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COBpeMeHHaH TCOPHUS MOJI3YYECTH JKejie300eToHa

AJL. Bernos''>, P.C. Camkaposckuii> ', T.H. Tep-DOMmanynibsin®
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B tanya_ter@mail.ru

HUcropus cratbu AHHoTanus. VccnenoBaHbl BaKHbIE OCOOEHHOCTU TEOPUH IOJI3YYECTH JKEJIE30-
Moctynuna B pepaknuio: 29 centabps 2023 . 0eToHa, BBIABICHHBIE U OIYOIMKOBaHHBIE paHee. B 0CHOBE cO3aHuUs U pa3BUTHUS
Jlopa6otana: 10 mexaOps 2023 r. TEOPUU HOJN3YUECTH XKeNe3006TOHA 3aI0°KEHbl HEHAYUHbIE IIPUHIUIIBL, 3aUMCTBO-
Ipunsra k myonukamuu: 20 nexadbps 2023 r. BaHHBIE U3 HECOOTBETCTBYIOIMX 3TON TEOPUH CHUCTEM KIACCHYECKOM MEXAHUKU.

TIpoBeneH mMoApOOHBIH aHAIU3 TEOPHH, MPUMEHSIEMON BO MHOTHX CTpaHaX, MPH

9TOM BBISIBIICHO IITh NEPEYNPOILEHNH, OTBepraromux GyHIaMeHTaIbHbIE dKCIIe-

3asiB/IeHHe 0 KOH(IMKTE HHTEPeCoB puMeHThl, EBpOKO/IBI, ITpaBUiIa MaTEeMaTHKU U MEXaHHUKU: TIEPEYUCIICHHBIC B 3a-
ABTOPHI 3aSBJIAIOT 06 OTCYTCTBUM KOHE MMOJI3y4eCTH, IePEeYIPOIICHHUH, Ipy00 HCKaKAIONINX PE3yIbTaThl pacueTa He
KOH(JIMKTAa MHTEPECOB. TOJIBKO CaMUX Jie(opMaIlHii, HO U MOCIEAYIOINE METOIbI pacueTa jKeJie300eTOH-

HBIX KOHCprKL[PIfI. K HEM oTHOCATCS: O€3 Ha}IO6HOCTI/I M3MEHEHHBIN Kiaccude-

ckuii 3akoH ['yka; HaBs3bIBaHHE OTCYTCTBYIOIIErO y O€TOHA CBOHCTBA — ajreo-
Bkuiax aBTOpoB panyecKoi Mephl MOA3yIeCTH; OIINOOYHBIN MPUHINI HAaJ0XKEHHs (OH K€ MPHH-
IIUI CYNEpINo3unuu bombiiMaHa); MCTIOIb30BaHHE BMECTO MTHOBEHHBIX HEJH-
HEHHBIX MIIACTHYECKUX AedopMaluii yIpyroBsa3kux nedopmainii; 3aMeHa To4-
HBIX — HEJIMHEHHBIX U HECTAIlHOHAPHBIX CBOICTB O€TOHA — JIMHEHHBIMHU, HCKa-
JKAIOIMMH Ka4eCTBEHHYIO CTOPOHY SIBIICHHH, NMPHCYIIUX TOJBKO HEIWHEHHBIM
cucTeMaM. DTH OIMMOKYM MEePEKPBIBAIOTCSI HEOOOCHOBAHHBIME KOI(DPHIIEHTaMH
3araca, 4To HOAPBIBAET PKOHOMHYECKYIO COCTaBIIIONIYIO NMPOOJIEMBI, U BBHUILY
TpOMaJIHBIX 0OBEMOB IPUMEHEHHUS JKENIe300€TOHA BO BCEM MHUPE aHAIM3HpyeMas
HEeHay4Has TEOPHS €ro pacueTa NPUHOCUT 3HAYUTEIbHBIN SKOHOMUYECKUH yIepo
B MHPOBOM CTPOUTEIBCTBE.

HepaszaensHoe cOaBTOPCTBO.
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Modern Theory of Creep of Reinforced Concrete

Alexander D. Beglov'", Rudolf S. Sanjarovskiy>”, Tatyana N. Ter-Emmanuilyan’>=
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Article history Abstract. The important features of the theory of creep of reinforced concrete, identified and
Received: September 29, 2023 published earlier, are explored. The creation and development of the theory of creep of
Revised: December 10, 2023 reinforced concrete is based on non-scientific principles take from systems of classical
Accepted: December 20, 2023 mechanics that do not correspond to this theory. A detailed analysis of the theory used in

many countries was performed, while five oversimplifications were identified that reject

fundamental experiments, Eurocodes, rules of mathematics and mechanics: listed in the law
of creep, oversimplifications that grossly distort the calculation results, not only the
deformations themselves, but also subsequent methods for calculating reinforced concrete
structures. These include: unnecessarily modified classical Hooke’s law; imposing a property

Conflicts of interest

The authors declare that there
is no conflict of interest.

missing from concrete — an algebraic measure of creep; erroneous superposition principle;
Authors’ contribution use of viscoelastic deformations instead of instantaneous nonlinear plastic deformations;
replacement of obvious — nonlinear and non-stationary properties of concrete with linear
ones, distorting the qualitative side of phenomena inherent only in nonlinear systems. These
errors are covered by unreasonable safety factors, which undermines the economic
component of the problem, and of the enormous volumes of reinforced concrete used
throughout the world, the analyzed unscientific theory of its calculation causes enormous
economic damage in global construction.
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1. BBeaenue

I'maBHBIA CTPOUTENBHBIN MaTEpHUal COBPEMEHHOCTH UMEET YANBUTEIHHO HEHAYUHYIO TEOPHUIO pacdeTa KOH-
CTPYKLUH, ONpenensieMylo CI0KHBIMH HEJIMHEHHBIMA U HECTallMOHAPHBIMU CBOMCTBaMHU OETOHA, €ro Mmoj3yye-
CTBIO.

MupoBas TeopHsl MOJI3YYECTH Kelle300€TOHa HEIOCTOBEPHO BBHICOKO OLEHHMBAETCS M3BECTHBIMH YUYECHBIMHU
Esponer u CHIA, Takumu kak 3.11. bazant, P. Benguep, X.C. Mromnep, M. A. Uuopusro u ap. [1-3]; ona pa3pabo-
TaHa BEOyIIMMH opranm3anusamu mupa, cpenu Hux fib, ACI, RILEM, IASS, pa3nmuuHsIMH YHHBEPCHUTETaMH.
Hampumep, B 2018 1. mpencenatens komurera ACI 209 «Ilom3ydecTs u ycamka B OETOHE) MMOAIEPKUBALT, UTO ITA
TeopHsl «pa3paboTaHa B nociedHue oecsimuiemus MEKIyHAPOAHBIMU OPraHU3alUsIMU, 3aHUMAIOIIUMHUCS TIpe.i-
CTaHAAapTaMHU M CTaHJapTaM{, Ha OCHOBE OOIIEW, XOTS M MPOrPECCUBHO Pa3BHBAIOLICHCS HaydHOU 0a3bl H, MO
CYIIECTBY, COTIIACOBAaHHOTO BO BCEM Mupe Gopmatay [4].

fib — MexnayHaponHas ¢eaepanus 10 KelIe300eTOHY, KOTopas SBIISETCS «opraHu3anueil, paspadaTriBaro-
e MpexHOPMBI, YTO TIOJPa3yMeBaET ONPEIeIEHHYI0 HOBATOPCKYIO IEATEIBHOCTD B 00JIaCTH TEXHUYECKOTO Pe-
TYIHPOBaHMA: MOJENBHBIN KOAEKC MPOEKTHPOBAHHS JKEIe300€TOHHBIX KOHCTpYKImii — fib — 2020» [5].
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ACI — AMepuKaHCKUI HHCTUTYT O€TOHA, UMEIOLNIA cBoM oTAeneHus Bo BceM mupe. B ACI cBoite 22 ThI-
CsTd 9JIeHOB, padoTaromux Oojee yeM B 500 TexHnmueckux komuTeTax. I3BECTHBI U IpyTHe MEKIYHAPOIHBIE Op-
TaHU3aIAH, HEKOTOPhIE PYKOBOIUTENN KOTOPHIX aKTUBHO BO3TJIABIIAIOT pa3pabOTKy OCHOB aHAJIM3UPYEMOH TEO-
pHH NIOA3YYECTH Kesie300eToHa.

CyIIHOCTb 3aIHCH TEOPHH U €€ aBTOPCKUE OIICHKH MBI IPUBEACM B OPUTUHAIBHOM H3JI0KCHHUH, ONTMCAHHOM
OJHHM U3 €€ OCHOBOIOJOXHHUKOB. Takke 0OpaTHM BHUMaHHE Ha HEBEPHYIO OLIEHKY €€ MCTOKOB: «...OCHOBBI
ATO¥ HOBOH TeOpHH OBLIN 3aJI0KEHBI B TEOPETHUECKOW MEXaHWKE CIUIONTHBIX cpen B Hadane XX B. BomsTeppa
[6] (1909) mox ompedelieHreM YIIPYTOTO MOCIEACHCTBHISA, OHAKO TOJBKO B Hadane 1940-x rr. 3Ta Teopus ObLTa
MIPU3HAHA UHIICEHEPAMU-NPOCKMUPOGUUKAMY B KAUECTBE MOAXO/AIIET0 MaTeMaTHIECKOro anmnapara JIjs pac-
4eTa TMoJI3ydecTd OCTOHHBIX KOHCTPYKUMit». VcXoaHble monoxeHus oOliel Teopuu jkeae300eToHa omnpeaes-
IOTCS TIPEXKJIe BCEro 3aKOHOM TOJI3y4eCTH, (opMaToM ero MaTeMaTHYECKOH 3aliCcH KPAaTKOBPEMEHHBIX U JJIH-
TEeNBHBIX AeopManuii. «TOT popMat, BepBbIie MPUHATHIN B IpenBaputensbHoM ctaHnapte CEB B pamkax TH-
MTOBBIX HOpM 1978 1. 1 IMPOKO KCIIONB3yeMbIit B posicTBeHHOM [locoomu CEB, Teneps cucTeMHO MPUHAT B TIO-
CJIGTHUX PYKOBOMSIIUX JOKYMEHTaX, PEKOMEHIALUAX U HOPMaxX MEXKIYHApPOJIHBIMUA OPTaHHU3AIMSIMH 10 CTaH-
naptuzanuu [7-9]. OH 0OCHOBaH Ha 8g00e UHTETPATBHOTO YpaBHEHHs BoabTeppa B kauecTBe OCHOBHOTO 3aKOHA
JUIst O€TOHA B ITOCIICAYIONMUX YKBUBAJICHTHBIX (hopMax, PEACTABIISASE 0000IICHHE 110 MPUHIIUITY TUHEHHOTO HaJIO-
KEHHSI peakny OeTOHA Ha yJIeIbHOE JUINTENhHOE OJTHOOCHOE HAJIOKEHHOE HANPsHKeHHE Wi Aedopmanuio s
M3MEHSIOIINXCS BO BPEMEHH BEJIMYWH 3TUX MPIIIOKEHHBIX BO3JAEUCTBHUN (MBI €T0 MIPHUBOJUM B OpPUTHHAITBHBIX
o0o3HaueHusx)» [10]:

£6(t) = o(t) (& to) + [ J (&, )da(t"), (1)

rae £4(t) — nonHas gedopmanus OT HanpsHKeHUs 6(7);

1 +(p(t,t)

CE()E(Y)

— (yHKIUS TOAATIUBOCTH,

rae E, (t')— HecTalMOHApHBIA MOYIb yIPYrocTu; ¢ (t, l')— HECTallMOHApHAas XapaKTePUCTUKA TMOJI3YUYECTH,

YUUTBHIBAIOIIAS CTapeHHE.
B HayuHbIX myOnukanusx oObI9HO HHTErpupyoT B (1) mo yactsm, nomyyvas (1'):

ea(t) = 22 — 1 6(t") 2 (i + 2 ) ar. (1)

E.(t) Jt at’ \E(t') ' Ec(t")

!
3ameTuM, 94TO APOOH % SBIISIETCS. Mepor moiiydecTH 0etona C(¢, t'), NCIIONB3yeMON B ITyOJIMKAITUSIX B
c

Hallel cTpaHe, 4To MPEANOYTHTEIbHEE IPUMEHEHHS XapaKTePUCTUKHU TIOI3YYeCTH IpH 00paboTKe IKCIIePUMEH-
TOB.

[omuepkuem, uto B ¢(2,t") u C(¢,¢') yauThiBaeTCs cTapeHne O€TOHA, 2 MOy b YIIPYTrO-MIHOBEHHOM eopma-
1y Ec(¢") cymecTBeHHO 3aBUCUT OT BO3pacta OeToHa.

Ypasuenus (1), (1') 060CHOBBIBAIOTCS IBYMST OCHOBOITOJIATAIOINMHA JOMYIIICHUSAMU: TTPUHITUTIOM JTHHEHHOM

CBSI3M MEXTy HAIPSDKEHUSAMH | Je(OpMAaIIHsIMHA:

go(t,t') = o(t)(t,t"); 1"

MPUHIIAIIOM HAJIOXKEHHUsI, HEJNENO CQOPMYIMPOBAHHBIM B MHOTOYHMCICHHBIX W3JIOXKEHUIX, B CIPABOYHUKAX, a
TaKXe IPYTMMH CaMOBOJIBHBIMH THIIOTE€3aMU U MEPEYIPOIICHUSIMHU, OTBEPraroliuMu (PyHIaMEHTAIBHBIC KCIIe-
puMeHTHI, EBpoKOIbI, TpaBmiIa MaTeMaTHKHA U MEXaHUKH:

I. be3 HamoOHOCTH HCKAKEHHBIN KIacCHIeCKui 3akoH ['yka;

II. HaBsi3piBaHME OTCYTCTBYIOIIETO Y OETOHA CBOHCTBA — anreOpamdecKod MephI TOJI3YUIECTH;

1. Omm6oYHbIH TPUHITUI HATOXKEHUS (OH K€ MPUHIUN cynepro3uiiiu bonbimana [11]);
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IV.Hcmonp30Banne BMECTO MTHOBEHHBIX HETMHEHHBIX INIACTHICCKUX JAchopMalnnid, yIpyroBs3kux medop-
Maruii (MUHYTHAs TIOJI3y4YeCTh);

V. 3amMeHa TOYHBIX — HEJIMHEHHBIX ¥ HECTAIIMOHAPHBIX CBOMCTB O0€TOHAa — JIMHCWHBIMH, HUCKAKAIOTUMHU
KaueCTBEHHYIO CTOPOHY SIBIIEHUH, MPHUCYIINX TOJBKO HETMHEIHBIM CHCTEMaM.

Jlaniee MBI pacCMOTPUM 3TH MEPEYIPOIICHUS TOIPOOHO.

2. MaTtepuaJibl 1 METOABI
2.1. Hckaorcenue 3axona I'yka

I. Kitaccnueckntii 3akon ['yka nMeeT (IoqaepkHeM 3T0) QyHIAMEHTAIBHYIO alre0pandeckyro Gpopmy 3amucu

t
e.(t) = % (L1)

Bo-nepBbix, kopuden MUpOBOl Teopur 0€3 BCAKOr0 0OOCHOBaHHS OTBEPTaIOT €ro; BO-BTOPBIX, AuddepeH-
LUPOBAHUE 3aKOHA 110 BPEMEHHU ¢ ]a€T CKOPOCTh MTHOBEHHBIX Ae(opMariuii:

d 1
() = E(t) +o(t) WED (1.2)
B-TpeThHx, N3 JaHHOTO BBIPaKEHUS BBIOpAchIBAETCS! BTOpoe ciaraemMoe (0e3 oObsICHeHUs IPUYHHBI):
s

£(0) =33 - (13)
a pyHnameHTaNbHBIN 3aK0H [ 'yka npuHrMaeT nckaxkeHusli Bug (1.3).

B-ueTBepThIX, HickaxeHHBIH BUL (1.3) HHTETpUPYIOT IO BPEMEHH:

g.(t) = g.(tp) + f (1.4)

E(t)

Y TIOJTy4JaloT UCKaXEHHBIN 3aKOH [ 'yka B HHTErpallbHOM (DOopMe; B-TIATHIX, CO CCHUIKON Ha MPUHITAIT HAJIOKCHHUS,
SIKOOBI PUMEHEHHBIH MTPH BBIBOJIC UHTETPATIBHBIX YPaBHEHUH, €CIM YMAITYUBATh O MPEABIAYIINX Y€ThIPEX MaTe-
MaTUYECKH OIIMOOYHBIX JCHCTBUSAX.

MOo3KHO OmHCcaTh, YTO JETAIOCh HEOTHOKPATHO, CTPYKTYPY MOABIHTErpanbHo# Gyuknmu (1.4), Ha3BaTh 3TO
TIPUHITUIIOM HAJIOKCHHS ¥ HE 3aMETUTH ONTUOOK, IePEINCIIEHHBIX BhITIE, ToaMeHbI 3akonHa ['yka (I.1): k coxaine-
HUIO, 3TO OCYIIECTBIISIIOT MHOTHE BEChbMa aBTOPUTETHHIC yUCHBIC.

JJis HarsAHOCTH BOCIPUSATHUS CKA3aHHOTO MIPHUBEJIEM CPAaBHEHHUE:

» Kiaccuueckuii 3akoH ['yka 3anuceiBaercs B anredpandeckom Buze (1.1); eMy Taxke cOOTBETCTBYET Aud-
¢depennuanpaoe ypapaenue (1.2);

» HCKOBEpKaHHBIH 3ak0oH ['yKa 3amuchiBaeTCs B BUAE nHTEerpanbHoro ypaBuenus (1.4) mubo B Buae HHTE-
rpanbHOTO ypaBHeHus (1.5)

O'(t) t t'
() = s fto o(t );md (LS)

60 B Buae quddepennuanbaoro ypasaenus (1.3). OdueBunHyr0 He000CHOBaHHOCTh MU DEepeHIIMATHLHOTO YpaB-
HeHus (1.3) B MUpOBOH Teopuu HE 3aMeUalOT e pa3paboTuynmku — «MHUPOBBIE aBTOpUTETHy CIIIA u EBpomsr
Takxke ecau Mbl iporHTerpupyeM (1.2), To momyuum (1.1). MOXKHO OIIEHUTH YUCICHHO OIUOKY, CBSI3aHHYIO C TIOJI-
MEHOM KJIACCHYECKOTO 3aK0Ha ['yKa, HCKa)KEHHBIM 3aKOHOM, UCTIOb3YsI COJIUIHBIE IKCTICPUMEHTAIbHBIC TaHHBIC
nactuTyTa BHUHI', IOKa3pIBaroIvie OBBITIICHNE MOIYJISI YIIPYTOCTH OSTOHA TP CXKATHH, C YBEITMUYCHUEM BO3-
pacra 6etona (puc. 1). [Ipu mocTossHHOM 3HAYCHUH HAMPsDKEHUS CxkaTrs 0eToHa 6 = const, u3 (1.3) 3anuceiBaemM
€.(t) = const, B cpaBHenuu xe ¢ 3akoHoM ['yka (I.1) — ommbka cocrasiuset 10 300 % s Bo3pacta 6eToHa —
okoso 360 gHeil.
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& A To NpUHLKMIY HAJIOKEeHHUS /
On the principle of superposition

e
/\l/ e

o~
@
&) —] Peanbhbie ynpyrue nepopmaunu / ) i
Real elastic deformations ‘
8)’(,) “
to =7 nH. t =360 nau.

Puc. 1. CpaBHeHue &y(fo) 1 gy(f) [12]
Figure 1. Comparison of &y(t0) and &y(¢) [12]

OO0parraeM BHHIMaHHE: aBTOPaMH PacCMOTPEHa HE MpoOJieMa YIpPOIIEeHUS! MIHOBEHHOW HEIMHEWHOW Ina-
rpaMMBbI C TOMOIIIBIO 3akoHa ['yKa, 4TO 4acTo 3BYYHT B 3apyOCKHBIX JUCKYCCHSIX, & HCCIeI0BaHa OCOOCHHOCTh
rpy0OTO MCKAKEHHUS CaMOT0 KJIAaCCHYECKOro 3aK0HA ['yKa B «I1epeloBO MUPOBOI TEOPHH MON3YIECTH OETOHA.
OmmbKa oT 3aMeHBI Bceld MTHOBEHHOW JUArpaMMEbI pacCMOTpeHa B [V.

2.2. Hecywecmeyrowian mepa nonzyuecmu oemona 6 (1) u (1)

I1. B MUpOBBIX Hay4HBIX MyOJIMKALUAX 3TO CBOMCTBO OETOHA (Mepa MON3Y4eCcTH) MeeT MHOXKECTBO Ha3Ba-
HUI:
nedopmaryst OT €OUHHIIBI TPHIIOKEHHOTO HAIPSDKEHUS;
peakmus neopMaliii Ha yIeIbHOE HaNPsHKEHHE;

KO3 (D HUITMEHT MoI3ydecTH (XapaKTepruCTHKA ITOJI3yUeCcTH ), MOACIICHHBIN Ha MOIyh yrpyrocta (1');
MOJI3y4ecTh OETOHA MPH EAMHUYHON Harpy3Ke;

yAenpHas OTHOCUTENbHAsS AehopMannoHHAas TTOI3YIeCTh;

Mepa «IIPOCTOU MOJIZYUECTHY;

Mepa MOJI3YYECTH «IIPH MOHOTOHHOM PEXHUME 3arpy>KEHUS;

Mepa TeKydecTH OeTOHa U Jp.

Mgl ipuBeeM 37ech JBa 000OCHOBaHHS HAIMYMS MEpHI: IEpPBOE U nocienHee (o Bpemenu). [locie nepBoix
onbiToB [IoBuca B CIIA (1931 r.): «[lo-BuauMomMy, BeTMYMHA TEUESHHUS IPOMIOPLIMOHATIbHA Harpy3Ke, UCIBITHIBA-
eMoii 0eTOHOM, TIOATOMY JAe(opManuio, MPOUCXOIAIIYI0 OT €r0 TeUYEHHS, YCIOBUMCS OTHOCHUTH K €IMHUYIHOM
Harpy3ke». Mbl BHIUM 37[eCh yKa3aHHe Ha HEOOXOIUMOCTh JaibHemeil padboTel. CoBpeMeHHOE (TIocTeaHee):
«Uenecoobpa3Ho mpuBIeUCHHE MPOCTEHIIINX PEOJOTHUECKUX MOZAETCH MON3Y4eCTH», BKIIOUEHHBIX B PEKOMEH-
JAIAH Pa3IAIHBIX CTPaH:

Ct,t) =f(1)(1— Ke™VtD), (IL.1)

rae f(T) = C28,besk Q(1).

[Ipu ucnosnp3oBanHuu xapaktepuctuka (@(T)) nomsydectu (mo EBpokony — koadduimeHTa moa3yuecTH)

f(T) — ¢(1) ]
Ec(T)

Koncranra K < 1 cuuTaeTcs npeaHa3HauYeHHON TSl yIeTa MUHYTHOW TIOJI3Y4YecTH (TTOAMEHSIONIESH MTHOBEH-
Hble HenmHeHHbIe nedopmanyn). Ctpykrypa (11.1) 3aumcTBOBaHa u3 pabotel Mak-I'enpu [13], ocymecTBUBIIETO
ANMPOKCUMAIIHIO SKCIICPUMEHTAIBHBIX KPUBBIX TTOJI3yUYECTH.

Ypasuenne (I1.1) BocxBasiseTcs, 000CHOBBIBACTCS 3aKOHOM XHUMHUYIECKHUX PEaKITHi (BMECTO 3aKOHOB KJIACCH-
YeCKON MEXaHWKH) B BUAE AUGdepeHITHaATHHOTO YPaBHEHHUS TIEPBOTO MOPsIAKa; U3 pabOT KIIACCHKOB MEXaHUKH
Jerko yBuaeThb, yTo (II.1) HeBO3MOKHO MOMYYUTh Ha OCHOBaHHU JU(PQPEPEeHINATFHOTO YpaBHEHHUS IEPBOTO TO-
psnka. YpasHenus tuna (I1.1) mupoko ncnone3yroTes ceifuac B pa3HBIX CTpaHaX, IOATOMY OLIEHHM €ro ¢ TIOMO-
IIBI0 PE3YNIBTATOB (YHAAMEHTAIBHBIX IKCIIEpUMEHTOB. OTCYyTCTBHE ¥ OeTOHA anreOpandecKoil (pyHKIIMH MephI

PACYET W MPOEKTUPOBAHWE CTPOUTENBHbIX KOHCTPYKLW 7



Beglov A.D., Sanjarovskiy R.S., Ter-Emmanuilyan T.N. Structural Mechanics of Engineering Constructions and Buildings. 2024;20(1):3-13

TTOJI3yYECTH MOYKHO yCMOTpeTh yxke u3 onmbIToB N. Freundenthal, F. Roll [14]. Mu1 Bocnionbs3yemcst hyHAaMEH-
TanbHbIMU 3kcniepuMmenTamu HUMKD [15].

[IpoBenem cHauana, mMpeayCMOTPEHHBIN MaTEeMAaTHKOM, TIEPBBINA ATAll HCCISTOBAHNUS — aHAIN3 OOIIETo BUAA
Mepsl mon3ydectu (11.1).

Paccmotpum ¢ momorsio (I1.1) aBa citydas ATUTETLHOTO 3arPy>KEHUS MIOCTOSIHHBIM HAMPSKCHUEM (B pa3HOe
BpeMs): Oq, t1; Oy, t5 ¢

g1(t) = 04 f(t1)(1 — Ke Yt ),
g2(t) = o,f (t2)(1 — Ke™V(t7t2)),

W36aBsieMcst OT BpEMEHH ¢ M HAXOIUM CBsI3b JedopMariuii moasydectu €4 (t) u &€, (t) Mexay coboii:

_ o, f(ty) _
£2(t) = 0 (£)(1 — e¥27)) + ﬁev(tz ey (8).

BBost oueBHaHBIC 0003HAYCHHUSI, HMEEM YPABHEHHUSI IIPSIMOi B KOOPMHATAX €1 U €y:
g, (t) = aeq(t) +b.

JpyruMu clioBaMu, MEPBBIH 3Tall ucciaeoBanus smnupuueckort popmynsl (I11.1) mokassiBaeT, 4To 3HAUESHUS
JFOOBIX IKCTIIEPUMEHTATBHBIX €;(t) medopmaliuii CBA3aHBI MEXIY COOOU MPSMOi JIMHUEH C COOTBETCTBYIOIIUM
yrIIOBBIM KO3 duimentom. [lepeHecst Ha4ano KOOPAUHAT COOTBETCTBYIOLIMM 00pa3oM U pa3eiuB Ha € (t), 1mo-
JIy4aeM 3aBHCHMOCTb BO BpEMEHU

g2 (t) _ o, f (t2)
g1(t)  oyf(ty)

Ecnu xe HanpspKeHUst 04 U 0, NIPUJIOKEHBI B OIMH MOMEHT BPEMEHH (BO3pAcT 3arpyKeHHs), TO Mbl IOy~
JaeM CEpHIO MPSMBIX MapaJlIeTbHBIX BpeMeHH t (Bo3pacT HabmomeHus) (puc. 2). Ha 3ToM ke puCYHKe IMOKa3aHbI
¢dbyHaaMeHTanbHbIE SKcTiepuMeHTanbHble pe3ynbTatel HUMKD B 06paboTke C.B. Anekcanaposckoro u [1.1. Ba-
cuibena [16].

Msl BUANM, YTO 3TH (QyHIAMEHTAIbHBIE 3KCIIEPUMEHTAIbHBIE AaHHBIC, OMyOIMKOBaHHbIE mouTH S50 JeT
Ha3aj1, OTBEPrarT COBPEMEHHYI0 MUPOBYIO TEOPHIO Kelle300€TOHa, OCHOBAaHHYIO Ha MOHITUU: «Mepa NoN3yuecmu
bemonay; mubo «koddduument nonzydyectu 6eronay (nmo EBpokony); Taxke Ha IMIUPUUIECKUX QOpMyiax THIA
(II.1), onuchIBarOIINX 3TO MOHATHE B CETOAHALIHMX ITyOIMKAUAX U HA MEKAYHAPOIHBIX Hay4HbIX (popymax. U3
JAHHBIX PUC. 2 BUJHO, YTO OIIMOKA pacdyeToB OT NPUMEHEHMS HECYIIECTBYIOLIEH MEphl IOI3y4ecTH OeToHa 10-
xomut 10 500 %.

eYt2=t1) = const.

Cs(t,7)
Co,l(t’r)
cyT. / days — Bo3pact
5 3arpyxenus / age of loading
4
3 6 =0,75R,,
2 —
1
Bospact kK MoOMeHTY HaOoeHus /
Age at time of observation
0 10 20 30 40 50 60 70 80 90 100 110

Puc. 2. M3MeHeHNe OTHONIEHUH yISIBHBIX Ae(OpMaUi MOJI3ydeCTH P PAa3HBIX HAdaJbHBIX YPOBHAX HANPSHKEHUI
Cs (¢, T) K yaenbHBIM AehOpManysIM II0JI3y9eCcT! IIPY HadalbHOM ypoBHE HanpspkeHuH Co,1(7,1) [17]

Figure 2. Change in the ratio of specific creep deformations, at different initial stress levels
Cs (¢, 1) to specific creep deformations, at an initial stress level Co.1(¢, 1) [17]
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ot
Ec(t")’
koHa non3ydectu OetoHa (1) u (1') B MUPOBBIX CTaHIApTaxX WM MPEACTaHAapTax. Takke OMUOOYHBIM SBISCTCS
npuMeHeHne Mephl momsydectd (I1.1) mpu mpocToM 3arpykKeHHH JTU00 MpH aredpan3ai TSCOPUN: TOICTaBUM
(1'") B COOTBETCTBYIOLIHIA 3aKOH MOJI3YYECTH; MBI TIOJIyYHM JIHHEWHOE AU PepeHImaibHOe YPaBHEHHE BTOPOTO
MOPsIJIKa OTHOCUTEIILHO TIEPEMEHHON BeIHUuHBI 0 (t) ¢ nepeMeHHbiME K03 dunuentamu. Kak u3BecTHo u3 ma-
TEMaTHKH, 00Iee pelieHue TAKUX YPaBHEHUH OTCYTCTBYET.

HOZ['{CpKHeM CIe pa3, 4To p€Uub UACT 00 aﬂre6panqec1<nx 3aBHUCUMOCTAX TMMOJIOKCHHBIX B OCHOBY 3a-

2.3. Ilpunyun nanoscenusn

1. IpuHimn HamoxeHus: 100aBISIET B pacyeThl CBOO JOII0 OMUOOK, B UICKAXKEHUE HECYIISCTBYIOIICH Xa-
PAKTEPHUCTUKU TON3Yy4ecTH (JIO0 MEPHI OI3YUYECTH).

