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Jna yumuposanus

Mkpmuiues O.B., Bynywes C.B. Bepost-
HOCTHAasl OLIEHKa 3araca Hecylel crnoco0-
HOCTH TIPOCTPAHCTBEHHOI CTAIbHON paMBbl
npu 3emierpsacenun // CTpourensHas Me-
XaHUKa WHXEHEPHBIX KOHCTPYKIUH H CO-
opyxenuit. 2020. T. 16. Ne 2. C. 87-94.
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Annomayus

Axmyansrnocme. 1o cBoelt iprposie ceficMUYecKoe BO3ICHCTBIE, TPEICTaBIICH-
HOE aKCEeNEPOrpaMMOH, SIBIIAETCS SIPKO BbIPAXKEHHBIM MHOTOMEPHBIM CITy4YaiHbIM IIPO-
LIecCoM, B O0IIIEM ClTydyae COZEpIKalliM ILecTh KOMIIOHEHTOB. Pacyer B JeTepMUHHpO-
BAHHOM ITOCTAHOBKE HE BCET/Ia TO3BOJISIET a[JeKBAaTHO OLIEHUTh PEAKIUIO CHUCTEMBI,
B TO BpeMsI KaK pacyeT B BEPOSTHOCTHOH MOCTAHOBKeE OoJiee a/IleKBaTHO OTpaykaeT pado-
Ty CUCTEMBI U II03BOJISIET OLIEHHUTH €€ CelICMOCTOMKOCTB € 3aJJaHHOM 00€CIIEUEHHOCTBIO.
Lenvro palboThI ABIISETCS OLIEHKA JEHCTBUTEIBHOI'O 3ar1aca HecyIei criocOOHOCTH 1
IPUHMMAEMOTO TP IpOeKTUpoBaHUK Kodddunuenta Ki, yunTsIBaroIero fomyckae-
MBbl€ TTOBPEXACHHS 31aHUIH 1 COOPY KEHHH IS CTAIBHOM IPOCTPAHCTBEHHOM paMbl TIPU
pacuete Ha ceficMuueckoe BozaercTue. Memoowl. B mporecce uccnenoBanust ObL1
MIPOM3BEICH pacdeT CTaJIbHON MPOCTPAHCTBEHHON paMbl Ha J1Ba HAOOpa aKCcelneporpamMm
C JIOMUHAHTHBIMU YaCTOTaMHu, OJIM3KAMH K OCHOBHBIM YacTOTaM COOCTBEHHBIX KOJe0a-
HHH pambl. Kaplit HA0Op CHHTE3UPOBAIICS KaK CEMEHCTBO PeaTH3alliii HeCTaloHap-
HOTO CITy4alfHOrO CEMCMHYECKOro Bo3AeicTBys. Pacuer npon3Boamics Ha ABYXKOMIIO-
HEHTHOE CEHCMMYECKOE BO3JCHCTBHE B HENMHEMHOM NTMHAMUYECKOH TOCTaHOBKE B
nporpammuoM komiuiekce LS-DYNA. TpeasaputensHo pama Oblta 3arpoeKTHPOBaHa
B cootBercTBUH ¢ CII 14.13330.2014. «CTpOoUTENBECTBO B CEHCMIYECKHX paiioHax» Ha
ceiicmuueckoe BozaercTaue yposs I13 B IIK JIMPA 10.8. Io pa3paboTaHHO# BepOsIT-
HOCTHOHM METOJKE U1 KKIOro Habopa ObLTH TONyYeHBI JeHCTBUTENbHbIE KOd(PhH-
IMEHTHI 3amaca Hecyeil criocooHoctr Ks 1 mponsBeneHa oreHka koddgurmentos Ki.
Pesynvmamer. AHanu3 pe3ynbTaToB MOKa3bIBaeT, YTO paccMaTpUBaeMasl CTAJIbHAs
pama MMeeT JOCTaTOYHO OOJBIION 3amac Hecyllel crocoOHocTy, a koddduuuent Ki
MIPMHUMAETCS B HOPMax 4pe3MEpHO KOHCepBaTHBHO. Pa3paboTaHHas MeToKa 103Bo-
JISIET CKOPPEKTHPOBATh 3Ha4YCHHE MpUHUMaeMoro kodgduimenta Ki st 3nanuii n
COOPY’KEHHH ONpPEAEIeHHBIX KOHCTPYKTUBHBIX CXEM, YTO B CBOIO OYEPEb ITO3BOJIUT
HOBBICUTH 3KOHOMUYECKYIO 3(h(eKTHBHOCTH CTPOUTENBCTBA B CEHCMIUECKUX palioHax
1 00eceunTh HaIeKHOCTh POSKTUPYEMBIX 31aHHUI M COOPYKEHHIL.

Knouesvle cnosa: ceicMOCTOMKOCTh, HENMMHEHHBIN TMHAMHYIECKUI METO pac-
4eTa, aKCeleporpaMMma, Clly4aiHblil Ipollecc, IBHbI METOJ MHTErpUPOBaHUs,
LS-DYNA, 1IK JIMPA, Teopusi HaZeKHOCTH CTPOUTEIHHBIX KOHCTPYKIUH, Be-
POSITHOCTHBIE METOABI, METO/ CTATUCTUYECKUX UCIIBITAHUIN

BBenenne

HOCJ’Ie,Z[CTBI/IH CHUJIBHBIX 36MJ'ICTp$IC€HHﬁ IIOKa3hbIBa-

HOpMaM CEMCMOCTOMKOTO CTPOUTENHCTBA, MOTYT UMETh
nedunut Hecymiei cnocooHoctu [1-3]. elicTBytomme
CII [19] emre He TPOXOFITH TIPOBEPKY HA pEaTbHBIC 3eM-

0T, YTO 3[]aHUS U COOPY>KEHHS, 3aIIPOEKTUPOBAHHBIE TI0

Mxpmuiuee Onez Bapmanoseuu, 1OKTOp TEXHHYECKHX HayK, mpodeccop
kadenpsl conporusienus: Matepuanos; eLIBRARY SPIN-kxox: 9676-4986,
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9165-7831, Scopus Author ID: 57195232344, ORCID iD: https://orcid.org/
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PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN

JICTPSICCHUS BBICOKON MHTCHCUBHOCTH. A MPEIBbI Ty IHNA
BapUaHT HOPM, PErJIaMEHTUPYIONIUX MPOCKTUPOBAHKE
B celicMmuueckux paiionax [20], Takyro mpoBEpKy Hpo-
XOAWJI U, K COXKaJCHUI0, He Bceraa ynadHo. [locen-
CTBUS TIPOM3OIIC/IINX 3EMIICTPSCCHUN CBUICTEIBCTBY-
0T, YTO Pa3pyIlaINCh 3aHUS U COOPYKEHUS OIpee-
JICHHBIX THUIIOB KOHCTPYKTHBHBIX CXCM. Amnanus noka-
3BIBAET, YTO 3aYaCTYIO 3TO CBS3aHO C TEM, UTO IPUHS-
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ThI€ B HOPMaX METOIUKH He 00ECTICUNBAIOT TPEOYeMytO
CEHCMOCTOMKOCTD ISl TAKUX KOHCTPYKTHUBHBIX CXEM.
[Tpu mpoeKTUpOBaHUH 3/IaHUN U COOPYKEHUM Ha CUJTh-
HBIE 3eMJICTPSCEHHUS TIpeabsBICHIE TpeOOBaHuit 00 yII-
pyroit paboTre KOHCTPYKIUH SIBIISIETCS 3KOHOMHUYECKU
Helelrecoo0pa3HbIM. M3BecTHO, UTO JTMHEHHO-CIICKT-
panbHbIif MeTox (JICM) He mo3BoOJsSeT y4ecTh Helu-
HEHHBIN XapakTep AeopMupoBanus Hanpsamyto. [Ipu
MPOEKTUPOBAHUH BBOIUTCS Kod(hdurmeHT Ky, yauTsI-
BAIOIII JOITyCcKaeMble TOBPEKACHHA 3aHUI U COOpy-
*keHuil. B HacTosiiiee Bpemsi ucclieoBaHui, 000CHO-
BEIBAIOIINX 3HAYEHHS 3TOr0 KO3(h(UIMEHTa, BBITIOIHE-
HO HEIOCTaTOYHO. YTOYHEHHE 3HaUYeHUU K0d(duim-
eHTa Ki mis 31aHUM U COOPYKEHUHN pa3INuHbIX KOH-
CTPYKTUBHBIX CXEM SIBIISIETCSI aKTYaJIbHOU U BaKHOU
3amayeil.

1. lean uccinenoBanus

HopmarusHasiii pacuer ¢ nomonisto JICM npenro-
JlaraeT WCIOJIb30BaHUE MMPOEKTHOTO CIIEKTPa OTBETA,
KOTOPBIH TTOCTPOEH C OMPEICTICHHON 00SCIICUCHHOCTHRIO.
Ipu mpoekTHpoBaHWHU UCIIOIB3YETCsl pacueTHas aKcese-
porpamma, oJly4eHHas 1Mo pe3yJbTaTaM reopu3nde-
CKUX HUCCIIEAOBAHUM B paMKax AECTAJIBHOTO celcMuye-
CKOro pailoHMpoBaHus. Tak Kak CEICMHUYECKOe BO3/IEH-
CTBHE SIBIISIETCS CIyYalfHBIM IPOLIECCOM, pacueT B Je-
TEPMHUHHUPOBAHHOM ITOCTAHOBKE HE TIO3BOJISIET aeKBaT-
HO OIICHUThH PEAKII0 CUCTEMBI. ITO BO3MOKHO TOJIb-
KO IIPH pEIIeHUH 337a4i B BEPOATHOCTHON MOCTaHOB-
K€ C OmpezelieHreM TpeOyeMoi 00ecTiedeHHOCTH CelcMO-
CTOMKOCTH.

Lenbto nccnenoBanus ABISIETCS OLEHKA AEHCTBU-
TENFHOTO KO3 (PUIMEHTa 3armaca Hecyleld criocoOHo-
ctu K, u xkoapdummenta K; it mpoctpaHCTBEHHOM
CTaJIbHOU paMbl B BEPOSITHOCTHOM IIOCTAHOBKE.

2. MaTepuaJibl M METOAbI

IIpu uccnenoBaHUM NPOCTPAHCTBEHHOU CTaIbHOU
pambl UCIIOIB30BANIACH CIIEAYIONIAs METOANKA OLEHKU
koadPumentos K; u Ky 1 3nanuit u coopyskeHui.

1. s paccMaTprBaeMOro 31aHUS HITA COOPYKEHHS
OTIPEIEIIIOTCS YaCTOTHI COOCTBEHHBIX KOJICOaHUH.

2. CunTe3upyrorcss Habophl akceneporpamMmm ¢ Jo-
MHUHAHTHBIMH 9aCTOTaMH, OJM3KAMU K HanOosee 3Ha-
YUMBIM COOCTBEHHBIM 4acTOTaM KOJeOaHUH 3AaHnl 1
COOPY’KEHUH B MPOJOJILHOM M IONEPEYHOM Harpas-
JICHHSIX.

3. AxceneporpaMMbl CHHTE3UPYIOTCSI KaK pealu-
3allMy CIy4ailHOTO Mpollecca CeMCMUYECKOro BO3/eH-
CTBUSI C YYETOM MAarHUTY[bl 3eMJIETPSICEHHUS C OIpe-
JIeJICHHOW MAaKCHMAaJIbHOM aMIUIUTYAOH YCKOpPEHUH,
COOTBETCTBYIOIEH 3aJaHHOW UHTEHCUBHOCTH, U C 3a-
JAHHBIM MaTeMaTHYECKHM OKUIAAHUEM JTOMUHAHTHOU
yacToTel. OnpeneseHHOH WHTEHCUBHOCTH CeHcMUYe-
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CKOT'O BO3JICHCTBHSI COOTBETCTBYET MAaKCUMAJIBHOE YCKO-
peHue akceneporpammsl [19]: mas 7 6ammos — 1 m/c?,
s 8 GamioB — 2 M/c?, st 9 Gamnos — 4 m/c’. JlaHHas
METOJIMKA MOJICIIUPOBAHUS aKCEIePOrpaMM IPHBE/Ie-
Ha B [4-6].

4. C mOMOIMIBI0 METO/Ia CTATUCTHYECKUX HCIThITa-
HUH CTPOUTCS TUCTOIPAMMa U AMIUpPUYECKas QyHKIUSA
TUIOTHOCTH pactpenencuus kodddunumenta K. [ops-
JTOK pacyeTa CIIeTyIOIIHIA:

a) ISl KaXIOW pealn3aiiil CeHCMIIeCKOro BO3-
JICHCTBHSI BBITIOJIHACTCS JACTEPMUHHPOBAHHBIN pacyer,
B KOTOPOM TIPOBEPSETCS BBITIOJHEHHE YCIOBHHA OCO-
00ro MpeaeTbHOTO COCTOSIHUS TT0 KPUTEPHUIO HEOOpy-
IICHUS C ITOMOIIBIO HEJIMHEHHOTO TUHAMUYECKOTO Me-
ToAa, peann3oBaHHOro B LS-DYNA;

0) ecm yCIIOBHS 0COOOTO TPENEITBEHOTO COCTOSHHS
HE BBIIIOJHSIOTCS, TO €CTh MPOUCXOIUT Pa3pyllIeHUE
3aHUS WM COOPYKEHHUS, TO K WHTCHCUBHOCTH BO3-
JIEHCTBHSI COOTBETCTBYIONIEH pean3alid BBOAUTCS T10-
HIDKAIOMUH Ko3(hUImeHT, a eci paspyIieHrue He TIpo-
W30IIUIO — MOBBIIAFOIIUH;

B) pacdeT MOBTOPSETCS CHOBA;

T) ompezAemseTcss HanOoIbIIee 3HadeHHe Kod(hGhu-
IIUCHTA, NP KOTOPOM BBIMOJHSAIOTCS YCJIOBHS HEO00-
pyuenus. Takum oOpa3om onpeaensiercs koadduiu-
SHT JCHCTBUTEIHHOIO 3amaca HeCyIel CIrocCOOHOCTH
K; ans 3manuii 1 coopyskeHui py KaXKIoW peanu3aiun
Clly4aifHOTO Mpolecca (CeHCMUUECKOro BO3ACHCTBIA);

5. lnst onenku xkoaddurtenta K; MoxxeT ObITh Hc-

T0JIb30BAHO cpezHee 3HadeHne KiP , mosydeHHoe ¢ yue-
TOM BCEX BBINOIHEHHBIX CTATUCTHYECKUX UCIBITAHUIM
nytem generns K Ha K5P

Jlyis1 anpoOaruy OnMCcaHHOW BBIIIE METOIUKH Oblia
3aMpOEKTUPOBAHA MPOCTPAHCTBEHHAS CTalbHAs paMa
C JKECTKUMH COTIPSHKEHUSMHU KOJIOHH | pureneil. Pac-
YyeTHasl cxema IpejicTaBiieHa Ha puc. 1. Pama xxectko
3aleMJICHa B OCHOBAaHHH.

h=3m
h=3m
/=3m
h=3m
/=3m
h=3m
h=3m
h=3m

i=3m
h=3m

Puc. 1. PacuetHas cxema
[Figure 1. The calculation scheme]
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CeueHus KOJIOHH OBUTM MPUHATHI B BUAE MPOKAT-
HBIX JBYTaBpOB U3 cTanud Mapku C345 [21], ceuenus
pureineil — B BUe IPOKATHBIX JIBYTaBPOB U3 CTAIU Map-
ku C255. [Noxbop cedeHnii OCYIECTBISUICS B MPOrpaM-
MHOM komruiekce TIK JIMPA 10.8. Pacuer mpou3sBo-
TAICS Ha ceiicMIdeckoe BoszelicTBre yposHs 113 uHTEH-
cuBHOCTBIO 9 0amnoB B coorBeTcTBuu ¢ CII [19]. Ko-
s¢ppuuuent K, npunumancsa pasasim 0,25, Ko = 1.
B npouecce pacuera momy4yeHbl Ko3(pPUIUEHTH HC-
MOJIb30BaHUs HeCyIleil CIOCOOHOCTH MPHHATHIX Ce-
YeHUl cTanbHOU pamsbl (puc. 2).

