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MeTtoa pacyera MOHTA:KHBIX HANIPSIZKEHUH B CTEPKHEBbIX KOHCTPYKIUAX,
YCHJIMBaeMBbIX B 1e(pOPMUPOBAHHOM COCTOSTHMU

M.H. Cepasyraunos", M.H. Yoaiinyaioes ™

Kazanckuit HannoHampHBIA UCCIIEOBATEIBCKUN TEXHOJIOTHUECKUN yHUBEpCUTET, Kazans, Poccus
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Hcropus cratbu AHHoTanus. IIpeacTaBneH MeTOA U pe3ylbTaThl pacueTa HaNpsKEHHO-
TocTynmia B peakuuio: 5 despais 2024 r. Ae(opMHPOBAHHOIO COCTOSHMS HArpy>KEHHBIX METAJUIMYECKUX CTEpiKHE-
JlopaGotana: 24 anpes 2024 . BBIX KOHCTPYKIMH IIPU UX YCWJIGHHH 3a CUET MPUCOEAMHEHMs JIONOJHH-
Tpunsira k ny6mikamu: 30 arperst 2024 . TEJIbHBIX 3JIEMEHTOB K OCHOBHBIM. IIpy TakoM yCHIIEHHU B KOHCTPYKIHU

BO3HHUKAIOT JOIIOJHUTEIbHBIE MOHTAXHBIC HAIIPSIKCHUS. H3zmoxens mare-
MaTH4YCCKas MOJCJIb U BapI/IaIJ,I/IOHH]:II‘/II METOA OMPEACTICHUSA MOHTaXHBIX

3asiB/IeHHE 0 KOH(INKTE HHTePecoB NepeMeIEHUI U HaPSKEHHI, B KOTOPOM IPH PELICHUH 3a]Jaudl HE UCIIOTIb-
ABTOpBI 3asBJIAIOT 00 OTCYTCTBUH 3y10TCS (POPMYITBI IS TEPEMEINEHHIH CTEP>KHEBOH CUCTEMBI OT EIMHIUIHBIX
KOH(JIMKTa HHTEPECOB. cocpenoTo4eHHbIX cuil. ITpeqnaraemple MaTeMaTHYECKYIO MOJENb U METOJ

MOJKHO C OIMHAKOBBIM YCIIEXOM HCIOJIb30BaTh NMPHU PEUICHUH JIUHEIHBIX U
HEeJIMHEHHBIX 3afad. [y ompeneneHus HanpspKeHHO-Ie(hOPMHPOBAHHOTO
COCTOSIHUS YCHJICHHOH B IIEPHOJ IKCIUTyaTalliH CTEPKHEBON KOHCTPYKIUH
IpPEANOKEHbl MaTEMAaTHUECKash MOJIENIb M METOJ pacueTa, MO3BOJISAIONINE
Hepasnenbroe coaBTopcTBoO. NOCIIEA0BATEIbHO OLPEAEIATh IEPEMELICHUSA U HAIIPSDKCHUS B KOHCTPYK-
LMY OT BO3JECHCTBUS HAYaJIbHBIX, MOHTaKHBIX M JOTIOHUTEIBHBIX SKCILTY-
aTallMOHHBIX Harpy30K. [IpuMeHSI0TCS OCHOBHBIE I'MIIOTE3bI MOJIEIH TEO-
pHUU CTEpXKHEH C Y4ETOM CIABUTOB U BapUAlMOHHBIN npuHOun Jlarpanxa.
OcobOeHHOCTh MeTO/la pacueTa COCTOMT B TOM, YTO B IPOIECCE PELICHUS
3ajJja4M Ha TIEPEMEILCHNS OCHOBHBIX M yCHJIMBAIOLINX JIEMEHTOB KOHCTPYK-
IIUM HaKJIaJbIBAIOTCS CBA3U M C YUETOM 3THX CBsI3€il BEIUMCIIAIOTCS MOHTaX-
HbIE NEPEMEIICHUS U HaNpsDKEHUs], BOHUKAIOIIKE MPU JEHCTBUM Hadallb-
HBIX Harpy3oK. Ta 0COOCHHOCTh CYIIECTBEHHO YIPOIIAET PELICHUE 3aa4H

Bxuaaa aBTopoB
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1 TIO3BOJISIET PACIIMPHUTH KPYT MCCIEAYEMBIX BOIIPOCOB, TAK KaK CHUMAeT
OTPaHUYEHUS, CBA3aHHBIC C OMNPEICICHHEM MOHTAXXHBIX CHJ. PerieHs
TecToBbIe 3a1a4l. CpaBHEHHS MOITYYEHHBIX B TECTOBBIX 3aJjadyaX BEJIMYHH
MOHT@XXHBIX TIEpEMEUICHNI W HaNpsDKEHUH C TaHHBIMH, OTPEeIICHHBIMU
JPYyTUMH METOAAMH, WIITIOCTPUPYIOT OCTOBEPHOCTH M BBICOKYIO TOYHOCTD
pacyeTos.
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Abstract. The methodology and results of calculating the stress-strain state of metal
frame structures when they are strengthened by attaching additional elements to the
original ones. With such strengthening, additional assembly stresses emerge in the
structure. This paper presents a mathematical model and a variational method for
determining assembly displacements and stresses, where the equations for displacement
of the system due to unit concentrated forces are not used in solving the problem.
The proposed mathematical model and method can be used with equal success for solving
linear and nonlinear problems. The mathematical model and the calculation method for
analyzing the stress-strain state of a frame structure strengthened during operation allow
to successively determine displacements and stresses in the structure from the effects
of initial, assembly and additional operational loads. The basic hypotheses of the bar
theory, taking shearing into account, and the Lagrange variational principle are applied.
A distinguished feature of the calculation method is that in the process of solving the
problem, constraints are imposed on the displacements of the original and strengthening
structural elements and, taking into account these constraints, the assembly displacements
and stresses due to the initial loads are calculated. This feature significantly simplifies the
solution of the problem and allows to expand the range of questions under study, since it
removes the limitations associated with the determination of assembly forces. The test
problems have been solved. Comparison of the values of assembly displacements and
stresses obtained in the test problems and determined by other methods demonstrate
reliability and high accuracy of the calculations.
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1. Beeaenue

IIpu peKOHCTPYKLMU U PEMOHTE COOPY>KEHUHN B BUJE CTEPHKHEBBIX CUCTEM B KOHCTPYKLIMIO BHOCSTCSA
M3MEHEHUS U JIONOJHEHMSI, KOTOPbIE MO3BOJIIOT YBEJIUYUTh BEJIUYMHBI IEHCTBYIOIUX IKCIUTYaTaIl[MOHHBIX
Harpy3ok. HampspkeHHO-1e(opMUPOBAaHHOE COCTOSIHME TaKWX CHUCTEM 3aBHCHT OT HArpy3oK (PeMOHTHBIE
Harpy3Kku), Ipu KOTOPBIX MPOBOISAT PEKOHCTPYKIHIO, OT CIOc00a yCUIICHHS PU KOTOPBIX MOT'YT BO3HUKATh
WA He BO3HUKATh MOHTA)KHBIC HATIPSHKCHUS, M OT JEHCTBYIOIINX TIOCIIE PEMOHTA dKCIUTyaTallMOHHBIX HATPy-
30K. B cTartee mpexacraBieH MeTOA pacyeTra HamnpsHKeHHO-AS()OPMUPOBAHHOTO COCTOSHHS CTEPKHEBOM
CHUCTEMBI TIPY YCUJICHUH C BOBHUKHOBEHNEM MOHTAKHBIX HAPSIKEHUM.

B Hacrosmiee BpeMsi TEOPETUUECKOMY U SKCIIEPHUMEHTAIbHOMY UCCIIEOBAHUIO YCUIIEHHUS KOHCTPYKLIMH
AKCIUTYaTUPYEMBIX COOPYKEHHI MOCBSIIEHb MHOTHE TyOnukanmu. Hanpumep, Bompocsl MpOeKTUPOBAHUS
W pacyeTa yCHIMBAEMBIX METAJUTMUECKUX KOHCTPYKIIUK PACCMOTPEHBI B cTaThsX [ 1—4], a 11 sxene300eToH-
HbIX KOHCTpYKUMi B [5—14]. Teopernueckue u 3KCIEpUMEHTAIbHBIE UCCIEA0BAHUS YCUIICHHS COOPYKEHUN
C TPUMEHEHHEM KOMIIO3UTHBIX MarepuaiioB omyonukoBansl B [11; 15-19]. B [1; 10; 20; 21] npuBeaeHb
pe3yJIbTaThl YHUCIECHHBIX PACUETOB YKa3aHHbBIX UCCIICJOBAHUM.

OTmeTHM, 4TO B HACTOSIILEE BPEMS BOIIPOCHI ONPEAEIEHHUS] MOHTaKHBIX HANPSKEHUI U UX BIUSHUE Ha
HaInpsHKEHHO-1e()OPMUPOBAHHOE COCTOSIHUE YCHIICHHBIX IO HAarpy3KOW KOHCTPYKIUH B JOCTATOUHOU Mepe
HE W3y4YeHbl. B 4acTHOCTH, B OTMEUYEHHBIX BBINIE MyOJIHKAIMSIX BO3MOKHOCTA BO3HUKHOBEHHS W BIUSHUS
MOHTa)KHBIX HANpPSHKEHUH Ha HAMPSKEHHO-1e()OPMUPOBAHHOE COCTOSIHUS YCUIICHHBIX MOJ1 HAarpy3Koil cTpo-
WTENBHBIX KOHCTPYKIMI HE paccMOTpeHbl. K 0HOM M3 mepBBIX paboT, B KOTOPO# oOpariaercs BHUMaHUE
Ha 0COOEHHOCTH y4eTa TaKuX HaNpsuKEHUH MU yCUIIEHUH KOHCTPYKUUH, oTHOCUTCst MoHOorpadus U.C. Pe6-
posa [22]. OnHako B Hell mpe/cTaBIeHa 001asi HOCTAaHOBKA 33,1441, HO HE IPUBEACHBI METOIMKA U IIPUMEPHI
pacueToB MOHTa)XHBIX CWJI U HanpsbkeHuil. MccnenoBaHuio BIMSHNS MOHTAKHBIX HANpSODKEHUN Ha Hampsi-
YKEHHO-Ae(POPMHUPOBAHHOE COCTOSIHUE YCHIIMBAEMBIX TOJ] HATPY3KOU CTEPKHEBBIX CHCTEM TOCBSIIEHBI ITy0-
nukanuu [23-25] aBTopoB 3T0i cTaThi. B 3THX paboTax omucaH METOA ONpeIeICHIsI MOHTaKHBIX HaMpsKe-
HUH, IPUBEICHBI JaHHBIE PACYETOB, TOKA3BIBAIOIINE BIMSIHUE STUX HANPSIKEHUI Ha HECYIIYIO CIIOCOOHOCTh
YCUJICHHBIX TIOJ HArpy3koi KoHCTpykiwid. IlokazaHo, 4to ydeT O0COOEHHOCTEH MOHTa)Xa IMPH yCHUICHUHU
HArpy>KEHHBIX CTEP)KHEBBIX KOHCTPYKIIMH MOJ Harpy3Koi OKa3bIBae€T 3HAUMTEIHHOE BIMSHHE Ha Tepepac-
IpeJIelIeHNE HaPSHKEHUM MEX 1y 3JIEMEHTAMHU KOHCTPYKLUH.

Oco0eHHOCTh MCIIONIB30BAHHOTO B [23—-25] crocoba onpe/iesieHus MOHTaKHbBIX HANpsSKEHUH COCTOUT
B TOM, UTO IS pacyeTa He0OXOAMMO MPEABAPUTEITHHO HAXOIUTH MEPEMEIICHHS paCCMAaTPUBAEMON CHCTEMBI
OT €IUHUYHBIX COCPEIOTOYEHHBIX cUi. OTMETUM, YTO aJrOPUTM pacyeTa MOHTAKHBIX HANpsSHKEHHUH ¢ uc-
MOJIb30BaHUEM TIEPEMEIICHHI OT €IMHUYHBIX HATPY30K HE SBIISIETCS JOCTATOYHO IMMPOCTHIM U IIPUMEHSTH 3TOT
METO/l, BUIUMO, LI€J€CO00Pa3HO MPU PELLICHUH JTMHEHHBIX 3a/1a4.

B cBsi3u ¢ 3TUM TIpencTaBisieTcs akTyaabHOU pa3paboTKa CpaBHUTEIHHO MPOCTOTO METOA OTpeIese-
HUSI MOHTQ)XHBIX HAMPSDKEHUH, B KOTOPOM HE HCIIOJIB3YIOTCS IIEPEMELICHHUS OT SJMHUYHBIX CHJI, a eopma-
IIUU MOT'YT OBITh M HEJTMHEUHBIMH.

Lenv uccnedosanuss — pa3paboTKa MOJIEIIN U METO/1A OTIPEICTICHNSI MOHTKHBIX ITEpEeMEIICHU U HaTpsi-
JKEHUH B CTEPKHEBBIX CUCTEMAaX, B KOTOPBIX MPHU PEIICHUH 33a4U HE UCTIONB3YIOTCS (DOPMYIIBI TSI IepeMe-
HIEHUH CTEPKHEBOU CUCTEMBI OT €IMHUYHBIX COCPEJOTOUYEHHBIX HArPy30K.

3aoauu uccredosanus:

» TIOCTPOCHUE MaTeMaTHYECKON MOJIEIH i METO/1a ONPeACTICHNs MOHTAXKHBIX TIEPEeMELICHUI U HaTIPSI-
JKEHUH B CTEP’KHEBBIX KOHCTPYKIUAX, YCUIICHHBIX B 16D OPMUPOBAHHOM COCTOSIHUY;
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> WIUTIOCTpaludg JOCTOBEPHOCTU U TOYHOCTHU IMMOJYHACMBIX 110 3TOMY MCTOAY PC3YJIbTATOB Ha OCHOBC
TECTOBBIX YHCJIICHHBIX PACY€TOB U UX CPABHCHUA C JaHHBIMU, OHy6J’II/IKOBaHHBIMI/I B HaYLIHOfI JIUTEepaType.

2. MeToa pacyera

Nznoxum BaprallMOHHBIN METO/] OINIpEAe/ICHU MOHTaXXHBIX TEPEMELICHUIN U HATIPSIKEHU N, BOSHUKAIO-
IUX TIPY YCHJIEHHH CTEP)KHEBOH CHCTEMBI, 2JIEMEHTB KOTOPHIX Ae(hOPMHUPOBAHEI U MMEIOT PEMOHTHBIE!
(HayaTbHBIC) HATIPSDKEHUS U Ie(hOpMAaITiH.

[Tonaraem, 4TO BO3HMKAIOIIKME B CTEPXKHAX MEpEMEIlEeHUs U JedopMaluu sSBIAIOTCA MaibiMH. Jls
OTIpeNIeNIeHUs] UX HaNpsHKEHHO-1e()OPMUPOBAHHOTO COCTOSIHUSI UCIIOJB3YyEeM TEOPHIO CTEPKHEU C y4eToM
MOTIEPEYHBIX CIBUTOB [25].

BgezieM rio6anbHyio 0XYZ ¥ T0KaabHYI0 0XYZ AeKapTOBBI CHCTEMbI KOOpAMHAT. Hauaso nokaibHoi

CUCTEMbI KOOpAUHAT BBI6I/IpaCTCSI B IMOIICPECYHOM CCYCHHU CTCPIKHA, B KOTOPOM BBIYHCIIAIOTCA IICPEMEILCHUA,
,Z[e(l)OpMaLII/II/I W HaIIPAKCHUA. Ocp 0x HAIpaBJsICTCA 110 HAIIPABJICHUIO KacaTellbHOM K HpOI[OJ'ILHOfI oCHu

cTepKHA, a Oy u 0z pacmojararoTcs B MOIEPEYHOM CEUCHUH.

JUist BBIYMCIICHUS. HANIPSDKCHUN Oy, Tyy, Ty, M ACOPMALMH €y, Yyy, Yx; BBEAEM B II00aIbHOM

o %~ ~ ~T .
CUCTCMC KOOpAHMHAT BEKTOP HNECPECMCUICHHUU u ={U1,U2,U3} M YIJIOB ITOBOPOTa IOICPEYHBLIX CECUYCHUU

o % [~ ~ ~T .
CTEpXKHEH @ = {(pl, 07, (p3} . OTH BEKTOpBI C KOMIIOHEHTAaMH, OIPEEIIEHHBIMHU B JIOKAIBHON CHCTEME KOOp-

JMHAT, 0603HaUMM U = {U1, Uy, u3}T 1 o={01,07,03 }T . CBs13b MeX/ly KOMIIOHEHTAMHU YKa3aHHBIX BEKTOPOB

omuchIBaeTCs hopmyaamu
u=[n]u”, ¢=[n]o", (1)

rac [n] — MaTpula HallpaBISIOIIUX KOCHHYCOB.

cos(x,AY() cos (x,A ¥) coS (x,AZ)
[n]= cos(y,Af(,) cos (y?y) cos (y,AZ)
Ccos (z A X) oS (z A ¥) cos (z,AZ)

B nokanbHo# cucteme koopauHaT aedopMalui BBIYUCIIAIOTCA O (popmynam

_dUl_ d(p3 d(p2 3 du72_ ~ dﬂ
&7 9x Yax Trax ny—‘lfl(y'z)(dx 03 [-valy.2) o

% dU3 N d
¥xz :\Vl(yvz) K'f'([)z +\|/2(y,z)ﬂ . (2)

dx

3nece y1(Y,z), wal(y,z), \VI(y,z), wZ(y,z) — (yHKIMH, 3aBUCSIINE OT BUA JehopManuu U GOpMbI
MOTNIEPEUHOT0 CEUEeHUsI CTepxHs [23].

1TepMuH «peMOHTHBIE HANPSHKEHUS» OTHOCUTCA K O0JIACTH MEXAHUKH YCUJIEHHS U IIPUHAT B cooTBeTCTBHM ¢ PTM 212.0116 — 82.
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[Tomaraem, 4to cripaBeyIuB 3aKkoH ['yka:
oy = Eey, Txy =Gny' Txz =Gy 3)

rae E 1 G — Moaynu ynpyrocT U cBUra MaTepuana.

[lepemereHus 1 yIiibl MOBOPOTA 3JIEMEHTOB CTEPKHEBON KOHCTPYKILIMH ONPEAEISIOTCS U3 YCIOBUS Ba-
pualroHHoro npuHuumna Jlarpanxa

SU —8W =0. (4)

3nech SU — BapHalus MOTEHIHAIBHOM SHEPTHU CTepxKHEBOW KOHCTpyKimu; OW — sremenTapHas

paboTa BHEIIHUX CHIL.
B nokansHOM cucTeMe KOOpIUHAT

U = III(ESXSSX +GyyySyxy + GnySYXZ)dAdX :
I A

ESW:_[(qléSu1 + 0,8, + G,0U, )dl+ 3" (R, 8U, (X, )+ Fyy 8U, (X )+ Fy, 84 (X)) +
| n

q

+;(Mlk ol (xk)+M2k by (xk)+M3k ds (xk )),

rae |, A — JUIMHBI ¥ TUIONIA/IA TIOTIEPEYHBIX CeYeHHH CTepKHel KOHCTpYKImK; |, — mminel ygactkos, Ha
KOTOPBIX JIEHCTBYIOT pacmpesielieHHbIe Harpy3Kku { (ql, d,, 05 ); F (Fln s an) — COCpPEIOTOYCHHBIC
cuiel; M (Mlk, M,,, M3k) — COCPEJOTOYEHHBIE MOMEHTBI.

Bxozsiuue B (4) BeTMUMHBI BBIYKCIIAIOTCS B JIOKIBHOU crcTeme koopauHat 0XYZ ¢ ucnosnb3oBanneM
dopmyn (1-3).

JI7ist IpoBeIeHMsT BEIYMCIICHUI BBOISATCS BEKTOPHI TIEPEMEIEHUI U TIOBOPOTOB, OTPE/IC/ICHHBIE B TJI0-
OanpHOM cucteme kKoopauHat 0X Yz . Ha kaxmaom u3 N y4acTKOB CTEP)KHEBOM CHCTEMbI KOMIIOHEHTBI BEKTO-

poB U = {Ul, Up,Us }T o = {51 02,03 }T NPEICTaBIISAIOTCA B BUIE PALOB

L-Ik = ~Ii = CIi<m fm(t)' (5)
1

TIM=

3nech k=1,2,3; i=1,N; C|i<m , D|i(rn — HEU3BECTHBIE NOCTOSTHHBIE, KOTOPBIE ONPEACIAIOTCS U3 YCI0BUs (4);
fm(t) — ammpoxcumupyiomme dyuxmmm, fi(t)=1-t, fo(t)=t, f,(t)= (1—t)tm_2 , m=3M; t=s/ i —
0e3pa3MepHBIN MapaMeTp (OStgl); S — JUIMHA MPOAOJIBHOW OCH CTEp)KHS, OTCUMTHIBaEMasi OT Hadania

yuactka (0<s<I;); l; — munHa yaacTKa CTEpKHS ¢ HOMEPOM | .
VY n0BnIeTBOPSIS TPAHUYHBIM YCIOBUSAM U UCTIONB3Ysl popmybl (2—5), u3 ycinoBus (4) MOKHO MOIYUYHUTh

CHCTeMy anreOpandeckKix ypaBHEHHU JUTs OTPe/IENIEHHs] HEM3BECTHBIX KO3(QQUIMENTOB psinoB Cyy, Dy, :

[K]ici={F}, 6)

rae [K] — MAaTpHLA JKECTKOCTH CTEPKHEBOW KOHCTPYKIIHH; {C} — BEKTOP HEU3BECTHBIX MOCTOSHHBIX;

{F} — BEKTOP HArpy30K.
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o i i
Pemenue cuctemsl ypaBHeHHH (6) mo3Bossier onpenensats kodpdunuentsr C,, D,

U, UCIOJb3Ys
IPUBEJICHHBIE 3/1€Ch COOTHOLIEHUS, BBIYUCIUTD MIEpEMEILEHNUS, JeopMaliuy U HAIPsHKEHUs, BO3ZHUKAIOIINE
B CTEP)KHSX.

N3n0xuM pacyeT HanpsHKeHHO-e(OPMUPOBAHHOTO COCTOSHUS Harpy>KEHHON KOHCTPYKIMU IIPU yCU-
JIEHUH, B KOTOPOH BO3HUKAIOT MOHTAXHbIE HAIPSKEHUSA. DTOT pacyeT MOKHO pa3OUTh Ha TPH FTama:

1) onpeneneHue nepeMeleHuit, 1ehopMannii 1 HaPsHKSHHI B 2JIEMEHTaX YKCILTYaTHPYEMOH CTEPXK-
HEBOU CHCTEMBI IPH BO3JCHCTBUYN HA4aJIbHbBIX (PEMOHTHBIX) HAarpy30K;

2) BBIYHCIICHUE MOHTAXKHBIX TIEPEMEIICHUI U HANPSHKCHUH, BO3HUKAIONIMX TIPH YCHICHHH Ae(hOpMH-
POBAHHBIX U HANPSKEHHBIX JJIEMEHTOB KOHCTPYKLIHU;

3) pacueT KOHCTPYKILHMH HOCIE YCHICHHS IPH ACHCTBUU TOMOTHUTEIBHBIX IKCIUTyaTaAlHOHHBIX HATPY-

30K.
Ha nepeom 3mane Ha KOHCTPYKIIHIO IEHCTBYIOT peMOHTHBIC Harpy3ku (7, F 7 , M 7. Ilonaraetcs

ug=u :f L Pk=¢ :f . Onpenenenue nepeMerieHui, AepopMauii 1 HanpsKEHU B CTEPAKHEBOW CUCTEME OCY-

MMECTBIACTCA IO NPUBCACHHBIM 34€CH COOTHOICHUAM C UCIIOJIB30BAHHUEM OOBIYHBIX mnmpoucayp BapuauvoH-
HOTO METOJ1a, KOTOPBIE MOAPOOHO M3JI0KEHBI B psine myonukanuii [23—-25]. B pe3ynbTaTe 3TOr0 HaxoasaTcst

nporuGs! U,°, yriel mopopora ¢ , nepopmaunu €, Y5, Y5 u Hanpsokenus Y, T, Ty , BOSHHKAIOUIHE

OT PEMOHTHBIX (Ha4aJIbHBIX) Harpy30K.

Ha eémopom 3mane pacuera BHIYUCIISAIOTCS MOHTaXXHbBIE MTEpeMEIEHHs, AepopMaluyi 1 HanpsKEeHUs.
Bo3HUKHOBEHHE ATHX BETMYHH 00YCIOBIEHO TEM, YTO KOHCTPYKIIHSI YCUIMBAETCS 3a CYET MPUCOCINHEHUS
K 1e()OpMUPOBAHHBIM (M30THYTHIM) CTEPXKHSIM HCXOJHON CHUCTEMBbI Hele(OPMHPOBAHHBIX YCHUITMBAIOLINX
crepxkHeil. CieoBaTenbHO, TEPBOHAYAIBHO MKy YCHIIMBAEMBIM U YCHIIUBAIONINM CTEPKHEBBIM dJIEMEH-
TOM UMeEeTCsl HEKOTOPbIi 3a30p. CoeTMHEHNE 3TUX JIIEMEHTOB OCYIIECTBISETCS C UCTIOIb30BAaHUEM CTSKHBIX
YCTPOMCTB TaK, 9TOOBI MEXKIY YCUIMBAEMBIM M YCHIIMBAIOIINM CTEPKHSIMH HE BO3HUKAIO 3a30pa. [Ipu aTom
CTEep)KHEBas CHCTEMa OT BO3JIEHCTBUS CTSKHBIX YCTPOUCTB AeopMupyercs, B Heil BOSHUKAIOT MOHTAXKHBIE
MEePEMEIICHHSI U HATIPSKEHUSI.

[Ipu pacueTe MOHTaKHBIX HAIPSKEHU I MOKET UCTI0Ib30BaThCSI METO, OCHOBAHHBIHN HA MPEBAPUTEIb-
HOM OTIpeACTICHUN MOHTAKHBIX CHJI, TIOJ] IEHCTBUEM KOTOPBIX TUKBUIUPYETCS 3a30p MEXKAY COSAMHIEMbIMHU
aneMeHTamu [23-25]. DT cuiibl 3aTEM BHOCSITCS B BBIPQXKEHHE JIJISI DJIEMEHTAPHON pabOThl BHEITHUX CHII
dW , u B BapHallMOHHOMN MMOCTAHOBKE pelIaeTcs 3ajaya ONpe/esIeHUs] MOHTaKHBIX MEepeMeIeH! 1 Hanpsi-
KEHU.

W3noxxuM MeTos BBIYMCIECHUS MOHTAXKHBIX MEpeMEIIeHU Aeopmanmii 1 HampsHKeHHd, B KOTOPOM
He TpeOyeTCsl MPeIBApPUTENILHO ONPEIEIIATh MOHTAXXHbIE CHIIBI.

BBenem B rinobanbHOM cucTeMe KOOPAMHAT BEKTOP-(PYHKIIHH, OTMCHIBAIOIINE 3a30Pbl MEXKAY YCHUIIHBA-
€MBIM 1 yCHJIMBAIOIINM dJIEMEHTaMU:

fr©)=1"6) "+ ()] + £ (6)k", (7)

rae i*,j°, k* —opter, f,"(s), £,"(s), fJ"(S) — paccrosmus Mesxy AeOPMHPOBAHHBIME U HeehOp-
MHPOBaHHBIMU CTEPKHAMH Ha y4aCTKaX yCHJICHHs C HOMepaMH M=m; , m,, ... M. OGo3HaunM yepes
ug(s) = { ap, 055, U;“D} Tuly(s)= { Uy Ugy s Ugy } " nepemerenus, KOTOPbIE BO3HUKAIOT COOTBETCTBEHHO

B J1Ie()OpPMHUPOBAHHBIX U He/le(OPMHUPOBAHHBIX HJIEMEHTAX IPH MOHTaKHOM yCHJICHUH. YTOOBI MEX1y ycu-
JIMBAEMBbIM U YCUJIMBAIOIIKM CTEPKHAMHU HE BO3HUKAJIO 3a30pa, JOJIKHBI BBIIIOJIIHATHCS YCIOBHS:

a7(s)= T"(s)+T0(s), m=m,, my,..my. (8)
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B ckanspHOM BHIe 3Ta CBSI3b 3alTMCHIBACTCS CICTYIOIIAM 00Pa30M:
aln:\l (S) = flm (S) + alT) (S) 1 G;]N (S) = fzm (S) + a;nD (S) ] l]?r>nN (S) = fsm (S) +G?r>nD (S) . (9)

[Tonmyyaercsi, 4TO U pELICHUs 3a/1a4d HEOOXOIUMO BBHIIOJIHEHHUE yClIoBHs NpuHImNa Jlarpamxka (4)
MIPU HAJOKEHHBIX HA TIEPEMEIICHUs CUCTEMBI CBsizel (9).
VY 10BJIETBOPSIST HAJIOKEHHBIM Ha MEPEMEIEHHs CTePIKHEH CBSA3SM, MOXKHO OINPEICIUTh MOHTaKHBIC

cunsl G, moj AeiCTBHEM KOTOPBIX JIMKBHMPYETCS 3a30p MGy COSIMHACMBIMH CTEPKHSIMH [23-25]

U C YYETOM ( M BBI9HCITHTD MOHTAKHBIC HanpspkeHust [23-25]. B atom cityyae B BapualluOHHOM ypaBHe-

Hu (4)

3U =38U, +3U,, (TJ(s), &7 (s)) , W =3W, +3W,, (10)

rae oU , 8U  — Bapnanuu NOTEHIMAIBHON SHEPIHU UCXOIHBIX M yCHIMBAIOIINX YJICMEHTOB CTEP)KHEBBIX
sneMeHToB KoHeTpyKiun, OW , OW  — snemeHTapHbIe pabOThHI BHEIIHUX M MOHTA)KHBIX CHII.

He Borunciss q M u ucnonb3ys cesizu (9), uckimounm dyukiuu U5y (S) u3 cootHomenuit st dU . Tak

kak & fM(s)=0, o 3 paBeHCTB (9) nosyvaercs
S0y (s) = 8Ujp(s), 0l (8) = 8U5(S), Suzy (s) =8U3p (s). 1)

C y4eToM BBEJICHHBIX 0003HAYeHHI s nepemenienuii Up (S) yCHIMBaeMbIX CTEpHKHEN U ypaBHEHUI

(9, 10), noayunm

U =3U, +8U,, (5 (s), 7' (5)) BW =8W, +3W, (" (s)). (12)

Otmerum, uto B BeipaxkeHuu (11) ams 8W coxpepkatcs GyHKIMH fr (S), ommceiBaromme 3a30pbI

MEX]Y YCUJIMBAEMbIM U YCUIMBAIOLIUM 3JIEMEHTAMU.
ITpu npoBeieHNH PacUYETOB MOJIAraeTCs

Gi=ar+al,  di=¢r+oy. (13)

7 im

Bapsupyembivu Benmannaamu B (13) ssisttores U ', @'

Hoxcrasmss Gpopmyast (12), (13) B ycnosue (4), moxuo onpenenuts U, u @ ', KOTOPBIE BOSHUKAIOT
B MCXOJHBIX DJIEMEHTAaX CTEPKHSAX MPU MOHTaKHOM ycuieHuu. [locne atoro, ucnomnn3ys (9), MOXKHO HaWTH
nepemenienus Uy (S) B YCHUIMBAIOIIMX CTEPIKHSIX.

Jedopmariu 1 HanpsHKEHHsI, BOSHUKAIOIINE B CTEPKHEBOW CUCTEME OT IEHCTBUSI PEMOHTHBIX (Haualb-
HBIX) Harpy30K ¥ MOHTa)KHOTO YCHJICHUS, BEIYUCIAIOTCS ¢ yuyeToM (11).

Jyia Gonee 1eTanbHOrO MpeACTaBICHUSI OCHOBHBIX COOTHOIIEHUH M OCOOCHHOCTEH pacyeToB Ha 3TOM
JTare U3JI0KUM ONKUCAHHBIA METOJ| OIIPEIEICHNS MOHTAKHBIX HANPSKEHUI B YACTHOM CITyyae.

[Myctp Oanka 1 (puc. 1, @) uHO# |1 € IUTONIAbEO IONMEPEYHOTo CeUeHHsT Aq O] ICHCTBHEM PEMOHT-

HBIX Harpy3ok nedopMupyercs u B Heil BosHukaeT mporu6 f(x). Ilpu ycunenun k Heif mpucoeauHseTCS

npsMonrHeliHast 6aska 2 (puc. 1) amuHOM |, ¢ IUIOMIAABI0 TIOMIEPEYHOT0 CeUeHUsT A, . [lox neiicTBueM MOH-
Taxkubx et ™ 06e 6anku nedopmupyrotes, 3a30p f(x) MeXLy HUMH JTMKBUIUPYETCS, OHH COEMHSIOTCS

JIpyT ¢ APYTrOM U B JalibHEHIIeM Je(OPMUPYIOTCS KaK €IHHOE 1IeJI0e.
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Puc. 1. Cxema ycuiieHus 1eopMUPOBaHHOTO CTEPKHSA
Hc 1o 49Hu K : Beimoarneno M.H. Y6aiinysioeBbim

Figure. 1. Model of strengthening a deformed bar
Source:made by M.N. Ubaydulloev

B maHHOM Ciiydae B IPSMOJIMHEHHBIX CTEPKHAX BO3HHUKAET AeopMarus u3ruda B IIOCKOCTH, CIIEI0-

~ ~ - ~ e
BarenbHO, U;=0, up,=0, @ =0, ¢3=0 ©U MOXHO cuMTaTh, 4YTO U =uU, ¢ =¢. [lomarasa
uz (X)= U3, (X), UZ(X)=0%(X), ycnosue coennuenns 6atok (9) MpH MOMOIIM MOHTaKHBIX CHIT

MOYKHO 3aIIMCaTh B CIEIYIOIIEM BH/IE:
u; = f(x)+u;. (14)
U3 storo ypaBHeHUs cieyeT

dul =3u;. (15)

OTMeTHM, UTO 1o AeiiCTBHEM MOHTaKHBIX ¢ (V' GalKH AOKHBI cONU3UThCA. Benmnuunsl g™ 3apa-

Hee HE U3BECTHBL. UTOOBI HCKIKOYUTH TOMOIHUTEILHYIO IPOLEAYpPy onpenenenus ", cuisl ™ B yciosue

(4) He BBOISTCS, @ BMECTO 3TOTO YUUTHIBAOTCS CB3b (14) u paBencTBO (15).
Hcnonw3ys cootHomenuii (2—4), (12), (13), naxoaum

Hf{ ( dxj(zdj—flz} Gy ( +¢zj [dau 5@] dAdr | (16)
AT s o

sw=-{ [[Gv; { () (di{“;}d L)((X) 544% dx . (18)

L, A
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[Tomy4nock, 4TO MPH TAKOM CIIOCO0E y4eTa HaT0KEHHBIX CBS3€H IeMeHTapHast paboTa BHEIIHUX CHI
(18) BrIpaskaeTCs uepes MPOM3BOAHYIO OT pyHKIMHK f(X), a He Yepe3 MOHTaXHbIE CHIIbI ( *, O] JIeficTBIEM

KOTOPBIX 3230p MEX1y OalKaMu JINKBUIUPYETCSL.
Ucnonw3yst cootnomenus (16-18), (15), MOXKHO ompeaenuTh BO3HUKAIOIIUE MPH J1ehOPMUPOBAHUH

non aeiictereM ™ (puc. 1) MOHTaXHBIE TIEpEMEIEHHs, Ae(GOPMALUK M HANPSKEHHUS.

Ha mpemvem 3mane pacyera, 1ocje BbIIIOJHEHHOTO YCUJICHUS, K KOHCTPYKIIMA MOTYT OBbITh IPHIIO-
JKEHBI JIOTIOJIHUTEIILHBIC KCIUTyaTalinonHble Harpy3ku 0 °, F ¥ , M Y. Onpenenenune nanpsokeHHo-aedop-

MHpOBaHHOFO COCTOSIHHA HA 3TOM JTallc OCYH_ICCTBJI}ICTCSI 10 y>1<e OHI/IcaHHOﬁ CXEMe. Honar acTCs
~i o~ dp, yiM vy Ti_ Yip, yYim, Yiy
G =0a,+0a . +0)7, d=0,+0,+0,. (19)

BapoupyembiMu Benmunaamu B (19) asistiores U e ) v . I3 pemienus Ba HaHHOHHOﬁ 3aJa4yy Haxo-
k k

JATCS TPOTHOBI U Ly ¥ yrisl oBopota ¢, . 3atem, ¢ ucronb3osanueM (19), Berumcisiorcs aedopMarum

Y HaNpsOKEHMs], BOSHUKAIOIME B YCUIECHHON CTEP)KHEBOM CHCTEME.

3. Pe3yabTaTsl 1 00Cy:KIeHHE

C 1enpi0 WUTIOCTPAIIMM TOYHOCTH PAcueToB MO OMHMCAHHOMY METOJY, JOCTOBEPHOCTH MOJy4aeMBbIX
JAHHBIX U 0COOEHHOCTEH, BOZHUKAIOIINX NIPU YCUIICHUH J1e()OPMUPOBAHHBIX CTEPIKHEH, PUBEAEM TIPUMEPHI
pacuera JIByXomnopHoii 6anku 1 (puc. 2, a).

