTa CHCTEMa YpaBHEHHIA 3/IeCh HE TTPUBOIHUTCS.

Kommnencupyroriee perienne npu x < a; MOXKHO MPEACTaBUTH B BUJIC

Wi = Dx=ol(ag sink ¢ + by cos k ¢) uy (x) + (cx sink ¢ + dj, cos k ¢)vg (x)]. (38)

Omnpenenum ko3puureHTs psana (38), ucnons3ys BeipakeHus (36) u (37); B pe3yibraTe MOIYIHUM Clie-
JYIOIIUE CHCTEMBI YPaBHEHUIA:

arur(B) + crore(B) + A = 0, } 39
aru'(B) + cxor'(B) + Ck% =0; (39)
bru(B) + divr(B) + B =0, } 40
byt '(B) + dioy (B) + Dy - = 0. *0)

B IMPUBEACHHLIX BBIIIEC CUCTEMAaxX IEPBOC U BTOPOC YPAaBHECHUA CBA3AHBI C YCIIOBUAMU IJIA npom6a " yria
TMMOBOPOTa HAa KOHTYPE COOTBETCTBECHHO.
B PE3yIbTaTC PCUHICHUA YKA3aHHBIX CUCTEM IIOJTYUUM

Crzor(B)—Avi'(B)

=— 41

Ak v Bk (B)—ur (B (B’ (1)
Dico (B)~Brvk (B)

b, = — b 42

k v (B)ur'(B)~ur (B)vk'(B)’ (42)

1

Cryure(B)—Arur'(B)

- 43

kR B)—ur B B’ (43)

Dzt (B)—Bri'(B) 44)

kT e B)—urBor )
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JLtst TomyueHusT KOMITEHCHUPYIOIero pereHus BHeceM dhopmyisl (41)—(44) B (38). B pesynbrare momxydnm

(oo}

1 1 ' |
e ,;Uk(ﬁ)u;((ﬁ) — u (B, (B) ({[Ck EUR(B) — Akvk(B)] sink ¢ +

+ D0 ® — B )] cos ko) — [ we®) — A )] sino +

+ [ Dic5 e (B) = Biewse'(B)] cos k o vy () (45)

YKa3aHHBIM CIIOCOOOM MOXHO MOCTPOUTH KOMIICHCUPYIOIIUE PELICHHS JJIS APYTUX YCIOBUH 3aKperuie-
HUS U3YYaeMbIX aHU30TPOIHBIX TUIACTHUH HAa yIPYroM OCHOBaHHMU. PaccMOTpuM cilydaii IapHUPHOTO OMUPAHUS
MO BCEMY KOHTYPY.

Jlyist Toro 9TOOBI HAWTH PENICHHUE MTOCTABICHHOM 3a7]auu, CIISAYET Pa3IOKUTh B PSI/I 3HAUCHUS HA KOHTYpE
mporuOOB M M3rHOAIOIIMX MOMEHTOB, B3ATBIX U3 OCHOBHOTO perieHus. [IporuOsl OynemM packiaabiBaTh B Ps,
noJb3ysck popmynoi (34); paguaabHbIe U3rHOAIONINE MOMEHTHI HA KOHTYPE MOTYT OBITh MPEACTABICHBI C MO-
MOTIIBIO (hOPMYITBI

Yi=o(My sink ¢ + Ly cosk ¢). (46)

KommneHcupytomiee pemieHne B AaHHOM cilydae OyAeT MpeACTaBICHO B BUAE PAAA; ero KO3 QHUIHUEHTHI
OIIPENIEIIIOTCS U3 CUCTEM YPaBHEHUIN

~ay [0 (B) = 52w (B) + (1 = ) Sz (B)] = i [~ui(B) = 520k (B) + (1 = ) o (B + 7i5 M = 0, (47)

arur(B) + cror(B) + A =0, (43)

1

~bi {or(B) = 52w (B) + (1 = ) S (B} = die {~we(B) = 520k (B) + (1 = ) Sz0e(®)} + 55 L = 0, (49)
biuy (B) + div(B) + By = 0. (50)

BrlmenpuBeicHHbIE ypaBHEHUS MOJTyYarOTCsl B pe3ybTaTe MPUPABHUBAHKS K HYJIIO CYMMBI IIPOTUOOB U
CYMMBI paJuajbHbIX W3rHOAIOIMX MOMEHTOB Ha KOHTYpPE i1 OCHOBHOTO M KOMIICHCUPYIOILETO PEIIeHHH COOT-
BETCTBEHHO.

Bgenem ams KpaTKoCTH cienyromue 0003HaueHus:

uf () = —u(® - 57 [or'®) - Lo B, (51)
o B) = vie® = 5w B ~ S (B, (52)
R OREAOEE PROETFNOI} (53)
9" ® = 9e® — S [ ® — 5 fe®)] (54)

Jlanee BHeceM MOMyUYeHHBIC 3HaYeHHS K03 durmenToB B psx (38). [lomyunm ciaemyromiee BEIpaKeHUE IS
KOMIICHCHPYIOIIETO PEIICHHUS
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0

1 1 0
= ) - (M AP snk

1
+ g e + B () cos ke ¢} ) = {[ M s e ) + 40 @) sin ko +

+ L o u (B) + B ()| cos k o} (), (55)

Haiimem xoMmeHCHpYIOIee peNIeHne IS CIIydasi aHU30TPOITHON KPYTIIOH MIIaCTHHBI CO CBOOOIHBIM Kpa-
eM. B aToM ciywae, kak M3BECTHO, M3TMOAIOMIMIT MOMEHT M NpPUBEACHHAs MOINEpeyHas cuia oOpalaroTcs Ha
KOHTYpE B HYJIb.

3HaueHNe MPUBEICHHON MOTIEPEYHOM CHITBI Ha KOHTYPE, B3ITOE U3 OCHOBHOTO PEIICHUS, PA3JIOKUM B PSII:

Q1 — T2 = X o(Ny sink ¢ + Qp cos k ¢). (56)

[TycTs m3rubdaromnye MOMEHTHI TaHbI PSIOM (46).

YpaBHeHus s onpeseneHus koddhdunuenTos ay, by, Cx, dj COCTABIAIOTCS aHAIOTUYHO TOMY, KaK 3TO
OBLIO BBIMOJIHEHO B MPEIBITYIIUX MPUMEpax.

BBenem creayroriye 0003HaUCHMS

w2 (B) = i (B) — (1 - ) [ow () — 2. (57
) = 0B — (1= o) 5z [ue (B - 2], (58)
OB = ~f'® — (1 - ) g - 22 (59)
g0 = ge'®) - (1 — o) 2 [fi'®) — 2] (60)

Pemast cucteMbl ypaBHeHHH Ul onpeaeneHus KodQGUIUESHTOB Ay, by, Ci, dj, BHECEM TIOIyYeHHBIE pe-
3yabTathl B psax (38). YuuteiBas o6o3HaueHus (57)—(60), mocne psaa mpeoOpa3oBaHMid TOTYYUM KOMITEHCHPY-
IOIllee PEIICHNE B BUJIE

1 1
b?D ,Z ul ()i (p) -

u,[(M](B) - Mku,EQ] (B)] sink ¢ +

Wi = —

e (5
+ [% Qku[M] B) - LkD[Q](B)] cosk <|>) up(x) — ([% Nku[M] B) — Mkl)[Q](B)] sink ¢ +

+[F 0ol () — Lol ()] cos ke ¢) v ()} 1)

C nomompro MKH nosnyunm perienue 3agadun 00 aHU30TPOITHOM HEOTpaHUUEHHOH IMJIacTHUHE, JeXallen
Ha YIIpyroM BHHKJIEPOBCKOM OCHOBAHUH, C KPYTOBBIM OTBEPCTHEM IIPH MPOU3BOJILHON Harpyske. VIckoMslii pe-
3yJIbTaT MOKET OBITh NMPENCTABIICH B BUJE CyMMbl OCHOBHOT'O M KOMIIEHCUpYIOLIEero pemeHuil. OCHOBHOE pelte-
HUE MoIy4eHo Boie. COOTBETCTBYIOINIEE KOMIIEHCUPYIOIIEE PELICHHE MPEICTABUM BBIPAKEHHEM

Wi = Yx=ol(ar'sink ¢ + by 'cosk ¢) fi(x) + (¢ 'sink ¢ + dy'cos k ¢) gi (x)]. (62)

108 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



Koperesa E.b. CTpouTenbHas MexaHuka MHXEHEPHBIX KOHCTPYKLMiA 1 coopyxeHuit. 2021. T. 17. Ne 2. C. 99-111

[Tpumem, 4TO HAaYaIO KOOPAMHAT HAXOAUTCSA B LIEHTPE OTBEpCTHA. B KoMmeHcupyiomee pemeHne OyayT
BXOAMTH TOJIBKO KOHEUHBIE 3HAUeHUs PyHKIMH f(x) 1 g(X) ¥ UX NPOU3BOAHBIX, TOCKONBKY Touka X = 0, B KO-
TOpOH Ha3BaHHBIC PYHKIMH UMEIOT 0COOCHHOCTH, HE BXOJUT B U3y4aeMyr0 001acTh.

JUst onpenienieHnst KOMIICHCHPYIOIIETo PeIIeHHUs clieayeT B (hopMyliax, MOMyYSHHBIX BEIIIE, BCIOTY 3aMe-
HUTH QYHKUMH U U U Ha f u g. [IpuBenemM KoMmmeHcHpylollee pelieHne A ciayvas aHU30TPOITHONW HeOorpaHu-
YEHHOU TJIACTUHBI CO CBOOOIHBIM KPYTOBBIM OTBEPCTHEM:

o0

1 1
_ X
b2D £ £19 3y M1 gy — £ 1M1 () 619 gy

Wi =

700 ([E N 2B) = Mf L) | sinie b + [+ 0™ (B — Lif LB cos k) -
x {1 ([ MM ®) = M) sinko + [ 0 @) cos k o)

~ g ([F Mgt B) = Mgl B ] sink 6+ [ Qg " (B) — Ligi® ()] cos k ¢)}. (63)

MeTo KOMIIEHCHPYIOIUX HArPy30K MOKHO TaK)Ke MPUMEHHTH IS pacdyeTa aHU30TPOITHOM IIIACTHHBI Ha
YIOPyTOM OCHOBaHWH, OTPAaHWYEHHON IBYMS KOHIEHTPUIECKIMH OKPYKHOCTSIMH. B 3TOM ciydae KOMIEHCHpPY-
Iolllee pPelICHUE CIEAYeT MPEICTaBUTh B BHIC psila, KOAPQPHUIUEHTH KOTOPOTO ONPEIEISIOTCS U3 ypaBHEHUH,
COOTBETCTBYIOIIMX CYIIECTBYIOIUM IPaHHYHBIM YCIOBHAM. Toraa kaxiaas cucteMa OyIeT COCTOSTh U3 YeThIpeX
ypaBHEHUH, KOTOPHIE 3/1€Ch HE BHITIICHIBAIOTCS.

3akaouenue

BriepBbie mosryueHbl TOUHBIE aHATUTUYECKHE PELICHHUS 3a1a4 00 aHU30TPOIHBIX IIACTUHAX, KOHTAKTHPY-
IOIUX C yIPYTUM OCHOBAaHUEM, IIPH ACHCTBUU HA HUX LMKJINYECKH CUMMETPUYHBIX Harpy3ok. Pemenus Bbipa-
xeHbl B QyHKuusax beccens. [y nHTerpupoBanus paspemaroniero 1udQepeHnnalbHOr0 ypaBHEHNS YeTBEPTO-
ro MOpsJKa ¢ NePEMEHHBIMU KOX(QQHUIMEHTAMH MPUMEHIECTCS HOBBIH MPHEM, CBSI3aHHBIA C HCIOJIb30BaHHEM
ypaBHeHus: Hunbcena. K pemenuto nocraBieHHON 3afaddl MPHUMEHSETCS METOJ, KOMIEHCHPYIOIUX Harpy3oK.
ITorydeHO OCHOBHOE PELICHHE, YAOBIETBOPAIONIEE HCXONHOMY ypaBHEHUIO. [Ipon3BoanuTCS ydeT necTBHA pas-
PBIBHBIX Harpy30K, pacipeeNeHHbIX 10 KOHIICHTPHUECKUM OKPYKHOCTSIM H T10 TUTOIIasaM Kouell. OnpenenseT-
¢ KOMIICHCHPYIOLIEE pEeLIeHUE, KOTOPOe B CyMME C OCHOBHBIM YJOBJIETBOPSET I'PaHUYHBIM ycioBusM. Pac-
CMaTpHUBAIOTCS PAa3IUUHBIC YCIOBUS 3aKpEIUICHHUs KOHTYpa. B mumHApryecknx (QyHKIMAX HOTYYEHO pelleHHE
00 aHU30TPOITHOM HEOTPAHWYEHHOM MJIACTHHE C KPYTOBBIM OTBEPCTHEM.
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AHHOTauus. [lenv — paccMOTpeTh 3a7jauyy O YHUCIEHHOM MOJEIUPOBAHUU TPO-
JOJIBHBIX, TOMEPEYHBIX U MOBEPXHOCTHBIX BOJH Ha CBOOOAHOW MOBEPXHOCTH
YIPYrod MOJMYIUIOCKOCTH. Memodwl. JIisl pelieH sl HeCTallMOHAPHOH THHAMUYe-
CKOM 3ala4y TCOpUH yNpyroctu ¢ Ha4aJbHbIMHU U I'PaHUYHBIMU YCJIOBUSAMH HC-
IIOJIb30BaH METOJ KOHCYHBIX JJICMCHTOB B INEPCMCUICHUMX. C €ro IoMoIubIo
JNIMHElHas 3a/lada ¢ Ha4yaJIbHBIMU U I'PaHUYHBIMU YCJIIOBUSIMU TIPUBEACHA K JIU-
HeliHoM 3amaue Komm. IlpennoxeH kBa3UperyssipHbIA MOAXOJ K PEIICHUIO CH-
CTEMBbI JINHEHHBIX OOBIKHOBEHHBIX AU(QEepeHIHAILHbIX YPaBHEHHH BTOPOTO I10-
pslKa B mepeMelleHHsIX ¢ Ha4aJbHBIMH YCIOBUSMH M K allpoKCUMAaIUN UCCIe-
nyemoi obsiactTu. Meroauka OCHOBaHA Ha CXeMax: TOYKa, JIMHHUA U IUIOCKOCTb.
HUccnenyemas obnacth pa3duTa MO MPOCTPAHCTBEHHBIM IEPEMEHHBIM Ha Tpe-
YToJIbHBIE M IPSMOYTOJbHbIE KOHEYHbIE 3JIEMEHTHI IepBoro nopsaka. Ilo Bpe-
MEHHOH TMepeMeHHO# ucciieayemas o0yacTh pa30uTa Ha JMHEHHbIE KOHEUHBIC
9JIEMEHTEHI C IBYMS Y3JIOBBIMH TOUKaMu. [Ipu pa3paboTke KOMIIeKca IpOrpaMm
HCIIONIB30BAJICS anroputMudeckuit 36k optpan-90. Pezyromamer. [lpusenena
uHGOpPMaLUsi O YUCIEHHOM MOJEIUPOBAHUHU YHNPYTMX BOJH HaNpsDKEHHUH B
YIPYro# MONYIIOCKOCTH TPU COCPEIOTOYCHHOM BOJHOBOM BO3JICHCTBUU B BHIIE
nenbTa-QyHkuuu. Mcenenyemas pacuetnas obnacts umeer 12 008 001 y3noBbix
touek. Pemena cucrema ypaBHenuit u3 48 032 004 neusBectHbiX. [lokazaHo
W3MEHEHHUE YIPYroro KOHTYPHOIO HalpshKeHHs Ha CBOOOJHOM MOBEPXHOCTH
MIOJIYTNIOCKOCTH B Pa3HBIX TOYKaxX. AMIUIMTYAA MOBEPXHOCTHBIX BOJH Penes
CYIIECTBEHHO OOJIBILIE aMIUTUTY IPOJOIBHBIX, IIOTIEPEYHBIX M IPYTHX BOJIH IPH
COCPEJOTOYEHHOM BEPTHKAJIBHOM BO3JICHCTBUHU B BUE TPEYTOJHHOI'O UMITYJIbCA
Ha MOBEPXHOCTHU YIpPYyroi momyruiockocTd. Ilocne moBepxHOCTHBIX BOJH Penest
HaOmogaeTCss AMHAMHYECKUH PoLiece B BUAE CTOSYHUX BOJIH.

KuioueBble cjioBa: HeCcTalMOHAPHBIN Tpoliecc, Komiuieke mporpamm B.K. My-
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TYpHOE HallpshKeHHe, IPOI0JIbHAS BOJIHA, IIOIIepeyHas BOJIHA, BoJHa Penes, cro-
sg4asi BOJIHA
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Article history Abstract. The aim of the work. The problem of numerical simulation of longitu-
Received: October 17, 2020 dinal, transverse and surface waves on the free surface of an elastic half-plane is
Revised: March 12, 2021 considered. Methods. To solve the non-stationary dynamic problem of elasticity
Accepted: March 29, 2021 theory with initial and boundary conditions, the finite element method in dis-

placements was used. Using the finite element method in displacements, a linear
problem with initial and boundary conditions was led to a linear Cauchy prob-
lem. A quasiregular approach to solving a system of second-order linear ordinary
differential equations in displacements with initial conditions and to approximat-
ing the area under study is proposed. The method is based on the schemes: point,
line and plane. The study area is divided by spatial variables into triangular and
rectangular finite elements of the first order. According to the time variable, the
study area is divided into linear end elements with two nodal points. The Fortran-90
algorithmic language was used in the development of the software package.
Results. Some information is given about numerical modeling of elastic stress
waves in an elastic half-plane with a concentrated wave action in the form of a Delta
function. The estimated area under study has 12 008 001 nodal points. A system of
equations consisting of 48 032 004 unknowns is solved. The change of elastic con-

tour stress on the free surface of the half-plane at different points is shown.
The amplitude of Rayleigh surface waves is significantly greater than the ampli-
tudes of longitudinal, transverse, and other waves with a concentrated vertical action
in the form of a triangular pulse on the surface of an elastic half-plane. After surface
Rayleigh waves, a dynamic process is observed in the form of standing waves.
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Beenenne

Bomabr HanpspKEeHUH pa3IMdHON IPUPOIEI, PACIIPOCTPAHSSACH B 1e(OPMUPYEMOM Telle, B3aUMOICHCTBYIOT
JIPYT C APYTOM, YTO MPUBOJIUT K 00pa30BAHUIO HOBBIX oOnacTeli Bo3aMymieHu. [locine TpeXKpaTHOTO UM YeThI-
PEXKpPATHOTO MPOXOXKACHUS U OTPaXCHHS BOJH HAMPSHKCHHUU B Telle MPOIECC pacIpOCTPAaHEHHs BO3MYIICHHN
CTaHOBUTCSl yCTaHOBHUBIIHMMCS, HANPSDKEHHS M AepopManny yCpeaHIIOTCs, TeI0 HAXOAWTCA B KOJeOaTeIhHOM
JIBI>KEHUH.

PaccmarpuBaetcs 3agaya 0 YHCICHHOM MOJCTUPOBAHUU MPOAOJIBHBIX, ONEPEYHBIX U MTOBEPXHOCTHBIX BOJH
Ha CBOOOTHOM IMTOBEPXHOCTH YIIPYTOMU TTOIYTUTOCKOCTH TIPH BO3/ICHCTBIH B BUE eNbTa-QyHKINH (3a1a4da JI>moa).

B macTosmee BpeMst B TUTEPATYPHBIX UCTOYHUKAX OTCYTCTBYIOT PE3yJIbTaThl YNCICHHOTO PEIICHUS 3a/1a-
gy JIamOa B HANPsHKEHUAX NP BO3JICHCTBUH B BUJIC TPEYTOIBHOTO UMITYJIbCA WA ACIbTa-(yHKIINY.

B [1-29] mpuBoguTcs nH(bOpMAIUs 0 TOCTAHOBKE M METOaX PEUICHHS BOJHOBBIX 3a/1a4.

PaccmaTprBaeMBbIi YHCTIEHHBIN METO/, aITOPUTM M KOMIUIEKC IMPOTPaMM B 3a[a4ax IepeX0 HOTO IIpoIiec-
ca MEXaHUKH JIeOpMUPYEMBIX TeJ MpeacTaBieHsl B [14; 21-25; 27-29].

OrneHka JOCTOBEPHOCTH M TOYHOCTH PAacCMaTPHUBAeMOTO YHCIEHHOTO METONa, alropuTMa M KOMIUIEKca
mporpamm nana B [14; 21-25].

B [21] nponemMoHCTprpOBaHa MpakTHYECKas pealn3alis MeTo/1a KOHEYHbIX 3JIEMEHTOB ISl pelIeHus He-
CTaIlMOHAPHBIX BOJHOBBIX 3ajad. [IpuBeIeHbI Pe3yabTaThl UCCIICOBAHUN HEKOTOPBIX 3a/1a4 JUIs OLICHKH (hU3H-
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Safety in Construction of the NRU MGSU, Professor of the Department of Higher Mathematics of MSU (Azerbaijan), Doctor of Technical Sciences;
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YECKOH JOCTOBEPHOCTH U MaTeMaTH4YeCKOl TOYHOCTU. PaccMaTpuBaemble 3a1a4uu IPEACTaBICHBI B BUIE HUCCIIE-
JyeMoro o0beKTa ¢ yIpyroi MmIoCKOCTHIO U MOJTYIUIOCKOCTRI0. [IpuMensieTcst pyHaaMeHTaIbHOE BO3JCHCTBHE B
Buzne Gpynkiun Xesucaiaa (ctyneHuaroil pynkuun). OCHOBHOE BHUMaHHE YAEICHO OLEHKE TOYHOCTH U AOCTO-
BEPHOCTH YMCICHHOTO PEIIEHMs HEeCTAalMOHAPHBIX ITUHAMUYECKUX 3a4ad AJIS CIOXKHBIX Ne(QOpPMUPYEMBIX TEl
pasnmuHoii Gopmbl. Ha ocHOBE MeToJja KOHEUHBIX 3JEMEHTOB Pa3paboTaHbl ATOPUTM H KOMIUIEKC TPOrpamMM
B.K. MycaeBa st pemieHusl HeCTallMOHAPHBIX BOJHOBBIX JMHAMHYECKHX 3a/lad TEOPUHM YNPYTrOoCTH MpHU pas-
JMYHBIX HAYaJbHBIX U TPAaHUYHBIX YCIOBUSX, Ui 00J1acTel pa3nuyHoil GOpMBI, U1 MOJENN ypaBHEHUH COCTO-
SIHUSL KyCOYHO-HEOJHOPOIHON U30TPOITHOM Cpe/ibl, MOAUYUHSIONICHCS yIpyroMmy 3akony ['yka, npu ManibIx yrpy-
rux aedopmanmsax. [lepsas 3amaya —0 BO3AEHCTBUM IJIOCKOW MPOAOJILHON yNPYroi BOJHBI HA CBOOOJHOE KpPYT-
JI0€ OTBEpPCTHE B YIpyro# mmockoctu. Mccnemyemast pacderHas obmacte umeer 1536 y310BbIX Touek. KoHTYp
KPYIJIOTO OTBEPCTUS allIPOKCUMHUPOBAH 28 y3/I0BBIMH TOUKaMH. PacxokaeHue Ui MakCUMalIbHOIO YIPYroro
KOHTYPHOT'O HampspKeHus cocTaBiseT 6 %. Bropas 3amaua — pemieHue nepBoii 3a1a4u A COTIOCTABICHUS C pe-
3yJIbTaTaMH SKCHEPUMEHTa, TO €CTh JUHAMHUYECKOW QOTOynpyrocTu. Pacxoxaenue 1y MaKCHMAaJIBHOTO YIIPY-
Toro KOHTYPHOTO HampspKeHHs coctaBisieT 2 %. TpeThs 3amada — 0 BO3AEHCTBAN TIOCKOM MPOIOIBFHON yIIPYTOH
BOJIHBI Ha MOJKPEIUIEHHOE KPYTJIoe OTBEpCTHE B ITOcKOCTH. Mccnenyemas pacueTHas obmacTh umeeT 1536 y3-
JIOBBIX TOUYEK. BHyTpeHHMI KOHTYp MOAKpPEIJIEHHs allpoOKCUMHUpPOBaH 28 y310BBIMH Toukamu. Ilo Tommune
KPYIJIo€ MOAKPEIUIEHHE amlpoKCUMHUPOBAHO ABYMS Y3JIOBBIMH TOUYKaMH. PacxokiaeHue aisi MakCHMMalbHOTO
YIPYTOTO KOHTYPHOTO HaIpsbKeHus coctaBisier 12 %. UeTBepras 3amada —0 BO3AEHCTBUN TNIOCKOW MPOIOIBHON
ynpyroi BonHbsl Ha Kyprcalickyro IUIOTHHY C OCHOBAaHHMEM B BHJE IOJIYIUIOCKOCTH. Mccimenyemast pacdeTHast
o0macte umeet 953 y3moBeix Touek. Kypricalickas ruioTiHa anmpokcUMupoBaHa 224 y3imoBeIMH TOukamu. Pac-
XO0XJE€HHE Ul MaKCUMAaJIbHOTO YIPYroro KOHTYPHOI'O HampsbkeHus coctaBisieT S %. [laras 3anadya — o Bo3nei-
CTBHH TUIOCKOH MPOAOJIILHOW B BHJIE TPEYTOJIBHOTO MMIYJbca (IeNbTa-(QyHKINS) HA YIPYTYIO MOTYIUIOCKOCTb.
Pemaercs cuctema ypaBHeHuit u3 59 048 HenspecTHbIX. [lokazaHo, 4TO TOYHOE pelLIEHHE 3a1a9l COOTBETCTBYET
paccMaTpuBaeMOMY BO3ICHCTBHIO Ul YNPYTHX HOPMaJbHBIX HAaNpsDKEHUH M MMEETCs XOpollee KaueCTBEHHOE
Y KOJTMYECTBEHHOE COBIIAJIEHHE C pe3yJibTaTaMu ToyHoro perrenusd. [llecras 3agaua — 0 BO3AEHCTBUU MIIOCKON
NPOIOJBHON B BuAe cTyneuaTod GpyHkumy (QyHKIHMS XeBHucaiiaa) Ha YIPYTYIO MOMYIUIOCKOCTh. Pemraercs cu-
creMa ypaBHeHUH 13 59 048 HEU3BECTHBIX AJI1 HOPMANbHBIX HANPSDKEHUM U UMeeTcs XOopollee KaueCTBEHHOE U
KOJINYECTBEHHOE COBIIA/IEHHE C Pe3yIbTaTaMH TOYHOT'O PELICHUA. AHAJIN3 YHUCIICHHBIX Pe3yJIbTaTOB II0Ka3bIBACT,
YTO METOJ KOHEYHBIX JJIEMEHTOB C YCIIEXOM MPUMEHSETCA I PeLIeHHs] HECTAIIHOHAPHBIX JMHAMUYECKHX 33134
MEXaHHKU JedopMupyeMoro Teepaoro tena. [IpoBeneHHble HCCIENOBAaHUS CXOOUMOCTH M YCTOMYMBOCTH, @ TaKkKe
CPaBHEHHME C Pe3y/IbTaTaMU APYIUX METOAOB IIOKA3aJId XOPOLIee COBIaICHHE.

B [22] paccmoTrpena HexoTopas WH(OPMAIUs MOJCIIMPOBAHUS HECTALIMOHAPHBIX YIPYTUX BOJH B MOY-
IUIOCKOCTH TPU MMITYJIbCHOM BO3JEMCTBHUU B BHJIE «BOCXOJAIIAs YacTh — JIMHEHHAas!, HUCXOAAIIas YacTb — YeT-
BepTh Kpyra». s pemieHus: MOCTABIEHHON 3aJauyd MPHUMEHSIOTCS BOJHOBBIE YPaBHEHHUS TEOPUU YHPYTOCTH.
Ha ocHOBe MeTOAa KOHEUHBIX 3JEMEHTOB pa3pab0TaHbl YMCICHHBIH METOH, allOPUTM M KOMILIEKC IPOrpamMm
B.K. MycaeBa. Pemena 3agada o pacipocTpaHEeHUH HECTallMOHAPHBIX BOJH B YNPYroi MoJymiaocKocTH. Pera-
ercs cucreMa ypaBHeHUH U3 83 448 Hen3BecTHBIX. Pe3ynbTaThl MO3BOMSIOT CENaTh BBIBOJ O (DU3MUYECKOM J0-
CTOBEPHOCTH U MaTeMaTU4E€CKOM TOYHOCTH YUCIIEHHOTO PELICHHUS.

B [23] paccmoTpena 3amada 0 BO3JACHCTBHUU BOJHBI B BHJEC MMITYJbCHOTO BO3JCUCTBHS «BOCXOJSINAS
4acTh — YETBEPTh Kpyra, HUCXOAIIAs — YETBEPTh Kpyra» Ha YIpYTylo MOIYIUIOCKOCTb. [IJig yIpyrux HopMalib-
HBIX HalpsDKEHUH IOJIyY€HO XOpOIlIee COBMAJECHUE C pe3yIbTaTaMU aHAIUTHYECKoro pemeHus. CpaBHeHue pe-
3yJbTaTOB HOPMAJIBHBIX HAIPSDKEHUH ¢ pe3ylbTaTaMH aHAJTUTHYECKOTO PelIeHHs, TI0Ka3ajlo Xopolllee coBmaae-
Hue. Pe3ynbTathl, MogydyeHHbIE ¢ MOMOIIBI0 KoMIuiekca nporpamM B.K. Mycaesa, mokasann XOpomIylo AOCTO-
BEPHOCTh YUCIICHHOT'O PELICHUS PACIIPOCTPAHEHUS YIIPYTUX BOJH B Ie(POPMHUPYEMBIX TEIaX.

IlocTanoBka 3agaun

Jnia pemieHus 3a7auyu 0 MOJCTUPOBAHMHM HECTAIMOHAPHBIX YHOPYTHUX BOJH B Ae(POpMHpYEeMbIX 00JacTax
CII0KHOH (DOPMBI pacCMOTPHM HEKOTOpOE Teo I B MPSIMOYTOJIBLHOM NeKapTOBOU cucTeme koopauHat XO0Y, ko-
TOPOMY B HauabHBII MOMEHT BpeMeHH t = 0 cooOIaeTcss MeXaHUIeCKOe BO3ICHCTRHE.

[IpeanonoxuM, uTo Teno I U3rOTOBICHO W3 OJHOPOJHOTO M30TPOIHOTO MaTepuaia, MOIYUHSIONEIOCs
ynpyromy 3akoHy ['yka mpu MasbIX ynpyrux aeqopmanusx.

Tounble ypaBHEHUS AByMEpPHOH (TIOCKOE HAIPSKEHHOE COCTOSHHUE) NWMHAMUYECKON TEOPHH YIPYTOCTH
UMEIOT BUJT
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Ooy | Oy _ OCu Ty + %y _ o (x,y)er
oy T2 T ay T2 ’

Ox = pC]:%Sx + P(Cg - ZCsz)gyz Oy = Pcﬁﬁy + P(Cg - ZCSZ)Sxa Txy = pCszyxy:

ou ov ou Ov
— . =—, =—+—, x, E r US N 1
e €y o Yy T ox (x,¥) €( ) (1

€

TJIE Gy, Oy U Ty,

nedopMaliuii,; U U ¥ — COCTABJISIONIME BEKTOpa YIPYTUX NepeMerieHuid Baosib ocelt OX u OY coOOTBETCTBEHHO;

E . . E
— MJIOTHOCTh Matepuana; C, = |———< — CKOPOCTb IPOJOJIBHON ynpyroi BoiHbl; (g = |———— — CKOPOCTb
p puana; C, / ~oy7 ~ CKOp poxn ynpy $Cs = Jzpaawy — OFOP
MOTIEPEYHON YIpyro¥ BoHEL, vV — koddduruent [lyaccona; E — moxyns ynpyrocta; S(S; U S,) — TpaHHYHBIN

KOHTYp Tena I

Cucremy (1) B obmactu, 3aHUMaeMoi TesoM [, clieflyeT MHTeTpUpOBaTh NMPH HadalbHBIX M TPAHUYHBIX
YCIIOBHSIX.

Jns pemieHnst AByMEPHOH MIIOCKOH TUHAMUYECKOW 3a/1a4i TEOPUH YNPYTOCTH C HayalbHBIMH W TPaHHY-
HBIMH YCJIOBUSIMH (1) HCIIOIB3yeM METO/ KOHEYHBIX 3JIEMEHTOB B IIEPEMEIICHHSIX.

— KOMITOHCHTBI TeH30pa yNPYIUX HANPSDKCHUH; €y, €, U Yyy — KOMIIOHEHTBI TEH30pa YIPYTHX

MeTtoauka

33.)13.‘13. peaiaeTcda METOAO0M CKBO3HOI'O CYETa, 0e3 BBIACIICHUSA PA3PBIBOB. YUT0OB! BBINOIHUTE JUHaMH4cC-
CKHUH pacyeT METOAOM KOHCYHBIX 3JIECMCHTOB, HY?KHO UMCTh MATPHULY KECTKOCTU U MATpUIly HHCPIHUU KOHCUHO-
T0 DJICMCHTA.

HpI/IHI/IMa}l BO BHUMAHHEC OIMPEACICHNUC MAaTPHUIl U BEKTOPOB IJIA TCJia F, 3alliChIBacM HpI/I6HI/I)KeHHO€ 3Ha-
YCHUC YpAaBHCHUA ABUKXCHUA B TCOPUHN YIIPYTOCTH

A +RB =R, Dlt=0=D, d|t=0=dy, @)

— red

rae H — matpuna nnepiun; K — MaTpuna secTkocTH; ® — BEKTOp y3/IOBBIX YHPYTHX IepeMemnienuit; ® — Bextop

Y3IOBBIX YIIPYTUX CKOPOCTeil mepemeniennii; ® — BeKTOp y3IOBBIX YIPYTHX YCKOPEHHMit; R — BEKTOp Y3JI0BBIX
YIOPYTHX BHELTHUX CHIL.

Jlnst MHTErpupOBaHus ypaBHEHU (2) KOHEUHOIEMEHTHBIM BapuaHTOM MeToJa [ ajiepkuHa IpuBeieM ero
K CJeIyIoIIeMY BHUIY:

ALl®+Kb=R <‘B=0 3)

dt - ar s T
HHTCFpI/Ipyﬂ I10 BpeMeHHOﬁ KOOpI[I/IHaTe COOTHOLICHUC (3) C MOMOIIBKO KOHCYHOJ3JIEMCHTHOT'O BapI/IaHTa
Merona [anepkuHa, MOJyYnuM JABYMEPHYIO SIBHYIO JABYXCIOWHYIO KOHEYHOIJIEMEHTHYIO JIMHEHHYIO CXEMY B Tie-

PEMEIICHUAX IJId BHYTPEHHUX U T'PAHUYHBIX Y3JIOBBIX TOYCK:

—

Dipq = D + AHU(—KD; + R), DBpyq = B + Atdy4, “)
rae At — mar 1mo BpeMeHHOU KOOpJMHAaTe.
[IIar mo BpeMeHHO# TIepeMeHHOM At opeaesnsieM U3 COOTHOIICHIS

min Al;

At =k (=123, ..., 1), (5)

1
riae Al — AmuHa CTOPOHBI KOHEYHOTO JIEMEHTA; 7 — YUCIIO KOHEYHBIX 3JIEMEHTOB.

Pe3ynpTaThl UnCIEHHOTO SKCIEpPUMEHTA MoKa3anu, 4To npu k = 0,5 obecneunBaeTcsi yCTOMYMBOCTD ABY-
MEPHOU SBHOU JBYXCIOMHONM KOHEUYHORJIEMEHTHOU TUHEHHOU CXEMBI.

Ha ocHOBe MeTO#a KOHEYHBIX 3JIEMEHTOB B NEPEMELICHUAX Pa3pabOTaHbl aJrOPUTM U KOMIUIEKC IIpO-
rpaMM JJIsl peleHHs JIMHEIHBIX MIIOCKUX ABYMEPHBIX 3a/1a4, KOTOpBIE MMO3BOJISAIOT peliaTh 3a7add Ipy HecTalu-
OHapHBIX BOJHOBBIX BO3AeHcTBUsX. [Ipn pa3zpaboTke KOMIUIEKCA MPOTPaMM HCIOIb30BAICA alrOPUTMHYECKUH
361k DopTpan-90. Mccremyemas o0acTh pa30MBAETCs IO IPOCTPAHCTBEHHBIM U TI0 BPEMEHHBIM TTEPEMEHHBIM
Ha KOHEYHBIE 3JIEMEHTHI IEPBOTO MOPSIKA.
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Pe3yabTathl U 00Ccyx1€eHHE

PaccMoTpum 3amavy o BO3JEHCTBUH COCPEAOTOUECHHON BOIHBI B BHJE AeNbTa-PpyHKIHMH (pUc. 2), TIepIeH-
UKYIISIPHOH CBOOOTHOM MOBEPXHOCTH YIPYTOH MOIYTLIOCKOCTH (pHc. 1).

PacdeTsr MpoBOIMIHCH TIPH CICAYIOMMX SAMHUIIAX U3MEPEHHS: KHIOTpaMM-criia (KTc); CAaHTUMETP (CM);
cekyHaa (c). [ns mepexoma B Apyrue eAWHULBI U3MEPEHUS OBLIM TPHHSITH CIEAYIOUINE AOMYIICHUS:
1 xkre/em® = 0,1 MITa; 1 xre ¢*/em®* = 10° kr/v’.

B Touke B mepneHANKYISIPHO CBOOOTHOW moBepxHOCTH ABC TPUIIOKEHO YIPYroe HOpMAaIhbHOE Hamps-
Kenue oy, (puc. 1), koropoe npu 0 <n < 11 (n = t/At) usmensercs nuneino ot 0 1o P, anpu 11 <n < 21
oT P 10 0 (P = 0y, 65 = —0,1 MIIa (-1 krc/cm?)).

I'pannunsie yenosus st kKoutypa CDEAput > 0 u = v = 1 = v = 0. OTpakeHHBIE BOJHBI OT KOHTY-
pa CDEA ne noxopnar ao uccnenyembix Touek npu 0 < n < 500. Konryp ABC cBoOoaeH OT HAarpy3oK, Kpome
TOYKH B, I/ie IPUIIOKEHO COCPENOTOYEHHOE YIIPYTO€ HOPMATBLHOE HANPSIKEHUE Gy

PacueTsl TPOBENECHB TIPH CIEAYIOINX HMCXOAHBIX AaHHBIX: H = Ax = Ay; At = 1,393-10° c;

E =3,15-10 * MIla (3,15-10 ° krc/em’); v = 0,2; p = 0,255-10* kr/m® (0,255-107 kre ¢*/em*); C,= 3587 mic;
Cs=2269 m/c.
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Puc. 1. IToctaHoBka 3aaun
0 BO3JICHCTBUU COCPEIOTOUCHHON BOJIHBI B BHIE JENbTa-(QyHKIHH
Ha CBOOOHOM TIOBEPXHOCTH YIIPYTO#l MOIYIIOCKOCTH
Figure 1. Statement of the problem of the effect
of a concentrated wave in the form of a Delta function
on the free surface of an elastic half-plane

Puc. 2. Bo3neiictBue B Buze nenbTa-QyHKIUH
Figure 2. The impact in the form of Delta functions
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Puc. 3. 3meHeHue ynpyroro KOHTYpHOIO HalpsDKEHUS Oy
BO BpeMeHH t /At B Touke A1l
Figure 3. The change of elastic contour stress Gy,
in time t /At at the point A1

Puc. 4. I3amMeHeHne yIPyroro KOHTYPHOTO HANpPSOKCHHS Gy,
BO BpemeHH t/At B Touke A2
Figure 4. The change of elastic contour stress Gy,
in time t /At at the point A2
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BO BpemeHH t /At B Touke A3 BO BpeMmeHH t /At B Touke A4
Figure 5. The change of elastic contour stress 6y Figure 6. The change of elastic contour stress Gy
in time t /At at the point A3 in time t /At at the point A4
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Puc. 7. 3meHeHue ynpyroro KOHTYpHOTO HANPsDKEHUsI Gy BO Bpemenu t/At B Touke A5
Figure 7. The change of elastic contour stress 6}, in time t/At at the point A5

Hccnenyemas pacdernas obmacte mmeetr 12 008 001 y3moBeIX Todek. Pemraercs cucrema ypaBHEHUH U3
48 032 004 HEeU3BECTHBIX.

Ha puc. 3—7 moka3aHo U3MEHEHHE YIPYroro KOHTYPHOrO HampshkeHus Gy, (6, = 0y /|0g|) Bo Bpemenu n
B Toukax Al-A5 (puc. 1), HaXOQAMUXCS HA CBOOOJHOM MOBEPXHOCTH YIPYTOH IMOJYIUIOCKOCTH (pacCTOsHUE
Mmexny Toukamu A1l u A2 pasHo H, A2 m A3 — H, A3nu A4 - H, A4 u A5 —H, AS5u A6 — H, A6 u A7 — H,
A7TnA8—-H,ABu A9 —-H,A9u A10 — H).

3akaoueHnue

Ha 00BeKTHI XU3HEACATSIPHOCTH YEIOBEKa OKA3bIBAIOT BIMSHUE CEHCMHUUYCCKHE HATrPy3KH WIIA BO3JCH-
crBust. OHHM CO37AI0T CEPhE3HBIE MPOOIEMBI CBOMMHE PA3PYIITUTEILHBEIMHU MTOCIEICTBUSIME. B cTOpHM demoBeye-
CTBa TEPBOM Teopuel celicMudeckoii OezonmacHOCTH Oblia craTudeckas. [loToM mosiBMIIach HaleJIeHHAs Ha WC-
cJeIoBaHUE MPOOJIEMBI Pe30HAHCA CHEKTpabHas TEOPHs, B3SABIIAs 32 OCHOBY OJHOMACCOBBIH OCHHILIATOP.
O06e Teopun ObUTM MPEIOKEHBI B Hauane XX Beka. OHAKO, HECMOTPSI Ha UMEIOIIMECS TEOPUU CEHCMUYECKOM
0e30MMacHOCTH, 3/IaHUS U COOPYIKEHUSI TIPOJIOJDKAIN Pa3pylaThes MPU CEHCMUYECKHUX BO3ICHCTBUAX. JTO OBUIO
CBSI3aHO C TE€M, YTO JIaHHBbIC TEOPHH HECOBEPIIICHHBI H HE OTPAXKAIOT PeabHBIN (PU3NIECKHIA MPOIIECC BOITHOBOTO
BO3NIEHCTBUSA HA OOBEKTHI KU3HEACATCILHOCTH YeJIOBeKa. Torfa yueHbIe pacrojarajid OrpaHnuYeHHBIM HHCTPY-
MEHTapUEM JUIS UCCIICOBAaHNUs, KaK B 00JIACTH MaTEeMaTU4E€CKOTO, TaK U (PU3UIECKOr0 MOHUTOPHHIA. XOTS OC-
HOBHBIC YPaBHEHHUsSI CTPOUTEIBHON MEXaHHWKHU (MEXaHUKH AeQOpMHPYEMOTO TBEPAOTo Tela) ObUTH MOTydYeHBI B
XIX Beke, UX pellIeHHe B HECTAllMOHAPHOW BOJHOBOM MOCTaHOBKE B Hayajge XX BeKa OCTaBAJIOCh HEBO3MOXK-
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HeIM. [loaTOMY TpeAnpUHIMATICH OMBITKH PEIISHHs] YaCTHRIX YPaBHEHUI U MOy9eHUs! HEKOTOPBIX 3HAaHUH U
3aKOHOMepHOCTeﬁ BOJIHOBOI'O HAIIPAXKEHHOI'O COCTOAHUA. beum IMOJTYy4YC€HBI 3HAHUA B obacTu IMPOJOJIBHBIX, I10-
MEPEYHBIX, KOHMYECKUX, PEIEEBCKUX W JIPYTHX BOJH. [0 TOSBICHHS 3JIEKTPOHHBIX BBIYACIHTEIHHBIX MAIIUH
yAaIoch HAaKONMHUTHh HEKOTOPBIE 3HAHWS B 00JacTH MepexogHoro nepuoaa. Hampumep, OBIIO YCTaHOBIEHO, YTO
IIpu OTPAKCHUHN BOJIHBI C)KATUA OT CBOGOILHOﬁ IMOBECPXHOCTU KOHCTPYKIIMU BOJIHA CXKATUA CTAHOBHUTCSA paCTATHU-
BAIOIICH U TEM CaMBbIM CO3JIA€TCSl CUTYyallMsl OTKOJIBHBIX siBIeHUM. B koHIe XX Beka MOSBUIUCH DIIEKTPOHHBIC
BBIUMCITUTENBHBIE MAIIMHBI, KOTOPBIE TIO3BOJIIIN PellaTh MHOTHE 33/1a4¥l CTPOUTEILHOW MEXaHUKH (MEXaHUKH
neopMHpYyEeMOTO TBEPIOTO Tejla) Ha HeCcTallMOHApHBIE BOJTHOBBIC Bo3AcHCTBUA. OmHako mepexon oT audde-
pPEHIUANTBHBIX YPaBHEHUM C HAYAJIbHBIMU U TPAHUYHBIMU YCIOBUSMH K CUCTEME C KOHEUHBIX YHCIIOM HEU3BECT-
HBIX JJI1 BOJHOBBIX MTPOIECCOB OKA3aJiCsl HEMPOCTHIM. DTO CBSI3aHO CO MHOTHUMH MPOOJIeMaMH, B TOM YHCIIE BBI-
YUCIIUTENIbHBIMH, & TAaK)K€ C MOJENbI0 (PH3MYECKHX IPOLIECCOB MEPEXOTHOro mporecca. B Hacrosmee BpeMs
MOYKHO pelIaTh BOJHOBBIC 3aJaul, co3/1aBas 0a3y 3HaHWH Kak B 00JacTH (yHAaMEHTANBHOW, TaK M MPHUKIIATHON
HAyKH, a MPOU3BOJHASA OT 3TUX 3HAHUI 00ecreYrnBaeT pa3BUTHE MMPOU3BOJCTBEHHON HAYKH, TO €CTh HOPMATHB-
HO-TIPAaBOBO 0a3bl.

B nauane XX Beka Obuta mocraieHa 3anava JIamba Juis M3ydeHUs: 3aKOHOMEPHOCTEH pacrpocTpaHeHUsI
BOJIH HampsDKEHWH B CIUIOLIHOM AeopMHpYeMOH Cpefe ¢ Leiblo Co3daHusi 0a3bl 3HAHUH MO CEHCMOJIOTHH H
CeHCMOCTONKOCTH Te000BeKTOB. MI3BeCTHO, UTO 3/1aHUSl M COOPYKEHUS Pa3pyMIAIOTCS M JUIA WX 3allUTHl B DKC-
TTyaTallMOHHBIA ITePHO HyKHA HHPOPMAIHI 0 CEHCMUYIECKUX BO3ICHCTBUAX. B mmepByIo odepeap — 3TO 3HAHUS
B obOiacTu MPOAOJIBHBIX, IMONCPCYHBIX W IMMOBCPXHOCTHBLIX BOJIH. OHu moMoraroT OMNpeACINTE U PAHXUPOBATH
ceficMrUecKre BO3ACUCTBUS Ha 3[aHHUS U COOPYXeHHs. B HacTosiee BpeMs dTa HHPOpMaIns Ha3bIBaeTcs Oab-
HOCTBIO 3eMJIETPSICeHUIA. B 3aBUCHMOCTH OT BEIMYWHBI OATBHOCTH 3eMIIETPSCEHUI MTPUMEHSIOTCS pPa3HbIe MOJI-
XOJTbI ¥ METOJIBI 3aIUTHI CTPOUTEIHHBIX OOBEKTOB OT CEHCMUYECKUX BO3ACHCTBUI. OCHOBHBIM B 00€CIICUCHUN
0€30MacHOCTH CTPOUTENBHBIX OOBEKTOB ABJISETCS OLIEHKA HeCcyllel crocoOHOCcTU. Ee MOXKHO OCYIIeCTBUTD MpH
HATM4YNY HH)OPMAIMU 0 HANPSHKEHHOM COCTOSTHMH. He 3pst B MeTo/ie MpeielbHOTO COCTOSIHUS OIICHKA HecyIei
CIIOCOOHOCTH 3aHMMAET MOYETHOE MEPBOE MECTO, XOTS OIpe/eNeHne HaNpsHDKEHUH BCerja CIoXHee, YeM Iepe-
MEIIeHNH 1 €€ IPON3BOIHBIX 10 BPEMEHHU.

JlamiM HEeKOTOPYIO OIEHKY CTaTHYECKOH M BOJIHOBOHM MeXaHHKe TPYHTOB. EcCiii paHXHpoBaTh 10 3a7a4yam,
KOTOpBIE paCCMOTPEHBI B yUeOHMKaX 10 MEXaHWKE TPYyHTOB, TOT/Ia HA IEPBOE MECTO CMEJI0 MOKHO TTOCTAaBUTH 3a-
nmauy drnamana (IOKa MBI pacCMaTpUBaeM JABYMEPHYIO IUIOCKYIO 3a1ady). 3anada dramaHa — 3TO cOCPENOTOUEH-
HOE BEPTUKAIBHOE BO3ACHCTBHE HA CBOOOIHOM ITOBEPXHOCTH TONYTIOCKOCTH. OHA MOIHOCTHIO TIOBTOPSET 33129y
JIpmba, pazmmumne B ToM, 4To 3amavya diramaHa pUMEHUMA MPH CTATHYECKOM BO3ACHCTBHH, a 3amada JIomba —
MIPY HECTAIIMOHAPHOM JUHAMUYECKOM BO37eiicTBUY. HamparmmBaeTcs: CeIyromuid BEIBOI: YeM OOJIBIIIE MBI OyaeM
3HaTh 0 (PU3UUECKUX Pe3yJibTaTax MPH pPelieHny 3a1aun JIsm0a, TeM ObIcTpee HecTallioHapHast BOJIHOBAst MEXaHH-
Ka TPYHTOB BBIJISIUTCS B HAYYHOE HAIPaBIICHHE U TIOSBUTCS OJJTHOMMEHHBIH yUeOHUK IS CTY/IEHTOB M UCCIIEIOBA-
Tenei. TakuM 00pazoM, MOXKHO CKa3aTh, YTO BOJHOBAS TEOPUS CEHCMUYECKON O€30IMacHOCTH HAaXOIUTCS Ha 3a-
KITFOUMTEJILHOM 3TaIle CBOETro (POPMUPOBAHHUSL.

Ha ocHOBe MeToa KOHEUHBIX AJIEMEHTOB Pa3pa0d0TaHbl METOIMKA, alITOPUTM M KOMILIEKC IMPOTPAMM JIJIst
JUHEWHBIX BYMEPHBIX IUIOCKHUX 3a7ad, KOTOPBIE IMO3BOJIAIOT PElIaTh CIOKHBIE 33Ja4Yd MPH HECTAIIMOHAPHBIX
BOJIHOBBIX BOSILCﬁCTBHHX Ha YHHKaJIbHBIC 00beKkTEl. OCHOBHBIE COOTHOIIIEHUS METOJa KOHCYHBIX JJICMCHTOB
MOJIYYEeHBI C MTOMOIIBI0 IPUHIIUIIA BO3MOXHBIX IepeMelieHnil. MaTpuiia ynpyrocTu BeIpakeHa 4epe3 CKOpPOCTh
MPOAOIBHBIX U TOMEPEYHBIX BOIH U TNIOTHOCTD.

JluHeliHas mUHaMUYecKas 3ajaya ¢ Ha4aJlbHBIMH U TPaHUYHBIMU YCIOBHUSMH B BHJE AU PEpEeHIINATBHBIX
YpaBHEHUI B YaCTHBIX MPOU3BOAHBIX ISl PEIICHMS 3a/ad MPU BOJHOBBIX BO3JACUCTBUSIX C MOMOIIBIO METOAA
KOHEYHBIX JJIEMEHTOB B IEPEMEIEHIIX MPUBEACHA K CUCTEME JINHEHHBIX OOBIKHOBEHHBIX TU(PepeHIIHATEHBIX
YpaBHEHUH C HaYaJIbHBIMU YCIIOBUSIMHU, KOTOpAsi PEIIaeTCs M0 IBHOM JIBYXCJIOMHOM cxeme.