MpoueHT ucnons3osanna MK / (o,mxz anp ab,o(e)y o(e)z,oc oeyz) (%)

Puc. 2. [IporeHT UCTIONB30BaHMS HECYIEH CIIOCOOHOCTH
[Figure 2. Percentage of carrying capacity usage]

Hawnbonee 3HaunMbIie (hOpMBI COOCTBEHHBIX KOJIE-
0aHuil pambl B MPOIOJIHLHOM U TONEPEYHOM HarpaBJie-
HUSIX TpUBeAeHbI Ha puc. 3. COOTBETCTBYIOIIUE Ya-
ctoThl paBHel 0,727 u 0,965 I'n.

%N ’
Puc.3. Cob6erBennbie HOpMBbI KOIEOaHHUIL:
a — B wiockoctu YOZ; b — B miockoctu XOZ

[Figure 3. Eigenforms of oscillations:
a — in the XOY plane; b — in the XOZ plane]

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

J11s1 ToJTyYeHHBIX YacTOT OBUTH CUHTE3UPOBAHKI JIBA
Habopa 1o 50 peanuzanuii CITy4aiHOTO CEHCMUYECKO-
ro Bo3melicTBus. BosmelicTBre OBIIIO TIPHHATO ABYX-
KOMIIOHEHTHbIM — 110 X u Y. BepTukanpHasg KomIo-
HEHTa He YUUThIBaJIack. VIHTEHCHBHOCTh BO3IEHCTBHUS —
9 6amioB [19], MaTeMaTH4IeCcKOe OKUIAHUE TOMHUHAHT-
Hoi yacToTel 0,727 1 0,965 I'lt COOTBETCTBEHHO.

Ha puc. 4 u 5 npeacraBieHsl peanu3aiuy akce-
JeporpamMm U3 000MX paccMaTprUBaeMbIX HaOOPOB.

a 4

2

Vexopenue, M/c”
Acceleration, m/

g 5 01520
Bpews, cex
b 0.5 Time, sec ‘
S o
=
=3
E
==

Yacrora, I'nt
Frequency, Hz

Puc. 4. Peanmmzanus celicCMHMYECKOT0 BO3ACHCTBHS
¢ TOMHHaHTHOM yactoToi 0,727 I':

a — akceneporpamma; b — ClIeKTpaJIbHbIl COCTaB
[Figure 4. The implementation of the seismic action
with dominant frequency 0.727 Hz:

a — accelerogram; b — spectral composition]
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Puc. 5. Peanmmzanus celicCMHMYECKOT0 BO3ACHCTBHS
¢ TOMHHaHTHOM yacToToi 0,965 I':

a — akceneporpamma; b — CeKTpajIbHbIH COCTaB
[Figure 5. The implementation of the seismic action
with dominant frequency 0.965 Hz:

a — accelerogram; b — spectral composition]

Pacuer paccmaTpuBaemMoii paMbl TPOU3BOIUIICS B
HEJIMHENHOM TUHAMUYECKON MOCTaHOBKE B MPOrpaMM-
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HoM komiuiekce LS-DYNA. Jlna pacuera uCmonb3o-
BAJIUCh SIBHBIE METOJbl UHTEIPUPOBAHUS YPABHEHUIT
JIBUYKEHUSL.

IIpu sBHOM HMHTETPUPOBAHUU MPUMEHSAETCS Me-
TOJ UEHTPAJIbHBIX pa3HocTel. [[ns ompeneneHus me-
peMeNIeHN UCIOJIb3YETCs BBIPAXKEHUE C 3aIla3/iblBa-
HUEM 10 Bpemenu [7; 8]:

Mii, + Cu; +Ku, =f/ . (1)

SIBHBIE METOMIBI UCTIONB3YIOT PEKYPPEHTHBIE COOT-
HOIIICHUS, KOTOPBIE BRIPAXKAIOT MEPEMEIICHUS, CKOPO-
CTH U YCKOpPEHUS Ha JAaHHOM IIare 4yepe3 uX 3HAUCHUs
Ha IpeIbIAyIINX [Iarax.

BekTop yckopeHuid:

a = M—l (ftcxt _ ftint )’ (2)

t

rae £ — Bextop BHewHux cum; f™ — BekTOp BHYT-

PEHHUX CHIL
B uyacTHOM cityuae:

ftint — Z IBTG dQ‘l‘ftcom , (3)
Q

rae B — marpuna nedopmanuit — nepemerienuis; 6 —
BeKTOp HanpsbkeHuit; f 7" — BeKTOp KOHTAKTHBIX CHIL

IIpu uHTErpUpOBaHNN YpaBHEHUH JIBUYKEHUS T10 SIB-
HOW cXeMe, B JAHHOM CIIy4ae 10 METOY LIEHTPAIbHBIX
pasHocTel [7], BEKTOp HampsHKEHUH ONpenessieTcs ue-
pe3 MepeMelleHns], HaliZIeHHbIE Ha MPEABIAYIINEM Bpe-
MEHHOM Iare (Tak Kak HampsDKEHUs 3aBUCST OT Jie-
¢dopmanuii, a neopMauy OT NOJSI EPEMEILCHUN ).

il
%

X

X

WAW,
[ X/

BekTopbl CKOpPOCTEN U MEPEMELICHUI Ha COOTBET-
CTBYIOLIEM LIIare ONpEeAeIIIOTCS CAeIYIOIIM 00pa3oM:

Vi =Vian T2,AL, “)

Att + Al‘t+At

U, =W +V, 00 >

®)

IIpu rcnonb30BaHUM AUArOHATLHOM MaTpUIlbl Macc
€CTh BO3MOXKHOCTh YIIPOCTHUTH PAcieT U YMEHBIIUTH Bpe-
Msl OJTHOW UTEpaIM¥, BEIYUCIHB OOPATHYIO MAaTpPHILY.
Otcroa BUIHO, YTO SIBHBIC METOJbI HE CBSI3aHbI C PeIle-
HUEM CHUCTEM ajreOpandeckux ypaBHeHuii. Hanbosnee
TPYJOEMKON omepanuell sSBISETCS BBIYUCICHHUE BEK-

TOpa BHYTpeHHUX cui f™, B KOTOPOM yYHTHIBAIOTCS

BC€ BUIIBI HEMUHEHHOCTEN.

7
5.(0) f .
N : :
3 o | H
E o | Epen ("‘.uh) &, (é"y) 3 E
25T ‘
g2l i 3 £(8)  EulEad
g : |
- : |
‘ :
| forand 0.(0)
Hedopmanuu, &
Strain, &

Puc. 6. O0muii Buz 1uarpaMmsl 1e(OpMUPOBAHUS CTaIN
[Figure 6. General view of steel deformation diagram]

L
a7

G
al

\,\\" ‘.
&
2\

@
VALAN )

\J
!

\!

‘

A

>5.0008-03
xsnoa-us:l
4.0008-03 _|
3.5008-03 _
3.0008-03
z.snoe-os:l
2.000e-03 _|
1.500e-03 __
1.000e-03
s.onowtl:l
0.000e+00

Puc. 7. Kaptina pa3pymeHus ¢ IacTHIeCKUMH AeOpMaIysIMH B pa3HbIe MOMEHTHI BPEMEHU:
a—t=11cek.;b—t=12cek.;c—t=13 cek.;d—t= 14 cek.
[Figure 7. The picture of destruction with the plastic deformations at different time moments:
a—t=11sec;b—t=12sec;c—t=13sec.;d—t=14sec.]
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Pama MopenupoBaiach ¢ MOMOIIBIO CTEPKHEBBIX
KOHEYHBIX JJIEMEHTOB. B y3max 3amaBaiich COOTBET-
CTBYIOIIIME COCpeoTOUeHHbIe Macchl. [lapameTpsl ma-
Tepuana npuHTH cormacHo CII 16.13330.2017 [21].
[lpuHMManace upeadbHast yOpyTo-IiacTUYecKas Mo-
JIeNTb pabOTHl MaTepuaia ¢ OTpaHUYCHUEM IUTacTHIe-
CKUX AepopMannit enpex (B [19] TOUKa £ Ha puc. B.1).
Torma, B cooTrBercTBUU C [19] momyuyaem: ans pure-
neH Enpen = 0,168, 7151 KONOHH €npes = 0,139. Ilpu go-
CTH)KEHUH 3THX Je(OopMallii, S3JIEMEHT BBIKITFOUASTCS
U3 pacdyeTHOU Mojenu (yaansercs). OOmuid Bux aua-
rpaMMmbl nehopMupoBaHus mpuBeneH Ha puc. 6. Ila-
pameTp 3aTyXaHus JJs KOHCTPYKIMHA TPUHAT PaBHBIM
£=10,03 (3 % OT KpUTHUIECKOTO).

B cooTBeTcTBUM ¢ METOIMKOM, OMMCAHHOW BBILIE,
MIPH KaXXIOM CTaTHCTUIECKOM HCITBITAHWUHU OB OTIpe-

nenen kodpuument KSP. Ha puc. 7 npusenena kap-

TUHA OeOPMUPOBAHUS U Pa3pYLICHUS KOHCTPYKIHH
U (pparMeHT ¢ 37eMeHTaMu, B KOTOPBIX BO3HUKIH ILIA-

cTrdeckue nedopMalliu, Ui OJHOTO M3 CTaTUCTHYE-
CKUX HUCTbITaHu#. KpacHbIM I[BETOM MOKa3aHbI dJie-
MEHTBI, B KOTOPBIX 3HAYEHHS IIACTUIECKUX aedopma-
nmii 0oabire, uem 0,005.

3. Pe3yabTaTsl

Pesynbrarhl onpeneneHus ASHCTBUTEIEHOTO KOA(-
¢urrenTa 3amnaca Hecylieit crocooHoctu K, npencras-
JIeHBI B Ta01. 1 1 2.

Ha ocHoBe monmy4yeHHBIX 3HaYeHUH OBLIM TIOCTPO-
eHbI rucTorpamMmbl kodddunmenta K; ans oboux Ha-
0opoB akceneporpamm (puc. 8).

Cpennee 3HaueHne kod(hduimeHTa 3amaca s
CEHCMUYECKOT0 BO3IECUCTBHSI C JOMUHAHTHOM 4YacTo-

toit 0,727 I’y paBro KSP = 1,442, nus celicMuuecko-
T'0 BO3JCHCTBHSA C TOMUHAHTHOH yacTtoToi 0,965 I'm —
KP .= 2,160. CroppeKTHpOBaHHbIE 3HAYCHHS KOI(-
¢unmentoB K; paBuer 0,173 u 0,116 cOOTBETCTBEHHO.

Tabnuya 1

JleiicTBuTe/IbHBIE KO3()(DHIMEHTHI 3amaca Hecyleii ciocodnocTu K 1st ceificMuyeckoro Bo3eiicTBysl ¢ JOMUHAHTHOI YacTtoToii 0,727 'y
[Table 1. The actual load-carrying capacity safety margins K. for the seismic action with dominant frequency 0.727 Hz]

Ne peanusanuu [No. of implementation] 1 2 3 4 5 6 7 8 9 10
Ko>¢pduuuent 3anaca [Safety margin] 1,7 1,5 1,5 1,1 1,1 1,4 1,2 1,6 1,5 2,0
Ne peanuzanuu [No. of implementation] 11 12 13 14 15 16 17 18 19 20
Koadduuuent 3anaca [Safety margin] 1,8 1,4 1,6 1,4 1,6 1,2 1,0 1,8 1,8 1,2
Ne peanuzauun [No. of implementation] 21 22 23 24 25 26 27 28 29 30
Ko puuuent 3anaca [Safety margin] 1,4 1,2 1,3 1,5 1,5 1,6 1,4 1,8 1,5 1,3
Ne peanmuzanuu [No. of implementation] 31 32 33 34 35 36 37 38 39 40
Koy puuuent 3anaca [Safety margin] 1,2 1,6 1,2 1,9 1,3 1,2 1,3 1,1 1,3 1,5
Ne peamuzanun [No. of implementation] 41 42 43 44 45 46 47 48 49 50
Ko>¢pduuuent 3anaca [Safety margin|] 1,6 1,2 1,6 1,5 1,4 1,6 1,4 1,6 1,4 1,3
Tabnuya 2

JleiicTBuTe/IbHBIE KO3()(DHIMEHTHI 3amaca Hecyleii ciocodnoctu K 1s1 ceficMuyeckoro Bo3ieiicTBysl ¢ JIOMUHAHTHOI YacToToii 0,965 I'iy
[Table 2. The actual load-carrying capacity safety margins K. for the seismic action with dominant frequency 0.965 Hz]

Ne peanuszanuu [No. of implementation] 1 2 3 4 5 6 7 8 9 10
Ko>¢pduuuenr 3anaca [Safety margin| 2,6 2,1 2,0 2,8 2,0 2,8 1,4 2,0 2,5 2,1
Ne peanuzanuu [No. of implementation] 11 12 13 14 15 16 17 18 19 20
Ko>¢pduuuenr 3anaca [Safety margin] 2,7 1,5 2,5 2,4 2,0 2,0 1,9 1,7 2.3 2,0
Ne peasmmzauun [No. of implementation] 21 22 23 24 25 26 27 28 29 30
Ko3agduument 3anaca [Safety margin] 2,2 1,8 2.4 1,9 2,1 2,4 1,5 2,4 2.4 1,4
Ne peanuzanuu [No. of implementation] 31 32 33 34 35 36 37 38 39 40
Ko duument 3anaca [Safety margin] 2,8 2,9 2,0 2.4 2,5 2,1 1,7 1,6 2.8 2,2
Ne peanusanuu [No. of implementation] 41 42 43 44 45 46 47 48 49 50
Ko>¢pduuuenr 3anaca [Safety margin] 2,7 2.4 1,7 2,8 2,0 1,6 1,8 2,1 2.3 1,8
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Puc. 8. 'ucrorpamma ko3 punmenta K;
JUIsl CEHCMHMUYECKOTO BO3JIEHCTBHS ¢ JOMUHAHTHOM 4acTOTOM:
a—0,727 T'u; b— 0,965 I'n
[Figure 8. Histogram of safety margin Kc¢
for the seismic action with dominant frequency:
a—0.727 Hz; b — 0.965 Hz]

4. O0cy:xkneHue

[pob6iema obocHOBaHHOCTH KodduimenTa K s
3aHUA W COOPYKEHUH PAa3IHMIHBIX KOHCTPYKTHUBHBIX
CXEM aKTHBHO 00CYKIaeTcs B HAYYHOM COOOIIECTBE
[9—-14]. Oxgnako mccienoBaHuii B 3TOH 00JIaCTH TOKa
HepocTatouHo. B paborax [8; 15; 16] nmpuBeneHs! pe-
3yJbTAaThl HETMHEHHOTO JMHAMUYECKOTO pacyera jKe-
J1e300€TOHHBIX KOHCTPYKITHi. BBIIo TOKa3aHo, 4TO KO-
s durment K a1 TaHHBIX KOHCTPYKIMH JOJDKEH UMETh
OoJblllee 3HaUEHNE, YeM YKa3aHO B HOPMax MPOEKTH-
poBanus [19]. To ecth umMeeT MecTo AeUIUT CelicMO-
CTOMKOCTH. AHAJIOTUYHBIC BBIBOJBI JIJISI UCCIICAYEMBIX
JKeJIe300eTOHHBIX KOHCTPYKLMI c/ienaHbl B padote [17].
B paborax [8; 15] mokazaHo, 9TO IJIs CTAJILHOH TIpO-
CTpPaHCTBEHHOW pambl 3HaUeHue kKodddurmenta K, Ha-
000pOT, 3aBBIIIEHO. DTO TOBOPHUT O TOM, YTO paccMar-
pHBaeMble CTalbHbIE KOHCTPYKIIMH UMEIOT 3arac Ompe-
JIEJIEHHON HecyIiel crocobHoctn. B padote [18] mo
OTHMCAHHOW BBIIIIE METOJMKE aBTOPaMU ObLIa PacCMOT-
peHa CTalbHas TUIOCKAas paMa B BEPOSITHOCTHOM ITOCTa-
HOBKe. Pe3ynmbraThl Taxoke 1mokasajid, 9To CTajbHAs pa-
Ma MMEET 3HAUYNTEIHHBIH 3arac HeCyIel ClIOCOOHOCTH.