[TogsiaTerpansHas Gyukmms B 3akoHe (1) u (1') xapakTepu3yeT BEIMYUHY CKOPOCTH aedopMartuii moisyde-
CTH. YUHUTBIBasi HCIOJIb30BAHUE B MHTEIPAILHOM YPaBHEHUH TMITOTE3bI MIPHHIIMIIA JTHHEHHON ¢Bsizn (1), MOKHO
YCMOTPETh OWUOOUHYIO 8bIPONHCOCHHOCHb B TIONBIHTErpadbHON (yHKimu (1). M3 MaTeMaTHKU M3BECTHO, YTO B
ciyuae cBsizu (1), ckopocTh edopMarmu moI3y9ecTu paBHa

8, = 1(tt)0(t)+al(tt) (t)_l_al(tt) o(t"), 1

IpUYeM BTOPOE CllaraeMoe COACPIKUT B ce0e HECKOJBKO CaraeMblX, BBI3BAHHBIX MCIIOJIb30BaHUEM KOd(PQHULIH-
€HTa TOJ3YYeCTH (XapaKTePUCTHKH MOI3YIECTH).

B unTerpansHom ypaBHenuu (1) moTepsiHbl 1Ba mocieanux ciaaraembix u3 (1''"). Dtu rpy6bie ommbKu He10-
ITyCTHUMO TIPHUITHCHIBATh U3BECTHHIM YUeHBIM B. Bonbreppy wiu JI. bonbnMany, BocxBaiss «mepemoBoit hopmar
3aKOHa» MoJ3y4yecTu xene300eToHa. OOpaTUM BHUMAaHHE, UYTO B LEJISIX HAYKOOOpa3 st MOXKHO HCIIOIb30BaTh (IS
sipa UHTErPAJIbHOTO ypaBHEHHs ) IO OMHOMY ciiaraeMomy u3 (1”'), MOKHO 1Mo /1Ba, MOXHO IO TPHU: TO €CTh OJHO
BBIyMaHHOE BbIpaXKeHHE I (PYHKIIUK MEPHI TOJI3y4eCTH TO3BOJISET IOCTPOUTH CEMb 3aKOHOB MEXaHUYIECKOTO
JIBMOKCHUS ¥ COOTBETCTBYIOIIME UM PA3JIMYHbIC KHHEMATUUECKUE YPABHECHUS IBUKCHUSI JJ1s1 pacueTa OJHOU U TOM
e CTPOUTEIILHONU KOHCTPYKIINH.

MOHO 17151 KaXI0TO U3 OTMEYEHHBIX 3aKOHOB IMIOCTPOUTH COOTBETCTBYIOMIEe A epeHInanisHoe ypaBHe-
Hue [18; 19] (moMuMo 3aK0HA XMMHYECKUX PEaKlnii). DTH HEHAYJHBIE Pe3yTbTaThl MBI IPUBOANTH HE OyIeM.
Hanomuum e ykasanue npesugenta fib 'opnona Knapka [20] (bupma RAMBOLL), uTo «ToyHOE MPOrHO3H-
pOBaHME BIVSHHA MOJI3YIECTH HOCUT BECbMa POTHBOPEUNBBIA XapaKTepy.

2.4. Munymnasn nonzyuecmos

IV. IlpuBenem auarpaMMy G — € KpaTKOBPEMEHHBIX JieopMaliuii 6eToHa mo EBpokosy, ee aHaIMTHYeCKOe
onucanue (puc. 3). DTH JaHHBIE O0IEN3BECTHBI, OHU 00OCHOBaHBI MHOT'OYMCICHHBIMU 3KCIIEPUMEHTAMHU.

OuKTHBHAS qUArpaMMa U3 «MHPOBOU TCOPHH IMOI3YIEeCTH» MOKa3aHa MyHKTUPHOU auHuel. Eme B 1931 1.
OwMreprep mokasaj, 9TO TEOpHUs YIPYroro OeToHa SBISETCS OMMNOOYHOHN; OH IMPEIJIOKHII CBOE YpPaBHEHHE IS
OINKCaHUs TUArPaMMBbI B BUJIC ITapalboJIbL:

o = E.(t)g, — B.(t)&% . (IV.1)

B «MupoBoii Teopur OM3YYECTH» OETOHA BOCXBAIIECTCS 3aMeHa HETMHEHHOM YacTH €, MTHOBEHHO# nedop-
Manuu aedopManrsaMi MoJA3y4YecTH, CO CBOEH Mepoil mon3yyecTu. B pe3ynbraTe Takux «yNpoIeHU» areedpau-
yeckoe ypagnenue (IV.1) ans NONHBIX MTHOBEHHBIX nedopMmauuii €, «mpeodpasyercs» B audQepeHnnansHoe
ypaBHEHHE BTOPOTO MOPSIIKA:

c( ) 2
o) T OOV (v.2)

£u(0) + Yuu(®) = (0 =+ 6(0) (72

OT Takux «Ipeodpa3oBaHUi», K MPUMEPY, B pacueTax CXKaThIX KOHCTPYKITHH (U1 CpeaHNX U MaJIbIX THOKO-
CTei) OMMOKHU COCTABIISIOT HECKOJIBKO COTCH MPOICHTOB.
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Puc. 3. Vckaxenue quarpamMmel 6 — € 6etona [12]
Figure 3. Distortion of the 0 — € diagram of concrete
OdukruBHas nuarpamma — fictitious diagram [12]

Kpome Toro, B mexanmke HploTOHa, HamW4me CHJI CONPOTHUBICHHSA, MPOMOPIHOHAIBHBIX YCKOPEHHUIO
€,,(t), cBHIETENLCTBYET O HAPYIIIEHUH MPUHIIMIIA HE3aBUCHMOCTH JEHCTBHUS CHII (3aKOH CYMEPIIO3UIMU CUJI, YET-
BepTasi aKCHOMa).

2.5. IToomena nenuneiinsix oeghopmayuil noazyyecmu AuHEUHbIMU

V. Haunnas ¢ sxcriepumenToB H. @potinenTans u @. Poma (1958 r.), a Taroke ¢ mociaea0BaTenbHbIX GyH/Ia-
MeHTanbHbIX onbiToB HUWXB B Hay4HOi nTepaTtype copMHUpOBaHO yTBEpKAEHHUE: AeOPMALIUHU TON3YYECTH
0eTOHa HelUHEUHO 3A8UCAM OM HaANPAXCeHUll, HAUMHAS C «CaMbIX HU3KHX YPOBHEW». [IpyruMu clioBaMu: «HUKa-
KOW JIMHEWHOH TmoJBydecTH OeToHa He cymiecTByeT». JlomomaurenbHo kKopuden C.B. AnekcaHmpoBCKUN H
[1.1. BacunbeB moguepKUBalOT 0C000: «OTCYTCTBUE a(UHHOTO MOAO0OMS KPUBBIX MOJ3YYECTH, T.€. OMHUOO0U-
Hocts 3amensl B (1) u (1) Hanpsuxenus o(t") moGoii dynxuueii f(o(t"))»; BBHLY OTCYTCTBUS CBOCTBA — Mepbl
non3ydecty (cM. puc. 2). HamoMHuM Taxoke yka3aHusl KOpUQeeB [0 TEOPeTHIeCKOi Mexanuke JIeHHHIpaJcKoTo
rOCYHMBEpCHUTETA!: IMHEapHM3alKsi, CUCTEMBI, XOTS U OCYHIECTBIIIEMAs IyTeM TIPEHEOPEKEHHST BECEMa MAJIBIX
BEJIMYNWH, TaeT TPy00 YIPOIIEHHOE MPEICTaBICHNE JeHCTBUTENbHBIX MPOIIECCOB C KOIMYECTBEHHBIMH Pe3yIbTa-
TaMH, MHOT/Aa HEMPUEMIIEMBIMH J12)Ke B OPHEHTHPOBOUHBIX pacdeTax OHa MPHUBOAUT K HENPAGUILHBIM 3aKT0Ye-
HUsAM O TIOBEIEHHH CHCTEMBI H SIBJISIETCS] BOOOILE HEOONYCIMUMOL».

3. Pe3yabTaThl M 00CYKIECHHE

Pa3paborana HOBasi HelNMHEWHAs TEOpPHUs MOJ3y4ecTH OETOHA, €lle HE OMyOJMKOBAaHHAsS, JOMOJHSIONIAL
0O0IIYI0 TEOPHIO pacueTa CTPOUTEIbHBIX KOHCTPYKIIMI Ha HEMHEHHYI0 noj3y4ecTh. Kak n3BecTHO, 3Ta o0mias
Teopus [21-24] naet cucmemy onumenvHulx Kodpduyuenmos (Tabi.), N pacdeTa KOHCTPYKITUN, B OTIHIHE
OT 00H020 YCI08HO20 KO3 Puyuenma, 3aKIaApIBAEMOTO B HOPMBI pa3IHMYHBIX CTPaH. B CBSA3W ¢ 3THM HATOMHHUM
M3BECTHBIC JIaHHBIC U3 MaTeMaTHKU (audQepeHnanbHple ypaBHEHUS): TIPH HEIUHEHHBIX ¥ HECTAlMOHAPHBIX

! Monsixoe H.H., 3ecocoa C.A., FOwxos M.II. Teoperuueckas mexanuka. M.: M3a-o FOpaiit, 2016. 592 c.
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CBOWCTBAaX CHUCTEMBI y Hee HE CYMECTBYET aHAJUTUYCCKON (OPMBI PeakIMH e¢ Ha CAMHUIHOE BO3JICHUCTBHE,
TaK KaK He CyIIECTBYeT HEOOXOAMMOro O0IIEro PEeIIeHUs! OJHOPOJHOTO YPABHEHUS (CM. TAKXKE PUC. 2, OTIBITHBIC
JTAaHHBIC).

CucremMa JIUTeNBHBIX KOIQPUIUEHTOB JIsl pacyeTa KOHCTPYKIMiA /
The system of long-term coefficients for calculations of constructions

My IPH Minp PABHOM / Miong With migiven, equal

0,1 0,2 0,3 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8 2

0,2 0,838 | 0,845 | 0,855 0,860 0,875 | 0,890 | 0,910 | 0,928 | 0,945 | 0,968 | 0,980 | 0,990
0,15 | 0,830 | 0,835 | 0,843 0,850 0,862 | 0,875 | 0,885 | 0,900 | 0,915 | 0,925 | 0,937 | 0,950
0,125 | 0,821 | 0,825 | 0,828 | 0,835 0,845 | 0,855 | 0,865 | 0,880 | 0,890 | 0,900 | 0,910 | 0,922

0,1 0,817 | 0,820 | 0,821 0,822 0,828 | 0,838 | 0,847 | 0,855 | 0,865 | 0,875 | 0,882 | 0,895
0,075 | 0,815 | 0,815 | 0,815 0,815 0,815 | 0,815 | 0,815 | 0,815 | 0,820 | 0,822 | 0,825 | 0,830
0,05 | 0,795 | 0,795 | 0,791 0,790 0,787 | 0,785 | 0,782 | 0,780 | 0,777 | 0,775 | 0,770 | 0,765
0,025 | 0,785 | 0,780 | 0,772 | 0,767 0,755 | 0,740 | 0,730 | 0,712 | 0,690 | 0,670 | 0,650 | 0,625
0,01 0,765 | 0,757 | 0,750 | 0,737 0,715 | 0,695 | 0,670 | 0,645 | 0,625 | 0,600 | 0,575 | 0,550

4. 3akiaiouenue

DyHIAMEHTOM TEOPHH KeNe300eTOHa SIBIIETCS 3aKOH TOJI3y4ecTH OETOHA, 0 KOTOPOMY OIMyOJMKOBaHO
MHOKECTBO MOHOTpadwii, HaydyHO! U ydeOHOU autepaTypbl. OH BKIIOYECH B CTAHIAPTHI 1 HOPMBI MHOTHX CTPaH
MUpAa, a €ro HEHAyYHOCTh HAHOCHUT I'POMAIHBIN BpeJl MUPOBOM IKOHOMHUKE B BUJIC aBAPHiA M HEHYKHBIX PaCcXOJI0B.
Kaxxnoe v3 msaTy mepednciieHHBIX B 3aKOHE IOJI3YYeCTH, TOAPOOHO MpOoaHATM3UPOBAHHBIX, M PACCMOTPEHHBIX
BEIIIIE TIEPEYTIPOIIEHHH, 2 IMEHHO:

1) 6e3 HaIOOHOCTH UCKAKCHHBIN KIIACCUYECKUN 3aKOH T'yKa;

2) HaBsI3BIBAaHHWE OTCYTCTBYIOIIETO y O€TOHA CBOMCTBA — aNTeOpandecKoi Mephl MMOI3ydeCTH;

3) OmMOOYHBIN MPUHITATT HATOKCHHUS;

4) HCIIOJIb30BaHUE BMECTO MIHOBEHHBIX HEJTMHEHHBIX TUIACTHYECKUX JeopMaliuii ypyroBs3Kux aedopma-
Ui (MEHYTHAS MTOJI3Yy4YECTh);

5) 3amMeHa TOYHBIX — HEJMHEHHBIX W HECTAITMOHAPHBIX CBOMCTB 0€TOHA — JTMHEHHBIMH, NCKXKAIOIITUMH Ka-
YECTBCHHYIO CTOPOHY SIBJICHUH, IPUCYIIUX TOJBKO HETMHEHHBIM CUCTeMaM, TpPy00 HCKaXKaeT pe3y IbTaThl pacyeTa
(300, 500, 100 % u T.1.), HE TOJNBKO caMuX JAedopMaluii, HO ¥ MOCIEIYIOIINE METOBI pacuyeTa JKeIe300€ TOHHBIX
KOHCTPYKITHH; 3TH OIMMHOKH TIEPEKPHIBAIOTCSI HEOOOCHOBAaHHBIME KOd(h(PHUITMEHTaMH 3aaca: HeHayqIHas TTOJINTHKA
rmobenuiia YKOHOMHKY. Pa3zpaboTanHas HAMHA HOBasi HEJTMHEHHAs TEOpHs TIOI3y4YeCTH OETOHA, eIlle He OIyOIHKO-
BaHHas, IOTOJIHSIOMNIAs OOIYI0 TEOPHUIO PacyeTa CTPOUTEIBHBIX KOHCTPYKIIHI HA HETMHEHHYIO MMOJI3Yy4YeCTh, 103-
BOJIUT M30€KaTh MOMYIIEHHBIX PaHee OITHOO0K.
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PabGora MeTaniim4eckoro kapkaca pedpucTo-KoJbleBOro KymnoJia
NPU YMEHbIIEHUN KOJUYECTBA MOIEPKUBAIOIINX €r0 KOJTOHH

E.B. Jle6ean =

HanmonaneHelil nccaenoBaTebckuii MOCKOBCKUI TOCYIapCTBEHHBIN CTPOUTENBHBIA YHUBEPCUTET, Mockea, Poccus
P evglebed@mail.ru

Hcropus cratbu Annoranus. Mccienosanocs HanpsyKEHHOE COCTOSHNE METAJUIMYECKOr0 KapKaca
IMoctymwia B peakuuio: 6 uroys 2023 T. peOPHCTO-KOIBIIEBOTO KYIIOJIa, €CIIH MOA HUM ITOCTENEHHO YMEHbBIIATh KOIHYe-
Hopaborana: 20 nexabps 2023 r. CTBO NOJAEPKUBAIOIMX KOJNOHH. [Ipu 3TOM coxpaHseTcs 0IMHAKOBOCTb PacCTOs-
Ipunsra k my6mukanuu: 30 nexadps 2023 1. HUH WY N1aroB MEXJy KOJOHHAMU 110 BCEMY KOHTYpPY OIOPHOro Konbla. OCHOB-

HBIE AJIEMEHTHI KYNOJIbHOIO KapKaca ¥ KOJOHHBI MPUHATHI U3 CTAJIBHBIX ABYTAaB-
poB. B xauecTBe 00BHEKTOB HCCIEIOBAHUS PACCMATPUBAINCH KapKachl, KyIoia Ko-
TOPBIX OMHUPAIOTCS HAa Pa3HOE KOJIMUYECTBO LUKJIMYECKH CUMMETPUUYHBIX KOJIOHH.
ABTOp 3as1BIsIET 00 OTCYTCTBHH Bce kymouna xapakTepHu3yrTCsl OIMHAKOBBIM I€OMETPUUECKUM CTPOCHUEM H pa3-
KOH(JIMKTA HHTEPECOB. MEpOM, OJMHAKOBBIMHM CE€UEHMSIMH OJHOTHUIIHBIX 3JIEMEHTOB Kapkaca U MOJBEp-
JKEHBI BO3IEHCTBUIO OIMHAKOBBIX HArpy30K. MccienoBanus NpoBOIMIINCH HA KOM-
MBIOTEPHBIX MOJIEISX MOCPEICTBOM PacyETOB Ha COBMECTHOE JEHCTBUE HArpy3KH
OT Beca HECYUIMX M OTPAKAAIOUINX KOHCTPYKIUI U HECUMMETPUYHOM CHEroBOU
Harpy3ku. Mozaenu ¢ yMEHbIIEHHBIM KOJMYECTBOM KOJIOHH IMOJIy4EHBI PeryJssip-
HBIM UX YAaJCHUEM U3 HCXOJHOM KOMIBIOTEpHOW Monenu. B mporecce pacueToB
ONPENEISUINCh HANPSPKEHUS B 3JIEMEHTaX KapKacoB BCEX MOJIENEH, KOTOphIE CpaB-
HUBAJIMCh MEXIy coboii. [Tomydens! rpaduku nedopmanuii, cpaBHUTENBHbIE AHA-
rpaMMbl 3aBUCUMOCTEH HaNps>KEHHOTO COCTOSTHHSI 3JIEMEHTOB KapKacoB HCXOJ-
HOW M npeoOpa3oBaHHBIX Mojesnell. JlaHa OlleHKa U3MEHEHUs! HalPSHXKEHHOTO CO-
CTOSIHHS KapKaca peOpHCTO-KOIBbIIEBOrO KyIojia ¢ YMEHBIIEHHEM KOINIeCTBa KO-
7oHH. OTMEUYeHbI 3HAYUTEIbHbIE U3MEHEHNU S HAIIPSHKEHHOT'O COCTOSIHUS ONOPHOTO
KOJIBLIA.

3asBieHue 0 KOH(JIUKTE HHTEPECOB

KiroueBble cia0Ba: peOpPUCTO-KOIBIIEBOI KyIOJI, MEPHIMOHAIBHBIE pedpa,
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1. BeBegenune

MeTtamnnyeckue Kyroia IPUMEHSIOTCS B Ka4yecTBe MOKPHITHHA 3[aHHil BO BCEM MUpe Olaroaaps BbIpa3u-
TEJILHOCTH CBOEH reoMeTpuuecKoi (hOpMBI, a TAKKE M3-3a HAJECKHOCTH TAKUX KOHCTPYKTUBHBIX cUCTeM. biaro-
Jlaps MPOCTPAHCTBEHHON JKECTKOCTH U SKOHOMHUYHOCTH pacxojia MeTajla OHM 3aHUMAIOT BEAYyIllee MECTO CPEAH
OO0JBIIETIPOIIETHBIX MMPOCTPAHCTBEHHBIX MOKPHITHIL [ 1-3].

I'eomeTpudeckne cxeMbl KapKacoB METAJUTHIECKHUX KYITOJIOB 3aBHCAT OT MTEPEKPHIBAEMBIX IIPOJIETOB U Ha3HA-
yeHus 3nanus [4; 5]. HauGosee mpocThIMU 110 TEOMETPUUECKON CXEME CUUTAIOTCS PEOPUCTO-KOJIBIICBBIC KyIIOJa.
Ho naxe B peOpUCTO-KONBLEBBIX KYIOJIaX BO3MOYKHBI pa3IMYHbIE TEOMETPUIECKHIE CXEMBI, CBI3aHHBIE C YUCIIOM
CEKTOPOB TI0 OKPYKHOCTH H SIPyCOB IO BeIcOTe. Kpome 3T0r0, BaskKHEIM (PakTOpoM paboThl KyHOJIHHOTO KapKaca
CIIY>KUT KOJTMYECTBO MOIJEPKHUBAIOIINX UX KOJIOHH. OT 3TOT0 3aBUCUT CTaTHUECKask CXeMa BCETo KapKaca 3/1aHus
U HaNpsKEHHOE COCTOSHUE 3JIEMEHTOB KYTIOJIBHBIX KapKacoB.

OOBIYHO KOJIOHHBI B PeOPHUCTO-KOIBIIEBBIX KYIIOJIAX PACIIONAraloT MO KaXIbIM MEPUANOHAITEHBIM PeOpOM.
OnrHaxo mpu GOJBIIIOM YHCIIE CEKTOPOB WK pedep B KYTIOJIbEHOM KapKace TaKoe KOHCTPYKTHBHOE PEIICHHE MOKET
0Ka3aThCs HeyTOOHBIM 110 pa3HbIM MPUYUHAM. B 3TOM cityuae mpuberaroT K HCIOJIb30BAHMIO MEHBILETO KOIHUYe-
CTBa KOJIOHH TI0 CPAaBHEHHIO C YHCIIOM MEPUIUOHANBHEIX pedep. Takol moaxo MPUBOIUT K H3MEHEHUIO PabOThHI
KyToJia ¥, KaK CJIeJICTBUE, N3MEHEHHUIO HAMPSHKEHHOTO COCTOSHUS 3JIEMEHTOB KYTIOJIBHOTO KapKaca.

Evgeny V. Lebed, Candidate of Technical Sciences, Associate Professor of the Department of Metal and Wooden Structures, Moscow State University of
Civil Engineering (National Research University), Moscow, Russia; ORCID: 0000-0003-3926-8701; E-mail: evglebed@mail.ru
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HccnenoBannio pa3nuyHbIX ACHEKTOB PEOPUCTO-KONBLEBBIX KYNOJIOB B PA3JIUYHBIX KOMIIBIOTEPHBIX IPO-
rpaMMax MOCBALIEHO MHOTO IyOnukanuii. Hampumep, aHanmn3npoBanock HANPsHKEHHOE COCTOSHUE KYMOJIBHOTO
KapKaca IIpy U3MEHEHUH [1apaMeTPOB €ro FeOMETPUUECKON CXeMbl [6], Ipu pa3HbIX OTHOIIEHHUSX BBICOTHI KyIIOIa
K AMaMEeTPY Ul pa3HbIX IPOJIETOB [ 7], IPHU BKIOUYEHUH B Pa0OTy KUPIHUYHOIO 3aII0JIHEHUS STUCEK KapKaca MExILy
CTaJIbHBIMH peOpaMu 1 KOJbLAaMHU [ 8], TpH pa3HbIX OTHOLIEHUSX BHICOTHI KYIIOJIa U Pa3HBIX CEUSHHUAX CTEP>KHEBBIX
371eMeHTOB [9], pu pa3HOl BBICOTE IO CPABHEHUIO C NMPOJIETOM KYIOJBHOrO Kapkaca co cBa3smu [10]. Ha mpu-
Mepe OO0JIBIIENPOJIETHOTO PEOPUCTO-KOIBLIEBOIO KYIIOJIa IOKPBITHS Pe3epByapa yTOUHIETCS METOMKA Pacdyera B
JUHEHHON M HeMMHEHHOW mocTaHoBKax [11]. OnHaKo OTCYTCTBYIOT CpaBHUTEIbHBIE HCCIEIOBAHHUS PeOpHUCTO-
KOJIBLIEBBIX KYIIOJIOB, OMIMPAOIIMXCS HA KOJOHHBI, YHCIO KOTOPBIX MEHBLIE YHCIa MEPUANOHANBHBIX pedep.

2. MeToanl

C 11e1p10 BBISICHEHHS 3aBUCUMOCTH HAIPSDKEHHOTO COCTOSTHUS PeOPHUCTO-KONBIIEBOTO KYIIOJIa OT KOJTMIECTBA
MOJIJICPKUBAIOIINX €0 KOJIOHH BBIMTOJIHSIINCH JJAHHBIE KOMITBIOTEPHBIE HCCIeIOBaHus. B kauecTBe 0OEKTOB HC-
CJIETOBAHMS PACCMATPUBAIIMCH KAPKACHI, KYIT0JIa KOTOPBIX OMUPAIOTCA HAa Pa3HOE KOJIMYECTBO MUKINIECKH CHM-
METPUYHBIX KOJIOHH. Bce Kymona xapakTepu3yrTcsa 0JUHAKOBON T€OMETPUUECKON CXeMOi, OJIMHAKOBBIM IpoJie-
TOM M BBICOTOH, OJIMHAKOBBIMU CCUCHUSMHU MEPHUIUOHAILHBIX peOep, KOJeI U KOJIOHH, a TAaKXKe MOJIBEPraIich
BO3/ICHCTBHIO OJMHAKOBBIX HArpy3okK. JlJis 3Toro ObLT 3alIpOSKTUPOBaH KYIOJI HCXOAHOTO KapKaca ¢ MaKCUMAallb-
HBIM KOJIMYECTBOM KOJIOHH, KOTOPBI BITOCIIEACTBHH KOPPEKTHPOBAJICS JUIA pacdera KapKacoB ¢ YMEHBIIEHHBIM
YKCIIOM KOJIOHH.

OOBEKTOM /ISl UCCIICIIOBAHUS CITY KHJI KapKac peOpHUCTO-KOJIBIIEBOTO Kymoia cepuieckoi (hOpMbI ¢ pajin-
YCOM KPHUBHU3HHI 23 M, cocTosuii u3 36 pedep u 7 kozern. Takum oOpa3om, KyImoi pazaenieH pedopamu Ha 36 cex-
TopoB. JlmameTp HIDKHET0 Koiblla 39,3 M, quamMeTp BepxXHEro Koibla 5,0 M, BBICOTa KYITOJIBHOTO kKapkaca 11 m.
Kynon onupaercst Ha KOJIOHHBI BRICOTO# 7,0 M, KOTOPBIX B UCXOJHOM KapKace HacuuThIBaeTcs 36. Bee aneMeHTs
KapKaca COOPYXEHHS C KyIOJIOM MPHHATHL, 10 Pe3yJIbTaTaM pacdera, U3 MPOKATHBIX JBYTaBPOB: MEPUINOHAb-
HbIe pedpa — I SO0III1, Bepxuee kombiro — I 601111, Hrvkaee kombito — I 601114, octamsubie Kombia — I 201111,
kosoHHBI — I 40K3. Oco00 0TMETHM, YTO y3JIbl CONPSKEHUS JIEMEHTOB KYNOJIBHOTO Kapkaca APYT ¢ APYyroM B
HOPMaJIbHOM HampaBlieHUH kecTkue. ConpsKeHNsI MEPUANOHAIBHBIX peOep ¢ BEPXHUM U HHKHHM KOJIBIIAMH B
KOJIBIIEBOM HAIIPaBJIEHUH, a TAK)KE IIPOMEKYTOUHBIX KOJIEI] C peOpaMi B TAHT€HIIMAIIEHOM HAIIPaBIEHUH — IIap-
HupHble. ConpspKkeHre KyMoJIFHOTO KapKaca depe3 HIKHee (OMOpPHOE) KOJBI0 ¢ KOJIOHHAMHU IMApHUPHOE Kak B
paananbHOM, TaK U KOJIBIIEBOM HAITPABJICHUSX.

KomnsroTepHass MoJenb 3TOro Kapkaca sIBISUIACh WCXOMHOM 11 uccienoBaHus. Ha ocHoBe HMCXOIHOM
CO3/1aHBI MOZENH C YMEHBIIEHHBIM KOJMYECTBOM KOJIOHH TTOCPEICTBOM HX PETYJISIPHOTO yIAIEHUS U3 UCXOTHON
KOMIIBIOTEpHO# Moaenu (puc. 1). OTIUYUTENBHBIM TPU3HAKOM 3THX MOJIENEH IPYT OT Apyra SBISIOCH YHUCIIO
CEKTOPOB MEXIy KOJIOHHaMU. [Ipyn MakCcHMallbHOM KOJMYECTBE KOJOHH OHO OBUIO paBHO 1, a MpW MUHUMAJIb-
HOM — 6. MccneoBaHus BRITIONHSUIMCH HAa KOMIIBIOTEPHBIX MOZEIISX KAPKACOB C peOPHCTO-KOIBIIEBEIM KYIIOJIOM
B mporpamme SCAD Kak NpOCTpaHCTBEHHBIX CTEPKHEBBIX cucTeM [12; 13]. Panee aBTOpOM BBINOJIHANIOCH HCCe-
JIOBaHUE PEOPUCTO-KOJBIEBBIX KYIOJIOB PH Pa3IUYHBIX CIIoco0ax MoHTaxa [14; 15], a Takke npu pa3HOM KO-
JITYECTBE YCTAHOBIIEHHBIX cBs3eit [16]. IIpencraBineHHbIe 31eCh pe3yIbTaThl MOTYISHBI B COOTBETCTBUHU ¢ 00IIIe-
MIPUHATHIME [TPUHIATIAMH HCCIIETOBAHIH TPOCTPAHCTBEHHBIX CTEPIKHEBBIX CHCTEM.

Pacuer xapkacoB mpoU3BOAMIICS HA COBMECTHOE JICHCTBHUE HATPY3KH OT BECA OTPAXKIAFOIIUX WIH KPOBEIb-
HBIX KOHCTPYKIHH M HECYIIETO KapKaca, CAMMETPHYHOW M HECUMMETPHUYHOI CHETOBBIX Harpy3ok (puc. 2), mis
KOTOPBIX OBUIH COCTaBJIEHBI COOTBETCTBYIOIINE KOMOMHAIIMN Harpy3oKk. Hambounbiiee BiusHuEe Ha HAMIPSDKEHHOE
COCTOSIHHE KapKaCOB IMPOCTPAHCTBEHHBIX COOPYKEHUI OKa3bIBACT KOMOWHAIIMS 3arPyKCHUN ¢ HECUMMETPUYHON
CHEroBol Harpyskoii'. IMeHHO 0OHa ompeesseT HeoOX0MMMbIE CEYEHHsI OCHOBHBIX HECYIIUX 3JIEMEHTOB KYIIOJIb-
HBIX KapKacoB.

