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I'OCYJAPCTBEHHAS IIPEMUSI POCCHIICKOI ®EJIEPALINA
YUYEHOMY BJIATUMHPY UTbHYY TPABYIITY

Tl'ocynapctBennas npemust Poccuiickoit @eneparyu B 001act Hayku U TexHonoruit 2021 . mpucyxme-
Ha Bmamumupy WUnsmay TpaBymry 3a 3aciyrd MHPOBOTO YPOBHS B YHHMKAJIbHOM BBICOTHOM CTPOMTENBCTBE,
o0ecredeHHbIE CHCTEMHBIMU IOCTH)KEHUSIMH YYEHOTO B Pa3BUTHH CTPOMUTENIFHBIX HAYK U TEXHOJOTHI B Poccun.

Brnagumup Unery TpaBym — akanemuk u Bune-mipe3unieHT PAACH, mokTop TexHHYeCcKHX Hayk, mpodec-
COop, 3aCITy>KeHHbIN JiesTenb Hayku PD, 3acimyxeHHbIit cTpoutens P®, [ToueTHblit crpoutens Poccuu, [ToueTHbri
ctpoutenb MockBbl, KaBasiep opaeHa TpymoBoro Kpacnoro 3namenu, naypeat IIpemun Cosera Munuctpos CCCP,
Tpux bl taypear IIpemun IIpasurenscrea PO.

HayuHo-TBOpueckas 1 OpraHn3alMOHHAas JeATeIbHOCTh B 00JIaCTH CTPOUTEIBHON HAYKH B LIEJIOM, TEOPUU
3MaHKUN U coopykeHui npuHecia B.M. TpaByiy 3aciyeHHOE IPU3HAHKUE ¥ U3BECTHOCTh B Poccuu u 3a pyOeskom

OH aBTOp M3BECTHBIX MIMPOKOMY KPYTy CIIELMAIMCTOB HayYHBIX TPYJOB, TATEHTOB, HALMOHAIBHBIX HOpMa-
THUBHBIX JOKYMEHTOB II0 CTPOUTEIIBHBIM KOHCTPYKIUSIM, 30aHUSM U COOPYKEHHSM, a TAKXKE BBIIAIOIINXCSI OOBEKTOB,
cpenu KoTopbix OcTaHKUHCKas TeJIEBU3MOHHAs OallHs, JBOPILBI ciopTa B Mockse, Apxanrenbcke, TBepu u Coun,
Myseit Xo Illn Muna B XaHoe, «MockBa-niapk» B AcTaHe, yHUKanbHbIe TpoekTel MM/l «MockBa-Cutu» u
«Jlaxta-uentp» B Cankt-IlerepOypre, OTKpBIBIINE HOBYIO CTPAHHILy B HCTOPUU POCCHHCKOTO BBICOTHOI'O CTPO-
UTENBCTBA U CTABIINE IPKUMU CHMBOJIAMH HOBEWINEH HCTOPUHU OTPACIH.

IIpu xonoccaneHOM 3aHsTOCTH Bragumup Mnbny TpaByin HaXoauT BpeMs 1Sl OATOTOBKU JOKTOPAHTOB,
aCMMPaHTOB U MHXEHEPOB B By3aX CTPaHbl, aKTHBHO YYaCTBYET B pad0OTe PeIKOJUICTHI psifia HAyYHBIX JKypHaJOB
0Tpaciy, B YUCIE KOTOPBIX U XKypHal «CTponuTenbHas MEXaHUKA WHKEHEPHBIX KOHCTPYKIUNA U COOPYKEHHUI».

UieHb! PeIKOJUIETUH XYypHaia no3apasisaoT Biagumupa Mneuua ¢ npucyxaeHuem 1'ocy1apcTBEHHOM
npemun Poccuiickoii @enepanuu B 00JaCTH HAYKW W TEXHOJOTUH U JKENalOT JOOPOrO 310POBBS, pean3aliu
IUTAHOB U HOBBIX HAYYHBIX TOCTH)KEHHH BO BCEX HAUYMHAHUIX HA OJ1aro 0TE4eCTBEHHOM CTPOUTENBHON HAayKH!

Peoxonnezus ocypnana « Cmpoumenvhas mexanuxka
UHIICEHEPHBIX KOHCMPYKYULL U COOPYIHCEHUILY

OT PEOKOMMEMMN 9
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STATE PRIZE OF THE RUSSIAN FEDERATION
TO THE SCIENTIST VLADIMIR ILYICH TRAVUSH

The State Prize of the Russian Federation in the field of science and technology in 2021 was awarded to
Vladimir Ilyich Travush for world-class achievements in unique high-rise construction, provided by the scien-
tist’s systemic achievements in the development of construction sciences and technologies in Russia.

Vladimir Ilyich Travush — Academician and Vice-President of the Russian Academy of Architecture
and Construction Sciences (RAACS), Doctor of Technical Sciences, Professor, Honored Scientist of the Russian
Federation, Honored Builder of the Russian Federation, Honorary Builder of Russia, Honorary Builder of Moscow,
holder of the Order of the Red Banner of Labor, laureate of the Prize of the USSR Council of Ministers, three times
laureate of the Prize of the Government of the Russian Federation.

Scientific, creative and organizational activities in the field of construction science in general, the theory
of buildings and structures brought Vladimir Travush well-deserved recognition and fame in our country and abroad.

He is an author of scientific papers which are known to a wide range of specialists, patents, national regu-
latory documents on building structures, buildings and structures, as well as outstanding objects, including
the Ostankino Television Tower, sports palaces in Moscow, Arkhangelsk, Tver and Sochi, the Ho Chi Minh
Museum in Hanoi, “Moscow-Park™ in Astana, the unique projects of Moscow International Business Center
“Moscow City” and “Lakhta Center” in St. Petersburg, which opened a new page in the history of Russian
high-rise construction and became bright symbols of the industry’s recent history.

Despite his colossal busyness, Vladimir Travush finds time to train doctoral students, graduate students,
and engineers in universities of the country, actively participates in the work of the editorial boards of several
scientific journals in the industry, including the journal “Structural Mechanics of Engineering Constructions and
Buildings.”

The members of the editorial board of the journal congratulate Vladimir Travush on being awarded
the State Prize of the Russian Federation in the field of science and technology and wish good health, realization
of plans and new scientific achievements in all undertakings for the benefit of the national building science!

The editorial board of the journal “Structural Mechanics
of Engineering Constructions and Buildings”

92 EDITORIAL
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HeqnHeilHbIN ¥ JIMHEHHBIA aHAJIN3 00111eil YCTOHYUBOCTH
HeCyllell CUCTeMbl BBICOTHOTO 3IaHHUS CTBOJIbHOIO THIIA

0.B. Unozemnesa! ("™ B.K. Unozemuen?

'KE «CmapmIIpoexm», Mockea, Poccuiickas ®edepayust
2Capamoeckuii 2ocyoapcmeennwiii mexuudeckuti ynueepcumem umenu Iazapuna FO.A., Capamos, Poccuiickas ®edepayus
B4 olga.inozemtseva@yandex.ru

Hcropus cratbu AHHOTanusi. B poeKkTHO NMpakTHKe MPOEKTUPOBIIMKH CTPEMSTCS CO31aBaTh
Ioctynuna B penakuuto: 21 auaps 2022 r. KaK MOXKHO 0OoJee CIOXKHBIE U JeTAIN3UPOBAHHBIE PACUCTHBIE MOJIENH, KOTOPHIE
Jlopaborana: 22 mapta 2022 r. peanu3yroTCsl YUCIEHHO ¢ TIOMOIIBIO PACUETHBIX KOMIBIOTEPHBIX MporpaMM. Yuc-
IMpunsra k myonaukamuu: 30 mapra 2022 1. JICHHBIE Pe3yJbTaThl pacueTa MOXKHO U HEOOXOIUMO TECTUPOBATh, HO UTO Oolee

MpOOIEMATHIHO — 3TO TECTHPOBAHUE CIIOXKHOI M JICTANM3UPOBAHHOI PacueTHOH
Mozeny. Takyro BO3MOXHOCTb JJalOT YIPOLIEHHbIE MOJEIH, PEJICTABICHHBIE MPO-
CTBIMU PAaCUETHBIMH CXEMaMH, KOTOPBIE AOCTYIHBI I Ka4eCTBEHHOI'O aHaJIM3a,
a T0JIy4aeMbl€ YUCIICHHbBIE PE3YNbTAThl IPEACKa3yeMbl. Takue pacyeTHBIE CXEMBI,
KaK IIPaBIUIO, OIICHIBAIOT OTAEIBHBIC PACUETHBIC MPOOIEMBI, CTOSIIME Tepes] Ipo-
eKTUpOBIIMKaMU. Tak, HalpuMep, BO3MOXKEH JIMHEHHBIN aHAU3 yCTOHUUBOCTH
KapKaca BBICOTHOTO 3JJaHUSI HA OCHOBE IIPOCTBIX PACUETHBIX IPOLENYp, Ipeasa-
raeMbIX AMEPHKAHCKUM MHCTUTYTOM CTalbHBIX KOHCTpyKImil (AISC). Paccmarpu-
BaeTCs OJHA M3 TAKMX MOJeNeH, I03BOJSIOIas IPEJBAPUTEILHO OLEHUTD OXKH-
JaeMO€ 3Ha4Y€HUE KPUTUYECKOH HArpy3ku M IMPOTECTHPOBATh CIOXKHYIO pacyer-
HYIO MOJZEIb, a TAKXKE I10Jy4acMble Ha €€ OCHOBE PE3yJbTaThl pacueToB. JlaHHas
MOJENIb OCHOBaHA HA JIMHEWHOM aHAJM3€ YCTOHYMBOCTH KOHCOJIBHOW CTOMKH,
KOTOPYIO MOYKHO PacCMaTpuBaTh Kak MPOCTYIO MOZEINb HECYILETO CTBOJIA BHICOTHO-
ro 3aanusd. IlonyuyeHsl pe3ynbTaTel pac4eTOB U NPOBEICHO CPABHEHUE KPUTHYE-
CKUX HAarpy30K Ha OCHOBE HEJIMHEHHOIO M JIMHEHHOrO aHaJIn3a YCTOHYUBOCTH

KOHCOJIBHOW CTOMKH TPW Pa3IM4YHOM 10 BBICOTE CTOHKH M3rMOHOM KECTKOCTH
Y MIHTEHCHBHOCTH paclpeJieIeHHOH 110 BHICOTE BEPTUKAIbHON Harpy3ku. Crenan
BBIBOJI, YTO PACCMOTPEHHAS JIMHEHHAsI MOAENb MO3BOJSIET MOIYIUTh IpeaBapH-
TEJIBHYIO OLIEHKY KPUTHYECKOH Harpy3KH Ul TECTUPOBAHHUS PE3yJIbTATOB KOM-
IIBIOTEPHOTO pacdeTra Mo 0ojee CIONKHBIM MOJCISAM OOIIeH yCTOHYMBOCTH paB-
HOBECHUS HECYIIIETO CTBOJIa BBICOTHOI'O OOBEKTA.
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tained are predictable. Such calculation schemes, as a rule, describe individual
calculation tasks facing designers. For example, linear stability analysis is of-
fered by the American Institute of Steel Structures (AISC). One of these models
is discussed. The model under consideration is based on a linear analysis of the

stability of a cantilever rack, which can be considered as a simple model of the
bearing trunk of a high-rise building. A comparison of critical loads based on
nonlinear and linear analysis of the stability of the cantilever rack is carried out.
It is concluded that the considered linear model makes it possible to obtain a
preliminary estimate of the critical load to verify the results of computer calcula-
tions using more complex models of the general stability of the equilibrium of
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Beenenne

OnHoli U3 MpoOJieM MPOSKTUPOBAHMS CIOXKHBIX YHUKAIGHBIX OOBEKTOB SIBISICTCS CO3J]AHUE UX PacYeTHOMH
cxembl. [Ipu 3TOM UMeeT MecTo CTpeMIIeHHe MPOSKTHPOBIIMKOB CO3/IaBaTh KaK MOXKHO OOJiee CIIOMKHBIE M JAeTalH-
3WPOBaHHBIE pacueTHBIC cXeMbl. OHAKO YBETMUEHNE CIOKHOCTH M JeTANN3aINN PACIETHON CXEMBI He YBEIMINBa-
€T aBTOMAaTHYECKH YBEPEHHOCTh B MPABIILHOCTH PE3YJIETATOB €€ YUCICHHOTO aHanm3a. YWCIeHHas peanu3aiys
pacyeTHON CXEeMbI OCYIIECTBISIETCSI C MCIIOIh30BAaHHEM KOMITBIOTEPHBIX MPOTrpaMM pacuerta. [Ipu 3ToM MOKeT OBITh
TIPUMEHEH «IBOIHOW pacdeT), MO3BOJISIOIINN ITOIYYHTh YUCICHHBIE PE3yIbTaThI IO IBYM KOMIIBIOTEPHBIM pacueT-
HBIM TporpammaM. CollocTaBiieHHe ABYX Pe3yJIbTaTOB pacyera, MOMyYeHHBIX 110 Pa3IMYHbIM pacyeTHBIM IpOrpam-
Mam, MO3BOJISIET 00ECIICUUTh YBEPEHHOCTh B NIPABHJIBHON PealTU3alii PaCUCTHON CXEMBI B ITPOTPAMMHBIX KOMILICK-
cax, a He B JIOCTaTOYHOU aJIeKBATHOCTH PACYETHON CXEMBI ITPOSKTUPYEMOMY BBICOTHOMY OOBEKTY. Takim o0pazom,
HapsAaay € YUCJICHHBIM aHAJIM30M CJIOKHBIX U JCTATU3UPOBAHHBIX PACYETHBIX CXEM HeO6XOI[I/IMO TMOJIY4YUTHb PE3YJIb-
TaThl pacyueTa, IPEICTABICHHBIC IPOCTHIMU PACUCTHBIMU CXEMaMH, KOTOPBIC IOCTYITHBI JIJIsl KAYECTBEHHOTO aHAITU-
3a, a MoJlydaeMble YHCIICHHBIE Pe3yJbTaThl MpeAcKka3yeMbl. Takue pacdeTHbIe CXeMBbl, KaK MPaBHIIO, OMHCHIBAIOT
OTJETbHBIE pacUeTHBIEC MPOOIEMBI, CTOAIINE TIepe] MPOSKTUPOBITMKaMU. JIJIs 3aga4un oO0IIei yCTOHYNBOCTH HECy-
IIETO CTBOJIA BBICOTHOTO 3/aHUS YacTO UCIOJIB3YETCsl MOJIENIb KOHCOMBHOM cToiiku [1-5]. JItobast 3amaya ycroiyn-
BOCTH, KaK U3BECTHO, SIBIIETCS HENMMHEWHOH. 3a1ava o01iell yCTOWYNBOCTH CTOMKH TOXKE PEIIaeTcs ¢ UCTIONb30Ba-
HHEM HEJIMHEWHOTO aHalim3a ycronunBocTd. Hanpumep, kiaccuueckuit metoj Penes — Purtiia, npuMenseMblit aist
pelIeHus 3a]a4 YCTOMYMBOCTH, JaeT IOCTaTOYHO TOYHOE MpUOImKeHHoe pemienune. K Ooiee TOUHOMY pe3ynbrary
NPUBOAUT U3BecTHas popmyina Tumomenko [6; 7).

[Tpumepom 3amad, perraeMbIX MPOSKTUPOBIIUKAMI, SBISETCS YCTOWYMBOCTh BEPTHKAIBLHOTO TOIO0KEHUS
BBICOTHOTO 00BEKTa Ha NeOpPMHPYEMOM OCHOBAaHHH CO CIIOKHBIMH HENWHEWHBIMH CBOICTBaMH, KOTOpBIE pac-
cMoTpens! B [8—10]. 3amaua yCTOWYUBOCTH BHICOTHOTO O0OBEKTA MMPOTHUB OMPOKHIIBIBAHUS PACCMATPUBACT TPYHTOBBIC
OCHOBAHHS C OIHOCTOPOHHHMH CBSI3SIMH (KOHCTPYKTUBHOW HETMHEWHOCTHIO). 3AT0KUIA OCHOBY aHAIUTHYECKON
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CTATHKM JUIA Takux cucteM aBTopsl [11-13]. Cormacro CIT 63.13330.2012', npu pemrennu Takux 3ajad, TOIy-
YHUBIIUX B MPOEKTHOMN MPAaKTHKE HA3BaHHE «yCTOWYHMBOCTH IMOJIOKEHUID», PEKOMEH TyeTCsl UCITIONIb30BaTh MPOCTYIO
pacyeTHYI CXeMy, B KOTOPOW KOHCTPYKTHBHASI YaCTh BRICOTHOTO 3/IaHUS TPUHUMAETCS KaK XKeCcTKoe HexedopMu-
poBaHHOE TeJo. HenmnuelHoCTh, CBsI3aHHAas ¢ IPOOIEeMOi YCTOWIMBOCTH B ATHX 3ajadaX, Ha3bIBaCTCS CTAaTHUECKOM
HEJMHEHHOCTHI0. B 3amaue o0mell yCTOWIMBOCTH HECYIIEH CHCTEMBI BEICOTHOTO 3/IaHUS CTBOJIBHOTO THIIA HEJIH-
HEIHYI0 pacuyeTHYIO CXeMY MO>KHO 3aMEHUTh pacueTHOM cXeMoil [yl IMHeHHoro aHanu3a ycroiunBocty. Ha Bo3-
MOKHOCTh JIMHEHHOTO aHaln3a yCTOWYMBOCTA KOHCOJFHON CTOMKH Ha OCHOBE TPOCTBIX PACUETHBIX TPOLELYP
yKa3bIBan AMEpHKaHCKHI HHCTUTYT CTaTbHBIX KoHCTpyKimid (AISC)?. JIBe Takue pacueTHbIE MPOIETyPhI OMHCHI-
BatoTcs B [14]. B ocHOBe NMHEHHOrO aHanM3a JISKUT AOMYLIECHUE, KOTOPOE MO3BOJISET 3aMEHUTH (hOPMY MOTEpPH
YCTOMYMBOCTH KOHCOJIBHOM CTOHWKH (hOPMOHM M3rnda CTOWKM NpW HAarpy>KeHUH IOTepeyHol Harpy3kou. Jist mo-
JIOOHO 3aMeHbI HeOOXO0ANMO TIPEINOI0KHTE, YTO Pa3indre MeXAy (HOpMOI BHITyYHBAaHUA TIPH ITOTEPE YCTONIH-
BOCTH CTOWKHM W (hOopMOi m3riba CTOWKHU MpU JEWCTBUU MONEPEYHON HArpy3KU HE NMPUBEIET K 3HAYUTEIBHOM 110-
TPEIIHOCTH MPH ONpENeNeHIUH KPUTUIECKO Harpy3ku. Borpocy npoBepkH yCTOHUMBOCTH KOHCTPYKLIUI pacueToM
110 Hesle)OpMHUpPYEMOii cXeMe y/IelIeHO 3HAYNTebHOe BHUMaHue B EBpokone 2 n EBpokoze 3°.

B cratee gaercs umncieHHas oleHKa Takoil morpenrHocTy. [Ipocras pacueTHas cxema JIMHEHHOTO aHaIu3a
o0miefl yCTOMYMBOCTH 3/1aHHsI CTBOJIBHOTO THUIA MO3BOJIUT NPEABAPUTENBHO OLEHHTh BEIMYMHY KPUTHUECKOU
Harpy3KH ¥ Py HEOOXOAUMOCTH TIPOU3BECTH KOPPEKTHPOBKY CIOXKHON U IETATM3UPOBAHHOMN pACUETHOW CXEMBI
B COOTBETCTBHH C Pe3yJIbTaTaMH JTMHEHHOTO aHaJN3a YCTOWIHNBOCTH.

MeTO[[bI U MaTepHuaJibl

IMpocreiimas pacyeTHas cxema JJisi pacCMaTPHUBAEMBIX 3a7ad YCTOWYMBOCTH — KOHCOJIBbHAsI CTOMKaA, 3a-
IIIEMJICHHASI B OTTOPHOM Y3JI€ U HarpyXKeHHas: COOCTBEHHBIM BecoM (puc. 1).

A
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Puc. 1. 3rub u ¢popma notepu ycToHUMBOCTH KOHCOJIIBHOTO CTEP)KHS
Figure 1. Bending and the form of loss of stability of the cantilever rod

3amaya yCTOMYMBOCTH TakOW CTOMKHM OMHUCHIBAETCS KaHOHHMUYECKUM ypaBHeHHeM beccens, rae mckomoit
(byHKIMEH SBISETCs He MOIepeyHoe epeMeEIleHNe, a Yol IoBopoTa 0.

d*0 1d9 1Y 1
49 1 o[} Lig-o. (1)
dt* t dt (3) ¢

' CII 63.13330.2012. Betonuble 1 *xee300€TOHHbBIE KOHCTPpYKIMU. M., 2013,
2 AISC-88. Specification for structural steel buildings. Chicago: American Institute of Steel Construction, 1988; AISC-2005.

Specification for structural steel building, ANSI/AISC 360-05. Chicago: American Institute of steel Construction, 2005. 519 p.
3 EN 1992-1-1. Eurocode 2. Design of concrete structures. Part 1-1. General — common rules for buildings and civil engineering
structures. Brussels: CEN, 2005; EN 1993-1-6. Eurocode 3. Design of steel structures. Part 1-6. Strength and stability of shell structures.

Brussels: CEN, 2007.
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Pemenune 3Toro ypaBHeHuUs Uil TpaHUYHBIX yciaoBuid ' =0 mpu z=0u 6 = 0 npu z = L umeeT BUI
(qH)py = 7,837EJ/L2., )

Takum 00pa3oM, yCTOMYMBOCTD HeCyIIEH CHCTEMBI B BUAE SIIPA JKECTKOCTH BBICOTHOTO 3aHHS paccMar-
pHUBaeTCs ¢ TO3UITHH YCTOMIMBOCTH Difyiepa Kak KOHCOJIBHBIN CTepIKEHb, 3allIEMIICHHBIH B OCHOBAHHH.

IIpu nuHEMHOM aHanu3e yCTOMUMBOCTH UCIOJIB3YETCSl paCueTHAsl CXEMa B BUJE CTOMKHU Harpy>K€HHOM IO-
nepeyHoii Harpyskoii (puc. 1). BeiuuuHa ropu30HTAIBLHOTO MepeMeIleHHs BepIuuHbl cToiiku (A = gL*/(8EJ)),
UCIOJIB3YETCs IPU OLIEHKE BEIMUNHBI KpUTHUECKON Harpy3Kku

Py = kqL?/A. 3)

O)KH,Z[aeMaH NOrp€IHOCTb 3TOr0 3HAYCHUSA KpHTH‘ICCKOﬁ HArpy3ku 1o CpaBHCHHUIO C TOYHBIM PCIICHUCM
Ha OCHOBEC YpaBHCHUA beccens J0JDKHa JOITYCKAaTh BO3MOXKXHOCTH HpeI[BapHTeJ'IBHOﬁ OLICHKN BCJINYHUHBI KPUTH-
YeCKOi Harpy3km M CpaBHCHHA €€ C YUCICHHBIMHU PE3yJbTaTaMU pCaiu3aliui CJIOKHBIX, ACTAIU3UPOBAHHBIX
PaCyYCTHBIX CXEM C UCIOJB30BAHUCM KOMIIBIOTCPHBIX IPOTrpaMM pacyeTa.

Pe3yabTarthl u 00cy:x1eHue

B kagecTBe MOAEIBHOIO IPUMEPA PACCMAaTPUBACTCS YCTOWYNBOCTh KOJOHHBI KOHCOJIBHOT'O THIIA MO ACH-
CTBHEM COOCTBEHHOTO Beca:

— BBICOTa KONOHHEI L = 20 M;

—Harpy3ka g = 77,3125 xkH/m (puc. 1);

— MOMEHT MHEpIIUH TIoTepedHoro ceuenus (puc. 2) J = 2,718 m*;

— U3ru6HAs KECTKOCTh MomepedHoro cedenus EJ = 107 361,9 kHm

Pemenue sTo#t 3aj1a4u yCTOHYMBOCTH XOPOIIIO U3BECTHO KaK pellleHHe KaHOHMYECKOTo ypaBHeHUs becce-
JIs1 U1 KPUTUYECKOM Harpy3ku Piy:

(qL)ip = 7,837EJ/L*. 4)
3apaHune cTaHgapTHoro ceveHust / Setting the standard section hd
£ [39800 KDa T
D |[300 o v
d [225 o
Ro [25 i o

Puc. 2. CrangapTHOE HIONIEpeyHOE ceYeHNe KOHCOIbHOM CTOMKHI
Figure 2. Standard cross-section of the console rack

Taxum 00pa3oM, BeIMYHHA KPUTHYECKOH HArpy3KH KOJIOHHBI OyAeT
P, =17,837 x 107 361,9/400 = 2103,48 xH. %)

Hcnoms3yem nporpamMMusiii komruieke «JInpa-CAIIPy mpr KOMITEIOTEPHOM pacdeTe dTOH JKe 3aaur IS OIIpe-
JICTICHUsI KOHEYHO-DJIEMEHTHOTO JIeICHUs 00JIACTH MHTErpUpPOBaHKs. TOUYHOCTh OIEHKH KPUTUUECKOH HArpy3KH IPU
BBICOTE KOJIOHHBI 20 M IOCTHATAETCS P YMEHBIIIEHHH 1aroB pa3oreHus 4 (Tad. 1).

Kaxk mokassiBaroT pacdersl (cToyoer 5, Tadir. 1) BenmndumHa KpUTHICCKON HArpy3KH ¢ YMEHBIICHUEM IITara
pa3oueHus /i ObIcTpO cxomuTes (puc. 3, @), MOrPEeIIHOCTh YUCISHHOTO pacueTa (crosber 6, Tadi. 1) mo cpaBHe-
HUIO C aHAJIUTHYECKUM pelieHneM (2) ObIcTpo yobiBaeT (puc. 3, 6).

CoroctaBuM NOJTYYSHHBIE PE3yJIbTATHI pacueTa ¢ JIMHEHHBIM aHAIN30M YCTOWYMBOCTH, pacCMaTpHUBasi U3TrH0-
HYI0 (QOpMY TIOTEpH YCTOWYMBOCTH COCTOSTHHSI PABHOBECHS C TIPSIMOJIMHEHHOW BEPTHKAIBHOM OCHIO KOJIOHHBIL.

P =0,95gL*/A = 0,95 x 77,3125 x 400/14,4 = 2039,88 kH. (6)
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[TorpenmHOCTh ONEHKN KPUTHYECKON HArpy3KH JTUHEHHOTO aHanm3a YCTOWYWUBOCTH (3) MO CpaBHEHHIO C
aHAJTUTHYECKUM perieHueM (2) cocrasisiet 3,02 %.

Tabnuya 1 Table 1
Pe3yabTaThl pacyera KpUTHYECKOI HATPY3KH Results of critical load calculation
HA OCHOBE HEJHMHEHHOro aHAIN3a YCTOHYHBOCTH based on nonlinear stability analysis

Ne hym q, xH/m k  Pyw=kqL,xH % No h, m ¢, kKH/m k  Pw=kqL,kH %
1 1 77,313 1,264 1954398 7,088 1 1 77313 1264  1954.398 7.088
2 0,5 38,656 1,311 2026,948 3,638 2 0.5 38.656 1311  2026.948 3.638
3 0,25 19,328 1,335  2064,754 1,841 3 0.25 19328 1.335  2064.754 1.841
4 0,125 9,664 1,348  2084,067 0,923 4 0.125 9.664  1.348  2084.067  0.923
5 0,0625 4,832 1,354  2093,824 0,459 5 0.0625 4.832 1354  2093.824  0.459
6 0,03125 2,416 1,357  2098,725 0,226 6 0.03125 2416 1357  2098.725 0.226
7 0,015625 1,208 1,358  2099,916 0,169 7 0.015625 1.208 1.358 2099916  0.169
8 0,007813 0,604 1,358  2100,024 0,165 8 0.007813 0.604  1.358  2100.024  0.165

2150 8
Pip %
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Puc. 3. I'paduku cXomuMoCTH:
a — BCJIIMYWHBI KpHTH‘{eCKOﬁ HarpysKu; 60— MOTPECUIHOCTH IPU YUCIICHHOM PEIICHUH 3a1a9n yCTOﬁQHBOCTH
Figure 3. Convergence graphs:
a — the values of the critical load; 6 — errors in the numerical solution of the stability problem

PaccMoTpuM  yCTOMYHMBOCTE KOJOHHBI TIEPEMEHHON W3THOHOW KECTKOCTH TPH ACHCTBHH PaBHOMEPHO

pacIpeiefICHHOM 0 BBICOTE CTOWKU BEPTUKAILHOW HArpy3ku. M3ruOHas )KeCTKOCTh Mpe/ICTaBIIeHa IBYMS BEIU-
ynHamu EJ; u EJo, L = hi + hy, T1ie hi — y4acTOK BBICOTHI KOJIOHHBI C JKECTKOCThIO EJi, hy — ¢ xecTKoCcThio EJ>

(EJV/EJ, = 0,355) (puc. 4).
il J JJ J l
Nel Nz N23 N24 Nes

Puc. 4. BapuanTsl pacueTHOI CXeMBI KOHCOJILHOM CTOHKH MEepeMEeHHOI N3rnOHOI KEeCTKOCTH
Figure 4. Variants of the design scheme of a cantilever rack of variable bending stiffness

h

h

%

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLI 97



Inozemtseva O.V., Inozemtsev V.K. Structural Mechanics of Engineering Constructions and Buildings. 2022;18(2):93-103

B Tab6i. 2 nmpuBeneHbI pe3ynbTaThl pACUeTOB C Pa3INIHON BEIMYMHON mara pa3oueHus /i, paBHoi L/40 u

L/640. B tabi. 2 B cronbiie 1 pe3ynbTaThl pacyeTa KpUTHUYECKON HArpy3Ku U3 pemieHus OudypkaioHHOH 3a1a-
YU yCTOMYMBOCTH, B CTOJOIE 2 pe3yIbTaThl JIMHEHHOTO aHaIn3a yCTOMYNBOCTH KOMOHHEI 110 (3). [IpomeHT pac-
XOXKACHUS pe3yabTaToB pacdera ot 2,58 mo —6,43 %. Ha puc. 5 mokasaHpl 3aBUCUMOCTH KPUTHIECKIX HArpy3o0K,
MOJTyYeHHBIX Ha OCHOBE HEJIMHEMHOTO M JMHEWHOrO aHaiu3a YCTOWYMBOCTH, OT MEPEeMEHHOW (CTymeHuYaToM)

M3TUOHOM KECTKOCTU CTOHKH (puc. 4).

Pe3yabTaThl HeJIMHEiHOTO M JIMHEIHOr0 pacyeTa KPUTHYECKON HAarpy3Ku
CTOIiKHU NepeMeHHO U3rM0HOI KeCTKOCTH

Tabauya 2

L/40 L/640
Ne hi/h2, m/m
1, Pip, kH 2, Piy, kH % 1, Pip, kH 2, Pipy, xH %
1 20/0 8442 849,5 -0,623 874,1 849,6 2,801
2 15/5 1397,7 1520,1 -8,756 14959 15922 -6,432
3 10/10 22114 2150,3 2,763 2207,3 21503 2,586
4 5/15 2369,5 2377.8 -0,351 2454 .4 2376,9 3,158
5 0/20 2379,4 2404,6 -1,059 2463,6 23947 2,800

ITlpumeuanue: 1 — pacyeT KPUTHUCCKOW HATPY3KH U3 pelicHus OudypKAIMOHHOW 3aa4i YCTONYHUBOCTH, 2 — JIMHCHHBIA aHAIIN3

YCTOWYMBOCTH KOJIOHHBI 110 (3).

Results of nonlinear and linear calculation of the critical load
of a rack of variable bending stiffness

Table 2

L/40 L/640
No hi/h2, m/m
1, Pip, KH 2, Pip, KH % 1, Piy, KH 2, Pip, KH %
1 20/0 844.2 849.5 -0.623 874.1 849.6 2.801
2 15/5 1397.7 1520.1 -8.756 1495.9 1592.2 —6.432
3 10/10 22114 2150.3 2.763 2207.3 2150.3 2.586
4 5/15 2369.5 2377.8 -0.351 24544 2376.9 3.158
5 0/20 2379.4 2404.6 -1.059 2463.6 2394.7 2.800

Note: 1 — calculation of the critical load from the solution of the bifurcation stability problem; 2 — linear analysis of the stability

of the column by (3).

3000 + Pkp, KH 3000 + Py, kH
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Puc. 5. 3aBHCHMOCTH KPUTHYECKUX HArpy30K, OJYYCHHBIX HA OCHOBE HEIMHCHHOrO U IMHEHHOTO aHalk3a yCTOWYHBOCTH,
OT NepeMEHHOH (CTYNeH4YaTol) N3rMOHOM HKECTKOCTH CTONKHU
Figure 5. Dependences of critical loads obtained on the basis of nonlinear and linear stability analysis
on the variable (stepwise) bending stiffness of the rack
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PaccMOTPHM yCTOHYHBOCTE CTOWKH C MOCTOSIHHOM M3rHOHOM kecTkocThio £J = 1,13x107* kH/M* 1 nepe-
MEHHOH (CTyIeHUYaTON) pacipeae/icHHON BepTHKaIbHON Harpy3koi ¢ = 0,3 kH/cMm, g2 = 0,4 kH/cMm (puc. 5).

Ha puc. 6 moka3aHsl 1Ba BapuaHTa HarpyKeHUs CTOWKHU. B Tabn. 3 mpuBeneHbI pe3yabTaThl pacyeTra Kpu-
TUYECKUX HArpy30K ISl Pa3IHUYHBIX CXeM Harpy>KeHHs KOHCOJNbHOW cToiiku. B crombme 1 tabm. 3 mokasana
KpUTHUECKash Harpy3ka, MMoJiyueHHas Ha OCHOBE HEJIMHEWHOTO aHajiu3a YCTOWYMBOCTH, B CTOJIOIE 2 MOKa3aHa
KPUTHYECKasl HArpy3Ka JIMHEHHOTO aHaTn3a YCTOMYUBOCTH.

Tabauya 3
Pe3yabTaThbl HeJIMHEHHOTO M JIMHEITHOr0 pacyeTa KPUTHYECKOH HATPY3KU CTOMKH IIPH PA3JHYHbIX BADUAHTAX HATPYAKCHUS

Bapuanrsl Pacuernslie cxembl, EJ = 1,13x10~* kHm? 1, Pip, kH 2, Pip, xH 3, %
Al 872,90 849,65 2,66

A2 909,18 890,36 2,07

A3 943,46 921,66 2,31

A A4 985,46 945,31 4,07
A5 961,67 921,66 4,16

A6 922,89 903,30 2,12

A7 872,90 849,65 2,66

bl 872,90 849,65 2,66

B2 817,79 804,06 1,68

B3 . — ke am C 792,85 777,55 1,93

B M| e e e s e e 783,44 771,57 1,51
BS | i e o e e e e 819,79 800,45 2,36

B6 B e S S St 845,73 823,61 2,62

B7 e e e e = 872,90 849,65 2,66

Ipumeuanue: 1 — HeMUHENHHBII aHATTN3 YCTOMYMBOCTH; 2 — IMHEWHBIN aHAIN3 YCTOHUUBOCTH.

Table 3
Results of nonlinear and linear calculation of the critical load of the rack under various loading options
Variants Calculation schemes, EJ = 1,13x10~* kHm? 1, Py, KH 2, Pip, KH 3, %
Al 872.90 849.65 2.66
A2 909.18 890.36 2.07
A3 943.46 921.66 2.31
A A4 985.46 945.31 4.07
A5 961.67 921.66 4.16
A6 922.89 903.30 2.12
A7 872.90 849.65 2.66
bl 872.90 849.65 2.66
B2 817.79 804.06 1.68
B3 792.85 777.55 1.93
b b4 783.44 771.57 1.51
BS 819.79 800.45 2.36
b6 845.73 823.61 2.62
b7 872.90 849.65 2.66

Note: 1 —nonlinear stability analysis; 2 — linear stability analysis.
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Ha puc. 7 mokazano cpaBHeHHE pe3yJbTaTOB pacueTa KPUTHUECKOH HArpy3KH IJIs pa3iIMdHBIX BapHAHTOB
Harpy»KeHUsl CTOMKH Ha OCHOBE HEJIIMHEHHOTO U JINHEHHOTO aHAJIN3a YCTOMYMBOCTH.

PaccmoTpuM pacdeT ycTOMYMBOCTH MPOCTPAHCTBEHHOTO SApA JKECTKOCTH, MPEICTaBICHHOTO BEPTHKAIb-
HOM KOHCOJIFHOHM IPOCTPAaHCTBEHHOMW CTOMKOHN ¢ IMEPEeMEHHOU IO BHICOTE M3THOHON >kecTKocThio. Ilomepedunoe
CeYeHne CTOWKH KBaJpaTHOE B IJIAHE IMOKa3aHO Ha puc. 8, a. CedyeHne B pacueTHBIX CXeMax MPEACTaBICHO ABY-
Msl BapHaHTaMU: NEPBbIIl BapuaHT MpEACTaBICH CIJIOIIHBIMU JIMHUSAMH, BO BTOPOM BapHaHTEe A0OABIIEHBI 3JIe-
MEHTBHI, [TOKa3aHHbIE MITPUXOBBIMY JIMHUAMU. BeicoTa croiiku 60 M, TONIIMHA CTEH CTOHKH 110 BBICOTE M3MEHS-
ercs kaxnaeie 10 M u paBHa /; (puc. 8, a). Jpyrue xapakrepucTuku: MOAyb yrnpyroctua 39 500 xlla, koaddumm-
ent ITyaccona 0,4, Bec KOHCTPYKIIHOHHOTO MaTepuana 2,5 kKH/M’.

qi

|
aN
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ot
A ‘ X

a 0

q2

—— s | —~— —g—
L

Puc. 6. [IBa BapranTa Harpy>xeHus KOHCOJIBHOM CTOHKH
Figure 6. Two options for loading the console rack

110000 + Py, kH A 110000 + Py, kH A ot
1000.00 P4 Hemmnetubiit 1000.00 P4 b'l('m mealr .
A aHAIN3 YCTOIIMBOCTH A stability analysis
900.00 900.00 .
JInueiHEIT . Llnear .
800.00 - L aHANU3 yCTONYHBOCTI 800.00 - stability analysis
700.00 ] 700.00
600.00 600.00
500.00 500.00
N@ N2
400.00 ‘ ‘ ‘ ‘ : ‘ ‘ 400.00
1 2 3 4 5 6 1 1 2 3 4 5 6 1
Puc. 7. Pe3ynpTaThl pacuera KpUTHYECKOH HATPy3KH Figure 7. The results of the calculation of the critical load
JUTSL Pa3IMYHbIX BAPUAHTOB HATPY)KCHUS CTOMKU for various variants of the rack loading
Ha OCHOBE HEJIMHEHHOTO M JINHCWHOTO aHAIN3a YCTONYHBOCTH based on nonlinear and linear stability analysis
—
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Puc. 8. [Tonepeunsie ceueHus! pacue€THBIX CXeM KOHCOJIbHON CTOMKHU
Figure 8. Cross-sections of the design schemes of the console rack
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B aTo01i 3a7aue BO3HUKAET BOIIPOC O BOZMOXKHOCTH KaK MECTHOHM TOTEpH yCTOWYMBOCTH, TaK M OOIIEH moTe-
pY YCTOWYIMBOCTH M3TMOHOTO TUMA. BHII MOTEpH YCTOWIHMBOCTH OMPEIEIISIETCS THOKOCTHIO OTACTBHBIX JIEMEHTOB
CTOHKHM M THOKOCTBIO caMOH CTOMKH. B kauecTBe mpumepa pacCMOTPHM IMOTEPI0 YCTOMYUBOCTH CTOWKHU C TIOTIE-
PEYHBIM CEUCHHEM TIEPBOTO BapHaHTa, CTCHKH KOTOPOTO 00J1a/1al0T 3HAYUTEIILHOW THOKOCTHIO.

a o a o 6 2
Puc. 9. ©opmMbl MecTHOIT U 001LIEH TOTEPH YCTOHYNBOCTH Puc. 10. CrannapTHble CUCTEMBI )KECTKOCTU
CTOMKM M3rMOHOTO THUIA B OCHOBE KOHCTPYKLHUI1 BEICOTHBIX 3aHUI:
Figure 9. Forms of local and general loss of stability @ — C BHEIIHNUMH HECYIIMMHU CTEHAMH, PaGOTAIONIMMH Ha CJIBHT;
of the bending type strut 6 — ¢ BHyTPEHHNMH HECYIIMMH CTEHaMH, pabOTAIOMIMK Ha CJIBUT;

6 — CTBOJIBHOT'O THIIA, & — pr6HOF0 THIIA
Figure 10. Standard rigidity systems
based on the structures of high-rise buildings:
a — with external load-bearing walls, working on the shift;
6 — with internal load-bearing walls, working on the shift;
6 — barrel type; ¢ — tube type

a 6

Puc. 11. ®opmMbl oTepH YCTOHYMBOCTH CTOWKH (@) ¥ M3riba KOHCOIBHOH Oanku (6)
Figure 11. Forms of rack stability loss (a) & bending of the cantilever beam (6)
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[TepBas ¢popmMa MmoTepu YCTOMYMBOCTH CTOHKHM (MECTHAs TOTEps YCTOWYHMBOCTH) TOKa3aHa Ha puc. 9, a.
YBennueHne M3ruOHOM KECTKOCTH CTEH 3a CYEeT BBEICHHSA B PACUETHYIO CXEMY JONOJHHUTEIHHBIX IJIEMEHTOB
JKECTKOCTH, MOKa3aHHBIX HA PHUC. 7, a MTPUXOBBEIMH JIMHUSAMH, MIPUBOJUT K M3THOHOU (opMe moTepu oOmIei
YCTOWUHBOCTH (pHC. 9, ).

Henuneltnpiii u MTUHEHHBIN aHaIH3 O0IIEH yCTOWIMBOCTH MPOCTPAHCTBEHHOTO SAJIpa KECTKOCTH PACCMOT-
PUM Ha OTKpPBITOM Ipoduiie ABYyTaBPOBOTO MOMEPEYHOTO CEUECHUsI MOJICIILHON CTOKH (puc. 8, 0).

31eck cnemyeT 3aMeTUTh, 9TO PO(QWIH ABYTABPOBOTO MOMEPEYHOT0 CEUCHUSI CTOMKH SBISETCS OJTHOW M3
CTaHIAPTHBIX CHCTEMBI JKECTKOCTH B OCHOBE KOHCTPYKITHI BBICOTHBIX 3MaHuH [15].

Ha puc. 10 mokxa3aHsl cTaHAAPTHBIE CUCTEMBI )KECTKOCTH B OCHOBE KOHCTPYKLIUH BBICOTHBIX 3/TaHUM.

Henunelinpiii ananu3 o01el M3rHOHON YCTOWYMBOCTH UMeeT (POpMy MOTEPH YCTOWIHBOCTH, IIOKA3aHHYIO
Ha puc. 11, a.

Kputnueckas Harpyska OyneT paBHa

Pip = gl = 126,9 x 60 = 7611,5 kH. (7)

Pe3ynbTaT IMHEMHOrO aHaNM3a yCTOMYUBOCTH MPOCTPAHCTBEHHOTO S/Apa dKECTKOCTH, OCHOBAHHBIA Ha HC-
MOJIb30BaHUM (POPMBI H3THOA KOHCOMBHOM OanKu, Harpy>kKeHHOH HornepevHoi Harpy3koi (puc. 11, 6), naet kpu-
TUYECKYIO HATPY3KY CICAYIOIIETO BUIA:

Py =0,95gL*/A = 0,95 x 24 x 5,29 x 3600 / 58,59 = 7410,89 xH. ®)

Takum 00pa3oM, Kak MOYKHO ObLIIO 0XKHIaTh, IOIPEHTHOCTD JIMHEHHOTO aHaIM3a YCTONYUBOCTH COCTABIISA-
et 2,6 %.

3akiaroueHue

[TpuBenennsie B Tabn. 3 (cTonben 3) pe3ysibTaThl OUEHKH HOTPEIIHOCTH JIMHEHHOTO aHAIN3a yCTOMYHBO-
CTH TIOKa3bIBAOT, YTO MOTPEIIHOCTh B 16—25 pa3 Gosplie 0 CPaBHEHHIO C KJIACCHYECKUME METOJAAMHU PEIICHUS
3aja4 yctounBocTH. Tak, Metoabsl Penes — Putna u NanepkuHa B 3ajlayax yCTOMYHMBOCTU JAIOT JOCTATOYHO
TOYHBIE MPUOIMKEHHBIE PEeLIeHUs ¢ MOrpemrHocThio 0T +0,2 1o +0,13 %. OgHako mpobiemMa B TaHHOM Cilydyae
HE B METOJaX MOJYYEeHHUs MPUOIMKEHHOTO PEIIeHHs 3ajaud YCTOMYMBOCTH, a B MOJyUYEHUH COOTBETCTBYIOIIIX
TOYHOCTH TPUMEHSIEMBIX METOMIOB 3HAYCHUU MCXOJHBIX ITapaMeTPOB pacueTHOH cxembl. Ha oOmryro ycTondu-
BOCTh HECYIICH CHCTEMBI BEICOTHOTO 3[aHUS OKa3bIBAET BIMSHUE MHOXKECTBO (PaKTOPOB. DTO U pacyeTHbIC Xa-
PaKTEPUCTUKU HArPYXKEHUS, © HEM3MEHHO NPHUCYTCTBYIOIIUHN «pa30pocy» MPOYHOCTH KOHCTPYKLMOHHOTO MaTe-
puaia ¥ HadaIbHBIX T€OMETPHYECKUX HECOBEPIIECHCTB B BUAE HEBEPTUKAIHHOCTH, HEMPSIMOIUHEHHOCTH, DKC-
LEHTPUCUTETOB U MEPEKOCOB KPEIUICHUS 3JIEMEHTOB U T. 1. bonbiioe BIusHUE HA OOLIYI0 YCTOMYHUBOCTD UMEET
TPYHTOBOE OCHOBaHHE (pyHIAMEHTHBIX KOHCTPYKLHWH BBICOTHOTO 3[aHHUsI, KOTOPOE TaKXKe UMeeT OOJbIION «pa3-
Opoc» neopMaIMOHHBIX W MPOYHOCTHHIX XapakTepucTuk. ClemoBaTeabHO, B KaXKJI0M KOHKPETHOM ciydae Io-
JMYy4EHHYIO0 TOTPENTHOCTh JTMHEHWHOTO aHaju3a YCTOWYMBOCTH HAI0 COIOCTABIATH C JOIMYCKAeMOM IOTPEIIHO-
CTBIO 3HAUYEHUH MCXOTHBIX MapaMeTpPOB PACUETHOM CXeMbI BBICOTHOTO 3/1aHus. Kak mokaspIBalOT MpoBe/ieHHbIE
pacueTsl, IMHEHass MOJeh aHajKM3a YCTOWYMBOCTH KOHCOJBHOW CTOWKH MOXET BXOJHUTH B CEPUI0 MPOCTHIX
(MHKeHepHBIX) MOJeNel, KaXKaas W3 KOTOPBIX OIMHCHIBAET OTAENBHYIO XapaKTepHYIO MpoOJieMy pacuera IpHu
MPOEKTUPOBAHUHN TOTO MM MHOTO COOpYyKeHHs. B maHHOM ciydae JNuHEHass MOJENb MO3BOJISIET MOJYYHUTh
MIPEIBAPUTEIbHYIO OLIEHKY KPUTHYECKOW Harpy3Ku JJis TECTUPOBAHUS PE3yIbTaTOB KOMIIBIOTEPHOTO pacueTa 1o
0oJee CI0XKHBIM MOJIEIISIM OOMIeN YyCTOMYNBOCTH PAaBHOBECHS HECYIIIETO CTBOJIA BRICOTHOTO OOBEKTA.
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Hcropus cratbn AnHoTanust. Llemy uccnenopatyst — NOMy4eHUE U PELIEHUE YPABHEHUI! BHIHYXICHHBIX
[ocrynuna B pepaxito: 12 deppans 2022 r. TIPUHYIATEITBHBIX KOJIEOaH I OaoK, H3TOTOBICHHBIX U3 Pa3HOMOAYIIBHBIX MAaTEpHAIIOB
Jopaborana: 12 anpens 2022 r. Y HaxXOJLILIMXCS HA BSI3KOM BJIACTUYHOM OCHOBaHHH. [Ipeamnonaraercs, 4to Oaiika,
HpI/IHHTa K HY6JII/IK3.HI/IPIZ 20 anpest 2022 r. OKa3bIBaroIlast pa3HOC COMPOTHUBIICHUEC PACTAKCHUIO U COKATHIO, HETIPEPhIBHAA U HE-

OJHOPOZHAs IO TOJIIUHE U JAJMHE, COBEPUIAET BBIHYKIECHHBIE IPUHY IUTEIbHbIE
KOJIeOaHus IO JCHCTBUEM CHITB, I3MEHSIOIICHCS 110 TTOepeTHO-TapPMOHHIECKOMY
3akoHy. IIpu perieHMu 3ajaun yyuTBIBAETCS CONPOTHBIICHUE BHEIUHEH CpEBL.
INockombKy ypaBHEHHE JBIDKCHHUS SBILIETCS CIOXKHBIM UG QEpeHIINANbHBIM ypaB-
HEHHMEM C YaCTHBIMHU IPOU3BOJHBIMU OTHOCUTEIBHO U3rH0a, OHO PEIlaeTcs Mpu-
OMDKEHHBIMI aHAIMTUYEeCKIMH MeTofaMu. Ha mepBoM 3Tarme ncnomis3yercs pasio-
JKEHHe Ha TIepeMeHHBbIe, a Ha BTOPOM — MeTo[] opToroHamsarmu byoHosa — I"anepkrHa.
Ilomyuens! ypaBHEHMs1 3aBUCUMOCTH MEXAY KPYrOBOW 4acTOTOM M HapameTpami,
XapaKTePU3YIOLIMMHU CONPOTHBIIEHUE BHEIIHEN Cpebl U HEOTHOPOoaHOCTh. IIpoBene-
HBI BBIYMCIICHHS I KOHKPETHBIX 3HAYCHHI XapaKTepUCTUUECKUX (DYHKIHH, MpH-
BEJICHBI PE3yIbTATHI B BUIE TAOIUII M KPUBBIX COOTBETCTBYIOIIUX 3aBHCHMOCTEH.