3akiouenune

CoBpeMeHHBIE POTPAMMHBIE KOMITJIEKCHI TI03BO-
JISTFOT TIPOBOAUTH CIIOKHBIC PAcUeThI B HEJTMHEHHOMN IH-
HAMHUYECKOlM mocraHoBke. Takum 00pa3oM, KCIOIb-
3ysl METOJIbl TEOPUHU HAEKHOCTH CTPOUTEITHHBIX KOH-
CTPYKIWH, CTAHOBUTCS BO3MOXKHBIM OIIPEAEITUTH He-
CYIYIO CIIOCOOHOCTH 3/1aHUI U COOpPY>KEHHUH C BBICO-
KOH JIOCTOBEPHOCTHIO.
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B pabote Oblna paccunTaHa craibHasi IPOCTPaH-
CTBEHHAs pama, 3allpOEKTUPOBAHHAS 110 COBPEMEHHBIM
HOpMaM II0 CEHCMOCTOHKOMY CTpOUTENbCTBY [19] Ha
IBa Habopa peanu3aluil CIly4yailHOTO CEHCMUYECKOTO
BO3/ICHCTBHS B COOTBETCTBHH C Pa3pabOTaHHOI MeTO-
JuKoH. C MOMOIIBIO METO/Ia CTATUCTUYECKUX UCTIBITAHUH
JUTSL KQKIIOM peanu3aiuu ObLT TOJyYeH JACUCTBUTEIb-
HBIH KO3 UIMEHT 3amaca Hecylleil ciocOOHOCTH pac-
CMaTpUBaEMOM KOHCTPYKIMU. [[11s1 ceficMUYecKoro Bo3-
JeHCTBUsI ¢ TOMUHAHTHOM yactoToi 0,727 't koaddu-
LIMEHTHI BapbHpytoTcs oT 1 1o 1,9, anst celicMudeckoro
BO3JICHCTBHS ¢ JOMHHAHTHOM YacTotoi 0,965 I'm — ot 1,4
110 2,9. IIpoBenieHHOE MCCIENOBAHME [TOKA3ANI0, YTO CTaIb-
Hasl paMa JIaHHOW KOHCTPYKTUBHOM CXEMBbI UMEET 3aIac
HecyIIeil CIOCOOHOCTH TPU CEHCMUYECKOM BO3JICHCTBHML.
ITony4ueHHBIE pE3yIBTAaThl CBUAETEIBCTBYIO, UTO:

1) nns anekBaTHOTO OTpaskeHUs paboTHI 3MaHUi
U COOPY’KEHHH P 3eMJIETPSICEHUH CEHCMUYECKOEe BO3-
JeiicTBUe HEOOXOOMMO pPacCMaTpUBaTh B BUJE HeCTa-
IMOHAPHOTO CIIy4alHOTO MpoIecca;

2) [t 37aHUA M COOPYKEHHUH, KaK TPaBuIlo, Hanbo-
JIe€ OIaCHBIMH SABIIFOTCS. HU3KOYACTOTHBIE BO3JEHCTBUS;

3) cTranbHBIE KOHCTPYKIIMK UMEIOT 3aItac HeCyIIeH
CIOCOOHOCTH TIPH PACYETHOM CEHCMHYECKOM BO3IEH-
CTBUHM — 3TO CBSI3aHO C CYIIECTBEHHBIMHU pe3epBaMU
IUIACTHYECKOH pabOoThl MPUMEHAEMBIX IPH CTPOUTEIIb-
CTBE CTaJICHi;

4) ko3 ¢dunuent K, ncmonszyemslii mpu npoex-
TUPOBAHUU 3IaHUM 1 COOPYKEHHUH, JOJKEH OBITH YyTOU-
HEH IPUMEHUTEIBHO K PA3IMYHBbIM KOHCTPYKTHBHBIM
CXeMaM — 3TO MO3BOJUT 00ECTIeYnTh TpeOyeMyto HaleK-
HOCTb M 0€30I1aCHOCTD, a TaKKe 3KOHOMHUYECKYIO 3(-
(heKTUBHOCTP MTPOEKTUPYEMBIX 3TaHUN M COOPYIKEHHH.
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Abstract

Relevance. By its nature, seismic action is represented by the accelerogram
a pronounced multidimensional random process, generally containing six com-
ponents. The calculation in the deterministic formulation does not always allow
to adequately assess the reaction of the system. While the calculation in the pro-

babilistic formulation more adequately reflects the work of the system and makes it
possible to evaluate its seismic resistance with a given security. The aim of the
work is to assess the actual load-carrying capacity safety margin and the taken when
designing coefficient K, taking into account the permissible damage to buildings
and structures for the steel spatial frame when calculating on the seismic action.

Methods. In the article, the steel spatial frame was calculated for two sets of ac-
celerograms, with dominant frequencies close to the main frequencies of the frame's
natural vibrations. Each set was synthesized as a family of unsteady random seismic
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impact implementations. The calculation was carried out on two-component seismic
action in nonlinear dynamic formulation in the software complex LS-DYNA. Previ-
ously, the frame was designed in accordance with national standard SP 14.13330.2014
“Construction in seismic areas on the seismic action” of the design earthquake
level in the software complex PC LIRA 10.8. According to the developed proba-
bilistic method for each set the actual load-carrying capacity safety margins were
obtained and the coefficients Ki were estimated. Results. An analysis of the re-
sults shows that the steel frame under consideration has a sufficiently large margin
of load-carrying capacity, and the coefficient Ki is taken in norms excessively
conservatively. The developed technique allows to correct the value of the ac-
cepted coefficient K; for buildings and structures of certain structural schemes.
That in its turn will increase the economic efficiency of construction in seis-
mic areas and ensure the reliability of the designed buildings and structures.

Keywords: seismic stability, nonlinear dynamic calculation method, accelerogram,
random process, explicit integration method, LS-DYNA, PC LIRA, theory of re-
liability of construction structures, probabilistic methods, method of statistical tests

(In Russ.)
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Hanps:xeHHO-1e()OpMUPOBAHHOE COCTOSIHME UJIUHAPO-IIJIMTHO-BAHTOBOI0 MOKPBITHS
3n1aHUSA (COOPYKEHHUS) C Pa3JINYHbIMUA ()OPMAMHU HAPYKHOTO ONMIOPHOI0 KOHTYpa
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TocTymuia B pexaximo: 11 sBapst 2020 . Axmyanbnocms. IIpesicTaBlieHa HOBAs BOIHOOOPa3Has KOMOMHHPOBAHHAS (KOM-
IIeKCHAs) KOHCTPYKIUS MOKPBITHA JUIsl OOJBIIETIPONETHBIX 31aHUH — IMIHHAPO-
THO-BaHToBOE MokpeiTre (LII1B), o0veauustomee B cebe Tpy BUa KOHCTPYKLIMIA:
IAIMHAPAIECKYI0 000JI0YKY HyJIEBOH IaycCOBOH KPHBH3HBL, IIOCKOTO M BAHTOBOTO
(BuCSUET0) NOKPBITHH. JIaHHOE COUYETaHNE KOHCTPYKIIMIA U MAaTEPUANIOB UL IIOKPBITHS
GonbLInX mIomanei BIOpaHo He cirydaiiHo. BaHT (rubkast HUT) pabOTaeT TONBKO Ha
pacTsDKEHHE BCEM CBOHM CEUeHHEM, a IMIMHIPHYIecKas 000I0UKa 1 IIIHMTa pabOTaroT
B JIByX (IIPOJIOJIbHOM U MONEPEYHOM) IIOCKOCTSIX. B KoMILIeKce Ipu AefiCTBUM BHEIL-
HMX BO3ZICHCTBHI OHU CO3/1AI0T HEOOXOIUMYIO IIPOEKTHYIO IIPOYHOCTD, YUUTHIBAs IIPH
9TOM palOHAIBLHBIN BBIOOpP MaTepHasIoB (CTanu H xene300eroHa). [1pemnoxkeHsl HO-
BBIE aPXUTEKTYPHO-KOHCTPYKTHBHBIE PEILECHUs] OOJBILEIPOIETHOIO 30aHM C LIINH-
JPO-TUTITHO-BAHTOBBIM TTOKPBITHEM, YUIUTHIBAIOIINE PA3HbIC FeOMeTpHIecKie (GopMBbI
HApYy>KHOT'O (BHEILIHEro) Oe3aHKEpHOTO OIMOPHOIO KOHTYpa (Hapy»KHasi oropa) B BUIE
HIOITyOKPY>KHOCTH, Nodyasumnca u 1p. Ilens uccnedoeanus — NpoaHAIM3UPOBATH
BIIMSIHUE HAPYXKHOTO (BHEIIHEro) 0e3aHKEPHOrO ONOPHOTO KOHTYpa (IOIYOKpY)KHO-
CTH, TIOJTy2JUTUIICA M IPYTUX (JOpM) Ha MPOCTPAHCTBEHHYIO pa0OTy BHYTPEHHHX CHIT
B KoMOMHNPOoBaHHOM [{ITB-NOKpBITHHN GOIBIIEIPONETHOTO 3aHUS (COOPYHKEHHUS).
Memoowi. CraTuueckuil 4UCIECHHBIA aHAIN3 MPOCTPAHCTBEHHBIX Mojelnell Oobliie-
TIPOJIETHBIX 3AHUNA C Pa3HBIMH BHJAMHU HApy>KHOTO OMOpHOro KoHTypa B LII1B-
IOKPBITUYU BBIIOIHEH B nporpaMMHoM Komiiekce FEMAP with NX NASTRAN.
Jannblii komiuieke otHocuTes K ki1accy CAE, peanusyroleMy METOZ KOHEYHBIX dJ1e-
MEHTOB U IO3BOJIIOIIEMY YUUTHIBATh (PU3UUECKYIO U F€OMETPUUECKYIO HEJIHHEHHO-
cTH 1eOpMIPOBaHHS KOHCTPYKINIA. Pesynsmamsi. B pacueTHOM HcCIeIOBaHHUH BbI-
TIOJTHEH CPaBHHUTEIBHO-YHCIICHHBIN aHATN3 HAMPsLHKEHHO-Ie(OpMIPOBaHHOTO COCTOSI-

Jopaborana: 05 maprta 2020 r.
[Ipunsra k myOmukarmm: 12 mapra 2020 1.

Jns yumuposanus HHS KOMILIEKCHOTO T IB-nokpeITHs C pa3HBIMU OYEPTAHMAMH OTIOPHBIX KOHTYPOB Ha
Kyorcaxmemosa 3.P. HanpsokeHHO-1eopMH- JISHCTBHE BEPTUKATBHBIX HAIPY30K, ONPE/EIIIONINi PAIMOHATBHBIH 1X BBIOOD ¢ yue-
TOM OOIIMX 3aTpar M MOJE3HOH IUIOaau 31aHus. Pe3ysbTarel pacuera OobLIenpo-
POBaHHOE COCTOSIHUE LMJIMHAPO-IIJIUTHO- "
netHpIX 3naani ¢ L{[IB-mokpeITHeM Ha ropr30HTAIBHYIO (BETPOBYIO) HATPY3KY C yde-
BAaHTOBOTO TIOKPBITHS 31aHH (COOPYKEHNMS) TOM ONpEENEHHs APOAMHAMUYECKIX KOIPMUIIMEHTOB MPEIIONAraeTCs OmyOIMKo-
C pasjInIHbIMA q)OpMaMI/I Hapy>XHOIr'o Ornop- BaThb B cﬂeﬂy}omeﬁ CTaThE.

HOrO KOHTYpa // CTPOHTEIIbHAs MEXaHHUKA HH- Kniouesbie cnoea: TmbKas HUTh, BaHT, BAHTOBOE (BUCSYEE) TIOKPHITHE, BUCS-

KEHEPHBIX KOHCTPYKIHH 1 COOPYKEHHUIA. Yasi CUCTeMa, KOMOMHHPOBAaHHOE (KOMILJIEKCHOE) MOKPHITHE OOJBIICTIPOTIETHOTO
2020. T. 16. Ne 2. C. 95-110. http:/ 31aHus (COOPYKEHHS), LIMIHHPO-TUIMTHO-BAHTOBOE MOKPHITHE 3[aHus (COOpY-
dx.doi.org/10.22363/1815-5235-2020-16- JKEHUS), Hapy>KHasl OIopa, HAPY>KHBIA OMOPHBIA KOHTYP BaHTOBOTO IOKPBITHS,
2-95-110 Oe3aHKepHas O1opa, BHYTPEHHSS METAJUINYECKas oropa

BBeueHne HOT'O M TOProBOIr0 Ha3HAYCHUS SBJISICTCA BAXKHBIM U OT-

BETCTBEHHBIM JICJIOM JIJISL JTIOOOTO apXUTEKTOpa U WH-
JKeHepa. YHUKAaIbHbIC 31aHUS U COOPY>KEHUSI ¢ HETO-
BTOPUMBIMU apXUTEKTYPHBIMH 00pa3aMu — 3TO CBOe-
TO pojia BU3UTHBIE KAPTOUKH JIFOOOTO TOPO/IA, TOCKOITh-

[IpoekTrpoBaHnEe U CTPOUTEIHCTBO OOJIBIIETIPO-
JIETHBIX 37[aHUM M COOPY>KEHUH 3pPENTUIIIHOTO, CIIOPTUB-

Kyscaxmemosa dnveupa Paghasnvesna, acniupanrt, umxenep I1I'C, crapumii
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HO 3TH HOKPBITHS MO3BOJISAIOT PAllMOHATIBHO MEPEKPHI-
BaTh OOJBIIINE TUIOIIAN 3IaHUI M COOpPYKEHHUH, co3/a-
Bas TP 3TOM IPHUBIIEKATEIbHBIE apXUTEKTypHBIE 00-
pasbl ¥ yKpalias BHSITHUN OOJTUK ropoja.

B mpocTpaHCTBEHHBIX (KYMONBHBIX U IAIHHIPH-
YeCKHX) TOHKOCTEHHBIX MMOKPHITHAX, O1arogaps pado-
Te KOHCTPYKIIMH B IUIaHE B 000WX HANpaBJICHUSX, JO-
CTHUTraeTcs JIydlllee UCIOIb30BaHuE MAaTePHAIOB, UX CY-
IIECTBEHHAs! SKOHOMUS U 3HAYUTEIFHOE YMEHBIIIEHUE
Macchl B CPaBHEHHMH C TUIOCKUMHU MOKPBITHAMHE [1-5].
HenocraTkoMm xke ABIsAETCS OTpaHUUYEHHE B MEPEKPHI-
BaeMBIX TUIOIIAISX.

Oco0oe BHIMaHME 3aCITy>KUBAIOT 3IaHUS U COOPY-
JKeHHUS C BAHTOBBIM (BHCSYUM) MOKpbITHEM [1; 6-14],
MOCKOJIBKY OHH, B OTJIMYHE OT KYTIOJBHBIX U IMJIHHAPH-
YeCKHX MOKPBITHH, TIO3BOJISIOT MIEPEKPHIBATH TUIOMIAN
3IaHUH (COOPYIKEHHI) 3HAUNTEIILHO OOJBIINX pa3Me-
poB 0e3 SKOHOMHUYECKHX MOTEPb, IIPH 3TOM MPOCTHI B
W3TOTOBJICHUH, MOHTaXE W JKCIuTyatanuu. OIHAKO C
YBEIMYEHUEM IUIOIAAN BAaHTOBOTO IMOKPBITHS, COOT-
BETCTBEHHO, YBEJIMUMBAIOTCS U OTNIOPHBIE YCUIIUS B BaH-
TaX (TMOKWX HUTSX), KOTOPBIE TIepeAaroTCs HapyKHOU
OTIope, B TAKOM CITy4ae HeOOXOANMO YBEJIMIHBATH JKECT-
KOCTHBIE [TapaMeTpbl HApY>KHOTO OIIOPHOTO KOHTYpA.