B mporecce pacueros onpenesnsincs BHyTpennue yeuwnus N, M, M, M, B 51eMeHTaxX KapkacoB BCEX MO-

Jenei, KOTOphle CPaBHUBAIUCH MEXIY COOOM. [JTaBHBIMM K€ KPUTEPHSAMH OLEHKH PabOThI pacCMaTPHBAEMBIX
KapKacoB CITY’KHMJIM HANPSOKEHHS G B HAMOOJIEE HATPYKEHHBIX DJIEMEHTAX MEPUIMOHAIIBHBIX peOep, BEPXHETO
KOJIbIIA, HMKHETO KOJIBIIA ¥ KOJIOHH, a TaKke Je()OpMalu KyIoJI0B, KOTOPHIE OPEAEIINCH 10 MAKCHMAITBHBIM
HepPEMENIEHHSM UX y3I0B [ .

! CII 20.13330.2016. Harpysku u Bo3uekcTeus. Akryanusuposannas penakuus CHull 2.01.07-85%. Mocksa: Muncrpoii Poccun,
2016. 102 c. URL: https://www.minstroyrf.gov.ru/docs/13673/ (nara obpamenus: 12.09.2023).
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Puc. 1. CxeMbI KyIOJIBHBIX KAPKACOB C Pa3HBIM YHCIIOM CEKTOPOB MEXK/y KOJOHHAMU:
a — 1 cexrop, 6 — 2 cexTopa, 8 — 3 cexropa, 2 — 4 cexropa, 0 — 6 CeKTOpPOB
M CcTOYHUK: BBIIOJHEHO aBTOPOM
Figure 1. Models of dome frames with different number of sectors between columns:
a — 1 sector, 6 — 2 sectors, 6 — 3 sectors, 2 — 4 sectors, 0 — 6 sectors
Source: made by the author
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Puc. 2. CxeMsl 3arpyKeHHil KyoJIOB Ha IPUMEPE UCXOHOTO KapKaca OT Beca:
@ — KpOBEJILHBIX KOHCTPYKLHi, 6 — KapKaca, 6 — CHMMETPUYHOI'O CHEra, 2 — HECHMMETPHYHOTO CHera
VICTOYHUK: BBIIOJHEHO aBTOPOM

Figure 2. Dome loading patterns, illustrated on the original frame, from the weight of:
a — roofing structures, 6 — supporting frame, ¢ — symmetrical snow, ¢ — asymmetrical snow
Source: made by the author

HccnenoBanue mokasaio, 4To ¢ YMEHBIICHHEM KOJMYECTBA KOJIOHH OOMIHiA XapakTep AeopMariuii Kymoib-
HBIX KapKacoB B OCHOBHOM OCTaeTcs Henm3MeHHBIM (puc. 3). Tem He MeHee IPOUCXOIUT YBEIUICHHE ITPOTHOOB

/. KyHoJIBHOTO Kapkaca B 1IeJIoM (pHUC. 4, @) U UX YBEIMYEHHE B OIIOPHOM Kouiblie (pHc. 4, 6), KOTOPOE B IOCIE]-
Hel MoJienu (LIeCTh CEKTOPOB) MPEBOCXOIAT MaKCUMaJIbHbIE TPOTUOBI HCXOAHOW MOAETIH.

A TOpPHU3OHTANBHBIE CMEIICHUS f, OMNOPHOTO KOJbIA CHAadaJla IPOMCXOJAT B CTOPOHY YBEIMYCHHUS AUa-
MeTpa, a 3aTeM — €ro YMeHbIIeHus (puc. 4, 6).
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Puc. 3. [ledpopmanun KynoNbHBIX KAPKACOB C Pa3HBIM UHCIIOM CEKTOPOB MEXIY KOJIOHHAMHU:
a — 1 cextop; 6 — 2 cexTopa; 8 — 3 cekTopa; 2 — 4 ceKTopa; 0 — 6 CEKTOPOB
VM CcTOYHUK: BBIIOJHEHO aBTOPOM
Figure 3. Deformations of dome frames with different number of sectors between columns:
a — 1 sector; 6 — 2 sectors; 6 — 3 sectors; 2 —4 sectors; 0 — 6 sectors
Source: made by the author
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Puc. 4. Bemmunasl MakcHMaIbHBIX Te(OopMaIiii KyIIOJIbHEIX KapKacoB
C pa3HbIM YHCJIOM CEKTOPOB MEXy KOJOHHAMHU:
a — B IIeJI0OM KYTIOJNa I10 z; 6 — OMOPHOE KOJIBLO TI0 Z; 8 — OMOPHOE KOJIBIIO MO X
HMcTouHUK: BBINOIHEHO aBTOPOM

Figure 4. The values of maximum deformations in dome frames
with a different number of sectors between columns:
a — whole dome in z; 6 — support ring in z; 6 — support ring in x
Source: made by the author

3. Pe3yabTaThl

[pu peryssipHOM yaaneHHH KOJIOHH U3 UCXOJHON KOMIBIOTEPHON MOJIEIH B KYIOJIBHOM KapKace MPOUCXO-
JUIT U3MCHCHUS BHYTpeHHUX ycuwmuit N, M, M, M, , HO B pa3HBbIX dJIEMEHTax ero mo-pasHomy. Ciexyer
OTME-TUTbh, YTO HApPAAY C MPOAONBHBIMU CHiaMH N , W3rHOAIOIMMH MOMEHTAMH B IUIOCKOCTH HanOONIbLICH
¥ HanMeHb-1ueil xecTkoctn M ., M |, , GUKCHPOBAIHUCH U KPYTSLINE MOMCHTBI M , .

B MepuanoHanbHBIX pedpax KyIoJia yBEJIUYCHHE YHCIa CEKTOPOB MEX/Ty KOJJOHHAMH MPAKTUYECKH HE BITH-
sieT Ha u3rubaroume Momentel M, M, (puc. 5), HO IPUBOJUT K HEOONIBIIOMY YBEIHICHHUIO POJOJIBHBIX CHII

N B Tex pebpax, Mo KOTOPhIMH YCTAHOBJICHBI KOJIOHHBL. B BEpXHEM KOIbIle KyIOJia yBEJIHMYCHHUE YHCIIa CEKTO-
POB MEXIy KOJIOHHAMHM IMPAKTHYECKH HE BIMSET Ha BHYTpEeHHHUE ycwius (puc. 6), XOTd HE3HAYUTEIbHBIA POCT
HabmroaeTcs B MOMEHTax M, .

M, N
300
N. xH/KN: 200 H—:é’/:
M. cHwkNm a—— M, M,
1 2 3 4 6

Yucmo ceKTOpoB MeX Iy KOTOHHAMHI
Number of sectors between columns

Puc. 5. Makcumanbusie yenus N, M ., M s M, B MepuIMOHATBLHBIX pebpax Kymosa

C Pa3HBIM YHCIIOM CEKTOPOB MEXKY KOJIOHHAMU
M cTOYHHUK: BBIIOIHEHO aBTOPOM
Figure 5. Maximum values of N, M, M v M, in the meridional edges of the dome

with a different number of sectors between the columns
Source: made by the author
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Puc. 6. Makcumanbusie yennst N, M ., M Py M, B BepxHEM KOIIbLIE KyIOIa

C Pa3HbIM YHCJIOM CEKTOPOB MEKAY KOJOHHAMHU
W cTOYHHK: BBIIIOIHEHO aBTOpPOM

Figure 6. Maximum values of N, M, My , M, in the upper ring of the dome

with a different number of sectors between the columns
Source: made by the author

B OIIOPHOM KOJIBLE KYII0JIa C YBCIIMUYCHHUEM YHCJIa CCKTOPOB MCKIAY KOJIOHHAMHU IIPOUCXOJUT PE3KOEC, B HE-
CKOJIBKO pa3, YBCIIMUCHUC Han0oJee 3HAYNMBIX MOMCHTOB Mx , 4 TAKXKC MOMCHTOB My (pI/IC 7), MMPpOAOJIbHBIC

ke criibl N TIpaKTHYeCKU HEe M3MEHSIOTCA. B KOJOHHAaX Kapkaca ¢ KyIOJIOM C YBEIMYEHHUEM YHCIa CEKTOPOB
MEX1y KOJIOHHAMH IPOMCXOIUT OXKUIAAEMOE KPaTHOE YBEIMUECHUE 3HAYMTEIbHBIX MPOIOJIbHBIX ¢l N (puc. 8),
a TaK)Ke CYLIECTBEHHOE YBEIMYCHUE MOMEHTOB M, ¥ HEOOJBIIONH POCT MOMEHTOB M .
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Puc. 7. Makcumansssie yewnust N, M ., M ,, M, B OLOPHOM KOJIbLIC KyTIOJIa

C pa3HbIM YHCJIOM CEKTOPOB MEKIAY KOJOHHAMU
N CcTOYHUK: BBIIOITHEHO ABTOpPOM

Figure 7. Maximum values of N, M, M s M, in the support ring of the dome

with a different number of sectors between the columns
Source: made by the author
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Puc. 8. Makcumansibie yeumus N, M, M v M B KonoHHax Kapkaca

C Pa3HBIM YHCIIOM CEKTOPOB MEXIY KOJIOHHAMH
VcTOYHHUK: BBHIIOIHEHO aBTOPOM
Figure 8. Maximum values of N, M,, M ys M; in the columns of the frame

with a different number of sectors between the columns
Source: made by the author

KpyTamue MmoMeHTBI M, BO BCEX 2JIEMEHTaX KapKaca U B UCXOJHON MOJENH, U B IPyTUX OKa3aJIuCh Ype3-
BBIYAHO MajeHbKUMH. Ho WX SBHBIA POCT ¢ yBEJIMYCHHEM YHUCIAa CEKTOPOB MEXIY KOJIOHHAMH HaOJIoAaeTcs
TOJIBKO B OITOPHOM KOJIBIIE.

He Bcerna suauenus Buytpennux yemwmid N, My, My, My orpaxalor crenenb ux BIMSHMA Ha CEYEHHS

aJIeMeHTOB Kapkaca. [loaToMy pabora kapkaca pu YMEHbIIEHUH KOJIMYECTBA KOJIOHH, TIOIEPKUBAOIINX KYTIOJ,
aHAIM3UPOBAJIACH U IO HAMIPSDKEHUSIM, BEIYHUCICHHBIM 110 (opMyJie

My M
+
W, W

Y (1)
y

N
o=——=
A
HpI/I HaJIUYUU prTfH.uI/IX MOMCHTOB M t ITOABJIIAKOTCA U KAaCaTCIIbHBIC Hanpﬂ)KeHI/Iﬂ
M
Wy

T =

)

B takom ci1ydac CJICAyCT YUUTHIBATh NPUBCACHHBIC HAIIPSAKCHUS

an=\/62+3rz . 3)

3HayeHns KPyTALMX MOMEHTOB M 10 cpaBHeHMIO ¢ Apyrumu BHyTpennumu yeumusvu N, My, My oka-

3bIBAJIMCH OJIM3KHMHU K HYIIHO (CM. puC. 4-8). DTO IIPUBEJIO K TOMY, YTO OTIHYUE O, OT G OBUIO HECYIUECCTBEH-

HBIM U KpYYEHHEM B HCCIIEAyEeMBIX KapKacax MOKHO IpeHeOpedb.
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Bbrun paccMOTpeHbI 3aBUCHMOCTH MAaKCUMAITBHBIX HANIPSDKEHWH G B Pa3NUYHBIX DJIEMEHTaxX KapKaca OT yBe-
JUYEHHS YHCIIa CEKTOPOB MEXTy KOJOHHAMH, a TaK)Ke BIUSHHE Ha HUX HANPSDKEHHU TOJNBKO OT M3THOAONINX
MOMEHTOB G,, U OTIENBbHO OT MPOAOJbHBIX Ul G, (puc. 9—12). HeobXoqumMo OTMETHTH, YTO MAaKCUMAIbHbIE
HANPSDKEHHUS G Ha MPEJICTABICHHBIX IHAarpaMMax He SBISIIOTCS CyMMOM MaKCHMAJIbHBIX HATIPSDKEHUA G,, U G,
MOCKOJIbKY TOCIICHUE OTPECIICHBI I Pa3HbIX CEUCHMIU (CTEp)KHEH) 31eMeHTOB Kapkaca. J(marpammel Ha
puc. 9—12 moka3pIBaIOT, YTO BEAYIYIO POIIb B MAKCUMAJIBHBIX HANIPSHKCHUSAX O BCEX DIIEMEHTOB KapKaca HIparoT
usrudaromme momenter M ., M y -

c. KH , kN 20

2 2
CM cm 15
& a
10
5 6
0 ] / || || 1
1 2 3 4 6

Yucmo ceKTOpoB MeX Ty KOTOHHAMHI
Number of sectors between columns

Puc. 9. MakcumainbHble HanpsbkeHust G B MEPUIMOHAIBHBIX pebpax KymoJia
C pa3HbBIM YHCIIOM CEKTOPOB MEXK/Y KOJIOHHAMHU: @ — CyMMAapHBIE; 6 — TOJBKO OT M; ¢ — TOJBKO 0T N
VCTOYHUK: BBIIOJHEHO aBTOPOM
Figure 9. Maximum stresses G in the meridional ribs of the dome with a different number of sectors
between the columns: ¢ — total; 6 — only from M; ¢ — only from N
Source: made by the author
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Puc. 10. MakcumMarnbHble HanpspkeHHss O B BEPXHEM KOJIbIIE KyTOJIa C Pa3HbIM YHCIIOM CEKTOPOB
MEXly KOJIOHHAMH: ¢ — CyMMapHbI€; 6 — TOJIBKO OT M; 6 — TOJBKO 0T N
M cTOYHUK: BBIIOJIHEHO aBTOPOM

Figure 10. Maximum stresses O in the upper ring of the dome with a different number of sectors
between the columns: @ — total; 6 — only from M; ¢ — only from N
Source: made by the author

B MepuanoHansHBIX pedpax Kymnoja ¢ YHCIOM CEKTOPOB MEXTy KOJJOHHAMHU JI0 TPEX BKIFOYUTEIBHO MAKCH-
MaJIbHBIE HAaNpsDKEHUS G MPAKTUYECKHU He M3MEHSIOTCS (cM. puc. 9). [Ipu uncie cekTopoB Mexay KoJoHHaMu 4
1 6 MaKCUMaJIbHBIC HATIPSDKEHUS G YBEIMYMBAIOTCS 110 CPABHEHUIO C UCXOAHOM Mojenbto Ha 7 % u 23 % coot-
BETCTBEHHO. B BepXHEM KOIbIIE KyIOJia ¢ YHCIOM CEKTOPOB MEXy KOJIOHHAMH OT JIBYX JO YEThIPEX BKIFOUH-
TEJIHHO MaKCHUMaJbHBIE HAMPsDKEHNSI G Jake yMeHbImmauch Ha 10 % (cMm. puc. 10) mo cpaBHEHHIO C NCXOMHOM
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Mozenbio. OQHAaKO MPH YUCIIe CEKTOPOB MEXKAY KOJOHHAMH, PABHBIMH HIECTH, MaKCHMAJbHbIC HANPSDKEHUA G
YBEJIMYUBAIOTCS 110 CPAaBHEHHIO C UCXOAHOM MOENbIo Ha 8 %o.

B HmwxHEM KONBIIE KyIiojia ¢ YBEJIMUCHHUEM YUCJIa CEKTOPOB MEXKAY KOJIOHHAMM OT JBYX OO HIECTH MaKCHU-

MaJIbHBIE HAIPSHKEHHSI G YBEIMYUBAIOTCS MO0 CPABHEHUIO C MCXOAHOM Monienbio B 1,7; 2,3; 3,3 u 7,5 paza (puc. 11)

COOTBETCTBEHHO, UTO 0OBACHSAETCS OBICTPBIM pocToM Momentos M ., M y - [Ipudem npu nepexoze ot 4-x 10 6-

1 CEKTOPOB MEXIy KOJIOHHAMH ITOKa3BIBAIOT PE3KUi CKaYOK MaKCHMaJIbHBIE HANPsHKEHUS ©. B KomoHHAX Kap-
Kaca ¢ yBEJIMUECHUEM YHCIIa CEKTOPOB MEXAY KOJOHHAMHU OT JBYX JO IIECTH MaKCUMAaJIbHbIE HAIPSDKEHUSI G yBe-
JIUYUBAIOTCS IO CPABHEHHIO ¢ UCXOAHON Mojieinbio B 1,6; 2,1; 2,9 u 5,9 paza (puc. 12) cOOTBETCTBEHHO, YTO 00b-

ACHAETCS POCTOM HPONOJBHBIX ¢l N 1 MomenToB M | .

24
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a

Puc. 11. MakcumanbHble HanpspKeHHss O B OMOPHOM KOJIBLIE KYIIOJIA C Pa3HBIM YHCIIOM CEKTOPOB
MEXIY KOJTOHHAMU: @ — CyMMapHbIe; O — TOJIBKO 0T M; 6 — TOJIBKO OT N
VM CTOYHUK: BBIIOJHEHO aBTOPOM
Figure 11. Maximum stresses O in the dome support ring with a different number of sectors
between the columns: @ — total; 6 — only from M; ¢ — only from N
Source: made by the author

G,K_HZ k_Nz 20
CM cm a
15
10
5
0 __:l.-._J:\..lD...l

1 2 3 4 6

Yueno ceKTopoB Mk Iy KOTOHHAME
Number of sectors between columns

Puc. 12. MakcumainbHble HanpsbkeHus: O B KOJIOHHaX KapKaca ¢ pa3HbIM YHCIIOM CEKTOPOB
MEXIY KOJTOHHAMU: @ — CyMMapHbIe; O — TOJIBKO 0T M; 6 — TOJIBKO OT N
VM CcTOYHUK: BBIIOJHEHO aBTOPOM
Figure 12. Maximum stresses O in the columns of the frame with a different number of sectors
between the columns: @ — total; 6 — only from M; ¢ — only from N
Source: made by the author
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ComnocraBicHue AuarpaMm Ha puc. 9—12 mo3Bosser 3aKJIIOYUTh, YTO YBCIIMUCHHUEC YUCJIa CCKTOPOB MCKAY
KOJIOHHaMM IMOBBIMIACT HAIIPSXKECHUE B OCHOBHOM B OIIOPHOM KOJIBIIE€ KYII0JIa U B KOJIOHHAX. HpI/I‘-ICM HaIIpsHKCHUEC
B OITOPHOM KOJIBII€ BO3paCcTa€T HAMHOT'O 6I)ICTpee, Y€M B KOJIOHHAaXx.

4. 3akiIouyeHnune

Ha ocHOBaHHMY H3JI0KEHHOTO MaTepHaia MOKHO CIIENATh CICAYIONINE BBIBOJIBI:

1. YMeHbIIIeHHEe KOTHYECTBA KOJIOHH, MOJICPKUBAIONINX KYIIOJI, IPUBOJHT K PE3KOMY MOBBIIICHHIO HATIPS-
JKEHUHI B ONOPHOM KOJIBILE U ITOCTEIIEHHOMY YBEJIIMUEHUIO HAIIPSDKEHUM B KOJIOHHaX. HanpspkeHust B MepUauo-
HAITLHBIX PeOpax U BEpXHEM KOJIbIE KYIOIa U3MEHSIOTCS MaJIo.

2. Tlpu ’KeCTKOM COTPSHKEHUH MEPUIMOHATIBHBIX pebep ¢ ONIOPHBIM M BEPXHUM KOJIbIIAMH KYTI0JIa B HOpMAaITb-
HOM HallpaBJICHUHU YMCHBIICHNUE KOJIMYCCTBA NOAACPKUBAIOIINX KOJIOHH CYHIECCTBECHHBIX 110 BEJIMUYMHE KPYTAIINUX
MOMEHTOB HE BEI3bIBACT.

3. TIpu IpPOEKTUPOBAHUHN KYIIOJOB C YUCIOM MEPHIHOHAIBHBIX pedep, KPaTHO MPEBBIMIAININX KOTUISCTBO
KOJIOHH, CEUCHHE OMOPHOTO KOJIbI[A CIICYET TAKXKE KPAaTHO YBEIMYUBATH B MPEATNOI0KECHUHN €ro paboThl Ha U3THO.

4. He pexoMeHIyeTCs MPOSKTUPOBATh PEOPUCTHIC KyIOJia, OIMPAIOIINECs Ha MEHBIIIEe TI0 CPaBHEHUIO C ped-
paMu KOJMYECTBO KOJIOHH, ITPH KOTOPOM MEXIy KOJIOHHAMH OKaXyTcs Ooliee TpeX pedep WM CeKTOPHaTbHBIH
YTOJI MEXITy COCETHUMH KOJIOHHAMU OyneT Oonbire 40°.

5. B ciydae miapHHpPHOTO COMPSKEHUH MEPHUIUOHAIBHBIX pedep ¢ OMMOPHBIM U BEPXHUM KOJIbI[AMH KyIIOJia B
HOPMAJIbHOM HAlpaBlICHUU TIPH YMEHBIIICHHH KOJHUECTBA KOJOHH CIEyeT BBIMOIHUTD JOMOJIHUTEIBHbIC UCCIIC-
JIOBaHWUSI.
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ABTOpBI 3asIBIAIOT 00 OTCYTCTBHU ¢du3nyeckre ypaBHEHHS Ha IIare Harpy»XeHWs MOoTydeHbl 0e3 THIIOTEe3bl O pa3fe-
KOH(JIMKTa MHTEPECOB. JeHuy aedopMaluii Ha yIpyrue U riacTudeckue 4acTu. s uxX rmojydeHus uc-

M10JIb30BAHO YCJIOBHE MPONOPLUOHAIBHOCTH KOMIIOHEHT JE€BHATOPOB INpHpale-

HUH fedopMaliii KOMIOHEHTaM JeBUATOPOB NPUpPAILCHUH HanpshkeHUH. Peanu-

3alMsl ypaBHEHHH BBINOJIHEHA C UCIIOIb30BaHMEM MMOPUIHOIO IPU3MATUYECKOTO

Hepas/ienpHoe COaBTOPCTBO. KOHEYHOT'O 2JIEMEHTa C TPEYrOJbHBIM OCHOBAaHHEM, Ha KOHKPETHOM IpUMEpE
MOKa3aHO MPEUMYIIIECTBO TPETHETO BapHaHTa (PH3HIECKUX YPAaBHCHUH.
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1. Introduction

For the majority of deformable materials, Hook’s law is only valid at loading levels, at which the stresses do
not exceed the yield stress of the material. Usually, plastic deformations emerge in stress concentration zones
already at insignificant levels of loading. Hence, structural analysis with account of elastoplastic deformation
zones is an important engineering problem.

Two elastoplastic deformation theories are most commonly used for solid bodies: flow plasticity theory and
the theory of incremental elastoplastic deformation' [1-3].

Displacement-based finite element method (FEM) has been widely used for elastoplastic deformation
analysis” [4-7]. This method was applied to thermoplastic and contact problems of continuum mechanics [8—12].
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FEM was also effectively employed in finite strain cases of elastoplastic deformation processes [13—16]. Mixed
finite element method has been extensively applied to elastoplastic deformation problems [17-21].

In this study, a prismatic finite element with triangular bases has been developed in mixed FEM
formulation. Three versions of governing equations are used as constitutive relations. The first version uses the
flow theory equations. The second version employs the governing equations obtained from the authors’
hypothesis, that the components of the incremental plastic strain tensor are proportional to the components of the
combined stress deviator tensor.

The third version does not separate strains into the elastic and plastic parts. For determining the
relationships between the strain increments and the stress increments, the condition of proportionality between
the components of the incremental strain deviator tensor to the components of the incremental stress deviator
tensor was used.

2. Methods

2.1. Shell Geometry

Arbitrary point M of the shell, which is located at distance ¢ from the middle surface, is defined by the fol-
lowing position vector:

RY=R%+", (1)

where R® = xi + rsin0 j+ rcosOK is the position vector of the corresponding point M° of the middle

surface; 7 is the radius of curvature of the middle surface point; i, j,k are the unit vectors of the Cartesian

coordinate system; x,0 are the axial and angular coordinates of point M?; a’ = 510 X Ei? is the normal line to the

middle surface at point M, 5110 X Ei? are the unit basis vectors at point M°.

The basis vectors of arbitrary point M” are determined by differentiating position vector (1):

=0 _ PO, =0 _ PO, =0 PO =0
g =R gZ_R,rB’ gz_R,x_a’ 2

,8 2

and by following [17], the matrix expressions of the derivatives of the basis vectors of an arbitrary point in the
basis of this point are formed:

{g::i?} = [Z]{g"}; (8} = [}fa]{égj}; g} ="}, 3)

X3 3x1 3x1 3 3x1 33 3x1

where {20} ={2)8% &b | (&) ={e. &, &) (&) ={an & & )s

1x3 1x3 1x3

ol _ |0 -0=0 . o : ¢
S ( =1\g| g>g3 ( are the row matrices of the derivatives of the basis vectors of M"".
1x3

Under gradually applied load, the incremental displacement vector at a load step is represented by
components in the basis of point M

AV = AV + G+ AVE ={3) (A, (4)

1x3 3x1

where {Av}T = vt Av? Ay } is the row matrix of displacements of point M"".
1x3
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The derivatives of the displacement vector are also expressed in terms of the basis vectors of point M
V. 120 220 320

AV, =8 + N8 + 183
\ 1-0 220 320

AV.,o= 18 + 38 + 1383 S))
\ 1-0 220 320

AV, =f38] + f38; + 383,

where
1 1 1 2 3. 3 3 | 2 3 .
Ji =Av, AV m AV I, + AV g f; = A, AV + AV + AV
my;,n;,l;; are the elements of matrices [m], [n] and [/].

Under specified load, an arbitrary point of the shell will displace to position M, which is determined by
position vector

R'=RY 4+ AV. (6)
The strain increments for a load step are governed by relations [3] in a geometrically linear definition

l(=0 = =0 .=
Z&Sﬁ ==E£(§;i 'ZX\/,j-Fggj ‘ZX\IH ). (7

Considering (5), strains (7) can be expressed in matrix form as

{aet=[L]{av}, )
6x1 6x3 3xl1
where {AS}T = {AS os Aegg At 2Ae g 2AE, 2y, } is the row matrix of strain increments; [L] is the matrix

1x6
of differentiation operators.

2.2. Relations of Flow Plasticity Theory
Full strain increments Ag j are combinations of elastic strains ASZ and plastic strains Asg :
— e p
Ag;; = Agj; +Ael . ©)

The relationships between the elastic strain increments and the stress increments are defined by expressions®

1
Agj; :E[(I—V)Acij —VAG.3; |, (10)

where F is the material Young’s modulus; V is the Poisson’s ratio; AG,. is the mean value of the normal stress

increments; 5,7 is the Kronecker delta.

In the flow theory, the plastic strain increments are defined by relations*

3 Samul V.1. Fundamentals of the theory of elasticity and plasticity: a textbook for university students. 2nd ed., revised. Moscow:
Vysshaya shkola; 1982. (In Russ.); Demidov S.P. Theory of elasticity. Moscow: Vysshaya shkola; 1979. (In Russ.); Demidov S.P. Theory
of elasticity. M.: Vysshaya shkola; 1979. (In Russ.)

4 Malinin M.M. Applied Theory of Plasticity and Creep. Moscow: Engineering; 1975. (In Russ.)
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Ag? =k(cl~j —GCSij), (11)

y

where £ is the coefficient of proportionality, which is defined according to® expression

PRSI B U (12)
26,\ E, E

H

Here: o, is the stress intensity; £, is the modulus of the initial segment of the stress-strain intensity

diagram; E, is the tangent modulus at the considered point on the stress-strain intensity diagram;
0c;
AGi = L
0G,,,

By combining (10) and (11) and taking into account (12), the matrix expression for the constitutive equa-
tions of the flow theory is formed:

(82} =[] 0

6%6

Ac,,, is the stress intensity increment.

The second version of the post-yield constitutive equations uses the hypothesis of proportionality between
the components of the incremental plastic strain tensor and the components of the incremental stress deviator
tensor:

Aa§ =\|11(Acsl-j —AGCSU-). (14)

Proportionality coefficient v, is defined according to® expression
3( 1 1
%=_ﬁ___ﬂ. (15)

2| E, E,

By combining (10) and (14), the matrix expression for the second version of constitutive relations is
obtained:

{Ae} =] €)' [{Ac}. (16)

6x1 6x6 6x1

The third version of constitutive relations is based on the hypothesis of proportionality between the incre-
mental strain deviator tensor and the incremental stress deviator tensor components:

3Ag; 31 . o : : . .
where y, = ———=——/ and the volumetric strain increment is determined as in the case of elastic
2Ac, 2E
1—

2v
deformation, Ag, =Ac, .

Based on (17), the third version of the constitutive relations is formed:

{Ae} =[] [{Ac}. (18)

5 Malinin M.M. Applied Theory of Plasticity and Creep. Moscow: Engineering; 1975. (In Russ.)
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2.3. Finite Element Stiffness Matrix

A prismatic finite element with triangular bases is considered. The nodal unknowns are the displacement
and stress increments. Coordinates s,0,7 of an arbitrary point of the shell are defined in terms of nodal

coordinates using linear functions &,m,{ with ranges 0<En<1; —1<{ <1,

A={rEn o i} (19)

16 6x1
where {Ky }T = {Xi Ao } is the row of nodal coordinate 5,0 or ;
T 1-C. C C 1+C. 1+C. 1+
N, =< (1-&—- : 1- : .
{f"(%X? 0)} {( &-n) 5 § 5 :(1-8-m) 5 g SR }

By using linear approximating functions (19), the interpolation expressions for Av components and the
components of the incremental stress tensor are formed:

{avk=[4l{av, | {act=[s]{ac, |, (20)

3x1 3X18 181 6x1 6X36  36x1

where {Avy} = {Avh AV AVFAVIAVIAVE AV AV AP } is the row-matrix of the nodal displace-
Ix18
ment increments;

T . . . .
{Ac} ={Ac,, AGgyAG,,AG 4AG A .} is the row of stress increments at a point;

1x6
is the row of stress increments at the nodes of the finite
fro, ¥ = {{mw}f{meey}f--~{A%}T}
1x36 1x6 1x6 1x6
element.

Considering (20), strain increments (8) can be represented in matrix form:

{ae}=[L] {avi=[L] [4] {av, j= [B] {av, 1)

61 63 3« 6x3 3x18 194 6418 184

The nonlinear mixed functional for a load step, obtained in [17], is expressed as

= I{AO'} [L]{Av}dV——j{A o} [Cl [{actav -

1x6 6x6 3x1

[ {aghas[{a {ghas[lo) (ac)av; (u=123)

(22)

Taking into account matrix relations (18) and (21), functional (22) for the prismatic finite element
becomes
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o={ac}' [[s] [Blav {av -2 {ao,|" [[s] [c/ ][s)av{ac, } -

1x36 y 36x6  6x18 18x1 1x36 y 36x6 6x6  6x36 36x1

1

_E{Av},}T [[4] {agyds —{av,} [[4] {q}ds+{av,} [[B] {c}av. (23)
1x18 s 18x3 3x1 1x18 s 18x1  3xI 1x18 y 18x6  6x1

By varying functional (23) with respect to nodal unknowns {AG ¥ }T and {Avy }T , the following systems of

1x36 Ix18
equations are obtained:

oD oD

Tho T a2l b [t o, J0n SR = o] aal- Ly, - (k)< en)

36x18 18x]  36x36 36x] 18x36  36x1 18x1  18x1

where [0] = [ [s)7 [8]av: [#] = [S)7[c”|[s1av: {av, )= | [A]" {aglas:

36x18  J36x6  6x18 36x36  36x6 g 6x36 18 S1&3 3

{R} = “A]T {q}dS —“B]T {G}dV is the Raphson residual.