W3 ypaBHEeHuUil BUIHO, UTO IPH PEIIECHUU 3a7a4 KoJIeOaTeJbHOTO ABMXKEHUS 0e3

Juiss uuTHpOBaHUA y4deTa CONPOTHBIIEHUS BHEIIHEW CPEAbl U Pa3HOMOIYIBHOCTH JOITyCKAIOTCS CEPhE3-
P3aes H.C. BoiHyX/IeHHbIE KOIeOaHs pa3HO- HbIE OIIMOKH. BI0oOaBOK M0 Mepe YBENIHUCHHS 3HAYCHHI TTapaMEeTPOB, OMPEICIISIONIX
MO/I[yJ'H)HOI‘/'I 6am(1/1, HaXOISIIEHCS Ha BI3KOM HCOAHOPOAHOCTDH IUIOTHOCTH, CYHICCTBEHHO MEHACTCA 3HAYCHUE PAa3sHOCTH 4YacCTOT.
3MIaCTHYHOM OCHOBaHuH // CTPOUTENBHAS Me- Pe3ynbTaThl MOTYT OBITH UCIIOJIB30BAHbI B OTYETAX MO IPOYHOCTH, YCTOWYMBOCTH U
XaHUKa HMHXEHEPHBIX KOHCprKHI/Iﬁ U Co- YaCTOTHO-aMINIMTYIHbIM XapaKTCPUCTHUKaM p%HOMOﬂyﬂBHL{X 63J'IOK, JOCOK WU 1H-
opyxennii. 2022. T. 18. Ne 2. C. 104-110. JIMHAPUYECKUX IOKPBITHH C YYE€TOM COIPOTUBIICHUS BHEIIHEN CPEIBL.
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performs forced oscillations under the action of a force that varies according to
the cross-harmonic law. When solving the problem, the resistance of the environment
is taken into account. Since the equation of motion is a complicated differential
equation with partial derivatives with respect to bending, it is solved by approximate
analytical methods. At the first stage, decomposition into variables is used, and
at the second stage, the Bubnov — Galerkin orthogonalization method is used. Equations
of dependence between the circular frequency and parameters characterizing the re-
sistance of the external environment and heterogeneity are obtained. Calculations
were carried out for the specific values of characteristic functions. Results are
represented in the form of tables and curves of the corresponding dependencies.

It is clear from the obtained equations that serious errors are made in solving prob-

For citation lems of oscillating motion without taking into account the resistance of the envi-
Rzayev N.S. Forced oscillations of a multi- ronment and different modularity. In addition to this, as the values of parameters
modular beam on a viscous elastic base. that determine the heterogeneity of the density increase, the value of the frequency
Structural Mechanics of Engineering Con- difference changes significantly. The results can be used in reports on solidity,
structions and Buildings.. 2022;18(2):104-110. stability and gain-frequency characteristic of different modular beams, boards
(In Russ.) http:/doi.org/10 22?;63 /1815-5235- and cylindrical coatings, taking into account the resistance of the environment.
2022-18-2-104-110 Keywords: tension, compression, bending, torsion, elastic, frequently, vibration
Beenenne

B coBpemenHoe Bpems Oanku, JOCKM M MOKPBITHA M3 Pa3IHMYHBIX MaTE€PHUAJIOB HAXOAAT IIMPOKOE MpHUMe-
HEHHE B BO3BEJCHUH CTPOUTEIHHBIX KOMIIJIEKCOB, MATHHOCTPOCHUH, CTPOUTEIHCTBE MAarUCTPAIBHBIX JKEJIE3HO-
JOPOXKHBIX IMyTeH W MHOTHX JIPYyTUX o0nacTax. B mpornecce skcruryaranyu OHU MOJBEPralOTCsl BO3ACHCTBHIO
pa3IMYHBIX BHEHMIHMUX cwil. IlocienHue TeopeTHyecKue U 3KCIepUMEHTAIbHBIE HCCIIEeI0BAHNS TTOKa3bIBAIOT, YTO
($U3NKO-MEXaHUYECKHE CBOHCTBa MHOTUX MAaTEPHUANOB HE IMOJAYMHSIOTCS 3aKOHAM TEOPHUH KIIACCHYECKOU ympy-
TOCTH ¥ TUTACTUYHOCTH, a CBA3b MEXy HaNpsDKEHHEM U JedopManueil 3aBHCUT OT BUAA Harpy3ku. [Ipumepamu
SBIIIIOTCS HEKOTOPbIE BUJIBI YYTYHA, MTOJIMMEPHI, KOMIIO3UTHI U psf Ipyrux Marepuaios [1-8].

OpnHoil U3 BayKHEMIIIUX 3a/1a4, CTOSIIIMX CETOHS Mepe]] NCCIIe0BaTENIMU-UHKEHEPAMHU TP BBIYHCICHUH
MPOYHOCTH, YCTOWYHUBOCTH M YaCTOTHO-aMIUIUTYAHBIX XapaKTePUCTUK KOHCTPYKIUHU, SBISETCS MpaBUIbHASL
OIIEHKa CBOICTB MaTepHajoB MCIOIb3yEeMbIX KOHCTPYKTHBHBIX 3JIEMEHTOB U y4UeT BO3JEHCTBHUS KOHTAKTHUPYIO-
1Iell OKpy»Karoliel cpebl, IpuMeHeHHe d(PPEKTHBHBIX U MPOBEPEHHBIX MATEMAaTHUECKIUX METOJIOB PELICHUSI.

C yueToM BBIIIEU3TI0KEHHOTO PEIIeHNE 3aJjaui M aHaJIu3 MOJTYYCHHBIX Pe3ylbTaTOB CO3MAIOT pAl TPYI-
HOCTEH. A eclM MX He yYWTBIBaTh, TO MOTYT OBITh JOMYIIEHBI cephe3Hble ommOKku. C 3TOil 1enpio perraercs
3a7iaya O BBIHY)KJICHHBIX KOJICOAHUSIX 0aliku, HaXOAsIIeHCsl Ha BA3KOM DJIACTUYHOM OCHOBAHHHU M OKa3bIBAOIICH
pa3HOE CONPOTHRIICHUE PACTSHKCHUIO U CoKaThio [9—12].

IlocraHoBKa U pelIeHHe 324U

[Ipenmonaraercs, 4ro Oanka, OKa3bIBAIOIIAs PA3HOE CONPOTUBIICHUE PACTSKEHUIO M CXKATHIO, COBEPIIAET
BBIHYKJICHHBIC KOJICOAHUS 1O ACHCTBUEM CHIIBI, M3MEHSIOMIEHCS 110 MTOTIepEeYHO-TapPMOHNYIECKOMY 3aKkoHy. I1o-
MepeyHoe ceueHue OaKu UMEeT JIBe ocu cummerpud [ 13—15].

Cura monepevyHoro BO3IeHCTBYS MTOTUYUHICTCS 3aKOHY

P(x,t)zPO(x)sin(ot. (D)
A peakius BI3KOro yIpyroro 0OCHOBaHHUS HOIUYHUHACTCS 3aKOHY

o'w
Q()C,t)ZC]W'FCz?, (2)

rae Po(x) — HenpepbiBHAS GYHKLUS; 0 — yacToTa; ¢ — BpeMs; Ci, C; — XapaKTepUCTHKHU OCHOBaHUs; W — mporud.
HopmanbHoe HanpspKeHHUe 0 MONEPEYHOMY CEYEHHUI0 OaJIKK PacpeAessieTCsl 10 CIEAYIOIEMY 3aKOHY:

c=E"(e-zp); z€S;
c=E (e-zp); z€S,, 3)

rie E', E- — MOIyJM ynpyrocTH TPH PacTSDKEHUM U CKATHH; e, ¢ — AedopMaiys U KPMBH3HA LEHTPAILHOMN

JJMHHUHU COOTBETCTBCHHO.
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Jedbopmanusi, KpuBU3HA U TPaHUIIA Zo HEUTPATHHON JTMHUY CBSI3aHBI BRIPAXKCHUEM
e=z,0. 4

Vpasuenue paBHoBecus (yCIOBUE OTCYTCTBHS IPOIOIBHOM CUIIBI) 3aMMCHIBAETCS CIIELYIOUIUM 00Pa3oM:
J.J.Gds:Jj(e—zgo)ds+ajj(e—zgo)ds:O. (5)
S M S,

OTcrona mosrygaeM

” zds + a” zds

Wp (6)
Vru6aromuii MoMeHT Mpaccr{HTLIBaeTCﬂ]Cnez[y}oumM obpazom:
M:E+”cds:”(e—zgo)zds+”(e—zp)zds. (7)
s S S5
Vauteisas (5) B (7), BRIpaKeHHe H3MHOAOMIET0 MOMEHTA IHIIETCS KaK
jj zds + (x” zds 2
Ef‘f jjds+aj 5| JPaalf7as| ®)

[Ipumem crnenyromme 0003HAYSHHUS:

il ” 2ds+a” 2ds |, ©

rae J, — MOMEHT HHEPLUH MOIEPEYHOI0 CEYEHHUS] OAHOMOAYIEHON OaIKH.
Ecnmu 0603HaunTh uepes My 3HaueHHe M3rnOAIOIIer0 MOMEHTA [Tl OJHOMOAYJIbHOU OaNku, TO 3HAaYeHUE
M3rHOArOIIET0 MOMEHTA AJIsl OAHOPOJHOH 1O BBICOTE OAJIKH MOKHO BBIPA3HUTh CIEAYIOIIUM 00pa3oM:

M =MK(S,,S,). (10)
Ecnu 6anka HeoqHOpOAHA 110 [UTHHE, TO BRIpakeHue (10) 3anumeTcs Tak
M =M,K(S,S,) [ (x). (11)

[Ipeanonaraercs, aro GyHKOUS f{x) SABIIETCS HEMPEPHIBHOW (YYHKIMEH, BKITIOUYAs MPON3BOIHYIO BTOPOTO
nopszka (M = MoK(S1, $2); E* = E; fx); p = pov(x)).

YpaBHEeHHE IBUKECHUS 3AMKUCHIBACTCS CIECAYIOMINM 00pa3oM:
o'w o'w

ow
{f(x) Gx} +CW+C, pve +p0\|/(x)?

62

K(S“SZ)ax_z

=P(x)e™ (12)
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i

2 2 2 2
0 { f(x)a—W}rClWJrCza@—WJrﬁo\y(x)a W o p(x)ee. (13)

o

o £ o

[Tockonbky ypaBHeHHE (13) clI0XHOE, €ro TOYHOE PEIICHHE MOYKHO MOJYYHUTh AJSl OJHOPOIHON OajKu.
B stom citydae ypaBHenue (13) 3anucbiBaeTcs CleayOmUM o0pa3om:

o'w = oW _ oW o
x4 +C1W+C2?+p0?=P(X)€ . (14)

JIM, MCIIOJIb3Ysl METO/] Pa3IosKeHHs Ha IIEpEMEHHbBIE, IIPOM3BECTH 3aM =V(x)e™, T BHEHU
Ec CIIOJIB3 €TOJI Pa3JIoKe a repeMe €, IIPOM3BECTU 3aMeHy W =V " 10 ypaBuenue (14

YIIPOIIAETCS:

d'v

4
X

—n4V=P(x). (15)

3necs n' =[ C, -0’ (G, +p,) |

3anaBas 3aK0H pacnpeneneHus P(x), moumem pemrenue (15) B Bume
V=V,+V. (16)

3TO HETPYAHO pemnTh: Vo — ob1ee, a Vy — 9acTHOE pelieHne OMHOPOJHOTO YPAaBHEHNSI.
Haiinem pemenune ypaBHeHus (14), UCHONB3ysl METOA pa3loKEHHUsI Ha MEPEMEHHbIE U METOJ OPTOTOHa-
mu3aunu byonosa — "anepkuna. [lonmem gynknuro cruda B Buae

W=V(x)ei‘°’ 17)

. T
M, ECIIH 3aIIMCaTh €€ 3HAUCHNE B YPABHEHHUE JBIKCHHUSI, IOy YUM CIIe/ytollee ypaBHeHue ( P = P, sin—x ):

2
+zf"(x)”c’l_‘j+av_m2(62+p0w(x))V_posm%=o. (18)
X

av
dx’

av
dx*

(%)= +2f'(x)

B nepBoM NpUOIMKEHWH, €CIM 3alUCaTh YCIOBUE OPTOTOHANM3ALMH Ul OAlKH, KOHIIBI KOTOPOH 3a-
Kperuiens! B mapuupax (¥ =sinmx; f(x)=1+ex; y(x)=1+wr):
1

4
j{(%) (1+&x)sinmx —2¢l ™" cos wx + C, sin nx — o° (52 +P, (1+w_c))V—P0 sinmx | = 0. (19)

0

IIpuHuMas BO BHUMaHuE

1
Lo 1 L 0

J.sm2 Xdx = —; J.)?sin2 dx = l; _[sin 2mxdx =0;

0 2 0 4 0

4
Gj (1+0,58)+ C, -0’ [ C, +p, (1+0,51) |- B, = 0. (20)
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CJ'IGZ[OBaTeJ'II)HO, MOXKEM IIUCATh

4
(”j (1+0,5¢)+C, - P,
o =~ . @1
C, +p,(1+0,5p)

[Ipu P, =0 nomy4um pemeHre CBOOOAHBIX KOJIEOaHH:

4

UJ (1+0,5¢)+C,
2N - 22
o C, +p, (1+0,5u) -

3anumem BeipaxkeHus (21) u (22) cnexyromum oopazom:

P
A:Q)é—&)zz_ 0 (23)
C,+p,(1+0,5p)
1503051
D -1
A=— Popo ) (24)
Cngl + (1 +0, Su)
Ecnu 6anka HaxonuTcs Ha ocHOBaHUY BuHKIIepa, TO BhIpaxkeHue (24) uMeeT CienyroImuil BUI:
D -1

T1+0,50°  Ppyl 140,50

Oruer MMpeaACTAaBJICH B Ta6J'II/I]_[e " Ha PUCYHKE.

A
BblunciieHHbIE 3HAYEHUS] OTHOLIEHHUSI p =1 110 apaMeTPy |1, XapaKTepH3YIoLeMy HeOHOPOHOCTH

oPo
A
Calculated values of the ratio 7ol according to the parameter p characterizing the heterogeneity
0*o
A
» —1
" FoPo
0 1
0,2 0,909
0,4 0,833
0,6 0,769
0,8 0,714
1 0,666
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3aBHCHMOCTb MEXY PAa3HOCTBIO YAaCTOT M IIapaMETPOM, XapaKTepPU3YIOLIUM HEOAHOPOIHOCTh
Dependence between the frequency difference and the parameter characterizing the heterogeneity

3akiaouenue

[Tomy4deHsl ypaBHEHUS 3aBUCUMOCTH MEXIY KPYyTrOBOM 4acTOTOM M mapamMeTpaMu, XapaKTEepU3YIOLIUMH CO-
MIPOTHUBJICHNE BHEIIHEH Cpellbl 1 HEOAHOPOAHOCTh. [IpoBeieHbI BEIYUCICHHUS TSl KOHKPETHBIX 3HAYCHUN Xapak-
TEPUCTUIECKHUX (DYHKITUI, TPUBEACHBI PE3YIbTATHl B BUAE TAOIHIl U KPUBBIX COOTBETCTBYIOIINX 3aBUCHMOCTEH.
W3 monyuyeHHBIX ypaBHEHUI BUIHO, YTO TPU PEIICHUU 3a/1a4y KOJeOaTeIbHOTO ABMXKEHUS 0€3 ydeTa CONPOTUB-
JICHWsI BHEIITHEH Cpe/ibl M Pa3HOMOAYJILHOCTH JOIMYCKAIOTCS Cephe3Hble omMOKH. Bo6aBok 1Mo Mepe yBenrnueHHs
3HAYeHHUH ITapamMeTpoB, OMPEAEIAIONNX HEOAHOPOAHOCTh TUNIOTHOCTH, CYIIECTBEHHO MEHSAETCS 3HAUeHHE Pa3Ho-
CTH YacTOT.

[Nony4eHHbIe pe3ybTaThl MOTYT OBITH MCIOJIL30BAaHBl B OTYETAX IO MPOYHOCTH, YCTOWYUBOCTH M YaCTOTHO-
aMIUTATYTHBIM XapaKTePUCTHKAM Pa3HOMOMIYIBHBIX 0aJlOK, JOCOK M IMIMHAPUIECKUX MOKPBITHH C yUeTOM CO-
MPOTUBIICHUS BHEIITHEH CPEIIBI.
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AHHoOTauus. B npencraBieHHOM HCClEOBaHWU TPOJOIKACTCA ONTHMM3ALIUSA
[IBEJUICPHBIX M JIBYTaBPOBBIX THyTO3aMKHYTHIX mpodmrei (I'3I1) ¢ tpyOouaTsivm
MOJIKAMH | TIepOPUPOBAHHBIMU CTEHKaMH H3 JIACTOBOTO IIPOKATa KAaK PaBHBIX,
TaK W pa3HbIX TONMMKH. Takue npoduIN NpeTHa3HAuYSHB! ISl JIETKUX CTAIBHBIX
ToHKOCTeHHBIX KOHCTpYyKumi (JICTK), oTnuuaronmxcs ymayqiieHHBIMA TEXHHUKO-
SKOHOMHMYECKMMH T0Ka3aTeIsIMU M MaCCOBBIM CIIPOCOM B TIPOMBIIIICHHO-T PAXKTAHCKOM
CTPOHTEINILCTBE, YTO MOJTBEPKIACT aKTYaIbHOCTh UX JajbHEUIIEH MpopadoTKH.
Lenp uccnenoBanus — nokasars, 4ro xapakrepuctuku JICTK moxHo nomonHu-
TENBHO YIYYLINTh NpH roMon (hopMooOpazoBaHus MPOQUIIeH, COYETAIOIIErO B
COCTaBHOM CEUCHMHU IpPSMbIE M KpPYTJble OYEPTAHUS 3aMKHYTBIX M OTKPBITBIX
KOHTYpOB, BKIIto4as X nephopuposanue. [IocpencTBOM ONBITHO-KOHCTPYKTOPCKHX
popaboTOK, PEIIeHUs] ONTUMU3ANMOHHBIX 3a]a4 U BApHAHTHOTO MPOCSKTHPOBAHMS
I'3I1 yrouHeHbl UX pacyeTHbIC CEUCHHS ¢ MAKCUMAaJbHBIM 3aIlacOM NPOYHOCTH
Ha W3rud NpH MHHUMaNbHOH Macce. OpUTHHAIBHOCTh TEXHUYECKHX PEIICHHH
MOJTBEepKIeHa mareHTHOW 3kcneptu3on. [Isemnepnsiit 311 obnamaer skcrpe-
MaJIbHBIMH MacCOl M IPOYHOCTBIO ITPU OTHOCHUTENIHHOW BBICOTE BBIPE30B B CTEHKE
1/1,87 ¥ OTHOILICHUHU Pa3MepOB IIHPUHBI U BbICOTHI 1/4,32. Kornma Tommuna mo-
JIOK B 2 pa3a OoJblIe TONIIMHBI CTEHKH, IPOYHOCTh M Macca aAByTaBpoBoro I'3I1
9KCTpEMaJIbHBI MPH OTHOCUTEIILHON BBICOTE BhIpe30B 1/1,23 u OTHOIIECHHH pa3-
MepoB 1/4,17, a koraa TouKHa NOJI0K coctariseT 0,6 TONIIUHBI CTCHKH, MTPOY-
HOcTh M Macca I'3I1 akcTpeManbHbl TP BbICOTE BhIpe3oB 1/1,73 u oTHOLICHUH
pasmepos 1/5,22. Ecnu TOMIMHBI OJOK M CTEHKH PaBHBI, TO MPOYHOCTh M Macca
I'3I1 skcTpemainbHa pu BeIcOTe BBIpe30B 1/1,46 u oTHOMIeHUU pa3mepos 1/3,17.
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Optimization of channels and I-shaped bended closed profiles
with perforated walls
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Article history Abstract. The article presents a continuation of the optimization of channel and
Received: October 20, 2021 I-shaped bended closed profiles (BCP) with tubular flanges and perforated walls
Revised: February 20, 2022 made of rolled sheet products of both equal and different thicknesses. Such pro-
Accepted: February 28, 2022 files are designed for light steel thin-walled structures (LSWS), which are distin-

guished by improved technical and economic indicators and mass demand in
industrial and civil construction, which confirms the relevance of their further de-
velopment. The purpose of the study is to show that the characteristics of LSWS
can be further improved by shaping profiles, combining straight and round out-
lines of closed and open contours in a composite section, including their perfora-
tion. Through experimental design studies, solving optimization problems and
variant design of the BCP, their design sections with a maximum margin of bending
strength with a minimum mass have been refined. The originality of technical
solutions is confirmed by patent examination. The channel BCP has extreme
weight and strength with a relative height of cutouts in the wall of 1/1.87 and
a ratio of width and height dimensions of 1/4.32. When the thickness of the shelves
is 2 times the wall thickness, the strength and mass of the I-shaped BCP are extreme

at a relative height of cutouts of 1/1.23 and a ratio of dimensions of 1/4.17, and
when the thickness of the shelves is 0.6 of the wall thickness, the strength and mass
of the BCP are extreme with a cutout height of 1/1.73 and a size ratio of 1/5.22.
If the thicknesses of the shelves and the wall are equal, then the strength and mass
of the BCP is extreme at a cutout height of 1/1.46 and a size ratio of 1/3.17.
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JIByTaBpoBbie MPOMWIN U UX pa3IndHble MOIU(PHUKALNN BeCbMa 0O0CHOBAHHO CYMTAIOT KOHCTPYKTHBHOM
¢dbopmMoil HoMep OAMH, KOTOPYIO IPOJODKAIOT HEIMPEPHIBHO COBEPILICHCTBOBATh B PEXKUME PEAbHOIO BPEMEHU
[1; 2. C. 28-39; 3-8]. Tak, coBceM HEAABHO B MIPAKTUKE OTEYCCTBEHHOTO CTPOUTEIIHCTBA BIIEPBBIC MMPUHSAT CTAH-
JApTU3UPOBAHHBIA COPTAMEHT CTaJbHBIX JBYTABPOBBIX CBAPHBIX 6anok (BBeaeH 1 supaps 2021 r.)', uto BroaHE
MOXET MOCITY>XKUTh IPUMEPOM U 00pa3LoM B CiIydae pa3pabOTKH TaKOTO K€ cOpTaMeHTa Ui ep(OopHUpOBaHHBIX
banok (mepdobankam). X KOHCTPYKTHBHO-KOMITOHOBOYHOE O(DOPMIICHHE OTINIACTCS 3HAUYUTEIBHBIM Pa3HO00-
pasuem, omnpezensieMbIM cClioco00M pa3pe3ku CTeHKH (puc. 1).

K ogHOMY M3 mepBBIX IpUMEHeHHH TephOoprupOBaHHBIX KOHCTPYKIMK oTHOCUTCS MocT B Yukaro (CILIA),
noctpoeHaslid B 1910 . B CCCP B koHne 1930-x u Hauane 1940-x rr. maes wcmojib30oBaHus mepdodamox
B CTPOMTEIBHBIX KOHCTPYKIMAX ObUIa IpeuIokeHa U pa3padaTsiBanach JIeHnHrpaackum 6iopo «lIpoexrcranb-
koHCTpyKIus» [2. C. 40—41]. IlozaHee BecbMa IIUPOKOE PACIPOCTPaHEHHE MOMYUYHIN HepPoOaIku ¢ MIeCTH-
YTOJBHBIMH BBIPE3aMH, TaK KaK TEXHOJIOTHS Pa3pe3Ku MO 3Ur3aroo0pa3Hoi JTMHUM ObLIA U 110 Cel IeHb OCTAeTCs
caMoli MPOCTOM U, KaK ClieAcTBUE, 0e30TX0aHOH [9]. 3a pyOekoM oHHM MOIy4rin Ha3BaHue castellated beams mo
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Caucasus Federal University, 56 Prospekt 40 let Oktyabrya, Pyatigorsk, 357500, Russian Federation; ORCID: 0000-0001-5464-5929, Scopus Author ID:
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3y04aToMy OYEpTaHHIO pe3a, HAllOMHUHAIOIIEMY CTEHY CPEIHEBEKOBOrO 3aMmKa. JlanpHelilee COBEpIICHCTBOBAHHUE
TEXHOJIOTHH 00ECIIeYMIIO U3rOTOBIICHUE TIep(oOATIOK ¢ KPYTJIBIMU BBIpE3aMH, OHA TiepecTalia ObITh 0e30TXO0IHOH,
HO OCTayach BechbMa OJMM3KOH K 3TOMY. 3a pyOekoM uX craiu Ha3weiBath cellular beams (stuenctoie 6anku) [10].
Bbornee 3HaunTEIBHBIE OTXObI HEM30EXKHBI IIPHU U3TOTOBICHNUH Nep0oOaIOK U3 THYTHIX IIBEIUIEPOB C OJUHAPHOM
CUMMETpHEH ceueHns (monosymmetric) ¥ TaKUX e JABYTaBPOB ¢ BOWHOW cumMmerpueit cedenus (doubly sym-
metric) (puc. 2)* [11] Ans Terkux CTaNIbHBIX TOHKOCTEHHBIX KOHCTpyKimii (JICTK), rie 0CHOBHBIM KOHCTPYKIIH-
OHHBIM MaTEPHAJIOM CIyXaT THyTble TPOo(UIX U NpOoQUINPOBAHHBIE JIUCTHI U3 OLUHKOBAHHOT'O JINCTOBOTO IPO-
KaTa pa3HBIX TOJNIIUH He 6onee 4 MM [12].

I IIXTITIIx

Puc. 1. Caumku nepdobanox ¢ MecTHyTOIbHBIMH (@), KPYTIIBIME (6) BBIpE3aMU U CXEMBI HX KOMIIOHOBKH (6)
Figure 1. Pictures of perforated beams with hexagonal (@), round (6) cutouts and their layout ()

Puc. 2. Caumox nepdodanox u3 rHyThIX npoduieii (a) u cxemsl ux popmoodpazoBanus (0, 8, 2)
Figure 2. Pictures of perforated beams from bent profiles (a) and a diagram of their shaping (6, s, 2)

OKCIlepUMEHTANBHBIE UCCIEIOBAHUS ONBITHBIX 00pa3LOB THYTHIX Hpoduiel ¢ oIWHApHOH CHMMeETpHUeH
cedeHus (monosymmetric), BKiItodasi mBesiepHbXx 1 C-00pa3HbIX TepMmomnpodmiel, a TakKe WX CpaBHEHHE C
KOHEYHO-2JIEMEHTHBIM (IH(POBBIM) MOJENUpOBaHHEM (pHC. 3) MOKa3ald, 4To meppopupoBaHHE CTEHOK WIIH
MIOJIOK COIPOBOXKAAETCS COpa3MEpHBIM pocToM penyiupoBanus pacueTHoix ceueHuid JICTK [13-15]. TlosTomy
cAepkaTh TaKOH POCT, a 3a0lH0O 1 MUHUMHU3UPOBATH OTXOBI MOKHO, €CIIM TEXHOJIOTHYECKUE ONEPALUH IO BbI-
PE3aHUI0 OTBEPCTUH BCEBO3MOXKHBIX OUEPTAHHUN JOMOIHUTH COOTBETCTBYIOUIMMHE OTEpaIusaMu 1mo ¢popmoobpa-

2 European Patent Specification No EP2609259B1. Cold formed stud / Irving S. 18.03.2020. Bulletin 2020/12.
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30BaHMIO PA3JIMYHBIX 3JIEMEHTOB JKECTKOCTH, HampuMep (parMeHTaMH HPOJOJIbHOTO W/WIM HONEPEedHOro rog-
pupoBanus (puc. 2, 8, 2). Jng nocTiKeHHs 3THX 1ejeld BIOJHE MpUMEHHMBI pepMeHHbIe (pemeTyarsie), 6e3-
pacKocHbIE, TpyOUaThle, 3AMKHYThIE U JpyTrHe KOHCTPYKTHBHO-KOMIOHOBOUHOE pemnenus (puc. 4)°. U3 uenoro
psiia aHAJIOTWYHBIX PEIIEHUM NPaKTUUYECKUH HMHTEpeC NMpEeAcTaBisieT MOAUDUIMPOBAHHBIN NPOQUIL MapKu
«ATnaHT», AeTallbHas IpopabOTKa KOTOPOTO AOIyCKAET €ro UCIOJIb30BAHUE B KAUECTBE OCHOBBI LIl KAPKACHO-
MOHOJHUTHOH KoHCTpyKImH (puc. 5)* [16].

Puc. 3. CHUMKH ¥ MO3aWKH IU(POBBIX MOJIENICH OMBITHBIX 00pa3LoB Mpoduie ¢ nephoprupPOBaHHBIMUA CTEHKAMH:
a — obmuii BUxT; 6 — BUJ 00pasiia ¢ KpaifHUM BBIPE30M; 6 — BUJ] 00pa3iia ¢ IPOMEKYTOUHEIM BEIPE30M
Figure 3. Pictures and mosaics of digital models of prototypes of profiles with perforated walls:
a — general view; 6 — view of the sample with an extreme cut; 6 — view of the sample with an intermediate cut

Puc. 4. Cxembl THYTBIX IpoduIIeH ¢ ephopupOBaHHEIME CTEHKAMHU (TIOJIKaMH) M JIEMEHTaMH KECTKOCTH
Figure 4. Schemes of bent profiles with perforated walls (shelves) and stiffeners

O0001m1as BbIIIECKa3aHHOE, HEOOXOOUMO YUYeCTh, YTO B HACTOALIEEe BpeMs U B 0003PUMOH MEpCIEKTHBE
pa3paboTka u uccienosanue, npoexkruposanue u BHeapenue JICTK akTyanbHbl, BOcTpeOOBaHbI U MPOJOIKAIOT
MOCTOSIHHO OOHOBIISITHCS B PEXHME PEabHOTO BPEMEHH JJIsl MCIIOJIb30BaHMS B MacCOBOM IPOMBIIIJICHHOM H
TpaXXJaHCKOM CTPOUTENBCTBE, BKIIIOUAs JKUJIbIE OOBEKTH pa3HON 3TaKHOCTH [17-22]. DTUM MOXHO OOBSICHUTH
TOT (hakT, YTO MO 3aKa3y ACCOIMALNN PA3BUTHUS CTATBHOTO CTPOUTENHCTBA pa3paboTaH HOBBIN yUEeOHHK IO Me-
TaNTMYECKUM KOHCTPYKIUSM Ui BY30B, B IepBoil yactu koToporo orpaxkeHs! JICTK 1 ocHOBHBIE MOnOXKeHUs

3 United States Patent No 2088781. Studding structure / Folsom R.A. 1937, Aug. 3; ITatent P® Ne 2742128. KOHCTPYKTHBHBIH
GaouHbIi y3en (BapuaHThl), Crocod COOPKH YIPOYHCHHOW KOHCTPYKTHBHOM OalkH, adpoJuHaMUuecKas MOBEPXHOCTb W JICTATENbHBIH
armmapar / CammmBan K.JI. 2021. Bron. Ne 4; United States Patent No 6691478. Joist support apparatus / Daudet L.R., Ralph G.S.,
Ponko E.L. 2004, Feb. 17; European Patent Specification No EP2861807B1. Structural members in framework structures / Swenters 1.
20.03.2019. Bulletin 2019/12.

4 ITarent PO Ne 188669. KapkacHO-MOHOIMTHAS KOHCTPYKLMS «ATiant» / Topoxosa S.B. 2019. Broi. Ne 11,
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MIX CTPOMTEIBHONW MeXaHHKH’, a MUHICTEPCTBOM CTPOMTENBCTBA M KIIHIIHO-KOMMYHAIEHOTO X03siicTBa PD
M3/1aHO OCOOUE MO TIPOEKTHPOBAHUIO TAKMX KOHCTPYKIMi’.

[IpakTuueckuil MHTEpEC MOXET BbI3BaTh MPOJOKEHHE IMpeacTaBieHHoro psna npoduiuein JICTK, ecan
no0aBuTh K HeMy THyTo3aMKHYThIe podmmn (I'311) ¢ 3ampIkaHMAMEU 3y09aThIX KPEIJICHWH W3 OIMHKOBAHHOTO
JIMCTOINPOKATa OJWHAKOBBIX U Pa3HBIX TONIMH 10 4 MM (puc. 6), OCHOBHas crieliu(ruKa KOTOPHIX JOCTATOYHO
MOJIPOOHO PACKPBITA B MPEABLAYIINX MyOmkanusx [23-26].

Puc. 5. Cxemsl npopuiist «ATnant (a) 1 KapKaca ¢ €ro IpuMeHeHHeM (0)
Figure 5. Schemes of the “Atlant” profile (@) and the frame with its application (6)

CLXTX
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=~ L; =
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Puc. 6. Cxembl iBeIUIepHbIX (@, 6), a Takxke AByTaBpoBbixX I 311 ¢ TpybuareiMi (6, 2, 0, €) ¥ INIOCKONAPATICIBHBIMHU (J/C, U, K, J1) TTOJIKAMHI
Figure 6. Schemes of channel (a, 6), as well as I-beams with tubular (s, ¢, 9, e) and plane-parallel (o, u, , 1) shelves

3 [IpoeKTHPOBaHKE METALIMYECKUX KOHCTPYKIMit. YacTh 1. MeTainyeckue KOHCTPYKIMU. MaTepualibl i OCHOBBI IPOEKTHPOBa-
HUA. yueOHHK 11 By30B / mof o6, pea. A.P. Tycuuna. M.: ITepo, 2020. C. 336-380.

¢ TlocoOue MO IPOEKTUPOBAHUIO KOHCTPYKIMiI M3 CTaJIbHBIX TOHKOCTEHHBIX XOJOJHOTHYTHIX Hpoduieil. M.: MUHHCTEPCTBO
CTPOUTENBCTBA H KHIJIHITHO-KOMMYHAJIBHOTO X03s1iicTBa PD, 2019. 208 c.
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OOpatuM Takxe BHUMaHUE Ha TIOTCHIHAT U NIEPCIIEKTUBHOCTh MCIOBL30BAHUS B pACCMATPUBAEMBIX MPO-
(1]I/IJ'I$IX Hep(i)OpI/IpOBaHHI)IX CTCHOK, OIITHUMH3allUsid U YHI/I(i)I/IKaHI/DI KOTOPBIX BIIOJTHE MOXET CTaThb MCTOYHHUKOM
3aMETHOTO YJYYIICHUS UX TEIUIO-(QU3NKO-MEXaHHMUYECKHX U TEXHHKO-DKOHOMHUECKHX Mokaszarenei. [Ipu stom
OYEBHJIHO, YTO IO KOHCTPYKTHBHBIM COOOpaskeHUsM TepdopupoBanuto momnexar te I'3I1 ¢ TpyduaTeiMu 1mos-
KaMH, CTeHKH KOTOPBIX UMEIOT IUIOCKKE IpaHu. Takoi moaIxo MOABITOKUBACT HEOOIBIIIYIO CEpHIO MyOInKalnit
00 3TUX MpoGWISIX U TO3BOJSET CO BPEMEHEM MEPEeUTH K UX CHCTEMHOMY CpaBHEHUIO ¢ AByTaBpoBbiMu [3I1,
KOTOpbIC, UMes TIOCKOMapaielbHbIC TOJNKH, 0 CBOMM OUYEPTAHHSM COBIAJAIOT C MPOKATHBIMU M CBAPHBIMH
JIByTaBpaMHU.

MaTepna.m,l H METOAbI
Komnonoexa cocmasnuix ceuenuii ¢ nep¢0pupoeannbtmu CmenKamu

[lepexon oT THYTBIX TIPOQHIIEH CIUTONTHOTO CEYeHHS K TaKHM e Tpo(HsM ¢ iepoprupOBaHHBIMIA CTEHKaMHU
(mmonKamMu) CONPOBOXKIIACTCS MX OOJIETYCHHEM C YMEHBIIICHHEM Macchl (Beca), yIydllleHHEeM TerIo(pU3NIECKUX
CBOICTB U CLEIJICHHS B CTAJIC)KeNe300€TOHHBIX KOHCTPYKUMsIX. OJJHAKO HEraTUBHAsI CTOPOHA TaKOro Iepexoja 3a-
KITIOYAeTCs B JIOTIOJIHUTEIIFHOM CHIDKCHUM HECYIIEH CrOCOOHOCTH M3-3a MECTHOM (JIOKAJIBHOM) MMOTEPH yCTOWIHMBO-
CTH, a TaK)Ke YBEJIMYCHUH OTXOJOB, TPYJOEMKOCTH U c€0ECTOMMOCTH M3TOTOBNEHHA. O4YeBUIHO, YTO aHAIOTHYHBIH
nepexon ot I'3I1 crutonHoro cedenus (puc. 6) K TakuM ke IPoduIsaM ¢ nepGoprupoBaHHBIMHE cTeHKamu (puc. 7)’
TOXKE COTPOBOXKIIAETCSI MX OOJIETUYSHUEM C YMEHBIIIEHHEM MAacChl (Beca), YIIyUIlIeHHEM TeIo(GU3NUECKUX CBOMCTB U
CIIETUICHHS B CTaJIe)KeNe300€ TOHHBIX KOHCTPYKIIUAX, HO CHIDKAET HECYIIYIO CIIOCOOHOCTh COpa3MEPHO BBICOTE BBIpE-
30B, YBEIIMYHBAs OTXOJIbI, TPYJAOEMKOCTh M ce0ECTOMMOCTD U3rOTOBIICHUs. [IpH 3TOM 3aMbIKaHUs 3y0UaThIX Kpernie-
HUIA TI0 BCEMY TIEPHMETPY KaKIOTO U3 BBIPE30B NepOpHUPOBaHHBIX CTEHOK YBEIMUYHMBAIOT UX MECTHYIO (JIOKAJTLHYTO)
1 OOIIYI0 yCTOWYINBOCTD, ITOBHIMIAs OJHOBPEMEHHO CTETIEHb IIeTFHOCTH (MOHOJIMTHOCTH ) COCTABHOTO CEUCHHUSI.
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Puc. 7. Ceuenue msemiepHoro I'3I1 (a) u akcOHOMETpHS €ro JIMCTOBBIX 3ar0TOBOK B pa3beMHOM BH/IC (6), ceueHue nBytaBpoBoro ['3I1 (s)
1 aKCOHOMETPHUSI €ro JIMCTOBBIX 3aTOTOBOK B Pa3beMHOM BHIE (), ceueHue AByTaBpoBoro I'3I1 u3 MuCTOBBIX 3ar0TOBOK Pa3HbBIX TOMIIMH (0)
Figure 7. Section of a channel-type BCP? (@) and a perspective view of its sheet blanks in a split form (6), a section of an I-shaped BCP (6)
and a perspective view of its sheet blanks in a split form (e), section of an I-shaped BCP made of sheet blanks of different thicknesses (0)

Eme onna otnmuurensHas ocooeHHocTh ['311 0T rHYTHIX poQuiiel 3aKI09aeTcst B TOM, YTO KOMIOHOBKA
MEPBBIX MO3BOJISIET OIPENeNsiTh PACUETHOE CEUeHHE HETTO, a pacueTHoe (9 (EeKTUBHOE) ceUeHUEe BTOPHIX HEOO-
xonuMo peayipoBarh [27-35]. [loaToMy mpakTHIecKoe 3HAUCHUE UMEET YTOYHEHHE PacUeTHHIX IMapaMeTpoB
HIBeJUIepHBIX U ABYTaBpoBbIX ['3[1 0T 3y0uaroil OKaHTOBKHM KaXKAOTO M3 BBIPE30B MX MEPPOPUPOBAHHBIX CTEHOK.
Juist aToro B nepopupoBaHHBIX MPOGUIILX MO aHAIOTUU C TAKUMH K€ MPOQUISIMH CIUIOIIHBIX CEYeHUH HEeoO-
XOIMMO MOA00paTh pa3Mepbl 3JIEMEHTOB 3y04aToro KpemieHus (3yOLoB), KOTOPbIE IOJDKHBI OBITH HE MEHBIIE
1/10 raGapuTHOTO pa3Mepa cederHus . B maHHOM cirydae 3ToT pasmep coctapiser 0,1U, rae U — ra6aput I'311 o
mupuHe. B pacdeTHBIX BBIKIIAAKaX IMapameTp 3yO0daThiX KpeluleHud (pa3mep 3yOLOB) OTpa3uTCs MPUMEHUTENb-
HO K CIUIOIIHBIM CEUEHHSIM YeThIpeXKpaTHbIM oOpa3om y mBemsiepHbix ['311 [24] 1 BOCBMUKpAaTHBIM 00pazom

7 Harenr P Ne 197291. 11IsesuiepHblii THYTO3aMKHYTBIA MPOQUIIL ¢ nepdoprupoBanHoii crenkoii / Mapyts A.C. 2020. Bron. Ne 11; Tarent
P® Ne 199895. JIByTaBpOBBIii THYTO3aMKHYTBIA MPOMIIIH ¢ TPYOUaTHIMU MOJIKaMy 1 TiepdopupoBanHoii creHkoi / MapyTsa A.C. 2020. Brom. Ne 27.

8 BCP — bended closed profiles.

9 CIT 260.132555800.2016. KOHCTPYKLIMH CTAlbHbIE TOHKOCTEHHBIE W3 XOIOAHOTHYTBIX OLMHKOBAHHBIX Hpoduieil 1 rodppupo-
BaHHBIX JIUCTOB. [IpaBuna npoextupoBanusa. M., 2016. C. 16.
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y nBytaBpoBbIX I'3I1 [25], a B pacuerax mephopupoBaHHEIX Tpodrtell ¢ mpubaBIeHUEM 3yO0UaThIX KPETICHHI
BBIPE30B 0003HauUEHHAas! KPaTHOCTh YBEITUYUTCS 10 8 ¥ 12 COOTBETCTBEHHO.

OO01m1ast KOMITOHOBKA COCTaBHBIX CEYEHHUH ¢ IepPOPHPOBAHHBIMHI CTEHKAMHU IIPUMEHUTENHHO K IIBEIDIEPHBIM
u nByTaBpoBbiM [ 311, kak u nephodaaKu U3 MPOKATHRIX I CBAPHBIX MPOMUIICH, MOXKET UMETh BBIPE3BI TPSIMO-
YTOJBHBIX, KPYTJIBIX, IIECTUYTOJIBHBIX, POMOUYECKHX, OBANBHBIX U APYTUX ouepTaHuil (puc. §). M3 HuX mpu mpo-
YUX PaBHBIX YCJIOBHSX OOJIee MPEAOYTHTEILHBI BBIPE3bl IIABHBIX U 00TEKaeMbIX (hOPM, CHIDKAIOIIUX KOHIICH-
TPAIUIO HATIPSHKEHUH TP CHIIOBOM COTIPOTUBIICHUH HECYIINX KOHCTPYKITUI HArpy3KaM M BO3ACHCTBHSIM.

i e e ey e B

1
ml
&
o
i
i

o o o P o g o B e o o o e o e ey B s ] e e

Puc. 8. Buzs! cBepxy mBemtepHoro (a) u nsyraBposoro (0) I'3I1, a Takxe nx 60KOBBIE BUABI C IPSIMOYTOJILHBIMH (8), KPYTIIBIMH (2),
LIECTHYTOIBHBIMH (0), POMOMUYECKIMHU (€) U OBATLHBIMH (/) BEIPE3aMHU B CTCHKAX
Figure 8. Top views of the channel (@) and I-beam (6) BCP, as well as their side views with rectangular (6), round (),
hexagonal (0), rhombic (e) and oval (orc) cuts in the walls
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Onpedenenue MaKcumMaibHoll 8bICOMbL 8bIPE306 8 NEPPHOPUPOBAHHBIX CHEHKAX

B coBpeMeHHOIi MpaKTHKE MPOMBIIUIEHHO-TPAKIaHCKOTO CTPOUTENHCTBA Tep(oOaTKi M3 MPOKATHBIX MPOQH-
JIell IPOEKTUPYIOT C YYETOM OIPaHHUYCHHUI pa3MepoB I10 BHICOTE BBIPE30B B IepOpHUpOBaHHOM CTEeHKE (puc. 9, a):
— J7Is IPSIMOYTOJIBHBIX BBIPE30B

hy, <0,7h;

— JUIA KPYTJIBIX BBIPC30B

h, < 0,8,

rze ho — BICOTA BBIPE30B; /1 — BeICOTA TIpodus [36].
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Puc. 9. CxeMbl 1Sl OIpe/IeIICHUS] MAKCHUMAJIbHOW BBICOTBI BHIPE30B
B 1Iep(OpHPOBAHHBIX CTCHKAaX MPOKATHBIX (4) U THYTO3aMKHYTHIX (6, 6) poduIieit
Figure 9. Schemes for determining the maximum height of the cutouts in the perforated walls of rolling (a) and bent closed (6, 6) profiles

[TomoOHBIE orpaHMYeHus JUId MIBeUIepHOro u aByraBpoBoro 311 ¢ mephopupoBaHHBIMH CTEHKAMHU 3a-
KITIOYAIOTCSl B UX KOHCTPYKTHBHO-KOMIOHOBOYHOM O(OPMIIEHUH H OIIPEACIAIOTCS pa3MepaMy IUIOCKUX Y4acT-
KOB CTEHOK MEKIY BBIKPY)KKaMH TTOJIOK:

— JI71s IIBEJUIEPHBIX TIpodutei (puc. 9, 6)

h<h, =V-2U;

— 7Sl IBYTaBPOBBIX poduieit (puc. 9, 6)
h<h  =V-U,

rae h(hmax) — BbICOTa (MakcuMalibHas BbIcOoTa) BbIpe3oB; V(U) — BeicoTa (mmpuHa) npoduiist mo cpeanei (cpe-
JMHHOM) JINHUU €r0 PacYeTHOTO CEUCHUS.