[Ipoananu3npoBaB JOCTOMHCTBA U HEJOCTATKH BbI-
HIeTIePEeYNCIEHHBIX TTOKPBITHI OOJBIIETIPOJIETHRIX 3112~
HUM ¥ 3Has OCOOCHHOCTH WX MPOCTPAHCTBEHHOH pa-
0OTBI, MOXHO CO3/1aBaTh HOBBIE BHbI KOHCTPYKIMWH TO-
KPBITHSA ITyTEM HX COYETaHUs. Peub, B 4acTHOCTH, UIET
0 HOBOM IHWIMHAPO-TUHTHO-BaHTOBOM (LIIIB) mokpsI-
TUH U OONBLICTIPONIETHOTO 3AaHus. OHO HpeacTaB-
nsieT co00i CIOKHYI0 KOMOMHUPOBAHHYIO KOHCTPYK-
IIUIO B BUJE «BOJHBD, GOPMY KOTOPOIl MOKHO M3Me-
HSTh, 00eCIeunBasi MPH 3TOM U3MEHEHUE DCTETUIHO-
ro Buga camoro 3ganus [14]. HIIB-nokpeiTue npen-
CTaBJIAeT COOOM eAMHBIA KOMILIEKC, COCTOSIIINI 13 TPEX
Pa3HBIX BHUJIOB MOKPHITUI: HUIWHAPUIECKOTO, ITUTHO-
ro ¥ BaHTOBOTO. [Ipn 3TOM 3 PEeKTHBHOCTH M BHELIHUMA
BUJ KOHCTpYKIUK [{IIB-mOKpBITUS BO MHOTOM OIIpe-
TIEJIIOTCS Takke U (popMoil HapyKHOM OIOPHI BAaHTO-
BOTO MOKPHITHS (puc. 1). OTHUM KOHIIOM BaHTHI Kpe-
TATCS K HAPY’KHOM OTope, KOTOpast TIPECTaBISET COO0M
KOHTYPHYIO KOHCTPYKIIHIO, pabOTaoUIyI0 MpenMyIe-
CTBEHHO Ha C)KaTHe, TO3TOMY €€ pallHOHAIBHO TPOEK-
TUpOBaTh M3 OETOHa W kene300eToHa. A APYTUM KOH-
1IOM — K BHYTPEHHEH OIope, KOHIBI KOTOPOH JKECTKO
3a/ieaHbl B IUTUTY TUIOCKOTO TMOKPHITHS. BHYTpeHH: s
OIopa BaHTOBOT'O IMOKPHITHS PadOTaeT TOIBKO Ha pac-
TshKeHre. MaTepualioM s Hee MOXKET CIYXKHUTh HC-
KJIFOUUTENBHO cTallb. KperieHne BaHT K Hapy>KHOU U
BHYTpEHHEH oropaM BBIIOIHSETCS, KaK TPaBUIIO, B BUIE
mapHupa [15; 16].

Cxema pacIioio)KeHUsI BAaHT B BAHTOBOM TOKPBHITHH
MOXeT OBITh Pa3HOM, HAPUMEp, PaUAIbHOMN, BEEPHOH,
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napaJuieNbHON (MPOAOIBHON 1 TIOTIEPEYHOI ), ITIepeKpecT-
HOU u ap. [17]. CnegyeT OTMETUTh, YTO U3MEHEHUE ap-
XUTEKTYPHBIX (pOpM HapyKHOH OIOPBI M CXEMBI pac-
MIOJIO’KEHUS] BAaHT OKa3bIBAET CYLIECTBEHHOE BIIUSHUE
Ha HanpsbkeHHO-nedopmupoBanHoe cocrosHue (H/C)
Bceil koMIuieKCHOM KoHCcTpyKiuu L{IIB-niokpeiTHs.

Puc. 1. bonsmenponeTHoe 31aHue
€ LWIMHIPO-TUIMTHO-BAHTOBBIM ITIOKPBITHEM
[Figure 1. Large-span building
with a cylinder-plate-cable-stayed roof]

1. Onucanue 60/1bIIENPOJTETHOTO 3AHUS
¢ HMJIHHAPO-TUIUTHO-BAHTOBBIM MOKPBITHEM

HIIB-mioKpBITHE COCTOUT M3 KpalHUX OJI0KOB — TO-
MEIIeHNH ¢ BaHTOBBIM HOKPBITHEM M CPEIUHHOM (IIEHT-
pajbHOI) YacThIO, BHIIOJHEHHOM B BUJIE IIMJIMHApPUYE-
CKOI1 000JI0UKH HYJIEBOW TayccoOBOi KpUBU3HBL. O0B-
EAVHSAIOINM yYaCTKOM JIBYX YacTed CIIYKHT IIINTA
MJIOCKOTO MOKPHITHS (pucC. 1).

[To KOHCTPYKTHBHOMY pEIICHHUIO TUIHTA TIOCKOTO
TTOKPBITHS, padoTasi COBMECTHO ¢ AnadparmMaMu jKecT-
KOCTH (JIECTHHYHBIMH KJIETKAMHU U JIM(PTOBBIMH IIIAXTa-
MH), BOCTIPHHUMAET BHYTPEHHHUE YCWINS OT LWIMHAPH-
YECKOr0 M BaHTOBOTO MOKpbITHA [17]. PaccmoTpum ve-
ThIpe BapuaHTa oOmiecTBeHHOro 3anust ¢ LIIIB-nokpsI-
THEM, B KOTOPOM Hapy>KHbIE OMIOPHBIE KOHTYPBI HMEIOT
pas3Hble TeoMeTpudeckue (POPMBI C COOTBETCTBYIOIIAM
TIPOIOJIEHEIM pairycoM R (110 ocH x) (puc. 2): a) Ri=15m
(momens 1); 6) Ry = 30 m (Mozmens 2); B) Rz = 45 M
(Mozensb 3); ) Ra= 60 M (Mozensb 4).

IIpaBrTbHEII BEIOOp MapaMeTpoB HApPYyKHOH OIO-
PBI BAHTOBOT'O TIOKPBITHS TIO3BOJISIET PAIlMOHANBHO HC-
TMI0JIb30BaTh MOJIE3HYIO TUIOIIAAb 3/1aHuUs, & TAKKE MU-
HUMHU3UPOBATh U3ICPKKU TIPH CTPOUTENHCTBE U DKC-
TuTyaTanud. BaHTeI HApY>KHOTO OMTOPHOTO KOHTYpa OpH-
EHTHPOBAHB! PaiiaibHO, C OCHOBHBIM IIIaroM §1 = 2 M.
Ha BaHTBI yJ10KeHBI kKele300€TOHHBIE TUTUTHI TIOKPHI-
THH, AIMEIoIHe (HOPMY TpaIleIuii pa3HOTo THITOpa3Me-
pa ¢ TommuHo# 0,05 M [17]. K BaHTaM IIMTHI KPETSITCS
C MOMOIIBIO (PUKCATOPOB — 3aKUMOB, MPEICTABIISIO-
IUX COOOW BBITYCKH apMaTypHBIX CTEpKHEH mepro-

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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JUYECKOro mpo¢uiis. 3a30pbl, 00pa3yomecs MexIy
TUTHTAMU TIOKPBITHH, 3aTIOJHAIOTCS OETOHOM Ha pacIiiv-
psorieMcst riemenTe [14—17]. [IpoBucanue BaHT (WIH
cTpena npoBeca) npuHumaercs f = 1/25L [6; 14-17],
rae L — mposet BaHTa, M.

Pa3oMKHYTHIH Hapy>KHBIH O€3aHKEPHBEIH OIOp-
HBI KOHTYP TPEACTABIsET cOO0H MHOTONPOJIETHYIO
Oanky MpsIMOYTOJILHOTO ceueHus BbicoTor /1 = 0,8 M
u mupuaot b = 1,5 m. Ee reomerpuueckne GopMel
B IJIaHE MPEJCTaBICHBI HA puc. 2, rae R = 15 M,
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/i =108 m, L = 60 M. OnopHas Oayka (HapyXHBIHA
OTIOPHBIN KOHTYP) BAaHTOBOTO MOKPHITHS YCTaHOBIIE-
Ha Ha KOJIOHHBI BBICOTOW [, U3MEHSAIOLIENCS B Mpe-
nenax ot 12 go 16 M, ¢ marom, paBHbIM 6 M. KOHIIBI
Hapy>KHOT'O OMOPHOTO KOHTYpPa KECTKO COEIIMHEHBI
C apMaTypHBIMH BBITYCKAMU IUIUTON IUIOCKOTO IIO-
KPBITUSI ¥ TOpLEBOW AuadparmMoil (MOHOJIUTHOU Ke-
Ne300€TOHHOM CTEHOM) ABYXATaXXHOTO TMOMEIIEHHUS
(puc. 1, 2).
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Puc. 2. I1nans! 3nanuit HIIB-nokpbITuil ¢ HApYKHBIMU ONOPHBIMU KOHTYPaMHU:

a—Ri=15m (moznenb 1); 6 — R, =

30 m (Mozenb 2); 6 — R;

=45 m (mozens 3); e — Ry = 60 M (Monens 4);

1 — KOTOHHEL; 2 — TOpIIeBble AuadparMsl; 3 — CpeAUHHBIE TuadparMsl (IPOJOIBHEIE U MOIEePEYHEIE)
[Figure 2. Building plans for cylinder-plate-cable-stayed roofs with external support contours:

a—R;=15m (model 1); 6 — R,= 30 m (model 2); 6 — R;

=45 m (model 3); 2— R, = 60 m (model 4);

1 — columns; 2 — end diaphragms; 3 — middle diaphragms (longitudinal and transverse)]

JIByXaTaskHOE TIOMEIeHne O00bequHsIeT 001acTn
BaHTOBOTO MOKPHBITHS M IUIMHIPHIECKON 00O0JIOUKH.
Humaapudeckas 0060I09Ka SBISETCS CPEAHEN 9acThIO
HIB-nokpeiTus. JByX3Ta)KHOE NOMEILIEHUE UMEET JUIH-
Hy L = 60 M, mupuny B = 6 M u oOpa3yeT Oe3purein-
HBIN Kapkac C IUIMTaMH IIJIOCKOT'O ITOKPBITUA U TICPE-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

KPBITHS, TONIIUHA KOTOPBIX cocTaBisieT ¢ = 0,2 M. Paz-
MEpBI CETKH JKeIIe300€TOHHBIX KOJIOHH 6X6 M. KOJOHHEI
MMEIOT KBaipaTHOe ceueHue ¢ pazmepamu 0,5x0,5 m.
Bricota xomonn H; = 12 M. UlupuHa npomonbHBIX
mradparm paBHa 12 M, MUPHHA TOMEPEIHBIX U TOP-
neBbIx amadparm — 6 M, TommuHa 0,5 M. B pacuere
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NPUHATBI CIEAYIOMINE TEOMETPUUECKHE pa3Mephl: Mpo-
jgetr L = 40 M, mmHa /1 = 18x6 M = 108 M, BbIcoTa
h =4 M, TONIIHA MOHOJMTHON IMIJIMHIPUIECKON 000-
nouku o = (1/200...1/300)/;, npumem & = 0,15 m, pa-
JINyC KpUBHU3HBI 0007049kH R = 52 M. Obonouka omm-
paeTcs Ha JBe JKeJIe300€TOHHBIC OAIKH ¥ TOPIIEBHIC apKH
C pasMepaMu MpsSIMOYTOJIBHOTO ceueHus b = 0,5 M u
h=0,8wm[17].

2. MarepuaJbl UcCIeA0BAHUS

Banm (cubkas nume): cTapHON KaHAT JBOWHON CBUB-
ki trna JIK-PO konctpykimm 6x36 (1 + 7+ 7/7 + 14) +
+1.0.c, ¢ Moaysem ynpyroctu E = 1,47x10° MIla u
K03 duIMeHToM monepedHoit aedopmamuu v = 0,3
(tabmn. I'.10 [18]). BanT npencrasisieT coboit U30THY-
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TBIH 3JIEMEHT, CeUeHHe KOTOPOTo ONpeesieTcs Mo pac-
YETy COIIAaCHO HOPMAaTUBHOU AOoKyMeHTauuu [15; 19].
Kenezobemonnwiil kKapxkac: apMHPOBAHHBIN Ts-
JKenbli 0eToH kiacca B25 ¢ Momynem ympyroctu
Ey=30x10° MIla (tabmn. 6.11 B [20]), MoxyTeM cIBH-
ra G, = 0,4, E; = 0,4 x 30 x 10° = 12x10° MIla
(m. 6.1.15 B [20]) u ko3dp¢unuentom I[lyaccona
v=0,2 (m 6.1.17 B [20]). PacueTHOE CcompoTHUBICHNE
0OeToHa JUTS TIPENIETBEHOTO COCTOSHUS TEPBOM TPYIIITBI
(cxaTtue oceBoe) R, = 14,5 MIla (tabu. 6.8 B [20]).
Brympennsa memannuueckas onopa (noiykoavyo):
cranb Mapku C245 no I'OCT 27772 [21] ¢ pacueTHbIM
conpotuBieHneM R = 350 Mlla (tabn. B.5 B [18]),
MOJyJieM MpPOAOIbHON ynpyroctu (Moayns FOHra)
E=2,1x10°MIla (ta61. I'.10 B [18]) 1 k03 duizenTom
nonepeunoit nedopmaruu v = 0,3 (tadm. I'.10 B [18]).
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Puc. 3. BHyTpeHHssa MeTaJundeckas onopa B popme Koublia (a) u nonykosbia (6):
1 — BaHTBI; 2 — BHYTPEHHSS o1opa B popMe KOJIbLia WK MOJTYKOJIbLA; 3 — IUIMTA IUIOCKOTO TOKPBITHS;
4 — apMarypa B IpOIOJIbHOM HAalpaBJICHUH; 5 — apMaTypa B HOIEPEYHOM HaIpaBICHUH; 6 — 3aKJIa(Hasl IeTAllb
[Figure 3. Internal metal support in the form of ring (a) and half ring (6):
1 — cables; 2 — an internal support in the form of a ring or half ring; 3 — a plate of a flat roof;
4 — reinforcement in the longitudinal direction; 5 — reinforcement in the transverse direction; 6 — embedded part]

BHyTpeHHss1 MeTaInuecKas Oropa MOKeT Ipe-
CTaBIATH cOOON HECKOJIBKO BUIOB KOHCTPYKIIMI: KOJb-
1o (puc. 3, @), HOIXyKoIbLO (pHC. 3, 6) U HOBBIA BHUI
KOHCTPYKLHUH METAIJIMYECKON OTMOPHI AJIsl KPEeTJIeHUs
HEpa3pe3HOro BaHTa, OPUTMHAIBHOCTh U HOBU3HA KOTO-
PO MonTBEpKAEHA MAaTeHTHOM 3KcnepTH3oi [22]. Onop-
Hbl€ KOHIBI COEIMHEHB! C APMUPOBAHMEM IUIUTHI ILIOC-
KOTO MOKPBITHSA U 3a0€TOHUPOBaHHb!L. [nHa 3a1enKku
KOHIIOB OIIOPHOT'O IOJIYKOJbLIA OIpelelseTcs pacde-
TOM COTJIaCHO HOPMATUBHBIM JJOKYMEHTaM.

3. MeToabl HccJIeI0BAHUA

MNuxeHepHBI aHAIN3 KOHCTPYKLIUM 37aHUS BbI-
MOJIHEH ¢ MoMolIbio nporpaMMHoro CAE-kommiekca
FEMAP with NX NASTRAN, peanuzytomniero MeTo
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KoHeuHBIX AteMeHToB (MKD) [23; 24]. B pacuere yurte-
Ha (pu3MUecKasl ¥ reoMeTpuyecKas HelmHeHHocTH ieop-
MHpPOBaHHUs BAaHTOBOM CHUCTEMBI MOKPBITHA 31aHus [19].
Kak n3BecTHO, 0COOCHHOCTH MONOOHBIX PACYETOB 3aKIIO-
YaeTcsl B TOM, YTO IPH MX BBIIOJIHEHUH HEJb3s UCIIONb-
30BaTh PS/i U3BECTHBIX TEOPUH M 3aKOHOB CTPOUTENHHOM
MEXaHUKH, TaKHX KaK MPUHLMI BO3MOXKHBIX IIepeMeltie-
HUM ¥ B3aUMHOCTH PaboT, 3aKOH HE3aBUCHUMOCTH JICH-
ctBus cui u ip. [19]. B pacuerax momoOGHOrO THIIA TIPH-
MEHSIIOTCS] YUCIICHHBIC UTEPAIMOHHBIE METO/Ibl, OCHOBaH-
HBIEC Ha TIOIIar0BOM CIIoco0e Harpy»eHus BaHTa [15; 19;
23-30]. B mporpammuoM komruiekce FEMAP with NX
NASTRAN HenvHeHHbIH cTaTndeckuii aHam3 (Nonlinear
Static Analysis) BBITIOTHSETCS HA OCHOBE HTEPAIIOHHOTO
pemenns MeronoM Hetorona — Padeona [23; 24].