Petiena 3agada 0 MaTeMaTuue€CKOM MOJIEIMPOBAHUN HECTALIMOHAPHBIX YIPYTUX BOJIH HANPSKEHUH MPHU CO-
CPEIOTOYCHHOM BEPTHUKAIEHOM BO3ICHCTBHU B BUE AENbTa-QYHKIMH HA TIOBEPXHOCTH MOdyIutockocTh. Mccie-
nmyemas pacdetHas oomacts nmeet 12 008 001 y3moBbIX Touek. Pemaercst cuctema ypasaernid u3 48 032 004 Hens-
BECTHBIX. PacTsruBaroliee ynpyroe KOHTYpHOE HalpshKEHHE O MMeEET MakcuMallbHoe 3HaueHue 0y = 0,18. Cxu-
Marolee ynpyroe KOHTYpHOE HampshKeHUe 0), NMeeT MaKCUMallbHOe 3HaueHue 65, = —0,24.

AMITIUTYIa TTIOBEPXHOCTHBIX BOJIH Pernest CymiecTBeHHO OOJIbIIEe aMILTUTY/] TPOJOJIBHBIX, MIONEPEYHBIX U
JIPYTHX BOJH TPH COCPEIOTOUYEHHOM BEPTHUKAIHFHOM BO3ICHCTBHU B BHAE TPEYTOJBHOTO MMITYJIbCA HA MOBEPX-
HOCTHU YNIPYTOi MOJTYIIIIOCKOCTH.

[Tocne moBepxHOCTHBIX BOJH Penest HaOmromaeTcss MMHAMHYECKUN TPOIlecC B BUAE CTOSTYUX BOJIH.
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CoBMecTHast padoTa A4eNCTON KOHCTPYKIIUU
KaK CHCTEMbI «KapKAacC — FPYHT 3aChINKHA — OCHOBAHUE»
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Poccuiickuil 2cocyoapcmeennwiil acpaphwiti yrugepcumem — MCXA umenu K. A. Tumupazesa, Poccutickas @edepayusa, 127434, Mocksa,
ya. Tumupszesckas, 0. 49
*zimnyukov(@rgau-msha.ru

Hcrtopus ctaTbu AHHoOTauus. Axmyanvrocmy. ONBIT IOCTPOSHHBIX SYEUCTBHIX COOPYKEHUN U
[Noctynmna B pemakuuio: 25 siaBaps 2021 r. pe3yNbTaThl PACYETHBIX M MOJEIBHBIX HCCIIEIOBAHUMN, BHINIOJIHEHHBIX B HaIIel
JHopabotana: 14 anpens 2021 r. CTpaHE U 3a pyOexoM, 10 OLEHKE COBMECTHOH paboThbl CIOXKHOIO KOMILIEKCA
[Mpunsra k nyomukamu: 20 anpens 2021 r. «STYEUCTBIN KapKac — TPYHT 3aCHINKH sTY€EK — OCHOBAHUE)» YKa3bIBAIOT HA JOCTa-

TOYHYIO HaJIe)KHOCTh TaKUX THIPOTEXHHYECKHX COOpYKeHUil. OCHOBHAsI CIOX-
HOCTb NP MPOEKTUPOBAHUU SUEUCTBIX KOHCTPYKLHUI COCTOUT B BOCIIPOU3BEE-
HUHM 00BEMHOI pabOThl KOMILIEKCA «SUYEUCTbIH KapKac — IPYHT 3aChIIIKUA — IPYHT
OCHOBAHUS» Ul BBIABICHUS PE3epPBOB KOHCTPYKUMH. [[enu. V3yueHue myrem
MIpOBE/CHU JIa0OpaTOPHBIX MCCIEA0BAaHUN B3aMMOJEHCTBHUS KapKaca, TPYHTa
3aChIIKU STYEHKHW M OCHOBAHMS MPU Pa3IUYHON BIAXKHOCTH T'PYHTA C YUETOM
TakuxX (PakTOpoB, KaKk rpaHYJIOMETPHYECKHH COCTaB TPYHTA 3aCHINKH, POJIb MO-
BEPXHOCTHOTO HATSKEHUS BIArH, COJEpiKalleiics B IpyHTE, TeOMETPUUYECKHE
napameTpbl caMOW KOHCTPYKLMHU U psiaa ApYrux. Memoowl. DKCepUMEHTAIb-
HBIE MCCJICIOBaHHS Ha MOJENH pabOoThl SYEHCTON KOHCTPYKIMHM Oe3 DHUIIA Ha
HECKaJIbHOM (TIeCYaHOM) OCHOBAHWH Ha YCTOHYMBOCTB MPU COOJIIOJICHUN KPHUTE-
pueB NoJo0MsA, a TaKKe HCCIENIOBAHUS S4YEEK, Pa3IMYaroOLINXCsl TeOMeTpue u
pa3MepaMu MpHU U3MEHEHUSX BIAKHOCTH U IPaHyJIOMETPHUYECKOTO COCTaBa IPyHTa
siueek. Pesynvmamul. 11o pesynbpraTaM MOJICNIBHBIX HCCIIEAOBAaHUN NPEAIOKEHA
3aBUCHUMOCTD 10 YYETY BJIMSHHUS CHUJI INOBEPXHOCTHOI'O HATSKEHMSI MPUHHUMAs
BO BHMMAaHHE THIPABIMYECKUMA pagnyc MONEPEYHOro CEYeHUs SYEHKH, CMOYCH-
HBIM IEepUMETp, IUIOIIAAb MONEPEeYHOro ceueHus sueiiku u ap. Paccmorpeno
B3aMMOJICHCTBUE SYEUCTONH KOHCTPYKLMHU C OCHOBAaHMEM COIVIACHO YKa3aHHBIM

BhlIIe napaMeTpaM. [IpencTaBieHb! pe3yiabTaThl 1a0OPaTOPHBIX UCCIEIOBaHUIL
110 y4eTy B3aUMOJAEWCTBHA Kapkaca, IPyHTa 3acChIIKH SUCHKH MPHU Pa3IMYHON
BIIAXKHOCTH 3allOJHUTENSI IPUHUMAs B pacdeT TPaHyJIOMETPUUYECKUIl cocTaB TPyH-
Ta 3aCBHIIKH, TOBEPXHOCTHOE HATSHXKEHUE BJIArH, COJEpXKalleics B rpyHTE, reo-
METPHYECKHE apaMeTPhl CaMO KOHCTPYKIMHU H PSR APYTUX (aKTOPOB.
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Article history Abstract. Relevance. The experience of constructed cellular structures and the results
Received: January 25, 2021 of computational and model studies carried out in our country and abroad to
Revised: April 14, 2021 assess the joint work of the complicated complex “cellular frame — soil backfill
Accepted: April 20, 2021 of cells — foundation” indicates the sufficient reliability of such hydraulic struc-

tures. The main difficulty in the design of cellular structures is to reproduce the
volumetric work of the complex “cellular frame — backfill soil — foundation soil”
to identify structural reserves. Objectives. To study, through laboratory studies,
the interaction of the frame and backfill of the cell and the base at different soil
moisture, taking into account such factors as the granulometric composition of
the backfill soil, the role of the surface tension of moisture contained in the soil,
the geometric parameters of the structure itself and a number of other factors.
Methods. Experimental studies on the model of the operation of a cellular struc-
ture without a bottom on a non-rocky (sandy) foundation for stability, subject
to the similarity criteria, as well as studies of cells with different geometry
and sizes with changes in moisture and particle size distribution of the soil of
the cells. Results. Based on the results of model studies, a dependence is pro-
posed to take into account the effect of surface tension forces, considering
the hydraulic radius of the cell cross-section, wetted perimeter, cross-sectional area

For citation of the cell, etc. The interaction of the cellular structure with the base is also ex-
Zimnyukov V.A., Zborovskaya M.1. Joint plored, taking into account the above parameters. The results of laboratory studies
operation of the cellular structure as a sys- on considering the interaction of the frame and backfill of the cell soil at diffe-
tem “frame — filling ground — base”. Struc- rent moisture content of the aggregate, taking into account the granulometric
tural Mechanics of Engineering Construc- composition of the backfill soil surface tension of moisture contained in the soil,
tions and Buildings. 2021;17(2):121-132. geometric parameters of the structure itself and a number of other factors.
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moisture content of backfill soil, capillary adhesion, soil granulometric composition

BBenenune

SluencTeie KOHCTPYKLIUHU TMAPOTEXHUYECKUX COOPYKEHUH INPUMEHSIOTCS MPAaKTUYECKH BO Bcex cdepax
BOJIHOTO X034iicTBa (TuioTuHbl, 30anusa ['OC, nHamasasle 6s10ku ['9C, nemocToiikue cTannoHapHbIE MIaT(HOPMBI
(JICII), monnopHbIe CTEHKH, METAIIIMYECKHIE U JKEIe300€TOHHBIC SYEUCThIe KOHCTPYKIMH MOJIOB, HAOCPEIKHBIX,
[IpUYajoB, JOKOB U Ap.). HaunHast oT nepeBSHHBIX PSKEW U O COBPEMEHHBIX TOHKOCTEHHBIX IMPUYAIbHBIX CO-
OpY’KEHUH S4YercThle KOHCTPYKIMU MOATBEPAMIN CBOIO MPUMEHUMOCTh M HAAEKHOCTh. DTH KOHCTPYKLIMHU TPO-
CTBI 10 (OpME, JIETKO BIHCBHIBAIOTCS B JIIOOOM CYIIECTBYIOMIMH penbed, I UX 3alOTHEHUS TPUMEHSIOTCS JII0-
Oble MecTHBIE MaTEpHaJIbl, YTO YCKOPSET CPOKH CTPOUTEIHCTBA U YACILIECBISIET UX CTOMMOCTD IPH AOCTATOYHOM
MIPOYHOCTH U HaJEKHOCTH [1].

Taxoke camoe MHUPOKOE MPUMEHEHUE HAXOIAT sIYEHCThIe KOHCTPYKIIMU B IPYTUX OTPAcisiX, OCOOEHHO CBSI-
3aHHBIX CO CKJIAAMPOBAHHEM PA3IHYHBIX MaTepHaIOB. DTH COOPYKEHHUS UMEIOT MHOTO O0IIMX MpoOjeM ¢ s4eu-
CTBIMH KOHCTPYKITUSAMHU THApOoTeXHIIeCcKnX coopyxeruit (I'TC), ocobeHHO mpu paccMOTPEHUH BOTIpoca 00 OrI-
peneneHny JaBlIeHUs 3aN0JHUTENS B siuelike. JaHHBIH BOMPOC OCOOEHHO aKTyajeH CeroAHs ¢ yUeTOM IIHMPOKOro
MPUMEHEHUS METANTUUECKUX CUIIOCOB Pa3InYHON KOHCTPYKUIWH, UMEIOIIHX Je(GopMUpyeMble Mo BO3ACHCTBH-
€M 3aCBIIIKH CTEHBI, ISl KOTOPBIX OYEHb BayKHA NPaBUIIbHAS IIOCIEI0BATEILHOCTD UX 3alIOJTHEHMSL.

Ho HectanmapTHOCTh TEXHOJIOTHH, HCIONB3YEMBIX NMPH BO3BEACHNUH S4eucThIX KoHCTpyKimid ['TC, mo cux
MOP TOPMO3HT UX IIMPOKOE BHEAPECHUE B CTPOUTEIBHYIO IPAKTHKY, H OCHOBHOE TYT — KaueCTBEHHOE M ObICTpOE

Viadimir A. Zimnyukov, Associate Professor of the Department of Hydrotechnical Structures, Institute of Melioration, Water Management and Construc-
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BEITIOJTHEHNE OETOHHOTO KapKaca M pelIeHrne MPOoOIeMBbl CTHIKOB TSI COOPHBIX KOHCTPYKIIHIA, a TaKXKe paIffo-
HaJbHOE U HauboJiee BBITOAHOE I HampsbkeHHO-AeGopMmupoBanHoro cocrosHus (HC) koHCTpyKIuu codyera-
Hue OETOHHBIX M 3eMIISTHBIX pa0oT (3aCHITIKHU SYeeK).

CnoxHocTh 00beMHON pabOTHI KOMIUIEKCA «TYEHCTHIN KapKac — TPYHT 3aChIKH — TPYHT OCHOBaHUS CO-
31aeT TPYAHOCTU MPH IKCICPUMEHTATHFHOM M PACUCTHOM H3YYCHHH PAa0OTHI KOMIUIEKCA MPU CTATHYECKUX BO3-
JIEHCTBUSIX, U3yUYCHUN YCTOWYMBOCTU COOPYXKCHHUS HA CJIBHT, TEMIICPATYPHBIX BO3JCHCTBHUAX C YYETOM HAKOII-
JICHHBIX K HACTOSIIEMY MOMEHTY JaHHBIX U (PH3MUECKUX MPEINOChUTOK 0 paboTe Takux KOHCTpyKiuii. Ho oue-
BHIHO, YTO PEUICHHE NAaHHOW 3a/la4d, ITyCTh M IOCTETIEHHOE, MMO3BOJIUT JIYYIEe YNPaBIATh paboTON SUEHCTHIX
KOHCTPYKITHH, YCOBEPIICHCTBOBATH UX, BBISBUTH PE3EPBBI, YTO JACT BO3MOXKHOCTh CAENATh UX 00Jee KOHKYPCH-
TOCIIOCOOHBIMH IO CPABHEHUIO C IPYTUMH OETOHHBIMHU M TPYHTOBBIMHY IDIOTHHAML.

Sldyencrast KOHCTPYKITHS YIa9HO NMMPUMEHEHA B COCTaBEe Celle3amnTHOM mIoTHHE (1976 T1.) Ha p. Bonbmmas
AnmatuHKa Juig 3anuThl T. AnMa-AThl. Takke B HacTOSIEe BpeMsl pacCMaTPUBAIOTCS MPOEKTHI Celle3aqepiKu-
BaIOIUX IUIOTUH Ha p. AKcall U YIIbKeH AnMaThl (Kelle300eTOHHAs sIYenCTast TUIOTHHA BBICOTOH (TI0 cenecOpo-
cy) 37,6 M, mupuHOH 68 M, mmuHON 127 M) — HHXKEHEpHAas 3allliTa TEPPUTOPHH, KOTOPAsI SIBIIAETCS YaCThIO T'O-
CyIapCTBEHHOTO HAIMOHAILHOTO IpUpoaHOTo nmapka Kazaxcrana [2].

Y aauyHbBIM OKa3aJics OMBIT MPUMEHEHUS STYCUCTBIX MOAMOPHKIX CTeH Ha 3aropckoit [ADC. PesepcuBHbIi
BOJIONIPUEMHUK BEpXHETro OacceifHa pelieH 1mo cxeme pycioBoro 3nanus [ADC, To ecTh HEMOCPEACTBEHHO BOC-
MpuHUMAaeT Harmop Boael. C 000X CTOPOH K YCTOSM BOJOIPHEMHMKA IPUMBIKAIOT JIEBOOEpEXKHAs U MpaBooOe-
peKHAs YaCTH IPYHTOBOM AaMObl. Tak kak mmpuHa JaMObl 3HAYMTEIHHO MPEBBINIACT IIUPHUHY BOJOTIPHEMHUKA
BJIOJIb TIOTOKA, TO JIJISl COTIPSDKEHUS €€ C BOJIOTIPHEMHUKOM C HU30BOW U BEPXOBOW CTOPOH MPEIyCMOTPEHBI MOJI-
MTOpHBIE CTEHKH B J[Ba sipyca.

KoHcTpyKIust CTEHOK BTOPOTO Spyca HEOAMHAKOBA, 00JIee BHICOKUE CTCHKH, PACIIONIOKEHHBIE OIIKe K BOJO-
MPUEMHHUKY, UMEIOT STYEUCTYIO0 KOHCTPYKIUIO. bojee HU3KUE CTEHKU UMEIOT YTOJIKOBBIM Mpoduiib. MakcuMab-
Hasl BBICOTA CTEHOK 27,5 M, MakcuMalbHas mupuHa 28,50 M, MakcUMaibHas JUIMHA HEMHOTUM Ooee 25,00 M.
s oTBOMA TIPO(HUIBTPOBABIIEHCS BOIBI MMOJ] CTEHKAMHU BBIITOJTHEH TOPU30HTAJIBHBIA JPEHAX U3 MEeCUYaHO-
rpaBuiinoit cMecu (I1I'C), Boaa U3 KOTOPOTo MO0 BEPTUKAIBHBIM JIPEHAXKHBIM CKBKUHAM BBITTYCKACTCS B APEHAXK
Tena 1amObI BepxHero Oacceiina [3].

CormacHo [4], 3agada y4era JaBiIeHHUS 3aCBIIIKH Ha OCHOBAHWE M CTEHKH SIYEHICTOTO KapKaca sSBJISIeTCS Kiac-
CHYECKON B MEXaHHKE CHIITyYuX cpel. JlelcTByoIme B HACTOSIIEE BPpeMs CTPOUTEIBHBIE HOPMBI U TIpaBmiia 6a3u-
pytorcs Ha pemeHnn SlHceHa 1895 T., B KOTOpoe BBOAMTCS PsJ MOMPABOYHBIX SMIHUPHUECKUX KO3(HUITMEHTOB.
B pesynpraTe YMCIeHHBIX KCIIEPUMEHTOB ¢ 3D-MOeNnbi0 aBTOPBI IPUXOAAT K BRIBOAY, YTO «pacIpeesieHne AaB-
JICHUS CBHIITyYero MaTepualia Ha JHO M CTEHKH €MKOCTH 3aBUCHT HE TOJIBKO OT YJICILHOTO Beca MaTepuaiia 1 Kodd-
(UIIMEHTOB €ro BHEUTHETO ¥ BHYTPEHHETO TPEHHS, HO U OT CIOCO0a 3aChIIKA €MKOCTH» TakXe OTMEUaeTcs, YTo
TIPY TTOCTIOMHOM 3aChITIKe SYEHKH C KECTKUM JHUIIEM KO3 PHUIIMEHT OOKOBOTO JTaBIEHUs (pacropa) SBIseTcs IMo-
CTOSIHHBIM I10 BEJIMYMHE TOJBKO IPY HAJIWYUU CABUTA JTHA SYEHKU BHU3 C NOCTOSIHHOM Malod CKOpOCThIO. B city-
Yyae TMepeMeIICHUs JHA SYeHKH (a 3TO COOTBETCTBYET YCIOBHUSM IPOBE/ICHUS OINBITOB MHXEHepa u3 bpemena, ko-
TOPBIA TaKXKe 3aChINall COACPKUMOE SUSHKH MOPIUSIMH U MPOM3BOJII M3MEPEHUS B YCIIOBHSX, KOT/Ia 3achIlKa
HaXOWJIACh B MIPEICIHLHOM COCTOSTHUAN) hopmyrta SIHceHa paboTaeT J0CTaTOYHO TOYHO.

Kak yxe panee ormedanock [5], cymecTByeT ps paboT, KOTOpble MOKHO Pa3/eluTh Ha JBa HalpaBle-
Hust: 1) 00 yueTe B3aMMOJCHCTBHS 3aChINKH C dKECTKUM OCHOBAaHHMEM HJIHM K€ C JHUIIEM SYCHKH; 2) B3aUMOJICH-
CTBHE KapKaca W 3aCHIIIKH ¢ HECKaJIbHBIM OcHOBaHWEeM. Hambomee m3BecTHBI paboThl JI.M. EMennsHOBa U ero
nocnenoBatens B.B. Anunosa [5]. OTMeuaercs, 9TO BCIEICTBHE BEPTUKAIBHBIX M TOPU3OHTAIBHBIX HArPY30K
3¢ ekt 3aBrCaHuUs 3aCBINKH B SYCHKAX PACIPOCTPAHSIETCS J0 ONPEICICHHON ITyOHHEBI, a IPU BPe3aHUM KapKaca
B TPYHT OCHOBaHHMS B HI)KHEW 4acTH SUEHKH TPEeHHUE M0 CTeHKaM OyJeT HalpaBJIeHO B MPOTHUBOIOJIOKHYIO JIBH-
KEHHIO CTOPOHY U OJIMKe K OCHOBAHHIO SYEHKH JTaBICHNE TPYHTA MPH TACCHBHOM COCTOSHUH 3aCHIIKH (TO €CTh
BOCIIPUATHM €10 YacTH Beca Kapkaca) OyaeT Oosbliie akTUBHOTO. COIVIACHO HAIIUM HUCCIICJAOBAHUSAM, BaXKHBIM
SBIIIETCS TaKXKe ydeT BIHSHHA 1e(hOpMaTUBHOCTH CTEHOK KapKaca sueeK, KOTOpasl CYIIeCTBEHHO BIIMSET Ha pa-
00Ty TOHKOCTEHHBIX KOHCTpPYKIMi. Heobxomumo HakoIUIeHHWe, CHCTeMaTH3alns W OIeHKa JaHHBIX I Ooiee
TOYHOM OIICHKH PabOThl SYCUCTHIX KOHCTPYKIUH THAPOTEXHHUUECKUX COOPYKCHHI HAa HECKAJIbHOM OCHOBAHHH.
CerojiHs pacYeTHBIC UCCIICIOBAHUS MTO3BOJISIOT MTPOABUHYThH UCCIICAOBAHUS O XapaKkTepe paboThl SYEUCTHIX KOH-
CTPYKIMH M BBIBECTH OIIEHKY WX pa0OTHI Ha HOBBIH ypoBeHb. OOmIMe Takux paboT AJS CHIIOCOB M OYHKEPOB
MOYEPKUBAET BAXKHOCTH JAHHOTO BOIIPOCA U CIOKHOCTH UX 3D-paboThI.

B 1965-1966 tr. B 'nmpopeurpance oz pykoBonctsoM C.H. JleBaueBa ObLK MpoBeneHBI 1a00OpaTOPHbIC
WCCIICJIOBaHUSI KHHEMAaTHKN B3aMMOJICUCTBUS TPABUTAIIMOHHBIX 000JIOYEK OOJBIIOTO AUAMETpa ¢ TPYHTOM OC-
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HOBAaHUS ¥ BHYTPEHHEH 3aCHIIIKY C «BTATUBAHUEM» YaCTH 3aCBHIIKH B 000JI0UKY IIPH CIABUTH €€ TOPHU30HTAIBHON
cunoit [6]. Takke 3TOT BONPOC 3aTPOHYT B PYKOBOZACTBE JUIsSI KOPIyca MH)XEHEPOB aMEPUKAHCKOW apMHH, TJie
JIAI0TCSI PEKOMEH/IAIMH 110 pacyeTaM YCTOHYMBOCTH 000JI04EK OOJBIIOro JHaMeTpa, B TOM YUCIIE C YIeTOM BIIH-
STHYSL QYUTBTPAITMOHHOTO ITOTOKA B TYCHCTON KOHCTPYKIIMH B OCHOBaHUH [7].

Lenps HacTOAIIETO UCCIIENOBAHUI — U3yUCHNE B3aUMOICHCTBHS KapKaca, TPYHTa 3aChIIKU SYeHKHA U OCHO-
BaHMS [IPHU Pa3IUYHON BIAXHOCTU TPYHTa B J1aOOpaTopHBIX ycinoBusX. [Ipy 3TOM mprHUManuch BO BHUMaHHE
Takue (aKTOpbl, KaK TPaHYIOMETPUUECKHI COCTaB IPYHTA 3aCHINKU, POJIb TIOBEPXHOCTHOTO HATSKCHUS BIIArH,
cozeprKamieiicst B TpyHTe, TeOMETPHIECKUE TapaMeTphl caMOil KOHCTPYKIIMH U P IPYTHX (HaKTOPOB.

MaTepna.m,l H METObI

MonenbHbIe HccaenoBaHus pabOThl SYEHCTOW KOHCTPYKIUN Oe3 THUINA Ha HeCKalbHOM (IIeCYaHOM) OC-
HOBAHWW Ha C/ABHT TPOBOIWINCH U OICHKH KAa4eCTBEHHOW KapTHHBI MPOTEKAOIIETO MPOIecca M BBISIBICHUS
3araca yCTOWYMBOCTH CHCTEMBI «STUE€UCTast KOHCTPYKITUS — 3aChIIIKa — OCHOBAHHUE).

Jlo HacTosIIero BpeMeHH SYEUCThle KOHCTPYKIIMH PAacCUNUTHIBAIOTCS Ha YCTOHUMBOCTH MPOTHUB CABHTa IO
METOJHKE KecTKoro mTamma, cormacao CIT 23.13330.2011 «OcHoBaHUS TUAPOTEXHUISCKUX COOPYKCHHI» (aK-
tyammsupoBannas penakius CHull 2.02.02—85) (CII sBnsieTcsi cOCTaBHON YacThIO HAITMOHANBHON CHUCTEMBI
crannaptuzauuu Poccuiickoit denepanun u neiictsyer Ha Tepputopun Pd). B coorBercTBHU C 3TOH MeTonu-
KOH, COOCTBEHHBIH BEC COOPYKEHHS MOJIEITHPYETCS OAHON BEPTHKAILHOW CHIION C 3aMEHOW COOPYIKEHUS KECT-
KuM (OOBIYHO KBAJpPATHBIM) INTAMIIOM, YTO HE ITO3BOJSET YUECTh OCOOCHHOCTH KOHKPETHOTO COOPYXKEHHUS B
city4ae paboThl COOpYXKEHHsI 0€3 AHUIIA U B3aUMOICHCTBUS TPYHTA 3aCHIIIKM C OCHOBAHUEM.

B nccrenoBanusax cucteMa «4EHCTHIN KapKac — IPYHT 3aChIIIKU — TPYHT OCHOBAHUS» MOETHPYETCS B TIpe-
JIeNlaX CYIIECTBYIOMHNX (PM3NUECKUX MPEICTABICHUI O TIOBEIEHIH TaKUX CHCTEM M COCTABIISIONINX €€ KOMITOHEH-
TOB (SYEHUCTBIX COOPY>KCHUI 0€3 MTHUINA HA MATKOM OCHOBAHHH C TOTEped ycToiumBocTH). VccnenoBanue mpoBo-
JUJIOCHh B 1a00paTOpUH IMPOYHOCTH Kadeaphl THAPOTEXHUYECKUX COOPYKEHUH MHCTUTYTa Mennopaluy, BOIHOTO
xo3siiicTBa u ctpoutenbctBa uMeHn A H. KoctsakoBa ®T'EOY BO PI'AY — MCXA umenu K.A. Tumupsizea.

Hcnonp3oBanack MeToANKa MOAETUPOBAHUS, coracHo noaxony A.l'. HasapoBa k pelieHuio 3agadu Mo-
JeTUPOBaHUs TPYHTOB M HECKAJBHBIX OCHOBAaHHUH ¢ JAOBEIEHHEM A0 paspylieHus (o = 1 — crporoe mogodue).
Jlnsg skcrieprMenTa Oblia H3TOTOBJICHA MOJEIh TUIOTHHBI BEICOTOH 50 MM, 9TO COOTBETCTBYeT MacmiTady o; = 80
IO OTHOIICHHIO K HATYPHOMY COOpYKeHHUIO (puc. 1), Moaenupyromasi QrroToeT SICUCTOW KOHCTPYKITHH.

b=233.0mm
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Puc. 1. Cxema MoJeny SYEUCTOTO LITAMIIA C 3arPy30YHBIMU YCTPOHCTBAMU U YPOBHSIMH IPHIIOKEHUS CABUTraroen cuisl P (a)
U KMHEMaTHKa MPH CABUIe SYEUCTOro MITaMIa Ha IECYaHOM OCHOBAHMH C TIECYAHOH 3aChINKOM MPH BIAXXHOCTH 1ecka 5 % (6):
a: 1 — aHKepbl U1l MOJICTIMPOBaHKs COOCTBEHHOTO Beca KapKaca S4eiKu; 2 — aHKEPbI Il MOZICIIMPOBaHHs COOCTBEHHOTO BECa 3aChINKH SUCHKH;
3 — cucrema 3arpyeHus UL MOZIEIPOBAHIS COOCTBEHHOTO Beca IITaMIIa; 4 — TPyHT-OCHOBaHHe ITamIIa; P/, P2 — ypOBHHU IPHIOKEHIS CIBUTAIONISH HArpy3Ku P;
6:1— czmm‘aromnﬁ JAOMKpar (co3£[a}me anHra}omeﬁ CHJIbI PZ), 2- WHJIUKATOP YaCOBOI'O THUIIA JUISI U3MEPEHUS nepeMemeHm‘z’l;

3 — pa3MeTKa rpyHTa I HaOJII0ICHUS 3a IIEPEMELIEHIEM IPYHTa IIPH C/IBUTe; 4 — IEPEMEICHUs TPYHTA IIPU CIIBUTE
Figure 1. Schematic of a model of a cellular die with loading devices and levels of application of a shear force (a)
and kinematics during shear of a cellular die on a sandy base with a sand backfill at a sand moisture content of 5% (6):

a: 1 — anchor for modeling the dead weight of the cell frame; 2 — anchor for modeling the dead weight of the cell backfill;

3 — loading system for modeling the dead weight of the stamp; 4 — soil-base of the stamp; P/, P2 — shear load application levels P;

6: 1 — shearing jack (creating a shear force P2); 2 — dial indicator for displacement measurement;

3 —marking the ground to observe the movement of the ground during shear; 4 — displacement of soil during shear

HJ’IH Kapkaca MOACIN COOTHOIICHUC Moz[ynef/i YIOPYroCcT MaTe€praIoB KapKaca HaTypPbL (6€TOH) 1 MOACIHN
29000

5250

(oprerexio) EX/EN = = 5,5, 4T0 cooTBeTCTBYeT MaciuTady MOJACIUPOBAHUS Xg= 05z = 5,5.
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Harpy3ka cucremsl «kapkac — 3achllIKa» MOJEJIMpPOBajJach Ha OCHOBE CYILECTBYIOIIEH B jgabopaTopuu
MPOYHOCTH Kadeapsl THAPOTEXHUYECKUX COOPYKEHHH METOIUKH TPHIOKEHUsS HAarpy30K Ha MOJEIH MAalloTo
Macmrada ¢ MOMOIIBI0 YIPYTHX 3JIEMEHTOB U3 KarpoHOBOW HUTH (1ecok) auamerpom 0,8-0,1 mm (puc. 1, a).
CrBuraromas cujia IpHUKIaIbBaIach K MOJCTH Ha ABYX ypoBHAX: 25 (ombITel cepuu I — P1) m 50 MM (OTBITHI
cepun Il — P2) 1 ¢ TOMOIIBIO ABYX aBHAIIMOHHBIX (MACIISHBIX) JOMKPAaTOB, a COOCTBEHHBIN BeC Kapkaca U 3a-
CBINKM BOCIPOM3BOAMIICS C MPUMEHEHHMEM 3arpy304HOI CHCTEMBI C HCIOJb30BAaHUEM YIPYTHX 3JIEMEHTOB U
JKECTKUX METAIIMYECKUX 3JIEMEHTOB IJISi CBSA3M JIECOK HY)KHOW IUIMHBI C ABYMSI 3arpy304HBIMHU IOJBECHBIMU
wiathopMaMu U BOCHPOM3BENCHMs 3amaHHoro ycuiuus. Ilpu 3ToMm aBe 3arpy3o04Hble HOABECHBIE IUIAT(HOPMBI
paboTanu OTHENBHO Ui KapKaca M 3aCBhIIKM M Harpy3ka Ha HUX IepelaBajiach MOCPEICTBOM 3arpy304HBIX CEK-
TOpOB (co3maBany HEOOXOIMMOE IUIeY0) U Ipy30B. [5]. Bo BpeMs skcnmepuMeHTa 3arpy304HbIe YCTPOWCTBA M
w1aT(GOPMbI MOTJIN NIEPEIBUTATHCS BMECTE C MOJIEIIBIO IIPH ITOTEPE YCTONYUBOCTHU HA CIIBUI.

B KkauecTBe MaTepHana 3achIIKH H OCHOBAHMSA ObLT MPUHSAT MECOK C XapaKTepUCTUKaMH Y, = 0,016 MH/m?,
E, =28 MlIla, ¢ = 28,8°, & = 20° (yrJIbl BHyTPEHHETO ¥ BHEITHETO TPEHHSI 3aCHITIKA U OCHOBAHUS COOTBETCTBEH-
HO) C LEJBIO MOTyYeHHsI KaYeCTBEHHOM KapTHHBI CIBUTA.

[Tocne moctmwxeHHUss HA MOAETH 3HAUYCHHUS cOOCTBEHHOro Beca G M CTAaOMIIM3AaLUU €€ COCTOSHUS, MPHKIIA-
JBIBANACh CABUTAIOIIAs Cuia CTyHeHAMH 10 0,2Ppucq (Ppacs = Gtge) ¢ GUKCMPOBaHMEM IPOUCXOAALIMX U3MEHE-
HUHM C MOMOIUBIO WHAMKATOPOB YAacOBOI'O THUIA, MPOrMOOMEpOB, (HOTOCHEMKH M OTCHIIAHHOW W3 PE3MHOBOU
KPOIIKY CEeTKH Ha KOHTaKTe CO CTEKIIOM JloTka. OmbIThl cepuil | u Il oTnnyanuce mMexy cob6oit BEICOTON MpUIIO-
JKeHus caBuraromieit cuiel P: 25 u 50 MM cooTBeTcTBeHHO (puc. 1).

[Tpu MonenupoBaHHM COOCTBEHHOI'O Beca KapKaca M 3achIIKM HaOmoJanack MpakTHYECKH COBMECTHAs pa-
00Ta KapKaca M 3aChIIKH U HE IPOMCXOAMIO CMELICHHUE 3aChIIKK BIOJb CTEH Kapkaca. IIpu yuere reomerpuue-
ckoro Macmraba &; = 80 Mbl UMeeM HaTypHOE coopyskeHue — mramn Beicotoir H = 0,05 x 80 = 4,0 M 1 BHyTpeH-
HUM pa3MepoM siUeHKH a = 5,2 M, 4To AaeT cootHouieHue H/a = 0,77 1 He MPOUCXOIUT Pa3BUTHSI IPENEITEHOTO
COCTOSIHUSI HA KOHTAKTE «KapPKac — 3aChIIKay.

Tak kak B ombitax I u Il BusyansHO npu P = 0,8 Ppacy YK€ OBIIIO 3aMETHO MCKa)KEHHE CETKH, HAHECEHHOM
JUTsl HaOJIIOJICHWH 32 OCHOBAaHMEM ILITAMIIOB, TO pacyeT YCTOWYMBOCTH IITAMIIOB MPOM3BOAMIICS HAMU IO METO-
muke CIT 23.13330.2011 «OcHoBaHHS THAPOTEXHUYECKUX COOpPYKEeHUI» (akTyanusnpoBanHas penakuus CHull
2.02.02—-85) mo cxeMaM TIyOMHHOTO W CMEIITIaHHOTO CIIBUTOB.

[Tpu 3TOM B 000MX CITydasix MpU MPOBEPKE Ha IUIOCKUH CABUT MBI UMEJH BETMUNHY KPHTEPHUS N = Omar/(b-Y) > 3,
TJIe Omax — MAKCUMaJIBHOE HalNpshKeHNe B ocHOBaHuH mTamia mpu P = 0,7 Ppacu, b = 23,3 ¢M — IIHPUHA MTOIOIIBHI
mrammna, Y = 0,016 MH/M> — 00BbeMHBIH BeC OCHOBAHMS LITAMIIa, TO €CTh B 00OHX CJIydasiX HE BBIMOJHAETCS
KpUTEpHUl 10 YCTOHYMBOCTH IITAMIIOB Ha TUIOCKHI CABUT U HEOOXO0IMMa MPOBEpPKa Ha CMEIIAaHHBIN CIIBUT, YTO
COBIAAACT ¢ JaHHBIMU OnbITOB I 1 II.

PaccunthiBas Hamm casurarontue mraMibl s onbIToB | u 11 ipu P = 0,7 Ppacy (iput P = 0,8 Ppacu YK€ OT-
MEUeH CJIIBUT), MBI TOJIYYWJIM TOJ OOOMMH IITaMIIaM{ HAdYaJI0 30HBI ITACTHUECKUX AedopManuii, COCTaBIsO-
nwmx s oneita I by = 0,066 = 1,4 cm, a ans oneira 11 b= 0,0656 = 1,5 cMm (puc. 1, 6).

Takum 00pa3oM, HOJ YacThiO b MOAOLIBHI LITaMIa OCHOBAaHME IEPEIIIO B MJIACTHUYECKOE COCTOSHHUE H
T = Topex = O - tgp MH/M%.

JanbHeliee yBeIMUeHNE HArpy3KU BHI3BIBACT Pa3BUTHE TUIACTHYECKHUX JedopMaluii B OCHOBaHUH MOJIe-
NIel U pacuIpeHue 30HbI b B MIUPHUHY U 110 riryouHe (puc. 1, 6).

C 1epI0 pacuupeHus MPEACTABICHUA 0 KA9eCTBEHHON M KOJMYCCTBEHHOW CTOPOHAX SBJICHUS YCTONIH-
BOCTH AYEHCTHIX KOHCTPYKIIHH C yUETOM MEPEeUHCICHHBIX (PAKTOPOB HEOOXOANMO H3yUEHHE STYEUCTHIX LITAMIIOB
¢ H/a > 1,5-2, T0 ecTb paboTaiomux 1Mo THITy CHJIOCOB, a TaKXKe y4eT OOJIbIIEro Juana3oHa W3MEHEHUS! MOMEH-
TOB CABHTAIOILIEH CHIIBI M, BO3MOXHO, yBEJIMUCHUE MaclITaba MOJCIIH.

KapTtuna, ananornunas 3adukcupoBannoir C.H. JleBaueBbM [6] mirst 000709kH OOJBIIOT0 AHaMETpa,
ObUIa MOJTyuyeHa HAMU B OTBITE C MECKOM BIAXHOCTBIO 5 % 0e3 3arpy3Kd 3achIlKH S4eeK COOCTBEHHBIM BECOM
npu P = Ppacy, TPUIIOKEHHOW HA BBICOTE 25 MM OT NOJOMBHI mtamna (puc. 1, 6). B atom cirydae MOXKHO OTMe-
TUTb, YTO KapKac MOJ AefiCTBHEM COOCTBEHHOTO BECa «BPE3aeTCs» B OCHOBAHME U BIMACT HA HAIPABICHUE JIBU-
JKEHHSI TPYHTa OCHOBAHUS M 3aCHINKH.

B nporecce sxcniepumMenTa ¢ OIMHOYHBIMU S4eHKaMu (puC. 2, @) NOTy4€eHbl JaHHbBIE O MOBEJICHUN KPYITHO-
3€PHUCTOrO U MEJNKO3EPHHUCTOTO 3aIIOJIHUTEIIS U MEJIKOIO IeCKa Pa3sHOM BIAXKHOCTH IPH BBICHIIAHUM U3 SUEHKH,
CBU/ICTENILCTBYIOIIME O BIMSHUM BBICOTHI SMMEHKH M BIAXHOCTU NECKa Ha BEIWYMHY 3aBHUCAHUS 3aCBIKU HA CTEH-
Kax sg4yeku. B omplTax paccMaTpuBaIMCh HU3KHE SYEWKU C BBICOTOM, MPUMEPHO PaBHOM MONEPEYHOMY pa3sMepy
SYEHKH, U BEICOKHE TYCHKH, B KOTOPBIX BBICOTA IIPUMEPHO B 4 pa3a NpeBOCXOMIIa ONEPEYHbINH pa3Mep.
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Jtst aToro ObpUT COOpaHBI STMeUCThIe (PParMeHTHI U3 OPreTekia B Buae (puc. 2): a — Kybuka 6e3 JHa ¥ KpPbII-
ku: a = 16 cm, H = 16 cm (H/a = 1); 6 — nuskoro mmnuaapa: @ = 11 cm, r =5,5 cm, H = 9,5 cm (H/a = 0,86);
6 — BeIcOKOTO muuHapa: @ =11 cm, r = 5,5 cm, H = 39,5 cm (H/a = 3,59).

B KkauecTBe 3acCBITKM WUCIOJIL30BAUCH TPH BHJA MaTepualia: KPYITHO3CPHHUCTHIM — KaMEHHAasl KpOIIKa,
€CTEeCTBEHHAs BIaXKHOCTh — 3 %; CpeHEe3epHUCTHIN — KaMeHHas KpPOIlIKa, €CTECTBEHHAs BIAXKHOCTh — 3 %; Mell-
KHUH TIeCOK, €CTeCTBEHHAs BIAXHOCTh — 3 %.

Puc. 2. McnbiTanus Ha MOAHATHE STYECK
Figure 2. Cell lifting tests

o REEDARY ey
Menkunii IECOK €CTeCTBEHHOM BIIAKHOCTH Menkuii IeCOK, BIAKHOCTh 5 % Mernkuii iecok, BiaxxHocTsh 10 %
Fine sand of natural moisture Fine sand, moisture 5% Fine sand, moisture 10%

CpeHe3epHUCTBII MaTepHal eCTECTBEHHON BIaxKHOCTH — CpelHe3epHHCTBIH MaTepuall, BIOKHOCTE 5 %  CpeqHe3epHHCTHI MaTepual, BIaxHOCTh 10 %
Medium-grained material of natural moisture Medium grain material, 5% moisture Medium grained material, 10% moisture

KpyTHO3epHICTEII MaTeprall eCTeCTBEHHOI BIAKHOCTH  KpyITHO3epHHUCTBIA MaTepHa, BIGKHOCTE 5 % KpymHo3epHUCTEI MaTepral, BIaXHOCTS 10 %
Coarse material of natural moisture Coarse material, 5% moisture Coarse material, 10% moisture

Puc. 3. Pe3ypTaThl HCOIBITAHUH Ha MOTHITHE TYEEK
Figure 3. Cell lifting tests results

B ycranosneHHyro Ha creHae GopMy 3arpyxkaics TpyHT HEOOXOIUMOW BIaKHOCTH 0e3 KaKoro-mbo yIioT-
HeHus. [logHMManach sueiika ¢ ONpee/ICHHBIM IaroM OT IOBEPXHOCTH MCIBITATENILHOM TUTOIMaAKu. B mpouecce
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MOIHATHS Ha (QUKCHPOBAHHBIX OTMETKAaX CHUMAJIMCh [TOKA3aHUS JUHAMOMETPA, U3MEPSIICS PAauyC PaCChITaHUs
rpyHTa (puc. 2).

bnarogapst npoBEeCHHBIM OMBITAM MbI TOJIYYMIH TPAdUKH MOBEICHHUS TPYHTA Pa3IMYHON BIAKHOCTH H
rPaHyJIOMETPHUECKOT0 COCTaBa MPU MCIBITAHUM 10 MOIHATHIO siueek (puc. 3 u 4). Kak mpaBwio B rpadukax,
MPEJICTABJICHHBIX HA PHUC. 4, caMas HUXHSS BETBb COOTBETCTBYET €CTCCTBEHHOW BJIAXKHOCTH I'PYHTA — 3arloJi-
HUTENS SYCHKU, MPU KOTOPOH T'PYHT MOCTEICHHO BBICBHINACTCS M3 SYECUCTOTO (hparMeHTa Mpu ero MOTHATHU
Ha 1/5—1/3 BBICOTHI TYEHKH.

Dopma —kyo (H/a = 1; puc. 2, a) Dopma — nuskutl yununop (H/a = 0,86, puc. 2, 6) Dopma — svicokuii yunundp (H/a = 3,59; puc. 2, 6)
Shape — cube (H/a = 1; Figure 2, a) Shape — low cylinder (H/a = 0.86, Figure 2, 6) Shape — tall cylinder (H/a = 3.59; Figure 2, )
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Puc. 4. [luarpaMMbl 3aBICHMOCTH BeCa STYCHKHU OT BBICOTHI €€ MOTHATHUS
U BIIQXKHOCTH 3aChINKH M3 MEIKO3EPHUCTOrO TIeCKa (a—6), CPSIHE3EPHUCTOTO HeCKa (e—e) M KPYITHO3EPHUCTOrO MaTepHaa (oc—u):
onvimvl -3 — TPyHT €CTECTBCHHOH BIIAXKHOCTH; Onblmul 4—6 — BIAXKHOCTb TPyHTA 5 %; onvimusr 7—9 — BlaxHOCTS rpyHTa 10 %
Figure 4. Diagrams of the dependence of the cell weight on the height of its rise
and the moisture content of the backfill from fine-grained sand (¢—¢), medium-grained sand (e—e), and coarse-grained material (orc—u):
experiments 1-3 — natural moisture; experiments 4—6 — soil moisture 5%; experiments 7-9 — soil moisture 10%

Pe3yabTarthl 1 00cy:x1eHue

O cymiecTBeHHOM BIUSTHUH BJIQXKHOCTH IT€CKa Ha €ro MOBEICHNE TOBOPUTCS U B [8]. ABTOPHI IpeACTaBUIH
rpaMKy 3aBUCMMOCTH HACBIITHOHM TUIOTHOCTH TEcKa OT €ro BIaKHOCTH, a TaK)Ke 3aBUCHMOCTb U3MEHEHHUs 00b-
eMa Iecka OT ero BIaKHOCTH (puc. 5).

B [9] myTeM mcmpITaHU 711 HECBSI3HOTO TPYHTA PA3IUIHON CTETICHH BIAKHOCTH (B 3aBHCHMOCTH OT KO-
s dunreHTa BOJOHACHIIEHHOCTH S,) U3y4aloCh U3MEHEHNE MPOYHOCTHBIX XapPaKTEPHCTHK HECBS3HOI'O TPYHTA
(¢ u «c» mecka) METOIOM OAHOIUIOCKOCTHOTO cpe3a — puc. 6.
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Puc. 5. 3aBucumocTh IIOTHOCTH p (@) 1 00beMa necka AV (6) ot BraxxHocTH 1ecka 1) [8]
Figure 5. Dependence of density p (a) and volume of sand AV (6) on sand moisture 1 [8]
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Puc. 6. 3aBucHMOCTH yriia BHYTPEHHETO TPEHUS U YAEIHHOTO CLEIUICHHSI TPYHTA OT CTENCHU BIaXHOCTH Sy [9]
Figure 6. Dependences of the angle of internal friction and the specific cohesion of the soil on the degree of moisture S, [9]

Kak BunmHO U3 rpadukoB s S,, paBHoro npumepHo 0,15, yrosm BHyTpEeHHETO TPEHHUS MECKa () UMEET MH-
HUMAJILHOE 3HaUCHUE, paBHOE 19°, HO MPH 3TOM MPOSBIISETCS CBA3HOCTH TPYHTA «C», KOTOpas BO3PACTaeT Mpak-
trdecku ¢ Hyns g0 0,018 Mlla. To ecth HabIrOHaETCS MaKCHMAIBHOE TPOSIBIICHNE CUJT CLICTUICHUS B TIECKE TIPH
CTEeTNEeHH BIaXHOCTH TIpyHTa S, = 0,15, yto mpu cpenneit nopucroctu necka 0,40-0,36 [10] cooTBeTcTBYyeT
BIIQYKHOCTH TecKa mopsiaka 5 %.

Kak yxe otmedanock aBTopamu B [11] u corntacHo [12], 1uIst CBIPbEBBIX COCTABOB IPU MPHUTOTOBICHUU Oe-
TOHA B TpeX(a3HBIX CHCTEMaX C YaCTUIIAMHU AUAMETPOM A0 1—2 MM IJIaBHBIMH SBISFOTCS YCHIINS KaIMIUIIPHOTO
B3aMMOJICUCTBHUSA U UX JIEHCTBUEM OOBSCHSAIOTCS MAaKCUMAJIbHBIC 3aBUCUMOCTH HACHIITHOTO 00beMa M MPOYHOCTH
m3nenuit (puc. 7). Kak BugHo u3 rpadukoB Ha puc. 5 u 6, npu BiaxHocty 4—10 % MIOTHOCTH Mecka HAaMMEHb-
mrast, a 00beM U TIOPUCTOCTD MECKa HAMOOIBIIINE.

Puc. 7. Kannnsipasle cTpyKTyphl B cMecH BOJIBCKOT0 1 MOJIOTOTO MecKa MPH BIaXKHOCTH:
a—0%;6-3%;6-6%;2—9%[12]

Figure 7. Capillary structures in a mixture of Volsky and ground sand at humidity:
a—0%; 6—3%; 6—6%; 2—9% [12]

Ha nro00i#t 351eMEHT MOBEPXHOCTHOIO CJIOSI MPUMBIKAIONINE K HEMY COCEIHHME YYaCTKH JCHCTBYIOT C CH-
JIOW, CTpeMAIIEHCS yIepKaTh ero B pacTIHYTOM COCTOSIHUW. DTH CHJIBI HAINIPABJIECHBI BJOJb MOBEPXHOCTHOTO
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CJIOSl ¥ HAa3bIBAIOTCS CUJIAMU IIOBEPXHOCTHOTO HATSDKEHHUA. M Toraa mecok mpu ero HeOOJBIIOM YBIaKHECHUH
CTaHOBHUTCS CBS3aHHBIM U JIEPXKUT BEPTUKAIbHBIE OTKOCHI, O BBICOTE KOTOPHIX B SUEUCTON KOHCTPYKIIMM ITOKa
CJIO’KHO TOBOPHTb.

MBpI nipesiaraeM y4yecThb BIMSHHUE BIaKHOCTH B ()OpMyJie AaBJICHUS IPyHTa B siueiike SlHCeHa B BUIE CHIIBI
MOBEPXHOCTHOTO HATsDKEHUs BoAbI P ¢ (K — mepexoqublii K03 GUIHUEHT I CUIIbI TOBEPXHOCTHOT'O HATSKe-
HUS BOJIbI, M R, — TMJPaBIMYECKUH PajuyC TIOMEPEYHOr0 CedeHus sueiku, M; U — «CMOYEHHbI» TepuMeTp
sdeiiku, M; F — IJI0mab TONepevHoro ceueH s sueiiku, M2):

_&ed _&ted

P, =-Rh.02$Rh. 1—e R’ =K5_t.R}ZLGZ$ 1—e Fu’ ), Hm (1)

TZie G, — BEpTUKAIBHOE IaBJICHHUE B sUelike Ha NIyOuHe Z OT ACUCTBHSI CUIIBI TSKECTH; Y — 00BEMHBIN BEC 3a1oJ-
HuTens sueitku, H/M®; & — koo uImenT 60KOBOro JaBIEHHS 3acCHIKU B sdeiike; tgd — K0dQGHUIMEHT TpeHus
MEXIY 3aCHITTKON M CTCHKOM sraeiku (puc. §).

X, m

F=27.04m2,U=260m

Rh=F/U =2704/26 =104 m

F=2704m2,U=260m

¥i=0.012MN/m3  $=30.0"
¥:=0.0115MN/m3 ®=19.0"

200m

/777l 777,
Z, m

Puc. 8. Cxema k pacdeTy 10 OIIpeAEICHUIO JaBJICHUs 3aChIIKY B SUeiike:
unoexc I — JaHHBIE 110 BapUaHTy 1; undexc 2 — NaHHbIE IO BApUAHTY 2
Figure 8. Scheme for the calculation to determine the backfill pressure in the cell:
index I — data for option 1; index 2 — according to option 2

OcHOBHBIE TapaMeTpBI AJIsl pacyeTa AaBJICHUS 3aChIIKH B S4Yelike mpeacTaBieHb! Ha puc. 8. Koadduunent
GOKOBOTO JIaBJIEHMS 3aCHINKU B siueiike (Mo0eperKkoro necka) MPUHAMAEM T10 3aBUcUMocTH & = tg2(45° — ¢/2).
Jns Bapuanra 1 §=0,3333, a 11g BapuanTa 2 MeeM 1o JaHHOU 3aBucumoctH & = 0,7133 (Tabnuna). Bennunna
koa¢ddumenta Buemnero tpenus tgd = 0,7002 oguHakoBa 11 BapUaHTOB 1 ¥ 2 ¢ TOYKHU 3PEHUSI UCIIOIb3YEMBIX
MaTepHasIoB AJsl 3aCHIIIKK M KapKaca.