OnHO3HaYHOE OIpeiesIeHHe HauOObIIel BEICOTHI BBIPE30B ITO3BOJISIET HUCIOIL30BATh €€ MapaMeTp B Ka-
YeCTBE elIe OJHOTO KPUTEPHs MPH PELICHUH ONTUMHU3ALMOHHON 33a4M, KOT/la MpeaenbHO 00IerYeHHbIH mpo-
¢Gunp o0sazaeT MaKCHMaIBHBIM 3aIIaCOM HECYIIEH CIIOCOOHOCTH JUTsl CHIIOBOTO CONIPOTUBIICHHS H3THOY:

W .—>Ww npu h — h

X,max max ?

rie Wy — MOMEHT COTPOTHUBIICHHSI PACYETHOTO CEYSHHUSI HETTO B IJIOCKOCTH HAUOOJIBIIEH JKECTKOCTH.

Jiis mepexona K MPOIODKEHUIO PEIICHUST ONTUMU3AIMOHHON 33/1aui ¢ YYETOM JIOTIOJIHUTEIILHOTO KPUTE-
pHst ocTaeTcs 100aBHUTh, YTO PACUCTHBIC BBIKIAIKU MPU 3TOM JIOMYCTUMO BBITOIHSITE MO CPESIHEH JTMHUM TOHKO-
CTCHHOT'O ceueHUs 0e3 yueTa ero yriioBbIX 3aKpyTIIeHHH U 0e3 y4eTa YMCIICHHBIX BETHYHH, COJCPIKAIINX 3HAYe-
HUs TOJIINHEL, BO3BEEHHEIX BO BTOPYIO M TPeThIo cTeneHs (£ u 1) [37].

118 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



MapymsiH A.C. CTpouTenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLMiA 1 coopyxeHuit. 2022. T. 18. Ne 2. C. 111-139

Onmumu3zayus weennepuvix 1311 ¢ nepghopuposannvimu cmenkamu Ha uzzuo

Pacuernrpie mapametpsl mBesuiepHoro I'3I1 6e3 Boipe3oB B ero crenke (2 = 0; A/V = 0) cocraBisioT
(puc. 10, a) [24]:
— IUTOIIA/Ib CEYCHUS HETTO:

A=tUQ2/n+3,14);
— IUTOMIA/Ib CEUEHUS OPYTTO:
A, =A+44= A+04U;
— a6CI_II/ICC.’:l LECHTPA TAKECTU CCUCHUA:
x=2,13982U/(2/n+3,14);

— MOMCHTHBI UHEPIIUHU OTHOCUTCIIBHO IECHTPAJIbHBIX oceit:

1.=1tU*(0,1666666/n’ +0,785/n* —0,13982/n +0,043203);

1, =1tU’(5,506145/n” +8,131636/n—0,8054282)/(2/n +3,14)’*;
— MOMCHT CONPOTUBJICHUS B IMJIOCKOCTHU HaI/I60IIL]_HeI71 KECTKOCTHU:

W, =1tU?(0,3333332/n*> +1,57/n—0,27964 +0,086406n),

T7e ¢ — TOJIIMHA JINCTOBOW 3aroTOBKH Hpoduis; A/V — OTHOCHUTENIbHAS BBICOTA BBEIPE30B B MephOpHpOBAHHOM
CTCHKE; 1 — OTHOLICHUE IIMUPUHBI U BBICOTHI MPOQHIIS 10 cpeHelt tnHun ero cedenust; n = U/V (puc. 10, 6).
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Puc. 10. [Tonepeunoe ceuenue msesuiepHsix 311 6e3 Bbipesa (a) U ¢ BEIpe30M (6), a TAKKe €ro pacyeTHas cXxema HeTTO (6)
Figure 10. Cross section of channel BCP without cutout (a) and with cutout (6), as well as its net design scheme ()
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CrapToM MOXKET TIOCITY>KHTh HYJIEBOU Imar pacdeta mBeuiepHoro 311 6e3 mepdopaliii ero CTeHKH Mpu
h/V = 0. OH npaKkTUYECKH HAYEM HE OTIMYAETCS OT CPABHUTEIBHOTO pacyeTa ONTUMAaJbHBIX MMapaMeTPOB IIBeJI-
JIEPHBIX THYTBIX U THYTO3aMKHYTHIX mpoguieii [24], OCHOBHBIC Pe3yNbTaThl KOTOPOTO Pa3BEPHYTHI BO BTOPOM
cronbue Taba. 1.

Tabauya 1
Pacuernbie napamerps! mBesuiepHbix I'311 ¢ yueTom nepdgopupoBaHus HX CTEHOK
Table 1. Design parameters of channel BCP taking into account the perforation of their walls
hlV 0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,5359375
n=U/V 0,1759477  0,1761811  0,1786906  0,1854985  0,1989458  0,2209820  0,2540763  0,2314570
1/n=V/U 5,6835070  5,6759777  5,5962652 53908791 = 5,0264946  4,5252554  3,0358255  4,3204569
UAlt 0,0689321  0,0690038  0,0697713  0,0718300  0,0757978  0,0820310  0,0908129  0,0848830
V,Alt 0,3917760  0,3916640  0,3904587  0,3872268  0,3809972  0,3712112  0,3574237  0,3667333
xAlt 0,0101676  0,0101888  0,0104167  0,0110405  0,0122939  0,0143990  0,0176470  0,0154176
hAlt 0,00 0,0391664  0,0780917  0,1161800  0,1523988  0,1856056  0,2144542  0,1965461
h  Alt 0,2539118  0,2536564  0,2509160  0,2435668  0,2294016  0,2071492  0,1757979  0,1969673
hih_ 0,00 0,1544073  0,3112264  0,4769451  0,6643318  0,8959995  1,2198905  0,9978616
A/Ag 0,9731669  0,9476849  0,9471337  0,9456586  0,9428285  0,9384165  0,9244437  0,9364116
Ap /A 1,00 0,9216672  0,8438164  0,7676638  0,6952021  0,6287887  0,5710915  0,6069074
IX,A3 /¢ 0,0180818  0,0180664  0,0179410 0,0176073  0,0169774  0,0160076  0,0146938  0,0155737

Iy = [%0,A3 /£ 0,0003474  0,0003484  0,0003590  0,0003889  0,0004483  0,0005525  0,0007195  0,0006041

Wowo ATE 00924480 0,0922545  0,0918970  0,0909405  0,0891208  0,0862452  0,0822206  0,0849320
[,4/¢ 0,0180818  0,0180764  0,0180205  0,0178686  0,0175674  0,0170723  0,0163376  0,0168392
W, A/t 0,0924480  0,0923056  0,0923042  0,0922900  0,0922180  0,0919869  0,0914186  0,0918334
I/1, 1,00 0,9994467  0,9955883  0,9853765  0,9664150  0,9376358  0,8993854  0,9248479

W, ax ! Weo 1,00 0,9994464  0,9955884  0,9853776  0,9664143  0,9375813  0,8993859  0,9248486

Ipumeuanue / Note: A = const; ¢t = const.

[epBsrii miar pacyera msermepHoro 311 ¢ mepdopupoBaHHON CTEHKOW MOKHO HPEACTABUTH CIICTYIOIIUM
o0Opa3zom:

hiV =0,
h=0,1V=0,1U/n;

I.=1,-2th’/12=1  —10,1U/n)’ /6=tU’(0,16650/ n* +0,785/ n* —0,13982/ n+0,043203);
W, =(4*/£)(0,3330/ n* +1,57/ n—0,27964+0,086406n) / (4/ n* +12,56/ n+9,8596);
0,8519285n" +2,1705186n° —18,014978n" —8,803613n+2,09752 = 0;

n, =—58488304; n, =—-0,6354094; n,=0,1761811; n, =3,7602879;
n=0,1761811=1/5,6759777;
A=tU(2/0,1761811+3,14)=14491955U; A, =15,291955¢tU; A/ A, =0,9476849;
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U =0,06900384/t; V' =0,391664A4/t;
h=0,1V=0,5675978U =0,03916644/t; h

max

=3,6759777U =0,25365644/ ¢;
hih, =0,1544073 <1,
A, = A-2th=1tU(14,491955-2x0,5675978) =13,356760tU;
A,/ 4=0,9216672;
x=0,1476557U = 0,01018884/t;

I, =tU’(0,16650/0,1761811* +0,785/0,1761811> —0,13982/ 0,1761811+0,043203) =
=54,986135tU° =54,986135(0,06900384/ £)’ =0,01806644’ / £*;

I,= tU*(5,506145/0,1761811° +8,131636/0,1761811-0,8054282) / 14,491955" =
=1,0605795tU° =1,0605795¢(0,06900384/ £’ =0,00034844" / £*;

W, =W, =20,01806644 /*)/(0,3916644/ £)=0,09225454" /1,

rne A,(4) — pacueTHas TUIOIIAIL CEYSHUS HETTO C BhIpe3amu (0e3 BBIPE30B), a pacyeTHas IUIOMAAb CEUEHUS
OpyTTO OTIpesieNieHa ¢ YIETOM 3aMBIKaHWH 3y0UaThIX KPEIUICHUH HE TOJIBKO 10 KpOMKaM 00EHX JIMCTOBBIX 3aro-
TOBOK, HO U T10 TIEPUMETPaM BhIPE30B B NIep(OPUPOBAHHON CTCHKE:

A, = A+ 44=14,491955tU +4x2x0,1:U =15,291955tU.

Jis mponomkeHus mepBoro Imara pacdera mseiuiepHoro 311 pacyeTHbIe mapamMeTpsl CE4eHUs C BEIPE30M
B niep(opupOBaHHON CTEHKE HEOOXOANMO JOTIOIHUTH TAKMMH e ITapaMeTpaMH CeYeHus 0e3 BrIpesa:

1., =tU’(0,1666666/0,1761811 +0,785/0,1761811* —0,13982/0,1761811+
+0,043203) = 55,016602tU° = 55,016602£(0,06900384/ )’ =0,01807644 / £*;

W, =2(0,01807644 / %)/ (0,3916644 /1) = 0,09230424" / 1,

rlie HYJICBBIMH MHJCKCAMHU OTMEUCHBI PACUCTHBIC MApaMeTPhl CEUCHHS MIyXUX MPOCTEHKOB MEXIY BbIpE3aMHU
B IephOpHUPOBAaHHON CTEHKE, UYTO COOTBEeTCTBYeT 2= 01 h/V = 0.

3aBepias mepBbIi mar pacyera msemiepHoro 311, ciexyer 3aMeTuTh, uTo nepopupoBaHre ero CTEHKH
COIPOBOXK/IAETCS YMEHBIIIEHHEM PACUYCTHBIX MAPaMETPOB B IUIOCKOCTH HAHOOIBINEH JKECTKOCTH COpPa3MepHO
OTHOCHUTEIHHOW BEICOTE BBIpe30B /4/V = 0,1. B TIIOCKOCTH HaWMEHBINEH >KECTKOCTH pacyeTHBIC MapaMeTPhI
YMEHBIIAIOTCS MaI03aMETHO U MPAKTHYESCKH HE BIHSIIOT Ha HECYIIYIO CTOCOOHOCTb.

Ecnu B unTepBaine ot 4/V = 0,1 no A/V = 0,6 mOBTOpUTH BCE BHIKIAIKU CIIEAYIOIIMX [IarOB pacyeTa MIBel-
nepHoro 311, To OCHOBHBIE X UTOTH 00JIee HAMISAIHO MOYKHO CUCTEMATU3UPOBATh B TaOIM4YHOM BHe (Tabum. 1),
OYEBHUIHO, UTO /1 < hmax IpU A/V = 0,5 11 h > hmax ipu A/V = 0,6. Torma octaercs, UCIONB3YST METO TIOCIIEA0BA-
TEJIbHBIX MPUOJIMKEHUH, yTOUHUTH B 0003HAYEHHOM MHTEPBaje PaCUETHBIN CIydaid, KOTAA /i = Nmax. Pe3ynbTaThl
YTOYHEHHUS TIPUBEIEHBI B KpaifHeM cTonO1e 1adm. 1, rae A/hma = 0,9978615 = 1 ¢ morpentHocThio, HE TPEBhI-
marommeit 0,214 %. Cyns mo oCHOBHBIM pe3ylibTaTaM, 0OJIerdeHHbIN B HanOombIel crenenn mBeutepbrii 1311
¢ nepGopUPOBAHHOM CTEHKOH CTall KOMIIAKTHEE, MOCKOJIbKY OTHOIICHHUE IIUPUHBI ¥ BBICOTHI IO CPEeIHEH JIMHUU
€ro pacyeTHOTO CeyeHHs yBenudmiaock c¢ 1/5,68 mo 1/4,32. OO0poTHON CTOPOHON TakOro oOJerdeHus CTajio
YMEHBIIIEHUE PECYPCOB HECYyIel criocOOHOCTH, COpa3MepHOe MaKCUMAallbHOMY pa3Mepy II0 BBICOTE BBIPE30B B
nepdopupoBanHoil cTeHKe (Amax/V = 0,536 = 1/1,866).

Onmumuszayus osymaepoewvix 1311 c nepghopuposannvimu cmenkamu Ha uzzuo

Pacuernbie mapamerpsl aBytaBpoBoro 1311 6e3 Bripe3oB B ero crenke (4 = 0; 4/V = 0) mo anamoruu co
MIBEJUICPHBIM MpodIeM cocTaBisioT (puc. 11, a) [25]:
— IJIOMIAJb CEUYEHHSI HETTO:

A=tUQ2/n+3,14);
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— IUTOIIAIb CEUEHUS OPYTTO:
A4, =A+44=A4+0,38tU;

— MOMCHTBI UHEPIUUH OTHOCUTCIIBHO IEHTPAJIBHBIX oceii:

1, =1U%(0,1666666/ n* +0,785/n* —0,0699728 / n+0,0108234);
1,=0,3441341U°;

— MOMCHT CONIPOTUBJICHUA B IIJIIOCKOCTHU HanOOJIbIICH KECTKOCTH:

W.=tU?(0,3333332/n° +1,57/n—0,1399456 +0,0216468n),

T7ie ¢ — TOJIIIMHA JINCTOBOW 3arOTOBKM MpOGUIIs; //v — OTHOCHTENBHAS BHICOTA BHIPE30B B Mep(OpUPOBAHHOM
CTEHKE; 71 — OTHOIIICHUE IMMMPHUHBI U BRICOTHI IPOMUIIS TI0 cpeaHed muHuu ero ceuenwst; n = U/V (puc. 11, 6).

3a crapT MOXKHO MPUHATH HYJEBOW mar pacyera AsyraBpooro ['3I1 6e3 mepdopammu ero cTeHKH mpu
h/V = 0. OH MpaKTUYECKU COBMAIAET C PACUETOM ONTUMAaJILHON KOMIIOHOBKH €r0 COCTaBHOI'O ceueHus [25], oc-
HOBHBIE UTOTU KOTOPOT'O IPEICTAaBICHbI BO BTOPOM CTOJIOIE Ta0m. 2.
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Puc. 11. ITonepeunoe ceuenne aByraBpoBbix 31 6e3 Beipesa (@) u ¢ Bepe3oM (6), a TaAKIKe ero pacyeTHas cxema HeTTo (8)
Figure 11. Cross section of I-shaped BCP without a cutout (a) and with a cutout (6), as well as its net design scheme ()

[Tepserit mmar pacdera nByraBpoBoro I'3I1 ¢ mepdhopupoBaHHOW CTEHKOW MOKHO Pa3BEpHYTHh B CIEHYIO-
IeM BUJIE:
h!V=0,1;

h=0,1V=0,1U/n;
I.=1,-2th"/12=1 ,—1(0,1U/n)’/ 6=1U"(0,16650/n’ +0,785/n* —0,0699746 / n+0,0108234);
W, =(4*/£)(0,333/ n* +1,57/ n—0,1399492+0,0216468n) / (4 n* +12,56 / n+9,8596);
0,2134287n* +0,5437676n° —16,977572n" —7,686086n +2,09752 = 0;
n, =-10,0772471; n, =-0,6369426; n,=0,1920049; n, =7,9744138,
n=0,1920049 = 1/5,2082004;
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A=1U(2/0,1920049 +3,14) =13,55640tU; A, =14,75640tU; A/ A, =0,9186793;
U=0,07376584/t; V =0,38418704/t;
h=0,1V"=0,520820U =0,03841874/¢t; h . =4,2082004U =0,31042124/¢,

hih

max

=0,1237631<1;
A = A-2th=1U(13,55640—2x0,520820) = 12,514760:U;
A,/ 4=0,9231624;
1. =1U*(0,16650/0,1920049° +0,785/ 0,1920049" —0,0699746 / 0,1920049 +
+0,0108234 ) = 44,461945¢U° = 44,4619451(0,07376584 / £ =0,01784654° / £*;

1, =0,3441341U° = 0,3441341(0,07376584/ )" =0,00013814° / £*;

W =W,

X,max

=2(0,01784654 /%) /(0,38418704/t) = 0,09290524° / ¢,

rae Ap,(A) — pacdeTHas IUIOLIAb CEYEHUS] HETTO C BhIpe3aMu (Oe3 BBIPE30B), a pacueTHas IUIOLIaab CEeUCHHs
OpyTTO OIlpeneNieHa C yU4eTOM 3aMbIKaHUN 3y0uaThIX KPEIJICHWH HE TOJIBKO M0 KPOMKaM 00eux map JUCTOBBIX
3arO0TOBOK, HO U I10 IIEpUMETPaM BEIPE30B B IEPPOPUPOBAHHOI CTEHKE:

A, = A+A4=13,55640tU +6x2x0,1:U =14,75640¢U.

Tabauya 2
PacueTrnbie napameTpbl ABYTaBpoBbIX I'3I1 ¢ yueTom nepgopupoBaHus UX CTEHOK
Table 2. Design parameters of I-shaped BCP taking into account the perforation of their walls
hiv 0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,6843750
n=U/V 0,1916192 | 0,1920049 | 0,1947027 | 0,2007622 | 0,2163009 | 0,2398617 | 0,2750785 | 0,3243709 | 0,3156402
1/n=V/U | 5,2186837 | 5,2082004 | 5,1360356 | 4,9810173 | 4,6231892 | 4,1690690 | 3,6353259 | 3,0828906 | 3,1681642
UAlt 0,0736519 | 0,0737658 | 0,0745597 | 0,0763240 | 0,0807338 | 0,0871221 | 0,0960554 | 0,1074600 | 0,1055261
V,Alt 0,3843659 | 0,3841870 | 0,3829412 | 0,3801711 | 0,3732476 | 0,3632180 |0,33491926| 0,3312874 | 0,3343240
hAlt 0,0000000 | 0,0384187 | 0,0765882 | 0,1140513 | 0,1492990 | 0,1816090 | 0,2095156 | 0,2319011 | 0,2288029
hmax,A/l‘ 0,3107140 | 0,3104212 | 0,3083815 | 0,3038471 | 0,2925138 | 0,2760959 | 0,2531371 | 0,2238274 | 0,2287979
hih_, 0,00 0,1237631 | 0,2483553 | 0,3753575 | 0,5103998 | 0,6578112 | 0,8276763 | 1,0360710 | 1,0000218
Al Ag 0,9443569 | 0,9186793 | 0,9178761 | 0,9160958 | 0,9116762 | 0,9053488 | 0,8966466 | 0,8857771 | 0,8876018
Ap /A 1,00 0,9231624 | 0,8468235 | 0,7718972 | 0,7014017 | 0,6367817 | 0,5809684 | 0,5361972 | 0,5423940
]X,A3 /£ 0,0178642 | 0,0178465 | 0,0177229 | 0,0174197 | 0,0167763 | 0,0158332 | 0,0145421 | 0,0129852 | 0,0132429
Iy = vao, A7 0,0001374 | 0,0001381 | 0,0001426 | 0,0001530 | 0,0001810 | 0,0002275 | 0,0003484 | 0,0004270 | 0,0004044
qumaX,Az /t | 0,0929541 | 0,0929052 | 0,0925619 | 0,0916413 | 0,0898936 | 0,0871829 | 0,0832898 | 0,0783923 | 0,0792219
Ix,o’Az /[t 0,0178641 | 0,0178559 | 0,0177978 | 0,0176669 | 0,0173310 | 0,0168232 | 0,0160750 | 0,0150638 | 0,0152392
VKO, A/t 0,0929541 | 0,0929542 | 0,0929531 | 0,0929418 | 0,0928659 | 0,0926341 | 0,0920695 | 0,0909409 | 0,0911642
IX /[xo 1,00 0,9994735 | 0,9957916 | 0,9860077 | 0,9679937 | 0,9411526 | 0,9046407 | 0,8620135 |0,08690023
W;)max /W;D 1,00 0,9994728 | 0,9957914 | 0,9860073 | 0,9679936 | 0,9411534 | 0,9046405 | 0,8620136 | 0,8690023
Tpumeuanue / Note: A = const; t = const.
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Jia mpopoImKeHus IepBoro mara pacdera qyraBpoBoro 1’311 pacdeTHbie mapaMeTphl CEYeHHSI C BEIPE30M
B TIep(OPUPOBAHHON CTEHKE HEOOXOIUMO JIOTIOTHUTH TAKHMHU K€ TapaMeTpaMu ceueHus O0e3 BhIpesa:

I.,=tU 7(0,1666666/0,1920049° +0,785/0,1920049° —0,0699728 / 0,192049 +
+0,0108234) = 44,485492tU° = 44,4854924(0,07376584/ t)’ = 0,01785594 / £*;

W, =2(0,01785594° /1*)/ (0,38418704 /1) = 0,09295424° /1,

rJie HyJICBBIMH MHJEKCAMH OTMEYEHBI pACUETHBIEC TTapaMeTpPhl CEYSHHUs TIIyXUX MPOCTCHKOB MEX/y BbIPE3aMH B
nephoprUpOBaHHON CTEHKE, YTO COOTBETCTBYET 2 =0 u h/V = 0.

3aBepiuast nepsblil mwar pacuera aytasposoro 1’311, cnexyer 3ameTuTh, 4YTO NEPPOPUPOBAHHUE €T0 CTCHKH
COTPOBO’KAAETCS YMEHBIIEHHEM pacyeTHBIX MapaMeTpPoOB B IIOCKOCTH HAMOOJBIIEH KECTKOCTH COpa3sMepHO OT-
HOCHTEJILHOM BbIcOTE BhIpe3oB //V = 0,1. B minockocTn HaMMEHBILEH KECTKOCTH pacdeTHbIe apaMeTpbl YMEHb-
LIAIOTCS MaJI03aMETHO M NPAKTUYECKH HE BJIUSIOT HA HECYLIYIO CIIOCOOHOCTb.

Ecmm B maTepBane ot A/V = 0,1 no A/V = 0,7 MOBTOPHUTH BCE BBIKJIAKH CIICIYIONTNX IIar0B pacyera ABY-
taBpoBoro I3[, To OCHOBHBIE X UTOTH 0oJiee HArIISIHO MOKHO CHCTEMAaTH3UPOBaTh B TAOIMYHOM Bujie (Tad. 2),
U3 KOTOPOTO OYEBUJIHO, UTO /1 < Amax TIPU h/V = 0,6 U h > hmax ipu A/V = 0,7. Torma ocraercs, UCIONB3YyS METOT
MTOCJICTOBATENBHBIX MPUOIIKEHUH, YTOYHUTh B 0003HAYEHHOM WHTEPBAJIC PACUETHBIN CITydaid, KOTma /2 = Mmax.
Pe3ynbpTaThl yTOUHEHMs TIPUBEIEHBI B KpaiiHeM ctosbue Tadum. 2, rae i/hmax = 1,0000218 = 1 ¢ morpemHocTbio,
He npessimatonierd 0,0022 %. Cyas o OCHOBHBIM pe3yJibTaTaM, 00Jer4eHHbIH B HAanOOJbIIECH CTENIeHN ABYTaB-
poserit I'3I1 ¢ mepdopupoBaHHOW CTEHKOW CTal KOMITAKTHEE, MOCKOIBKY OTHOIIEHHE IIMPWUHBI M BBICOTHI IO
CpeIHEH JIMHUH €T0 PAcYeTHOTO CeUeHUs yBemuuuioch ¢ 1/5,219 mo 1/3,168. O60poTHOM CTOPOHON TAKOTO 00-
JIETYEHUSI CTAI0 YMEHbBIIEHNE PECYPCOB HECYIEH CTOCOOHOCTH, COpa3MepHOe MaKCUMAaIbHOMY pa3Mepy 10 BbI-
COTE BBIPE30B B NEPHOPUPOBAHHON CTEHKE (Mmax/V = 0,6844 = 1/1,461).

Onmumu3zayus ogymaeposevix I 311 c nepgpopuposannvimu cmenkamu
U3 IUCMO06020 RPOKAMA PAZHBIX MOAUWLUH HA U32UO

Benenue monpaBovHOro Ko3(UIMEHTa MO3BOJIAECT YYECTh PA3HUILY TOJIIWH TOJOK U CTCHOK, a TaKKe
nepenucaTh pacueTHbie (OPMYIIBI JJisi OOIIETo caydast IBYTaBPOBBIX MPOQUIIeH 13 JIUCTOBOTO MPOKATa Pa3HbIX
TOJINIMH 0e3 BRIPE30B B MX CTeHKax (puc. 12, a) B cnenytorieM Buje [26]:

A=tUQ/n+2k+1,14);
1. =tU’(0,1666666/n’ +0,285/n° +0,5k / n* —0,0699728 / n+0,0108234);
I, = tU*(0,1666666k +0,1774902);
t,/t,=(+k)/ (20)=(1+k)/2, otkyma k=2(¢,/¢,)—1,

TZIe ¢ — yCIIOBHAasl TOJIIMHA TOJOK, ¢ =t + kt = (1 + k); t, — ycJIOBHas TONIIUHA CTEHKH, #,, = 2¢; { — TOJILIMHA
MOJTYTUIOCKOOBAJIbHBIX 3arOTOBOK; A7 — TOJIIIMHA MJIOCKUX 3arOTOBOK (puc. 12, 6).

JlanpHEWIII TIOMAroBEIN pacyeT KaueCTBEHHO MOA00EH MPEIBIIYIINM 1 OTINYAeTCsS OT HUX YHCIICHHBI-
MU 3HAYCHUSIMH COOTBETCTBYIOIIMX MapamMeTpoB. [103TOMy OCHOBHBIE WTOTH TaKOTrO pacyera Ielecoo0pa3zHo
CHCTEMaTHU3UPOBaTh B TAONUYHOM BHJE (Tabi. 3) MPUMEHHUTENBFHO K CEUYSHHSIM, ONITUMHU3UPOBAHHBIM 110 MaKCH-
MaJIbHOH MPOYHOCTH HA U3THO TTpH HauOoubIei 001erdeHHOCTH (W — Wy max IPU A — Fimay).

Cyzs 10 OCHOBHBIM PE3yJIbTaTaM M B 3TOM PacYeTHOM ciiydae oOJierdeHHbIe B HAaUOObIIEH cTereH: IBY-
taBpoBsie [ 311 ¢ nephoprpoBaHHBIME CTEHKAMH CTaldd KoMmakTHee. OZHAKO 0OOPOTHOH CTOPOHOH Takoro 00-
JIETYEHHSI CTaJ0 YMEHbIIEHHE PECYPCOB HECYIIel ClIOCOOHOCTH, COpa3MepHOe MAKCUMAIILHOMY pa3Mepy 10 BbI-
coTe BBIPe30B B mephopupoBaHHON cTeHke. OCTaeTcss OTMETHTb, YTO MIPH MPOYUX PAaBHBIX YCIOBHUSAX IO 3amMacy
MPOYHOCTH TPEANOYTHTENFHEE T€ U3 ONTHUMHU3UPOBAHHBIX MpOo(duMiel, Yy KOTOPBIX OTHOIICHHS YCIOBHBIX TOJ-
IMH ITOJIOK U CTEHOK OOJIbIIeE.
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Tabauya 3

PacyerHble napamerpbl AByTaBpoBbIX I'3I1 ¢ nepdopupoBaHHBIMYM CTEHKAMH M3 JHCTOBOTO NPOKATA PA3HBIX TOJLIUH
Table 3. Design parameters of I-shaped BCP with perforated walls from sheet metal of different thicknesses

t/t, 0,60 0,70 0,80 0,90 1,10 1,20 1,30
k=2t,/t,~1 0,20 0,40 0,60 0,80 1,20 1,40 1,60
n=U/V 0,4221524 0,3925894 0,3640917 0,3383734 0,2957406 0,2782024 0,2622816
1/n=V/IU 2,3688127 2,5471905 2,7465608 2,9553150 3,3813416 3,5945052 3,8126959
UAlt 0,1592958 0,1421589 0,1276630 0,1155985 0,0970620 0,0898552 0,0835743
V,Alt 0,3773419 0,3621058 0,3506341 0,3416299 0,3281997 0,3229849 0,3186433
h=h, A/t 0,2180461 0,2199468 0,2229711 0,2260314 0,2311377 0,2331297 0,2350690
B 1V 0,5776828 0,6070431 0,6357414 0,6616462 0,7045192 0,7223091 0,7372952
Al 4, 0,8395212 0,8542695 0,8671555 0,8781803 0,8956765 0,9026685 0,9088519
4,14 0,5640318 0,5603722 0,5441745 0,5479235 0,5375534 0,5334098 0,5301311
I,4°/¢ 0,0151426 0,0147025 0,0141431 0,0136591 0,0127633 0,0125577 0,0122884
I=1,4/¢ 0,0008521 0,0004352 0,0005773 0,0004801 0,0003451 0,0002980 0,0002592
VVX’W,A2 /t 0,0802593 0,0812055 0,0806715 0,0799643 0,0777776 0,0777602 0,0771295
1,41 0,0170609 0,0164726 0,0159779 0,0155676 0,0149382 0,0146739 0,0144496
WA It 0,0904267 0,0909822 0,0911371 0,0911372 0,0910311 0,0908643 0,0906945
I/1, 0,8875616 0,8925427 0,8851663 0,8774056 0,8544068 0,8557847 0,8585704
emax ' Weo 0,8875619 0,8925427 0,8851664 0,8774057 0,8544069 0,8557838 0,8585702
/1, 1,40 1,50 1,60 1,70 1,80 1,90 2,0
k=2t,/t,~1 1,80 2,0 2,20 2,40 2,60 2,80 3,0
n=U/V 0,2509165 0,2349606 0,2247201 0,2140378 0,2051035 0,1968998 0,1890064
1/n=VIU 3,9853895 42560327 4,4499802 4,6720719 4,8755872 5,0787253 5/2908261
UAlt 0,0786733 0,0732489 0,0692522 0,0654272 0,0621458 0,0591181 0,0564281
V,Alt 0,3135437 0,3117497 0,3081709 0,3056805 0,3029972 0,3005615 0,2985512
h=h, A/t 0,2348704 0,2385008 0,2389187 0,2402533 0,2408514 0,2413810 0,2421231
hoa !V 0,7485422 0,7653629 0,7750794 0,7855302 0,7945839 0,8033659 0,8108738
Al 4, 0,8876018 0,9443569 0,9186793 0,9178761 0,9160958 09116762 0,9053488
4,/4 0,5305980 0,5227960 0,5222857 0,5197567 0,5184859 0,5170780 0,5158248
I1.,4/¢ 0,0120173 0,0118207 0,0116156 0,0114399 0,0112740 0,0111159 0,0109837
I,=1,,,4/¢ 0,0002325 0,0002007 0,0001807 0,0001617 0,0001466 0,0001335 0,0001217
W, A2 1 0,0766547 0,0758345 0,0753841 0,0748487 0,0744171 0,0739675 0,0735800
1,471 0,0141667 0,0140847 0,0138868 0,0137505 0,0136000 0,0134622 0,0133474
W, A/t 0,0903650 0,0903590 0,0901240 0,0899664 0,0897698 0,0895803 0,0894144
I/1, 0,848278 0,8392582 0,8364490 0,8319624 0,8289779 0,8257119 0,8229039
W Weo 0,8482786 08392578 0,8364486 0,8319628 0,8289770 0,8257116 0,8229099

Tpumeuanue / Note: A = const; t = const.
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Puc. 12. INonepeunoe ceuenne nByTaBpoBbIx I'3[1 13 nucToBOrO NMpoKaTta pa3HBIX TOIIIMH Oe3 BeIpe3a (a) U ¢ BEIpe3oM (6),
a TaKoKe ero pacyeTHas cxema HeTTo (8)
Figure 12. Cross section of I-shaped BCP made of sheet metal of different thicknesses without a cutout (a) and with a cutout (6),
as well as its net design scheme (8)

Pe3yJ’ILTaTbI u oﬁcymnemle

Peanuzayun weennepnwix I'311 ¢ nepgpopuposannvimu cmenkamu

[Ipumep peanuzanun msemtepabix 311 ¢ nepdoprpoBaHHBIME CTEHKaMHM IO MIPEIaraéMoMy TE€XHHUYE-
CKOMY PELICHUIO0 MOKHO IIPHUBECTH, €CJIM B KauecTBE 0a30BOT0 0OBEKTa I CPAaBHEHUS MPHHATH MOIUPULINPO-
BaHHbIE THYThIE TIpodrin Mapku «ATinanT» (puc. 5, a) [16], a Takke BOCIIONB30BATHCS IKBUBAJICHTHBIMH 3HAYE-
HUSIMU TE€OMETPUIECKHX XapaKTEPUCTHK CaMbIX KPYIMHOKANMUOEPHBIX cedeHUU ([21203%50,8 MM mpu ta = 1,0;
1,5; 2,0 mm) u3 ux copramenta [38]. IIlpuueM HEOOXOAMMO UMETh B BHIY, UTO W3-3a CBOCH CIIOKHOW T€OMETPHUU
npoQHIN MapKH «ATJIaHT» UMEIOT HEMOCTOSHHYIO MO AJMHHE (GOpPMY TONEPEYHOr0 CEYEHHUs, a €r0 XapaKTepH-
CTHKH — SKBUBAJICHTHbIE 3HaueHHs. [103TOMY Uil CpaBHHUTENBHOTO aHajiu3a yJOOHO HCIIOJIb30BATh YAEIbHBIC
XapaKTePUCTUKH, KOMMH SIBIISTIOTCS pacueTHBIC TTapaMeTphl Mpoduist ¢ equHnYHON Tutomasio (I 1) [39].

[Mpoduins 6azoBoro oobekTa ([40203%50,8%1,0 MM) UMEET CIEIYIONIUE TAPaAMETPhI:

— pacuetHoe ceueHue 6e3 Bripesa (puc. 13, a):

A=A, =352 mm*; 1,,=2104783 mm"; 1 =112353 mv’;
1,=1,/A=2104783/352=5979,4971 mm"/Mm*;
1,=1,,/A4=112353/352=319,18465 mm* /mm’;

— pacdeTHOEe ceueHue ¢ Bhipe3oM (puc. 13, 0):

A, =255 mm’; I, =1621760 mm"; I, =94067 mm';
I,=1./4,=1621760/255=6359,8431 mm*/mm’;

1,=1,/4,=94067/255=368,89019 mm* /mm’.
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Figure 13. Schemes of sections of channel bent (a, 6) and bent closed (s, 2) profiles with perforated walls

203

8

sennepubrit 311 ¢ mepdopupoBaHHOW cTeHKOUW mpexacraBieH mnpoduneM [pcp203%50,8 MM c

n=U/V=150,8/203 = 0,2502463 = 1/3,9960629:
— pacuetHoe ceueHue [pcp203%50,8 MM mipu £,n = 1,0 MM Oe3 BeIpesa (puc. 13, 6):

A=tUQ2/n+3,14)=1U(2/0,2502463+3,14) =11,132126¢U;
A, = A+ A4 = A+4x2x0,1(U =11,132126:U +0,8U =11,932126¢U;
(=4, /(11,932126U) =352/ (11,932126x50,8) = 0,5807124 ~ 0,58 mm;

A, =11,9321261U =11,932126x0,58x 50,8 = 351,56816 ~ 351,6 Mm’;
A=11,132126tU =11,132126% 0,58 x 50,8 = 327,73178 ~ 327,7 mm’;
x=2,13982U/(2/n+3,14)=2,13982x50,8/(2/0,2502463 +3,14) = 9,765 mm;
h =V -2U=203-2x50,8=1014 mm;

I.,= tU’(0,1666666 /0,2502463° +0,785/0,2502463* —0,13982/0,2502463 +
+0,043203) = 22,654959tU° = 22,654959x0,58x 50,8’ =1 722 592 mm*;

[,=tU *(5,506145/0,2502463 +8,131636/0,2502463 —0,8054282) / (2/ 0,2502463 +3,14)* = 0,9652194:U° =

=0,9652194%0,58x50,8" =73391,4 mm*;
1,=1,/A4=1722591,8/327,7=5256,6121 mm*/mm’;

1,=1I,/A=73391,398/327,7=223,9591 mm" /vns’;

— pacuetHoe ceueHune [pcp203%50,8 MM mipu £,q = 1,0 MM ¢ BeIpe3om (puc. 13, 2):

A = A-2th, =327,7-2x0,58x101,4=210,076 ~ 210,1 mvr’;
[=1,—-Q0K, /12=1722591,8—(2x0,58)101,4° /12=1 621 808 mm*;

PACYET U NPOEKTVUPOBAHVE CTPOUTENBHBIX KOHCTPYKLM 127



Marutyan A.S. Structural Mechanics of Engineering Constructions and Buildings. 2022;18(2):111-139

1,=1,,—Qty'R, /12=73391,398—(2x0,58) 101,4/12 = 73384,8 mm*;

ax

I,=1./4,=1621808,1/210,1=7719,2198 mm" /mm’;
1,=1,/A4,=T73384,804/210,1=349,28512 mm* /mm’,

T7e B KaueCTBE ITAJIOHHBIX (CTOMPOICHTHBIX) 3HAUYEHWUH MPUHATH pacdeTHBIE MapaMeTphl Ipoduiis 6a30BOTo
o0BeKTa.

W3 nony4eHHBIX pe3yJbTaToOB U UX CPAaBHEHHUs, pa3BEpHYTHIX B TabamuHOH ¢opme (Tabin. 4), MOKHO 3a-
KITFO4YNTh, 4TO ImBeuiepHbii 1311 ¢ mepdopupoBaHHOM cTeHKOM 00MamgaeT AOCTaTOYHON 3(PPEKTUBHOCTHIO IS
MEPCIIEKTUBHOTO IPUMEHEHHSI B HECYIIIUX KOHCTPYKIIHSX.

Tabruya 4

PacueTHble mapamMeTphl MBeJNIEPHBIX THYTBIX H THYTO3aMKHYTBIX poduJieii ¢ neppopupoBaHHBIMH CTEHKAMHU

XapakTepuCTHKHU MONEPEYHOr0 CeYeHHsI

Tpodmum, My A oo Lo oo Lo Ap L | I JA Lo
2 4 2 4

MM MM MM4/Mm? MM MM Mm4/Mm?

352 2104783 | 112353 |5979,4971(319,18465 255 1621760 94067 [6359,8431{368,89019
100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 %

327,77 |1722592| 73391,4 [5256,6121| 223,9591 210,1 1621 808| 73384,8 [7719,2198(349,28512
93,10% | 81,84% | 6532% | 87,91 % | 70,17 % | 82,39 % | 100,0 % | 78,01 % | 121,4 % | 94,69 %
519 3066 565| 157270 | 5908,603 |303,03604 377 2417300| 134941 |6411,9363(357,93368
100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 %
480,7 2524488 107556,4 |5251,6914|223,74942| 2954 2341026 107511,7 |7924,9346|363,95304
92,62% | 82,32% | 68,39 % | 88,88% | 73,84% | 56,92% | 96,84 % | 79,76 % | 123,6 % | 101,7 %
688 4037609 | 206221 |5868,6177(299,73982 496 3179 255| 171972 |6409,7883|346,71774
100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 %

639,0 |3356084| 142986,7 |5251,8532(223,75632| 392,7 |3 112187|142881,8|7925,3318|363,85535
92,88% | 83,12% | 83,14% | 89,49 % | 74,65% | 57,08% | 97,89 % | 83,08 % | 123,6 % | 104,9 %

[1203%50,8%1,0

[Bcp203%50,8%0,58

[1203%50,8%1,5

[Bcr203%50,8%0,85

[41203%50,8%2,0

[Bcp203%50,8%1,13

Table 4
Design parameters of channels bent and bent closed profiles with perforated walls
Cross section characteristics
Profiles, mm A Lo Lo Lo Lo Ap Ix 1, I Lo
mm? mm* mm*/mm? mm? mm* mm*/mm?

352 2104783 | 112353 |5979.4971(319.18465 255 1621760 94067 [6359.8431{368.89019
100% 100% 100% 100% 100% 100% 100% 100% 100% 100%

327.7 | 1722592 73391.4 [5256.6121| 223.9591 210.1 1621 808| 73384.8 |7719.2198(349.28512
93.10% | 81.84% | 65.32% | 87.91% | 70.17% 82.39% 100.0% | 78.01% | 121.4% | 94.69%

519 3066 565| 157270 | 5908.603 |303.03604 377 2417300| 134941 |6411.9363(357.93368
100% 100% 100% 100% 100% 100% 100% 100% 100% 100%

480.7 |2524488| 107556.4 |5251.6914|223.74942| 2954 2341026 107511.7 |7924.9346|363.95304
92.62% | 82.32% | 68.39% | 88.88% | 73.84% | 56.92% | 96.84% | 79.76% | 123.6% | 101.7%

688 4037609 | 206221 |5868.6177(299.73982 496 3179 255| 171972 |6409.7883|346.71774
100% 100% 100% 100% 100% 100% 100% 100% 100% 100%

639.0 |3356084| 142986.7 [5251.8532|223.75632| 392.7 |3 112187 142881.8 |7925.3318|363.85535
92.88% | 83.12% | 83.14% | 89.49% | 74.65% | 57.08% | 97.89% | 83.08% | 123.6% | 104.9%

[1203%50.8%1.0

[Bcp203%50.8%0.58

[1203%50.8%1.5

[Bcp203%50.8%0.85

[1203%50.8%2.0

[Bcp203%50.8%1.13

Peanuzayun osymaeposvix I'311 c nepgpopuposannvimu cmenkamu

[Mpumep peanmzanuu apyTtaBpoBbix ['3I1 ¢ nmepdopupoBaHHBIMU CTEHKAMH MOKHO IPHBECTH, €CIIM B Ka-
yecTBe 0a30BOro 0ObEKTa Ul CPaBHEHUS MPUHATH COCTaBHBIE ABYTAaBPHI B BHIE HMAapHBIX THYTHIX MpPOQHIIEH
MapKu «ATIaHT», COCTHIKOBAHHBIX CTEHKAMH aHAIOTMYHO TEXHUYECKOMY PEIleHHI0 U3 BBeJIeHus (puc. 2, 6, 2)'°.

10 European Patent Specification No EP2609259B1. Cold formed stud / Irving S. 18.03.2020. Bulletin 2020/12.
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[Ipodmns 6azoBoro o6bekTa (][20203%101,6%1,0 MM) UMEET CIIETYIOITHE TAPAMETPHI:
— pacueTHoe ceueHue 0e3 Bripesa (puc. 14, a):

A=A, =2x352=704 mm’; I ,=2x2104783=4209 566 mm";
1,,=2(112353+352x8,5%) =275 570 mm";

rae aOciicca MEHTpa TSDKECTH CEUeHHs OJHOTO M3 TMAapHBIX IIBEJUIEPHBIX THYTHIX mpoduieil cocrapiser
x=U/(1/n+2)=50,8/(1/0,2502463+2)=8,4722258 ~ 8,5 mm [24],

I,=1,/ A=4200566/704=5979,4971 nv* hine’;

1,=1,/A4=275570/704=391,43465 MM /M’

— pacyeTHOE CeYeHHe C BhIpe3oM (puc. 14, 6):

A, =2x255=510 mm’; 1, =2x1 621 760=3 243 520 mm*;
I,=2(94 067 +255x8,5%) =224981,5 mm";
I.=1,/A4,=3243520/510=6359,8431 mm"/Mm*;

1,=1,/4,=224981,5/510=441,14019 nvt* /vnt”.

o 508, S08 L, 508 , 508 , 508 , 508 5 508

1 1 ( 1 ] 1 ] ] 1
- - + ‘*7
g 284 E § g 2t

» | | ‘Zﬁ‘m’ 2t

- - L - kl - o A

a 9] 8 2

Puc. 14. CxeMmbl ceueHUH ABYyTaBPOBBIX THYTHIX (@, 6) M THYTO3aMKHYTHIX (6, 2) mpoduiel ¢ neppoprpoBaHHBIMU CTEHKaMU
Figure 14. Schemes of sections of I-shaped bent (a, 6) and bent closed (s, ) profiles with perforated walls

HsytaBposerii 311 ¢ mepdpopupoBaHHOW cTeHKOU mpeacTaBieH npoduneM |[[pcp203%x101,6 MM c

n=U/V=101,6/203 = 0,5004926 = 1/1,99803 14:
— pacuetHoe ceueHue |[pcp203x101,6 MM mipu t,q = 1,0 MM 6e3 Bripe3a (puc. 14, 6):

A=tUQ2/n+3,14)=1U(2/0,5004926+3,14) = 7,136063¢U;
A, = A+ A4 = A+6x2x0,1¢U =7,136063tU +1,2tU = 8,336063¢U;
t=4,/(8,336063U) =704/ (8,336063x101,6) = 0,8312237 ~ 0,83 my;
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A, =8,3360631U =8,336063x0,83x101,6 = 702,96351 ~ 703,0 mvt;
A=1,136063tU =7,136063x0,83x101,6 = 601,76991 ~ 601,8 mn’;
h =V -U=203-101,6=1014 mm;

1., =tU*(0,1666666/0,5004926° +0,785/0,5004926 —0,13982/0,5004926 +

X,

+0,0108234) = 4,3342333¢tU° = 4,3342333x0,83x101,6° =3 772 867 Mmm*;
1,,=0,3441566:U° = 0,3441566x0,83x101,6° =299581,7 mm*;
I,=1,/A4=3772867/601,8=6269,3037 mm*/Mm’;
1,,=1,/A4=299581,7/601,8=497,8094 mm*/Mm’;

— pacuetHoe ceueHue |[pcp203x101,6 MM TIpH o0 = 1,0 MM ¢ BBIpe3oM (puc. 14, 2):

A, = A-2th,, =601,8-2x0,83x101,4=433,476 ~433,5 Mm’;
1,=1,-Q0Ok, /12=3772867-(2x0,83)101,4° /12 =3 628 642 mm";
I,=1,—Q20)’h, /12=299581,7—(2x0,83)’101,4/12 =299 543 mm*;
I,=1/4,=3628642/433,5=8370,5697 mm*/mm’;

1,=1,/ A, =299 543/433,5=690,98731 s’ /i,

T7e B KaUeCTBE ITAJIOHHBIX (CTOMPOICHTHBIX) 3HAUYEHUH MPUHATH pacdeTHBIE MapaMeTpsl Ipoduiis 6a30BOTo

0o0BeKTA.