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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4. Harpy3kmn, aeiicrsyomue Ha LIIIB-nokpsiTHE

Ha I IB-nokpeITHE IEUCTBYIOT BEPTUKAIBHBIE CTa-
TUYECKUE Harpy3Ku: MOCTOSHHAS OT COOCTBEHHOT'O Beca
KOHCTPYKTHBHBIX AJIEMEHTOB, COCTaBa KpoBiu [31] u
BpeMeHHas (CHeroBas) Harpy3ka. [Ipm pacdere mpod-
HocTu 37aHus ¢ L[IB-mokpeiTHEM BBIOpaHBl MaKCH-
MaJIbHBIE YCHJIHS OT HeOIaronpusITHBIX COYEeTaHUH Ha-
rpy3ok B cootBercTBHH ¢ CII 20.13330.2012 [32]. Co-
yeTanue Harpy3ok [17; 33—-35] na L{I1B-mokpriTHe:

1) paBHOMEPHO pacnpeze/ieHHas IOCTOSTHHAS U Bpe-
MeHHas (CHeTroBasi) Harpy3ku (puc. 4, a);

1 yyactok
2 y4acToK
3 yyacTok
4 y4yacToK
\ 5 yyacTok
x 1196304015 6 yyactok

1185,23 kIla

1159,11 xIla

2) paBHOMEpPHO pacrmpeziesieHHas MOCTOsSIHHAS U
HEpaBHOMEPHO pacrpe/ielieHHass BpeMeHHasi Harpy3KH
(puc. 4, 6).

[pn pamuanbHOI cxeMe pacrojoXKEHHs! BaHT Bep-
TUKaJbHAsl Harpy3Ka Ha OTJeNIbHBIC BaHTHI (CTaIbHBIC
KaHaThl) MpujioxkeHa B ¢popme Tpaneruu [35; 36]. Ee
BEJTMYMHA YMEHBINAETCS 110 JJIMHE BaHTa (THOKOW HUTH)
MPOMOPLUUOHAIBEHO OT HAPYKHOTO OMOPHOTO KOHTYpa
pasHoro paauyca R; = 15, 30, 45 u 60 M K BHyTpeH-
Hell omope ¢ paguycom » = 0,5 m. Ha puc. 4 npen-
CTaBJICHBI CXEMBI IPUIIOKEHUSI CHETOBOM HAarpy3KH Ha
MWIHHIPUYIECKOE TTOKPHITHE.

\
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Puc. 4. Cuerosas Harpy3ka (paiios — II) Ha numuHIpPUYECKOe OKPITHE BBICOTOH 4 M, paccunTtanHas o CII [32]:
a — BapuaHT 1; 6 — BapuaHr 2
[Figure 4. Snow load (district — II) on a cylindrical roof 4 m high, calculated by SP [32]:

a — variant 1; 6 — variant 2]
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5. Pe3yJbTaThl

PaccMotpum crienyromye BapuaHThl PacueTHO-IPO-
CTPAHCTBEHHBIX MOJEIEH OOJBIICTIPOICTHRIX 30aHII
¢ HapyxHbIMU oniopamu B LIIIB-nokpeITu, uMeromu-
MU CJIEYIOLIMe NTPOAOIbHbIE paguychl: 1) Ri=15m
(momens 1); 2) R, =30 M (Mozmens 2); 3) R3 =45 M
(momens 3); 4) Ry= 60 M (Mozens 4).

5.1. Pacuemnasn mooens 1
¢ nPo0obHBIM paouycom Ri=15m

UwncneHHBIH aHaU3 IMoKasal, 4to Acdopmarmu
BaHTOBOTO TOKPBITUS 3aBUCAT OT JIJIMHBI BAaHT U CXe-
MBI HX PacIOIOKEHHS BAOJb HAPYKHOTO O€3aHKEPHOTO
OTIOPHOTO KOHTYpa (HapyxHas omopa). [Ipu pagnans-
HOM CXeMe pacrojioXKEeHHUsI BaHT Ha KOHIIAX Hapy>KHOM
OTIOPBI BaHTHI (TMOKWE HUTH) [UTHHHEE, YeM B LIEHTpaIIb-
Holt yacth. [loaTomMy mx HauboMBIINI TPOTHO BO3HU-
KaeT Mo KpasM BUCSYEro MOKpeiTHus (puc. 5, a). Ha-

Oulput Set: Case 10 Time 1
Contour: Total Translation
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Nodal Contour: Total Translation -0.0001
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PYKHBIN KeJIe300€TOHHBII OMOPHBIN KOHTYP C MPOJI0JTh-
HBIM paguycoM Ri = 15 M nmeer ¢popmy «moiaymecs-
1a». B neopMupoBaHHOM COCTOSTHHU B TUTAHE (B OCSX
X —¥) OH MPEICTABISIET KKOPOMBICIO» (pHC. 5, 6), UTO
SIBTSIETCS CIIEJICTBUEM OCOOCHHOCTEH HArpy»KeHHUS BaHT
(ruOKMX HUTEH) W TOIIArOBOTO PACIOJIOKCHUS BAaHT
pasHo# uHE (puc. 5, 8). MakcuMaibHBIE TIEpeMeIIIe-
HUA 10 ocu x cocTaBuiu A, = 0,0156 M, a o ocu y —
Ay1 = 0,0250 M. MakcuManbHBIN IPOTUO AJIs1 pacyeT-
HBIX Mojesel 1 u 2 ¢ MUIUHAPO-TUINTHBIM TOKPBITH-
eM paseH 0,025 M, Kak IpHU CHEroBOM Harpyske Io
BapuaHTaM | u 2, a qnst mogeneut 3u 4 corjaacHo mo-
JMy4eHHBIM pe3ysbTaTaM pacdera. B maHHoM aHammsze
WHTEpeC NPEACTaBISICT BIUSHUE BAHTOBOW CHUCTEMBI
Ha aeopMHUpOBaHKE MITMHAPO-TUTATHOTO TOKPBITHS,
a IMEHHO 30HAa Mporuda MIIHHAPHISCKOH 000TOUKH.
Jna xaxmoi pacdeTHOW MOJENIH OHa OyAeT m3Me-
HSATHCS.
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Puc. 5. Pacuernast mozens 1 (R1= 15 M) — MakCUMaJIbHBIE NTEPEMEILCHUS] KOHCTPYKTHBHBIX 1eMeHToB LI[IB-nokpsITHs:
a — o0wmii BUA 31aHus; 6 — GparMeHT Mo/eH (HapyKHBIIl OHOPHBIN KOHTYP € paanycoM R = 15 M); 6 — LleHTpabHasl YaCTh 3aHHs
€ IUIMHPO-IUTUTHBIM ITOKPHITHEM (CHET — BapHaHT 1); ¢ — IeHTpaibHas YacTh 3[4aHHs ¢ MIIHHIPO-IUIUTHEIM ITOKPEITHEM (CHET — BapHaHT 2)
[Figure S. Calculation model 1 (R1 = 15 m) — maximum displacement of the structural elements of the cylinder-plate-cable-stayed roof:
a — general view of the building; 6 — a fragment of the model (an external support contour with a radius of R, = 15 m); ¢ — the central part of the building
with a cylinder-plate roof (snow — variant 1); 2 — the central part of the building with a cylinder — plate roof (snow — variant 2)]

5.2. Pacuemnan mooens 2
¢ nPooobHBIM paouycom Ry =30 m

Hdedopmanmu BaHT B LEHTPaIbHON YacTH BaHTO-
BOTO TIOKPBITHSI UIMEFOT (POPMY TOITYOKPYKHOCTH (pHC. 6,
@). OT0 OOBSCHSIETCS TEM, YTO KOHIIBI HAPYKHOTO

100

JKeNIe300€TOHHOTO 0€3aHKEPHOTO0 OMOPHOT0 KOHTY-
pa (Hapy>KHOU OTIOPHI) JKECTKO 3aKPEIJICHBI B yIIax
MPOAOJIBHO-TOPIICBON quadparMel (sSaApa KECTKOCTH)
TUIOCKOTO y4acTKa MoKpeITus. Ha puc. 6, 6 B mane,
TO €CTh B OCAX X — Yy TpeACTaBiieHa Ie(OpMHPOBaH-
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Has MOJIeNIb Hapy>KHOTO 7KeJ1e300€TOHHOTO ONIOPHOTO
KOHTypa C KOJOHHaMH. MakcumanbHOE MepeMelne-
HUE TI0 OCAM X U y cocTaBmiIo An = Ay = 0,0061 m.
Hedopmanus HapyXHOT'O0 OMOPHOTO KOHTYypa (Ha-
PYXXHOH OHOpBI) ¢ MPONOIBHBIM paauycoMm R; =30 m
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B IUTAaHE MOBTOPSET MEPBOHAYAIBHYIO (GOPMY TMOTY-
OKPY>KHOCTH, YTO SIBJISIETCS CICACTBHEM IIOILArOBOTIO
pAcIoNOXKEeHUI BaHT PABHOW JJIMHBI M PAaBHOMEPHO
pacIipeeeHHOM Harpy3KH Ha Kbl BaHT (THOKYIO
HUTB).
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Puc. 6. Pacuernas monens 2 (R2= 30 M) — MakCUMaJIbHbIE TIEpEMEIeHHs] KOHCTPYKTHBHBIX 3JeMeHTOB [{I1B-nokperTus:
a — o0mui BUA 31aHNS; 6 — GparMeHT MOJEIH (Hapy KHBII OOPHEIN KOHTYP ¢ pagnycoM R, = 30 M); 6 — IleHTpalbHasl YacThb 3JaHus
C LWJIMH/IPO-IUINTHBIM HOKPBITHEM (CHET — BapHaHT 1); 2 — IEHTpasbHas 4aCTh 3AaHHS C LMIHHIPO-TUINTHBIM HOKPHITHEM (CHET — BapHAHT 2)
[Figure 6. Calculation model 2 (R2 = 30 m) — maximum displacement of the structural elements of the cylinder-plate-cable-stayed roof:
a — general view of the building; 6 — a fragment of the model: an external support contour with a radius of R, = 30 m; ¢ — the central part of the building
with a cylinder — plate roof (snow — variant 1); 2 — the central part of the building with a cylinder-plate roof (snow — variant 2)]

5.3. Pacuemnasn mooens 3
¢ nP00O0IbHBIM paouycom R3=45m

B pacdetHoit moaenu 3 BaHTHI (THOKHE HUTH) MaK-
CHMAaJILHO TMPOTHOAIOTCSl OT BHEIIHEW Harpy3KH B IICH-
TpaNbHON YacTH BAaHTOBOTO TOKPHITHA, KaK U B MOJIE-
71 2 ¢ IPOAOIBHBIM paguycoM R> = 30 M, TOCKOIBKY
JJIMHA BAaHT B HeHTpaJIBHOﬁ 4JaCTU BUCAYETO ITOKPBI-
THs OOJIbIIIE, YeM Y HapyKHOU omnopsl (puc. 7, a). Ha
puc. 7, 6 mpencrasieHa AepOPMUPOBaHHAS CXeMa Ha-
PY)KHOTO OMOPHOTO KOHTYypa ¢ KOJOHHAMHU, MaKCH-
MaJIbHBIC TTEPEMEIICHHSI KOTOPOTO COCTABUIM MO OCH
x — A3 =0,0250 M, a mo ocu y — Az = 0,0156 m. Ot
BHEIITHETO BO3JICHCTBUS JIMHHBIC BaHTHI B CPEIHH-
HOW 4aCTH MaKCHMaJbHO PAaCTATHBAIOTCS, U3-32 YETO
CPeIMHHAs YaCTh HAPYKHOTO OMOPHOTO KOHTYpa CMe-
IaeTcs K TUTUTE IUTOCKOTO MOKPBITHS. VICKITIOueHne co-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

CTaBIISIIOT BaHTBHI C OTHOCHTEJIFHO MallbIM IPOTHOOM,
PacmoNioKeHHbIE OMmKke K KpasM ormopsl. OTMETHM,
YTO TIEPEXO0]] TMOIYKOJbIIa C MPOJOIBFHBIM PaguyCcoOM
R3=45 M cO CMEIIIEHHBIM IICHTPOM B Je(hOPMHUPOBaH-
Hyto C-opmy He cBsi3aH ¢ oTepeit ycroitunBocTu. Ha-
OJrro/TaeTCsl CIOKHOE TIepepaciipe/iefieHHe OMOPHBIX pe-
AKLUH, CBSI3aHHOE C JIOTIOJIHUTENIBHOM Harpy3Koi BaHT,
OPHEHTHPOBAHHBIX MPEUMYIIECTBEHHO BJIOJb €0 HaM-
OoJbIIel 0ceBOM JMHUU U, HA0OOPOT, C pasrpy3Kon
BaHT, HaIpPaBJIECHHBIX MPEUMYIIECTBEHHO BIOJb MEHb-
1€l 0CEeBOM JIMHUH.

MakcuManbHBIN TIPOTHO THIHMHIPHYECKOW 000-
nouku coctaBun 0,029 m. 3oHa ee mpornba CymiecTBeH-
HO OTJINYAeTCs OT JBYX NPEABIAYIIMX M3-3a W3MEHe-
HUsSI (OpMBI BAaHTOBOH CHUCTEMBI M, COOTBETCTBEHHO,
JUTHHBI BaHT B IIEHTPAILHON YacTH.
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Puc. 7. Pacuernas monens 3 (R3= 45 M) — MakCUMaJbHbIE TIEpEMEIeHHsT KOHCTPYKTHBHBIX 37eMeHTOB [{I1B-nokperTus:
a — o0wmii BUA 31aHus; 6 — GparMeHT MOIeH (HapyKHBIIl OHOPHBIN KOHTYP € PaAnycoM R; =45 M); ¢ — LIeHTpabHasl YaCTh 3aHHs
C LMWIMHIPO-TUIMTHBIM HOKPBITHEM (CHET — BapHaHT 1); ¢ — IEHTpalbHAS YacTh 34aHUS C HJIMHAPO-IUIMTHBIM MOKPBITHEM (CHET — BapUaHT 2)
[Figure 7. Calculation model 3 (R3 = 45 m) — maximum displacement of the structural elements of the cylinder-plate-cable-stayed roof:
a — general view of the building; 6 — a fragment of the model (an external support contour with a radius of R; = 45 m); ¢ — the central part of the building
with a cylinder-plate roof (snow — variant 1); 2 — the central part of the building with a cylinder-plate roof (snow — variant 2)]

5.4. Pacuemnas mooensv 4
C RPO00IbHBIM paouycom Rs= 60 m

Hapy>xHblil ONOPHBII KOHTYp, U3HAYAJIBHO UMEO-
it (hopMy TOTYIILTUIICA C PAIUAITBHO PACIIONOKEH-
HBIMH BaHTaMH, MPHOOpETaET 0COOCHHYIO opmy Iie-
¢dopmariuu. [Ipu nonepeyHo# Harpy3Ke BaHTOBOTO I10-
KPBITHS BO3HUKAET ()OpMa CTECHEHHOTO MOTYIJLIHUIICA
(puc. 8, 6). OTHOCUTENBHO OOJBINAS TUIOTHOCTH pac-
MOJIO’KEHUS BaHT, OPHEHTUPOBAHHBIX MPEUMYIIECTBEH-
HO BJIOJTb HAHOOJIBINEH OCH TIOTYRJUTHAIICA OTTOPHOTO KOH-
Typa (puc. 8, a), IPUBOANT K HE3HAUYUTEIHLHOMY TIOJI-
JKaTHIO BHYTPb. MaKkcuMaibHBIE TIepeMeIleHHs] B TOpH-
30HTAIBHOM MJIOCKOCTH COCTAaBHJIM: 1O OCH X — Ay =
=0,0187 m, a mo ocu y — Ay = 0,0250 m. Cornacuo
pe3yibTaTaM YHCIICHHOTO aHaIN3a, MAaKCUMAJIBHBIH MpOo-
rU0 TWIHHIPUYECKOW 00O0JIOUKH 3IaHus IS pacyer-
Hoit Mozienu 4 (puc. 8, 6) pasen 0,035 m.