Puc. 2. Cxemsl nedopmariin 6aaok: ¢ — 10 yCHIICHUS;
6 — TI0CIIe YCUJIEHHS; 8 — I10CJIE IPUIIOKEHUS JOIOJIHUTENILHOM Harpy3ku AF
Hc 1o 49Hu K : BeimonHeno M.H. Y6aiinysioeBbiM
Figure. 2. Beam deformation models: « — before strengthening;
6 — after strengthening; ¢ — after applying additional load AF
Source:made by M.N. Ubaydulloev
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Jlo ycunenuns 6anka 1 nedopmMupyercst moj AeHCTBHEM COCPENOTOYEHHOM cunbl FP | B Hell Bo3HuKaeT
nporu6 uj(X). Ilpu ycuiieHHH, ¢ HCMOIB30BAHHEM CTSDKHBIX YCTPOMCTB, 3Ta Gajka M MPSIMOIMHEHHBIH

CTEPIKHEBOM 31eMeHT 2 (pHc. 2, a) COMMKAIOTCS PYT C APYTOM, M HX CKPEILISIIOT MEX/Ly co0oi. 3asop Ul (X)
MeskLy GaikaMu THKBHUpYyeTcs. [Ipu 3TOM BO3HHKAIOT MOHTaKHBIE TiepeMelnenns Uy 1 U2 1 MOMEHTbI
M u M, (puc.2, 6). 3aTeM NpPUKJIAABIBACTCS JIONOJHHUTEIbHAS COCPEIOTOYCHHAs Harpyska AF
(puc. 2, 6). Cuna, neiicTByromas 1ocie yCcuaeHus, cTanoButcs pasHoii FY = FP + AF . B cTepkHsAX BO3HH-
KaloT TIePEMEIIEHHS u%y, u32y u MoMmeHTsl M., M.

Ilpu pacuere monaranocs F°=10kH, AF =20kH, F'=F"+AF =30kH, E=2-10° MIla,

G =8-10* MIla .
[IpencraBieHsl [Ba BApHaHTa PacUETOB:
1) 6anka 1 ycunmuBaeTcst 3J€MEHTOM paBHOM jxectkocTH ( EJ; = EJ, ), 00e OGanku — aBytasp Ne 18

(J,=J,=1290 cm*);
2) banka 1 — naBytaBp Ne 33, ycunuBaercss nBytaBpom Ne 18 (EJl >EJ,, J,=9840cm*,
J,=1290cu").

B Tabn. 1-4 npeacraBieHsl pe3ynbTaThl paCU€TOB, KOTOPBIE HILTIOCTPUPYIOT TOCTATOYHO CIIOXKHBIE 3a-
KOHOMEPHOCTH U3MEHEHUs NIEpEMELIEHUI U paclpeeeH sl yCUIINK B CTEPKHAX IPU yCUIeHUU. B yacTHo-

CTH, BUAHO, 4TO B ciyuae EJ; = EJp (EJ,/EJ, =1) usruGatomue momentsr M, u M; B Gankax pasHbl
(M1/M, =1). Bo3uukaromuii B cepeuHe nposera usrudarommii MomeHntT M =15kH-M pacnpenensiercs
Mekay Oamkamu 1 ¥ 2 NPONOPHHMOHAIBHO 3HAYEHHSM JKECTKOCTH OalloK Ha W3THO (EJl / EJ, =1,
W / MY = 1). B ciyuae xe EJq > EJ, 3Ta 3aKOHOMEPHOCTH Hapyaercs. Kak BuaHO u3 Tabi. 4, BO3HHUKA-
IOIHIA B CepeIHe MpoJjieTa u3rubarommii MoMeHT M =15«H-m pacrpesensercs Mexay oankamu 1 u 2 He-

NPONOPLMOHATLHO 3HAYEHNSM JKecTKocTH Ganok npu usrube (EJ,/EJ, =7,63, M ? / MY =6, 2) :

Tabauya 1
Ilepemelnienust B cTep:kHeBbIX 3JeMeHTax 1 u 2 npu EJ1 = EJ2
MeTox pacueTa Ne crepxHs ub o Uppay » M Uy s M
1 —0,000676 0,000338 -0,00101
OnwucaHHbI B 3TOI cTaTbe
2 0 —0,000338 -0,00101
1 —0,000676 0,000337 -0,00101
Omucannbiii B [23]
2 0 —0,000337 -0,00101
Hc T ouHuKk: BemonaHeno M.H. Yo6aiinynnoessim
Table 1
Displacements in bar elements 1 and 2 when EJ1 = EJ>
Calculation method Bar id Ul m Upay » M U)o, M
L 1 —0.000676 0.000338 —-0.00101
Described in this paper
2 0 —0.000338 -0.00101
o 1 —0.000676 0.000337 —-0.00101
Described in paper [23]
2 0 —-0.000337 —-0.00101
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Tabnuya 2
Yeunnus B crepakHeBbIX 3j1eMeHnTax 1 u 2 npu EJ1 = EJ»
Merton pacuera Ne ctepxHs M Eax , kHM M n}:ax JKH-M M nywx , kKH-Mm
y y 1 -5,0 2,5 -75
OrmncaHHbIHA B 3TOH cTaThe
2 0 -2,5 -7,5
1 -5,0 2,5 =75
Omucannbiii B [23]
2 0 -2,5 -7,5
Hc T ouHuK: BemoiaHeno M.H. Yo6aiinynnoessm
Table 2
Forces in bar elements 1 and 2 when EJ1 = EJ>
Calculation method Bar id M. kN-m M,  kN-m M., kN-m
1 -5.0 2.5 -7.5
Described in this paper
2 0 -2.5 -7.5
. . 1 -5.0 2.5 -7.5
Described in paper [23]
2 0 -2.5 -7.5
Source:made by M.N. Ubaydulloev
Tabauya 3
IlepemeleHust B cTep:kHeBbIX 3JeMeHTax 1 u 2 npu EJ1 > EJ2
Merop pacuera Ne crepxast Ur’;ax , M Ur]\:]ax , M U;']ax , M
. . 1 —0,000098 0,0000125 —0,000256
OmnmcaHHBIHA B 3TOH cTaThe
2 0 —0,0000125 —0,000256
Hc 10 49Hwu K : Beimoaneno M.H. Y6aiinysmoeBbiM
Table 3
Displacements in bar elements 1 and 2 when EJi1 > EJ>
Calculation method Bar id ub.,,m Upa » M Ul M
. . 1 —0.000098 0.0000125 —0.000256
Described in this paper
2 0 —0.0000125 —0.000256
Source: made by M.N. Ubaydulloev
Tabauya 4
Yeunust B crep:kHeBbIx djieMenTax 1 u 2 mpu EJ1 > EJ»
Meron pacuera Ne crepins M! . Hom My H-m M. xH-w
. . 1 -5,0 0,694 -12,919
OnwrcaHHBIH B 9TOU cTaThe
2 0 -0,694 —-2,081
HcTo4uHUWUK : BemonaeHo M.H. Y6aiinymioeBeim
Table 4
Forces in bar elements 1 and 2 when EJ: > EJz
Calculation method Bar id MP. . kN-m M., kN-m M., kN-m
I 1 5.0 0.694 -12.919
Described in this paper
2 0 -0.694 -2.081
Source: made by M.N. Ubaydulloev
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[IpencraBieHHbIe JaHHBIE TOKA3BIBAIOT, YTO JAXKE B PACCMOTPEHHOM JJOCTATOYHO IPOCTOM CIIydae yCH-
JICHUsI CTAaTHYECKHU ONPEIETMMON OaJKU BO3HHKAIOT 0COOCHHOCTH, TPEOYIOIIUe CHEeNHUaIbHOrO UCCIIeI0Ba-
Hus. J[7s cTaTMyecKku HEoIpeneIMMbIX CHCTEM 3aKOHOMEPHOCTH BIHMSHHS MOHTA)XHBIX HaIpsDKEHUH Ha
HaInpsHKEHHO-1e(hOPMUPOBAHHOE COCTOSIHUE CHCTEMBI SIBIISIIOTCS erie Ooiee cI0KHbIMU. Mcronp3oBanue xe
pacyeToB, B KOTOPBIX YUUTHIBACTCS BIUSHHE MOHTA)XHBIX HANPSDKEHUH HA HANPSHKEHHO-/1e(OPMHUPOBAHHOE
COCTOSTHUE CTEPKHEH, MO3BOJISIET CYIIECTBEHHO YBEIUYUTh 3()(HEKTUBHOCTh YCUiIeHUs [24].

OTMeTuMm, 4TO pe3yJIbTATHI, TOJYyYCHHBIE C UCIIOIB30BAHNEM OIMCAHHOM B JAHHOW CTaThe MaTeMaTu-
4eCKOI MOJIeNT M METO/Ia pacyeTa U MpeCTaBIeHHbIC B Ta0M. | U 2, MpaKTHYECKH COBIAAAIOT C JAaHHBIMH,
MOJTyYEHHBIMU IO METOJTYy, IIPE/ICTABICHHOMY B ITyOauKanuu [23].

4. 3akJjiroueHue

1. IIpeoxeHsl MaTeMaTHYECKast MOZEIb U BAPUALIMOHHBIA METO/1 pacyeTa MOHTAKHBIX IEPEMELICHUN
Y HaIlPsDKEHUH B CTEP)KHEBBIX KOHCTPYKLUSX, YCUIICHHBIX B 16()OPMUPOBAHHOM COCTOSIHUH.

2. Oco0eHHOCTh MPEITI0KEHHOT0 METO/Ia COCTOUT B TOM, YTO MPHU €r0 UCHOIb30BaHUH HET HEOOXOH-
MOCTH IPEABAPUTEIHHO ONPEAEIIATH MOHTaKHBIE CHIIBL. DTa 0COOEHHOCTH CYIIIECTBEHHO YIIPOIIAET PELICHUE
3aJ1a4M U MO3BOJISIET PACIIUPUTh KPYT MCCIEAYEMBIX BOIPOCOB, TaK KaK CHUMAeT HEKOTOPhIE OrPaHUYEHUS,
3aJI0’KEHHbIE B METO/IMKAX OIpPEICICHNUS MOHTAXHBIX CHJI C UCTIOIb30BaHUEM (DOPMYJI JIJIs IEPEMEILIEHUH OT
eMHUYHBIX CHJI.

3. CpaBHEHUS MOTYYEHHBIX B TECTOBBIX pacyeTax BEJIMYMH MOHTAKHBIX NIEPEMEIICHNN U HaIPsHKEHUI
C JJAaHHBIMH, OIpPENIECICHHBIMHU JAPYTUMHU METOJaMH, UJUTIOCTPUPYIOT JOCTOBEPHOCTh U BBICOKYIO TOYHOCTh
pacueroB. OTMEYaeTCs, YTO MPU MOHTAKHOM YCHJICHHH BO3HUKAIOT OCOOCHHOCTHU, TPEOYIOUINE CIeIallb-
HOT'0 UCCIIEI0BaHUS.
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AnHoTanus. VccnenoBaHo nmoBeficHre CPepUISCKON 000IOUKH U3 JIETKO-
ro ne”ononuctuponberona (EPSC) npu u3rube u mposeneHO cpaBHEHHE
€€ C aHAIOTHYHOI OeToHHOU 000moukoii. Takoe nmosenenne EPSC eme He
M3YYEHO, M 3TOT Marephal He MPHUMEHSUICS B KOHCTPYKIHSX O0O0IJIOYEK.

B kadecTtBe MeTONOB OBUIM MCIOJIBL30BAHBI YHCIIEHHBIN aHAIN3 JTHHEHHON
norepu yctoitunBoctn (LBA), HenmueitHblii ananm3 matepuainoB (MNA)
1 TEOMETPUYECKUN HENMHEHHBI aHaIn3 MaTepHaJIOB C y4ETOM Ie(PEeKTOB
(GMNIA) kak mnst GeronHbix, Tak u mis EPSC chepuueckux obosouex
C OJIMHAKOBBIMU I'€OMETPUYECKHMH MapaMeTpamMy B IIPOrpaMMHOM obecre-
yeanu ABAQUS. CornacHo pe3yibTaTaM HCCIIEJOBaHMs, YIIPYrue U Iiia-
ctuueckue cBoiictBa obonouku EPSC Ha u3rub u compoTHBiieHHE HU3rHOY,
noxyueHHble MerogoM GMNIA, MeHblIe, YeM y aHaJIOTMYHONH OETOHHOU
o0osoukn. MakcumanbHble nepemenieHus obosnoukn EPSC, coorBercTBy-
rorre Merony GMNIA, rmpu npuItoskeHUH NepBhIX COOCTBEHHBIX W (haKTH-
YECKHX Harpy30K IIPEBBIIIAIOT pa3Mepsl OETOHHOW 000JI0YKH Ha HECKOJIBKO
MumuMeTpoB. CrocobHocTs o6onouku EPSC k moTepe ycTOWYHBOCTH,
MOJTy4eHHas! C TIOMOLIBIO TPEX METOHOB, NPEBHINIAET (paKTHYECKOEe BHEIL-
Hee paBHOMepHOe naBjeHue (coocrBenHbii Bec EPSC u dakTrueckas cHe-
roBasi Harpy3Ka), a pe3yJibTaThl CMEIIEHHs SBJISIOTCS JOCTaTOYHO 0O0OCHO-
BaHHBIMHU, YTOOBI T'apaHTHPOBATh CTAOMJIBHOCTH CHEPHYECKUX 000JI0UEK
EPSC u BO3MOXXHOCTb MX MPAKTHUECKOTO MPUMEHEHUS.

3asB/jieHNe 0 KOHQINKTEe HHTEPECOB

ABTODBI 3a5BJISIOT 00 OTCYTCTBUH
KOH(JIMKTa HHTEPECOB.
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KiawueBble c10Ba: HCHOHOHI/ICTI/IpOH6eTOH, yCTOﬁHHBOCTB, aHaJIu3 IOTEPU
yCTOfI‘IPIBOCTPI, TCOMETPHUUICCKOEC HECOBECPIUICHCTBO
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Sereke I.A., Rynkovskaya M.1., Damir H.Y. Stability analysis and comparison of conventional concrete and expanded
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Ne 3. C. 211-219. http://doi.org/10.22363/1815-5235-2024-20-3-211-219

1. Introduction

1.1. Buckling of spherical shells

Several research works have been conducted on the stability issues of spherical shells. The theory of
shell buckling has originated from Euler’s formula of critical load determination for a straight bar.
Following this, a first theory of linear buckling of spherical shells was developed by Zoelly in 1915 where
the elastic critical buckling load of complete spherical shells under external pressure was determined
according to the formula [1]:
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where ¢t — thickness of the shell, R — radius of curvature of the shell, £ — modulus of elasticity, v —
Poisson’s ratio.

In most codes of design equation (1) is commonly taken as a reference load of buckling for elastic
spheres. However, most experimental studies reveal that the actual buckling capacity is a fraction of the
amount obtained from equation (1). External disturbances and imperfections whose magnitude can not be
predicted at the design stage, are the main factors for the decreased capacity of the buckling load. The load
carrying capacity of perfect shells is greater than shells that show deviations in material behavior, geometry
and boundary conditions [2—6]. Numerical concepts for load carrying capability of shells with imperfection
are based on perfect shell models and on the postcritical equilibrium paths which are estimated analytically.
This idea was established first by Koiter [7]. The post buckling theory of Koiter describes the static non-linear
load carrying behavior of a structure at the buckling initial stages. The post buckling analysis gives
information about the post buckling path at the initial stage, the stability of the corresponding equilibrium
state and the way geometric imperfections influence the load bearing behavior of a structure. Thus, in the
computation of buckling capacity of a structure, it is necessary to apply reduction factors in consideration to
the influence of imperfections and effects from plastic behavior of a material.

A wide research on the buckling behavior of spherical shells became possible with the enhancement of
computer technologies and finite element method. In numerical simulation, a method of construction for the
relationship between the worst imperfection with its amplitude and the limit load are applied [8]. In this paper,
a numerical simulation of the elastic, perfectly plastic and imperfect spherical shells of conventional concrete
and EPSC are presented. The results are compared each other for investigating the possible application of
EPSC in spherical domes.

1.2. Cement concrete

Cement concrete is one of the popular structural materials. Cement concrete is isotropic, homogeneous
and elastic material of construction. The main ingredients of concrete are cement, sand, Coarse aggregate and
water [9]. Concrete is strong in compression but weak in tension and in locations of a structure where there
is tension, steel reinforcement is provided to give tensile strength to the structure. Strength of cement concrete
increases with increasing hydration of cement. High strength concrete has a modulus of elasticity ranging
from 14-41MPa [10] and generally a Poisson’s ratio varying between 0.15 for high strength concrete and 0.22
for low strength [11; 12].

Concrete structural members have big cross-sections resulting from the high self-weight of the material.
Coarse aggregate and sand are the main ingredients for the increased weight of concrete. Concrete’s weight
can be reduced by using lightweight aggregates such as cinders, pumice, shales, EPS... In this paper stability
of a lightweight concrete, which is expanded polystyrene concrete (EPSC) is going to be investigated. It is
produced by partially or totally replacing aggregates with expanded polystyrene (EPS) [13—16].

Expanded polystyrene concrete has a lesser density than conventional concrete with range of densities
800-200 kg/m>. The density and compressive strength of EPSC decrease with increasing amount of EPS used
in the concrete mix [17-20]. EPSC has been utilized in several applications like curtain walls, pavements and
load bearing blocks [21]. However, its application, stability and strength capacity in shell structures has not
yet studied. Therefore, this research will focus on:

» Studying the properties of EPSC to be used for the current study

» Analyzing the stability of conventional concrete and EPSC spherical shells considering elastic
critical buckling, plastic buckling and buckling with geometric imperfection and material non-linearity.
Moreover, the shells’ displacements are also analyzed numerically in ABAQUS considering the same
geometric data for both EPSC and concrete shells.
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2. Methods

2.1. Experimental work

In a 1:2:3 proportion by volume, 16.67 % of sand
and 33.33 % of coarse aggregate were replaced by EPS
to produce expanded polystyrene concrete. By using
0.6 water cement ratio, ingredients cement, sand, coarse
aggregate water and EPS were thoroughly mixed.
A flowing and homogeneous EPSC was then obtained
and filled into three cubic molds of dimension
150 mmx150 mmx150 mm for testing at a laboratory.
After demolding, curing and drying the specimens’
compressive strength testing was followed as shown in
Figure 1.

Figure 1. Testing for compressive strength The mass, compressive strength and density were
Source:photo by I.A. Sereke recorded as shown in Table 1.
Table 1
EPSC properties from experiment
Cubic EPSC No. Measured mass, kg Density, kg/m?® Compressive force, KN Compressive strength, MPa

1 7.15 2120 235 10.44

2 6.948 2058.66 207 9.2

3 6.898 2043.85 198 88

Source: made by ILA. Sereke

The computed average values of density and compressive strength are 2074.17 kg/m® and 9.48 MPa
respectively.

The elastic modulus of EPSC is computed from the formula in equation (2), [22]: and obtained as
11.18GPa:

E, =w!*.0.043,/f,, @)

where W, — density ranging from 1440-22560 kg/m*, E, — modulus of elasticity in MPa, fc‘ —

compressive strength of a cylinder specimen in MPa.
The cylinder compressive strength is computed from equation (3) [23].

Cylinder strength = 0.8 Xcube strength. 3)

In the stability analysis, a cylinder strength of conventional concrete C20, unit weight of concrete
24 kN/m?, Poisson’s ratio 0.2 and corresponding modulus of elasticity 22.61 GPa are adopted. Similarly,
for EPSC, a unit weight of 20.74 kN/m? a cylinder strength of 7.58 MPa, modulus of elasticity 11.18 GPa and
a Poisson’s ratio of 0.22 are used.

2.2. Numerical methods of analysis

Application of finite element method with advanced computer programs accelerated research works,
that shells of different material, geometry, loading or support condition were able to be analyzed with high
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accuracy and reliability. In this study linear buckling analysis (LBA),
material non-linear analysis (MNA) and geometric and material
non-linear analysis with imperfection (GMNIA) are applied for both .
concrete and EPSC spherical shells. For analysis and comparison, a 28.67
spherical shell with radius of curvature 35 m, half central angle 55°, Hisse

base radius 28.67 m, thickness 0.15m and rise of 14.92m is
considered as shown in Figure 2. The buckling pressures are
compared to the external pressures coming from the respective self- Figure 2. Shell geometric details
weights and assumed snow load of 1.5 kN/m?. Source: made by Sereke LA,

R35

2.2.1. Linear buckling analysis

Elastic critical buckling load PR, of a shell is determined with eigenvalue linear buckling analysis
where, the shell is considered as elastic without imperfection [24-26]. This kind of analysis is necessary for
arbitrarily loaded spherical shells, and the critical buckling load obtained is going to be applied for further
analysis in the estimation of ultimate buckling load. LBA is based on the bending theory of elastic thin-walled
shells considering linear material characteristics and small deflections. At the value of the elastic critical
pressure which is the lowest eigen value, elastic linear stability analysis gets reduced and the shell ceases to
be stable.

2.2.2. Material non-linear analysis

The plastic resistance PRy, of a shell is determined by using material non-linear analysis (MNA). It is
based on the bending theory of perfect shell structures; assumption of small deflections and a nonlinear
elastic-plastic material law is adopted. MNA is used to make an estimation of the plastic resistance while
checking the plastic limit state (LS1), cyclic plasticity (LS2) and the ultimate limit state of buckling (LS3)
[24-27]. The plastic resistance in conjunction with the elastic critical resistance is used to determine the
relative slenderness of an entire spherical shell.

2.2.3. Geometric and material non-linear analysis with imperfection

A numerical analysis that considers geometric and material nonlinearity with imperfections (GMNIA)
is the one that currently gives the most accurate result of the buckling capacity of a structure. It is based on
the non-linear elastic-plastic material characteristics and theory of large deflections. Geometric imperfections
are considered in determining a structure’s elastic plastic design capacity [24—27]. The shape deviations from
the ideal geometry may be caused due to shortage of sphericity happening during casting. Imperfections that
correspond to the first two buckling modes of an analyzed system may also be considered. Similarly, the
material homogeneity is influenced by creep, cracking and plasticity of the materials. [28]. For this study the
first eigen buckling form of the analyzed shell with a randomly selected imperfection amplitude of 0.1 is
considered in the GMNIA method of analysis.

3. Results and Discussion

3.1. Results of LBA analysis

The elastic critical buckling loads for concrete and EPSC corresponding to the first Eigen mode are
469.83 kKN/m?> and 244.19 kN/m? respectively. Computation of linear buckling analysis is performed
considering the elastic modulus and Poisson’s ratio of the respective materials. Accordingly, the critical
resistance of EPSC is 1.92 times lower than that of concrete. Since the obtained elastic critical buckling
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resistances is greater than summation of EPSC shell’s self-weight (3.05 kN/m?) and assumed snow load of
(1.5 kN/m?), the shell will continue elastically stabile.

3.2. MNA results

The plastic buckling resistance of concrete and EPSC spherical shells is computed from material
nonlinear analysis (MNA). In this analysis yield strength of the respective materials is introduced while
neglecting strain amplification. The plastic load capacity of concrete and EPSC from the numerical analysis
are obtained as 171.43 kN/m? and 64.97 kN/m? respectively. similarly, the corresponding maximum plastic
displacements are 0.062 m for concrete and 0.045 m for EPSC as shown in Figures 3 and 4. EPSC’s plastic
load capacity is 2.63 times smaller than that of concrete. Nevertheless, the plastic load resistance is greater
than the external uniform load, indicating that the load capacity of the EPSC shell will not get exhausted.

U, Magnitude
+6.206e-02
+5.68%e-02
+5.172e-02
+4.654e-02
+4.137e-02
+3.620e-02

+3.103e-02
+2.586e-02
+2.06%e-02
+1.551e-02
+1.034e-02
+5.172e-03
+0.000e+00

Figure 3. Maximum plastic deformation of concrete shell from MNA method
Source: made by LLA. Sereke

U, Magnitude

+4.524e-02
+4.147e-02
+3.770e-02
+3.393e-02
+3.016e-02
+2.63%e-02

+2.262e-02
+1.885e-02
+1.508e-02
+1.131e-02
+7.53%e-03
+3.770e-03
+0.0002+00

Figure 4. Maximum plastic deformation of EPSC shell from MNA method
Source: made by LLA. Sereke

3.3. GMNIA results

The geometric and material nonlinear analysis was started by imposing a first buckling form of
imperfection of the analyzed shell and scaling it to a randomly selected amplitude of 0.1. The ultimate level
of the buckling capacity is considered as the load value at which a complete plasticization is occurring. This
value of buckling resistance is obtained as 27.38 kN/m? for concrete and 10.87 kN/m? for EPSC with
EPSC’s buckling resistance 2.5 times smaller than concrete’s resistance. Nevertheless, it is greater than the
actual external pressure. In addition, the corresponding maximum displacements for concrete and EPSC are

216 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



Cepeke N.A., PbiHkosckas M.U., Qamup X.FO. CTpouTenbHas MexaHuka MHKXEHEPHBIX KOHCTPYKLMIA 1 coopyxeHui. 2024. T. 20. Ne 3. C. 211-219

computed as 2.27 m and 2.29 m for both concrete and EPSC shells respectively as shown in Figures 5
and 6. These displacements are very high however, they are computed when the shells are loaded to the first
Eigenvalue pressures 469.83 kN/m? and 244.19 kN/m?. These displacement values will significantly get
reduced when the shells are loaded with their respective actual external pressures, resulting to 5.1 mm and

8.9 mm for concrete and EPSC shells respectively as depicted from Figures 7 and 8.

U, Magnitude

+2.279e+00
+2.089e+00
+1.900e+00
+1.710e+00
+1.520e+00
+1.330e+00

+1.140e+00
+9.498e-01
+7.598e-01
+5.69%e-01
+3.79%e-01
+1.900e-01
+0.000e+00

Figure 5. Maximum displacement of concrete shell from GMNIA method
Source: made by LLA. Sereke
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+1.908e-01
+0.000e+00

Figure 6. Maximum displacement of EPSC shell from GMNIA method
Source: made by LLA. Sereke

U, Magnitude
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Figure 7. Displacement of concrete shell under the actual load
Source: made by LLA. Sereke
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U, Magnitude
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Figure 8. Displacement of EPSC shell under the actual load
Source: made by I.A. Sereke

4. Conclusion

From this conducted investigation the following statements could be concluded:

1. Since both geometric imperfection and material non-linearity are considered in GMNIA method of
analysis, accurate buckling capacity of the shells correspond to this method of analysis.

2. The difference in the obtained buckling capacities of the three methods arose from a snap-through
buckling that controls the case of spherical shells buckling. A progressive change of geometry resulted from
the snap through analysis derives an imperfection reduction factor which is accounted in the GMNIA method
only to have more accurate result.

3. The GMNIA results may vary depending on the considered types of imperfections and corresponding
amplitudes.

4. The buckling resistance of EPSC dome obtained from GMNIA method (10.87 kN/m?) exceeds the
external pressure (4.55 kN/m?) by 2.38 times, showing to the stability and practicality of EPSC in the real-
world construction of spherical shell roofs.

5. The maximum displacement of EPSC shell from the GMNIA method is found to be 1.42 times greater
than that of concrete when both shells are loaded to their respective first eigen loads and 1.74 times greater
when the shells are loaded to their actual external pressures. Moreover, under the actual load, a displacement
of 8.9 mm in a span of 57.34 m EPSC shell is negligible, which reveals EPSC spherical shell is a stiff shell.

6. The linear buckling capacity of EPSC shell is 53.67 times greater than the external pressure acting on
the shell, which indicates the continuity of the shell to be elastic and stable.

7. Similarly, the plastic buckling capacity of EPSC shell, which is 14.28 times greater than the external
pressure, this confirms that there will not be plastic flow mechanism in the EPSC spherical shell.

8. Finally, it is recommended to conduct large-scale experiment on EPSC shells by considering different
proportions of EPS to best optimize concrete in the construction of spherical domes.
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I/ICTOPHH CTaTbH AHHOTaIII/lSl. I/ICCJ'ICIIOBaHO BJIIMAHUC OJIUTCIBHOCTU JKCILTyaTallkuu KEJIC30-
HOCTyHl/IJ'Ia B PEJAKIIHUIO: 12 anpens 2024 r OETOHHOTO Kapkaca 3JaHHsd Ha HapaMCETpbl €ro KUBYYCCTU IIPpHU CHCHAPUUN
IIopaGOTaHa' 25 mag 2024 r BHEC3AIIHOTO OTKa3a OAHOTO U3 HECYLIUX IJICMCHTOB KOHCprKTI/IBHOﬁ CUCTEC-

Mbl. B kagecTBe 0ObekTa mccnenoBaHuUs Oblla BEIOpaHa jkene300eToHHas
Hecymasi cucremMa 31aHus (miapMoHUH. [l KOJIMYECTBCHHOW OIIEHKU
€€ JKUBYYECTH UCIONb3YETCSI OTHOCUTEIIbHBIA UHIEKC KUBYUYECTH, CBA3aH-
3asBJjeHHe 0 KOH(INKTEe HHTEPeCcOB HBIM C IapaMEeTpaMu Pa3pylIaONIed HATPy3KH JUIs CUCTEMBI C HAJIMYHEM
Ha4aJbHOTO JIOKAJIbHOTO pa3pylIieHus u 0e3 paspyuieHuil. B pamkax uccie-
JIOBaHUs BBINIOJHATIOCH KBa3UCTATUYECKOE MOJECIMPOBAHUE METOLOM KOHEY-
HBIX JJIEMEHTOB C Y4eTOM (PU3MUECKOW W TreOMETPHYECKON HEIMHEWHOCTH.
®dusnueckast HEIMHEHHOCTH OETOHA, B TOM YHCIIE MPY JJIUTEIBHON DKCILTya-
TaIMU COOPYKEHHMsI, YUUTHIBAIACH C TIOMOIIBI0 MOIU(PUIIMPOBAHHBIX OWIIU-
HEMHBIX AMarpaMM COCTOSHHs MaTepHaia, OTIMYaBHIMXCA I JIEMEHTOB
HepasnenbHoe coaBTOpCTBO. C pa3NUYHBIM HaIpPsKCHHO-IEe()OPMUPOBAHHEIM COCTOSHUEM Ha CTaIUU
JUTITENBHOM SKcIuTyaTaiuy. [lapaMeTpbl Takux AuarpamMM OBIIH MOJyYEHBI
C UCHIOJIB30BaHKUEM HHTErpanbpHOro moayis B.M. bonnapenko. ITo pesynbra-
TaM HMCCIIEJOBAHU MOIY4EHBI ¥ MPOaHAIN3NPOBaHbI Je(opMauy U yCHIHs
B DJIEMEHTaxX HECYIIEHl CHCTEMBI MOCIEe BOSHUKHOBEHHS B HEW HAa4aJbHOTO
paspyuienusi. [locTpoeHsl rpauky 3aBHCMMOCTH W3MEHEHHS IpOLICHTa
Pa3pyLICHHBIX 3JI€MEHTOB OT IIapaMETPOB pa3pylUAOLIEN Harpy3Ku Ul MO-
JIeeld HeCylled CUCTEMBI C HAJIMYMEM HavyajlbHOIO JIOKAJIbHOIO PAa3pyLLIECHUs
B BUJIE OTKa3a KOJIOHHBI KpaifHeTo psiaa U MoJesIel CUCTeMbl 0e3 HadaJlbHBIX
paspymenuid. IlokazaHo, 4TO MpU y4yeTe IIMTENBHOCTH JKCIUTyaTalluu
COOpYXKEHUS 3HAYECHUs MapaMeTpa paspyllarolleil Harpy3KH M IapaMeTpa
JKMBYUYECTH HECYILEH CUCTEMBI CHHKAIOTCSI.
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1. Beeaenue

Haumnas ¢ 2001 roga B ¢BS3UM ¢ oOpyIieHneM OamieH-0Mr3HenioB BceMupHOTo TOProBoro IeHTpa BO
BCEM MHpPE 3HAUYUTEIBHO BO3POC HHTEPEC K MpobiieMe o0ecrieueHus] yCTOWIMBOCTH HECYIIUX CUCTEM 3/1aHUM
K aBapuUiHBIM BO3AEWUCTBUSAM, B TOM YHCIIE€ NMPUBOIALIMM K MMOBPEKICHUIO WIM Pa3pyLIEHUIO OTAEIbHBIX
HECYIIUX DJIEMEHTOB. XOTS WH)KEHEPHOMY COOOIIECTBY OBLIM HM3BECTHBI ClydyaW OOpYIICHHS 34aHUMN
B pe3yJIbTaTe JOKAIBHBIX OTKA30B MJIM MOBPEKICHUHN OTACIBHBIX KOHCTPYKIIUK U paHee, HallpuMep, cliydan
co 3nanusmu Ponan [MowinT [1] u Anbdpena Myppes [2], kommiekcom « TpancBaanb-napk» [3] nim TL] Cam-
nyH [4], Haual0 HUHTEHCUBHOTO POCTA YKCIIa MyOIuKamui mo 3o npobieme npuxoaurcs va 2000-¢ rr. [5].
OCHOBHOI 0COOEHHOCTBIO IIEPEUNCIICHHBIX BBIIIE CIIydaeB OOPYIIEHHH 3/1aHUM SIBIISETCS HU3Kasl BEpOAT-
HOCTBH COOBITHUS, TIOCITY>KUBIIETO MPUYNHON HAYAIBHOTO Pa3pyIICHUS MM MOBPEXKICHHUS KOHCTPYKTUBHON
cuctembl. OTHAKO MOCIIEACTBHUS M3MEHEHHS PAaCUYE€THOM CXEMBI COOPYKEHHI B pe3yibTaTe OTKa3za OJHOTO
U3 DJIEMEHTOB U MOCIICAYIOIIETO IepepacpeiesieHHs] Harpy30K OKa3alnnuch KatacTpopudeckimu. B [6] otme-
Yaercs, YTO, HECMOTPS Ha HU3KYIO BEPOSITHOCTh aBapUUHOTO BO3ACHCTBUS, PUCK HACTYILJICHHUS HETIPUEMIIe-
MBIX TIOCJIEJICTBUH CyIIECTBEHEH. B CBS3M ¢ 3TUM pacyeTHbIE CHUTYallld, CBsI3aHHBIE C BOZHUKHOBEHUEM
HAYaJIbHBIX JIOKAJIbHBIX MOBPEXKICHUN WM pa3pylleHUH, JOJHKHBI ObITh YYTEHBI MPU MPOESKTUPOBAHUU CO-
OpY>KEHUH TIOBBIIIEHHOTO YPOBHS OTBETCTBEHHOCTH.

Crnenyer OTMETHTb, YTO B pe3yJibTaTe aBapUUHOW CHUTYaIlMH MOTYT PEaln30BaThCs CIEHU(PHUECKUE
MEXaHU3MbI COTPOTUBIICHUS KOHCTPYKIIHI 1100 MOTYT OBITh MPEBBILIEHBI IOy CTUMBIE TPAHHIIBI HCTIOJIB30-
BaHUs YIPOILEHHBIX MOJIeNel COonpoTuBiIeHHUs. B cBA3u ¢ 3TMM TpebyroT Gonee riy0oKoro o00CHOBAHUS
MOJIETHN U KPUTEPUH, UCTIONIb3yEMBbIE ITPH OLEHKE HECYLIeH CTOCOOHOCTH OTAEIbHBIX KOHCTPYKIMH U )KUBY-
YECTH COOPYKEHHUsI B 1ieJIoM. B yacTHOCTH, IpU aBapUiHON CUTyallMu JOIYCKAEeTCs Mepexo] KOHCTPYKLHMA
NEPEKPBITHIA K MEXaHU3MY COIIPOTHBIICHUS 110 TUILY BUCSUEH cucTeMbl. PaccMaTprBas NpUYMHBI 1 MEXaHU3M
paspyiieHuss BceMupHOro TOproBoro IeHtpa B [7], aBTOpsl OTMEYaid, Y4TO HAYAIbHBIC MEXAHUYCCKHE
MOBPEXICHUS OT CTOJIKHOBEHUS CaMOJIETa C COOPYKEHUEM, a TAaK)Ke TOCIICIOBABIINAN 32 STHUM TIOXKap MpH-
BEJIM K TOMY, YTO NEPEKPHITHS MEPELUTH K BAHTOBOMY MEXaHU3MY COINPOTUBJIEHUs. B pe3ynbrate nepekpsbi-
THSI TIOTSIHYJTH 32 COOO0M KOJIOHHBI, 4TO PUBEJIO K MOTEpe uX ycroiunBoctH. B [8] Obuta rccienoBana Moiesb
JBYXIIPOJIETHOM KeIe300€TOHHOM paMbl Ha BHE3AIHOE YJaJICHHE KOJOHHBI CPEIHET0 psja ¢ MepexoioM
puresei K CONpoTUBICHHUIO TIO TUITY BUCSUel cucTembl. [1o pe3ynbraTam ucnbITaHU ObLT OTMEUYEH pa3phbiB
BEpPXHEH apMaTypbl B OMOPHBIX CEYCHUSAX Y KpAaWHMX KOJOHH M HIDKHEH apMaTyphl B OMOPHBIX CEUYCHUSIX
y CpellHel KOJIOHHBI, U1 KOTOPOH MOJETMPOBAIOCH BHE3ANMHOE BhIKIIOUEHUE. Takke ObUI0 OTMEUYEHO pas3-
pyleHre 0eToHa C)KaToil 30HBI B KOJIOHHE KpallHETO psAjla B YPOBHE NMPUMBIKaHUsS K Hel purend. Takoe paz-
pylieHue Obu10 00YCIIOBIEHO U3MEHEHHEM 3((EKTUBHON PACYETHON UIMHBI KOJOHHBI U JIOTIOJTHUTEBHBIM
MOTIEPEYHBIM BO3/ICHCTBHEM Ha KOJIOHHY OT PHUIelisi HOCe ero nepexo/ia Kk paboTe Mo TUITYy BUCSYEH CUCTEMBbI
(catenary action).