18x1 s 18x3 3x1 v 18x6 6x1

Systems (24) can be combined into one

[K] {Zy}: {Fy }’ (25)

54x54 54 54x1

- H] o]
where [K ] = 36X3T6 3Od8 ) is the matrix of the stress-strain state of the hybrid finite element at a load
sisa | O] [o]

18x36 18x18

step; {Zy }T = {{Acy }T {Avy }T} — is the vector of nodal unknowns; {Fy }T = { {0 }T : {qu }T + {R }T } -

1x54 1x36 1x18 1x54 1x36 1x18 Ix18
1s the vector of nodal loads with residuals.

3.1. Sample Calculation 1

The shell of revolution depicted in Figure 1 with the middle surface in the shape of a truncated ellipsoid was
analyzed. The following input values were specified: a=021m; 6=0.15m; A=001m; /, =02 m;

E=2x10° MPa; v = 0.3. The height of truncation of the elliptical shell is

2 2
z, :6-1/1—11‘—2 =0.15- 1—0'202 =0.0457 m.
a 0.21

The stress-strain curve for the shell material was assumed to be in the form of Figure 2, where ¢, =200 MPa

is the yield stress of the material; ¢, =0.001 is the yield strain; g, =0.02 is the final strain; ¢, =400 MPa is the
final stress.
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{a

Figure 1. Truncated elliptical shell
Source: made by R.Z. Kiseleva

The stress-strain intensity curve was constructed using formulas®
1 2 2 271 ) S
o, ~5 (6, -065,) +(06, —05) +(05,—0,) —E[G +0+0 ]—0,

2 2 2(1+v
i :T[(Sn —€y )2 + (8 — 8y )2 C _811)2} :T[(s+va)2 +0+(_V8_8)2} :¥8'
o/ G,
?—i =f(&;)

I & ] 9

© o

| - & | &
87// Sk Eir i

Figure 2. Stress-strain curve of the elliptical shell material Figure 3. Stress-strain intensity curve of the shell material
Source: made by R.Z. Kiseleva Source: made by R.Z. Kiseleva

Values of the parameters of the stress-strain intensity curve: c,7 =67 =200 MPa is the stress intensity at

yield point;
2 2 : L : :
€r =— (l + V) & =— (1 + 0.3) -0.001=0.866667x107 is the strain intensity at yield point;
2 2 o . .
Ejp = 3(1 + v)sk = —(1 + 0.3) -0.01 = 0.866667x10 is the final strain intensity;

G« =0, =300 MPa is the final stress intensity.

¢ Malinin M.M. Applied Theory of Plasticity and Creep. Moscow: Engineering; 1975. (In Russ.)
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The stress-strain intensity curve is assumed to be defined by function 6, = f (Si ) in the form of a parabola

2
6, = ag; +be, +c(when g; >¢;7),

where a = —6612835.5282 MPa; b = 242231.47902 MPa; ¢ = 1795.0330258 MPa.

The presented shell of revolution was analyzed for the case of elastic deformation (¢ = 18.0 MPa). The
normal stress values at the fixed support are presented in Table 1, where the first column contains the number of
discretization nodes of the shell along its axis (NM) and along its thickness (NT).

The other columns contain normal stresses of the internal fibers along the axis (Gmt) and circumference
11

ext

(Gglet ) For the external fibers, these variables are denotes as (Gf’ft) and (099 ) respectively.

Table 1
Numerical values of normal stresses at the fixed support
NM x NT "', MPa oon , MPa o™, MPa G2, MPa
20%3 116.484 210.103 117.640 203.671
40x5 116.324 209.843 118.267 203.857
30x7 116.234 209.766 118.396 203.834

The results presented in Table 1 demonstrate convergence of the computational process with respect to
normal stresses of the shell at the fixed support.

3.2. Sample Calculation 2

The analysis of the shell from the previous section was performed under internal pressure ¢ = 27.65 MPa.
The specified load value was achieved in 16 steps and in 32 steps, and the results of the analysis using the three
versions of constitutive equations were found to be virtually identical.

The values of meridional stresses G, and circumferential stresses Ggg after 32 load steps are presented in
Table 2. The stress values were calculated along the shell thickness / in the left section using the third version of
the constitutive equations.

Table 2
Numerical values of meridional and circumferential stresses after 32 load steps
along the shell thickness % in the left section
oss, MPa 163.8 170.7 175.4 181.8 186.9 193.2 205.4
coo, MPa 3232 318.9 3144 313.1 309.0 306.9 302.8
h, m 0 0.00166 0.0033 0.005 0.0066 0.00833 0.01

The of results from Table 2 are used to plot the distributions of meridional stresses (Figure 4) and circum-
ferential stresses (Figure 5).
In order to control the accuracy of computation of meridional stresses, the check of Y x=0 is performed.

The check gives an acceptable discrepancy in the values of the resultant external and internal forces:

6=Mx100%=2.4%,

ext

where Q.,, is the resultant external force; Q,,, is the resultant internal force.
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Figure 4. Distribution of meridional stresses O gg
along the section thickness
Source: made by R.Z. Kiseleva

As seen from Figure 5, the circumferential stresses exceed the elastic limit significantly.
Table 3 provides the values of meridional and circumferential stresses in the external fibers along the merid-

ian arc length.
Numerical values of meridional and circumferential stresses in external fibers along the meridian arc length
0.2

A h cimn
302.846
309.017
M 313,067
05 L i
N 314425
-] x ¥a
X
g 318095
. O, MPa
“"-:.__isza.m 606
0 - : - - - 3
3000 3050 3100 3150 3200 3250

Figure 5. Distribution of circumferential stresses oo
Source: made by R.Z. Kiseleva

Table 3

0.237
0.6
251.1

0.185

0.172
134.9

142.2

Meridian arc length S, m
0.147

150.0

0.124
121.0

152.9

0.102
244.0

0.081
242.7

0.06

157.1
249.5

0.04
164.6

0.025
165.0

Stress
0.005
163.1

161.0
254.5

267.7

279.5

288.6

164.2
295.6

301.0

O g5, MPa
302.7

Cgg , MPa

302.9
The results from Table 3 were used to plot the distributions of meridional stresses O, and circumferential

stresses Ogq (Figure 6).
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Figure 6. Distributions of meridional and circumferential stresses
in external fibers along the meridian arc length

Source: made by R.Z. Kiseleva
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The values of the meridional stresses in the end section are almost zero, which complies with the loading
condition. The circumferential stresses vary insignificantly along the meridian.

The analysis of the results in Tables 1-3 indicates correctness of the developed algorithm and shows
adequate convergence of the computational process.

4. Conclusion

The 3D stress-strain state of a shell is studied without using the straight-normal hypothesis for elastoplastic
deformation.

1. The constitutive relations beyond the elastic limit are implemented in three versions.

The first version uses the relationships of the flow theory.

The second version employs the governing equations, where the authors’ hypothesis is used for determining
the plastic strain increments. The hypothesis assumes that the components of the incremental plastic strain tensor
are proportional to the components of the incremental stress deviator tensor.

The third version of equations is based on the hypothesis of proportionality between the components of the
incremental strain deviator tensor and the components of the incremental stress deviator tensor without
separating the strains into elastic and plastic.

2. The analysis of the shell is performed using mixed FEM. For this purpose, the authors developed a 6-
node solid prismatic finite element with triangular bases. The nodal unknowns are the displacement vector
components and the nodal stress tensor components. The target variables are approximated by the nodal
unknowns using bilinear shape functions.

3. The presented study shows that all three versions of the governing equations for plastic deformation
produce identical results. The analysis of the constitutive equations shows that the most physically reasonable
version is the third one. This version does not separate the strain increments into elastic and plastic parts, and is
based on the hypothesis of proportionality between the components of the incremental strain deviator tensor to
the components of the incremental stress deviator tensor.

The proposed governing equations, without the strain separation, correspond to the physical meaning of the
process of deformation and have great potential for analyzing reservoirs, submersibles and other engineering
structures containing shells of revolution.
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TocTynuna B pefaumio: 11 miomst 2023 . aBTOPOM II0 T€OMETPHUHU Pa3BEPTHIBAIOIIUXCS IIOBEPXHOCTEH C peOpOM BO3Bpa-
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THYCCKOM OCHOBAHHUMW», B KOTOPYIO BXOAAT SJUIMIITUICCKHUC KOHYCBI, TOPCHI C

ABYMs 3aJaHHBIMH J3JUIAIICAMUA B TAPAJUICJIBHBIX IINIOCKOCTAX, ITOBEPXHOCTHU

3asiBJIeHMEe 0 KOH(UIMKTE HHTEPECOB OJIMHAaKOBOI'0 CKaTa M JHMHEWYaThle MOBEPXHOCTHU C IJVIABHBIM KapKacoM W3
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KOH(JIHKTA MHTEPECOB. SIBIIIETCSL DIIIUIICOM, a JIBa APYIMX BBIPOXKAAIOTCS B NPSAMBIE JOMAaHbIE JIMHUU.

IIpencraBnensl MaTepualsl M0 MOCTPOCHUIO Pa3BEPTOK TOPCOB Ha IJIOCKOCTb,
anmpoKCUMAIUK TOPCOB CKJIAJKaMH, NapaboIM4ecKOMy M3THOaHUI0 TOHKOTO
JIMCTA U3 YIPYTroro MaTtepuaia B IPOSKTHPYEMYIO TOPCOBYIO 00010uKy. JlaHa
KpaTKasi XapaKTepUCTHKa [0 METOJ[aM pacyeTa Ha MPOYHOCTh U YCTOHYHUBOCTh
paccMaTpuBaeMBIX JIMHEHYATBIX 00OJIOYEK CO CCHUIKOM Ha pPabOoThHI IPYrux
aBTOPOB, KOTOpBIE HCIIOJIb30BAJIM METOJI KOHEYHBIX 3JIEMEHTOB B IepeMelle-
HUSIX W BapHalMOHHO-pa3sHOCTHbIM Meron. IlokazaHo, 4TO aHanMTHUECKUE
METOJbl MPUMEHHMBI TOJIBKO IpPHU HCIHOJIB30BaHMM OE3MOMEHTHOH Teopuu
pacueTa TOHKHX JIMHEHYaThIX 000JI04eK KOHMYECKOTO TUIIA U IOJyYEHbI aHa-
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1. Introduction

Conical surfaces find wide application in civil and mechanical engineering. These are surfaces of zero
Gaussian curvature but more precisely, they are degenerated torse surfaces for which the edge of regression
deganerates into a point that is the vertex of the cone. Torse surfaces are ruled surfaces [1] and they can be
developed onto a plane without ruptures and folds. So, they can be constructed from a single fragment of a plane
sheet. This explanes their wide usage in different branches of science and engineering [2]. Circular conical
surfaces [3] and conical elliptical surfaces [4; 5] found especially wide application.

Let us introduce a notion of surfaces of conical type. These surfaces will include ruled sufaces constructed
on two closed curves with two axes of symmetry lying on two parallel planes. In general aspect, superellipses
with parallel axes of symmetry can represent these curves. Some surfaces from the class of “Torse surfaces”
forming the group “Equal slope surfaces” [6—8] can be added to ruled surfaces of conical type.

Kpusowanko Cepeeii Huxkonaeguu, TOKTOp TEXHUYECKUX HAYK, mpodeccop rernapTaMeHTa CTPOUTENbCTBA, HHKEHepHas akaaemus, Poccuiickuil yHuBep-
cutet apyx0sl HaponoB, Mocksa, Poccus; ORCID: 0000-0002-9385-3699; E-mail: sn_krivoshapko@mail.ru
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One can use different analytical and graphical methods presented earlier in scientific literature [9-12] for
constructing the considered ruled surfaces.

Aim of the research

The first aim of the research is to study surfaces of conical type on elliptical base i.e. ruled surfaces
constructed on elliptical base

(x/a)* + (y/b)?* = 1. (D

The next aim is to suggest thin shells with middle surfaces in the form of surfaces of conical type on
elliptical base for implementation, having pointed out the principal publications dealing with the matter and
devoted to strength and stability of the offered shells and to investigation of elastic and plastic deformations
emerging in the process of bending a metal plane sheet into the designed torse; and having presented simplified
methods of strength analysis for consideration.

The momentless theory of shell analysis that was widely used in 1950s and in 1960s [13] is classified as a
simplified method of strength analysis and it is not forgotten at present time [14; 15].

2. Surfaces of conical type on an elliptic base

2.1. Elliptical conical surface

If a perpendicular line to the plane of director ellipse (1), dropped from the apex of the cone, passes through
the point of intersection of the axes of the director ellipse, then the obtained surface is called the right elliptical
conical surface [16].

Its canonical equation can be written in the form:

y2
b

X2
— + - =0, 2)

1N
SN

where c is the height of the conical surface. Plane z = 4 # 0 intersects the cone along an ellipse with semi-axes
all| /c and b|h| /c. Parametrical form of definition of surface (2):

x = x(u,v) = aucosv; y = y(u,) = businv; z = z(u) = cu,
where u = z/c is a dimetionless parameter, which is equal to the height of the cone divided by parameter c;

0 <v < 2m. Curvilinear coordinates u, v are non-orthogonal but conjugate (Figure 1).
Let us assume that a cone contains two similar ellipses lying in parallel planes (Figure 2):

Figure 1. A right elliptical cone Figure 2. A truncated elliptical cone
Source: made by the author Source: made by the author
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y2 72 y2 72
§+ﬁ:1’x:l and F+;:1,x=0, where ac = bd.

In this case, the implicit equation of the designed surface will be
[x(c — b)/1 + b]* —y* — *2Hd* = 0.

Inclined elliptic conical surface is the second order conical surface which forms by the movement of a
straight line passing through a defined point and intersecting the director ellipse. A perpendicular line to the
plane of the director ellipse, dropped from the apex of the cone, does not pass through the center of the director
ellipse [17].

2.2. Torses of equal slope with a director ellipse

Torse of equal slope with a director ellipse is a ruled surface having a constant angle o between straight
generatricies and the respective principle normals of the director ellipse (1) [18]. Numerical modelling of this
surface was described in a paper [19]. It is also possible to find other original sources in which an equal slope
surface with director ellipse is investigated [20; 21].

Parametric equations of this surface [22; 23] (Figure 3):
z = z(u) = —usina,

ubcosacosv . uacososin v
—, y=y(u,v)=bsinv+ 3)

\/a2 sin* v+b cos’ v \/a2 sin’ v+b” cos’ v

x=x(u,v)=acosv+

This method of defining a torse surface of equal slope supposes that the director ellipse is given by
parametric equations

x =x(v) = acosv, y = y(v) = bsin v. 4)

A coordinate line u = 0 coincides with the director
ellipse, but a family of the u lines are rectilinear generators of
a torse of equal slope. A surface of zero curvature (3) is given
in terms of principal curvature lines u, v.

Sections of a torse surface in z = z, = const planes
contain closed curves:

( z,bcosa 1 ]
x=x(v)=| a——— cosV,
sina /g’ sin? v+ b2 cos’ v
Figure 3. A torse of equal slope
y=y(v)=| b Z,a.COS 0, 1 sinv with a director ellipse
sin o \/az sin? v+ b2 cos’ v ’ Source: made by the author

The surfaces of zero Gaussian curvature shown in Figures 2 and 3 are rather like, but the surface shown in
Figure 2 is a cone and the surface in Figure 3 is a non-degenerated torse i.e. a torse with an edge of regression.
If the director ellipse is given by parametric equations

x =x(B) = rcosf, y = y(B) = rsinf, )

then parametric equations of the whole surface take the following form [24]:

EOMETPUS CPEANHHbBIX NMOBEPXHOCTEW OBONOYEK 43



Krivoshapko S.N. Structural Mechanics of Engineering Constructions and Buildings. 2024;20(1):40-56

2
x=x(u,B)=r(B)cosP+ ub” cosa.cospp , where r=r(p)= ab ,
\/a4 sin’B+b* cos’ B \/az2 sin’ B+b* cos’ B ©)
2 .
= (B = r(B)sinp + ua” cosasinf 2= 2(u)=—usina,
\/a4 sin’B+b* cos’ B

B is the angle counted off the Ox axis in the direction of the Oy axis,
B#v, r = r(P) is the distance from the center of the director ellipse to an
arbitrary point on it.

2.3. Torse with two ellipses placed
in parallel planes and with parallel axes

One can use G. Monge’s method [25] for the design of torse of conical
type on an elliptical base. This method offers to construct a developable
surface by movement of a straight line along two space curves. The directrix
of the torse will be passing through the corresponding points of plane director
curves where the tangent lines are parallel and these two director curves are
plane curves and lie in parallel planes (Figure 4). Additional information can
be found in [26].

Figure 4. A torse surface
2.4. Surfaces of conical type on plane elliptical base with two ellipses in parallel planes

with inclined lines in other two coordinate planes Source: made by the author

Surfaces on a plane base defined by a main frame from three arbitrary plane curves in three main coordinate
planes are used, in general, in shipbuilding [22]. For the first time, at the Peoples Friendship University of
Russia, these surfaces were offered for application in architecture and in construction. Some of these surfaces
can be included in the group of ruled surfaces of conical type.

Ruled surfaces with a main frame from three superellipses

(g I o s _pofy I
lyl" = T E |z|™ = “wm ) |z|* = Tk )

are studied in paper [27] where one, two, or all three superellipses degenerate into straight lines, i.e. » = ¢ =1,
or n=m=s=k=1,orr=t=n=m=s = k= 1. Assuming that the ellipse is placed in the xOy plane, then
r =t =2, but the other two superellipses degenerate into straight lines, i.e. n = m =s = k=1, so we can derive
three surfaces of conical type on elliptical base, defined by parametric equations:

x =x(u)=%ul, y =y(u,v) =vW[1 —u*]"? z=z(uv)=T[1—u][1-|v|]] (Figure 5, a); (7
x =x(u,v) =VL[1 —u*]"?, y =y(u)==xuW, z=2z(u)=1T[1-u][l~-|v|]] (Figure 5, b); (8)
x =x(u,v) =VL[1 —u], y =y(uv) == W[l —u][1 — V]"?, z =z(u)=uT (Figure 5, c), 9)

where L <x <L, -W<y<W,0<z<T,2L,2W, T are overall dimentions of the considered surfaces. The
surface shown in Figure 5, a forms by a family of cross sections x = const (straight lines), the surface shown in
Figure 5, b was formed by a family of cross sections y = const (straight lines), and the surface pictured in
Figure 5, ¢ was generated by a family of cross sections z = const (ellipses).

Let us introduce a new parameter 0 > B > 27 in the form v = sinp, hence 1 — v? = cos’p, then parametric
equations (9) become

x =x(u,v)=L[1 —u]sinB, y =y(u,v) = W[1 —u] cosP, z =z(u) =uTl (Figure 5, c).
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Figure 5. The surfaces on a plane oval base with the same main frame:

a — surface formed by a family of cross sections x = const (straight lines);
b — surface formed by a family of cross sections y = const (straight lines);
¢ — surface formed by a family of cross sections z = const (ellipses)
Source: made by the author

The vector equation of any analytical surface can be written as
r=r(u,v) =x(uv)i +y(uv)j+ z(u,v)k.

In this case, according to the theory of surfaces, Gaussian coefficients of the first order (£, G, F) and
Gaussian coefficients of the second order (Lo, M, N) for the ruled surface of conical type (7), were obtained in
the following form:

E=A

re =L+ ViAW1 —u?) + TX1 - V),

G=5

r’ = W1 —u?) + T*(1 —u)* = Bu),
F=ryrn=—vuW?*+ T*(1 —u)(1 -v),
Lo=—LTWv (1 —v)/(4>°B>*~ F*)'?,

M = LTWu(l —u)"?/(1 + u)"?, N=0.

where A and B are the Lame coefficients in the theory of surfaces. The value of the coefficient of the second
fundamental form N = 0 shows that curvilinear coordinate v coincides with the rectilinear generatrix of surface
(7), Figure 5, a. The value F' # 0 shows that curvilinear coordinates u, v are non-orthogonal coordinates. The
total Gaussian curvature of the examined surface

K=(LN-M*)/(A'B-F*)=-M /(4B ~F*)<0

shows that the ruled surface presented in Figure 5, a is a surface of negative Gaussian curvature.

Analysing parametric equations (7) and (8) of the ruled surfaces of conical type presented in Figure 5, a and
Figure 5, b, formed by the method of construction of surfaces with a main frame from arbitrary plane curves
lying in main coordinate planes, one can draw a conclusion that these surfaces are identical surfaces. Hence,
taking two algebraic curves of the main frame with the same exponents, we obtain two identical algebraic
surfaces from three surfaces. By assuming three arbitrary algebraic plane curves of the main frame with the same
exponents, we obtain three identical algebraical surfaces of the same order coinciding with the order of the
curves of the frame. Having assumed three algebraical curves of main frame with different exponents, we shall
have three different algebraic surfaces [27].

Coefficients of the fundamental forms in the theory of surfaces for the ruled surface of conical type (9) were
obtained in the following form
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E =4 =x]=W(1-V)+vV'[+ T = 4 (v),
G=B"=r]=(1 u)z[ L+ v'w?/ ( —vz)] = (1 -u) £;(v),
F=rr, = v(l —u)[ -] = (1 —u)fy(v), (10)
LB -F = (1 —u) [7°2+W* (L +vT?) /(1 =v*)] = (1-u)’ £ (),
L= 0,M =0,
N=LTW (1 7u)2/[(A232—F2)”2(1—v )" } LTw (1 —u)/ [f;/z( ).(1_v2)”}:(1 —u) £, (v). (an

Coefficients of the fundamental forms (10), (11) of surface (9) show that the coordinate lines u are straight
lines and surface (9) is a surface of zero Gaussian curvature

N=LTW(1 —u)' /K= (LN - M*)/(4B*~F)= 0.

Hence, curvilinear coordinate lines u, v are non-orthogonal conjugate coordinates. It is obvious that surfaces
(7) and (8) are cylindroids [28], and surface (9) is a right elliptical cone. All of the three ruled surfaces belong to
the group of surfaces of conical type on elliptical base.

2.5. Developments of torses onto a plane

It should be noted that torse surfaces permit their
development onto a plane without breaks and folds.
There are several analytical, graphical, and numerical
methods of construction of developments [29]. US
Patent for a method for designing a development
drawing was even issued [30]. Till present time, only
the method of step-by-step calculation of lengths of
director curves, rectilinear directrixes, and angles
between them was used for the considered torse
surfaces. An algorithm of developing a torse using this
method was described and realized for particular
examples a paper [31]. As applied to the considered
ruled surfaces, a development of the torse with a circle
and an ellipse on parallel opposite ends was carried out
(Figure 6).

Figure 6. A development of the torse surface
with a circle and an ellipse on the parallel ends
Source: made by the author

2.6. Approximation of torses on elliptical base by folds

Substitution of curvilinear surfaces by folded circumscribed surfaces following the form of the original
surfaces has certain practical importance [32].

Such substitution is easily realized just for torses, because they are formed by a single-parametric family of
planes tangent to the torses along the directrix lines. An example of the substitution by folds of a torse with a
circle and ellipse on opposite ends is given in paper [33]. The torse, considered in a paper [33], was constructed
on the basis of the torse shown in Figure 4 with the substitution of one director ellipse with a circle (Figure 7).

In Figure 7, the equation of single-parametric family of the planes forming the specified torse surface is
denoted by M(v) = 0. The development of the folded surface is presented in Figure 8. Having the coordinates
of the corner points of the fold, one can easily obtain all necessary lengths and angles of the corresponding
development. The same method of substitution was used in paper [34], but for a torse with parabolas on
parallel ends.
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A12(0; 5,35 2)

A:(053; 4)

6,00

Ax(0;-3; 4)
A45(0;-5,3; 2)
A4(0;—6; 0,75)
Figure 7. Substitution of the torse surface Figure 8. The development of the folded surface
with a circle and an ellipse on parallel ends shown in Figure 7
Source: made by the author Source: made by the author

3. Shells of conical type on elliptic base

3.1. Parabolic bending of plane thin sheet into a torse shell

In the process of parabolic bending of plane sheet from elastic material into a torse work piece or into a torse
shell, internal normal stresses will be emerging in them. These normal stresses can reach the yield limit of the
material. Parabolic bending preserves rectilinear generators of developable middle surfaces, length of curves on
the surface, and angles between the curves. Hence, parabolic bending can be called isometric bending. Analytical
formulae for the determination of the emerging normal stresses are given paper [35].

Equations
1 1 1 1

Klz_'___i_i:()’ KZ:—'———I—S—Z, K12=0, (12)
R R R R, R, R,

where R, and R, are the principal radii of curvature of the

surface before bending; R and R, are the principal radii ¢ 2 ¢
of curvature of the deformed middle surface after bending, M P
give the opportunity to find the changes in curvature x», x| Su y
and in twist k2 of torse middle surface. Normal and N "
tangent forces will be equal to zero (Figure 9, a), and the D e
bending M, M> and the twisting H moments (Figure 9, b)
. . Lo M,
for a shell formed by bending and given in lines of M
principal curvatures can be calculated with the help of well
known Hooke’s law formulae for shells M,
D D
M, = D(1>+ vi1) = Dico; 2 b V.S 2
M, = D(K1+ sz) =Dviob=vMy; H=M;, =0,
where D = ER/[12(1 —v?)] is the flexure rigidity (bending Figure 9. Intemal forces and moments:
stiffness) of the shell; v is Poisson’s ratio, /# is the b — internal moments (per it of length)
thickness of the shell. Source: made by the author

EOMETPUS CPEANHHbBIX NMOBEPXHOCTEW OBONOYEK 47



Krivoshapko S.N. Structural Mechanics of Engineering Constructions and Buildings. 2024;20(1):40-56

S.M. Hollister [36] rightly notes that to bend a real plane product from plywood, aluminium, or steel into the
designed torse accurately with preservation of rectilinear directrixes is practically impossible owing to the
Poisson’s ratio of the used material.

3.2. Problems of strength analysis of thin shells of conical type on elliptical base

Practically all the discussed surfaces of conical type on elliptical base are given in curvilinear non-
orthogonal conjugate coordinates. That is why, for strength analysis, one must use a more complex system of
governing equations for this system of curvilinear coordinates not in lines of principal curvatures. Hitherto, there
are no analytical solutions with the moment theory for the offered shells in scientific literature.

The system of governing equations in lines of principal curvature is suitable only for torse shells of equal
slope. A system of 17 equations for the determination of stress-strain components of a thin elastic shell with
middle surface shown in Figure 3 and given by the equations (3) is written out in paper [37]. Despite of
seemingly simple form of these equtions, no one has been able to solve any particular example.

The problem about strength and stability of equal slope shells on elliptical base is solved much more easily
with the help of numerical methods. M.A. Timoshin [38] examined a steel shell subjected to a vertical dead
load using Lira 9.4 software with the help of finite element method in displacements. Boundary conditions are
fixed or hinged support of lower edge. The first two buckling shapes for the first case of fixed and three forms
of hinge supported shell were determined. It was established that shell buckling takes place before exhausting
its strength. For comparison, a shell in the form of a truncated elliptic cone shown in Figure 2 was analyzed. It
was supposed that the shells shown in Figures 2 and 3 have the same overall dimensions, thickness, and
material.

0.0. Aleshina [39] researched the stress-strain
state of a cast reinforced concrete cap 5 cm thick, the
middle surface of which is defined by parametric
equations (3) with geometric parameters of the ellipse
a=2m, b=1 m and the slope angle of rectilinear
generatrix equal to o=060° The analysis was
performed with the help of SCAD Office software,
representing an integrated system of strength analysis
and design of structures on the basis of FEM. The
model of the approximated middle surface with
quadrilateral and triangle plane elements is shown in
Figure 10. The vertical displacement of the cantilever Figure 10. The model of the cap
part of the cap is less than Imm. Source:made by 0.0. Aleshina [39]

In paper [15], the investigation of the equal slope
shell on elliptical base is described. This investigation was performed using FEM and finite difference energy
method. The first calculation was made in SCAD Office software, the second calculation was made with
SHELLVRM computer program. The comparison of the obtained results using FEM, finite difference energy
method, and momentless shell theory show good agreement. Maximum deviation of the results in the examined
nodes is a little more than 18 %.

3.2.1. Momentless theory of shells of conical type on elliptical base

The momentless (membrane) theory assumes that equilibrium in the shell is achieved by having the in-plane
membrane forces resist all applied loads without any bending moments. The momentless theory of shells with
middle surface of zero Gaussian curvature gives an opportunity to obtain analytical solution and the results can
be used for preliminary analysis of technical decisions. The membrane forces by themselves cannot resist local
concentrated loads. In order to derive the governing equations for the momentless theory of shells, we need to
reject internal bending, twisting moments, and shearing forces. For the application of the momentless theory, we
may use only the equilibrium equation. The problem for equal slope shell with the middle surface (3) defined by
curvilinear coordinates in lines of principal curvature is solved easier. In that case, the equilibrium equations of a
shell element subjected to weight ¢ can be written as
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Q(BNH)—G—BNV+§+)Q3:O,
ou ou ov
N, +13(st) =0,
v  Béu
N.=ZR,,

where X = —gsina, ¥ = 0, Z = —gcosa. The tangent force S may be found from the second equilibrium equation.
Then from the first equilibrium equation, one can obtain normal force N, [40].
For a torse shell presented in Figure 4, the equations of momentless shell theory can be written as

[p2 12
o, NB-F (N, —Nv)+F%+\/B2 ~-F’ %H/z# ~-F*X =0,
u u

ov

Ip2 _ 2
N, NB-F (SM+SV)—F%+\/BZ—F2%H/BZ—FZY:O,
u u u

ov

2
5 N —NB*-F*7=0,

B*—F* R,

(S, —S)WB*-F*+F(N,-N,)=0. (13)

In equations (13), curvilinear non-orthogonal conjugate
coordinates are denoted by u,v; B, F are the coefficients of
the first fundamental form for the torse surface; X, Y, Z are
distributed external forces per unit area in the direction of
moving coordinate axes (Figure 11). Figure 11 shows the
positive directions of the resultant internal forces tangent to
the midsurface.