W3 momydeHHBIX pe3yJIbTaTOB U UX CPaBHEHUS, Pa3BEPHYTHIX B TabmuuHO# (popme (Tabmn. 5), MOXKHO 3a-
KITFOUNTh, 9TO ABYTaBpoBEIi [ 311 ¢ mepdopupoBanHOi cTeHKOH 00amaeT M0cTaTOYHON ((HEKTUBHOCTHIO IS

TMEPCICKTUBHOI'O0 MPUMCHCHUSA B HECYIIUX KOHCTPYKIHAX.

Tabnuya 5

PacueTHble mapamMeTpbl ABYTABPOBLIX THYTHIX H THYTO3aMKHYTBIX Npodueii ¢ nepopupoBaHHBIMH CTEeHKaAMHU

XapaKTepUCTHKH NOIEPeYHOro ceveHust

Tpodmm, Mm A Lo Lo Lo Lo A L | 5 I

1 [y,0

Mm? mm* MM/ mMm? Mm? mm*

MM/ M2

J[1203%101,6%1,0

704 4209566 | 275570 |5979,4971 | 391,43465 510 3243520 | 224981,5 | 6359,8431 | 441,14019
100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 %

1[Bcp203%101,6%0,83

601,8 | 3772867 | 299581,7 | 6269,3037| 497,8094 4335 3628642 | 299543 |8370,5697 | 690,98731
8548% | 89,63% | 108,7% | 1048% | 127,2% 85,0 % 111,9% | 133,1% | 131,6% | 156,6 %

J[1203%101,6x1,5

1038 6133130 | 389535,5 | 5908,603 | 375,27504 754 4834600 | 324358,5 | 6411,9363 | 430,18368
100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 %

1[Bcp203%101,6x1,22

884,5 5545659 | 440349 |6269,8236 | 497,85076| 637,1 5333666 | 440226,2 | 8371,7877 | 690,98446
90,42% | 8232% | 113,04% | 106,1% | 132,7% | 84,50% | 1103% | 1357% | 130,6% | 160,6 %

J[1203%101,6%2,0

1376 8075218 | 511858 |5868,6177 | 371,98982 992 6358510 | 415616 |6409,7883|418,96774
100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 %

1[Bcp203%101,6%1,62

1174,5 | 7363908 | 584725,7 | 6269,8237|497,85074 |  846,0 7082409 | 5844383 | 8371,6418 | 690,82541
92,88% | 91,19% | 1142% | 1068% | 133,8% | 8528% | 1114% | 140,6% | 130,6% | 1649 %
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Table 5
Design parameters of I-shaped bent and bent closed profiles with perforated walls
Cross section characteristics
Profiles. mm A Lo Lo Lo Lo Ap I I, I Lo
mm? mm* mm*/mm? mm? mm* mm*/mm?

704 4209566 | 275570 |5979.4971 | 391.43465 510 3243 520 | 224981.5 | 6359.8431 | 441.14019
100% 100% 100% 100% 100% 100% 100% 100% 100% 100%

601.8 3772867 | 299581.7 | 6269.3037 | 497.8094 433.5 3628642 | 299543 | 8370.5697|690.98731
85.48% 89.63% 108.7% 104.8% 127.2% 85.0% 111.9% | 133.1% | 131.6% | 156.6%

1038 6133130 | 389535.5 | 5908.603 | 375.27504 754 4834 600 | 324358.5 | 6411.9363 | 430.18368
100% 100% 100% 100% 100% 100% 100% 100% 100% 100%

884.5 5545659 | 440349 |6269.8236|497.85076 637.1 5333 666 | 440226.2 | 8371.7877 | 690.98446
90.42% 82.32% | 113.04% | 106.1% 132.7% 84.50% 110.3% | 135.7% | 130.6% | 160.6%

1376 8075218 | 511858 |5868.6177|371.98982 992 6358510 | 415616 |6409.7883|418.96774
100% 100% 100% 100% 100% 100% 100% 100% 100% 100%

11745 | 7363908 | 584725.7 | 6269.8237 | 497.85074 846.0 7082409 | 584438.3 | 8371.6418|690.82541
92.88% 91.19% 114.2% 106.8% 133.8% 85.28% 1114% | 140.6% | 130.6% | 164.9%

J[1203%101.6x1.0

1[Bcr203%101.6%0.83

J[1203%101.6x1.5

1[Bcp203%101.6x1.22

J[1203%101.6%2.0

1[Bcp203%101.6x1.62

Peanuzayus ogymaesposwix I'311 c nepghopuposannvimu cmenkamu
U3 IUCHO6020 NPOKAMA PAZHBIX MOTUIUH

[Mpumep peanmuzanun nByTaBpoBsix ['3I1 ¢ mepdoprpoBaHHBIME CTEHKAMU U3 JJUCTOBOTO MPOKATa pPa3HbIX
TOJIIIMH MO>XHO TPHUBECTH, €CIIM B KayecTBe 0a30BOro 0OBEKTa I CPaBHEHHS HCIOJIb30BaTh MOTYyYEHHBIH cop-
TaMEHT TPeX TaKWX ke Mpo(uiei W3 JIMCTOBOTO MpOKaTa paBHBIX TOJIIUH C #/t, = 1, k = 1 u n = 0,5004926
(1[Bcr203%101,6%0,83 MM; ][Bcp203%50,8%1,22 mM; |[Bcp203%101,6%1,62 MM) 1 yTOIHUTH pacueTHBIC (HOPMYITHI
C Y4eTOM TPaHWYHBIX 3HAYCHUH MONpaBoYHOro Koddduimenra:

—1pu t/t, = 0,6 (k=0,2)

A=1U(2/0,5004926+2x0,2+1,14) = 5,536063U;
A4, =tU(5,536063+1,2) = 6,736063tU;
I, =tU*(0,1666666/ 0,5004926° +0,285/0,5004926” +0,5% 0,2 / 0,5004926> —
—0,0699728/0,5004926+0,0108234 ) = 2,7373849:U°;

1, =1U*(0,1666666x0,2+0,1774902) = 0,2108235:U°;

—ipu t/t, =2 (k=13)
A=1U(2/0,5004926+2x3+1,14) =11,136063tU;
A, =1U(11,136063+1,2) =12,336063tU;
1, =tU’(0,1666666/0,5004926° +0,285/0,5004926> +0,5%3/0,5004926> —
-0,0699728/0,5004926 +0,0108234) = 8,3263669:U°;
1, =1U*(0,1666666 x3 +0,1774902) = 0,6774902:U".

Heytasposeiii 31 ¢ meppoprupoBaHHO# CTEHKOW W3 JIMCTOBOTO IPOKATa Pa3HBIX TOJIIUH C #/t, = 0,6
(k= 0,2), anprepraruBHbIi mpoduio |[scp203x101,6%0,83 mm (puc. 15, a, 6):
— pacueTHOe ceueHue 6e3 BeIpesa (puc. 15, 6):

t=A4,/(6,736063U)=703,0/(6,736063x101,6) =1,027201 1,0 mm;
kt=0,2x1,0=0,2 Mm;
4, =6,736063tU = 6,736063x1,0x101,6 = 684,384 ~ 684,4 MM
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A=5,536063tU =5,536063x1,0x101,6 = 562,464 ~ 562,5 Mv*;
h_ =V -U=203-101,6=1014 my;

1, =2,7373849¢tU° =2,7373849x1,0x101,6" =2 870 893 mm*;
1,,=02108235(U° =0,2108235x1,0x101,6° = 221105,8 mn’;
I,=1,/A=2870893/562,5=5103,8097 mu" /mm’;
I,,=1,,/ A=2211058/562,5=393,07697 mm* /um’;

— pacueTHoe ceueHHe ¢ BbIpe3oM (puc. 15, 2):

A, =A-2th,, =562,5-2x1,0x101,4=359,7 mm’;
1.=1,-Q0k, /12=2870893—(2x1,0)101,4° /12=2 697 128 mm";
1,=1,,—Q 'k, /12=221105,8—(2x1,0°101,4/12=221038,2 mm*;
I,=1,/4,=2697128/359,7="7498,2707 mu" /mm’;

1,=1,/4,=2210382/359,7=614,50708 mm* /.

203
203
203

Puc. 15. Cxemsl ceuennii 1ByTaBpoBsix ['311 ¢ mepdopupoBaHHBIME CTEHKaMH U3 3aTOTOBOK PaBHBIX (d, 6) ¥ pa3HBIX (8, 2) TONIIINH
Figure 15. Schemes of sections of I-shaped BCP with perforated walls from blanks of equal (@, 6) and different (s, ¢) thicknesses

HsytaBpossrii 311 ¢ nmepdopupoBaHHOIl CTEHKON M3 JIMCTOBOTO MPOKaTa Pa3HbIX TOMIIHWH C #/t, =2 (k= 3),

anbTepHaTuBHBINA npodumio |[cp203%101,6%0,83 MM (puc. 15, a, 6):
— pacuetHoe ceueHne 6e3 BrIpesa (puc. 15, 6):

t=A,/(12,336063U)=703,0/(12,336063x101,6) = 0,5608994 ~ 0,560 nv;
kt =3x0,560=1,68 Mm;
A4, =12,336063U =12,336063x0,560x101,6 = 701,87264 = 701,9 mv*;
A=11,1360631U =11,136063x0,560x101,6 = 633,59743 ~ 633,6 mv*;
h =V -U=203-101,6=101,4 mu;
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1., =8,3263669tU° = 8,3263669x0,560x101,6° = 4 890 178 mm*;
1,,=0,6774902tU° = 0,6774902x 0,560 x101,6’ =397898,3 mm*;
I,=1,/A=4890178/633,6=7718,0839 mm"/Mm’;
1,,=1,,/A=3978983/633,6=629,99605 mm* /mm’;
— pacdeTHOe cedyeHue ¢ BrIpe3oM (puc. 15, 2):
A, =A-21h,, =633,6-2x0,560x101,4=520,03 mv’;
1,=1,—Q01, /12=4890 178—(2x0,560)101,4* /12=4 792 870 mw*;
1,=1,—Qt) 'k, /12=397898,3—(2x0,560)°101,4/12 =397886,4 Mu*;
I.=1/A4,=4792870/520,03=9216,5259 mm" /mm’;

1,=1,/ A, =397886,4/520,03 =765,12201 mmt* /v,

OCHOBHEIE UTOTH, pa3BepHYThIC B TAOMUUHON (hopMe (Tabdi. 6), MOKa3bIBAIOT, YTO PACUETHBIN MEpeXo]] OT
nByTaBpoBbiX ['3I1 ¢ nepdopupoBaHHEIMU CTEHKaMH W3 JMCTONPOKATa PABHBIX TOJIIMH K TAKUM K€ TPOQUIIsIM
U3 JUCTONPOKAaTa Pa3HBIX TOJIIUH COINPOBOXKAAETCS YMEHBLICHHEM PacXoa KOHCTPYKLHOHHOIO MaTepuana,
YBEIUYEHHEM T'€OMETPUIECKUX (CTATUYECKUX) XapaKTEPUCTHK M, KaK CIIEACTBUE, POCTOM HECyIIeH CIoCOOHO-
cti. CHIDKEHHEM HeCyllel CIOCOOHOCTH B IUIOCKOCTH KOHCTPYKIHMH OTJIMYArOTCs TONbKO AByTaBposbie 311 ¢
YCIIOBHOW TOJIIWHOW IOJIOK, MEHBIIEH YCIIOBHOW TOJIIWHBI TepPOpHUpoBaHHON cTeHkH (4/t, = 0,6). BoisaBnen-
HO€ CHIKCHHE PAllMOHAJIbHO KOMIIEHCHPOBATh 3@ CUET MCIOJIb30BAaHUS B JIMCTOBBIX 3arOTOBKAaX MOBBIIICHHOM
TOHKOCTEHHOCTH 0OoJiee MPOYHOT0 KOHCTPYKIIMOHHOTO Marepuaia. B 1enom ke moigy4eHHbIe pe3ysIbTaThl MOKHO
NPUHATH B KaY€CTBE J0CTATOYHO KOPPEKTHOTO OOOCHOBAHMS NEPCIEKTUBHOCTH IMpEIIaraeMblX Mpoduieil s
UX AajbHEHNIIe IpopadOTKU, ONTUMHU3ALUY U IPUMEHEHHSI B CTPOUTENbHBIX KOHCTPYKIIHSX.

Tabauya 6
PacyeTHbIe NapaMeTPhl ABYTABPOBBLIX THYTO3aMKHYThIX IIpoduJieii ¢ nepopHpoOBAHHBLIMU CTEHKAMM
XapaKTepuCTHKH I0IIEPEYHOT0 CeHeHHst
Tpodum, MM A Lo Lo Lo Lo A L | b I Lo
MM mm* MMY/Mm? MM MM MM/ M2
1[203%101,6 601,8 3772867 | 299581,7 [6269,3037| 497,8094 4335 3628 642 299 543 |8370,5697(690,98731
t=0,83; kt=0,83 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 %
1[203%101,6 562,5 2870893 | 221105,8 [5103,8097|393,07697 359,7 2697 1281221038,2 |7498,2707| 614,0708
t=1,0; kt=0,20 93,47 % | 76,09 % | 73,81 % | 81,41 % | 7896 % | 82,98 % | 74,33 % | 73,79 % | 89,58 % | 88,87 %
1[203%101,6 633.,6 4 890 178 | 397898,3 [7718,0839|629,99605| 520,03 |4 792 870|397886,4 (9216,5259|765,12201
t=0,56; kt=1,68 | 1053 % | 129,6 % | 132,8% | 123,1 % | 126,6 % 120,0% | 132,1 % | 132,8 % | 110,1 % | 110,7 %
1[203%101,6 884,5 5545659 | 440349 (6269,8236|497,85076 637,1 5333 666 | 440226,2 |8371,7877|690,98446
t=1,22; kt=1,22 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 %
1[203%101,6 843,7 4306 339| 331658,6 {5104,1116|393,10015 539,5 4045 692 331430,5 |7498,9657| 614,3290
t=1,50; kt=0,30 | 95,39% | 77,65% | 75,32% | 81,41 % | 78,96 % | 84,68 % | 75,85% | 75,29 % | 89,57 % | 88,91 %
1[203%101,6 927,8 7160 618 | 582636,9 |7717,8465|627,97682 761,5 7018 131 582599,6 19216,1930(765,06841
t=0,82;kt=2,46 | 1049% | 129,1% | 132,3% | 123,1 % | 126,1 % 119,5 % 131,6 % | 133,6% | 110,1 % | 110,7 %
1[203%101,6 1174,5 |7 363908 | 584725,7 |6269,8237|497,85074 846,0 7 082 409 | 584438,3 |8371,6418(690,82541
t=1,62; kt=1,62 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 %
1[203%101,6 1124,9 |5741785|442211,6 |5104,2626(393,11192 719,3 5394 255|441670,8 |7499,3118(614,02863
t=2,0; kt=0,40 95,78 % | 77,97 % | 75,63 % | 81,41 % | 7896 % | 85,02% | 76,16 % | 75,57 % | 86,0 % | 88,88 %
1[203%101,6 1233,3 |9 518 381 | 774480,6 |7717,8148|614,02863| 1012,2 |9 328 977 774393,1 (9216,5352|765,05937
t=1,09; kt=3,27 | 105,0% | 129,3% | 132,5% | 123,1 % | 123,3% 119,6 % 131,7% | 132,5% | 110,1 % | 110,7 %
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Table 6
Design parameters of I-shaped bent closed profiles with perforated walls]
Cross section characteristics
Profiles, mm A Lo Lo Lo Iy Ap I I, I Iy
mm? mm* mm*/mm? mm? mm* mm*/mm?
1[203%101.6 601.8 3772867 | 299581.7 |6269.3037| 497.8094 4335 3628 642| 299 543 |8370.5697(690.98731
t=0.83; kt=0.83 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
1[203%101.6 562.5 2870893 | 221105.8 |5103.8097|393.07697| 359.7 |2 697 128|221038.2 |7498.2707| 614.0708
t=1.0;kt=0.20 | 93.47% | 76.09% | 73.81% | 81.41% | 78.96% | 82.98% | 74.33% | 73.79% | 89.58% | 88.87%
1[203%101.6 633.6 |4890178|397898.3 [7718.0839|629.99605| 520.03 |4 792 870 397886.4 |9216.5259|765.12201
t=0.56;kt=1.68 | 1053% | 129.6% | 132.8% | 123.1% | 126.6% 120.0% 132.1% | 132.8% | 110.1% | 110.7%
1[203%101.6 884.5 |5545659| 440349 [6269.8236|497.85076| 637.1 |5333 666 |440226.2 |8371.7877|690.98446
t=122;kt=122 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
1[203%101.6 843.7 4306339 331658.6 [5104.1116(393.10015| 539.5 |4045692|331430.5|7498.9657| 614.3290
t=150;kt=0.30 | 9539% | 77.65% | 75.32% | 81.41% | 78.96% | 84.68% | 75.85% | 75.29% | 89.57% | 88.91%
1[203%101.6 927.8 |7160618| 582636.9 |7717.8465|627.97682| 761.5 |7 018 131 582599.6 (9216.1930|765.06841
t=082;kt=2.46 | 104.9% | 129.1% | 132.3% | 123.1% | 126.1% 119.5% 131.6% | 133.6% | 110.1% | 110.7%
1[203%101.6 1174.5 | 7363908 | 584725.7 (6269.8237|497.85074| 846.0 |7 082 409 | 584438.3 |8371.6418|690.82541
t=1.62; kt=1.62 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
1[203%101.6 1124.9 | 5741 785|442211.6 |5104.2626(393.11192| 7193  |5394 255|441670.8 |7499.3118|614.02863
t=2.0;kt=0.40 | 9578% | 77.97% | 75.63% | 81.41% | 78.96% | 85.02% | 76.16% | 75.57% | 86.0% | 88.88%
1[203%101.6 1233.3 | 9518381 774480.6 |7717.8148|614.02863| 1012.2 |9328 977 | 774393.1 |9216.5352|765.05937
t=1.09; kt=3.27 | 105.0% | 1293% | 132.5% | 123.1% | 123.3% 119.6% 131.7% | 132.5% | 110.1% | 110.7%

3akaouenue

OCHOBHBIE pe3ynbTaThl ONTUMHU3AINH IBEJUIEPHBIX U ABYTaBpoBbIX 131 ¢ TpyOuaThIMU MOJIKaMU U TIEp-
(bopupOBaHHBIMH CTEHKAaMH, B TOM YHMCIIE U3 JIUCTOBOTO MPOKATa pa3HbIX TONLIMH, 0Ojee HArTISAHBI Ha rpadu-
Kax B 3aBHCHMOCTH OT OTHOCHUTEJIBHOW BBICOTHI BBIPE30B B CTEHKE M OTHOIIECHUS YCJIOBHBIX TOJIIUH IOJIOK U
creHku (puc. 16). [To ocsim opauHAT STHX TpaQUKOB ISl SAMHUI] U3MEPEHHUN NCTIONB30BaHbl 0003HAYCHUS TLIO-
141 CEYEHUsI U TONLIMHBI JUCTOBOM moJockl (4 = const, ¢ = const), KOTopast MOJJICKHUT 3UTr3aroo0pasHOMY pe3y
Ha JBe 3aroToBKuU Jis mBessiepHbix 1311 u yetsipe 3arotoBku aist AByTaBpoBbix 1311, BKItoUas yciaoBHBINA yueT
MTOTIPaBOYHOTO K03 duImenTa k mpu pa3HBIX TOJIIIMHAX MOJIOK U CTCHKH.

Utorossie rpaduku mo3BOJISIOT cAenaTh pajg 0000LUIeHU U BBIBOJIOB.

1. lIBennepnsrit ['311 ¢ mepdhopupoBaHHON CTEHKOW U BYMS TPYOUaTHIMH MTOJIKAMUA UMEET COCTaBHOE Ce-
YEHHE U3 JIBYX JHMCTOBBIX 3arOTOBOK, OOJIErY€HHOCTh U MOMEHT COIIPOTHUBIIEHUS KOTOPOTO0 MaKCHUMaJbHbI IIPH
OTHOCUTENLHOH BbICOTE BBIpe30B 1/1,87 1 OTHOIIEHHH pa3MepOB IHPUHBI U BHICOTH 1/4,32 1o cpenHel InHIH
pacueTHOro CEUYEHUs HETTO.

2. AsyraBpossiii I'311 ¢ meppopupoBaHHO#N CTEHKOH U ABYMS TpyOUaTHIMU TOJIKAMHU UMEET COCTABHOE Ce-
YEHUE U3 YETHIpEX JIMCTOBBIX 3arOTOBOK PAaBHBIX TONIIMH, 00JETYEHHOCTh 1 MOMEHT CONPOTUBIICHHUSI KOTOPOTO
MaKCHMaJbHBI TIPH OTHOCUTEIBHOM BhIcOTE BhIpe30B 1/1,46 M OTHOWIEHUN pa3MepOB IIUPUHBI U BBICOTHI 1/3,17
10 CpeAHEH JIMHUN PACUETHOTO CEUYEHHsI HETTO.

3. JIsyraBpossrii 1 311 ¢ mephopupoBaHHOM CTEHKONW M ABYMS TPYOUaTHIMU ITOJIKAMHA UMEET COCTaBHOE Cede-
HHE U3 YETHIPEX JINCTOBBIX 3arOTOBOK Pa3HBIX TOJIIMH, 00JErYeHHOCTh 1 MOMEHT COIIPOTHBIIEHHSI KOTOPOTO MaKCH-
MaJIbHBI TIPH OTHOCUTEJILHON BBICOTE BBIPE30B U OTHOIICHUH Pa3MEPOB LLIMPHHBI U BHICOTHI, H3MEHSIEMBIX COpa3Mep-
HO OTHOUIECHMIO YCJIOBHBIX TOJIIIMH €ro0 IOJIOK U CTEeHKU. B yacTHOCTH, KOTa TOJIIMHA MOJIOK B 2 pa3a 0oJIbIe TOJI-
HIMHBI CTEHKH, POYHOCTH U 00JIErYeHHOCTh MAaKCUMABHBI TP OTHOCUTENILHOW BBICOTE BBIpe30B 1/1,23 u oTHOIIE-
HHUHU Pa3MepoB ILUPHHBI U BBICOTHI 1/4,17, a xornaa ToimmHa mojok coctapiseT 0,6 TOMIMHBI CTEHKU, IIPOYHOCTD U
00JIEr4eHHOCTh MaKCUMAJTBHBI TIPH OTHOCUTEIBHOU BBICOTE BhIpe30B 1/1,73 u oTHOMIEHNH pa3mepoB 1/5,22.

4. UIsemtepusie u nBytaBpoBsie 311 ¢ mepdhopupoBaHHEIME CTEHKAMHU ¥ TPYOJaTHIMHU TIOJKAMH W3 JIH-
CTOBOT'O MpOKaTa paBHOM M pa3HBIX TOJILIMH IO HOBOMY TEXHHYECKOMY PELIEHHIO JOCTAaTOYHO PAIllOHAIBHBI U
s¢dexTuBHEL. X MOXHO CUMTATh BIIOJIHE NMPHUIOAHBIMH IUIS HCIIOJIB30BAHMSI B JIETKUX TOHKOCTEHHBIX KOH-
CTPYKIMAX 3[aHUM U COOpYyKeHUH. B wacTHOCTH, mpociexuBaeTcs ONnpenesieHHas NepCIeKTUBHOCTh UX Aajlb-
HEHIMMX MpopaboTOK M ONTHMHU3AIMH TPUMEHHUTEIBEHO K CTEPXKHAM U 0ajKaM ¢ ep(GopupoBaHHBIMU CTEHKAMH,
BKJII0Yasi NPO( N C MIOCKONAPaIEIbHBIMU MTOJTKAMH.
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Puc. 16. Utorossie rpaduky ONTUMHU3ALHMY MIBEUICPHBIX U ABYTaBpoBbIX [ 311 ¢ mepdhoprpoBaHHBEIMU CTEHKAMHU:

a, 6 — rpadMKM pacyEeTHBIX MAPaMETPOB IIBEJUIEPHBIX U ABYTaBPOBHIX I'3[1 COOTBETCTBEHHO B 3aBUCMMOCTH OT POCTA OTHOCHTEINILHOI BBICOTHI BHIPE30B;
68— rpa@)mq/l PaCUETHBIX ITapaMETPOB IBYTaBPOBLIX T'3IT u3 3aroToBoK PasHBIX TOJIIIWH B 3aBUCHUMOCTH OT POCTAa OTHOIICHUS YCIIOBHBIX TOJIIINH UX ITOJIOK U CTEHKA
Figure 16. Final graphs of the optimization of channel and I-shaped BCP with perforated walls:

a, 6 — graphs of the calculated parameters of the channel and I-beams BCP respectively depending on the growth of the relative height of the notches;
6 — graphs of the calculated parameters of [-beams from work pieces different thicknesses
depending on the growth of the ratio of the conditional thicknesses of their shelves and walls
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Introduction

At present time, hundreds of scientific papers, tens of monographies, devoted to investigations of torsal
surfaces (torses, tangential developables) and shells, were published and many theses were defended on the con-
sidered subject. French scientist G. Monge began theoretical investigation of torsal surfaces in 1805. However,
they were known since Archimedes when Archimedes screw has been obtained by experimental means. Interest
for study of torsal surfaces does not calm down till present time. The chronology of published scientific-and-
technical papers is evidence of it [1]. The themes of published papers include the following branches of human
activities: shipbuilding, aircraft construction, agricultural implements, machine building, architecture and buil-
ding, road building, anti-erosive banks and cartography, clothing articles of light industry, sculptural forms.

Later on, let us consider only non-degenerated developable surfaces, i.e. tangential developable surfaces,
leaving the degenerated developable surfaces, i.e. cylindrical and conical surfaces, out of this review [2]. Tan-
gential developable surfaces, cones, and cylinders are the ruled surfaces of zero Gaussian curvature and they
permit uncoiling on plane without any folds and breakages. A tangent developable is a developable surface con-
structed by the union of the tangent lines of a space curve.

Potentialities and advantages of torsos are presented and described in many works [1; 3—6], but only small
part of real torses were put into practice as factory-made goods, thin-walled structures, and shell erections in
spite of large number of designs, recommendations of scientists on introduction of new types of surfaces, and
the sketches of erection.

A brief overview of publications on theoretical studies of torse surfaces and shells

In this section, we will indicate only works in which there is a large bibliography on the topic of the arti-
cle, and the article itself contains interesting results on torses. Otherwise, it becomes necessary to indicate hun-
dreds of sources.

The main theorems for developable non-degenerate surfaces and methods of their construction are presented
in a paper [7] with 59 references. These issues are covered in more detail in the monograph [1] with 386 references.
All currently known ruled surfaces of negative and zero Gaussian curvature are indicated in an article [2].

A method of construction of developments of tangential developable surfaces is well studied. Geometricians
presented seven analytical methods [8] and six graphical methods. A method of triangulation is the most popular.

There are works devoted to approximation of torses by hipped plate constructions [1]. Approximation
simplifies considerably a process of manufacturing of torse article, but at present time, approximation is used
only for substitution of cones by pyramids and cylinders by prisms.

The study of the process of rolling torses against each other is still of purely theoretical significance with
recommendations for practical use [9; 10]. This problem is studied in works of V.S. Obukhova, A.L. Martirosov,
S.F. Pilipaka, and G.S. Rachkovskaya. However, all their papers were published before 2008. New researches on
this theme were not discovered.

As the presented studies show, all known torse surfaces are specified in a curvilinear non-orthogonal con-
jugate coordinate system, which complicates the calculation of thin shells with a middle torse surface for
strength or stability. About a dozen works are known, for example [1; 11; 12], where the equilibrium equations,
physical and geometric equations for the analytical calculation of torse shells are given. These equations have
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been used only for open developable helicoid [1; 13; 14]. The momentless theory for calculating torse shells
given in curvilinear non-orthogonal coordinates is well-developed [1].

Only one type of tangent developable surfaces just equal slope surfaces can be easily given in lines of
principal curvature. But now nobody solved the problem of strength analysis in analytical form. O.0. Aleshina
analysed an equal slope shell with the ellipse at the base on action of own weight with the help of a FEM and
with the help of a variational difference energy method [15].

Published works on the application of torses in real structures make up a separate section in the research of
torses. Based on these works, one can judge the demands of society for the application of torse forms and its
awareness of the state of affairs in the theoretical results in this area.

The application of torse forms in real items, structures, and buildings

Tangential developable surfaces have applications not only in mathematics but also in engineering. Con-
sider the main branches of human activity where torses have found a confirmed application and have been em-
bodied in real items, structures, and buildings.

Shipbuilding. This branch of the national economy uses torse surfaces as a means of approximating the base
surface of the skin of surface ships. The method is used to construct tape torses based on two parallel curves,
which in turn are parallel to the waterline (Figure 1). Yacht and boat builders who work at home with plywood
and aluminium [16], use widely developable surfaces.

Agricultural implements. The smoothness of the plow surface is of great importance to prevent soil stick-
ing to the plow blade. The possibilities of using torse surfaces as plowshares and a description of methods for
obtaining torse plows were considered in many works, for example, in [17; 18]. The production association
“Selkhozkhimiya” (Kherson) proved that tools of this type were suitable for the cultivation of salt licks [19].

In order not to repeat the materials of previously published works, let us point out the course of lectures [20],
which describes the main agricultural machines currently in use, and in the works [1; 5; 7; 9; 17-19] numerous
sources are given, where the 1nf0rmat10n on prototypes of the working bodies of these agricultural machines in
the shape of torsal surfaces is presented. In all cases, parabolic
bending of a flat metal workpiece is used without changing its
thickness [21].

Mechanical engineering. Torse surfaces have been used
in the design of gears [22]. There are works by V.S. Lyukshin,
where the questions of the application of open developable heli-
coids for the formation of cutting tools are discussed in great de-
tail and the treatment of an involute helical surface by the rolling
method is described.

In mechanical engineering some surfaces have to be pro-
duced from sheet metal without deep-drawing, merely by bend-

Figure 1. The erection of steel ship hull ing the sheet. A developable car designed by Gregory Epps is

(Available from: ladverf.ru (accessed: 30.04.2021)) a piecewise-smooth surface which can be decomposed into pla-
nar, cylindrical, conical and general tangent-surface-type developables [23]. One can assemble a model of real
helicopter from fragments of developable surfaces [24]. In machine building, cylindrical and conical surfaces are
used very widely in comparison with tangential developable surfaces.

Architecture and building. On the topic of this section, several structures were found (Figures 2 and 3),
where the method of constructing a torse along two predetermined edge curves was used. In modern architecture,
their properties were most successfully applied by Hans Hollein, Frank O. Gehry (Figure 2, b), Santiago
Calatrava. Besides the building shown in Figure 2, b, F.O. Gehry used developable surfaces for forming of
the overlap of the MARTa Herford Museum in Herford, Germany, and in the Guggenheim Museum in Bilbao,
Spain. Developable walls of Disney concert hall in Los Angeles are well known.

Structures, shown in Figures 2, a and 3, b, were made by parabolic bending of initial plane thin sheet into
the given position [21]. Additional examples of application of torsal surfaces in contemporary architecture are
presented in a paper [4]. Georg Glaeser [4] writes that tangential developable surfaces are claimed by vanguard
architecture where smooth surfaces are used and limitation on cost of building is especially taken into account.

In general, geometric knowledge in combination with new methods of structural computation opens up
new approaches to manufacturing and fabrication of freeform surfaces with approximation of them by developa-
ble surfaces.
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Several sketches of buildings that can be the basis of architectural designs are available additionally (Fi-
gure 4) [5].

If we assume that at the base of the structure shown in Figure 4, an ellipse lies, and the vertex has
the shape of a circle with a radius R, then the parametric equations of this torse surface can be taken in the mono-
graph [1]. If we assume, that in Figure 4 the surface of an equal slope with an ellipse at the base is shown,
then its equation is given in [25].

As an example, we can also cite a structure where the covering is made in the form of a torse with an edge
of regression on a circular cone (Figure 5). This solution was repeated in several buildings.

Figure 2. Pavilion Luxembourg, Expo2020 (a) & Hotel Marques de Riscal, Spain, arch. Frank Gerhy ()
(Available from: https://www.luxembourgexpo2020dubai.lu/en/le-design-2/le-design/ (@); http://arx.novosibdom.ru/node/1853 (b)
(accessed: 30.01.2021))

b

Figure 3. A cruise terminal in the port of Leixoes, Portugal, arch. Luis Pedro Silva, 2015 (@) & a building “The planet KVN”, Moscow (b)
(photo a available from: https://www.pinterest.ru/pin/272608583674986563/ (accessed: 10.08.2019); photo b by E.A. Grinko)

>

Figure 4. A sketch of building in airport Figure 5. Torse covering in the form of a conical helicoid
(a sketch was made by S.N. Krivoshapko) (Available from: https://www.kcur.org/show/central-
standard/2015-02-12/the-bloody-history-of-mormonism-in-
jackson-county (accessed: 10.05.2021))
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Engineering equipment and communications. When constructing industrial buildings, much attention is
paid to engineering equipment, in particular, pipelines. Pipelines can cross at different angles, large diameter pipe-
lines can be split into multiple pipelines of different diameters, etc. In this case, torsal surfaces become indispensa-
ble in the design of mating units. This is clearly shown in the book [26]. Designers try to use cylindrical and conical
surfaces, but sometimes torsal surfaces greatly simplify the design of the assembly. These connections are made by
parabolic bending of a flat metal sheet with a preliminary construction of the developments of its elements [21].

An open developable helicoid (torse-helicoid or evolvent helicoid) is often used (Figure 6, @). It can be used
as auger, screw, vertical or horizontal conveyor for transporting bulk, straw and semi-liquid loads (Figure 6, b),
support anchor (Figure 6, c¢) [27]. Open helicoid is one continuous length as opposed to sectional flight, which
consists of individual turns or segments that need to be welded together. Many scientific articles are devoted to
the study of the stress-strain state of this construction.

a b

Figure 6. A model of screw conveyer (a), a horizontal multi screw conveyer [IndiaMART] (b), a boring pile (c)
(Available from: https://www.exportersindia.com/product-detail/screw-conveyor-4292236.htm (accessed: 12.08.2021))

Figure 7. The Louvre, the Pyramid, Paris Figure 8. MRL with light source [28] Figure 9. Strengthening of slope of the embankment

(Available from: https://www.pinterest.ru/ when grade and rounding of the road
pin/le-louvre-under-the-pyramid-- (Available from: https://www.geo-allianz.ru/objects/
469641067371696783/ ukreplenie_otkosov_na_uchastke dorogi_m-11/
(accessed: 12.08.2021)) (accessed: 30.04.2021))

The joint use of the developable and right helicoids in one spiral reinforced concrete staircase was first
carried out in the museum-panorama “Stalingrad Battle” (Volgograd). A spiral staircase, the lower surface of
which is a torse-helicoid, is used for ascent of visitors from the first floor to the observation deck. A developable
helicoid can be seen also in entrance staircase of the Louvre by the Pyramid (Figure 7).

In [28], two example of designed lighting equipment with tangent surface were introduced at first (Figure 8).
‘Mountain Range Light’ (MRL), was designed to resemble the mountains surrounding the old city of Kyoto, Japan.
Because the mainframe of MRL is the directing line of shade surfaces, the surfaces become developable ones.

Road building. The known geometric properties of the surface of the equal slope made possible to use
them for approximation of topographic surface [29]. The same properties are used when designing embankment
slopes when grade and rounding of roads, where the edge of the roadway is taken as the guiding curve (Figu-
re 9). Examples of using surfaces of the equal slope when designing slopes in railway construction are available.
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Anti-erosive banks, topography, and cartography. For the first time, torse surfaces were used for topo-
graphic purposes by G. Monge in 1764 working at the I’Ecole Royale du Génie de Méziéres, when he was given
the task of determining the necessary height of an outer wall in a design of fortification [3].

Anti-erosion shafts on slopes have a curved shape, and they try to secure coincidence of banks with
the equidistant curved lines of the topographic surface. Within two parallel curved lines, it is easy to construct
a torse surface of a general type or a surface of the equal slope [20], which is used for approximation of a topo-
graphic surface.

Modern computer programs “DEVELOPABLE-MESH” and “UNFOLD program” give possibility to build
developable surfaces according to separate scattered numerical marks, approximating geological structures with
a given degree of accuracy. The method proposed in an article [30] was applied in real conditions (Red Mountain
area in the Ventura basin).

In cartography, the problem of projecting the surface of the Earth’s fragments onto a developable surface,
which is then flattened onto a plane, has been completely solved [31].

Clothing articles of light industry. The application of the results of geometric modelling of light industry
products and methods of cutting fabrics is described in papers [6; 32] with the involvement of a large number of
used literature.

Figure 10. A sculpture Figure 11. Abstract composition, Ireland Figure 12. A ruled Mébius strip,
from sheet materials, Austria (photo by N.S. Krivoshapko) Ekaterinburg, Russia
(photo by N.S. Krivoshapko) (photo by N.E. Misyura)

Figure 13. Unfolding structure in the park Figure 14. The Scroll, 2019, UAE
(photo was taken in Internet) (Available from: https://www.e-architect.com/dubai/the-
scroll-sculpture-in-sharjah-uae (accessed: 30.04.2021))

Sculptural forms. Illhan Koman was one of the innovative sculptors of the 20th century [33]. He frequently
used mathematical concepts in creating his sculptures and discovered a wide variety of sculptural forms. He fo-
cused on developable sculptural forms and worked during a period that covers the late 1970’s and early 1980’s.
Bruno Postle in conjunction with Gerry Judah [34] created and described sculpture in the form of a trefoil knot
from sheet materials for Goodwood Festival of Speed in 2012. The full sculpture consists of eleven segments.
The only structural components are the three surfaces themselves. These surfaces were developed in software into
2D cutting patterns and later cut from 6 mm steel plate. The plates were then welded together into eleven transport-
able sections and site-welded into the finished piece. The analogous sculpture was placed in Austria (Figure 10).

An interesting installation can be obtained by parabolic bending of a thin sheet of metal (Figure 11). Designers
often use the Mobius strip (Figure 12) and other tape developable structures (Figure 13) to decorate parks and squares.
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Gerry Judah has created a large sculpture titled “The Scroll” (Figure 14), 2019, before House of Wilson
Library (Foster + Partners) in Sharjah, United Arab Emirates. This sculpture was designed in the form of deve-
lopable strip.

There are many really erected sculptural forms in the form of torse elements. All of them were fulfilled
in the style of contemporary art. This demonstrates the great interest of designers in the geometry of the torsal
surfaces.

Modelling with developable surfaces. The reason why one wants to approximate complex surface by de-
velopable surfaces is manufacturing. The reinforced concrete shell requires formworks. This under construction
is much easier to make if straight elements can be used. Approximation of non-developable surfaces by develop-
able is studied in many works. Triangular fragments easily substitute developable surface due to its ability to
develop on the plane. This problem is investigated in a work [35]. Johannes Wallner [36] presents several methods of
approximation of complex surfaces by developable surfaces and gives the examples of substitution of developa-
ble surfaces by discrete conjugate nets consisting of finitely many discrete developables. Such a discrete surface
is called a semi discrete conjugate net. A paper [37] studies geometric design of developable surfaces that consist
of consecutive Bézier patches.

Tens of scientific papers are devoted to approximation of complex surfaces by tangential developable sur-
faces and tangential developable surfaces by plane triangular and quadrangular figures. Some of these works are
indicated in the monograph [1] and in articles [9; 31; 36; 37] with a large amount of used literature.

Results

In all branches of the industries considered, construction and architecture, only thin-walled torse products
and metal structures obtained by bending a thin workpiece have found real application. Torses have also found
a real embodiment in mechanical engineering for the design of gears, in topography and in road construction.
All other torse products, structures and erections are presented in sketches, projects, models and wishes of
the authors of scientific and technical articles.

The purpose of this work is not to review all available scientific and technical literature on torses and torse
shells. This was done in a monography [1] with 386 references, in a paper [38] with 44 sources, etc. The purpose
of the article is to show the influence of scientific and technical information about torses on their use in real
structures and buildings.

Additional information on recommendations for the application of torses, on products and structures in
the form of torses, on the application of torses in aircraft construction, on the application of torse surfaces to
study the geometry of complex surfaces and on the generalization of the concept of a torse to a multidimensional
case is given in [1; 4; 5; 7; 9; 26]. The article does not repeat the content of previously published works, indica-
ted in the used literature, but supplements them in terms of the application of torses in various branches of
the national economy.

Conclusion

The provided information has shown that now, the study of torses and torse shells is carried out in the fol-
lowing directions: 1) construction of developments of torses on a plane with using a computer; 2) rolling of
torses over each other; 3) application of the theory of torses to the geometry of surfaces of nonzero Gaussian
curvature; 4) the use of torses in real structures; 5) analysis of thin torse shells for strength, stability, dynamics;
6) generalization of the concept of a torse surface to a multidimensional case.

The results obtained in all the indicated directions influence the recommendations for the application of
torse in real products, structures and erections. Despite the successes in all these areas, the application of tangential
developable surfaces in real structures, with the exception of shipbuilding, has not yet reached a satisfactory state.
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AHHOTanusl. TOHKOCTEHHBIE HMIMHIPUIECKHE 000IOUYKH PUMEHSIOTCS B dJie-
MEHTaX BBICOKOHArPYKEHHBIX M3JeNHH MallMHOCTPOSHUS M SHepreTHku. Hapsmy
C 4acTBIM HCIIOIF30BaHHEM Ha IIPOM3BOJICTBE, IKCIIEPHUMEHTAIBLHBIE HCCIIEIOBAHMS
B J1a00OPaTOPHUSX TAKXKE MIPOBOAATCS MOCTOSHHO. DTO MO3BOJISAET CMOJEIHPOBATh
IoBeieHHe 00O0JI0UKU NPH BO3AEHCTBUM Ha Hee BHemIHMX cuil. Ho mHOrzma mpo-
BeACHHUE HKCIICPUMEHTA CTAHOBUTCSI MaJOBO3MOKHBIM U3-332 OTPAaHWYECHHS MOLI-
HOCTH 3KCIICPUMECHTAJIBHOTO ammapara nmpyu MOACINPOBAHUN COOTBETCTBYIOIUX
YCJIOBUI BO3ZICHCTBUSI HA OOOJIOUKY B NPAKTHKE, IIO3TOMY aKTyalbHO COBEpPIICH-
CTBOBaHHE TEOPETHYECKHX METO/IOB pacyeTa Ipe/IeNIbHBIX COCTOSIHUI 000JI0UEeK IpU
pabote B ynpyromiactuueckoi obnactu. Llenp uccnenoBanus — npoBepka cooT-
BETCTBHA PE3yJIbTATOB HKCIEPUMEHTA, IIPOBEJCHHOIO Ha TOHKOCTEHHOM IMJIMH-
npudeckoit odonouke n3 crami 45 (FOCT 1050-2013) npu Bo3zeiicTBiM Ha 00paser
CHJIAMH PACTSDKEHUS, CKATUSI U KPYUECHHS C TEOPETHIECKUMH pacyeTaMy Ha OCHOBE
ypaBHEHHH TEOPUH YIPYTOIIACTHUECKUX TporieccoB A.A. MiprommHa. [IpuBene-
HBI ypaBHEHHs! ONPENEISIOMINX COOTHOICHNIH TEOPHU YIPYTOIUIACTHYECKHX TIPO-
neccoB A.A. VnprommHa A71s1 POU3BOIBHBIX TPAEKTOPHHA CIOKHOTO HArpy KeHUS
1 nehopMUPOBAaHHS MATEPHANIOB B JICBHATOPHOM IPOCTPAHCTBE AedopMaruit
D1-23. Bce TeopeTndeckue pe3ysbTaThl MPOBEPEHBI HA COOTBETCTBUE C JKCIIE-
PUMEHTOM, JlaHa OIIEHKa JOCTOBEPHOCTH CYILECTBYIOIICH TEOPUH YCTOHYMBOCTH.
Pemenne npeacrapisercs B BUAe rpaukoB 3aBUCUMOCTH BEKTOPHBIX U CKaJIsp-
HBIX CBOWCTB Marepuaia OT BEJIWYHMHBI JJIHHBI JTyTH TPACKTOPHU JePOpMaiu
U ApYrux mapaMmeTpoB. s pa3ju4HbIX 3TANOB Harpy)XeHus BHIOOPOYHO Mpes-
CTaBJICHbI YHCJIOBbIC 3HAYEHUSI.
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Theoretical and experimental modeling of deformation
of a cylindrical shell made of 45 steel under complex loading
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Article history Abstract. Thin-walled cylindrical shells are used in elements of highly loaded
Received: January 12, 2022 products of mechanical engineering and energy. Along with their frequent use in
Revised: March 28, 2022 production, experimental research in laboratories is also carried out constantly.
Accepted: April 7, 2022 This allows to simulate the behavior of the shell when exposed to external forces.

But sometimes conducting an experiment becomes little possible due to the limitation
of the power of the experimental apparatus when modeling the corresponding condi-
tions of exposure to the shell in practice, therefore, improving theoretical methods
for calculating the limiting states of shells when working in the elastoplastic region is
relevant. The purpose of the study is to verify the conformity of the results of the experi-
ment conducted on a thin-walled cylindrical shell made of steel 45 (GOST 1050-2013)
when exposed to the sample by stretching, compression and torsion forces with
theoretical calculations based on the equations of the theory of elastic-plastic pro-
cesses by A.A. Ilyushin. The equations of the defining relations of the theory of elastic-
plastic processes by A.A. Ilyushin for arbitrary trajectories of complex loading and

deformation of materials in the deviatory deformation space 31-33 are presen-
ted. All theoretical results are checked for compliance with the experiment,
the reliability of the existing theory of stability is assessed. The solution is presented
in the form of graphs of the dependence of the vector and scalar properties of
the material on the length of the arc of the deformation trajectory and other pa-
rameters. Numerical values are selectively presented for different loading stages.
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BrimonHeHHbIe Ha CETOAHSIIHUIN IeHb IKCIEepUMEHTANbHBIE HCCIIEIOBAHNSA B O0JIACTH YIPyroIulacTHde-
CKOro 1e()OpMHUPOBAHMSI TOHKOCTEHHBIX LIMJIMHAPHYECKHX 000JI0YEK HE CTPYKTYPHUPOBAHBI M HE UMEIOT €JHHO-
00pa3Hol YHUGUKAITMOHHON KIaccH(PUKAIMU MTOCTPOSHHS IKCIEPUMEHTANBHBIX TIporpamm [1-5]. OnbITel MHO-
TOrPaHHBI, IPOBOIATCA Ha 00paslax ¢ Pa3HbIMU CEYEHUSAMH, HU3UKO-MEXaHUUECKUMU CBOWCTBAMU, TEMIIEpaTy-
pamMy ¥ XUMHYECKHM COCTAaBOM, a MOTOMY TPYJIHO COMIOCTABUMBI IO Pe3yIbTaTaM M HE MOTYT OJHO3HAYHO OTBE-
TUTHh Ha BONPOC O CTETICHU BIMSHUS HArpy30K HA KPUTHUUECKHE MapaMeTphbl HANPSDKEHUH u nedopManuii npu
OIIPEICIIEHHOM IIPOLIECCE HArPYKEHU.