Kpome Toro, u3BectHo, 4To B 0€TOHE KeIe300€TOHHBIX KOHCTPYKIMHI 3KCITyaTUPYEMbIX 3aHUM
Y COOPYKEHHIA BO BPEMEHH Pa3BUBAIOTCA Ae(POpMaliuy, BEI3BAaHHBIE YCAIKOM M MON3yuecThio. Taxke HabIo-
JIaeTCsl POCT MPOYHOCTH M HAYaIBHOTO MOJYJIsl yIIPYTOCTH B pe3ylibTare crapenus 6etona. B [9] uccneno-
Bau OeToHHbIe 00pa3ikl B Bo3pacte 20—30 ser, u3BinevyeHHbIe U3 0aNOK U TUIMT BOJIM3H MPEAINOIaraeMbIX
HEUTPaIbHBIX OCEH M3TH0aeMBbIX SJIEMEHTOB, a TAK)KE U3 KOJIOHH, JIJISl KOTOPBIX CPETHUN YPOBEHD HaIpsDKe-
HUIi B TEYCHUE CPOKA IKCILTyaTaluy oneHuBaics ue oonee 0,27 fck B yCIOBHAX HOPMATIBHOW AKCILTyaTal[HN
u He 6onee 0,55 fok ¢ yueTom celicMuueckux BO3IeUCTBUN. ABTOPAMH OTMEUCHO YBEIIMYECHHE MOTYJIsI 1eop-
Maruii u cHmkenue aedopmatuBHOCTU. TakuM 00pa3om, MaTepuall ¢ TEYSHHEM BPEMEHH cTan 0ojee Xpyri-
KUM, YMEHBIIWICS JAMAINa30H IUacTHueckux nedopmanuii. B 0eToHe sKCIuTyaTHpyeMbIX KeJle300€TOHHBIX
KOHCTPYKIIMI BO BPEMEHU MOXET TaK)Ke HAOII0AaThCS peaKcalus HANpsHKEHUH BCIEACTBHE Pa3BUTHUS
neopManuii MoJA3yYecTH U MepepacpeesieHus] YCUINM Ha CTep:KHU MpoaoibHOoN apmaTypsl [10; 11],
a TaKXe JPyrue KOHCTPYKIIMH B CTATUYECKH HEOMPEIEIMMBIX cucTeMax. OTMEUeHHOE SIBIICHUE MOXKET CKa-
3aThCS HA BA3KOCTHBIX CBOMCTBaX O€TOHA M MapamMeTpax €ro CUIOBOrO CONPOTHUBIICHUS MPU aBapUHHBIX
BO3JICHCTBUAX, OJJHAKO OHO, KaK MPaBUJIO, HE YUYUTHIBAETCS MPU OL[EHKE YCTOMYUBOCTU KOHCTPYKTHBHOM
CUCTEMBI K OOPYIICHHUIO.
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CymecTByronye KpUTEPHH, UCIIOIb3yeMbIe IPU OLEHKE YCTONYMBOCTH HECYIIUX CHUCTEM 3JIaHUH
K IIPOTPECCHPYIOIIEMY OOPYIICHUIO ITPY BO3SHUKHOBEHHH HAYaIbHOTO JIOKAIBHOTO Pa3pyIICHHUs, IPEHMYIIe-
CTBEHHO CBSI3aHBI C IPOYHOCTHIO CEUCHUH HECYIITHX SJIEMEHTOB U OIPEACIISIFOTCS TPeIeIbHBIME 3HAYCHUSIMU
yeuauid win nepopmanuii. [IpuMeHUTENbHO K KOHCTPYKIMSIM 0anodHoro tuma B [12] mpemiaraercss nHTe-
rpajibHasl OLIEHKa 0COOOr0 MPEICIFHOI0 COCTOSIHUS [0 BEIMYHHE OTHOCHUTEIBHOTO MPOrHOa WM MO YIITy
HIOBOPOTA MPH 00pa30BaHMH TUIACTUYECKUX MAPHUPOB. CleayeT OTMETUTD, YTO MPUMEHUTEIHHO K CIKATHIM
Y BHEIICHTPEHHO C)KaThIM KOHCTPYKIUSIM JIaHHbIE HHTETpaIbHble KpUTEpUH He puMeHUMEBL. B [13] ucrons-
3YIOTCSl IMarpaMMbl «MOMEHT — KpPUBH3Ha», KOTOPBIC IO3BOJSIOT BBHIOJIHATH OIEHKY COIPOTHBICHUS
CCUCHUH KaK M3rn0aeMbIX, TaK U BHEIIEHTPEHHO CKaThIX AIeMEeHTOB. OOIUM HEIOCTATKOM Je(hOopMaIioH-
HBIX KPUTEPHEB, B TOM YHCJIC HHTETPAITBHBIX (OTHOCHTENILHBIN MPOru0, KpUBHU3HA, YTOJl HIOBOPOTA U T.1.),
SIBIISICTCSL TO, YTO OHU MPUMEHHUMBI JIMIIb K OTIEIFHOMY 3JIEMEHTY WM €r0 CCYCHHIO W HE JAf0T MOJIHOTO
HPEJ/ICTABIICHUS O COCTOSTHIH HECYIIel CHCTEMBI B LIEJIOM T10CIIe BOSHHKHOBEHHS B HEl HA4aIbHOTO JIOKAJb-
HOT'O pa3pyLICHUs.

Bonee yHHBepcaIbHBIME KPUTEPUSMHE OIIEHKH HeCyIIel CIOCOOHOCTH 3JIEMEHTOB KOHCTPYKTHBHBIX CH-
CTeM 3/IaHH{ M COOPYKEHH MPH O0COOBIX BO3JICHCTBHSIX SIBISIFOTCS KPUTEPHUH, OCHOBAHHBIC HA aHAJIM3E
1 COIIOCTAaBJICHUU HOTeHHHaJ’IBHOﬁ U KMHETHYECKOH OHEPrumr 3JIEMCHTOB CUCTEMBbI, 4aCTHU KOHCpr1(TPIBHOI>i
CHCTEMBI WJIM HeCyIllel cucteMsl B mesnoMm. Bazant u Verdure [7] mpemiarator SHEpreTHUECKUN KpUTEpUit
U YIPOILEHHBIN MOIXOT JJIsl OLICHKH MeXaHu3Ma o0pyIieHus tTuna pancake. J{jis OlleHKH COMPOTUBIIIEMOCTH
AJIEMEHTOB HECYIIEH CUCTEMBI OOPYILIEHUIO TPH BOSHUKHOBEHUHU B HEM HAYAJIBHOTO JIOKAJIbHOTO pa3pyIIeHUs
Szyniszewski u Krauthammer [14; 15] orieHnBalOT U3MEHEHHE BHYTPCHHEH YHEPTUU KOHCTPYKIIMU MPH €€
HarpyxeHuu. B [16] MmoauduipoBaHHblil SHEPreTHIeCKUil KpuTepuii B popMe OTIOPHOCTH KOHCTPYKTHB-
HOT'O 3JIeMeHTa OBbLT UCIIOJIB30BAH ISl OLEHKH MOTEPH YCTOWYMBOCTH JJIEMEHTOB KEJIe300€TOHHON paMbl
IIpY BHE3AITHOM OTKa3¢€ yrHOBOﬁ KOJIOHHBI. O)IHaKO OHEPTETUYCCKUEC KPUTCPUU TAKIKE HE ITO3BOJIAIOT B I10JI-
HOM Mepe OILIEHUTh COCTOSIHHE U PE3ePBbI CHIIOBOIO COMPOTHBIICHHS HECYIICH CHCTEMBI TIOCIIE 0COO0T0 BO3-
JIEUCTBUSL.

IMownckwu myTei pereHust MpoOIeMbI OIICHKH PE3EPBOB CHIIOBOTO COMPOTHBIICHUS HECYIIIUX CUCTEM 31~
HUIA ¥ COOPY)KEHHIA IIPH BOSHUKHOBEHHUHU B HMX HAYAIbHBIX JIOKAJIBHBIX Pa3pYIICHHUI TIPUBEIH K IOSIBICHUIO
B HAYYHOU JIMTEpaType TepMUHA — «KuUBydecTh» (Structural robustness). B [5] mpuBoaurcs ananu3s cyie-
CTBYIOIIIMX OMNPENEIICHUN TAaHHOTO TEPMHUHA, NMPEJICTABICHHBIX B HAYYHOU JuTeparype. XOTs aBTOPHI pac-
CMaTPUBAEMBIX ONpeIeIeHH 00paIal0T BHUMaHUE HA Pa3IMYHbIC aCIIeKTHI JXUBYUYECTH, OOIIIUM BO BCEX
[pe/iaraeMbIX OMPEACICHHUSIX 3TOTO TEPMHUHA SBISIETCS CIIOCOOHOCTh KOHCTPYKTHBHON CHCTEMBI TIPOTH-
BOCTOATH BOSHCﬁCTBHHM, HE NPCAYCMOTPECHHBIM PEXKNMOM HOpMaJ’IBHOﬁ OKCILTyaTaluu, I/I36eraTB HEIPOIIop-
[IMOHAJBHOTO OTKJIMKA HA HAYaJIbHOE BO3/ICHCTBHE.

B [17] otmeuaeTcst HEOOXOAUMOCTD yueTa (PaKTOPOB JTUTEILHOTO COMPOTHBIICHUS HECYIIIUX CUCTEM,
TaKUX KaK CTAPCHUE U M3HOC, HA UX KUBY4YeCTh. [IpH 3TOM CBOWMCTBO KUBYUECTH KOHCTPYKTHBHOM CHCTEMBI
paccMaTpUBAETCsl BO B3aUMOCBSI3M C BHEIIHUMHU (PaKTOpaMu, OMPEACISIONINME MOCICICTBUS HAYaIbHOTO
BO3eiicTBUsL. JIJIsl KOJMMYECTBEHHO!N OICHKU JKUBYYECTH COOPHBIX U MOHOJIMTHBIX JKEJIe300€TOHHBIX KOH-
CTPYKTHUBHBIX cHUCTeM 3/1aHui B [18] mpeaioxkeH BapuaHT BEPOSATHOCTHOIO MMOX0/a, YUYUTHIBAIOIINI B Oa3uc-
HBIX MIEPEMEHHBIX HAIPY30K M COMPOTHBICHUH crieruduueckue GpakTopbl, XapaKTepHbIC IS SIBICHUS PO-
IPECCUPYIOLIETO O0PYIICHUS. Y YUThIBAsI BHICOKYIO TPYI0EMKOCTh MMOJTHOCTHIO BEPOSITHOCTHBIX METOJIOB Pac-
4eTa JKUBYUECTH, MPEIIOKCHHBIN aBTOPAMHU MOJIX0]] MOXKET OBITh HCIOIB30BAH JIJ1s1 KATMOPOBKY MTAPaAMETPOB
HOJTYBEPOSTHOCTHBIX ()OPMATOB OE30MACHOCTH.

C TOYKH 3peHUS MPOCKTHON MPAKTUKH HAMOOJIee MPUBIICKATEIBHBIM SIBISICTCS JICTEPMHUHUCTUICCKHUI
MOJXO0/1, TOCKOJBbKY OH CYIIECTBEHHO YIPOIIAeT MOCTAHOBKY 3aJa4yd M BO MHOTHX CIIyYasiX MO3BOJISICT
UCIIONIb30BaTh CYIIECTBYIOIIUE MOJICTH CONPOTUBIICHHS 3JICMEHTOB, a TAKKE MOJIEIN BO3JCUCTBUM, Ipe/-
CTaBJICHHBIC B HOPMATHUBHBIX JOKYMEHTAX C yYETOM YTOUYHCHHS 3HAYCHHI YaCTHBIX KO3(G(OHUIMEHTOB
u ko3 dunuentoB coueranuii. B [19; 20] npemioker OTHOCUTEIbHBIN UHIICKC )KUBYYECTH, AOMYCKAFOIIHN
JCTEPMUHUCTUYCCKUI PACUeT U CBS3aHHBIN C MapaMEeTPUICCKUMU Pa3pylIAlONIMMHU HATPY3KaMH JJIsl HCXO/I-
HOW KOHCTPYKTHBHOW CHUCTEMBI M MOAMDHUIIMPOBAHHON B Pe3yJibTaTe JOKAILHOrO paspyiieHus. OmHaKo
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JTAaHHBIN KPUTEPHI HE MPUMEHSIICS K OLICHKE KUBYUYECTH B COUETAHUH C MOJEIISIMH, YUYUTHIBAIOIUMH PEOIIO-
TAYECKUE CBOMCTBA MAaTEPHUAIIOB HECYIIIUX CUCTEM 3JaHUM.

O06001m1as pe3yabpTaTbl MPEACTABICHHOTO BhINIE KPAaTKOTO aHAIN3a HAYYHOH JMTEPaTypbl, MOXKHO ClIe-
JIaTb BBIBOJ 00 OTCYTCTBUU I/ICCJ’IC}IOBaHI/Iﬁ BIIUSHUSA HSMCHCHHﬁ, MMPOUCXOAANIUX B HECYIIUX CUCTEMAX 3/a-
HUH B IpoIlecce UX JIUTENIbHOM dKCIUTyaTalluy, Ha )KUBYYECTh IPU OCOOBIX PaCUETHBIX CUTYyalUsIX, CBA3aH-
HbIX C OTKa30M OJHOT'0 M3 HECYHIMX 3JICMCHTOB. HpI/IMeHI/ITeJH:HO K JKeJI€300€ TOHHBIM HECYIIUM CUCTCMaM
TaKre U3MEHEHHS MOTYT OBITh CBS3aHBI C pa3BUTHEM BO BpeMEHH JAe(opMaruii moiI3ydecTH U YCaaKu, H3Me-
HCHHUEM MapaMETPOB AUarpaMm COCTOSHUA OeToHa IIpHU KPAaTKOBPEMCHHOM KBa3UCTATUYCCKOM U JTUHAMHUYC-
CKOM Harpy»KeHHUHU BCJIEICTBUE CTAPECHMSL.

HCJIBIO JAaHHOTI'O UCCJICAOBAHMA ABJIAJIACH OLICHKA BIIUAHUSA JJIUTCIIBHOCTHU SKCILTyaTallun JKeJIe300eTOH-
HOTO KapKaca 3/1aHHs Ha IlapaMeTpbl €ro JKUBYUYECTH NP CLIEHAPHH BHE3AITHOI'O OTKAa3a OJHOTO U3 HECYILUX
3JIEMEHTOB KOHCTPYKTUBHOW CUCTEMBI.

2. MoaeJu 1 MeTOabI

2.1. Memoo uccneoosanus

JUist uceenoBaHus BIUSHUSA JUIMTEIbHOCTU SKCIITyaTalluy kKeJIe300€TOHHOTO KapKaca 31aHus Ha rapa-
METpBI €r0 KHUBYYECTH IPU CLEHAPHU BHE3AITHOTO OTKa3a OJHOTO W3 HECYIIMX SJIEMEHTOB HCIIOIB30BAJICS
nporpamMMHbIi komiuieke Jlupa-CATIIP, no3Bossronuii BEIIOMHATE CTAaTHYECKUE U JUHAMHYECKHE pacyeThl
[0 METOAy KOHEUYHBIX 3JIeMEHTOB. B KauecTBe oObekTa HMccienoBaHUs Obula BbIOpaHa KeJae300eTOHHAs
HecyIlasi cucTeMa 31aHus (puiIapMOHUH. B pamkax MopenupoBaHus AUHaAMUYecKHe 3G QEKThl, BHI3BAaHHBIC
JIOKAJIBHBIM Pa3pymecHHUEM OJHOI'0 M3 HECYHIUX IJICMCHTOB KOHCTPYKTHBHOﬁ CHUCTCMbI 3JaHUs — KOJIOHHBI
KpaiiHero psna, 3aMEHUINCh CTAaTHYECKUM SKBUBAIEHTOM. [IpUMEHHMTENBHO K NPUHATOH B MCCIELOBAaHHU
KBA3UCTATUYECKOM ITOCTAaHOBKE 33J[a4 OMpEIeIIIoNIee ypaBHEHHE METO/1a KOHEUHBIX 3JIEMEHTOB MIMEET BUJT

[KI{u} = 2AF5, (1

rae {u} — BEKTOp MEpeMEeIIeHUI B y3/1ax KOHEYHO-dJIEMEHTHOH mozaenu; [K]| — MaTpuiia *KeCTKOCTH;
> {F} — BEKTOp BHEIIHUX Harpy30K B y3J1aX KOHEYHO-JIEMEHTHOW MOJEIIH.

3anaya pemiangach ¢ y4eToM (U3NYECKON U FeOMETPUYECKON HETMHEHHOCTH METOIOM MOCIe10BaTeb-
HBIX HarpykeHuil. Peonornueckne cBoicTBa OETOHA YUUTHIBAIHMCH TP 3aJaHUU MOTUGPHUITMPOBAHHBIX JTHa-
rpaMM Je(OopMHUPOBaHUS, KOTOPbIE Pa3IMYaIMCh /Uil HECYIMX JIEMEHTOB C PA3IMYHBIM HaNpsSKEHHO-/1e-
(bopMUPOBaHHBIM COCTOSTHHEM, C(HOPMUPOBABIIMMCS K MOMEHTY JIOKAJTBHOTO Pa3pyIICHHS.

KonnuecTtBeHHast o1ieHKa )KMBYYECTH KOHCTPYKTUBHOM CHUCTEMBI BBITTOIHSETCS B IE€TEPMUHUCTHIECKON
MOCTaHOBKe. B KadecTBe KOJIMYECTBEHHOW MEpPHI, XapaKTEePHU3YIOMIEH CIOCOOHOCTh CHCTEMBI COMPOTHB-
JSATHCS TABUHOOOPA3HOMY OOpYILIEHHUIO, HCTIONIb3YETCSl OTHOCUTENIbHBIN HHACKC KUBYUECTH, PEASIOKEHHBIN
B [19]:

RR| = }"damaged _}‘design .

kintact - kdesign

iy _ Ldamaged L. _ Lintact
damaged L > Mintact = ' 2)

design I-design
T1e Ldesign — TPOEKTHAST HATPY3Ka, Lintact — HECYIIAasl CIIOCOOHOCTh HEMOBPEKIACHHONW KOHCTPYKTUBHOM

CHCTEMBI MO MEPBUYHON PacdeTHOW cXeMe, Ldamaged — HECYIash CIIOCOOHOCTH TMOBPEXACHHOW HecyIei
CHCTEMBI TI0 BTOPUYHOM pacueTHON CXEME.
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HapaMCprI }“damaged n Xintact SABJIIIOTCA MHOXUTCIIMU K IIPOCKTHON HArpy3Ke, aHAJIOTMYHBIC ITapa-

metpy A comacho [21]. Tlouck 3HaueHMIT 3THX MApaMETPOB OCYIIECTBIISICTCS B MPEIIOIOKCHUH, YTO HECYIIast
CHOCOOHOCTh KOHCTPYKTUBHOM CHUCTEMBI 37[aHUsI HCUEPIIaHa, €CIIM B HEH HaOIIOMar0TCs BTOPUYHBIEC paspy-
HICHHS 3a TpeesiaMyi 30HbI HAYaJIbHOTO JIOKAJIHOTO paspyiieHus. [Ipu aToMm momyckaeTcs pa3pyiieHue ofi-
HOTO WJIM HECKOJIBKMX CEYEHHH IO JIMHE >KeIe300€TOHHOTO JJIEMEHTa INpPH YCIOBUU YaCTUYHOTO
COXpaHEeHHs HeCYLIeH CIIOCOOHOCTH 3a CUET Mepexoa K MTHOMY MEXaHU3My COINpOTHUBIeHUs. B yacTHocTH,
JUTSL TUTUT TIEPEKPBITHI 3TO MOXKET OBITh IEPEX0/] K paboTe 1O THITY BUCAYEH CHCTEMBI IIPH YCIIOBHH 00ecTie-
YeHHsI aHKEPOBKU apMaTypbl U HECYIEH CIOCOOHOCTH BEPTHKAIBHBIX HECYIIMX KOHCTPYKIIMA, BBHITOIHSIO-
IIUX POJIb OTIOPHI.

[Ipu ompenenennu Hecyueld cOCOOHOCTH AIEMEHTOB KOHCTPYKTUBHOM CHUCTEMBI 1O MEPBUYHOM
¥ BTOPUYHOUM pAaCUETHBIM CXeMaM HMCIOJIb3YIOTCS MpeAe/IbHbIC 3HAYEHUS OTHOCUTEIBHBIX AehopMaIuii.
Jnst cxxaroro 6etona €x,ur = 0,0035, myis cranbHON apMaTypsl €s.ur = 0,033,

2.2. Koncmpyxkmuenole peuienus 30anus u paccmampueaemas paciemuas Cumyauus

PaccmarpuBaeTcs jxene300eTOHHBIN KapKac MPUCTPOMKH K 31annto humapmonnu (puc. 1) B benropome
(puc. 2, a). Ha puc. 2, 6, 6, mpuBOASTCS TUIaH 2-TO 3Ta)ka MPUCTPOUKH U pa3pe3 Mo MpUCTpanBaeMoMy OJIOKY.
[TpucTpoiika BBHITIONHEHAa Ha OTASIBHOM (yHIaMeHTe W 00pa3yeT OTIENbHBIN nehOpMAIIMOHHBIA OJIOK.
B cBs13u ¢ 3TUM KOHCTPYKIIMH HA/I36MHOM 4acTH MOTYT OBITh pacCuMTaHbl 0€3 ydyeTa BIUSHHUS CYIIECTBYIO-
et yactu 3nanus. Ha ocHOBaHWY pe3yNbTaToB MpeaBapUTEIbHO BHIIOTHEHHBIX PACcUueTOB OBLIN MOZ00OpaHbI
U TIPOBEPEHBI pa3Mepbl CEUCHHM W apMUPOBAHUE HECYIIHUX 3JIEMEHTOB B COOTBETCTBUHU C KpuTepusmu I
(Ultimate) u II (Serviceability) rpynm npeaeabHbIX COCTOSHHM HAa OCHOBHbIE KOMOWHAIIMK HArpy30K, Ipey-
CMOTPEHHBIX HOPMaJIbHBIM PEXUMOM 3KCILTyaTallil COOpYKeHHUs. BepTukanbHble HECYLINE KOHCTPYKLIHUH
MpEACTaBIECHbB MOHOJTUTHBIMH KeJ1e300eTOHHBIMHU KoJoHHaMu cedeHneMm 400 x 400 MM U CTeHaMHu TOJI-
nHoM 240 MM. IlepekpbITUs BBHIOJIHEHBI B BUE 0€30aJ0YHBIX MOHOJIUTHBIX JKEJI€300€TOHHBIX TUIMT TOJI-
muHOoM 250 MM. Cxema apMUpPOBaHHUs KOJIOHH MPEJICTaBlIeHa Ha pHC. 2, 6. J{71s BceX KOHCTPYKIHUH HCTIONb-
3yercst OETOH Klacca MPOYHOCTH Mo cxkatuio B25. B kauecTBe nponoiabHOil pabouelt apMaTyphl HCIIOJb-
3yercsa apmarypa A400. B kauecTBe monepeyHol ¥ KOHCTPYKTHUBHON UCTIONb3yeTcst apmarypa A240.

Puc. 1. PaccMatpuBaemoe 3anue: benropojckas rocyiapcTBeHHas GUIapMOHUS
U crtouHnuk: https://cdnl.flamp.ru/e3450d9719b6f23fc715fa06d7956036_300_300.jpg

Figure 1. Building under study: Belgorod State Philharmonic
Source: https://cdnl.flamp.ru/e3450d9719b6f23fc715fa06d7956036_300_300.jpg
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TEM W3 ME/BOOMTHEEX  MOTEDWON0E
CMOKO30HY  KOHTHPH CTEM MR MI0BCTREO
KOHTROAR OTHETOM),
B [TeHd moHDmTHS,
W -SHI OPHEHTQUMA HOMOHH,

Puc. 2. Vicxonnele 1aHHBIE JJI MOJEIHPOBAHUS
@ — IUIaH BTOPOro 010Ka KOHCTPYKIMU IPUCTPoiiky benropockoil rocy 1apcTBeHHON (pUIapMOHUM
N cTouHuk: Bemondeno M.U. Ctynak

Figure 2. Initial data for modeling:
a — plan of the second block of structures for the extension of the Belgorod State Philharmonic
Source:compiled by M.I. Stupak
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Puc. 2. Vicxoaubie TaHHBIE T MOJICITHPOBAHUS (npodondicerue):
6 — apMupoBaHue kosnoHHbI K8-3 Broporo 610ka ¢punapmonuu
N cTouHuk: Bemondeno M.U. Ctynak
Figure 2. Initial data for modeling (continuation):
6 — reinforcement of column K8-3 of the second block of the Philharmonic
Source:compiled by M.I. Stupak
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Weesziman o

B kauecTtBe aBapuiHON pacueTHOW CHTyallMM PAacCMaTPHUBAETCS BHE3AIHBIA OTKA3 KOJIOHHBI B OCSX
4/B06 Ha 2-M aTaxe 3/1aHus (puc.2, 6). Beibop naHHOIN KOJOHHBI AJIS1 MOAEIUPOBAHUS HAYaJIbHOTO JIOKAJb-
HOTO pa3pylLIeHUs: 00yCIIOBJIEH PACIOJIOKEHHEM B KpallHEM psijly, UTO JIEJIAeT €€ YS3BUMOM JJIsi BHELUIHUX
Bo3zeicTBHM. [Ipu 3TOM B ciydae oTKa3za KOJIOHHBI B ocsiX 4/BO nmpoucxoauT yBeanueHue MposieTa IIUThI
HEPEKPBITHSI, @ KOJOHHBI B ociX 4/Ba m 4/Br uMeroT orpaHMYeHHOE PAcCKpEIUICHHE B TOPU30HTAIBHOMN
IUIOCKOCTH I10 HAIIPABJICHUIO K 30HE IPEAIOIaraéMoro Ha4yajlbHOr0 JIOKAJIBHOTO pa3pyLIEHUs.

228

LK)l

Puc. 2. VicxopHble JaHHbIe Uit MOJIeNUpoBanus (OKoHUaHUe):

6 — pa3pe3 BToporo 6yoka ¢umapmMoHun
N cTounuk: Bemonaeno M.M. Crynax

Figure 2. Initial data for modeling (ending):

6 — section of the second block of the Philharmonic

Source:compiled by M.I. Stupak
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2.3. Koneuno-snemenmnasn mooens 30anus (puc. 3)

Jli1s1 onpeienieHus HanpsHKeHHO-1e(hOPMUPOBAHHOTO COCTOSTHUS 3JIEMEHTOB kelle300€TOHHOT 0 KapKaca
NPUCTPOWKH B PE3yJIbTaTe aBapHMHOW pacueTHOH CHTyalllu, BBI3BAHHOW OTKa30M KOJOHHBI B ocsix 4/B06
Ha 2-M 3Take, ObLT BBIMOJHEH HEJTMHEHHBIN KBa3UCTaTHUCCKUIN pacueT B moctanoBke pull-down mo meromy
KOHEUYHBIX 3JIEMEHTOB B mporpaMMHoM Komiuiekce Jlupa-CAIIP.

Jnst MonenupoBaHUs KOJIOHH HCIOJB30BANINCh YHUBEPCAIBHBIE CTEPKHEBBIE KOHEUHBIE 3JIEMEHTBI
KD 410, no3Bostoniye yIUTHBaTh GU3NICCKYIO M TE€OMETPHUECKYIO HEIMHEHHOCTh. [ IIUTHI MepekphITUs U
CTEHBI MOJIEIIMPOBAIUCH C TIOMOILBIO YHUBEPCAIBHBIX YETHIPEXYTOJbHBIX KOHEYHBIX AJIEMEHTOB 000JIOUKH
KD 444 ¢ ygerom reomeTpuieckoi M PU3NIECKON HEMMHEHHOCTH. B y31max conpshkeHus KOJIOHH C TUTMTaMH
MEPEKPBITHI M TOKPBHITUA B IMpeleiax pa3MepoB MONEPEYHOro CEYEHHUsS] KOJIOHHBI BBOAMUIMCH aOCOIIOTHO
YKECTKHE TeJla, PeaTn3yIolIre THIoTe3y 0 HeAe(hOopMUpPyeMbIX ONEPEUYHbIX CEUCHHUSX.

Puc. 3. O0uwmii Bua KOHEYHO-3JIEMEHTHOH MOJIENIM BTOPOTro 0JioKa (puiiapMOHUU
N ctounuk: BeinoiaaeHo M.U. Crynak

Figure 3. General view of the finite element model of the second block of the Philharmonic
Source:compiled by M.I. Stupak

2.4. Mooenuposanue Hazpy3ok u 6030elicmeuii

Pacyer BbINONHSIICS HAa 0CO00E COYETAHUE HATPY30K, BKIIIOYAIOIIMX TOJBKO MOCTOSHHBIC M JUTUTEIb-
HbIC Harpy3Kku. Bce Harpy3ku NPUHUMAINCH 110 UX HOPMATHBHBIM 3HAYCHUSIM.

MonenupoBaHue TMHAMUYECKOTO JOTPYKEHHsI HECYIel CHCTEMBI ITOCIIE 0TKa3a KOJIOHHBI B ocsix 4/B6
Ha 2-M 3Ta)ke BBITOJIHSIOCH 0 MeToay pull-down [21], kotopslit mpeamonaran mpuioKeHUe peaKiuy yia-
JSIEMOT0 3JIeMeHTa (KOJIOHHBI) C TPOTHBOMOIO0KHBIM 3HAKOM K PAaCIOI0KEHHOMY BBILIE BEPTUKAIBHOMY
HECYIIEMY JJIEMEHTY € Y4eTOM KO3 PUIHeHTa AUHAMHUYHOCTH.
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Bennunaa Takoit cuitel MOXKET OBITh ompesiesieHa o hopMyie
P=(k-1)F., ()

rae Fi — ycuiane B KOHIIEBOM CEUYEHUU HECYIIEro JIEMEHTA Mepell €ro pa3pylieHueM WIH MOTepen yCTOn-
9UBOCTH; Kd — KO3 DUIIMEHT AMHAMUIHOCTH.

Ha ocHOBaHMM HCClleIOBaHHMN CONPOTHBICHHS MPOTPECCUPYIOIIEMY OOPYIICHHUIO KeIe300eTOHHBIX
KapKacoB MHOTO3TaXHBIX 37aHUH, BbITONHEHHBIX B.O. AnmazossiM, A.U. IlnotaukoBeiM, b.C. Pactoprye-
BbIM [23], a TakKe pe3yIbTaTOB MCIBITAHUI MOJTHOMACIITAOHBIX (PU3MUSCKUX MOJIEIICH MPOCTPAHCTBEHHBIX
KapkacoB [24], B naHHOM uccienoBaHuu ObLT MPUHAT Kd =1,25, 9TO COOTBETCTBOBAIO CTATHYECKOMY IKBH-
BAJICHTY JUHAMHUYecKoro Bo3aeicTus 0,25P mpu pacdere B kBasucraTnueckoi mocranoske pull-down.

2.5. Mooenu mamepuanos

Jnst monenupoBaHus pabOThl MaTEpUANIOB HCIIOJIB30BAINCH HICAIN3UPOBAHHBIC HEJIMHEHHBIE aHa-
rpaMMbl cocTOsiHUS OeToHa (puc. 4, a) u apMatypsl (puc. 4, 6) AJi1 HOpMaTUBHOM NpoyHocTU. Paccmatpu-
BaJIMCh JHAarpaMMbl COCTOSIHUSI OETOHA MPU KPATKOBPEMEHHOM HarpyKeHuu 0e3 ydera JTMTeNTbHON BhIIEPIK-
KH TIPH TTOCTOSIHHOM HArpy3Ke M C Y4€TOM TaKOW BBIIIEPIKKH B TEUCHHE 2 JIET.

1 5. MPa 1 6, MPa
1508
g.(1;) R, (1) : :
g,(1) : :
8,, u;‘,(’) gm(’) \ € = 8\\ ult 8“” J € =
o N0 ; ; 0 G
c"vm(’)
.......... R/m(,) SEFRSR R\ =
m 11
a o

Puc. 4. Cxemsl quarpamm neopMupoBanus: & — OeToHa; 6 — apMaTypsl
N ctounuk: Bemonneno C.1O. CaBuabiM

Figure 4. Deformation curves: a — concrete; 6 — reinforcement
Source:compiled by S.Yu. Savin

XapakTepHble TOUKH UarpaMM Juis O€TOHA AJIUTENbHO HKCILTyaTUPYyEMOro Kapkaca 3/aHHs Ha3Haya-
JMCh C yYETOM BIIMSHUS TOJI3YYECTH M YCATKM K MOMEHTY pealM3allii aBapuilHON cuTyanuu. Y4acTok |
auarpaMmsbl paboTel 6eToHa (puc. 4, @) pu ASHCTBUM KBAa3UCTATHUECKOW HArPy3KH XapaKTepU3yeTcs MpH-
BEJICHHBIM MOJYJIEM YIIPYTOCTH

R
Eb,red = = ! (4)

8bl,red

THE €y g = 0,0015 st TsHKEnOro 6eTOHa NPU HENMPOIOIHKUTENLHOM JIE€HCTBUU HArPy3KH.

VYuacrok |l quarpammsr (puc. 4, a) cOOTBETCTBYET J1ehOpMUPOBAHUIO OETOHA MPH MMOCTOSHHON HArpy3-
ke. [Ipu 3TOM B 3amac mpOYHOCTH HE YUUTHIBACTCS PEJIAKCAIHsl HANPSDKEHUH B OETOHE, KOTOpasi B 3aBHCHU-
MOCTH OT JUTHTENBHOCTH JSHCTBHSA HATPY3KH MOXKET OBITh orenena ~0,1...0,2-0 (1, ). C ygeTom npuns-

TOTO OMyIIeHHs AedopMaIii Ha ’TOM YYaCTKE MOTYT OBITh OMPEIEICHbI 110 hopMyJie
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o(1) (1)
e(t,t,) = - +0o(t,)-C(t,T,), (5)
G0y TR TR
rie 6(T,)— IOCTOsIHHOE BO BpeMeHH HanpsbkeHne; E(T,) — mMomyss nepopmannn B HadaibHBIH MOMEHT
Bpemenn T,; E(t) — momyms nepopmarmu B Mmoment Bpemenu t; C(t,T,) — mepa momsydectu, npen-

CTaBIsIOIIAsA cOOOH AedopMaIHio MoJI3y4ecTH K MOMEHTY BpeMEHH 1, BBI3BaHHYIO €MHUYHBIM HampsiKe-
HHUEM, JIECHCTBYIOLIMM C MOMEHTA Tj,.

Moayns nedopmarnuu 6erona na yuactke |11 quarpammer (eMm. puc. 4, a):

Rd
d _ bn
Eb,red - ! (6)
8bl,red
rie an =@, -R,,. 3necp koHCepBaTHBHO HpUHATO @, =1,15 — nma pexxuma nepopmMupoBaHHS KOH-

CTPYKTUBHOM CHCTEMBI IIPY BHE3AIIHOM OTKAa3€ HECYILEro JJIEMEHTA.
C yueToM BBIpaKEHHI CBSI3U HaNpsDKEHUH U aedopMariuii o BceM TpeM ydacTKaM JuarpaMMsl Jie-
dopMupoBanust 6eTOHA U1l KOHEUHOT'O HaNPsKEHHO-Ae(hOPMUPOBAHHOTO COCTOSIHUS MOTY4YUM

+C(t:ty) +(Gj—($i)' 3' ) (7)

b,red Eb ,red

Eiot (t) =G,

I/ie Gj — HaNpsDKCHUs B OETOHE Ha MepBOM MOJTYBOJIHE KOJICOaHUi, BRI3BAaHHBIX JIOKAJBHBIM Pa3pyLICHUEM
B KOHCTPYKTHBHOH cHucTeMe 37aHusa. B mepBoM mpuONMKEHUH Gj MOXKET OBITh OIIEHEHO Ha OCHOBAaHUU
IpeIBapUTEIHLHOIO KBa3UCTATUYECKOTO pacyeTa IMpy mapameTpax AHarpaMM COCTOSHHS MaTepuaioB, COOT-
BETCTBYIOIINUX KBA3UCTaTUYECKOMY PEXUMY MPUIIOKEHUS HArPy3KH.

W3 Boipaxkenus (5) nmomyunM 3¢ GeKTUBHBIN MOAYIIb fedopMaiuu OeToHa:

E _i_ Eb,red 8
o tot_G- o (G'_G')Eb d. ©
4+4'C(t;t0)'Eb,red+;’re

d
G, O, Gj-Eb’red

Jlnst ydera BIMSIHUS JUTUTEIBHOCTU SKCIUTyaTallMd COOPYXKEHHS MPEUIOKEH CICIYIOUIHA allrOPUTM
pacuera:

1. BoINOJHAIOTCS HETMHEWHBIE KBa3HUCTAaTHYECKHE PAcyeThl Ha JEHCTBUE IKCILTyaTAllMOHHBIX HArpy-
30K (ITOCTOSIHHBIX U JJIUTEIBHBIX) U 0CO00€ BO3/ICHCTBHE C YYETOM MapaMeTpPOB JUArpaMM COCTOSIHHS
OeToHa /11 KPAaTKOBPEMEHHOT0 HarpyskeHus. ONpeaessitoTcs )KECTKOCTH 3JICMEHTOB Ha dTare HOPMaIbHON
AKCIUTyaTaIlH U MOCJIE aBaAPUITHOM CUTYalllH, BRI3BAHHON OTKA30M HECYIIETrO 3JIEMEHTA WIIH CBSI3H.

2. OnpeieNstoTCs HHTErpaIbHbIC MOIYIH Ae(hOpPMAILIHii KeIe300eTOHHBIX dieMeHTOB [25; 26] u3 cie-
JYIOIIMX BBIPAYKCHHI.

Jlnist 5Tana HopMallbHOM 3KcrTyaTanuu npu M = M

El
Eint,EI = %1 9)

rae (El)1 — u3rubHast )eCcTKOCTh MPUBEACHHOTO ceueHHs (110 CeKyIeMy MO0 [eopMarinii), moTydeH-
Hasl 10 pe3yJbTaTaM HEIMHEHHOTO KBAa3MCTAaTUYECKOrO pacdeTa Ha JIKCIUTyaTallloHHBIE Harpyska, | —
MOMEHT MHEPIH CEYCHUS] OTHOCUTEIBHO T€OMETPHUYCCKOTO [ICHTPA TSKECTH.