[TonyueHHBIEC YUCICHHBIC PE3YJIbTAThl PACUCTOB
MaKCHUMAJILHBIX MPOTHOOB (TIEpeMeIIeHNn) KOHCTPYK-
THUBHBIX 3JIEMEHTOB 3JIaHUI C Pa3HBIMH apXHUTEKTYp-
HBIMH OYEPTaHHUSIMU HAPYKHOTO OTIOPHOTO KOHTYpa B
HIIB-noxpeITuy npuBeaeHB! B Ta0MI. 1.

102

Ha puc. 9—12 npencrasnenst ¢pparmertsr L[I[1B-
MOKPBITHI, 8 IMEHHO BaHTOBBIX (BUCSUYUX MOKPBITHIA)
pasHoOil apXuUTeKTypHOH (GOpMBI (a), U pacyeTHBIE
npooyibHbIe Yo N (H) misl KakIoro KOHCTPYK-
TUBHOTO 3JIEMEHTA: HApy>KHOTO OE3aHKEPHOTO OMOop-
HOT'O KOHTypa (Hapy>KHOU o1mopsl) (6) 1 BaHT (THOKHX
HUTEH) (8) OT TOMEPEIHON (BEPTHKAIHHON) BHEIITHEH
Harpy3ku. YnclieHHBIE pPe3yJIbTaThl CTATHYECKUX pac-
9YeTOB MPUBEACHBI B Ta0JI. 2.

Taxum 00pa3om, u3MeHeHHEe (HOPMBI HAPYKHOTO
0e3aHKEepPHOTO OIOPHOTO KOHTYpa (Hapy>KHOW OTIOPHI)
NPUBOIUT K cyniecTBeHHOMY m3Menenuto HJIC Bcero
OomnpmenposieTHoro 3nanus (coopyxenwns) ¢ LIIB-
nmokpeiTrieM. HJIC HapyXHOH Omopsl BaHTOBOTO IIO-
KPBITHS CYIIECTBEHHO 3aBHUCHT HE TOJBKO OT BHEII-
HEH Harpy3Kkd, HO U OT CXEMbI PACIOJI0KEHUS BaHT B
BHCSIIEM MTOKPBITHH (cM. Tabm. 1, 2).

CornacHo MOJTYyYeHHBIM YHCICHHBIM pe3yJbTaTaM
pacyeToB, B MECTax CONPSDKCHHsI BHYTPEHHETO Me-
TAJIMYECKOT0 MOoJyKosbla (puc. 3) ¢ IIMTON IIoC-
KOTO TIOKPBITHSI BO3HHUKAIOT OOJIBIINE HANpPSKEHUS,
KOTOpBIE BBI3BaHBI BHYTPEHHUMH YCHJIMSIMU B BaHTax
(puc. 5-8), 3aBUcsIIME OT [UINHBI U (OPMBI BAHTOBO-
To TMOKPHITHS. HampskeHns B TUINTE TUIOCKOTO y9acT-

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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Ka MOKPLITUA MOKHO YMCHBUIUTH C MOMOIIBIO CJIC- — YBCIWUYCHUCM CCUCHHUA BHYTPCHHCIO IIOIY-
AYHOINUX KOHCTPYKTHUBHBIX pemeHHﬁl KOJIbLIA,
— YBCJIMYCHUEM TOJIIHUHBI IIJIUTHI ITIOKPBITUA, — YBCJIIMYCHUEM CTPEJIbI IPOBECA C YYETOM apXu-
— YCUJIICHUEM IUIATHI IIOKPBITHUA pe6paMI/1 JKECTKOCTH, TCKTYPHOI'O U TCXHOJIOTHUYCCKOTO PCIICHU.
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Puc. 8. Pacuetnast mogens 4 (R4= 60 M) — MakCHMaJIbHbIE TIEPEMEILEHUS] KOHCTPYKTUBHBIX 31eMeHTOB LIIIB-nokpeIThs:
a — o0wmii BUA 31aHusT; 6 — GparMeHT MoielTH (HapyKHBII OMOPHBIN KOHTYP € paanycoM R, = 60 M); 6 — IleHTpaIbHast 4aCTh 3MaHus
¢ IMIMHPO-IUTUTHBIM ITOKPHITHEM (CHET — BapHaHT 1); 2 — IeHTpaIbHas YacTh 34aHHs ¢ MIIHHIPO-IUINTHEIM ITOKPEITHEM (CHET — BapHaHT 2)
[Figure 8. Calculation model 4 (R4 = 60 m) — maximum displacement of the structural elements of the cylinder-plate-cable-stayed roof:
a — general view of the building; 6 — a fragment of the model (an external support contour with a radius of R4, = 60 m); ¢ — the central part of the building
with a cylinder-plate roof (snow — variant 1); 2 — the central part of the building with a cylinder-plate roof (snow — variant 2)]

Tabnuya 1
Pe3ysibTaThl YHCICHHBIX PACYETOB NepeMelleHHIl KOHCTPYKTHBHBIX 3j1eMeHTOB LIIB-nmokpbiTHS
¢ paiMAJIbHOM CXeMO#i BAHTOBOT0 MOKPBITHS
[Table 1. The results of numerical calculations of the displacements of the structural elements of
the cylinder-plate-cable-stayed roof with the radial cable-stayed roof]
Pacuernast Mmogesnb  IIpogosbHblii MakcuMaJbHbIe IPOrudsl (nepeMemieHns) Af, M, KOHCTPYKTHBHBIX 3JIEMEHTOB
[Calculation model] paamyc Ri, m [Maximum displacements Af, m, of structural elements]
[Longitudinal Hokpvimue Hapyscnas onopa Buympennsas onopa
radius Ri, m] [Roof] [External support] [Internal support]
BanToBoe Hununnpu- Ilentpansnas  Kpaiinsaa — LlenTpanbHas Kpaituss
[Cable-stayed] 4ecKoe 4acTh 4acTh 4acTh 4acTh
[Cylinder]  [Central part] [Extreme part] [Central part] [Extreme part]
Mopeins 1 15,00 0,2190 0,0250 0,0156 0,0250 —0,000405 —0,000625
Mogens 2 30,00 0,0711 0,0250 0,0060 0,0060 —0,004480 —-0,001130
Mopens 3 45,00 0,2660 0,0290 0,0250 0,0156 —0,012500 —0,002000
Mopens 4 60,00 0,2860 0,0350 0,0187 0,0250 —0,026000 —0,000653

PACYET ¥ MPOEKTUPOBAHVIE CTPOUTENbHBIX KOHCTPYKLI 103
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Figure 9. Calculation model 1 (R1 = 15 m) — axial force N, N:
a — cable-stayed roof model; 6 — the external support contour; ¢ — cables]
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Puc. 10. Pacuernas mozens 2 (R2= 30 m) — npononbHas cuna N, H:
a — MOJIeNb BaHTOBOT'O TIOKPBITHS; 6 — HApy KHBIH OIIOPHBII KOHTYD; 6 — BAHTHI

[Figure 10. Calculation model 2 (R2 = 30 m) — axial force N, N:

a — cable-stayed roof model; 6 — the external support contour; 6 — cables]
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Puc. 11. Pacuernas moaens 3 (R3= 45 m) — npononbHas cuna N, H:
a — MOJI€JIb BAaHTOBOI'O ITOKPBITHS; = Hapy)KHLIﬁ OHOPHLIﬁ KOHTYP; 6 — BaHTbI

[Figure 11. Calculation model 3 (R3 = 45 m) — axial force N, N:
a — cable-stayed roof model; 6 — the external support contour; ¢ — cables]
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Puc. 12. Pacuetnas monenb 4 (Ra= 60 M) — nponosibHast cuna N, H:
a — MOJIeJb BAHTOBOT'O MOKPBITHUS; 6 — HAPY)KHBII OTIOPHBINA KOHTYP; 6 — BAHTHI

[Figure 12. Calculation model 4 (R4 = 60 m) — axial force N, N:
a — cable-stayed roof model; 6 — the external support contour; ¢ — cables]

Tabnuya 2

PesyabTarhl pacyera BHYTPEHHHUX CHJI KOHCTPYKTHBHBIX 3j1ieMeHTOB LIIIB-nokpbiTus
¢ pauaabHON €XeMOil BAHTOBOI'0 IIOKPBITHA
[Table 2. The calculation results of the internal forces of the structural elements of
the cylinder-plate-cable-stayed roof with a radial cable-stayed roof]

Pacuernasi mogens  IlpogosbHbIi MakcumasbHble NPoAoJbHbIe yeususa N, H
[Calculation model]  paauyc Ri, m [Maximum axial force N, H |
[Longitudinal Banmu Hapy»icnaa onopa Buympennss onopa
radius Ri, m] [Cables] [External support] [Internal support]
Lentpansnas  Kpaiinas — Llentpansnas  Kpaiinas — Lenrpansnas — Kpaiiaas
4acTh 4acTh 4acTh 4acThb 4acTb 4acTh
[Central part] [Extreme part] [Central part] [Extreme part] [Central part] [Extreme part]
Mogens 1 15,00 262 751 477 806 -5 038 305 -3 142 955 2 500 363 2315194
Mogpens 2 30,00 277 446 529 659 —4 883000  —4 930 000 4487 207 4783374
Mogens 3 45,00 419 586 714 508 -7110413 -11263550 9078 340 9078 340
Monens 4 60,00 927 460 209647 -7120973 14174725 6986 531 14 040 282
Tabnuya 3

Pe3yJbTaThl YHC/IEHHOT0 aHAJIN3A 1T0JIE3HBIX IJIOLIA/el 31aHus
[Table 3. The results of a numerical analysis of the useful area of the building]

PacueTHasi Moeb
[Calculation model]

IMapamerps! HIIB-nokpbITHSI ¢ HAPY/KHBIMH ONIOPHBIMHM KOHTYPaMH
[Parameters of cylinder-plate-cable-stayed roof with external support contours]

Iliommap MOMENIEH S BAHTOBOTO HOKPHITHSL S, M
[The area of the cable-stayed premises S, m?]

IIpononenslii paguyc Ri, M  Ilonepeunslii paguyc 7, M
[Longitudinal radius R;, m]  [Transverse radius 7, m]

Mogens 1 15,00 (B ocsix 1-7) 30,00 629,00
Mogens 2 30,00 (B ocsx 1-8) 30,00 1413,00
Mogeis 3 45,00 (B ocsix 1-11) 30,00 2452,00
Mopgens 4 60,00 (B ocsix 1-12) 30,00 2826,00

[lomy4eHnbIe pe3ynbTaThl CPABHUTEIBHOTO aHAIH-
3a koHCTpykumi [{IIB-noKpbITHS TOKa3ainyu, 4To pac-
YeTHasi MOJECIb 2 ¢ MPOAOIbHBIM paguycoM Ry = 30 m
(puc. 2, 6) ¥ BaHTOBBIM MOKPHITHEM B (hOpMe TIOJTY-
OKPY>XKHOCTH (pHC. 6) MOABEPKEHA TPU OJIMHAKOBBIX
BHEIITHUX HArpy3KaX MEHBIIUM JieOpMaIvsaIM U HAIps-
JKEHHSIM B CpaBHEHHH ¢ mMojiensivu 1, 3 u 4 (tabn. 1, 2).

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

HecmoTpst Ha 0THOCHTENHFHO HEOOIBIITYIO TUIOMIAAb BaH-
TOBOT'O MOKPBITHS PACYETHON MOAETH 2, TOIYOKPYK-
HOCTB SIBJISIETCS ONTHUMAJIbHOU (popMO¥ It BaHT C
paauanbHBIM pacrionokenueM. [lox neiicTBueM BHeII-
HUX CHJI (JOpMa MOJYOKPYKHOCTH COXPAHSIET CBOIO
MEPBOHAYANBHYIO opMy (puc. 6, 6), UTO TPUBOAMT K
HanOoJee ONaroNnpuUsTHOMY TIepepacipeeIeHHI0 BHYT-
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peHHuX ycunmii (Tabn. 1, 2). PacuetrHsle Mogenu ¢ apy-
THMH OYEPTAaHUSIMU OTIOPHBIX KOHTYPOB HOIBEP KEHBI
OompmuM AehopManusaM (repemMernieHusM) (Tadmi. 3),
yeunusiM (Tabi. 1, 2) 1 HanpsHKEHUSIM.

OTAMYNTENBHBIM APXUTEKTYPHO-KOHCTPYKTUBHBIM
IPU3HAKOM PACUYETHBIX MOZEEH OOJBIIENPOIETHRIX
3nanuid ¢ [{IIB-noKpeITHEM SIBISIETCS BIMSIHUE apXU-
TEKTYPHO-T€OMETPUUECKUX MapaMeTPOB HApPY KHOTO
OIIOPHOTO KOHTYpa (Hapy»KHOH OMOphI) BAHTOBOTO T10-
KPBITUS HAa BEIWYUHY TOJE3HON IJIOMAAX MO HUM.
IIpoBenem cpaBHUTENBHBIN aHAINU3 BEIMYNHBI TOJIE3-
HOU TUTOLIagy MOMELIEHUH OOJBIIEIPOIETHOIO 374a-
HUSI C BAHTOBBIMH ITOKPBITUSIMU Pa3HOI'O apXUTEKTYP-
HOTO OUYepTaHMs. 3a OCHOBHOH pa3mep (ITUpHUHY) BaH-
TOBOTO MOKPBITUS OyeM CUUTATh [UINHY L AByXdTax-
HOT'O MOMEIEHUS C IUVIOCKUM IOKPBITHEM, KOTOpasi
paBHa 60 M (puc. 2). Pe3ynprarhl pacuera, mOIydeH-
HBbIE aHATUTHYECKUM METOAO0M, IPUBEACHBI B Ta0I. 3.

[Ipoananu3upoBaB MOIyYEHHbIE PACYETHI MOXKHO
CZ€NaTh BBIBOJ, YTO IPEUIOKCHHAsl F€OMETPHs BaH-
TOBOTO MOKPBITHS OKa3bIBAET CYLIECTBEHHOE BIHSHUE
Ha TOJIC3HYIO TUIOIIAAb HOKPBITHS, YTO SBISIETCS HE-
MaJIOBAKHBIM (DAaKTOPOM B apXUTEKTYpPHO-IUIAHUPOBOU-
HOM peIIeHUH I 31aHu# (COopy>KeHUI) paccMaTpu-
BaeMOro TUIA.

S, m2
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Puc. 13. ['ucrorpamma ruiomazei 3nanui
C pa3HbIMH BAHTOBBIMHU MOKPBITHSIMH
[Figure 13. The histogram of the area of buildings
with different cable-stayed roofs]

Tabnuya 4

CpaBHeHHe Pe3y/IbTATOB YNCJIEHHOT0 AHAJIN3A
MOJIe3HBbIX IUI0IA/ei 31aHus

[Table 4. The results of a numerical analysis of
the useful area of the building]

CooTHoOImEeHNE TJIOIAAeH
Mo/iejieii BAHTOBOTO MOKPBITHS B MPOIEHTaX
[The ratio of the areas of
cable-stayed models in percent]

IToxa3aTenn
[Indicators]

1-2 1-3 1-4 2-3 24 34

Veemmuenne Ha: 55,48 74,35 77,74 42,37 50,00 13,24

Ha puc. 13 npexacraBnena ructorpaMma IUIOIIA-
neit (S, M) pacyeTHBIX MOJENEH C BAHTOBBIM MOKpPHI-
THEM Pa3HOTO apXHUTEeKTypHOTo odyepraHus. [lockonb-
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Ky HauOOJBIINI UHTEPEC MPEACTABISIOT BUCSYNE 11O~
KPBITUS ¢ OONBIIMMU TUIOMIAASMH, TO TIPOAHATHU3UPY-
€M COOTHOIIIEHHE TUIONIAJIEN BCeX MOJIENed MEXIy CO-
Ooii. JletanbHOE CpaBHCHHE TONYYCHHBIX pE3yJIbTa-
TOB pacyera NpeAcTaBIeHo B Ta0. 4.