KagecTBeHHOE BIMAHUE [TOBEPXHOCTHOTO HATSDKCHMS BJIATH, COZAEpPIKALeiics B IPyHTE, IIPEICTABICHO Ha
pHc. 2, a U 8, T/I€ TPYHT 3aChINKH SIUEHKH — MIECOK — MMEET BIAXXHOCTD mopsiaka 5 % mo Becy. Takum oOpaszom,
JUIS TIECKA, COTJIACHO ONMCAHHBIM BBIIIE CBOMCTBAM, NMPH BIAXHOCTU 5 % MBI UMEEM SIBJICHUE MTOBEPXHOCTHOTO
HaTSDKEHHUS B 3aChIIIKE, KOTOPOE HaOII0aeTcs Ha HEKOTOPOM PAacCTOSIHUM OT JAHA SUYEHKHU ATl pacueTHOTO BapH-
anta 2 (o z =~ 10,0 M) (Tabmuma). PazBuBaeTcst TOBEpXHOCTHOE HATSKEHUE BOJAHOMN IJICHKH, 10 HAIIMM TIPEIIIO-
JOXeHHsIM, 10 BenmuuHbl Py, =- 0,073 H/M (paBHO BelnuWHE MOBEPXHOCTHOTO HATSHKEHWS BOIBI). Bemmumna
P, nns pacderHoro Bapuanta | (TaOnuia) NpeBOCXOIUT BEIMYUHY IOBEPXHOCTHOIO HATSDKEHHSI BOABI M TPYHT
Ha BCEM MPOTSKEHUU 3aCHINKHU SUEHKU TI0 BBICOTE HE MMEET CBA3eM MEeXIy YacTHIIaMU M JIOCTaTOYHO OBICTPO
BBICHINIAETCS MIPU OAHATHH STYeHKH (pHcC. 4, a).

[Ipennoxennas GopMyna orpakaeT GaxT BIMAHUS BIKHOCTH Ha JaBJICHHWE 3aCHIIKH B sUCHKE U HA Xa-
paKTep U BEIMYUHY IapaMeTPOB YCTONUUBOCTH SYEUCTHIX KOHCTPYKIIHUH.
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Tabnuya
PacueTnl 110 onpeesIeHHIO JaBIeHHSI 3aCHINKHU B sTYeliKe G, U O,
U BeJIMYHHE NI0BEPXHOCTHOIO HaTszkeHUs Ps... coryiacHo ¢opmy.ie (1)
Bapuanr 1 BapuanT 2
Z, m o, MPa o,, MPa Py, Hm Z, m o6, MPa o,, MPa Py, H'™m
R =F/U = 1,04 M - rujjpaBan4yecKuil paguyc. R =F/U = 1,04 M - rufpaBauyecKuit paguyc.
Koa¢pdumment 6oxoBoro nasnenus 3acsmku & = 0,3333. Koa¢durment 6oxoBoro nasnenns 3acsmku & = 0,7133.
Koaddumuent BHemHero Tpenus tgd = 0,7002. Koaddumment BHemnero Tpenns tgd = 0,7002.
vy, = 0,012 MN /M3 Y, = 0,0115 MN /m3

0,0 0 0 0 0,0 0 0 0

2,5 0,0230 0,0077 0,070 2,5 0,0017 0,0012 0,005
5,0 0,0360 0,0120 0,110 5,0 0,0217 0,0155 0,066
7,5 0,0440 0,0147 0,1345 7,5 0,0232 0,0165 0,071
10,0 0,0480 0,0160 0,147 10,0 0,0237 0,0169 0,0725
12,5 0,0510 0,0170 0,156 12,5 0,0238 0,0200 0,073
15,0 0,0520 0,0173 0,159 15,0 0,0239 0,0213 0,073
17,5 0,0529 0,0176 0,162 17,5 0,0239 0,0213 0,073

20 0,0530 0,0177 0,162 20 0,0239 0,0213 0,073

Table
Calculations for determining the backfill pressure in the cell 6; and ox
and the value of surface tension Ps.. according to formula (1)
Option 1 Option 2
Z, m ¢, MPa 6,, MPa Pg;,N'm Z, m ¢, MPa o,, MPa Py, N'm
R =F /U = 1.04 m - hydraulic radius. R = F/U = 1.04 m - hydraulic radius.
Backfill lateral pressure coefficient & = 0.3333. Backfill lateral pressure coefficient & =0.7133.
External friction coefficient tgd = 0.7002. External friction coefficient tgd = 0.7002.
y, = 0.012 MN/m? Y, = 0.0115 MN/m3

0.0 0 0 0 0.0 0 0 0

2.5 0.0230 0.0077 0.070 2.5 0.0017 0.0012 0.005

5.0 0.0360 0.0120 0.110 5.0 0.0217 0.0155 0.066

7.5 0.0440 0.0147 0.1345 7.5 0.0232 0.0165 0.071
10.0 0.0480 0.0160 0.147 10.0 0.0237 0.0169 0.0725
12.5 0.0510 0.0170 0.156 12.5 0.0238 0.0200 0.073
15.0 0.0520 0.0173 0.159 15.0 0.0239 0.0213 0.073
17.5 0.0529 0.0176 0.162 17.5 0.0239 0.0213 0.073

20 0.0530 0.0177 0.162 20 0.0239 0.0213 0.073

O «PACXOKIACHNUU SKCIICPUMCHTAJIBHBIX W PACUYCTHBIX AAHHBIX IIPpHU pacucTe BHYTpeHHeﬁ 3aCBIIIKH KaK
BHEIIHeW Harpy3ku (mo SlHceHy) Oe3 ydeTa M3MEHEHHH yCIOBHI B3aWMOJICHCTBHUS OOOJIOYKH U HAMOIHUTEIS
pH AehOPMHUPOBAHUH CUCTEMBI» TOBOpUTCS B [13]. PaccMOTpeHHBII HaMU BOTIPOC TaKyKe MOKET BHECTH BKJIAJ
B paccMOTpEHHE MPOOJIEMBI JaBIE€HHUS 3aCBIIIKH B TYEHKE U pacyeThl TYEUCTHIX KOHCTPYKLIUH.

Takxke paccMaTpuBacMble BOIIPOCH MOTYT OBITh UCIIOJIB30BAHKI U IPU aHAN3¢ PaOb0THl COBPEMEHHBIX CH-
JIOCOB JIJIsl XpaHEHUs 3epHAa.

3akaouenue

1o mosny4eHHBIM JaHHBIM MBI MOXKEM CJENaTh CAEAYIOLINE BHIBOIBI.

1. YcTraHOBIIEHO, YTO YeM OOJIbIIE BIAXXHOCTh TPYHTA — 3aCHIIIKH, TEM MEUICHHEe MPOUCXOIUT MPOIECC
€ro BBICHIIAHUS U3 SYEHKH, TaK KaKk MPU 3TOM BO3pACTAaeT [aBJICHUE HAa KOHTAaKTHYIO MOBEPXHOCTh KapKaca
sueiiKM, BBI3BAHHOE B3aUMO/ICHICTBHEM MOJIEKYJ BOABI U YaCTHIl TPYHTA (BO3HUKAET AOMOJHUTEIHHOE TOPU30H-
TaJbHOE JaBiieHue — pacrop). CienoBaTensHO, BIAKHOCTh UTPACT 3HAYUTENBHYIO POJIb B 3TOM Mporecce. Dak-
TUYECKH MBI IMEEM TPH CTaJUH TOBEICHHS TPYHTA B SYEHCTON KOHCTPYKIMH: a) TPYHT B CyXOM COCTOSIHHU;
0) TPYHT B COCTOSIHUH BJIQXXHOCTH C MPOSBIEHHEM MOBEPXHOCTHOTO HATSKEHHUS; B) TPYHT BO BIAXXHOM COCTOS-
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HUH, IIPH KOTOPOM IIEPECTAIOT ACHCTBOBATh CHIIBI TIOBEPXHOCTHOIO HATSKEHUS, HO YCHIIMBACTCS TOPU30HTAIIb-
HOE JaBJICHHE TPYHTA Ha CTCHKHU YUK, TaK KaKk 00beM IpYHTa OOJIbIIE, YeEM Y CYXOT0 MaTepuala, BCIEJICTBUE
PaCKIMHUBAIOLIETO IEHCTBUS BOJBI.

2. YcraHOBIIEHA 3aBHCHMOCTD IOBEACHHA IPYHTa PA3INYHON BIA)KHOCTH OT €ro IPaHyJIOMETPUYECKOTO
cocTaBa IpY B3aWMOJIEHCTBUH € KapKacaMH S4eeK, OTIIMYAIOIIUMUCS TI0 TeOMETPHIECKUM NapaMeTpaM (puc. 4).

Kak npaBuiio B rpadukax, mpeJCcTaBiICHHBIX Ha pHC. 4, caMasi HWKHSSL BETBb COOTBETCTBYET €CTECTBEHHOM
BIQ)KHOCTH TPYHTa — 3alOJIHUTENS SYEWKH, TIPU KOTOPOM T'PYHT IOCTENEHHO BBICHINAETCA M3 SYSHKU NpH ee
MOTHATHH.

CpenHue BETBH COOTBETCTBYIOT BIQKHOCTH IPYHTA — 3aMONHUTENS ST9eiku — 5 %, 4To 171 1iecka Ha puc. 5, 6
COOTBETCTBYET MaKCUMAaJIbHOMY W3MEHEHHIO 00beMa M, KaK Mbl CUMTAEeM, BEJIMYMHE CHJI OBEPXHOCTHOTO HATS-
KEHHs B MaTepHae 3achllky (B necke). Ho mpu 3ToM BiMsHME NOBEPXHOCTHOTO HATSKCHUSI HA IIOBEICHHUE MaTe-
pHuana B sueiike Oosiee TONHO MPOSBIIETCS TaM, TJIe Mbl HUMEEM B3aMMOBIHUSHHE CTEHOK SYEHKH, TO €CTh B TeX
Clly4asx, KOrJa JIMHUS CABHUIa TPYHTA HE BBIXOJWT 3a MPEAeibl suedku. s citydas Kpyrioro saeuctoro ¢par-
MEHTa ¢ OTHOIIIeHUEM H/a < 1 3achInka BeneT ce0s ckopee Kak TPYHT, HaXOISIIHIACS 3a IIOATIOPHON CTEHKOM.

3. Ilpu BocipousBenieHNH pabOTHl KOMILIEKCA «KapKac AYEHKH — FPYHT 3aChIIIKM — OCHOBAHUE» METOJIaMHU
YHCIEHHOTO AKCIEPUMEHTa CIEAYEeT YUUTHIBaTh, YTO MPUMEHSAEMBIE PacueTHBIE CXEMbI YacTO SBISAIOTCA J0-
BOJIBHO JAJIEKUMH OT PEAIbHBIX yCIOBUI pabOThl TAKMX KOHCTPYKLHUM Kak Ipu cOOpe BCeX HArpy3oK Ha siueH-
CTBII KapKac, Tak W IPU MOJAEIVPOBAHUH YCIOBUI KOHTAKTa CTEHOK SIMEHKU C HAIIOJHUTENIEM U TPYHTOM OCHO-
BaHus [14-19]. CpaBHeHHE SKCIEPUMEHTAIBHBIX U PAaCUETHBIX JAHHBIX YaCTO yKa3blBaeT Ha HECOOTBETCTBHE
pacueTHBIX 3HAYECHUI HAIPSHKEHUM U NepEMELCHU AeHCTBUTENBHBIM IPU CYILECTBYIOMEH TPaIUIIMOHHOW Me-
TOJMKE KOMIIBIOTEPHOTO MOAEIMPOBAHMS HOAOOHBIX COOpYKEeHHH. Tarkke cuMTaeM HEOOXOOUMBIM OTMETHTH,
YTO TMPOBEACHUE PACUETHBIX MCCIEAOBAHUI [0 COBPEMEHHBIM MPOrpaMMHBIM KoMILUIekcaM, Hanpumep MIDAS
GTS NX [14], TpeOyeT u3yyeHus: XapakTepUCTUK IPYHTA C YUYETOM €r0 IIACTUYeCKOH paboThl U NPUOIIKEHHS
K pealbHBIM YCJOBUSIM paOOTHI CTONb CIOKHOW KOHCTPYKIMHU. B mpoTHBHOM ciiydae yBelIWYeHHE TOYHOCTH
pacdera, axe C UCTIOJIF30BaHIEM MOIITHOM mporpaMMbl Ha DBM, sBiIeTCS HE HY)KHOM CaMOLIETBIO PU HU3KOM
TOYHOCTH UCXOJHBIX AaHHBIX, HE OTBEYAIOIINX (DU3UKE SBICHUS.
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TapreM, KOTOPbIii Olaroapst IpoCTOTe YIPaBIEHHUs U MOIB30BATEIBCKOTO rpadirde-
cKoro uHTepdeiica JaeT BO3MOXKHOCTh KOHCTPYKTOPaM-TIPOSKTHPOBIIIKAM B TIPOIIEC-
Cce MOBCEIHEBHOM IMPOEKTHOM PaboThI pa3padaThiBaTh IPOCTPAHCTBEHHbIE PACUCTHbIC
MOJIENN 3IaHAH U cOOpyKeHHH. [IprMeHeHre pacueTHBIX MPOrPAMMHBIX KOMITIEKCOB
CrOCOOCTBYET MOBBIICHHIO Y()PEKTUBHOCTH MOJCITMPOBAHHS, aHAITH3a U TIPOSKTHPO-
BaHUS CTPOMTENIBHBIX KOHCTPYKIMH. 3HAUMTEIBHOE PasHOOOpasHe PacUeTHBIX IPO-
IpaMM BBI3bIBACT CJIOXKHOCTH TIPH BBIOOpE IPOrpaMMHOrO oOecriedeHusl, Hauboee
MOAXOIALICTO It PEIICHUA KOHKPETHBIX MHXXCHEPHBIX 3a/a4, BOSHUKAIOIINX IIPU
TIPOEKTUPOBAHUN. ISl TIPaBIIIBHOTO BBIOOpA PAcUyeTHOrO MPOTrPaMMHOTO KOMIDTEKCa
HEOOXOAMMO MMETh YETKOE HPEICTaBICHHE 00 OCHOBHBIX OCOOCHHOCTSIX, JOCTOMH-
CTBaX M HEJOCTATKaX MPE/CTaBICHHBIX Ha PHIHKE MMPOrPAMMHBIX IPOXYKTOB. Llembto
PabOTHI SBISIETCS] HCCIEOBAHNE CTPYKTYPHOTO AHAM3a BBICOTHOTO 3/IaHUS C MOMO-
mipto nporpamm ETABS u RSA. TlpencTtapieHo CpaBHEHHE MEXTY CUIaMU CTEPKHS U

MOMEHTOM TIO pe3yibraTtaM ucrons3oBanms nporpamm ETABS 1 RSA. Paccmotpenst

HAnst UUTHPOBaHMS o TEMATUYECKHUE HCCIIENOBAHMS JUIs aHAIM3a KOHCTPYKIMU C IPABUTALMOHHBIMH Ha-
Pechor. L.vkaya SA., qulshnlkova V.V., Geb- Ipy3KamMu ¥ OOKOBBIMHU Harpy3Kamy M3-3a BETPOBOM HAarpy3Ku JByMs IIPOrpaMMHBIMU
reslassie S.B., Damir H.Y. Structural ana- NpuiIoKeHHsIMA. TeMaTHyecKue MCCIIeI0BaHUsT BKIIOYAIOT TPUALATHITAKHBIA Kejte-
lysis of high-rise building using ETABS 300€TOHHBIH Kapkac 37aHus. CpaBHUBAIOTCS Pe3yJIbTaThl aHAIM3A KaJpa U MPEJICTaB-
and RSA software // CTPOHTGHBH%H Mexa- JIEHO X pas3iaudue. Y CTAHOBJIEHO, YTO MOMEHTHI U CHJIBI, pecTaBIeHHbIe RSA
HAKa WHXXCHCPHBIX KOHCTPYKIIMH W CO- Gonbue, yeM nomyuyeHHsle B ETABS.
opyxkennit. 2021. T. 17. Ne 2. C. 133-139.
http://dx.doi.org/10.22363/1815-5235-2021- Karouesnle ciopa: nporpaMMHblil komiekc ETABS, mporpaMMHBII KOMILIEKC
17-2-133-139 RSA, BeTpoBast Harpy3ka, BHICOTHOE CTPOUTEIbCTBA

Introduction

Creating tall structures first began as an expression of wealth, power and structural engineering advance-
ment. However, with the rapid population growth and expanding urbanization, tall structures remain highly rele-
vant for both commercial and residential construction. This demonstrates that high-rise buildings are profitable
in terms of economics crisis and recession [1]. As indicated by Willis (2016), structural engineers generally con-
sider skyscrapers with a minimum 1:10 or 1:12 ratio the width of the building’s base to its height to be slender.
However, many of the newest skyscrapers far exceed this ratio. For instance, ‘111 West 57th Street’ tower in
New York has a slenderness ratio of 1:24; this is more than twice as slender as what is required to be considered
‘slender’ [2-5].

As the height increases the rigidity and stability requirements become more important and they are often
the dominant factors in design. Different types of structural systems are to be used to resist the effect of lateral
loads on the buildings. They are rigid frame structures, braced frame structures, shear wall frame structures, out-
rigger systems, and tubular structures. Lateral load resisting systems are structural elements which resist seismic,
wind and eccentric gravity loads [5]. Any high-rise building should be constructed only after being analyzed
under wind loads and also seismic loads if required. A building as a shelter represents a physical division of
the human habitat. Seismic force is the major cause for collapse of many high-rise structures. Seismic zone plays
an influential role in the earthquake resistant design of building structures [6]. Generally, horizontal loads, such
as wind loads and seismic loads, vibrate super high-rise building strongly, threatening its structural serviceability
and safety [7]. In high rise buildings beam and column dimensions work out to be very large and reinforcement
at the beam column joints are quite heavy which results in clogging at joints and to remove these kinds of practi-
cal problems we use shear walls as a key element to provide adequate stiffness [8; 9].

The exponential growth in computational power in recent years is continuously narrowing the industry aca-
demia gap by providing the cutting-edge research and technology to practicing engineers at their doorstep.
As a result, the structural designers nowadays are equipped with far more aids and tools compared to a couple of
decades ago. Moreover, recent advancements in nonlinear modeling techniques have also opened a whole new
research area dealing with constructing computer models with close-to-real behaviors. With such a range of op-
tions available, the choice of modeling scheme and the analysis procedure for design decision making often be-
comes a matter of “the more the sweat; the more the reward” for designer [10—12]. With the advent of different
structural software, in the present situations of construction industry, the buildings that are being constructed are
gaining significance, in general, those with the best possible outcomes. Those software mainly used for struc-
tures like high-rise buildings, steel and concrete structures [13; 14]. Most researches and specifications conduc-
ted on the high-rise buildings have focused on the effects of seismic and wind load separately as it respectively
pertains to the strength and serviceability requirements. The meteorological phenomena indicated that the at-
mospheric pressure varies vastly during earthquakes occurrence. As reported in series of literature strong winds
were often accompanied by the occurrence of earthquakes [15; 16].

134 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



IMevopckas C.A, ManuwHukosa B.B,, ebpecraccue L5, Xabme H,/]. CTpoUTENbHas MEXaHIKa UHKEHEPHBIX KOHCTPYKLIVIA 1 coopyeHmin, 2021. T. 17. Ne 2. C. 133-139

Today, numerous design developments and enhancements arise which include structural design software
which seeks to promote the capacity of a structural engineer to produce safe designs especially when battling
with complex building structures. Most of the software applications have diverse and integrated functions,
like modelling building structures of various materials, structural element analysis, geometrical error detections,
and report output and graphical files [17].

ETABS (Extended Three-Dimensional Analysis of Building Structure) is an integrated building design
software developed by Computers and Structures Inc., also known as CSI. It is one of the most powerful soft-
ware in structural engineering in the design of high-rise buildings. It is used worldwide due to its features in ra-
pid modeling of framing systems and in analyzing large and complicated building structures. A big advantage
ETABS offers is the shear wall design and offers design of composite beam floors and auto-meshing of
floors [18]. Autodesk Robot Structural Analysis (RSA) Professional software provides structural engineers with
advanced building simulation and analysis capabilities for large, complex structures. It has BIM-integrated work-
flows by having the ability to exchange data with Revit and other design tools. Robot can be used for wind load
simulation, static, modal and non-linear analysis of structures, finite element auto-meshing, structural design,
among others [19]. The aim of this paper is to investigate the structural analysis of high-rise building with
ETABS and RSA software and to study the influence of the structural analysis results from the two software in
design. Based on the results of structural analysis on the column elements and the link-beam elements to give
a clear information that when we can use those software from the practical point of view in design industries.

Materials and methods

Structural BIM, being a subset of BIM, can be the fundamental information for structural engineers,
such as geometry, material properties, sectional properties, loads, load combinations, boundary conditions,
and so on. Accordingly structural BIM can be utilized for structural analysis for the generation of drawings and
reports. Structural BIM provides for any engineering project a flexible environment of interoperability and collabo-
ration for relevant areas. Many companies invested in BIM technology. In this field Autodesk is consider as
the market leader. Autodesk Revit gives direct link with numerous of the common structural analysis software
such, ETABS, SAP2000, SAFE, PROKON and Autodesk Robot structural analysis (RSA) which is fully compatible
with Autodesk Revit, and seamless interaction is permitted between the model of BIM and structural model [20; 21].

There are some specific points that demonstrate in which the two software differ from each other. For exam-
ple: in ETABS, when we choose a membrane element, applying the area loads to the slab, all loading is trans-
ferred as tributary to the frame object. ETABS will then show the tributary uniform line load to each beam (must
dump 100% of the loads to the support elements) and it does not consider the relative stiffness of the structural
elements. But in RSA the concrete slab which is modeled as shell element has out-of-plane stiffness and will
share some of the load carrying capacity through flexure of the slab that means it considers the relative stiffness
of the structural elements. In ETABS software shell objects are meshed automatically into elements needed
for analysis. But in RSA software, different meshing options are available for the shell objects. ETABS software
automatically generate and apply wind loads to diaphragms or to walls and frames based on the various design
codes. While in RSA the wind loads simulation option allows to simulate a wind flow around the structure
and generate wind loads automatically. The program uses the flow simulation results to trigger the automatic
load generation at the best moment. ETABS has many different link elements available for users to accurately
represent the behavior of a structure. Link elements include linear, multi-linear elastic, multi-linear plastic,
gaps, hooks, dampers, friction isolators and rubber isolators. RSA, in contrast, doesn’t have those link elements.
In ETABS the link-beam is considered as a bar elements with two nodes, but in RSA it is considered as shell
and meshed that has more than two nodes.

A three-by-three bays of thirty stories high-rise building was considered in this study. A 3D model was pre-
pared in Autodesk Revit structural, and then the model was exported to Robot structural analysis for the structural
analysis. To understand the integration process between Revit and structural analysis software and on how to obtain
the best benefits from this process in terms of time and effort, it is necessary before modeling to understand the con-
cept of physical and analytical representations of structure. The physical model (Figure 1) is the true model that con-
tains all information, and this is what was modeled inside Revit and its used for coordination as well as documenta-
tion, while analytical model is transfers just the information needed by structural engineer, and then it was modeled
automatically in the background of physical model inside Revit. The analytical model is what the structural analysis
software deals with it. It is used for structural analysis and design where structural loads, load combinations and
boundary conditions that can be easily added with in Revit, that model is only exported for structural analysis to RSA.
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Figure 2. Link-beam in Revit

BVHoe /a4 » QQQAA N, wRad S 43 ERD-#-nvab b

- x | e

Dasgr Opfess Thoa o

1]
k_.)_J.

Figure 3. 3D model in Robot Figure 4. Floor plan in ETABS
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Figure 5. 3D model in ETABS Figure 6. Link-beam in ETABS

Exporting the model to Robot Structural Analysis was performed using Revit Extension. Then, the model
was directly opened at RSA as in Figure 3. Another with the same geometrical shape of 3D model was also pre-
pared in ETABS software and structurally analyzed. The floor plans in ETABS (Figure 4) and the 3D model (Figu-
re 5) has the same geometrical shape and characteristics, the only difference is that they are modeled in two dif-
ferent software and structural analyzed in two different software.

These building models from the two software are characterized by reinforced concrete structure moment
resisting frame with provision of shear wall at the central lift core connected each other with a link-beam.
A square plan (Figure 4) with 21x21 m was considered with 3 bays in longitudinal direction and 3 bays in trans-
verse direction. The total heights is 97.30 m, with equal story heights of 3.20 m except the first storey, which is
4.5 m high. A link-beam (Figures 2 and 6) with (450%700) mm throughout the building height and that of co-
lumn with (1500x1500) mm for the storeys (1-10), (900x1000) mm for the storeys (11-20) and (600x600) mm
for the storeys (21-30) were provided. Slab with thickness of 250 mm and shear wall with thickness of 300 mm
were taken.
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The frame was loaded with gravity load and lateral (wind) loads while the end supports of columns are consi-
dered as pinned. The un-factored dead loads including self-weight and live loads are taken as 10.30 and 5.0 kN/m?
respectively. The building has been designed in accordance with ACI-381-14. The cross-section capacities have
been computed by considering a characteristic strength of 24 N/mm? for concrete and a characteristic yield strength
of 420 N/mm? for both longitudinal and transverse steel. All the models were analyzed for gravity loads and la-
teral (wind) loads as per ACI-381-14 standards and to have consistency, the results were taken from the same
load combination. Design data taken for the wind load pattern according to ASCE-7-16, are: wind speed = 90 mph,
exposure type — gound elevation factor — 1.0, topographical factor — 1.0, gust factor — 0.85, directionality factor —
0.85, windward coefficient C,, — 0.80 and leeward coefficient .C,; — 0.50.

Results and discussion

Comparison of maximum bending moment and axial force in the columns. In complex and high-rise buil-
ding design, usually the design process is done by structural analysis and design software. Especially in con-
struction industrial company using those software is a common way of design. The design process is started after
completing the analysis. From that point of view we can understand that the structural analysis results govern
the amount of steel area required (bar diameter, number and spacing between bars) with the sufficient cross-
sectional size of the structural elements (column, beams, walls and slabs). So the accuracy of the analysis results
are very important for our structural design.

The case study considered the maximum force values, from the output results of same load combination
used in both software, as per ACI381-14. The magnitude of maximum axial force calculated using ETABS
and RSA software were compared in the edge columns of the building. A comparison was made by taken magni-
tude of the columns force for the base edge columns, middle story edge columns and top story edge columns.
As shown in Table 1 the results of RSA in the vertical forces (axial forces) are larger, at the base, at the middle
and at the top of the story, than the results from ETABS software.

Table 1
Comparative result of axial forces from ETABS and RSA software for the edge columns
Axial force, KN
Height, m Difference in results, %
ETABS results RSA results
At base 15379.31 16724.72 8.75
At the middle (49.3 m) 6917.86 7381.78 6.71
At the top (97.3 m) 368.36 390.90 6.12

Similarly for the corner columns, as displayed in Table 2, the axial forces of RSA are larger, at the base,
at the middle and at the top of the storey, than the results of ETABS software. In all the axial forces of the struc-
tural system, RSA results are bigger than ETABS results for the different heights of the building columns. How-
ever, in both tables the relative differences in the results decrease with increasing level height of the storeys.

Table 2
Comparative result of moments from ETABS and RSA software for the corner columns
Axial force, KN
Height, m Difference in results, %
ETABS results RSA results
At base 11385.14 12427.75 9.24
At the middle (49.3 m) 4793.44 5087.07 6.13
At the top (97.3 m) 221.81 235.03 5.96

Comparison of maximum bending moment in the link-beams. In high-rise building design, the main pur-

pose of the link-beam is a lateral force resistant component of a structure. Link-beam is mainly used effectively
when two shear wall or any other elements that are used to withstand combined lateral loads. This consequently
decrease the overturning effects and improve overall stiffness of a system. From that points we can understand
that the link-beam has a great role in the stiffness of the structure, so the analysis results are necessary for desig-
ning the link-beams with its capacity that can resist the proposed loads. The study again, considered the maximum
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moment values, from the output results of same load combinations used in both software, as per ACI381-14.
A comparison was made among the magnitudes of the link-beams moment and shear force for the base storey,
middle storey and top storey. As summarized in Tables 3 and 4 the results of RSA in the link-beams moments
and shear forces are bigger than the results from ETABS software. In those structural elements, the differences in
percentage are a bit bigger than the differences observed earlier in the column elements. The reason for that dif-
ferences in the results are, in ETABS the link-beam is consider as a bar elements with tow nodes, but in RSA it
is consider as a mesh shell elements with more than two nodes.

Table 3
Comparative result of shear force from ETABS and RSA software for the link-beams
Shear force, kKN
Height, m Difference in results, %
ETABS results RSA results
At base 42.72 48.86 14.37
At the middle (49.3 m) 45.64 50.98 11.70
At the top (97.30 m) 38.53 42.61 10.59
Table 4
Comparative result of moment from ETABS and RSA software for the link-beams
Moment, kKN m
Height, m Difference in results, %
ETABS results RSA results
At base 32.36 41.68 28.80
At the middle (49.3 m) 37.25 44.79 20.24
At the top (97.30 m) 31.53 37.81 19.96
Conclusion

This paper presents the results of the structural analysis of high-rise reinforced concrete building with
the two software programs. Considering the structural 3D modelling from Revit exporting to Robot structural
analysis for the analysis, and the same structure modeled in ETABS and structurally analyzed in ETABS. From
those results, it is concluded that, the results from RSA is bigger than the results from ETABS software. Alt-
hough all the analyses are generated based on the same inputs and with the same design codes, the results of
the moments and forces are found to be different. It is observed that from the difference between the two soft-
ware’s results, nonetheless how small it may seem, can still give difference in the design for the amount of rein-
forcement and the cross-sectional size of the structural elements. From this we can concluded that those differ-
rences are most likely from the way the two software’s considered different way of generating the results.
RSA is a finite element, its solution is based on generating a finite element mesh and distributing loads on nodes
of this mesh in which relative stiffness of the structural elements are considered, in contrast, in ETABS the floor
is treated as diaphragm (rigid connection of nodes for the slabs) in which the relative stiffness of the structural
elements are not considered. In ETABS the link-beam is considered as a bar elements with two nodes,
but in RSA it is considered as a meshed shell elements with more than two nodes. In addition to that also
the way of meshing, that is automatically meshing in ETABS, but different options of meshing in RSA, can be
affected the final results.

Finally, this paper recommends further comparative study of those software to investigate overall design
output differences and material cost impression.
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AnHoTauus. IIpencTaBieHo MpoaoJKEHHE ONTHMU3AIMY IIBEJUIEPHBIX U JBY-
TaBPOBBIX THYTO3aMKHYThIX Tpoduieid (I'3I1) ¢ TpyOuyaThiMuU MONKAMHU M3 JIH-
CTOBOTO IIpOKaTa pa3HbIX TOMKH. Takue npoduian npegHasHauYeHbl JUIs JISTKUX
CTanbHBIX TOHKOCTeHHBIX KOHCTpyKuuil (JICTK), koTOphle OTIMYAIOTCS BBICO-
KMMHU TEXHUKO-?KOHOMUYECKUMH MOKA3aTEIIMA U MAaCCOBBIM CIIPOCOM B IPOMBIII-
JICHHO-TPa)K/IaHCKOM CTPOUTEJICTBE, YTO MOATBEPKIACT aKMyalbHOCHb UX Jallb-
Helmeil npopabotku. IIpuBeneHbl OCHOBHBIE WTOTHM pacdeTa ONTHUMAaJbHOM Ha
MU3rud KOMITOHOBKH COCTaBHBIX cedeHHi AByTaBpoBbiX 31 u3 JIMCTOBBIX 3aro-
TOBOK pa3HBIX TOJIIMH, BKJIIOYas YHU(UIUPOBAHHBIE IO ONTHMAJIBHBIM Iapa-
metpam mmBesiepHsix 1311, [Jenv uccnedosanus — nokasarh, 4T0 XapaKTEPUCTH-
ku JICTK MOXHO JONOIHUTENBHO YIIYUIIUTh IPU oMoy GopMooOpa3oBaHus
npoduiei, coueTaromero B COCTAaBHOM CEYEHHH NPSMBIE U KPYTIIble OYepTaHuUs
3aMKHYTBIX U OTKPBITBIX KOHTYPOB. Memoosi. IIocpecTBOM ONBITHO-KOHCTPYK-
TOPCKUX MPOPadOTOK, PelIeHHs] ONTUMH3AMOHHBIX 33/1a4 U BapUAHTHOTO MPO-
EKTHPOBAHUS JIBYTaBPOBBIX NPOQMICH YTOYHEHBI MX COCTaBHBIC CEYCHHUS U3
JIMCTOBBIX 3arOTOBOK Pa3HBIX TOJIIMH, B TOM YMCJIE 3arOTOBOK HIBEJIJIEPHBIX
npoc¢uneit. OpuruHanbHOCTH JBYTaBPOBBIX M IBesiepHbIX I'3I1 noarsepxaeHa
TIATEHTHON dKCnepTi3oi. Pezynomamut. JIByraBpoBsbiit 1311 coctont m3 nyx TpyOUa-
TBIX IIOJIOK M OJHOM CTEHKH IBOMHON TOJIIMHBI. PacdyeT onTHMaJbHOM KOMIIO-
HOBKM aByTaBpoBoro I'3Il m3 nmcroBOro mpokara pas3HbIX TOJIIUH Ha W3rHO
HIOKa3aJl, YTO HEeCyIlas CIOCOOHOCTh JTMMUTHUPOBAHA OTHOIIEHHEM TOJIIIHUH IO-
JIOK U CTEHKH €r0 COCTaBHOI'O CeueHHs. B yacTHOCTH, KOTJa TOJIIMHA MOJOK B
2 pa3a OoJibllle TOJIIMHBI CTEHKH, NPOYHOCTh MaKCUMalbHa IPH OTHOIICHUU
pa3MepoB MIMPUHBI U BbICOTHI 1/11, a koraa TommuHa Mmojok cocrariseT 0,6
TOJIIMHBI CTEHKH, MPOYHOCTh MaKCHUMajbHA TPU OTHOILICHHH pa3mepoB 1/3,3.
ITpu OTHOLIEHUSX pPa3MEPOB IIUPUHBI U BbICOTHI AByTaBpoBbIxX 1311 1/2,68...1/3
u mBesuiepHbix 311 1/5,36...1/6 ux coctaBHbIC CEYEHUS] ONTHMAIBHO KOMIIOHO-
BaTh U3 YHU(DUIIMPOBAHHBIX 3arOTOBOK.

KiroueBble CJIOBa: CTEP)KHEBBIC KOHCTPYKIMH, TOHKOCTEHHBIC KOHCTPYKIIHH,
TCHYTO3aMKHYTbIe pOo(dUITH, 3y0uaThie KPEIUICHHUsI, ONTHUMH3ALHs CCUYCHU, pac-
YET ONTHUMANBHBIX aAPaMETPOB
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Article history Abstract. The continuation of optimization of channels and I-beams bent closed
Received: February 6, 2021 profiles (BCP) with tubular flanges made of rolled sheet of different thicknesses
Revised: April 4, 2021 is presented. Such profiles are intended for light steel thin-walled structures (LSWS),
Accepted: April 15,2021 which are distinguished by high technical and economic indicators and massive

demand in industrial and civil construction, which confirms the relevance of
their further development. The main results of the calculation of the optimal
bending arrangement of composite sections of [-beams from sheet blanks of dif-
ferent thicknesses, including channel-type BCPs unified in terms of optimal
parameters, are also presented. The aim of the study is to show that the charac-
teristics of the LSWS can be further improved by shaping profiles, combining
straight and round outlines of closed and open contours in a composite section.
Methods. By means of experimental design studies, solution of optimization
problems and variant design of I-profiles, their composite sections from sheet
blanks of different thicknesses, including blanks of channel profiles, have been
refined. The originality of channels and I-shaped BCP has been confirmed by
patent examination. Results. The I-shaped BCP consists of two tubular shelves
and one double thickness wall. Calculation of the optimal layout of an I-shaped
BCP made of rolled sheet of different thicknesses for bending showed that the
bearing capacity is limited by the ratio of the thickness of the flanges and the
wall of its composite section. In particular, when the thickness of the flanges is

2 times the wall thickness, the strength is maximum at a ratio of width to height
of 1/11, and when the thickness of the flanges is 0.6 times the wall thickness,
the strength is maximum at a ratio of 1/3.3. With the ratios of the width and
height of I-shaped BCP of 1/2.68...1/3 and channel-type BCPs of 1/5.36...1/6,
their composite sections should be optimally assembled from standardized
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BBeagenune

B Hacrosimee Bpemst 1 0003puMOI IEPCIIEKTUBE ABYTAaBP OCTAETCS OAHUM U3 HanboJsiee BOCTPEOOBaHHBIX,
3HAKOBBIX Tpoduiiell IS CTPOUTENBHON MPAKTUKU M TCOPUH, YTO JaeT BCE OCHOBAHHS CUUTATh €T0 KOHCTPYK-
TUBHOH (hopmoii Homep oauH [1-10]. Ota Popma obragaeT BecbMa OOMIMPHON 00JIACTBIO PAIOHATBHOTO MpPU-
MEHEHHUSI, TJ€ AOBOJIBHO 3aMETHOE MECTO 3aHATO IBYTaBPOBBIMU MPOPHUIISIMH C TPYOUaTHIMH HOJKAMHU, K YUCTY
KOTOPBIX MOKHO OTHECTH TaKue crieliu(puiaeckue KOHCTPYKIINH, KaK IOJAKpaHoBas Oajika ¢ pOMOOBUAHBIMU TIOJI-
kamu (puc. 1, a) [11] unu GutpyOobeToHHas Oanka ¢ KpyribiMU nojakamu (puc. 1, 6) [12].

B nonnoit Mepe npuBeaeHHOE 0000LIEHNE MOXKHO PACIPOCTPAHUTH HA JIETKHE CTaJbHBIE TOHKOCTECHHBIE
koHeTpyKiuu (JICTK), rae TOHKOIMCTOBAs OLMHKOBAHHASI CTaJIb SIBJISETCS OCHOBHBIM KOHCTPYKIIMOHHBIM Ma-
tepuasioM [13—19], a ee coequHEHUS MPEACTABIAIOT COO0H pe3bOOBHIE, 3aKJICTIOYHBIC, 3aMKOBBIC U IPYTHUE BUIBI
KpeTyieHnH 0e3 MOBpekIeHU aHTUKOPPO3UIHOTO MOKpHITUS [20-26].

Hanudue coocHbIX OTBEPCTH MO3BOJIAET IPH HEOOXOJUMOCTH BMECTO 3aKJICIIOK MCII0JIB30BaTh OONTOBBIE CO-
€IMHEHHUS B THYTOKJICTIAHBIX TIPOQUISIX JBYTABPOBBIX OUEPTAHUI C TPyOUaThIMH MOJKAMH MSTUYTOIBHON (OPMBI U
TaKoM >Ke MpoQuiie MIBEUIEPHOTO OUYEpTaHHs C TPyOUaTbIMU TOJKaMH TpaneuueBHaHon ¢opmsl (puc. 2, a) [27].
JByTaBpoBblil npoduias cOOpHO-pa300pHOIl OanKku MOKHO KOMIIOHOBAaTh M3 ABYX OAMHAKOBBIX 3arOTOBOK,
Ha MOHTa@)XE€ BKJIAABIBAEMBIX OPYT B Apyra U (pUKCHPYyEeMbIX B €AMHOE COCTABHOE CEUCHHE 3aMKOBBIMHU KpeIlie-
HUsIMH (puc. 2, 0) [28]. ABoHHBIM (QyHKIIMOHATHHBIM HAa3HAUCHHEM OTIMYAIOTCS JJIMHHBIC BUHTBHI-CAMOPE3bl B
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cTare0eTOHHOH Oaske, TIe OHM 00ECIIeYHBAIOT IIEMBHOCTh COCTABHOTO CEYSHHS IBYTABPOBOTO MPOGMIIS € TIOCKOIIA-
paJIebHBIMU MOJTKAMH U3 JIBYX THYTHIX IIBEJUIEPOB M JBYX TOPU3OHTAIBHBIX MOJIOC, a TAKXKE MX CLEIUICHHE C
6eronom (puc. 2, ) [29]. JIByTaBpoBOe ceyeHHE MOSCHOTO 3JIEMEHTA U3 MapHBIX cUrMa-npoduieii (X-obpas-
HOU (OpPMBI), Pa3BEPHYTHIX IOJKAMHU HAPYXKY, UMEET B CBOEM COCTaBE JIUCTOBYIO (DaCOHKY, XapaKTEPHYIO VIS
(epMEHHBIX KOHCTPYKIMH, M TPUBAPEHHBIC K HEH IMIMHIPUYECKUE BTYJIKH C OTBEPCTUSMH IO/ OOJTOBBIC
kpemieHus (puc. 2, 2) [30]. AHanoruyHble cUrMa-npoQuiiv, pa3BepHyThle BHYTPb, 00pa3yloT Uil paMHON KOH-
CTPYKLIMU THYTOOONTOBOW ABYTaBPOBBIM MPOQMIb C TPyOUaTHIMM IOJKAMH IMSATHYTOJIBHOH (OPMBI, a TaKxke
[apHBIMH JTMCTOBBIMU HAKJIaJIKaMHU U OpycyaTbIMU BKJIABIIIAMH, KOTOPBIE CHA0KEHBI COOCHBIMU OTBEPCTUSIMU
(puc. 2, 0) [31; 32].

—p

132

182

Puc. 1. Cxembl AByTaBPOBBIX poduiei ¢ TpyOIaTHIMU OJIKAMHU:
a — poMOOBHIHO# (hopMbI (TTOAKpaHOBas Oanka); 6 — Kpyrioi Gopmsl (OUTpy6oOeTOHHAs Oaltka)
Figure 1. Schemes of I-profiles with tubular shelves:
a — diamond-shaped (crane girder); 6 — round shape (bituminous concrete beam)

=

NV

Puc. 2. Cxembl ABYTaBPOBBIX THYTHIX MPOQHIICH:

a — ¢ TpyOUaTBIMH MOJIKaMH, OONTOBBIMU H KJICTIAHBIMH COSMHEHHSIMU; 6 — C TPyOUaThIMK ITOJIKAMU H 3aMKOBBIMH KPETUICHUSIME; 8 — C TUIOCKONapalieIbHbIMU
OJIKAMH U BUHTAMH-CaMOPEe3aMu; 2 — U3 [TapHBIX CUI'Ma-IpOoGuiIeii ¢ III0CKOIapaLIeIbHBIMK TTOJIKAMH, OOJITOBBIMU COSANHEHUSIMH, BTYJIKAMH U (haCOHKOIT;
0 — M3 MapHBIX curMa-npoduiieii ¢ TpyGUaTHIMU OJIKaMH, GOJITOBBIMH COSAMHEHHSIMH, HAKJIaKaMH U BKJIa/IbIIIAMH
Figure 2. Schemes of [-shaped BCP:

a — with tubular shelves, bolted and riveted joints; 6 — with tubular shelves and locks; ¢ — with plane-parallel shelves and self-tapping screws;

2 — from paired sigma profiles with plane-parallel shelves, bolted joints, bushings and gusset; 0 — from paired sigma profiles with tubular shelves,
bolted connections, linings and liners
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Puc. 3. Cxembl mBesiepHsIx (a, 6) u AByTaBpoBhIX ['311 ¢ TpyOUaTsiMu (8, 2, 0, €) U IIOCKONapaIIeNbHBIMHU (JfC, U, K, J1) TIOJKAMU
Figure 3. Schemes of channel (a, 6) and I-beams with tubular (s, 2, 9, €) and plane-parallel (orc, u, x, 1) shelves

[Ipusenennsnii psa npodumneit JICTK MoxeT OBITH TIPOUICH, €CITH K HEMY IPIIOKHTHh THYTO3aMKHYTHIC
npodunu (I'3I1) ¢ 3ampIkaHUAME 3yOUaTHIX KPEIJICHUH 3arOTOBOK U3 JHCTOBOTO MPOKATA OJUHAKOBBIX TOJIINH
(puc. 3, a—2), cnenuduka KOTOPHIX paCKpbITa JOCTATOYHO MOJPOOHO B MPONUIBIX myonukanusax [33—-35]. 3aBep-
11asi BBOAHYIO 9acTh, OCTAETCSI OOpPaTUTh BHUMAHKUE HA TO, YTO COBMECTHOE IIPUMEHEHUE Hapy>KHBIX 3aTOTOBOK
mBesiepHbIX 311 U ropu30HTAIBHBIX 3arOTOBOK M3 JIMCTOBOTO MPOKATa pa3HbIX TOIIMIWH IBYyTaBpoBhIX 1311 ¢
TpyO4aTHIMK MOJIKAMH MO3BOJISIET KOMIIOHOBATh Takue ke ['3I1 ¢ mnockomapaniensHbIMU HONKaMu (puc. 3, 0-71).
ITpu sTOM onTHMU3aIMs ¥ YHU(DUKAMS JIMCTOBBIX 3arOTOBOK PAa3HBIX TOJIIIMH MOKET IPUBECTU K CYLIECTBEH-
HOMY POCTY TEXHUKO-9KOHOMHYECKHX XapaKTEPUCTUK PaCCMaTPUBAEMbIX TIPOQHICH.

MarepHaJibl H METOABI

3HaYCHUST OCHOBHBIX MAPAMETPOB B MIOCKOCTH HAUOOJNBIICH KECTKOCTH CHMMETPHYHOTO JBYTaBPOBOTO
npodwts (puc. 4) MOKHO MPEACTABUTE C UCITOJIB30BAaHUEM MPUOIIKEHHON METOIUKH pacdueTa 1o CpemHel JIn-
HHH €0 CCUYCHHUA, JOCTAaTOYHO KOppeKTHOﬁ JJId peHICHHA ONITUMU3AIMOHHBIX 3a/la4 U BAPpUAHTHOI'O MPOCKTUPO-
BaHUS:

_ (V/tw)1/2A3/2
4

w @-2nfnr =% g oy,

12

i _ (V/tw)l/ZAl/Z
- 23

Ity _ 24(3-2f)

_9f2\1/2. o —
(3f —2f )2 ¢ = e = 2O

f,
rae V(U) — BbicoTa (IUMPUHA) 1O CPEIHEH JIMHUK PACYETHOTO CeYeHusl; by, (tf) — TONIIMHA CTEHKH (TIOJIOK) pac-

YETHOTO ceueHus; W — MOMEHT CONpOTUBIICHUS; | — MOMEHT UHEPIUY; [ — paanyc uHepiuu; C — CONpOTUBIIE-
HHUE CEUYCHHUs cpe3y; S — CTaTHYeCKUii MOMEHT IOJycedeHUs; A — TUIOMaAb MOMEPEYHOTO CeueHHs MPOQUIIS;

f=t,)/A[36].

Heo0xonumo yTOYHUTB, 4TO
V=h—tramV = hy +tg,

rae h(h,,) — BBICOTa ABYTAaBPOBOTO MpoduIs (BRICOTA €Tr0 CTeHKH); b — mmpuHa Toro xe npoduist, b = U.
JIIst CpaBHUTEIBHOTO aHaKM3a YA0OHO MCIOJIB30BaTh yEIbHBIC XapaKTEPUCTUKH, KOUMH SIBIISIOTCS pac-
YeTHBIE TapaMeTpsl MPOGHIS C SANHUYHON IUIOMIAABIO TIOTIEPEYHOTO CeUEHHS
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—  (V/ty)Y/? 4 VtW
W:%(z—gf)fl/z; w3 - 21)f;

4

gf

- V t

f

OTnnuuTEeNnbHON 0COOEHHOCTBIO PEIICHUS ONTUMH3ALMOHHBIX 3af1ad IBYTaBpoBeIX [3I1 ¢ TpyOuaThIMU
MIOJIKAMH SIBJISIETCS] HE TOJIBKO KOMIIOHOBKA B OZTHOM M TOM € COCTAaBHOM CEUEHHUH JIMCTOBBIX 3arOTOBOK Pa3HbIX
TOJILIMH, HO U BO3MOXHOCTb MX YHU(UKAIIMK C TOYHO TAKMMHU XKe 3aroToBKamu ais msesuiepHsx 311 ¢ TpyO-
YaTeIMU MOJKaMH U AByTaBpoBbiMu 311 ¢ muiockonapaiieabHbBIMU MOJIKaMH, TOAOOHBIMU MPOKATHBIM ABYTaB-
paM c mapaienbHbBIMH TpaHsMu MoyioK. [lpu 3TOM HapyKHbIE TOPHU3OHTAJIBHBIEC 3arOTOBKH T'HYTO3aMKHYTBIX
JIBYTaBPOB MOT'YT OBITH U3 00JIe€ TOHKOI'0, HO IIPOYHOI'0 MAaTepUalla, YTO OTKPBIBACT OIPEACICHHBIC IIEPCIIEKTH-
BbI 71 OMCTaNbHBIX Oanok u apyrux, nogoousix JICTK ¢ 3aMbpIikaHUSAME, 3y0O9aThIX KpeIuleHui 6e3 CBapHBIX
mBoB. Takue MoAu(UKAUK MOTYT yIy4YIIUTh TEXHUKO-d3KOHOMHYeckue nokaszatenu JICTK u pacmumputh 00-
JIacTh UX PAllMOHAIBHOTO MPUMEHEHHUS, IOCKOJIBKY MPOKAT OMCTaIbHBIX NPOoQmIeil Ha pesibcoOaTOYHbIX CTaHAX
HEBO3MOJKEH, & METOJI BHICOKOYACTOTHOM CBApPKHU MO3BOJISIET CO3/1aBaTh OWCTAJIbHBIC JABYTaBPHI C MOSICAMU U3
BBICOKONPOYHOU cTanu [37].

Pacuem oeymaspoewvix 311 ¢ pasnvimu napamempamu wiupunsl U 6b1COMbL

UYroObl OnpenenuTs pacyeTHbIE MapaMeTphl THYTO3aMKHYTOI'O AByTaBpa C PaBHBIMHU pa3MepaMy LIMPUHbI
u BeicoTl (n = U/V = 1/1), B cOCTaBHOM CEYCHUHU KOTOPOTO Mapa KPYIibIX MOJYKOJIE UIMEET OJHY TOJIHHY,
a mapa IUTOCKUX TpaHeil TpyOuaThIX MOJIOK — APYTYIO TOMIIUHY (pHUC. 5), HEOOXOJMMO BBECTH MOMPABOYHBIN KO-
3G PUIKEHT K, YIUTHIBAIONINN Pa3HUILY STHX TOJIIHH:

tr/ty = (t + kt)/(2t) = (1 + k)/2, otxyma k = 2(tp/t,) — 1,

rjie ty — yCIOBHAs TOJINMHA TONOK, tr =t + kt = t(1 + k); ¢, — yclOBHas TONIIMHA CTEHKH, t,, = 2t; t —
TOJIIIMHA MOJTYKOJBLEBBIX 3arOTOBOK; Kt — TOJIINHA TUNIOCKUX 3arOTOBOK.
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Puc. 4. Cxema 1ByTaBpOBOTO IPOGHILT Puc. 5. IyraBpossiii ['3I1 ¢ paBHBIME TapaMeTpaMy IIUPHHBI U BEICOTHI

Figure 4. Scheme of I-shaped profile ~ u3 IMCTOBBIX 3aTOTOBOK Pa3HBIX TOMIIHH (@), @ TAKKE pacUETHAs! CXEMa eT0 CeUeHHs HeTTO (0)
Figure 5. I-shaped BCP with equal parameters of width and height from sheet blanks
of different thicknesses (a) and design diagram of its net cross section (6)

ToNmMHBI TOJIOK ¥ CTEHKW TPECTaBIeHBl KaK yCIOBHBIE M3-3a TOTO, YTO JIMCTOBBIE 3aTOTOBKH, (popMHu-
pyromue aByTaBpoBbiil 311, Ha pacyeTHON cXeMe €ro MONEPEYHOTO CEUSHHUS UMEIOT JIUIIh TOYCUHBIC KaCaHHUS.
OnHaKO WX OTHOIIEHUS MO3BOJSIOT YTOYHUTH MPEJENbl YHCICHHBIX 3HAUCHUM MOMPaBOYHOTO KO3 (UITUCHTA,
€CJIA IS ATOTO 32 OPUEHTUPOBOYHEIE MMapaMeTphl YCIOBHO MPUHATH OTHOIICHUS TMOJIOK M CTEHOK ropsiexara-
HBIX IBYTaBPOBBIX MPOQIIIEH U3 pa3IHIHBIX COPTAMEHTOB:
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— JIBYTaBPHI ¢ YKJIOHOM BHYTPEHHHX TrpaHeii momok mo 'OCT 8239-89":
tr/ty = 1,483...1,696 mpun = U/V = 1/3,158...1/1,653;
— NIBYTaBPEHI ¢ MapaiedbHBIME rpasMu monok o TOCT P 57837-2017%
tr/tw = 1,0...1,80 npun = U/V = 1/3,030...1/0,8852;
— JIBYTABPBI C TIAPAJLIETHHBIMI TPAHAMH MOJIOK HECTAHIAPTHEIX pazMepoB 1o TY 24107-016-00186269—2017:
tr/tw =1,0...1,80 npun = U/V = 1/3,3687...1/0,9804.