In view of equations (13), one can obtain the values of
desired forces in explicit form

2 _ 2 B2 _FZ
N =2, Nl (5 _5)+N,
N F
1 For
S, = _2|:”C1 + uzcz + u3C3 +— V) +V, (V):| , Figure 11. A fragment of momentless shell
B Source: made by the author
V,
S, =C, +uC, + 1) (14)
u

where C; = Ci(v, X, Y, Z), i =1+5. Values of coefficients C; in expanded form are given in monography [41].
Arbitrary functions of integration Vi(v) and V2(v) can be determined by satisfying boundary conditions. Two
examples of analysis of a thin torse shell with ellipse and circle on opposite parallel ends subjected to weight or
linear load distributed along the top end (X = Y = Z = 0) using formulae (13) are given in monography [41].

Bajoriya G.Ch. [42] used the equilibrium equation containing pseudo-forces (forces with an asterisk) for the
analysis of the same torse shell:

Q(BN; +FS;)+£(—S;‘ +£Nj)—a—BN;‘ +B* - F? (X+£Yj:0,
ov B ou B

ou
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i(BSj+FJ\7§)+£8—BN;‘ + O, —Eai—a—BSj +B? —F2(Y+£Xj=0,
ou B ou ov B ov ou B

BIJ{VVV +VB*-F*Z =0,

VB> —F?
B

Equations (15) are a particular case of the general equations of equilibrium offered by A.L. Goldenveiser
[43] for shells given in curvilinear arbitrary coordinates.
It is possible to obtain values of the unknown pseudo-forces from equations (15) in explicit form

(S, +S;)=0. (15)

S =-

u

S, =5,
but the third equation gives

. B -F?

N =2 " p7
N
On the other hand
3 2
* * ok u B B *
u'sS’ = C1U3 +U2C2 _W(?_FQJYJ’_VI v),

BN, +FS" =u’C; +uC, - BC; +

L0 u’Y B3+BF2 F*NB -F’ ly s 1B ++1aer"+V,,<( ) 16)
— — —_— — | — V’
ov| (B*—F*"*| 6u 2u 2u JB _F? udv

where C;" = Ci'(v, X, Y, Z), i =1+5. Values of coefficients C;" in expanded form are presented in monography
[41]. Arbitrary functions of integration ¥,*(v) and ¥>°(v) can be determined by satisfying boundary conditions.
An example of analysis of a torse shell with ellipse and circle on opposite parallel ends under linear load
distributed along the top end (X = Y = Z = 0) using formulae (16) are given in [41].

3.2.2. Momentless shell theory of elliptical cone

The general equilibrium equations for thin shells given in curvilinear non-orthogonal conjugate system of
coordinates, offered in monography [41], may be used for the analysis of elliptical cone (9) with the help of the
momentless theory. In this case, it is necessary to reject the internal shearing forces, bending and twisting
moments:

i(ASV)+ N, — N, (8—B—a—Acosxj+a—ASu +B %, cosy+B N, sin y + ABXsiny =0, (17)
ov siny \Ou Ov ov ou ou
2(ANV)+M(8—B—8—A ost—a—ANu+B%sinx—B% cosy =0, (18)
ov siny \ou oOv ov ou ou

N, _ Zsiny =0, (19)

R siny
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(S, — Sy)siny + (Ny— Ny)cosy = 0. (20)

So, equations (17)—~(20) contain normal N, N, , and tangent S, # Sy forses per unit of length of the
corresponding coordinate line. X and Z are the components of external distributed load per unit of area. Let us
assume Y = 0, taking into account that in this part, only distributed load such as weight ¢ will be considered. Let
us also take into account that

cosy = F/(AB), siny, 0B /du

are functions of dimensionless parameter v only.
External surface loads X, Z are given by the formulae:

X=—qgcosp, Z=gsing, Y=0, (21)

where ¢ is the angle between the direction of load (weight ¢) and the direction opposite to the direction of the
coordinate line u, and

cosp=T/A4, sinp= [Az -7 ]1/2 /A (22)

are the functions of the parameter v only.

In the considered case, the Lame parameter 4 = A(v) is equal to the length of rectilinear coordinate line u
from the vertex of the cone to the plane z = 0.

Equation (19) gives a value of the normal force N,:

ZsinyB  Z(4'B-F?)
N AN

N,=Zsin’yR, = > 0. (23)

The equation (20) gives a value of the normal force N, :
N = (Su—S)tgy + Ne. (24)
Taking into account that

o4
F=—A(-u)—,
( u)5

OB 04 _ 4B -F)

———c

SX = 5
ou ov A’ B(1-u)

let us put these variables and normal force N, determinated by formula (24) into equation (18). After integration
of the obtained result, one can have

4 ON, F oN, V(v)
S, = —u)| A2 = g , 25
" (luNAB - . u)( ov A auj iy &

where V1(v) is an arbitrary function of integration.
Substituting the same expressions and (N, — N,), taken from the formula (20), into the equation (17), and
integrating the obtained result, one can find

AB -F* F ;0 NA'B*-F* [N, F
Su: A232 V_ABZ J‘E(ASV)CZM—?F[ Py —(1—M)X}+AB2V2(V), (26)

where V>(v) is an arbitrary function of integration. Unknown functions V(v) and V»(v) are found from boundary
conditions, suitable for the momentless shell theory.
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Thus, the momentless shell theory gives an opportunity to obtain approximate values of internal normal
forces N, and N, from formulae (23) and (24), and values of tangent forces S, and Sv from formulae (25) and
(26). The formulae (25), (26) are integratable and they can be written in the expanded form.

So, write the formulae (23), (24), (25), and (26) in more detail:

v q(l—u)\/Az—Tz[LZ(WZ+T2)+v2T2(WZ—L2)T/2

v LTWA®

(0 SN A )
Sl ) ey A

=(1-u) £5(v),

2B 7Y 24B? 8\/( )= 2AR?

2p2 2 _ 2p2 2
¢ _AB-F S_(l u)FiAS VA’B*-F F[ﬂ

_(1-u) szé_a_A[a_A - }
“ar 14wl VS faT |+

e L2120+ 250y )

1) ) ol i) {3280+ 250 1y )|

B | 4>

[ 42 n2 2 _ _ 5
N :ﬂ{_%sﬁ(l u) .08, (1 ”)qTWJF%Vz(V)}FAB S

" A*B? 2F ov 2F 24 B Y

where f; = fi(v) are the known functions, but Vi(v), V2(v) are arbitrary functions of integration, which are found
from the boundary conditions in forces.

4. Results of the Research

1. Firstly, the results of geometrical investigations of ruled surfaces of zero Gaussian curvature both with the
edge of regression and with the point in the vertex in the top, formed on elliptical base, are grouped. The need to
form a group of ruled surfaces of conical type on elliptical base has arisen. Elliptical cones, torses with two
director ellipses lying in parallel planes, equal slope surfaces with director ellipse, ruled surfaces with a main
frame from ellipse and two broken straight lines, and cylindroid with the same main frame were included in this
group.

2. An example of construction of developments of the examined developable surfaces is presented and a
method of substitution of torses by folds with construction of their developments is offered.

3. The second part of the paper was devoted to a review of methods of stress analysis of thin shells of
conical type on elliptical base. It was established that strength and stability analysis of these shells was
performed with the help of Lira 9.4, SCAD Office, and SHELLVRM software, using displacement-based FEM
and finite difference energy method. The analysis was carried out for the dead and linear loads.
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4. The majority of specific examples of determining normal and tangent forces emerging in the examined
ruled shells is solved using the approximate momentless theory of analysis. It was established that under
fulfilment of the conditions of the momentless shell theory it gives acceptable results. These results may be used,
for example, for setting shell thickness or for detection of the most dangerous sections with maximum internal
force resultants. The search of the most optimal shapes of shells, where the moment components are hardly
noticeable, is still in progress [44].

5. For the first time, analytical formulae (23)—(26) for the determination of tangent forses in a momentless
conical shell on the base in the form of any superellipse were derived.

5. Conclusion

Ruled surfaces of zero Gaussian curvature with an edge of regression and shells with ruled middle surfaces
were selected for the investigation. In some examined ruled surfaces, an edge of regression degenerates into a
point. This choice was fueled by the wish of designers, civil engineers, and mechanical engineers to create the
most simple products, structures, and buildings in terms of manufacturing.

1. Thin-walled structures and products offered for implementation, judging by given references, have most
demand in shipbuilding, aircraft building, and in applied physics.

2. By using superellipses of general type instead of ellipses of the second order as the bases of surfaces of
conical type, it is possible to considerably widen the number of ruled surfaces offered for research.
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Ouenka ceiicMOCTOMKOCTH MHOI03TAKHOI'0 KMJIOT0 31aHUA
¢ PPUKIHOHHO-MAATHUKOBBIMHU ONIOPaMH Ha npuMepe UHaoHe3nH

3.K. Abaes!' "™, ®. Cyaran’

! BianukaBka3ckuii HayuHbId 1eHTp Poccuiickoii akanemun Hayk, Bradukaexkas, Poccus
2 MUHHCTEPCTBO OOIIECTBEHHBIX PAbOT U KIJIUIHOTO CTPOMTENLCTBA, Jorcaxapma, Hioonesus
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Hcropust cratbu AnHHOTanmsA. PaccMoTpeHa MeToInKa OLEHKH CECMOCTOMKOCTH JKUJIOTO 3AaHUS
B VHIOHE3MN ¢ MpUMEHEeHHeM celicMOM30isnnud. B kauecTBe o0beKTa Mccieno-
BaHUSl BBIOpAaHO §-3TaxXHOE XUJIOE XKele300€TOHHOE 3JaHHE PaMHO-CBS3EBON
KOHCTPYKTHBHOU cxeMbl. [l aHanmm3a OTKIMKa COOPYKEHHUS HCIIOIh30BAIINCH
HEJIMHEMHbIE METOABl pacyeTa Ha celicMHUYecKoe BO3CHCTBHE: HETWHEHHBIN

IMoctynuna B pegakuuto: 1 okrsidps 2023 r.
Jlopaborana: 27 nexadpst 2023 r.
IMpunsra k nmyonukamuu: 13 sHBaps 2024 r.

cratnyeckuii (Pushover) u HeNWHEHHBIN AMHAMHUYCCKUI aHAIN3 BO BPEMEHHOM

3asiBiienue 0 KOH(IMKTe HHTEPecoB obnactu (Nonlinear Time History Analysis, NLTHA). PacueT mpou3BOAUTCS B
ABTOpEI 3a5IBJISIOT 06 OTCYTCTBHH cBoOOAHO pacmpoctpansieMoil mporpamme STERA 3D. JluHaMu4YecKuid pacder
KOH(JIMKTA HHTEPECOB. OCYILIECTBIISUICS HA CEMb Iap TOPU30HTAIBHBIX KOMIOHEHT akceIeporpamMm, Bbl-

OpaHHBIX B COOTBETCTBUH C IIapaMeTpaMy BO3MOXKHBIX 3€MIICTPSICEHHUH IS pac-
CMaTpUBaeMOH IUIOMANKU CcTpouTenbcTBa (T. banaynr). BreiOpannble 3amnucu

3eMIIETPSACEHNH U3MEHSINCH C IOMOINBIO MPOLIEAYPhl CIEKTPAIEHOTO COOTBET-
cTBUs (spectral matching) HOpPMaTUBHOMY CIEKTPY yCKOpeHUi. B xauecTe ceii-
CMOM30JIMPYIOIIUX ONOP OBUIM MCHOJNB30BaHbl (HPUKLIHOHHO-MAsTHUKOBEIE OIIO-
pBl, pa3paboTaHHEIE SIOHCKOW Kopropanuei Nippon Steel. Pe3ynbratbl Hemu-
HeitHoro BpemeHnHoro aHanusa (NLTHA) nokas3biBalOT, 4YTO TOBEPXHOCTHBIE 3€M-
nerpsicerus (shallow) npuBOASAT K OONBIIMM pa3pyLICHUSM IO CPABHEHHUIO C
MerazeMJIeTpsICCHUsIMU (megathrust), npudeM B 00OUX cLieHapusiX oOecrieunBa-
eTcsl ypoBeHb Oe3omacHoCTH sku3HenestenbHocTu (Life Safety). Tlpumenenue
CeMCMOU3O0ISIIMY TI03BOJISIET CHU3UTh CEHCMMYECKHE HAarpy3KH, O 4eM CBHIE-
TENLCTBYET YMEHBIICHHE YCKOPEHHH Ha BEpXHEM YPOBHE W CIABHTAIOLINX YCH-
T B OCHOBaHUY 3JIaHHSI.
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BbaaroxapuocTu

ABTOpBI BBIPAXAIOT MPU3HATEIBHOCTD SIMOHCKO-PoccuiickoMy IEHTPY MOJIOJEKHBIX OOMEHOB 3a MX HMOAJEP)KKY B paMKax Hpo-
rpamMmsl crunenauil (JREX), koTopasi IpeAocTaBuiIa LEHHbIE BO3MOKHOCTY UL COTPYAHUYECTBA U OOMEHA 3HaHUAMHU. ABTOPBI
BBIPAXAIOT IPU3HATENBHOCTb SIMOHCKOMY areHTCTBY MEXIyHapOoAHOro coTpyanuuectsa (JICA) u MexayHapoaHOMY MHCTUTYTY
ceificMoJIorHH U ceiicMocTolKoro crpoutenbeTBa [ISEE (ropon Llyky0a, SInoHus) 3a HX HEM3MEHHYIO IPUBEPIKEHHOCTh PA3BUTHIO
MEXTyHAPOJHOTO COTPYIHUYECTBA M CO3JAHUIO OJIATONIPUSTHON Cpelbl Ul aKaJeMUYeCKHX M HCCIEA0BATENLCKUX HAauYMHAHHH.
Wx monzneprkka coirpaia KIFOYEBYIO pOJIb B yCIIEX€ 3TOTO MPOEKTA.
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Seismic Performance Evaluation of Multi-Storey Residential Building
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Article history Abstract. The methodology for seismic performance evaluation of a residential building in
Received: October 1, 2023 Indonesia with the use of seismic isolation is considered. An 8-storey reinforced concrete
Revised: December 27, 2023 frame residential building with shear wall structural system was selected as a case study.
Accepted: September 13, 2024 Nonlinear methods of seismic response analysis were used to calculate the response of the

structure: nonlinear static (Pushover) and Nonlinear-Time History Analysis, NLTHA. The

analysis is performed in STERA 3D freeware. The nonlinear time history analysis was
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1. Beeaenue

CelicMmudeckast ysI3BUMOCTh MHOTOATKHBIX JKWIJIBIX 3JaHUN TpeOyeT MOCTOSHHOTO COBEPIICHCTBOBAHUS
KOHCTPYKTHBHBIX PEIICHUH U CTpaTeruii CHrkeHUs puckoB [1]. JlaHHas paboTa MOCBSIIEHA OIEHKE CeHCMO-
CTOWKOCTH MHOTO3TaXHBIX KHJIBIX 3/IaHUH, 000PYIOBaHHBIX CUCTEMAaMH CEHCMOU3OIISAINY, U TIOAUYSPKUBACT €
aKTyaJIbHOCTh Y MOTEHIIHAJIbHBINA BKJIAJ B OTEUECTBEHHOE CEHCMOCTONKOE CTpOUTENbCcTBO. HecMoTps Ha To, UTO
TeppuTopus Poccum oxBaThIBaeT pa3IMYHBIE CEHCMHUYECKHE 30HBI, B MICCIEIOBAHUY ISl OOOTAIIEHUsI POCCHIi-
CKOH IIPaKTUKH CEHCMOCTONKOTO TIPOEKTHPOBAHUS PACCMOTPEHBI METOAUKH U TIOJXO/bI, IPUMEHIEMbIE B UHIO-
He3UHCKOM npakTuke [2]. B momonHeHue K MpakTHYECKUM BBIBOJIAM, TIOJTYYCHHBIM B XOZE HCCICIOBaHMs, HE00-
XOJIUMO OTMETUTH MPOAOJIKAIOIINECS UCCISIOBAHMS B 00IACTH CEHCMOM3OIIAIINY, UTO ellle OOJbIle yBeTHINBa-
€T NOTEHLUAJIBbHOE BIHUSHUE Ha OTEUECTBEHHYIO MPAKTUKY CEHCMOCTOMKOTO CTPOUTENLCTRA [3; 4].

COBpEMEHHBIC HCCIICIOBAHUS B OOJIACTH CEWCMOM3OJISINH MOCBAIICHBI H3yUYEeHHI0 WHHOBAI[MOHHBIX MaTe-
pHAJIOB, TIEPEIOBBIX AHATTUTUICCKUX METOJIOB M CUCTEM TUHAMUYECKOTO YIIPABJICHIS, HAITPABICHHBIX HA IOBHI-
meHne 3PQPEKTUBHOCTH M aIallTUBHOCTH CHUCTEM CEMCMOM3OJIAINH [5]. 3a mociueaane HeCKOIbKO ACCITHIICTHN
OBLIO TIPOBEICHO MHOXKECTBO AKCIIEPHUMEHTAIBHBIX U TEOPETHYECKUX HMCCIICIOBAHHUN IO OLIEHKE BIUSHHS Ceii-
CMOU3OJISIIINY Ha YCTOMYUBOCTh KOHCTPYKLUN K 3eMIICTPSICEHUSIM. Pe3yabTaThl ATUX UCCIENOBAHUN MOKA3bIBa-
0T, YTO CEHCMOM3OJISIIIUS MTPUBOIUT K YMEHBIICHHIO CEHCMHYECKHX CHJI B OCHOBaHWH, 00LIeH NeopMaliu co-
OpYy>KEHUS, YHCia TUIACTHYECKHUX IIapHUPOB M CMEIIEHUI 3TaKeil pU OAHOBPEMEHHOM YBEIMYEHUH Meproa
Kosie0aHuit KOHCTpYyKIuit [6—10].

VYuyeT pe3yNnbTaToB ATHUX HCCIEIOBAHUI MOXET OKa3aTh CYIIECTBEHHOC BIHUSHUE Ha Pa3BUTHE MPAKTUKU
ceificMoCcTONKOTO poeKkTUpoBanus B Poccuu. JIlnHaMUUHBIN XapakTep MCCIeJOBaHM B 00JIaCTH CEHCMOCTONKO-
TO CTPOWTENHCTBA, OOYCIIOBICHHBIM TOSBICHHEM HOBBIX TEXHOJOTHHA M MEXTUCIHUIUIMHAPHBIM COTpPYIHUYE-
CTBOM, OOECTIEUMBAET MTOCTOSHHYIO SBOJIOIUIO METOAOB pacyeTa M MPOSKTUPOBaHUS 3MaHUN Ha celCMHUUYEcKre
Bo3jeiicTBus [11]. JlaHHOE MCClieI0BaHNE B COUYETAHUM C OOJIee MIMPOKUM CIIEKTPOM IPOBOJIUMBIX HCCIIE0BA-
HUW MPU3BAHO BHECTH BKJIAJ B JHHAMHYHYIO JUCKYCCHIO O CEHCMOCTOHKOCTH MHOTOATAXXHBIX JOMOB [5; 12],
croco0cTBys (hOPMHUPOBAHUIO KOMIDIEKCHOTO TMMOHMMAaHUSA, HE TOJBKO MPUMEHHMOTO K ycioBusaM MHmoHes3ww,
HO U IEPEHOCHMOT0 B celicMooNacHbIe pernoHsl Poccun.

Lenamu nacmoswezo uccie008anus IBISUTUCH:

— MCCIIeIOBAaHUE METOJIOB M MTOJXO0JI0B K MPOEKTHPOBAHUIO 3[JaHUH C IPUMEHEHHEM CEHCMON30IIALINY;

— OIIEHKa CeHCMOCTOMKOCTH MHOTOATAKHOTO CEHCMOM30IMPOBAHHOTO XHUIIOTO 31Manus (Ha mpumepe WHmo-
HE3UN).

2. MeToabl 1 MaTEpPHABI

[Tapamerpsl 00bekTa UccneoBanus (puc. 1) npeacrasieHbl B Ta0. 1.

Tabruya 1/ Table 1
IMapameTtpsl 00bexTa uccaenoBanus / Parameters of target building

ITapamerp / Parameter 3nauenne / Value
Mecro nosnokenus / Location Baugynr, Uanonesuns / Bandung, Indonesia
Hasnauenue / Occupancy JKunoe / Residential

PamuO-cBsA3€BOI Kapkac ¢ quadparMaMu KeCTKOCTH /

KonctpykTnHas cxema / Structural system RC Frame — Shear wall

KonmuectBo staxeit / Number of stories 8

Kareropus rutomanku / Site class* SD

[Tonnas BeicoTa, M / Total height, m 27.4

Kareropus pucka / Risk category* II (anapramentsr) / 11 (apartment)
Koaddurment orBercTBeHHOCTH / Seismic importance factor* 1.0
CeiicMuueckrie HopMbl / Building codes SNI 1726:2019
Pa3smepsl B tutane, M / Plan dimensions, m 60 x 14.8

I'ox moctpotiku / Constructions year 2021

30 — jy1s1 6aJIOK M IUIMTEI, 35 — J1JIs1 KOJIOHH U CTeH /

Ipounocts Gerona, MIla / Concrete Strength, MPa 30 — for Beam and slab, 35 — for Column and Shear wall

Ipenen texyuectu apmatypbl, MIla / Yield strength of rebar, MPa 420

OTHOIIICHHE TIPENIENIbHOMN MPOYHOCTH apMaTypPhI K TIPEICITy TEKy4eCTH /
; . . 1.25
Ultimate and yield ratio

*IpumeuaHnue: B coorBercTBUM ¢ HopMamu Vunonesnu SNI 1726:2019 /
*Note: in accordance with Indonesian Seismic code SNI 1726:2019
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Puc. 1. O6bexT nccnenoBanus (pacan, miam)
M CcTOYHUK: BBHIIOIHEHO aBTOPAMH

Figure 1. Target building (elevation & plan)
Source: made by the authors

B 3panum npumMensieTcsl mecTh THUIOB purenei (2 % b mm): 600 x 400, 600 x 350; 600 x 300, 400 x 250,
400 x 200, 300 x 150. [MpononsHas apmatypa pureneit (mm): d22 (ans i = 600), d19 (ana & = 400), d16 (ansa
h = 300). [Nonepeunas apmatypa (Mm): d10, mar 100 — Ha mpHOMOpPHBIX y4acTkax; mar 150 — B cepenuHe
mpoJieTa.

ITmuta nepexpeiTus TommuHoN 130 MM, apMaTtypa muTs! d10, mar 150 M.

Kononns (£ x b mm): 600 x 400. Apmatypa: npogoibHas — 18d22, monepeunas — d13, mar 150 mMm.

JKenezobeTonnble auadparmel skectkoct TommuHON 200 MM. TopreBsie KOJOHHBI quadparM pasMepaMu

500 x 200 MM apMHEPYIOTCS TTPOIOJIBHBIMU cTepkHIME 16d22, Tenmo crensl apmupyetcst d10, mar 150 mm; morre-
peunas apmatypa d13, mar 150 mm.

Onpenenenne Harpy3ok. IlocTosHuble Harpys3ku Ha nepekpbitue (Dead Load, DL) — 10.25 kH/M? (co6-
CTBEHHBIN BEC JICMCHTOB).

JlononHuTeNbHAS NOCTOSIHHAS Harpyska (Super Imposed Dead Load, SIDL) — 1.5 xH/M? (HOTOJIOK, 1107,
WH)XCHEPHbIE KOMMYHHUKAITHH).

Bpewmennnie narpysku (Live Load, LL) — 2.0 xH/Mm?.

[Monnas warpyska: 1.0 DL + 1.0 SIDL + 0.25 LL = 12.25 kH/m?.
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HopmatuBnblii cnektp yckopennii (Design Response Spectrum). ITapaMeTpsl HOpMaTHBHOTO CIIEKTpa
YCKOPEHUI ONPENeITIOTCs IS TUTOIIAIKH CTPOUTEILCTBA B cOOTBeTCTBUH ¢ SNI 1726:2019. Tpebyembie mapa-
METPBI MOTYT OBITH ONPEIEIICHBI C TIOMOIIBIO CIEHALHOTO OHTaiH-cepBuca [13]. CriekTp yCKOpeHwHit ayis pac-
CMaTpHUBaEeMOH IJIOLIA KU CTPOUTEIBCTBA MPEICTaBIeH Ha puc. 2. Kak BUIHO U3 pHUCYHKA, IOCTPOCHHBIN CIIEKTP
HaxonuTcs Mexny 8 U 9 6amramu (MSK 8 m MSK 9 Ha rpaduke) oredectBenHoi mkansl MSK-64 u nmeer
OOJBLIYIO MPOTSHKEHHOCTD TUIOIIAAKA MaKCUMaIbHBIX YCKOPEHUH IS KOPOTKHUX MEPUOIOB.

Banaysr / Bandung
~——MSK 8§
~———MSK 9

Sa (ran/ gal)

0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9 95 10

T (cex / sec)

Puc. 2. HopMaTUBHBII ClIEKTp YCKOpeHUH Ui I'. banyHr
McTo4HUK: BBIIOIHEHO aBTOpaMU

Figure 2. Design Response Spectrum for Bandung
Source: made by the authors

HenunHeiiHblii aHAIU3 OTKJIMKA cOOpYy:xkeHMs. JIJ11 aHanu3a OTKJIMKA COOPY>KEHHSI UCIOJIB3YIOTCS HEIH-
HEIHbIe METOABI pacueTa Ha CEHCMUYECKOE BO3ICHCTBUE: HEMMHEHHBIN cTaTnueckuil (Pushover) u HeTMHEHHBIH
JUHAMHYECKUH BO BpeMeHHoW obOsactu (Nonlinear-Time History Analysis, NLTHA). Pacuer npou3BoauTCs B
cB0OOOIHO pacmpocTparsemMon mporpamme STERA 3D. JIucTpuOBIOTHB MPOTPaMMBI, a TaKXKe JETATHHOE TEXHHU-
YeCKO€ PYKOBOJICTBO JIOCTYITHBI TIOJIB30BATENSIM BCEX CTPaH Ha CalfTe MpOorpaMMbl. ABTOPOM HACTOSIIEH paOOTHI
OBUT BBINIOJHEH MEPEBOJ PYKOBOJCTBA TOJH30BATENsl HA PYCCKUN S3bIK, KOTOPBIA TaKXe JIOCTYICH Ha caiTe
nporpaMmsl [14].

IIporpamma STERA 3D mpenHa3HaueHa AJs BBIIOJHEHHUS HETMHEHHBIX PAacueTOB HAa JMHAMHYECKHE BO3-
NEeHCTBUS 30aHUN M COOPYKCHHUH. B OCHOBE MpOTrpaMMBbI JIEKAT MOJEIH, COCTOSINNE W3 JTHHEHHBIX (YIPYTHX)
3JIEMEHTOB C HEJIUHEHMHBIMU MPYXMHAMH — KOHUEHTPUPOBAHHAS HENWHEWHOCTh. JKeCcTKOCTh HEIMHEWUHBIX
MPYXUH XapaKTePU3yeTCs 3aBUCHMOCTIIMH CHJIa-TeopMaIius sl KaKA0To ieMeHTa. J{jis onvcaHvsi HeTUHEH-
HOTO MOBEJICHUS MPYXUH UCTIOIb3YOTCSI KOHCTUTYTHBHBIC MOJICIH, TAKHE KaK OWJIMHCHHBIC WM TPUIHHCHHBIC
Monenu. bonee noapoOHas nHGOpMaIUs 0 KAHOHWYECKUX YPABHEHUSX KaXKIOTO 3JIEMEHTA, MPUHIIUANIAX (OPMHU-
POBaHHS MAaTPHII )KECTKOCTH M PabOTHI MPOTpaMMbl YUTATETh MOXKET HAWNTH B TEXHHYECKOM PYKOBOJACTBE TIPO-
rpamMmel [ 14].

Celicmuueckoe Bozneiictsue B STERA 3D 3anaeTcst TpeMsi KOMIIOHEHTaMH aKCelIeporpaMmm XO , Y() u ZO B
HarnpaBieHusIX X, ¥ U Z COOTBETCTBEHHO. YPAaBHEHUE JIBHKEHUS NJISI CUCTEMBI JIEMEHTOB 3aMCBIBACTCA KaK

[M]{a} +[C]{v} +[K]{d} = {p} , TIe [M] , [C] u [K] — MaTpHIIBI Macc, IeMI(QUPOBAHHS U KECTKOCTH. {d} ,
{v} , {a} u { p} — BEKTOPBHI IEpEMEIIEeHNH, CKOPOCTH, YCKOPEHUH 1 BHEITHUX CHJI COOTBETCTBEHHO. [l nHTe-

TPYUPOBaHMUS ypaBHEHUS ABIDKEHUS NCTIONB3yeTcs Moan(uInpoBanHblii HeroMapk-3 MeTon ¢ MHKpeMeHTaTbHON
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(hOpMyITUPOBKOM, MCHOIB3YIOIIEH IMOIIArOBYI0 MATPHILY XECTKOCTH. B HacTosIeM mpumepe HCIOIb30BATOCH
neMIupoOBaHUE, MPOITOPITMOHATHHOE KECTKOCTH [C] =a1[K ] , ¢ ko3pduruenTom nemnduposanus £ = 0.05,

K03 GUIMEHT MPONOPIMOHANEHOCTH @) =2h/®] , THe ®] — YacToTa NepBoii (opmbl Konebanuii. B kauecTse

MOJIEJIH TUCTEepEe3nca B padoTe UCITONIb3yeTcs MOeNb Takens! [15].

Jns HemWHEHOTO TMHAMITYECKOTO aHAJIM3a MCIIOIb30BajIOCh CEMb Map TOPHU30HTAIBHBIX KOMIIOHEHT 3aITH-
ceil YCKOpEeHUH TpyHTa, BEIOPAHHBIX B COOTBETCTBUHM C MArHUTYJOW, SMMIICHTPAIBHBIM PaldyCcOM U MEXaHU3-
MOM BO3HHUKHOBEHUS PacCMAaTPUBACMOM ILIOMIAAKH CTpoUTeNbcTBa. CIeKTpanbHOE MpeoOpazoBanue (spectral
matching) BBHIOPaHHBIX 3aKMCell YCKOPEHWM TpyHTa MPOM3BOMUTCS OOpaTHBIM mpeoOpasoBanueM Dypre ams
HOPMATHBHOTO CIIEKTpa YCKOPECHHH C HCIIONb30BaHueM nporpamMmbel STERA WAVE 1.0. Pacuer Bemetcs B cOOT-
BETCTBUH ¢ celicMuuecknMu HopMamu Muamonesnn SNI 1726:2019.