Yyennkamu TBepckoil HayyHOH IIKOJIBI TTOJ pykoBoAcTBoM B.I'. 3ybuanuHoBa Hanbosee moapoOHO dKC-
MEPUMEHTAILHO HCCIIEIOBAHbI MPOCTHIE MPOLECCH B MPOCTPAHCTBE HANPSDKEHHUH, MPU HATPYKEHUH 000JI0YeK
CUJIaMH PaCTSDKCHUS], CKATUsl, KpPyUeHUsI UM BHYTpeHHero aasieHus [6—11]. B To e BpeMs olieHKa Harpyxe-
HUs1 000JI09eK 0]l OMHOBPEMEHHBIM JICHICTBUEM HECKOJIBKUX CHJI, KOTOPOE MOXKHO Ha3BaTh CJIOXKHBIM HarpyKe-
HHUEM, B paboTax BCTpedaeTcs KpaiiHe peiko B TpeOyeT BHUMaHUs B HacTosmee Bpems [12-21].

O6paboTKa SKCIIEPUMEHTANILHBIX PE3YILTATOB MCCIIEI0BAHMS TaKikKe BBIMOJIHAETCS Mo-pasHomy'. Eciu B
pacyeTHON NMpakTHKE AWArpaMMbl PACTSDKEHMS M CXKATHS 4acTO allIPOKCUMHPYIOT B BUAE KYCOYHO-JIOMaHBIX

Stepan V. Cheremnykh, Candidate of Technical Sciences, senior lecturer of the Department of Structures, Tver State Technical University, 22 Af. Nikitina
Naberezhnaya, Tver, 170026, Russian Federation; ORCID: 0000-0002-4620-117X, Scopus ID: 57214785020, eLIBRARY SPIN-code: 9323-8370; cher-
emnykh_s.v@mail.ru

! TIporpamma ais O9BM Ne 2020619026 (P®; [Tporpamma, 6a3a nanubix). IlporpamMma mist peluenus 3aaauu 0uQypKanuy EIHH-
JPUYECKOH 00O0JIOUKH C YUETOM CIIOXKHOrO Xapakrepa e(GOopMUpOBAaHUS B MOMEHT IOTEPU YCTOHYUBOCTH IPH CIIOXKHOM JOKPUTHUECKOM
Harpy>KeHHH JJIsl TPAeKTOPHU B BHIE OBY3BEHHBIX JJoMaHbIX / CokoinoB C.A., Uepemusix C.B., Anekcannpos M.1O.; 2020, bron. Ne 8.
URL: http://www1.fips.ru/Archive/EVM/2016/2016.08.20/Index.htm (mzata obpamenus: 25.03.2016).
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MPSIMBIX, TO B MHOTOIIAPAMETPHUYECKHUX MPOIECcax, HAIpuMep MpH OJHOBPEMEHHOM BO3IEHCTBHM Ha 0Opaszell
oceBoit C)KI/IMaIOIIIeI‘/‘I CUJIBI, KPYTAIICrO MOMCHTAa M BHYTPCHHCIO AAaBJICHUA, ITOCTPOCHUEC aHHpOKCI/IMaHI/Iﬁ
CJIOHBIMH (PYHKIUSMH TPECTABISET COO0H TPYIHYIO 3a/1ady.

Y4eHBIMU BBIABHTAINCH PA3UYHBIC THIIOTE3BI, YIPOIIAIOIINE 3aJaHne (PYHKITHH, OIMMCHIBAIOIINX MPOIIECcC
nedopmupoBanus. OJHON M3 TaKUX TEOPUH SIBJIIETCS TUIOTE3a KOMIUIaHApHOCTU A.A. MiblomuHa s BEKTO-
POB HampsOKCHHS, MPHUPAIICHUS HANPSOKCHUS W npupanieHus jaedopmanuu [22]. BekropHoe mpejicraBicHUe
MIPOIIECCOB HArpyKeHUs U NehOpMUPOBAHHUS MaTepUANIOB, BBeJeHHOE A.A. VNBIOMUHBIM B TEOPHUH YIIPYTOILIa-
CTHYECKHX ITPOIIECCOB, SBIIETCS BEChMa HATIATHBIM U 3((EKTUBHBIM KaK MPU BBIBOJE OINPENEISIOMNX COOT-
HOIIIEHUH, TaK ¥ TPU OIMCAHUH M aHAIIU3C IKCIICPUMEHTAIBHBIX 3HAYCHUI (PYHKIIMOHAJIOB TUIaCTHYHOCTH [23-25].
l'umoTesa nmpuMeHsieTcs pH MOCTPOSHUHU OOIIel TEOPHH YCTOWYMBOCTH O0OJOYEK TP CII0KHOM HArpyKeHUH
3a MpeneoM yNPYTOCTH U SBISIETCS YaCTHBIM CIyYaeM TEOPUH YNPYTOIIACTHYECKUX MporieccoB A.A. Mibio-
muHa. OHa oTIUYaeTcs JOBOJIBHO MNPOCTBIM MAaTEMAaTUYCCKUM alIaparoM M, 4TO 0Cc00€EHHO Ba’>XHO, HpSIMOﬁ
BO3MOKHOCTBIO 3KCIIEPUMEHTAILHO TPOBEPUTH €€ OCHOBHBIE TIOCTYJIATHl M YPaBHEHUS.

B nmanHO#T paboTe paccMaTpuBacTCs OCHOBAaHHOE Ha THUITOTe3¢ KoMIUIaHapHOCTH A.A. WnsrommHa Moje-
JUPOBAHKUE TPACKTOPHUH Ae(opMalluy MIIHHAPUIECKON 000JI0UKH U3 CTalu 45 MpH CII0KHOM Harpy»KeHHUH oce-
BOW CKMMAIOIICH/PACTATUBAIOIIECH CHIION W KPYTSLIMM MOMEHTOM, SKCIEPHUMEHTalbHas 4acTh KOTOPOTO IIO-
IpoOHO paccMoTpeHa B [26].

MarepuaJjbl 1 METOABI

B [26] ucnibiTanust mpoBOAMIMCH HA aBTOMATHU3HMPOBAHHOM HCIbITaTeIbHOM KoMiutekce CH-OBM. B kauectse
o0pasifa JyIst UCITBITAHUS HCTIONIb30BaIach TOHKOCTEHHAsI IMITMH pUYIecKast ooonouka u3 cramu 45 OCT 1050-2013
TONIIMHON 1 MM, pagrmycoM CpeIuHHOW MOBEPXHOCTH 15,5 MM u mymHOMN paboueit 3085 110 MM. PesymsTaTom
WCTIBITAHUS SBJISIFOTCS SKCIIEPUMEHTAILHO TTOTyYSHHBIE YUCIIOBBIC 3HAUCHHS MOYJIS BeKTopa HanpsokeHus o, MIla,
u gedopmanuu D, %, BpeMsi TPOBEACHUS UCIIBITaHUS (CEKYHT), a TAK)KE 3HAYCHUSI KOMIIOHCHT BEKTOPOB HaMpsi-
JKEHUH U 1edopMaIini.

Obpabomxa sxcnepumenmanvivix Oannwix. Tlocie HarpyxeHHs: 000JIOUKH OCEBOH CXKUMAIOIICH/pacTsIruBaromei
CWIOH W KPYTSIIUM MOMEHTOM B TPEXMEPHOM BEKTOPHOM IMPOCTPAHCTBE rojmorpada Bekropa nehopMaruii u
OTKJIMKA Ha Hee B (opMe TPACKTOPHH HAINPSHKEHUS, TIOIYIeHHONW B dKCIIEpUMEHTe [26], IPONU3BOAUTCS JTOKAIb-
HOE CTJIXMBAHHE SKCTIEPUMEHTAIBHBIX TAHHBIX JJIS1 KOMIIOHEHT nedopMaItiii €; 1 KOMIIOHEHT HANPSHKEHHUH Gj.
Jng annpoKCUMHUpPOBaHUS SKCTIEPUMEHTAIBHBIX AUAarpaMM yCIOBHO MPUMEM Y; = G;; nbo y; = €; (i, j = 1, 2, 3).

CriaxxuBaHue KCTIEPUMEHTAIBHBIX 3HAYCHHUH ); BEIYUCIIAEM 110 (popMyIiaM, IMOTy9eHHBIM Ha OCHOBE Me-
TO/Ia HANMEHBIINX KBaIpaTOB Il allllPOKCHMHUPYIOIIETO MHOTOYICHA TpeThel creneHu [22]:

1
Vi =§[—3yi72 +12y; 1 +17y; #1241 = 3yis2 (D

re A4 KpallHUX TOYeK

Vi =1/70[69y;_ + 4y —6y; + 41— Vi );

Vi1 =1/35[2y; 0 +27y; 1 +12y; =8y, +2y10 |;
Viet =1/35[2y; 0 =8y; +129; + 27y +2¥i10 |5
Vivr =1/ T0[ =0 + 4y = 6; + 4y + 6910 ]

2

Arnmpokcumaru (1) u (2) ¢usuueckn TOCTOBEPHO OMHUCHIBAIOT MPOIECCHl YIPYTOoMIacTUdeckoro nedop-
MHPOBAHHUS CTaJH, TI03TOMY OHH HCHOJB3YIOTCSI KaK OCHOBHOM pacyeTHBII BapHUaHT IPU BBHIUYMCICHUH YHCIICH-
HBIX 3HAYCHUI, XapaKTEepHU3YIOIINX HaNPsHKEHHO-AepOpPMUPYEMOe COCTOSIHUE MaTepHara.

Mooenuposanue depopmuposanus yuruHOpuyeckol 0b6oaouky. BeraucieHrne KOMITIOHEHT BEKTOPOB Harpsi-
KeHUH 1 nedopmaruii u X MOIyJIeH mpou3BoAuM 10 hopmymnam [22]:

2 1 022 =033
S —,/— 611 ——(05) +0 ;o Sy =—=—=2: §;=+201,; 3
1 3[ 11 2( 22 33)} 2 /—2 3 12 ( )

152 THEORY OF THIN SHELLS



YepemHbix C.B. CTpouTenbHas MexaHuka MHKXEHEPHbIX KOHCTPYKLWIA 1 coopyxeruit, 2022. T. 18. Ne 2. C. 150-160

2 1 3
91:\E[811—80]? 92:\/5(822+5811—580)§ D3 =2,

(4)

. . 1
r7ie CpeJiHUe 3HaYEeHUs HanpshkeHui n nedopmanuii onpenenstorcs Kak o = 5(011 +09y +033); &9 =00 /3K,

TIpH 3HAYEHHU MOy s 06beMHoi nedopmaruu K =1,75x10° MIla.

I'maBHBIe HOpMaJIbHBIE HANPSDKEHUS U YIJIMHEHUS onpeaessieM 1o gpopmynam [22]:

011 +0 1\/ 2 2. ,
G12=—J—f5 (611 =0692)" +4015"; 03=0;

’ 2

_E11t€p

€12 >

1
iE\/(811+822)2+48122; €3 2380—(811+822).

['maBHBIE KacaTeabHBIC HAMIPSHKEHHUS M CIIBUTH U X HMHTEHCUBHOCTH [22]:

01 =6y, _ 6067 —=063,
hp==7= Tpy=—7—

b

_061—03,

b

2

Iip=¢1—-8y; TIp3=¢gy—g3; Ij3=¢—¢3;

1 2 2 2 1 2 2 2
T=——=\T{»+T53+T{3; T=—4=T{, +153+I73.
\/5 12 23 13 \/5 12 23 13

Pe3yabTarthl 1 00cy:x1eHue

)

(6)

(7

@®)

€)

ITo dopmyne (1) u (2) mpousBemeM JTOKATHHOE CTIAKUBAHHIE YKCIIEPUMEHTAIBHBIX TaHHBIX JJIs 3HAUCHUH
MOJyJIs BEKTOPa HANPSDKEHUS 6 U JAedopManmy D, a TakKe UX KOMIOHEHT. Ha puc. 1, ¢ noka3aHa 3KCIepUMEH-
TaJbHAsA ¥ allPOKCUMHUPOBAHHAS IUarpamma aegopMupoBaHus 000J04YKH B TIOCKOCTU G(3D). CTOUT OTMETHTB,
YTO MPU HAIIOKEHHUHU JTUarpaMMBbl IIOUYTH COBIAJIAIOT, 3TO MO3BOJISET C/IENIATh BHIBOJI O COOTBETCTBHH OMBITY (hopmyn
JUTSL anpoKCHUMAIlUN IKCIIEPUMEHTAIBHBIX nuarpamM. [Ipu BEIOOpOUYHOHN neranu3anuu rpaduka Ha puc. 1, O
YHCIICHHBIN pa30poc MEXKIy SKCIIEPUMEHTAIBHBIMY (KpUBasi CHHETO 1IBETa) U paCUCTHBIMH 3HAUCHUSAMHU (KpUBas

KpacHOTOo I[BeTa) cocTanisieT He Ooee 2 %.
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= [Deformation vector modulus 3, %) = [Deformation vector modulus 3, %]
a o
Puc. 1. [luarpamma nedopmupoBanusi 000J09KH B TIIOCKOCTH 6(D):
a — o0wuii BUJ; 6 — neranuszanus rpaduka
Figure 1. Diagram of shell deformation in the plane o(3):
a — general view; 6 — graph detail
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Kax ormeuanocs paHee, BEKTOpHOE MPEACTaBIEHIE MPOIECCOB AedopMupoBanus MarepuaioB A.A. Nib-
IONIMHA B TEOPUU YIPYTOIJIACTHUECKUX MPOIECCOB ABISAETCS dPPEKTUBHBIM MPU ONMHUCAHUU IKCTIEPHUMEHTAIb-
HBIX 3HAYEeHUH QyHKIMN ruiactuanoct [17; 18; 27].

ITo dopmymam (3) 1 (4), COOTBETCTBYIOIIMM TEOPHH YIIPYTOILIACTHIECKUX MporeccoB A.A. MnprommHa,
a TaK)Ke Ha OCHOBAHUH IKCIIEPUMEHTAIBHBIX TaHHBIX MIPOU3BENIEM BBIYMCICHHE KOMIIOHEHT BEKTOPOB Aedopma-
LU, IPECTaBUB Pe3yIbTaThl rpaduiecku Ha puc. 2 u 3.

3

2,5

T
(TN

(Ll 1))
/.

| |
-1,5 -1 -0,5 0,5 1 1.5

0 ,

| | |05 ] | | |
Ilpoexunsa BexTopa nedopmamnun J;, % TTpoekums eekTopa nedopmanun 3, %
[Deformation vector projection 3, %) [Deformation vecitor projection 2,, %]

N\ 1

TIpoexums BekTopa achopmauny J,, %
[Deformation vector projection 3, %)
SR

[Deformation vector projection 2,, %]

| 0,05 |

[Mpoekuus Bexropa nedopmaunn 3, %

a o
Puc. 2. Tpaekropus nepopMupoBaHus 000IOUKH U3 CTad 45:
a — o0wmii BUJ; 6 — neranu3anus rpaduka
Figure 2. The trajectory of deformation of the shell made of steel 45:
a — general view; 6 — graph detail
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a o

Puc. 3. Tpaekropus npoeKUU BEKTOpa HapsKEeHUs S1—53:
a — o0wuii BU; 6 — neranu3anus rpaduka
Figure 3. The trajectory of the projection of the voltage vector S1—S3:
a — general view; 6 — graph detail

Ha puc. 2 u 3, a Taxke nocieayromux puc. 4—6 3KCIiepUMEHTAIBHBIM TAaHHBIM COOTBETCTBYET KPHBasi CHHETO
I[BETA, 8 paCUETHBIM — KpUBasi KpacHOro 1BeTa. Kak ciemyer u3 neranmsarmu puc. 2, 0; 3, 6; 4, 6; 5, 6; 6, 6 Teopetu-
YECKHE PacueThbl COIIOCTABUMBI C 3KCIIEPUMEHTAJILHBIMH 3HAYEHHUSAMH, A Pa3HULA MEX/y HUMU He npeBbiiaet 1 %.

Jlanee mokaszaHsl rpauKe ro0ansHOH (prc. 4) U ToKabHOH (puc. 5, 6) auarpamm aehopMUpPOBaHUSL.
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Puc. 4. Jlnarpamma geopmMupoBanust 0007T09KH B TIIOCKOCTH 6(S):
a — o0wmii BUJ; 6 — neranusanus rpaduka
Figure 4. Diagram of shell deformation in the plane o(S):
a — general view; 6 — graph detail

Ha puc. 4 ropusoHTanbHas OCh JIUHBI IyTH TPASKTOPUH JIehOPMHUPOBAHHUS S, SABIAIONIAACS TapaMETPOM
WA Mepoii 1ehOpMUPOBaHUS, ONIPeeisieT BHYTPEHHIOI TEOMETPHIO TPAeKTOPUN HArpykeHus (puc. 2) u Haxo-
JIUTCSI 110 DKCTIEPUMEHTANBHBIM PE3yIbTaTaM.

BrnusiHue clI0’KHOTO Harpy>keHHs Ha YCTOHUMBOCTH 00pa3LOB MPOSBISIETCS, IPEXIE BCETO, B MOMEHT I10-
TEepH yCTONYMBOCTH, KOTJa MPOUCXOANUT H3JIOM TPAeKTOPHH AedopMmanuil U HarpyxkeHus. OOBIYHO Tpu Tpadu-
YECKOM W YHCIIOBOM aHAIN3€ AKCIEPUMEHTAIBHBIX PE3yIbTaTOB MOMEHT MOTEPH YCTOMYUBOCTH OTIpeAeIseTCs
PE3KUM H3JIOMOM Tporecca 1eOpPMUPOBAHUS HAa BCEX WM OJHOM W3 JIOKATbHBIX AuarpamMM. OJHaKo Mpy aHa-
JU3€ TMOCTPOCHHBIX PHC. 5 U 6 IS BBIMOJIHEHHOTO 3KCTIEpUMEHTa [26] CTOUT OTMETUTh, YTO PE3KOr0 H3IIOMa
mporecca aeopMUpOBaHIS He HAOIIOJAeTCs, ITO TOBOPUT O COXPaHEHUH YCTOWIHBOCTH 00pasia mpH 3aBepiie-
HUU OIIBITA.

[Momumo rpaduyeckoro aHanu3a MO Pe3yJIbTaTaM BBIMOJIHEHHOTO 3KCIIEPUMEHTA U MPOBEPKU €0 COOT-
BETCTBUS TEOPHH YIIPYTOILUIACTHYECKHX TporieccoB A.A. VnblomHa, ONBITHRIE JaHHBIE TIOKA3hIBAIOT 3HAYCHHUS,
OTIpEIETISIONINE BHYTPEHHIE CHIIBI B TBEPAOM TEJlEe, a TaKXKe IMOKa3aTeld W3MEHEHHUs (OpPMBI M pa3MepoB Tela
JUTSI TOCIIEAYIOMIETO PEIICHUS 3a1a4 MEXaHUKHU YIIPYTOIUIACTUYECKHX eopMariuii.
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Puc. 5. JlokanpHast nuarpamma geopmupoBanus S1—I1:
a — o0wwmii BUJ; 6 — neranuszanus rpaduka
Figure S. The trajectory of the projection of the voltage vector S1—2::
a — general view; 6 — graph detail
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Puc. 6. JlokanpHast muarpamma aeopMUpOBaHUS S3—3:
a — o0wmii BUJ; 6 — neranu3anus rpaduka
Figure 6. The trajectory of the projection of the voltage vector S3—3s:
a — general view; 6 — graph detail
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B gactHOCTH, Teopust HANPsHKEHU CTaBUT Tepen coOOH 3amady ONpeesicHHs] BHYTPSHHUX CHJI B MaTepHalre.
OTH CHIBI TIOKA3BIBAIOT MEXMOJIEKYJISIPHOE B3aUMOJICHCTBUE, a MEPy BHYTPEHHHUX CHJI Ha3bIBAIOT HampsokeHueMm. [log
JICHCTBUEM BHEITHHUX (DAKTOPOB TEJNO Ne(POPMUPYETCS M U3MEHSCTCS PACCTOSIHUE MEXKJIy €ro TOYKaMH, BCIIC/ICTBUC
Yero BO3HHUKAIOT JIOTIOJHUTENbHBIE BHYTpeHHNE criTbl. C rioMotbio opmyd (5), (7) ¥ ONBITHBIX JAHHBIX OTIPEAEIISIOT-
sl TYIaBHBIC HOPMAJIbHBIC M KacaTeIbHbIC HATPSDKEHIS, XapaKTEePU3YIOIIHE HAMPSDKEHHOE COCTOSTHIE B TOUKE.

B cBoro ouepenn, Teopus nedopManiii M3ydaeT MEXaHHIECKOEe U3MEHEHUE B3aMMHOTO PACIOJIOKEHUS MHOXKE-
CTBa TOYEK CIUIONIHOM CPEIpl, IPUBO/ISINEE K N3MEHEHHIO (hOpMBI U pa3MepoB Tena. Jledopmarms Tera BOSHUKAET B pe-
3yJIBTATe ISWCTBUS BHEITHHUX CHUI M TIPUBOIMT K BOSHUKHOBEHHIO HANPsDKEHUNA. JIJ1s ormcanms nedopMariy Teja wc-
TIOJB3YIOTCS TiepeMeltieHns Touek. JleopMariiist Tena cocTouT U3 JeopMaliii ee MaTepruatbHbIX YacTuil. s ux orm-
CaHUs IPUMEHSFOTCSI OTHOCHTENBHBIC YUTHHEHHUS U CIBUTH, pacCUMThIBaeMbIe 1o opmynam (6), (8), (9). Onpenencaue
nedopManiy Tea TaKke HeOOXOIFMO TS OIIEHKH €10 SKECTKOCTH ¥ BBISIBIICHHUS HAIPSDKEHHHA.

Tabauya 1
Pe3yabTaThl 3KCIEPUMEHTAIbHBIX HCCJIeI0BAHUI 000I0YKH

ran o, 9, S, | Bpemsi,| D1, | D2, | s, S1, 82, 83, €11, &, €12, o11, o2, o12,
MIa | % | % c % % | % | MIla | MIla | MIla % % % Mlla | MIla | MIla

1 1424 10,07 0,09| 164 | 0,00 | 0,01 |0,07| 0,97 0,00 | 14248 | 0,00 | 0,01 0,05 1,18 0,00 | 100,75
1 159,1 | 0,09 | 0,10 | 180 | 0,00 | 0,02 | 0,08 | 0,97 0,00 | 159,11 0,00 | 0,01 0,06 1,18 0,00 | 112,51
1 170,8 | 0,10 | 0,11 196 0,00 | 0,02 0,09 | 145 0,00 | 170,80 | 0,00 | 0,01 0,07 1,77 0,00 | 120,77
1 1833 | 0,11 | 0,12 | 212 0,00 [ 0,02 | 0,10 | 1,45 0,00 | 188,33 | 0,00 | 0,01 0,07 1,77 0,00 | 133,17
1 2022 (0,11 0,13 | 228 0,00 | 0,01 | 0,11 | 1,93 0,00 |20226| 0,00 | 0,01 0,08 2,37 0,00 | 143,02
2 3724 1048 | 6,02 | 7267 | 0,11 [-0,13| 0,45 |-2946| 0,00 |371,27| 0,09 | -0,14 | 032 |-36,08| 0,00 | 262,53
2 3737 10,49 | 6,04 | 7283 | 0,11 [-0,14| 0,46 | 28,50 | 0,00 | 372,62 | 0,09 | -0,14 | 032 |-3490| 0,00 | 263,48
2 376,6 | 0,50 | 6,05 | 7299 | 0,11 [-0,14| 0,47 | 25,60 | 0,00 | 375,76 | 0,09 | -0,14 | 033 |-31,35| 0,00 | 265,70
2 3742 | 0,50 | 6,06 | 7315 | 0,12 |-0,14| 047 | 22,70 | 0,00 | 373,52 | 0,10 | -0,14 | 0,33 | -27,80| 0,00 | 264,12
2 376,7 |1 0,51 | 6,07 | 7331 | 0,12 (-0,14| 0,48 | 2029 | 0,00 | 376,21 | 0,10 | —0,14 | 0,34 | -24,84| 0,00 | 266,02
3 397,5 |1 0,85 | 13,1 | 13530 | 0,28 (0,16 0,79 | 69,07 | 0,00 | 39149 | 023 | 023 | 0,56 | 84,59 | 0,00 | 276,83
3 3983 | 0,85 | 13,2 | 13535 | 0,28 (-0,15| 0,79 | 71,00 | 0,00 | 391,94 | 023 | -022 | 0,56 | 86,96 | 0,00 | 277,15
3 402,8 | 0,88 |13,24| 13553 | 0,29 |-0,16| 0,81 | 76,31 | 0,00 | 39554 | 024 | -023 | 0,57 | 93,46 | 0,00 | 279,69
3 403,7 | 0,89 | 13,2 | 13569 | 0,30 |-0,16| 0,82 | 81,14 | 0,00 | 39554 | 0,25 | -024 | 0,58 | 99,38 | 0,00 | 279,69
3 4034 | 0,90 | 13,2 | 13585 | 0,31 |-0,16| 0,83 | 84,04 | 0,00 |39464 | 0,25 | -024 | 0,59 | 102,93 | 0,00 | 279,05
4 423,1 | 0,67 | 21,1 | 17792 | 0,00 |-0,34| 0,57 |-104,81| 0,00 | 409,92 | 0,00 | -0,24 | 041 |[-12836| 0,00 | 289,86
4 4253 | 0,70 | 21,1 | 17808 | 0,00 |-0,34| 0,61 |-101,43| 0,00 | 413,07 | 0,00 | 0,24 | 043 |-12422| 0,00 | 292,08
4 427,1 | 0,71 | 21,1 | 17812 | 0,00 |-0,34| 0,62 |-101,61| 032 | 414,87 | 0,00 | -0,24 | 044 |-124,22| 045 | 293,36
4 4270 | 0,72 | 21,2 | 17824 | 0,00 |-0,34| 0,64 | -99,50 | 0,00 | 41532 | 0,00 | -0,24 | 045 |-121,86| 0,00 | 293,67
4 4289 | 0,75 21,2 | 17840 | 0,00 |-0,34| 0,67 | -96,12 | 0,00 | 418,01 | 0,00 | -0,24 | 048 |-117,72| 0,00 | 295,58
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Table 1
Results of experimental studies of the shell

Stage o, 9, S, Time, | D1, | D2, | s, S1, 82, Ss, €11, €2, €12, o11, G622, G12,
MPa | % | % s % % | % | MPa | MPa | MPa % % % MPa | MPa | MPa

1 1424 | 0.07 | 0.09 | 164 0.00 | 0.01 | 0.07 | 0.97 0.00 | 14248 | 0.00 0.01 0.05 1.18 0.00 | 100.75
1 159.1 | 0.09 | 0.10 | 180 0.00 | 0.02 | 0.08 | 0.97 0.00 | 159.11 | 0.00 0.01 0.06 1.18 0.00 | 112.51
1 170.8 | 0.10 | 0.11 196 0.00 | 0.02 | 0.09| 145 0.00 | 170.80 | 0.00 0.01 0.07 1.77 0.00 | 120.77
1 1883 | 0.11 | 0.12 | 212 0.00 | 0.02|0.10 | 145 0.00 | 18833 | 0.00 | 0.01 0.07 1.77 0.00 | 133.17
1 2022 | 0.11]0.13 | 228 0.00 | 001|011 | 1.93 0.00 |202.26 | 0.00 0.01 0.08 2.37 0.00 | 143.02
2 3724 1048|602 | 7267 | 0.11 [-0.13| 045 | —2946| 0.00 |371.27| 009 | —0.14 | 032 | -36.08 | 0.00 | 262.53
2 37377 1049|604 | 7283 | 0.11 [-0.14| 046 | 2850 | 0.00 | 372.62| 0.09 | —0.14 | 032 | -3490| 0.00 | 26348
2 376.6 | 0.50 | 6.05| 7299 | 0.11 [-0.14| 047 | -25.60 | 0.00 | 375.76 | 0.09 | -0.14 | 033 |-3135| 0.00 | 265.70
2 3742 1050 6.06 | 7315 | 0.12 [-0.14| 047 | -22.70 | 0.00 | 373.52| 0.10 | —0.14 | 033 | -27.80| 0.00 | 264.12
2 376.7 | 051 6.07 | 7331 | 0.12 [-0.14| 048 | 2029 | 0.00 | 37621 | 0.10 | —0.14 | 034 | -24.84| 0.00 | 266.02
3 397.5 |1 0.85| 13.1 | 13530 | 0.28 [-0.16| 0.79 | 69.07 | 0.00 | 39149 | 023 | 023 | 0.56 | 84.59 | 0.00 | 276.83
3 3983 | 0.85| 132 | 13535 | 0.28 [-0.15| 0.79 | 71.00 | 0.00 |391.94| 023 | 022 | 0.56 | 86.96 | 0.00 | 277.15
3 402.8 | 0.88 |13.24| 13553 | 0.29 |-0.16] 0.81 | 7631 | 0.00 | 39554 | 024 | -023 | 0.57 | 9346 | 0.00 | 279.69
3 403.7 | 0.89 | 13.2| 13569 | 0.30 |-0.16] 0.82 | 81.14 | 0.00 | 39554 | 025 | -024 | 0.58 | 9938 | 0.00 | 279.69
3 4034 | 090 | 13.2| 13585 | 0.31 |-0.16/ 0.83 | 84.04 | 0.00 | 39464 | 025 | -024 | 0.59 |102.93| 0.00 | 279.05
4 423.1 | 0.67 | 21.1 | 17792 | 0.00 |-0.34| 0.57 |-104.81| 0.00 | 40992 | 0.00 | -0.24 | 041 |-12836| 0.00 | 289.86
4 4253 | 0.70 | 21.1 | 17808 | 0.00 |-0.34| 0.61 |-101.43| 0.00 | 413.07 | 0.00 | -024 | 043 |-12422]| 0.00 | 292.08
4 427.1 | 0.71 | 21.1 | 17812 | 0.00 |-0.34| 0.62 |-101.61| 032 | 41487 | 0.00 | -024 | 044 |-12422| 045 | 293.36
4 4270 | 0.72|121.2 | 17824 | 0.00 |-0.34| 0.64 | -99.50 | 0.00 | 41532 | 0.00 | -0.24 | 045 |-121.86| 0.00 | 293.67
4 4289 | 0.75]21.2| 17840 | 0.00 |-0.34| 0.67 | -96.12 | 0.00 | 418.01 | 0.00 | -024 | 048 |-117.72] 0.00 | 295.58
Tabauya 2

Pe3yabTaThl TEOpeTHYECKOI 00PadOTKH IKCIIEPUMEHTATBbHBIX HCCJIE0BAHUI 000/104YKHU

ran o, 9, S, |Bpemsi,| J1, | D2, | I3, S, 82, 83, €11, €2, €12, o11, o2, o12,
Mia | % | % ¢ % % | % | MIla | MIla | MIla % % % Mlla | MIla | MIla

1 143,56 | 0,08 | 0,09 | 164 0,00 | 0,01 | 0,07 | 0,55 0,00 | 143,56 | 0,00 0,01 0,05 0,68 0,00 | 101,51
1 15742 | 0,08 | 0,10 | 180 0,00 | 0,02 | 0,08 | 1,21 0,00 | 15742 | 0,00 0,01 0,06 1,49 0,00 | 111,31
1 172,54 | 0,10 | 0,11 196 0,01 | 0,020,099 | 1,28 0,00 | 172,53 | 0,00 0,01 0,07 1,57 0,00 | 122,00
1 187,60 | 0,10 | 0,12 | 212 0,00 | 0,02 | 0,10 | 1,49 0,00 | 187,60 | 0,00 0,01 0,07 1,83 0,00 | 132,65
1 201,20 | 0,11 | 0,13 | 228 0,00 | 0,02 0,11 | 2,10 0,00 | 201,19 | 0,00 0,01 0,08 2,57 0,00 | 142,26
2 372,76 | 048 | 544 | 7267 | 0,10 |-0,14| 0,45 | -30,17 | 0,00 | 371,54 | 0,09 | 0,14 | 032 |-3695| 0,00 | 262,72
2 37424 | 049 | 545 | 7283 | 0,11 |-0,14| 0,46 | 27,92 | 0,00 | 373,19 | 0,09 | 0,14 | 032 |-34,19| 0,00 | 263,89
2 375,14 1 0,50 | 546 | 7299 | 0,11 |-0,14| 0,46 | —25,72'| 0,00 | 37426 | 0,09 | 0,14 | 0,33 | -31,50 | 0,00 | 264,64
2 37586 | 0,51 | 547 | 7315 | 0,12 |-0,14| 0,47 | 22,78 | 0,00 | 375,17 | 0,09 | 0,14 | 0,33 | -2790 | 0,00 | 26529
2 37541 (0,51 | 548 | 7331 | 0,12 |-0,13| 0,48 | 20,24 | 0,00 | 37486 | 0,10 | 0,14 | 034 | -24,79 | 0,00 | 265,07
3 398,97 | 0,85 [12,30| 13530 | 0,28 |-0,16| 0,79 | 67,45 | 0,00 | 393,23 | 0,23 | -0,23 | 0,56 | 82,61 0,00 | 278,05
3 398,79 | 0,86 [12,31| 13535 | 0,29 |-0,16| 0,80 | 72,95 | 0,00 | 392,06 | 023 | -0,23 | 0,56 | 89,34 | 0,00 | 27723
3 402,00 | 0,87 [12,33| 13553 | 0,29 |-0,16| 0,81 | 76,11 | 0,00 | 394,73 | 024 | -0,23 | 0,57 | 93,21 0,00 | 279,12
3 403,80 | 0,89 [12,34| 13569 | 0,30 [-0,16]| 0,82 | 81,06 | 0,00 | 39558 | 025 | 0,24 | 0,58 | 99,28 | 0,00 | 279,72
3 403,65 | 0,90 [12,35| 13585 | 0,31 |-0,16]| 0,83 | 83,54 | 0,00 | 39491 | 025 | 0,24 | 0,59 | 102,32 | 0,00 | 279,24
4 423,94 | 0,67 [20,04| 17792 | 0,00 |-0,34| 0,58 |-104,69| 0,08 | 410,81 | 0,00 | —0,24 | 041 |-128,16| 0,11 | 290,49
4 425,16 | 0,69 [20,06| 17808 | 0,00 [-0,34| 0,60 |-102,22| 0,08 | 412,68 | 0,00 | 0,24 | 043 |-125,14| 0,11 | 291,81
4 426,69 | 0,71 {20,08| 17812 | 0,00 (-0,34| 0,62 |-101,02| 0,15 | 414,56 | 0,00 | 0,24 | 044 |-123,62| 022 | 293,14
4 427,65 | 0,72 [20,11| 17824 | 0,00 |-0,34| 0,64 | 99,43 | 0,11 | 41593 | 0,00 | -024 | 045 |-121,71| 0,15 | 294,11
4 428,50 | 0,75 {20,14| 17840 | 0,00 |-0,34| 0,67 | 96,22 | —0,03 | 417,55 | 0,00 | -0,24 | 047 |-117,87| —0,04 | 295,25
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Table 2
Results of theoretical processing of experimental studies of the shell
Stage o, 9, S, Time, | 1, | D2, | I3, S, S>, S35, €11, &0, €12, Gi1, 622, G12,
MPa | % | % s % % | % | MPa | MPa | MPa % % % MPa | MPa | MPa

1 143.56 | 0.08 | 0.09 | 164 | 0.00 | 0.01 [ 0.07 | 0.55 0.00 | 143.56 | 0.00 | 0.01 0.05 0.68 0.00 | 101.51
1 15742 1 0.08 | 0.10 | 180 | 0.00 | 0.02 | 0.08 | 1.21 0.00 | 15742 | 0.00 | 0.01 0.06 1.49 0.00 | 111.31
1 172.54 1 0.10 | 0.11 196 | 0.01 | 0.02]0.09| 1.28 0.00 | 172.53 | 0.00 | 0.01 0.07 1.57 0.00 | 122.00
1 187.60 | 0.10 | 0.12| 212 | 0.00 | 0.02 | 0.10 | 1.49 0.00 | 187.60 | 0.00 | 0.01 0.07 1.83 0.00 | 132.65
1 201.20 | 0.11 | 0.13 | 228 | 0.00 | 0.02 | 0.11 | 2.10 0.00 |201.19| 0.00 | 0.01 0.08 | 257 0.00 | 142.26
2 372776 | 048 | 544 | 7267 | 0.10 |-0.14| 045 | -30.17 | 0.00 | 371.54| 0.09 | —-0.14 | 032 |-3695| 0.00 |262.72
2 374241049 | 545 7283 | 0.11 |-0.14| 046 | 2792 | 0.00 |373.19| 0.09 | —-0.14 | 032 |-34.19| 0.00 |263.89
2 375.141 050 | 546 | 7299 | 0.11 |-0.14| 0.46 | 2572 | 0.00 | 37426 | 0.09 | —0.14 | 033 |-31.50| 0.00 |264.64
2 375.86 | 0.51 | 547 | 7315 | 0.12 |-0.14| 047 | 2278 | 0.00 | 37517 | 0.09 | —0.14 | 033 |-2790| 0.00 | 265.29
2 37541 0.51 | 548 | 7331 | 0.12 |-0.13| 048 | 2024 | 0.00 | 37486 | 0.10 | —0.14 | 034 | -2479| 0.00 | 265.07
3 398.97 | 0.85 |12.30| 13530 | 0.28 |-0.16| 0.79 | 6745 | 0.00 | 39323 | 023 | -023 | 056 | 82.61 | 0.00 | 278.05
3 398.79 | 0.86 |12.31| 13535 | 0.29 |-0.16| 0.80 | 72.95 | 0.00 | 392.06 | 0.23 | —0.23 | 056 | 89.34 | 0.00 |277.23
3 402.00 | 0.87 {12.33| 13553 | 0.29 |-0.16] 0.81 | 76.11 | 0.00 | 394.73 | 024 | -023 | 0.57 | 9321 | 0.00 |279.12
3 403.80 | 0.89 |12.34| 13569 | 0.30 |-0.16| 0.82 | 81.06 | 0.00 | 39558 | 025 | 024 | 0.58 | 9928 | 0.00 | 279.72
3 403.65 | 0.90 |12.35| 13585 | 0.31 |-0.16] 0.83 | 83.54 | 0.00 | 39491 | 025 | 024 | 0.59 | 10232 | 0.00 |279.24
4 42394 | 0.67 |20.04| 17792 | 0.00 |-0.34| 0.58 |-104.69| 0.08 | 410.81 | 0.00 | —0.24 | 041 |-128.16 0.11 | 290.49
4 425.16 | 0.69 |20.06| 17808 | 0.00 |-0.34| 0.60 |-102.22| 0.08 |412.68 | 0.00 | -024 | 043 |-125.14| 0.11 | 291.81
4 426.69 | 0.71 |20.08| 17812 | 0.00 [-0.34| 0.62 |-101.02| 0.15 | 41456 | 0.00 | —024 | 044 |-123.62| 0.22 | 293.14
4 427.65 1 0.72 |20.11| 17824 | 0.00 |-0.34| 0.64 | -99.43 | 0.11 | 41593 | 0.00 | -024 | 045 |-121.71| 0.15 | 294.11
4 428.50 | 0.75 120.14| 17840 | 0.00 [-0.34| 0.67 | -96.22 | —0.03 | 417.55 | 0.00 | —0.24 | 047 |-117.87| —0.04 | 295.25

B [26] yka3aHO, 9TO OMBIT, COOTBETCTBYIOIINN TpacKTOpuu ne(GopMUpOBaHHUS OOOJIOYKH U3 CTamu 45
(puc. 2, a), IPOBOIWIICS B TEUCHUE IATU C MOJOBHHOM 4acoB, a SKCIIEPUMEHTAIBHO moirydeHo 1093 3HaueHus,
OMPEIENAIONINX BEKTOPHBIE U CKANIIPHBIC CBOMCTBA MaTepHana.

B 1ab6n. 1 BRIOOPOYHO MOKa3aHbI YHACICHHBIC 3HAUCHHS, HA OCHOBAaHHU KOTOPBIX OCTPOEHBI SKCIIEPUMEH-
TaJNbHBIE TPa(QUKH.

B Tabn. 2 mokazaHbl COOTBETCTBYIOIIME 3KCIIEPUMEHTAIBHBIM TOUKaM Ta0Jl. 1 pacueTHble 3HaYeHus. Pac-
4geTsI 110 opmynam (1)—(9) BemomnHeHs! B mporpamme Excel.

3akiarouenue

PaccMoTpeHbl 3aMKHYThIE KPUBOJUHEHHBIC TPACKTOPHU TIOCTOSTHHOW KPUBU3HBI, PEaTM30BaHHBIC B ILIOC-
KOCTH D1—33 JIEBUATOPHOTO MPOCTPAHCTBa JedopMaIiii Mpu BO3ACHCTBUU Ha 0Opasel] 0CeBOM CHIIBI U KPYTs-
ero MoMeHTa [26].

VYke 0TMEYaioch, YTO B MUPOBOM MPAKTUKE CYIIECTBYIOT Pa3IMYHBIC MMOAXO/IbI 111 00PabOTKU IKCIIEpH-
MEHTAIFHBIX JaHHBIX, TIOJYYSHHBIX OT BO3JIEHCTBYSI BHEITHUX YCUINH Ha TOHKOCTEHHBIC IMIHHIPUYECKHE 000-
nouku. [Tpu 3TOM CoBepIIEeHHO OTCYTCTBYET YHH(DHKAIHA TUIIOPA3MEPOB MPH TOA00pe 000I0UKH, IKCIIEPUMEH-
TaJbHBIC 00PA3IIbl OTJIMYAIOTCSA CEYCHUEM U MPEJICTABIISAIOT COO0H MHOXKECTBO THIIOPA3MEPOB, TJIE B LIEJIOM pac-
CTOSIHAE MEXTy JBYMSI KpUBOJIMHEHHBIMU MIOBEPXHOCTSMHU MAJIO 10 CPABHEHHIO C JPYTUMHU pa3MEpPaMH.

CroHuT OTMETUTH, YTO JAXE MPH MPOBEJSHUH OJHOTO M TOTO € ONbITa Ha ABYX OJAMHAKOBBIX 00pa3Iax,
HO U3 Pa3HBIX MAPTHHA MOCTAaBKU MaTEPHAIIOB, T/I€ HE CYIIECTBEHHO, HO OTINYAETCS XUMUIECKUHA COCTaB, IKCIIe-
PUMCHTAJIbHBIE JaHHBIC MOTYT 3HAYMTEIILHO pa3nuyarhcs. Hanmpumep, Ui onpenelieHnss HOMEHKIATYPhI cTaind 45
mo 'OCT 1050-2013 mocTaToyHO, YTOOBI yIiiepoaa MpH MPOYNX PaBHBIX XUMHUYECKHX TOOABOK OBLIO B Ipeje-
nax 0,42-0,50 %, 910, HECOMHEHHO, CKaXXETCS Ha MOKa3aTelIIX ONBITA IPH HUCITOJI30BaHUN TOHKOCTEHHBIX 000-
JIOYEK C Pa3THIHBIM HOPMHUPYEMBIM YTIIEPOTHBIM COCTABOM.

Yka3aHHbIC HECOBEPILIEHCTBA B TEOMETPUU M XUMHUYECKOM COCTaBE 00pPa3llOB TAKXKE BIMSIIOT HA TCOPETU-
YECKOE MOJENIMPOBAaHUE MPOIECCOB AehOpMUPOBaHuUs, HO, HECMOTPS Ha 3TO, 00OJOYKA SIBIIAETCS WACATbHBIM
00BEKTOM [Tl PEIICHUS] MOJICIIbHBIX 3aj[ad CTPOUTEIbHON MEXaHUKH U MEXaHUKHU Je()OpMUPYEMOro TBEPAOIO
Tena [28-32].
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Hcnonb3oBaHue TEOpUM yNpyroruiacTU4eckux mpoiieccoB A.A. MiplolmHa Ha OCHOBE THIIOTE3bl KOM-
ITAHAPHOCTH Kak B JaHHOW pabote, Tak U B apyrux [12—19], mokaszayio, 4To TEOPETUUYSCKUE PaCUEThl yIOBIIEC-
TBOPUTENBHO COTJIACYIOTCS C ONMBITHBIMU JTaHHBIMH, a MPEICTABICHHAS SKCIIEPUMEHTAIbHAS TPASKTOPHUS HATPy-
KEHHS TT03BOJISIET 000CHOBATh (PM3NIECKYIO TOCTOBEPHOCTH OMPEIEISIONINX COOTHOIIEHUH 1 (QYHKITHI Tpotiec-
COB TUIACTHYECKOTO JIe)OPMUPOBAHHSI.
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Accepted: February 29, 2022 earthquakes. In view of the concept that macroseismic intensity enables us to

categorise the extent and severity of damage to buildings and structures caused
by an earthquake, this study aims to compile a macro-seismic intensity-based
catalogue of earthquakes in Ecuador, characterise the epicentral macroseismic
intensities associated to seismogenic sources and perform a comparison with
the National Seismic Hazard Map. This paper is the first that presents a cata-
logue of earthquakes with macroseismic intensities >VII and a series of maps
of earthquake epicentres according to intensity, focal depth, data and magnitude
of seismic events in Ecuador, based on the study of historical and instrumental
records from 1900 to 2021. The obtained data shows that 95% of the territory of

Ecuador has a PGA > 0.1 g, which corresponds to seismic intensities greater than
VII, while regions with seismicity >VIII (ag = 0.2 g) constitute 86%, and 3.8%
of the territory of Ecuador has very high seismicity (>IX), where the PGA ex-
ceeds 0.5 g. This information suggests that the normative National Seismic Ha-
zard Map of Ecuador underestimate the hazard mainly in the south-east and in
the Central Andes of Ecuador, and require an actualization.
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Karanor 3emiierpsicenuit IxkBaaopa,
OCHOBAHHBbIH HA MAKPOCEHCMUYECKO HHTEHCHUBHOCTH

JI. Kaxamapka-Cynura»*(0%, 0.B. Ka6anues?”, K. Mapun!