JI7st oTana aBapuifHOTO JIOTPY’KEHUS B pe3yJIbTaTe mepepacipeae’eHus YCHIN B Hecyel CHcTeMe C
pa3pyIIeHHBIM (TTOBPEKICHHBIM) SJIEMEHTOM:
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d _ (EI)Z_(EI)l .
el = '(Mz_Ml) Py (10)

rae (El)2 — u3rubHas sxecTKOCTh MPUBEACHHOTO CeUYeHHMs (110 CEKyIeMy MOy nedopMaliuii), moaydeH-
Hasl TI0 pe3yJIbTaTaM HEJMHEHHOTO KBa3MCTATHYECKOTO pacdera Ha ocoboe BozaeictBue, M1, M2 — coot-
BETCTBCHHO M3rHOarole MOMEHTHI B Hanbosiee Harpy>KeHHbIX CEUEHHSIX NMPH JEHCTBUU SKCIUTyaTal[MOH-
HBIX Harpy30K U B pe3yJbTaTe 0co00ro Bo3aeicTBus.

3. Boruncnsercst uHTEerpasibHbIN 3¢ GeKTUBHBIN MOIYIb Aedopmanuii Eeffint yTeM 3aMeHbl GUOPOBBIX
Mozyneil nedopMaruii o y4acTkaM JuarpaMMbl COCTOSIHUSI O€TOHA Ha MHTErpajibHbIe Ul CeUeHUH XKele-
300€TOHHBIX DJIEMEHTOB, a TaKXKe 3aMeHbl (PUOPOBBIX HANPSHKEHUH OT AKCIUTyaTallMOHHBIX HAarpy3oK O

M OT 0CO0Or0 BO3JCHCTBHSL G ; HA MHTETPAIbHBIC YCHIIHUSA (M3rMOA0Ie MOMEHTBI):

E Mi - — Eb,red,im (11)
i ; ; M‘_Mi E red ,in
: MI + MI .C(t;to)'Ebred int+( j d) S
M, M, e M, -E

b,red,int

4. BeironHseTCs pacyeT HeCyIled CHCTeMbl 3[JaHHusi Ha 0co0oe BO3/eHCTBHE (HayalbHOE JIOKAJIbHOE
paspylieHue) ¢ UCNOJAb30BaHUEM HACAIM3UPOBAHHBIX AMArpaMM, apaMeTpbl KOTOPBIX ONPENEIIOTCS

[0 3HAYEHMSIM JIMHAMUYECKON MPOYHOCTH OETOHA AJIi pacCMaTpHUBAEMOTrO peXHMa HarpyKeHUs Rgn

U MHTErpajbHbIX MOyJel fedopMalnu Uil CEYEHUH jKee300€TOHHBIX 21eMEHTOB E 4 ;. .

3. Pe3y.]ILTaTbI HCCJICA0OBAHUA M UX aHAJIN3

3.1. Pe3yiomamol Keazucmamuueckozo paciema Ha ocodoe 6o3oeiicmeue

Ha puc. 5-6 mpuBeneHbl pe3ynbTaThl pacyeTa HECyIIeHd CHCTEMbl 34aHusl (GUIAPMOHHMU Ha 0C000e
BO3/ICICTBHE (pa3pyllIeHne KOJOHHBI 2-T0 3Taxa B ocsix 4/B0).

AHanu3 pe3yapTaToB pacdeTa MOKAa3bIBACT, YTO MAaKCHMaJIbHBIE (10 aOCONIOTHON BEITUYHMHE) BEpPTH-
KaJIbHbIE MEepEeMENICHUS A PacCueTHOM MOJAENH Hecyllel cucTteMsl 3aaHus (puc. 5, a), B KOTOpoH mnapa-
METpBI AMarpamMMm padboThl OeToHa ObUIM TMPHUHSATHI KakK JJis KPAaTKOBPEMEHHOTO HArpy>KeHHS, OKa3aJuCh
B 2,14 pa3za MeHblle, 4eM JIJIs1 MOJIENH, YYUTHIBAIOIICH BIUSHUE JUTUTEIIbHOCTH SKCIUTyaTallii Ha MapaMeT-
pBI IMarpaMM COCTOSTHHSI MatepuasoB (puc. 5, 6). Paznuuus B rpanunax o0nacteil ¢ HaMOOIBIIUMU TIEpe-
MEIICHUSAMHU IO JABYM MOZENSAM 00YyCIIOBIE€Hbl 0COOEHHOCTAMHU MepepaciperesieHus] yCUInil Mex1y Hecy-
MMM SJIEMEHTaMU C y9eToM AehopMaInii MoI3ydeCcTH U YCAIKH.

Maxkcumanbhble (0 aOCOMIOTHON BEIMYMHE) OTHOCHTENbHBIE NedopMaluu Uil pacueTHONH MOJeNn
Hecylled cuctemsbl 3naHus (puc. 6, @) ¢ mapamerpamu auarpamMMm paboThl OGETOHA, COOTBETCTBYIOIIMMH
KpaTKOBPEMEHHOMY HarpyXeHuto, okazaiuch B 2,08 pa3za MeHbllIe, YeM JIJIsl MOJENH, YUYUTHIBAIOLIEH BIIU-
HHUE JUINTELHOCTH SKCIUTyaTallii Ha IapaMeTpbl JuarpaMM COCTOSHHS MaTepHuaiioB (puc. 6, 6). YMecTHO
3aMETUTh, YTO U3-3a (PU3MUECKON HEJIMHEHHOCTH, B TOM YKCJE MPOSIBIISIIOIIEHCS B pe3ysibTaTe HEPaBHOBEC-
HBIX MTPOLIECCOB MOJ3YYECTH U yCAIKHU, MEXKAY U3MEHEHUSIMU OTHOCUTENBHBIX ehopMaluii 1 N3MEHEHHUEM
YCHUJIMH B 3JI€MEHTaX OTCYTCTBYET MpsiMasi 3aBUCUMOCTb. 3HAUUTEIbHBIN MPUPOCT OTHOCUTENBHBIX Aedop-
Maluil He COMPOBOXKAAETCS TaKUM K€ MpUpocToM ycuiuid. Tak, u3rubaromiyie MOMEHTHI B KOJIOHHAX Hecy-
el cucTeMbl 3[aHusl MO pe3ysibTaTaM pacuera C HCIOJIb30BaHHEM JuarpaMM AJid KPaTKOBPEMEHHOIO
Harpy»KeHusi okasaauch B 1,28 pa3a MeHbIle, 4eM MO pe3ybTaTaM pacdeTa C HCIIOIb30BaHUEM MOJU(HIIN-
poBaHHBIX Auarpamm (puc. 7). OqQHaKO poCT OTHOCUTEIBHBIX AehopMaluii MPUBOJUT K YBEIUYCHHUIO TTPO-
ri00B HECYIIHX JIEMEHTOB, UTO JIeaeT UX 0oJee ySI3BUMBIMH MPHU MPOI0JIBHOM H3THOE.
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— 0331

— 0.0033

I -0.0033

-2.38

4735

— 0.768

— 0.00767

-0.00767

162 ‘ ".-Ill."

I -3.81

o

Puc. 5. BepTI/IKaJ'IBHBIe NEepEeMCIICHUS B Hecymei/i CHCTEMC 31aHuA (I)I/IJ'IapMOHI/II/I B pE3yJIbTATEC JIOKAJIBHOTO
pa3pyleHHs KOJIOHHBI 2-T0 3Taxka B ocsix 4/B0: ¢ — monydeHHbIe Ha OCHOBE IMarpaMM COCTOSTHHS OeTOHa
1P KPAaTKOBPEMCECHHOM HArpyXCHUU, o0 — IIOJIy4YCHHBIC Ha OCHOBE MOHI/I(I)I/IIII/IPOBaHHBIX ArarpamMm COCTOSIHUSA OeroHa
C YYETOM JJTUTEIbHOCTH BBIIEP)KKH MPH CTAaTUIECKON HAarpy3Ke
N crtounuk: BemonneHo C.1O. CaBunbiM, M.U. Crynak, J[.K. ManbkoBbIM
Figure 5. Vertical displacements in the load-bearing structure of the Philharmonic as a result of local failure
of the 2nd storey column in axes 4/B6: a — obtained on the basis of constitutive models of concrete under short-term loading;
6 — obtained on the basis of modified constitutive models of concrete,
taking into account the duration of exposure under static load
Source:compiled by S.Yu. Savin, M.I. Stupak, D.K. Mankov

PACYET V1 MPOEKTUPOBAHVE CTPOUTENEHBIX KOHCTPYKLWIA 233



Savin S.Yu., Stupak M.l., Mankov D.K. Structural Mechanics of Engineering Constructions and Buildings.2024;20(3):220-240

oy 0486

<1%

0248

13%

— 0.00433

7%

o -0.00483

g 0249

0489

v ]x

gy 0.907

=%

0474

15%

— 0.00906

6%

gy 000906

T

gy 0474

-0.548

z
v X

o

Puc. 6. OTHOCHTENBHBIE Ie(OPMAIIUH B KOJIOHHAX HECYILEH CUCTEMBI 3/1aHus (PUIAPMOHUH B PE3YJIbTATE JIOKATLHOTO
paspyleHHs KOJIOHHBI 2-T0 3Taxka B ocsix 4/B0: a — mony4yeHHbIe HA OCHOBE AMArpaMM COCTOSIHUSI OeTOHA
IIpU KPATKOBPEMEHHOM Harpy>XeHHH; 6 — IOJIy4YeHHbIE HA OCHOBE MOIM(HUIIMPOBAHHBIX AUArpaMM COCTOSIHUS OeToHa
C YYETOM JJTUTEIBHOCTH BBIICPIKKU TIPH CTATHYECKOI HArpy3Ke
U cTounuxk:semonaedo C.10. Casunbsivm, M.M. Crynak, /I.K. ManpkoBbIM

Figure 6. Strains in the columns of the load-bearing structure of the Philharmonic as a result of local failure
of the 2nd floor column in axes 4/B6: a — obtained on the basis of constitutive models of concrete under short-term loading;
6 — obtained on the basis of modified constitutive models of concrete,
taking into account the duration of exposure under static load
Source:compiled by S.Yu. Savin, M.I. Stupak, D.K. Mankov
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Puc. 7. Uzrn6atomue MmomeHnTs My 1 Mz B KOITOHHAX HECyIIeH CHCTEMBI 31aHUs (PUITapMOHHH
B pPE3yJIbTaTe JIOKAILHOTO pa3pyIICHHs KOJIOHHBI 2-T0 3Taxka B ocsix 4/B6:
@ — TIOJyYCHHBIC HAa OCHOBE TUarpaMM COCTOSIHHS OCTOHA MPH KPATKOBPEMEHHOM HarpyKCHUH
U cTounux:BemonneHo C.1O. CaBunbivm, M.M. Crynak, JI.K. MaHbKOBBIM

Figure 7. Bending moments My and M in the columns of the load-bearing structure
of the Philharmonic as a result of local failure of the 2nd floor column in axes 4/B6:
a — obtained on the basis of the constitutive models of concrete under short-term loading
Source:compiled by S.Yu. Savin, M.1. Stupak, D.K. Mankov
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Puc. 7. Uzru6aromue MmomeHTs My 1 M; B KOlIOHHAX HeCyIeH CUCTEMBI 3/1aHUs (PUITAPMOHUU
B pe3yJIbTaTe JIOKAILHOTO Pa3pyIleHust KOJIOHHBI 2-T0 Taxa B ocsix 4/B6 (oxonuanue):
6 — TIOJTyYeHHBIC HA OCHOBE MOJU(HUIIMPOBAHHBIX JAUArpaMM COCTOSTHHS OeTOHa
C YYETOM JJIMTENHHOCTH BBIIEPIKKH MPU CTATUUECKOH Harpy3Ke
U ctounwuck:Bemonaeno C.1O. CasunabiM, M.U. Crynak, [I.K. ManbkoBbIM

Figure 7. Bending moments My and M in the columns of the load-bearing structure of the Philharmonic
as a result of local failure of the 2nd floor column in axes 4/B6 (ending):
6 — obtained on the basis of modified constitutive models of concrete,
taking into account the duration of exposure under static load
Source:compiled by S.Yu. Savin, M.I. Stupak, D.K. Mankov
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3.2. Konuuecmeennas oyenka yxcugyuecmu necyujeii cucmemsl 30aHus
npu 10KAIbHOM Pa3pyuieHuU

Ha puc. 8 npuBeaens! rpauky 3aBUCUMOCTH MPOLIEHTA Pa3pyIICHHBIX KOHEYHBIX 3JIEMEHTOB MOJIENN
HECYIIEH CUCTEMBI 3/1aHUs OT MapaMeTPOB NPEAENIbHBIX HArPY30K Aintact U Adamaged.

12

10

)“intact / ;‘damaged
(<))

4
2 Aintact (long term) Adamaged (long term)
----- Aintact (short term) ====-)damaged (short term)
0
0,00 10,00 20,00 30,00 40,00 50,00

IIpouent pazpymenubix KJ

Puc. 8. I'paduky 3aBUCHMOCTH NPOLIEHTA pa3pyLIEHHbIX KOHEYHBIX 2JIEMEHTOB MOJIEIH
HECyIIeH CHCTeMBI 3[aHNUs OT HapaMeTPOB MPeIeIbHBIX HATPY30K Aintact U Adamaged
N crtounux:semonaeHo C.JO. CaBunbim

Figure 8. Relationship between the percentage of destroyed finite elements
of the load-bearing structure model and the parameters of ultimate loads Aintact and Adamaged
Source:compiled by S.Yu. Savin

[Ipu pacuere Hecymiel cucTembl 6€3 yueTa ATUTEIbHOCTH SKCILTyaTalluy 1o MepBUYHOM (0€3 JIoKaib-
HOTO pPa3pylICHUsI) PACYCTHOW MOJEIH TEPBBIE pa3pylIeHHs] ObLTH 3aQUKCUPOBAHBI TPH Aintact = 3,565.
Bo BTOpm4HOIi (C JIOKaNIBbHBIM pa3pyIIEHHEM KOJIOHHBI 2-TO 3Taxa B ocsix 4/B0) pacuerHoit momenn —
Adamaged = 3,475. OTHOCUTENBbHBIN HHACKC KUBYUecTH 110 popmyie (10) 6e3 yuera IIUTETLHOCTH SKCILTyaTa-
uuu cocrasmwi RRI = 0,965.

[Ipu ydere BAUSHUS ATUTEIBHOTO CUJIOBOI'O CONPOTUBIIEHUS MEPBbIE pa3pyLICHHUs] KOHEUHBIX 3JIEMEH-
TOB B MEPBUYHOM MOJETM HECyIIeW cucTeMbl ObLTH 3a(UKCHPOBAHBI MPU Aintact = 3,494. Bo BTOpMuHOMN
pacyeTHOM MoJeNU Adamaged = 3,297. Takum 00pa3oM, OTHOCUTENBHBIA UHIIEKC )KUBYUECTH C yYETOM JUIH-
TenbHOCTH AKcIuryaTarmu coctaBmil RRI = 0,92, BroisBnennsiit ad ekt o0yciaoBineH poctoM aedopmanuii
BO BHELICHTPEHHO CXKAThIX 3JIEMEHTaX B PE3yJIbTaTe MOJI3yYecTh. DTO MOATBEPKAACTCS aHAIN30M U3Trubaro-
IIMX MOMEHTOB B KOJIOHHaX (CM. pHC. 7), /i€ HaOII0Aat0TCs O0IbIINE 3HAYSHHUSI MOMEHTOB IS MOJIEIIH, YU~
TBHIBAIOIICH JITUTEILHOCTD AKCIUTyaTallMH 3JaHHUS.

VY4uThIBas, YTO MaKCHUMAaJIbHBIN KOAX(PPHUINEHT TUHAMUYHOCTHU TP TOSBJICHUH MEPBOTO JIOKAIHLHOTO
pa3pylieHusl B Hecyllel CUCTeMe He MpeBbIaeT K¢ = 2, a MUHUMAaIIbHbIC 3HAYCHHSI ITApaMETPOB IIpe-
JIeJIbHOM HAarpy3Ku JJIg JBYX BapMaHTOB BTOPUYHBIX PACUETHBIX MOJENel MPEBBIMIAIM 3TO 3HAUEHUE
(Adamaged > 2), HecyIasi cucreMa 00JaaeT 3HAYUTEIBHBIMUA PE3EPBAMHU COIPOTUBIICHHS OOPYIICHHIO TPH
paccMaTpuBacMOM CLIEHApUU JOKAJIBHOTO pa3pyuieHus. [Ipy 3ToM yMECTHO 3aMeTUTh, YTO MapaMeTphbl Ipe-
JIEIIbHOM HArpy3KH Aintact M Adamaged, @ TAK’K€ OTHOCUTEIbHBIN MHIEKC )uByuecTH RRI npu yuere niurensHo-
CTH KCIUTyaTalluy HECYIel CUCTEMBbI 3[JaHHsl OKAa3aJIMCh HUXKE, YEM IIPU UCIIOJIb30BAaHUU JHArpaMM COCTO-
SIHUA [T KPaTKOBPEMEHHOT'0 Harpy>keHus. IHTeHCHUBHBIN pocT 4ncia pa3pylIeHHbIX KOHEYHBIX 3JIEMEHTOB
B pPacUeTHBIX MOJENSAX HEeCyIIed cucTeMbl HAaOMI0JaNICs PU Adamaged = 5,5 JJIs ciy4asi yuyeTa JUIMTEIbHOCTH
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HKCIUTYaTaIlH U TPHU Adamaged = 5,7 0€3 y4ueTa JUIMTENbHBIX MPOIecCOB. Takue 3HaUEHHsI TapaMeTpoB HE J10-
CTH>KMMBI B PEAJIBHBIX YCIIOBUSAX KCIUTyaTallMi HECYIEH CUCTEMBI, OJJHAKO IIPH APYTUX CLEHAPUAX Hadallb-
HOT0 JIOKQJILHOT'O pa3pyLIEHHsI BO3MOXKHO CHHKEHHUE ITApaMETPOB MPEAEIbHON HArpy3KHU U OTHOCUTEIBHOTO
MHJIEKCA JKUBYYECTH.

4, 3aka04eHue

B craree mpeacTaBieHO HMCCIEIOBAaHUE YCTOMYMBOCTU K OOPYIICHHUIO JKEIEe300€TOHHOW Hecylien
CHCTEMBI 3/IaHUS C YYETOM JJTUTEIBHOCTH DKCIUTyaTallid Ha MOMEHT 0COOOTO BO3IEHCTBHSI, BEI3BAHHOTO
JIOKaJIbHBIM pa3pylLICHHEM OHOM M3 HECYIIUX KOJOHH. J[JIs1 KOJIM4eCTBEHHOW OIIEHKH PE3€PBOB COMPOTHB-
JeHUsl Hecylled cucTreMbl ObLIM MCIOJNb30BaHbl MapaMeTpbl NpPENelbHOM Harpy3kd M OTHOCHTENbHBIN
MHJEKC )KUBy4YecTH. Ha 0CHOBaHMU NMPOBEIEHHOTO UCCIIEOBAHUS MOXKHO C(OPMYITHPOBATH CIICAYIOIIUE BbI-
BOJIBI:

1. Ha ocHOBe KOHUENIMKU UHTErpajgbHOro Moayiast B.M. BonnapeHko npeanoxkeH cnocod y4yera Bius-
HUS JJITEIBHOCTH SKCIUTyaTalluy 5Kee300€TOHHBIX HECYIIUX CUCTEM 3[aHui Ha UX JAe(popMHpOBaHHE MTPU
0COOBIX BO3JICHCTBUSX, BEI3BAHHBIX JIOKAJTHHBIMHU Pa3pyIICHUSIMU HECYIIUX SJIEMEHTOB WIIH CBS3CH.

2. YucneHHOE MOJICIMPOBAHHE METOJJOM KOHEUHBIX 3JIEMEHTOB ITOKA3aJI0, YTO MPH Y4eTe JTUTeITHHO-
CTH 3KCIUTyaTallud COOPY’KEHUS JO MOMEHTA, IPEIIECTBYIOIIEr0 0CO00N pacueTHOM CUTyaluu, 3HaYeHUs
nmapaMeTpoB pa3pyliarolield Harpy3Kd U OTHOCHTEIHHOTO MHAEKCA KUBYYECTH HECYIICH CHCTEMBbl CHIDKA-
IOTCS T10 CPABHEHUIO C PE3yJIbTaTaMU MOJAEIHPOBAHUS, TOJyYeHHBIMHA Ha OCHOBE JIarpaMM Ui KpaTKOBpe-
MEHHOTO HarpyxeHus. BoisiBieHHbli 3pexT 00ycioBieH pocToM Aedopmaliuii BO BHEIIECHTPEHHO CKATBIX
3JIEMEHTAaX B PE3yJIbTaTe MOJI3yUECTH.

Taxum 06pazom, pakTop ATUTEITHHOM IKCILTyaTallMd MOXKET OKa3bIBaTh HEraTUBHOE BIUSHHUE HA KUBY-
YeCThb K€JI€300€TOHHBIX KOHCTPYKTUBHBIX CHUCTEM 3[aHUI MpU OCOOBIX PACUETHBIX CUTYaLUsIX M JOJKEH
YYHUTHIBATHCS Ha ATAIE MPOSKTUPOBAHUSI.
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Avrticle history Abstract. At present, the maximum response spectrum is a basic concept in seismic
Received: March 4, 2024 engineering, providing a convenient means for representing the impact of earthquakes
Revised: May 20, 2024 on structures. It also provides a practical approach to the application of structural
Accepted: May 27, 2024 dynamics principles to the design of structures and the development of requirements in

building codes and regulations. Unfortunately, this concept is practically unknown to
Russian designers and is not used in seismic resistance calculations. In Russian
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1. Beeaenue

Unes ucnonap30BaHus CIEKTPOB MaKCUMAJIbHBIX PEaKUUN JIJIsl IPEACTABICHUS CEHCMUYECKUX BO3/IEH-
cTBUH ObUTa M3nokeHa B 1926 r. B GromereHe MHCcTUTYTA HCcne0oBaHus 3eMiIeTpsiCeHU TOKUHCKOTo
HMMIIEpaTOPCKOT0 YHUBEPCUTETA B cTaThe nepBoro nupekropa Mucturyra K.A. Croaxupo [1].

[Toznuee B 1932 r. BaskHY1O poJib B LIMPOKOM MPHU3HAHUM KOHLEMLIUU CHEKTPa PEAKLUU Ha 3eMIIETPsI-
CEHHs KaK MPAKTHYECKOI'0 CPE/ICTBA, XapaKTEPU3YIOIIEro JBHKEHUE I'PYHTA M €ro BO3JEHCTBHI Ha KOH-
CTPYKIIUH, ChIrpaii amepukanckue yuensie [2; 3]. [TogpoOGHO ucTopusi BOSHUKHOBEHHS U PA3BUTHSI KOHIICTI-
[[IH CIIEKTPOB OTBETOB H3JI0XkKEHa B [4].

B vopmax CCCP u P® 1 oueHKH CeCMUYECKUX BO3JCHCTBUM MCIIOJIB3YETCS IOHATHE «CIEKTPalb-
HBIH KO3()PUIMEHT TUHAMHUYHOCTU» — [3, KOTOPBIM SABJISETCS HEYJauHbIM aHAJIOrOM CIEKTPOB peaklui.
OTMETHM, YTO KOHIIETILIMS CIIEKTPOB PEAKIIM B HOpMaxX pacyeTa Ha CeMCMOCTOMKOCTh MpUHATA 0oJiee YeM
B 50 crpanax. M3BectHbiii amepukanckuii yuenbiii A.K. Chopra B [5] oTMeTHI1, 94TO «KOHIEMIINS CIIEKTPOB
OTBETOB XOPOILIO UHTErPUPOBAIACH B TEOPUIO U MPAKTUKY MHKEHEPHBIX PACUETOB COOPYKEHUM Ha ceiicMo-
CTOMKOCTh, HO MHOT'ME MCCIIEA0BAaTEIN M MH)KEHEPHI, UCIOJIb3YIOIINE 3Ty KOHIEMNIHMIO, HE 3HAIOT MPOUC-
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XOXICHUsI KOHIENUuu. st Toro 4ToObl MCIPAaBUTh ATO IMOJOXKEHHUE, COTPYIHHKAMHU Kaderpsl MocTbl
u TonHenu PYT (MUUT) Obutn omy0GiIMKOBaHbBl KpUTHYECKHE cTaThi U MoHOrpadus «Cnexkrtpsl Oypre
U CIIEKTPbI OTBETOB Ha 3€MJIETPSCEHUS.

CrnekTpbl MaKCUMAaJIbHBIX PEAKLUI (OTBETOB) — OJIHA U3 HauOOJIee BayKHBIX, OJIE3HBIX U IIUPOKO UC-
MI0JIb3YEMBIX KOHUEMIMM B TEOPUU U MIPAKTUKE PACUETOB COOPYKEHHMI HAa CEMCMOCTOMKOCTh. B HacTosiee
BpeMs 3Ta KOHIEMIHMS HCIOJIb3YeTCs TMPAKTHYECKH BO BCEX 3apyOEKHBIX HOPMATHBHBIX JTOKYMEHTaxX
1 PyKOBOJCTBAaX MO pacyeTy Coopy KeHuii Ha ceifcmocToiikocTs!. BBUIYy TOro uto B HOpMax P® koHuenmus
CHEKTPOB MAaKCHUMAJIbHBIX pEaKkIMi He Halula NPUMEHEHHs Uil JaJbHEeHMIero H3JoXeHus, Oynem
pykoBozcTBOBaThCA nonoxkeHnsMu UBC? (ExuHbIi cTpOUTENbHBIH KOJEKC), KOTOPHIi GBI IPH3HAH HA
MEX/YHapOJHBIM YPOBHE B Kau€CTBE TAJIOHA B 00JIACTU OLIEHKU CEMCMOCTOMKOCTH cOOpYykeHuil. Bo MHO-
rUX CTpaHax, U B 4acTHOCTH B Cupuiickoii Apabckoii Pecriybnuke, nonoxenus UBC Obuin mpHHSATHI
32 OCHOBY IIPH pa3padOTKe HAMOHAIBHBIX CTPOUTEIBHBIX HOPM.

1. KoHuenmusi cneKTPOB MAKCHMAJIbHBIX pPeakuui

1.1. Cnekmp mMaxcumMaibHbIX nepemeuseHul

Z[J'[SI onpeacICHuA p€akKununu CUCTEMBI C OI[HOﬁ CTCIICHBIO CBO6OI[LI Ha KMHEMaTH4YCCKOC BO36y>KI[eHI/Ie
OCHOBaHHA UCIIOJIB3YETCA paCuy€THAA CXeMa, IPCACTaBJICHHAA Ha pHUC. 1.
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Puc. 1. PacueTHast cxeMa CHCTEMBI C OJTHOM CTEIEHbIO CBOOOIBI U aKCeTeporpaMma
KoIeOaHNiT MOBEPXHOCTH IPYHTA NPH 3eMIICTPSICCHUN
MU cTouHuk: BemonHeno E.H. Kypbaukum

Figure 1. Single-degree of freedom system and ground acceleration during earthquake
Source:compiled by E.N. Kurbatskiy

JuddepenunansHoe ypaBHEHUE TBUKEHUS TAKOH CUCTEMbI UMEET BUJI
mu, +cu, +ku, =0. (1)

YuureiBast, uro B (1) U, =0, +U,,

rae U,— abcomoTHoe yckopenue, U, — mnepeHocHoe yckopenne u U, — OTHOCHTENbHOE YyCKOpEHHE

f k
U O =,|— — 49acToTa COOCTBEHHBIX KOJICOAHUI CUCTEMBI 0€3 ydeTa AeMITIpHpOBaHHsI, MOKHO MTPEIICTABUTH
m

B BUJIE

! Eurocode 8: Design of structures for earthquake resistance Part 1: General rules, seismic actions and rules for buildings.
Eurocode 8: Design of structures for earthquake resistance Part 2: Bridges. BS 1998-2:2005+A1:2009. Seismic Analysis of Safety-
Related Nuclear Structures and Commentary ASCE 4-98. Seismic Analysis of Safety-Related Nuclear Structures ASCE/SEI 4-16.

2 1BC, International Building Code Council, Washington, DC, 2015.
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U, +2&oU, +0’u, = -0, 2
c .
E=—= e OTHOCUTENBHBIN KOA(QPHUIHEHT AeMII(pUPOBaHUS (OTHOILIEHHE PEaTbHOro AeMII(pUpOBa-
C mow

cr
HUSl K KpUTHYECKOMY). Bemmuuna otHocutenpHOTO Kod(dduimenta nemrndupoBaHust CTPOUTENBHBIX KOH-
crpykuuii Haxoautes B npenenax 0,005 <& <0,07.

[lepemernienust A1t CUCTEM C pa3HBIMH COOCTBEHHBIMH YaCTOTaMM IPU BO3JACHCTBUU 3eMIIETPSICEHUI
MOKHO ONPEJEINUTh U3 pelieHus ypaBHeHus (2) B Buje unrerpaia Jlroamens:

u(t)= éj;ﬂg (t)sine (t— 1)e 4 Idr

3)

B kadecTBe nmpumepa Oy1eM UCII0JIb30BaTh aKCeJIepOrpaMMy U3MHUTCKOTO 3emiierpsicenus (puc. 2. Typ-
s, 1999).
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Puc. 2. Axceneporpamma kosebOaHui MOBEPXHOCTH rpyHTa NpH 3emierpscenun Mamur, Typuwus, 1999 r.
N cTounuk: BemonaeHo LA, Xycceitn

Figure 2. Ground acceleration during earthquake Izmit, Tiirkiye, 1999
Source:compiled by Sh.A. Hussein

JI71st IOCTPOEHUS CIEKTpa MaKCUMAIIBHBIX TEpEMEIICHUIT He0OXOAMMO ONpPEeAeINTh, Kak OyIyT pearu-
pOBaTh Ha ITO 3EMJICTPSICEHHE CUCTEMBI C PA3HBIMU COOCTBEHHBIMH MEPHOJAMHU KoJIeOaHUI U BHIOpATh
B KaXKJOM CJIy4a€ TOJIbKO MaKCUMAJIbHbBIC 3HAYCHU .

['padukn nmepeMenieHnii CUCTEM C OJJHOUM CTETIEHBIO CBOOO/IBI C pa3HBIMU NEPHOIaMH COOCTBEHHBIX
Kosie0aHuil mpecTaBIeHbl Ha puc. 3—7.
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Puc. 3. YpaBHeHHs BbIHYKJECHHbBIX KOJI€OaHUN CUCTEMbI, COOCTBEHHBIH Iepruo] Konedbanuii kotopoit 7= 1 cek.
N cTounuk: BemonneHo LA, Xycceiitn
Figure 3. Deformation response of SDOF system with T = 1 sec to Izmit earthquake
Source:compiled by Sh.A. Hussein
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Figure 4. Deformation response of SDOF system with T = 2 sec to Izmit earthquake
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Figure 5. Deformation response of SDOF system with T = 3 sec to Izmit earthquake
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Puc. 6. YpaBHeHUs BbIHYKIECHHbIX KOJI€OaHUI CUCTEMBI,
coOCTBEHHBII epuo KonebaHuit koTopoi 7 =4 cek.
N crtounuk:semonneHo HI.A. Xycceitn

35.00

40.00

Figure 6. Deformation response of SDOF system with T = 4 sec to Izmit earthquake
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Figure 7. Deformation response of SDOF system with T = 5 sec to Izmit earthquake
Source:compiled by Sh.A. Hussein

JUIg TOCTpOEHMSI CIEKTPA MAKCUMAJIBHBIX ITEPEMEIEHUI UCTIOIb3YOTCS TOJIBKO 3HAYEHHSI MAaKCUMAaJIb-
HBIX NI€PEMEIIEeHHUH, COOTBETCTBYIOUINX 3a/laHHBIM IepHoiaM COOCTBEHHBIX Kosiebanuil. [Ipu moctpoennn
CIEKTPOB MaKCUMAJIbHBIX IEPEMEILICHUN IIPUMEHSIOTCS. A0COIIOTHBIE 3HAYEHUS.

I'paduk criekTpa MakKCUMaIbHBIX MIEpEMEIICHUH MpeICTaBlIeH Ha puc. 8.
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Puc. 8. CriekTp MakcUMalbHBIX epeMeleHuil (cM) U1 cucTeM ¢ K03 dHLUEHTOM JeMI(PUPOBAHUS
{= 0,05 npu BozaeiicTBIM 3eMieTpsiceHus M3mur
N cTounuk: BemonHeno LA, Xycceitn

Figure 8. Deformation response spectra with damping ratio = 0.05 to Izmit earthquake
Source:compiled by Sh.A. Hussein

2. CeKTpbI M MCEBIOCTEKTPbI MAKCUMAJIBLHBIX PeaKIuii (0TBETOB)
CKOPOCTeil U yCKOpeHUH

CrexTpsl MaKCUMAIBHBIX CKOPOCTEN U YCKOPEHUI MOKHO ONPEEINTh, UCIIONB3YS MEPBYIO U BTOPYIO
pou3BoAHbIE HHTErpaja Jroamens (3).

JokazaHo [2; 3], uto s cucteM ¢ kKodddunneHTaMu [eMndupoBaHus, OpeeIIeMbIMU THANA30HOM
0 < & < 0,2, 111 TOCTPOEHUS CHEKTPOB MaKCHMAJIBHBIX PEAKLUI MOXKHO MCHOJIB30BaTh MPUOIMKEHHbIE
COOTHOIIEHUS

Sa(02)

S, (0:8)=08, (0,2) =2 @
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Tax xak BeipaxeHus S (o,&) u S, (®,&) ommyaoTcs OT peanbHBIX crnekTpoB S, (®,&)
u S, (&), HX IPHHATO HA3BIBATH IICEBIOCTICKTPAMH.

Takum 00pazoM, Ui MOCTPOCHHS CIIEKTPOB IOCTATOYHO ONPECTUTh TOJIBKO CIIEKTP IICEBIOCKOPOCTEH
o popmyie

S, (,5) = [ [((x)sin oa(t—r)e_“’é(t_r)dr} . (5)

max

Kpome Toro, mceBIocnekTp cKOpocTel BHIOMpAeTCsl B Ka4eCTBE MCXOAHOTO BBUAY TOTO, YTO TICEBIO-
CHEKTP MaKCUMAaJbHBIX CKOPOCTEH MPAaKTUYECKU paBEH aMIUIUTyIHOMY criekTpy Dypbe yckopeHuii kosebda-
HUM IPyHTA, YTO CYILECTBEHHO YCKOPSIET U yIpouaeT o0paboTKy ceiicMuueckoil nHpopmanuu.

BBuay Toro uto cpaBHeHUE TpaUKOB CIIEKTPOB U IICEBIOCIIEKTPOB CKOPOCTEH M YCKOPEHUH, TTOKa-
3bIBAIOIIMX MX HECYIECTBEHHOE OTIMYHUE, MPUBOJUTCS B MHOTOYMCICHHBIX HCTOYHHKAX, B YACTHOCTHU
B [2—4], npumepbl IPHBOIUTH HE OyAEM.

Kaxxnp1it U3 CrieKTpOB MaKCHMaIbHBIX PEAKIUH: IIEPEMEIIEHUH, ICEBIOCKOPOCTEN U MICEBI0YCKOPEHUIMA
Ha 33JJaHHOE KOJIEOAHUE IPYHTa COICPKUT OJTHY H Ty ke HH(OpMaIHio, He OOJIbIIe U He MEHbIIe. Tpu Criek-
Tpa — MPOCTO pa3HbIe CIOCOOBI MPEICTABICHUS OJHOW M TOW K€ MH(POpPMAIMU O PEaKIUU COOPYKCHHM.
Bo3znukaet Bompoc 3aueM HyKHBI 3TH TPU CIIEKTPa, €CIIU OHH COJIEPKAT OJUHAKOBYIO HH(pOpMAIHIO?

OTBeT: BO-NEPBBIX, KAXKAbII CHEKTP HANpSAMYIO MPEICTaBISET BAXHYIO (U3UYECKYIO BEIUYUHY.
CrexTp nepeMeInieHult onpeaenseT MakCuMallbHbIe nedopmaruu cucteMbl. CIIEKTp TICEBIOCKOPOCTEH omnpe-
JIeNSIeT MAaKCUMaJIbHYIO SHEPTHI0, HAKOIIJICHHYIO0 CUCTEMOM TipH 3emiieTpsceHnu. CIeKTp MCeBI0YCKOPEHUH
ornpezesnseT MMKOBOE 3HaUeHHUE HKBUBAJICHTHON CTATUYECKOW CHIIBI PU CIIBUTE OCHOBAHMSL.

Bo-BTOpBIX, BCe TpU CHEKTpa MOKHO MPEJICTAaBUTh HAa OJTHOM Ipaduke 11 6os1ee y100HOTo anmpoKCcH-
MUPOBaHUS TS TeJIel TPOEKTUPOBaHUA. [[11st 7TOr0 0COOEHHO 1M0JIe3eH KOMOMHUPOBAHHBIN TpaduK, Ipe/I-
CTaBJISIOIINI BCE TPU CIIEKTPAJIbHBIC BETMYUHBI. B 3apyOe)KHBIX UCTOUHUKAX TAKOW CIIEKTp MOJTYYHII Ha3Ba-
ure «KomOunmpoBauusiii D-V-A criektp», COOTBETCTBYIOIIHM# epBbiM OykBam cioB Displacement (miepe-
merenue), Velocity (ckopocts) u Acceleration (yckopenue). BriepBbie rpadKu TaKOTO TUIA OBUIH TTOCTPO-
enbl yaenbiMu A.S. Veletsos u N.M. Newmark B 1960 . [6].