C y4eToM MpHBEJCHHBIX MapaMeTPOB MPEACTABIACTCS IeIeCO00pa3HbIM OTPAHUYUTH BEIUYMHY MOMpa-
BOYHOTO Kod(duIieHTa:
— B HWDKHEM IIpeJelie

k = 0,2 npu t;/t,, = 0,6;
— B BEpXHEM Mpezene
k =3 npu tf/t, = 2,

IJIe IEPBBIM U3 IBYX NPEACIOB JAOMYCTHM, MIOCKOJIBKY OMPAaBOYHBIN KOA((UIMEHT ¢ HyJieBbIM 3HaueHueM (kK = 0
pu tr/t,, = 0,5) COOTBETCTBYET TOMY, YTO MOJIKHK IIPOPUIIS OCTAIOTCS O€3 3aMBbIKAHUMN 3y0UaThIX KPETLICHUH.

[IpuHAB TIOTTPaBOYHBINA KOY(DMOUITMEHT W YTOUHUB €T0 TpeaeibHbIC (TPaHUIHbIC) 3HAYCHUS, (DOPMYJIBI, arrpo-
OMpOBaHHBIC pacueTaMy HIBSJUICPHBIX W ABYTaBPOBBIX ['3I1 M3 TUCTOBBIX 3arOTOBOK OJHOW ToNIUHEL [31; 32],
MOJKHO TIepenucaTh s Ooee 00IIero cirydas ¢ pa3HbBIME TOJIIHHAMU:

A = (2k + 3,14)tU; I, = (0,5k + 0,3925)tU3; I,, = (0,1666666k + 0,177467)tU3.

[IpakTrueckoe 3HAYEHHE MMEET YTOYHEHHE PAacUeTHBIX MapaMeTpoB ¢ Mo0aBICHHEM 3yO04aThIX Kperuie-
HUH. JIJIg 3TOTO B paccMOTpEeHHOM Tpoduiie HeoOX0IUMO TOI00paTh pa3Mephl SJIEMEHTOB 3y0UaTOro Kperie-
Hus (3yOI110B), KOTOPBIC JODKHBI ObITH He MeHbIle 1/10 rabaputHOro pasMepa cedeHus coriacHo CBOAY MPaBHII
P® 1o nmpoeKkTUPOBaHUIO CTATBHBIX TOHKOCTEHHBIX KOHCTPYKIUH M3 XOJIOAHOTHYTHIX OIIMHKOBAHHBIX MPOQUIIeH
1 TopHPOBAHHEIX MHcTOB®. B MaHHOM ciydae 3ToT pazmep coctasinser 0,1U, rae U — pa3Mep THYTO3aMKHYTOTO
poduIIs 1Mo MUPUHE.

B pacueTHBIX BBIKJIaKax MmapaMerp 3yOuaThIX KpeIUIeHUH (pa3mep 3yOILOB) OTpa3uTCs 8-KpaTHBIM 00pa-
30M, Tak Kak AByTaBpoBblii ['3[1 umeer cocraBHOE cedeHHE U3 YEThIpeX JHCTOBBIX 3aTOTOBOK C MPOJOJEHBIMH
KpoMKaMmu 3y0daTon hOpMBL:

Ag=A+AA=A+4x2x01tU =A+0,8tU.

BBeneHne monpaBovHOro Ko3(pQHUIMEHTa IS TPOJODKSHHUS YUCICHHBIX BBIKIAJOK MO3BOJSET CHENAThH
PacUYeTHO-TEOPETUIECKYIO MPEANOCEUIKY, JTOMyCKAIONIyI0 NMpuMeHeHne kKouctant (A = const, t = const), yxe
MPHUHATHIX MPHU pacueTe ABYTaBpoBbiX ['3[1 ¢ paBHBIMU mapamMeTpamu MO MIMPUHE U BBICOTE U3 JIMCTOBBIX 3aro-
TOBOK OJTHOM TOJIIMHBI, MOBTOPHO JJIsl TAKKX ke MPOQHIICH U3 3ar0TOBOK PA3HBIX TOJIIINH:

'TOCT 8239-89. [IByTaBpsl cTanbHbIle ropsuekatansie. CopramenT. M.: UsnarenscTBo ctanaapTos, 1990. 8 c.

2TOCT P 57837-2017. [IByTaBphI CTAlbHBIE FOPSUYEKATAHBIE C TIAPALIEIBHBIMA TPAHAMY T0JIOK. Texunueckue yenosus. M.: Crannapr-
uadopm, 2017. 32 c.

3TV 241-016-00186269-2017. JIByTaBphl ropsdeKaTaHble ¢ NapalIebHBIMU IPAHAMHU TI0JIOK HECTAHAAPTHHIX pa3MepoB. TexHu-
yeckue ycnoBus. Huxuuii Tarun: AO «kEBPA3 HTMK», 2017. 16 c.; OCT 8239-89. JIByTaBpbl cTalibHbIe ropsiuekaTanbie. COpTaMeHT.
M.: U3narenscTBO cTangapTos, 1990. § c.

4 CII 260.132555800.2016. KOHCTPYKIMH CTAJIbHBIE TOHKOCTEHHBIE M3 XOJOJHOTHYTBIX OLIMHKOBAHHBIX Mpoduieil 1 rodppupo-
BaHHBIX JHCcTOB. [IpaBuna npoektuposanus. M., 2016. C. 16; ¥V 241-016-00186269-2017. [IByTaBpsl ropsdeKaTaHble C MapajlieIbHBIMU
TpaHsAMH HOJIOK HECTaHAAPTHBIX pa3MepoB. TexHmueckue ycnosus. Hmwxanit Tarum: AO «EBPA3 HTMK», 2017. 16 c.
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U=V =(4/t)/(2k + 3,14); U% = (42/t?)/(2k + 3,14);
W, = 2L,/V = 2(0,5k + 0,3925)tU3/U = (k + 0,785)tU? = (A2/t)(k + 0,785)/(4k? + 12,56k + 9,8596).

Y100l HAWTH SKCTPEMAIbLHOE 3HAYEHHE MOMEHTA COMPOTUBICHUS W,., €ro BeIpakeHHEe HEOOXOIUMO TPO-
nuddepeHIPOBaTh 10 IIEPEMEHHOM k ¥, IPUPaBHSB K HyJII0 pou3Boanyo (dW, /dk = 0), monyduts ypaBHEHHE

4k? + 6,28k = 0 c xopaem k = —1,57.

M3 >Toro pesynbTaTa BBITEKAET, YTO SKCTPEMAIbHOE 3HaYeHHE MoMeHTa conpotusnenus (W, = W na4),
MOJKHO OTIpEAeNNTh, TIOJCTABUB B pacueTHbIe (OPMYIBI TpaHUYHBIE (TIPEAENbHbIE) BEIUINHBI ITOIMPABOYHOTO
koaddurmenra:

—npu tf/t,, = 0,6(k = 0,2)

A=(2x%x02+3,14)tU =3,54tU; U =V = (A/t)/3,54 = 0,2824858A/t;
L, = (0,5% 0,2 +0,3925)tU3 = 0,4925tU3 = 0,4925t(0,28248584/t)% = 0,011101843/¢t?;
I, = (0,1666666 x 0,2 + 0,177467)tU* = 0,2108003tU> = 0,2108003t(0,28248584/t)> = 0,00475184%/t;

W, = 2L,/V = 2 x0,4925tU3/U = 0,9850tU? = 0,9850t(0,28248584/t)? = 0,078601242 /t;

Ay = A+ AA = 3,54tU + 4 X 2 X 0,1tU = 4,34tU;
A/Agy = 3,54/4,34 = 0,8156682;
—npu tg/t, = 2(k = 3)
A= (2x3+314)tU =9,14tU; U =V = (A/t)/9,14 = 0,1094091A4/t;
I, = (0,5 % 3+ 0,3925)tU3 = 1,8925tU3 = 1,8925t(0,10940914/t)3 = 0,0024785A43 /t?;
I, = (0,1666666 x 3 + 0,177467)tU> = 0,677467tU> = 0,677467t(0,10940914/t)* = 0,0008872A3/t;
W, = 21,/V = 2 x 1,8925tU3/U = 3,7850tU? = 3,7850t(0,109409914/t)3;
Ay =A+AA =9,14tU + 4 x 2 X 0,1tU = 9,94tU;
A/Ag =9,14/9,94 = 0,9195171,
riae A u t —UIomanb ceUeHus U TOMIMHA ABYTaBpoBOTO I3[ M3 IMCTOBBIX 3arOoTOBOK OJWHAKOBOM TOJIIIMHBI
COOTBETCTBEeHHO, A = const u t = const.

CpaBHUTENBHBIN pacyeT MOKA3bIBAET, YTO 3aMEHA JIICTOBBIX 3arOTOBOK OTHOW TOJIIMHEBI HA TAKUE e 3ar0TOB-
K{ Pa3HBIX TOJNIIIMH COMPOBOJKAAETCS POCTOM HECYIEH CIIOCOOHOCTH THYTO3aMKHYTOTO JBYTaBpa, KOT/A YCIOBHAS
TOJIIIMHA TOJIOK GOJBIIE yCIOBHOW TOJIIMHBI CTEHKH (t7/t,, > 1). B IpOTHBHOM cilydae, KOria ycloBHas TOJIIMHA

TIOJIOK MEHBIIE YCIOBHOM TONIIMHBI CTEHKH (tr/t,, < 1), Takas 3aMeHa JIMCTOBBIX 3arOTOBOK BbI3bIBAET CHUKCHHE
HECYILeH CrIocOOHOCTH. B yacTHOM ciydae, ecliv PHHSATH, YTO CpaBHUBAEMbIe PO UMEIOT OIMHAKOBBIE pazMe-
PbI C UX TIOCTOSHHBIM OTHOIWEeHUeM n = U /V = 1/1, To npu t¢ /t,, = 2 HeCymas ClOCOOHOCTh MOKET YBETNIMTHCS
no 3 X 1,785/3,785 = 1,4 pasa, anpu t;/t,, = 0,60 — ymenbmmrhes 10 5 X 0,985/1,785 = 2,8 pasa.

B nenom mpennaraeMoe TEXHUYECKOE PEIICHUE MPEICTaBISIETCsl AOCTaTOUYHO YHHUBEPCAIBHBIM M 3P (EKTHB-
HBIM ]ISl TOTO, YTOOBI HCIOJIb30BaHNE B HEM JIMCTOBBIX 3arOTOBOK Pa3HBIX TOJIIIH 00ECIIEUMIIO paciupeHne ooa-
CTH pallMOHAJIBHOTO MPUMEHEHHs THYTO3aMKHYTBIX JBYTaBPOB U IIBEIJIEPOB, BKIIOYass KOMIOHOBKY MX COCTaBHBIX
CeyeHHUH ¢ HanboJiee HalpsDKEHHBIMH SJIEMEHTaMH U3 BEICOKOIPOYHBIX MATEPHAJIOB IO THITYy OMCTaIbHBIX OaJIoK.
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Pacuem osymasposuvix 1311 c paznvimu napamempamu WUPUHsl U b1COMbL

YeM MeHbIIIE TapaMeTp MHPUHBI OTHOCUTENBHO MapaMeTpa BBICOTHI, TeM OOJIbIlle KOHTYP MPOQUIIS BHITS-
TMBAeTCS B JIBYTaBPOBYIO (pOpMy, a €ro M30THYTHIE 'pPaHU MEHSIOT MOJIYKPYyTJble OYepPTaHHs Ha MOJIYILUIOCKO-
oBanbHBIE (pHC. 6, @). B mpoTHBHOM cilydyae, KOra mapaMeTp BBICOTHI MEHBIIE IapaMeTpa HMIMPHUHBI, KOHTYP
npoduis crumromuBaercs B H-o0pasHyro popMy, a ero n30rHyThIe TPaH! U3 TOIYKPYTIbIX cTaHoBsTcs U-00pas-
HBIMH (pHuc. 6, ).

JIst onpesienieHnst pacyeTHhIX mapaMeTpoB 1ByTaBpoBoro 311 ¢ pasHbIMH mapameTpamMu IIUPUHEI U BBI-
cotel (n =U/V < 1/1), B cOCTaBHOM CEYEHHH KOTOPOTO Mapa M30THYTHIX IPaHeil CTEHKH UMEET OAHY TOJIIH-
HYy, a Iapa IIOCKUX rpaHeil TpyOuaThIX MOJIOK — APYTYIO (pUC. 7), MOKHO €IIe pa3 BOCHOIb30BaThCA MOMPAaBOY-
HBIM KOA((HUIIMEHTOM, YYUTHIBAIOIINM PA3HHILy STHX TOJMIIWH. [Ipr 3TOM 04eBHIHO, 4TO 0003HAYEHHE TOJIIIH-
HBI ITOJIOK OCTAETCs YCIOBHBIM, @ 0003HaUCHNE TOJIIIMHBI CTCHKH TIEPECTaeT ObITh TAKOBBIM.

Puc. 6. Cxems! nBytaBpoBbix I'3[1 ¢ TpyOUaThIMu moIKaMu:
a-mpun=U/V<1/1;6-nmpun=U/V =1/1;6—npun=U/V >1/1
Figure 6. Schemes of [-shaped BCP:
a-withn=U/V<1/1;6-withn=U/V =1/1;6-withn=U/V >1/1

V=Usn

L0.5/0-0,1815)

k

08150

a

Puc. 7. [IByraBposstii I'311 ¢ pa3HbIMu mapamMeTpaMu MUPUHEL ¥ BEICOTHI (a), @ TAKXKE pacdeTHasi CXeMa €ro CeUeHus HeTTo (0)
Figure 7. I-shaped BCP with different parameters of width and height (a) and design diagram of its net cross section (6)

Torma eme oHO BBEJCHHE MOMPABOYHOTO Kod((UIMEeHTa MO3BONISET MepenrcaTh pacieTHbIe (popMyIIbl
IUISL OOIIIETO CITydasi B BHJIC
A=tUQ2/n+ 2k + 1,14);
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I, = tU3(0,1666666/n3 + 0,285/n% + 0,5k /n? — 0,0699728/n + 0,0108234);
I, = tU3(0,1666666k + 0,1774902).

[Ipu KOHTPOJIBHOM MPOBEPKE MOTYyUECHHBIX (HOPMYJI MOXKHO IPOTECTUPOBATh, IIOJCTABUB B HUX YK€ U3BECT-
HbIC 3HaueHUus nepemeHHbix (n = 1/5,2; n=1/1; k =0,2; k = 1; k = 3), u NONy4YUTh PaCYCTHBIC BBIKIAJKH,
MIPHUBEJICHHBIC BBIIIIE.
Torma eme 0OHO BBEACHUE MOMPABOYHOrO KO3(D(GUIIMEHTA MO3BONISET MEepenucaTh pacueTHbIC GOPMYJIIbI
JUTsT OOIIETO CIydasi B BHJIE
A=tUQ2/n+ 2k + 1,14);
I, = tU3(0,1666666/n3 + 0,285/n? + 0,5k/n? — 0,0699728/n + 0,0108234);

I, = tU3(0,1666666k + 0,1774902).

Onmumuzayus 0symaspoesvix 1311 ¢ paznsimu napamempamu wiuputvl U 6bICOMbI

UTo0bI TPOAOIKUTH ONITUMHU3ALMOHHBIN pacdeT nByTaBpoBbIX ['3I1 U3 MHMCTOBBIX 3arOTOBOK Pa3HBIX TOJI-

IIMH, 1eJIECO00Pa3HO ISl IEPBOT0 MPUOJIMKEHHS MTOJICTABUTh B pacueTHbIC (hOPMYJIbI IPaHUYHBIC (TIPEICIIbHBIC)

BEJIMYMHBI TIOMTPaBOYHOTO K03 unmenTa, npuHsaB otHomeHne n = U/V = 1/5,2, onTuManbHOE AJIS TaKHX K

npo¢ el u3 3aroTOBOK OAHOM TONIINHEI [35]:

—npu tg/t, = 0,6 (k = 0,2)
A=tU(2x0,2+11,58) =11,98tU; U = 0,0834724A/t;V = 0,4356137A/t;

I, = tU3(13,617187 x 0,2 + 31,095253) = 33,81869tU3 = 33,818869t(0,0834724A/t)% = 0,0196691A43 /t?;
I, = tU3(0,1666666 x 0,2 + 0,1774902) = 0,2108235tU3 = 0,2108235t(0,0834724A4/t)% = 0,0001226A43/t?;
W, =21, /V = 2 x 33,81869tU3/(5,2186564U) = 12,960688tU? = 12,960688t(0,0834724A/t)?> = 0,090305442/t;

Ay =A+A4A=1198tU + 4 x 2 x0,1tU = 12,78tU;
A/A, =11,98/12,78 = 0,9374021;
—npu tg/t, =2 (k = 3)
A=tU(2x3+11,58) =17,98tU; U = 0,0556173A/t;V = 0,2902475A/¢t;

L, = tU3(13,617187 x 3 + 31,095253) = 71,946814tU3 = 71,946814t(0,0556173A4/t)% = 0,0123777A3/t?;
I, = tU3(0,1666666 X 3 + 0,1774902) = 0,6774902tU3 = 0,6774902t(0,05561734/t)® = 0,0001165A43/t?;
W, = 21,/V = 2 x 71,946814tU3/(5,2186564U) = 27,572924tU? = 27,572924t(0,0556173A/t)% = 0,085290842/t;
Ay =A+AA=1798tU +4 x 2 X 0,1tU = 18,78tU;

AJ/Ag =17,98/18,78 = 0,9574014,
rae A vt — muomank cedeHus U ToimuHa NByTaBpoBoro ['311 U3 MHCTOBBIX 3arOTOBOK OJMHAKOBOM TOJIIMHEI

COOTBETCTBEHHO, A = const u t = const.
Pesynprarsl mepBoro mpuOIMKEHMS TIOKA3BbIBAIOT, YTO M B 3TOM PACUETHOM CIIydae 3aMEeHa JINCTOBEBIX 3aro-

TOBOK OJIMHAKOBOM TOJIIMHBI HA TaKHe e 3ar0TOBKH Pa3HBIX TOJIIMH COIMPOBOXAAETCS POCTOM Hecyleil cro-
COOHOCTH THYTO3aMKHYTOTO [BYTaBPa, KOT/[d YCIOBHAS TOJIIMHA MOJIOK OOJbILIE TONIIUHBI CTEHKHU (tf/t, > 1).
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Korna »e ycaoBHas TONMIMHA MOJIOK MEHBIIE YCIOBHOM TONIMHBI CTEHKH (tf/t,, < 1), Takas 3aMeHa JIHCTOBBIX
3arOTOBOK BBI3BIBAET CHIDKEHHE HECYIIEH CrocoOHOCTH. B wacTHOCTH, eciy MpHHSATH, YTO CpaBHUBAEMBIE MPO-
(un MMErOT OMHAKOBBIE Pa3MEPBI ¢ X MOCTOSHHBIM OTHOmERUeM n = U/V = 1/5,2, o mpu t¢/t,, = 2 He-
CylIas CrocoOHOCTh MOJKET yBenmmuuThest 10 3 X 17,197163/27,67185 = 1,8 pasa, a npu t¢ /t,, = 0,60 — ymennb-
mmThes 10 5 X 13,007188/17,197163 = 3,7 pa3za.

J1st IpoIoTKEH ST ONTUMHU3AIIMOHHOTO pacyeTa BO BTOPOM MPHOIMKEHUH HEOOXOIMMO ONpEAeTIUTh pac-
YeTHBIE MapaMeTpsl ABYyTaBpoBbIX [ '3[ U3 IMCTOBBIX 3arOTOBOK Pa3HBIX TOJIIMH B 3aBUCUMOCTH OT OTHOILICHHUS
UX Pa3MepoB MUPHUHBI B BEICOTHI (N = U /V) ¢ yueToM rpaHHYHBIX 3HAUYEHHUH TIOMPAaBOYHOTO KOAPPHUINEHTA:

—mpu tf/t,, = 0,6 (k = 0,2)

A=tUR/n+2x%02+1,14) = tU(2/n + 1,54);

I, = tU3(0,1666666/n + 0,285/n% + 0,5 X 0,2/n? — 0,0699728/n + 0,0108234) =
= tU3(0,1666666/n3 + 0,385/n2 — 0,0669728/n + 0,0108234);

I, = tU3(0,1666666 X 0,2 + 0,1774902) = 0,2108235tU3,;

W, = tU%(0,3333332/n% + 0,770/n — 0,1399456 + 0,0216468n) =
(A%/1)(0,3333332/n% + 0,770 /n — 0,1399456 + 0,0216468n)/(2/n + 1,54)2,

roe U? = (A%/t?)/(2/n + 1,54)?, A = const, t = const;
—npu tf/t, =2 (k = 3)

A=tUQ2/n+2x3+1,14) = tU(2/n + 7,14);

I, = tU3(0,1666666/n% + 0,285/n% + 0,5 X 3/n% — 0,0699728/n + 0,0108234) =
= tU3(0,1666666/n3 + 1,785/n2 — 0,0699728/n + 0,0108234);

I, = tU3(0,1666666 X 3 + 0,1774902) = 0,677490tU3;

W, = tU%(0,3333332/n% + 3,570/n — 0,1399456 + 0,0216468n) =
X
= (A2/)(0,3333332/n? + 3,570/n — 0,1399456 + 0,0216468n)/(2/n + 7,14)2,

e U? = (A%/t?)/(2/n + 7,14)%, A = const, t = const.
YT0OBI HAWTH AKCTPEMAIbHBIC 3HAYEHHS MOMEHTOB CONPOTHBICHUS W,., X BBIpaKEHHS HEOOXOIUMO IIpO-
I depeHInpoBaTh 1Mo NEPEMEHHON N 1, IPUPABHSB K HyII0 npousBoaneie (AW, /dn = 0), monyuuts ypaBHe-
HUS YETBEPTOM CTETICHMU:
—mpu tf/t,, = 0,6 (k = 0,2)
0,0513375n* + 0,2666884n3 — 2,4284352n% — 2,7006308n + 1,0266675 = 0

C KOpHSAMU

n, = —9,5487614; n, = —1,2987014; n; = 0,3013557; n, = 5,3513002;
—npu tf/t, =2 (k = 3)

1,1035452n* + 1,2364652n3 — 185,73426n* — 35,10594n + 4,760004 = 0
C KOpHSMHU

n, = —13,453334; n, = —0,2801120; n; = 0,0914105; n, = 12,521588.

s HaﬁﬂeHHLIX KOpHCfI HpaKTI/I‘{eCKI/Iﬁ HUHTCPEC MPEACTABIAIOT TPEThU, 3HAYCHUA KOTOPBIX MOXKXHO OKpYT-
JINTH O0:
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—npu tg/t, = 0,6 (k = 0,2)

n = 0,3013557 = 1/3,3183377 = 1/3,3;
—npu tg/t, =2 (k = 3)

n = 0,0914105 = 1/10,939662 ~ 1/11.

Torna pacueTHble napameTpsl NpoduiIeii, ONTUMU3UPOBAHHBIX HAa U3THO0, COCTABSIT:
—npu tf/t, = 0,6 (k = 0,2)

A =tU(2/0,3013557 + 1,54) = 8,1766755tU;
U =0,1222994/t; V = 0,40582934/t;

I, = tU3(0,1666666/0,30135573 + 0,385/0,3013557% — 0,0699728/0,3013557 +
+0,0108234) = 10,117862tU3 = 10,117862t(0,30135574/t)3 = 0,0185079A43 /t?;

I, = 0,2108235tU3 = 0,210835¢t(0,1222994/t)® = 0,0003856A43/t?;

W, = Wx32x_maX = 6,0981508t(0,122299A4/t)? = 0,091210342 /t;
Ay =A+ AA =8,1766755tU + 4 X 2 X 0,1tU = 8,9766755tU;
A/Ag = 8,1766755/8,9766755 = 0,9108801;
—npu tf/t, = 2 (k = 3)
A =1tU(2/0,0914105 + 7,14) = 29,019324tU;
U = 0,0344597A/t; V = 0,3769774A/t;

I, = tU3(0,1666666,/0,09141053 + 1,785/0,0914105% — 0,0699728/0,0914105 +
+0,0108234) = 431,07016tU3 = 431,07016t(0,0344597A/t) = 0,017639343/t>

I, = 0,6774902tU3 = 0,6774902t(0,0344597A/t)* = 0,000020443 /t?;

W, = Wx3?, . = 78,808679t(0,03445974/t)% = 0,093583042/t;
Ag = A+ AA = 29,019324tU + 4 x 2 X 0,1tU = 29,819324tU;
A/Ag = 29,019324/29,819324 = 0,9731717.

Jnst 3aBepIeHus] ONTHMHU3AHMOHHOTO pacueTa OCTAETCsS BOCIOIb30BATHCS aHATOTUYHBIMU BBIYHCIICHUS -
MH pacyeTHBIX MapaMeTpoB Npoduiel, ONTUMU3UPOBAHHBIX HA u3rud ¢ marom 0,1 B mpeaenax Bcero 06o3Ha-
uenHoro untepsana (0,6 < tr/t, < 2), ¥ MX OCHOBHBIE PE3YJbTAThl CUCTEMATH3UPOBATL 0OJIEE PA3BEPHYTO B
TabnmyHOH opme (Tadm. 1).

Kak BUZHO M3 OCHOBHBIX UTOTOB ONTHMH3AIIMOHHOrO pacdera AByTaBpoBbiX ['3I1 Ha u3rub, B mpenemnax
BCEr0 MHTEPBAJIAa U3MEHEHHS! OTHOLIEHHS! TOJIIIMH MOJIOK U CTEHOK tf/t,, = 0,6...2,0 MOMEHTBI CONPOTUBIICHHUS
UX PAcUYETHBIX CEUEHHUII MaKCHUMAaJbHBI, KOIZla OTHOLICHHS Pa3MEpPOB IIMPUHBI M BBICOTHI COCTABISAIOT OT
n=U/V=1/11 no n=U/V =1/3,3. Ilpu 5ToM 4eMm OoJbllle OTHOLICHHE TOJIIUH IOJOK U CTEHOK, TeM
MEHBIIE OTHOCUTEJIIFHOE 3HAYEHHE ONTUMAIBFHON IIMPUHBI PACYETHOTO CEUCHUSI HETTO, & OTHOCUTEIBHOE 3HAYE-
HHUE ONTUMAaJIbHOM BBICOTHI U3MEHSIETCS. MaJIO3aMETHO.
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Tabruya 1
Pacuernbie nmapamerpsl 1ByTaBpoBbIX I'3I1, onTUMHU3HPOBAHHBIX HA H3THO
Table 1. Design parameters of I-shaped BCP optimized for bending
tr/ty 1/n=V/U UA/t* V,A/t A/A, I, A3/t? 1, A%/t? W2, max
0,6 3,3183377 0,1222990 0,4058293 0,9108801 0,0185079 0,0003856 0,0912012
0,7 3,7169042 0,1066802 0,3965200 0,9213667 0,0182365 0,0002964 0,0919827
0,8 4,1841599 0,0933853 0,3907390 0,9304850 0,0180642 0,0002259 0,0924617
0,9 4,6896198 0,0825134 0,3869564 0,9380768 0,0178418 0,0001746 0,0927329
1,0 5,2186564 0,0736522 0,3843655 0,9443567 0,0178643 0,0001375 0,0929547
1,1 5,7633067 0,0663719 0,3825216 0,9495796 0,0178087 0,0001103 0,0931121
1,2 6,3239506 0,0602849 0,3812387 0,9539909 0,0177129 0,0000900 0,0929228
1,3 6,8825256 0,0552332 0,3801439 0,9576832 0,0177365 0,0000784 0,0933146
1,4 7,4520757 0,0509057 0,3793531 0,9608590 0,0177123 0,0000629 0,0933816
1,5 8,0262554 0,0471864 0,3787301 0,9636239 0,0177513 0,0000536 0,0937411
1,6 8,6040674 0,0439596 0,3782313 0,9660270 0,0176780 0,0000462 0,0934771
1,7 9,1848028 0,0411360 0,3778260 0,9681396 0,0176675 0,0000401 0,0935218
1,8 9,7679048 0,0386461 0,3774914 0,9700102 0,0176552 0,0000352 0,0935396
1,9 10,352963 0,0364352 0,3772122 0,9716773 0,0176466 0,0000311 0,0935632
2,0 10,939662 0,0344597 0,3769774 0,9731717 0,0176393 0,0000204 0,0935830

Ipumeuanue: * A = const, t = const.
Note: * A = const, t = const.

Onmmmwauuﬂ ynud)uuuposannblx JIUCMOBLLX 3020MOBOK PA3HBIX MOTULUR

I'ayTsie mBemwteps! U mBemiepubie ['311 ¢ TpyOuaThIMu MOJIKAMU PU OTHOLICHUU MAPaMETPOB HIMPHHBI U
BEICOTHI 1/2, a Tarxke nByTaBpoBbie 311 ¢ TpyO4aThIMU M TUIOCKOMAPAIIIENEHBIMH TTOJKAMU TP OTHOIICHUH
MapaMeTpoB MIUPUHBI M BBHICOTH 1/]1 CKOMIIOHOBAaHBI M3 OJAMHAKOBBIX JINCTOBBIX 3arOTOBOK OJHOW M Pa3HBIX
TOJIIINH, UMEIOIINX CEUEHHUs THYTHIX LIBEJJIEPOB M KPYTIIBIX MOdyKonel (puc. 8, a, 0, ), 4TO MO3UTHBHO BIHSET
Ha TEXHUKO-3KOHOMHYECKHE XapaKTEPUCTUKU ITUX MPOQHIIeH W KOHCTPYKIUI 3 HUX. [Ipn oTHOIEHHUAX mapa-
METPOB IMUPHUHBI U BBICOTHI, OTIMYHEIX OT 1/2 u 1/1, mpuMeHeHWe OJMHAKOBBIX JIICTOBBIX 3arOTOBOK OJTHOW M
Pa3HBIX TOJIIMH BIOJHE BO3MOXKHO 3a CUET MOBBIIICHHS CTENICHH UX YHUPHUKAINU (pHc. 8, 2, 0, €).

2

Puc. 8. AKCOHOMETpHH JIMCTOBBIX 3aTOTOBOK IIBEJUICPHBIX U ABYTaBpoBbIX ['3I1
mpun=U/V=1/2(@),n=U/V=1/1(6,)un=U/V <1/2(e,0,¢e)
Figure 8. Axonometry of sheet blanks of channel and I-shaped BCP
withn =U/V =1/2 (a), withn =U/V =1/1 (6) and withn = U/V < 1/2 (e, 0, €)
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JIIst ONTHMH3aMOHHOTO pacyeTa YHHU(HIIMPOBAHHBIX 3arOTOBOK I€JIECOO0Pa3HO emie pa3 BEPHYThCA K
3ajade MO pPacKporo THyTOro MIBeUIepa ¢ HauOOJbIIeH MPOYHOCTHIO Ha M3rub (puc. 9, a), pemenue KOTOpon
HOJIHOCTBIO COBIAJIO C IPHOJIMKEHHBIM PacyeToM I10 CpeTHEH JIMHUHU €ro TOHKOCTEHHOTO ceueHus [34]:

n=U/V =1/6;U = 0,125A/t; V = 0,750A/t; x, = 0,0156254/¢;
I, = 0,070312543/t; I,, = 0,001880743 /t%; W, = W2, oy

OueBuAHO, YTO ATO peUIeHUE 00eCIIeYNBAET MAKCUMAIBHYIO HECYLIYIO CIOCOOHOCTh Ha M3TH0 HE TOJBKO
miBesuiepHoMy npoduino. C TakuM ke ycIeXoM (3a UCKITIOUeHHEM abCIMCChI X)) €T0 MOKHO PaclpoCTPaHUTh U
Ha JIpyrue NpoQuibHble (GOPMBI U3 JIMCTOBOTO MPOKAaTa OJHON TommuuHs! (tr/t,, = 1), e mapa ropu30HTaIb-
HBIX TpaHe (IT0JIOK) COSTMHECHBI BEPTUKAIBLHOM TpaHbIo (CTEHKOH), HAIpUMep 3eTOBbIC (Z-00pa3HbIe) U IBYTaB-
posble (puc. 9, 6). bonee Toro, onTMU3alMOHHAs 3a7jadya UMEET MPOJOJDKEHHE, TPEACTaBIAIONIee ONpeaeseH-
HBIi IPAKTUIECKUI MHTEPEC JUIS CITyyast C MOJIKaMU JIBOMHOM TOMIMHBI IpH tf /t,, = 2 (puc. 9, 6).

S/8 _—

S/4

1

F—r—

i
r L

a 9] 8

3S/4

Puc. 9. Cxembl npoduiieii 1 UX 3ar0TOBOK C MMOJIKaMH OJJUHAPHOU (@, 6) U JIBOHHOM () TOJIIMHBI
Figure 9. Schemes of blanks with shelves of single (a, 6) and double () thickness

PerreHre onTUMHU3AIMOHHON 3a/1auu JUIs TPOQUIICH ¢ TIOJIKAMK JBOMHOMN TOJIIIIUHBI METOIOM ITPUOJIMIKSHHOTO
pacdera 1o cpeqHel (CpeIMHHOMN ) JIMHUU WX TOHKOCTEHHOTO CEYCHHS MOYKHO TIPENICTABUTH CIICAYIOIINM 00pa3oM:

n=U/V;A=tU(1/n+4);
I, = tU3(0,0833333/n + 1) /n?; I, = 0,6666666tU3;W, = tU%(0,1666666/n + 2)/n,

rae A — mwromane pacuetHoro cedeHus; I, (W, ) — MOMEHT nHepuu (MOMEHT COTIPOTHBIICHHSI) TOTO YK€ CCUCHHS
B TUTOCKOCTH HauOOJBIICH KECTKOCTH.

C y4eToM 3aJaHHBIX Pa3MEPOB CTAILHOM MOJOCH (JINCTOBOW 3arOTOBKH), MPUHATHIX B KAYECTBE IMOCTOSH-
HBIX BEJIMYMH, BHIPAKCHUE MOMEHTA COMTPOTHBIICHUSI MOXKHO MEPEIUCATh:

W, = (A4%?/t)(0,1666666/n% + 2/n)/(1/n + 4)?,
rne U2 = (4%/t?)/(1/n + 4)?, A = const, t = const.
YroObl HANTH SKCTPEMATbHOE 3HAYCHUE MOMEHTA COnpoTHBIeHUs W, ero BeIpaKeHUe HEOOXOUMO TPO-
nubdepeHIpoBaTh M0 IEPEMEHHON N U, IPUPABHAB K HyJII0 npousoanyto (AW, /dn = 0), noay4durs ypaBHe-
HUE BTOPOMN CTETICHHU:

n? + 0,1666666n — 0,0208333 = 0 ¢ kopusamu n; = —0,25 un, = 0,0833333.

W3 HaiineHHbIX KOpHEW MPaKTUYECKUN UHTEPEC MPECTaBISET BTOPO, 3HAUCHIE KOTOPOTO MOKHO OKpPYT-
quth 1o n = 0,0833333 = 1/12,000004 ~ 1/12, noay4uB CIEAYIOLIHE PACUCTHBIC ITAPAMETPBI:

ty/ty =2;n="U/V =1/12;U = 0,06254/t; V = 0,7504/t;

I, = 0,070312543/t; I, = 0,0001627A43 /t%; Wy = W2, may.
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[TomydeHHBIH pe3yIbTaT MOKA3hIBAET, UTO Y TOHKOCTECHHBIX MPOGUIIEH ¢ MMOTKaMH OJJHHAPHON TOJIIIHHBI
(tr/ty = 1) ¥ monkamu NABOMHOW TONMMUHBI (tf/t,, = 2) ONTHMAILHBIE BHICOTHI UMEIOT OJMHAKOBBIH pasMep,
COCTaBIIIONINH 3/4 MIUPUHBI CTATBHOH MOI0Ck. OMUMHAKOBEI ITPH 3TOM TAKXE pacueTHEIE MapaMeTphl MOMEH-
TOB MHEPLHU M CONPOTUBJICHHUS CEUEHHUS B TNIOCKOCTH HaWOOJBIIEH KeCTKOCTH, a B IUIOCKOCTH HaMMEHbIIEeH
JKECTKOCTH pacyeTHBIC MapaMeTpbl MOMEHTa MHEPLUHMH yMEHbIIAloTcs Oojee 4eM Ha LeNblil MOopsaoK:
0,0018807/0,0001627 = 11,56.

[Ipumenntensro k [3I1 ¢ TpyOUaThIMU MONKaMu pa3HUIA MEXTy ONTHMAIHHBIMU OTHOIICHUSMH pa3Me-
POB LIUPHHBI U BEICOTHI X PacCUeTHBIX CEYEHUH HETTO OT ONTHMANBHBIX TAPaMETPOB PACKPOSI CTAIbHOM MOJIOCH
COCTaBUJIA:

— JUId MIBEJUIEPHBIX IIPH L [ty =1

100(6 — 5,68)/(6...5,68) = 5,3...5,6 % [31];
— Ul ABYTaBPOBBIX TIPH L Jt, =1
100(6 — 5,2)/(6...5,2) = 13,3...15,4 % [32];
— Ul ABYTaBPOBBIX IIPU L Jtw =2
100(12 — 10,939662)/(12...10,939662) = 8,8...9,7 %.
B nocnegnem pacueTHOM cilydae ONTUMAabHBIE MApaMETPhl pasHATCS Mexay co0oii B 1,5 pa3za MeHblue,
4YeM B MPEIbITYIIEM, BEPOSTHO, U3-3a TOTO, YTO ¢ POCTOM TOJIIIMHBI TOPU30HTAIBHBIX I'paHEH, COIPOBOXKAAC-

MBIM YKOPOYEHHEM UX IIUPHUHBI, YMEHBIIAIOTCS 00a 3aMKHYTBHIX KOHTYpa TpyOUaThIX MOJOK ABYTaBpoBbIX [ 311,
KOTOPBIE B IIPEJIENe CTPEMATCA K INIOCKONApAIUIEIbHBIM OYEPTAHMSIM.

Tabnuya 2
Pacuernbie napamerps! I'311 n3 ynnguuupoBaHHbIX 3ar0TOBOK

Tpopuin n=U/V* uyv AtV L tv? L. tv? W tv?

1..V? 1,v? W,V
IIsesrep 12 050 3570 0,5295833 0,0919103 1,0591666
0,1483426 0,0257451 0,2966853

Jlsytasp 11 10 5,140 0,89250 0,3441340 1,7850
0,1736381 0,0669521 0,3472762
[IBennep 1/5,68 0,1760563 2,5540512 03012541 00057893 06025082
0,1179514 0,0022667 0,2359029
JIByTaBp 1/2,84 0,3521126 3,1081024 19519776 00150245 39039552
’ ’ ’ 0,6280287 0,0048339 1,2560574

Ipumeuanue: * V = const, t = const.
Table 2
Design parameters of BCP from standardized blanks

Profile n=U/V* uv AtV e tv? Ly tv? W tv?

I1,,V? I,,V? W,V
Channel 12 0.50 3570 0,5295833 0,0919103 1,0591666
0,1483426 0,0257451 0,2966853

I-shaped 11 10 5.140 0,89250 0,3441340 1,7850
0,1736381 0,0669521 0,3472762
Channel 1/5,68 0,1760563 2,5540512 03012541 00057893 06025082
0,1179514 0,0022667 0,2359029
I-shaped 1/2,84 0,3521126 3,1081024 19519776 00150245 3,9039552
0,6280287 0,0048339 1,2560574

Note: * V = const, t = const.
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U3 mosydeHHBIX pe3yNbTaToB TAKKE CIIEMYeT, YTO BBISIBJICHHAS Pa3HHIA ONTUMATBHBIX MApaMeTpoB C Tepe-
x0710M OT tiBesuiepHbIxX 1311 K ABYTaBPOBBIM yBEIHYMIACH OOJICe YeM BIIBOE, TIOCKOJIBKY BTOPbIC KOMITIOHYFOTCS U3
map MepBbIX 32 BBIYETOM IIBEJUICPHBIX CTCHOK. ECIIM MPUHSATH, YTO OCTABIIMECS MIBEICPHBIC TPAHU TJIOCKOOBATb-
HBIX OYEPTAHMI UMEIOT ONTHMAIILHBIE PAa3MEPhI B npezenax Vp = (5,68 + O,32)U[ = (5,36...6,0) U, rie necymas
CMOCOOHOCTh Ha M3THO MPUOJTIKEHA K CBOEMY MAaKCHMYMY, TO B IByTaBPOBOM KOMITOHOBKE 3TH pa3Mephl COKpa-
arcs Bagoe: V = (2,84 +0,16)U = (2,68...3,0)U. Torna mojaydeHHbIC OTHOLICHHUS Pa3MEPOB IBYTaBPOBBIX
I'3IT okaxyTcst TPUOIMIKCHHBIMHA K ONTHMAJIBHBIM MapaMeTpaM Hanbojiee Ipy30IM0IbeMHBIX POKATHEIX JBY-
TaBPOB OAJOYHOTO THIMA W3 CTAHIAPTHBIX COPTaMEHTOB. ECITH pa3sBUTh KOMIIOHOBKY COCTABHBIX CCUCHHU IBY-
taBpoBbiX ['3I1 1o BBICOTE 10 MX ONTHMAaNbHBIX Ha u3rub pasmepos V = (5,2 + 0,8)U = (4,4...6,0)U, To nu-
CTOBBIC 3aTOTOBKH IIBEJUICPHBIX OUEPTaHHU CY3ATCS BABOE, JOCTHUTAsl TEX TPAaHUYHBIX MPEEIOB, TIe TpyOUaThie
TIOJIKU YCJIOBHO TpanchopmupyroTes B cruomnsie: Vp = (10,4 £ 1,6)U = (8,8...12,0)U}. [Tosromy mist yaudu-
Kallui TPEMOYTUTEIbHEE T M3 JIHCTOBBIX 3arOTOBOK, KOTOpPhIE 00ECIEUYHUBAIOT MAKCUMYM IOJIOKHTEITBHOTO
a¢deKTa B COCTABHBIX CEUCHHSAX IIBEJUIEPHBIX W IBYTaBPOBBIX, @ B TEPCIIEKTHBE U APYTHX KOHCTPYKTHBHO-
KoMIoHOBOYHBIX hopm I'3T1. B gacTtHOCTH, crieayeT M00aBUTh, UTO MIBEIUICPHBIC 3aTOTOBKH ¢ OPTOTOHAILHBIMU
COTPSDKCHUSIMU BEPTHKAIBHBIX U TOPU3OHTABHBIX TpaHei, Oecnose3nbie s qByTaBpoBbiX 311 ¢ TpyOuaThiMu
TTOJIKAMH, B CIICTYIOIINX MPOpadOTKaxX ABIAIOTCS (hopMoobdpasyromuMu st nByTaBpoBsix 311 ¢ miockomapa-
JIeTBHBIMY TpaHsMu 1moJiok ¥ H-06pasueix 311, TTockoabKy pacueTHbIE MapaMeTphl TaKUX Mpoduieii ¢ UCIob-
30BaHHEeM YHH(MHUIIMPOBAHHBIX 3arOTOBOK MOTYT MPEJCTABISTh MPAKTUICCKUN HHTEPEC, OCHOBHBIC MX 3HAUCHHUS
MOKHO CBECTH BMECTE, IIPHHSB B KAUECTBE MMOCTOSIHHBIX BEIMYUH TOJIIMHY U pa3Mep 1o Beicote. J{iis Gonpiiei
HArISAHOCTH KPOME aOCOJIIOTHBIX BEJMYMH T'€OMETPHYECKUX (CTATHMYECKUX) XapaKTEPUCTUK PACUCTHBIX cede-
HUIM HETTO MOXKHO TaK)Xe TMOKa3aTh B 3HAMEHATENSAX WX yAeNbHbIC (MPUBEICHHBIC) 3HAUCHHS, COOTHECEHHBIC C
TJIOMAASMU 3THX CEUCHHH (TaoII. 2).

Pe3yabTaThl U 00CYKICHUE
Peanuzayus ogymaeposvix I'311 c pagnvimu napamempamu wiuputvl U 6b1COMbL

[Ipumep peanuzanuu mpeIaraeMoro TEXHUYECKOTO PEICHUsT MOYKHO MPHUBECTH, €CIIH MPOJOJDKUTH pac-
4yeTHbIe BBIKIa KK AByTaBpoBoro [3[1cn = U/V = 1/1 u TpyO4aThIMU ITOJIKAMHU U3 JTUCTOBOTO MPOKATA OHOM
TosuHsl (tr /t,, = 1) [35], 1OMONHUB MX TAKUMHU JKE BBIKJIAIKAMH C JUCTOBBIMU 3arOTOBKAMH PAa3HBIX TOJIIMH
(puc. 10):

—npu tf/t,, = 0,6 (k = 0,2)
t =A4,/(434U) = 3,20/(4,34 X 10,0) = 0,0737327 = 0,07 cm;
kt =0,2x 0,07 = 0,014 cm;
Ay =4,34%x0,07 x10,0 = 3,038 cM? (94,94 %);
A =3,54tU = 3,54 x 0,07 x 10,0 = 2,478 cm* (93,16 %);
L, =0,011101843/t? = 0,0111018 x 2,4783/0,07% = 34,47 cm* (86,18 %);
I, = 0,0047518A4%/t* = 0,0047518 x 2,478%/0,07* = 14,76 em? (114,3 %);
W, = 21, /V = 2 x 34,47/10,0 = 6,894 c™’ (86,18 %);
—mpu tr/t, =2 (k = 3)
t = Ag4r/(9,94U) = 3,20/(9,94 X 10,0) = 0,0321931 =~ 0,032 cm;
kt =3 % 0,032 = 0,096 cm;

Ag = 9,94 % 0,032 x 10,0 = 3,181 cm® (99,41 %);
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A =9,14tU = 9,14 x 0,032 X 10,0 = 2,925 cm* (110,0 %);
I, = 0,0024785A43%/t? = 0,0024785 X 2,9253/0,032%2 = 60,57 cm* (151,4 %);
L, = 0,000887243/t? = 0,0008872 x 2,9253/0,0322 = 21,68 cm* (1679 %);

W, = 2I,/V = 2 x 60,57/10,0 = 12,114 cM® (151,4 %).

Z
L 100

L

100

102

h =102-0.7

Puc. 10. CxeMbl TOHKOCTEHHBIX MTPOQHICH:
a — COCTaBHOTO CEUCHHS IBYTaBPOBOil ()OPMBL; 6 — IMIBEIIIEPHOTO TUIA; 6 — AByTaBpoBoro I'3I1
Figure 10. Schemes of bent profiles:
a — composite section of I-shaped; 6 — channel type; ¢ — I-shaped BCP

Tabnuya 3

PacuetHbIe nmapaMeTpbl rHYThIX U THYTO3AMKHYTBIX l'[pO(l)I/IJIeﬁ C PaBHBIMH NapaMeTpaMi NIUPUHBI U BBICOTHI

XapakTepHCTHKH CevYeHU

poduan

A, em? Ay, em? A/Ag I, cm? I, em? W,, cm?

11102599

2,66 3,20 40,0 12,91 8.0
& Lot 100 % 100 % 0:831 100 % 100 % 100 %
1310 1004100 2,584 2,970 0.865 45,36 17,49 9,08
o 97,14 % 92,81 % : 113,4 % 135,5% 113,5%
1310 1004100 2478 3,038 0816 34,47 14,76 6,894
. 93,16 % 94,94 % ’ 86,18 % 1143%  86.18%
130 100100 2,925 3,181 0920 60,57 21,68 12,114
A 110,0 % 99.41 % ’ 1514 % 167.9%  1514%
11102599

3,04 3,60 45,0 14,54 9,0
211 oot 100 % 100 % 0844 100 % 100 % 100 %
1310 1004100 3,101 3,564 0.865 54,44 20,99 10,89
oo 102,0 % 99,0 % ’ 1210 % 1444%  1210%
1310 400100 2,847 3472 0816 40,03 17,13 8,01
O 93,65 % 96,44 % ’ 88,96 % 17,8 % 89,0 %
131 1004100 3,292 3,578 0920 68,23 24,42 13,65
PR 108,3 % 99,39 % ’ 151,6 % 1680%  151.7%
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Okonuanue maobn. 3

XapakTepUCTHKH CeYyeHHu i

poduim

A, em? Ay, cm? A/Ag I, em* I, em? W,, ecm3
1[102%x99
3,44 4,0 50,0 16,22 10,0
EZZH{(?;(iJOM) 100 % 100 % 0,860 100 % 100 % 100 %
{3% 220;13[00 3,359 3,861 0.865 58,95 22,73 11,79
kt=b65 MM 97,65 % 96,53 % ’ 117,9 % 140,1 % 117,9 %
le;[) ;03;100 3,203 3,906 0.816 45,04 19,28 9,01
kt=bOISMM 93,11 % 97,65 % ’ 90,08 % 118,9 % 90,10 %
le;[) ‘1‘03;100 3,658 3,976 0.920 75,82 27,14 15,16
kt=)12MM 106,3 % 99,40 % ’ 151,6 % 176,3 % 151,6 %
Table 3
Design parameters of bent and bent closed profiles with equal parameters of width and height
Cross section characteristics
Profiles
! A, sm? Ag, sm? A/A, I, sm* I, sm* W,, sm’
1[102%x99
2,66 3,20 40,0 12,91 8,0
(2 & Toot 100% 100% 0831 100 % 100% 100%
?fg é(ig:nloo 2,584 2,970 0.865 45,36 17,49 9,08
it = ’0 S mm 97,14% 92,81% ’ 113,4% 135,5% 113,5%
?:CI(; ;?ﬁ:nl 00 2,478 3,038 0316 34,47 14,76 6,894
it = ’0 014 mm 93,16% 94,94% ’ 86,18% 114,3% 86,18%
?ZCE 313?;11100 2,925 3,181 0.920 60,57 21,68 12,114
ktzb% mm 110,0% 99,41% ’ 151,4% 167,9% 151,4%
1[102%x99
3,04 3,60 45,0 14,54 9,0
tzgl(;%lr?lglm 100% 100% 0.844 100% 100% 100%
?ZCI(; é?g;lloo 3,101 3,564 0.865 54,44 20,99 10,89
it = ’0 6 mm 102,0% 99,0% ’ 121,0% 144,4% 121,0%
?:Cg é(;g:nl 00 2,847 3,472 0316 40,03 17,13 8,01
ki = ’0 016 mm 93,65% 96,44% ’ 88,96% 117,8% 89,0%
?:Cg 31(6)(:;;00 3,292 3,578 0.920 68,23 24,42 13,65
ki = 0 108 mm 108,3% 99,39% ’ 151,6% 168,0% 151,7%
1[102x99
3,44 4,0 50,0 16,22 10,0
§2=H1F(():r1n0n01m) 100% 100% 0,860 100% 100% 100%
?Sg ég(:;rlnoo 3,359 3,861 0.865 58,95 22,73 11,79
ki = 0 65 mm 97,65% 96,53% ’ 117,9% 140,1% 117,9%
?ZCI(; ;(;g:nl 00 3,203 3,906 0.816 45,04 19,28 9,01
ki = ’0 018 mm 93,11% 97,65% ’ 90,08% 118,9% 90,10%
?fg i?g:nl 00 3,658 3,976 0.920 75,82 27,14 15,16
it = ’1 2 mm 106,3% 99,40% ’ 151,6% 176,3% 151,6%
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[IponomkeHHBINH pacueT MOKa3bIBAET, UTO MPH eIlle OIHOM 3aMeHe Mpoduist 6a30BOro 00bhEeKTa Ha JBYTaB-
poBbrit 1’311 pacxoa KOHCTPYKIIMOHHOTO MaTepHajia YMEHBIIAeTCs, a TeOMETpUUYECKUe (CTaTHUECKHE) XapaKTe-
PUCTHKH PacUETHOTO CEYCHUS yBENIWIMBAIOTCS. VICKIIOUeHHEM SIBISIETCS MPOQUIL C YCIOBHON TONIUHOW TO-
JIOK, MEHBIIEH YCJTOBHOH TONMMHBI CTEHKH (tf/t,, = 0,6), y KOTOPOro 5TH XapaKTEPUCTUKU B ILIOCKOCTH MaK-
CHUMaJIbHOM KECTKOCTH HIXKE, YeM y mpoduisa 6a3oBoro oobekra. [IpakTudeckuii HHTEpec MPEACTaBISIOT pac-
YeTHBIC BBIKJIAAKH, T7e I 0a30BOT0 00BheKTa MPUHATHI ABe MeHee ToHKocTeHHbIe napbl [II'C100L ceuennsmu
102 x 49 x 0,9 mmu 102 X 49 X 1,0 mm [34; 38], a OCHOBHBIC pe3yIbTATHl CBEJCHEI B Ta0M. 3.