' Kamonuueckuii ynusepcumem 2opoda Kysuxu, Kysuka, Pecnybnuxa Dxeadop
2Hayuonansnuiii uccredosamenvexuti Mockosckuii 20cyoapemeenivlii cmpoumensiwlil ynusepcumem, Mockea, Poccutickas Dedepayus
B cajamarca.zuniga@gmail.com

Hcropus cratbu AnHortauus. Karanorn Marautyn 3eMyIeTpsICeHUI M KapThl MUKOBBIX YCKOPEHUH
IMocrynuna B penakuuto: 21 HosOps 2021 1. rpyHTa (IIVT, anri. PGA) ans Pecny6auku DKBagop MOXKHO HalTH BO MHOTHUX
Jopaborana: 12 ¢espans 2022 r. HCCIICIOBAHUAX, OJHAKO Pa0bOThI, MOCBSIICHHBIC XapaKTEPUCTUKE SMUIICHTPANb-
IMpunsra k my6aukanuu: 29 despans 2022 r. HOM MaKpOCEHCMHYECKON HHTEHCHUBHOCTH, CBSI3AHHOM € 3€MJIETPSICEHUSMH, BCTPE-

YaloTCs peaKo. B cBs3M ¢ TeM, 4yTo MakpoceiicMuuecKas HHTeHCUBHOCTD MO3BOJISET
KJIacCU(UIMPOBATh CTENEHb U TSKECTh yliepOa, HAHECEHHOTO 3eMIIETPSCEHHEM
30aHUSM U COOPY)KEHHUSM, LIEJISIMU JAaHHOTO MCCIEI0BaHMs CTalIH: 1) cocTaBieHe
Karajora 3eMJeTpsCeHUH B DKBaJope HA OCHOBE MaKpOCEHCMHYECKOW MHTEH-
CHUBHOCTH; 2) XapaKTEePUCTHKA AIUIEHTPATIBHBIX MAKPOCEHCMUYECKUX WHTEHCHB-
HOCTEH, CBsI3aHHBIX C CEHICMOTreHHBIMH UCTOYHHMKaMH; 3) cpaBHeHue ¢ Hanmonaib-
HOW KapToW CeHCMHUYECKOl ormacHOCTU. BriepBrie mpencTaBieHbl KaTaunor 3emiie-
TPSICEHUH C MaKpOCEHCMUUECKONW MHTEHCUBHOCTBIO >VII U cepust KapT 3IuleH-
TPOB 3eMJICTPSCEHUI B COOTBETCTBHHM C MHTEHCHUBHOCTBIO, INIyOMHOH odara,
JAHHBIMU M MarHUTY/I0H CEHCMUYECKUX COOBITHH B DKBaJlOpe, OCHOBAHHBIX Ha
W3yYEeHUN WCTOPHYECKUX W WHCTPYMEHTANbHBIX 3amucedd ¢ 1900 mo 2021 r.
[TonydeHHbIe aHHBIC MMOKA3bIBAIOT, 4TO 95 % TeppuTopuu DKBaIopa UMEIOT

PGA > 0,1 g, 94TO COOTBETCTBYET celicMuyeckoi mHTeHCUBHOCTU Oonee VII,
peruonsl ¢ ceiicmuunoctrio >VIII (ag = 0,2 g) cocrasiusiror 86 %, a 3,8 % tep-
puTopuE DKBaopa UMEIOT OYeHb BBICOKYIO cericMmaHOCTh (>1X), tme PGA mpe-
BoimaeTr 0,5 g. DTo cBUAETENHCTBYET O TOM, 4TO HOpMaTuBHas HanumonanbHas
KapTa CeHCMUYECKOHN OMAaCHOCTH DKBAZopa HE YYHTHIBAET ONMACHOCTh B OCHOBHOM
Ha 0ro-BocToke U B LleHTpanbHbix AHIax DKkBagopa 1 TpeOyeT akTyaau3aluu.
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Introduction

The greatest earthquakes are known to occur at the tectonic plate interface of subduction zones. Ecuador is
located at the northwest interface of the South American tectonic plate whit the Nazca tectonic plate. This zone
is part of the Rim of Fire, which is the world’s most seismically active region. In this region about 90% of all
earthquakes and about 80% of the strongest earthquakes have occurred' [1]. The Andes are one of the highest
seismic activity regions in the world, accounting for around 20% of the Earth’s total released seismic energy [2].
About 90% of continental territory of Ecuador presents high seismic hazard. The subduction of the Nazca tectonic
plate and the complex system of active geological faults generates mostly shallow earthquakes in Ecuador, where
the 7th world’s largest earthquake was registered in 1906 (Mw = 8.8) [3; 4].

The definition of seismic hazard is fundamental to study the influence of the seismicity of a given region on
earthquake-resistant structural design. In this work we present a catalogue of macroseismic events with intensities
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greater than VII based on the study of seismogenic sources of Ecuador and its relation with the epicentres of historical
high intensity earthquakes in order to compile a catalogue and maps of epicentres of earthquakes by intensities, years,
depth and magnitudes, and compare the seismic events with the normative National Seismic Hazard Map of Ecuador.

To compile this catalogue, we reviewed pre-instrumental and instrumental information from several local,
regional, and global sources such as IG-EPN, CERESIS, EHB, ISS, ISC, CENTENNIAL, NEIC, GCMT, USGS,
and from other scientific works.

Based on the compiled catalogue, we have developed some maps of earthquakes locations according to
registered intensities. In this paper, we also present the maps of epicentres of earthquakes by their intensities,
years, depth and magnitudes, as well as comparison of the seismic events with both the normative National
Seismic Hazard Map of Ecuador and the latest map of seismic hazard developed by the Ecuadorian Institute of
Geophysics of the National Polytechnical School issued in 2021.2

Geodynamics of Ecuador and seismogenic sources

It is established that in the Equatorial latitudes the subducting process of the Nazca plate beneath the
South American tectonic plate (55-75 mm/year) is the main and most evident geodynamic process in the north-
western region of South America and in the territory of Ecuador (Figure 1) [5-8].
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Figure 1. Tectonic setting, major faults and relative plate motions in Ecuador. Locations of the 1906 earthquake (Mw = 8.8, black star);
from north to south the 1979, 1958, 2016, 1942, 1901, 1953 earthquakes (M > 7.8, red circles)

Source: edited after Gutscher et al., 1999 [7].

The segment of the Northern Andes where both thrust faulting and crustal shortening are observed coincides
with the subduction zone of Carnegie Ridge. Along the subandean zone and the eastern cordillera of Ecuador, a large
system of thrusts, as well as strike-slip and transpressive faults is located [9; 10]. Three main seismogenic sources af-
fect the seismicity of Ecuador. The subduction of the oceanic Nazca plate beneath the continental South American
plate is the major geodynamic process which controls the tectonic setting of this region and originates two other seismo-
genic sources: the subduction and collision of the Carnegie Ridge (CR), and the segmentation and “escape” of
the North Andean Block (NAB) with an intricate strike-slip fault system [11]. The Ecuadorian Andes mainly defines a
compression zone featured by reverse faults in the foothills essentially orthogonal to the plate convergence vectors and

2 Catalogue of earthquakes in Ecuador. Mapa digital interactivo de peligro sismico para Ecuador. Instituto Geofisico de la Escuela
Politécnica Nacional (IG-EPN); 2021. Available from: https://www.igepn.edu.ec/mapas/sismicidad/mapa-peligro-sismico (accessed: 23.09.2021).
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slip faults as the Dolores-Guayaquil Megashear (DGM) [12; 13] and the Chingual-Cosanga-Pallatanga-Puna (CCPP) fault
system [8; 14], which are segments of the Guayaquil-Caracas Continental Megashear (GCM).

The subduction of the Carnegie Ridge controls the locations of large earthquakes and the clusterisation of
seismic activity along the northwest coastline of Ecuador, as well as the evolution of the foothill basins of Borbon
and Manabi, the uplifting of both the coast region and the Pastaza-Napo region at the Amazon basin [15-17].
The schematic geological cross-section of the subduction process at the collision zone of Carnegie Ridge be-
tween latitudes 1°N-2°S suggested in [18] shows geological events related to this process (Figure 2).
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Figure 2. West-East cross-section of Ecuador at 1°11'S,
showing geological events related to Carnegie Ridge subduction [18]

In the collision zone of the Carnegie Ridge, the orientation of crustal faults changes from north-south to
northeast-southwest along the subduction margin [15; 19]. The morphology of the Ecuadorian subandean zone and
its strong tectonic activity can be attributed to a major geody-
namic event, such as the subduction of Carnegie Ridge. The bull-
dozing effect associated to the subduction of the CR has contribu-
ted to uplift of the coastal ranges at rates of 0.30-0.50 mm/year
for the Peninsula of Manta [20], and generates the northeast-
ward displacement of the NAB along the Guayaquil-Caracas
Continental Megashear [21].

To understand the geodynamic scheme of Ecuador, it is
necessary to consider the movement of North Andean Block
as a detaching “mini-plate” sliding through the northwest cor-
ner of South America on a large right-lateral strike-slip fault.
This tectonic block is bordered on the north by the South Ca-
ribbean deformed belt, on the west by the Colombia-Ecuador
trench and Panama Block, and on the east by the Guayaquil-
Caracas Continental Megashear. As a result of this process
the NAB is being ejected to the northeast following the front
of the Eastern Cordillera along a transpressive system of
faults [22-25]. According to recent studies [8; 23; 24; 26],
the NAB is migrating relatively fast, just as the Nazca Plate
is subducting to the east relative to the Amazonian Craton,
the NAB is migrating to the north-east in relation to the South

Figure 3. Chingual - Cosanga — Pallatanga — Puna (CCPP) ~ American plate at 6-10 mm/year. The Guayaquil Gulf opens

fault system [8] at the southern junction between two fracture zones (the Co-
lombia-Ecuador Trench and the GCM) that isolate the NAB [22]. The east Andean front fault zone starts east of
the Gulf of Guayaquil as the dextral Pallatanga Fault [27-29]. Northern this fault continues as the Chingual-La

—
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Sofia Fault [5; 8; 27; 28]. The motion of the North Andean Block “produces a complex system of active faults
that generate shallow-focus earthquakes on the eastern front of the Andes” [21; 26].

The Chingual-Cosanga-Pallatanga-Puna fault system (Figure 3) is the most developed fault system in
the territory of Ecuador and defines the NAB eastern tectonic border in Ecuador, where several shallow earth-
quakes have been registered [27]. The CCPP fault system extends from Guayaquil Gulf in Ecuador to the eastern
“Cordillera Real” on the border between Ecuador and Colombia [8], then continues into Colombia as the Algeci-
ras Fault [24]. It should be noted that multiple large earthquakes have occurred in the north-south trending seg-
ments of the CCPP fault and in the Carnegie Ridge collision zone. The shear zone of CCPP accounts for high
cortical seismic activity in the central-northern Andes Cordillera of Ecuador.

Results and discussion

The main seismogenic source in Ecuador is the subducting process of the Nazca tectonic plate beneath the South
American continental plate. In the background of this process, is important to consider two factors: the influence of the Car-
negie Ridge, which causes a “ploughing” effect (expression suggested by D. Cajamarca-Zuniga) on the shoreline and deep
seismic activity in the Pastaza-Napo region at the Amazon basin, and the northward drift of North Andean block, which ge-
nerates an intricate system of active strike-slip faults and generates shallow-focus earthquakes along the CCPP fault system.

The shoreline of Ecuador experienced large and great megathrust earthquakes along the northern flank of
Carnegie Ridge collision zone: 1906 (Mw 8.8, intensity 1X), 1942 (Mw 7.8, intensity IX), 1958 (Mw 7.7, intensi-
ty VIII), 1979 (Mw 8.2, intensity VIII), 2016 (Mw 7.8, intensity 1X) [3; 30].

The central-north Andean region of Ecuador shows high crustal activity and registers multiple large histo-
rical earthquakes along the NNE-trending zone of CCPP fault system. Earthquakes with epicentral macroseismic
intensity > VIII have occurred in 1541, 1557, 1575, 1587, 1645 (Mw 7, intensity 1X), 1698 (Mw 7.7, intensity 1X),
1755, 1757, 1797 (Mw 8.3, intensity XI), 1834, 1868 (Mw 7, intensity 1X), 1923, 1926, 1938 (Mw 6.3, intensity
VII), 1949 (Mw 6.7, intensity X), 1996 (Mw 5.5, intensity VIII) [10; 31], mainly along NE-SW fault systems
governed by the Guayaquil-Caracas Continental Megashear.
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Figure 4. Location and years of earthquakes with macroseismic
intensities >VII from 1900 to 2021. Here we can see the major
seismic intensity at the collision zone of the subducting
Carnegie Ridge (CR), as well as along the CCPP fault system

Figure 5. Plane and cross-sectional locations of 130-300 km
depth earthquakes, that show the inferred 400 km prolongation
of Carnegie Ridge beneath the territory of Ecuador

The sub-Andean zone at the Amazon basin shows an intermediate-depth seismicity in the Pastaza-Napo region
and a high shallow-focus activity to the south, between the Macas and Quito-Napo fault systems: 1961 (Mw 6.6,
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intensity VIII), 1971 (Mw 7.4, intensity VII), 1987 (Mw 6.4, intensity 1X), 1995 (Mw 6.5, intensity VIII),

2019 (Mw 7.5, intensity VII)® [32; 33].
In the Figure 4 we present a map developed in ArcMap software and show the epicentres and years of
earthquakes with macroseismic intensities > VII from 1900 to 2021, where we can see the major seismic intensi-

ty at the Carnegie Ridge collision zone, as well as along the CCPP fault system.

82° W 80° W 78° W 78°W
L L

) 7
i (a.a)V”' 6:3) {3
0° 4 +0°
2°s F2°S
- VIl (5.9)
Depth Intensn:y O
km (EMS-98) ]
0 O wi ; Perii
rd
20 Owvm | : Ovm (6.3)
4° 8+ o 2 OV I Lacs
40 O x / /
[ Qw2
70 Ox |
wo Ox | Owez ! Vil (5.3)
Main crustal fault systems in Ecuador
— El Angel-Huayrapungo-Nanegal-Apuela fault systems QOvirs lmv V”‘ (83
6°S - — Quito-Latacunga fault-fold system 4 Vil (65&@ L6° s
—— Macas fault system I (6. 5)
— Cutucu-Napo fault system (Eastern Subandean Belt ESB) 0 50 100 . 200 km
— Chingual-Cosanga-Pallatanga-Puna fault system (NAB limit) T
T T T T
82° W 80° W 78°W 76° W

Figure 6. Locations and depth of earthquakes with intensities >VII from 1900 to 2021

82° W 80° W 78° W 78" W 82°W 80" W 78° W 76° W
L L
c : : = . _ ) L
/ o 1992
695,
13
< Colombia
0* F0° 0° 4 Loe
'CARNEGIE
. RIDGE__
2° S+ Intensity r2*s 2° 54 F2°s
(ENSS2) % : 2017 Vil (59)
e @) - P % 19§74 o (EMS-98) 0
o @ | 1 9 o m | el >
@ V48) F- $ g 4 mﬁoema ) o v - . .,3,9‘“5” .
o Vi@ 5 Peri o v L é )) Perd
O Vi44) 1 3 z 75 Q w 2 Y6250,
45 7 ,] i ibos_ 1995 Lars 4,54 ©Q Wi a Lacs
= # $1$ Omzu ©20042004 s ] ) &%@C"V (63 w (4 9)VL(45)
@ X0 ) 2011 1497 02012 f g &? VU“:I ()5 6)
® x \ dméwss 6@90@20‘7 \ d‘/"é)w 5”@@
® x( el X oy aHe 9L
Main crustal fault systems in Ecuador 1%EHE'Z 199 Main crustal fault systems in Ecuador OV(5 5)
— El Angel-Huayrapungo-Nanegal-Apuela fault systems 2085 ° — El Angel-Huayrapungo-Nanegal-Apuela fault systems Vil (5 7) O":‘:\M?g 90
g° § {— Quito-Latacunga fault-fold system 01979 1995 2i%6°S g° § {— Quilo-Latacunga fault-fold sysiem el vitTak 6° s
—— Macas faull system %w 01953 1999 ~— Maas fault system & (5 5 '(56\1(65] e
— Cutuct-Napo fault system (Eastern Subandean Belt ESB) — Cutuct-Napo fault system (Eastern Subandean Belt ESB) 200 ém
— Chingual-Cosanga-| Punad fault system (NAB limit) — Chingual-Cosanga-| Puna fault system (NAB limit)
82" w 80°wW 78° W 76" W 82°w 80" W 78° W 76° W
a b

Figure 7. Location and years of earthquakes with intensities >III from 1900 to 2021 (a)
and location, depth, intensity and magnitude of earthquakes with intensities >III from 1900 to 2021 ()

3 United States Geological Survey. Earthquake catalog. USGS. Earthquake Hazards program. Available from:
https://earthquake.usgs.gov/earthquakes/search/ (accessed: 30.07.2021); Catdlogo Homogenizado 1587-2011. Sismicidad. Instituto
Geofisico de la Escuela Politécnica Nacional (IG-EPN). Available from: https://igepn.edu.ec/mapas/sismicidad/mapa-catalogo-

homogenizado (accessed: 30.07.2021).
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Catalogue of 1900-2021 Ecuador earthquakes with macroseismic intensities >VII

Date, Time, Intensity, Magnitude Scale Depth, Location Latitude, Longitude,
dd/mm/yyyy UTC MM km ° °
1587 VI 6.3 Mw 20 km NNE of Quito. Ecuador 0.00 -78.40
1645 IX 7 Mw 11 km E of Riobamba. Ecuador -1.68 -78.55
1674 VI 6.3 Mw 17 km WbS of Riobamba. Ecuador -1.70 -78.80
1687 VI 6.3 Mw 39 km ENE of Ambato. Ecuador -1.10 -78.30
1698 IX 7.7 Mw 15 km ESE of Banos. Ecuador -1.45 -78.30
1736 Vil 6.3 Mw 25 km WNW of Latacunga. Ecuador -0.80 -78.80
1749 Vi 6.3 Mw Loja, Loja. Ecuador -4.00 -79.20
1755 Vi 6.3 Mw Quito, Pichincha. Ecuador -0.21 -78.48
1757 Vil 7 Mw 7 km S of Latacunga. Ecuador -1.00 -78.60
1786 Vi 6.3 Mw 6 km WNW of Riobamba. Ecuador -1.65 -78.70
1797 X1 8.3 Mw 15 km WbS of Barios. Ecuador -1.43 -78.55
1859 VI 6.3 Mw 26 km W of Otavalo. Ecuador 0.20 -78.50
1868 IX 7 Mw 10 km SW of Ibarra. Ecuador 0.30 -78.20
1868 VI 6.3 Mw 7 km WSW of El Angel. Ecuador 0.60 -78.00
1896 IX 7 Mw 4 km S of Canoa. Ecuador -0.50 -80.45
31/01/1906  15:36:10 IX 8.8 Mw 20 22 km NW of Atacames. Ecuador 1.00 -80.00
1911 Vil 1 Mw 6 km WSW of Riobamba. Ecuador -1.70 -78.70
1913 VI 6.3 Mw 31 km NW of Loja. Ecuador -3.80 -79.40
1914 VI 7 Mw 30 km S of Quito. Ecuador -0.50 -78.50
1923 VI 6.3 Mw 30 km S of Quito. Ecuador -0.50 -78.50
1926 Vi 6.5 Mw 20 km W of Tulcan. Ecuador 0.80 -77.90
1929 VI 6.3 Mw 19 km SSW of Quito. Ecuador -0.40 -78.55
02/10/1933  15:29:27 Vil 6.7 Mw 15 43 km N of Santa Elena. Ecuador -1.83 -80.85
1938 VI 6.3 Mw 15 km SE of Quito. Ecuador -0.30 -78.40
14/05/1942  02:13:27 IX 7.8 Mw 20 10 km SW of Pedernales. Ecuador 0.01 -80.12
23/10/1944  23:40:09 Vi 6.7 Mw 20 35 km NNE of Quininde. Ecuador 0.61 -79.32
05/08/1949  19:08:52 X 6.7 Mw 15 20 km NE of Bafios. Ecuador -1.25 -78.32
12/12/1953  17:31:29 VIl 7.3 Mw 25 14 km NNE of Zorritos. Peru -3.55 -80.64
11/05/1955  11:04:04 \ll 6.5 Mw 15 42 km SE of Cayambe. Ecuador -0.23 -77.88
20/07/1955  21:00:47 Vi 6 Mw 15 14 km W of Cotacachi. Ecuador 0.30 -78.39
16/01/1956  23:37:45 Vil 7 Mw 20 7 km NNE of Tosagua. Ecuador -0.73 -80.21
19/01/1958  14:07:28 VI 7.6 Mw 275 19 km ENE of Esmeraldas. Ecuador 1.01 -79.49
19/01/1958  14:43:30 Vil 6.8 Mw 27.5 23 km NE of Esmeraldas. Ecuador 1.15 -79.54
14/04/1958  21:32:34 Vi 6.8 Mw 25 30 km SE of Esmeraldas. Ecuador 0.80 -79.43
28/07/1961 01:05:31 VIl 6.6 Mw 1421 47 km E of Taisha. Ecuador -2.29 -77.04
19/05/1964  23:03:40 Vil 6.2 Mw 35 7 km WSW of Calceta. Ecuador -0.86 -80.23
09/02/1967  15:24:49 IX 7 Mw 55 162 km NNE of Florencia. Colombia 2.85 -74.80
19/06/1968  08:13:35 Vi 6.8 Mw 15 49 km NNW of Moyobamba. Peru -5.61 -77.09
10/12/1970  04:34:41 IX 7.2 Mw 25 15 km SE of Cainaveral. Peru -4.03 -80.54
27/07/1971  02:02:49 Vi 7.4 Mw 120 103 km ESE of Sucua. Ecuador -2.84 -77.32
02/10/1974  02:54:59 Vi 5.7 Mb 5 48 km SW of Sechura. Peru -5.91 -81.09
09/04/1976  07:08:47 VI 6.7 Ms 9 25 km SW of Esmeraldas. Ecuador 0.78 -79.80
06/10/1976  09:12:38 VI 5.7 Mb 33 16 km NW of Saquisili. Ecuador -0.75 -78.78
24/03/1978  12:31:22 Vil 5.3 Mb 42 9 km E of Lagunas. Peru -5.22 -75.59
12/12/1979  07:59:03 Vi 7.7 Ms 24 68 km WNW of San Lorenzo. Ecuador 1.60 -79.36
31/03/1983  13:12:52 VI 5.5 Mb 222 8 km WNW of Popayan. Colombia 2.46 -76.69
12/04/1983  12:07:54 Vil 7 Mw 104.2 92 km NNE of La Peca. Peru -4.84 -78.10
22/11/1983  14:21:03 \ll 6.6 Mw 54.9 21 km SE of Muisne. Ecuador 0.48 -79.88
25/12/1983  05:32:40 Vi 5.4 Mb 33 49 km SSE of Saquena. Peru -5.09 -73.36
06/03/1987  08:14:48 Vil 6 Mw 8.5 24 km E of Cayambe. Ecuador 0.02 -77.93
06/03/1987  01:54:50 \ll 6.4 Mw 14.1 49 km SE of Pimampiro. Ecuador 0.05 -77.65
06/03/1987  04:10:41 Vil 7.2 Mw 10 29 km SSE of Pimampiro. Ecuador 0.15 -77.82
22/09/1987  13:43:37 IX 6.4 Mw 10 26 km W of Tena. Ecuador -0.98 -78.05
22/09/1987 16:21:35 Vi 6 Mw 10 36 km WSW of Tena. Ecuador -1.08 -78.13
30/05/1990  02:34:05 Vi 6.6 Mw 242 28 km E of Moyobamba. Peru -6.02 -77.23
02/09/1990  04:26:48 Vi 6.6 Mw 14.2 34 km SW of Pedernales. Ecuador -0.14 -80.28
04/04/1991  15:23:20 Vi 6.5 Mw 20.7 4 km ENE of Rioja. Peru -6.04 -77.13
05/04/1991  04:19:49 Vi 71 Mw 19.8 11 km NE of Rioja. Peru -5.98 -77.09
06/06/1994  20:47:40 IX 6.8 Mw 121 23 km E of Toribio. Colombia 2.92 -76.06
03/10/1995  12:44:58 Vil 6.5 Mw 16.7 50 km SE of Sucua. Ecuador -2.78 -77.85
03/10/1995 01:51:23 Vil 7 Mw 24.4 45 km SE of Sucua. Ecuador -2.75 -77.88
07/10/1995  21:28:03 Vi 5.8 Mw 12.3 52 km SE of Sucua. Ecuador -2.78 -77.82
25/08/1996  14:09:03 Vil 5.5 Mwc 50.7 10 km WSW of Salcedo. Ecuador -1.08 -78.67
28/10/1997  06:15:17 \ll 7.2 Mwe 112 51 km N of Barranca. Peru -4.37 -76.68
04/08/1998  18:59:20 Vil 7.2 Mwc 33 3 km E of Bahia de Caraquez. Ecuador -0.59 -80.39
21/01/2005 13:45:14 Vi 6 Mwb 10 21 km WSW of Montecristi. Ecuador -1.13 -80.83
24/01/2005 23:23:26 \ll 6.1 Mwb 16.9 23 km W of Jipijapa. Ecuador -1.36 -80.79
26/09/2005 01:55:37 Vi 7.5 Mwb 115 39 km NW of Yurimaguas. Peru -5.68 -76.40
16/04/2016  23:58:36 IX 7.8 Mww  20.59 27 km SSE of Muisne. Ecuador 0.38 -79.92
20/04/2016  08:35:10 Vi 6 Mwb 10 10 km N of Muisne. Ecuador 0.71 -80.04
22/04/2016  03:03:41 Vil 6 Mww 10 34 km NNW of Bahia de Caraquez. Ecuador -0.29 -80.50
18/05/2016  07:57:02 Vi 6.7 Mww 16 32 km SE of Muisne. Ecuador 0.43 -79.79
18/05/2016  16:46:43 Vi 6.9 Mww  29.95 24 km NW of Quininde. Ecuador 0.49 -79.62
11/07/2016  02:11:04 Vi 6.3 Mww 21 33 km NNW of Quininde. Ecuador 0.58 -79.64
19/12/2016  07:11:39 Vi 5.4 Mwr 10 11 km SSW of Esmeraldas. Ecuador 0.88 -79.71
18/04/2017  17:49:55 Vil 5.9 Mww 14 151 km NE of Alianza Cristiana. Peru -2.71 -75.30
30/06/2017  22:29:45 Vil 6 Mww 13 35 km NNW of Bahia de Caraquez. Ecuador -0.28 -80.49
03/12/2017  11:19:05 Vil 6.1 Mww 17 18 km NE of Bahia de Caraquez. Ecuador -0.47 -80.31
22/02/2019  10:17:23 Vil 7.5 Mww 145 115 km ESE of Palora. Ecuador -2.19 -77.05
26/05/2019  07:41:15 VI 8 Mww  122.57 78 km NE of Navarro. Peru -5.81 -75.27
30/07/2021 _ 17:10:19 Wil 6.2 Mww __ 32.66 9 km ESE of Sullana. Peru -4.93 -80.60
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The geodynamic and seismic activity in the territory of Ecuador suggest that the prolongation of the CR
and the geological expression of its subduction beneath Ecuador requires about 400 km from the Colombia —
Ecuador — Peru trench. In the Figure 5 we show the locations of depth earthquakes epicentres according to data
from the IG-EPN earthquake catalogue.* Also, we suppose that the eastern interface boundary of the Carnegie
Ridge under the territory of Ecuador may be a triple junction of the Nazca tectonic plate with the Farallon plate
and the Amazonian Craton, which probably controls the intermediate-depth seismicity in the Pastaza-Napo re-
gion at the Amazon basin.

Regarding the influence of earthquakes on buildings and structures, the only magnitude of an earthquake
does not allow us to understand the level of damage to the structures, as it depends on other factors. For under-
standing the effects of an earthquake on buildings and structures, it is important to know and understand
the macroseismic intensity of earthquakes. This concept enables us to categorise the extent and severity of earth-
quake-related damage to structures. Below we present information and maps related to earthquakes in Ecuador
from 1900 to 2021 according to the intensity, focal depth and magnitude of each event. The proposed maps were
developed in ArcMap software for geospatial data processing.

In the Figure 6 we show the epicentres and depth of earthquakes with intensities >VII from 1900 to 2021.
The Figure 7, a presents a map of earthquake epicentres with intensities >III and the corresponding year of each
event from the 1900 to 2021. In the Figure 7, b we present a map that shows the depth, intensities and magni-
tudes of earthquakes with intensities >III from 1900 to 2021.

In the Table we present a catalogue of earthquakes with macroseismic intensities >VII based on historical
and instrumental records from 1900 to date’ [2; 5; 14; 31; 32].

We provide a comparison intensity-based map of earthquakes with both, the National Seismic Hazard
Map of the Ecuadorian Building Standard NEC-SE-DS 2015 (Figure 8) and the latest (non-normative) probabi-
listic seismic hazard map issued by the Institute of Geophysics of the National Polytechnic School of Ecuador
in 2021° (Figure 9).
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Figure 8. Comparison of earthquake epicentres by intensities >I11
with the Normative seismic hazard map of Ecuador
(NEC-SE-DS 2015)

Figure 9. Comparison of earthquake epicentres by intensities >I1I
with the non-normative seismic hazard map issued
by the Institute of Geophysics of the National Polytechnic School

of Ecuador (IG-EPN, 2021)

4 Catalogue of earthquakes in Ecuador. Mapa digital interactivo de peligro sismico para Ecuador. Instituto Geofisico de la Escuela
Politécnica Nacional (IG-EPN); 2021. Available from: https://www.igepn.edu.ec/mapas/sismicidad/mapa-peligro-sismico (23.09.2021).

5 United States Geological Survey. 20 Largest Earthquakes in the World. USGS. Earthquake Hazards. Available from:
https://www.usgs.gov/natural-hazards/earthquake-hazards/science/20-largest-earthquakes-world?qt-science_center_objects=0#qt-
science_center_objects (accessed: 20.02.2020); Catdlogo Homogenizado 1587-2011. Sismicidad. Instituto Geofisico de la Escuela
Politécnica Nacional (IG-EPN). Available from: https://igepn.edu.ec/mapas/sismicidad/mapa-catalogo-homogenizado (accessed: 30.07.2021);
Catalogue of earthquakes in Ecuador. Mapa digital interactivo de peligro sismico para Ecuador. Instituto Geofisico de la Escuela
Politécnica Nacional (IG-EPN); 2021. Available from: https://www.igepn.edu.ec/mapas/sismicidad/mapa-peligro-sismico (23.09.2021).

¢ Catalogue of earthquakes in Ecuador. Mapa digital interactivo de peligro sismico para Ecuador. Instituto Geofisico de la Escuela
Politécnica Nacional (IG-EPN); 2021. Available from: https://www.igepn.edu.ec/mapas/sismicidad/mapa-peligro-sismico (23.09.2021).
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Figure 10. Areas of seismic regions, km?, and their respective percentages in relation to the continental surface of Ecuador based on
the non-normative seismic hazard map of the Institute of Geophysics of the National Polytechnic School of Ecuador (IG-EPN, 2021)

Based on the IG-EPN seismic hazard map for a return period of 475 years,” we calculated the area of seismic
regions and their respective percentages in relation to the continental surface of Ecuador, and prepared the map (Fi-
gure 10). The analysis of this map shows that 95% of the territory of Ecuador has a PGA > 0.1 g which corresponds to
seismic intensities greater than VII [34-36], while regions with seismicity >VIII (a; = 0.2 g) constitute 86%, and 3.8%
of the territory of Ecuador has very high seismicity (>1X), where the peak seismic acceleration exceeds 0.5 g.

The analysis carried out in this research shows that the Normative Seismic Hazard Map of Ecuador under-
estimates the seismic hazard in the Central Andes and in the south-eastern region of the country. For instance,
this paper shows that earthquakes up to X—XI intensity have been registered in the Central Andes of Ecuador,
with an equivalent PGA above 0.5 g, while the Ecuadorian building standard (NEC-SE-DS 2015) specifies a PGA
0f 0.30—-0.40 g for these zones.

Conclusion

Several scientific works present databases of magnitudes and maps of seismic activity in Ecuador, how-
ever, this paper is the first that provides a catalogue of earthquakes with macroseismic intensities greater than
VII based on historical and instrumental records from 1900 to 2021. The studied events correspond to earth-
quakes of very strong and higher intensity levels, according to macroseismic scales MSK-64, MMI or EMS-98.
Additionally, we have proposed a series of maps of earthquake epicentres according to intensity, focal depth and
magnitudes that allow us to understand the actual effect of Ecuador’s seismic activity on buildings and struc-
tures. The availability of this information in addition to the seismic hazard is relevant to study the influence of
the seismicity of Ecuador on buildings and structures.

The main seismogenic sources in Ecuador are linked to the subduction process of the Nazca plate beneath
the South American Plate. However, in this process, the convergence of the Carnegie Ridge, on one hand causes
a ploughing effect resulting in shallow-focus earthquakes on the shoreline and deep seismic activity in the Pastaza-
Napo region at the Amazon basin, and, on the other hand, the oblique collision of CR generates the northward drift of
the NAB, which produces high seismic activity and shallow-focus earthquakes along the Central and Northern Andes.

The shoreline of Ecuador experienced large and great megathrust earthquakes mainly along the northern
flank of Carnegie Ridge collision zone. The central and north Andean region of Ecuador shows high crustal ac-
tivity and registers large historical earthquakes along the CCPP fault system. The sub-Andean zone at the Ama-
zon basin shows an intermediate-depth seismicity in the Pastaza-Napo region and a high shallow-focus activity
to the south, between the Macas and Quito-Napo fault systems.

7 Catalogue of earthquakes in Ecuador. Mapa digital interactivo de peligro sismico para Ecuador. Instituto Geofisico de la Escuela
Politécnica Nacional (IG-EPN); 2021. Available from: https://www.igepn.edu.ec/mapas/sismicidad/mapa-peligro-sismico (23.09.2021).
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The National Seismic Hazard Map of Ecuador underestimate the seismic hazard, mainly in the south-east of
Ecuador and in the Central Andes region related to CCPP fault system, where events with macroseismic intensi-
ties up to X—XI (PGA > 0.5 g) have been registered. The obtained results suggest that the normative seismic ha-
zard map of Ecuador deserves an actualization.
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Hcrtopus craTbn AnHoTamus. CTponTenbHast OTpacilb — OfHA U3 BaXKHBIX OIop 3koHoMuKH. WH(Op-
IMocrynuna B pepaxuuto: 17 staBaps 2022 1. MalMoOHHOEe Mozenuposanue 3ganuil (BIM) npencrasnser coboit Habop TexHO-
Jopaborana: 15 mapra 2022 r. JIOTHH, KOTOpbIE HalpaBjeHbl HA PACIIMPEHUE COTPYIHUYECTBA B OTPACIIX apXu-
[punsTa k myonukauu: 2 anpens 2022 r. TEKTYpBbI, MPOEKTHPOBAHMS M CTPOUTENHCTBA VIS TOBBIIICHUS! TPOM3BOAUTEIEHOCTH

1 KauecTBa JTANOB NPOSKTUPOBAHUS, CTPOUTEILCTBA U OOCITYKUBAHUS 3[aHHUM.
IlepeocMeiceHre CTPOUTENBCTBA — KIIIOY K ITOBBILIEHHUIO IIPOM3BOAUTENBHOCTH.
Onnako BIM He noyuus HIMPOKOrO pacIpOCTPaHEHUs! B CTPOUTENLHOM OTpaciu.
Heo6xoanMo ompenenuTs OCHOBHBIE IPOOIIEMBI, TIPEMATCTBYIONINE €r0 BHEAPE-
HUIO, PACCMOTPETh CTPATEruy, IpUMEHUMbIE AJs1 Oosee IIyOOKOro ero moHuMa-
HHSA, BBIIOJHUTE BCECTOPOHHNH M CHCTEMATHIECKHI aHAIN3 (aKTOPOB, BIMSIOMINX
Ha BHeApeHue BIM. Ha ocHoBe 0030pa 1uTepaTypbl, aHKETHOTO olpoca U cbopa

CTaTHCTHYECKUX JAaHHBIX ONpeeneHbl (PaKTOphl HETATUBHOTO BIMSHMS Ha BHEJ-
penue BIM, cpeay KOTOPBIX OTCYTCTBHE OOYUYEHHBIX CHELUANIUCTOB, HHBECTULIUI
B oOyueHHe INepcoHana, cranaaprusaiuu BIM, a Takxke Mmo3uius pyKOBOJCTBA
B OpraHU3alUsIX. BbIABUraroTcs HEKOTOpBIE MPEATIOXKEHUS MO IPOJIBUKEHUIO
BHeapeHns BIM u KOHKpeTHbIE MepHI M0 peanu3alud UIHPOKOTO0 MPUMEHEHUS
TexHoJoruu BIM B cTpouTenbHoil oTpaciu.
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phases of a building. Rethinking construction is the key to increasing productivity.
However, BIM has not been widely adopted in the construction industry. It is neces-
sary to understand the main problems hindering the implementation of BIM,
consider the appropriate strategies that can be applied to gain a deeper under-
standing of BIM, conduct a comprehensive and systematic analysis of the factors
influencing the implementation of BIM. Based on a literature review, a ques-
tionnaire survey and the collection of statistical data, factors of a negative impact

A on the implementation of BIM were identified. The results show that key factors
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BBenenue

B nocneanue roasl nHGpOpMaIMOHHOE MoenupoBanue 3aanuii (BIM) oka3ano BiausHHE Ha OTpacib ap-
XUTEKTYpBbI, IPOEKTUPOBAHUS U CTPOUTENHCTBA KaK OJJHA U3 BEIYIUX TEXHOJIOTHH, UCTIOJIb3YEMBIX B OTPACIH.

HudopmanmoHHOE MOAEIMPOBaHUE 3IaHUH BCE YaIllle MCIONB3YETCs IS PElIeHHs IPOOIieM IPOM3BOANUTENb-
HOCTH, KOTOPBIC JTaBHO MPECIICAYIOT CTPOUTEIBHYIO oTpacis [1; 2]. Ucnonp3oBanme meromoB BIM, 1o cpaBHEHMIO
C TPaJULIMOHHBIMUA METOJAaMH NPOEKTUPOBAHUS U CTPOUTENHCTBA, TIOMOTAOT JOCTUYh KOOPAWHALMH, COTPYAHUYE-
CTBa W WHTETPALIMM BCEX YYACTHHUKOB mporiecca. [Ipr3HaBas BBHINICYIOMSHYTBIE MPEUMYIIECTBA, OOJBIIMHCTBO
MIPEATIPUSATHI Ha49aIn HCIONb30BaTh BIM B CBOMX MPOEKTaX M MOMBITAINCH OOJIBIIIE HE TIPHOETaTh K TPAJUITHOHHBIM
MeTozaM, MOocKoNbKy BIM yBenmumBaeT ux MpOU3BOAUTENHHOCTh U 3HAYUTEIHHO CHIKAET KOJMMYECTBO 3arpaT [3].
X0Tsl NOTEHIMAIbHBIE PEUMYIIIECTBA TEXHOIOTHI MOTYT MOKA3aThCsl OYEBUAHBIME, CTENeHb BHeApeHus BIM B ot-
pacii Hu3Kas [4]. HecMoTpst Ha TO 9TO Ha CETOMHSAIIHUI JCHD JTOCTYITHBI HOBEHINIE ITPOrPaMMHBIC HHCTPYMEHTBI,
psiI OrpaHUUEHUH MPEISITCTBYET MX UIMPOKOMY BHEAPEHHIO Ha Mpeanpustusx [5]. Buenpenune BIM naxomutcst Ha
HavanpHOH craguu. [IpaButenscTBo Poccuiickoit denepaunu cocodcTByeT BHeApeHuto BIM, onHako oHO B 3Ha4H-
TENBbHOU CTETIEHU UTHOPUPYETCS MPEANPUSITUAMU CTPOUTEIBHOM OTpaciH.

B xonmdecTBEHHBIX HCCIICIOBAHUAX M3YYIAIUCh (PaKTOpHI, BiMAONME Ha BHeapeHue BIM. B ocHoBHOM
UX MOXKHO CTPYNITHPOBAaTh B (QyHKIIMOHATIBHBIE TPeOOBaHUS U MOTPEOHOCTH TEXHHYECKHX WHCTPYMEHTOB U He-
TEXHUYECKUE cTparerndeckue Bonpock [4]. C TOUYKH 3peHHsT BpeMeHH, 3aTpaT U YCHIIHH, HEOOXOIUMBIX JIsi BHEI-
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PEHHS TEXHOJIOTUH, TEKyLIHe MHBECTUIIMU O3HA4aroT, yTo BIM Bpsan nu OyneT Mcrosib30BaThesl B HEOONBIINX,
MIPOCTBIX TPOEKTAaX, TAe TPAAULMOHHOE aBTOMaTH3NpoBaHHOe mpoekTrpoBanne (CAD) octaercst JO0CTaTOUHBIM [5].
CornacHo HCCIIEIOBaHMUIO COCTOsIHMSA BHeApeHus BIM B cTpouTtenbHON oTpaciy, mpodieMbl, C KOTOPBIMHU CTaJ-
KHMBAIOTCA MPENNPUATHS, BKIIOYAIOT HEXBATKy WHBECTHIMH, OTCYTCTBHE HaBBIKOB M BO3MOKHOCTEH HCIIOJIB30-
BaHust BIM, MeIUieHHYI0 OKynaemMocTb MHBeCTHIMH. Kpurndyeckue (hakTopbl, TPEMSTCTBYIOUIHE BHEAPEHHIO
BIM, momxHbI OBITH HACHTU(PUIUPOBAHBI U JOJKHBI YUUTHIBATh, KAKUE CTPATETHH MOTYT OBITh MPHHSTHL.

O0630p uTepaTYpHI

Konnermuss BIM BriepBbie mosiBuiack B 1992 1. u Obla onmyOiIMKOBaHA B JKypHaJIe « ABTOMAaTH3alMs B
CTPOMUTENBLCTBE» B CTaThe «MoaeanpoBaHUe HECKOJIBKMX BUAOB 3maHui» [6]. C Tex mop uccinepoBanus BIM
MOCTENEHHO MHTEHCH(PHUIIMPOBAINCH M TIOMYYHIIN HECKOJIBKO omnpenenenuii. B [7] BIM omucano kak 00BEKTHO-
OpPHEHTUPOBAHHAS TPEXMEpHas MOJEIb, KOTOpast MOXKET 00ECTIeYNBaTh BU3YaJIM3ANIO U MOJISIIMPOBAHHE 3/IaHHA.
BIM MoxHO paccMaTpuBaTh Kak HOBBIH CIIOCOO COBMECTHOH pabOThI Ha MPOTSHKEHUH BCETO JKU3HEHHOTO LKA
3JIaHUsl.

HaruoHankHBIH MHCTHTYT cTpouTenbHBIX Hayk (NIBS)' ompenemmn mHpOpManuoHHbIE MOJENH 3NaHMI
Kak u(poBoe mpecTaBieHne GU3NIECKUX U QYHKIMOHATBHBIX XapaKTepPUCTUK 00BEKTa, KOTOPOE CIIYKUT 00-
UM pecypcoM 3HaHWi ans uHpopmanuu o0 odbekre. BIM mHTepmperupyer u mepeaer aTpuOyThl KaxIou
CHCTEMBI 37]aHHsI OJHOBPEMEHHO 4epe3 OOIIY0 MOJENb ¢ OOJBIINM KOJIWYECTBOM JaHHBIX, KOTOpas MOMOTaeT
BCEM CTOpPOHAM, YYaCTBYIOIINM B TPOEKTe. DTa aBTOMAaTH3NPOBAaHHAS MOJIENb o0ecrieunBaeT Ooee JeTKyro Ie-
penady NaHHBIX, JOKYMEHTAIlMHd U OOMEH HIEeSIMH MEXIy pasiudHbiMH aucuuiuiiHamu [8]. Kpome toro, uH-
(hopMarust 0 31aHUU OTIpeeIeTCsS KaKk COBMECTHAs METOJIOJIOTHS, TeHEPUPYIOMas JaHHbIe, KOTOphIe OyIyT HC-
IIOJIB30BAThCSl HA PA3JIMYHBIX ATalax XU3HEHHOTO LUKJA 30aHUs, TAKUX KaK MPOCKTUPOBAHUE, CTPOUTEILCTBO,
SKCIUTyaTalus 1 00CTyKuBaHHE?,

BIM mokHO paccMaTpuBaTh Kak OCHOBHOHM CIOCOO MOBBIIMICHHS NPOU3BOAMTENLHOCTH. Ha paHHHMX 3Tamax
uccienoBaHus B OonbImmHCTBE ctateit BIM paccMarpuBaroTcs Kak TexHHYecKoe cpeactso [9]. bonee moiHoe npen-
ctaBnenue o BIM onmceiBaeT ero kak Mmpolecc co3/IaHus, XpaHeH!s, YIpaBiIeHus, 0OMeHa U COBMECTHOTO HCIIOJb-
30BaHMS HH(POPMALUH O 3AaHHUAX C BO3MOKHOCTBIO B3aUMOACHCTBHS 1 MHOTOKPATHOTO UCTIONb30Banus [10].

[IpoekTHBI XapakTep U (pparMeHTanus CTPOUTEIBHONW OTPACTH MPHBOIAT K TOMY, YTO €€ MPOU3BOMIH-
TETLHOCTh OTCTAeT OT Apyrux orpacie [2]. [losenerne BIM HampaBieHo Ha pelieHne 3Tol npodiieMsl. B 1mo-
cienHee BpeMs ObUIM OIMyOJMKOBAaHBl MHOTOYHCIIEHHBIE MCCIIEe0BaHus, OATBepkaatoniie, 4to BIM nonesex,
TaK Kak JaeT TOYHYIO OIIEHKY 3aTpaT, 3KOHOMHUT BpeMsi, AEMOHCTPUPYET OMIMOKH KOOPIUHAIIUN MPOSKTHPOBAHHS
U TpencraBiseT coboit s3ueproddpexTuBHBIe MpoekTHRIC permeHus [11]. MccnemoBaTenu BBISBHIN, YTO paHHEE
BHEJIpEHHUE YIPaBIEHUS O0bEKTaMU Ha CTaJuH MPOEKTHPOBaHHA ¢ MoMolupio BIM MoXeT CHHM3HUTH 3aTparhl
JKMU3HEHHOTO 1ukia [12].

B mocnennee Bpemst BIM cranoBuTCS Bee OoJiee MOMYIISIPHBIM Ha CTPOUTENLHBIX NpeanpusaTHsaX. Bo Bcem
MHpPE TIPOBEICHO MHOXKECTBO MCCIICMOBAHUIN JUIsI BRISIBICHHS ()aKTOPOB, BIUAIOMHKX Ha puHiATHe BIM. BHenpe-
Hue BIM mmpoko pacnpoctpansercs B CIIIA, EBpone, ABcTpanuu U ApYrux pa3BUTHIX cTpaHax. Ho mo cpas-
HEHHIO C Pa3BUTHIMU CTPaHAMHU Pa3BHBAIOIINECS CTPaHBl HE CHOPMHUPOBAIH MPOTPECCHBHOTO MOAXO0Ma K BHEJI-
penuto BIM.