Jiig mocTpoeHust KOMOMHUPOBAaHHBIX I'pa)KOB CTPOUTCS CrieluaibHas Jorapudmuyeckas cetka. [1pu-
Mep TaKO CeTKH MPUBOIUTCS Ha puc. 9.
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Puc. 9. Jlorapudmuueckas ceTka I IOCTPOSHUST KOMOMHHUPOBAHHOTO crekTpa D-V-A
Uctounuxk: Yompa AK. [7]

Figure. 9. Logarithmic grid for constructing a combined D-V-A spectrum
Source: Chopra AK. [7]
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3. KomOMHMpPOBaHHBII TPEXOPAUHATHBIN rpa)MK MAKCUMAJIbHBIX
peakuuii B 10rapu(pMuYeCKHX KOOPAMHATAX

BBuay TOro 4To B pOCCHICKAX HOPMATHUBHBIX JTOKYMEHTAX O CIEKTPAX MEPEMEIICHUN, CKOPOCTEH H
YCKOPEHUH Ja)ke He YNOMUHAETCs, MOAPOOHO OMMIIEM METOIUKY ITOCTPOSHHS] KOOPIMHATHOW CETKH IS
KOMOWHHPOBAHHOTO TPEXOPJMHATHOTO TpaduKa CIIEKTPOB PEAKLIUH.

JJ1 TOCTPOEHUS YETHIPEXKOOPAMHATHOTO Tpadka MaKCUMaJIbHBIX PEaKIUi BOCIIOIb3YEeMCS CIIEIYI0-
mHMH COOTHOILICHUAMM

S,=0S, n S, =—2, (6)

pv pv

rI€ Sy — CHEKTP MAKCUMAILHBIX NIEPEMEIIEHNH; S, — TICEBIOCIIEKTP MAKCUMAIBHBIX CKOPOCTEN U S |, —

MICEBIOCIEKTP MAKCUMAJIbHBIX YCKOPEHUH IPU BO3IEUCTBUM PEATIBHOTO 3€MJIETPSICEHUSI.

3.1. Memoouka nocmpoenus mpexopouHamHuolli CemKu KOOpOUHam
6 3a8UCUMOCHU 0N KPY2080il YACMOMbL

[TpenBapuTenbHO OTMETUM, YTO IpaUKH, B 3aBUCUMOCTH OT KPYT'OBOM 4aCTOTHI, HA IIPAKTHKE UCTIONb-
3YIOTCSI peXe M0 CPAaBHEHUIO ¢ rpayikaMyu B 3aBHCUMOCTH OT TIeprojia COOCTBEHHBIX kKosiebanuii. Ho rpa-
¢GUKH, B KOTOPBIX MO TOPU30HTAIBHOH OCH OTKJIAIBIBAIOTCS COOCTBEHHBIE YacTOTHI, 0OJee HarIsiIHbl U
y1oOHBI Tipu 00bsicHeHUH. [103TOMy HauHEeM 00BSICHEHHE UMEHHO C 3TUX TPa(HKOB.

[IpencraBum NCeBIOCIIEKTP MAKCUMAIBHBIX CKOPOCTEH KaK ()yHKIIMIO KPYTOBOM 4aCTOTHI ® B JIorapud-
MuYeckux KoopauHarax: 10gSv opaunara u log(m) aberrcca.

BoiGpas Touky S, =1 u =1 B kayecTBe Hayana KOOPIAMHAT, POBEIEM BEPTUKAIBHYIO H TOPU3OH-

TAJILHYIO OCH C OJIMHAKOBBIM Jorapupmudeckum Macurabom (puc. 10).
J171s mocTpoeHusi KOOPAMHATHOM CETKHU JJIs TICEBAOCIIEKTPA YCKOPEHUI paCCMOTPHUM BBIPAKEHUE

logS,, =—logw +logS @)

KOTOpOE cieayeT u3 ypaBHeHH (6) mpu norapudMupoBaHuH.
IIpn mocTosHHOM 3Ha4YeHWH mapametpa S, ypasHeHue (7) MPEACTaBiseT cOOOH NPSAMYIO JIMHHMIO,

HaIpaBJeHHYIO 1o/ yriioM —45 rpaaycoB. JIMHUM KOOPAWHATHON CETKH, COOTBETCTBYIOIINE TTOCTOSIHHBIM U

Pa3IMYHBIM 3HAUEHHSIM CIIEKTpaS ., OyAyT Takke HampamieHbl moja yrioM —45 rpagycoB. Ocbk opauHAT

pa >
crekTpa S, OyzAeT HampaBieHa MEPIEHMKYIAPHO STUM JuHuAM (puc. 10). Jlns ynpomenus BBefeM criey-

fonme 0003HaueHHs Ul TOUYEK Ha MiKanax: 4 — JUIs HIKaJIbl TICEBI0YCKOPEHUH, V — MIKabl IICeI0CKOpPO-
credt u D — ans nikanel nepeMenieHu.
Y CTaHOBUM COOTBETCTBUE MEXKY IIKATAMM.

Touke A Ha ocu S, IOJKHBI COOTBETCTBOBATH KOOPHMHATBL S, =V AU ®=~A, JuIs TOro 4T00bI
YJIOBJIETBOPUTD YCIOBHIO S . = ®S , .

3HaueHus KOOPIMHAT JIOJUKHBI OBbITh PABHBIMH, TAK KaK OCh S, HAIPABJIEHA TOJ] YTJIOM 45 TpayCoB.

Ha puc. 10 B kauecTBe mpuMepa >KUPHBIMU JTUHUSIMH OTMEYCHBI TpH TOYKH ¢ koopauHaTtamu [(3)(9)(3)];

[(2)(4)(2) 1 [(0,2)(0,004)(0,2)].

248 SEISMIC RESISTENCE



Kypbaukuti E.H., lMecmpskosa E.A., Xyccei LLI.A. CTpontensHasi MexaHuka UHXeHEPHbIX KOHCTPYKLMA 1 coopyxeHuit. 2024. T.20. Ne 3. C. 241-254

nst mocTpoeHus KOOPAMHATHON CETKH ISl IEPEMEIIEHU pACCMOTPHUM BBIpaKEHUE

logS,, =logo +1ogS,, (8)

KOTOpOE TakXke cieayeT u3 ypaBHeHus (7) mpu JorapuMupoBaHHH.
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Puc. 10. KoopauHatHas ceTka Juis NCEBIOCIEKTPOB YCKOPEHUH
B 3aBHCHUMOCTH OT KPYTOBOH YacTOTHI, paj/ceK.
U cTounuxk:semonaeHo E.A. [lectpsikoBoit

Figure 10. Coordinate grid for pseudo-spectra of accelerations
depending on the angular frequency, rad/sec
Source:compiled by E.A. Pestriakova

[Tpu MOCTOSITHHOM 3HaUEHHUH Sd, ypaBHEHHE (7) MPEICTaBIsET COOOH NPSAMYIO JIMHUIO, HAITPABICHHYIO
nox yriaom 45 rpaayco. Takum o0pa3oM, JTMHUM KOOPJAUHATHON CETKH, COOTBETCTBYIOLIME MOCTOSIHHBIM

3HAQUCHHUsIM CrieKTpa Sd, OyAyT HampaBieHbl Takke mon yriom 45 rpagycoB. Ock OpamHAT criekTpa S,

OyIeT HampaBJeHa MePIeHIUKYISIPHO 3TUM JuHUsAM (puc. 10).
VY cTaHOBUM COOTBETCTBHE MEXAY IIKAJIAMU.

Touxe D Ha ocu S, 0MKHBI COOTBETCTBOBATH KoopauHathi S, =+/D n @ =1/+/D nns Toro, urobst

S
)
YJIOBIIETBOPUTD yPABHEHUIO S =—"", yuuTeiBas, 4TO OCh Sd HANpABICHA MOX YrioM —45 TIpagycos.
(O]

Ha puc. 11 B xadecTBe mpuMepa KUPHBIMH JIMHUSIMA OTMEUYEHBI TPU TOYKH ¢ KoopamHatamu [(2)(4)(0,5)];
[(D)(D)(D) n [(0,2)(0,004)(5,0)].

OOwenunss o0a rpaduka, MpeacTaBUM KOOPAUHATHYIO CETKY JJIsi KOMOMHUPOBAHHOTO TPEXOPIAHHAT-
HOrO criekTpa (puc. 12), mpuHuMas BO BHUMaHNE YeThIpe KOOPIUHATHBIC OCU: IBE TOPU3OHTAIbHbIE U Bep-
TUKAJIBHYIO U IB€ OCH, HalIPaBJICHHBIE ITOJ1 yTJI0M 45 rpagycoB u —45 rpaaycoB. B HEKOTOPBIX TUTEpaTyPHBIX
HUCTOYHHUKAX rpa(bPIKPI, IMOCTPOCHHBIC TAKUM 06pa30M, Ha3bIBAIOT KOM6I/IHI/IpOBaHHI>IMI/I YCTBIPEXKOOPpAHUHAT-
HBIMU IpadukamMu.
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Puc. 11. KoopannatHasi ceTka sl IepeMenieHuil B 3aBUCHIMOCTH OT KPYTOBOI YaCTOTHI
U cTounuxk:semonaeHo E.A. [lectpskoBoii

Figure 11. Coordinate grid for displacements depending on the angular frequency
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Puc. 12. KoopanHaTHas ceTka Juist TOCTPOCHUSI 00bEIMHEHHOTO
TPEXOPIUHATHOTO CIIEKTPa MAKCUMAJIbHBIX MEPEMEILEHUH, IICEBIOCKOPOCTEH
U TICEBJIOYCKOPEHUH B 3aBUCHMOCTH OT KPYT'OBOH 4acTOTHI, Paji/Cex.

Figure 12. Coordinate grid for constructing a combined three-coordinate spectrum
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Source:compiled by E.A. Pestriakova
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of maximum displacements, velocities and accelerations
depending on the angular frequency, rad/sec.
Source:compiled by E.A. Pestriakova
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3.2. Memoouka nocmpoenua mpexopouHamHuou Cucmemsbl KOopouHam
6 3A6UCUMOCIU OM NEPUOOA COOCMBEHHBIX KONEDANHUIL

I'paduku CEKTPOB MaKCUMAIIBHBIX PEAKIIUN MOXKHO IIOCTPOUTH B 3aBUCUMOCTH OT KPYTOBOM 4acTOTHI
o (pan/cex.), UKIMYecKoit 4acToThl f (repiibl) U B 3aBUCMMOCTH OT IIEpHo/ia COOCTBEHHBIX KojieOanuit 7. Bee
3TH TpaKH NMPEICTABIAIOT OJHY U Ty e HH(OPMAILHIO U UMEIOT IPaBO Ha CyllecTBOBaHUe. [l HHKEeHe-
poB Hanbosee y10OHBIM, IOHSATHBIM M IPUBIIEKATEIILHBIM MTOHATHEM SIBIISICTCS TIEPHOJ COOCTBEHHBIX KOJIe-
O6anuii. [IoaTOMy B HOpPMaTUBHBIX TOKyMEHTaxX HauboJjee 4acTo UCIOJIb3YIOTCS CIIEKTPbl MAKCUMAJIbHBIX pe-
aKIUil B 3aBUCUMOCTH OT IIepHoJia COOCTBEHHBIX KOJIeOaHHH.

JUIs OCTPOEHHUS CIEKTPOB MaKCHMAJIbHBIX PEAaKUUN B 3aBUCUMOCTH OT NEPHUOJIOB COOCTBEHHBIX
KOJICOAHUH HCIIOJIB3YETCsl METOAMKA, aHAJIOTHYHAs MEJOJUKE, TOJAPOOHO U3JI0KEHHON B IIPEABIAYILEM pa3-
nene. [103ToMy OTMETUM TOJIBKO OCHOBHOE OTJINYHE.

2n
B ypaBuenusx (6) KpyroBast 4acToTa 3aMEHSIETCS BRIPAKECHUEM () = T B pesynbraTe moaydum

S
S =Esd nu Spvaﬁ'
T 21

pv

©)

Tak kak mepuoj COOCTBEHHBIX KoyieOanuid 1 SBISETCS BEIMYUHOW, OOpAaTHOW KPyroOBOWM YacTOTE ®,
HaIpaBJICHUC FOpHSOHTaHLHOﬁ OCHU MCHACTCA HAa IMPOTUBOIIOJIOKHOC. KpOMe TOI'0, HAJIMYUEC MHOXUTCIIA 2n
IPUBOJUT K CMEIIEHUIO IPa)uKOB 110 TOPU3OHTAIIH.

[TpuMep KOOPAMHATHON CETKH VI TPEXOPAUHATHOTO Ipadiika MAaKCUMAJIBHBIX CIIEKTPOB OTBETOB IPH-
BeJieH Ha puc. 13.
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Puc. 13. KoopaunaTHast ceTka Jyis U1l TPEXOPAMHATHOTO rpaduka MaKCUMaJIBHBIX CHEKTPOB OTBETOB
U cTounuk: Bemondeno: E.A. IlectpsikoBoit

Figure 13. Coordinate grid for a three-coordinate graph of maximum response spectra
Source:compiled by E.A. Pestriakova

4. IlpenmyniecTBa NMpeaCTABIEHHUS CIIEKTPOB peaKiuii
B TPEXOPAUHATHOI cCTeMe KOOPAMHAT

CHeKTpbl pa3IHYHbIX 3eMJICTPSCCHUH OTIMYAIOTCs MKy co00i. Tem He MeHee MpecTaBlIeHHE CIIeK-
TPOB peaKIifii MAKCUMAJIBHBIX MEPEMEIIECHHH, CKOPOCTEH U YCKOPEHHH B JIOTApUPMHUECKHX KOOPAMHATAX
Ha OTHOM Fpaq)I/IKe IMO3BOJIMJIO BBIABUTH 3dKOHOMEPHOCTU MPAKTUICCKU JIFOOBIX CEACMUYECKUX BOSHCﬁCTBHﬁ
[4]. O6paboTaHO OOJIBIIIOE KOJUYECTBO 3aMUCEH aKCeIepOrpaMM 3eMIICTPSICEHHUH, YTO TIO3BOJIUIIO TOCTPOUTh
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orubarolye 1 OCpeJHEHHbIE CIIEKTPbl MAKCUMAaIIbHBIX peakuuil. [IpuMeps! MATH CIEKTPOB Pa3INUHBIX 3€M-
JeTPSICEHHH, CPEITHEro CIeKTpa (KpUBasi KpaCHOTO IBeTa) M orudaroniero crnekrpa (Oesnast TMHUS) TpeICTaB-
JeHsl Ha puc. 14.

Orubatonuii criextp (Oenas nunus) /

Envelope spectrum (colorless line) H
_ g 10.0 —ElCentrc  /3nb-CeHTpo
£ § g Loma Prieta /Jloma Mpueta
SE E — North Ridge  /HopTtpugx
E = B — San Fernando/ CaH-®epHaHao
§ '§ £ — Average / CpeaHuii cniekTp
$8 3
m g = 0.1
S8 0.01 0.10 1.00 10.00

ITepuon, cek. / Period, sec

Puc. 14. [Ipumepsr KOMOMHHPOBAHHBIX CIIEKTPOB D-V-A deTbipex 3emiieTpsiceHn,
CpeIHero crekTpa (KpacHas JIMHUS) U orudarouiero crekrpa (Oenas JIuHU)
MW cTouHuk: BemnonHeno E.H. Kypbaukum
Figure 14. Examples of combined D-V-A spectra of four earthquakes,
the average spectrum (red line) and the envelope spectrum (white line)
Source:compiled by E.N. Kurbatskiy

5. Ucnosib30BaHue NPEACTABJICHHA CIICKTPOB MAKCHMAJbHBIX
peakuni’l B BUJE€ TPEXOPAUHATHOIO rpaq)mca AJIA TIOCTPOCHUA PACYECTHBIX CIICKTPOB
OTBE€TOB B HOPMATUBHBIX TOKYMCHTaX

[IpencraBieHue CneKTPOB MaKCUMAJIbHBIX PEAKIMIA B BUJIE TPEXOPAMHATHOIO Tpaduka MO3BOJISET BbI-
JIETTUTH 00JIACTH CTIEKTPOB, KOTOPBHIE MOKHO alMpPOKCHMHUPOBATH OTPE3KAMHU MPSMBIX, W BBIICIUTH Xa-
paktepHble Touku. Ha puc. 15 mpencraBneH nmpuMep cnekTpa ¢ yKa3aHHEM XapaKTEpHBIX oOiacteit
U TO4YEK U3 padoT [4; 6] DTO CBOWCTBO UCTIONB3YETCS AJIsl IOCTPOCHUS PACUETHBIX CIIEKTPOB.

@ @ ®)
Acceleration <—> OGHEICTL pCaKLlHﬁ CHCTEM C MaJIBIM IIEPUOJIOM, BOCIIPUUM-
4UBBIX K yckopenuio. Jledopmanuu mMansl / The area of re-
actions of systems with a short period susceptible to accel-

10 v v v ) v v v v v eration. Deformations are small.

2) 4_» 06J'IB.CTI) peaKuHﬁ CUCTEM C 6OJ'II)I.HI/IM NEpUOAOM, BOCIIpH-
MMYHBBIX K IepeMeleHnto. Yekoperus Maisl / In the re-
action region of systems with a long period susceptible to
displacement. Accelerations are small.

3) <—> 06J'IB.CTI) peaKmeI CHCTEM C TIPOMEKYTOYHBIMH IIEPHO-
JIaMH BOCIIPMUMYHBBIX K ckopoctH / The reaction range of
systems with intermediate periods susceptible to velocity.

Velocity Displacement (O]
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Puc. 15. Cnektp peakuuii Ha 3eMIIeTpsiceHrne ¢ 0003HAYCHUEM XapaKTEPHBIX TOYEK U COOTBETCTBYIOIUX UM IIEPHUOJIOB
Ucrtounuk: Kypbaukuii E.H. u ap. [8]
Figure 15. Earthquake response spectrum with characteristic points and corresponding periods
Source: Kurbatskiy E.N. et al. [8]
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B HacTosimee Bpems B Mupe pa3padoTaHbl METOAUKH TOCTPOSHHS PACUETHBIX CIIEKTPOB, YUUTHIBAIOIINX
JIOKaJIbHbIE MH)KEHEPHO-TEOJIOTHUECKUE yCIoBus. B Hanbosee 4acTo uenobp3yeMoii MeToInKe, pa3padoTan-
HOH HBIOMapKOM )41 XOJ’IJ’IOM, B KQUCCTBC MCXOJHBIX MapaMETPOB NPHUMCHAIOTCA MaKCUMAJIbHBIC 3HAUCHUSA
nepemeniennii PGD, ckopocteit PGV u yckopennit PGA rpyHTa, KOTOpBIE YMHOXKAIOTCS Ha KO HUITUCHTBI,
3aBUCSIIME OT Kateropuu rpyHToB. Ha puc. 16 npencrasnen cnektp Hetomapka — Xoa u criekTp, npuHs-
THIN B €BPOINEUCKUX HOpMAaX.
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Puc. 16. Cnextp Heromapka — Xosura u EN 1998-1:2004
WcrtouHuk: EH. Kypb6aukuii [4]
Figure 16. Newmark — Hall and EN 1998-1:2004 spectra
Source:EN. Kurbatskiy [4]

JUJis MOCTPOEHMS TaKMX CHEKTPOB HEOOXOIMMO BMECTO CEHCMHYECKOro palloHMpoBaHUS B Oaiiax
HUMETh KapThl CEICMUYECKOr0 palOHMPOBaHUSl B U30CEHCMaxX YCKOPEHUHN, KOTOPBIE MOKa, K COXaye HUIO,
B P® orcyrcTByroT. B 3aKirodeHre NpuBeneM BBIIEPKKY U3 CTaTbU U3BECTHOTO COBETCKOI'O M POCCUHUCKOIO
cericmonora B.U. Ynomosa, natupoBannoit 2012 r.: «M, XOTs B 0T€U€CTBEHHON CTPOUTETHLHOM MPAKTHUKE 70
CHUX TOP UCTIONB3YyETCs nepecueT 6aioB B yckopenus no mkaie MCK-64, Heo0X0a1uMO OTMETUTD, YTO TaKOM
MEPECUET HE YUUTHIBAET CIIEKTPAIBHBIN COCTaB CEMCMUYECKOTO BO3/ICHCTBUSA U B CUITY 3TOTO JIOJIKEH OYEHb
OCTOPOYKHO IPUMEHSATHCS JUISI MH)KEHEPHBIX pacyeToB 0e3 JOIKHOTO 0O0OCHOBAHUSY.

6. 3aka0ueHue

ITpu pacuere coopy>keHHUiIl Ha CEHCMOCTONKOCTh BayKHYIO POJIb UTPAET CIIOCO0 3a/1aHUs HCXOIHOM Cei-
CMHYECKOW MH(POPMAITUH.

Ucxonnas ceficmuueckast nagopmanus B Hopmax Poccuiickoit denepanun He COOTBETCTBYET COBpe-
MEHHBIM JOCTHUKEHUSAM CEeHCMUYECKON MHKEHEPHUH.

HopmaTtuBHBIE TOKYMEHTHI 0 CEHCMOCTOWKOCTH M PaliOHMPOBAHUIO, pa3padOTaHHbIE 3apyOeKHBIMU
CHELMAINUCTAMU B 00JIACTU CEMCMUYECKOM NHXXEHEPUH, CYLIECTBEHHO OTIIMYAIOTCS OT POCCUNCKUX.

B ornanume oT poCCUICKUX MEXKyHApOIHbIE CTAHAAPTHI, KaK IPABUIIO, COIEPKAT MATEMATUUECKUE
MOJIENI ¥ PACUETHBIE CXEMBbI, pa3padOTaHHbIE CIICIUATMCTAMH B 00JIACTH MEXaHUKH CIUIOUIHBIX CPEJ] ¥ UH-
KEHEPAMU-CTPOUTEIISIMH, YTO MO3BOJIMIIO MPUOIIN3UTE CEUCMUUECKOE PaliOHMPOBAHUE U COAEPKAaHUE HOPM
K HY’KJIJaM CECMOCTOMKOIO CTPOUTEIBCTBA, 4 TAKXKE K CHHKEHUIO CECMUYECKOTO PUCKA.

Buoieoowr

1. B HOpMax Ha ceHCMOCTONKOCTD CIIEAYET OTKA3aThCS OT KOHIICTIIIUH JHHAMUYCCKUX KO3 DUITHEHTOB,
HE UMEIoIel (U3MYSCKOT0 CMBICIIA JIJIS 3€MIICTPSICCHHIA.

2. Pa3paboTaTh KOHIEMIIMIO CIICKTPOB MAaKCUMAJIBHBIX PEAKIMI Ha 3€MJICTPSICCHUSI, YUUTHIBAsI 3apy-
OEXKHBIN OIIBIT.
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3. IlocTpoenne KOMOMHUPOBAHHBIX CIIEKTPOB 0TBETOB D-V-A B torapuMudeckinx KOOpAHMHAT MTO3BO-
JIUT OTIPENIENIUTh XapaKTePHbIE TOUKH CIIEKTPOB PEAKIINN.

4. ndopmanus 0 XapakTepHBIX TOUYKAaX CHEKTPOB MAKCHUMAJbHBIX peaklUi JacT BO3MOXKHOCTb
MMOCTPOUTH KapThI CEUCMUYECKOTO paliloHupoBanusa PO B nzoceiicMax yCKOPEHUH.

5. KapTsl B H30ceiicMax yCKOpEHHI MO3BOJIST OTKA3aThCsl OT Tpy0Oro U HETOYHOTO PalOHUPOBAHHS B
Oanax, KOTOpoe HUTJE B MUPE HE UCIIOIb3YeTCsl.
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Biausinue ypoBHA NOBPEXACHNH HA TUHAMHYECKHE XapaKTePUCTHKHU
’KeJ1e300eTOHHBIX KOHCTPYKIUI NP OLlEHKEe UX CeHCMOCTONKOCTH

A.I'. Tampasan, M.B. Kyapsiues >

HanmonanbHslii nccnenoBareabckuii MOCKOBCKHIA TOCYIapCTBEHHBIN CTPOUTENbHBIN yHUBepcuTeT, Mockea, Poccus
< KudryavtsevMV@mgsu.ru

Hcrtopus crarbn AHHoTanus. bospiioe KOMMYECTBO 3MaHHMM 3a CBOM AKCIUTyaTallMOHHBIH
[Moctynuina B penakimio: 15 mapra 2024 . MIepUO IPUOOPETAIOT MOBPEXKICHHS PA3INIHOIO IPOUCXOXKICHUS: TEXHO-
Hopaborana: 21 mas 2024 T. TE€HHOTO0, MPUPOJHOI0, SKCIUTyaTallMOHHOTO U JIp. s AeTanbHON OLEHKH
[punsra k mybmmkanuu: 30 mas 2024 T. TEXHUYECKOTO COCTOSHUS 3/IaHUH U COOPY>KEHHUS B COOTBETCTBUH C HOpMa-

THUBHBIMH JOKYMEHTaMHM IPOBOIAT TMHAMUUECKHE UCTIBITAaHUA IS 001Iero
aHaJIM3a COCTOSHUS MOBPEXACHHOCTH 3/1aHusl. Bo MHOrMX padoTax orede-
CTBEHHBIX M 3apyO€XHBIX aBTOPOB IIPHUBEICHBI PE3yJIbTaThl CONOCTABIIE-
ABTOpBI 325BJIAIOT 00 OTCYTCTBUH HUsl HaTYpPHBIX UCIBITAHUN U YHUCIICHHBIX PacyeTOB METOAOM KOHEYHBIX
KOH(JIMKTa HHTEPECOB. aneMeHToB. [Ipu aHamm3e pe3ynbTaToB MOXKHO CAENATh BBIBOJIBI, UTO AWHA-
MHYECKHH METOJ SBISETCS JOCTOBEPHBIM, OJTHAKO MMEET Psii OTpaHnye-
Hui. IIpenMyInecTBOM AMHaMHUYECKOTO METOAAa OLEHKH IOBPEKIACHUN
Bxuaian apTopos 3[aHUN SIBISETCA BO3MOXKHOCTb KOPPEKTHUPOBKH KOHEUHO-3JIEMEHTHBIX
MoJiesIel B ITPOTPaMMHBIX KOMIUIEKCaX C y4eTOM ITOJyYeHHBIX pe3yJIbTa-
TOB TI0 HaTYypPHBIM HCIBITAHHUAM, YTO ITO3BOJIET MOJNYYUTH OOJICE TOUHBIE
PE3YJIBTAThI AJIsl OLIEHKH HECYILEH CIIOCOOHOCTH B YCIIOBHSIX CEHCMHYECKUX
BO31ecTBUAX. J{1s1 yTOUHEHUS CBEICHUN O BIMSIHUU MOBPEXACHUI 31aHUi
Ha UX CEHCMOCTOMKOCTh OBLI IIOCTABJIEH SKCIEPUMEHT Ha KOPPO3HOHHO-
TIOBPEXIICHHBIX JKeJIe300€TOHHBIX KOJOHHAX. Pe3ynbraToM mepBoro srara
SKCIEPUMEHTA SIBJIIETCS OLIEHKA M3MEHEHUS! TUHAMUYECKUX XapaKTepUCTHK
(cobcTBeHHas 4acTOTa, AEKPEMEHT KojeOaHuil, Ko3)(UIMEHT 3aTyXaHHs
KOJIeOaHHUH U JIp.) ’KeTIe300€TOHHBIX 00pa3I[0B KOJIOHH, TOABEPKEHHBIX KOP-
PO3HOHHBIM ITOBPEXKICHHUSM.

3asiBiIeHHE 0O KOH(l).]'lPlKTe HHTEpeCcoB

HepaznenpHoe coaBTOPCTBO.

KuroueBblie c10Ba: gacToTa KolebaHUH, KOPPO3us, KeIe300eTOH, TeKpe-
MEHT KOJICOaHUIA, SKCIICPUMCHTAILHBIC HCCIICOBAHMS, TIOBPEKICHHE, TUHA-
MHUYECKHH METOJT

Jasi uuTupoBanus

Tamrazyan A.G., Kudryavtsev M.V. Influence of damage level on dynamic characteristics of reinforced concrete structures

when assessing their seismic resistance // CrpouTesnbHas MeXaHHKa HHKEHEPHBIX KOHCTPYKIMH U coopyskenuii. 2024. T. 20.
Ne 3. C. 255-264. http://doi.org/10.22363/1815-5235-2024-20-3-255-264

1. Introduction

During operation, buildings and structures sustain damage, the origin of which can be divided into two
main categories: man-made (explosions, fires, removal of structural elements, accidents) and natural. In the
modern world, reinforced concrete buildings and structures account for 70—-80% of the total volume of
construction. Due to the influence of aggressive media, as well as man-induced factors, the process of
corrosion of load-bearing reinforced concrete elements can start, which in turn leads to a decrease in the
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rigidity and load-bearing capacity of the building. Special attention should be paid to the assessment of the
technical condition of existing buildings located in seismic regions of the Russian Federation. Considering
the reduction of stiffness parameters of buildings due to existing damage, integral dynamic characteristics are
noticeably reduced. Assuming unchanged mass characteristics of the object, the eigenfrequencies of vibration
become lower, which in turn affects such parameters as the period and shape of free vibrations, which
characterize the degree of dynamic impact on the object and the change in shape at various points under
study [1-5].

The main regulatory document in the field of monitoring and technical inspection of buildings and
structures is GOST 31937-2011% interstate standard. This document regulates the definition of dynamic
parameters of buildings and structures, which characterize the dynamic properties that are exposed under
dynamic loads. The definition of dynamic properties includes frequencies, periods, decrements (X, Y, Z axes)
of vibrations, transfer functions of the structure (as well as its individual parts and elements) [6].

Measurement of dynamic parameters should be performed after the construction of the facility,
as well as 2 years after. If the measurement results of the dynamic characteristics do not differ by more
than 10% from the previous inspection, the subsequent measurement must be repeated after 2 years.
If the deviation of 10% from the original parameters is exceeded, a full mandatory unscheduled inspection
should be carried out.

In addition, these dynamic parameters can be used for the following tasks:

> refinement (validation) of the numerical model;

> evaluation of the actual seismic resistance;

> implementation of seismic strengthening measures;

> determination of the damage degree;

> localization of damage locations.

The main measurement rules and instrumental methods for determining eigenfrequencies, periods and
logarithmic decrements of vibrations are established by GOST R 54859-20112 national standard of the
Russian Federation.

The main purpose of the study is to investigate the influence of the level of corrosion damage
of reinforced concrete structures on the change of their dynamic characteristics. Based on the obtained and
analyzed data on the influence of corrosion on the dynamics of reinforced concrete structures located
in earthquake-prone regions, it is possible to predict their earthquake resistance.

2. Methods

In [7], seismic resistance of a cast-in-situ reinforced concrete building was evaluated based on
experimental data from the Polytechnic University in Hong Kong. The tower-type building was subjected to
structural damage. At each stage, the fundamental vibration frequency was measured at each damage level,
and the results are summarized in Table 1.

The building was modeled in Abaqus CAE, and according to the calculation results, the building
collapse occurs at the degree of reduction of natural vibration frequency > 15%. The calculation results
confirm the results of the field experiment.

In [8], short-term monitoring of 6 multistory buildings of different years of construction (from 1973
to 2014), with different number of storeys and sections was performed. Monitoring was conducted between
July and October 2017. Based on the test results, the author concludes that the method of dynamic monitoring
can be applied to assess building damage as an integral method with mandatory additional technical
inspection.

1 GOST 31937-2011. Buildings and constructions. Rules of inspection and monitoring of the technical condition. Moscow:
Standartinform Publ.; 2014.

2 GOST R 54859-2011. Buildings and constructions. Determination of the parameters of the basic tone of free oscillations
of buildings. Moscow: Standartinform Publ.; 2012.
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Table 1
Results of the experiment in paper
Degree of damage Yalue_z of fundamental Decrease in_ freq_uency
vibration frequency, Hz of natural vibration, %
No damage 4.61 0
Light 4.55 1.3
Moderate 4.32 6.3
Serious (severe) 3.70 19.7
Catastrophic (before complete destruction) 2.58 44.0

Source: Chauskin A.Yu. [7]

In [9], an experimental evaluation of an 11-storey frame building of the KUB-2.5 series was performed
to analyze the level of seismic resistance of residential buildings. The research results are based on the
parametric analysis of forced vibrations (microseismic vibrations), which allowed to estimate the change in
the integral stiffness of load-bearing structures due to damage accumulation. The initial dynamic
characteristics were determined, which will allow further monitoring of the technical condition of the
building.

The author of [10] states that the advantage of the dynamic control method is its “integrality”, which
reflects the deformation of bond of reinforcement with concrete in reinforced concrete structures, and allows
to evaluate strength, stiffness and crack resistance. The author investigated a reinforced concrete beam with
a length of 6 meters and a cross section of 40x70 cm. The beam had a 15x15x3 cm defect located at a distance
of 3 meters from one of the supports. The modeling was performed in ANSYS PC (Figure 1). The experiment
showed that with the increase of the defect size there is a decrease in the eigenfrequencies of vibration.
The best result about the location of the defect was shown by the method of changing the shape of vibrations,
the basis of which is the modal convergence criterion (MAC):

2

*

‘Z::fp(x)j '(P(X)j
000, X))

where x is the distance to the measurement point, n is the number of vibration measurement points,
¢ and ¢* are the values of vibration shape displacements without and with damage. The error of the method
amounted to 2.33%, which is a positive result.

MAC (x) = (1)

Figure 1. Defect detection by modal convergence method:
a — FE model of beam with defect (first and second eigenfrequencies);
b — location of the defect along the length of the beam
Source: Kadomtsev M.I. et al. [10]
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The modal convergence criterion (MAC) varies from 0 (no correlation between modes of vibration)
to 1 (100% matching).

Paper [11] considers the problem of predicting the consequences of earthquakes, man-made accidents,
natural factors, and other impacts on the load-bearing structures of operating buildings. It is recommended
to use eigenfrequencies, decrements, and periods of vibration as the main parameters for verification of the
analysis model. To predict the seismic resistance of buildings with damage, it is necessary to create a model
with the closest possible values of dynamic characteristics. As an example, the author considers a large-panel
building located in St. Petersburg. Based on the results of the survey, the frequencies of natural vibrations
were determined, and the model was created in ANSY'S. The results are summarized in Table 2.

Table 2
Results of the calculation in paper
Shape of vibration Vibration Frequency of vibration Mismatch of vibration
according frequency recorded according to the model adjusted frequency in relation
to the model during testing, Hz by dynamic characteristics, Hz to the design frequency, %
1 1.25 1.291 3.1
2 1.92 1.944 1.2
3 1.94 2.045 51
4 5.96 5.604 5.9
5 6.98 6.832 2.1
6 7.812 7.456 4.5

Source: Savin S.N., Smirnova E.E. [11]

Based on the obtained data, calculations were performed considering the damage to buildings from the
unevenness of building settlement with subsequent partial failure.

The author concluded that this method could solve various problems, both in evaluating the technical
condition of the building, and for forecasting the residual life of damaged objects.

To evaluate the reduction of dynamic characteristics of corrosion-damaged structures, an experiment is
conducted on reinforced concrete columns with dimensions of 100x100x700 mm [12-17]. Damage to
reinforcement is achieved by electrocorrosion of specimens in salt solution. The undamaged specimen is
fixed by the widening in the base to the floor. At a distance of 150 mm from the free edge of the column,
a displacement sensor parallel to the impact is installed, and a force sensor is fixed to the end of the column
above the displacement sensor (Figure 2).

The test methodology and processing of the results are as follows:

1. The force sensor is struck with a hammer to excite forced vibrations in the column.

2. Recording equipment reads the impact force and records at a frequency of 1000 Hz.

3. Based on the test results, the time graph of the vibration amplitude is plotted and the first
eigenfrequency of vibration, vibration period, logarithmic decrement of vibration and damping coefficient
are analytically determined (Figure 3).

The first eigenfrequency for the intact sample was 37.037 Hz, and the vibration period was 0.027 s.

To estimate the damping of the system, we introduce the logarithmic decrement of vibration — 5. The
rate of damping is defined as the natural logarithm of the ratio of peak vibration amplitudes spaced by one
period:

5=InJi—qT. @)
yi+l
Also, in dynamic analysis, important characteristics are the coefficient of energy absorption
characterizing the cyclicity of deformation process, which in the form of the ratio to the number 27 gives
inelastic deformation coefficient y. The inelastic drag coefficient (equation (3)) and energy absorption
coefficient (equation (4)) were determined based on the experiments performed [18-25].
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Figure 2. Specimen testing:
a — reinforcement model; b — testing of samples
Source: made by A.G. Tamrazyan, M.V. Kudryavtsev
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Figure 3. “Amplitude, mm vs time, s” graph
Source:made by A.G. Tamrazyan, M.V. Kudryavtsev
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3. Results and Discussion

Equations (2)—(4) were used to calculate the main dynamic characteristics obtained experimentally on
reinforced concrete column specimens undamaged by corrosion. The results of calculations are presented
in Table 3.