6. O6cy:xaenne

IIprmenenne 001erYeHHBIX KOHCTPYKIIHI B CTPOU-
TENBCTBE COBPEMEHHBIX 3aHUI U COOpYKeHHui obec-
MEeYNBACT apPXUTEKTOpaM W MHXeHepaM OOJbIne BO3-
MOYKHOCTH TIO CO3/ITAHHIO HEMOBTOPHUMBIX apXUTEKTYp-
HBIX 00pa30B MyTEM COYETaHUsI KOHCTPYKIHMHA Pa3HbIX
BUIOB. L{MITMHIPO-TITUTHO-BAHTOBOE TOKPHITHE, COYe-
Taromiee B cede MIIHMHAPHICCKYIO 000JI0UKY HYJIEBOM
raycCOBOWM KPHUBU3HBI, IJIOCKOE U BaHTOBOE MOKPBITHS,
TMO3BOJISIET TIEPEKPHIBATH 3HAYUTENBHBIE TUIOIIA M, B OT-
JIMYHe OT OTAENBHO B3ATHIX NMPOCTPAHCTBEHHBIX BaH-
TOBBIX W IWJIUHIPUICCKUX MTOKPBITHH. A TPeI0KeH-
HBbIE HOBBIE apPXUTEKTYPHO-KOHCTPYKTUBHBIC PEIICHHS
B BHZIC Pa3HOOOPA3HBIX apXUTEKTYPHBIX (hopM Hapyx-
HOT'O OIIOPHOTO KOHTYpa B (popMe MOITyOKPY>KHOCTH U
TIOJTY?JUTUIICA TOTIOIHUTETBHO YBEINUMBAIOT MOJIE3HYIO
TUTOMIA[Th 3/IaHMs 6€3 CYIIeCTBEHHBIX IKOHOMHYECKHUX
3arpar.

B xone monmy4eHHBIX pe3ysIbTaToB pacueTa HabIro-
JaeTcsl HHTepecHass 0COOEHHOCTh PadOThl LMIHHIPO-
TUTUTHO-BAHTOBOTO TIOKPBITHS C Pa3sHBIMUA OYEpTaHH-
SIMH Hapy>KHBIX OMOPHBIX KOHTYPOB TPH CPaBHEHHUU
pacueTHBIX MOAETeH:

1) mo nedopMupoBaHHOU CXeMe BAHTOBOTO IO-
KpbITHA. s pacueTHRIX Moaener 1 (¢ mpoaoIbHBIM
panuycoM R; = 15 M) u 4 (c IpOIOTBHBIM PaguyCcoM
R4 = 60 M), HECMOTpS HA pa3zHbIe QOPMBI («ITOITyMe-
CAI», TONYIJUIHIIC), ne(OopMUpOBaHHBIE CXEMBI BaH-
TOBOW CHCTEMBI MPAKTUUECKH COBIIAAAIOT, a 30HBI IIPO-
ru00B NUJIMHAPHYECKOH 000MOUYKH OTIMYAIOTCs. AHa-
JIOTUYHO W JUTsl pacdeTHBIX Mojened 2 (C MpomoIb-
HBIM paguycoM R> = 30 M) u 3 (c mpOAOIBHBIM paIu-
ycoM R3 =45 m);

2) o neOopMUPOBAHHOMN CXeMe IHITUHIPO-TUIAT-
HOTO TOKpBITHA. PacueTHsie Mmogenu 1 (¢ mpoxoasHBIM
paauycoM Ry = 15 M) u 2 (c IpOIOIBHBIM PalycoM
R> =30 M) mo 30HaM mporuda NUIMHIPHIECKON 000-
JIOYKW COBITQJAIOT, a MO JedopMallii BaHTOBOH CH-
cTeMbl pasnuyarorcs. To ke HaOIromaeTcs y pacuer-
HBIX MoJelel 3 u 4.

3akioueHmne

IIpn3HaHHBIMU TOCTOMHCTBAMHM BAaHT U BaHTOBBIX
KOHCTPYKLMH ABJIAIOTCS IIPOCTOTA, HAJIEAKHOCTh U IKO-
HOMHMYHOCTb. BaHTOBBIE MOKPBITUS MPUBIEKAIOT ap-
XUTEKTOPOB M MHXXEHEPOB BO3MOKHOCTBIO CO3JaHUS
HETIOBTOPUMBIX apXUTEKTYPHBIX 00pa3oB 0OIIECTBEH-
HBIX 37JaHMH U COOPYKEHUM, TAKUX KaK 3peirIIHbIe (My-
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3eH, TeaTpbl, KHHOTEATPhl) M CIIOPTHBHBIE KOMIICKCHI
(KpBITBIE U OTKPBITHIE CTaJUOHBI), TOPIOBBIE LIEHTPHI
u 1p. Ilpu ux cTpouTensCTBe NPEAIOYTUTEIBHBIME OKa-
3BIBAIOTCS] BUCSYME BAHTOBBIE MOKPBHITUS Pa3IMYHBIX
(hopM, CrIocOOHBIE TIEpEeKPBIBATh OOJIBIINE TUIOMAIN U
pH 3TOM 3G (HEKTHBHO MPOTHBOCTOSATH BECOBBIM, BET-
POBBIM U CEHCMHUYECKUM Harpy3KaMm.

B BUCSYNX TOKPBITHSAX PACCMOTPEHHOTO THMA YCH-
JHSL OT BAaHT MEPENaroTCs Ha BHYTPEHHHE M BHEIIHHE
OTIOpHBIE KOHCTPYKIWU. BHYTpeHHsIs1 MeTaiunyeckast
0ropa, U3rOTOBJICHHAs, KaK MPaBUIO, B BUJE KOJbIIA,
SBJSIETCS OTBETCTBEHHBIM KOHCTPYKTHBHBIM 3J€MEH-
TOM, IIOCKOJIbKY OHA KOHLIEHTPHPYET OIIOpPHBIC peaK-
UM OT psifia BaHT. [laHHas omopa J0JbKHA HKECTKO CO-
€IUHATHCS C IIUTON MJIOCKOTO MOKPHITUS 30aHus, KO-
TOpast OIMpPAETCs Ha IPOAOJIBHO-TIONEpeUHbIe quadpar-
MBI (puc. 2, 6). Hapy»HbIif ONOPHBIH KOHTYp TOJABEp-
JKEH HauOOJNBIINM YCHIHMAM H IedopMarusim, 4To Mpu-
BOJIUT K yIOPOXKAHUIO YKa3aHHOI'O KOHCTPYKTUBHOI'O
3JIEMEHTa B BAHTOBOM HOKpBITHH. [Ipu npoextuposa-
HUHM M CTPOUTEIILCTBE 34aHHs (COOPYKEHHs) PaccMOT-
PEHHOTO THIIA BBIOOpP TeOMETpUIECKOr (HOPMBI Hapy K-
HOT'O OIIOPHOTO KOHTYpA SIBJISIETCS] Ba’KHBIM PEILCHU-
eM. OH BO MHOT'OM ONpe/eisieT MPOYHOCTh M Ha/IeXK-
HOCTb BCEro 31aHus. IMEHHO MO3TOMY HEOO0XOIUMO
[PUHUMATh IPOCThIE, HAJIEKHBIE U BMECTE C TEM KO-
HOMHWYHBIC PEUICHHs JJIsI KOHCTPYKTUBHOTO O(hopMIte-
HUSI Hapy>KHOH OMOpPBI BAaHTOBOTO MOKpPHITHA. [lomy-
YeHHBIE PAacyeThl MOKa3ald, 4YTO HauboJee Mpenaro-
YTUTEIbHON OKa3bIBACTCS HAPYXKHAs OIOPHASI KOHCTPYK-
M. BAHTOBOW CHCTEMBI, BBHIMOJIHEHHAS B opMe Mo-
JyOKpY>KHOCTH (Tabi. 3).

OnHOBpPEMEHHO TIPH BEIOOPE KOHCTPYKITUH HapyK-
HOro 0€3aHKEpHOTO OMOPHOI'0 KOHTYpa (HapyKHOHU
OTIOpBI) HEOOXOIUMO YUYHUTHIBATH CYLIECTBEHHOE BIIH-
SIHUE €0 apXUTEKTYPHO-T€OMETPUYECKOH (opMbl Ha
BEJIMYHMHY TIOJIE3HOW IJIONIAN TIOMEIICHHS C BaHTO-
BBIM MOKpBITHEM (Tabi. 3, 4). B umxenepHoMm aHanu-
3e 3/1aHui (COOPYXKEHHI) pacCMaTpUBaeMOro TUMA d-
(eKTUBHBIM IIPUEMOM OKa3bIBACTCA IPEICTABICHUE
BAaHTOBOT'O (BHCSYEr0) MOKPHITHS B KaueCTBE BHEIII-
Hero cymnepanementa (Super Elements) [37; 38]. Ilo-
JOOHBIM NpHEM MO3BOJIAET CYIIECTBEHHO COKPAaTHTh
MOPSIOK pelraeMoi 3a/1auu, JTOKaIN30BaTh 00JIacTh ¢
(U3UYECKUM M TEOMETPHUYECKHM HEJTMHEHHBIM Jedop-
MHUPOBaHHEM MaTepHaia, TpeOyIOLIyIO pacyera ¢ IpH-
MEHEHHUEM IOLIArOBbIX MO0 UTEPALIMOHHBIX METOJIOB,
1 00ecreuuTh BO3MOKHOCTh PACUeTHOTO KOHCTPYUPO-
BaHMs 0e3 rmepecyera KOHCTPYKLUH B LIEJIOM.
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Abstract

Relevance. A new wave-like combined (complex) coating design for large-span
buildings — a cylinder-plate-cable-stayed roof, combining three types of struc-
tures: a cylindrical shell of zero Gaussian curvature, plate and cable-stayed (hanging)

roofs are presented. This combination of structures and materials for roof large areas
was not chosen by chance. The cable works in tension with its entire cross section
only, and the cylindrical shell and plate work in two (longitudinal and transverse)
planes. In combination with external influence, they create the necessary design strength,
taking into account, at the same time, a rational choice of materials (steel and rein-
forced concrete). New architectural and constructive solutions of a large-span buil-
ding with a cylinder-plate-cable-stayed roof are proposed taking into account the dif-
ferent geometric shapes of the external support contour in a form of a semicircle,
semiellipse, etc. The aim of the work is to analyze the influence of the external sup-
port contour (semicircle, semiellipse, and other forms) on the spatial work of internal
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forces in the combined cylinder-plate-cable-stayed roof of a large-span building.
Methods. Results of static numerical analysis of spatial models of large-span buil-
dings with different types of external supporting contour in the centralized roofs were
made in the FEMAP with NX NAS-TRAN software package. This complex belongs
to the CAE — class which implements the finite element method (FEM) and allows
on the basis of the physical and geometric nonlinearity of the deformation of struc-
tures. Results. Calculation study carried out comparative numerical analysis of
the stress-strain state of a complex cylinder-plate-cable-stayed roof with different
outlines of the support contours on the effect of vertical loads. This determines their
rational choice given due consideration to the total cost and useful area of the buil-
ding. The results of calculating large-span buildings with cylinder-plate-cable-stayed
roofs for horizontal (wind) load, on the basis of determination of aerodynamic coeffi-
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cients, are supposed to be published in the next article.
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Annomayus

Lens. BomonHUTh aHAM3 HAIPSDKEHHOTO COCTOSHUSI MEPUANOHAIBHBIX pe-
0ep METaIIMIeCKOro peOpUCTO-KOIBLEBOrO KyIoa Ha Pa3HbIX CTaIUAX HABECHO-
ro MOHTaXa ero kapkaca. Kynon umeer nonycdepuueckyro Gopmy u codbupaercs
13 OTIETBHBIX 3JIEMEHTOB OT OMOPHOrO KOHTypa K BepluuHe. M3-3a pa3HOro Ha-
KJIOHA 3JIEMEHTOB MEPUANOHANBHEIX pedep Ha pa3HBIX spycax B MPOLECCe MOHTa-
Ka M3MEHSETCSI MX HANPSHKEHHOE COCTOSIHHUE. BBIACHAIOCH, Kak HABECHON MOHTAX
METLTMIECKOTO KYyIMOJia OTPaXXaeTCsl Ha HAMPSHKCHHOM COCTOSIHHH €0 MEPHINO-
HaJBHBIX pedep. 3aadeil uccaemoBaHus SIBISIIOCh YCTAHOBJICHHE 3aKOHOMEPHO-
CTH M3MEHEHHUs HaNPSHKEHHOTO COCTOSHUSI MEPHIHOHATBEHOTO pedpa ¢ MOHTaKOM
KaXJIOTO BBIIIEPACTIONOKEHHOTO SIpyca KyHoJILHOTO Kapkaca. Memoodst. Pa3pabo-
TaHa KOMIIBIOTEPHAs] MOJENb METAUIMYECKOr0 PeOPUCTO-KONIBIEBOrO KyMona M3
CTAJTbHBIX JIBYTABPOB C JKECTKUMHU COMPSDKEHUSIMU B y3iaX. Co3MaHbl HECKOIBKO
JOTIOJIHUTEIIBHBIX MOHT)KHBIX MOJENEH HEIOJHOI0 KapKaca Ui HCCIEIOBaHHS
HanpsDKEHUH B pedpax Kymnoija Ha pasHBIX CTaMsIX HABECHOTO MOHTaxa. [l Ka-
D,Of/’l MOHTaKHOM MOZCIN KYIOJIBHOI'O KapKaca BBIITOJHEHbBI KOMIIBIOTCPHBIC pac-
4eThl Ha JeificTBHe COOCTBEHHOTO Beca. B pesynbraTe pacueToB ompeneseHbl Ha-
MPSDKEHUST B MEPHANOHATIBHBIX pedpax KapKkaca MOHTaKHBIX CXeM, KOTOPBIE CpaB-
HHUBAQJINCh C aHAIOTMYHBIMH HaNpPsDKEHUSMU B KapKace IPOEKTHOH cxeMbl. Pe3ynp-
mampt. [IpeacTaBieHsl rpaguKy U3MEHEHUs HANPSHKEHHOTO COCTOSIHUSL MEPUANO-
HAJIBHOTO pedpa METAJUTHYECKOro KYIOJa MO CTaus M HaBECHOro MOoHTaxa. [Toka-
3aHbl AWArpaMMbl U3MEHEHHUS CTEIIEHN HCIIOJIb30BAHMUS POYHOCTH CTANIM Ha pa3-
HBIX CTaausX MOHTaXa. /laHa OleHKa HANpPSHKEHHBIM COCTOSHUSM IIPH HAaBECHOM
MOHTaX€e KYMOJIBbHOTO Kapkaca. OTMeYeHbI HEU30SKHOCTh MOHTAXKHBIX HAMpsDKe-
HUI IPY HABECHOM MOHTAXKE M MX BIUSHHE HA HaJI©)KHOCTh KYIIOJa.