UYroOsl onpenenuTh (hakTopsl, BIUsSIOIMUE Ha BHeApeHne BIM, pa3paboTaHO MHOXKECTBO TEOPETHYECKHX
Mozenei. [Ipenpiayiiue uccnenoBaHus NBITAINCH U3YYUTh BHEPEHUE TEXHOJIOTHI Yepe3 paclpocTpaHeHHe UH-
HoBaruii. CTPYKTypa «TEXHOJIOTHS — OpraHu3amus — cpeaa» Obuta BriepBhle mpemnokena JI.I. TopHankum u
M. ®neiimepom [13]. OHa npeacTaBiseT coO00H MOEIb TEXHOJOTHUYECKOI0, OPraHU3aI[MOHHOTO U 3KOJIOTHYe-
CKOT'O BO3/E€HCTBUSA KOMIIAHMH B IpoOLieCCe NMPUHATHUS M BHEAPEHUS TEXHOJIOTMYeckux MHHoBauui [14]. B Hel
ONMCaHbl TPU ACHEKTa, B KOTOPBIX MPEANPUATUE PEIIAECT BHEAPUTH TEXHOJOTUIO: TEXHOJIOTHS, OpraHu3alus U
cpena. TexHuyeckass NOArOTOBKA OTHOCUTCSI K BHYTPEHHUM U BHEIIIHUM TEXHOJIOTUSAM, IPUMEHSIEMBIM B HACTO-
gIee BpeMs OpraHu3alfell, a Takke K TEXHOJIOTHSAM, KOTOPhIE yXe MPUCYTCTBYIOT Ha PBIHKE, HO eIlle He HC-
MoJIb3ytoTCsl KoMmanuel. [loa opranu3anuoOHHON CTPYKTYpOM MOHHMMAETCS pa3Mep KOMIAHUH, OPraHU3al[MOH-
Hasl CTPYKTypa M deyoBedeckne pecypchl. K okpyskaromieit cpeme oTHOCATCS (akTOphl, He 3aBUCAIINE OT Opra-
HU3allUH, TaKie KaKk KOHKYPEHIHs, TapTHEPHI U OTpacieBas cpesa.

! National BIM Standard — US Version 3. National Institute of Building Sciences (NIBS) BuildingSMART Alliance; 2019. URL:
https://www.nationalbimstandard.org (zata obpamenus: 12.01.2022).
2 Tbid.
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Daxkmopul, ceazannvie ¢ enedpenuem BIM. Otdactu mpuaunHoit Toro, uto BIM HaxomuTcs Ha OTHOCH-
TETbHO HHU3KOM YPOBHE B CTPOUTENIBHOM OTpaciy, CUMTAETCs HeXeJIaHHe OTPacid U3MEHATh CYIIECTBYIOIIHE
METOABI PabOTHI, OTCYTCTBHE O0Y4EHUs], pa3Hasi TOTOBHOCTh NMPEANPHUATHH K yBeIMUCHMIO 3aTpat. Ilyapre oxa-
paktepuzoBan BIM kak TeXHOIOTMYECKOE HOBIIECTBO Il CTPOUTENBHBIX opraHu3auui [15]. B aToM oTHOLIE-
HUU JAHHBIE CBUAETENBCTBYIOT O TOM, YTO MHOTHE MPENNPHUATHS OTHOCATCS K MHHOBALUAM OCTOPOXKHO [16].
JKu3HeHHO Ba)KHO BBISICHHTH BIMSIONIME (PaKTOPHI, YTOOBI MOMYUYHUTH OoOJiee MOHOE MpeACTaBIeHHE O BHEIpe-
Huu BIM a1 npeanpusituii.

[Mpeanpusitust 0OBIMHO AENATCS HAa Majble, CPEIHNUE U KPYIHBIC W ONPEACISIIOTCS 110 Py XapaKTEePUCTHK,
YUHUTBIBAsl KOJIMYECTBO COTPYAHHUKOB, 000POT MIPEANPUATHS, Pa3Mep aKTHUBOB U IOTPEOHOCTh B KanuTasie. Majble
U CpeIHUE NPEANPUSTUS — 3TO, KaK PaBUIIO, KOMIIAaHHUH, B KOTOPBIX paboTtaeT npumepHo 10-300 coTpyAHHKOB.

OOBIYHO YypOBEHb BHEAPEHHUS WHHOBALMOHHBIX TEXHOJOTHMI Ha MaJIbIX M CPEOHMUX NPEINPUSTHAX HUXKE,
yeMm B kpynHbsix. K npumepy, K. Pomxepc u coaBT. BeISIBHIM, 4TO ypoBeHb NmoHuManus BIM B Asctpanuu
HaMHOT'O HMKE CPeld MaNbIX U CPETHUX MPEANPUATHI U UTO CYIIECTBYET MPEAB3ATOEe OTHOIIEHHE K TpeOOBaHH-
aM U npobiemam BHeapenus BIM [17]. AnamorudHo, corjacHo uccienoBanuio Jlama, ormeueno, uto B Bemu-
KOOpPUTaHHM B HACTOsAIIEE BPeMs OTCYTCTBYIOT PYKOBOJSILME INPUHLMIIBI X OCHOBBI, IIOMOTAIONIUE OOJIBIINH-
CTBY TPEANPHUATHI MaJIOTO U CpellHero OM3Heca MpuHATH 000CHOBaHHOE perieHre o BHeApeHun BIM [18]. Kak
U B OOJIBIIMHCTBE CTpaH, Takas >k€ CUTyauus cymecTByeT U B Poccun. U XoTs nccnempoBanus NOATBEPANIN, YTO
pocT ucnoip3oBaHus BIM npennpusTHsIMU SBISETCS KIIOYEBBIM YCIOBHUEM JJIsl TOCTHKEHHS TpaHCPOpPMaUH
crpoutensHOM oTpacu [ 18], mpouent BHeaperuss BIM ocraercs Ha KpaitHe HU3KOM ypOBHE.

Hust cpenst BIM Tpebyercst HOKyIKa mporpaMMHOT0 00ecriedeHus, 00y4eHUe COTPYAHUKOB, HO TPeNIpH-
ATUSL HE XOTAT HECTH JIOIOJHUTENIbHBIC 3aTpaThl TaM, I'leé MOXXHO HCIIOJIb30BaTh OOBIYHBIM TPagUIIMOHHBIN
2D-meron. OTpaHU4EeHHOCTh PECYPCOB, KOHKYPEHIIUS TaK)Ke SBJISIOTCS CYLIECTBEHHBIMH MPEMATCTBUSAMH HA ITyTH
BHeApeHus: BIM. OcHOBEIBasich Ha KOJIMYECTBEHHOM HCCIIENOBaHMHU, B. benpBenep u coaBT. yCTaHOBWIN, YTO
MHOTHE (UPMBI HE MOT'YT MHBECTHPOBATh B HOBEHIINE MPOU3BOJICTBEHHBIC IPAKTHUKH U TEXHOJOTHUH, KOTOpPHIE
MOTYT YJIYYILIUTh UX MPOU3BOIUTENHHOCTS [19]. daxkTnuecku GUpMbI Ha PHIHKE CKJIOHHBI TPUMEHSAThH Ha/IeKHbIE
MeTOoJbI JUIs oOecrieueHust Bo3Bpara naBecturuii (ROI) [15]. B orcyTcTBHM MOCTATOYHBIX JO0KA3aTEIbCTB HC-
nosib3oBanue BIM cumraetcs cnmmmkoM pruckoBaHHBIM [20]. B uccnenoBanmm I[1.B. O6a otmMedeHO, 9TO UCIIOINb-
3oBanue BIM yBenuuuBaercss mo mepe pocra npoekrta [20]. BIM mocTeneHHO pacmpocTpaHsieTcsl IO BCEMY
MHUpPY, ¥ KO3QQHULIHEHT UCTIOIB30BAHUS COOTBETCTBYIOIIETO IIPOTPAMMHOI0 00ECIICUEHHSI TAK)XKE YBEITUUUBACTCSL.
Mo cpaBHEHUIO ¢ OONBLUIMHCTBOM Pa3BUTHIX cTpaH BHeApeHHe BIM B pa3BUBaIOIIMXCS CTpaHaX TONBKO HAYMHACTCS.
Hanpuwmep, rmyOuna u mmporta pa3pabotku BIM B Poccun HamHoro mensie, yem B EBpomne. CienoBarensHo,
€CTbh €Il1€ MHOTO BO3MOKHOCTEH IS YIYUIIEHHUS €ro MPUMEHEHHUS U MPOJIBHKEHNUA. TeXHOIOTHH, TPaBoBas CH-
CTeMa, IIepCOHaJl, OPraHu3alusi U SKOHOMHUKA SBIISIIOTCA OCHOBHBIMH (haKTOpaMH, BIUSIOIIMMHU Ha BHEIpPEHHE
BIM [1]. Mexay TeM BBICOKOKBAMH(HUIINPOBAHHBIE COTPYIHHUKH, d3(h(EKTUBHOE YIpaBIeHHUE U JIHIEPCTBO, JI0-
CTYITHOCTh WH(OPMAIINH U CIIOKHOCTh CAMOT0 MTPOEKTa TaKKe BIUSIOT Ha BHeApeHue BIM [21].

CornacHo uccnenoBaHuio GpakTopoB, BIUSIOUIMX Ha BHeapeHre BIM B eBpomeiickoll cTpoUTENbHON OTpac-
1M, K (pakTopam MpemnsaTCTBUI OTHOCATCS BpeMsi, 3aTpaunBacMoe Ha 00y4eHHe MepcoHana, i 0ONbIIHe HHBECTHU-
uuu [22]. Kpome Toro, npu mpakTUYecKoM NMpuMeHeHuH BHelpeHus BIM oTcyTcTBHe 3aKOHOB U HOPMaTHUBHBIX
AKTOB, COOTBETCTBYIOIIMX CTAHAAPTOB M PYKOBOJCTB 110 PEANN3ally NPENATCTBYIOT BHeIpeHuIo [23]. OcHOBBI-
BasICh HA YKOHOMHYECKUX, TEXHUYECKUX U IOPUANYECKUX ACHEKTaX, MOXHO 0O0OOLINTh MPUYUHBI, MIPEISTCTBY-
romue npumeHenuto BIM [24].

B Texymmx peIHOYHBIX YCIOBHSIX CYILIECTBYET MHOXKECTBO Mpo0IeM B MpUMEHEHHHU U pa3BuTun BIM [23].
HccnenoBanne nzydaer mpuMeHeHHe U OyAyIIyio TeHIEHIHIo pa3BuTHsI BIM Ha npoTseHuH BCero KU3HEHHO-
TO IMKJIA CTPOUTENBHBIX NMPOEKTOB, BKIIFOYAsl HHTEPECHl U PUCKH, U aHATTU3UPYET MPOOIEMBbl, ¢ KOTOPBIMH MPH-
JIETCsI CTOJIKHYTBCS B ITPOLIECCE MTPUMEHEHUS.

Ilpeumywiecmea enedpenus BIM 6 npoexmut. 1o nanneim [12; 25; 26], BIM MoxeT ObITh peau30BaHO
Ha pa3lMYHbIX 3Tanax >KU3HEHHOTO LUKJIA MPOeKTa (IJIaHUPOBaHHUE, IPOSKTUPOBAHUE, CTPOUTEIILCTBO, IKCILTya-
Tanus 1 cHoc). Takum obpaszoM, npoaykt BIM mpencrasnsier coboii HudpoByIo MoJenb, KOTOpas MpeaoCcTaBls-
eT uHpopmauo, HanpuMep o npoekre (3D), mmanuposanuu (4D), croumoct (5D) u aHamu3e KU3HEHHOTO
nukia (6D) [5; 7]. H. I'y u K. Jlonmon [4] moka3anu, uto BIM Heo0s13aTeIpHO UCTIONB30BaTh HA BCEX JTalax U
MEpOMNPUATUSIX MPOoeKTa. YpoBeHb peanuzaiiuu BIM B mpoekTe MOXKET BapbUPOBATHCA OT CIIOAKHOTO MEXIUCITU-
IUIMHApHOTO Hcnonb30Banus BIM B oHmnaiiH-cpene Ajsi COBMECTHON pabOTHl Ha BCEX dTanax >KU3HEHHOTO LUK
MPOEKTa A0 MPOCTHIX HHANBUIYAJIbHBIX U CIELU(UYHBIX 3a1a4 [4].
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B nenom ucnonp3oBanne BIM obecrieurBaeT 3KOHOMHUIO BpEMEHHU | 3aTpat [25] B pe3yibTaTe MOBBIIIe-
HUs 3 dekTHBHOCTH, OoJiee YeTKOH mepenadu nHGopMaIrm, KOJJIEKTHBHBIX YCHITU, 00Jiee TOUHBIX MPOSKTHBIX
OLICHOK Y YMEHBLICHUS KOJINYECTBA U3MEeHEeHus [27].

BIM ynyumiaer mporecc IpUHSTHS PEIICHUH, CTPOUTEIBCTBO, SKCIUTyaTallHI0 U TEXHUYECKOe 00CITyKH-
BaHHE 00BEKTOB, a TAKXKe CHI)KAaeT KOJMUYECTBO M3MEHEeHHH B mpoekTax [25]. Ucnons3zoBanue BIM B mpoekTax
JlaeT BO3MOKHOCTh COBMECTHOW pabOThI BCEX YYaCTHUKOB M OOMeH uaesMu U nHpopmanuel 6onee 3hdexTus-
HBIM M OPraHHU30BaHHBIM 00pa3oM, YeM IpU TPaauLMOHHOM monaxone [25].

E.A. Ilyapse [28] BBISIBUI YBETHUEHHE IPOM3BOAUTENBHOCTH Tpyaa B npeaenax ot 75 g0 240 % B mpoek-
Tax ¢ noaaepxkoil BIM. B npyrom nccnegoBaHuu COKpalieHUe KOJUYECTBA U3MEHEHUN MPUBENO K SKOHOMUHU
42 % craHAapTHBIX 3aTpat, a COKpalleHne MPOJOJDKUTEIFHOCTH NMPOEKTa MPUBEIO K 3KOHOMHHU 67 % 1o cpaB-
HEHUIO CO CTaHAAapTHOU MPOJOJKUTENBHOCTHIO [29].

Bbonee 40 % crmenuanucTOB CTPOUTEIHHOM OTPACIH, CBSI3aHHBIC ¢ UCIHOJb30BaHWeM BIM 3asBuim, 9TO
nenHocTh BIM nMeer pemaroriee 3Ha4eHUe Ha 3Tare pa3paboTku rmpoekta. [IpoexkTupoBimmky ucmons3ytor BIM mis
OLIEHKM BAapHAHTOB IMPOEKTUPOBAHMS M aBTOMATHYECKOTO CO3JaHMA TOUHBIX 2D-ueptexeit uz 3D-monmenu [30].
BIM momoraet ObicTpo mepenaBaTh HHPOPMAITUIO MEXKAY pa3IHYHBIME pa3jienaMu npoektupoBanus [30] 1 Takum
00pazom criocoOcTByeT ux B3aumoaeicTBrio [31]. BIM nmo3BosseT NpoeKTHPOBIIMKAM MHHUMH3UPOBATH OMINO-
KM U HETOYHOCTH B JTOKYMEHTaX, YMEHBUINTH KOJIMYECTBO MEPENCIIOK M COKPATUTH BPEMs MPOEKTHPOBAHHS.
bnaromaps Baeapennto BIM mpoekTHpOBIIMKN MOTYT aBTOMaTH3UPOBATh pa3paboTKy CTPOUTEIHHON TOKYMEH-
TaluM, TaKOH Kak pabouyre YepTeku, KOTOPBIE JIETKO TeHEPUPYIOTCS AJsl MHOTHMX CHUCTEM 3[aHMs U3 paboueil
MoOJieH. DTa aBTOMATH3aLUs CTPOUTENHbHOM JOKYMEHTAlMU JaeT BO3MOXKHOCTb HMH)KEHEpaM TPaTHTh OOJbIe
BpPEMEHH Ha pa3paboTKy NPOEKTa, a He Ha U3MEHEHHE JOKyMEHTallH, a Takxke oOecreunBaeT 0ojiee BHICOKYIO
TOYHOCTh YePTEkKEH U CHIDKAeT pucKu [32-34].

Kpome Toro, nHpopMaunoHHBIE MOAENIH HMOCTPOEHUS MPEIOCTABISIOT BO3MOXHOCTH BBIOJHATH 0030D
COOTBETCTBHSI HOpMaM [35], OIIEHKY 3aTpaT U aHaJIu3 YCTOMUYMBOCTH Ha pAaHHHUX CTAIUSIX MPOEKTUPOBAHU [27].

WmxeHeps! HCNONB3YIOT MHG)OPMALMOHHBIE MOJAENH 3AaHUH A1 KOOPAWHALMU CTPOUTENBHBIX CHUCTEM,
o0OHapyXeHUsl KOH(IMKTOB B MPOCKTE U HE3aMEIUTHTEILHOTO COOOIIeH s 00 3TUX MpoOJieMaxX OTBETCTBEHHBIM
3a omuOkH [25]. Ctpoutenu ncnons3ytoT BIM miis pacuera 0ObeMOB M OIICHKH 3aTpart, a TakXke IS TIaHUPO-
BaHMS rpa)MKOB IIPOCKTOB | LIS YIPABJICHHs XOJIOM cTpouTesbeTBa [25]. BIM yiydmaer ruiaHupoBaHUE U CO-
CTaBJIeHHE IPa()KOB BBIIOIHEHHS pa0OT BCEMH YYaCTHUKaMH CTPOUTENBHOTO IPOLEcca.

BIM moxxeT ObITh MOJIE3eH IS 0CTYIA K HH()OPMAIMOHHBIM MOJISIISIM 3/IaHUM U 3arpocaM uHpopmanuu Ha
CTPOMTEBHOM IUIOIIAKE, IS PeLIeHHs JIFOOBIX CTPOUTENBHBIX MPOOJIEM Ha MECTE, KaK TOJIBKO OHHM BO3HUKAIOT [25],
JUISL BU3yaJIM3allii TI0CIIeIOBATEIbHOCTH CTPOUTENBHBIX padoT, YTO OCOOEHHO BaYKHO U MOJIE3HO B CIIy4ae CIIOKHBIX
npoexToB [2]. BIM nonesen s co3manus 60a3sl JaHHBIX HH()OpMAIMH, TIOTyYaeMol Ha CTPOUTENHHO TUIOIaIKe
Ha 9Tarne ctpoutenbeTBa. BIM obinerdaetr cOOpKy KOMIIOHEHTOB 3[aHUS 3a TpelieflaMi 00BEKTa, YTO CHUXKAET CTO-
UMOCTh ¥ TIPOJIOJDKHUTEIIFHOCTh BBIMTOTHEHUs padoT 1o mpoekTy [2]. Kpome Toro, TexHonorus BIM npumensiercs
Ha CTPOMTENBHBIX TUIOMAAKAX C UCIIOIB30BaHUEM MOOWIIBHBIX YCTPOKCTB, HATIPUMEp MOPTATHBHBIX TUIaHIIeToB. Mc-
M0JIB3YsI MOOMJIBHBIE YCTPOICTBA, KOMaHJa Ha MECTE MOKET CO34aBaTh, IEPEMELIATh, U3MEHATh, I0JIy4aTh JOCTYII
U MPOBEPSTh MHOOPMAIIMOHHYIO MOJICIIb 3[]aHUs U €€ aTpUOyTOB, padoTas B PEKUME PEabHOTO BPEMEHH.

Buenpenne BIM naet komnaHusM KOHKYPEHTHOE IPEUMYIIECTBO, TAPAHTUPYS BIaJENbllaM MaKCUMallb-
HyI0 OTJa4y OT MX MHBecTuIMi. Kommanuu, paboraromniye ¢ rocyJapCTBEHHBIMU 3aKa3aMH, HAKOMWIIM CTaTH-
CTHKY, YKa3bIBaIOIIYIO Ha TO, YTO OCHOBaHHbIE Ha BIM IpoeKThI JatoT BO3MOXKHOCTh MOITYYEHHS CTPOUTEIBHBIX
MPOAYKTOB 00Jiee BHICOKOTO Ka4eCTBa, YTO MPUBOJIUT K CHIDKEHHIO 3aTpar [29]. BIM yBenuuuBaeT BOBIICUCH-
HOCTh 3aKa34MKOB, oOecrieunBas 0ojiee YETKYIO M TOYHYIO BHU3YaJIM3aLHUIO MIPOEKTa. DTO YNPOINACT OOIIEHHE
C 3aKa34MKaMU, IOCKOIBKY 00beMHBbIe 3D-Moienu naroT Oosee MoJIHOE MOHUMaHue 00bEKTa MPOSKTHPOBAHMS,
yeM 2D-ueprexu [36].

Ilpenamcmeun Kk ucnonwvzoeanuto BIM. HecMoTpst Ha Bce npeuMmyliiecTtsa BHenpenue BIM nmpoucxonut
MemneHHo [7]. OrcyrcTBue TutaHa BHeApeHus BIM, HeoOX0IMMOCTh M3MEHEHUs KyJIbTYPhl BHYTPH OpTraHH3a-
UM, OpPraHU3allUOHHbBIE MPOOJIEMBI, TTOBBIIICHHBIH PUCK MpU HCMoib3oBaHNH BIM U cioxHOCTh pa3paboTku
WH(GOPMAIIMOHHOW MOJENHU 3/IaHUs SBISIOTCS OCHOBHBIMHU mperstcTBusMu [25]. Coriacuo [35], cambie 60ib-
LIME NPENSTCTBUAMU Ha IMyTH K ycnexy BIM — oTcyTcTBHE TpyNIoOBOM 3aMHTEPECOBAHHOCTH B €0 MCIOJIb30Ba-
HUU U HU3KHH YPOBEHb COTPYIHHUYECTBA MEXKIY YICHAMU KOMaHABI MPOEKTUPOBIIMKOB M HEMOCPEICTBEHHBIX
WCIIOJTHUTETIEH padoT.

Brenpenne BIM comnpshkeHO ¢ ITepBOHAYAILHBIM (DMHAHCOBBIM OpeMEHEeM, KOTOPOE 3aCTaBIIsIET KOMITa-
HUU COTPOTUBIIATHCS MCHONb30BaHui0 BIM n3-3a 3aTpat, CBSI3aHHBIX C IMOKYNKON MPOTrPaMMHOT0 00ecreueHus
u 00ydeHHneM COTpYIHHKOB [25; 26]. I[IoMMMO TeXHHYECKMX MpoOJieM, YEelTOBEUECKH (aKTop SBISIETCS CEPhE3HBIM
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TIPEISITCTBAEM: OTCYTCTBYIOT CIICIIMATUCTEI, 3Harfortie BIM B 00macTv MpOEKTUPOBaHKS W CTPOUTEIBCTBA [25; 26];
nepcoHany He xBaraeT ¢opMmanbHOro odydenus BIM, uro memiaeT ycrexy mpoekra [25; 26]; ypOBEHb OIbITa
BIM ot omHOTO 4jieHa MPOEKTHOM TPYIIIEI K APYTrOMY HEOJIMHAKOB, U 3TO JOIOIHUTENHFHO OrpaHUYMBAET TO-
ternuan BIM [34]. Pemaromum 37eMEHTOM YCIIENTHOTO HCIOIB30BaHusI BIM sBisieTcsl ypoBEHL BOBJICUCHHO-
CTH BCEX YYaCTHHUKOB IpoeKTa. Jl0oMoIHUTENFHOM MpobIeMoit SBISETCS CONPOTUBICHHE HEMOCPEICTBEHHBIX UCIION-
HHUTeNel pabOT HOBBIM TEXHOJIOTHSAM M M3MEHEHHSAM B TPAJULMOHHBIX Mpoueaypax [2; 25]. DTo conpoTuBiieHHE
MPENSTCTBYET NOJHOMY BHenpeHuto BIM B mpaktuky xommanuu [2; 25; 26; 34]. KpoMe Toro, He3HaHUE MpPoO-
necca BHeapeHus: BIM npensiTcTByeT ero UCnoJib30BaHHUIO.

MeTopojorus

Ha Brenpenne BIM Bimsier MHOXecTBO (akTopoB. TONBKO € IMOMOIIBIO CYIIECTBYIONIUX B JINTEPAType
METOJIOB WCCIIEJOBAHUS TPYAHO OOOCHOBAaHHO KIACCH(HUIIMPOBATH KIIOUEBBIE M3 HUX. llemb mccmemoBanus —
IMOJIy4YUTh NPCACTABIICHUC 00 ucroap3oBanuu BIM MPOCKTUPOBIIMKAMU U HEIMOCPEACTBCHHBIMHN HCITIOJTHUTECIIA-
MU CTPOUTENIEHBIX paboT. JlJisi TOCTHXKEHHS ITOHM LN Ha OCHOBE 0030pa JUTEpaTypbl METOJIOM UCCIICAOBAHUS
OBLT BEIOpaH ompoc. Bompockl ObUTH CrpyHIHPOBAHEI B CIIECIYIONTHE OCHOBHEIC pa3/elibl: HCIOIb30BaHne BIM
Ha ypOBHE KOMIIaHUH, UCcHoJab30BaHne BIM Ha ypoBHe mpoekTa, ucnonb3zoBanue BIM Ha ypoBHE CTpOUTENEH,
MpearnoiaraeMbie IPEeUMyIIeCTBa Uconb30Banua BIM u npennonaraeMele IpensTCTBUS I UCTIONB30BaHus BIM.

AHKeTa ompoca OblTa OTIpaBiIeHa O AIEKTPOHHOM MOYTe apXUTEKTOpaM, HHKEHepaM, 3aKa34iKaM U CTPOH-
TeisM. Beero 1o anekTpoHHOM mouTe 0BT moydeHBl OTBETH 0T 100 yuyacTHHKOB: 70 OT MPOSKTHBIX OIOPO U
30 OT CTPOUTETHHBIX KOMITAHUH.

B ananm3 ObUTH BKITFOUEHBI aHKETHI TOJNBKO 45 Y9aCTHUKOB, KOTOPBIE OTBETHIIM Ha BOIIPOC O TOM, HCIIOIB30Ba-
i oar BIM wmmm Her. OTBETHI NPOAHATM3UPOBAHBI ¢ WCITOIB30BAHHEM OITMCATEIEHOW CTATHCTHUKH. MeTon rmepe-
KPECTHOM TaOIHIbl IPUMEHEH ISl aHAJIN3a OTBETOB B COOTBETCTBUU C POJIHIO PECTIOH/IEHTA B IIPOLIECCE TIPOEKTHPO-
BaHMS U CTPOUTEINILCTBA, YTOOBI OMPEICITUTh PE3YJILTATHI 110 JUCIUILTAHAM.

Pe3yabTathl u 00cy:K1eHue

PecniongenTam ObLT 3a1aH psii BOIPOCOB OTHOCUTENHHO BHeApeHus BIM B nx xommanusx. BIM wncmons-
30Banu nopsaka 30 % ONMPOIUICHHBIX CHENUATHCTOB. UTO KacaeTcss KOHKPETHBIX HAIpPaBIIEHHUH, OOJBITMHCTBO
HUHXEHEPOB-CTPOUTENEH, apXUTEKTOPOB, AU3AHHEPOB U MOAPSTIMKOB 3asIBUIH, YTO cliblany o BIM wian Tonb-
KO HAaYMHAIOT UCIOJb30BAHHUE B CBOEH MTPAKTHUKE.

OTBeuast Ha BOIIPOC O ABMXKYIIUX CHiIax BHenpeHHs BIM B mpoekThl, OONBIIMHCTBO MPOSKTHPOBITUKOB
COWIM MEHEKMEHT TJIaBHOM ABMXKYILIEH CUJION, B TO BpeMs KaK MEHBIIMHCTBO 3asBUJIO, YTO KJIMEHTHI U KOHKY-
PEHITHS CO CTOPOHBI APYTHX KOMITAHUH CTUMYIHpoBad BHeApeHrne BIM. OgHako OOJBITMHCTBO apXHUTEKTOPOB
Y CTpOUTENEH CUNTAIN 3aKa3YMKOB OCHOBHON MpUYMHON BHeApeHHsI BIM. OTo o4eHb BayKHBIN BBIBOI, IIOCKOJIb-
Ky OH TIOKa3bIBaET, YTO BJIAJICIbIIBI/KJIUCHTHI MOTYT ITOOUIPSATH UCIONb30BaHne BIM.

BwmecTte ¢ 3TuM B Bompoce 0 KOMMEPUECKOW LIEHHOCTU ucmonb3oBaHus BIM, koTopyro peanuzoBaiu uX
KOMIIaHUH, OOJBIIAs 9aCTh MPOEKTHPOBIINKOB OTBETHIIH, YTO WX KOMITAHWW TOJHKO HAYMHAIOT BUAETH MOTEH-
LHAAJIBHYIO IEHHOCTH HCIoJb30BaHus BIM.

Y4acTHUKOB OIpoca CIIPOCUIIN O TEKYIIUX METOAaX, KOTOPbIE MPUMEHSIOT UX KOMIAHUU JJI MOOIIPEHUs
ucmob3oBadust BIM. YacTh OTBETHBIINX IPOSKTHPOBIIMKOB 3asIBHIIA, YTO MX KOMITAHWH TPEOYIOT UCIIOIB30Ba-
Hus BIM, u Gonee TpeTy MpOEeKTHPOBIIMKOB 3asBUIIM, YTO X KOMIIAaHUU MpoBoaaT oOy4yenue BIM. BonpmmHcTBO
OTBETUBIINX apPXUTEKTOPOB, HHKEHEPOB-MPOCKTUPOBIIUKOB M CTPOUTEICH OTBETHIIM, YTO UX KOMIIAHUU MPOBO-
1At ooyuerrne BIM, 9T00BI CTUMYTHPOBATE €TI0 UCIIOJIB30BAHHE.

Bce oTBeTHBIIIME MHKEHEPHI CUYUTAIHU, YTO HAEM HOBBIX KBAIU(HUIIMPOBAHHBIX CIEIUAIMCTOB 110 BIM —
XOPOIIHiA croco0 mpuodpecTr onbiT B 001actu BIM uist koMnaHuu, HO B TO K€ BpeMs OOJIBIIMHCTBO CTPOUTE-
NIel, apXUTEKTOPOB M MPOEKTHUPOBIIMKOB TOJaraid, 4TO BHYTPEHHee OO0y4YeHre ObUTO0 OBl JYYIINM CIIOCOOOM
npuoOpeTeHus onbitTa BIM.

[To MHEHHIO OMPOIICHHBIX KCIONb30BaHue BIM oTnmmuno moaxoaut mist 3D-Bu3yanu3anuu U aBTOMATH-
3aIMH BBITyCKa JOKYMEHTAIUH, a TaKXkKe JJIsi 0OHApyKeHUS KOH(PIUKTOB B OOJBIIMHCTBE MPOEKTOB. Mcmomn30-
Banue BIM nms 3D-Busyanuzanuu SBIISIETCS BaXXHBIM OTKPBITUEM, MOCKOJIBKY YKa3blBaeT Ha moteHiuan BIM
JUIS JIy4IIero noHuMaHud npoekrta. Ha arane ctpoutensctBa BIM, o JaHHBIM ONpPOIIEHHBIX, UCIIOIB30BAJICA B
OCHOBHOM ]ISl KOJTMYECTBEHHOT'O aHAJIN3a, OIICHKH, IJIAaHUPOBaHUs U 4D-MOIeTUpOBaHMs CTPOUTENBHBIX PadoT,
MOCKOJIBKY 3TO OCHOBHOM 00BheM MX paboThl. Bce pecroHIeHTHI, HE3aBUCUMO OT WX AMCUUIUIMHBI, OTMETHITN
MeHee yacToe ucrosb3oBanre BIM Ha 3Tame sKciyaTanuy U TEXHHYECKOTO 00CITYKUBaHUS IPOEKTOB. [Iprun-
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Ha 3TOr0 MOKET OBbITh B TOM, YTO OIPOILICHHbIE HE 33J€HCTBOBAHbI B HKCILIyaTallud U TEXHUYECKOM OOCITyKH-
BaHUM 3JIaHUH.

Bruta nccnenoBana B3aMMOCBS3b MEXK/Y POJIBIO ONPOIIEHHBIX M 3TAllOM )KM3HEHHOTO IIMKJIa BO3BOJAUMOTO
3[0aHHUs, TOCKOJIBKY PECIIOHACHTHI B IIEPBYIO ouepeab aensatcs nHdopmanueit BIM npu paboTte Hag npoekTupo-
BaHUEM U CTPOUTEIHCTBOM JJISI TOTO, YTOOBI OHATH YPOBEHb COBMECTHOTO HCIIOIH30BaHUS MH(POPMALIUK YHaCTHH-
KaMH [IPOEKTa.

ApXHUTEKTOpHI AeTUIKCh nHpopMarmei! BIM B mepByto ouepens ¢ MH)KEHEpaMH U 3aKa3uylMKaMHU M B MEHBIIIEH
CTEIIEHH CO CTPOMTENISIMHU. MHKEHEPHI-TPOSKTUPOBLIMKY IEIWINCh HHPOPMALIUEH ¢ apXUTEKTOPAaMH M CMEX-
HBIMHU TIO/Ipa3JIeNIeHUsIMH, HO PEXE € 3aKa3dyuKaMu U nojpsaunkamu. Ctpoutenu aenunuck BIM-undopmanneit
C TMPOEKTHPOBIIMKAMHU, APXUTEKTOPAaMHU M 3aKa3dMKaMH. B IIeTOM OTBETHI MOKAa3ald COTPYIHUYECTBO MEXKIY
pa3jIMYHBIMU 3aMHTEPECOBAHHBIMU CTOPOHAMH, 00YCIIOBIEHHOE KOHKpETHOW (Da3oi mpoekra U 0ObeMOM KOH-
KPETHOH pabOoTHI.

Ha Bompoc o mporpammuom obecnieuenun BIM, koTopoe MX KOMITaHHS MCIIONB3YET, KaK U OXKHUAAIOCh,
NOAABJIAIONIEe OOJIBIIMHCTBO aPXUTEKTOPOB OTBETHIIM, YTO OHM Mcnonb3oBaind Revit™ Architecture. nxeHepbI-
CTPOUTENN B OCHOBHOM Hcmonb3oBainu Revit™ Structure Bmecte ¢ Tekla Structures™ u Navisworks™. Mnxe-
Hepbl MEP ucnone3oBanu B ocHoBHOM Revit MEP™ 1 Revit Structure™. CtpouTens o4ty B paBHOU CTETIEHU
ucnoab3oBasid Navisworks™ u Revit Architecture™, Revit MEP™ u Revit Structure™, Takum oOpa3oM, mpo-
rpammHOe obOecriedenne Autodesk ObIIO HamOoJee 4acTo MCIONB3yeMbIM MPOTPaMMHEIM obOecniedeHueM BIM
B Pa3NIMYHBIX 00nacTax. MeHbliee KOIMYECTBO PECTIOHEHTOB Hcmoib3oBamn ArchiCAD™, Bentley™, VICO
Construction™, Bentley Facilities Management™ u Digital Project™.

Bce omporenHbie peclioHIeHTHl, HE3aBUCUMO OT MX YYacTHs B )KU3HEHHOM ITUKJIE 3[aHMs, COTJIaCHIINCH,
yto BIM momoraer aBTOMAaTH3UpOBATh JOKYMEHTALMIO. APXUTEKTOPbl U MHXKEHEphl MoATBepAunu, 4yto BIM
TOJIE3HO JJI OLIEHKH Pa3jIMYHbIX BaApUAHTOB IIPOEKTUPOBaHUs. Bce pecrioHAEHTHI COTlIacHIIUCh ¢ TeM, yTo BIM
NOJIE3€H AJISl CHIDKEHHMS PHUCKOB IIPOEKTA, MOTOMY YTO IOMOIaeT OOHApyKMBaTh OLIMOKH, YIYIIEHHS M KOH-
(IIMKTBI 10 HaYaja CTPOUTENLCTBA.

CrpouTenu CorlacIiCh ¢ T€M, 4TO HCIoab30BaHue BIM BBIFOIHO U1 yMEHBIIEHHs KOJIMYECTBA Iepe-
JIEJIOK IIPOEKTOB, 3aKa30B Ha U3MeHeHue. Vcnonp3oBanue BIM noMOIIIO COKpaTUTh BPEMS BBIIIOIHEHUS ITPOEK-
Ta, a TAKXKE YMEHBIINTDH MCIIOJIB30BaHUE MAaTEpUANIOB U OTXOI0B Ha cTpoimomaake. Kak u oxkunanoce, CTpou-
TEIU OTMETUIH, 4T0 BIM noMorio UM CHU3UTH 3aTPAThl HA CTPOUTENIBCTBO.

Pecrionzentsl Taxke cornmacuinch, 9yro BIM mone3eH A yBenMUYEHUs] BOBJICUEHHOCTH 3aKa3uuKa W NPEHo-
CTaBJICHUSI 3aKa34MKy O0Jiee YETKOTO BH3yaIbHOTO MoHMMaHus 3D-Mozeny 00beKTa Kak Ipy IPOSKTHPOBAHUH, TaK 1
IIPU CTPOUTENBCTBE. PECTIOHAEHTHI OTMETHIIIH, YTO UCIONb30BaHHE BIM B kauecTBe HOBOrO MapKETHHIOBOIO HHCTPY-
MeHTa JUTs GUPM OBLIO BBITOJHBIM, TIOCKOJIBKY OHO TIOMOTAJIO MIPUBIEYb KineHToB. CTpouTenu 3asBuiy, uro BIM
MIOMOT'aeT HOBBICUTH IPOM3BOAUTEIBHOCTD U 3(PEKTUBHOCTE HA O0BEKTE CTPOUTEIICTBA.

WHKeHepsI-IPOEKTUPOBIIUKY U CTPOUTENIN COIIACHIIUCE ¢ TeM, 4TO BIM mosie3eH i co3aaHusi TOYHbIX
peanbHBIX Mozenei. VicnomHuTenpHas TOKyMEHTALMs, MOATOTOBICHHAs MOAPSAYMKOM U NepeaHHas BIaleib-
Iy U MCTIOJIb30BAaHUS Ha dTare SKCIUTyaTallid U TEeXHUYECKOTO OOCIYKMBAHHUS MPOEKTA, SBISIETCS BaXKHBIM
KOHEYHBIM PE3yJIbTaTOM IPOEKTA.

Bce pecrioHAeHTsI, 3a UCKIIOYEHUEM apXUTEKTOPOB, COIACHIIUCE ¢ TeM, uTo BIM yiydiaer B3auMonei-
CTBUE MEXAY AUCHUILUINHAMMU.

Ilpeononazaemole npenamcmeusn ona ucnonvzoganusa BIM. PecnioHIEHTBI CUUTAIOT, YTO CTOMMOCTH IPO-
IPaMMHOTO o0ecIieueHHsI 1 YpOBeHb 3apaloTHBIX IUIaT mpodeccuonanos BIM Obutn npensitcTBHEM, KOTOpPOE,
CKopee Bcero, momMermano Obl oliee mupokoMy BHeapeHno BIM B npoekTsl. [1o ciioBaM pecrioHIeHTOB, OTCYT-
CTBHUE U3MEPUMBIX BBIFOJ OT Hcmonb30BaHus BIM, BepositHO, Memaer ucnonb3oBanuto BIM. Kpome toro, pe-
CIIOHJEHTHI YKa3alli, 4To OyJeT TpyIHO OIpaBaaTh Hcnoib3oBanne BIM B HeOOIbIINX MPOEKTaX.

Bce pecrionneHTHI osaraiay, 4TO HEAOCTATOYHBIA CIIPOC HA HCMoNb30BaHue BIM co cTOpoHBI 3aka3unKoB
C HEKOTOPOH BEPOSATHOCTHIO MOXKET MOMEIIATh UCIIOIb30BaHUI0 BIM.

OTHOCUTENBHO MPENATCTBUH, CBSI3aHHBIX C HaBBIKAaMH HCIIONB30BaHus BIM, peclioHIeHTHI OTMETHIIN, YTO
OTCYTCTBHE ONBITA W HEOOXOJUMOCTh B OOYYEHHH, CKOpee BCEro, TakXe MOMeEIIaloT HCIOoib30BaHHI0 BIM.
Kpome Toro, pecrioHIeHTbl OTMETHIN HauOobIee KOJIUIECTBO NpodeccuoHaioB, pasoupatomuxcs B BIM, B otpac-
JIM apXUTEKTYPHI, IPOEKTUPOBAHUS U CTPOUTENIHCTBA

OtBeyast Ha BOIPOC O IOPUINYECKUX MPOOIeMax KakK MOTEHIMAIbHBIX NPEISTCTBUAX Ui HCIOIb30BAaHUS
BIM, pecrioHIeHTBI OTBETWIIM, YTO OTCYTCTBHE cTaHaapToB BIM Oyner mpensTcTBOBaTh €ro BHEAPEHHUIO. Pe-
CHOHJEHTHI CYUTAIOT, YTO OTCYTCTBHE IPHOPUTETA, YCTAHOBICHHBIX 3aKOHOB M MpaBUi HcHoIb3oBaHus BIM
C YMEPEHHOM BEPOSATHOCTHIO MOKET NTOMEIIaTh BHeApeHuto BIM.

178 REVIEWS



HOwkun UN., Anamudu LLLT.X., Cmawesckas H.A. CTpouTenbHas MexaHuka MHXEHEepHbIX KOHCTPYKLWIA 1 coopyxeHuit. 2022. T. 18. Ne 2. C. 172-181

3akaouenue

Nzyueno ucnonb3oBanue BIM crpoutenbHoit orpacibio. [IpoaHann3npoBaHbl MHEHUS IPOGECCHOHAIOR
B 00JIaCTH MPOEKTHPOBAHUS M CTPOUTENLCTBA 0 BHenpeHnn BIM komnanusimu, npumeHernn BIM B mpoekrax,
MpeuMYIEeCTBaxX UCIOJIb30BaHUS U MpendarcTBuax BHeApeHuss BIM. B omnpoce ydyacTBoBalid apXUTEKTOPHI, UH-
JKEHEePBI-TTPOEKTUPOBIINKH, 3aKa3YHUKH U CTPOUTENTH. BOJIBIIMHCTBO PECIIOHIEHTOB, KOTOPBIE HE HUCIIOJIB30BAIH
BIM, 6butn OBl 3auHTEpecoBanbl BO BHeApeHnd BIM B Oyaymem. OnpolueHHbIe 3asBIIN, YTO YacTh COTPYIHU-
KOB B UX KOMIIAHHAX HAYMHAIOT ITOCTENIEHHO ocBanBaTh BIM.

OcnoBHbIMU IIpeumyliecTBaMu BIM sBisitoTCS TpexMepHas BU3yalau3alus, aBTOMAaTH3alMsa JOKyMEHTa-
UM 1 OOHApyKeHHE KOH(IMKTOB.

CosmecTHOE Hcnonb3oBanue BIM mMexy pa3inUIHBIMU yYaCTHHKAMH [TPOEKTA ONMPEEISETCS ATAllOM ITPOEKTa
1 00BeMOM paboT o auctumuinHae. Mcnoms3oBanne BIM BRITOHO Ha BCEX 3Talax peaanu3alud MPOeKToB. Ap-
XUTEKTOPbl U WH)XEHEPHI-IIPOCKTHPOBIIMKN MOJAralwT, 4To Hcrois3oBaHre BIM mpuHOCHT monb3y Ha 3Tame
MIPOEKTUPOBAHUS MPOEKTA, B TO BpeMsl KaK MH)KEHEPHI-CTPOUTENN BUIAT MpeuMyIIecTBa Hcnonb3oBanus BIM
KaK Ha 3Talle MPOEKTHUPOBAHUs, TAK U HA 3Talle CTPOUTENbCTBA. 3aKa34MKH CUUTAIOT, YTO UCIONb30BaHue BIM
MPaKTHUYECKH OJUHAKOBO IIEHHO Ha BCEX JTalax MpoekTa. BocnpusTHe Apyrux MOTEHUHATbHBIX MPEUMYILECTB
OTIMYANIOCH M3-3a UX CIEeUUPHUECKOro 00beMa paboTHI.

OTHOCUTENBEHO KOHKPETHBIX MPEMATCTBUMN, KOTOPBIE MOTYT IOMENIATh Hcnoib30BaHn0 BIM B npoekrax,
OONBLIMHCTBO PECIOHICHTOB YKa3aJId KaJpoBble MPOOJIeMbl U CTOMMOCTh BHeIpeHUs. YTo KacaeTcs opuauye-
CKHX CIIOpOB, CBA3aHHBIX C MCIOJIb30BaHHEM BIM, OONBIIMHCTBO PECIIOHIEHTOB 3asBMIIM, YTO UX KOMITAHUU HE
CTaJIKMBAJIUCH C TAKOBBIMHU.

CpaBHeHHE Pe3yJIbTaTOB HACTOSILEI0 UCCIAEA0BAHUS U IPEAbLIYIINX IT0KA3aJI0, YTO OOJIBLIIMHCTBO TEKY-
IIMX BBIBOJIOB O MPEUMYIIECTBAX U MPEMATCTBHUAX A MCIONb30BaHUS BIM cOOTBETCTBYIOT pe3ynbTaTaM Ipe-
JBITYIUX UCCIIEOBaHUI.

Teopernueckuil BKJIaA JAHHOTO HCCIICAOBAHMS 3aKIIOYAETCS B BBIACICHUH M OOCYXKICHUHU KITIOYEBBIX
(baxTopoB, BIUSIOMMX Ha BHeapeHue BIM, ¢ Touku 3peHus 3anHTepECOBaHHBIX CTOPOH.

Ilo pe3ynpTaTaM ucCCleOBaHUA MpeAsiaraeTcs TpU CTpaTeruy, a UMEHHO: pa3BuTHe Bocnpusatus BIM Ha
NPEANPHUATUSIX CTPOUTENFHOTO IMKIA, YKpEIUIEHHe NMpaBoBOW cpeabl i BHeapeHust BIM, paspaborka co0-
CTBEHHOTO IIPOTPaMMHOT0 00ECIIeUeHUs M CTAaHJAPTOB, a TAK)XKE 00JIAYHBIX TEXHOJIOTHH.

OTH CTpaTeruu ciyXar yOeauTeIbHbBIM OPHEHTHPOM IUIsl CTPOUTENBHBIX MPENNPUATHH 1 Pa3paboTYHKOB
IIPOrPaMMHOT0 00ECTICUEeHHS! TI0 NPUMEHEHHIO COOTBETCTBYIOIUX MTOAXOAO0B AJIsl paciuupenus BHeApeHus BIM.
Hanpumep, rocynapcTBEHHbIE BEIOMCTBA MOTYT IIPOBOJUTH Y4€OHbIE MEPOIIPUATHS AJIS MIOBBILIEHUS OCBEIOM-
nexHHocT o BIM, a pa3paboTurku mporpaMMHOTO 0OecIeueHus CO3AaBaTh OTEYECTBEHHOE MPOTrpaMMHOE oOec-
neYeHrne, KOTOpoe HAWTYUIINM 00pa30oM COOTBETCTBYET TEKYIIIMM PEallusiM POCCHICKOTO PHIHKA.