Table 3
Results of the authors’ calculations
Ne | Sample ID along period frequency of vibration frequency coefficient coefficient
the axis
T v o (0] v v

X 0.027 37.04 0.263 232.6 0.0837 0.525
t tetd Y 0.031 32.26 0.173 202.6 0.0552 0.347
” lep X 0.027 37.04 0.369 232.6 0.1175 0.738
Y 0.026 38.46 0.133 2415 0.0423 0.266
3 le3 X 0.024 41.67 0.230 261.7 0.0734 0.461
Y 0.028 35.71 0.236 224.3 0.0750 0471
X 0.026 38.46 0.246 2415 0.0784 0.492
4 te-d Y 0.026 38.46 0.808 2415 0.2572 1.615
X 0.031 32.26 0.468 202.6 0.1491 0.937
> fe Y 0.029 34.48 0.911 216.6 0.2903 1.823
X 0.026 38.46 0.156 2415 0.0496 0.311
° le6 Y 0.027 37.04 0.308 232.6 0.0982 0.617
; Lo X 0.028 35.71 0.400 224.3 0.1274 0.800
Y 0.027 37.04 0.355 232.6 0.1130 0.710
g red X 0.028 35.71 0.169 224.3 0.0537 0.338
Y 0.035 28.57 0.122 179.4 0.0389 0.244
0 rep X 0.031 32.26 0.330 202.6 0.1052 0.661
Y 0.03 33.33 0.423 209.3 0.1348 0.846
X 0.026 38.46 0.289 2415 0.0921 0.579
10 23 Y 0.027 37.04 0.271 232.6 0.0865 0.543
X 0.026 38.46 0.644 2415 0.2049 1.287
t 2 Y 0.029 34.48 0.402 216.6 0.1282 0.805
" res X 0.026 38.46 0.344 2415 0.1095 0.687
Y 0.029 34.48 0.201 216.6 0.0639 0.401
13 et X 0.03 33.33 0.144 209.3 0.0459 0.288
Y 0.03 33.33 0.264 209.3 0.0840 0.527
1 . X 0.026 38.46 0.223 2415 0.0710 0.446
Y 0.029 34.48 0.216 216.6 0.0687 0.432
Mean value: 35.89 0.325 225.4 0.1035 0.650

Source:madeby A.G. Tamrazyan, M.V. Kudryavtsev

Since the experimental study with artificial corrosion of reinforced concrete takes a long time, the test
results with a comparison of the obtained results will be presented in the upcoming articles.
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4. Conclusion

1. Based on the scientific studies using methods of mathematical analysis, computer modeling and
in-situ tests, conclusions were made about the significant effect of reducing the frequency of natural vibrations
on the degree of damage to the building under dynamic action such as seismic loading. This effect arises due
to the accumulation of damages of different nature in the nodes of structures and elements of buildings,
making them less rigid and more compliant, which affects the overall degradation of the rigidity of the
structure.

2. The method of dynamic assessment of the technical condition of buildings and structures is popular
among surveyors, but there are difficulties in comparing measured values with the original indicators, because
the latter, in turn, have not been measured. This problem can be solved by designing a high quality model
in a CAE software. Also, to estimate the residual life of buildings and to assess the seismic resistance
of buildings, the results of measurements can be introduced into the calculation to refine the FEM model
considering the technical condition of the building.

3. Conducting the experiment will allow to expand the field of assessment of the technical condition
of buildings considering the corrosion damage of load-bearing structures, which will increase the accuracy
of solving the problems of earthquake resistance.
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AHAIMTHYECKH pacyeT KOHUYeCKO 000/I0YKH HA JJLIHNTHYECKOM
OCHOBAHHMH MO 0€3MOMEHTHOI Teopuu

C.H. KpuBomanko

Poccuiickuii yauBepcuret apyx0s! HapoaoB, Mockea, Poccus

D4 sn_krivoshapko@mail.ru

HcTopus cTaTbu Annoranus. Jluddepennnansusie ypaBHEHN PaBHOBECHSI O€3MOMEHT-
HOW TeopuH 000JOYEK JIerde BCETO MHTEIPHPYIOTCS Ul LMIMHAPHYE-
CKUX M TpsSIMBIX KOHHYECKHX KpYyroBbiX oOojouek. TpynHee
3ajaua pemaercs A 000JI0UEeK HyJIEBOH IayCcCOBOM KPUBU3HBI, 3a/1aH-
HBIX HE B JIMHUSAX KPUBU3HBI. JTO €IIe pa3 MOATBEPXKIECHO Ha TIPUMEpE
KOHMYECKOH 3JUIMNTHYECKOH 0005104KH. BriepBble mosrydeHbl aHaIuTH-
3asiBJIeHUE O KOH(I)J'H/IKTC HHTEpPecoB YECKHUC CbOpMyJ'IBI JUIST OTIPEACIICHUSI HOPMAJIBHBIX U KaCaTECJIbHBIX BHYT-
PeHHHUX YCWIHHA B TPSIMOH KOHWYECKOW OJIUITUNTHYCCKOH 00O0I0UYKe
1o 0e3MOMEHTHOH Teopun 000JI0YEK, 33JaHHBIX B HEOPTOTOHAIBHOM
COIPSIKEHHOM CHUCTEME KpUBOJIMHENHBIX KoopauHatr. I[lomydenssie
pe3yabTaThl MOTYT OBITH MCHOJB30BAHBI JUIS MPUOIMKECHHON OLEHKH
HaNPSHKEHHOTO COCTOSHUSI TOHKUX KOHMYECKMX 000JI0UEK Ha AJUIHIITH-
YE€CKOM OCHOBAaHHWH, a TAKXKE€ IPHU HUCCICIOBAHUUN yCTOﬁ’{HBOCTl/I 9TUX
obosouek. YeTslpe BHYTPEHHUX TAaHT€HIMAIBHBIX YCWIINS, MOJydYCH-
HbIE HUHTETPUPOBAHUEM CUCTEMBI YETBHIPEX YPABHEHHI PABHOBECHS JJIe-
MeHTa 000JIOYKH, COJIEpIKAT ABE HEU3BECTHBIE (DYHKIIMU UHTEIPUPOBaA-
HUSI, KOTOPBIE HAXOISATCS IIPU BBIITOJIHEHUH ITOCTABIEHHBIX TPAaHUYHBIX
ycioBui. Vcnonap30BaHne MOIYYEHHBIX aHATUTHYECKHX (HOpMyI Impo-
UJUTIOCTPUPOBAHO Ha MPUMEPE pacyeTa yCeUeHHONM KOHNYECKOH 3IIIHII-
TUYECKOI 000JI0UKH cO CBOOOJHBIM BEPXHUM KpaeM. BHemrnsst Har-
py3ka — IIOBEPXHOCTHAs DPABHOMEPHO pacHpeielieHHas Harpyska
B HalpaBJICHWH BEPTUKAIBHON ocH 000s04Ky. [IpuBeieHHbIE (OPMYIIBI
JIETKO aAaNnTUPYIOTCS AJIS Cllydas pacyeTa MpsIMON KPYroBOil KOHHYe-
CKOM 000JI0YKH.

[Mocrynmia B pegakmmro: 28 derpanst 2024 r.
Hopaborana: 17 anpens 2024 r.
[Ipunsra k mybmukanuu: 26 anpemnst 2024 .

ABTOD 3asBIIsIEeT 00 OTCYTCTBUU
KOH(IINKTA HHTEPECOB.

KaioueBsie c10Ba: 37uMNTHYECKUH KOHYC, O€3MOMEHTHas Teopust 060-
JIOUCK, HCOPTOTOHAJIbHBIC KpMBOHHHeﬁHble KOOpAUHATHI, yCC‘leHHMﬁ
3JUIMNTUYECKUI KOHYC

JJasi uuTMpoBaHus

Krivoshapko S.N. Analytical calculation of momentless conical shell with elliptical base // CtpouTenbHas MexaHuKa
WHXXEHEPHBIX KOHCTPYKIUH U coopyxenmid. 2024. T.20. Ne 3. C. 265-275. http://doi.org/10.22363/1815-5235-2024-
20-3-265-275

1. Introduction

The momentless theory of the analysis of rigid thin shells is an approximate theory, but in some cases
it gives fairly accurate values of tangential internal forces, which can be used for preliminary analysis of the
stress state of a thin shell [1]. This data can be useful, for example, when assigning the thickness of the shell.
It has been established that the momentless theory of shells yields reasonable results in comparison with exact
results when fulfilling well-known requirements for supports, the type of external loads, boundary conditions

Kpugowanko Cepzeit Huxkonaeguu, 10KTOp TEXHHYECKNX HayK, npodeccop, mpodeccop AenapTaMeHTa CTPOUTENICTBA, MHKEHEPHas akajaemus, Poc-
cuiickuil yHUBEpCUTET JIpyKObl HapoaoB, Mocksa, Poccusi; eLIBRARY SPIN-koa: 2021-6966; ORCID: 0000-0002-9385-3699; E-mail: sn_krivoshapko@
mail.ru
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and the shape of the shell [2; 3]. Research on the momentless theory of rigid thin shells was being actively
developed especially until the 1980s [4]. Then came the fascination with numerical methods for calculating
moment shells using linear and physically or geometrically nonlinear calculation theories. However, in many
monographs of famous scientists of the last years of the 20th century, there was a necessary chapter devoted
to the momentless theory of calculating thin shells [1-3; 5], and textbooks contained information about
the application potential of this theory [6]. The momentless theory is used in the study of stability of thin
shells [7].

At the present day, the amount of studies on the momentless theory of shells has been significantly
reduced, but they are available [8]. Generally, a comparative analysis of the results obtained by the
momentless theory and by more precise methods using numerical methods is carried out [9]. There are
studies containing comparative analysis of the calculation results obtained using the momentless theory of
shells and the results obtained experimentally, for example, in the process of designing the conical shell
foundations [10].

The conical shape of shells is currently widely used in civil [11] and mechanical engineering [12]. Shells
in the form of right thin (Figure 1) and thick [13] circular cones have been applied in most cases, but conical
shells with elliptical base are also used [14-16]. Moreover, truncated conical shells with elliptical base have
found application even in medicine [17].

The purpose of this work is to obtain analytical expressions for determining tangential internal forces
in an elliptical conical shell according to the momentless theory.

The symmetric equation of a right elliptical conical surface may be expressed in the following form:

X2 y2 ZZ

L2 W2 T2

where T is the height of the conical surface.
Parametric equations of the elliptical cone (Figure 2) are known [18]:

x = x(uv)= VL[l —u], y =y(uv)= £ W]l —u][l — MZTZ’ z =z(u) =uT, (1)
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Figure 1. Circular cone, “City of Arts and Sciences”,
Valencia, Spain Figure 2. Right elliptical conical surface
Source:photo by S.L. Shambina Source:compiled by S.N. Krivoshapko
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Lateral area of an elliptical cone can be calculated with the following formula [19]:

A, zg[W\/L2+T2 FLW? +T2J.

Volume of an elliptical cone is determined by the following formula:

V.. ==TLW.
3

The surface depicted in Figure 2 is generated by a family of z = const sections (ellipses).
By adopting a new variable parameter 0 > B > 2z, so that v =sinp, 1 —v* =cos’, parametric equa-
tions (1) can be expressed in the following form:

x = x(u,v)= L[l —u] sinf;

y =y(u,v)= W[l —u] cosp; 2)

z =z(u) =uT.

Curvilinear coordinates u, v of the elliptical cone defined by parametric equations (1), (2) are non-
orthogonal and conjugate [18]. Coordinate lines u are straight generatrices of the cone, lines v are ellipses

lying in parallel planes. Coordinate lines v intersect coordinate lines u at right angles only along the straight
generatricesv =0 and v = 1.

2. Momentless Theory of Calculating Right Conical Surface with Elliptical Base

Paper [18] contains the derivation of analytical equations for determining the normal and tangential
internal forces of a thin shell, the middle surface of which is defined by equations (1). Using the momentless
shell theory, the system of three equilibrium equations of a shell element is obtained from the general
equations of equilibrium for shells defined in curvilinear non-orthogonal conjugate coordinates [5].

The equations for determining normal forces Ny, N, and tangential forces Su # S, per unit length of the
corresponding coordinate lines, obtained in article [18], can be expanded in the form, convenient for
computer-assisted calculations:

N, = (1 -u)fs(v);

N =m( f, — 1‘10)+(1_—V2)2{3V (L2 —WZ)V L/ 2(1/;u)v2}+(1—u) fo;

C(-w?) 2(1-u) f,| A Yy

Vi(v) |
(1-u)"’ )

fV. vio o2 Vi, oy dV
O[(ljzl)Az_ZAz(L -w?) Vl_E(L W )d_vl}

S, =(1-u) fg(v)+

U=

S (1—u)(1—v2); Vi, + (1(1_V )f
ﬁ“ W, (v);

where fi = fi(v) are known values, Vi(v), V2(v) are arbitrary functions of integration, which are determined
by satisfying boundary conditions defined in forces.
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Equations (3) contain constant geometric dimensions L, W, T of the shell middle surface, mentioned
in the comments to equations (1). In addition, new constants K and R have been introduced, which allowed
to slightly reduce the formulas given below for expressing the known functions fi(v):

K=L2-W?, R:(W2+T2)(T2+L2).

The known functions fi(v), contained in equations (3), obtained by integration of the three equilibrium
equations in paper [18], can be written as follows:

(V) =VA -T2 = VLW (1-v2); A = A (v) = V22 A W2 (1-v2) 4 T,

fo(v)=L"-v?K;

3
VA T [ (W2 T2) T WA | g W T2 12 (v)

f = 1
s(V) LTWA? LTWA?

fs(v)= (1—\/2 ); v (v);
f,(v)= (1—\/2 )E Vi (V);

fy(v) = L (W2 +T2) = VT2 (L2 -W?);

gK ( T 4]
f.(v)= R| 4——3|-T*|;
(V) 3ALTW\/A2—T2{ A?

2 [ 212 2
f(v)=t Jpll K 1-vt -Vt aRT sroTe |-
2Af(v) | A BLTWR(v)| fy(v) A

P \RT? - @
(1-v*)8vRT K]+@K[f5(v)+qT]}

A4

In equations (4), q denotes the external surface load, such as self-weight, in the direction opposite to the
fixed coordinate axis z.

Thus, the momentless shell theory allows to obtain approximate values of normal forces Nu, N,
and tangential forces Sy, S, using analytical equations (3).

3. Truncated Elliptical Conical Shell with Free Upper Edge

Let the upper edge u = uo of the thin shell be free and the lower edge u = 0 be simply supported,
with the direction of the supports coinciding with the direction of the straight generatrices of the cone.
The shell is smooth, without fractures, and of constant thickness. External load g = const is a constant
distributed load, such as self-weight. Thus, all the requirements for the application of the momentless
theory for the shell are fulfilled.
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Since the upper edge u = uo is free, the following two boundary conditions can be defined at this
edge:

Su=0,Nu=0atu=uo.
The expression for normal force Nu is taken from paper [18] and is equated to zero:

N, =—(S, -S,) l*/f: +N, =0,
(1-v?)z v(L2-W?) )

and by considering that Su = 0, the presented condition is simplified:

N, =S \/f: +N, =0.

u v 1 v

(1-v?)2v(LP-w?)

By substituting the second and the fourth formula from the system of equations (3) into the last
expression, it is possible to determine integration constant Vi(v):

Vi(v)=-q (1-uo) (U _Wz)v(l—\ﬁ)i{A2 il fs(V)+%_R(4sz—3J_T4} =

ALTW /A% —T? A

+qK [AZ_TZf 1

:—v(l—vz); (1—u0)3{f9(v) TR 5 (v) :—v(l—vz)i (1=Uy )’ Vo (V). 6)

The second integration constant V2(v) is determined from the fourth formula of the system of equa-
tions (3) by satisfying the boundary condition of Sy = 0:

V(l_VZ)KVZ(V):(1—u0)zv(1—v2)1/2 - 1 {Vl(v)[fsvz(lvz)Kzl

Af, (1-up) f, | A2 2

1-v?)K dV.
_V( V) uv)}_ @

2 dv

Now, by using equations (3), internal tangential forces per unit length of coordinate lines can be
calculated:

S, =%{[(H)3 ~(1-0p)" [y - qK(l_:é’ETWAZ T fs(v)}: )

(1) (1—u)2—(1—u0)2 +(u—u0)(l—u0)2 fs(v) N
S, =v(1-v) { (1-u) o (L-u)* fy (V) { A Var (V)
K@-v?)(W?+T2 Kv(1-v*) dV,, (v
+ 2,(6\2 )V01(v)—§vz\/01(v)+ (2 ) dv( )}} ©)
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Normal force N, is calculated with the first formula of the system of equations (3). Normal force Nu
is determined according to formula (5):

S | o IR CCC T I L i ) e e

= f o
K (1-u)’ T (@-uyALTw (1-u) °
_[(1—u)—(1—uo)](1—u0)2\/ £+K(1—v2)(W2+T2)_K\,z )
(1-u) f, " A 2A° 2
v(l—vz)(u—uo)(l—uo) dv,, B gV A2 -T2 :
* 2 K (1-u) g e (10)
2(1-u)" f, dv ALTW

Coefficients fi = fi(v) are defined by equations (4); coordinate u varies in the range of 0 <u < uo,
and uo < 1; coordinate v varies from -1 to +1 (Figure 3).

It should be noted that truncated conical shells are widely used in mechanical engineering
(Figure 4, a) and civil engineering (Figures 4, b, c). The momentless shell theory can be useful
in studying the stability of truncated conical shells [20].

a

Figure 4. Truncated conical shells in mechanical and civil engineering:
a — metal product; b — conical roofs at the Bundeskunsthalle in Bonn Germany;

Figure 3. Truncated elliptical

conical shell ¢ — water tower in Midrand, South Africa
Source:compiled Source:a— http://molodec-kyznec.ru/market/
by S.N. Krivoshapko izgotovlenie_obechaek/val_covka_konusov/; 6 — [11]; ¢ — [11]

3.1. Example of Calculation

As an example, let us determine the internal tangential forces along the straight generatrices of the
truncated conical elliptical shell considered above. Let us examine the straight generatrices coinciding
with coordinate lines v = 0 and v = =1. For these lines, parameters fi(v) are calculated and summarized
in Table.

It was noted earlier that the curvilinear coordinate system u, v is non-orthogonal conjugate,
so S, # Su. Coordinate lines u = const intersect coordinate lines v at right angles only atv=0and v=+1.
Therefore, due to the law of reciprocity of tangential stresses according to equations (8) and (9), it turns
out that Sy = Su.
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The straight generatrices coinciding with coordinate linesv=0and v = £1

v =0 (Figure 3) v = +1 (Figure 3)
fo=L? fo=W?2

f=(A2-T2)" =w f= (A2-T7)" =L
A?=W?2+T? A =1"+T°

f,=ql*/T fo=qW?/T

fo=0 fs=0

f7=0 f7=0

fo=L"(W*+T?) fy =W?(L*+T?)
quKﬁ*B—aNﬁQ—aNﬂﬂ _OK[TAW? 3w 3T |

f=
3LTW2 W2 +T2 ? AWTL2 VL +T2
oK [ T2 (L2 +W?)-aw* (L2 +T?)] QK[ WT? (L2 +W?)-3L* (W2 +T7)]
BLATW2 W24 T2 6LATWE L2+ T2
_ OKT (L -3w?) ~ OKT(W?-30%)

Vi, = v, -
Yoawe W eT? - VENE

fio = fio =

Source:compiled by S.N. Krivoshapko

Normal forces N, along coordinate lines u, i.e. at v=0 and v =1, are calculated according
to equations presented in Table. Normal forces Nu along the same coordinate lines can be calculated using
formula (10) at v =0 and v = +1. For example, formula (10) takes the following form when evaluated
atv=0:

MJV—O)=€E%ﬁ?{@—uxTﬂf—7EMVT2+mﬂN4+aNﬁQ)—

_(Lﬂ%)[Tzug_3N2x56—Nvﬂ]+gkjﬁl{4rﬂf—mﬂN4—9UMFT2} (11)

(1-u)

One can perform a check that normal force Nu, calculated with formula (11), must be zero at the
free edge u = uo (Figure 3).
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3.2. Right Circular Conical Surface

A right circular conical surface may be analysed using the formulas presented above by setting
K=L2-W2?=0and L =W =r, where r is the radius of the base of the cone.
Thus, the following may be obtained for a truncated circular conical shell with a free upper edge:

Su=S=0;

2

N, =(1-u)ds

_q W r2—T2)+ (1_u0)3 2_(1_u0)2 (2 L 5T2
N, _G—T{s(l— )(r*-T?) 8—(1_U)ZT = (3r*+5T )}

4, Results and Discussion

It is known that the differential equilibrium equations of the momentless shell theory are most easily
integrated for shells of zero Gaussian curvature, the middle surfaces of which are defined in lines
of curvature, e.g., cylindrical and right circular conical shells. The problem is more difficult to solve for
shells of zero Gaussian curvature defined in arbitrary coordinate lines [1]. This is further confirmed
by the example of an elliptical conical shell. The main difficulty in the calculation was the application
of a curvilinear non-orthogonal conjugate coordinate system, in which the middle surface of the thin shell
under consideration is defined. The equilibrium equations of the shell element defined in an arbitrary
curvilinear coordinate system were used for the analysis. These equations were obtained by the author
earlier.

1. For the first time, analytical expressions for the determination of normal and tangential internal
forces in a right elliptical conical shell according to the momentless theory of shells defined in a non-
orthogonal conjugate system of curvilinear coordinates are obtained. The obtained approximate results
can be used to evaluate the stress state of thin conical shells with an elliptic base, as well as to study the
stability of these shells.

2. The application of the formulas obtained for the first time for the calculation of tangential forces
according to the momentless shell theory is demonstrated by the example of a truncated elliptical conical
shell with a free upper edge subjected to a distributed load such as self-weight.

3. Itis shown that the obtained equations can be used for the analysis of right circular conical shells
according to the momentless theory.

5. Conclusion

Despite the development of powerful computer hardware and the creation of powerful software
systems capable of calculating the stress-strain state of complex thin-walled spatial structures on the basis
of the moment theory of shells, the momentless theory has not lost its relevance. Computational systems
are most often based on the application of numerical methods of calculation. The possibility of obtaining
analytical solutions is always preferable, as it allows to review the obtained solution. The momentless
stress state occupies an honorable place in the calculation of shells, being the ideal to which one should
strive when designing shells. The conditions of the momentless stress state cannot always be fulfilled
structurally. Even so, the results of the calculation, at some distance from problematic areas, may be
acceptable for preliminary design decisions.

PACYET TOHKVIX YMPYTVX OBONOYEK 273



Krivoshapko S.N. Structural Mechanics of Engineering Constructions and Buildings. 2024;20(3):265-275

References

1. Goldenveizer A.L. Theory of Elastic Thin Shells. New York: Pergamon Publ.; 1961.

2. Novozhilov V.V., Chernikh K.F., Mikhailovskiy E.I. Linear Theory of Thin Shells. Leningrad: Politechnika Publ.;
1991. (In Russ.) ISBN 5-7325-0127-4

3. Jawad M.H. Design of Plate and Shell Structures. New York: ASME Publ.; 2004. ISBN: 0-7918-0199-3

4. Bajoriya G.Ch. The application of the system of Goldenveiser’s equations for analysis of momentless torse shells.
Issledovaniya po Raschetu Elementov Prostranstvennih Sistem [Investigation on Analysis of Fragments of Space Systems].
Moscow: UDN; 1987. P. 65-72 (In Russ.)

5. lvanov V.N., Krivoshapko S.N. Analytical Methods of Analysis of Shells of Non-canonical Shape. Moscow: RUDN;
2010. (In Russ.) EDN: TINZYP

6. Rekach V.G. Manual for Solution of Problems of Applied Theory of Elasticity. Moscow: Vysshaya Shkola Publ.;
1973.

7. Tovstik P.E. Stability of Thin Shells: Asymptotic Methods. Moscow: Nauka, Fizmatlit Publ.; 1995. (In Russ.) ISBN
5-02-014522-X

8. Tyurikov E.V. On the construction of mathematical models of the membrane theory of convex shells. Advanced
Engineering Research (Rostov-on-Don). 2023;23(1):17-25. https://doi.org/10.23947/2687-1653-2023-23-1-17-25

9. Ivanov V.N., Alyoshina O.0. Comparative analysis of the stress-strain state’s parameters of equal slope shell with
the director ellipse using three calculation methods. Structural Mechanics and Analysis of Constructions. 2020;3:37—-46.
In Russ.) https://doi.org/10.37538/0039-2383.2020.3.37.46

10. Fattah M.Y., Waryosh W.A., Al-Hamdani M.A.E. Experimental and theoretical studies of bearing capacity of
conical shell foundations composed of reactive powder concrete. Acta Geodyn. Geometer. 2015;12(4):411-420. https://
doi.org/10.13168/AGG.2015.0037

11. Mamieva I.A., Razin A.L. Symbol spatial structures in the form of conic surfaces. Industrial and Civil Engineering.
2017;10:5-11. (In Russ.) EDN: ZSMVFN

12. Golzan B.S., Showkati H. Buckling of thin-walled conical shells under uniform external pressure. Thin-Walled
Structures. 2008;46(5):516-529. https://doi.org/10.1016/j.tws.2007.10.011

13.Chung S.W., Ju Gisu. A conical shell theory of hybrid anisotropic materials. International Journal of Composite
Materials. 2019;9(3):53-59. https://doi.org/10.5923/j.cmaterials.20190903.01

14. Kantor B.Ya., Mellerovich G.M., Naumenko V.V. Investigation of stress state of shells of elliptic cone. Dynamics
and Strength of Mashines. 1982;31:19-34.

15. Krivoshapko S.N., Timoshin M.A. Static calculation of an elliptical shell of the same slope, two conical shells with
a guiding ellipse and a torso with two ellipses lying in parallel planes for overall stability. Proceedings of the International
Scientific and Practical Conference “Engineering Systems — 2012.” Moscow, 2012. C. 40-46. (In Russ.) EDN: TYKBOV

16. Drozdov S.M., Zhirnikov B.L., Kosykh A.P., Nersesov G.G., Yumashev V.L. Investigation of streamlining and
aero-dynamical characteristics of blunted elliptical cones when supersonic speed. Scientific notes of TSAGI, 2008. Vol. 39.
No. 1-2. P. 39-51. (In Russ.) EDN: JWVOIZ

17. Hueston S. Anthropometric Analysis of the Cervical Spine. Wright State University. Browse all Theses and
Dissertations. 2011. 83 p. Available from: https://corescholar.libraries.wright.edu/etd_all/487 (accessed: 22.05.2023).

18. Krivoshapko S.N. Ruled shells of conical type on elliptical base. Structural Mechanics of Engineering
Constructions and Buildings. 2024;20(1):40-56. http://doi.org/10.22363/1815-5235-2024-20-1-40-56

19. Weisstein E.W. Elliptic Cone. Available from: https://mathworld.wolfram.com/EllipticCone.html (accessed:
22.05.2023).

20. Gizatulina G.S. Investigation of Stability of Truncated Conical Shells of Elliptical Cross Section under Different
Types of Loading: dissertation for the degree of Candidate of Physical and Mathematical Sciences. Kazan; 1999. EDN:
QCZCNB

CnMcok JuTepaTypsbl

1. Goldenveizer A.L. Theory of Elastic Thin Shells. New York: Pergamon Publ.; 1961. 662 p.

2. Hosoorcunos B.B., Yepnvix K.@., Muxaiinoeckuii E.J. JInneiinas teopust TOHKUX o0omouek. JI.: [Tonurexnnka, 1991.
656 c. ISBN 5-7325-0127-4

3. Jawad M.H. Design of Plate and Shell Structures. NY: ASME PRESS, 2004. 476 p. ISBN: 0-7918-0199-3

4. baoocopus I'. Y. [Ipumenenue cucremsl ypaBHeHuid A.J1. I'onbaeHBei3epa it pacueTa TOPCOBBIX 000J104eK 1o 0e3-
MOMEHTHOH Teopuu // VlccienoBaHus 1Mo pacdeTy JIEMEHTOB MPOCTPAaHCTBEHHBIX cucTeM. M.: M3x-Bo YIH, 1987. C. 65-72.

274 ANALYSIS OF THIN ELASTIC SHELLS


https://elibrary.ru/contents.asp?id=34545562&selid=30548522
https://www.sciencedirect.com/journal/thin-walled-structures
https://www.sciencedirect.com/journal/thin-walled-structures
https://www.sciencedirect.com/journal/thin-walled-structures/vol/46/issue/5
https://doi.org/10.1016/j.tws.2007.10.011
https://corescholar.libraries.wright.edu/etd_all/487
Weisstein E.W.
https://mathworld.wolfram.com/EllipticCone.html

Kpusowanko C.H. CTpoutenbHas MexaHuka UHXEHEPHbBIX KOHCTPYKLMiA 1 coopykeHuid. 2024. T. 20. Ne 3. C. 265-275

5. Usanoe B.H., Kpusowanxo C.H. AHanuTH4YeCKHE METOIBI pacdeTa 000I0uek HekaHoOHIIeckoi Gpopmbr. M.: PYJTH,
2010. 542 c. EDN: TINZYP

6. Pexau B.I". PyKOBOJICTBO K PEIICHHUIO 33134 MPHUKJIAIHOM Teopun ynpyroctu. M.: Beicmas mikomna, 1973. 384 c.

7. Toscmuxk [1.E. Y cTOWYMBOCTH TOHKHX 000JIOYEK: acUMITOTHUeCKHe MeTonel. M.: Hayka; ®@usmatiut, 1995. 320 c.
ISBN 5-02-014522-X

8. Tiopuxos E.B. K BOnpocy 0 TOCTPOSHUHN MaTeMaTHYECKUX MOjeNeil MeMOpaHHON TEOPHH BBIMYKIBIX 06o0mouek //
Advanced Engineering Research (Rostov-on-Don). 2023. Vol. 23. No. 1. P. 17-25. https://doi.org/10.23947/2687-1653-
2023-23-1-17-25

9. Usanog B.H., Anéwuna O.O. CpaBHUTEIbHBIA aHAIN3 MapaMETPOB HAIPSIKEHHO-IePOPMUPOBAHHOTO COCTOSIHUS
TOpCa C HANPABJISIONIMM JUIMIICOM C TOMOUIBIO TPEX METO/0B pacyera // CTponTenbHas MEXaHUKa M pacdeT COOPYKEHHH.
2020. Ne 3. C. 37-46. https://doi.org/10.37538/0039-2383.2020.3.37.46

10. Fattah M.Y., Waryosh W.A., Al-Hamdani M.A.E. Experimental and theoretical studies of bearing capacity of conical
shell foundations composed of reactive powder concrete // Acta Geodyn. Geometer. 2015. Vol. 12. No. 4. P. 411-420.
https://doi.org/10.13168/AGG.2015.0037

11. Mamuesa U.A., Pasun A./]. 3HaKOBbIe MPOCTPAHCTBEHHBIE COOPYKEHUSI B (popMe KOHUUYECKHX TOBepxHOcTel //
[IpombInieHHOE ¥ TpakaaHckoe cTpouteabcTBo. 2017. Ne 10. C. 5-11. EDN: ZSMVFN

12. Golzan B.S., Showkati H. Buckling of thin-walled conical shells under uniform external pressure // Thin-Walled
Structures. 2008. Vol. 46. Iss. 5. P. 516-529. https://doi.org/10.1016/j.tws.2007.10.011

13. Chung S.W., Ju Gisu. A conical shell theory of hybrid anisotropic materials // International Journal of Composite
Materials. 2019. Vol. 9. Iss. 3. P. 53-59. https://doi.org/10.5923/j.cmaterials.20190903.01

14. Kanmop b.A., Mennepoeuu I'M., Haymenxo B.B. ViccnenoBanue HANPsHDKEHHOTO COCTOSTHUS 000JI0UEK THITA JLTUTI-
THUYECKOTo KoHyca // Jlunamuka u npouHocts mMaiuH. 1982. Beim. 31. C. 19-34.

15. Kpusowanxo C.H., Tumowun M.A. CTaTH4eCKU pacyeT MUIUNTHIECKOW 000JI0UKH OJMHAKOBOTO CKaTa, TBYX
KOHHYECKUX 000JI0YEK C HAIIPABIIAIOIAM JJIMIICOM H TOpCa C ABYMS AJUIUIICAMH, JISKAIIUMH B TTAPAJUIEIbHBIX IIIOCKOCTSIX
Ha o01ryto ycroiuuBocts // Tpyabl MexayHapoHOW HaydHO-MpaKkTHUecKoil KoH(epeHnnu «HXeHEepHbIE CUCTEMBI —
2012». M., 2012. C. 40-46. EDN: TYKBOV

16. flpozooe C.M., Kupnuroe b.JI., Kocvix A.Il., Hepcecos I'.I"., FOmawes B.JI. ViccnenoBanue 00TEKaHUSA U a3pOIH-
HAMHYECKUX XAPaKTEPUCTHK 3aTYIUICHHBIX 3JUITMITHYCCKHX KOHYCOB MPH CBEPX3BYKOBBIX CKOPOCTAX // YueHbIe 3amucKu
LIATU. 2008. T. 39. Ne 1-2. C. 39-51. EDN: JWVOIZ

17. Hueston S. Anthropometric Analysis of the Cervical Spine. Wright State University. Browse all Theses and
Dissertations. 2011. 83 p. URL: https://corescholar.libraries.wright.edu/etd_all/487(nata obpamenus: 22.05.2023).

18. Krivoshapko S.N. Ruled shells of conical type on elliptical base // CtpouTensHas MexaHWKa MHXCHEPHBIX KOH-
cTpykumit u coopyxennit. 2024. T. 20. Ne 1. C. 40-56. http://doi.org/10.22363/1815-5235-2024-20-1-40-56

19. Weisstein E.W. Elliptic Cone. URL.: https://mathworld.wolfram.com/EllipticCone.html (nata obpamenus: 22.05.2023).

20. I'uzamynuna I'.C. ViccnenoBanue yCTOHYNBOCTH YCEUEHHBIX KOHNYECKUX 000I0YEK JIUIMITHIECKOTO MOMIEPEeYHOT0
CCUCHHUS TPH PA3TMYHBIX TUIIAX HATPYKSHUS: TUC. ... KaHa. Gpu3.-maT. Hayk. Kaszans, 1999. 131 ¢. EDN: QCZCNB


https://elibrary.ru/item.asp?id=30548522
https://elibrary.ru/contents.asp?id=34545562
https://elibrary.ru/contents.asp?id=34545562&selid=30548522
https://www.sciencedirect.com/journal/thin-walled-structures
https://www.sciencedirect.com/journal/thin-walled-structures
https://www.sciencedirect.com/journal/thin-walled-structures/vol/46/issue/5
https://doi.org/10.1016/j.tws.2007.10.011
Weisstein E.W.
https://mathworld.wolfram.com/EllipticCone.html
https://any-book.ru/author/show/id/178046

y CTPOMTENBHAS MEXAHUKA UHXXEHEPHBIX KOHCTPYKLIMI U COOPYXXEHWIA ®
C‘(MMKM“G STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS : :

MHAEHEPHBIX KOHCTPYKLIAR
M COOPYAEHMI

2024. 20(3). 276-288

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

ONHAMUKA KOHCTPYKLIMA N COOPYXXEHWMA
DYNAMICS OF STRUCTURES AND BUILDINGS

DOI: 10.22363/1815-5235-2024-20-3-276-288
YK 624.04:004
EDN: KGHCLL Hayunas crates / Research article
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Poccuiickuii yausepcutet Tpancnopra, Mocksa, Poccus
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Hcropus cratbn AnHotanus. ChopMmynupoBaHa JUHaMHYecKas 3ajada C OTPHULATENHbHBIM
TocTynmia B pefakuuio: 7 anpens 2024 1.  TCUCHHEM BPEMEHH. OObIuHbIE YpaBHEHUS JBIDKEHUSA C J100aBICHUEM Hadallb-
JlopaGorana: 21 mas 2024 . HBIX YCJIOBHH JOCTaTOYHB! HE TOJBKO AN TOIO, 4TOOBI pacCMaTpUBaTh JBUIKE-
Ipumsita K nyGmukammn: 27 mast 2024 . Hue aedopMupyeMoil CUCTEMBI IIPU OOBIYHOM, HPSMOM TEYEHUM BPEMEHH, HO

MO3BOJIIIOT BOCCTaHABIMBATE COCTOSHUE CUCTEMBI JUIS MPEABITYINX MOMEHTOB
BpeMeHH. [IpakTndeckoe IpUIIOKEHNE PELICHHs 3a1a4 ¢ OTPULATENBHBIM Bpe-
MEHEM aBTOPBI BUIAT, NPEXKIE BCETO, B KOHTPOJIE YHUCIEHHBIX METOLOB WHTE-
TPUPOBaHMS YPaBHEHUH ABIDKEHHS, IMOCKOJIBKY MPSAMON M OOpaTHBIN X0 HE
ABTOpBI 3a5BJISIIOT 00 OTCYTCTBUH SIBISIFOTCST MACHTHYHBIMU. [Ipe/uiaraemplii crioco0 TeCTUPOBAHUS YHCICHHBIX
KOH(JIMKTa HHTEPECOB. METO/IOB pelICHHUs AUHAMHUYECKUX 3a7a4 B MPUHLUIE MOXET ObITh IPUMEHEH
K JII000H BBIYMCIUTENBHONW CXEME HHTETPUPOBAHMS YPABHEHUH IBHIKECHUSL.
JlaHo nBa mpuMepa ¢ YMCICHHBIM pPEIIeHHeM Ha OCHOBAaHHMHU SIBHOW BBIYHCIIH-
BkJ1aj aBTOPOB TENBHOM CXeMBI ¢ IKCTpanonaunueil no Anamcy. Pemmaemsle 3aqa4u OTHOCATCS
K IUIOCKO-Ae()OpPMHUPOBAHHOMY COCTOSIHMIO IUIACTHH B YCJIOBHSAX OOJBIINX
nepemerieHnid. OOmacT MIAaCTHH pa3OMBAIOTCS HA TPEYTOJIbHBIE KOHEYHBIE
SNIEMEHTHI C PAaBHOMEPHBIM IIAroM Ui MPOCTPAaHCTBEHHOHW ceTku. Kpusonu-
HEWHBIE TPAHULIBI B 9TOM CIIydae MONy4aroTCsl CTylIeHJaTbIMU. Pe3ynbrarsl mpu-
BEJICHHBIX TECTOBBIX IIPUMEPOB MPOAEMOHCTPUPOBAIM XOPOUIYK0 TOYHOCTD Te-
CTHUPYEMOTO MeToAa. beun paccMOTpeHs! 3a/1a4u, TpeOyroIue G0NIBIIOr0 KOMH-
YecTBa IIaroB MHTETPUPOBAaHUS (IO | MHJUIMOHA), TIPU 3TOM CHUCTEMa BO3Bpa-
IaJIach B MUCXOAHOE COCTOSIHHE ¢ OOJBIIONH TOYHOCTBIO. BTOpoe u3 mpuseneH-
HBIX YHCJICHHBIX pEIIeHHN UMeNno pacueTHyro cxemy u3 160 000 xoHEUHBIX
3JIEMEHTOB, AMHAMHUYECKOE pEIIEHHE 3a7a4ld HOCHUT SIBHO BBIPAXXCHHBIH BOJI-
HOBOH XapakTep pelleHusa. B nmpumepax MpuUBEAEHbI JaHHBIE O BOCCTaHOBIIE-
HUU 3HAUEHUH YIPYTUX NEpeMelleHuil, ckopocTell u HanpskeHul. OCHOBHOM
BBIBOJI, KOTOPBIM MOXXHO CIIeNIaTh U3 paOOTHI, 3aKITI0YAETCs B TOM, YTO MpEIa-
raeMbIi BapHAaHT KOHTPOJS YHCICHHBIX METOIOB MOXKET OBITh 3 (eKTHBHO Hc-
TI0JTb30BaH, 0COOEHHO ISl 33/1a4, PeIIEHHE KOTOPBIX HOCHT BOJTHOBOHM XapakTep.