Br10op 3amuceii 3emiieTpsicenuii. [Ipu mpoBeneHNN HEMMHEHHOTO TMHAMIYECKOTO aHAIN3a JTODKHBI OBITH
WCTIONIF30BaHBl HAOOPHI 3amMCe YCKOPEHWH TpyHTa JJIs MPOEKTHOTO W MaKCHMaJbHOTO PaccMaTpHUBAEMOTO
3eMJIETPSCEHUS], COCTOSIINE MIHUMYM M3 CEMH Tap TOPHU30HTAIBFHBIX KOMIIOHEHT aKcelleporpamMM, BEIOpaHHBIX
Y MacIITaOUPOBAHHBIX MCXOJS U3 NMapaMeTPOB MATrHUTY/IbI, SMUIEHTPATBHOTO PACCTOSIHUS U MEXaHU3Ma 3eMIIe-
TPSICEHHSI, COOTBETCTBYIOIIUX PacCMaTpUBaeMOl cTpouTenbHoM momanake [14; 15]. B ciaydae orcyrcrBus Tpe-
Oyemoro Habopa 3amuceil YCKOPEHUN T'PpyHTa BO3MOXXHO HCIOJIb30BaTh CHHTETHUECKUE MAPhl aKCEIepOrpaMM.
[Ipu ucnonp30BaHUK HETMHEWHOTO TUHAMHYECKOTO aHalIN3a KaK OCHOBAHUS IIJISl IPOEKTUPOBAHUS CUCTEM Ceii-
CMOW3OJISIIIAY pacueTHBIE IEPEMEIICHNS U CHUJIBI B 3JIEMEHTaX 3aHHUS PACCUUTHIBAIOTCA JUISI CPEAHETO 3HAUEHHUS
CEMH Tap aKCeIeporpamm.

s repputopun MHmoHe3nn HEOOX0IUMO PacCMaTPHUBATh TPH MEXaHH3Ma BOSHHUKHOBEHUS 3eMJICTPSCCHUIM
(puc. 3)":

1) merazemnerpsicenune (Megathrust, M);

2) 6ennod (Benioff, B);

3) moepxuocTHOe (Shallow Crustal, SC) u noBepxnoctHoe GonoBoe (Shallow Background, SB).
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= === Chi-chi / Yx-un
800 \ = -+ Northridge / Hoptpumx
= . Kobe /KoGe
700 El-Centro / Dmp-L{eHTpO
- Montenegro / UepHOTrOpHA
Mentawai / MeHTaBaii
= 600
~
o0
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A=
@ 400
300
200
100
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

T (cek/ seK)

Puc. 3. Pe3ynbTarhl npoueayps! CIEKTPAIILHOTO COOTBETCTBUS ISl KOMIOHEHTOB «E-W»
M cTOYHUK: BBINOJIHEHO aBTOPAMHU
Figure 3. Spectral Matching of the E-W components
Source: made by the authors

! National Center for Earthquake Studies. Report. Indonesian deaggregation maps for design and evaluation of seismic resistance in-
frastructure. 2022. (In Indonesian).
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3anucu 3eMIIeTPSCCHUN OBUTH TIOYYSHBI U3 OTKPBITHIX 0a3 TaHHBIX:

— LleHTp MHKEHEPHBIX JaHHBIX O CUIbHBIX aBmkenusx, CILIA (CESMD)?.

— TuxooKkeaHCKUI HCCIeq0BaTeNbCKUM IIEHTP celcMOocTOMKOoro cTpoutensctsa, CLITA (PEER)’.

— Ceru ceiicmorpaoB cHIbHBIX ABvkeHni K-Net, nonus®,

OueBunHO, 4TO I 3((PEeKTHBHOTO BHENPEHHS HEIMHEHHOTO JUHAMHYECKOTO METOJa B OTEUECTBEHHYIO
MPAaKTUKY HEOOXO0IMMa Cepbe3Has MOJCPHU3AIUS CYIIECTBYIONUX HOPMATUBHBIX JOKYMEHTOB, BKIIOUas pa3pa-
0OTKY pEKOMEHIAIUI U KPUTEPUEB 110 BBIOOPY 3amuceli 3eMIICTPSICCHUI, aHATIOTMYHBIX OTMEUYCHHBIM BHIIIIE.

Cnexmpanvhoe coomgemcmaeue (spectral matching) zanuceil 3emaempacerull

BriOpanHbIe 3aMTUCH 3eMIIETPSACEHNH W3MEHSJINCH C TIOMOINBIO MPOIEAYPHI CIIEKTPATIEHOTO COOTBETCTBHS
(spectral matching). llpouenypa CIeKTpaJIbHOTO COOTBETCTBUS 3aKII0UAETCSI B KOPPEKTUPOBKE CHEKTpa YCKOpe-
HUH B COOTBETCTBUU C 3aJIaHHBIM CIEKTPOM OTKinKa. [Ipoliecc BKIIOUaeT B ce0s, PEkKIe BCEro, MACIITaOUPO-
BaHHE aMIUIMTYIHOTO criekTpa Pypre A COTIACOBAHUS aMIUIUTYJ U KOPPEKTUPOBKY (ha30BOTO CHEKTpa IS
BpeMeHHOTO coryiacoBanus [20; 21]. Yder HeonpeaeIeHHOCTEH ¢ MMOMOIIBI0 BEPOSITHOCTHBIX METOIOB TTO3BOJISI-
€T TOJyYUTh HaJEKHBIC pe3yJbTaThl. Banunanus mo sMnupUYecKUM JAHHBIM M aHAJU3 YyBCTBUTEIBHOCTHU 3a-
BEpUIAIOT NPOLEAYPY, B pPe3ylbTaTe KOTOPOH MOIy4YaloT CKOPPEKTUPOBAHHBIE B COOTBETCTBUU C CEHCMHUYHO-
CTBIO TUTOIIAKH 3AIMCH 3eMJIETPSCEHMH.

IIporecc celicMHUYEeCKOTO COOTBETCTBHS BBIOPAHHBIX 3alHCEH 3eMIICTPSICEHWI BBITIONHSIICS B IPOTpaMMe
STERA WAVE 1.0. Pe3ynbpTaThl CIEKTPAIbHOTO COOTBETCTBHA NpeicTaBieHsl Ha puc. 3. IlapameTpsl 3amuceit
3eMJICTPSCEHUH, BKIIFOYasT YCKOPSHHSI OBEPXHOCTU TPYHTA (PGAmax) 10 M TIOCIE MPOBEICHUS TIPOIICTYPhI CTICK-
TPATBHOTO COOTBETCTBUS, TIPEIACTABICHBI B TA0J. 2.

Tabnuya 2 / Table 2
IMapameTpsl 3anuceii 3emiierpscennii / Ground motion parameters
N 3emuerpsicenue / | HanpaBienune / | Mexanuszm / | Marnuryaa/| PGAmax, PGA’max, | Bpems, cex/ | UcTounuk /
B Earthquake Direction Mechanism | Magnitude raja/gal | ran/gal* | Duration, sec Source
T 2011/ EW 293.5 305.7
OXOKY
1 Tohoku 2011 NS 9 372.2 364.0 300 K-Net
UD 287.2 249.2
Tt Tax 1999 / EwW 17.3 3574
u-Uu
2 Chi-Chi 1999 NS M 7.62 25.1 371.1 60 CESMD
UD 9.8 554.3
M 2007 / EW 124.0 319.2
eHTaBal
3 | Mentawai 2007 NS 7.9 114.0 303.3 108 CESMD
UD 42.0 373.5
Sl 1940 / EwW 210.1 346.9
b [enTpo
4 | E| Centro 1940 NS 6.9 3417 343.9 15 STERA 3D
UD SC 206.3 511.0
q 1694 / EwW 172.0 327.0
OPTPHIK
3 | Northridge 1994 NS 6.53 245.0 289.8 40 PEER
UD 15.1 278.6
KoGe 1995 / EW 617.1 413.5
obe
6 Kobe 1995 NS SB 6.9 817.8 407.7 20 STERA 3D
UD 3322 615.3
EwW 175.5 395.2
7 | Hepnoropua 1979 / NS B 7.35 265.1 361.5 30 PEER
Montenegro 1979
UD 47.19 318.2

*pumeuanue: PGA max — MakCHMaJbHOE YCKOPEHHE HOBEPXHOCTH IPYHTA [OCJIE MPOLEAYPHI CIIEKTPAIILHOIO COOTBETCTBUS /
*Note: PGA 'max — peak ground acceleration after spectral matching

2 Center for Engineering Strong Motion Data USGS. URL: https://www.strongmotioncenter.org. (accessed: 19.11.2023).
3 Pacific Earthquake Engineering Research Center (PEER). URL: https://ngawest2.berkeley.edu. (accessed: 19.11.2023).
4 Strong-motion Seismograph Networks (K-NET, KiK-net). URL: https://www.kyoshin.bosai.go.jp. (accessed: 19.11.2023).
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3. Pe3yabTaThl M 00CYKIEHHE

Pe3yabTaThl MOaaJLHOr0 aHanau3za. opMel kosrebanuit (puc. 4):

—mnepBast: 11 = 0.997 cex, koappunment momansHbIX Macc M, = 0.792, M, = 0.003.
— Bropas: 1> = 0.833 cek, ko3 punuent Mmonanbubix Mace M, = 0.009, M, = 0.025.
—1peths: T3 =0.751 cek, koaddurment moganpHbIXx Macc M, = 0.002, M, = 0.769.

Puc. 4. ®opmsl konebanuit: a — nepsas, 71 = 0.997 cex; b — tpetss, 73 =0.751 cek
N cTo4HUK: BBIIOJIHEHO aBTOPaMH ¢ UcIoib3oBaHueM nporpammel STERA 3D

Figure 4. Mode shapes: a — first, 71 = 0.997 sec; b — third, 75 = 0.751 sec
Source: made by authors using the STERA 3D program

Heauneiinblii cratudeckuii (Pushover) ananu3s. Ha puc. 5 mpencrasiena nedpopMupoBaHHAs cxema U
KpHBasi Hecyllell cliocOOHOCTH 34aHMs BAOJIb OCH X. DJIEMEHTHI, BbIIEIECHHBIC KEJITHIM LIBETOM, HICHTU(PHULIU-
PYIOT yMepeHHbIE TIOBPEXIEHU, a KpacHble — KpuTnueckue. Ha puc. 6 npeacraBieHsl KpuBas HeCyIleH cro-
COOHOCTH M HOPMATUBHBIH CHEKTP YCKOPEHHMH B MpeoOpa3oBaHHBIX KOOPAMHATAX CHEKTPAILHOTO YCKOPEHUS
(S.) u criekTpanpHOTO TIepeMeneHus (Sq).

Puc. 5. Henuneiinpiii cratnueckuit (Pushover) ananus
N cTo4HUK: BBIIOJIHEHO aBTOPaMH ¢ UcIoib3oBaHueM nporpammel STERA 3D
Figure S. Nonlinear static (Pushover) analysis
Source: made by the authors using the STERA 3D program

64 SEISMIC RESISTENCE



Abaee 3.K., Cynman @. CTpouTenbHas MexaHuka MHXEHEPHBIX KOHCTPYKLUWIA 1 coopyxermin. 2024, T. 20. Ne 1. C. 57-72

900

800

700

HopMaTHBHBII cIIeKTp /

Demand Spectrum
600

Hecymas criocoGHOCTS /|
Capacity Curve

500

400

300

Sa (raa/ gal)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Sd (cm/ cm)

o

Puc. 6. Kpusast Hecymel ciocOOHOCTH 1 HOPMAaTUBHBIH CIIEKTP
M cTo4YHUK: BBIIOJIHEHO aBTOPAMU

Figure 6. Capacity Curve and Demand Spectrum
Source: made by the authors

Omnpenesenue ypoBHeii padorocmocooHoctu (Perfomance levels). B ceiicMocToiikoM cTpOHTETLCTBE
ypoBHH paboTocnocoOHOCTH (3((HEKTUBHOCTH) 3AaHUN M COOPYKEHUH MMEIOT PEelIaolee 3HaUCHUE JIs OIpe-
JICJICHUST O’KUJ]AeMOTO TOBEJICHUS KOHCTPYKIUHN MPH CEHCMUYECKUX BO3NEHCTBUsIX. OOBIYHO B CTPOMTEIBHBIX
HOpMax W MpaBHJIaX PAacCMATPHUBAIOTCS TPU WHTEHCHBHOCTH 3eMJICTPSICEHUI (YPOBHHU CEHCMUYECKO# OmacHo-
CTH) M YETBIpE YPOBHS pabOTOCIIOCOOHOCTH, BKIIOYAIOIINE SKCIUTYaTaIlMOHHBIN (operational), HETIOCPEICTBEH-
HOro mpeObIBaHus mojei (immediate occupancy, 10), 6e3onacHocTy )xu3HenestenvHocTu (life safety, LS) u
npenoTBpamienus oopymenus (collapse prevention, CP)’.

OTHOCHUTENBHBII MeKAYITAXKHBIN Mepekoc (inter story drift ratio) sBiserca ogHUM U3 BaKHEHIINX MHa-
paMeTpOB, TECHO CBS3aHHBIM C YPOBHEM DKCIUTYaTallHOHHBIX XapaKTEepHUCTHK. VccemoBanns MoKa3aiu YeTKYI0
KOPPEJSIIIHI0 MEXAY MEKITAKHBIM MEPEKOCOM U YPOBHEM PabOTOCHOCOOHOCTH, MPUYEM pa3IMYHbIE YPOBHU
MEXITaKHOTO MIEPEKOCa COOTBETCTBYIOT ONPEAETICHHBIM KPUTEPUAM paboTocnocoOHOCTH. B HacTosimem uccie-
JIOBaHWUHW UCTIOIB3YIOTCS 3HAYEHHSI OTHOCHTEEHOTO MEXIYITAKHOTO IepeKkoca (puc. 7) ¥ COOTBETCTBYIONIUE UM
YpOBHHU pab0OTOCIIOCOOHOCTH, pEKOMEHIOBAHHBIE aMEPUKAaHCKIMH HOpMaMi «PyKOBOACTBO 1O MCIIBITAHUIO XKe-
J1e300€TOHHBIX AJICMEHTOB KOHCTPYKIIMI MPH MEIJICHHO JCUCTBYIOIIUX CUMYJIHPOBAHHBIX CEHCMUYECKHUX BO3-
NEeHCTBUSIX»®.

HeobxomumMo OTMETHTD, YTO 3HAYEHHS MEXTydTaXKHBIX IEPEKOCOB TECHO CBS3aHBI C ONPENEICHUEM UHOEK-
ca nospedcoaemocmu (damage index) — BaXHEHILIEro KpUTEPHSL, HCIIOIB3YEMOTO JJIsl KOJTMYECTBEHHON OLEHKH
CTeTIeHH TMOBPEXIeHU KOHCTpYKunu. OH oOecneunBaeT equHOe ONpeaeieHne MOBPEKACHU, He 3aBHUCSIIEE OT
Marepuana, U3 KOTOporo M3rotroBieHa KoHCTpykmms [20; 21]. B HacTosmeM ncciaeI0BaHWH HCIIONB3YEeTCS MH-
nekc noppexxnaemoctu [lapka — Dura (Park — Ang), npeanoxxeHHsld B [22]. B ocHOBe nHECKCA JIEKHUT KOMOH-
HUpPOBaHHAs Mepa CEHCMHYECKOro ymepda, KOTopas oOecledrBaeT OCHOBY Ul OLIEHKM 0€30MacHOCTH KOH-
CTPYKIMH B IMOCTMAIHIIOKOBEIN Tiepro. MHIEKC OoIeHUBaeT ymepd Kak JIMHEHHYI0 KOMOWHAITNI0O MaKCHMAalTb-
HOW nehopMaIiiil ¥ TUCTEPETHYECKON SHEPTUH, YTO MO3BOJSET YUUTHIBATh HAKOIUICHHE W pacIIpeleleHne Io-
BpPEXKIICHUH B 2iieMeHTax. B HacToseil paboTe MPUMEHSIOTCS COOTHOIICHUS MHJIEKCA TTOBPEKIAEMOCTH, MEXK-
Iy3TaXXHOTO TIepeKoca U ypoBHEH paboTOCIIOCOOHOCTH, MpeIoKeHHBIe B [23].

> FEMA 356 Prestandard and Commentary for the Seismic Rehabilitation of Buildings.
¢ ACI 374.2R-13 Guide for Testing Reinforced Concrete Structural Elements under Slowly Applied Simulated Seismic Loads.
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Tabruya 3 / Table 3

B3anmocBsizb Mexkay nHAeKcOM noBpexxkaaemoctu [lapka u Jura Dps 1 ypoBHeM padoTocnocodHocTH [22] /

Relation between Park and Ang damage index Dp4 and performance levels [22]

Hupexc IMapka u Dura/ | IpeneiabHblii nepexoc / | CreneHb nmoBpexkaeHuii / Yposennb paGorocnocodnocru /
Park and Ang index Dpa Drift limits Damage state Performance level
0.1-0.2 <0.5% Hesnauntensusie / Minor OkcrutyataunoHHbli / Operational
0.2-0.5 0.5-1.5 % Ymepenusie / Moderate besonacHocts xusHenesrensHoctu / Life safety
0.5-1.0 1.5%—-2.5% CymecrBeHHble / Severe Ipeno6pywenue / Near collapse
>1.0 >2.5% Oo6pyurenue / Collapse [Monuoe o6pymenne / Total collapse

Ha puc. 7 npeacraBneHsl OTHOCHUTENBHBIE TIEPEKOCH ATAXKEH TSI HEU30JIMPOBAHHOTO 3/aHMs (’KECTKOe OcC-
HOBaHKE). MaKkCUMaJIbHBIC TIEPEKOCHI JIJIS BCEX 3aIlMCeil 3eMJICTPSCCHUI JIOKATH30BaHbI B YPOBHE 2-TO 3TaXKa H
HaxozsaTcs B ypoBHAX /O u LS. CoOTBETCTBYOIINE HHAEKCH TTOBPEXKIAEMOCTH TSI KAXKIOTO Taka IpeICcTaBIIe-
HBI Ha pUC. 8 ¥ TaK)Ke CBUIETENBCTBYIOT 00 YIOBIETBOPHUTEIHHON CEHCMOCTONKOCTH 00BEKTa NCCIIEJOBAHMA.

=4 Tohoku / Toxoxy
i Chi-Chi / Yu-un
~@— Mentawai / MeHTaBait

= El Centro / D16 L{eHTpO

Northridge / Hoprprmx
= Kobe / KoGe

—4&— Montenegro / UepHOTOPHA

raxk / Story

= = [0 /IIpeGbiBanHue MOAEH

= + =LS /be30nacHOCTb KH3HeeATETbHOCTH
T

1.5 2 2.5 3
OtHocHTeIbHBIH mepekoc/ Inter story drift ratio

Puc. 7. OTHOCUTEIIBHBIC MEKITYITAKHBIC IEPEKOCHI (KECTKOE OCHOBAHME) B HAMTPABICHUH X
VICTOYHHMK: BBIIOJHECHO aBTOPAMHU
Figure 7. Inter-storey drift ratio (fixed base) in X direction
Source: made by authors
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—4— Montenegro / YepHOropHA

= = [0 /IIpeGrIBanue mOACH

Itax / Story

= = LS /Be30nacHOCTb KH3HEASATETHHOCTH

= + =CP/IIpenoTBpamieHne oOpyIIeHHA

}
|
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|
|
|
|
|
: == Kobe / KoGe
|
|
|
|
|
|
|
|

0.2 0.3 0.4 0.5
Hugexc noppexaamocta / Damage Index

Puc. 8. Vnnexc noBpexaeMocT STaxel (JkecTKOe OCHOBAaHHUE)
VICTOYHHMK: BBIIOJHECHO aBTOPAMHU
Figure 8. Story damage index (fixed base)
Source: made by authors
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OnucaHue NPUHATHIX 3JIEMEHTOB celicMOoM30JsuN. B HacTosIeM HccaeI0BaHUH UCTIONB3YIOTCS (PPUK-
[IMOHHO-MasTHUKOBBIE OMOPHI. JlaHHBIE OTIOPHI IMTOKa3al CBOIO BBHICOKYIO 3(h(PEeKTHBHOCTh M aKTHBHO MPUMEHS-
IOTCSI B KAYECTBE CEHCMOM30IISLIMU BO BceM Mupe [26; 27]. [lapameTprl omop npeAcTaBliIeHbl Ha puc. 9.

Kax Buano u3 puc. 10-11, npuMeHeHHe CEHCMOU3OISAIUHU MTO3BOJIIET CYIIECTBEHHO CHU3UTH 3HAUCHUS MEX-
IIY3TKHBIX TIEPEKOCOB M MHICKC TIOBPEXKTAEMOCTH (71 BCEX 3amuceil ypoBeHb padboTocmocobHoCcTH [0).

=
£
2 ! ITapametpsi / Parameters
—
k o o D¢ dexTuBHas skecTKOCTh, KH/M — 32722 /
o o Effective stiffness, KN/m — 32722

Koapdumuent tpennst — 0,043 / Friction coefficient — 0.043
Pamyc, mm — 4500 / Radius, mm — 4500
EF___ S, R | Bricora, MM — 45 / Height, mm — 45

MaxkcuManbsHOe nepeMenierne, Mm — 600 /
Displacement capacity, mm — 600

] o
v HomunanbHas BepTukanbHas Harpyska, kH — 2945 /
B o o Nominal vertical load, kN — 2945
30 "] | [* 30 MakcumanbHasi Harpy3ka Ha coopyxkenue, kH — 2749 /
870 Maximum axial load on structure — 2749 kN

Puc. 9. [Tapamerpsl GPHUKIHOHHO-MASITHUKOBON OTIOPBI
Uctounuk: Nippon Steel & Sumitomo Metal. 2017 [26]

Figure 9. Friction pendulum properties
Source: Nippon Steel & Sumitomo Metal. 2017 [26]
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= . =LS /Be30nacHOCTb KH3HEAEATETHHOCTH
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OrtHOCHTe. IbHBIH Hepekoc/ Inter story drift ratio

Puc. 10. OTHOCHTENBHBIE MEXIY3TaXKHEIE IEPEKOCH (M30JIMPOBAaHHOE OCHOBAHNE) B HAIIPABICHAN X
M cTOYHUK: BBIIOJHEHO aBTOPAMH
Figure 10. Inter-storey drift ratio (isolated base) in X direction
Source: made by the authors
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Puc. 11. nnexc moBpex1aeMoCcTH dTaxel (M30JIMPOBaHHOE OCHOBAHUE)
McTo4HUK: BBIIOIHEHO aBTOPaMU

Figure 11. Storey damage index (isolated base)
Source: made by the authors

Ha puc. 12 npeacraBieHo cpaBHEHHE MaKCUMAJIBHBIX EPEMELICHUH ISl )KECTKOTO U M30JUPOBAHHOTO OC-
HOBaHWsA. Habmomaercst 3HaUNTEIIbHOE YMEHbIeHHE MedopMariiii caMmoro coopykerus (B 1,9 pasa s 3anvcu
Hoprpumx u 7 pa3 ans 3anucu Yu-Yn).
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—4=—1SO-Montenegro / [1-UepHoropusa ====Tohoku / Toxoky ====ChiChi / Un-Un
=¥=Mentawai / MeHTaBait ——El Centro / 916 LlenTpo —#—Northridge / Hoptpumx

Kobe / KoGe === Montenegro / YepHOropHA

Puc. 12. [Iepemenienus 1o STaxam It &KecTKoro u n3onuposanaoro (ISO) ocHoBanmit
McTo4HUK: BBIIOIHEHO aBTOPAMU

Figure 12. Displacements for fixed and isolated (ISO) base structures
Source: made by the authors

Ha puc. 13, 14 npencraBiieHbl CpaBHEHHS YCKOPESHUH U CHJI B OCHOBAHUU JIJISl ’KECTKOTO U W30JIMPOBAHHOTO
3nanus. JIns U30JMPOBAHHOTO 3/[aHUS 3HAUCHHS YCKOPSHUH YMEHbBIIIEHBI B CPEHEM B 2 pa3a, a 3HAYCHHUS CUIT B
OCHOBaHHH 37aHUSI — B 3 pasa.
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Puc. 13. YckopeHus Ha BepXHEeM 3Take B HAIPaBICHHH X
M cTOYHUK: BBIIOJHEHO aBTOPAMH

Figure 13. Acceleration on Top Floor in X-direction
Source: made by the authors
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Puc. 14. Crna B OCHOBaHUHM 31aHMS B HAIIpaBJICHUH X
M cTOYHUK: BBINOJIHEHO aBTOPAMHU

Figure 14. Base Shear in X direction
Source: made by the authors

Ha puc. 15, 16 npencraBieHsl KpUBbIe THCTepe3nca (CHiIa B OCHOBAaHUH — TIEPEMEIICHUE BepXa 3TaHM)
1utst 3anucu Db Lentpo, 1940. M3onmpoBanHOe 31aHMe XapaKTepu3yeTcs: 0ojee BRICOKOW CTENEHBIO PAacCesTHIS
SHepruu (IIOMaAb MEeTIU THCTepe3nuca) M CYIIECTBEHHBIM CHIKEHHEM cuiibl B ocHoBaHMM (16 430 xkH gns
JKECTKOTO OCHOBaHUs NpoTuB 4563 kH — nist n301MpoBaHHOTO).

B macrosmie#t pabote umcciieIoBanach CEHCMOCTOMKOCTD 8-dTa)KHOTO JKHJIOTO KEJIe300€TOHHOTO 3IaHUS
paMHO-CBSI3€BOI KOHCTPYKTUBHOM cxeMbl. OOBEKT HCcCiIef0BaHMs PACCUNTHIBAJICS HA CEMb ITap TOPU30HTAIBHBIX
KOMITIOHEHT aKceJleporpaMM, BEIOPaHHBIX B COOTBETCTBUH C MapaMeTpaMH BO3MOKHBIX 3eMIIETPSCEHUN AJIs pac-
CMaTpUBaeMO# TUIOMAAKKH CcTpouTenbcTBa (T. banaynr). BriOpanHble 3amvcu 3eMIIETPSICEHUN W3MEHSUTHUCH
C MOMOIIIBIO MPOTIEAYPHI CIIEKTPAITLHOTO COOTBETCTBUS (Spectral matching) HOPMAaTHBHOMY CIIEKTPY YCKOPEHHH.
B kadecTBe celicCMOM30IMPYIOIINX ONOP OBUIN HCIIOIB30BaHbl (PPUKLUOHHO-MAITHUKOBBIEC OTIOPHI.
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Figure 15. Hysteretic curve for El Centro (fixed base Y)
Source: made by the authors
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Puc. 16. Kpusas rucrepesuca s 3anucu Oib LieHTpo (M301mpoBaHHOE OCHOBAHHUE)
McTo4HUK: BBIIOIHEHO aBTOPaMU

Figure 16. Hysteretic curve for El Centro (isolated base Y)
Source: made by the authors

4. 3akJI0oYeHue

B pesynbraTe uccnenoBaHusi MOKHO CAEIaTh CIEAYIOIIUE BEIBOABI:

1. B memoM aHanm3 mokasai, 4To 37JaHHE COOTBETCTBYET YPOBHIO HETIOCPEICTBEHHOTO NMPEOBIBAHUS JTIOeH
(10).

2. BoiBonbl, MONy4YeHHBIE B pe3yibTaTe HEMMHEWHOrO JUHAMHUYECKOTO aHalKW3a BO BPEMEHHOH oOmacTu
(NLTHA), moka3bIBalOT, 4TO MMOBEPXHOCTHBIE 3eMIIeTpsiceHus (shallow) mpuBOIAT K OONBLIMM pa3pyLICHUSM MO
CpPaBHEHHUIO C MeTa3eMJICTPsCeHUAMH (megathrust), IpudeM B 000X CIICHApHsIX 00eCIIeYnBaETCs YPOBEHE 0e3-
OMACHOCTH XHU3HEAeSTeNbHOCTH (LS).

3. 3emyeTpsiceHus], XapaKTepU3yIOIUecs: ATUHHBIMI TIEPUOIaMH, BBI3BIBAIOT TOBBILICHHBIE AeOpMalud U
MOBPEXICHUS B M30JIMPOBAHHBIX KOHCTPYKINAX OCHOBAHUSL.

4. [lpumeHeHne ceiicMON30ISIIUK, B YaCTHOCTH HCIIOJIBb30BaHNE (PPHKIMOHHO-MASTHUKOBBIX OIIOp, ITO3BO-
JISIeT CHU3UTH CEHCMHUYECKHE Harpy3Kku, O YeM CBUAETEILCTBYET YMEHBILICHNE YCKOPEHHI HA BEPXHEM YPOBHE U
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CIBUTAIONINX YCHIUA B ocHOBaHUH. COOTBETCTBEHHO, CHIXKAETCS MHAECKC TOBPEKITAEMOCTH KOHCTPYKIHH, JI0-
CTUrasi COCTOSHUSI OTCYTCTBUSI TIOBPEXKJICHUH, M MOBBIMIAETCS YPOBEHb AKCIUTYaTAIIHOHHBIX XapPAKTEPUCTHK JIO
YPOBHSI HETIOCPEACTBEHHOTO MpeOriBanus roaei (10).

5. B nienoM ucnonb30BaHie W30JUPOBAHHBIX KOHCTPYKIIUH IEMOHCTPUPYET 3HAUYUTENbHYIO 3P PEKTHBHOCTD
B TOBBIIICHUH YPOBHS SKCIUTYaTallHOHHBIX XapaKTEPUCTUK, OCOOCHHO JJIs 3/IaHUI C MOBBLIIIEHHBIMU TpeOOBa-
HUSMU K CEHCMHUYECKOM 0€30MaCHOCTH (HApUMep, OOTBHUIIBI M TOCITUTAIIN ).
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3asBieHHe 0 KOH(JIMKTEe HHTEPeCOB Typ. IIpoBeneHs cepun UCHBITAHUN MOHOJIUTHOTO TOJIMKapOOHAaTa Ha pacTsKe-

Hue B nuana3one temmneparyp ot —60 no +80 °C. beuia mpoBeaeHa oLeHKa BIIU-
SIHUSI TEMIIEPATyphl Ha CIEeIYIOIINe XapaKTePUCTUKU MOHOJIUTHOTO MOIHKapOo-
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pax, npesblmaromux 15 °C, i pa3au4yHbeIX 00pa3LoB B LEIOM COOTBETCTBYIOT
3HAYEHHAM, TTOMYYCHHBIM INIPH HCIBITAHHUAX, NIPOBEACHHBIX IPH CTAHIAPTHBIX
YCIIOBUSIX.