Kak BUAHO, pacyeTHBIM MEepeXoa OT COCTABHBIX JIBYTABPOB M3 THYTHIX MPOGWICH MIBEIJICPHOTO THIA K
nByTaBpoBbIM [3I1 conmpoBoXkmaeTcst ¢ OHOM CTOPOHBI YMEHBIIEHHEM PacXojia KOHCTPYKIIMOHHOTO MaTepuana,
a C Ipyrodl CTOPOHBI yBETMYCHNEM T€OMETPHIECKHX (CTATHUECKUX) XapaKTEPHUCTHK, M KaK CIIEZICTBHE, POCTOM
Hecymie cnocobHocTH. CHIKEHHEM Hecyllell CIIOCOOHOCTH B IUIOCKOCTH KOHCTPYKLMH OTJIMYAIOTCS TOJBKO
nBytaBpoBbie '3[ ¢ yCIOBHOM TOMIMHON MOJIOK, MEHBIIEH YCIOBHOU TOMIMHBI CTeHKH (tf/t,, = 0,6). BbisB-
JICHHOE CHMKEHHE PaIlOHAIBHO KOMIIEHCHPOBATh 3a CUET HCIOJB30BAaHMS B JIMCTOBBIX 3arOTOBKAX IMOBBILICH-
HOW TOHKOCTEHHOCTH OoJiee TIPOYHOTO KOHCTPYKIIMOHHOTO MaTepHuaia. B 1enom ske momydeHHbIe pe3yabTaThl
MOJKHO TIPHHATH B KA4€CTBE JIOCTATOYHO KOPPEKTHOTO OOOCHOBaHUS MEPCIEKTUBHOCTH IMpeaaraeMbIx mpodu-
Tel Ut X TanbHeNIe mpopadoTKH, ONTUMHU3AIINN B IPAMEHEHUS B CTPOUTENBHBIX KOHCTPYKITHSX.

Peanuzayun osymaeposuvix 1311 ¢ paznvimu napamempamu wiupuHnovl U 6blCONIbL

Eme onun npuMep peanuzanuy NpeajaraeMoro TEXHUYECKOTO PEIIeHHsI MO>KHO NIPUBECTH, €CIIU MPOAOII-
JKUTh pacueTHbIe BBIKIAIKU AByTaBpoBoro '3[l cn = U/V = 1/5,2 (onTuMansHONH KOMIIOHOBKH) ¥ TPYO4aThI-
MU TOJIKAMH U3 JIACTOBOTO TPOKATa OJHON TOMMHHEI (tf/t,, = 1) [35], IOMONHUB NX TAKMMH K€ BBIKIIAJIKAMH C

JIMCTOBBIMM 3arOTOBKaMH pa3HbIX TOIIMIMH (puc. 11):
—npu tf/t,, = 0,6 (k = 0,2)

n=U/V =0,3013557 = 1/3,3183377 = 1/3,3; V = 30,0 cm (100 %);
U=nV =0,3013557 x 30,0 = 9,040671 = 9,04 cm (56,50 %);
t = Ag4r/(8,9766755U) = 20,03/(8,9766755 x 9,04) = 0,2468294 ~ 0,246 cm;
kt = 0,2 x 0,246 = 0,0492 cm;
Ay = 89766755 x 0,246 x 9,04 = 19,96 cm” (99,65 %);
A =8,1766755tU = 8,1766755 X 0,246 x 9,04 = 18,18 cm? (156,3 %);

I, = 0,018507943/t? = 0,0185079 X 18,183/0,246% = 452,07 cm* (60,02 %);
I, = 0,0003856A43/t* = 0,0003856 x 18,18%/0,246% = 38,287 cm"* (26,70 %);
W, = 21,/V =2 x 452,07/30,0 = 30,138 c™’ (92,17 %);

—npu tf/t, =2 (k = 3)
n=U/V =0,0914105 = 1/10,939662 ~ 1/11; V = 30,0 cm (100 %);

U =nV =0,0914105 x 30,0 = 2,742315 = 2,74 cm (17,13 %);
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t =A4/(29,819324U) = 20,03/(29,819324 X 2,74) = 0,2451503 ~ 0,245 cwm;
kt =3 x 0,245 = 0,735 cm;
Ay =129,819324 x 0,245 x 2,74 = 20,018 cM? (99,94 %);
A =29,019324tU = 29,019324 X 0,245 x 2,74 = 19,597 cm* (168,5 %);
I, = 0,0176393A43/t? = 0,0176393 x 19,5973/0,245% = 2211,7 cm* (293,6 %);
I, = 0,0001165A4°%/t* = 0,0001165 x 19,5973 /0,245% = 14,607 em’ (10,18 %);

W, = 2I./V = 2 x 2211,7/30,0 = 147,4 cr® (450,8 %),

rae B kayectBe 3TaMOHHBIX (100-mpOLEHTHBIX) 3HAUCHUH TIPUHSATHI PacYeTHBIC ITapaMEeTPhl ABYTaBPOBOTO MpO-
¢uns 6azoBoro o0bekTa (Tadi. 4), CKOMIIOHOBAHHOTO U3 MApHBIX cUrMa-npoduieit (X-o0pa3Hoit popmbl) cede-
Huem 300 X 161 x 2,0 mm [35; 39].

w-:l\
’ RS ! g\
L[
N &
x 2| 8| S X
- N
RS vy
17 = o
(S _
| i—
»l sol
a o 6

Puc. 11. CxeMbl TOHKOCTEHHBIX MTPOQHIICH:
a — COCTaBHOTO CEUCHUs IBYTaBPOBOil (hOpMBI; 6 — X-00pa3zHoro Tuma; 6 — apyrasposoro I'311
Figure 11. Schemes of bent profiles:
a — composite section of I-shaped; 6 — channel type; ¢ — I-shaped BCP

Tabauya 4
PacueTHbie MapaMeTpbl THYTHIX M THYTO3aMKHYTBIX NPoduIieii ¢ pasHLIMH MapaMeTpaMi HIHPUHBI K BHICOTHI
XapakTepucTHKHA
Ipoduan

pod A, cm? Ay, cm? A/Ag I, em* I, em* W,, cm?
2%023(1)551;0) 11,63 20,03 0.581 753,25 143,42 32,70
1=2.0 M 100 % 100 % ’ 100 % 100 % 100 %
fzg 3013;57’5 18,74 19,84 0.945 2041,14 15,676 136,076
kl‘:’24MM 161,1 % 99,06 % ’ 271,0 % 10,93 % 416,1 %
fig 120530’4 18,18 19,96 0911 452,07 38,287 30,138
k= 6 492 Mn 156,3 % 99,65 % ’ 60,02 % 26,70 % 92,17 %
fig 3‘(5)01;317’4 19,597 20,018 0.979 2211,7 14,607 147,4
k= ’7 35 Mnt 168,5 % 99,94 % ’ 293,6 % 10,18 % 450,8 %
fil} (3)(6)0;13[06 18,324 19,987 0.917 232536 80,334 155,02
k= ’1 96 Mu 157,6 % 99,79 % ’ 308,7 % 56,01 % 474,1 %
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Okonuanue maobn. 4

XapakTepuMCTUKH
1

poduim A, em? Ag, cm? A/Ag I, cm* I, em? W, em’
fig 2(5)0;1\1406 17,985 19,978 0.9002 1885,07 59,007 125,67
ki = 0.470 Mm 154,6 % 99,74 % : 250,3 % 41,14 % 384,3 %
zrzrf 320;;06 18,753 19,923 0.941 2962,91 111,35 197,5
ki = 4140 Mm 161,2 % 99,47 % ’ 393,3 % 77,64 % 604,1 %
et 17910 19,996 ogos 299086 23266 166,06
k= 1.62 Mn 154,0 % 99,83 % ’ 330,7 % 162,2 % 507,9 %
fﬁg 320”61 17,383 20,023 0.868 1963,84 180,36 130,92
k=0 41“8MMM 149,5 % 99,97 % ’ 260,7 % 125,8 % 400,4 %
,rzl} 320;1\1461 18,545 19,910 0.931 3135,90 299,7 209,1
k=318 Mn 159,5 % 99,40 % ’ 416,3 208,9 % 639,3 %

Table 4
Design parameters of bent and bent closed profiles with different parameters of width and height
Cross section characteristics
Profiles
A, sm? Ag, sm? A/A, I, sm* I, sm* W,, sm?

B 300550) 11,63 20,03 ssl 79325 143,42 1270
{=2.0mm 100% 100% ’ 100% 100% 100%
?ZC 12) 222;57’5 18,74 19,84 0.945 2041,14 15,676 136,076
ki= 2.4 mm 161,1% 99,06% ’ 271,0% 10,93% 416,1%
?:C 12) 222210’4 18,18 19,96 0911 452,07 38,287 30,138
ki = 0.492 mm 156,3% 99,65% ’ 60,02% 26,70% 92,17%
?:cg ig?ﬁf"‘ 19,597 20,018 0.979 2211,7 14,607 147,4
ki =735 mm 168,5% 99,94% ’ 293,6% 10,18% 450,8%
?zc 11> 32?;;06 18,324 19,987 0.917 2325,36 80,334 155,02
ki = 1.96 mm 157,6% 99,79% ’ 308,7% 56,01% 474,1%
?:C g 32?;;06 17,985 19,978 0.9002 1885,07 59,007 125,67
ki = 0.470 mm 154,6% 99,74% ’ 250,3% 41,14% 384,3%
?flf ;g(:;rln% 18,753 19,923 0.941 2962,91 111,35 197,5
ki = 4140 mm 161,2% 99,47% ’ 393,3% 77,64% 604,1%
?ZCI; 222;;161 17,910 19,996 0.896 2490,86 232,66 166,06
k= 62 mm 154,0% 99,83% ’ 330,7% 162,2% 507,9%
?:C g 3(5)?;1;61 17,383 20,023 0.868 1963,84 180,36 130,92
K= 0410 mm 149,5% 99,97% ’ 260,7% 125,8% 400,4%
?:C 11) 82?;;61 18,545 19,910 0.931 3135,90 299,7 209,1
k=318 mm 159,5% 99,40% ’ 416,3 208,9% 639,3%

Kak BunHO, pacxoJ KOHCTPYKIMOHHOTO MaTepHaja YMEHbBIIAeTCs, a TeOMETPHUUECKHe (CTaTUYecKHe) Xa-
PaKTEPUCTHKN PACUETHOIO CEUYEHUsI HETTO YBEIMUYUBAIOTCS B MIOCKOCTH MAaKCHUMAJIbHOW JKECTKOCTU U YMEHb-
IIAIOTCS B INIOCKOCTH MHUHMMAJIBHON >KECTKOCTH COPa3MEPHO CY)KEHHMIO LIIMPHHBI TPyOUaThIX MOJOK JBYTaBpPO-
Boro '3[ onTuManbHONW KOMIOHOBKH Ipu Hem3MeHHoi BbicoTe (V' = const). [IpogomkuTs onTHMU3AHOHHBIH
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pacyet MOXKHO MPUMEHHUTENBHO K AByTaBpoBbM [3[1 ¢ n = U/V = 1/2,84 u TpyOUaThIMU TIOJNKaMu U3 yHU(DU-
[UPOBAHHBIX 3arOTOBOK C pa3MepaMu, ONTHUMAaIbHBIMU 1ist iBesuiepHbIX ['3[1. OueBumHO, YTO MONTyYEHHBIEC pe-
3yJIBTaThl aHAJOTUYHBI TpeAbITynM (Tabi. 4), OAHAKO CTENEHb CHIKECHHUS! PACUETHBIX XapaKTEPUCTHK B ILIOC-
KOCTH MUHUMAJIbHOW KECTKOCTH YMEHBIITMIIACh M3-32 PACIIUPeHUs TpyOdaTsix mojok asytaBpoBoro 311 yan-
(GUIMpOBaHHOI KOMIIOHOBKH MpU HeM3MeHHOU BhicoTe (V' = const). 3aBepIuuTh pacueTHbIC BBIKIAIKU LIEIECOo-
o0pasHo g aByTaBpoBbix 311 ¢ Temu ke pa3MepaMy MIMPHHBI U BBICOTHI, UTO U 'y MPpo¢uiis 6a30Boro o0beKTa
(U = const u V = const). Ha sTot pa3 MaTepuamoeMKoCcTh IByTaBpoBBIX ['3I1 Tarkke yMeHBITIACTCS, a TEOMET-
pudeckre (CTaTHYEeCKHe) XapaKTEPUCTUKN UX PACUETHBIX CEUSHHH HETTO YBEINIHBAIOTCS KaK B IJIOCKOCTH MaK-
CUMaJIbHOM JKECTKOCTH, TaK U MUHUMAaJIbHOM.

3akaouenue

Pacuernpie mapamerps! aByTaBpoBbixX 1311 ¢ TpyOuaThIMU MONKaMH U3 JTUCTOBOTO MPOKAaTa Pa3HBIX TOI-
IMIWUH U OCHOBHBLIC PE3YyJIbTATHI UX OINTUMH3AlINU Oonee HarjaAaHbI Ha rpa(bm(ax B 3aBHUCHUMOCTH OT OTHOIIICHUA
TOJIIIMH UX TOJIOK U CTeHKH (puc. 12), rae 0o003HaueHUs ¢ eIUHHIICH B WHACKCE OTHOCATCS K IapaMerpam THY-
TO3aMKHYTBIX JBYTaBPOB, UMEIOIIMX OJMHAKOBBIC Pa3Mepsl MHUPUHBI U BbicoTel: . = U/V = 1/1. 1o ocu op-
IUHAT JJISl €MUHUI] U3MEPEHNH MCITOIb30BaHbl 0003HAUEHHS TIOMIAIN CEYSHHUS M TOJIIMHBI JUCTOBOW TOJIOCHL,
MOJIJIeKAIIeH 3Ur3aroo0pasHOMy pe3y Ha 4eThIpe 3aroToBku: A = const, t = const.
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Puc. 12. I'paduiku pacyeTHbIX nmapaMeTpoB AByTaBpoBbIXx '3[ B 3aBUCUMOCTH OT OTHOILICHHUS TOJIIMH UX ITOJIOK H CTEHKH
Figure 12. Graphs of the design parameters of I-shaped BCP in depending on the ratio of the thicknesses of their shelves and wall
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Hrorosrie rpadKu MO3BOJISIOT CIIEIATh HEKOTOPHIE BEIBOIBI 1 00OOIICHUS.

1. IByraBpoBsiii ['3[1 ¢ nBOWHON CTEHKOW W ABYMS TPyOUaTHIMH MOJKAMH M3 JIUCTOBBIX 3aTOTOBOK pa3-
HBIX TOJIIIMH UMEET COCTABHOE CEUYEHHE, MOMEHT COMPOTHUBIIEHUS KOTOPOTr0 MaKCUMAaJICH NPU OTHOIIEHUH pa3-
MEpPOB IUPHHBI U BBICOTHI, N3MEHSIEMOM B 3aBUCHMOCTH OT U3MEHEHUS OTHOIICHUS TOJIIIMH €T0 MOJIOK U CTEH-
KH. B yacTHOCTH, KOT/1a TOJIIMHA TIOJIOK B 2 pa3a OoJIblle TONIMHBI CTEHKH, MOMEHT COTIPOTHUBIICHHSI MaKCHMa-
JIeH TIPH OTHOLIEHUH Pa3MEpOB MIMPHHBI M BBICOTHL 1/11 1O cpeqHel TMHUM PacyeTHOTO CEYeHHs, a KOT/a TOJ-
IIMHA MOJIOK cocTasigeT 0,6 TONIUHBI CTEHKH, MOMEHT COIIPOTHBIICHHS MaKCHUMaJIeH IPH OTHOIIEHWUH pa3Me-
POB IIMPUHBI U BBHICOTHI 1/3,3 10 cpemHeli TMHUHA PacUeTHOTO CEUCHUI.

2. Ecniu oTHO1IEHHE pa3MepoB HIMPHUHBI B BBICOTHI AByTaBpoBoro 311 coctaBnser 1/1 o cpeaneit nuHuu
pacyeTHOro CEYeHUs, BHyTPEHHUE TPaHU €ro CTEHKH U IIOJIOK UMEIOT B pa3pe3e (hopMy Kpyrioro MmoiayKoJbLa.
Pa3zmepHble mapameTpsl Takoro mnpoduis o0nanaroT (UKCHPOBAHHBIMU 3HAYEHHUSMHM, IPHU KOTOPBIX LIMPHHA
paBHa pagnycy, BEICOTa — JHaMETPy MOTYKOIBICBOM rpaHy, a a0CONIOTHBIC BETMUMHA STHX M1aPaMETPOB 3aBUCST
OT OTHOILICHHMS TOJILIUH €ro MOJIOK M cTeHKH. Eciu pa3BuBaTh NpOoQHiIb B MIMPHHY MPH IMOCTOSIHHOW BBICOTE,
paBHOIl nuamMeTpy, TO €ro AByTaBpoBOe ouepTaHue Tpanchopmupyercs B H-oOpasnoe. B ciyuae passutus mpo-
¢uIs Mo BBICOTE MPU MOCTOSHHOM IMUPUHE, PABHOW painycy, YBEIHMUUBACTCS €r0 CXOACTBO C MPOKATHBIMH U
CBapHBIMH JIByTaBpaMHu.

3. IIpu oTHOIIEHUSAX pa3MepOB MIMPUHBI U BBICOTHI ABYTaBpoBbIX ['3I1 B mpenenax ot 1/2,68 mo 1/3 ux co-
CTaBHbIE CEUEHUSI MOXKHO KOMIIOHOBAThH C HCIIOJIb30BAHUEM YHH(UIIMPOBAHHBIX 3arOTOBOK, 3aMMCTBOBAHHBIX Y
mBesuiepHbIx 31, onTuMu3poBaHHBIX Ha M3rH0. PacueTHbIe TapaMeTphbl TAKUX JABYTaBPOBBIX MPOQIIIEH MpH-
ONYDKEHBI K ONTHMAJIBHBIM IIapaMeTpaM Hauboliee rpy300IbeMHBIX IPOKATHBIX ABYTaBPOB OAJIOYHOTO THIIA.

4. IsytaBpossie I 311 ¢ TpyOUaThIMK TTOJIKAMH W3 JIMCTOBOTO MPOKATa PaBHOW M Pa3HBIX TOJIIHH IO HO-
BOMY TEXHHYECKOMY PELICHUIO JOCTATOYHO PAallMOHAIBHBI U 3P (eKTHBHBI. 11X MOXKHO CUMTAThH BIIOJHE MTPHUTO-
HBIMH JAJIS1 MCTIOJIb30BAaHUS B JIETKMX TOHKOCTEHHBIX KOHCTPYKUMAX 3JaHUM U coopyskeHHil. B yactHOCTH, mpO-
CIICXKMBAETCS ONPEACIICHHAs IEPCIIEKTUBHOCTD UX NaJbHEHIINX MPOPAOOTOK MPUMEHUTENBHO K CTEP)KHSIM 1 Oasikam
¢ meppOpUPOBAaHHBIMU CTEHKAMH, BKJIFOUas MPOMWIN C IIOCKONAPaIIICTbHBIMU MTOJTKAMH.

Cnucok uTepaTypsbl

1. JIaxosuu JI.C., Axumos I1.A., Tyxcpamynnun 5.A. O6 onHOW 3a1a4e ONTHMHU3AIUN KOHCTPYKIUH C y4eTOM Tpebo-
BaHMH YCTOMYMBOCTH, IPOYHOCTH, IIPU OIPaHUUCHUSAX MEPBON YaCTOTHI COOCTBEHHBIX KoyiebaHuii // Academia. ApxuTek-
Typa u ctpoutenbeTBo. 2020. Ne 4. C. 76-82. https://doi.org/ 10.22337/2077-9038-2020-4-76-82

2. JIaxosuu JI.C., Axumos I1.A., Tyxgpamynnun 5.A. OnieHKa OJM30CTH K IPOSKTY MUHAMAIBHON MaTepHAIOEMKOCTH
pelieHns: 00 ONTHUMH3AMN UIUPUHBI KYCOYHO-IIOCTOSIHHBIX YYaCTKOB MOJIKM CTEPKHEH JBYTABPOBOTO MOMEPEYHOIO CEUCHUSI
MPU OIPAaHUYEHHSX 10 YCTOHYMBOCTH WIIM Ha BEIMYMHY HEPBOM 4acTOThl cOOCTBeHHBIX KojeOanuit / Bectuuk TTACY.
2020. T. 22. Ne 4. C. 114-125. https://doi.org/ 10.31675/1607-1859-2020-22-4-114-125

3. Lyakhovich L.S., Akimov P.A., Tukhfatullin B.A. Assessment of the proximity of design to minimum material capacity
solution of problem of optimization of the flange width of I-shaped cross-section rods with allowance for stability constraints
or constraints for the value of the national frequency and strength requirements // International Journal for Computational Civil
and Structural Engineering. 2020. Vol. 16. No 2. Pp. 71-82. https://doi.org/ 10.22337/2587-9618-2020-16-2-71-82

4. Ilepenvmymep A.B. Ouepku 1o ucropun Metammmueckux koHcTpykuuid. M.: CKAJl Codr; Usn-so ACB, 2015.
C. 28-42.

5. Ilepenvmymep A.B. KoncTpykTuBHast ¢opma HOMep onwH // BectHuk JloHOacckoii HalMOHANBHON akaaeMuu
CTPOHTENHCTBA U apXUTEKTyphL. 2012. Ne 1. C. 27-39.

6. Kysneyos /[ H., Casvixun B.I". HanpspxeHHO-1e(hOPMIPOBAHHOE COCTOSHUE CTAFHOTO JIBYTaBpa B COCTaBE KOM-
OounupoBanHoit 6anku: B 3 4. Y. 1/ U3sectus By3oB. Ctpoutensctso. 2019. Ne 11. C. 5-16.

7. Kysueyos JI.H., Casvixun B.I". HanpsbkeHHO-1e()OPMHUPOBAHHOE COCTOSHHE CTAILHOTO JIBYyTaBpa B COCTaBe KOM-
OounupoBanHoit 6anku: B 3 u. Y. 2 // U3Bectus By3oB. Ctpoutenscto. 2019. Ne 12. C. 13-23.

8. Kysneyos JI.H., Caszvikun B.I". HanpsbkeHHO-Ie(OPMHUPOBAHHOE COCTOSTHHE CTAIbHOI'O IByTaBpPa B COCTaBE KOM-
ounupoBanHO# Oanku: B 3 u. Y. 3 // U3Bectus By30B. CtpoutensetBo. 2020. Ne 1. C. 18-33.

9. Tycnun A.P., Aboypaxmonos A.X. Hecyiias cnocoOOHOCTh IIEHTPAIbHO-CIKATOT'O JIBYTABPOBOI'O CTEPIKHS IIPH CTEC-
HEHHOM KpydeHud // IIpomblinieHHoe W rpaxaaHckoe crpourtensctBo. 2020. Ne 9. C. 21-27. https://doi.org/10.33622/-
7019.2020.09.21-27

10. A6oypaxmonos A.X. UucneHHBI aHAIN3 YCTOHYMBOCTH IIEHTPAJIEHO-CXKATOTO JIBYTaBPOBOTO CTEP)KHS IIPU CTECHEH-
HOM KpydueHnH // CtpoutenbeTBo: Hayka u oopazosanue. 2020. T. 10. Bem. 4. Cr. 2. C. 11-27. https://doi.org/10.22227/2305-
5502.2020.4.2

11. I'apekun U.H., Jlawmankun A.C. Llukamdeckue MCTBITAHUS MOJKPAHOBBIX OaloK HA BBEIHOCIWUBOCTH // Perwo-
HaJIbHAs apXUTEKTypa u cTpoutenscTBo. 2020. Ne 3. C. 68-77.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLI 161



Marutyan A.S. Structural Mechanics of Engineering Constructions and Buildings. 2021;17(2):140-164

12. TTatent P® Ne 2739271. butpyboberonnas 6anka // JI.W. TTapeimes, A.B. Unptakos, B.J. Konsipus, O.1FO. Mo-
ucees, H0.A. Aragponos, N.I'. OBunnuukos, B.M. Illepenkos, .1. Osunnuukos, B.B. Xapun, I.A. Xapus, B.B. Bopon-
kuH, W.II. Tlonos. 2020. bron. Ne 36. URL: http://wwwl.fips.ru/ofpstorage/Doc/IZPM/RUNWC1/000/000/002/739/271/
%D0%98%D0%97-02739271-00001/DOCUMENT.PDF (nata oopamenus 02.02.2021).

13. Benos I'.Z1. Pa3BuTHE METOJIOB pacyeTa CTEPHKHEBBIX JIEMEHTOB CTAJIBHBIX KOHCTPYKIMH ITPU MHOTONapaMeTpu-
4ecKoM 3arpyxeHuu // BectHuk rpaxxnanckux umxenepo. 2020. Ne 3. C. 43-54. https://doi.org/10.23968/1999-5571-2020-
17-3-43-54

14. Benos I'"M. AHanuTUYECKU-YUCIEHHBIA METOJI pacyeTa Ha yCTOMUYMBOCTb CTEPYKHEBBIX AJIEMEHTOB JIETKUX CTAJIbHBIX
TOHKOCTEHHBIX KOHCTpYKIWH // BectHuk rpaxmanckux umkeHepoB. 2020. Ne 4. C. 39-46. https://doi.org/10.23968/1999-5571-
2020-17-4-39-46

15. Kocenkos B.B., ILlypunosé A.B. YTOUHEHHE METOJIOB pacueTa KOHCTPYKLHUHN U3 CTAIbHBIX TOHKOCTEHHBIX XOJIOIHO-
THYTHIX mipodmett // [IpompinnieHHoe U Tpaxknanckoe crpoutenseTBo. 2020. Ne 10. C. 65-76. https://doi.org/10.33622/0869-
7019.2020.10.65-76

16. Fan S., Chen M., Li S., Ding Z., Shu G., Zheng B. Stainless steel lipped C-section beams: numerical modelling
and development of design rules // Journal of Constructional Steel Research. 2019. No 152. Pp. 29-41.

17. Ye J., Hajirasouliha I., Becque J., Pilakoutas K. Development of more efficient cold-formed steel channel sec-
tions in bending // Thin-Walled Structures. 2016. No 101. Pp. 1-13.

18. Lawsona R.M., Bastab A. Deflection of C-section beams with circular web openings / Thin-Walled Structures.
2019. No 134 Pp. 277-290.

19. Chen W., Ye J., Zhao Q., Jiang J. Full-scale experiments of gypsum-sheathed cavity-insulated cold formed steel
walls under different fire conditions // Journal of Constructional Steel Research. 2020. No 164. 105809.

20. Li Z, Li T., Xiao Y. Connections used for cold-formed steel frame shear walls sheathed with engineered bamboo
panels // Journal of Constructional Steel Research. 2020. No 164. 105787.

21. Hazmeesa T.B., Cusoxun A./]. HanpspxeHHO-1e(hOPMHUPOBAHHOE COCTOSIHUE y3J1a KPEIUICHHS KapKacHO-OOMIMBHOM
HABECHOM CTEHbI Ha OCHOBE CTaJbHOTO XOJIOMHOTHYTOro npoduis // [IpoMbllieHHOE M TPpa)JaHCKOE CTPOUTEIHCTBO.
2018. Ne 10. C. 41-45.

22. Conooos H.B., Booaxun H.B., Huyyx 1.JI. IloBelenue HeCyIei criocoOHOCTH HAXJIECTOYHOTO COSANHEHHS TOH-
konuctoBbix nerajieit / Bectauk BI'TY umenn B.I'. Illyxoma. 2019. Ne 9. C. 30-37. https://doi.org/10.34031/article
5da44cc0ad5700.29474015

23. Hlupoxog B.C., Conosvée A.B., Ueonkun C.A. VicnbiTaHHe COEIMHEHMsI HA BBITSDKHBIX 3aKJIENKaX C IyKJIEBKOU //
I'papoctpountenserBo 1 apxutekrypa. 2020. T. 10. Ne 3. C. 21-25. https://doi.org/10.17673/Vestnik.2020.03.4

24. Li Z, Li T., Xiao Y. Connections used for cold-formed steel frame shear walls sheathed with engineered bamboo
panels // Journal of Constructional Steel Research. 2020. No 164. 105787.

25. Tonakanan M.M. ViccnenoBanue (akTOpoB HEreOMETPHUECKOTO XapaKTepa, BIMIOMINX Ha U3TOTOBICHHE 1 MOHTaXK
CTaNBHBIX KOHCTPYKIWH // BecTHUK Tpaknanckux mrxkerepos. 2020. Ne 5 (82). C. 141-146. https://doi.org/10.23968/1999-
5571-2020-17-5-141-146

26. Onocos I'.B., Cununa H.I'. KOppo3uoHHass CTOMKOCTh CTaIbHOIO TOHKOJHCTOBOIO OIMHKOBAHHOIO IpoKaTa //
[TpomMbInmieHHOE U TpaXkaaHckoe ctpouTenbcTBO. 2020. Ne 10. C. 4-8.

27. United States Patent No 6131362. Sheet metal beam / Robert V. Buecker. 2000, Oct. 17.

28. Tlatent P® Ne 2043467. CoopHo-pasdopHas npyraBpoast 6aka M.E. Jloktoposa ¢ nosnbeivu noikamu / M.E. JIokTopos.
1995. Bron. Ne 24. URL: https:/www.fips.ru/registers-doc-view/fips_servlet?’DB=RUPAT&DocNumber=2043467& TypeFile=html
(maTa obpamenus: 02.02.2021).

29. ITatent P® Ne 185608. Craneberonnas coctapHas 6anka / @.C. 3amanues, O.®. 3amanues, O.I". bukkunun, B.T. Hc-
MarmnoB, A.W. TaitrytauaoB. 2018. Brom. Ne 35. URL: https://www.fips.ru/registers-doc-view/fips_servlet?’DB=RUPAT&
DocNumber=2685013&TypeFile=html (gara o6pamenus: 02.02.2021).

30. Kysueyos U.JI., @axpymounos A.D., Pamazanos P.P. Pe3ynbTaThl 3KCIIEPUMEHTAIBHBIX MCCICIOBAHUN PabOThHI
COEIUHEHNI TOHKOCTEHHBIX iieMeHTOB Ha caBuT // Bectauk MI'CY. 2016. Ne 12. C. 34-43.

31. Tlarent PD Ne 2478764. ['nyThIii cTanbHON MPOQUIL U COCTABHON CTPOUTENBHBIN AIeMeHT Ha ero ocHose / JI.B. En-
JokueBckuii, A.B. Tapacos, U.B. Tapacos. 2013. bron. Ne 10. URL: https://www.fips.ru/registers-doc-view/fips_servlet?’DB=
RUPAT&DocNumber=2478764& TypeFile=html (nara oopamienus: 02.02.2021).

32. Enoorcuesckuii JI.B., Tapacos A.B. UncneHHble U SKCIIEpPUMEHTAILHBIE UCCIIEIOBAHUS PaMbl KapKaca 3/1aHus U3
TOHKOJIMCTOBOM cTanu // [IpOMBINIICHHOE U FpaxaaHckoe cTpoutesibeTBo. 2012, Ne 10. C. 52-54.

33. Mapymsan A.C. 'HyTO3aMKHYTBIE IPO(MIN U pacdeT UX ONTUMAJIBHBIX HapaMeTpoB // CTpouTenabHas MEXaHHUKa
WHXEHEPHBIX KOHCTpYKIMi 1 coopyskenuid. 2019. T. 15. Ne 1. C. 33-43. https://doi.org/10.22363-1815-5235-2019-15-1-33-43

34. Mapyman A.C. CpaBHUTENbHBIA pacueT ONTUMAJbHBIX IApaMETPOB IIBEIJIEPHBIX THYTHIX M THYTO3aMKHYTBIX
npoduieit // CTpouTtenbHas MeXaHWKAa HWHXCHEPHBIX KOHCTpPYKUui u coopyxkeHmit. 2019. T. 15. Ne 6. C. 415-432.
https://doi.org/10.22363-1815-5235-2019-15-6-415-432

35. Mapymsan A.C. JIByTaBpOBBIe THYTO3aMKHYTEIE IPOQIIIN C TPyOUATHIMH TIOJKAMA H PacueT ONTUMAIFHON KOM-
MOHOBKH MX COCTaBHbIX ceueHuit / CTpouTenbHas MEXaHUKa MHXEHEPHBIX KOHCTPYKIHHA U coopyskennit. 2020. T. 16. Ne 5.
C. 334-350. https://doi.org/10.22363/1815-5235-2020-16-5-334-350

162 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



MapymsH A.C. CTponTenbHas MexaHuka MHXEHEepHbIX KOHCTPYKLMA W coopyxkeHni. 2021. T. 17. Ne 2. C. 140-164

36. Kannyn A.A. CtanpHble KOHCTPYKIUHU U3 ITUPOKOIIOIIOYHBIX ABYTaBpoB U TaBpoB / mox pen. H.I1. MenpHUKOBA.
M.: Crporiuznar, 1981. C. 10-12.

37. Menvhuxos H.I1. Meranmraeckue KOHCTpYKIH. COBpEMEHHOE COCTOSIHHE U TTepCIIeKTHBEI pa3BuTus. M.: Crpoimsaar,
1983. C. 82.

38. PekomeHaluu 1o MpoeKTHPOBAHHIO, M3TOTOBJICHUIO MOHTa)Xy OTPasKAAIONIUX U HECYIIUX KOHCTPYKIMI U3 CTalb-
HBIX THYTBIX Tpo¢uiieii noseieHHoit xectkoctd. M.: [THUUIICK um. H.I1. MensaukoBa, 1999. C. 8-11.

39. Kopcyn H /1., lIpocmakuwuna /].A. Anamuz HJIC coctaBHOTo ceueHusi U3 TOHKOCTEHHBIX NPOoduIeil ¢ yueTom
HayaJbHBIX TEOMETPHIECKHX HecoBepIeHCTB // Akanemudeckuid BectHuk YpanHWUnpoexkt PAACH. 2018. Ne 4. C. 83-88.

References

1. Lyahovich L.S., Akimov P.A., Tuhfatullin B.A. On one problem of optimization of structures, taking into account
the requirements of stability, strength, with restrictions on the first frequency of natural vibrations. Academia. Architecture
and construction. 2020;(4):76—82. (In Russ.) https://doi.org/10.22337/2077-9038-2020-4-76-82

2. Lyahovich L.S., Akimov P.A., Tuhfatullin B.A. Estimation of the proximity to the project of the minimum materi-
al consumption of the decision on the optimization of the width of piecewise-constant sections of the flange of the I-beam
cross-section under stability constraints or by the value of the first natural vibration frequency. Vestnik Tomskogo gosudar-
stvennogo arkhitekturno-stroitel'nogo universiteta. Journal of Construction and Architecture. 2020;22(4):114—125. (In Russ.)
https://doi.org/10.31675/1607-1859-2020-22-4-114-125

3. Lyakhovich L.S., Akimov P.A., Tukhfatullin B.A. Assessment of the proximity of design to minimum material
capacity solution of problem of optimization of the flange width of I-shaped cross-section rods with allowance for stability
constraints or constraints for the value of the national frequency and strength requirements. International Journal for Com-
putational Civil and Structural Engineering. 2020;16(2):71-82. https://doi.org/ 10.22337/2587-9618-2020-16-2-71-82

4. Perelmuter A.V. Essays on the history of metal structures. Moscow: SKAD Soft Publ.; Publishing House ASV;
2015. p. 28-42. (In Russ.)

5. Perelmuter A.V. Constructive form number one. Proceeding of the Donbas National Academy of Civil Engineering
and Architecture. 2012;(1):27-39. (In Russ.)

6. Kuznecov D.N., Sazykin V.G. Stress-strain state of a steel I-beam as part of a combined beam (part 1). News of
Higher Educational Institutions. Construction. 2019;(11):5-16. (In Russ.)

7. Kuznecov D.N., Sazykin V.G. Stress-strain state of a steel I-beam as part of a combined beam (part 2). News of
Higher Educational Institutions. Construction. 2019;(12):13-23. (In Russ.)

8. Kuznecov D.N., Sazykin V.G. Stress-strain state of a steel I-beam as part of a combined beam (part 3). News of
Higher Educational Institutions. Construction. 2020;(1):18-33. (In Russ.)

9. Tusnin A.R., Abdurahmonov A.H. Bearing capacity of a centrally compressed I-beam in constrained torsion. /n-
dustrial and Civil Engineering. 2020;(9):21-27. (In Russ.) https://doi.org/10.33622/-7019.2020.09.21-27

10. Abdurahmonov A.H. Numerical analysis of stability of a centrally compressed I-beam under constrained torsion.
Construction: Science And Education. 2020;10(4):11-27. (In Russ.) https://doi.org/10.22227/2305-5502.2020.4.2

11. Garkin I.N., Lashtankin A.S. Numerical analysis of stability of a centrally compressed I-beam under constrained
torsion. Regional Architecture and Engineering. 2020;(3):68—77. (In Russ.)

12. Paryshev D.L., Iltyakov A.V., Kopyrin V.I., Moiseev O.Y., Agafonov Y.A., Ovchinnikov I.G., Sherenkov V.M.,
Ovchinnikov LI., Harin V.V., Harin D.A., Voronkin V.V., Popov L.P. Bituminous concrete beam. Russian Federation patent
No. 2739271. Bulletin No 36. (In Russ.) Available from: https://www1.fips.ru/ofpstorage/Doc/IZPM/RUNWC1/000/000/
002/739/271/%D0%98%D0%97-02739271-00001/DOCUMENT.PDF (accessed 02.02.2021).

13. Belov G.I. Development of methods for calculating bar elements of steel structures under multi-parameter loading.
Bulletin of Civil Engineers. 2020;(3):43—54. (In Russ.) https://doi.org/10.23968/1999-5571-2020-17-3-43-54

14. Belov G.I. An analytical-numerical method for calculating the stability of rod elements of light steel thin-walled
structures. Bulletin of Civil Engineers. 2020;(4):39—-46. (In Russ.) https://doi.org/10.23968/1999-5571-2020-17-4-39-46

15. Kosenkov V.V., Shurinov A.V. Refinement of methods for calculating structures from steel thin-walled cold-formed
sections. Industrial and Civil Engineering. 2020;(10):65—76. (In Russ.) https://doi.org/10.33622/0869-7019.2020.10.65-76

16. Fan S., Chen M., Li S., Ding Z., Shu G., Zheng B. Stainless steel lipped C-section beams: numerical modelling
and development of design rules. Journal of Constructional Steel Research. 2019;(152):29-41.

17. Ye J., Hajirasouliha 1., Becque J., Pilakoutas K. Development of more efficient cold-formed steel channel sec-
tions in bending. Thin-Walled Structures. 2016;(101):1-13.

18. Lawsona R.M., Bastab A. Deflection of C-section beams with circular web openings. Thin-Walled Structures.
2019;(134):277-290.

19. Chen W, Ye J., Zhao Q., Jiang J. Full-scale experiments of gypsum-sheathed cavity-insulated cold formed steel
walls under different fire conditions. Journal of Constructional Steel Research. 2020;(164):1058009.

20.LiZ.,LiT., Xiao Y. Connections used for cold-formed steel frame shear walls sheathed with engineered bamboo
panels. Journal of Constructional Steel Research. 2020;(164):105787.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLI 163



Marutyan A.S. Structural Mechanics of Engineering Constructions and Buildings. 2021;17(2):140-164

21. Nazmeeva T.V., Sivohin A.D. Refinement of methods for calculating structures from steel thin-walled cold-
formed sections. Industrial and Civil Engineering. 2018;(10):41-45. (In Russ.)

22. Solodov N.V., Vodyahin N.V., Ishchuk Ya.L. Increasing the bearing capacity of the overlap connection of thin
sheet parts. Bulletin of Belgorod State Technological University named after V.G. Shukhov. 2019;(9):30-37. (In Russ.)
https://doi.org/10.3403 1/article_Sdad44cc0ad5700.29474015

23. Shirokov V.S., Solovev A.V., Igolkin S.A. Testing of the joints on pop rivets with bulge. Urban Construction
and Architecture. 2020;10(3):21-25. (In Russ.) https://doi.org/10.17673/Vestnik.2020.03.4

24. 1LiZ.,Li T, Xiao Y. Connections used for cold-formed steel frame shear walls sheathed with engineered bamboo
panels. Journal of Constructional Steel Research. 2020;(164):105787.

25. Tonakanyan M.M. Investigation of non-geometric factors affecting the manufacture and installation of steel struc-
tures. Bulletin of Civil Engineers. 2020;5(82):141-146. (In Russ.) https://doi.org/10.23968/1999-5571-2020-17-5-141-146

26. Onosov G.V., Silina N.G. Corrosion resistance of galvanized sheet steel. Industrial and Civil Engineering.
2020;(10):4-8. (In Russ.)

27. Buecker R.V. Sheet metal beam. United States Patent No 6131362. 2000, Oct. 17.

28. Doktorov M.E. Collapsible I-beam M.E. Doktorova with hollow shelves. Russian Federation patent No 2043467.
1995. Bulletin No 24. (In Russ.) Available from: https://www.fips.ru/registers-doc-view/fips_servlet? DB=RUPAT&DocNumber=
2043467& & TypeFile=html (accessed: 02.02.2021).

29. Zamaliev F.S., Zamaliev E.F., Bikkinin E.G., Ismagilov B.T., Gajnutdinov A.l. Steel concrete composite beam.
Russian Federation patent No 185608. 2018. Bulletin No 35. (In Russ.) Available from: https://www.fips.ru/registers-doc-
view/fips_servlet?’DB=RUPAT&DocNumber=2685013&TypeFile=html (accessed: 02.02.2021).

30. Kuznecov I.L., Fahrutdinov A.F., Ramazanov R.R. Results of experimental studies of the shear performance of
joints of thin-walled elements. Vestnik MGSU. 2016;(12):34—43. (In Russ.)

31. Endzhievskij L. V., Tarasov A.V., Tarasov L.V. Curved steel profile folded steel profile and a composite building
element based on it. Russian Federation patent No 2478764. 2013. Bulletin No 10. (In Russ.) Available from:
https://www fips.ru/registers-doc-view/fips_servlet?’DB=RUPAT&DocNumber=2478764& TypeFile=html (accessed: 02.02.2021).

32. Endzhievskij L.V., Tarasov A.V. Numerical and experimental studies of the frame of the building frame made of
sheet steel. Industrial and Civil Engineering. 2012;(10):52—54. (In Russ.)

33. Marutyan A.S. Bent profiles and calculation of their optimal parameters. Structural Mechanics of Engineering
Constructions and Building. 2019;15(10):33—43. (In Russ.) https://doi.org/10.22363-1815-5235-2019-15-1-33-43

34. Marutyan A.S. Comparative calculation of the optimal parameters of bent and bent-closed channels. Structural
Mechanics of Engineering Constructions and Buildings. 2019;15(6):415-432. (In Russ.) https://doi.org/10.22363-1815-
5235-2019-15-6-415-432

35. Marutyan A.S. I-beams bent-closed profiles with tubular shelves and calculation of the optimal arrangement of
their composite sections. Structural Mechanics of Engineering Constructions and Buildings. 2020;16(5):334-350. (In Russ.)
https://doi.org/10.22363/1815-5235-2020-16-5-334-350

36. Kaplun Y.A. Steel structures from wide-flange I-beams and T-beams. Moscow: Strojizdat Publ.; 1981. p. 10-12.
(In Russ.)

37. Melnikov N.P. Metal constructions. Current state and development prospects. Moscow: Strojizdat Publ.; 1983. p. 82.

38. Recommendations for the design, manufacture of installation of enclosing and supporting structures from steel
bent profiles of increased rigidity. Moscow: CNIIPSK imeni N.P. Melnikova Publ.; 1999. p. 8-11. (In Russ.)

39. Korsun N.D., Prostakishina D.A. Analysis of the stress-strain state of a composite section made of thin-walled
profiles taking into account the intial jeometric imperfections. Akademicheskij vestnik UralNIIproekt RAASN. 2018;(4):83—88.
(In Russ.)

164 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



2021.17(2). 165-174

STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS
HTTP/IJOURNALS.RUDN.RUISTRUCTURAL-MECHANICS

CTPOMTENBHASA MEXAHUKA UHXEHEPHBIX KOHCTPYKLIMIA U COOPY)XEHWHA E

TEOPHUSA TOHKUX YTIPYTMX OBONOYEK
THEORY OF THIN ELASTIC SHELLS

DOI 10.22363/1815-5235-2021-17-2-165-174

UDC 514.75/77:514.8:72.01 RESEARCH ARTICLE / HAYUHAS CTATBA

The pendulum type surfaces with congruential cross sections
Sergey N. Krivoshapko, Svetlana L. Shambina*

Peoples’ Friendship University of Russia (RUDN University), 6 Miklukho-Maklaya St, Moscow, 117198, Russian Federation
*shambina_sl@mail.ru

Article history Abstract. The article discusses new kinematic surfaces that can be attributed to
Received: December 12, 2020 the class of surfaces of congruent cross sections. The surfaces of congruent cross
Revised: February 18, 2021 sections were first identified in a separate class by Professor I.I. Kotov. Circular,
Accepted: March 12, 2021 elliptical and parabolic cylinders are taken as the guiding surfaces, and circles

and parabolas are taken as generating plane curves, which can be located in the
plane of the generating curve of the guiding cylinder or in a plane parallel to its
longitudinal axis. The introduction of a new independent parameter helped to
solve the set geometric problems. The analytical formulas are presented in gen-
eralized form, so the shape of the flat generatrix curve can be arbitrary. Two

types of surfaces are considered: 1) when the local axes of the generating curves
remain parallel during their movement; 2) when these axes rotate. The resulting
surfaces can be of interest to architects, or can find application in machine-
building thin-walled structures or in the study of the trajectories of bodies during
their oscillatory-translational motion.

For citation

Krivoshapko S.N., Shambina S.L. The pen-
dulum type surfaces with congruential cross
sections. Structural Mechanics of Engineering
Constructions and Buildings. 2021;17(2):
165-174. http://dx.doi.org/10.22363/1815- Keywords: computer aided design, pendulum type surface, surface of congruent
5235-2021-17-2-165-174 cross sections, helical movement, kinematic surface, free form architecture

HOBerHOCTI/I KOHI'PYOHTHBIX CeYeHMil MAITHUKOBOI0 THUIIA

C.H. Kpusomanko, C.JI. Hlam0una*

Poccuiickuil ynusepcumem opyorcovl Hapoodos, Poccuiickas @edepayus, 117198, Mocksa, ya. Muxnyxo-Maxknas, 0. 6
*shambina_sl@mail.ru

Hcropus ctaTbu AHHoTanus. PaccMaTpuBaroTCs HOBBIE KHHEMATUUECKUE IOBEPXHOCTH, KOTOPBIE
IMocrynuna B penakuuio: 12 nexadps 2020 r. MOYKHO OTHECTH K KJIacCy MOBEPXHOCTEH KOHTPY?HTHBIX cedeHuil. [loBepxHOoCTH
Jopaborana: 18 deppans 2021 r. KOHTPYIHTHBIX CEYCHHUH BIEpBbIC OBUIN BBIJICIICHBI B OTIEIBHBIN Kiacc mpodec-
IMpunsra k myonaukamuu: 12 mapra 2021 r. copoMm M.H. KoroBbiM. B kauecTBe HanpaBisroLEeil NOBEPXHOCTH IPUHUMAIOTCS

Sergey N. Krivoshapko, Professor of the Department of Civil Engineering, Academy of Engineering, DSc, Professor; eLIBRARY SPIN-code: 2021-6966,
Scopus Author ID: 6507572305, ORCID iD: https://orcid.org/0000-0002-9385-369.

Svetlana L. Shambina, Associate Professor of the Department of Civil Engineering, Academy of Engineering, PhD; eLIBRARY SPIN- code: 5568-0834,
Scopus Author ID: 57060572700, ORCID iD: 0000-0002-9923-176X, WoS ResearcherID: V-9606-2017.

Kpusowanko Cepzei Huxonaesuu, npodeccop JenapraMeHTa CTPOUTEIIbCTBA, MHKEHEpHas akajeMusi, JOKTOp TEXHHYECKUX Hayk, npodeccop; eLIBRARY
SPIN-kox: 2021-6966, Scopus Author ID: 6507572305, ORCID iD: https://orcid.org/0000-0002-9385-3699.

Lllamouna Ceemnana JIb606Ha, NOLEHT JeTIapTaAMEHTa CTPOUTENLCTBA, MHkeHepHas akagemusi PYJIH, kanannat rexandeckux Hayk, eLIBRARY SPIN-
Kox: 5568-0834, Scopus Author ID: 57060572700, ORCID iD: 0000-0002-9923-176X, WoS ResearcherID: V-9606-2017.

© Krivoshapko S.N., Shambina S.L., 2021
This work is licensed under a Creative Commons Attribution 4.0 International License
C https://creativecommons.org/licenses/by/4.0/

TEOPUA TOHKUX YMPYTX OBONOYEK 165



Krivoshapko S.N., Shambina S.L. Structural Mechanics of Engineering Constructions and Buildings. 2021;17(2):165-174

KPYTOBOM, JUTMITHYECKUI U apaOoIMuecKuil HWIIHHIPEL, a 32 00pa3yromue
IUTOCKHE KPUBBIC — OKPYKHOCTH U TapaboIibl, KOTOPhIE MOTYT OBITh PACTIONOXKe-
HBI B INIOCKOCTH 00pa3yronieil KpHBOH HAaNPaBISIONIEro HWIMHIAPA WM B IUIOC-
KOCTH TIapaJiIeIbHOM €ro MpOIOJIbHOW OCH. PemeHuio mocTaBlIeHHBIX T€OMET-
pPHYECKHUX 3ajad MOMOIJIO BBEICHHE HOBOTO He3aBUCHMOro mapameTpa. dopmy-
JIBl TIPUBE/ICHBI B O0OOIIEHHOM BHE, MO3TOMY (QopMa IUIOCKO# oOpasyroriei
KpPHBOH MOXeET OBbITh MPOW3BOJBHOW. PaccMaTpUBAIOTCS [Ba TUMA MOBEPXHO-
CTeil: KOorJja MecTHbIE OCH 00pa3yIOINX KPUBBIX OCTAIOTCS MapauIeIbHBIMU IIPH

JBIDKEHHMHM M KOIJla OHM NOBOpauyMBaroTCs. [loyryuyeHHbIE MOBEPXHOCTH MOTYT
OBbITh MHTEPECHBI APXUTEKTOpPaM, HAUTH MPUMEHEHHE B MAIIMHOCTPOMTEIBHBIX
TOHKOCTEHHBIX KOHCTPYKLMSX WJIM TPH U3YHYEHUHM TPACKTOPHH IBIKCHHS TeJl
IIPU UX KOJIe0aTeIbHO-IIOCTYaTeIbHOM ABM)KEHHH.
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Introduction

The surface of congruent cross sections is a surface that carries a continuous one-parameter family of plane
lines [1]. Such a surface is obtained by movement of a flat line (generator).

The selection of the surfaces under consideration in a separate class simplified the presentation of methods
for constructing these surfaces by means of computer graphics and descriptive geometry of surfaces. The sim-
plest types of surfaces of congruent sections are surfaces of plane-parallel transfer relative to the projection plane.
Surfaces of revolution can also be assigned to the class of surfaces of congruent sections [2]. Monge carved sur-
faces fit the definition of congruent section surfaces [3]. All cyclic surfaces with a generating circle of constant
radius can be included in the class of surfaces of congruent sections [4]. Rotative surfaces are included in one of
the groups of surfaces of congruent sections [5]. Ordinary helical surfaces are formed by the helical movement
of any rigid line. Hence, they can be included in the class of surfaces of congruent cross sections on a circular
cylinder [6]. Full information about all the surfaces listed above can be found in the encyclopedia [7].