3asiBjieHHE 0O KOH(I)JII/IKTB HHTEPECOB
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Avrticle history Abstract. A dynamic problem with negative flow of time is formulated. The conventional
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Revised: May 21, 2024 analysis of motion of a deformable system under the regular, forward flow of time,
Accepted: May 27, 2024 but they allow to restore the state of the system for past moments of time. The practical

use of solving problems with negative time can be found primarily in testing numerical

methods for integrating the equations of motion, since forward and backward

Conflicts of interest algorithms are not identical. The proposed technique of testing numerical methods for
The authors declare that there is ~ solving dynamic problems can be applied virtually to any computational scheme of
no conflict of interest. integrating the equations of motion. Two examples of numerical solution based on

explicit computational scheme with Adams extrapolation are presented. The addressed

problems deal with the plane deformation state of plates under large displacements.
Authors’ contribution Plate regions are partitioned into triangular finite elements with uniform spacing for
Undivided co-authorship. spatial meshing. The obtained curvilinear boundaries in this case are stepped. The results
of the presented test cases demonstrated good accuracy of the tested method. Problems
requiring a large number of integration steps (up to 1 million) were considered, and the
system returned to the initial state with high accuracy. The second of the given
numerical solutions had a computational scheme of 160 000 finite elements, and the
dynamic solution of the problem has a pronounced wave-like behavior. In the examples,
data on the recovery of elastic displacement, velocity and stress values are given.
The main conclusion of the study is that the proposed technique of control of numerical
methods can be effectively applied, especially for problems with wave-like solution
properties.
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1. Beeaenue

JIMHaMUYeCKHe 3a/1a4 CTPOUTEIILHOW MEXaHUKH MPEIOJIaraloT MOICIHPOBAHNE TTOBEICHHUS CHCTEMBI
NIPU HapacTarolleM BPEeMEHH. B JTaHHOM HCCIIeIOBaHMU MBI pacCMaTpUBacM OOpPATHYIO B OINPE/ICICHHOM
CMBICJIC 3a/Javy, KOraa YpaBHCHUA ABUIKCHHUSA HUCIIOJIB3YIOTCA AJII BOCCTAHOBJICHUSA IMPEAbIAYIIUX IO BpEME-
HU COCTOSIHUH cucTeMbl. OTMETHM, YTO MOJ00HBIC 33Ja4l W3BECTHBI B MEXaHHMKE, HAllpUMEpP, B HEOCCHOM
MCXaHUKEC pa3BHUTbl MCTOAbI HpeI[CKaSaHI/Iﬁ HE TOJIBKO 6y,[[yI_I_lI/IX COJIHCYHBIX SaTMeHHﬁ, HO U OIPCACIICHUEC
BPEMCHH paHEeC Ha6JIIO]IaBHII/IXC$I 33TM€HI/II>1, YTO NO3BOJICT YTOYHATH XPOHOJIOTUIO UCTOPHUYCCKUX CO6I>ITHI>i.

Kak npumep 3aauu ¢ OTpULIATEIIBHBIM BPEMEHEM ISl YIIPYTrOM CHCTEMBI MPUBEIEM aHAIUTHYCCKOE
pelieHue 3a/1aui 0 3aTyXarluX KoJeOaHUsIX CUCTEMBI C OJHOHM cTeneHblo cBoOoabl (puc. 1). U3BecTHOE
YacTHOE pelIeHre KOTOPON UMEET BUJL

y = Be "sinot. (1)

| t ,
N A AA et —
41 4 rova”\v/_\c e | % |

a 6

Puc. 1. 3aryxatomiue KojieOaH1s CHCTEMBI C OTHON CTENEHBIO CBOOO/IBI:
a — rpaduK aHATUTUYECKOTO PEILIEHUsT; O — CUCTEMa C OTHOW CTENEHBIO CBOOO b
N ctounuk: semondeno B.B. 3e11eBriv, A.B. IlTetinom

Figure 1. Damped vibration of a single degree-of-freedom system:
a — analytical solution; 6 — single degree-of-freedom system
Source:compiled by V.B. Zylev, A.V. Shtein

B nanHOM ciydae A BOCCTAHOBIJIGHUS MPEIBITYIINX COCTOSHHUI CUCTEMBI (CBETJAs 4acTh rpaduka
Ha puc. 1, @) 10CTaTOYHO MOACTAaBUTH B pemieHue (1) oTpurarensHoe 3HaYCHHE BPEMEHH.

B nacrosiiiee BpeMsi IIMPOKO UCIIONB3YIOTCSI YUCICHHBIE METO/IbI MHTETPUPOBAHMS YPAaBHEHU JBU-
keHusi. HanOonpiee KoMu4ecTBO MyOIMKAIMi OTHOCUTCS K HESBHBIM BBIYMCIUTEIBHBIM CXeMaM (METOT
Heromapka, 0 — meron Busicona u ap.) [1-4]. KpoMe HESIBHBIX BBIYHUCIUTENBHBIX CXEM MCIOJIB3YOTCS
U SIBHBIE BBIYMCIUTENIbHBIE CXEMbI (METOJ IIEHTPAIbHBIX pa3sHocTel, MmeToa Pynre — Kytra, meton Anam-
ca[5]).

[IpumMenenue 1r060ro0 YUCIEHHOTO METOa HEN30€KHO CBSI3aHO C MOTPEIIHOCTIMU,, ONIPEEICHUE U
OIICHKA KOTOPBIX OTHOCSATCSI K OCHOBHBIM BONpPOCAaM MPUMEHUMOCTH TOTO UM MHOTO BBIYMCIUTEIBHOTO
ajroputMa. MeToabl KOHTPOJISI BECbMa Pa3HOOOPA3HBI: CUET C YMEHBUICHHBIM IIarOM; CPABHEHHUE C M3BECT-
HBIMH aHAJIMTUYECKUMU PELICHUSIMH, CPABHEHUE C HKCIEPUMEHTAIbHBIMU JAaHHBIMH U T.1. MBI XOTUM
00paTUTh BHUMaHHE Ha Ty JIOTOJHUTEIBHYIO BO3MOXHOCTB, KOTOPYIO 3[I€Ch NMPEAOCTABISET pelIeHne
o0paTHOM NWHAMUYECKON 3aqayu, WM, JIydllle CKa3aTh, PEUICHHE 3aJa4d C OTPULIATeIbHBIM BPEMEHEM.
CrnenyeT 3aMeTUTh, YTO TEPMHUH «OOpaTHBIE 3a7a4i» B 33/1a4ax aKyCTHKH UMEET COBEPIIEHHO Ipyroe 3Ha-
yenue [6—10]. OOparHble 3a/1a4un aKyCTHKH 3aKJIIOUAIOTCS B ONPEACICHUH YIIPYTHX U MacCOBBIX XapaKTepu-
CTHK MacCHBa IpyHTa I10 MapaMeTpaM paclpoCTPAHSIOUINXCS B HEM BOJTHAM Je(OpMaIlHid.
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[Tpy 4yrcIeHHOM pelIeHHH JTUHAMUYECKOH 3a/aud MOTPEIIHOCTh MPH MPSIMOM M OOpaTHOM TE€YEHUH
BPEMEHHM MOIYYAETCs Pa3IMYyHOU. DTO OTKPHIBAET BO3MOXHOCTh KOHTPOJIS TOYHOCTH perieHus. [1o cpas-
HEHUIO ¢ OOBIYHBIM BPEMEHEM OTPHUIIATENIFHOE BPEeMs B 3a/ladaX KOHTPOJSI TOYHOCTH UMEET TO IperuMyIie-
CTBO, 4TO 3apaHee M3BECTHO COCTOSHHME CHCTEMBI, K KOTOPOMY OHA JOJDKHA MPHHUTH (TOYHEe TOBOPs, BEp-
HyTbcst). Hampumep, 3To MOKeT ObITh HaYa IbHOE HEHAMPSHKEHHOE COCTOSIHUE CUCTEMBI.

[IpakTHyeckoe MpUIOKEHHE PEIIeHUH 3a7ad C OTPHUIATEIHHBIM BPEMEHEM MBI BHJIUM B KOHTpOJIE
TOYHOCTH YHCJICHHBIX METOJI0B. PaccMOTpM fanee 0COOEHHOCTH BBITIOTHEHHS TAKOTO KOHTPOJISL.

2. PaccmaTpuBaeMblii YHCJIEHHBIN MeTO HHTErPUPOBAHUS

B03M0OXHOCTH MOCTPOEHUSI pellieHHsI P 0OpaTHOM TEYEHUH BPEMEHU B IIPUHIUIIE HE CBsI3aHa C pac-
CMOTpPEHHEM KaKOro-inb0 KOHKPETHOTO YMCJICHHOT'O0 METOJla MHTETPUPOBAHUS YPaBHEHUH JBHKEHUS,
COOTBETCTBEHHO, JIFO00H BBHIYHUCIUTENBHBIA ATOPUTM MOXKET PACCMAaTPUBATHCS KaK TECTUPYEMBIi 1M0/100-
HBIM criocoboM. [IpuBoKMMBIE HUKE MPUMEPHI PEIIAIOTCS HAMU C MCIIOJIb30BAHUEM SIBHOM AKCTPAIOJISLIN-
OHHO# CXEeMbI [IarOBOTO MHTEIPUPOBaHHMsI, KOTOPasi JOCTATOYHO 1MOapobHO u3noxeHa B [11-13]. Bcee pac-
CMOTpPEHHBIE B JaHHOW CTaThe MPUMEPBI OTHOCATCS K TUIOCKOH 3a7a4e TEOPUH YIPYTOCTH C BOZMOKHOCTBIO
paccMOTpeHus: OoibIIuX nepeMenieHuid. Mcnoap3oBanbl TpeyroibHble KOHEUHbIE AJIEMEHTHI C JIMHEHHON
anmnpoKcUManuen nepeMerieHnii BHyTpHu 3ieMmeHnTta. CeTka pa3OueHus Oepercs ¢ MOCTOSHHBIM IIaroM.
Maccsl mpeanonaraloTcs COCpeJOTOUYEHHBIMU B y3JIaX. YCJIOBHO yCTOHYMBAs BBIYMCIIUTENbHAs CXema
HCIOJIB3YET BECbMa MaJbli ILIar 10 BPEMEHH, YTO JAeT BO3MOKHOCTh MOIy4YaTh BOJIHOBBIE PEILICHUSI.

[IpuBeneM KpaifHe COKpamleHHOE OMMCAaHHE YHCICHHOTO METO0J]a, YTO HEOOXOIUMO /ISl MTOHUMAaHUS
OCOOCHHOCTEH pelIeHHs TP TPSIMOM U 00paTHOM TeueHUH BpeMeHH. Ha puc. 2 mokaszansl rpaduku nu3me-
HEHHsI YCKOPEHUsI (COCTABIISIONICH YCKOPEHHS [0 OJJHOW U3 KOOPAMHATHBIX OCEH) HEKOTOPOro y3j1a CHCTe-
Mbl. PaccmoTpum cHauana oObiuHOE TeueHue BpemeHHu. Ha puc. 2 A — 3To mar UHTerpupoBaHus MO Bpe-
menu. W, W, , W, — 5710 3HaueHHs ycKOpeHUil Ha yxe NPOWACHHBIX y4acTkax mHTerpuposanus. W, —

YCKOPCHHUEC, KOTOPOC TOJBKO YTO BBIYUCIICHO 10 TCKYIIIUM KOOPpAWNHATAM Y3JIOB U 3HAYCHUAM CKOpOCTCﬁ.

AW

v

Puc. 2. 'paduk n3MEHEHHUS COCTABIISIFOILICH YCKOPEHUS:

a — TpsAMOe TeYCHUE BPEMEHH; O — 00paTHOE TCUCHUE BPEMEHU
U cTouHnuKk: Bemoaneno B.b. 3eueBbiM, A.B. Ilteiinom
Figure 2. Change of acceleration component with time:

a — forward flow of time; 6 — backward flow of time
Source:compiled by V.B. Zylev, A.V. Shtein
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Uepes geThIpe U3BECTHBIX 3HAYCHHS YCKOPEHHUH MPOBOIUTCS KyOmdueckas mapaboia, 9To o0ecredn-
BacT MOJIyuyeHHE MPUOIMIKEHHOTO BBIPAXKEHUS JJIs YCKOPEHUsI Ha MPEJCTOSIIEM IIare WHTETPUPOBAHUS.
Hcnonb3yembie ipu pacuere GopMyJIIbl s MPUPALICHUS] CKOPOCTH M CMEIICHHUS 3a IIar 10 BPEeMEHU HMe-
FOT BUJ

AV = %(55W0 —59W, +37W, —9W,);

2
AS =V0A+%(323W0 —264W, +159W, —38W, ). @)

OpauH mar no BpeMeH! Ipyu 0OpaTHOM T€UEHHH BPEMEHH JEJIaeTCsl aHAIOTUYHO MPSMOMY. 3HaueHUs
. I wlow !
yckopenuii B oropaom otpeske Oyayt Wy, W', W, , W, . KoxeuHo, 9Tn 3Ha4eHHs MOTy4eHBI IPH 00paTHOM

TeueHuH BpeMeHu (cM. puc. 2, 6). Takum oOpa3oM, Imar BIepel W Iar Ha3aj Mo BpeMeHH OYIyT MMETb
K&Kl CBOIO TOTPEUIHOCTh, YTO OMPEIENISET BO3MOMXHOCTh MCIIOJIb30BAaTh OTPHIIATEIbHOE BpeMs s
KOHTPOJISI TOYHOCTH.

3. IlpuMep YMCIIEHHOTO peleHns 3a1a4u 0 IacTuHe (oajke)
NPU BHE3ANHOM NMPHJIOKEHUH HATPY3KH

Ha puc. 3 mokaszana pacdyerHas cxeMa KOHCOJIBbHOUM Oanku (ruactuHbi). Pasmepbl Oamku — BbICOTa
2 M, mmHa 20 M. banka 3arpyxaercsa 11 cocpenorouennbivu cumamu 200 kH, HanpaBieHHbIME BHU3. Tou-
KU MIPUJIOKCHHUST CUJI TI0 BEPXHEW IpaHuIle OaJIku OTMEUYCHBI Ha puc. 3, a. ['myxast 3ajienka 3aKperisieT mia-
CTHHY B MPaBOM ce4YeHUHU Oayku. KoHeuHbIe 37IeMEHThl — PaBHOCTOPOHHHE MPSMOYTOJIbHBIC TPEYTOJbHH-
ku B 20 cnoeB mo Beptukaim 1 200 crmoeB 1o ropu3onTtanu. Takum oOpazom, nmeeM 8000 KOHEUHBIX dIie-
MeHTOB. Matepuan umeer monyns ynpyroctu 200 000 MIla, koadduuuent Ilyaccona p=0,25. Vnens-

Has muotHocTh 7850 kr/m®. Tommuua pacyetroro cios 0,01 m. [IpeacTaBnena miockas aedopmanus. Pac-
CMaTpHUBAIOTCS OOJBIIKME IMEPEMEIICHUS, HO COOTHOIICHUS MEXIY JnedopManusaMy U HaMPSHKCHUSMU T10]1-
YUHSIOTCS 3aKOHY ['yKa, TakuM 0o0pa3oM, 3ajada YCIOBHO PEIIAETCs ¢ yY4ETOM JIMITb T€OMETPUUECKON He-
JINHEWTHOCTH, HE3ABUCHUMO OT YPOBHS HaIPSKECHUI.

Touku npunoxkerms cun /
Points of application of forces

\

Puc. 3. BHe3anHOe npmitoxkeHne Harpy3KH K KOHCOJIBHOU Oajke:
a — pacdeTHas cxeMa ¢ pa30MBKOI Ha KOHEUHBIE JIEMEHTHI, CTATUYECKHUH MPOruo;
6 — TIOyYeHHBIE B pacueTe MaKCHMAalbHbIE OTKIOHEHHS BHH3;
6 — IIOJIy4EHHBIE B pacyeTe MAKCUMaJbHbIE OTKJIOHEHHS BBEPX
W ctounuk: semonneno B.B. 3e11eBriv, A.B. IllTetinom

Figure 3. Instantaneous load applied to a cantilever beam:
a — finite element model; 6 — maximum upwards deflection; ¢ — maximum downwards deflection
Source:compiled by V.B. Zylev, A.V. Shtein
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B pacueTHOM MOJIENM YUHUTHIBAIOTCS CHIIBI BHEIIHETO COMPOTHUBIEHUA. B Ka) bl y3el MpUKIaabIBa-
€TCs MPOTUBOIIOJIOKHO €0 CKOPOCTH CHJIA COTPOTUBIICHUSI — KMY , rie M — macca y3ia. 3uauenune K mpu-

HATO paBHBIM 10 ¢ 2.

Ha puc. 4 nokaszan rpadyk U3MEHEHUS BO BPEMEHHU NEPEMEIICHUs OTMEYCHHOW Ha pUC. 3, a TOYKH
TOPIIEBOTO TIOMIEPEYHOTO CEUCHHSI CTEPIKHSI 10 BepTrkaau. KpacHbeimu crpenkamu (HarpaBICHHBIMHU HaIIpa-
BO) Ha pPUC. 4 OTMEYEHO O0BIYHOE TEYCHUE BPEMEHH, TOJy00H CTpENIKoi (HanpaBICHHOW HAJICBO) OTMEYEHO
o0OpaTHOE TeueHHe BPEMEHH.

|oN

lc 1,6c.

——

Puc. 4. I'paduk n3MeHEHUS TIEPEMEIICHHS TOPIIEBOI TOUKH CTEPXKHS MO BEPTUKAIN
M cTouHuKk : BemoaHeHo B.b. 3eumeBbiM, A.B. Ilteitnom

Figure 4. Vertical displacement of the end of the bar with time
Source:compiled by V.B. Zylev, A.V. Shtein

Urak, xak ciemyer u3 rpaduka Ha puc. 4, B T€UEHHE OJHON CEKYHIbl C MOMEHTa MPHIIOKEHUS
Harpy3KH IOYTH JOCTHTaeTCsl MOJOXKEHWE paBHOBeCHs OalKM, KOTOpPOE MOKa3aHO Ha puc. 3, a, TAe mepe-
MEIIEeHUs TIOKa3aHbl B HaTypadbHOM MacmTabe. [Tocne MmoMeHnTa BpemeHH | ¢ OOBIYHBIN pacueT 3aKkaH-
YMBAETCS U HAYMHACTCS pacyeT MpH 0OpaTHOM TEYCHHUU BPEeMEHHU (BTOPOI y4acTok rpaduka Ha puc. 4).
B nameii koMnproTepHO# mporpamme rpaduk npu 0OpaTHOM TEUEHHH BPEMEHM CTPOWTCS C HapacTaHHWEM
BpeMeHH HampaBo. [Ipu Takom cniocobe mocTpoeHus rpaKoB HE MPOUCXOAUT HAIOKEHHS TpadUKOB, 4TO
oOecreynBaeT UX yA0OHOE CpaBHEHME M B3aMMHBIM KOHTpOJb. B uaeane rpadux npu oOpaTHOM TeueHUU
BpeMeHH Oy/IeT 3epKajbHBIM OTOOpaskeHUEM rpaduKa Mpu MPsIMOM TEYSHUH BPEMEHH, YTO U HAOJII0IaeTCs
Ha puc. 4.

Ha BTopom yuactke (puc. 4) MOKHO HaOII0aTh BO3BpAIEHUE CUCTEMbI B UCXOJHOE HeaepopMHpo-
BaHHOE COCTOsIHME (TpaduK KOCHYJICA OCH BpeMeHH). Eciii B 3TOT MOMEHT CHSTHh Harpy3Ky, UCXOJHOE paB-
HOBECHE BOCCTAaHOBHUTCA. B TaHHOM mpuMepe MpoJeMOHCTPUPOBAH TEPeXo]] 3a Ha4aIbHBIII MOMEHT BpeMe-
HU MPU COXPAHEHUU HATPY3KH.

[TockonmbKy TIpH MPSMOM TEUEHWU BPEMEHHM aMIUTUTYIbl YOBIBaIM (3aTyxaromme KojeOaHus), mpu
0o0paTHOM TEYEHHWU BpEeMEHH OHM OyIyT HEOTPaHWYCHHO BO3pacTaTh, YTO MOKHO BUICTH Ha puc. 4. B man-
HOM CJIydae Ha BO3pacTaHHe aMIUIUTY/bI 0TBeZeHO 0,6 C, IPH 3TOM aMIUIUTYbI CTaJH HEPeaIbHO OOJIBIIN-
MU, CUCTEMa Tepelnia B COCTOSHHE BechbMa OOJIBIIUX MPOTHOOB (CM. pHC. 3, 6), KOTOpbIE TEM HE MEHee
0TOOpaKaIOTCS PACYCTHOM MOJIENBIO C TOYKH 3PEHHUS TE€OMETPUUECKUX COOTHOoIIeHui. [lanee (cM. puc. 4)
OIIATH BKIIFOYAETCS pacyeT ¢ OOBIYHBIM TEYCHHEM BPEMEHH, IIPH 3TOM CHUCTEMa BHOBb MPOXOIUT HCXOIHOE
PaBHOBECHOE COCTOSIHME M Jlajiee MOBTOPSET JABMKEHUE, COOTBETCTBYIOIIEE OOBIYHOMY JHHAMUYECKOMY
pacuery. Hackonpko MOXXKHO BUAETh M3 TPaHKOB HA pUC. 4, ONMMCaHHAS KapTHHA JIBU)KCHUS MPABUIBHO
0TOOpaXkaeTcst pacueToOM.
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s 6osiee TOYHOM OIEHKH MOTPEITHOCTH YHCIICHHOTO PEIICHUS paCCMOTPHUM JaHHbBIE, TPUBEICHHBIC
B TaOi. 1, I/ie AaHbI JJOKAJIbHBIC MUHUMYMBI IepeMeneHuit st Touek 1, 2, 3 (cm. puc. 4). Bee 3tn Touku
COOTBETCTBYIOT TOKJIECTBEHHBIM COCTOSIHUSIM CHUCTEMBI.

Tabnuya 1
JlokajbHbIe MUHUMYMBI Ha TPpa(uKe M3MEHEeHHs MepeMellleHUsI TOPUEeBOii TOUKH 0aJIKu
151 MAEHTHYHBIX cocTosinmii 1, 2, 3 (puc. 4)
Howmep nokansHOro MUHHMYMa Ha puc. 4 1 2 3
3Ha4YCHUS TIEPEMEIICHUS 110 BEPTUKAIIN, METPhI -3,833306 -3,833305 -3,833432
W ¢ To4HUuK : BeMoNHEHO BhITIOJIHEHO B.b. 3pu1eBsiM, A.B. llITeitHOM
Table 1
Local minima on the bar end displacement curve for identical states 1, 2, 3 (Figure 4)

Local minima ID in Figure 4 1 2 3
Vertical displacement, m —3.833306 —3.833305 -3.833432

Source:compiled by V.B. Zylev, A.V. Shtein

x1

x2

0,25 ¢ 0,25¢
— i |

8

Puc. 5. Orpesok Bpemenn 0,25 c:
a — BEPTUKAJIBHOC NIEPEMCIICHUC Yy3J1a
(dparmenT puc. 4);
6 — COCTaBIISIONIAsk CKOPOCTH Y371a 110 BEPTHKAIIH;
6 — COCTaBJIAIOIIasA yCKOPEHUA 110 BEPTUKATINA
W cTouHuk : BemoadeHo B.b. 3buteBbiM, A.B. [lTeitHoM
Figure 5. Time interval of 0.25 s:
a — vertical nodal displacement (Figure 4 fragment);
6 — vertical component of nodal velocity;
6 — vertical component of acceleration
Source:compiled by V.B. Zylev, A.V. Shtein
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Kak BumHO u3 Tabim. 1, ommmuusa B mporubax
HAMEIOTCS JIUIIb B IIITOM 3HaKe, 4TO SIBUIOCH HEOKH-
JAHHOCTBIO Ja)kKe JUIsi aBTOPOB CTaThu. PereHue
Benoch ¢ marom mo Bpemenu A =0,00000256¢,

TaKUM 00pa3oM, 10 TPETHEr0 MaKCUMyMa KOMIIbIO-
TEp BBINOJHUI OKOJIO | MuuiMoHa maroB. OTme-
THM, 4TO IIar B Halllell KOMOBIOTEPHON IpOrpaMme

Ha3Ha4YaeTCsa aBTOMAaTHYE€CKN Ha OCHOBaHHUHU (1)Op'
mapiy

Mysbl A = , Tne T"*P" — HauMEeHBIIUH TapIu-

ajbpHBIN niepuoy cuctemsl [12]. Hama siBHast Bbrumc-
JUTENbHAs CXEMa SBJISIETCS YCIOBHO YCTOMYMBOM.
[lonbiTKa yBenMuyeHHs 3TOro Iiara B 2,5 pa3a Mpu-
BOJIUT K HEYCTOMYMBOMY BBIUHCIMTEILHOMY MPO-
neccy. Takum oOpa3oM, NaHHBIE, MPUBEIACHHBIC B
Taba. 1, COOTBETCTBYIOT CTaHAAPTHOMY 3HAUYEHUIO
mara 1o BpeMEeHH.

CpaBHeHHE HaNpPsDKEeHUH TpU IPSIMOM U 00part-
HOM CYET€ MPUBOJUT K OONBIIUM MOTIPELIHOCTSIM,
KOTOpBIE COJEpKATCs YK€ B UYETBEPTOM 3Haualen
mudpe. MOKHO KOHCTaTHPOBAaTh, YTO BBIMOJTHEHHBII
TECT JaJl BIIOJIHE YJOBJIETBOPUTENBHBIA pPE3YJIHTAT
JUIs1 HANpsDKEHUH U TIepeMElleHU.

Teneps paccMOTpUM CKOPOCTh IO BEPTHUKAIH
TOT'O K€ y3J1a U COOTBETCTBYIOLIYIO COCTABIISIOLLYIO
yckopenusi. Ha puc. 5 nokazaH BpeMEHHON WHTEpBal
0,25 ¢ oT MOMEHTa BHE3AITHOTO MPHUJIOKECHHS Har-
py3ku u obOpatHbIil cuer Toxe 0,25 c. 'paduku Ha
pHC. 5, @ 3TO NepeMEICHUE, CKOPOCTb U YCKOPEHUE
TOPLIEBOTO y3i1a MO BepTukamu. Takum oOpas3om,
3nech uMeeTcs rpaduk (QyHKIHH, ee MepPBOH U BTO-
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PO IPOM3BOTHOM, UTO HA MEPBBIN B3I MOXET BBI3BaTh COMHEHHA. OHAKO paccCMOTpeHue rpaduka me-
pEeMelICHUsI B CHJIbHO YBEIMYCHHOM MaciuTade 3TH COMHEHHUS aHHYJIUPYET, TaK KaK MOKa3bIBaeT, YTO 3Ta
KpHUBasi OTHIOAb HE ABIISETCS TIaKOi. Menkue HEpOBHOCTH Ha KPUBOH MEpPEMEIEHH 0TOOpakatoT BHICO-
KOYaCTOTHBIE KoJieOaHUs y37a, 0e3 MOJeIMPOBaHNUs KOTOPBIX PEeIIUTh 3a1ady He momydutcs. [lonpobnee
3TOT BOINPOC paccMOTpeH B [14].

B 1a6u1. 2 nanbl nmosrydeHHbIE HA KOMIIBIOTEPE 3HAUEHUS IKCTPEMYMOB Ha IpaduKax CKOPOCTH U YCKO-
pEHMSL.

Tabauya 2
MuHuMaIbHOE 3HaAYeHHEe CKOPOCTH H MaKCHMAJIbHOE 3HAYeHHe YCKOPEeHHs Ha oTpe3Kke BpemeHnu 0,25 ¢
Ilar YucIeHHOro MuHHMAJIBLHOE 3HAYECHHE CKOpoCTH MakcumaJjbHOe 3HAYeHHe YCKopeHus )
HA HCCJIeyeMoOM OTpe3Ke BpeMeHH M/¢ HA HCCJIeyeMOM OTpe3Ke BpeMeHH, M/cC
unrterpuposanus Al, C
IIpsmoit xon OO06paTHBIH X071 IIpsmoit xon OOpaTHBI# X011
At =0,00000256 -53,26545 -53,21240 43244,92 29328,13
% =0,00000128 -53,28352 -53,26672 43609,32 42302,79
At
T 0,00000016 -53,29225 -53,29226 43625,28 43625,32
W ctounuxk: BemonHeHo B.B. 3buteBsiM, A.B. IlTeitHOM
Table 2
Minimum value of velocity and maximum value of acceleration over the time interval of 0.25 s.
L . Minimum velocity over Maximum acceleration over
Numerical X]tegratlon the considered time interval, m/s the considered time interval, m/s?
step At, s - - ; -
P Forward stepping Backward stepping | Forward stepping | Backward stepping
At =0,00000256 -53.26545 -53.21240 43244.92 29328.13
At
5= 0,00000128 -53.28352 -53.26672 43609.32 42302.79
A
é =0.00000016 -53.29225 -53.29226 43625.28 43625.32

Source:compiled by V.B. Zylev, A.V. Shtein

HcxoaHplil mar MHTErpUpOBaHUS JAaeT IS CKOPOCTEH COBHAJACHHME TPEX 3HAKOB. Y MEHBbILICHHE
UCXOAHOTO 1ara B 16 pa3 npuBOIUT K COBMAJCHUIO CEMH 3HAYaILUX [UP.

CoBnageHus sl yCKOPEHUH MOTYy4aloTCs y)Ke 3HAYUTENbHO Xy)ke. CoBIaieHHe MITH 3HAKOB JIOCTH-
raeTcs TOJNBKO NPU yMeHblIeHuH mara B 16 pa3. [IpaBaa, cienyer OTMETHTh, YTO 34€Ch Mbl CPABHHUBAEM
3HAYEHUs!, KOTOPbIE MOTYT MOJIY4aThCs AJIS CJIErKa pa3IMYHbIX MOMEHTOB BPEMEHH, ONpPEIeNIIeMBbIX I1aroM
IPY KOHKPETHOM YMCIIOBOH peann3aiuy.

OTMeTUM MHTEpPECHYI0 0COOEHHOCTh, KOTOpas 3aKJII0YaeTcs B TOM, YTO, MOJydas CyIeCTBEHHbIE
HECOBIA/IEHUS SKCTPEMYMOB YCKOPEHUI, Mbl TEM HE MEHEE UMEEM OU€Hb XOPOILIUE Pe3yJIbTaThl I CMe-
meHuii (cM. Tab:. 1), Beap YUCIEHHBIN alrOPUTM HOITHOCTHIO (CM. opMyItbI (2)) MOCTPOSH HA YCKOPEHHSIX.

4. IllpuMep YUCIEHHOT0 pelleHns BOJTHOBOI 3a1a4u

Ha puc. 6 moka3ana pacuetHasi 00JiacTh, pa30UTas Ha TPEYTroOJIbHbIE KOHEUHBIC JIEMEHTHI C paBHO-
mepro# tommmHo# cioeB 0,005 M. Ona cogepxut 200x400%2 = 160 000 KOHEYHBIX 3JIEMEHTOB (C YYETOM
YAAJICHHBIX U3 OTBEPCTUH 37eMeHTOB). [IyCTOTHI U BBIPE3bI MOTYYAIOTCSl BHIOPACBIBAHHEM COOTBETCTBYIO-
IIMX KOHEYHBIX JJIEMEHTOB, TAaK YTO TPAHMIIBI OTBEPCTUH SBIISIOTCS CTYNEHYATBIMU. XapaKTEPUCTHKH
MaTepHaia 1 JOMyIIEeHUs Te K€, 4TO U B IpeAbIIyIIEM IIpuMepe, BHOBb paccMaTpuBaeTcs Iiockas aedop-
Manus. TomuHa pacuetHoro cios 0,01 m.
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W7

0,5m
r=0,3 m

F=70kN

0,5 l

0,5 0,8 0,34 0,36

Puc. 6. PacuerHas 06y1acTh py ACHCTBUM BHE3AITHO MPUIIOKECHHOMN CHJIBI:
a — pa3Mepbl, Harpy3Ka 1 3aKperuieHue; O — MpaBblil BEpXHUH (parMeHT pacCUeTHON CXEMBI
M cTounuk: Bemoaneno B.b. 3eueBbiv, A.B. Ilteitnom

Figure 6. Analyzed area subjected to instantaneous load:
a — dimensions, load and restraints; 6 — upper right segment of the model
Source:compiled by V.B. Zylev, A.V. Shtein

Cuna F cunraercs BHe3amHO NMpUIOKEHHOW. [ImacTuHa 3akpemsieHa MO TOPU3OHTAIBHOMY YYaCTKy
TpaHMIIBI CIIPpaBa BBEPXY JKECTKOH 3anenkoi. B Tabin. 3 mpuBeneHsl nqeopManuy IaCTHHBI U HECKOJIb-
KHX yKa3aHHBIX MOMEHTOB BPEMEHHU. DIMIOPBI JaHbl Ui IEPBOro IIaBHOrO HanpsbkeHus. Kak BuHO, perie-
HUE HOCHT SIBHO BBIPKEHHBINH BOJTHOBOM xapaktep. CKOpPOCTh pacmpocTpaHeHus ppoHTa BOJIHBI nedopma-
LU COOTBETCTBYET CKOPOCTH PAaCIPOCTPAHEHUS BOJIHBI CXKATHS B HEOTPAHUYEHHOM YIIPYTOM TEllE.

E(1-p
c= (—)2 = 5476,52 wm/c, B 4eM MOXHO YOEIUTHCS, pacCcMaTpUBasi pUCYHKH B Ta0I. 3.
p(1-p-2n)
Tabauya 3/ Table 3
3amaya o pacnpocTpaneHUH BOJIH JedopMaiuii B MJIACTHHE CJI0KHOTO ouepTanus /
The problem of propagation of deformation waves in a plate of complex shape
Kommentapuu / Comments Cocrosinue cuctembl / System state

Bpewms t = 0,00002 ¢
Dmropa MepBoro TIaBHOTO HANpsHKeHus /

Time t = 0.00002 sec.
Distribution of the first principal stress
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Ipoodondxicenue maoa. 3 | Continuation of the Table 3

Kommentapuu / Comments Cocrosinue cuctembl / System state

Bpems t = 0,00004 c /
Time t = 0.00004 sec

Bpewms t = 0,00006 c /
Time t = 0.00006 sec

Bpewms t = 0,00008 c /
Time t = 0.00008 sec

Bpemsa t =0,00010 ¢/
Time t = 0.00010 sec
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Oxonuanue mabn. 3 [ Ending of the Table 3

KommenTapun / Comments Cocrosinne cuctemsl / System state

Bpewms t = 0,00034 ¢/
Time t = 0.00034 sec

Bpemsat=0,04c
Dmropa HOPMATBHBIX HAPSHKEHUH
Ha TOPU3OHTAIIBHBIX IUIONMIAJIKaX /

Time t = 0.04 sec.
Distribution of normal stress
on horizontal planes. Large displacements

W ctouHuk: BemondeHo B.B. 3eutessim, A.B. Ilteitnom / So ur ¢ e : compiled by V.B. Zylev, A.V. Shtein

OTMeTHnM, 9TO MOCIETHUN PUCYHOK Ta0i. 3 cooTBeTCTBYeT MOMeHTY Bpemenu 0,04 c. st Hac 3To
JIOCTAaTOYHO OOJIBIIION MPOMEKYTOK BPEMEHH, TaK Kak OH COOTBETCTBYeT BhinosHeHHt0 Oosee 600 000 maros
UHTETPUPOBAHHUS 110 BPEMEHH Ha NPSIMOM U 00paTHBIN X0 (IIar MHTETPUPOBAHHUS B 3TOM MTPUMEPE OKa3ali-
csa pasabiM 0,000000128 c¢). Kpome Toro, Ha mocieqHeM PHCYHKE MPUBEICHA DIIOpa JJisi HOPMaJIbHOTO

HaIpsOKCHUSI HAa TOPU3OHTAJIBHBIX IUIOIIAAKaAX Gy , KOTOPOC HAIIPAaBJICHO BCPTUKAJIbHO, U YBCINYCH MaAC-

mtad mkansl HanpspkeHui 1o 80 Mlla. [ToguepkHeM, 4TO 3TH HANIPSDKEHHUS JEHCTBYIOT HUMEHHO B TOPHU30H-
TaJbHOM IUJIOMIAJIKE, TAK KaK B HAIICH MporpamMMme HaNpsHKEHUS OMPEEINIOTCS B MCXOTHOW TI00aNbHOM
CUCTEME KOOpJUHAT.

[IpuBenennsie B Tabs. 3 PUCYHKH COOTBETCTBYIOT OOBIYHOMY, NMPSIMOMY TE€UEHHUIO BpeMeHHU. [Ipu
BBITIOJIHEHUH PACUYETOB C OTPHUIATEIHLHBIM TEUEHWEM BPEMEHHM ISl HIEHTHYHBIX MOMEHTOB MBI MOJIYy4alu
PHUCYHKH, BU3yaJIbHO HE OTIMYUMBIE OT UMEIOMINXCA B Ta0J. 3, IOATOMY B CTaThe OHHU HE ITPUBOASITCS.