KiroueBble cj10Ba: MOHOJUTHBIN NOJIUKapOOHAT, TEMIIEpaTypa, OTHOCUTEILHOE
yIUIMHEHHE, IPOYHOCTb MIPU pa3pbIBe, MPEe] TEKYUECTH NPU PacTKEHUN
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Abstract. The study of the physical and mechanical properties of polycarbonate under
various temperature conditions, taking into account its widespread use as a base material of
monolithic polycarbonate systems in various climatic regions, will ensure a high degree of

reliability of structures during operation in a wide temperature range. The authors of the

Accepted: January 11, 2024 ! * - 1ac ;
article conducted a series of tensile tests of monolithic polycarbonate in the temperature range

from —60 to +80 °C. The influence of temperature on the following characteristics of
monolithic polycarbonate was evaluated: elongation at break, tensile yield strength, tensile
stress at break, strains at the end of the elastic stage of the material. As a result of the
conducted experimental studies, the relationship between the strength properties of monolithic
polycarbonate and the operating temperature was revealed. The values of elongation at break
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at temperatures exceeding 15 °C for various samples generally correspond to the values

Authors’ contribution obtained during tests conducted under standard conditions.
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1. BBenenue

B Hacrosiiee BpeMst akTHBHO Pa3BUBACTCS PHIHOK OTEYECTBEHHBIX MOJIMMEPHBIX H KOMITO3UITHOHHBIX MaTe-
pHAaJIOB, B TOM YKCIIe MOHOIUTHOTO MoNMKapOoHara. M3yueHne Gu3nKo-MeXaHHYECKHX CBOMCTB MOJIHKapOOHATa
C YYETOM €ro MIMPOKOTO MCIOIB30BAHUS B Pa3HBIX cdepax MO3BOJIUT 0O0ECIEUUTh BHICOKYIO CTETIEHb HA/ICKHO-
CTH KOHCTPYKIUH TIPU SKCIUTyaTalluy B IIMPOKOM JMaria3oHe TemrepaTyp. PaHee aBTOpBI cTaThu MPOBEIH Ce-
pUIO SKCIIEPUMEHTOB [ 1] Ha pacTshHKeHHe W U3TU0 C LENBIO ONpeaeiIcHus (PU3NKO-MEXaHUISCKUX CBONCTB TOJH-
KapOOHaTa B CTAaHJIAPTHBIX YCIOBUAX. Takke pe3yabTaThl SKCIIEPUMEHTATIBHBIX HCCIIEIOBAHUI MO OTPEICIICHHIO
Pa3IUYHBIX (PU3MUECKUX, MEXaHUYECKUX, ONITUYCCKUX U IPYTHX CBONCTB MOHOJIMTHOTO TIOJUKApOOHATA MPHUBE-
nensl B [2—10]. [Tpu 3TOM npoYHOCTHBIC U 1e(hOPMAIMOHHBIE XapaKTEPUCTHKHU ITOTO MaTepuaia Kak OJHOTO U3
BHJIa TUTACTMACC 3aBHUCAT OT TEMIIEPATyPHOTO peKUMa dKCIUTyaTaIliH JIeMeHTOB KoHCTpykmwmid [11; 12]. Crox-
HBIE MOJICKYJISIpHBIC MPOTIECCHl U CTPYKTypa IIacTMacc oOyCIIaBIMBAET CHEIUPUIECKHE 0COOSHHOCTH nedop-
MaIllui TOJUMEPOB B 3aBUCHUMOCTH OT TemrepaTypsl [13]. [loaToMy nis paciivpeHuss BO3MOXKHOCTEH UCTIOIB30-
BaHUsI MOHOJMTHOTO MOJIMKapOOHATa B Ka4eCcTBe 0A30BOI0 MaTephalia MOHOJIHUTHBIX MOJUMKAPOOHATHBIX CHCTEM
B Pa3MUYHBIX KIIMMATHYECKUX YCIOBUSAX BXKHOM 3ajjaueil MpelcTaBiseTcss M3y4deHHue (PH3HKO-MEXaHUYECKUX
XapaKTEPUCTUK MOHOJIMTHOTO MOJIMKApOOHATA TPU YCIOBUSX, OTIMYAIOIIUXCS OT CTAHAAPTHBIX YCIOBHH HCITHI-
TaHWH, YTO MO3BOJIUT 0OECIICYUTh MEXAaHHUYECKYHO) 0€30MaCHOCTh OTPAKIAMOIINX CBETONPO3PAYHBIX KOHCTPYK-
1uii. B cBsI3u ¢ 3TUM aBTOpaMH CTAThU OBUIH MPOBEJCHBI CEPUU MCIBITAHUNA MOHOJIMTHOTO MOJNMKapOoHATa Ha
pacTspKeHue B auana3oHe temiepatyp ot —60 go +80 °C.

2. JKcnepuMeHTAJIbHbIE HCCJIeI0BAHUSA

B pamMkax mcciieoBaHus ObUTM MCIBITAHBI CEpHU 00pa3IOB TPEX MPOM3BOJUTENCH Pa3IHMYHBIX TOJIIUH, &
nMeHHO 4 1 10 MM. OOpa3ITsl OBUTH H3TOTOBICHB MEXAHHYECKUM CIIOCOOOM Ha YHUBEpcanbHOM cTtanke UITY u3
JIUCTOBOTO ToNuKapOoHata (puc. 1).

b 4]
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-l'.'.'l'_ -DN
? ‘#,,.--— 1
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L

Puc. 1. Pa3meps! 06pa3noB [t NCIBITAaHNS MOHOJIUTHOTO ITOJIMKapOOHATa
(Tun 1B 1o mexrocyaapcreentomy cranaapry TOCT 11262-2017"):
I3 =0onee 150 mm; 1 = 60 mm; = 60° [ = 108,0 Mm;
b2=20mm; b1 =10 Mm; =4 mm; Lo =50 mm; L =115 mm
Uctounuk: emonneno H.A. Kyapssuessim no TOCT 11262-2017"

Figure 1. Dimensions of monolithic polycarbonate test specimens
(Type 1B according to GOST 11262-2017" standard):
I3 =over 150 mm; /1 = 60 mm; r = 60°, /= 108,0 mm,;
b>=20mm; b1 = 10 mm; 2 =4 mm; Lo =50 mm; L = 115 mm
Source: made by N.A. Kudryavtsev in according to TOCT 11262-2017!

ITOCT 11262-2017. Ilnactmaccsl. MeTton ncnbiTanus Ha pactshkenne. Mocksa: Cranaaptuadopm, 2018. 20 c.
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UcnbiTanus Ha pacTsyKeHHE BBITIONHSIINCH B COOTBETCTBHH C
TpeboBaHMsIMH MexrocyaapcTBeHHbIX cTangaptoB ['OCT 34370-
2017 u TOCT 11262-2017', rae npuseneHsl 0OIIME NPUHIMIIEI
M0 OTIPEIEICHII0 MEXaHNIECKIX CBOMCTB MPH PACTKEHUN H Tpe-
0OBaHMS K TUMY OOpa3IOB M METOAAaM HMX IMOJATOTOBKU COOTBET-
CTBEHHO.

J1s OIeHKHM BIMSHUS TEMIIEPATyphl OKPYXKAIOIIeH Cpelsl Ha
(PU3UKO-MEXaHUYECKUE CBOMCTBA MOHOJIUTHOIO MOJHKapOOHaTa
WCIIBITAHNS TIPOBOIMIIUCH B TEMIIEPATYPHON KaMepe ¢ BO3ZMOKHBIM
nuama3zoHoM temmeparyp oT —60 mo +300 °C (puc. 2). UcnbiTanus
TIPOBOAWIINCH IS CIEAYIONINX 3HaueHWi Temmepatyp: —60, —40,
-20, —-10, =5, 0, +5, +15, +23, +30, +45, +60, +80 °C. O6pa3us
M3TOTaBIMBAINCH U3 MOTUKapOoHaTa Tpex mpousBoautenei: KAR-
BOGLASS (tommmuoit 4 mm), NOVATRO (tommunoii 4 u 10 Mm),
DANPALON (tonmuHoii 4 MM). B kaxkmyro cepuro Aiis OIHOTO
3HAYCHUsSI TEMIEPATypPhl BXOJIUIIO IO TPH 00pasiia KaxKoro Mmpou3-
BOJIUTEISL.

BrusiHue TemmepaTypbl OIICHUBAJIOCh HA CICIYIONINE XapaKTe-
PUCTHKU MOHOJIUTHOT'O TIOJIMKapOOHaTA!

» OTHOCHTEJIBHOE yJUTMHCHHE TIPH Pa3phIBE;

» Tpeje TeKyYeCTH TIPH PacTKECHUH;,

» MPOYHOCTH MPH Pa3phIBE;

» nedopMalid MOHOJIUTHOIO IOJHMKapOOHATa, COOTBETCTBY-
IOII[ME KOHITY YIIPYTO# CTaauu U HA4aly MPOSBICHHS IIACTUYSCKUX
nedopMmaruii (T. B Ha muarpamMme «HaOpspKeHUS — aedopMaruny
TIPH pacCTHKEHUH — PHC. 3).

3. PesyabTaTsl

Puc. 2. Obpazen mocie UCTIBITaHMS
B TEMIIEPaTYPHOU Kamepe
Uctounuk: dporo AO « [ IHUUIIpom3nanmii»

Figure 2. Specimen after testing
in the temperature chamber
Source: photo by JSC «Tsniipromzdanii»

XapaKTep AuarpaMMbl «KHAIIPAKCHUSA — I[C(bOpMaI_II/II/I» OpU pa3JINYHbIX 3HAUYCHUAX TEMIICPATYP UACHTUYCH
AuarpaMme nNpu CTaHAAPTHBIX UCTIBITAHUAX (pI/IC 3), HO 3HAYCHUSA MAPaAMCTPUICCKUX TOYCK UMCIOT OTIINYUSA.

OpT

Gpp

G, MIla / MPa

\@

opy

AL, MM / mm

Puc. 3. [lnarpamma «HanpspkeHus — AeGpopManimy Mpu PaCTSHKEHUU PH CTaHAAPTHBIX YCIOBHAX HCIBITAHUS:
Opr — HpPEIeN TEKYYECTH IIPU PACTSHKEHUH; Opy, — IIPOYHOCTD [IPU Pa3PBIBE; Op, — IPEIEN YIPYTOCTH
McrouHuk: BbIONHEHO aBTOpamu [1]

Figure 3. Tensile stress-strain diagram under standard test conditions:
opr — tensile yield strength; o, — tensile stress at break; oy, — elastic limit

Source: made by the authors [1]

2TOCT 34370-2017. Tlnactmaccel. OnpejeneHue MEXaHMYECKUX CBOMCTB npu pacTskenuu. Y. 1. O6mue npuHuums. Mocksa:

Cranmapruragopm, 2018. 27 c.
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[penen Teky4ecTH MpH PacTSHKEHUH MOHOJUTHOTO TOJNWKapOOHATA M3MEHSETCS JIMHEHHO B 3aBHCHMOCTH
OT TEMIIEPaTyphl, PU ATOM TpH TeMieparypax Hinke 23 °C, COOTBETCTBYIOIIEH CTaHIAPTHBIM YCIOBUSM HCIThI-
TaHWH, MPOYHOCTh TOBBINIAETCS, a MPH 0oJiee BHICOKUX TEMIIEPATypax MPOUCXOIUT CHIDKEHHE TIPOYHOCTH TPH
pactspxenuu (puc. 4, Tadmn.). B Tadmume npuseneH Ko3QPUITUEHT Y4, YIUTHIBAIOIMNANA N3MEHEHUE TTPOIHOCTH MO-
HOJIUTHOT'O TOJIMKapOOHaTa MPH YCIOBUSAX €ro 3KCILTyaTalliH, OTIWYHBIX OT CTaHIApTHBIX YCIOBUW. JlaHHBIC
AKCIEPUMEHTAIBHBIX HCCIICIOBAHUI MOHOJIMTHOTO IOJMKApOOHATA COTJIACYIOTCS C TOBEICHHEM DPa3JIMYHBIX
TUTACTMACC TIPU TOBBINICHHBIX W TOHIKEHHBIX Temreparypax. Tak B [14] kK pacdeTHBIM COMPOTHUBICHHUSIM
macTMacc (Hanpumep, IS CTEKJIOIUIACTUKOB), SKCIUTYaTUPYEMBIX MPH MOBBIIICHHBIX TEMIIEPAaTypax, BBOAATCS
MOHIDKAIONINE KOA(PPUITUSHTHI YCIIOBUS pa0OTHI MATEPUAIOB B KOHCTPYKIIHSX.

IIpounocTHBIE CBOIiCTBA MOINKAPOOHATA NPH Pa3JIHYHBIX TeMIepaTypax /
Strength properties of polycarbonate at various temperatures

Temepmypn || rength, o | V2= | Tonsi strssa brea o | V2 = 2

’ MIla / MPa MIla / MPa PP
—60 °C 94,6 1,44 78,01 1,28
—40 °C 85,8 1,31 71,74 1,18
20 °C 79,13 121 67,72 1,11
~10°C 75,82 1,16 64,96 1,07
-5°C 74,34 1,13 63,5 1,04
0°C 73,19 1,12 65,1 1,07
5°C 71,2 1,00 63,49 1,04
15 °C 69,23 1,06 64,84 1,06
23 °C 65,51 1,00 60,89 1,00
30 °C 63,94 0,98 56,32 0,92
45°C 59,72 0,91 51,47 0,85
60 °C 5538 0,85 43,41 0,71
80 °C 49,85 0,76 35,94 0,59

100 T T T T T

10 mm - NOVATRO

4 mm - DANPALON

4 mm - KARBOGLASS
4 mm - NOVATRO

60 40 20 o 20 40 (] B0
Temperature,

Puc. 4. I'paduk 3aBUCUMOCTH IIPOYHOCTH NPH PACTSKEHUH OT TEMIIEPATYPhI
VICTOYHHMK: BBIIOJHEHO aBTOPAMHU

Figure 4. Relationship between tensile strength and temperature
Source: made by the authors
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AHaJIOrMYHYIO 3aBUCHMOCTb OT TEMIIEPaTyphl OKa3bIBACT U MPOYHOCTH MOHOJIHMTHOTO TOJMKapOOHATa TIPU
paspeise (puc. 5).

10 mm - NOVATRO

4 mim - DANPALON

4 mm - KARBOGLASS
4 mm - NOVATRO

Ipounocts npu paspsise, [MIla]
Tensile strength, [MPa]

0 =40 20 i} 20 40 &0 BO
Tewmneparypa, [°C]
Temperature, [°C]

Puc. 5. I'paduik 3aBHCUMOCTH IIPOYHOCTH MPHU Pa3phIBe OT TEMIIEPATYPhI
McTo4HUK: BBIIOIHEHO aBTOPAMU

Figure 5. Relationship between tensile stress at break and temperature
Source: made by the authors

B Hauayie Harpy>KeHUsI MOHOJIMTHBIN MOJUKApOOHAT paboTaeT YIIpyro U MOAYMHSIETCS 3aKoHy ['yKa, HO mpH
HEKOTOPOM YPOBHE HANpsHKCHUH, COOTBETCTBYIOIUM T. B Ha puc. 3, MPOUCXOIUT OTKIIOHCHUE OT JIMHEHHOH 3a-
BUCHUMOCTH MEKIY HANPSHKCHUSAMU U e(OpMaIUsIMK, HAYUHAIOT TPOSIBIIATLCS TUIacTHYeckue nedopmarmu. [lpu
OTPUIIATEIBHBIX TEMIIEpaTypax NOJUKapOOHAT TePSAET IIIACTHYHOCTh M CTAHOBHUTCS OoJiee Xpynkum (puc. 6, a).

s ananu3a GU3NIECKO-MEXaHUIECKUX CBOMCTB (MMPOYHOCTH MPH PACTSHKEHHUH, IPOYHOCTH IPU Pa3phiBe,
OTHOCHTEJILHOIO YJUHEHHS MPH Pa3pbiBe) MOJUKAPOOHATA MPH PA3IUYHBIX TEMIEpaTypax ObLIM MPUMEHEHBI
JIBA OCHOBHBIX MaTEeMaTUYECKUX METoNa 00paOOTKU JaHHBIX: METOJ CKOJIB3SIICT0 CPEJAHEr0 U MHTEPIIOJISIIUS
MoaudunmpoBanubiM MeTogoM AkuMma (Modified Akima wu «Makimay) [15].

B nauane, 4ToOBl YMEHBIIUTH «IIIYM» M BBIJCIHUTH OCHOBHOW TPEHJ B MOJYYCHHBIX SKCIICPUMEHTAIBHBIX
JNaHHBIX, OBUT IPUMEHEH METOJ apU(PMETHUECKOTO CKOJIB3SINEr0 CPEAHEro. ITOT METOA MOAPa3yMEBaeT CO3/a-
HUE HOBOrO HaOOpa MaHHBIX, IJI¢ KAKI0€ 3HAUYCHHUE SBSCTCS CPEIHHUM 3HAYCHHEM OIPEICIICHHOTrO KOJINYeCTBa
TOYCK JIAHHBIX 33 YCTAHOBJICHHBIN MEPHUO]] TeMIIepaTyphl. JlaHHBIA Mmeproa Ha3bIBaeTCS pPa3MepoOM OKHa oOpa-
0oTku naHHBIX. CKOJB3AIIEEe CpPEeIHEE YHCICHHO PaBHO CpeAHEMY apu(METHUYECKOMY 3HAYCHHH HMCXOJHON
(YHKITMH 32 YCTAHOBJICHHBIN TIEPUOJT U BBIYUCIISAETCS 10 PopMyIIe

SMA, = SMA, , ~ Py Pr

n n
rne SMA, — 3HaueHHe IMPOCTOTO CKONB3AMIETO CPeJHEro B Touke f,; SMA, — mpenbinyiee 3Ha4eHHE TIPO-
CTOTO CKOJIB3SIIETO CPEIHETO; Prn — 3HAYCHUE MCXOMHOM (PYHKIIMHM B TOUYKE /-7 (B Cllydae BPEMEHHOTO psja,

camMoe «paHHee» 3HaueHHe HCXOMHOW (PYHKIMH, MCIIONh3yeMOe /ISl BBIYMCIICHUS MPEIbIIyIIel CKOJb3SIIei
cpenHeil); p, — 3Ha4YeHHe ucciieayeMoi (ZYHKIH B TOUKe ¢ (B Cilydae BpPEMEHHOTO psijia, TeKylee — IMocieIHee
3HAYCHUE).

ABTOpamu OBLTO TIPOBEIIEHO MCCIICIOBAHNE BIUSHUS pa3Mepa OKHa 00paOOTKH JaHHBIX (IMAIma30HOB MEepH-
OJIOB TeMIIepaTyphl) Ha pe3yNibTaT criaxnBaHus. 1lo pesynprataMm MpoBEAEHHOTO aHAIHM3a ONTHMAJIBHBIM OKa-
3ancs pa3Mep okHa B 2 °C.

ITepBrii mar mMaTeMaTU4eckol 0O0pabOTKU MO3BOJIMI CTIAAJUTh IpadUK UCXOMHBIX JTAHHBIX, BBISBUTH 00-
A TPeH[T M 00€CTIeYNnTh yIy4IIeHne BU3yaTu3allii TPaKoB.
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OTHOCHTEITEHOE YUTHHEHHE TIPH pa3psiBe, [%]
Relative extension at tensile strength, [%

=10 mm - MOVATRO
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60 -40 -20 0 20 40 60 BO
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Relative extension at tensile strength, [%]

7 7 YEpegHeHHEIN rpadmk metogom Makima
Averaged graph by the "Makima® method

_ BHaueHMe NPW HOpM. Tewn. ken
alue at normal test temperature
PaannuHee obpasusl

" Different samples

OTHOCHTENIbHOE YUIMHEHHE TIPH pa3pbise, [%]

o - = -

0 I | | I I I
40 40 20 0 20 40 60 80

Temmnepatypa, [°C]
Temperature, [°C]

o

Puc. 6. I'padux 3aBHCHMOCTH OTHOCUTEIFHOTO YUTHHEHNS TIPU Pa3phIBE OT TEMIIEPATYPBL:
a — o0pa31oB Pa3IMYHBIX IPOU3BOAUTEINCH U TONIINH; 6 — yCpenHeHHbI MeTogoM «Makimay
M CTOYHHK: BBIIOIHEHO AaBTOPAMU

Figure 6. Relationship between relative elongation at break and temperature:
a — specimens of different manufacturers and thicknesses; 6 — averaged by the "Makima" method
Source: made by the authors

BTopeiM 1miarom ObLTO MPUMEHEHNE UHTEPIIONSAIMYA METOJIOM CIUTaliHa AKMMa s OoJiee IETabHOTO TMPei-
CTaBJICHUS O TOBEJICHUM IMOJIMKAPOOHATA MPH MPOMEKYTOYHBIX 3HAYCHHUSX TEMIEpaTyp (OTHOCUTEILHO TEMIIe-
paTyp, IpU KOTOPBIX MPOBEIECHBI UCTBITaHNs). JIaHHBII METOJ SBISCTCS BapHaluedl KyOMUYecKOH WHTEepIos-
UK, HA3BAHHOW B YECTh €€ co3lareisi Xupomu Akuma. B MeTone HCHonb3yoTes KyOu4ecKrue MOJTUHOMBI JUIs
CO3/1aHVsI TUIABHOW KPUBOW MEXKITy MCXOJHBIMH TOYKAMU JIAHHBIX W MPEIOTBPAICHUS] HEXENaTeIbHbIX Kolieha-
Huil. [IpeumyIiecTBo cruiaiiHa AKMMa 3aKII0YaeTCs B TOM, YTO OH HCIIOJIB3YET TOJIBKO 3HAYCHHS M3 COCETHUX
Y3JIOBBIX TOUYEK (HE MEHss 3HAUCHHS CAMHX Y3JIOBBIX TOUYEK) MPH MOCTPOCHUH KO3(PPHUIMESHTOB HHTESPIOISIIHU-
OHHOTO TIOJTMHOMA MEXY JIFOOBIMH JIBYMS Y3JIOBBIMU TOYKAMH.

B pesynbrare 00pabOTKHM IKCIEPUMEHTAIBHBIX JAaHHBIX BBINICYKa3aHHBIMU METOJAMH OBLTH IOJYYCHBI
0oJiee TUTaBHBIC U JICTATH3UPOBAHHEIC TPA(UKN B3aUMOCBS3U TEMIIEPATYPHI U (PU3UKO-MEXaHUYECKUX CBOMCTB
nonukapOonata. ['paduku gedopmariuii 00pa3moB pa3TUIHBIX IMPOU3BOAMTEIICH IPEACTaBICHB Ha puC. 6, 0.
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U3 rpaduka BuAHO, YTO TIpM TeMmepaTypax, mpessimarmux 15 °C, oTHOCHTENbHOE yIJIMHEHNE TP pa3phiBe
ONU3KO K 3HAYEHUIO YAJMHEHU IPU CTaHAAPTHBIX YCIOBHSX UCHIBITaHuUs, paBHoro 71,17 % [1].

Kpome TOro, mpenacTaBiseT MHTEpEC U3yYUTh BIHMSHHUE TEMIIEPAaTyphl HA HAYall0 30HBI TUIACTUYECKHX JIc-
dbopmarmii (Touka B Ha puc. 3). Hauunas ¢ T. B, rpaduk «HanpsoKkeHUs — aedopManum» MpruoOpeTaeT KPUBO-
JTUHEWHBIN XapakTep, 4TO SBISIETCS MOATBEPIKIEHUEM TUTACTHIECKOTO nedopMupoBanus MaTepuana. [{ist nowc-
Ka TOYKHU B IPUMEHSIICS METOJI IMHEWHOW PErPECCUMU.

B pamMkax qaHHOTO MaTeMaTUYECKOTO aHaH3a ObUIM BBISBICHBI YYaCTKHU, HA KOTOPBIX Ipa)UKU «HATPSIKE-
Hus (Mlla) — nedopmariuu (MM)» CIEAYIOT TUHEHHOW TEHACHITMHN, W ONPEACIICHB TOYKH OTKJIOHCHHS OT JIH-
HeriHOCTH. C ITOMOIIBI0 METO[a JIMHEWHON Perpeccuy Mo MaHHbIM Hanpspkennid (MIla) u nedopmartuii (MM) BbI-
YHCJICH PErPECCUOHHBIN MTOJIMHOM MEPBOTO MOPsAKA.

MeTol perpecCHOHHOTO aHalln3a COCTOUT B BBIYMCIICHUHU IMPEICKAa3aHHBIX 3HaueHWi HanpspkeHud (MIla)
Ha OCHOBE ypaBHEHHs JTMHEWHON perpeccuy W MOCIeIyIOIIeM BBIYUCIEHHN OCTAaTKOB, T.€. PAa3HUIIBI MEXKIY HC-
XOJTHBIMH U TIpeJCKa3aHHBIMU 3HAUYCHUSAMHE Hanpspxenuit (MIla) [16].

Brina onpesenena Mepa OIEHKH JIMHEHHOCTH — «CPEIHEKBaJpaTUYHAs OIINOKay. J[aHHAs XapaKTepUCTHUKA
MOKAa3bIBAET, HACKOJIBKO MPEACKa3aHUs MOJETH OTJIMYAIOTCS OT HaOM0JaeMbIX 3HaueHud. YeM MeHbIe cpeaHe-
KBaJpaTHYHas ommnoOKa, TeM OJIMKe TpeAcKa3aHHbIe 3HAYeHN K HaOI0JaeMbIM, i TeM TOYHee MoJienb. Paccum-

ThIBACTCA CPCAHCKBAApaTUYHAA OIIHOKa 10 q)opMyne o= , LA€: y; — HACTOALICC 3HAYCHUC,

D i-y)
n

Vp — TIPeICKa3aHHOE 3HAYEHHUE; 7 — KOJINIECTBO HAOIIOICHHUH.

s onpenenenus TMHEHHOCTH JaHHBIX OBUIO YCTaHOBJIEHO MOPOTOBOE 3HaueHue, paBHoe 10 % oT Makcu-
MaJpHOTO 3HaueHn HanpspkeHuit (Mlla). Ecim pasanima Mexxay peabHBIMA 3HAYCHUSIMH M 3HAYESHUSMH, TIPE-
CKa3aHHBIMH Ha OCHOBE JIMHEHHOM perpeccuy, He MPEBBIIIAET YCTAHOBICHHOTO MOPOTa, CANTACTCS, YTO JaHHBIE
Ha JIaHHOM Y4YaCTKE COOTBETCTBYIOT JIMHEWMHOM 3aBUCUMOCTH.

JaHHBIl METOJ MO3BOJIMI YIPOCTUTH MPOLECC aHAM3a U MUHUMH3UPOBATh BOZMOKHBIE OIIMOKH, CBSI3aH-
HBIE C YEIOBEYECKUM (PAKTOPOM, TaK KaK aJTOPUTMBI MaTEMATHIECKON CTATUCTHKH padOTaIOT aBTOMAaTHYECKH U
WCKITIOYAIOT CyOBEKTUBHYIO HHTEPIIPETALINIO, YTO BIIOJIHE BO3MOKHO ITPH TEOMETPUIECKOM «PYyIHOM) aHAJIH3E.

Touku, rae MPOUCXOOUT OTKJIOHEHHE OT JIMHEHHOTO moBeneHHs rpaduka, sSBISIOTCS HadalioMm HeoOpaTu-
MBIX IJTACTUYECKHUX AeopMaLnii (COOTBETCTBYIOT MPEAeNy YIPYTrOCTH).

B [1] mns HOpMambHBIX YCIOBHM WCIBITAHWA HANPSHKEHUS, COOTBETCTBYIOIIHME PSSy YIPYTOCTH, TIPH-
Humanuch paBHbIMU 30 Mlla, 9T0o OBLIO MPenIoXKEHO NCIIONB30BaTh B KAUYECTBE PACUETHOTO COMPOTUBICHUS Ha
pacTsDKEHUE B pacyeTax Mo NEPBOM TPYIIe MPeAeIbHBIX COCTOSIHUN. AHAIN3 MOJyYE€HHBIX SKCIIEPUMEHTATIBHBIX
JaHHBIX (pHC. 7) MOKa3all, YTO HANpsDKEHHsI, COOTBETCTBYIOIINE OKOHUAHHIO YIPYTod cTaguu AeopMupoBaHus,
npu nuamnazoHe Temmepatyp ot —60 go +80 °C, mpessimatot 30 MIla, mosToMy BBEIEHHE MOHMKAOIIUX KOA()-
(PUIIMEHTOB TpU pacyeTax MoIMKapOoHaTa Ha PACTsDKEHHE 0 TIEPBOU TPYIIe MpeaebHbIX COCTOSHUN HE Tpe-
Oyercsl.

Hanpsikenue, [MITa]
Voltage, [MPa]

20

-60 -40 -20 0 20 40 60 80
Tewmneparypa, [°C]
Temperature, [°C]

Puc. 7. I'padyix 3aBHCUMOCTH HAaIPsDKEHUI, COOTBETCTBYIOIIMX T. B, OT TeMIepaTypsl
M cTOYHUK: BBIIOJHEHO aBTOPAMH
Figure 7. Stresses corresponding to point B as a function of temperature
Source: made by the authors
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Taxoke MpeacTaBIseT HHTEPEC OIICHUTh U3MEeHeHHe AedopMalnii, COOTBETCTBYIOIINX JITUHE TOPU3OHTAIb-
HOT'0 Y4acTKa Ha Tuarpamme J1e(OpMUPOBAHUS, B 3aBUCUMOCTH OT TEMIIEPATYPhl UCIIBITAHUS.

Ha pwuc. 8 mpexncraBiieHbl quarpaMMbl «HANpsOKeHUS — aedopMarumy I TeMrueparyp ucnsitranus —60,
+30, +80 °C.

-60°C
+30°C
+B0°C

Hanpsxerne, [MITa]

Voltage, [MPa]

1 1 1 I I 1
30 40 50 80 70 80 20

Jedopuarms, [xnd]
Deformation, [mm]

Puc. 8. [luarpammsl paboThl MOHOJIMTHOTO MOJMMKapOoHaTa Ha pacTsbkenue npu ¢ = -60 °C, +30 °C, +80 °C
M cTOYHUK: BBHIIOIHEHO aBTOPAMH

Figure 8. Tensile performance diagrams of monolithic polycarbonate at ¢ = -60 °C, +30 °C, +80 °C
Source: made by the authors

Kak BugHO m3 rpadukoB (puc. 8 u 9), TemrnepaTypa HCTIBITAHUS BIMSICT HA BEIUIMHY IUIACTUICCKUX JIe-
(dhopmariiii, COOTBETCTBYIOIINX [IMHE TOPU3OHTAIBHOTO ydacTka. JJIsg yCcIoBHI WMCIIBITAaHWH ONM3KHX K CTaH-
naptabIM (¢ =30 °C) ans 0Opa3noB TOMUKWHON 4 MM IeOopMaluK, COOTBETCTBYIOIIUE AJTMHE YYaCTKa OT TOUKH
C 10 KOHIIa TOPU30HTAJILHOTO Y4acTKa, COCTaBISIIOT B cpeaHeM 45 MM. Ilpu temnepatype +80 °C oHM yBeanuu-
BaroTcs U cocTaBisiioT 50 MM (puc. 8). Ipu ¢ = —60 °C 3t nepopmMauu yMEHBITAIOTCS U PABHBI 7 MM, UTO CBH-
JIETENbCTBYET O MOBBIIIEHUE XPYITKOCTH MOHOJIMTHOTO MOJIMKapOOHATa MPU OTPULATENbHBIX TEMIIepaTypax.