Purpose of the study

In this era of innovative ideas, the existing well-studied analytical surfaces are no longer sufficient for
the implementation of the creative ideas of architects and engineers [8—10]. Architects and mechanical engineers
require the creation and study of new shapes and surfaces described by analytical equations in order to introduce
them into various branches of science and technology. Therefore, the authors had the idea to expand the class of
surfaces of congruent cross sections adding surfaces of pendulum type on a circular cylinder with congruent cir-
cles [11]. The present paper will submit for consideration additional surfaces of congruent pendulum-type cross
sections on circular, elliptical and parabolic cylinders. These surfaces, perhaps, will satisfy some of the archi-
tects’ needs in new forms and will allow mechanical engineers to study the process of oscillatory motion of
bodies of the considered forms in space.

Methodology of the study

Methods of analytical and differential geometry are used to study the declared analytical surfaces. To vi-
sualize these surfaces, the MathCad and AutoCad systems are used. For one family of plane coordinate lines of
the surfaces under consideration, the rigid generating curves themselves are taken, and the other family of curvi-
linear coordinates is the trajectories of points of congruent generating curves [12].

Surfaces of congruent cross sections of pendulum type on a circular cylinder

We assume that the center of a circle of constant radius » moves in the coordinate plane xOy along a fixed
circle of radius R, and at the same time, it moves along the axis z (Figure 1). The cyclic surface with the paralle-
lism plane xOy formed in such a way can be called a right circular helical surface on the cylinder (Figure 2).
The parametric equations of this right circular surface on a cylinder were obtained in a paper [11].

Let's slightly change the conditions of the problem. Suppose that the generating circle lies in a plane which
is parallel to the yOz coordinate plane (Figure 3). In this case, the parametric equations of the surface of congru-
ent cross sections of the pendulum type take the form
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x = x(f) = Rsina = Rsin(c + bsinf),
y =(t, B) = Rcosa + rcosP = Rcos (¢ + bsint) + rcosp,
z =z(t, B) = at + rsinf. (D
Here
o= c+ b sint, 2)

where a is the angle varying according to a given law (Figure 3); B is the central angle of the generatrix circle,
which is measured from the y-axis towards the z-axis, 0 < B < 2m; ¢ is a variable parameter; a is a constant that
determines the length of the cyclic surface in the direction of the z axis; b is the amplitude of the sinusoid, ac-
cording to the law of which the angle a changes (Figure 3); ¢ is a constant that determines the position of
the sinusoid o = a(?) = ¢ + bsint in the direction of the o axis.
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Figure 1. A method of forming Figure 2. A surface Figure 3. A method of forming of surface
of surface of congruent circular cross sections of congruent circular of congruent cross sections of pendulum type
of pendulum type on circular cylinder cross sections of pendulum type  on circular cylinder with constant circular generatrixes
on a circular cylinder which are disposed in the planes parallel

to the yOz coordinate plane

Figure 4. A diagram of changing of the central angle o Figure 5. A surface of congruent cross sections
of pendulum type on circular cylinder
with the constant circular generatrixes

which are disposed in the planes parallel
to the yOz coordinate plane

According to Figure 4 we have
Omax = C + B, Omin = ¢ — b. 3)
In Figure 5 a cyclic surface with the plane of parallelism is shown. For this surface we have
R=3m;r=1mM;0<P<2m;0<¢<3m.

Let the angle a varies within the limits —n/4 < o < /4, therefore, according to formulas (3), we have ¢ = 0;
b =m/4. If the surface’s length in the z direction is equal to 9 m + 2r, then

z=at=a3n=9ora =3/n[m].
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It can be seen from Figure 5 that the presented surface intersects itself in the area of the cross sections

t=m22+nnm=172,..).
Surfaces of congruent cross sections of pendulum type on an elliptical cylinder
Let’s suppose that the center of a circle with constant radius » moves in the xOy plane along a fixed ellipse

“

with R and simultaneously moves along the z-axis (Figure 6), where
R = R(a) = pd/[p*sin’o. + d*cos*a]"?.

The cyclic surface formed in such a way with the xOy plane of parallelism can be called a right circular
helical surface on an elliptical cylinder (Figure 7).
The parametric equations of this right circular surface on an elliptical cylinder can be written as follows:
x = x(t, B) = Rsina + rsinf} = Rsin(c + bsinf) + rsinf,
y =y(t, B) = Rcosa + rcosP = Rcos(c + bsint) + rcosp,
z =z(t) = at, (5)

where R = R(a) is determined by a formula (4), angles o and B are shown in Figure 6, angle a is presented in
the form (2), parameters b and ¢ are shown in Figure 4, a is a constant that determines the length of the cyclic

surface in the direction of the z axis.

X

PN

Figure 6. A method of forming surface of congruent circular Figure 7. A surface of congruent circular cross sections
cross sections of pendulum type on elliptical cylinder of pendulum type on an elliptical cylinder

, X
x4 A

’
VX

Figure 8. A method of forming surface of congruent parabolic Figure 9. A surface of congruent parabolic cross sections
cross sections of pendulum type on circular cylinder of pendulum type on a circular cylinder
Let the angle a varies within the limits —n/4 < a < n/4, therefore, according to formulas (3) we have ¢ = 0;

b = m/A. Let us take the length of the surface in the direction of the z-axis equal to 6 m, therefore z = at = a3n = 6
THEORY OF THIN ELASTIC SHELLS
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or a = 2/n [m]. We shall take an elliptical cylinder with p =4 m, d = 3 m, and » = 1 m as an example. The sur-
face with the accepted geometric parameters is shown in Figure 7.

In an article [11], it is studied the surface formed by a parabola

Y=h—(h/») X (6)
which moves along a fixed circle of radius R and simultaneously moves along the z-axis (Figure 8).

As a result, the surface of congruent parabolic cross sections of the pendulum type on a circular cylinder
was obtained (Figure 9).

If we take an elliptical cylinder with R (Figure 10), determined by a formula (4), instead of a circular cy-

linder with R = const, then we obtain a surface of congruent parabolic cross sections of pendulum type on
an elliptical cylinder.

RN .-.‘.

AN

3
0

o) ¥ \\‘ “**
= 0
sg&q,v

1

S
““h‘i“
oy

>~

P
\

/ . ‘ 2 _ I.-‘ T
S

Figure 10. A method of forming of surface of congruent parabolic

Figure 11. A surface of congruent parabolic cross sections
cross sections of pendulum type on elliptical cylinder

of pendulum type on an elliptical cylinder

The parametric equations of this surface with the plane of parallelism xOy on an elliptical cylinder can be
written as

x = x(t,X) = Rsino + X = Rsin(c + bsint) + X,
y =y(t, X) = Rcosa. + Y = Rcos(c + bsinf) + ¥,
z =z(t) = at, 7

where R = R (a) is determined by a formula (4), the angle a is shown in Figure 10, the angle a is presented in

the form (2), parameters b and ¢ are shown in Figure 4, a is a constant that determines the length of the cyclic
surface in the direction of the z axis.

Let the angle a varies within the limits —/4 < o < /4, therefore, according to formulas (3), one can obtain
¢ = 0; b = /4. Let us assume the length of the surface in the direction of the z-axis to be 9 m, therefore,
z=at =a3n =9 or a = 3/n [m]. For this example, we take an elliptical cylinder with p = 4 m, d = 3 m,
and / = 1 m, &~ = 2 m. The surface with the accepted geometric parameters is shown in Figure 11.

Surfaces of congruent cross sections of pendulum type on a parabolic cylinder

Let there be a square parabola in the cross section of a parabolic cylinder (Figure 12)
y=H-(H/L, ®)

and another parabola performs oscillatory motion along this parabola with simultaneous movement along
the cylinder’s axis Oz

Y=h—(h/P)X. )
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The geometric parameters of both parabolas are shown in Figure 12. In addition, we obtain

L2 H2 5
x=x(0) =————[(1— |1+4=tan® ), (10)
2
R=R() =[x +1002 - 220, (1)
. X xL?
ane= y  H(L% —x2)
x x
sin x= — =
12
\/xz + F(Lz — x2)2
y H(L* - x?)
COS X= = = -
LZ\/xZ +IZ_4(L2 — x2)2
Yy
H X
=T =~ [
, N
’ A r
// \ \|\y
/ \
/ R(w), \Wi
II ¢ \\
/ [0) \ X
- L L

Figure 13. A surface of congruent parabolic cross sections of pendulum type on a parabolic cylinder
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Now we can write the parametric equations of the sought-for surface:
x =x(t, X) = R(a)sina + X = R(f)sin(c + bsint) + X,
¥ = ¥(t, X) = R(a)cosa + Y = R(f)cos(c + bsint) + h — (h / [)X?,
z=z(f)=at (12)

We have o = ¢ + bsint, but Omax = ¢ + b= 1/2, Omin = ¢ — b =—mn/2, thatis, ¢ = 0, b = n/2.

Substituting x = x(a) from the formula (10) into the expression for R = R(x), we obtain R = R(a). And ta-
king into account the dependence (2), we obtain R = R(?). However, the given parametric equations (12) can be
applied in the interval —n/2 < a < m/2, excluding the point o = 0. Some uncertainty appears in the formula (10) at
the points o = 0 and o = £r/2 if we use computer counting. This uncertainty can be avoided when we use manual
counting.

When using a computer calculation, it is better to use the parametric equations of the desired surface in
the form

x =x(¢t, X) = Lsinf + X = Lsin(c + bsint) + X,
y =(t, X) = H— Hsin’B + Y = H — Hsin’(c + bsint) + h — (h/I*)X?,
z =z(t) = at, (13)
where the angle B is related to the angle o (which is shown in Figure 12) in the following way:
sina = (L/R)sinp.

It is obvious that if B = 0, then o = 0, but if B = n/2, then x = L. According to the formula (11), R = L
and then o = /2.

We have B = ¢ + bsint, but Bmax = ¢ + b = /2, Bmin = ¢ — b = —w/2, that is, c =0, b = n/2.

Figure 13 shows a parabolic surface of a pendulum type on a parabolic cylinder. This surface is given by
parametric equations (13) and has the following geometric parameters: —/2 < a < 7/2, the same for B, -/ <X </,
I=1m,L=4m H=4m, h=2m.

The surface length is 12 m = zna = a3m, that is @ = 12/(3n) = 4/n [m].

Research results

Before the work of L.I. Kotov [1] was published, there was no definition of surfaces of congruent cross
sections. These and some other surfaces, formed by the motion of a rigid curve, were included in the class of
kinematic surfaces [13]. The authors followed the Kotov’s method and have obtained for the first time the para-
metric equations of 5 surfaces with the congruent cross sections of pendulum type on circular, elliptic and para-
bolic cylinders, which can find application in technology and in architecture of free forms. A new subclass of
surfaces of congruent sections of pendulum type on non-circular cylinders is introduced for the first time.

Most surfaces’ formulas are presented in a generalized form, which makes it possible to expand the types
of possible cylindrical guide surfaces and types of plane congruent curves. By changing the constants contained
in the parametric equations of the surfaces under consideration, it is possible to visualize a whole set of surfaces
defined by the same equation. The central angle of the guiding cylindrical surface is taken as one independent
parameter in the parametric equations. The solution of the set geometric problems was helped by the introduction
of a new independent parameter ¢, introduced by formula (2).

All the analytic surfaces considered in the presented article have so far been unknown to geometers,
as well as their parametric equations.

All the equations obtained for the new surfaces of congruent sections on cylinders are verified using spe-
cific numerical examples. All surfaces in the article were constructed using the computer complex MathCad and
AutoCad based on the Bank of Surfaces and Curves created at the Engineering Academy of the Peoples’ Friend-
ship University of Russia [14].
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Discussion
Suggestions and recommendations for the use of congruent section surfaces

As mentioned earlier in the introduction, the selection of surfaces of congruent sections into a separate
class helped to simplify the presentation of methods for constructing surfaces with a plane rigid generatrix.
The surfaces presented may be of interest to architects, or can find application in machine-building thin-walled
structures or in the study of trajectories of motion of bodies during their oscillatory-translational motion.

Some architects suggest using these surfaces in freeform architecture. The method of forming surfaces of
congruent sections (profiles) makes it possible to actively use the methods of computer modeling in the creation
and variant selection of the corresponding forms of structures and structures [15].

The article [16] also supports the idea of using congruent section surfaces in free-form architecture. Some-
times their application is caused by the need to solve structural and geometric problems. Sometimes the final
choice is influenced by the lower cost of the project. But, in general, structures in the form of surfaces of congru-
ent sections remain in the form of concept projects [16].

Free-form architecture contains many problems of a geometric nature that need to be solved, but their so-
lution will create new opportunities for optimizing architectural designs in practice [10]. In solving some geo-
metric problems, surfaces of congruent sections can help.

Several surfaces of congruent sections can be easily docked with each other and get a new innovative
shape of the structure [13]. If you dock the two surfaces shown in Figure 5, you can create a new object for
the Pivot Forms architecture (Figure 14).

Figure 14. The computer models of the two joined cyclic surfaces of congruent circular sections of pendulum type

Curves of the second order are mainly used as movable generators of rigid plane curves [6-8; 13],
but in some cases the necessity requires the use of more complex curves [13; 15; 17].

Conclusion

In the encyclopedia [7] it is shown that at the present time more than 600 analytical surfaces have been
studied and proposed for use, which are grouped into 38 classes. Over the past decade, new analytical surfaces
have emerged that are not included in the encyclopedia, but researchers of these surfaces are confident that they
will be needed by engineers and architects. The authors are also sure of this, proposing for consideration new
shapes of surfaces of congruent plane sections moving along a given circular, elliptical and parabolic cylinder
along guiding sinusoidal curves lying on these cylinders. Circles, ellipses and parabolas are taken as rigid gene-
rating curves. Taking into account the results presented in their previous published work [11], the authors intro-
duced 9 new surfaces of congruent sections on cylinders. In the future, it may be necessary to use other congru-
ent curves, which is easy to implement using the materials of this article.

The geometry of surfaces with congruent curves was studied in works of M. Carmelo and M. Biagio [18],
V.N. Ivanov [19], and S.N. Krivoshapko [20]. But they used a different, other than the authors, approach to
the formulation and solution of selected geometric problems.
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AHHOTaUusA. Axmyanvnocme. banodnple KJIeTKH HauOoee pacupoCTpaHEeHHBINH
THII MIEPEKPHITHIA PabOYHX IUIONIA0K 34aHUM u coopyxeHuil. [lo pesynpraram
KPUTHYECKOTO aHAIIN3a CYLISCTBYIOIINX METOJOB pacyeTa M KOMIIOHOBKH pa3-
MepOoB OAIOYHBIX KJIETOK YCTaHOBJIEHO OTCYTCTBHE YETKHX PEKOMEHIAWH IO
palMoOHANIBHON 00JacTH BEIOOPA pa3MepoB OAIOYHBIX KJIETOK B 3aBUCHMOCTH OT
MIOBEPXHOCTHOW HArpy3ku. [lensv ucciredosanus — NpeNCTaBUTh OOJIACTH PaIHO-
HaJIBHOW PabOTHl CTAJIbHBIX MPOKATHBIX O0ajOK, 3aKPEIICHHBIX OT IOTEPH
YCTOMYMBOCTH, UCXOAS M3 TpeOOBAaHMI pacyeTa o METONY MPeIelIbHBIX COCTO-
stHUI. Memooul. TlocTaBieHHbIe B pabOTe 3a1auy, HalpaBiIeHHbIe Ha TOCTHKe-
HUSI LM HCCIIIOBAHMs, PELICHBl aHATUTHISCKHIMH METOIAMH, ONHPAasch Ha
OCHOBHBIE 3aKOHOMEPHOCTH CTPOMTEIBHOW MEXaHHKH U CYLIECTBYIOLIHE 3HA-
HUS O NEHCTBUTENBHOIN paboTe CTANBHBIX MPOKATHBIX OAJIOK MOJ Harpy3KOM.
Jst HOCTpOECHUsSI OCHOBHBIX 3aBHCUMOCTEH, MPEICTABICHHBIX HA HOMOTPAaMMaX,
MIPUMEHEHBI METOAbl MaTeMaTHYECKOW CTaTUCTUKH. Pe3ynomamul. OnpeneneHsl
00JIacTH palMoOHaIbHON pabOTHI CTANBHBIX IIPOKATHBIX 0aJIOK, 3aKPEIUIEHHBIX OT
oTepH ycToiunBocTi. O0IacTh paloHaNBEHON paboThl OalOK MpeICTaBIeHa B
BHJI€ HOMOTPaMM, MO3BOJIIIOLNIMX HA CTAJAWU NPOCKTHPOBAHHS NPHUMEHUTDH
s;aefiky 0aJoYHOW KIIETKH MaKCHMAaJbHBIX pa3MepoB. B kadecTBe KpuTepus
panMoHaNM3aIK BEIOPaH KPUTEPUil OTHOBPEMEHHOTO YJOBIECTBOPSHHUS TIPHHS-
TOTO CeYeHUs Oaku TPeOOBAaHMSAM JBYX TPYII HPENENbHBIX COCTOSHUH ¢ MU-
HUMaNBHBIMU 3amacamMu. [IpeanokeH YTOYHEHHBIH alrOpHTM KOMIIOHOBKH 0a-
JIOYHBIX KJIETOK M YTOYHEHHAs METOAMKA pacdyera CeYeHHUs NMPOKATHBIX OaloK,
MTO3BOJISIIONIME KOMIIOHOBATh Pa3Mephl OalOYHON KIETKH ¢ MHHHMAIbHBIM
pacxonom craiau. OGOCHOBAaHO yBelHYCHUE rabapUTHBIX pa3MepoB siueek pado-
YHX TUIOMIAI0K.
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Revised: March 24, 2021 analysis of the existing methods for calculating and arranging the dimensions of
Accepted: April 5, 2021 beam cells, it was established that there are no clear recommendations on

the rational range of selection of the sizes of beam cells depending on the sur-
face load. The purpose of the study is to present the areas of rational operation
of steel rolling beams, secured against buckling, based on the requirements
of the calculation by the method of limit states. Methods. The tasks set in
the work, aimed at achieving the research goal, are solved by analytical methods,
relying on the basic laws of structural mechanics and existing knowledge about
the actual operation of steel rolling beams under load. Methods of mathematical
statistics were used to construct the main dependencies presented on the nomo-
grams. Results. Areas of rational operation of steel rolling beams, secured
against curvatures, are determined. The area of rational operation of beams is
presented in the form of nomograms, which allow at the design stage to use
a beam cell of maximum dimensions. As a criterion for rationalization, the crite-
rion of the simultaneous satisfaction of the accepted section of the beam with

the requirements of two groups of limiting states with minimum reserves was

For citation chosen. A refined algorithm for the layout of the beam cages and a refined me-
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Beenenne

Banka — camplit mpocToii 1 HanboJiee pacrpoCTpaHEHHBI KOHCTPYKTHBHBIN JIEMEHT 3[JaHUI U COOPYKEHHI.

A.B. IlepensMyTepoM TOAUEPKHYTO, UYTO IBYTABPOBOE CEUCHUE CTATIO CHMBOJIOM CTPOUTEIBLHOM oTpaciu [1].
OnTuMu3aIyst ABYTaBPOBBIX OAJIOK Pa3lUYHON KOH(UTYpAIK M PACIPOCTPAHEHHBIX TUIIOB MPOJOIKACTCS B pa-
00Tax COBpEeMEHHBIX YYCHBIX.

B cratse O.C. I'opsiueBckoro [2] BBIIIOJIHEHA ONTUMU3ALMS TEOMETPUUECKUX TAPAMETPOB PA3BUTHIX ABY-
TaBpOB ¢ TepOPUPOBAHHON CTEHKOHN C IEJbI0 MOBBIIICHUS WX Hecylnell cnocoOHocTH. ONTUMH3ALUN COCTaB-
HBIX 0aJIOK MocBsIeHa padoTa [3].

OTne’apbHBIMU YUYSHBIMH HCCIEAyeTcsl paboTa 0aNoK IMpU Pa3MYHBIX HETHIIOBBIX CXeMaX YCTPOMCTBa Iie-
pekpeitrii. B padore H.H. Jlemumosa [4] uccinenoBana paboTa CHCTEMBI IEPEKPECTHBIX CTALHBIX OaOK, pac-
MOJIO’KEHHBIX B IByX OPTOTOHAIBHBIX HANPaBICHUIX.

O6ocHOBaHNE HEOOXOAMMOCTH MPUMEHEHHS IIHPOKOIIOJIOYHBIX BYTABPOB B CTPOUTENHCTBE ISl YCTPOH-
CTBa TMEPEKPBHITHHA ¢ MAJIOW CTPOUTEIHLHON BHICOTOU BBIMONHEHO paspadborumkamu ['OCT P 57837-2017 «IBy-
TaBpHI CTAJIbHBIE TOpAYEKaTaHbIE C MapaJUIeTbHBIMU TPAHIMHU MOJIOK. TeXHUYECKue yCIOBUA» B cTaThe [5].

ObocHOBaHNE PKOHOMUYECKOH 3PPEKTUBHOCTH NMPUMEHEHHsI MPOKATHBIX NMpoduield B CTaJbHBIX Mao-
3TaXKHBIX 3AaHUAX BbIONHEHO A.P. TycHUuHBIM [6].

Aleksandr V. Golikov, Associate Professor of the Department of Building Structures, Foundations and Reliability of Structures, Institute of Architecture
and Construction, Candidate of Technical Sciences; ORCID iD: https://orcid.org/ 0000-0001-6588-6031, eLIBRARY SPIN-code: 1369-7819.
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AnwsTepHaTuBHOMU siBisseTcs padora T.X. ['ebpe [7], B KOTOpOH MpeaIOKeHB HOMOTPaMMBI TPUMEHUMOCTH
Pa3IMYHBIX TPOKATHBIX Mpoduiieii. OTMETHM, YTO, COTIACHO MPECTABICHHBIM B HEW JaHHBIM, HEBO3MOXKHO yC-
TAHOBUTH 00JIaCTh PALIMOHANBHOTO IPUMEHEHHSI OaJIoK.

ITprumernMoOCTh 6ajI0K, BEIITOJHEHHBIX 110 3apyOeKHBIM CTaHJapTaM, IPUBEAECHA B COOTBETCTBYIOIUX PY-
KOBOJICTBax I10 pacueTy M MpOeKTHpOBaHMIO [8—15].

HccnenoBanuio paboTHl CTAIBHBIX OANOK Pa3IMYHBIX KOHCTPYKTHBHBIX PELICHUI MOCBSILEHO 3HAYHTEIb-
HOE YHUCIIO TPYZIOB Kopr(eeB B 001aCTH CTATLHOTO CTPOUTENbCTBA.

AHamu3upys paboTy 6aIoK oI Harpy3KoH, OTHeasHO cieayeT BeaenuTs padoter H.C. Ctpenerkoro [16],
KOTOpPBIN BHEC OTPOMHBIN BKJIaJ] B pa3BUTHE pacyeTa Mo MPeaebHBIM COCTOSHUAM, ONPEAeIUB AabHelee pas-
BUTHE OTPaciy CTAIBHOTO CTPOHUTENbCTBA. OHAKO OCHOBHOE BHUMaHKE NpU Noadope OajKu B €ro KHUrax yne-
JSIeTCsl TIPOBEPKE IO NMPOYHOCTH U TOJIBKO B JANBHEHIIMX pacueTax HMPOM3BOAMTCS IIPOBEPKA IO KECTKOCTH.
[MonoOHyI0 METOJHMKY pacdeTa MOYXKHO YBHJETh B padOTax MpeoOialaroliero yucia aBTopoB B 00JIACTH OTeve-
CTBEHHOT'O CTaJIbHOTO CTPOUTEILCTBA.

Ecnu roBoputh 00 ycTOSBIIEHCS IPaKTUKE OT€YECTBEHHON IIKOJIBI CTAJIbHOI'O CTPOUTENILCTBA, OCHOBHBIC
KPUTEPHUU OLEHKH SKOHOMHYHOCTH MPOKATHBIX Npoduiell mpuBeleHbl B TIEPBOM TOME CIIPABOYHHUKA MPOEKTH-
poBLIMKa, pa3paboTaHHOTO KOIeKTHBOM aBTopoB LIHHWUnpoekrcranskoHcTpykuus umenn H.I1. MenbHukoBa
nox peaaxkuuei B.B. Ky3snenona [17].

IIpoBeneH aHanM3 Hay4HO-TEXHUUYECKON JIUTEPATYPhl U aKTyaJbHBIX HA MOMEHT HAIlMCAHUS AAHHOH ITyO-
JIUKAIIIH HOPMATHUBHBIX JOKYMEHTOB Pa3jIMYHBIX CTPAH MUPA, B KOTOPBIX UCIOIB3YETCS WIM YaCTHYHO BHEJPEH
B METOIUKHM pacyeT IO NPEAEIbHBIM COCTOSHMAM; OOJIACTH PAlMOHAJIBHOTO NMPUMEHEHUS! CTAIBHBIX Oajlok B
yI0OHOM AJIsl IPUMEHEHHS MH)KEHEPOM BHJIE TIPEICTABICHBI B IEpBOI yacTu PykoBoacTBa 1o nogdopy cedeHui
3JIEMEHTOB CTPOUTEIBHBIX CTaNbHBIX KOHCTpykiuil [18]. Cinexyer ormeruts, uto coprameHnT 'OCT 26020
«/IByTaBpBI cTaqbHBIE FOpsIYEKaTaHbIEe C MapayIebHBIMKU IPaHsIMU TOJOK» (CTaHAapT He ACUCTBYET HA TEppH-
topun Poccuiickoii @eneparn) BoIBEIEH U3 IPUMEHEHHs, TaOJIUIBI BBIOOpA CEUCHUH Ul aKTyaJlbHBIX COpTa-
MEHTOB B CIIPaBOYHOM JHMTEpaType He mpeacTaBieHbl. Ha Tekymuii MOMEHT, 1o HalleMy MHEHHIo, Oojee yno0-
HBIM CIIOCOOOM BBIOOpa CeueHHs MPOQUIIeH SABISETCS OPraHM30BaHHBIM HE TI0 HOPMAaTHBHBIM U PACYeTHBIM YCH-
JIHSIM, @ [0 HOPMAaTUBHOMY M pacyeTHOMY 3HA4CHHUIO 000OLIEHHOW Harpy3Ku.

[TomoOHEIH TTOAX0 B METOIMKE pacdeTa MOXKHO yBUAETh Uy aBTopoB n3 CIIA. Hanprmvep, B kaurax A. Yiib-
simca [9] u Y. T. Ceryu [8]. Ykazanusie MoHOTpaduu SBISETCS OCOOMAMU ISl aMEPUKAHCKUX HHXKEHEPOB. B HUX
TaKKe OMKCHIBAETCS MOIO0P CEYEHMs B IEPBYIO OUepeb 10 MEPBOMY IPEeIbHOMY COCTOSHUIO M TOJIBKO B TIOCTIE-
JYIOILEM PEKOMEH/IYETCsI BBIIOIHATH IIPOBEPKY 0 TPEOOBAHUSAM BTOPOT'O IPEAETEHOTO COCTOSHUSL.

JlaHHBIN MOX0M HAOMIOAAETCS U B €BPONCHCKUX TOKYMEHTaX W paboTax OTAEIbHBIX aBTOPOB, HAIIPUMED
H. Cy6pamanuana [10] u P. Kunamanna, M. Kpayca [11].

[IprMeHeHue TOro WM MHOTO TUIA 0ajloK ONMpeneNseTcsl YCIOBUSAMH SKCIUTyaTallud U XapaKkTepoM Aei-
CTBYIOLIMX Harpy3ox.

KoHcTpyKiust cymecTByIOMNX B MPAKTUKE CTPOUTENBCTBA OAJIOK, KaK MpaBHIIO, ONTHMHU3UPOBaHa 100
10 KPUTEPHIO 00ECTIeUeHUsI HecyIleil ClIOCOOHOCTH CTEHKH, JTMO0 10 KPUTEPHUI0 o0ecieueH s Hecyliel crocoo-
HOCTH IOJIOK.

B 3ajanum Ha TPOEKTHPOBAHME CTANBHBIX ITAXKEPOK MCXOJHBIMU JAHHBIMH SIBIISIOTCS rabapHUTHBIE pas-
MEpBI TUTIOBOW STYEHKN 0aJIOYHOM KIIETKH, KOTOPbIE YCTaHABIMBAIOTCS TEXHOIOTOM HJIM apXUTEKTOpoM (puc. 1),
ycnoBus (Cpena) dKCIUTyaTaluy ¥ IOBEPXHOCTHAsA HAarpy3Ka OT Pa3MEIaeMoro 000pya0oBaHUs WM CKIagupye-
MBIX MaTe€pHaJIOB.

Banku HacTuia W BTOpOCTENEHHBIE OAJKH B MOJNABIAIONIEM OOJBIIMHCTBE CIy4aeB MPUMEHSIOTCS IMPO-
KaTHBIMH, ¢ ceueHreM mBerniepHoro (rmo 'OCT 824097 «lllBemneps! cTalbHBIE TOpsSYCKaTaHbIE)) U By TAaB-
poBoro (mo 'OCT P 57837-2017 «JIByTaBphl CTambHBIC TOpsUEKAaTaHBIE C MapaUICTHbHBIMA TPAHSIMH ITOJIOK.
TexHu4eckue yCcIoBHUs») THIIA.

Cnenyer OTMETHTB, YTO OOIIME PEKOMEHAAINH 110 KOMIIOHOBKE 0aJI0UHBIX KJIETOK N3HAYAIBHO W3JI0KEHBI B
yueonuke «CraapHble KOHCTPYKITUN» 1oy obmieit penaknueii H.C. Ctpenernkoro B 1. 2 «OcHOBHBIE pa3Mepsl Oa-
JIOYHOM KJIEeTKW», B M. «PaccTosHne Mexay O0amkamu». B HeM Taxke yKa3bIBaJIOCh, UTO «MBbI ITOJIOMpaeM paruo-
HaJIbHOE CEYCHUE MPOJONBEHON OallKi BEICOTON, HE MEHbIIEH MUHUMAIIBHOM BBICOTHI 110 JKECTKOCTH, U ONPEIeIIsieM
TO PAcCTOSIHUE MEX Iy OaJkaMH, TPU KOTOPOM 3TO CeYEHHUE OyAEeT HOIHOCTHIO UCIIOIb30BAHOY.

K coxanenuio, mpuBeaeHHass B MHOTOYUCIIEHHBIX PEKOMEHJIAINAX, METOAMYECKUX YKa3aHUSAX MO MPOeK-
TUPOBAHUIO OATOYHBIX KOHCTPYKLUH IS CTYACHTOB U HHXCHEPOB COCTABJIEHHAsI METOAMKA PacdyeTa MPOKaTHBIX
0aJyoK MpaKTUYECKH HE peaqn30Baja 00Iye peKOMEHAANH KJIACCUKOB B 00JIACTH CTAJILHOTO CTPOUTENILCTBA.
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CymiecTByroIas METOIMKa pacyeTa CeueHHs MPOKATHBIX 0alIOK, OTpaKeHHAas B pab0Tax TAKUX YYEHBIX B
o0nacTu cTanbHOTO cTpouTenbeTBa, kKak E.U. benens, K.K. MyxaHoB, BKJIrouaeT B ce0sl CIEIyIOLINE ATAIBL:

— aHaJN3 UCXOHBIX IaHHBIX, HA3HaYeHHE MaTepUaIoB KOHCTPYKIIMNA U COeAMHEHUH;

— pacder mara 0aJoK HacTHJIa B 3aBUCHMOCTH OT MPUMEHEHHOTO TUTIAa ¥ MaTepraia HaCTHIa;

— noa0op cedeHus OaIKu UCXO0Is U3 oOecTiedeHus TpeOOBaHMIA TEPBOM TPYIIIEI MTPEIETbHBIX COCTOSHHIA;

— MPOBEpPKa MPUHATOTO CEUYEHUsI [0 TpeOOBaHHUAM TepBOH rpynisl npeaensHbix coctosuui (I I'TIC);

— MPOBEpPKa COOTBETCTBHUS PUHATOTO CEUSHUsI TPeOOBaHMUAM BTOPO# TpymIis penenbHbIx coctosaui (11 T'TIC).

Henocratkamu ycTosBIIETOCs MOAX0/A SIBISAIOTCS:

1) HanMuMe B MPaKTUKE PacueTOB CYIIECTBEHHON Pa3HUIIBI MEXTy 3allacaMy HECYIe ClIoCOOHOCTH | 3a-
nacaMu >KECTKOCTH 0ajoK;

2) yXOIl OT PeryJIMpOBaHUsI CEYCHUS U MpoJieTa OANKH B 3aBUCIMOCTH OT IIOTOHHOM Harpy3kH (B 4aCTHO-
CTH, TIPY HA3HAYCHHU IIara BTOPOCTETIEHHBIX OAJIOK B YCIOKHEHHOM THIIE OAJTOYHBIX KJIETOK); OTCYTCTBHE YeT-
KOl nHpopMaryu 00 001acTH panroOHATBLHBIX MTapaMeTPOB paboThl OalloK ¢ Hanboee pacIpOCTPAaHEHHBIMH TH-
MaMy CEUECHUH.

PaboThl MO COBEPIIEHCTBOBAHUIO METO/IOB pacyeTa U KOHCTPYKTHUBHON (DOPMBI CTaJIbHBIX OAloOK HEmpe-
PBIBHO TIPOIOJDKAIOTCS B HCCIIEAOBAHMSIX COBPEMEHHBIX yueHbIX [19-30].

Bompocam omieHKH CXOAMMOCTH Pe3ybTaTOB YHCICHHBIX U aHATUTUYECKHX PACUYETOB OAJIOK ITOCBSIICHEI
Tpyabl A.C. Kpsiiosa [31] u koseKTHBa 3apyOeKHbBIX aBTOpoB [32].

Pabora cTanbHBIX H3rHOAEMBIX CTEPIKHEBBIX 3JIEMEHTOB I10/1 IEHCTBHEM CTaTUYECKHX HAarpy30K paccMoT-
pena B [33—40].

Lenv 0anmoti pabomuvl COCTOUT B TPEACTABICHUN O0JIACTH PAIllMOHANBHON pabOTHI CTANBHBIX MPOKATHBIX
0aJoK, 3aKperyICHHBIX OT MOTEPH YCTOWYMBOCTH, UCXOAA U3 TpeOOBaHMH pacueTa Mo METOAY MpeNeNbHBIX CO-
CTOSIHUM.

Jis HOCTIKEHUS TIOCTABICHHOW TENTN PENIeHBI CIEAYIONIIE 3a/1a4H:

— TPEUIOKEH YTOYHEHHBIN allfOPUTM KOMITOHOBKH OaJIOYHOHN KJIETKH M YTOYHEHHas METOAHMKa pacdera
CeueHHs MIPOKATHHIX 0aloK;

— CO3/IaH aHAJTUTUYECKUH PAacUYEeTHBIM OJOK, MO3BOJISIONINI BBHIOIHATH pacdyeT 3HAYUTEIbHBIX MAacCHBOB
JTAHHBIX COPTAMEHTOB CTAJILHOTO MPOKATa;

— ompeneieHbl 001acTH palHOHAIBLHOW PaboThl MPOKATHBRIX 0AJOK Hambollee PacpoCTpaHEHHBIX THITOB
CEUEHHH IO OMPEACIISIOINM KPUTEPHSIM PalliOHATN3ALIH;

— JIaHBbl PEKOMEH UK TI0 BHEJPEHUIO B IPAKTUKY CTPOUTENIHCTRA.

Obvexmom ucciedosanusi SIBISIIOTCS CTATBHBIC TIPOKATHBIC OaTKKU ¢ CEYCHHEM W3 IIBEJUIepa M IBYTaBpa,
3aKpeIICHHBIE OT MOTePH YCTOWIHNBOCTH.

Ilpeomemom uccnedoganus SIBISIIOTCS U3MEHEHUE HaNpsHKEHHO-Ie(OPMHUPOBAHHOTO COCTOSIHUS CTallb-
HBIX 0aJIOK MPOKATHOTO CEYEHHUs, 3aKPEIIEHHBIX OT MOTePH YCTOMYMBOCTH, a TakKe 00JacTh UX palliOHAIIb-
HOHM paboTEHI.

MarepuaJibl 1 METOABI

[NocraBneHHble B pabOTe 3a7auu, HAPABICHHBIC HA JOCTHXKEHUS 1EJIN UCCIICIOBAHUS, PEIICHBI aHAIUTH-
YECCKUMH METOAaMHU, ONUPasICb Ha OCHOBHBIC 3aKOHOMCPHOCTHU CTpOHTGJ’IBHOﬁ MCXaHUKU U CYIIECTBYIONIUC 3HA-
HUS O ACHCTBUTEILHON paboTe CTALHBIX MPOKATHRIX OaJIOK 0] Harpy3koi. /it MOCTpOeHUsT OCHOBHBIX 3aBH-
CHUMOCTEH, MpeICTaBICHHBIX Ha HOMOTpaMMaXx, IPUMEHEHBI METOIbl MATEMaTHIECKOH CTATUCTHKH.

Hcnonp3oBaHue yCTOSBIIETOCS MOIX0/1a B pacuyere 0aIOK HACTHJIA M BTOPOCTEIICHHBIX OAJIOK, BHITIOIHEH-
HBIX C IPUMEHEHHEM MPOKATHBIX MPOQUIIeH, MPUBOIUT K HEPAMOHAIEHOMY PAaCXOJOBAHUIO CTAJIH W 3aHHIKE-
HUIO PallHOHAJIFHBIX Ta0apUTHEIX Pa3MEpPOB, CITIOCOOHBIX MEPEKPHIBATH CTATBHBIMHA OaIOYHBIMU KIIETKaMH.

[Ipemnaraemas ycoBepIICEHCTBOBaHHAs METOJUKA pacdyera IpejcTaBiieHa Ha puc. 2. B cooTBeTcTBHH C
MPEUIOKECHHBIM aITOPUTMOM, OKOHYATEIIEHBIM TTPUHUMAETCS OOJIbIlIee M3 CEUCHHMIA, TTO00paHHOe 0 TpeboBa-
HUSIM PaCUETHBIX KPUTEPUEB NIEPBOTO M BTOPOTO MPEACIBHBIX COCTOSIHUM.

Hcxonuoit maGopMarieii ais pa3paboTKku o0JacTel MPUMEHUMOCTH aKTYadbHBIX IPOKATHBIX MPOQIIICH
B KayecTBe 0aJIOK pabOYMX IUIOIIAJIOK SBISIOTCS HOMOTPaMMEBI BBIOOpa CEYCHUH.
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Puc. 1. Tunossle srueiiky OAIOYHBIX KIETOK HOPMAJIBHOTO TUIIA (@) M YCIOXKHEHHOTO THIIA (6):
FH — 6anku Hactuia, BB — BropocTeneHHbie 0aiku;, b1 — riaaBHbie 6anku; K — KOJIOHHEI,
a — 1mar Aok HacTHIIA; / — IpoJeT OaoK HACTHIIA; b — MOJIET BTOPOCTEHEHHBIX 60K, L — MPOJIET IIIaBHBIX 0aIoK
Figure 1. Typical cells of bar cells of normal type () and complicated type (6):
bH — floor beams; 5B — secondary beams; 5" — main beams; K — columns;
a — the pitch of the flooring beams; / — span of deck beams; b — span of secondary beams; L — span of main beams

Pe3yabTars:
OlleHKA 00,1aCTH PallMOHAJILHOM PadoThl NPOKATHBIX 0AJI0K

Omnupasich Ha NPEATIOKECHHBIA aNrOpUTM pa3paboTaH pacdyeTHHIN OJIOK M BBIIOJHEHA CEpHUs aHAINTHYE-
CKUX PacyueToB, Pe3yJIbTaTOM KOTOPBIX CTAJIM 00JaCTH PallMOHAILHOW paboThl 0aJOK, BHIMIOJIHEHHBIX CEYCHUEM
IO aKTyaJIbHBIM Ha MOMEHT HamucaHus cTaThi copramenTaM — mBeimiep mo 'OCT 8240-97 «llIBemiephl cTab-
Hble ropsyeKaTaHble» M JABYyTaBpbl HopMasbHble M ImHpokonojounsle no I'OCT P 57837-2017 «ZlByTaBpsl
CTaJIbHbIE TOpSAYEKaTaHbIe C apajUIeIbHBIMU IPaHsIMU IOJIOK. TexHudeckue ycnoBus». I'paduku BeiOopa ceve-
Hull 0aNoK MpeICTaBIeHk Ha puc. 3-5.

Ha puc. 3 npencrasieHs! cBeeHHS O paclpeaeseHH: 00JIacTH BhIOOpa ceueHus: Oallok CeYeHHeM U3 Mpo-
katHbIX mBesuiepoB mo ['OCT 8240-97. PannoHansHO 00611aCThIO paOOTHI OAIOK SBISIETCS 00JIACTh, HAXOAIIIA-
scd MEXIy IByMsI TIMHUSMH.

Ha npumepe 1 nokasan nopsiaox BeIOOpa paliioOHAIBHBIX Pa3MEPOB OaJIKH.

Ilpumep 1. Ha ocHOBaHMM NpeACTaBICHHBIX MCXOMHBIX JaHHBIX M MO pe3yjbTaTaM BbIOOpa mara 0anok
YCTaHOBJICHO, YTO HOpPMAaTHBHOE 3HAYCHUE HArpy3Kd Ha Oallky coctaBisieT ¢, = 12,5 kH/m, a pacuerHoe —
q = 15,0 kH/m.

[To maHHBIM HOMOTpPaMMBI puc. 3:

— mo kpurteputo TpedboBanuii mepoit ['TIC pexomengoBano cedenue u3 mpeimiepa Ne 3311, pekomenmye-
MBIii TIPOJIET OAJTKU COCTaBIISIET 7,5 M;

— mo kpurteputo TpedboBanmii Bropoi ['TIC pexomenmoBano ceuenne n3 mBeiiepa Ne 3011, pexomenmye-
MBIii TIPOJIET OAJTKU cocTaBisieT 6,8 M;

— mpoJsieT Galiku — MPUHKUMAEM CpeHee 3HaueHue, paBHoe 7,15 M, ceueHue — NMpUHUMaeM Haubosbliee 13
pexoMeHyeMbIx — mBesep Ne 3311

[TpumeuaTenbHO, YTO U HCXOIHON MOTOHHOM HArpy3Ky MpoJIeThl Oalku, He BHIOpaHHbIE, a HA3HAUCHHBIC
3HAYEHUSMH, BBIXOASILIMMH 32 IPEAEibl palMoHaIbHON 001acTy paboThl 0aJIOK NaHHOTO THUIA CEYEHUH, JaroT
CEUEHHS C CYIECTBEHHBIM 3aI1acoM IO OJJHOMY M3 KpUTEPHEB BHIOODA.

[Tono6HBIE HOMOTpaMMBI pa3paboTaHbl Ui HOPMANBHBIX (pUC. 4) U IMIMPOKOIOIOYHBIX (pHC. 5) ABYTaB-
poB, BeimonHeHHsx 1o 'OCT P 57837-2017.
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KoppekTupopka 1nbo mara danok HacTuiaa

Hcxoansie nanssie: nposet I'b; noBepxHocTHas
Harpy3ka; Marepuai 1 THI HaCTHIIA
[Initial data: span of GB; surface load;
material and type of flooring]

y

(noroHHOI Harpy3ku), 100 nposiera danok

[Adjusting cither the pitch of the deck beams

(linear load), or span of beams]

Haznauenue mara 6anok HacTuia, onpeaciaCcHUC
MOTOHHOI HATPY3KH, Ha3HAUYCHUE IposieTa HanoK
[Assigning the pitch of the floor beams,
determining the linear load,
assigning the span of the beams]

y

pacuet 1o TpeboBanmsm [ I'TIC

o

[calculation according

Pacuer ycunii B 6anke
[Calculation of forces in a beam]

pacuet no tTpedopannsm [ ['TIC

[calculation according

to the requirements of I LSG]

to the requirements of I1 LSG]

Pacuet TpebyeMOro MOMEHTa CONPOTHBICHHS
[Calculation of the required moment of resistance]

Pacuer TpeGyeMoro MOMEHTa HHEPIHH
[Calculation of the required moment of inertia]

=

y

[Tondop ceueHHs ¢ MOMEHTOM CONPOTHBIEHHS,
Onvkaiinm OobIINM K TpeOyeMOMY 3HAYEHHIO
[Selection of the section with the moment of
resistance closest to the required value]

[TonGop ceuenust ¢ MOMEHTOM HHEPLHH,
OikaiiuM GONbIIMM K TpeOyeMOoMYy 3HAUYCHHIO
[Selection of the section with the moment
of inertia closest to the required value]

[MonoGpanusie
pa3Mmepbl cedenHs OIH3KU
no TpeGoanuam 1 I'TIC u I TTIC
[The selected section dimensions are close
in terms of requirements
of I LSG and IT LSG]

[puHnMaeM Gosbiee ceueHne
[We accept a larger section]

i

BBITTOJTHEHA
[completed]

[IpoBepka
KacaTe/IbHbIX HANPSAKECHUH B CTEHKE
[Checking tangents
wall stresses]

HE BBIIOJIHEHA
[not executed]

OKOHYATE/ILHO IPUHHMAEM CEHEHHE
[We finally accept the section]

Puc. 2. YcoBepiieHCTBOBaHHAs METOIMKA pacyeTa MPOKATHBIX OaJIoK:
I'b — rnaBHast 6anka; [ 7/C — rpynma npeaebHbIX COCTOSIHHI
Figure 2. Improved calculation method for rolled beams:
GB — main beams; LSG — limit state group
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Puc. 3. O6mactu paboTsl 1 BEIOOpa 6aIoK ¢ ceueHnsiMu u3 mBeiuiepa mo 'OCT 8240-97
Figure 3. Areas of work and selection of beams with sections from a channel according to GOST 8240-97
(LSG — limit state group)

[Ipennaraemslii MOIX0 B BEIOOpE Ta0apUTHBIX pa3MepOB siueeK OAIOUHBIX KIETOK MPUMEHUM B IIPAKTHKE
CTPOMUTENLCTBA, TaK KaK 3HAYUTEIHLHOE YKMCIO OaIOUHBIX KJIETOK MPUMEHSECTCS C TMOCTOSHHBIM IIaroM OaJlok
HACTUJIa U SKCILTyaTUPYETCs MPU PAaBHOMEPHO paclpeAe/ieHHbIX TOBEPXHOCTHBIX HArpy3Kax.

[ToronHas Harpyska, NpUBEIECHHAs B HOMOIpaMMax, YUYUTHIBAE€T BEC HACTWJIA U PABHOMEPHO paclpene-
JICHHYIO TOBEPXHOCTHYIO TEXHOJIOTHIECKYIO HArpy3Ky Ha pabodyo TUIOIIAIKY .

[IpuMeHeHHe palMOHABHBIX CEYCHHMN 0ajoK AOCTHraeTcsl Moa00poM OJHM3KUX TPeOYEeMBIX CEYCHHU I10
TpeOOBaHMUSIM 000MX TPYIII MPEACTBHBIX COCTOSHHUM MMOCPEACTBOM PETYJIIMPOBAHUS BXOIHBIX JaHHBIX MPHU MPO-
eKTHPOBAaHUH — BAPbUPOBAHNEM IIMPHHOMN OATOYHOMN KIETKH U IIaroM 0ajoK HacTHIIA.

__ 150
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{ ’0 —&— Bropas [TIC
. Second LSG
0.0 [Sec ]
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Puc. 4. O6nacts paboTh! U BbIOOpa 6aIoK ¢ cedeHnsIMU 13 HopMaibHoro asytaspa mo [OCT P 57837-2017
Figure 4. Scope of work and selection of beams with sections from a normal I-beam in accordance with GOST R 57837-2017
(LSG — limit state group)
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Puc. 5. Obnacts paboThI 1 BEIOOpa 0AJIOK C CeUEHUAMH U3 MHpoKonoaoyHoro asyTaspa mo 'OCT P 57837-2017
Figure 5. Scope of work and selection of beams with cross-sections from a wide-flange I-beam in accordance with GOST R 57837-2017
(LSG — limit state group)

Kpurteprem panoHanu3aiyu SBsieTcsi ceueHue OaNKu, 0JTHOBPEMEHHO yIOBIETBOPSIOIICE TPEOOBAHMIM
JIBYX TIPEJICIIEHBIX COCTOSIHUN C MUHUMAJIBHBIM 3aI1acoM OIPE/ICIISIONIETO mapaMeTpa (HanpshKeHUe U poruo).

PanpioHanbHO# cunTaercs O6anka, IpoOJET, rPpy30Bas MIUPUHA (KaK MPaBUIIO, MAr 0alloK) U CEYCHUE KOTO-
pO¥ MPUHSATHI B 3aBUCHIMOCTH OT 3HAYCHHS TIOBEPXHOCTHON PAaBHOMEPHO paCIpe/IeIeHHON Harpy3ku (Tak Ha3bl-
BaeMOH TOJIE3HOM, MM TEXHOJIIOTHYECKOW) IO KPUTEPHIO OJHOBPEMEHHOTO YAOBJICTBOPCHHUS PACUCTHBIX KPUTE-
PUEB MPEACTBHBIX COCTOSHUI ¢ MUHUMAJILHBIM 3aI1aCOM IO KaXKJOMY KPUTEPHUIO.

I'padraeckn parmoHabHAs 00J1acTh paObOTHI 0aJOK 3aKIIFOUYEHA B MPOMEKYTKE MEKIY BEPXHUM U HIDK-
HUM rpadukoM Ha puc. 3—5. /s nonagaHus B paroHaIbHYO 0071aCTh MOKHO BapbHPOBATh MCXOIHBIMU Iapa-
MeTpaMHu — JUIMHOW OaJKu M TIOTOHHOW HArpy3KoH (3aBHCHUT OT Iara 0aiiok). Eciau Ha cTajuu nmpoeKTUpOBaHUs
npoJsieT OAJKW WM MOTOHHAS HArpy3ka Ha3HAYAIOTCS OTIMYHBIMH OT PEKOMEHIyeMoi obnactu, Oamka Oyner
IKCILTYyaTHPOBATHCS C CYIIECTBEHHBIM 3allacoM 110 OJTHOMY M3 KPUTEPHEB MPENeNIbHBIX COCTOSIHUN (JTUOO 10 He-
cymieit cnocoGHOCTH, JTHOO T10 KECTKOCTH).

Ceuenust 6aJI0K, HA3HAYCHHBIC C UCMOJIb30BAHUEM MPE/JIOKEHHOTO TIOAX0/a, SIBISIOTCS PAHOHATBLHBIMU
M0 KPUTEPHUIO yIIOBIETBOPEHHS TPEOOBAHMHN HECyIIeH CIOCOOHOCTH H, KaK CJICACTBUE, HANOOJIee SKOHOMUYHBI-
MHU 110 KPUTCPHUIO MUHUMAJIBHOT'O pacxoJa CTalIu.

Oo6cyxaenue:
peKOMEeHIALUU 110 BHEJAPEHUIO B IPAKTUKY CTPOUTEIHCTBA

Co0roieHre yCcioBHil OJHOBPEMEHHOHN peanu3aluu TpeOOBaHUM MPEJSTbHBIX COCTOSIHUI B KadeCTBE
OTIpEAETISIONIET0 KPUTEPHUs P HA3HAYCHUHU AJTMHBI OalIKK MO3BOJISET YBEIUUNTh AJMHY IPUMEHSEMBIX 0alIoK
Y TEM CaMbIM YBEIUYHTH IIUPUHY sUEEK pabounX IUIOMAIO0K.

IIpeanaraemplil mOAXOM K KOMIIOHOBKE TUIIOBBIX S4€€K OAJIOYHBIX KIETOK MOKET OBITh IPUMEHEH Kak
TEXHOJIOTaMHU NPH Ha3HAYCHUU Ta0apUTHBIX pa3MepoB pabouuX IUIOMIAIOK, TaK U KOHCTPYKTOPOM IPH Ha3Haue-
HUH KOHCTPYKTHBHBIX PElICHUH 0aJOYHOH KIIETKH.

IIpencraBneHHble B CTaThe HOMOIPaMMBbI PallMOHATIBHON 001acTH (YHKIIMOHNPOBAHUS CTAIbHBIX IIPOKAT-
HBIX 0aJoK, pabOTaIOIIUX 1O OJHOMPOJIETHOW CXeMe, MOTYT OBbITh PEKOMEHJIOBAHEI B KAUeCTBE MPHUIIOKEHUS IO
BBIOOpPY CEUEHUI K COpTaMEHTaM CTaJbHOTO TPOKaTa: IIBEJUIEPOB CTANbHBIX Topsiuekaranbix mo [OCT §240-97
U ABYTABPOB CTANbHBIX FOpsiUEKaTaHbIX C MapaieabHbIMU rpadsyMu nojok no ['OCT P 57837-2017.