JIist XapaKTepUCTUKU KOHTPOJIS TOYHOCTH PELICHUS C MPUBJIEYEHUEM MOJAEIUPOBAHUS 0OpPaTHOTO
TE€YeHHs BPEMEHH pacCMOTpUM Ipaduku Ha puc. 7.

MaxkcuManbpHOE TIepeMenIeHre y3iia 1Mo BepTukanu coctapiseT 0,827 M, 9TO COOTBETCTBYET OOJBIINM
nepeMenieHusIM (CM. MociIeIHu pucyHoK B Ta0. 3). [lns rpaduka BbIOpaHO NEpBOE IIaBHOE HANPSKEHUE
B Cepe/IMHE HM)XKHErO BOJOKHA IUIACTHUHBI, TaK KaK OHO JIOCTUTAaeT MAaKCHMMyMa B Hadaje HCCIIeAyeMOro
orpeska Bpemenu 0,04 c¢. Kak BugHO, HapylIeHHss CAMMETPUN HA TpaduKax HE3HAYUTEIbHBI. MaKkCUMyMBbI
HaNpsHKEHUH B UIACHTUYHBIX COCTOSHHAX IMPH MPSIMOM M 0OpaTHOM XOJ€ BpeMeHH oTiamyarotrcs Ha 1,2 %,
U 3TO HECMOTpsI Ha TO, YTO BBINOJHEHO Oosie 0,5 MJIH 1IaroB MHTErpHpoBaHus. Pemenue sToro npumepa
BHITIONHANIOCH TIPH CTAHAAPTHOM miare mHTerpupoBanus 128x107°c. ITpu MCHOTB30BAHNE OOBIYHOTO KOM-
nbIOTEpa ¢ TAKTOBOM YacToToil mpomueccopa 3,2 GHz 3aga4a tpebyeT 7,2 4 mpoueccopHOTro BPEMEHH.
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73,68 MMa 72,82 MNa

| 0863y |

I

a 7]

Puc. 7. [lepeMernienns 1 HAIPsDKEHUSI B ITIACTHHE CIIOXKHOTO OYEPTaHUS
IIpH TIPSIMOM ¥ OOpPaTHOM TCUCHHU BPEMEHHU: @ — MEPEMEIICHHE JICBOTO HU)KHETO yTJla IUIACTHHBI M0 BEPTUKAIIH,
6 — TIepBOE TIIABHOE HANPSDKEHHUE B CEPEIMHE HIKHEH MPaHMIIbI TUTACTHHBI
U cTounuck: Bemoaneno B.B. 3euieBbiM, A.B. Ilteiinom

Figure 7. Displacements and stresses in a plate of complex shape
under forward and backward flow of time: a — vertical displacement of the lower corner of the plate;
6 — first principal stress in the middle of the lower edge of the plate
Source:compiled by V.B. Zylev, A.V. Shtein

5. 3akiaouenue

1. ChopmynupoBaHsl LETH U 337a4M MOJECTUPOBAHUS MOBEICHUS 1e(POPMHUPYEMON CUCTEMBI IIpU 00-
paTHOM TedeHUH BpeMeHH. IlokazaHo, Kak pelleHus 3a1ad ¢ OTPHLATEIbHBIM TEUEHHEM BPEMEHU MOTYT
OBITh MCIIOJIb30BAHBI JJIs1 KOHTPOJISI TOYHOCTU YMCIIEHHBIX METOJIOB MHTETPUPOBAHUS YPABHEHUM JIBHKCHHUS.

2. SIBHas cxeMa MHTETPUPOBAHUS YPaBHEHUH IBMKEHUS C HKCTpANoOJALuel mo Anamcy JEeMOHCTpH-
pyeT yCHEIIHOe MPOXOKIEHNUE TecTa Ha OTpULATeIbHOE BpeMs. TecTHpoBaHUE HAa OTPULATEIBHOE BpEeMs
MOKA3aHO Ha PEUICHNH TUIOCKON TMHAMUYECKOH 33/1a4H TEOPHH YIIPYTOCTH [UIS JIBYX KOHEYHO-3JIEMEHTHBIX
pPACUYETHBIX CXeM OOJBIIONH Pa3MEPHOCTU. 3aadd PacCMaTPUBAIOTCA NPU OOJIBIIMX NEPEMEILEHUSIX B I€0-
METPHUYECKU HEJIMHEHHON IIOCTaHOBKE.

3. X0Tsl KOHTPOJIb Ha OTPHULIATENILHOE BpeMsl, O€3yCIIOBHO, HE SIBJISCTCS €AMHCTBEHHBIM U, TEM Ooiee,
[JIaBHBIM CIIOCOOOM KOHTpOJIS PELIEHUH JMHAMMYECKHMX 3a/ad, TO KaK JOINOJHHUTEIbHOE CPEACTBO KOH-
TPOJISL OH MPEJCTABISET UHTEPEC, 0COOEHHO JUI 33/1a4, PELIeHHEe KOTOPhIX HOCHUT SIBHO BBIPA)KEHHBIN BOJI-
HOBOU XapakTep.
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JInHaMn4yecKasi yCTOMYUBOCTh HMJINHAPUIECKO 0007109KH
U3 PAa3HOMOJYJIBbHOI0 MaTepuaJa, jJeKamed Ha BA3KOYIPYroM OCHOBAHUM

H.C. P3aeB

baxuHckuil nHXEeHepHbIH yHUBEpCUTeT, baky, Pecnybauka A3epbaiioscan
D4 nrzayev@beu.edu.az

Hcropus cratbu AnHoTtanus. VccnenoBana 3ajja4a yCTOMYMBOCTH LMIMHAPHYECKOH 000-
TocTynuna B pexakumio: 14 susaps 2024 r. JIOYKH C PA3TUYHBIMH MOAYJSIMH Ha BSI3KOYIPYroM ocHoBaHuH. [Ipenmno-
JlopaGorana: 11 arpens 2024 . Jaraercsi, YTo 000JI0YKa KPYIJIOTO CEUSHHUs MTOJBEPTacTCs CUIOBOMY BO3-

JIEHCTBUIO U TEPSET YCTOMYUBOCTH B OCECUMMETpuyHOU opme. Cunta-
€TCsl, YTO OJIMH KOHEell OOOJIOUYKH OCTAeTCsl HETOABMIXKHBIM, a APYrou
MEHSIET CBOE MECTOIIOJIOKEHUE (IBUXKETCS) C OIPEAETICHHONH CKOPOCTBIO.
[Ipu 3TOM mpenmonaraeTcs, 4To MOIEPEUHOE IIepeMeIeHIe OOJBIIe MPOo-
ABTOD 3asB1IsIE€T 00 OTCYTCTBHU nonbHOTO. [IpH pemennu 3a1a4u NpUHIMAI0Ch BO BHUMAaHUE COMPOTHUB-
KOH(JINKTA HHTEPECOB. JIEHWE BHEUIHEW CpeAbl, a TAKKE€ YUUTHIBAJIOCh, YTO LMJIMHAPUYECKAS
000JI0YKa M3TOTOBJIEHA M3 Pa3HOMOIYABHOTO Marepuaina. I[lomydeHs
YpaBHEHHUS CBSI3U MEKIY KPUTHUECKOW CUIION € XapaKTEpHBIMHU ITapaMeT-
pamMu i TWIMHIPUYECKON 000J0YKH, PACIONOKCHHON HA OCHOBAaHUH,
XapaKTepU3yeMOM, B CBOIO O4epe/ib, KaK BSI3KOYNPYroe OCHOBAaHUE, U MO-
nenbto I[lactepHaka. M3 nony4eHHBIX YPAaBHEHUI U U3JI0KEHHBIX PE3Yilb-
TaTOB BUJHO, YTO JOIYCKAIOTCS CEPbE3HbIE MOTPEIIHOCTH, €CIH IPH pe-
LIEHUH BOTIPOCOB YCTOIUHMBOCTHU HE YUUTHIBAIOTCS CONIPOTUBIICHUE BHEII-
Hell cpesibl U pa3Has MOAYJIBHOCTh. Pe3ynbprarsl pacyeTa NOKa3bIBaloT, 4TO
3HaYEHUE KPUTUUECKOM CUJIBI B paCCMaTpPUBAEMOM Cllydyae CYLIECTBEHHO
OTJIMYAETCSl OT 3HAYEHUW, COOTBETCTBYIOIIMX KIJIACCUYECKUM 3aJadyam,
U 3aBUCHUT OT MapaMeTPOB, XapaKTEPU3YIOLUIUX CONPOTUBIEHUE OCHOBA-
Hus. [lomydeHHbIe pe3yabTaThl MOTYT OBITH HCIOIB30BAHBI IIPH PAacYeTax
Pa3HOMOIYIBHBIX HWIMHAPUYIECKUX 00O0JI0YEK Ha NMPOYHOCTH, YCTOHYH-
BOCTh M YaCTOTHO-aMIUTUTYIHBIX XapaKTEPUCTUK C Y4ETOM COIPOTHUBIE-
HUSI BHEILIHEN CpeJibl.
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Dynamic Stability of a Cylindrical Shell Made of a Material of Different
Modulus Plased on a Viscous-elastic Foundation
Natig S. Rzayev

Baku Engineering University, Baku, Republic of Azerbaijan
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Article history Abstract. The problem of stability of a cylindrical shell with various modules on
Received: January 14, 2024 a viscoelastic base is investigated. It is assumed that the shell of a circular cross
Revised: April 11, 2024 section is subjected to force and loses stability in an axisymmetric form. It is
Accepted: April 25, 2024 believed that one end of the shell remains motionless, while the other changes its

location (moves) at a certain speed. It is assumed that the transverse displacement

is greater than the longitudinal one. When solving the problem, the resistance

of the external environment was taken into account, and it was also read that the

The author declares that there is cylindrical shell was made of a material of different modularity. Relationship

no conflict of interest. equations are obtained between the critical force and the characteristic parameters
for a cylindrical shell located on a base, characterized, in turn, as a viscoelastic
base and the Pasternak model. From the equations obtained and the results
presented, it can be seen that serious errors are allowed if, when solving stability
issues, the resistance of the external environment and different modularity are not
taken into account. The calculation results show that the value of the critical force
in the case under consideration differs significantly from the values corresponding
to classical problems, and depends on the parameters characterizing the base
resistance. The results obtained can be used in calculations of multi-modulus
cylindrical shells for strength, stability, and frequency-amplitude characteristics,
taking into account the resistance of the external environment.
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1. Beeaenue

[MuinHapuueckre 000JI0YKU KPYTJIOro CEUeHHs MIMPOKO MPUMEHSIOTCS B CTPOUTEIBCTBE U BO MHOTHUX
001acTsX TEXHUKU U 3HEPreTHKH. B mocnenHee BpeMs B yKa3aHHBIX 00JACTSAX NMPUMEHSIOT 00OJIOYKH CO
CJIOKHBIMU CBOMCTBaMHU, HE YJIOBJIETBOPSIOIMMHU (HE COOTBETCTBYIOUIMMH) TPEOOBaHHUAM KJIACCHYECKON
Teopuu ynpyroctd. Cpean HUX NPeoOIafaloT MaTepHuaibl, MEXaHUYECKHE CBOMCTBAa KOTOPBIX 3aBUCAT OT
BUJIa IPUMEHSIEMOM Harpy3KH U KOTOpPbIE UIMEIOT Pa3IMUYHOE COIIPOTUBIICHUE PACTSKEHUIO-CXKATHUIO.

Bo MHOrux ciyyasx, Ipu 3KCIUTyaTallid KOHCTPYKLIMH, pacdyeT yCTOWYMBOCTH BBIXOAUT HA IEPBBIN
IUIaH. YYeT CONPOTHUBIICHUs BSI3KOYIIPYTOil BHELIHEN Cpelbl SBIISIETCS aKTyaJbHbIM (Ba)KHBIM) MOMEHTOM
IPU pelIeHNH BOIIPOCOB IMHAMMYECKON YCTONUMBOCTH LIMIIMHAPHUYECKOH 0601ouku. Bompoc, paccmarpusa-
€MBI B paMKax KJIaCCHYECKOW TEOPHUH YIpyrocTH, pemied [1; 3].

Pa3pa0GotaH pacdeTHbIli METOJ NPOTHO3MPOBAHUS Hayala BOSHUKHOBEHUS CKPY4YHMBAHUS (HMCKpUBIIE-
HUS1) SKCLHEHTPUYHO HArpy>KeHHbIX HMIUHAPUYECKUX 000s1049eK (OKPBITUI). DTOT METOA MpEeCTaBIsIeT
co0oif MoAu(UKAIMIO BOIHOBOr0 MeToja bioxa, OCHOBaHHYI0 Ha METOJE MaTpPHUIbl KECTKOCTH. s

Natig S. Rzayev, Ph.D in Mechanics, Associate Professor of the Department of Engineering mechanics, Baku Engineering University, Baku, Azerbaijan
Republic; eLIBRARY SPIN-code: 9043-5123, ORCID: 0000-0002-1159-9296; E-mail: nrzayev@beu.edu.az
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pean3ayy MpeaIoKeHHOT0 METo/Ia B KOMMEPUECKOM IaKeTe KOHEUHBIX 31eMeHToB Abaqus pa3paboTaHb
YUCICHHBIH MeTox 1 Y dexTuBHbIN anroput™ [1].

AHanmuTHYeCcKH pellleHa 3ajadya 0 CBOOOJHON BHOpALMU HMIMHIPUYECKOTO MOKPHITHS, PACIIOI0KEH-
HOro Ha ocHoBe Bunkiepa — IlacrepHaka. IlpuBeneHo aHanuTUYECKOE pelIeHHE CBOOOIHON BUOpaluu
(bYHKIMOHATBHO-CTYIIEHYATON IIMIIMHAPUUYECKONH 000JI0YKH ¢ pedpaMu KeCTKOCTH, ONUparoIieiicss Ha QpyH-
nameHT Bunknepa — [lactepHaka, ¢ HECKOJBKMMHU I'PaHUYHBIMM yciIoBUsAMU. [Ipeanonaraercs, 94To cCBOM-
CTBa MaTepHaja LWINHIPUIECKOH 000J0UYKH IUIABHO U HEMPEPHIBHO M3MEHSIOTCA 110 TOJILIMHE MO CTETEH-
HOMY 3aKOHY pacupezeneHnus o0beMHOM f1onu coctapistonmx. Ha ocHoBe npunnmna ['aMuibToHa, TEOpUN
CIABUIOBBIX JedopMalyii IEpBOro MopsiAka U METO/1a pa3Ma3aHHBIX pedep KECTKOCTHU MOIy4EHbI ONpe -
IOIIME YPABHEHHUS MOJAKPEINIEHHOW (QyHKIMOHAIBHO-TPAJAMEHTHON HUJINHIAPUYECKON 000JI0UKH, ONupa-
IolIelics Ha ynpyroe ocHoBanue [2].

B pamkax Teopun obonouek JloHHeMIa UccaenoBaHa O0JIbIIAs aMIUIUTYy1a KoJeOaHUH OPTOTPOITHBIX
MUITUHIPUYIECKUX 0007109eK (GyHKIHMOHAIBHO-TpagueHTHOTO Marepuana (PI'M), B3anMo el CTBYIOIHIX
C HEJIMHEWHBIM YIIPYTUM OocHOBaHUeM Bunkiepa. /[y BbIBOZIa OCHOBHBIX YpaBHEHUN OPTOTPOIIHBIX IUIHH-
npudeckux obosouexk PI'M, B3aUMOACHCTBYIONIMX C HEJIMHEHHBIM YNPYIMM OCHOBAaHUEM, MCIIOJIb3YETCs
reomMeTpuyeckas HelmHeHocTh Tuma (pon Kapmana. ITomyoOpaTHeIM METOIOM HOTy4€HBI YaCTOTHO-AMILIH-
TyIHBIE XapakTepUCTUKN (pyHKIHMOHATBHO-TpagrueHTHON (PI') opTOTpOnmHON MMIMHIPHYECKON 00O0IOUKH,
B3aMMOJEHCTBYIOLIEH ¢ HEJIMHENHBIM yIIPYTUM OCHOBaHUEM [3].

Hccnenyercss opToTponHas mosoras HWIMHAPUYECKass 000JI0uKa, Jiexalasi Ha YyIpyroM OCHOBAHUH
tuna [lactepHaka. Kpussle Harpy3ku/mpornda cTpostes Uit CBOOOIHO OMEPTHIX MOIBMXKHBIX M HETIOIBHK-
HBIX KpaeB. O0cyxaaeTcs BIUSHUE T€OMETPUU 000JI0UKH, TapaMeTpoB (PyHaMEHTa U KPAeBbIX YCIOBHM Ha
3TH XapaKTepUCTUKU. 3aMEUYEHO, YTO Ha KPUBBbIE HArpy3Ku/mporuda o0O0JOYeK C MOABMKHBIMH KpasMu
MEHBIIIE BCErO BIUAIOT U3MEHEHMSI YKAa3aHHBIX BBILLIE IapaMeTpoB [4].

[IpencraBnena hopMympoBKa B 3aMKHYTOH (hopme TpexmepHoii (3D) yTouHEeHHOH TeOpHUn CIBUTOBON
nedopmarun Beiciiero nopsinka (RHOST) ans ananm3a cBOOOAHBIX KOJIEOAHHIA OJHOPOTHBIX W30TPOITHBIX
KPYTJIBIX HWIMHAPUIECKUX 000JI0YEK C MIPOCTOM OMOPOI-IIPOCTO ONOPOH M 3aKMMOM-3aKHUMOM [5].

W3ydeHo BIUsIHUE SKCHEHTPHUYECKUX KPETEKHBIX 3JIEMEHTOB U TEMIIepaTyphl Ha HEIIMHEHHYIO CTaTu-
YEeCKYI0 M JMHAMHUYECKYI0 peakuuio muianHapudeckux S-FGM naneneit. [Ipu sTom muwmHapuyeckue 000-
JOYKH (TOKPBITHS) YCUIIEHBI M30THYTHIMH KpPENEKHBIMU 3JI€MEHTaMM (pedpamu >KeCTKOCTH), B BEpXHEM
CJI0€, a B HIDKHEM CJI0€ — MOJIEPKUBAIOTCA (ITOANEePTHI) YIIPYTUMH ornopamu. HarpyskeHne 1TnHaMH4ecKoro
KPUTUYECKOTO CKPYUYHMBAaHUS (MCKPUBJICHHUS) OBUIO MONMy4YeHo 1o Kpureputo bynnanckoro — Pora. [Ipuse-
JICHbI YMCJIEHHBIC PE3YJIbTAThl JJIsl OLEHKH BIMSHUS TOBBIIICHNS TEMIIEPATyphl, CXKUMAIOIIETO TaBICHHS,
YTJI0B M3rH0a KpemexHbIX AJIEMEHTOB (pebep jKeCTKOCTH) M YIPYTHX ONOp Ha HEITMHEHHYIO CTATUYECKYIO
U TMHAMUYECKYIO peakuuio mumHapruyeckux S-FGM naneneit B repmudeckon cpeze [6; 7).

Pa3paboTtana rmosyaHaJMTHYECKasi MOJIENb JJISl IPOTHO3UPOBAHMS aKyCTHYECKOTO OTKIIMKA TOHKOCTEH-
HBIX IIMJIMHIPOB C OPTOTOHAIBHOM JKECTKOCThIO. Mozenh CBOOOJHBIX KOJeOaHH perieHa IpruOImKeHHBIM
METO/IOM TIpenoaraeMbix MoJ. Bo30yxkieHne HOpMaIbHBIX MOJI PACCMATPHBAETCSl C TOYKU 3PEHUSI COB-
MecTHOM (yHKumu npuHsThs (JAF) s magaronmx aKyCTHUEeCKUX TapMOHMYECKUX TUTIOCKHUX BOJH [8].

bbutn nccnenoBansl mpo0aeMbl CKpYUYHBaHUS (MCKPUBIICHHS) IIMIIMHIPUYECKUX PE3EPBYapOB, UCTIONb-
3yeMBbIX JUIS XpaHEHHsI He()TH U TOTTMBA PY CTAaTUYECKHUX WIIM KBAa3UCTATUUECKUX HArpy3Kax, BKIIIOYAs 1aB-
JIeHne, BeTep, oopymenne GpyHnamenTa u moxap. Bo Bcex ciydasx ckpyunBaHUe (UCKPHBIICHHE) paccMmart-
PHUBAJIOCH KaK CTaTHYECKUH Mporecc. bl BHECEHBI MPeI0KEHUs 110 YIIyUIIeHUI0 KOHCTPYKIHH [9].

C HCIoIB30BaHMEM METONA KOHEYHBIX JJIEMEHTOB HCCIIEAOBaH AMHAMHMYECKHM aHAIW3 IpeBapu-
TEJIbHO HAIPsHKEHHOH KpYyIIoNH MUIMHAPHUYECKOI 000J049KH (TIOKPBITUS) C paclIpEJEeICHHBIM CHAPYKH J1aB-
nennem [10; 11].

KunemaTndeckue COOTHOIIEHHS, pacCMaTpUBaeMble JUIs MaHeIed 000I0UKH, COOTBETCTBYIOT TEOPUH
C/IBUTOBOH JedopMalvy IepBOro Mopsiaka Hapsay ¢ FeOMETpUYeCKUMU HenuHeiHHocTsamu GoH Kapmana,
a BKJaJ pedep *KEeCTKOCTH pacCMaTpUBAaeTCsl Ha OCHOBE METO/Ia pa3MBITHIX pebep sxecTkocTu. Henunelinble
OCHOBHBIC ypaBHEHUS JBIIKCHUS IS MaHened o0omoukn FGM ¢ SKCIIeHTpHYHOM KECTKOCTHIO BHIBEICHBI
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¢ ucronb3oBaHueM npuniuna ['amunsrona. [Ipennonaraercs, uro ¢pynkunu HaBbe yaoBIeTBOPAIOT 3a0aH-
HBIM T'PaHUYHBIM YCIIOBUSM, TOrJa Kak MeTobl ['anepkuna u Pynre — KyTTel 4eTBepTOro nopsiaka UcIoib-
3YFOTCS IS IOCTHKCHUST HEJIMHEHHBIX TMHAMUYIECKUX XapakTepucTuk [12].

B 3amaue o cBoO01HOM BUOpany MPOJO0IBHO MOIKPETIICHHBIX IUIHHAPUIECKUX 000JI0UYeK, YUUTHIBAS
CJIOHOCTh TPAHUYHBIX YCIOBHIA CTPUHTEPHOU MOAKPEIICHHON MUIMHIPHUIECKON 000JIOYKH U MPOU3BOIIb-
HOCTb CEUEHUS CTPUHTEPa, ObUIN BBEIICHBI YIIPYTHUE OTPAHUYCHHUS, KOTOPhIE MOTYT HEITPEPHIBHO H3MEHSITHCS
Ha 0o0oux KOoHIAX 000y0uku. BbIBeZeHa 3aBHCHUMOCTh CMEIICHHS MEXIYy COBMECTHMOCTBHIO CMEIEHHUI
MEXy LEHTPOM 3KECTKOTO 3JIEMEHTa MPOM3BOJIBHOTO IONEPEYHOr0 CEUEHUS U CpeIHEl MOBEPXHOCTHIO
WIMHAPHYECKON 000J10UKH, QYHKIHS (OPMBI OCEBOI MOJIBI 0O0JIOUKH MTOCTPOCHA OPTOTOHAILHBIM METO-
oM I'pama — IlImuara [13].

B ynoMsHyThIX paboTax HE yUYUTHIBAIOCH COMIPOTHBIICHUE BHELITHEW CPEbl M TO, YTO MaTepUall [IUIIHH-
JIpUYECKOi 000JI09KH (TTOKPHITHS ) IMEET pa3Hble MOIYJIU (pa3HOMOIYJIBHBIN). B pencraBnenHoM uccieno-
BaHHUH OH PACIIOJIOKEH Ha BA3KOYNPYroi ocHoBe. Peliena 3ajjaua TMHAMUYECKON YCTOMYMBOCTH LIMJIMHPH-
4ecKoi 000JI04KH (TMTOKPBITHS) C PA3IUYHBIMU MOTYJISIMU.

2. MeTton pacuera

B paccmatpuBaemoii 3agaue uccieayercss IMHAMUYECKasi yCTOMYMBOCTh 000JIOUKH IIMITUHAPUIECKOTO
KPYTJIOT0 CEYeHHMSI, 3aKPETICHHOW Ha BSI3KOYNPYTrOM OCHOBaHHH. 3aBUCUMOCTD PEaKIIUU CpeIbl ( OT mporuda
paccMaTpuBaeTcs cieayromuM oopazom [11]:

Bl
g=KW+K,—-—. 1)

1 2 atz
3nece W — mporu6, t — Bpems, K; u K, — XapakTepucTUKu OCHOBaHHS, KOTOPBIC ONPEICISIOTCS

U3 SKCIIEPUMEHTOB.

[TpeAnono)uM, 4TO HUIUHIPUYIECKas 000J0YKa Pa3IUUHOr0 MOLYIs paguycoM R, Tommunoi h
U KPYIJIGIM TOINEPEYHBIM CEUCHUEM IO JEHCTBHEM CUIIBI T, NEHCTBYIOIIEH Ha €ro MOBEPXHOCTH, TEPSET
YCTOWYHBOCTh B OCECHMMETPUYHOM BHJIC. Y paBHEHHE IBIDKEHUS ¢ yaeToM (1) 3amuchIBaeTcs CIeay oM
00pa3om (IpearoaraeTcs, 4To OJWH KOHEI 000JI0UKH HETOBIKEH, a APYroi KOHELl U3MEHSETCS C 3a/1aH-
HOU cKopocThiO) [7; 16]:

2
T _pp 0,
OX ot
2 2 2 2
0 '\2"+T—2—T16—V;/+K1W+K28V2V=hpa—vzv, (2)
OX R OX ot ot
rae U — mpononbHoe u W — momnepedHoe mepeMenieHne; Ti1 U T2 — BHYTPEHHHE CHJIBI B OCEBOM

Y TIOTIEPEYHOM HAMPABJICHHIX COOTBETCTBEHHO; M — 0ceBoii n3rnbaroimuii MOMEHT; p — TUIOTHOCTb.
Hcnonb3ys [3; 7], MOKHO MOTYYUTH CIACIYFOIINUE COOTHOIICHUS:

Ty = Agy + Avey + Agor + Ay,
T, =Cig; +Cpep + Cay + Cy05;

M = Bye; + Bye, + By + By, (3)
3mech

gl W W W @

1Sx B2TR T V2T
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Aiz2(1E:'1V_)[n(2ﬁo+1)+(1—2HO)};
A, = 2(1ihv_)[nv+(1+ ZHO)+V_(1—2h0)};
_ E'W N1 a2,
A3_8(1—V+V)(1 )(L-48¢’);
+h3
A“Zs(i—jw)(l—“ﬁoz)hz;
B, = A By=A;
E*h? — —
B3:m[n(l+8h02)+(l—8hoz)};
E+h3 +(ah - h .
B4:m[v (8R¢ +1) v n(1—8h03)},
E*h . A, |
Cl=m|:v n(L+2hy ) +v (1—2h0)},
+h _ _
czzz(lf—m[n(1+2ho)+(1—2ho)};
E*hz(v7+v+n) o\
C= 8(1—v+v7) (1_4h0 )
C(@=mEPP o
c4_8(1_v+v)(1 ang' ).

[Tpu 5TOM OBLIIM IPUHSATHI CIIEAYIOMINE 0003HAUCHUS:

vi+v —(v_v+)sin0
hy= LT Vo2 .y .

_E

h(1-vep)’ q EY

_ . 5 5
h, =h, -h™— pasuuua HeiiTpanbHOi crIbL.

Ecnu yuecTs Beipaskenus (5) B ypaBHeHUH JBUKEHUSA (2), TO MOTYUYUM CIEAYIOUINE YPABHEHHUS:

2
WJ:h oA

o  ou W oW
ax(ALax ARG AR TP
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azauwaZWW1auwazww
_Z(Bl&-l-BZE—BSy—BLl?j R[Clax CZE—C4W—C4?]+

2 2 2
+K1W+K2—8V;/—Tl—avg =hp—avzv. (7)

OX OX ot
IT u<<W h o’u 0
PEAIIOI0KUM, YTO H IIPUHATO yCJIOBUE p? — 0, Toraa U3 NepBoro ypaBHEHUS CUCTEMBI

MOJXHO IOJYYHUTH CJICAYIOMICEC BLIPAXKCHUEC!

U__paf g W oW W
&_A&(AQRJF ax2+A“R2]' “

Ecnmu Bo BTOpoe ypaBHeHue (7) MOACTaBUTH BbIpaskeHHUE (4), TO MOIYYHM CIEAYyIOLIee ypaBHEHUE
OTHOCHUTEIIFHO TIOTIEPEYHOTO MEPEMEICHHS:

b184W+%.@2W [azbz b by b+T1J82—W+2(1 ob, ab1]

x x| RRT R x> R\R ox  ox
1 0% % b AW
S 23 Z AL KR IW+(K, —hp)=—=0. 9
R(z o2 ox* R ! (Ko =hp) ot ©)

3):[601: 6BIJ'II/I IPUHATBI CJ'IQI[YIOH_II/IG O603Ha‘IeHI/I$IZ
b =B;-B-A-A b=B-B-A-A% by=B-BA-AT
b, =CyA- A -Csi b =R C,-CiA- A (C,~CiA - AT |

%=aa—io(ql—%'A3A&1)(ﬁo_B3A31);
2 i h
%:(ql—qzﬂﬁl)(ﬁo—% )ah" BA (qlﬂ—QzAz)(ﬁO‘B3A-‘l)[aa_r:<oj+
oA A A0 A8
db, oh
R CR CRER IR
2 22 _
% e s ales
+aﬁlx{a—o—p& Q2( oAi—AZ)%(HO_Ai_lBl):l+
L Oy

%’

T (ho- AA,) {—_—At (A -B,) “O}qz,
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‘2#";=(qlﬁo—A{lAqu)(ﬁo—A*Bl)%:

2 2 = \2
(2723 = (%ﬁo - Ai_lAAQZ)(F‘o - Aﬁ%)%‘{%} '

Lo - A7 (AR -0~ A0 | (R - BAT )+

—\2
(Lo (0~ Ato) 1 (- )] 0
31ech
) e
ql_W’ b= 1-vvt

B o6wem ciydgae b;...by sBusercs gpyukimeit W — nporu6 ﬁo OTIpeNIeNIIeTCS CIeAYIOUIM 00pa3oM:

ho— A Ao+ A e+ A A0, — Vo . (11)
° (1 +6,2v0)h

Pemenue ypaBuenus (9) onpezernseM B BUAE CIEAYOMEH (PYHKIMH, YIOBICTBOPSIONIEH rPaHUYHBIM
YCIIOBHSM:

W :q(t)sin%x, (12)

rIe ( — aMIUINTY/Aa KPUBOW, M — €CTh YHUCJIO MOJIYBOJIH BIOJIb JUIHHBI BOJHBL B aTom ciydae u3 (11)

BHJIHO, YTO IPAHMIIA HEUTPAIBHOTO CIIOst BHE 3aBUcHMOCTH OT Ny onpenensiercs cnemyrouiei hopmyIioi:

rac

R =0 (1- Rzaz)—O,S(ql - quzocz);
P,=0; (1_ Rzaz)_ R(V_Qz —Q1);

Py =(ds —R°0’y ) =R (v d; —0);

E*(n+1)h h2
mr . .
= Y :_—K )
=T RTTN wT gl
h EJ’(\/Jr + nv‘) h2
=— ;O = —— K. 14
05 2 1-viv Ue g 5 (14)

HOCKOJ’IBKy hO — UMCCT MOCTOAHHOC 3HAYCHHUC, TO BCC IIPOU3BOAHBIC OT hO PAaBHAIOTCA HYJIIO.
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2 2 2
%20; ﬂ=0; %:O; a_bzzo; %:0;%:0_ (15)
OX ox? OX OX OX x>

VYpaBHEHHE ABWKECHUS BBITJISIAT CIICIYIOIIAM 00pa30M:
q(t)-ng (t) =0. (16)
3mech

n= —h—lp[(bzaz Ry + R, T+ Ky )+ R . (17)

3. Pe3yabTaThl 1 00Cy:KIeHHE

Kax Buano u3 (17), npu M < 0 nBmkenne — mepuoauueckoe, a npu M >0 amMImMTyaa HCKpUBIEHHS

CO BPEMCHEM YBEIMYHMBACTCS M 000JI04Ka TepsieT ycroiumBocTh. OHa ompexensiercst u3 ycnosus 1 =0

KPUTHYECKOH CHUIIBI (Tk) :
T =bya® —(R™by —by —bg )R+ K. (18)

IIpu N =1, ¢ y4eTOM CONPOTHBIICHHS BHEIIHEN CPEbl, V' =V~ MOXKHO IOJIy4YUTh PEIIEHUE 3a1auu
JUIsL OIHOMOTYJIBHOM LTHHApHYeckoii o6onouku. Ecin K; =0, To kinaccuyeckas 3agaya pelieHa.

Creyroliye 4acTHbIE CIy4au MMoayJarTcs, korga N=1:
1) comporuBnenue BHemHe# cpepl orcyrerByer (K =0, K, =0);
2) NUHKS TOKPBITUS HAXOIUTCS Ha OCHOBe BuHKIepa.
JleficTBHEe KpUTHYECKOW CHIIBI Ha 000JI0UKY, 3aKPEIJICHHYIO Ha BSI3KOYNIPYTOM OCHOBAaHHH, OTCYT-
CTBYET.
Teneps paccMOTpHM pelieHne 3aaa4n o Moaenu [lactepuaka [11; 15]:
2
dw
q = K1W _KZ d_2 (19)
X

B stom CJlydac€ ypaBHCHHE ABMXKCHHS 3aIIMChIBACTCA CIEAYIOIUM 06pa30M:

o au W oW W o%u
—|A—+A ——A—-A— |=hp—;
ax[Alax R Ao A4R2] e
o’ [ éau W oW W) 1(_ au W oW W
-~ |B—+B,—-B;~—-B,— |[+=|C—=+C,—-C,~— —C, —
axz(Blax R o 4R] R(lax *RZ T o 4R2]
R H oW
+K1W—(T+K2)W= py (20)

[puaumas U <<W , kak u B mpeAblAylIEeM ClIydae, MOXHO IIOJYYHTh U3 YCIOBHS NPUOIVKEHHS

d%u .

u__AW AW AW (21)

x AR Ao? AR
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Ecmm moncraButh Beipakenue (21) Bo Bropoe ypaBHeHue (20), TO TOTYyYUM CIICAYIONIEE YpaBHEHHE
¢ yaetom mporuda W:

blg—AVL\l/-an—bzﬂ‘l‘ &_Q_F&_b_‘l_k('r_k}(z)azw +£(1ab3 %)4_

X x o |ex! R R* R ox2 | RUR ox  ox
L 1—62'03—82—b1+5 W + KW =h ow =0 (22)
RIRa o R e T

3amicas Beipaxkerne (21) B ypaBuenue (22) u yuntsiBast, uto by, b,, bs, b,, bs mocrosuubL, momyunm

Clle/Tyrolee ypaBHeHHUE:

q"(t)—na(t)=0. (23)
3nech
1 P ]
T :_h—p[(bzaz =R, + R, (T +K; ) ) [+ Ry + Ky, (24)

IIpu stoM, ecmm y; <0, pemieHue craHOBHTCS HepuoanmyeckuM, eciu y; >0, To amrumiryna co

BpPEMEHEM YBEIMYHMBAETCS, a 000JI0UKA TEePAET YyCTOWIMBOCTh. 3HAYCHUE KPUTUIECKOM CHIIbI OTpEIeNsIeTcs
u3 ycioBus Y, =0:

o (b, =Ky )= R (R —by +b5 )+ K,

(12

T = (25)

3nech, korga K; =0, BHelIHee CONPOTUBIEHUE HE YYUThIBaeTcs, a Korga K, =0, pelleHHe COOTBET-

CTBYIOHICI\/'I 3aa41 BBIITOJIHACTCA HAa OCHOBAHUU BI/IHKJIepa.
W3 BeIpaxkeHus (25) BUAHO, YTO B OTJIMYHME OT BSI3KOYIIPYTOro OCHOBAHMS 371€Ch BEIMUMHA KPUTUYECKOM
CWJIBI 3aBUCHUT OT K03 uumenta [lacrepHaxa.

4, 3akrouenue

1. Pemena 3agavya TMHAMHYECKON YCTOMYMBOCTH LMIMHIPUYECKOW OO0JIOUYKH C PA3IUIHBIMU MOJTY-
JISIMU, PACTIONIOKEHHOM Ha BA3KOYNPYTrOoM OCHOBAHHH M OCHOBAaHWU, XapaKkTepusyeMoM Mozenbto [lactep-
Haka.

2. Ilomy4eHsl ypaBHEHUS CBSI3U MEXKIy KPUTHUYECKON CHJIONW M XapaKTepUCTUYECKUMH IapaMeTpaMu.
W3 nosydeHHBIX ypaBHEHHUI BUJIHO, YTO COMPOTUBIICHUE BHEUIHEH Cpe/ibl U pa3IMyHbIe MOJYJIM OKa3bIBAIOT
CYIIECTBEHHOE BIIMSIHAE HA KPUTHIECKYI0 cruty. Ecim 9T pakTopsl HE yUUTHIBaTh, MOYKHO JOITYCTHTH CePb-
€3HbIe OIMUOKH (OTKIOHECHHS).

3. [ony4yenusle pe3ynbTaThl MOTYT OBITH UCIIOJIB30BAHBI B pacyeTax Ha MPOYHOCTh, yCTOWYHUBOCTD
U B OTIPEETCHUH YaCTOTHO-aMIUIUTYIHBIX XapaKTePUCTUK LIUIMHIPHUECKUX TOKPBITUN C Pa3IMYHBIMU MO-
IYJISIMH C YY€TOM COIIPOTHBIICHHS BHEIIHEH CPEIbI.
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