5 & 8

@
&

n
o

Jledoprama. [nn]
Deformation, [mm]
8

B

I I I I I I
-60 -40 -20 o 20 40 60 80
Tenumepatypa, [°C]
Temperature, [*C]

Puc. 9. 'paduik 3aBHCUMOCTH IIACTUYECKHUX AeOpMaLnii, COOTBETCTBYIOLIHX AehOpMaLUsIM
ot Touk# C 10 KOHIIa TOPU3OHTANIBHOTO y4acTKa Ha JUarpaMMe pacTsDKEHUs], OT TEMIIEPaTyphl
N cTOo4YHUK: BBIIOIHEHO aBTOPaMU

Figure 9. Plastic strains corresponding to strains from point C to the end of the horizontal section
in the stress-strain diagram as a function of temperature
Source: made by the authors

4. 3akjI0o4YeHue

1. B pe3ynpTare MpoBeAEHHBIX SKCIEPUMEHTAIBHBIX UCCIEIOBAHUH BBISBICHA 3aBUCUMOCTD IIPOYHOCTHBIX
CBOWCTB MOHOJIMTHOTO MOJMKAapOOHAaTa OT TeMIepaTyphl 3KciTyaTauun. [lpu Temneparypax Hibke TeMIepary-
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PBL, COOTBETCTBYIOIIEH HOPMAJIBHBIM YCIOBHSAM HCTIBITAHUN, IIPOUCXOJUT MOBBIIICHNE TPeAeia TEKYIeCTH MPH
pacTsHKeHWH U IPOYHOCTH MpH paspbiBe. [Ipu TemnepaTypax Boitie 23 °C HaOmoAaeTcsl CHIKEHUE Tpesiena Te-
KY4YECTH TPH PACTSHKEHUU U IPOIHOCTH MPH pa3peiBe. Tak, mpu ¢ = —60 °C mpodHOCTh Ha pacTsHKEHUE YBEITUIH-
Baetcs Ha 44 %, nipu ¢ = 80 °C mpoYHOCTH Ha pacTsHKEHHE CHIDKaeTcs Ha 24 % 1o cpaBHEHUIO CO CTaHIaPTHBIMH
YCIIOBUSIMH UCTIBITAHUSI.

2. IIpu oTpuIATENBHBIX TEMIIEpaTypaX OTHOCHTEIhHOE YHJIWHEHHE NMpPH pPa3phiBE MEHBIIE 3asSBICHHOTO
MIPOM3BOAUTEISAMH JIJIS1 CTAHJAPTHBIX YCIOBHA, BBUY TOTO YTO MOJIHKApOOHAT TepseT IIaCTHIHOCTh. [Ipu sToM
3Ha4YeHHE OTHOCHUTEIHHOTO YAJMHEHHS MPHU pa3pbiBe MPHU TeMIepaTypax, npessimaromux 15 °C, He CHIIBHO OT-
JUYaeTCsl OT CTAHJAPTHBIX ycioBui ucnbitanus (¢ = 23 °C) n HaxoanuTcs Ha ypoBHe npumepHo 71 %.

3. HanpsiokeHusi, COOTBETCTBYIOLIHME Hayally MacTHUECKOro Ae(opMUpOBaHus, IPH JUaNa30He TEMIIEPATyp
ot —60 1o +80 °C nHaxoasrca Bbiiie 3HaueHus 30 Mlla, npeanaraeMoro B KauecTBe pac4€THOTO CONMPOTHUBIEHUS
Ha pacTsHKeHUE MPH pacueTe Mo MEepBOU IpyIIe NpeAeibHBIX COCTOSIHUN Oe3 BBeleHHS K03()(UINEHTOB yCiIo-
BHIA pabOTHI MaTepHara.

4. KpoMe aHanm3a BIWSHUS TEMIIEPATypsl HA MPOYHOCTh MOHOJWTHOTO ITOJIMKapOOHATa MPH PACTSIKEHUH
MPENICTaBISIET WHTEPEC U JAbHEHIIer0 WCCIeOBAaHNUSA OIeHKA BIFSIHHA TEMIIEpaTyphl Ha MPOYHOCTH MU
C)KaTWHW M U3TrMbe, a TaKkke U3MEHEHHE yIapHOH BI3KOCTH IIPH OTPUIIATENFHBIX TEMIIEPATypax.
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AHHOTanMsA. AKTyajbHbIE COBPEMEHHBIE TEHICHLUH B JIOPOKHOM CTPOMTEINb-
CTBE — 3TO U yBEJIHYEHHE WHTCHCUBHOCTH JIBU)KEHUS, M TPY30IOABEMHOCTH
ABTOMOOMIIBHOTO TPAHCIIOPTA, a TaKoKe PACIIMPEHHE CETH JIOPOT, B TOM YHCIE U

MCECTHBIX, BBIIBUTAIOT 3a/la4y HEC TOJIbKO IMOBBIIICHUA JOJTOBECYHOCTH NJOPOKHBIX

[MpunsTa k nyonukanuu: 16 saBaps 2024 r. -
KOHCTPYKLHI, HO M TPUMEHEHHS] NPU CTPOUTENHCTBE aBTOMOOMIBHBIX JOPOT

MECTHBIX MaTE€pHaJIOB M I'PYHTOB. Il yKpEIUIEHUs I'PYHTOB OCHOBaHMs AOpPOT
pa3paboTaHO HECKOIBKO METOMOB. Taxike MPOU3BOAUTCS MHOXKECTBO IIOBEPX-
HOCTHO-aKTUBHBIX BEIECTB, MOAU(PUKATOPOB M J00aBOK A YKPEIUICHUS 3eM-
JISTHOTO TOJIOTHA. MHOTHE M3 HUX HE MOKa3ald CBOIO 3((EeKTHBHOCTh Ha MpaK-
tuke. IloaToMy cymiecTByeT HEOOXOIMMOCTh NPOBEAEHUS] MHOXKECTBa Jabopa-
TOPHBIX U IIOJIEBBIX UCCIEN0BAaHUH 10 3TOM TeMe. s u3ydeHus BIUSHUSL MOIU-
(uKaTopa Ha TPYHT JOPOXKHOTO MOJOTHA MPOBEEHBI JAOOPAaTOPHBIE HCCIIEI0BA-
Hysl. Onpenesuld TUII TPyHTa U €r0 MAKCUMAaJIbHYIO IJIOTHOCTh IIPH ONTHMAllb-

3asBiieHHe 0 KOH(JIUKTE HHTEPecoB

ABTOPBI 3a5BJISIIOT 00 OTCYTCTBUH
KOH()JINKTa UHTEPECOB.

HOM BJIAXXKHOCTH. Ha OCHOBaHMM 3TOr0 B COCTaB TpyHTa BBOAWJICA LEMEHT U MO-
InduKaTop, ONpeNessUINCh [OKA3aTeNd IUIOTHOCTH M TPOYHOCTH Ha CXKATHE.
TMony4eHsl pe3yabTaThl CKAHUPYIOIIETO 3JIEKTPOHHOTO MHKPOCKOMNA Ul M3yde-
HUS BIUSHASL MOAN(UKATOpPA HA TPYHT 3€MIISTHOTO TosioTHA. JlabopaTtopHsle Hc-
cienoBanusd u COM-aHanus3a mokaszanu, 4ro JoOaBieHue MoaupuKaTopa Ha
TPYHT IPHBOJUT K YBEIHYCHUIO €T0 MAKCUMAJIBHON INIOTHOCTH, 3HAYUTEIBHOMY
YBEJIMYCHHIO NIPOYHOCTH HA CXKATHE M YTO MOAM(MHKATOP CIYXKUT IS yiydlie-
HHS CBOUCTB CBSI3BIBAHMS, 00pa3ys KPHCTAINYECKYIO CBA3b C [IEMEHTOM.
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Abstract. Current modern trends in road construction are the increase in traffic intensity and
the carrying capacity of motor transport, as well as the expansion of the road network,
including local roads. These trends put forward the task of not only increasing the durability of

road structures, but also the use of local materials and soils in the construction of highways.

Accepted: January 16, 2024 > :
Several methods have been developed to strengthen the soils of the road base. A variety of

surfactants, modifiers and additives are also produced to strengthen the roadbed. Many of them
have not shown their effectiveness in practice. Therefore, there is a need for plenty laboratory
and field studies on this topic. Laboratory studies were carried out to investigate the effect of
the modifier on the roadbed soil. The type of soil and its maximum density were determined at
optimal humidity. Based on this, cement and a modifier were introduced into the soil
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composition, density and compressive strength were determined. The results of a scanning
electron microscope (SEM) were obtained to study the effect of the modifier on the roadbed
soil. Laboratory studies and SEM-analysis have shown that the addition of a modifier to the
soil leads to an increase in its maximum density, a significant increase in compressive strength
and that the modifier serves to improve the binding properties by forming a crystalline bond
with cement.
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1. Beenenune

B nHacrosiee Bpems B pe3yibTaTe yBEINYCHUS KOJTMUECTBA OONBIIETPY3HBIX aBTOMOOWIICH YBEIINYMBAIOTCS
W Harpy3Kd Ha aBTOMOOWJIBHBIC JOPOTH. B pe3ynbTare 0 MCTeUeHHs CpoKa CIYXObl aBTOMOOHMIIBHBIX JOPOT
BO3HUKAIOT pasiuyHble Aedopmarmu. Kpome Toro, ne@HIUT CHIPbs, HCMOIb3YEMOTO JUISi OCHOBAHHUSI JIOPOTH,
TPAHCIIOPTHBIC 3aTPAThl HA TPAHCIIOPTUPOBKY MAaTEPUAIOB MPUBOJIAT K YBEITUUCHUIO OOIIEH CTOMMOCTH JJOPOXK-
Horo crpoutenbcTBa [1—4]. [TosTomy B MecTax, rne HaOmOAaeTCs ASPUIIMT MECTHBIX KaMEHHBIX MaTEPHAJIOB,
AKTYaJbHBIM SIBJIIETCS BOIIPOC HCIONB30BaHKS TPYHTA, apMHPOBAHHOTO BSDKYIIMMHU MaTepuaiamMu. B kadecTBe
TEXHUYECKOTO PEIICHHUS C IIeIIbI0 TOBBIIICHUS IIPOYHOCTH MECTHBIX TPYHTOB pacCMaTpUBACTCS IIPOBEJICHUE CTa-
OWITM3MpPYONUX PaboT MyTeM BHECEHUS B TPYHT 3€MJISTHOTO MOJIOTHA JOPOTH Pa3iMyYHBIX J00aBOK U MOau(pUKa-
TopoB [5-9]. Kak nokazanu pe3yabTaThl MHOTOJICTHUX UCCIIEAOBAHUN JOPOXKHBIX HHCTUTYTOB, a TAKKE MPAKTH-
YEeCKHI OIBIT MPOSKTUPOBAHUS M CTPOUTENLCTBA JCHEKHBIC U MaTEPUANTLHBIE 3aTPAThI MOT'YT OBITh 3HAYUTEIBHO
CHIDKEHBI, €CITU JUIS yCTPOCTBA TOPOIKHBIX OJICK]] BMECTO KAMEHHBIX MaTEpPHAIOB IPUMEHSTh MECTHBIC TPYHTHI
[10-12].

B Hacrosiiee BpeMst IIUPOKO HCITOJIB3YIOTCS OPTaHUYECKHE BSDKYIIUE IS YKPEIUICHUS TPYHTOB, HO B CBS3U
¢ yaopokaHnueM HedTH U HeTEIIPOAYKTOB, a TAKKe TPYIHOCTIMHU pa3paboTku HehTH B Y30eKHCTaHE, UCITOTb-
30BaHHME OPraHUYECKUX BSDKYIIUX KaK OCHOBHBIX BEIISCTB JJIsl YKPEIUICHHSI TPYHTOB CTAHOBUTCS HEBBITOTHBIM.
B coBpeMeHHBIX yCIIOBHSIX HACTOSTEIHLHO HEOOXOAMMBI HOBBbIE 3()(PEKTHBHBIC TEXHOJOTHMU M 0OJee ACIICBbIC
MaTepuabl, 00ECIICYMBAIOIINE BRICOKOE KAUECTBO JOPOKHBIX Pab0T, HOBBIE METO/IBI YIIYYIIIEHUS TPYHTOB.
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2. MeToabl M MaTepHaJIbI

B xoxme uccnenoBaTenbcKuX padOT TPYHT OBLT B3AT ¢ TeppUTOpuM ropoaa Tamkenta. Jns onpenenenus
THIIa TPyHTAa B JaOOPATOPHBIX YCIOBUSX MO MeEKrocyaapcrseHHoMy crangapry TOCT 25100-2011" chauana
OTIPEIEIISUTA €T0 BIAKHOCTH B TIpeAeiiax TeKydecTH W HaOyxaHus (Tabm. 1), a Ha OCHOBaHHH ATOTO OTPEISISUTH
YHCII0 TIACTUYHOCTH.

Tabnuya 1/ Table 1

IHoxa3zaTtesu rpyHTa B 3aBHCMMOCTH OT BJj1a:kHocTH / Soil indicators depending on humidity

BiaxkHOCTB Ha rpaHHIle TeKy4YecTH / Bia:kHOCTH Ha TPaHHIIe PACKATHIBAHMSA /
Humidity at the yield point Humidity at the rolling limit
BrnaxHocTs, BrnaxHocTs,
Macca yBIaKHEHHOTO Macca cyxoro, 1/ Wr % / Macca yBIaKHEHHOTO Macca cyxoro, 1/ W, %/
rpyma, v/ Weight of dry soil Humidit rpyna, ¢/ Weight of dry soil idi
Mass of moistened soil, g clght ot dry sotl, & um101 ¥, Mass of moistened soil, g cight of dry sotl, g | Humidity,

Wt % W%

126,3 103,2 22,3 28,0 24,0 16,6

Yucno mnactuuHocTH: I, = Wr— Wp =57
3aTeM onpeeNsIn 3€PHACTOCTh TPYHTA M0 MeKrocyaapcTseHHoMy ctangaprty FOCT 12536-20142,

Tabruya 2 / Table 2
Coaepxanue ¢ppaxuuii rpynta / Content of soil fractions
Conepsxanne ppaxuuii rpynra, %, pazmepbl, MM /
HauMenoBanmue rpynTa / Content of soil fractions, %, dimensions, mm
Soil name Boxee 10 / Menee 0,05 /

10-5 | 52 2-1 | 1-0,5 | 0,5-025 | 0,25-0,1 | 0,1-0,05

More than 10 Less than 0.05

Cymnecsh nbuieBaras /

Silt sandy loam B - 0,23 0,34 1,35 2,52 3,31 4,42 87,83

Y CTaHOBIICHO, YTO TUII IPYHTA, UCIIOIb30BAaHHBII B 1a0OPAaTOPHBIX YCIOBUIX, — CYIECh IIbLIEBATAsL.

[Tocne aToro ompezaessiii MaKCUMaJIbHYIO IUIOTHOCTh IPYHTA NPH ONTUMAIbHOMN BIAXKHOCTHU 110 MEXIOCY-
napcrBernomy cranaapry FOCT 22733-2016°.

IIpu onpeneneHnn MakcUMaabHOW IUIOTHOCTH I'PYHTa MCXOAHAs BIAXXHOCTH cOCTaBisuia 6 %, a 3aTeM i
UCTIBITaHUH OblTa yBenudeHa a0 3 %. [lonmydeHHble pe3ynbTaThl MpeICcTaBIeHbI B Ta0MI. 3.

Ha ocHoBe nmpuBeneHHON TaOnUIbl ObUT COCTaBJIEH Tpa)UK MaKCUMAaJIbHOHN IJIOTHOCTH I'PYHTa IPHU ONTH-
MaJbHOH BIIAKHOCTH (pHC. 1).

Kak Buno u3 puc. 1, npu Binaxkuoctu W= 14 % uMeeT MaKCUMAIbHYIO IIOTHOCTS p = 1,83 r/em?.

B mHacrosmee Bpems pa3paboTaHO MHOTO NOBEPXHOCTHO-aKTHBHBIX BeLIECTB (MOOU(HUKATOPOB) IS
HCTIONIb30BaHMs HAa aBTOMOOMIIBHBIX 10pOrax Pa3BUTBIX CTPaH, MHOTHE U3 KOTOPHIX TakkKe He aanu 3¢ ¢exra Ha
npaktuke. [lo 3T0i mpuunHe OBLIM MPOBEIECHBI IKCIEPUMEHTAIbHBIE HCIBITAHUS B JIAOOPATOPHBIX YCIOBHSX
npuMeHeHus: Mmogudukaropa Axponon I'CM [13, 14], pa3paboTaHHOTO 3apyOeKHBIMH CTpaHaMd U HIHPOKO
HCIOJIb3YEMOT'0 Ha MPaKTUKE, Ha 3eMJISTHOM TOJIOTHE.

I'TOCT 25100-2011. I'pynter. Knaccupukauus. M.: Crangaptundopm, 2018. 45 ¢.

2T'OCT 12536-2014. I'pyntsl. MeTo bl 1aGOPaTOPHOTO ONPEAEIEHHS IPAHYJIOMETPUIECKOTO (3EPHOBOI0) U MUKPOArPETATHOTO CO-
craBa. M.: Crangaptundopm, 2015. 19 c.

3TOCT 22733-2016. I'pyntsl. MeTo1 1aGopaTopHOro onpeesieHus: MaKCUMalibHoM motHoctd. M.: Crannapruadopm, 2016. 12 c.
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Tabruya 3 / Table 3
IInorHocTn ncnbityemoro rpynra / Densities of the tested soil
IlnoTHOCTH Broke-1 macca IInoTHOCTH
Macca yBJ1aKHEHHOI 0 Brokc-2 macca | BraxHocTb,
- YBJIAKHEHHOTO YBJIaKHEHHOT 0 cyxoro rpynTa, 1 / W. % | TPYHTAa B CYXOM
Ne pyura, rpyuTa, r/em® / TpyHTa, T / ’ ’ cocrostuuu, r/em’ /
Mass of moistened . . Cup-2 mass Humidity, . .
soil Density of moistened Cup-1 mass of drv soil W. o Dry soil density,
'8 soil, g/cm? of moistened soil, g ysoil. g > 70 g/em?
1 1738 1,74 46 43 6,97 1,62
2 1878 1,88 56 51 9,80 1,71
3 2022 2,02 50 45 11,11 1,82
4 2102 2,10 55 48 14,58 1,83
5 2080 2,08 65 56 16,07 1,79
6 2022 2,02 55 46 19,56 1,69

[1I0THOCTE CYXOTo IPyHTa, p I/cM? /
Density of dry soil, p g/cm?

1,85

1,80

1,75

1,70

1,65

1,60
6,00 9,0

0 12,00

1,83

15,00 18,00

Bnaxnaocts, W % / Humidity, W%

21,00

Puc. 1. I'paduik MakCHMaIIbHOM TJIOTHOCTH TPYHTA IPH ONTHMAJIbHON BIaKHOCTH
M cTo4HUK: BBIIOIHEHO aBTOpaMU

Figure 1. Graph of maximum soil density at optimal humidity
Source: made by the authors

OO0pa3upl TOATOTOBHIIM Uil MPOBEIEHHS HCCIIEAOBATENbCKUX paboT ¢ MCIIOJIB30BaHHEM MOAM(UKATOPA.
Usrorosienne 00pasioB BHINOIHAIM M0 MEKrocyaapctBenHomy cranaapry [OCT 23558-94%, amamoruuno
cxeMe, TTOKa3aHHOU Ha puc. 2. bbumi momydensl o0pa3nbl mopTiaananeMenTa Mapka M400 rpyHTa B KOJTUYECTBE
4, 6, 8 u 10 %, monupukaropa Akpornon 'CM B konmuecte 0,10, 0,12, 0,14, 0,16 % 1m0 OTHOIICHUIO K MTOJHOM
Macce, a Takke ¢ IIOMOIIBIO Tpecca, CMEIIAHHOTO ¢ BOAOM B KosnnyecTBe 14 % Ui JOCTHKEHUS ONTHUMAJIbHON
BIaXHOCTH. [lopTianaiemMenT sSBIseTCs OOHAM M3 CaMBIX PACTIPOCTPAHEHHBIX YHUBEPCAIBHBIX U JIEIIEBBIX MH-

HEPAJIBHBIX BSIKYIIUX, IPUMCHACMBIX IJId YKPCIUICHUA I'PYHTOB.
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TToaroToBKa H HCIBITAHHA
00pa3LOE H2 YKPEIIEHHOTO
rpyHTa / Preparation and testing
of samples from reinforced soil
‘ Cymxa (T=105=5" CMemHBaHHe CHIPbA/
TpyHT (cynecs) / 24 (T l()f_S C. Hamensaerne / Mixing raw materials
Soil (sandy loam) - )/ Drying "l Grinding
: (T=105=5°C, 24h) S // *
) TTpeccoranne
Boga (14% wacc.) / | Y4 (P=15 MITa) /
Water (14% wt.) * PfffS\lzrg
/ =13 1\
I ®P= L a)
IlemenT -
(4,6,8,10 % »Macc.) Cymxa (T=20+5°C, 28 cyr.)/
[ Drying (T=20=5°C, 28 days)
Momudukarop (Axponon I'CM — : -
0,1;0,12; 0,14; 0,16 % Macc.) / ToToBsLt mrepm /
Modifier (Akropol GSM Ready material
0.1; 0.12; 0.14; 0.16% wt.) i
HcnsiTarne
MaTepHaos /
Materials testing

Puc. 2. TexHonornyeckas cxema HOATOTOBKH U UCIBITaHUS 00pa3L0B apMUPOBAHHOTO TPYHTA
VcTOYHMK: BBIIOJIHEHO aBTOPAaMHU
Figure 2. Technological scheme for the preparation and testing of reinforced soil samples
Source: made by the authors

3. PesynbTaThl M 00CyKIeHHE

OO0pa3ibl CyIIWIN B Te4eHUE 28 CYTOK U ONPEASIsIA MAaKCUMAIIbHBIC TUIOTHOCTH (TabiI. 4).

T'oToBbIe 00pa3ibl MPOBEPSUTH HA MPOYHOCTH HA CIKATHE C MIOMOIIBIO coBpeMeHHOTro mpecca Universal Test
Machine. Pe3ynbrarhl 0TOOpaxaroTcsi Ha KOMIBIOTEpHOM Tpaduke (puc. 3).

Standardversuch Kraft/Weg-Diagr.

Obpaseu

DMNLOR HAYKA 1

NaGopanr
NaraBoaws

AMANOB H
22082023 11.1925

2967 KN
Npeams rpowsc -

e ses—

Harpyses 4]

Puc. 3. Pe3ynpraThl, nony4eHHbIe B Tpaduyeckoii opme ot npecca Universal Test Machine
VICTOYHHK: BBIIOIHEHO aBTOPAMHU
Figure 3. Results obtained in graphical form from the Universal Test Machine
Source: made by the authors
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ITo pesynmpraTaM MccleIOBaHUS TOKa3aTeNlb MPOYHOCTH I'PYHTA HAa CXKATHE B CyXOM COCTOSIHHM COCTaBHII
3,6 MIla. IlokazaTenu npu 100aBJICHUH B HETO LIEMEHTa U MoJu(uKaTopa n3o0paxensl Ha rpaduke (puc. 4).

16
14,21 14,01

14 1305 1334
12,38 ® 9

12 @

11,67

12,34

12,96

10,44

Lo 41041 ons 97
8,62
o 08.39 A/O’—g‘zz

o— 7,82 8,35 891
6 7,29

MpoyHoCTb Ha cxkatue, R, MMa /
Compressive strength, R, MPa

0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18
Hons Akponon I'CM, % / Share of Akropol GSM, %

—@— pyHT+4% uemeHT /
Soil+4% cement
TPyHT+8% LemeHT /
Soil+8% cement

—@— PYHT+6% LemeHT /
Soil+6% cement
—@— pyHT+10% uemeHT /

Soil+10% cement

Puc. 4. I'padyx n3MeHEHUSI IPOYHOCTH TIPH CKATHH
¢ no6aBieHneM MOAU(HKATOpa K YKPEIICHHOMY IPYHTY
N cTOYHUK: BBIIOJIHEHO aBTOPAMHU
Figure 4. Graph of changes in compressive strength with the addition of a modifier to reinforced soil
Source: made by the authors

[IpoBeneHHbIe Tab0OpaToOpHBIE HCCIEOBAHMS MTOKA3allH, YTO Jo0aBIeHHE [IEeMEHTa U MOAU(PHUKATOPa B TPYHT
3HAYUTENFHO YBEIMYMBAET MMPOYHOCT TPYHTA Ha cxkatue. COrIacHO TaHHBIM, HAlpUMeED, TPOYHOCTH Ha CKATHE
mpu no6asneHun B rpyHT 8 % memenTa cocraBmia 10,41 Mlla, Torna xkak Axporon I'CM mokazan 6osee BBICO-
kuii pesynbraT npu godasnenun 0,14 %, To ectp 12,96 MIla. D10 yka3piBaeT Ha yBeIMYeHNE KOHCUCTEHLIUH Ha
24 %. AHanorn4HeIM 00pa3oM, B TO BpeMs Kak MPOYHOCTh Ha cxatue coctasisiia 12,38 Mlla npu nodaBnenun
B rpyHT 10 % memenTa, Axkporon I'CM mokasan 6oree BBICOKHIA pe3ynasTaT npu nobdasnernn 0,14 %, uTto co-
craBisger 14,21 MIla. Oto yka3piBaeT Ha yBeIHMUeHHE KOHCHCTEHINH HA 15 %. MBI BHINM, 9TO T€ K€ IoKa3aTe-
JIM TaK)K€ yBEIMYUBAIOTCS IPH JoOaBieHnu 4 u 6 % LeMeHTa.

I'pyHT U yKperIeHHBIH TPYHT H3YYaluCh C IOMOLIBIO CKAaHUPYIOLIETO 3JIEKTPOHHOro Mukpockomna (COM),
KOTOPBI CKaHUPYET CTPYKTYPHOE COCTOSIHUE 00pa3LoB.

C nomompro COM mu3ydaroTcsi CTPYKTYpHbIE U3MEHEHHS TPYHTOB, a TAK)Ke COJEpIKAIINEcs B HUX XUMHYe-
CKHE dJIeMEHTHI. MHOTHE yUeHbIe IPOBOMAT UCCIENOBAaHUA 1 pa3paboTku B oomactu COM-ananu3za [15-20].

C nomomisio COM o6pasisl hoTorpadupoBanu Ha pacctosaun 10 pm (yBenmmuenue x 2000) u cpaBHUBAIIH.
PesynpTaTel n3MeHeHUs MOKa3aHb! Ha poTorpadusx u B Ta0I:I. 5.

Pesynpratel COM-aHanu3a mokasaiy, 4TO, XOTs 3alOJHUTENN TPYHTa CTOSUIM B PAacCEIHHOM COCTOSIHUM Ha
n300paKeHnn, Ha KOTOPOM OBbLT OTCKAaHMPOBAH caM IPYHT, MPU J0OaBICHUH LIEMEHTA OHU BBITJISIENN B CKOJO-
ToM coctosuun. [log nefictBuem nemeHTa 1 MOIU(PHUKATOPa MBI MOKEM YBUAETh KPUCTAIUIMYECKHE CBSI3M U CKa-
71000pa3HOe COCTOSIHME BOKPYT 3alOTHHUTENS TpyHTa. Y3 Tabn. 5 MOKHO ceiaTh BBIBOJ, YTO KPUCTAJUITMIECKHUE
CBSI3M CITY)KaT JJI yBETWYECHNS MaKCUMAIbHOM IJIOTHOCTH M YIPYTOCTH TPYHTA, YBEIHYUBAS €T0 MPOYHOCTb.

4. 3akiaiouenue
1. JIaGopaTtopublie uccienoBanus u COM-aHanu3a mokasaiu, 4To 100aBIcHUE MOU(PUKATOPA HA TPYHT IpPH-
BOJIUT K YBEJIMYCHUIO €0 MAKCUMAIILHOW TIOTHOCTH, 3HAYUTEIBPHOMY YBEIIMYCHUIO MPOYHOCTH HA CIKATHE U UTO

MO,E[I/I(bI/IKaTop CIIYKUT U1 YITYUIICHUA CBONCTB CBs3bBIBAHUA, O6p.’:13y$[ KPUCTAJIINYCCKYIO CBA3b C HEMCHTOM.
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Tabnuya 5 / Table 5
®otorpaduu anaanza COM / Photos of SEM analysis
Matepuan / H3odpaxenne caesano COM / Xuﬁz:e'c{];z;:iexee::il); (()36;)13; l/mx,
Material Image taken by SEM y A

Chemical elements in samples obtained by SEM

I'pynr/
Soil

e 'a A ECK WOK mMNaK mMMg-K MAK mSi-K KK
R e CaK  Ti-K © FeK

I'pynr + 4 % uement /
Soil+4% cement

PR

BWC-K mWO-K mMNa-K mMg-K mAI-KK mSi-K S-K
Highvae. (@12 000 ] K-K Ca-K  Ti-K Fe-K

I'pyHT + 4 % nemenr
+ 0,14 % Axpomnoa I'CM /
Soil + 4 % cement
+ 0,14 % Akropol GSM

BCK mWO-K mNa-K mMg-K WAI-K  mSi-K S-K
K-K Ca-K  Ti-K Cr-K Mn-K © Fe-K

2. [IpumeHeHne CTaOMIU3AIMOHHBIX PabOT Ha 3€MIISTHOM TOJIOTHE JaeT BO3MOXXHOCTh YMEHBIIUTH OOBEM
3eMJISTHBIX paboT, COKpAIaeT pacxo]] MePeBO3UMOr0 IMeCYaHO-TPABUIHOTO MaTepuana, 00ecredrnBaeT yCTONYH-

BOCTh OTKOCA JIOPOXKHOTO IOJIOTHA, YMEHBIIIAET HEPOBHOCTEH MPOCATKH M YBEIIMYMBACT CPOK CIYKOBI aBTOMO-
OWJIBHOU JOPOTH.
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