Hmxe mpeioskeHbl HOMOTpaMMBbl Il BbIOOpa CeueHHi OajloK IO aKTyaJbHbIM Ha MOMEHT HalHMCaHU
CTaTbH COpTaMEHTaM.
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IIpencraBnenHble HOMOTPAMMBI IPUMEHNUMBI 7151 OaIOK, BBIITOJHEHHBIX U3 MAJIOYTICPOIUCTHIX CTAICH.

Homorpammamu BeI60pa cedeHnst MpOKaTHBIX 0aJIOK ClIeyeT MOIb30BaThCs MOMapHO:

— TpH BBIOOpE cedeHus: OalloK ¢ TPHMEHEHHEM IIBEIUIePOB CTaNbHBIX ropsaekaransie 1o [OCT 8240-97 —
puc. 6 u 7;

— IpH BBIOOpE OaJIoK ¢ MpUMEHEHHEM cedeHus 13 HopMaibHoro npytaspa 1o OCT P 57837-2017 — puc. 8 u 9;

— TIpH BBIOOpE OAJIOK C MPUMEHEHHEM CeYeHusl 13 mupokononoynoro asytaspa mo [OCT P 57837-2017 —
puc. 10m 11.

Ha mpumepe 2 moka3aH alropuTM BEIOOpa MPOKATHOM Oaku 1Mo TaHHBIM puc. 6—11.

Ilpumep 2. Ha ocHOBaHMM NpEACTABICHHBIX MCXOTHBIX JAHHBIX M IO pe3yjbTaTaM BbIOOpa mara 0anok
YCTaHOBJIEHO, YTO HOPMAaTUBHOE 3HAYEHHE HArpy3kHu Ha Oanky coctasiseT g, = 30,0 kH/m, a pacueTHOE —
g = 36,0 kH/M. Onpenenum 1Mo HoMOTpaMMaM, KaKoe PEeKOMEHIYETCS IPUMEHUTh CEUCHHE TIPH TPoJieTe OaIKu
[=12,0 ™.

AHanu3 npeAcTaBIeHHBIX HUKE HOMOTPaMM ITO3BOJISIET YCTAaHOBUTD, YTO HanboJiee MPUMEHUMBIM IO 3Ha-
YEeHUIO JEHCTBYIONICH Harpy3Kku OyeT cedenne, BemoHenHoe mo I'OCT P 57837-2017.

Homoepammul évibopa ceuenus 6aniox ¢ npumeneHuem weeniepos cmaivhvix copsiuexamanvix no I OCT 8240-97
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Puc. 6. Homorpamma Be16opa ceuenust 6anok u3 meemtepa no 'OCT 8240-97 mo kpureputo TpeGyeMOro MOMEHTa COMPOTUBIICHUS
Figure 6. Nomogram for selecting the cross-section of beams from a channel in accordance with GOST 8240-97
according to the criterion of the required moment of resistance
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Puc. 7. Homorpamma Ber6opa ceuenust 6aox n3 mseiiepa o [OCT 8240-97 no xpurepuro TpeGyeMoro MOMEHTa HHEPIUH
Figure 7. Nomogram for selecting the cross-section of beams from a channel according to GOST 8240-97
according to the criterion of the required moment of inertia
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Homoepammul evibopa ceuenus 6anox ¢ npumeneruem Hopmansvrozo ogymaspa no I OCT P 57837-2017
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Puc. 8. Homorpamma Br6opa 6anok cedeHreM u3 HopMmanbpHOro apyTaBpa mo 'OCT P 57837-2017
10 KPUTEPHUIO TPeOyeMOro MOMEHTA COMPOTHBIICHHUS
Figure 8. Nomogram for the selection of beams with a section from a normal I-beam in accordance with GOST R 57837-2017
according to the criterion of the required moment of resistance
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Puc. 9. Homorpamma BbiGopa 6aiok ceuerreM u3 HopmaibHoro asytaspa o 'OCT P 57837-2017 no kputeprio TpeGyeMoro MOMEHTa HHEPLIMK
Figure 9. Nomogram for the selection of beams with a section from a normal I-beam in accordance with GOST R 57837-2017
according to the criterion of the required moment of inertia

Omnpenenum TpedyeMoe CeueHrEe U3 HOPMAIBLHOTO IBYyTaBpa:

— TI0 TaHHBIM HOMOTPaMMBI puc. 8 10 kputepuio TpedboBanuii epoit ['TIC pekoMeHI0BaHO CEUYCHHE U3
HopMasbHOTO ByTaBpa 70 b1;

— 10 JJaHHBIM HOMOTPaMMBI puc. 9 mo kpureputo TpedoBanuii Bropoit [ TIC pekoMeHm0BaHO ceveHue U3
HOpMasbsHOrO JiByTaBpa 60 b1.

[Mpuanmaem cedenue u3 HopManbHOTO AByTaBpa 70 b1 ¢ moronnsM Becom 129,3 kr/m.

Omnpenenum TpedyeMoe ceueHre 13 MHUPOKONOIOYHOTO ABYTaBpa:

— IO JaHHBIM HOMOTpaMMelI puc. 10 mo kputeputo TpedoBanuii nepsoii [ TIC pekoMeHmOBaHO ceueHHe U3
HOpManbHOTO AByTaBpa 40 L16;

— 10 TaHHBIM HOMOTpaMMeI puc. 11 mo kpureputo TpedoBanuii Bropoii I TIC pekoMeHI0BaHO ceueHHe U3
HOpMaJibHOTO AByTaBpa 40 II5.

[IpuanMaeM cedeHne u3 mupokonoaogHoro npyraspa 40 1116 ¢ moronasM Becom 238,1 kr/m.

OkoHYaTeNbHO IPUHUMAEM CEUEHHE U3 HOpMalbHOTO AByTaBpa 70 b1.
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Homoepammut gvibopa ceyenus b6anox ¢ npumeneruem wupokonoaounoeo osymaspa no IOCT P 57837-2017
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Puc. 10. Homorpamma BeIOOpa 0aiok cedeHueM U3 mupokomnonouHoro aeyraspa mo 'OCT P 57837-2017
10 KPUTEPHUIO TPeOyeMOro MOMEHTA COMPOTHBIICHHS

Figure 10. Nomogram for the selection of beams with a cross-section from a wide-flange I-beam
in accordance with GOST R 57837-2017 according to the criterion of the required moment of resistance
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Puc. 11. Homorpamma BeI00Opa cedeHus 0aloK ceueHHEM U3 MHpoKonoaoyHoro asyTaBpa mo 'OCT P 57837-2017

10 KPUTEPHUIO TPeOyeMOro MOMEHTa HHEPLIUK

Figure 11. Nomogram for the selection of the cross-section of beams with a cross-section of a wide-flange I-beam
in accordance with GOST R 57837-2017 according to the criterion of the required moment of inertia
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3akaouenue

[lo pesynpTaTam cepuu pacdeToB ONpeaeseHbl 00JacTy palMoOHATIBHON paboThl CTABHBIX MPOKATHBIX 0a-
JIOK, 3aKpPEIUICHHBIX OT MOTEPH YCTOWYMBOCTH, [UIS AKTyaJbHBIX Ha MOMEHT HAlMCaHWs CTaThbH COPTAMEHTOB
(I'OCT 8240-97 u I'OCT P 57837-2017), ucxonst u3 TpeOOBaHHIT pacyeTa Mo METOAY HPeISTbHBIX COCTOSHUH.

HpennomeHm YTOquHHBIﬁ AJITOPUTM KOMIIOHOBKH GaHO‘IHBIX KJIETOK W YTOUHCHHasd MCTOJHKa pacucTa
CeueHHs MPOKATHBIX OaloK, MO3BOJSIONIME KOMIIOHOBATH pa3Mephbl 0allOYHON KJIETKH ¢ MUHHMAIBHBIM Pacxo-
JIOM CTald, 1 000CHOBAHO yBEIMYECHNE rabapuTHBIX Pa3MEpOB siueeK pabouux IIIOLIaI0K.

Y TO4YHEHHBIN aIrOpUTM KOMIIOHOBKH OQJIOUHBIX KJIETOK 3aKJIIOYAETCs] B TOM, YTO JUIS IPUMEHEHHUS paLu-
OHAJIBHOTO CEYEHHsI MPOKAaTHBIX 0ajloK HACTWJIA CIeyeT BapbHpOBaTh IIAroM Oaiok (06e3 HeoOXOAUMOCTH H3-
MEHEHHSI UCXOJHBIX Pa3MEPOB THUIOBOU STMEHKHM OAaTOYHOW KIIETKH) MWIM KOPPEKTHPOBATH UIMHY OAJIOK (IIpU 3TOM
HEOOXOJMMO W3MEHHUTh OAMH U3 MCXOAHBIX Pa3MEpPOB THUIIOBOH sS4eHKu 0alOYHON KIIETKH, HalpuMep, AJIsl HOp-
MaJILHOT'O BapUaHTa — 3TO HIAar INIaBHBIX 0aJoK).

[Tony4yeHHble JaHHBIE MOTYT OBITH PEKOMEHIOBAHbBI B KQUECTBE MPHUIIOKEHUI 10 BEIOOPY CEUCHUH K aKTy-
AJIbHBIM Ha MOMEHT ITyOJIMKAI[MK CTaThU COPTAMEHTaM CTaJIbHOIO IPOKATa.
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Abstract. Building Information Modeling (BIM), in the last couple of decades,
has emerged as a technology that can be used in combination with different
methodologies in the fields of architecture, engineering, and construction indus-
try as a digital model to facilitate the planning and design process, construction
and maintenance. Using the tools of BIM, the stakeholders generate the digital
models that can help them to identify the problems. A total of 24 conference
papers, referenced journal articles, and other academic sources were analyzed
based on their relevance and research focus areas. This article provides a review
on the integration of building information modeling with different methodolo-
gies for seismic retrofitting of both structural and non-structural components of
buildings. Pre-seismic and post-seismic applications of Building Information
Modeling with the integration of different methodologies have been reviewed
overbuilding life cycles with a view of addressing the challenges and recom-
mending the future research perspectives. In the end, by stating the possibilities
of integration of BIM tools with different methodologies mainly using Perfor-
mance-Based Earthquake Engineering as a paradigm which is fully probabilistic,
this paper concludes that the implication of the Building Information Modeling
with the integration of different methodologies isn’t merely the inclusion of
the certain conditions, but also of the numerical integration of all the possible
uncertainties.
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Hcropusi cTaTbu AnHoTanus. B mocieqHrne HECKOJIBKO JECATHIICTUM MOSBUIACH TEXHOJIOTHS HH-
TocTynuna B penaxumeo: 21 smpapst 2021 . ¢dbopmannonHoro MoaenupoBanus 3nanuil (BIM), koTopas MOXET UCIOIb30-
JlopaGorana: 24 mapra 2021 T. BaTbCS B COUYETAHUU C PA3IUUHBIMU METOJOJIOTHSAMU B OOJACTH apXUTEKTYDHI,
IIPOEKTUPOBAHUS U CTPOUTENILCTBA B KaueCcTBE LUPPOBOM MoJenH i obnerde-
HUS TIpoliecca IIaHUPOBaHUS M NPOCKTUPOBAHUS, CTPOUTEILCTBA M TEXHUYE-
CKOTO OOCITY)XHUBaHUS. VICHONB3ysT HHCTPYMEHTHI, 3aMHTEPECOBAHHBIC CTOPOHBI
TeHEPHUPYIOT HUPPOBBIE MOJEIH, CIOCOOCTBYIOIIUE ONPENSIICHHIO TPOOIEMBI.
Omnupasich Ha aKTyaJbHOCTh M HANpaBIeHHE MCCIICNOBAaHUN OBLIM IpPOAHATIHN3HU-
POBaHBI B 00IIIEH CIOXKHOCTH 24 TOKIaa KOH(EPEHINH, CCHUTKU Ha )KypHaJIbHbIC
CTaThU M JpYrHe akajeMudeckne MCTOUHHKHU. [IpeacTaBieH 0030p MHTErpannuu
UHGOPMALMOHHOTO MOJEIUPOBAHUS 3AaHUN C PA3IUYHBIME METOJOJIOTUSIMHU
CEMCMUYECKOTO NMEPEOCHAIIEHUS KaK CTPYKTYPHBIX, TAK U HECTPYKTYPHBIX KOM-
NOHEHTOB 37aHuil. IIpenceiicMudyeckue U MOCTCEMCMUYECKUE MPUIIOKEHHUS HH-
(OpMalMOHHOI0 MOAENUPOBAHUS 3AaHUN C MHTErpanueil pasauyHbIX METOJO-
JIOTUH OBUIM PacCMOTPEHBI B T€UEHME >KU3HEHHOIO LUKJIA 3[JaHUM C LENbIo pe-
LIeHUs NpoOJIeM U peKoMeHAaluy OyIylmuX NepcreKTuB uccienoBanuil. [Ipex-
rojsiarasi BO3MOXKHOCTh MHTErpanuu HHCTpymMeHToB BIM ¢ pasnuusHbIMH MeTO-
JIOJIOTUSMH, B OCHOBHOM HCIIOJIb3YIOLIMMH OCHOBAHHYIO Ha IPOU3BOAUTENLHO-
ctu ceficmorexunky (PBEE) B xagecTBe mapamurmel, KOTopas sIBISIETCS TIOJTHO-

[punsTa k myonukaruu: 6 anpens 2021 r.

Hﬂﬂ HUTHPOBAHUA CTBIO BepOHTHOCTHOﬁ, JACIacTCA BBIBOA O TOM, YTO CJICACTBUEM I/IH(I)OpMaHI/IOH-

Dereje LS. Dabi GM. Baza T.T Ryl’l- HOTO MOACIIMPOBAHUSA 3IaHHAN C HHTeraHHeﬁ Pas3sIMIHBIX METOJOJIOTHI SIBIISICT-
0., {7 .,

CsI HC TOJIBKO BKIIFOYCHHE OIPECACIICHHBIX yCHOBHﬁ, HO M YUCJICHHOC MHTETIPUPO-

kovskaya M.1. Seismic retrofitting of buil-
BaHHE BCEX BO3MOYKHBIX HEOMPEICTCHHOCTEH.

dings using Building Information Mode-

ling // CrponTenbHasi MEXaHHKA HHKCHEp- KuroueBble €JI0Ba: MPOEKTUPOBAHUE U CTPOUTENIHCTBO, HHOOPMALMOHHOE MO-
HBIX KOHCTPYKUMH M COOPYKCHHM. %021- JETUPOBAHUE 3/IaHUI, CEHCMUYECKOE NEPEOCHAICHNUE, KU3HEHHBIH IHKII 371a-
T. 17. Ne 2. C. 188-198. http://dx.doi.org/ HHSI, OL[EHKA CTOMMOCTH IPOCKTA, ONITHMH3AIMS 3aTPaT Ha TEXHHYECKOoe 00Ciy-
10.22363/1815-5235-2021-17-2-188-198 KHBAHHE 3aHIS

Introduction

In the past, the seismic retrofit was done in order to achieve a specific public safety objective, but engi-
neering solutions were often limited by economic and political considerations [1]. However, with the develop-
ment of Performance-Based Earthquake Engineering (PBEE), several levels of performance objectives are gra-
dually recognized [2]. As different studies are conducted in the area of structural design and retrofitting stake-
holders visualized that in structural engineering the amount of damage, the economic loss, and the repair cost of
structures were improperly high, even though those structures are designed with available seismic codes based
on traditional design philosophy [3]. Consequently, Building Information Modeling (BIM) plays an important
role to reduce the amount of damage and economic loss throughout the building life cycle. Building Information
Modelling (BIM) is a digital representation of an entire construction process (design, construction, and manage-
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ment across the entire lifecycle) [4]. BIM design tools provide a new approach and can help rehabilitate and ret-
rofit buildings. BIM helps users create highly detailed 3D structural and non-structural models of buildings and
infrastructures to enable public, government, engineering, construction, and business communities to better un-
derstand the task holistically and plan alternatives. In addition, the BIM process can help identify, diagnose and
even predict problems that buildings might experience in the future by simulating such seismic events and their
impacts. Several studies have been focused on the acceptance and implementation of BIM in the sector [5-8].

Literature review

Building Information Modeling and its application. Technology can play a significant role in ensuring
the quality of construction [9]. BIM technology can support multiple techniques such as the construction simula-
tion, information statistics, the management of the various processes reflected in the contents of the visual, which
can strengthen the management of control [9]. BIM is based on three-dimensional (3D) digital technology and
integrates all of the information in the construction project lifecycle while providing a detailed expression of pro-
ject-related information [10]. If the main affecting factors of the quality of the project, such as human, equipment,
and materials can be well controlled, the quality of construction can be secured [11]. So, the use of BIM is main-
ly to play an effective role in controlling these factors starting from architectural design to project completion
and further building life cycle control. In fact, BIM technology application on the construction site of different
people, reasonable division of labor, so that everyone can play its greatest role in the process of construction and
make their own analysis on the key and difficult work, to avoid the possible risks in the process of construction.

Benefits of Building Information Modeling for stake holders. The perspective of the key stakeholders regar-
ding BIM is fundamental since they achieve direct benefits from its adoption. The approach BIM can remarkably
improve the association among stakeholders bringing an added value to their business. Indeed, the collaboration
among stakeholder can increase organizational capacities which enhance the performance of the project manage-
ment during the design and construction process [12]. According to a survey conducted on the benefit of BIM [13],
the firms that adopted BIM were asked to indicate benefits that they experienced. According to their responses
the following top benefits (frequency rate 13% for each answer) emerge: a) improvement of the collective project
understanding; b) improvement of the stakeholders’ collaboration; ¢) improvement of the project quality. The other
benefits are ranked just behind: a) reduction of errors and changes during the design phase (11%); b) reduction of
errors and changes during the production and construction phase (11%). Referring to the analysis obtained from
the survey [13], 50% of respondents (6 firms) state to use BIM in their professional activity, but only 3 firms are
using it for all projects. The survey reveals a low and medium level of knowledge and ability to use BIM.

Building Information Modeling for existing buildings. According to a reviewed research on the application
of BIM overbuilding life cycle [14], most of the BIM research focuses mainly on the preliminary and construc-
tion stages. However, in recent years significant investments were made in retrofitting of existing buildings with
the aim to realize a strong functional, energy, and seismic refurbishment. BIM can play a vital role in retrofitting
of existing buildings. Applying of BIM methodology to existing construction follows detailed documentation
study and accurate analysis of the real state of the building [15].

Building Information Modeling as support of seismic design. In urban areas due to an increase in popula-
tion the horizontal expansion of building has been changed to vertical rising. High rise buildings have become
considered as urban infrastructures as bridges and highways. Design of this high-rise buildings need to be de-
signed so that the buildings resist earthquake forces. Although BIM technology can be applied over the building
lifecycle its importance in designing for seismic has a wide range. BIM integrates early earthquake safe design
considerations that doesn’t need design modifications during the construction phase. Fundamentally, with BIM,
any elements of a building can be modeled and designs can also be validated using BIM [16].

BIM for Retrofitting of Earthquake affected structures. BIM not only assists engineers while working on
designs from the beginning but also ensures that the structure is restored as it was before the earthquake [16].
In fact, BIM plays a vital role in the process of retrofitting of earthquake affected structures. BIM captures
the reality of any structures with the help of point cloud information and converting it to 3D BIM models or pho-
togrammetry. It is expected to analyze the captured information model using BIM structural software to check
the displacements under the seismic loads through virtual simulation. Additionally, different information and
data can be extracted for the retrofitting decisions.
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Methodology

A literature search was carried out based on the title, abstract, and keywords. It was carried out as per
journal publication search engine, i.e., Google Scholars, different databases, and other platforms. But the sear-
ching focus was on the Google search engine. Keywords were very crucial for the success of searching the litera-
ture. The key words applied in literature searching include ‘Architecture, Engineering, and Construction (AEC)’,
‘Building Information Modelling (BIM)’, ‘Seismic Retrofitting’, ‘Building Life Cycle’, ‘Project Cost Estima-
ting’, ‘Building Lifecycle’, ‘Building Maintenance cost optimization’. Articles from journals, conference pro-
ceedings, published case studies, press releases, online articles, professional presentations and review papers
were used. All the above-stated sources were published and publicized within the last two decades and the latest
publication is published in 2020. A total of 31 papers were studied which specifically concentrating on retrofit-
ting and Building Information Modeling (BIM). The journals used in this review search are journals of Engi-
neering and construction: ‘Automation in Construction’, ‘The Open Construction and Building Technology’,
‘Advanced Engineering Informatics’, ‘International Association for the Seismic Performance of Non-Structural
Elements’, ‘International Journal of Safety and Security Engineering’, ‘Building and Environment (B&E)’, and
‘Building Simulation (BS)’. The most cited journal was ‘Automation in Construction’. The reviewed papers
were further classified based on two of five main stages of project lifecycle ‘repair and maintenance & operation
and demolition’ of structural and non-structural elements of the building. It is important that the findings are not
explained at each stage of the building life cycle, because the review is only concentrating on the application of
BIM on seismic retrofitting of buildings and remedial action to be taken for further action. The literature review
was carried to analyze the current trend of Building Information Modeling over seismic retrofitting. The details
of the selected findings are discussed in the next section of this review.

Research findings

Seismic risk analysis consists of hazard, vulnerability, and exposure. Recently, research revealed that all
retrofitting options with BIM are utilized Performance-Based Earthquake Engineering (PBEE) design as a para-
digm which is fully probabilistic and consists of numerical integration of all the conditional probabilities, propa-
gating the uncertainties from one level of analysis to the next [17]. Compatibly, BIM software has built-in cost
estimating features in which material quantities are extracted automatically and can be updated when any chan-
ges are made in the whole model. As per conducted research the visualization of damages, scheduling, and cost
estimation of retrofitting buildings are applied for both pre-seismic retrofitting and post-seismic retrofitting Using
Building Information Modeling [4; 14; 18].

Building Information Modeling for 3D visulization damage state assessment of building. The assessment
of the post-earthquake state of structures is a concern of Architectural, Engineering and Construction (AEC) in-
dustry, with the help of Pacific Earthquake Engineering Research (PEER) as a paradigm. PEER developed
an appropriate basis for seismic damage assessment, cost estimation and scheduling for port-earthquake building
retrofitting with lack of visualization tools in the platform. To integrate this visualization with PEER a two-storey
reinforced concrete special-moment-resisting-frame structure designed by Haselton [19] has been used as model
and a methodology has been proposed [20] which integrates Building Information Modeling (BIM) with the frame-
work of PEER to provide 3D damage assessment visualization, the expected retrofitting cost and scheduling for
different level of seismic intensity. In fact, time and cost estimation are a platform in the BIM and represented as
four-dimensional (4D) and five-dimensional (5D) simulations respectively. The proposed method follows nu-
merical simulations and a combination of the extracted probabilistic response distributions with appropriate fra-
gility curves, to evaluate all possible damages scenarios [20]. The numerical calculations give repair cost estima-
tion per element, element group, storey, and building at different intensity levels of the earthquake. Additionally,
in an automated relation database and scheduling software, the building elements are classified according to their
damage state in work breakdown structures (WBS) and assigned to specific repair activities of fixed productivity
rate to estimate the time and cost of retrofitting. As per the simulation [20], the damage states vary and classified
as “no damage” — no action needed, “slight damage” — repairable (low-cost repairs), “moderate damage” — re-
pairable (repairs are cost-effective), “severe damage” — needs replacement (repairs are not cost-effective), and
“collapse” — total loss. By comparing building damages at various intensity levels as they are illustrated in Fi-
gures 1 and 2 for Sa(71) equal to 1.2 g, it is possible to understand the need to utilize this technology in PBEE.
This research revealed that the possibility and importance of BIM technology in PBEE by comparing the buil-
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ding damage state at different levels (Sa(7'1) equal to 0.3, 0.6, 0.9, 1.2, 1.8, and 2.4 g). As shown in Figure 1
the 3D damage state of the following simulations are ground floor and first floor at intensity Sa(71) level 1.2 g.
The proposed methodology and colors show the damage state of the building elements. In this sense, the colors
black, red, yellow, green, and white describe collapsed, severely damaged, moderately damaged, slightly dama-
ged, and not damaged state of the building elements respectively.

A case study of research conducted on 5D simulation for post-seismic retrofitting [21] which is an RC
frame structure with 6 floors and a total height of 25.6 m, an area of 921 m? with a length of 33.6 m and a width
of 25.2 m assist that, BIM is a platform which extensively integrates PBEE for seismic rehabilitation of
the building. A structural and architectural model which is followed by the proposed methodology for 5D simu-
lation (time scheduling) in the research is shown in Figure 3.

a b
Figure 1. Ground floor (a) and first floor (b) 3D damage visualization at Sa(71) = 1.2 g [20]
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Figure 2. Building repair cost and duration distribution per intensity level Sa(71) [20]
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Figure. 3. 5D simulation of post-earthquake repair process [22]

Building Information Modeling and Assembly-Based Vulnerability. Researches are integrating different
methodology with Building Information Modeling to visualize post-earthquake rehabilitation, but as mentioned
in the previous section of this review PEER is serving as a paradigm for all conducted researches related to
the thematic area. Here, BIM is integrated with PEER and Assembly-Based Vulnerability (ABV) [22].
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Combining the PEER methodology with the ABV method and BIM to achieve an integrated and automa-
ted platform for visualizing all scenarios (damage assessment, cost appraisal, work schedules, 3D visualizations,
4D sequencing). ABV is a platform in which seismic vulnerability and performance of structures on a building
evaluated [23]. The method is used to determine the structural and non-structural response of buildings by utili-
zing seismic analysis techniques and corresponding fragility curves to visualize 3D/4D simulations for retrofit-
ting work. Graphisoft’s ArchiCAD has been used for modeling the 3D structural and non-structural building ele-
ments with work breakdown structures and simultaneously a relational database management system (RDBMS)
is developed which provide a link between the BIM objects and the other database, i.e., one-to-many or many-to-
one mapping table to CSI code then to a crew code (e.g., ‘concrete column’ can be assigned to ‘formwork’, ‘cas-
ting’, ‘insulation’ and ‘painting’ CSI code).

The developed RDBMS [23] additionally consists of construction sequencing templates (fragnets) that ad-
dress possible retrofitting scenarios which is the same simulation as stated in the previous section of this pa-
per [20]. The schedule fragnets include the relationships between the construction activities and typically follow
the WBS/CSI structure (activities with lower CSI master format codes precede activities with higher CSI
codes) [22]. BIM objects and the production rate of the crew assigned based on the CSI code of each object helps
to compute the duration of each activity as shown in Figure 4.
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Figure 4. Schematic of BIM/ABV/Cost/Schedule/4D integration [23]
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After the structural assessment is made damage measure per building elements computed that is subjected
to the fragility curves. Fragility curves relate structural response with various levels of damage. The gradients of
damage vary, but typically they are classified as “zero, or slight”, “moderate”, “severe” and “total” damage [23].
Therefore, the damage measure and damage state produced by the structural analysis and the fragility curves for
each element of the building can be visualized by appropriately coloring a 3D BIM model. In the case study [23]
(Figure 5) 3D BIM, the variables visualized are: (i) the damage state, (ii) the repair cost, and (iii) the repair time.
The damage measures are expressed in a continuous variable ranging [0,1] indicating no damage and collapse
respectively. In discrete variable, it is expressed with appropriate coloring in the 3D model as green, yellow, red,
and black describing ‘slight or no damage with no action needed’, ‘moderate damage as repairable’, ‘severe
damage as it needs replacement’ and ‘total losses respectively. Cost and time are represented as continuous vari-
ables and colored as in a typical contour plot. In this case study progressive damage/collapse is not taken into
account.

From the case study it is possible that by integrating PBEE, BIM (i.e., 3D, 4D and 5D) simulation and
ABYV to retrofit an existing building post-seismic and the results are shown below in Table.

Figure 5. BIM/ABV integration — 3D rendering of building floor showing floor’s damage state (darker colors indicate greater damage) [23]

Table
Damage assessment of building assemblies (excerpt) based on fragility curves [23]
WBS/Assembly component Fragility/Structural analysis
. . Damage Damage . Fragnet Total Total
Floor Room Object type Object ID measure state Action ref. code cost, $ dur, d
1 101 Beam BMR-001 0.22 Moderate Rehab BMR-RHB 10,000 10
1 101 Beam BMR-002 0.32 Moderate Rehab BMR-RHB 10,000 10
1 101 Beam BMR-003 0.25 Moderate Rehab BMR-RHB 10,000 10
1 101 Beam BMR-004 0.28 Moderate Rehab BMR-RHB 10,000 10
1 101 Column CLM-001 0.04 Slight None - 0 0
1 101 Column CLM-002 0.05 Slight None - 0 0
1 101 Column CLM-003 0.08 Slight None - 0 0
1 101 Column CLM-004 0.02 Slight None - 0 0
1 101 Ext. wall EWL-001 0.15 Moderate Rehab EWL-RHB 2,000 4
1 101 Ext. wall EWL-002 0.17 Moderate Rehab EWL-RHB 2,000 4
1 101 Int. wall PRT-001 0.05 Slight Rehab PRT-RHB 1,000 1
1 101 Int. wall PRT-002 0.03 Slight Rehab PRT-RHB 1,000 1
1 101 Window WND-001 0.60 Severe Replace WND-RPL 1,500 1
1 101 Window WND-002 0.45 Severe Replace WND-RPL 1,500 1
1 101 Window WND-003 0.62 Severe Replace WND-RPL 1,500 1
1 101 Door DOR-001 0.65 Severe Replace DOR-RPL 1,000 1
1 101 Wardrobe FRN-001 0.16 Moderate Replace FRN-RPL 350 0.5
1 101 Bed FRN-002 0.21 Moderate Replace FRN-RPL 250 0.5
1 101 Desk FRN-003 0.15 Moderate Replace FRN-RPL 150 0.5
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Semi-probabilistic approach in a BIM model. As mentioned in the previous section of this paper, seismic
assessment is currently performed in the research field by means of Performance-Based Earthquake Engi-
neering (PBEE) which is a fully probabilistic methodology. Engineering practitioners rarely adopt a fully proba-
bilistic approach to assessing the seismic hazard at a construction site and performing economic loss assess-
ments [4]. Indeed, a semi-probabilistic method that is integrated with BIM [4] allows security checks to be per-
formed with a probabilistic value, even though the assessment is carried out in a deterministic method. Under
this proposed method the randomness of materials is taken into account and characteristic values of material re-
sistance and safety coefficients are assumed for the estimation of structural components capacity.

Recently, methodologies related to the optimal strategy for building seismic retrofit interventions are rare-
ly applicable. However, the life cycle cost (LCC) analysis can be an efficient tool with a simplified methodology
to optimize seismic retrofit interventions by considering both safety and economic features [4].

Economic Loss (L)

Cost of strengthening interventions (R)

Expected total cost (E)

€
Optimal expected total cost
I I I I I I I I I ]
10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Safety Level
Figure 6. Procedure for the strengthening optimization [4]
* Identification of n intervention strategies. ]
* Definition of m different target safety levels to improve the performance of the building for each intervention ]
strategy.

* Calculation of the strengthening cost R;; for the i-th strategy and the j-th safety level.

* Calculation of the economic loss L;; for the i-th strategy and the j-th safety level by means of

i
the simplified methodology proposed — L; = D, - EAL;; where D, is the discount rate estimated as D, = vn (ﬁ) .

* Calculation of the total expected cost Ej; as the sum of R;; and L;»E; =R, + L;.

* For the i-th intervention strategy, the E;; values will give the total expected cost curve.
The lowest value of Ej identifies the most cost-effective strengthening level for the i-th strategy.

* The comparison of the E; curves identifies the most cost-effective strengthening solution.

Figure 7. Flowchart of proposed procedure to optimize seismic retrofit interventions [4]

The optimization methodology goal is to point out the most cost-effective strengthening strategies and
strengthening levels of existing structures throughout their structural lifetime. The retrofitting intervention stra-
tegy is very important to estimate the most cost-effective strengthening solution and economic losses at different
intensities of retrofit intervention. According to the proposed methodology, the procedures and expected goal are
expressed in Figure 6 and the first curve is ‘economic loss’ which identifies the loss related to different safety
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level; ‘cost of the strengthening intervention’ curve which reveals the costs needed to obtain a given safety level;
and ‘expected total cost’ curve which is the sum of the previous curves for each safety level. The most cost-
effective solution will be the lowest value of the expected total cost and the corresponding safety level. Based on
the PEER approach the paths to follow from both a theoretical point of view and in terms of practical implemen-
tation in the BIM environment are shown in Figure 7.

The case study [4] was conducted by assuming the location in the city of Naples and is an academic example
of a typical Italian facility built in the 1970s with no seismic provision and the proposed methodology has been
implemented in a BIM model containing both structural (columns, beams and slabs) and non-structural compo-
nents (partition walls, windows, and doors) as shown in Figure 8.

From the case study, the proposed methodology successfully integrated with BIM tools and the approach is ap-
parently equivalent to the IN2 method proposed by Dolsek and Fajfar [24]. The expected actualized loss curve and
the cost curve, plotted against the safety level, are shown in Figure 9. The summation of the economic loss and strengthe-
ning curves plotted against the safety level, produces the total expected cost. Generally, the most cost-effective safety
level shows that the most cost-effective safety level for the FRP-based retrofit strategy is about 55% as shown in Figure 9.
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Figure 8. Structural model of the facility [4]
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Figure 9. Strengthening optimization procedure in the case study [4]

Conclusions

Results show that Building Information Modeling can be integrated with different proposed methodolo-
gies for valuable seismic retrofitting of buildings. In the last two decades, researches on earthquake engineering
have focused on the vulnerability and the exposure of different structure subjected to earthquake. Indeed, vulne-
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rability is described by probabilistic curves, named fragility curves, which allow observing specific damage le-
vels of both the structural and non-structural components of buildings probability which is a function of Engi-
neering Demand Parameter (EPD). The case studies in the reviewed researches are disclosed the proposed me-
thodologies under integrated approaches of BIM with different seismic retrofitting paradigms. Building Infor-
mation Modeling components 3D, 4D, and 5D simulations are specifically integrated for damage visualization,
scheduling for retrofitting and cost estimation respectively. This research also reveals the benefits of the BIM-
based platforms in the evaluation of the economic losses for new and existing buildings and the optimization of
the seismic retrofits to existing structures from an economic standpoint. The literature explicitly suggests that
lack of expertise is the major barrier in the implementation of BIM for the building life cycle which includes
the retrofitting of buildings. It is conceived that the AEC industry through continuous training and increasing
awareness the maximum profit of BIM will be achieved. The future of BIM is radiant because the benefit of full
implementation of BIM is gradually increasing as several studies are conducted. However, BIM implementation
needs more studies in the AEC industry.
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AHHOTanusA. Axmyansnocms. Jna obecriedeHns 0€30MaCHOCTH aTOMHOW CTaH-
MM HA OCHOBAaHMU TPEOOBAHUHM HOPM U IMpPaBUI B OOJACTH HCIOIb30BAHUS
aTOMHOM 3Hepruu Ais TpyOOoIpOBOJOB IEPBOT0 KOHTYpA SIEPHOTO peakTopa B
MPOEKTE JODKHA TIPUMEHATHCS KOHILEIHS «Tedb Tepes] paspynieHnem». Ee ocHoB-
Has ujes — NpeJoTBpalleHUe BHE3AIHOIO pa3pbiBa TPyOOIPOBOJOB KOHTYpa TEILIO-
HOCHTENS peakTopa — COCTOMT B 0OOCHOBAaHMH TOTO (DaKTa, 9TO Pa3pbIBY Npes-
LIeCTBYyeT 00pa3oBaHHE CTaOMIbHOW CKBO3HOW TPEIUUHBI, BBIABISIEMON Hpenry-
CMOTpPEHHBIMHU CpeICTBaMHU KOHTpois Teyd. IIpn 060CHOBaHMM KOHIEMIIHH
IIPEAIONaraeTcs, 4To «pas3pylieHue 6e3 Teun» — HEBO3MOXKHOe coObiTue. B cTa-
ThE TPUBOAUTCS METOH OMPEIENeHNs] BEPOSTHOCTH COOBITHS pas3pymieHHs 0e3
Teud. [Jens — OLEHUTb BEPOATHOCTh CYLIECTBOBAHUS Je(hEKTa, KOTOPBI MOXKET
IPUBECTH K Pa3pylICHHIO COCYZAa WM TpyOOmpoBoja HaBieHMs 6e3 BOSHHKHO-
BEHMs T€UH, a TAKXKe BEPOATHOCTb Pa3pylleHus 6e3 Teuu 3a U3BECTHOE KOIHYe-
CTBO IWKJIOB HarpyXeHus. Memoowi. JInd cucreMaTu3anun AaHHBIX, OTydYeH-
HBIX Pa3HbIMU METOAAaMU HEPa3pyILIAOIIEro KOHTPOIs, UCIIOIb30BAIICh KOHCED-
BAaTHBHBIE JONYIIEHNUS, MO3BOJISIONME YCTAHOBHTD ILIONIAAb OOHApYKEHHBIX JIe-
¢extoB. Ha ocHOBaHNM HOJTyYEHHBIX Pa3MepOB J1€(QEKTOB BBIYUCIISUIUCH 00IaCTH
pa3MepoB e(eKTOB, KOTOPbIE MOTYT ONPEACITHTh CIEHAPHH MOAPOCTA TPEI[HH.
Hcnonb3yst METObI MaTeMAaTHUECKOM CTAaTUCTUKH, ONpenessiiachk BEpPOSITHOCTh
CyIecTBOBaHMS Je(eKTa, KOTOPBIH MOXKET MPUBECTH K PaspyIICHHUI0 0e3 Tedu.
Ha ocHOBe METONIOB TEOPHUH HAJEKHOCTH MPOBEJEHO CPaBHEHUE MONY4EHHOIl
BEPOATHOCTH Pa3pyIICHUS C JOMyCKaeMBIM 3HaUeHHeM. Pesyibmamut. Pazpabo-
TaH MeTof 00pabOTKU JaHHBIX HEPa3pyIIAIONIIET0 KOHTPOJISL Ha OCHOBE OLIEHKU
ILIOMIAH OOHAPYKEHHBIX Je()eKTOB JUIS CHCTEMATH3AIMU JaHHBIX, TOTyYeHHBIX
Pa3sHBIMH METOJaMH Hepa3pyIlalomero KoHTpoiusd. Onpesnenet KpuTepuil pa3Bu-
THA TPEIIWH MO CIEHApHI0 «Tedb Hepen paspylleHmeM». Paszpaboran merox
OIIpEe/IeNIeHNs] BEPOSITHOCTH CYIECTBOBAHMS Ae(EeKTa, KOTOPBII MOXKET IPUBECTH
K paspymieHHio 6e3 Teun. PaccMoTpeH npumep pacuera Ha OCHOBE TPyOOIPOBO-
JIOB NIUTATEIbHON BOMBIL.
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Article history Abstract. Relevance. To ensure the safety of a nuclear power plant on the basis of
Received: February 25, 2021 the requirements of norms and rules in the field of the use of atomic energy for pipe-
Revised: April 10, 2021 lines of the primary circuit of a nuclear reactor, the design should apply the leak be-
Accepted: April 17,2021 fore break concept. The main idea of the concept is to prevent a sudden rupture of

the pipelines of the reactor coolant loop, and consists in substantiating the fact that
the rupture is preceded by the formation of a stable through crack, which is detected
by the provided leak control means. When substantiating the concept, it is assumed
that “break without leak” is an impossible event. This article provides a method for
determining the probability of a failure event without a leak. Purpose — estimate
the probability of the existence of a defect that can lead to the destruction of the ves-
sel or pressure pipeline without leakage, as well as the probability of failure without
leakage for a known number of loading cycles. Methods. To systematize the data
obtained by different methods of non-destructive testing, conservative assumptions
were used to determine the area of detected defects. On the basis of the obtained de-
fect sizes, the defect size regions were determined, which can determine the scenarios
of crack growth. Using the methods of mathematical statistics, the probability of
the existence of a defect, which can lead to failure without leakage, was determined.
Based on the methods of the theory of reliability, a comparison of the obtained prob-
ability of destruction with the admissible value is carried out. Results. A method for
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BBeaenne

CormacHo poccuiickuM HopmaM u npasmiam HIT-001-15', 6e3onmacHocTs aTomuo# cranmuu (AC) — cBOi-
ctBo AC obecrieunBaTh HAJCKHYIO 3aIUTy MEPCOHANA, HACEICHNUS W OKPY’KAIOIIeH cpelbl OT HEIOIyCTHMOTO
pasualmoOHHOTO BO3JecTBUA. [ cOCyOB U TpyOONPOBOIOB JaBJIECHHUS IIEPBOTO KOHTYpa AIEPHOTO PEeakTopa
KPUTEPUHU SICPHOH 0OE30MacHOCTH M OE€30MACHOCTU JKCIUTyaTallMd B OOLIETEXHWYECKOM CMBICIIE COBMAJAIOT.
I'maBHOE CBOHCTBO, KOTOPBIM 3TH KOHCTPYKITUH JOJDKHBI 00J1a/1aTh C TIO3UIMH KaK SACPHOU, TaK U TEXHUIECKOH
6e3omacHocTH — 3T0 TpodHOCTh [1]. Ha myTu pacnpocTpaHeHuss HOHU3UPYIOIIEr0 N3TYUYSHHS M PaJOaKTUBHBIX
BEIIECTB CYIIECTBYET ueThipe Oapbepa Oe3omacHocTy miist ADC ¢ peakTopHO# ycTaHOBKOH Triia BBOP: Tabner-
Ka TOIUTMBA (TIEPBBIN), repMeTHYHass 000JI09Ka TB3Ja (BTOPOIi), KOPITyC peaKTopa ¢ TPyOOIpoBOAaMHU MEPBOTO
KOHTypa (TpeTHii) 1 3anuTHas 000JI09Ka — KOHTEHHMEHT (4€TBEPTHIH ).

B cootBerctBun ¢ HIT-001-15 HakmaapiBatoTCsl JOMOMHHUTENBHBIE TPEOOBaHUS K 0€30MaCHOCTH ISl TPY-
00IpoBOIOB TEpBOro KOHTypa: B mpoekrte AC s KOHTYpa TEIUIOHOCUTEINS peakTopa IOJKHA MPUMEHSTHCS
KOHIIETIIINA «Tedb nepen paszpymerauem» (TIIP). O6wsexrom kortentuu TIIP SBISrOTCS 3IeMEHTHI KOHCTPYKITHIA
TpeThero 6apbepa 6€30MacHOCTH.

Cucrema Oe3omacHOCTH, OCHOBaHHasl Ha kKoHuenuu TIIP, Bkmroyaer:

— COCY[IbI U TPYOOTIPOBO/IBI JABJICHUS TIEPBOTO KOHTYPA;

— TETJIOHOCHUTENh, 00YCIOBIMBAIOIINI TEPMOMEXaHNIECKOE 1 KOPPO3NOHHOE BO3JICHCTBIE;
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— IpuOOPBI U TEXHUUYECKHE CPEACTBA KOHTPOJIS T€UH U COCTOSIHUS TPYOOIIPOBOIOB;

— HOPMAaTHBHO-TEXHUUYECKYIO JOKYMEHTAIINIO, OTPECIISIONIYI0 IEHCTBHS IIepCcoHaja pu KOHTpoJie U 00-
Hapy>KeHUHU TEUH;

— TEXHUYECKUE CPEJICTBA OCTAHOBA PEAKTOPa NPH BO3ZHUKHOBECHUU TEUH.

OcHoBHas uzaes xouuenuuu TTIP — npeaynpexaeHne BHE3AMHOTO pa3pbiBa cOCya WIM TPyOOIpoBOIa
JIaBJICHUS.

Konuenmus TIIP — 3To cOBOKYMHOCTh NPUHLUIIOB KOHCTPYHPOBAHHS COCYIIOB U TPYOOIPOBOAOB JaBiie-
HUS, BKJIIOYAIOLIAsi IPUHLIUI AOCTaTOYHOHN TPEIMHOCTOMKOCTH MaTepuajia KOHCTPYKLMM; NMPUHIUI 00paTHOM
CBsI3M, OOECIEeUYMBAIOLUIMK TPEKpalleHue SKCIUTyaTallud KOHCTPYKLMHU C TIOSBICHHEM TE€YH Yepe3 CKBO3HYIO
TPELIMHY, a TAK)KE MPUHLUI JOCTIKEHHS IPUEMIIEMO MaJIOW BEPOSITHOCTH Pa3pyLICHHUs] KOHCTPYKLUUH 03 TeuH.
IIpakTuueckas peaau3anus NepPedUCICHHBIX IPUHIMIIOB AOJDKHA 00ECIeUUTh yCIOBUS O€30I1aCHOM IKCIUTyaTa-
UM COCYJIOB H TPYyOOIIPOBOIOB JABJICHUSI, PU KOTOPBIX THOO WX BHE3AITHOE MOJIHOE Pa3pylIeHUE HCKITI0YAeTCs
MOJHOCTBI0, THOO BEPOSTHOCTH TAaKOTO COOBITHA NpeHeOpexnMo Mana. JlanHoe onpexneneHue koHuenuu TIIP
BKJIIOYAET B ce0s KJIaCCHUECKOE OIpeJIesIeHHE, a TAKXKe COAEP KUT MPUHLIUIIBI, COBMECTHAS PEaTn3aLus KOTOPBIX
MO3BOJISCT JOCTUYb MPHEMIIEMOTO YPOBHS HaJIC)KHOCTH M 0€30MacHOCTH SKCIUTyaTalliy COCYIOB U TPyOOIpoBo-
IoB masienus [1; 2].

Konuenuusa TIIP oka3bIBaeT monokUTENbHOE BAUSHUE Ha SKOHOMUKY ADC, a UMEHHO:

a) TI03BOJISIET N30€KaTh YCTAHOBKH OIIOP-OrPaHUYINTEIICH OMEeHII KOHIIOB TPyOOIIPOBO/IA B CITydae €ro 0OphIBa;

0) OTCYTCTBHE ONOP-OTPaHMUYMTEINIEH TaeT CyNIeCTBEHHOE COKpAICHUE BPEMEHH 3KCILUTyaTallMOHHOTO KOH-
TPOJISL COCTOSIHUS TPYOOIPOBOAOB, TaK KaK MX MPUCYTCTBUE YacTO YCIOXKHAET U IPOAJIeBaeT paboThl, CBSI3aHHbIC
C KOHTPOJIEM;

B) CHIDKEHHE BPEMEHH Ha KOHTPOJIb MPUBOJIUT K CHIKEHHIO JI03 00JIydeHus TIepcoHaa.

Ha ceroansmnuii nens npumenenue konuenuun TTIP ocHosbiBaeTca Ha TOCT P 58328-2018%, koTopsrit
6b1T pa3paboTaH Ha Oa3e PyKOBOAAMIMX JOKYMEHTOB B aTOMHO# otpaciu 1999, 2013 u 2016 rr.° u yrBepxkaeH
B Hayase 2019 r. CymecTByeT psii OTpaHUYCHUN K TpUMEeHEeHHUIO KoHTenuu TTIP:

— Hapy>KHBII AuameTp TpybomnpoBona He Menee 150 Mm;

— pabouee naBnenue He HUKe 1,9 MIla, a remneparypa He HUKE 95 °C;

— 3HaYeHHe yaapHoii Ba3koctn Metamna KVC re menee 80 J[/cM? B HCXOTHOM COCTOSIHMH /MM HE Me-
Hee 60 J[x/cM” Ha KOHEIl CPOKa OLICHKH.

CoBpeMeHHbIE HccieoBaHus B 001acti npuMmeneHus konnenimu TIIP paccmarpuBanick B [3-8], mo cko-
poctr yTeuku B [9—10].

Pacuernoe o6ocHoBanme Ha mpuMeHeHnue koHmenmuu TIIP nns TpyOonpoBomgoB 6a3upyercs Ha MPOLETy-
pe, mpeamnonaraonei NoCTyIMPOBaHHE B KOHTPOJIBHBIX 30HaX TPEIIMH HaYaJbHOTO MOBEPXHOCTHOTO AedeKTa u
CKBO3HOMH TpenuHbI ¢ 00HapyxuBaeMol Teupro. [Ipu obocHoBannyu kounenuuu TIIP nmpexamonaraercs, uto pas-
pymeane 6e3 teun (PBT) — HeBo3moxkHOe coObiTre. PBT — 3T0 HEOMarompusaTHBIA CIIeHApUi, MPHU KOTOPOM
TPELIMHA JOCTUTaeT KPUTUYECKUX Pa3MEpOB, MIPUBOASAIINX K Pa3pyLICHUIO KOHCTPYKIHUU Oe3 CTaOMIBLHOTO HC-
TEYeHHs! TeIIOHOCUTeNs WK pabouero tena. [Ipu BosHukHOBeHHH coObiTust PBT npunuMaercs, uto paspyiue-
HH€ [IPOMCXOAUT MTHOBEHHO 110 KOJIbIIEBOMY CEYEHUIO (TaK Ha3bIBaeMbIi I'MJILOTUHHBINA pa3pbiB). COBpEMEHHBIE
HCCIICIOBAHMUs IPUBEICHBI B padore [11].

MarepuaJibl H METOABI

JIist IeproINYecKor OIEHKH 0€30TIaCHOCTH aTOMHOM CTaHIIMU MPOBOJUTCS KOHTPOIb COCTOSIHUSI METall-
na. [{enpro KOHTPOJIS COCTOSHUS MeTajia 000pYIOBaHHS, TPYOOIIPOBOIOB U APYTHX JIEMEHTOB aTOMHOM CTaH-
IIMH, B COOTBETCTBUM C HOPMAMH M MPABUIAMH B 0GJIACTH HCIIOIB30BAHUS aATOMHOI SHEPTHH, ABJISETCS:

a) BBISBIICHUE U (DUKCAIIMS HECTUIOIHOCTEH MeTaa;

0) M3MECHEHUI TeOMETPUUECKHUX Pa3MEPOB;

2TOCT P 58328-2018. Tpy60mpoBois! aTOMHBIX cTanimii. Koniernys «reus nepes paspyiennem». M.: Cranapruadopm, 2018. 49 c.

3 PIT 95 10547-99 (P-TIIP-01-99). PyKoBOACTBO [0 NPUMEHEHHIO KOHIIENIIMU GE30MaCHOCTH «Te4b MEPE PA3PYLIEHHEM» K TPY-
o6onpoBogam ADY. M.: Munarom, 1999; PJT 50 1.1.2.05.0939-2013. PykoBOJACTBO MO MPUMCHEHHIO KOHIICMIUK 0OE30MacHOCTU TeYb
nepes paspylieHreM K TpybomnpoBonam aeiictByromux ADY. M.: Pocaneproarom, 2013; PZI 30 1.1.2.05.0939-2016. Konuemnmus 6e3-
OIIaCHOCTH «Teub Mepe]] pa3pyLICHUeM» Ul KOHTYpa TeIJIOHOCHTENS aTOMHBIX cTaHLui. PykoBoacTBo. M.: Pocaneproarom, 2016.

4 HII-084—15. TIpaBuia KOHTPOJISI OCHOBHOTO METAllla, CBAPHBIX COEAMHEHUH U HAIUIABIECHHBIX IOBEPXHOCTEH MM SKCILTyaTa-
i 000pyZOBaHMUs, TPYOOIIPOBOIOB U APYTUX 3JIEMEHTOB aTOMHBIX cTaHIMiA. M.: Poctexnamzop, 2015.
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B) U3MEHEHHI MEXaHUIECKIX XapaKTePUCTHK U CTPYKTYpPHI METaIlIa;

I') BBISIBJICHUE HETEPMETUYHOCTH 000pya0BaHus U TpyOorpoBoaoB (OuT);

1) OIICHKa COOTBETCTBHS COCTOSIHUS METaJlIa yCTAHOBICHHBIM TPEOOBaHUSIM.

KonTponb cocTossHUS MeTaiuta JOKEH BBITONHATHCS HEPa3pyIMIAIONIIMHA W Pa3pyIIaloiMH METOAAMH,
HO MMEHHO Hepaspymaromuii KoHTposs (HK) mo3BonseT onpenenuTh GpakTHUYECKOE COCTOSHUE 000PY/I0BaHUS,
HE HapyIas ero MeJIOCTHOCTH.