VY uccnenoBaHus ABa OCHOBHBIX OrpaHHYeHus. Bo-mepBbIX, HCIOIb30BajIcs HEOOIBIIONH ONPOC U3-3a TOTO,
YTO HCCIIENOBATENAM OBLIO CJIOKHO HAalTH JOCTAaTOYHOE KOJNWYECTBO MHTEPBBIOMPYEMBIX. BO-BTOPBIX, HE BCe
TpyMNIBl 3aMHTEPECOBAHHBIX CTOPOH, BOBJECUYEHHBIE BO BHeApeHne BIM, Obuin BKIIOUCHBI B aHKETUPOBAHUE.
CyOnoapsauuKky, MOCTaBIIMKK OOOpPYIOBaHUS M MaTEPHAJOB, CMETYMKH, a TAKKE YNPABIAIOLINE KOMIIAHHH,
CAaHTEXHUKU U MHOTHE JPYTHE TaKXkKe SBIIAIOTCA 3aHHTEPECOBAaHHBIMU CTOPOHAMM, CBA3AHHBIMH C BHEIPEHUEM
BIM. TlosToMy mIsi IPOBENEHHUS MOCIEAYIONUX UCCIEIOBAHUN CIEAyeT MPUTIACUTh 00Jiee MUPOKYIO TPYIILY
3aHHTEPECOBAHHBIX CTOPOH.
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CBoiicTBa JUCHEPCHBIX BOJOKOH 151 3¢ PeKTUBHOT0 ApMUPOBAHNS 0€TOHOB

A.C. Mapxkosuu'”, JI.A. Musocepaosan ™
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Hcrtopus ctaTbu AHHoTanus. Bonpoc NoBblIeHUs] HAIEAKHOCTU U JOITOBEYHOCTH KENE300€TOH-
IMoctynuna B penaxuuto: 14 auaps 2022 r. HBIX KOHCTPYKLUM CUMTAETCsl MPUOPUTETHBIM B COBPEMEHHOM CTPOUTENLCTBE.
Jopaborana: 12 mapra 2022 r. OnHUM U3 HalpaB/IeHUH MOBBIIIEHUS IPOYHOCTH OETOHOB SIBIISIETCS IIPUMEHEHNE
IMpunsara k myonaukanuu: 25 mapra 2022 1. JUCIIEPCHOrO apMUPOBaHUS. 32 IOCIEIHUE JECTH JIET MHTEPEC K UCIOIb30BaHUIO

JUCIIEPCHO-apPMUPOBAHHBIX 0eTOHOB B Poccuy, a Taxoke B cTpaHax EBpombl, Asuu
n CHIA cymecTtBeHHO Bo3poc. OTMEUEHO, UTO yJyullleHue (PU3HKo-MexaHude-
CKHX CBOICTB O€TOHA 3aBUCHUT OT [1apaMETPOB apMUPOBAHMUS, TAKUX KaK 00bEM-
HOE COAEPXKAHUSI BOJIOKHA, XapAKTEPUCTUK JUCIIEPCHOM apMaTypbl, CTPYKTYpbl
OeToHHOM MaTpuLbl U T. 1. PaccMaTpuBaroTcs pa3iuyHble BHUIbI BOJIOKOH IS
JUCIEPCHOI0 apMUPOBAaHUsI OETOHOB, @ UMEHHO IOJUIPONUIECHOBOE, IOIUITU-
JIEHOBOE, HEHIOHOBOE, aKpUIOBOE, MOMMI(PUPHOE, XJIONKOBOE, acOeCTOBOE, CTEK-
JISIHHOE, 6a3a71bTOBOE, CTAJILHOE, YIIIEPOJAHOE. JJaHO OIMCaHUE OCHOBHBIX JOCTO-
MHCTB U HEJOCTATKOB KaXXJJOr0 M3 BUJOB BOJIOKOH. IIpuBeeHbI CpaBHUTEIbHBIE
XapaKTEPUCTUKU 110 IJIOTHOCTH, IPOYHOCTH HA PACTSDKEHUE, MOJYIO YIPYro-
CTU, OTHOCUTEIBHOMY YJUIMHEHUIO IIPU Pa3pbIBE MATEPUAIIOB, KOTOPBIE HCIOJIb-

3YIOTCA AJI1 U3TrOTOBJICHUS BOJIOKHA. PaCCMOTpeHO BJIMAHHUEC BOJIOKOH Ha TpCIIH-
HOCTOMKOCTh JUCTIEPCHO-apMUPOBAaHHOI'O OeToHa non BOSHCﬁCTBHeM YAapHBIX
Harpy3s3ok. HpI/I AHAJIMTUYCCKOM 063ope CyHICCTBYIOIINX I/ICCJ'IGZ[OB&HI/Iﬁ ycCra-
HOBJICHO, YTO MOXXHO ,HOﬁI/ITI)C?I 3HAYUTECJIBbHOI'O NOBBIIIECHUA MMTPOYHOCTHU 6eTOHa,
APMHUPOBAHHOI'O BOJIOKHaMH, Ha OCEBOEC CKATUE, PACTSHXKCHUC, PACTAXKCHUE MIPU
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Properties of dispersed fibers for efficient concrete reinforcement
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Article history Abstract. The question of increasing the reliability and durability of reinforced
Received: January 14, 2022 concrete structures is a priority. One of the ways to increase the strength of con-
Revised: March 12, 2022 crete is using of dispersed reinforcement. The interest of using of fiber-reinforced
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Beenenne

JlucnepcHO-apMHPOBaHHBIM OETOH MPeNCTaBIseT cO00 KOMIO3UIIMOHHBIA MaTepuall, KOTOPbIi B HACTO-
A11ee BpeMsl MIMPOKO MCIIONIB3YETCSl B PA3IMUHBIX OTPACIIAX CTPOUTENLCTBA. B KadecTBe QUCIIEPCHOTO apMHPO-
BaHUsI IPUMEHSIOTCS Pa3IniHbIe BOJOKHA ((UOPHI), KOTOPBIE PABHOMEPHO paccpeOTOYHBAIOTCS B 00beMe Oe-
TOHHOU MaTpuibl. Hanbonbmmii HHTEpec MpeCcTaBIAI0T KOMIO3UTHI HA OCHOBE AOCTYIHBIX Ul MPOU3BOJICTBA
MHUHEPaJIbHBIX MaTPHL, AUCIEPCHO-YIPOYHEHHBIX O0COOBIMU BOJIOKHAMH (METAJIMYECKHUMHU, CTEKISIHHBIMU, Oa-
3aJIbTOBBIMH, IIOJTMAMHUIHBIMH, YTJIEPOAHBIMU U T. 11.).

[lepBrie cBeneHUs 0 TUCTIEPCHO-apMHUPOBAHHOM OETOHE MOSIBIIIMCH B Hadajge XX B. B pabdorax B.I1. He-
KpacoBa [1-3], KOTOpBI onucan pe3yabTaThl HCCICAOBAHUN 110 MOITYUYEHHIO OSTOHHBIX MAaTEpUaNIOB C AUCIEPC-
HBEIM apMHUpPOBaHHEM IIPOBOJIOKON MaJloro muamerpa. MTorom ero mccienoBaHuii ctana MoHorpadus «Hobii
xene300eTon» (1925), B KOTOPOit U3MaraloTcsi OCHOBBI TEOPUH, IKCIIEPUMEHTAIBHBIC Pe3yIbTaThl U CIACTAaH BbI-
BOJI O IEPCIIEKTUBHOCTH MIPUMEHEHUS! TUCTIEPCHO-apMUPOBAHHOTO OETOHA.

JlaHHBIME BOTTpOCaMU HHTEPECOBAIINCH U 3apybOexHbie yueHsble. Tak, ['apu [Toprep (1910) ycranoBwmi, uto
MEXaHWYECKHe XapaKTepUCTHKHU OeTOHA BO3pacTaioT JI0 8 pa3 IMpY BBEICHWH B €T0 COCTaB MPOBOJIOKHU U TBo3ei [4].
B 1914 r. Obun Bbimad nateHT Y. OUKINHY Ha BUA OETOHA, MOJy4aeMOTO MyTeM A00aBICHUS pa3MelbueHHBIX
KyCKOB 5KeJie3a pBaHoii hopmbr'.
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3aTeM WHTepeC K UCCIIeNOBaHNI0 OETOHA, apMHPOBAHHOTO BOJIOKHAMH, yrac 110 cepeaunbl 1950-x rr. Us-
BECTHBI JIMIIb peAkue GakThl IPUMEHEHHsI Takoro Buaa oerona. Hampumep, B 1930-X TT. U1 THAPOTEXHUYECKO-
TO CTPOWTENHCTBA UCTIOIH30BAIICS OCTOH, YCUIICHHBIH CTAIbHBIM BOJIOKHOM, KaK MaTepHall, CTOHKUI K H3HOCY.
[Tocnenyroiuii mepruoa XxapakTepu30BaJICsi UHTEHCUBHBIMU TTOMCKaMU HOBBIX BHUJIOB BOJIOKOH. B 1940-x rr. npen-
MPUHUMAITICH TTOTBITKH YBEITUYUTH IPOYHOCTH OETOHA, BBEICHHEM B €I'0 COCTAB JPKYTOBOTO BOJIOKHA.

B 1960-x TT. B CBSI3W C yBEIMYECHHEM HCIIOIB30BAHMS TUCIIEPCHO-aPMHUPOBAHHOIO OETOHA CTAIM MPOBO-
JUTHCS IUPOKUE SKCIIEPUMEHTAIBHBIEC UcclenoBanus [5]. [ 3Toi menu mpuMeHsIIoCh CTEKIIOBOJIOKHO U3 O0BIY-
HOTO CTEKJIa, KOTOpOe, KaK IMOKa3alli OMBITHI, pa3pyniaeTcs B OETOHE M3-3a HEIOCTATOYHOW CTOMKOCTH K IIEI0Y-
HOH cpeze. [lo3ke Havuauch MccienoBaHus (PU3NKO-MEXaHUIECKUX CBOWCTB (hHOpOOETOHa CO CTalbHBIM BOJIOK-
HoM B Pure, Jlenunrpane, YensOuncke. [locTeneHHO HakarumBaics ONBIT IpUMeHEeHUs (UOPOOETOHA B HECYIITNX
KOHCTPYKITHSIX, O YeM CBHIETEIBCTBYIOT PA0OTHI COBETCKUX M 3apyOeKHBIX HCCiIeroBaTeNiei. B To Bpems ydeHbIx
WHTEPECOBAIIM BOIPOCHI, CBSI3aHHBIE C YBEITMYCHUEM CONPOTUBIICHHS OCTOHA PACTSKEHUIO W TOBBIIICHUIO BS3KO-
CTH pa3pyIICHUS 32 CUET UCIOIb30BAHUS HE TOIBKO CTANBHBIX, HO U CTEKJISIHHBIX, YTIIEPOIUCTHIX, IIIACTMACCOBBIX
Y IPYTHX BHJOB BOJIOKOH. BrioHe ycnenrHpIM OKa3ascs OIbIT MPUMEHEHHE BOJIOKOH M3 TIOJIHUITPONFIICHA U Karpo-
Ha. OTHOBPEMEHHO C 3TUM OBUIO HCCIIEIOBAHO TIOBECHNE HATYPAIHHBIX BOJOKOH (XJIOITKA, IEPCTH), OKA3aBIIIHX-
€51 MAJIONPUTOIHBIMYU H3-32 HU3KUX 3HAYCHUN MOJTyJIsl YIIPYTOCTH apMUPYIOIIEro MaTepuania [6].

[oBpImIeHNEe TOCTYITHOCTH MAaTEPHUANIOB, IPUMEHSAEMBIX IS TIOTyYeHHS apMUPYIOIIIX BOJIOKOH, TPUBEIO K
POCTY TPaKTUYECKOTO WHTEpeca K IUCIEPCHO-apMUPOBAHHOMY OETOHY, a CTPOUTENHCTBO OTBETCTBEHHBIX TPO-
CTPAHCTBEHHBIX KOHCTPYKILUH M COOPY>KEHHH, B YACTHOCTH TOHKOCTEHHBIX 000JI04EK, CTUMYJTHUPOBAIIO ITOBBIIIIE-
HUe TpeOOBaHM K MPOYHOCTHBIM XapaKTePHCTUKaM OeTOHA, B 0COOEHHOCTH K €r0 COITPOTHBIICHHIO PACTIKEHHIO.

3a mocienuue 10 JeT CyIecTBEHHO BO3POC MHTEPEC K MCIIONB30BaHUIO TUCIIEPCHO-apPMUPOBAHHBIX 0€TO-
HOB Kak B Poccuu, Tak u B ctpanax EBpomsi, A3un u B CIIA. DT0 CcBs3aHO ¢ HEOOXOIUMOCTBHIO TIONYUEHUS
JUTSL COBPEMEHHOT'O CTPOUTEILCTBA OETOHOB C MOBBIIIEHHBIMU, IO CPABHEHHUIO C OOBIYHBIMHE TSDKEIBIMU OCTOHA-
MU, PH3UKO-MEXaHUYECKIMH XapaKTepPUCTUKaMHu. MIMeIoTCs MHOTOUYHNCIIEHHBIE pa0OThl HAIIMX COBPEMEHHUKOB
(®.H. Pabunosny, FO.B. ITyxapenko, [I.A. [lanrenees, 1.Y. Aybakupona, C.B. Kiroes, A.B. Kiroes, P.B. Jle-
coBuk, T.A. Hu3zuHa u 1p.), MOCBAIICHHBIE BONPOCaM, POOJIeMaM M TEXHOJOTHH JUCIEPCHOTO apMUPOBaHUS
oeToHOB [7-14].

Buabl apMupyommux BoJI0OKOH

JAns oTydeHnsT BBICOKOIPOYHBIX JUCIIECPHO-aDMHUPOBAHHBIX OETOHOB JIOJDKHBI COOJIOATHCS CIEAYIOIIUE
YCIIOBHUS: JOCTATOYHOE KOJMYECTBO OAMHAKOBBIX BBICOKONPOUYHBIX BOJIOKOH; XOpOIIEE CLEIJICHHE BOJOKOH C
pacTBOPOM U OETOHOM; PABHOMEPHOE pacIipelesICHHE BOJIOKOH IO BCceMy 00beMy MaTpHIbl; XUMHUYECKH UHEPT-
Hasi MaTpuIla 10 OTHOLIEHWIO K BOJIOKHAM; BBHICOKHMI MOJYJIb YNPYTOCTH BOJIOKHA 1O CPABHEHHUIO C MaTpHILEH;
CTpeMJIEHHE K OPUEHTHUPOBAHHOMY PACIIpe/IEIeHUIO BOJIOKOH B MaTpuue [15-19].

Haubonee 3¢ ¢eKTHBHBIM B KOHCTPYKIIMOHHOM OTHOLLICHHU SIBJISIETCS] apMUPOBaHUE OETOHHBIX KOHCTPYK-
IUH CTalIbHBIM BOJIOKHOM, MOJYJb YIPYTOCTH KOTOPOTO IPUMEPHO B 6 pa3 MpeBbIIaeT MOLYJIb YIIPyrocTu Oe-
ToHa. CTEeKIIsIHHBIE BOJIOKHA AUamMeTpoM 8—10 MKM MO IMPOYHOCTH COOTBETCTBYIOT BBICOKOYTJIEPOIUCTON XOJIOTHO-
TsHyTO# npoBonoke (1,8-2,5 I'Tla), a mo mmotHOCTH B 3,5 pa3a jerde. Moaynp yIIpyrocTH CTEKIOBOIOKHUCTHIX
MarepuasioB (70-80 I'Tla) Hmke, YeM cTany, HO IPUMEPHO B 3 pasza IMPEBHIMIACT HAYAIBHBINH MOIYIb YIIPYTOCTH
oerona (30 I'Tla). [lanHOE 0OCTOSITENBCTBO 000CHOBEIBAET 3P(PEKTUBHOCTH MPUMEHEHNE CTEKIISTHHBIX BOJOKOH B
KadyecTBe 3PPEKTUBHOIO apMUpYIOLIEro Marepuana. bazanbToBele BOJOKHA Takke 001aar0T BEICOKOH MPOYHO-
cThio Ha pa3peB (1,6-3,6 I'T1a), comocTaBUMO¥ ¢ TPOYHOCTHIO BRICOKOTIPOYHBIX CTCKISTHHBIX BOJIOKOH, & X MO-
ITyJIb yIpyrocTy BeImie Ha 15-20 %, yem y BOJIOKOH CTeKJIa.

CuHTeTHUYECKHE BOJIOKHA Ha OCHOBE MOJUIPONMICHA XapaKTEePU3YIOTCS MOBBIMIECHHOW epOopMaTHBHO-
cThi0 (yanuHeHue npu paspeise 10-25 %). Monyns ynpyroctu cuHTeTHUecKuX BostokoH £ = 3,5-8,0 I'Tla, uto
cocTaBisieT He 6osee 0,25 MOy yIpyrocTH OOBIYHOTO O0eToHAa. B CBS3M ¢ 3THM BOJIOKHA W3 TTOJMITPOTIIICHA
HE MOTYT HCIIOJIb30BaThCsl B Ka4eCcTBE dPPEKTUBHOTO ITUCIIEPCHOTO apMHUPOBaHUS, HO MOTYT NIPUMEHSTHCS MPH
JIOKaJbHBIX PEMOHTHBIX U BOCCTAHOBHUTENBHBIX pab0Tax HECYIUX KOHCTPYKIHH.

B [20] mpennoxeHo pa3fesnsTh BOJIOKHA, UCIIOIb3yEeMbIe U1 AUCIIEPCHOTO apMHUPOBAaHMsI OCTOHOB, HA JBa
THUIA: HU3KOMOYJIbHBIE U BBICOKOMO/YJIbHBIE. BHICOKOMOTyTbHBIE BOJIOKHA UMEIOT MOYJb YIPYTOCTH TPH pacTsi-
JKCHHUH BBIIIE, YeM apMHUpOBaHHas UMH MaTpulla, a HU3KOMOYJbHbIE — HIKe. [Ipu apMUpOBaHHH HU3KOMOYJIb-
HBIMHU BOJIOKHAMH B OCHOBHOM IPOMCXOANUT MOBBIIICHUE YAAPHOU BA3KOCTH OeToHa. [[1s BTOpOro THiia BOJIOKOH
XapaKTEepHO YBETHUYEHHE MPOYHOCTH OETOHAa Ha pacTssKeHHe, MMOBBIIICHHE MOAYJNS YIPYTOCTH apMHPOBAHHOTO
0eTOHa 1 €ro CONPOTUBICHUS JUHAMHUYECKUM BO3ACHCTBHSAM.
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UccrenoBanms [20] mokazamy, 910 I YBEIHUYCHHUS (DU3UKO-MEXaHUICCKUX XapPAKTEPHCTHK OETOHOB MOTYT
OBITh HUCIOJIL30BAHbI TAKIKE U YTJI€pOAUCTBIC BOJIOKHA. Takue BOJIOKHA UMEIOT TMMOBBINICHHYTO CTOMKOCTh K KOp-
PO3UH M YBETHMUYUBAIOT MPOYHOCTH IEMEHTHOTO KaMHS Ha PACTSHKEHHE U €r0 MOJYJb YIPYTrOCTH.

OcHOBHBIE (PH3HKO-MEXaHUYECKUE XapaKTEPUCTUKU HCIIOJIL3YEMBIX IS JUCIICPCHOTO apMHPOBaHUS Oe-
TOHA BOJIOKOH MpUBeNeHHI B Tabm. 1 [7; 20-26].

Tabauya 1
Du3UKO-MeXaHHYEeCKHE XaPAKTePUCTHKH BOJIOKOH /ISl IUCIIEPCHOT0 apMUPOBaHus 0eTOHA
Tun BoJiokHA TLioTHOCTS, KI/M®  TIpouHOCTH Ha pacTsikenue, [Tla Moxyis ynpyrocru, I'Tla Y aiunenue npu paspbise, %o
Huskomodynvroe 6010KkHO
1. IlonunponuneHoBoe 900 0,4-0,77 3,5-8 10-25
2. [lonusTunenosoe 950 0,7 1,442 10
3. Helimonosoe 1100 0,77-0,84 4,2 16-20
4. AkpuioBoe 1100 0,21-0,42 2,1 25-45
5. Hommypuproe 1400 0,73-0,78 8,4 11-13
6. XnomnkoBoe 1500 0,42-0,7 4,9 3-10
Buicoxomooynvrnoe onokno
7. YraneponHoe 2000 2,0 245 1
8. AcbecroBoe 2600 0,91-3,1 68-70 0,6
9. CtexnsHHOE 2600 1,05-3,85 70-80 1,5-3,5
10. bazaneroBoe 2600 1,6-3,6 80-110 1,4-3,6
11. CranpHOe 7800 0,80-3,15 200 34
Table 1
Physical and mechanical characteristics of fibers for dispersed concrete reinforcement
Type of fibers Density, kg/m? Tensile strength, GPa Modulus of lasticity, GPa Elongation at fracture, %
Low-modulus fiber
1. Polypropylene 900 0,4-0,77 3,5-8 10-25
2. Polyethylene 950 0,7 1,4-4,2 10
3. Nylon 1100 0,77-0,84 4,2 16-20
4. Acrylic 1100 0,21-0,42 2,1 2545
5. Polyester 1400 0,73-0,78 8,4 11-13
6. Cotton 1500 0,42-0,7 4,9 3-10
High-modulus fiber
7. Carbon 2000 2,0 245 1
8. Asbestos 2600 0,91-3,1 68-70 0,6
9. Glass 2600 1,05-3,85 70-80 1,5-3,5
10. Basalt 2600 1,6-3,6 80-110 1,4-3,6
11. Steel 7800 0,80-3,15 200 34

OpHako He BCe U3 NMEPEUYHCICHHBIX BOJIOKOH OTBEUAIOT TPEOOBAaHUSAM, KOTOPHIC MPEIBIBISIOTCS K MaTe-
pHuany Ui AUCIEPCHOTO apMUpoBaHus. [ BEIOOpa apMUPYIOIIUX BOJOKOH CIEAYET YYUTHIBATh, MPEXKIE BCe-
ro, TaKue KPUTEPHUH, KaK MPOIHOCTD, MehOPMATHBHOCTD, XUMUYECKAsT CTOMKOCTh, aaAre3ust K OeTOHYy, KO3 hu-
OUCHT JIMHEHHOTO paciupCeHud U T. A.

HauGonpmmii npaktuieckuii nHTEpec s 3PPEKTUBHOTO UCTIOIB30BAHMS B CTPOUTEIIECTBE IIPEICTABIISET
paccMOTpeHHEe CBOWCTB 00pa3IoB, MONYYSHHBIX HA OCHOBE CTAIBHOTO, CTEKISTHHOTO W 0a3albTOBOTO BOJIOKOH,
a TaK)KE€ HCKOTOPBIX BUAOB BOJIOKOH OPTaHUYCCKOI'O IMTPOUCXOKIACHU.

ApmupoBaHe OCTOHHBIX KOHCTPYKIIMI BOJIOKHAMH MOKET COYETaThCsl C ApMUPOBAHUEM OOBIYHBIMU CTalb-
HBIMH WJIM KOMITO3UTHBIMU CTEP)KHSIMHU, YCTAHABIMBAEMBIMH B HAHOOJICe HANPSIKCHHBIX YaCTAX KOHCTPYKIIHH.
Bonokna B 6eToHE MOTYT OBITH pacrpe/elieHbl XaOTUYHO WIIM OPUEHTHPOBAHBI B COOTBETCTBUM C HAIPaBICHHUEM
nerictByronux ycunid. CoBMecTHasi padoTa BOJIOKOH ¢ OETOHOM 00ecrieyrBaeTcs 3a CUeT CLEIUICHHS 110 UX TO-
BEPXHOCTH.

OB30PbI 185



Markovich A.S., Miloserdova D.A. Structural Mechanics of Engineering Constructions and Buildings. 2022;18(2):182-192

[Ipu pubpoBOM apMUPOBAHHH CYIICCTBCHHYIO POJIb UTPAET XapaKTep PacCIOJIOKCHIS BOJIOKOH B 00beMe
OetoHHOI MaTpuIel. OOBIYHO WX pa3MEIICHHE M0 CEUYSHUIO HOCUT XaOTHYHBINA Xapakrep. OqHaKo B psAe Ciryda-
eB (popMoOBaHUE dIIEMEHTA OKa3bIBACT BIMSHHUE HA PACIIONIOKEHHE BOJIOKOH. Tak, IpU FOPU30HTAIBHOM (OPMO-
BaHWU HJIEMEHTOB 3HAYMTENHHA 9aCTh BOJIOKOH PACIIOIaraeTcs HeITOCPEACTBEHHO BIOJb TPACKTOPHH HaIpshKe-
HUS, TOTJa KaK y BEPTHKAILHOTO OT(QOPMOBAHHBIX 3JIEMEHTOB BOJIOKHA PACIIONATAOTCS MO MPSMBIM YTJIOM K
HaIpaBJICHUSIM HANPSHKEHUH U BECbMa MaJlo CIIOCOOCTBYIOT MOBBIIICHHIO MPOYHOCTH KOHCTPYKIIUH MIPH pacTs-
YKEHUH U H3ruoe.

[IpoYHOCTH ClETUICHUST MEXAY BOJOKHAMU M OETOHHOW MaTpHIlel MUMEeT IepBOCTEIIEHHOE 3HAYCHUE IS
MEXaHHMUYECKUX XapaKTEPUCTHK JUCIIEPCHO-apMupoBaHHOro OeToHa. [Ipu GpopMoBaHuM HEOOXOAUMO THIATEIHLHO
OCYIIECTBUTH YIUIOTHEHHWE OETOHHOW CMECH C IIeNbI0 OOECTIeUeHHs] Ha/IeKHOTO KOHTAKTa MEXAY LIEMEHTHBIM
TECTOM M MOBEPXHOCTHIO BOJIOKOH. OCOOEHHO 3TO Ba)XKHO ISl MUHEPAJIbHBIX BOJIOKOH, KOTOPHIE MPECTABIISIOT
co0OH TyYKH C MHOXXECTBOM (uOpoHHTell. B 3TOM ciiydae menecoo0pa3HO MPUMEHSITh CMECH C BBICOKOU ITO-
JIBIDKHOCTBIO (0cajka KoHyca He MeHee 10—15 cM), 9ToOBI IEMEHTHOE TECTO CO BCEX CTOPOH OOXBATHIBAIIO OT-
JIeTbHBIE BOJIOKHA.

Meraiueckre BOJIOKHA UMEIOT ¢ OETOHHON MaTpullei (PU3HUKO-MEXaHUYIECKYIO CBSI3b, TOJILKO €CIIH Ha UX
MMOBEPXHOCTH €CTh HEPOBHOCTH. /{7151 MOBBIIIIEHNS POYHOCTH CILEIUIEHUSI ¢ 0ETOHOM CTaJIbHOM MPOBOJIOKE TIPH-
JTAIOT OTpeAeNIeHHBIN MPO(QUIIb, HCKPUBJIISIOT MPOAOIBHYIO OCh WIH YCTPaWBalOT aHKEPHBIE OTTUOBI IO KOHIIAM.
B HEKOTOpBIX Cydasx MPUMEHSIOT XMMHUUSCKHN CIIOCOO 00pabOTKH MOBEPXHOCTH MPOBOJIOKH, MpHIaBas i I1epo-
XOBaTOCTh. BenmumnHa creruieHus ¢ 6eToHOM 00paboTaHHOM MTPOBOJIOKK 0 5 pa3 BBIIIE, YeM HeoOpaboTaHHOH [7].
XYWMHUYECKOTO B3aMMOJCHCTBUS MEXKIYy MaTepUalaMi CTAIBHBIX BOJIOKOH U OETOHHOI MaTpHIlbl HE HAOIIOJaeT-
CdA, 9TO XapaKTCPHO TAKKE JJII MHOTHX IMOJIMMCPHBIX BOJIOKOH, TAKUX KaK ITOJIMIIPOIIUIICH, HEWUJIOH U ap.

CBsI3b CTEKIITHHBIX BOJIOKOH C OETOHHOW MaTpHIIEH OTIMYAETCS OT AaHAJOTUIHON CBSI3M CTAJIbHBIX BOJOKOH.
Nmeer MecTo XxuMHIUecKoe B3anMOIEHCTBHE NIEPBBIX ¢ OETOHHON MaTpuIlel, TaKkKe UM MPUCYIIE W3MEHEHHUS Ha
MOJIEKYJIIPHOM ypPOBHE B IPOLIECCE BBIAEPKUBAHMUS OETOHA J0 JOCTIKEHHUS Tpebyemoii mpoyHocTH. B Oetone
CTEKJISTHHBIE BOJIOKHA OOBIYHO PACIIONIAraroTCs JIMH3aMH HIIH JISHTAaMH pa3HbIX pa3mMepoB. Takas JeHTa oTamdaeTcs
HEPaBHOMEPHOM IJIOTHOCTHIO. B pe3ynpTaTe B Hell Koe-Te OCTaroTCsl CBOOOHBIE, HE 3alI0THEHHBIE [IEMEHTHBIM
TCCTOM IIPOCTPAHCTBA. OI[HaKO npu HaJIBHeﬁmeM TBEPACHUHN O3THU NMPOCTPAHCTBA 3aIlIOJIHAIOTCA KPUCTAJTUIMYCCKUMU
HOBOOOpa3oBaHWAMH (THAPOOKHUCH Kaiblwsi). Ha paHHWX cTaaMsax TBEpACHHS 30HA JEHCTBUTEIHHOTO KOHTAKTa
BOJIOKOH C MaTPUIIEH MEHbIIIE TeOMETPUIECKON TUIOMAN TIOBEPXHOCTH BOJIOKOH M3-3a IMCKPETHOTO XapaKkTepa
o0pa3oBaHUA CTPYKTYp THIPOCHINKATa KaiubIus. [locTenenHo Mo Mepe ruapaTaiuy [eMeHTa 3TOT KOHTAKT BO3-
pacraer. B kauecTBe CTEKISTHHBIX apMHUPYIOMINX BOJOKOH JOJDKHO MPUMEHSATHCS MIEI0YECTONKOE BOJIOKHO, TaK
KaK CTeNeHb KOPPO3UH TIOBEPXHOCTH BOJIOKHA B 3HAYUTENHFHOW CTETICHN BIHSET Ha MOTEPIO €ro IMPOYHOCTH.

BazanbToBOE BOJIOKHO, KaK M MHHEPAJIbHOE, TAK)KE BCTYNACT B PEAKIUIO C MPOAYKTAMH THApATAIlUH IIe-
MEHTHOW MAaTpHIIbl, HO PEaKIys MPOTEKAeT BeChMa OrpaHH4YeHO. FIHTEHCHBHOCTD B3aUMOIEHUCTBHS 0a3abTOBOTO
BOJIOKHA C I[EMEHTHON MaTpHIleil MMeeT 3aTyXalolui XapakTep. XapakTep B3auMOICHUCTBHS BOJIOKOH C IIIEI04-
HBIM PAacTBOPOM OOYCJIOBJICH aJCOPOLUel TPYyAHOPACTBOPUMBIX THAPOCHIUKATOB U TUAPOATIOMUHATOB KaJbIIUs
Ha TOBEPXHOCTH BOJOKOH. ODTH TMPOIECCH MPUBOIAT K YBEIWICHUIO Pa3MEPOB MMEIOIINXCS MMOBEPXHOCTHBIX Je-
(heKTOB U TIOSBJICHUIO HOBBIX. Takue nedeKThl CYIIeCTBEHHO CHI)KAIOT IPOYHOCTh BOJIOKOH. B pesynbTare c Teve-
HUEM BPEMCHU IMPOUCXOAUT MNOCTCIICHHOC YMCHBIICHUC TUAMETPa BOJIOKHA, YTO B KOHCYHOM CYHETC IIPUBOJIUT K
3HAYUTEITLHOMY CHIDKEHHIO d(dekTa apMupoBaHms OETOHHBIX MATPHIT STHMH BOJIOKHAMHU [27].

Cy1iecTByeT HECKOJBKO METOJIOB OOpBOBI C pa3pyIleHHEeM BOJIOKOH: HCIIONB30BaHHE MOJIUMEpOETOHa,
MAJIOIICTIOYHBIX BAKYIIUX, MUHCPAJIBHBIX I[O6aBOK, MMO3BOJIAIOIUX YMEHBIIUTL arpe€CCUBHOC BO3Z[eI>'ICTBI/Ie cpe-
ITbI, I3MEHEHHE CTPYKTYPHI CAMUX BOJIOKOH (TIOMIIIMXTOBKA, TepMHUUIECKas 00paboTka, HOHOOOMEHHass 00paboT-
Ka, 00paboTKa MOBEPXHOCTH BOJHBIMU PAaCTBOpaMHU cojieil u T. A.). Hanbomee pacnpocTpaHeHHBIM METO/IOM SIB-
JIAE€TCA BBCACHUC KPCMHE3EMCOACIKAINIUX MAaTEPUAJIOB BBUAY UX MOBBIINIEHHON aKTUBHOCTH K menquoﬁ cpeac
THAPATHPYIONIETO meMenTa [27; 28].

Jiis mpon3BocTBa OETOHOB, apMUPOBAHHBIX BOJOKHAMH, BXKHO 00ECIIEUNTh X PAaBHOMEPHOE pacipeie-
neHue B 00beMe pacTBopa. PaBHOMEpHOE pacmpesienieHue Mo BceMy 00beMy MaTpUIBl B OCHOBHOM 3aBHCHT OT
OTHOIIEHUS JIMHEI BOJIOKOH K THAMETPY, 00bEMHOTO KOA(PGHUIIMEHTa apMUPOBaHuUS (L), pa3Mepa JaCTHIT 3arl0THH-
TeIsl, KOJIMUECTBA 3alOJIHUTEIS, TEXHOJIOTUU JOOABIEHHS BOJIOKOH B CMECh, CIIOCOOOB TIepeMeINBaHus (PHCYHOK).
HapaMeTpLI AUCTIEPCHOI'0 apMHUPOBAHUA JOJDKHBI ITPEIIATCTBOBATEL POCTY HanboJiee OmacHbIX TPECUIUH, KOTOPEBIC
BO3ZHUKAIOT HA YPOBHE MUKPOCTPYKTYPHI OETOHHOIN MaTpHIIHI.

CHOXXHOCTP TIPUTOTOBJICHUS TUCTIEPCHO-apMHUPOBAHHOW CMECH 3aKJIFOUACTCs B TOM, YTO BOJIOKHA TIPH CMETIIH-
BaHWM COMBAIOTCS B KOMKH, Ha3bIBaeMbIe «eKaMm» (PUCYHOK). Takume «eXu» CO3Mal0T CYIIECTBEHHYIO HEOTHO-
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POTHOCTH CMECH, 3aTPyAHSIOT JAITbHEHIINE TEXHOJIOTHYECKHE OTepAIli M BCIIEICTBHE HEPAaBHOMEPHOTO pac-
NpeeTICHUs] TUCTIEPCHON apMaTypsl B OETOHE M3MEHSIOT ero (YM3NKO-MeXaHHUECKHE XapaKTePUCTHKH. DTO Ha-
OJro/TaeTCS PU UCTIONH30BAHUY MTPAKTHUYECKH BCEX BUIOB BOJIOKOH, HE3aBUCUMO OT BUA IPUMEHSIEMOTO BSIXKY-
mero. MoKeT BOSHUKHYTh CHTYalHs, IIPH KOTOPOW coJiep’KaHHe BOJIOKOH M CTENeHb WX paclperiesieHus B Oe-
TOHHON MaTpule OyIyT KpailHe HEOZHOPOAHBIMH, UYTO, CKOpEEe BCEro, B UTOT€ MPUBEAET K CTOXAaCTHUECKOMY
XapakTepy MPOYHOCTHBIX KpUTEPUEB KOHCTPYKIMU. B [29] yka3piBaercs, 4To Ha pacnpeaenenue GuOpoBoii ap-
MaTypsl B OETOHE BIUSIOT Cleayonue GaKkTOphI: MOCIEI0BATEIHHOCTh ONIEPANNi MTPH MePEMEITUBAHIH; COCTaB
0eToHa; MPOLIEHTHOE COAEPKAHNE M KECTKOCTh apMHUPYIOMIMX BOJIOKOH. KOMBSI MOTYT mpeacTaBisaTh coboil He
TOJIBKO TIEpeIUIeTEHHbIE MEXIy cO00il BOJOKHA, HO M BKJIIOYaTh B ceOs Ipyrue KOMIIOHEHTH OeToHa (TECOK,
LEMEHT, KPYITHBIN 3aMoIHUTENb). sl CHIKeHUSI KOMKOBAHHUS CIIeyeT YMEHbBIIATh BpeMs NepeMelINBaHUS CMECH
MIPY HAIMYHUY B HEW apMUPYIOIIAX BOJOKOH; pABHOMEPHO BBOJWTH BOJIOKHA B MIPEABAPUTEIEHO PUTOTOBICHHYIO
CMecCh, He JOIMycKas UX CKaIUIMBaHUs, TOCTOSIHHO yAaJsis UX OT MecTa BBoja. 1lo cpaBHEHHIO ¢ METalIINYeCKU-
MH BOJOKHaMH MMHEpAJIbHBIE M CHHTETHYECKHE BOJIOKHA MPU MEPEMEIINBAHUN MMEIOT HECKOJIBKO MEHBIIYIO
TEHACHINI0 K KOMKOBAaHHUIO, TOSTOMY TIepe]] BBEJICHIEM MX B OETOHHYIO CMeCh He TpeOyeTcs MpeaBapuTeIsHOe
MIPOCEHBaHNE Yepe3 CUTO.

3ar0JIHUTEIb 3410 IHUTEeJIb
/ [aggregate] | |aggregate]
/

LeMEeHTHBIH
e
KameHp [matrix|

LIeMEeHTHbIH
o B g
KaMmeHp [matrix|
KOMKH
[Tumps]

BOJIOKHA Z : ot BOJIOKHA .~ :
[fibers] [fibers]

CxeMa IUCTIEPCHO-apMIPOBAHHOTO OETOHA:
a — paBHOMEPHOE PacIpe/Ie/ICHIEe BOJIOKOH 110 00bEMy MaTPHIIBI;
6 — HepaBHOMEPHOE pacpe/ieieHue BOJIOKOH 10 00beMy MaTpHIbl (00pa3oBaHHE KOMKOB)
Structure of fiber-reinforced concrete:
a — uniform distribution of fibers throughout the volume of the matrix;
6 —uneven distribution of fibers throughout the volume of the matrix (formation of lumps)

Biausinue Bua BOJIOKOH Ha GU3MKO-MeXaHUYEeCKUE XaPAKTEPUCTUKH APMUPOBAHHBIX 0€TOHOB

HucnepcHoe apMrpoBaHue 6eTOHA MpH pabodeM ypoBHE OOBEMHOTO COJAEPKaHHsS BOJIOKOH MPHUBOIUT K
OoJee paBHOMEPHOMY TEpEpacIpeIeICHUI0 BO3HUKAIONINX B OCTOHE YCWJIHMA, OJIOKUPYET pa3BHTHE TPEIIVH,
MPETATCTBYET BOZHUKHOBEHHIO MarUCTPANBHBIX TpelIiH. Ha 0CHOBe MCIIBITaHWH TUTMT TPY BO3ACHCTBUN Ha HUX
yaapHoi Harpy3ku [30] yCTaHOBJIEHO, YTO B JAHUCIEPCHO-apPMHUPOBAHHON IUIMTaX MaKCHMallbHas IIUpPHHA pac-
KPBITUS TPEIIMH MEHbIIIC, YeM B aHAJIOTUYHOM IJIUTAX U3 TSIKEIOTO OETOHA.

B nucnepcHo-apMupoBaHHO# TUIMTE 00pa3yrOTCs KOPOTKHE HEOPTaHW30BaHHBIC TPEIIWHBI, KOTOPBIE 00-
pETaIoT OYepTaHHUE JBOWHOTO KOJIBIIA C JTy4aMU, HO MOJIHOCTEHIO HE CMbIKatoTcs. IlIupuHa pacKphITHS TPEUIUH B
TaKoH IUIMTE Mociie BO3AeHCTBUS yaapHoil Harpy3koi nocturia 0,15 mm. IIpu aHamormuHOM HCTIBITAHUU JKETe-
300€TOHHOH TUTHTHI 00pa3yeTcs KOJbIIeBas TPEIHA C JTyYaMH HOBBIX TpeluH. [llupuHa pacKphITHs TPEIIUHBI B
x)ene300eroHHoN uTe mocturia 0,5 MM [30]. XapakTep pa3pymeHus IIUT MPUBEICH B Ta0I. 2.

UroObl OLICHUTh BIMSHUE CTAJILHOIO U 0a3ajbTOBOIO BOJIOKOH Kak Haubosee 3()(GeKTUBHBIX I TUCTIePC-
HOT'O apMHUPOBAHUS MPOU3BEICH aHAIN3 CyIecTBYmuUX uccienoanuii [20; 31-45]. Pabounit muanazon o0beM-
HOTO COJIEPKaHUS CTATFHOTO BOJIOKHA B IMCIIEPCHO-apMHUPOBAHHOM OETOHE PEKOMEHIYeTCsl IPUHUMATh B TIpeze-
nax ot 1,0 mo 1,5 %. Boyiee BBICOKHI MPOIICHT apMUPOBAHUS HE BCErIa SBISETCS 00OCHOBAHHBIM, TaK KaK IPH
3TOM TOBBIIIACTCS TPYAOEMKOCTh WU3TOTOBJICHUS KOHCTpyKimu. OObeMHOE COepiKaHHe 0a3allbTOBBIX BOJIOKOH
MIPY XaOTUYHOM apMHUPOBAHNYU OETOHA PEKOMEHyeTCs TPUHUMATH B mipeaenax ot 3,0 1o 5,0 %.

Ha ocHoBanmm skcriepuMeHTANBHBIX HccienoBannii [31-45] cocraBiieHBl TaOMUIEI, B KOTOPBIX OTpaka-
I0TCS CBEJCHUS 00 U3MEHECHHUU MPOYHOCTH JTUCIIEPCHO-aPMHPOBAHHBIX OCTOHOB IO CPAaBHEHUIO C OOBIYHBIMU
TSOKETBIMH OeToHaMH (Taou. 3, 4).
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Tabauya 2
CxeMa MosiBJIeHHsI TPEIHH NPU BO31eiiCTBUHU YIapHOii HArpy3Koii

CxeMma nosiBJIeHHs] TPEIIHH
Bun ssnemenrta XapaxkTep pa3pyuieHust
Ha navansHoM 3Tamne B mpouecce Ha nociegnem stamne

NG \ AR I
D Nes Kopotkue HeopraHiu3oBaHHbIE
~ /7/ ~ 7 TPELINHEI, KOTOpBIE 00pesn
HucnepcHo- S , / ) / OuYepTaHUE JBOMHOIO KONIbLA
apMUPOBaHHAsA ) —~ \\ { —~ C JIy4aMH, HO TIOTHOCTBIO
M _ N L Dy -
IUINTA 5 7 < s He COMKHyIHCh. [lInprHa
. / o L_,,fy
LA H_,\ DY PaCKpPBITHUSI TPEIINHBI

nocturia 0,15 mm

(
P
N /
~— S
/ X Komnbuesas TpemuyHa
Kenezoberonnas ~ A { C JIy4YaMHU HOBBIX TPEILMH.
IuTa \ ) I1Iupuna pacKpsITHS
\f//// TpeumHs! gocturia 0,5 MM
=
’/

X

5

Table 2
The scheme of the appearance of cracks under impact load
The type The scheme of the appearance of cracks The nature
of element At the initial stage In progress At the last stage of the destruction

X

D

) ] T I
h S ) \)/ . Short disorderly cracks,
~ 2 //f/,’/ N which take on the shape
. . S of a double ring with rays,
F?:;:rzltlel:f:glf d | ~ ~ A\ /\\ ’ 8/; < but do not completely close.
4 e VAR 7/ \ = The crack opening width
- / N A DY in such a slab after impact

( loading reached 0.15 mm

/ \v\\v/ A circular crack is formed
Reinforced- /’\H/< ( with rays of new cracks.
concrete slab ,,) The crack opening width
X in such slab reached 0.5 mm
e
/

Tabauya 3

BiausiHMe CTAIbHOI0 BOJOKHA HA MeXaHHYeCKHe CBOCTBA TSKeIbIX 0€TOHOB

HN3meHeHHE MPOYHOCTH JUCTIEPCHO-APMHPOBAHHOI0 0€TOHA OTHOCUTEJILHO O0OBLIYHOT0 0€TOHA MPHU UCTIBLITAHUAX HA:

u3rud (mepsasi TpeluHa), % pacTszkeHHe pu usruoe, % cxarue, % cpe3, %

+50-60 +50-100 +10-50 +75

Table 3
Influence of steel fiber on the mechanical properties of heavy concrete

Change of the strength of fiber-reinforced concrete relative to ordinary concrete when tested for:

bending (first crack), % tension in bending, % compression, % shear fracture, %

+50-60 +50-100 +10-50 +75
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Tabauya 4
BuiusiHue 6a3a71bTOBOIO BOJIOKHA Ha MEXaHHYeCKHe CBOMCTBA TSKEJIbIX 0€TOHOB

M3MeHeHUe MPOYHOCTH AHCIIEPCHO-APMUPOBAHHOI0 6€TOHA OTHOCHTEIBbHO 00BIYHOr0 0€TOHA MPH HCIBITAHUH HA:

MPOYHOCTH MPH U3rude
(pacTs:kenue npu usruode), %

+55 +30-85 +7,5-40 +25-40

pactsizkeHue (oceBoe), %o cxkarue, %o cpe3, %

Table 4
Influence of basalt fiber on the mechanical properties of heavy concrete

Change of the strength of fiber-reinforced concrete relative to ordinary concrete when tested for:

tension (axial), % flexural strength, % compression, % shear fracture, %

+55 +30-85 +7.5-40 +25-40

YcTaHOBIIEHO, YTO YBEIHYCHHE MPOIIEHTHOTO COJIEPKAaHMS CTAIFHOTO BOJIOKHA Oostee deM Ha 2,5 % cyte-
CTBCHHO HE TIOBBIIIACT MPOYHOCTh OCTOHA Ha CXKATHE, a B OTICIBHBIX CIIydasiX, HAIIPOTHB, CHIKaeT ee [31-45].
YBenndyeHne NpoIeHTa IUCIePCHOTO apMHUPOBaHUs OeTOHA 0a3allbTOBBIM BOJIOKHOM cBbIlIe 6,0 % mpuBOAHT K
KOMKOBaHHIO CMECH, YTO BJIEUET CHIDKEHHE MTPOYHOCTH B cpenHeM Ha 15-20 %.

3akiarouenue

JlobaByieHrEe JUCTIEPCHBIX BOJIOKOH B COCTAaB OCTOHHOW CMECH IMO3BOJISET 3HAYUTEIBHO MOBBICHTH TPOY-
HOCTHBIC B JAeopMaIllnoOHHBIC CBOMCTBa OeToHA. boJbIlioe 3HaUCHIE UMEIOT MaTeprall, CTPYKTypa U TeOMEeTpHUs
JIMCTIEPCHBIX BOJIOKOH, 00BEMHOE UX COJEpKaHnue B OETOHHOM CMeCH.

YcraHoBIeHO, uTo s 3P (PEKTUBHOTO CIIEPCHOTO apMUPOBaHKs OCTOHHBIX M JKEJIE300€TOHHBIX KOHCTPYK-
U HAMOOITBILINIA MHTEPEC TIPEICTABIIIOT (PUOPHI, TIOyYeHHBIE HAa OCHOBE CTaJIbHOTO M 023aJIbTOBOTO BOJIOKOH.

[TepcnekTHBHON 00JIACTHIO MCCIICIOBAHUS JAUCIIEPCHO-aPMUPOBAHHBIX OCTOHOB SIBIIACTCS M3YyYCHHUE pa3-
JUYHBIX KOMOMHAITMI W3 BOJIOKOH PAa3HBIX BHJOB, HAIMOJHUTENS, Pa3HOOOPAa3HBIX M00ABOK IS TOCTIKCHUS
HAWITYYIINX TPOYHOCTHEIX TTOKa3aTelNel, TPeIMHOCTONKOCTH, YCAIKU U T. .
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