HK B 3aBucuMocTH 0T (hM3HUYECKUX SBICHUA, TOJIOKEHHBIX B €0 OCHOBY, B COOTBETCTBUHU C POCCUHACKUMU
HOPMAaMH ¥ TIpaBHIaMH® TIOZpA3JeNseTcs Ha CIIeAyIONHe BUbl: MATHUTHEIH, dIEKTPUIECKUH, BUXPETOKOBHIH,
PaJIOBOJTHOBOM, TEIUIOBOM, ONITUYECKUMA, PaIUaIlIOHHBIN, aKyCTUYCCKHIA, TPOHUKAIOIIMMY BEIIECTBAMHU.

B pesynbrare npoBenenns HK momygaercs pasnmuanas nabopmanus 06 oOHapy)eHHBIX nedekrax. UToOb
CHCTEMaTH3UPOBATh JaHHbBIE, TTOydYeHHbIe pa3HbiMUA MeTogamu HK, paccMmartpuBatoTest mmomany oOHapyKEHHBIX
nedekToB. B HacTosIIEM UCCIe0BaHUN OYIyT UCIIOJIB30BAThCA pe3yiibTaThl paguorpaduueckoro (PK) u ynsrpa-
3ByKkoBOro (Y3K) KOHTpOIIs, Ha OCHOBE KOTOPBIX MOXHO ITOJYYUTh B KAUECTBE T€OMETPUUIECKOTO pasmepa aAedek-
Ta IUIONTA/b C YYETOM HCIIONB30BAHNS METOIHUECKIX peKoMeHaanuii MP 125-02-95°.

B cooTBeTcTBHH ¢ OmbITOM 3Kcrutyatamuu 1 PJT D0 1.1.2.05.0330-2012°, mpuHATO MCTIONB30BaTh KOHCEPBA-
TUBHBIN TIOJXOJI IIPU PACCMOTPEHUH PE3yJIbTATOB HEPA3PYIIAIOIIETO KOHTPOJS, TO €CTh BCE UMCIOIIHECS B AJICMEH-
Tax 00OpyIOBaHUS M TPyOOIIPOBOIOB HECIUIOITHOCTA OCHOBHOTO METallla M MaTepualia CBapHOTO IIIBa MOJEIHPY-
FOTCSI B BUJIE TPEIIMHBI KaK HauOoJiee OMacHOM sl SKCIDTyaTalliy BHE C TOUYKH 3PEHHS BO3MOYKHOCTH pa3pyIIeHUsL.
[NockonbKy UMEHHO TpEIMHA SBJSICTCS KOHIICHTPATOM HANPsDKSHUH, MPH SKCIUTyaTal[id OHAa MOYXKET MOJpacTarh 3a
CYeT IUKIMYECKOT0 HarpyKeHHst 000pyI0BaHHS M TPYOOIPOBO/Ia MITM MEXaHU3MOB JIETPAIalliy MeTalla.

TpemunHa IpeaCcTaBISICTCS IUIATICOM C MaJIOH MOIYOChI0, PaBHOU 2a, U OOJIBITION MTOIYOChIO, paBHOU 2¢.

B nepenannpix manaeix mo PK mpencrasnsercs cnemytomas uHbopManus 06 00HapyKeHHBIX MedeKTax:
T (1I0pa, BKIIOYCHUE, HEIIPOBap U Jp.), JJIMHA, ITUPUHA WK JuaMeTp AedekTa.

Meton PK mo3BossieT onieHUTh MPOTSHKEHHOCTh M MIMPUHY HECTUTOMHOCTH. V3MepuTh riryOouHy nedexra
MPH MOMOIIIM JAHHOTO METO/1a KOHTPOJIS HE MPEICTABISICTCS BO3MOKHBIM.

Jis mony4eHus: He0OXOJUMBIX JaHHBIX IO TUTOINAIH AedekTa ObUIN MPUHSTE KOHCEPBATUBHBIC JIOIMYIIC-
HUS TI0 3HAYEHUSIM TITyOHH HECIUIONIHOCTEH, IPUBEICHHBIE B Ta0I. 1.

Ha ocHOBe mony4eHHBIX 3HAYeHWH TIYOMH MPOBOIHUTCA OICHKA IUIomanel OoOHApyKeHHBIX Ae(eKTOB.
[Tpu 00paboTKe MaHHBIX ASPEKT MPEICTABIACTCA B BUAC dJUHICa ¢ IIuHOH [ ([ = 2¢), IOJIy4YSHHOM 1O pe3yib-
tatam PK, u riryOuHOM @, onpeieNIeHHO# 110 OMMCaHHBIM BBIIIIE KOHCEPBATUBHBIM MTPEITOI0KEHHSIM.

B nmannpix mo pesynpratam Y3K mpencrasisercs wHpopManys o0 00HapyKEHHBIX IedekTax: TiyOnHa 3a-
JICTaHHsI HECIUIOIIHOCTH, TUI (KOMITAKTHBIN WM MPOTSDKEHHBIN), SKBUBAJICHTHAS ILJIOIIA L OTPAXKATEIS, MOJIOKE-
HUE BJI0JIb OCU CBAPHOT'O COCTUHEHUS ONPEACIIEMOe TI0 Yacam, JiIsl MPOTSHKEHHBIX — ITMHA MPOTSHKEHHOCTH.

Jns nonyyenuss nHGOPMAIMM O TEOMETPUYECKHX pa3Mepax HECIUIONTHOCTEH HCIONb3yeTcs MPOTSHKEH-
HOCTh W 3KBHBAJICHTHAs IUIOIIAIh OTPaKaTeNs, MMOCKOJIBKY OHA XapaKTePU3yeT T€OMETPHUYECKHE pa3Mephl Jie-
(exToB (Hanmee — IOMAaAb 1eeKTa).

Tabauya 1
JlonyuieHus 1o 3Ha4YeHusIM IJ1yOuH aedexToB
Ne n/n Tun nedexra Jonmymenune

1 TpeumnooOpa3subie 1edeKTh CkBO3HOH nedeKT, MOITOMY INIyOHHA @ COOTBETCTBYET TOJIIMHE CTCHKH

(TpemuHa, oapes) S KOHTPOIHPYEMOro 00beKTa
2 ITopsl, cKOTICHHUS TTOP Hecmnonrocts nMeeT chepuieckyro Gopmy, mosromy riryouHa nedekra

a paBHa IIUPHHE (IUAMETPY)
3 Henposap B xopHe 11Ba CkBO3HOH ne(eKT, MOITOMY INIyOMHA @ COOTBETCTBYET TOJIIIMHE CTCHKU

S KOHTPOJIMPYEMOTO 00bEKTa
4 BoruyTocTth KOpHS 1mIBa 3HaueHus TITyOUHBI @ TPUHATHL B COOTBETCTBHU C TaOJIMYHBIMH 3HAUe-

HUSMH OIHPUHBI HECIUIOMIHOCTHU B cooTBeTcTBrH ¢ [ITHAD I'-10-032-927

5 [InakoBBIC BKIIFOYCHUS HecmnomHocts Meet chepudeckyro ¢opmy, riayOuHa nedekra paBHA
IUPUHE (IUaMeTpy)

5> MP 125-02-95. TlpaBuia COCTAaBIEHHSs PACUETHBIX CXEM M ONPEAEIIEHHUE APAMETPOB HAIPYKEHHOCTH DIEMEHTOB KOHCTPYKIUM
C BBIIBJIICHHBIMH fedexkramu. M., 1995.

¢ PIT 20 1.1.2.05.0330-2012. PyKOBOICTBO 1O pacyeTy Ha MPOYHOCTH 0OOPYIOBaHHS M TPYOOIIPOBOIOB PEAKTOPHBIX yCTaHOBOK PEMK,
BBOP u OI'Tl Ha cTaguu SKCIUTyaTaliy, BKIFOYas SKCILTyaTalHIo 3a IpeieslaMy IIPOEKTHOTO cpoka ciry»k0bl. M.: Pocaneproarom, 2012.

7 TIHAD T'-10-032-92. TIpaBuia KOHTPOJIS CBAPHBIX COSAMHEHMH HIIEMEHTOB JIOKATM3YIOIMX CHCTEM GE30MaCHOCTH aTOMHBIX CTAHIIHH.
M.: HTII SIPB, 2000.
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Table 1
Assumptions on the values of defect depths
No. Type of defect Assumption

1 Crack-like defects (crack, undercut) Through defect, so the depth a corresponds to the wall thickness S of
the controlled object

2 Pores, clusters of pores The discontinuity has a spherical shape, so the depth of the defect a is
equal to the width (diameter)

3 Incomplete root penetration Through defect, so the depth a corresponds to the wall thickness S of
the controlled object

4 Concavity of the suture root The values of the depth a are taken in accordance with the table values of
the width of the discontinuity in accordance with PNAE G-10-032-92

5 Slag inclusions The discontinuity has a spherical shape, the depth of the defect is equal to

the width (diameter)

st 06padoTku pe3ynbTatoB Y 3K ncnonp30BaHbl clenyrone KOHCEPBATUBHBIC TOMYIICHHUS:

— HPOTSDKEHHBIE Ae€(EKThI, 10 KOTOPHIM M3BECTHBI IapaMeTphl NPOTSHKEHHOCTH U IIIomanu nedexra,
MIPEJICTABIIAIOTCA B BUJE JJUTUIICA;

— KOMIIaKTHBIE JIe(EeKTHI, IO KOTOPBIM W3BECTEH TOJILKO OJUH MapameTp — Iiouans aedekra, mpeacras-
JSIFOTCA B BUIE KpyTa.

Yka3aHHbIE IPUHIUIBI U JOMYIIEHUS K 00pabOTKe pe3ylbTaTOB Hepa3pyLIAroIIero KOHTPOIIS O3BOISIOT
OTIPEeNeNIUTh HEOOXOANMBIC XapaKTEPUCTUKU AJISl CUCTEMAaTHU3allii UCXOAHBIX JaHHBIX, MOJyYEHHBIX Pa3HBIMH
meroaamu HK, n hopmupoBanus GpyHkuun pacnpenencHus e(eKkToB 1Mo pazmepam, HeOOXOIUMOH A1 aHaIn3a
BEPOSITHOCTH CYILIECTBOBAaHMS OCTaTOUHBIX I€(PEKTOB.

Pe3yabTaThl U 00CYXKIeHUE
Kpumepuii pazeumusn mpewjun no CueHapuio «meub nepeod pa3pyuieHuem»

JedexTrl moapacTaroT Mo BO3AEHCTBHEM IIMKIMYECKUX Harpy30K, U UX IIOJPOCT MOKET IIPUBECTH K pas-
JUYHBIM pe3ynbTataM. st ynporieHus MHOrooOpas3usi BO3MOKHBIX BaPHAaHTOB POCTa MPEICTaBUM 00Iee Ha-
npaBjeHue pocTa AeeKTOB MpAMOW JTMHKEH, peanoaras, 4To OObeKT HAXOJUTCS B MPOEKTHBIX YCIOBHAX Ha-
rpyxenus. Ha puc. 1 npencrasnena nuarpamMma pasmepos aedexros. Ha auarpamMme mo ocsiM OTKIagbIBAIOTCS
nyOuHa W AnuHa TpeimuH. Poct nedekra Ha pUcyHKe MOKa3aH CTpenkoi. TpelyHa MOXET pacTH B INIyOHHY,
TOTJa MOSIBUTCSI CKBO3HAs TPEIIMHA, Yepe3 KOTOPYIO MOMAET Teub, a MOXKET pacTH B KOJBLEBOM HalpaBICHUH,
HE JIOCTHUrasi CKBO3HOU riryOuHbI. Bo BTOpOoM citydae B onpene’eHHbI MOMEHT MOXET HacTaTh MTHOBEHHOE pa3-
pyLIeHHE KOHCTPYKIUH — pa3pylLieHue 0e3 TeUH.

Paznenum cxemMaTu4HO AuarpamMMmy pa3MepoB JeeKTOB Ha 00IaCTH, KOTOPbIE MOTYT ONPENEIUTh CIICHA-
puu noapocta aedekros (puc. 1). dedext, Haxomsmuiicsa B obxacti | BeposiTHee Bcero mpuBeIeT K CLEHAPHIO
TIIP. dedext, Haxomsmmuiics B oomactu 11, moxxet nmpuBectn k TIIP, a moxeT — k PBT. Jledekr, Haxomsammumiics B
obmactu III, npuBenet k PbT, Tak kak HOCTUTHYTh TTyOMHBI, PABHOM TOJIIIMHE CTEHKH, OH YK€ He MoxeT. Jle-
¢exToB B 06nactu IV cymecTBoBaTh HE MOKET, IOTOMY YTO 3TO 30HA Pa3pyIICHUS.

Hcxonst U3 BBILIEONHCAaHHBIX COOOPKEHHUIA, MOYKHO IOTYYUTh KPUTEPHH Pa3BUTHS TPEIIMH 1o cueHapuio TIIP:

d_a > S—a; dc

— npuc; < ¢ 1
dN ~ ¢p—ci dN PUCi = Cips 1)

TZie a; ¥ ¢; — NIyOuHa U JUIMHA TPELIUHBI 10 Pe3yJIbTaTaM KOHTPOJIS.

Ecnn xputepuii BHIMONHAETCS, TO pocT Tpenmubl npusenet K TIIP, unaye k PBT. Ciyuait mpu ¢; > ¢,
Bceraa npuseneT B PBT. Mcxons m3 KOHCEpBAaTHBHBIX IPEITOIOKCHIH, Tajee OyIeM paccCMaTpHUBaTh B Kade-
ctBe obnactu PBT o6nactu mnedexros 11 u I11.

3oHa IV — 3T0 30Ha pa3pylIeHUs TPEIIMH, ONpenenseMas N0 KpUTHUECKUM pa3MepaM TPELUH COTTIacHO
KpUTEPHUAM IPOIHOCTH 0e3 yueTa Kod¢HUIINESHTOB 3armaca.

Kpurepuit TIIP-PBT — omnpenensier rpaHuily nepexoja MOTCHIMAIBHBIX (BEPOSTHOCTHBIX) Ae()EKTOB K
pasnmanbiM ucxogam: TIIP wmu PBT. 'panuna obmacreit TIIP u PBT, mpoxonsmniyto ¢ Touku (cgy, @) A0 TOUKH
(Ckps S), ONACHIBAETCS BUIOM
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S—a
a=—2>c+S—
CKp_CO CKp_CO

S—
%o Cip- (2)

HJ’IH OMMpEACICHNUA KPUTUYCCKUX PA3SMEPOB ,[[Cq)CKTOB B MCTAIC O60py,[[OBaHI/I$I u pr6OHpOBOI[OB BO
BpEMs OKCILTyaTallun ADC HCIIOJIB3YIOTCA METOAbI, OCHOBAHHBIC HAa JOCTUXXCHHUU KOHCprKHHGﬁ IpeaACIbHOTO

cocTostHHSA (TIpeferna BA3KOCTH pa3pyLIeHUs WA JPYTUX MPEeAeTbHBIX COCTOSHHMN).

s ) i
Py r’ p"’es» [C”tzca1 v
B VA B A P
Y | & Siza
, | Pasy,
I " pemHHBI
i3 |
S / / \ ‘
g 2 | \ \\
[ @ W) N \
oy / o\
2 - | .\ PBT [Break without leak]
[} |
G / 1
II /
[ ] [
0 Crp R

JUInHa TPemuHsI ¢
[Length of the crack c]

Puc. 1. Ob6nactu pa3mMepoB IeEKTOB Ha THArpaMMe pa3MepoB:
1 —poct tpeuuH npusenet k TIIP; /1 — poct Tpewmn Moxer npusectu k TTIP, a moxer — x PBT;
11T — pocrt tpeuun npusezet k PBT; IV — pa3pymenue
Figure 1. Defect areas in the defect size chart:
I — crack growth will lead to the LBB; I7 — crack growth can lead to LBB, and maybe to break without leak;
111 — crack growth will lead to break without leak; /V — break

TpemuHbl MOTYT pa3BUBaThCA B PA3NMYHBIX HAMpPaBIIEHUAX, MMOAITOMY IJIS OOECIEYEHMs MPUMEHEHUS
KOHLICIIMN «Te4b Tepell pa3pyLIeHHEM» BO3HHKAeT HEOOXOIUMOCTh ONpEAETICHUS! BEPOSTHOCTH BO3HHKHOBE-
Hust coobrTust PBT. [lns aToro HeoOxoaumo mepeitu K 1e()eKTHOCTH W, COOTBETCTBEHHO, K BEPOATHOCTHOM TIO-

CTaHOBKE 3aJ1auH.
Onpeoenenue 6eposmuocmu pa3pyuieHus 6e3 603HUKHOGEHUA meuu
BBenem pssi BaXXHBIX ONIPEACIICHUI:

— neeKTHOCTh — COBOKYITHOCTb Jie(peKTOB B 000pYJOBAaHHH WIIM TPYOOIPOBOAE;
— ucxoaHas aeeKkTHOCTh Ny, — COAEPKUTCS B KOHCTPYKIUH 110CIIE U3TOTOBICHUS 10 IIEPBOTO KOHTPOJIS

U PEMOHTA;
— oOHapysxeHHas1 1eeKTHOCTh Ny, — COBOKYMHOCTbH Ae(EKTOB CTPYKTYpBI MeTaia, KoTopas Obiia 00-

Hapy)KeHa B pe3yJbTaTe Hepa3pyLIarolero KOHTPoJs;
— octato4yHas AeeKTHOCTb Nycr — COOEPIKUTCS B KOHCTPYKIUH [IOCIEe KOHTPOJIS U PEMOHTA.

OyHkmo 00HApYKEHHBIX NePeKTOB Ny, (@), ¢ OJJHON CTOPOHBI, MOKHO TIOCTPOUTH UCXOJS U3 PE3yiib-
TATOB HEPA3PYLIAIONIEr0 KOHTPOIsL, C JIPYrOi CTOPOHBI, MOKHO MPEICTABUTE TIPOU3BEAECHUEM (YHKIIMH UCXOI-
Hoit tedexTHOCTH N,y (@) HA QyHKIMIO BepoATHOCTH 0OHapyxkenus aedektos F(a, c) [12-14]:

Nogy (a,c) = Nucx(a: c) F(a, c), 3)

rae F(a, c) — GpyHKIwms BepOsITHOCTH OOHApYKEHHUS Ie(DeKTOB B 3aBHCUMOCTH OT Pa3MepOB TPCUIUHbI TTTyOHHBI @

Y JUIMHBI ¢ uMeeT Bun [14—15]

F(a, C) = 1 — e_a(a_ao)_B(C_CO)’ (4)
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rac ag, Cop — rpaHUYHBIC HAMMCHBIINWE Pa3MEPbI BBIABIACMOTO z[e(beKTa, 3aBUCAIUC OT YyBCTBUTCIIbBHOCTHU METO-
Jla KOHTPOJIS, MM; Q, 3 — KO3 (DUIMECHTHI, YYUTHIBAIOIINE BIUSHUE YEIOBEUECKOTO (DakTopa, mpruOOpPHO-METO M-
YeCKUX HEJOCTATKOB MIIM CIIOKHOCTH JOCTYHA K MECTY KOHTPOJIS, MM .

OcraTounyio AePeKTHOCTH N, MOKHO ONPEIETUTH IO (hopMyIIe

NOCT(ar C) = Nucx(a' C) - NQBH (a' C)- (5)

[Mox ncxomHOM NeheKTHOCTRIO TOHUMAETCS 3aBHCUMOCTh KOJTMYecTBa Ne()eKTOB OT UX pa3Mepa, HaXo.s-
mmxest B Matepuane 11 0 < a <Su 0 <c <L, tme S — TommuHAa CTeHKH, a L = ™ R — monyinHa cedeHus
TpyOomnpoBoa.

[Moacrasnss (3) u (4) B (5), momydaem

NOCT(a» c) = Nncx(ar C)(l — F(a, C)) (6)

VYpaeuenue (6) crpaBeayiuBo s obnacty, rae F > 0. Drta o0nacTh onpenessieTcs 4yBCTBUTEIBHOCTHIO
METOJ1a KOHTPOJISL.

B o0rieM ciiydae MOXHO YTBEPIKIATh, YTO YHUCIIO Je(EKTOB B KOHCTPYKIIUU YMEHBIIIACTCS C YBETHICHUEM
ux pasmepoB. Takyro 3aBUCUMOCTb N, ., OT pa3MepoB JedeKTa MOKHO OIUCATh BUIOM

Nyx(a,c) = Aa™"c™™, @)

rae A, n 1 m — k03QHUIHESHTHI AMTPOKCUMAIINH, KOTOPBIC B OOIIEM CITydae 3aBUCAT OT TEXHOJIOTHU.
[MoncraBuB BeIpakenus (4) u (6) B (7), nomyyaem

NOCT (a: C) = (Aa_nC_m) e_a(a_ao)_B(C—Co)' (8)

HewnsBectHbie mocTosHHBIE A, B, N ¥ 1M MOKHO ONPEIENIUTh M0 3aBUCUMOCTH /Il 0OHAPYKEHHOU nedeKT-
HOCTH, ONIPEJICIIEHHON KaK OTH0aroIas THCTOTPaMMEBI PE3yJIbTaTOB HEPa3pyIIAIOIero KOHTPOIISL.

Bregem ¢GyHKITHIO BEpOSTHOCTH CyIIeCTBOBaHUS NedexTa pazmepoM aq < a < a, U ¢; < ¢ < ¢y Cleay-
IOLIUM 00pa3oMm:

fcz 2 Nocr(a,c)dadc
Pla; <a<ayc <c<cy)=—"3- :
fCO fao Nocer(a,c)dadc

©)

I'panuua TTIP

[Boundary of
the LBB area]

[yGuHa TpenmHs a/S
[Depth of the crack]

O6macts PET
[Area of break without leak]

¢ - s
oR bes JImiHA TPEmHHE ¢/R=¢ 3

[Length of the crack e/R=g]

Puc. 2. O6nacts nedexToB, KoTopele MOryT npuBecTd K PBT
Figure 2. The area of defects that can lead to destruction without leakage
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Torma, 9ToOBI ONPENETNTh BEPOSTHOCTD HANMYHUS TPEUTNH, pa3BuBaronuxcs mo npuaiuny PBT, Heobxo-
MO HAWTH MHTErpal B YHCIHUTENE BhIpakeHUs (9) 1o BBIAEICHHOW 00JacTH Ha pHc. 2 — YTOYHEHHAas! 00JIacTh
PBT, ompenensiemMast o KOHCEpBaTUBHBIM COOOPAKEHUSIM, OITMCAHHBIM BBIIIIE.

To ectb BepositHOCTh PBT MOXKHO mOIyduTh 110 hopmyte

ﬂa'CEDPBT Nocr(a,c)dadc

R S y
f:) faONucx(a,c)dadc

(10)

Ppgr(a, c € Dpgr) =

rae Dpgr — 00macTh HaTU9Hsl TPEITHH, pa3BuBaromuxcs mo npuanuny PBT.
Moncrasmsist (8) B (10), momydaem GhopMysty Ui BEPOITHOCTH HAUYMWS TPEUIMH, KOTOPBIE MOTYT IIpHBe-
cru k PBT:

a "¢ e PCdadc

ffa ceDpgy n,.-m aa—fc

- . 11
chO aso a~nc—me~a—Bc dadc (1

Ppgr(a, c € Dpgr) =

Haitnernas mo ¢opmyine (11) BEpOITHOCTH ONpeeiseT BEPOATHOCTh HAIMYUS TPEITUH B BBIICICHHON
obnactu Ha puc. 2. Paznenus o6nacte Dpgp JUISI HHTETPUPOBAHUS W ONPE/CIIMB TPAHUIBI 00JIACTH, BhIpaXKe-
Hue (11) MoXxHO 3anucaTh B BUIE

Sk ffTHP(C) aMcT™m e‘“a‘ﬁcdadc+fCLKp fip(©) g=no—m g—aa-Beggqc

co “ag ao
P, a,ceD = 12
piT( p5T) TR (S ni—me—aa—Be dade ’ (12)

c0 "90

TI€ Cyp = QypR — KPUTHYECKUI pa3Mep TPELIMHbI, BBIYUCIAEMBIH [0 Pa3IMYHbIM METOAMKAM ONPEACIICHHS [0-
IyCKaeMBIX pa3MepoB neekToB B MeTamie (Hampumep, mo M-02-91%); L = m R — monymmuHa cedeHus Tpy6o-

S— S— S@wR
nposoa; fryp(c) = "Sc+S - a2 Cxp — Tpanuma obmactu TIIP; fi,(c) = ‘P:p
0

Ckp—Co Cp—

— rpaHuIa 06JacTu Kpu-
THYECKUX PasMEPOB.
Pacuem seposamnocmu paspywienun

TpeurrHb! pacTyT NpU TPUIOKESHUH TTOCTOSTHHOTO MITH M3MEHSIOMIETOCS BO BpEMEHH HArPy>KeHUS M MOTYT
OBITH Pa3BUBAIOIINMHUCS U HEpa3BUBaOMMMICS. [I[poYHOCTE MaTepraoB P MOBTOPHO-TIEPEMEHHOM Harpyxe-
HHUH BO MHOI'OM 3aBHCHUT OT XapaKTEpa U3MCHCHUSA HaHpH)I(eHI/Iﬁ BO BpEMCHH, OT HGpPIOI[H‘ICCKOfI Harpysku. Ile-
pUoaMYecKas Harpyska — IepeMeHHasi Harpy3ka ¢ YCTaHOBUBIIMIMCS BO BPEMEHH XapaKTepoM M3MEHEHHs, 3Ha-
YeHHsI KOTOPOU MOBTOPSIFOTCS Yepe3 ONpeAesIeHHBIN MPOMEKYTOK (TIEpHO]]) BpEMEHH.

Poct TPCUIUHBI B YCIIOBUAX peaJII)HOﬁ OKCILTyaTallui MOXKET OKOHYUTHCA JOCTHIKCHUEM CHO KPUTHYCCKUX
pa3MepoB, MOCIE Yero TPEIMHA ePEXOUT B CTAIUI0 OBICTPOrO HEYCTOMYHUBOTO PAa3BUTHS, KOTOPAsk MOKET BhI-
3BaTh OKOHYATEIILHOE pa3pylIeHne KOHCTPYKIuH [1].

Junsa onpenenenust 0€30MacHO SKCIUTyaTaIllil B pecypca He0OXOIUMO OTIpeIeNsTh KPUTHIECKHE pa3Mephl
tpemuH. [Ipennonaras cymecTBoBanue nomycTumoro aedekra B OuT, MOKHO ONpeAeTuTh BpeMst 0€30MacHOro
pocTa TPEIUHBI IO KPUTHIECKOTO 3HAUSHUS.

Lenpro pacueTa KHHETUKH TPEIIMHEI SABIISETCS OMpeelieHHe MOIPOCTa €€ pa3MepoB IPH 3aJaHHBIX K-
JIMYCCKUX HArPyKECHUAX.

OnpenennuM KOJWYECTBO UKIIOB, 32 KOTOPOE TPEIIMHA MOXKET BBIPACTH OT HAYAJIBHOTO JO KPUTUUYECKO-
ro pa3Mepa, TO eCTh J0 pa3Mmepa, npu koropom Hactynut PBT. [l 3Toro HeoOX0AMMO ONpEeaeTUTh Hadallb-
HBIM pa3Mep TPEIIMHbI, HAalpaBJIeHUE ee pocTa U KpuTHueckuii pasmep. Kak Oplo moka3aHo Ha puc. 1 Tpemu-
Hbl MOTYT Pa3BUBAThCs B TIyOWHY, TO €CTh IO HampaslieHuto ciieHapus TIIP, a MOTyT pa3BUBAaThCS MO Ha-
npasnenuto PBT.

Bri6epem HauanpHyO TpeniuHy u3 obmactu Il Ha puc. 2 ¢ pasMepamMu A,y U Cyay. PAaCCMOTpPHUM cTydaid
MOAPOCTA TPEIIMHBI IO HAMIPaBJICHUIO (HapuMep, 0003HAYCHO CTPEIKON Ha puc. 2):

8 M-02-91. MeTozuka onpeie/eHus 0MyCcKaeMbIX Ae()EKTOB B MeTaule 000pyI0BaHMUs M TPyOOIPOBOIOB BO BPEMS SKCILTyaTa-
uun ADC. M., 1991.
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<= f(o). (13)

Hatinem xonmaecTBO nnkioB N; I OTHEIBHOTO i-TO peXUMa HArpy>KEHUSs, 32 KOTOPOe TPEIIUHA Topac-
TET OT HAYaIBHOTO JIO KPUTHYECKOTO pazMepa. Bocmomszyemcst ypaBHeHueM [Iapuca, 3amucaHHOro ¢ ydeToM
aCUMMETPHUH IUKIIOB Harpy>KEeHUS,

AKp \™
aa _ |c, (ﬁ) npu Ky, < K; < Kre, 14)

N 0 npu K; < Ky,

rae Cop u m — XxapakTepUCTUKU MaTepraa, 3aBUCAIINE OT YCIOBUM HarpyXKeHus (TeMIiepaTypsl, padoueil cpeabl,
YacTOTHI IIUKJIOB U T. 1.); R — K03 (HUIIHEHT acCHMMETpUH LKA Harpyxceﬂmr K, — moporoBoe 3HaueHHE KO-
> urmenta nuTeHCUBHOCTH Hanpsukenus Ky, = K5, (1 — 0,7R), rae K, = 6,5 MITaym mpu T < 450 °C’; Ksc —
KPUTHYECKOE 3HaueHHe KOod3((UIMEHTa HHTEHCUBHOCTH HAIPSDKEHUI MPU IUKIMYECKOM HArpy>XeHUH, Olpese-
JIEMO€ B 3aBUCUMOCTH OT Marepuana. Jlns GonbmuHeTsa craseii Kqe < Kj¢ [16].

[Tonaras

AK; = YAovma, (15)
u3 BeIpakeHus (14), pa3genss nepeMeHHbIC U UHTETPUPYS JICBYIO U MPaBbIC YaCTH YPABHEHUS, YUUTHIBAs KOA(-

¢uIMeHT 3amaca Ha KOJMYECTBO MHUKIIOB Ny, MOXKHO JJISl OTJAENBHOTO i-TO PEKMMa HaTrPYKEHHS TOYIUTh KOJH-
YEeCTBO ITMKJIOB, Yepe3 KOTOPOe TpemmHa MoxeT nopactu 10 PBT mo 3amannomy Hampasiaeruto (13):

m
1-  1—
2 2
1 Ayp ~ ~Ayay
N; = £ 16
t c (YAoi\/E>m 1—% ’ (16)
W So\TATR;

rae Y — reomerpuueckuii K03 UIHMEHT, KOTOPBIH MPUHUMAETCS TIOCTOSHHON BEIMYMHON; I — TIOPSIKOBBIA HO-

Mep pPeKHMMa HarpyKeHus; Ac — pasmax HANPSKEHUH, NEUCTBYIOIIMX [PH i-M PEKUME HATPYKEHUS; Ay, — TIIy-
OuHa TpemuHsbl nocie N; HUKIOB HarpyxeHus; N; — KOTHYECTBO LUKIOB Harpy>KEHUs! AJIsl ONIPEAeNICHHOTO i-TO
PEeKUMa IKCIUTyaTaluu.

Haiinem HauanpHylo rinyOuHy nedexTa, mpH KOTOPOH 3a U3BECTHOE KOJMYECTBO LUKIOB N; TpeluHa J0-
pocia 10 KpUTHYECKOT O 3HAaUYEHUSI.

W3 Beipaxenwns (16) MOKHO MOTYYHUTH

oo =l ~ Sl (225) " (1-), )

Te 7 — KOIUYECTBO PEKUMOB IKCILTyaTaIlUH.
Hcronp3ys morydeHHOE 3HAUYCHUE (.4, MOKHO HAWTH IO 3aJJaHHOMY HarpaBieHHUIo pocta (13) 3HadeHHe
(Ppay Y BBIYMCIUTH BEPOSITHOCTD HAUYHS TPEIuH B Ou3koit k PBT obnacTu:

ckp frrp(c) a~Mc~m g—aa—Bc fxp(©) a~Nc—m g—aa—Bc

P _ fcl ffﬂal{ (© ¢ € dadc+fcl<p ffﬂa‘{(c) € dadc (18)
PET.N f o S g nc-m e-aa-Begadc ’
rae
S-ap S—-ag 24 S—ag
-S+
_ CKp—COCKp J( Cxp—Co Cyp)?+ CKp_CoaHa‘l(pHa‘{. 19
Cl - 2 S— ap 2 ( )
Cxp—C€o

AyayR
fruau(€) = "“f(p““ — rpaHuIa 00JacTH HAaYaIbHBIX Pa3MEPOB.

°TOCT P 58328-2018. Tpy6GOmpOBOIBI aTOMHBIX CTaHImi. KoHuenmms «Teds nepen paspymernem». M.: Cranpaprundopm, 2018. 49 c.
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Py 1moKa3bIBaeT BEpOATHOCTh pa3pyLICHUs COCYyJa WX TPyOOIpOBOAA AaBlIeHUs 0€3 Teud yepe3 U3BecCT-
HO€ KOJINYECTBO LUKIOB N. AHAJOTMYHO MOXKHO IMOJYYUTh BepoATHOCTh Bo3HMKHOBeHHUs TIIP 3a u3BecTHOE
KOJIMYECTBO IUKIIOB.

Onpeodenenue 0onyckaemulx 3Ha4eHUil 6ePOAMHOCIU PA3PyuieH A

Jlonyckaemasi BEJIMUMHA BepoATHOCTH paspymenus OuT [P] ycranaBaMBaeTcs B 3aBUCUMOCTH OT TaKUX
(hakTOpOB, KaK BEIIMYMHA yIIepOa, KOTOPBIH MOXKET HACTYIHTh B CIIy4ae pa3pylICHHS, COIIMAIbHAS 3HAYMMOCTh
CHUCTEMBI U CPOK €€ 3KCIuryaTauuu [17].

B gactHOCTH, MeXmyHapoaHO# HaydHO-HH(DOPMAITMOHHON accormanueit ctpoutensHon nHIycTpun (CIRIA —
Construction Industry Research and Information Association) /isi CJIOXKHBIX WH)KEHEPHBIX COOPYXKEHHM (ILI0-
THH, MOCTOB, IETb(QOBHIX TIATGPOPM) NPUHATA CleAyIomas (opMya IJisi OLEHKU NpeAeiIbHO TOMyCTUMOH pac-
YETHOW BEPOSITHOCTH Pa3pyIICHUs CHCTEMBI:

_107%&¢

[P] - Lkyr s (20)

T/ie { — pacueTHBIN CPOK HKCIUTyaTallui CUCTEMBI; L — cpeiHee KOIMYECTBO JIF0/IeH, KOTOpbIe MOTYT IOTHOHYThH B
cllydae pa3pyIIeHHs CUCTEMBI; Kyp — KO3()(OUINCHT, YIUTHIBAIONINN pa3pyIIeHHs, CBI3aHHBIC C YEJIOBEUSCKUM
¢daxTopoM (00BIYHO MPUHUMAIOT kyr = 10); & — K03QPUIMEHT conManbHOM 3HAYUMOCTH CUCTEMBI (TabI. 2).

Tabnuya 2
Ko>¢ppuuueHT conmaabHOli 3HAYUMOCTH JJIsl PA3JIHYHBIX THIIOB TEXHHYECKUX CUCTEM
Tum cucteMbl ¢
OOBEKTH MACCOBOTO CKOILICHUS JIIOIeH 0,005
ILnoTHHBI 0,005
JKwunble 3panus1, 0opUCHBIC IICHTPBI, IPOMBIIIICHHBIC 00BEKTHI 0,05
MocTsl 0,5
BypoBble BhIIIKY, MIENb()OBBIC YCTAHOBKU 5
Table 2

Coefficient of social significance for various types of technical systems

System type 3
Objects of mass congestion of people 0,005
Dams 0,005
Residential buildings, office centers, industrial facilities 0,05
Bridges 0,5
Drilling rigs, offshore installations 5

HanexxHOCTh B 0€30MacHOCTh CUMTAETCSl 00CCIICYCHHOM, ecly B JTF000H MOMEHT paccMaTpHUBaeMoOro Bpe-
MCHHU BBITIOJIHACTCA YCIIOBUEC

P <[P]. 21

Taxum 06pa3om, BenmunHa [P] 06bIYHO OKa3sIBaeTCs B guanaszone oT 107 1o 1075,
Ilpumep pacuema eepoammuocmu paspyutenus 6e3 603HUKHOBEHUA Mmeyl

s pacivpenus ycinoBui npuMmeneHus: konnenmnuu TIIP Ha TpyOOnpoBosl BTOPOTO KOHTYpa M Harjsii-
HOW JleMOoHcTpanuu pacdera BeposatHoctd PBT paccMoTpum mpuMep Ha oCHOBE TPyOOITPOBOIOB MHUTATEIHHOMN
BOJIBI C YCIIOBHBIM mraMeTpoM DN = 28 MM M TOJIIIIHHON CTCHKH S = 3 MM.

Jis onpe/ieNieHnst KpUTUYECKUX Pa3MepoB JIeeKTOB BOCTIONb3yeMcs: MeToaukoit M-02-91, koropas mo3-
BOJIICT OMPEACITUTh AUarpaMMy KPUTUIECKUX Pa3MepOB TPEIINH, HCITONB3Ysl MUHUMAIIEHOE KOJTMIeCTBO UCXOJI-
HBIX TaHHBIX (TIpeJIeN TEKy9eCTH, MpeIeN MPOYHOCTH, ASHCTBYIOINE HATPSHKEHHS HA TPEIINHY ).
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,Z[J'IS[ MUIMHIAPUYICCKUX 000IT04YeK C HECINIOIIHOCTAMHU, OPUCHTUPOBAHHBIMU B KOJIBIIEBOM HAaIIpaBJICHUH,
HCIIOJIB3YIOT 3aBUCUMOCTHU

op = =RE[2siny — nala/S]c sin(nglela)] (22)
raue
y =2 [r = nala/slenglole - n %] 23)

KOO GUIMEHTBI 3amaca MIPOYHOCTH N, U N NPU PACUETAX KPUTHYECKUX PA3MEPOB TPEUIUH MPUHUMAIOT PaB-
HBIMH 1; ¢ — NOJIOBUHA JUIMHBI TPELWMHBL; R — paguyc TpyObl; S — TOJNIIMHA CTEHKH, @ — INIyOMHA TPEIIUHBI;
R — xpurtepuit npounoctu; o,, — oblMe MeMOpaHHbIE HANpPSKEHUS, AEHCTBYIONINE HA PA3BUTHE TPEIIUHEL;
Rg o, — IPCHIEN TCKY4CCTH TIPU PACYCTHON TEMIIEPATypPe; Op — OOLIME H3THOHbIC HANPSDKCHUS, (@ = % .
PaccmoTpum nunmmHAprYecKre 000JI0UKH ¢ HECIUIOITHOCTSIMH, OPHEHTHPOBAHHBIMH B KOJIBIICBOM HaIpaB-

JIeHWH, ¥ Tipeodpasyem (22) u (23). st onpeaesieHuss KpUTHISCKOTO pa3Mepa TPEIIHHEI TT0 TSUH TPUMEM % =1

un, =1,n, =1, noay4num ypaBHEHHE JUIs ONIPEIEIECHHUS KPUTHYECKOTO Pa3Mepa JUTMHbI TPEIHHBIL:

T Op
—— = 2coSs
2 RE (

e 4 T~ Sin Q. (24)

I[J'IH HaXO0XJICHUA (pr H606X0)II/IMO onpeaAciInTb Oy, Op, R; B COOTBCTCTBUU C HOpMaMU pacyeTa Ha MpoU-
HOCTB 060PYI0BaHMS U TPYOOIPOBOIOB ATOMHBIX SHEPTeTHUECKHMX YCTAHOBOK. RE ompeensercs o popmyie

RE=12-R} ., (25)

rae RrT, 0,z MOXKHO OTIPEEUTE NCXO/ U3 MAPKH CTaJIM MIIM CTLIaBa, COPTAMEHTA M TEMIIEPATyphl SKCILTyaTalllH B

cootBercTBuu Tabimueii [11.1 Hopm pacuera Ha mpoyHOCTE 000pYJOBaHMS H TPYOOIIPOBOJOB aTOMHBIX 3HEpPTeE-
THYECKHX YCTAHOBOK .

Jlnist onipesieNieHnst HalpsDKEHUH Oy, U Op HCIOIB3yeM MaKCHMAJBHO JIOMTyCTUMBIE 3HAYCHHST HAPSHKCHUH
ucxons u3 Tpedosanuii [THAD I'-7-002—86. [ToxcTaBUB MOJNTyYeHHBIE 3HAYEHHS Oy, Op, R- B ypaBHEHHE U pe-
IIKUB YpaBHEHHUE (24), MOKHO HAUTH 3HAUECHUS Py, IS PA3HBIX PEKUMOB dKCIUTyaTaiuu (Tab. 3).

Tabnuya 3
Pe3yabTaTsl BbIYNCIEeHHIT KPUTHYECKOTO 3HAYEHHS IJIHHBI TPEUINHbI
Mokasaren, ex. wam. O enyara - nemtamn Saryoun.
Kpurepuii npounoctu R%, MIla 2232 2232 2232
OO6ure MeMOpaHHBIEe HANIPSDKEHUS O, MIla 65,5 88,4 78,6
OO6uue n3rubHbIe HaNpsDKeHus oy, Mlla 112 134,3 131
Kputnieckoe 3HaueHUE IIMHBL TPEIMHBI 0,88 0,67 0,73
Table 3
Results of calculations of the critical value of the crack length
Parameter, units Normal operating conditions  Hydraulic test Emergency condition
Strength criterion R%, MPa 2232 2232 2232
General membrane stresses o,,,, MPa 65,5 88,4 78,6
General bending stresses 65, MPa 112 134,3 131
Critical value of the crack length @, 0,88 0,67 0,73

10 TIHAD I'-7-002-86. HopMbl pacueTa Ha POYHOCTH 0OOPYA0BaHUS H TPYOONPOBOIOB ATOMHBIX SHEPIETHIECKHMX YCTAHOBOK.
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AC

Kp > noJIy4yum

Hcnone3ys 3HAUCHUE @
D,fpc = 196 MM2, (26)

Jns ompenencHus oOHapyXCHHOW NEPEKTHOCTH PACCMOTPHUM JIaHHBIC Paanorpaduueckoro KOHTPOIS
TpyOOIIPOBOIOB TUTATEIHHON BOJIBI C YCIIOBHBIM JUaMETPOM 28 MM U TOJIIHWHOW CTEHKH 3 MM. M3 TaHHBIX KOH-
TPOJIT MBI MOYKEM TIOIYYUTH TIIYOWHY W JUTMHY HECIIOITHOCTH, MCIIONB3Ys KOHCEPBATUBHEIC IPEIITOIOKCHIS,
omnucaHHbIe B pazneie «VIcXomHble JaHHbBIE U CIIOCOOBI UX 00Pa0OTKM.

[IpoBenem ammpokcUMAaIUio TUCTOTPAMMEI paclpeieNICHHs KOJHYECTBA TPEIIUH B 3aBUCUIMOCTH OT JITHHEI
1 TITyOWHBI Ae()eKTa TOBEPXHOCTHIO B BUIIE

Nygu(a, c) = Aa™mc™™ (1 — e~ @-a0)=Bc=co)), (27)

Hcnone3ys pe3ynbTaThl, MOMYyYSHHBIC TIO OMpPEeTeHNnI0 K03 (UIMEHTa, YIUTHIBAIONIETO BIUSHUE YeJ0-
BEUYECKOro (pakropa, MPHOOPHO-METOMYECKUX HEIOCTATKOB WIIM CJIOHOCTH JIOCTYIIa K MECTY KOHTPOJIS, Jis 00ec-
niedeHus BoIsiBIeHHS 70 % 0T 00IIIero KoJIrm4ecTBa HECIUIONIHOCTEH B MeTalIe, olydaeM Kod(hGUITUEHTHI, Onpe-
TIETIIONTHE 0COOCHHOCTH TTPOBEIeHUS KOHTpos [18]:

[o] = 2_1: ~ 1,142, (28)
3,197
[B] = 7= =~ 0,073, (29)

rae S — TONIIWHA CTEHKH, L — MONyUIMHA MOTIEPEYHOTO CeUeHHs TpyOomnpoBonaa; ag= 0,2 MM 1 ¢p= 0,2 MM —
OTIPEAETISAIOTCS YyBCTBUTEIHHOCTHIO IPUOOPOB, UCTIOIB3YEMbIX IIPH KOHTPOJIE.
Pe3ynbTaThl anmpoKCUMAITUU IPEICTABICHBI HA PHC. 3.

KoImMuecTBO TPELHH, IIT
[Number of cracks, pcs]

JUINHA TPEILUHEL ¢, MM
[Length of the crack ¢, mm]

Puc. 3. Tucrorpamma pacrpe/ielicHUsI KOIMYEeCTBa TPEIINH B 3aBUCHMOCTH OT JUIMHBI U TIIyOUHBI TPEIHHBI
Figure 3. Distribution of the number of cracks depending on the length and depth of the cracks

Ilo pe3ynbraram anmpokcUMaliy MOTy4eHbl 3HaUeHUs apameTpoB pacnpenenenus: A = 1300,n =2, m = 5.
BepostHOCTh cymiecTBOBaHUS TpelMH Bbruucisercs no (12). Mcnomns3ys mosyuyeHHbIe 3HAaYeHUS cp{?g, n

W M Y TPOBOJS BBIYHUCIICHUS, MOXHO IMOJIYYUTh BEPOATHOCTH CYHIECTBOBAHUS OCTATOYHOTO Aedekra, KOTOpPhIH
MoxeT npuBecty k PBT:

PPBT = 0,11 (30)
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Bribepem HauanbHyio TpeuuHy u3 nanHeix HK, pacmonoxxennyio B obnactu Il Ha puc. 2, a;= 0,5 Mm,
¢1=5 mm. PaccMoTpuM ciaydaii mozipocTa TPEIUHBI [0 HAIIPABICHUIO
a aq

2=2-01 31)

€1

Haiinem xonnyecTBo LUKIOB N, 32 KOTOPOE TPEILMHA MTOIPACTET OT HAYAIBHOI'O A0 KPUTHYECKOTO pa3Me-
pa. Paccmotpum ciyyaii npu R = 0, mpy KOTOPOM MUHUMAJIbHOE HAMPSKEHUS HuKIIa paBHO 0.

Hcrnonp3ys momyuennsie (31) u (28), HalimeM KPUTHIECKYIO TTyOuHY AedeKTa Il 3aJaHHOTO HaIpaBJie-
HUS pOCTa:

Ay = 1,75 MM. (32)

W3 Bepakenus (16), monarast Y paBHBIM 1,95, ncmonb3yst TabmuaHbie 3HaUeHUS KodddurmenTos [Irpuca
Co=15-10" u m = 3,1 a1 yraepoaucThIX cTaneil ¥ UX CBAPHBIX COCAMHEHUH, YUMTHIBAS KOS(DPUIHUEHT
3amaca Ha KoJn4yecTBO HUKIOB 1y = 10 B cooTBercTBUU ¢ HOpMamu [THAD I'-7-002—86, MOXKHO IOTYy4UTh KO-
JIMYECTBO LIMKJIOB, Yepe3 KOTOpoe TpeluHa MoxeT gopactu 1o PBT no 3aganHoMy Hanpasnenuto (31):

N = 106 nukIios. (33)

Omnpenenum HadanbHYIO TIyOUHY nedekTa, ¢ KOTopoi 3a konnuecTBo N = 50 IUKIIOB TpeluHa 10opocia
JI0 KPUTUYECKOTO 3HAUYEHHsI 1o HampasieHuto (31):

Ayay = 0,87 MM. (34)

Hcnonp3ys momyueHHOE MO 3aJaHHOMY HampaBieHHio pocTa (31) 3HaueHue a,,,, HAWIEHO 3HaUYEHUE
Ppay = 0,62 ¥ BEIYKCIICHA BEPOATHOCTh HATM4MS TpeuuH B Onmskoii k PBT obnacru:

PPBT,N = 3,9 ) 10_8. (35)

BepositHOCTE Py ompenensieT BEpOsSTHOCTh pa3pyllieHus TpyOornpoBoaa 0e3 Teun uepe3 S0 IUKIOB Ha-
TpyXeHus ¢ yueToM Kod(dunmenTa 3amaca Ha komudecTBO nukioB ny = 10. [lonaras pac4eTHBIN CPOK IKCILTY-
aTaryu CUCTeMbl ¢ — 60 JIeT, cpefHee KOJIMUECTBO JI0JIeH, KOTOPBIE MOTYT IMMOTHOHYTH B Cydae pa3pylIeHHs CH-
ctembl L — 7 4enoBek, KOAQQPHUIMEHT COIMATbHON 3HAYUMOCTH cucTeMbl § — 0,05, ompeneneHo JomyckaeMoe
3HAUYEHHEe BEpOSATHOCTH paspyiuenus [P] = 4,3 - 1076, IlonyueHo, uto ycnoBue (21) BBITIONHIETCS, U HAEKHOCT
1 0€30MaCHOCTh CUYUTAIOTCS 00ECTICYCHHBIMH.

Bremonnenne ycnoBus (21) mo3BoJsieT caenaTh BHIBOA O BOZMOKHOCTH IPUMEHUMOCTH KoHuenimu TI1P
K TpyOOIIpOBOIaM, HE BXO/SIINM B KOHTYP TEIUIOHOCHTEIIS PeaKTopa aTOMHOW CTaHIIHH.

3akiarouenue

Paspabotan mMeton o0padoTku gaHHeIX HK ncmonp3ys KoHcepBaTUBHBIE NOMYILEHHUS, KOTOPBIH MO3BOJISET CH-
CTEMaTH3UPOBaTh JaHHBIE, [IOTy4eHHbIe pasHbIMU MeTogamu HK, u onpenernsate dyHKuuio pacupeneiaeHus oOHapy-
JKEHHBIX JIe()eKTOB 10 pazmMepam, HeoOXOJUMYIO ISl aHAJIM3a BEPOSITHOCTH CYILIECTBOBAHHSI OCTATOYHBIX IEPEKTOB.

YcraHOBIEH KpUTEepUi pa3BUTHA TpemuH 1o cueHaputo TIIP. Eciu KpuTepuil BBIIOIHAETCSA, TO POCT
Tpemmabl puBeneT k TIIP, urade k PBT. Onpenenena o06acts pa3MepoB TPEIINH, KOTOPHIE MOTYT ITPUBECTH K
paspymenuio 6e3 Bo3HUKHOBeHMs Teur. [ panuna obnacreit TIIP u PBT ompenensier rpaHully pa3BUTHS TOTEH-
UAJIbHBIX (BEPOATHOCTHBIX) Ae(EKTOB K Pa3IMIHBIM HCXOIaM.

Pazpabotan Meron ompeneneHus] BEPOSTHOCTH OCTATOYHOIO JeeKTa, KOTOPhIH MOXKET IPHUBECTU K pas3py-
HIEHUIO 0€3 BO3HUKHOBEHUS TE€UH, a TAK)KE BEPOSTHOCTH CYILIECTBOBAHMS OCTATOYHOI'O Ae(eKTa, KOTOPHI MOXKET
MIPYUBECTH K pa3pyIIEHUIO COCY/Aa MU TPyOOIIPOBOIa aBIEHNUS 0€3 TeUH Yepe3 N3BECTHOE KOINYECTBO IHKIIOB.

BrinonHeHne ycnoBust HaAEKHOCTH 00ecTieYMBaeT BO3MOXKHOCTh NpuMeHeHus: koHuenuuu TIIP k Tpy6o-
IIPOBOJIAM, HE BXOISIIMM B KOHTYD TEIJIOHOCHTENSI PEakTopa aTOMHOI cTaHLIWH, 00JaJaroIliuM 3HAYMMOM 1e-
(DEKTHOCTBIO U MMOJIBEPKEHHBIM MEXaHU3MaM YCTaJIOCTH.

[IpencraBnen mpuMep pacueTa BEPOSITHOCTH OCTATOYHOTO AedeKTa, KOTOphld MoxkeT nmpuBectd K PBT,
Y BEPOSATHOCTH Pa3pyLICHUS 38 U3BECTHOE KOJINYECTBO LIMKJIOB HA OCHOBE TPYOOIPOBOAOB MUTATEIBHOM BOJIBL.
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