Knroueguvie cnosa: peOGpucTO-KOIbIEBON KyIIOJ, METAJUINYECKUH Kapkac,
HABECHOM MOHTa)X, HANPSDKEHHOE COCTOSIHHE, KOMIIBIOTEPHAst MOJIEeNb, HalpsiKe-
HUS B pedpax

BBenenne

KapKaCLI METATNNINYCCKUX 60HLIH€HpOHCTHBIX Ky-

CTBE MOKPHITUH 37aHui. biarogaps 3KOHOMUYHOCTH
pacxonia MeTaljia KyIoJjia 3aHUMaloT BEIyIee MEecTO
CpeAy BBITYKIIBIX TIPOCTPAHCTBEHHBIX KOHCTPYKIWH [1;

MOJIOB MPEICTABIISIOT COOOH MPOCTPAHCTBEHHBIE CTEPXK-
HEBBIC CHCTEMEBI. JTO CO3/1aeT HEOOXOIUMYTO JKECTKOCTh
W HaJCKHOCTh KYTOJIOB TPHU HMCIOJIb30BAHHH B Kade-
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2]. Kynona o0nanatoT BHIPa3UTEIBHBIM BHEITHUM 00-
JMKOM M UMEIOT OOJIBILIOE PACIIPOCTPAHEHHE B CTPOH-
TEeTHLHOM MpaKTHKE TI0 BceMy Mupy [3].
BonpmienposneTHple KyNOIbHbBIE TIOKPBITUS HE T10-
SBJIIOTCS Ha MECTE CTPOUTEIHCTBA LIETUKOM. DTOMY
NpEeAIeCTBYET IJIMTENbHBIN MpoLecc BO3BEACHHUS,
BO BpEMs1 KOTOPOT'O OHH TIOCTETIEHHO NMPHOOPETAIOT CBOIO
peanbHyI0 KOHCTPYKTHBHYIO M T€OMETPUIECKYI0 (op-
My [4; 5]. B mpouiecce MOHTa)xa cHavaJia MosBISIOTCS
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JMIIb OTAENBbHBIC ()parMeHThl KyMOJIBLHOrO Kapkaca. 3a-
TeM 3TH (hparMeHTHI TIOCTETICHHO YBEITMUUBAOTCS ITyTEM
J0OaBJIEHUS BCE HOBBIX W HOBBIX KOHCTPYKTHUBHBIX dlIe-
MEHTOB Kymoja. ToJbKO MO 3aBepIICHHH MOHTaXa Ky-
MOJIFHOTO KapKaca oOpa3yercs MoJHasi KOHCTPYKTHUB-
Has ¥ pacyeTHas CXeMa KyTOJIbHOTO TOKPBITHS. MOHTaX
KyIoJla COIPOBOXKIAeTCs HEMpPepBIBHBIM Mpeodpaso-
BaHHEM Pa3HBIX IO CIOKHOCTH KOHCTPYKTHUBHBIX CH-
creM. Ha pa3HpIX 3Tamax MOHTaka B HEMOJHBIX Kap-
Kacax BO3HHMKAIOT Pa3HbIE PacUeTHBIE CXEMBI, OTIIH-
Yarourecs: OT MpoeKkTHOH. Ha HuX elme HeT orpaxaa-
IOINX KOHCTPYKIWH, HO €CTh Harpy3KH OT COOCTBEH-
HOTO Beca KapKaca, KOTOpBIE CO3IAr0T HANpPsHKEHHO-
Jne(OpMUPOBAHHOE COCTOSTHHE B €ro JeMeHTax [5; 6].
OTMeTHM TaKKe, YTO pa3Hble pacyeTHHIE CXEMBI XapaK-
TEPUBYIOTCS TAKKE U PA3IMYHON HArpy3KOH.

Ha cnoco® mMoHTaka KyToIIOB BIUSIFOT KOHCTPYK-
TUBHOE pelleHNe X KapKacoB, POJIeT U BbicoTa. [Ipn
9TOM croco0 BO3BEICHUS BHIOMPAETCS C yIETOM pas-
MEPOB €TO OTIENIBHBIX 3JIEMEHTOB U UX BO3MOXHOCTHU
BOCIIPUHUMATh MOHTaxxHbIe Harpy3ku [7; 8]. Crmocoo
MOHTaXKa OTPENIeNISIeT BRIOOP MOABEMHO-TPAHCTIOPTHBIX
MamuH 1 Mexanu3moB. OT Buza crocoba MOHTaXKa 3a-
BUCSAT TEXHOJIOTUYHOCTh U MPOJOIDKUTEIBHOCTD BO3-
BEJICHHS KYIIOJIa.

Borpiioe KoIM9IecTBO KYMONBHBIX METANTHIECKIX
MOKPBITHH TTOCTPOEHO C MPUMEHEHHEM Pa3HBIX CUCTEM
BpeMeHHBIX onop [8]. OObIYHO OIOOHBIM 00pPa30M BO3-
BOJISITCSI OTHOCHUTEITFHO HEBBICOKHUE VT TTOJIOTHE KYIIO-
na [9]. B BRICOKHX WM KPYTHIX KyIOJIaX MOXKET OBITh
NPUMEHEH HAaBECHOM MOHTaX, KOTJa B MPOIecce BO3-
BEJICHUS COBCEM HE HCIIOJIB3YIOTCSI BPEMEHHBIE OIOPBL.
Ho B Takux Kymonax JOMKHO OBITH 0OECIIEUeHO JKECTKOES
COTIpsDKEHHE AJIEMEHTOB KapKaca JApyT ¢ ApyroM. MoH-
Ta)k HABECHBIM CIOCOOOM OCYIIECTBISETCS OT OCHO-
BaHMsI, KOTJa CHavYana yCTPauBaeTcsl OMOPHBIM KOHTYP,
a 3aTeM YCTaHaBIWBAIOT SPYC 3a SPYCOM OCTaNbHEIC
KOHCTPYKTHBHBIE DJIEMEHTHI KYTIOJILHOTO KapKaca.

B 00omx ciry4asix KOHCTPYKTHBHBIE DJIEMEHTHI Kap-
Kaca MPUKPETUBIIOTCS K y3llaM coOpaHHOH paHee 4acTu
KYTIOJILHOTO Kapkaca. Tak Kak Bce 3JIeMEHThI 00JIa1aloT
COOCTBEHHBIM BECOM, TO TMPHUKPEIICHHE JIEMEHTOB KaXK-
JIOTO CJIEIYIOIIETO Spyca BBI3BIBAET B YACTHYHO COOpaH-
HOH YacTH KyMOJILHOTO KapKaca HAapsHKEHHOE COCTO-
sHre. Ha xaxoi cramum Bo3BeeHUS 00paszyeTcsi MOH-
TakHasi pacyeTHasd cxema. Kakmass MOHTaXHAs pacdeT-
Has cxeMma KYIIOJIbHOTO KapKaca OTIMYaeTcsl Kak OT
MPOEKTHOM CXeMbI KapKaca MOJHOCThI0 CMOHTHPOBAH-
HOTO KYTOJIa, TaK U OT MPEABIIY X MOHTAXHBIX CXEM.
IlosTOoMy B mporiecce BO3BEACHHS KYIOJia B DJIEMEH-
Tax KaKJ0M MOHTaKHON pacyeTHON CXEMbl BO3HUKAIOT
HanpsDKEHUS, OTIUYAIOIIUECs] OT HANpsDHKCHUH B dJe-
MEHTaxX KapKaca MpPOEKTHOH CXEMBI, a TaKkKe Mpeibl-
IYIIAX MOHT)KHBIX CXEM.
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[Tpu HaBecHOM MOHTa)xe pabOTa KOHCTPYKTHBHBIX
AIIEMEHTOB WM (PparMeHTOB KyIIOJIBHOTO KapKaca IT0-
X0%ka Ha paboTy KOHCOJIEH. ITO COPSHKEHO ¢ 00pa3o-
BaHHEM OTHOCHUTEILHO OOJBIIMX M3rHOAIOIIMX MOMEH-
TOB B CEUEHHSX B MECTaX MPUKPEILICHUS UX K yXKe C00-
paHHOW YacTH KyTOJIhHOTO Kapkaca. CiieJoBaTellbHO,
Y3IIOBBIE COIPSIKEHUSI KOHCTPYKIIMI B KapKace U ce-
YEeHHUsI CaMHX JJIEMEHTOB MOJDKHBI 00J1amaTh HEOOXO-
JMUMOW M3THOHOM JKecTKoCThIo. [loaToOMy B OmHOMO-
SICHBIX KYIIOJIBHBIX KapKacax B Ka4eCTBE CTEPIKHEBBIX
3JIEMEHTOB HCIIOJIB3YIOTCS TOJIBKO ABYTaBPHI [§].

1. HccaexoBanue

IIpu HaBeCHOM MOHTaX€ PeOPUCTO-KOJIBLIEBBIX KY-
MOJIOB HauOOJIbIINE HAMPSDKEHUS! HCIBITHIBAIOT Me-
punuoHansHble pedpa. C 1enbio BEISICHEHHUS XapaKTe-
pa HaIpsHDKEHHOTO COCTOSIHUSI MEPUANOHAIIBHBIX pedep
METaJUTIYECKOTO peOpUCTO-KOJBIIEBOTO KYTIOJa Ha pas-
HBIX CTaJMSX HABECHOTO MOHTa)Ka €ro Kapkaca Obuin
BBINOJTHEHBI CHEUUAIbHBIE KOMIBIOTEPHBIE HCCIEI0-
BaHMsL. OHM [IPOBOJWIINCH HA KOMITBIOTEPHBIX MOJEIIIX
KYHOJBHOTO KapKaca KaKk MpOCTPaHCTBEHHBIX CTEPK-
HeBbIX cucteM [10; 11] B mporpamme SCAD. Hamps-
KEHUS ONPEAEIIUINCH 10 BEIMUMHAM BHYTPEHHHX YCHU-
JHMH B CTEPKHSAX MEPUIHOHAIBHBIX pedep KyMoJIbHO-
ro Kapkaca.

OOBEKTOM HCCICIOBAHUS CITYKIJI KapKac OIHO-
MOSICHOTO peOPHCTO-KOIBIIEBOTO KyToa moychepu-
gyeckoil ¢opmbl u3 30 cekTopoB, M300paKEeHHOTO Ha
puc. 1. Y3ibl Kapkaca KyIojia pacroyio>KeHbI Ha cde-
pHUYECKOM MOBEPXHOCTH C painycoM KpUBHU3HBI 20 M,
nposneroMm 40 M u BeicoToM 19,83 M. Bo Bcex y3max
KYHOJBHOTO KapKaca MPHUHATHL )KECTKHE CONPSKESHUS
MEXIY 3JIEMEHTaMU.

Puc. 1. Kapkac peOpHCTO-KOTBLEBOTO KYITOIa
[Figure 1. The skeleton of the ribbed ring-shape dome]
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Puc. 2. Dranel MOHTa)a KapKaca HCCIEAyeMOro peOprCTO-KOJIBIIEBOTO KyTIOJa!
a-1,6-2;6-3;2-4,0-5,e—60c—T,u—8; k=9 1—10; m—11;u—12;n—13; p—14; c— 15
[Figure 2. The stages of the ribbed ring-shape dome skeleton erection process:
a-1,6-2;6-3;2—4;,0-5e—6,0c—T,u-8,k-92—-10;m—11;n—12;n—13; p—14; ¢ — 15]
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Ha ocHoBe mpubnmkeHHOTO pacuera Kymnoia mpo-
EKTHOM CXeMbI Ha HECUMMETPHUYHbIE Harpy3ku pedpa
Ha3Ha4Y€Hbl U3 CTaIbHOTO AByTaBpa 26111, BepxHee
KonbLo — u3 AsyTtaspa 3011, ocranbHbIe KOIBLA —
u3 nBytaspa 231111. PaccTosiHrEe MEX Ty KOJIbLIAMU BAOJb
MEpHANOHATLHOTO pedpa 3,9 M, pacCTOSHUE MEXTY
pebpamu Bronb koien ot 0,81 M y BEpXHEro Kojblia
1o 4,18 M y HikHero kosbla. Kapkac kynosa onupa-
€TCs Ha yCJIOBHBIE KOPOTKUE KOHCOIBHBIE CTONKH JUTH-
Hoit 0,5 M u3 cranmpHOTO AByTaBpa 401113 (puc. 1).

MoHTaX KymnoJia BBIIOIHSIETCS OTACTBHBIMU CTEpPK-
HEBBIMH 3JIEMEHTAMHU OT OMOPHOTO KOHTYpa K BEPIIH-
He 110 spycam. [Ipeanonaranock, 4To OMOPHBIA KOHTYD
y’Ke 3aKperuieH y ocHoBaHus. CHavyaia ycTaHaBJIMBa-
IOTCSl 3JIEMEHTBl MEPUIUOHAIBHBIX pedep 1Mo BcemMy
KOHTYPY, 3aT€M Ha HUX YCTaHABIMBAIOTCS KOJBIIEBEIE
aneMeHTHl. [l1g uccnenoBaHus HapsYKEHHOTO COCTO-
SHUST PeOPUCTO-KOIBLEBOTO KYyIOJia paccMaTprUBalIUCh
MPOMEKYTOYHBIE MOHTQ)KHBIE 3TaIbl KYITOJBHOTO Kap-
kaca. Kaxxpiii 3Tanm mojpasyMeBa yCTaHOBJIEHHbIE
M0 BCEMY KOHTYPY JIeMEHTHI. TakuX 3TanoB ¢ TO3ULHUN
MOHTa)Ka B pacCMaTPHUBAEMOM KYIIOJFHOM KapKace Ha-
CUMTHIBAETCS YETHIpHAAIATH (PHC. 2).

Hampumep, cHavana BBITIOMHSETCS MOHTaXK CTEPXK-
Hell MepuIMOHANBHBIX pedep mepBoro sipyca (puc. 2, a),
3aTeM Ha HUX yCTaHaBIWBAIOT KOJBIEBHIE CTEPKHH
(puc. 2, 6). Takoii e mporecc MOBTOPsiETCA A 2-T0
apyca (puc. 2, 6, 2), 3aTeM Ui TpeTbero (puc. 2, 0, e),
yeTBepToro (puc. 2, s, u), maroro (puc. 2, x, 1), Iie-

croro (puc. 2, M, #) u cenpMmoro (puc. 2, n, p). Ha msr-
HajamartoMm dtamne (puc. 2, ¢) MPOU3BOAUTCS MOHTaX
3BE31000Pa3HOM BEPIIUHEI, KOTOPBIA YXKe HE OTpaxa-
€TCS HAa MOHT2)XHOM HANPSXKEHHOM COCTOSTHUHM MEpH-
MUOHANBHBIX pedep. [loaTomy mccrnenoBaHue mpoms-
BOJMJIOCH Ha OCHOBE CTAaTHYECKOT'O pacyeTa KOMITbIO-
TEPHBIX MOJEJIeN KapKaca KaXIOW U3 YEThIpHAALIATH
MOHTaXHBIX CXEM MPOMEXYTOUHBIX CTaIHi BO3BEIE-
HUS ¥ IPOEKTHOM CXEMBI KyTIoJia Ha JAeHCTBUE Harpy3KH
TOJIBKO OT COOCTBEHHOTO Beca AJIEMEHTOB KapKaca.

YcTaHOBKa 3JIEMEHTOB MEPHIIMOHAIBHBIX pedep
KaK KOHCOJEH IOJ HAaKJIOHOM BBI3LIBAET IOSIBICHHE
3HAYMTEILHBIX HM3rHOAoIMX MOMEHTOB. V3rubaromye
MOMEHTBI MEPUIMOHAILHOTO pedpa Ha KaXKOM 3Tare
MOHTaxa M3MeHsIoTCs. M3-3a pa3HOro HakIIOHA JIle-
MEHTOB MEPUINOHAIBLHBIX pedep Ha pa3HBIX Apycax B
Hpouecce MOHTaXa U3MCHSKOTCA U BCINYUHBI MOMCH-
TOB, YTO OTPAXKACTCS HA MX HANPSXKSHHOM COCTOSHHU.

OO0mass kapTUHa W3MEHEHHH H3TH0aroMfX MO-
MEHTOB 10 JUTHHE MEPHIHOHAIBHOTO pedpa mokazana
Ha puc. 3 71 MOHTaXa DJIEMEHTOB pedep U Ha puc. 4
JUTSE MOHTa)ka KoJjierl. M3 3THX pPUCYHKOB BHIHO, YTO
3HAYUTEIBHBIE «BCIUIECKI MOMEHTOB Ha MEPHINOHAb-
HOM peOpe HaOII0al0TCs Ha pa3HbIX dTanax MOHTaXKa
Ha KOHCOJILHOM yCTaHAaBJIMBAEMOM DJIEMEHTE MEPUINO-
HaJILHOTO pedpa W Ha MPEANIeCTBYIONEM KOHCOJIBHO-
My. [Ipuyem Mo Mepe MOHTa)xa CICAYIOIIUX SPYCOB
«BCILIECKW) MEPEMEIIA0TCS Ha HUX, & Ha MPEAbIY-
X Spycax UcUe3aroT.

e

Puc. 3. Dmopst MomenToB M | B MepuIHOHATBHOM pebpe KyIona IPOeKTHON CXeMbl (a)

Y Ha Pa3HBIX JTanax (6) MOHTaXka IIPH YCTAaHOBKE CTep)kHEH pebpa

[Figure 3. Meridional rib M , moment diagrams for (a) the design model and (6) the models correspondent to

an instant of rib elements mounting at different erection stages]

Taxoii sipko BBIpa)XEHHOW KapTHUHBI U3MEHEHUS
I/I3FI/I6aIOHII/IX MOMCHTOB Ha pa3HbIX 3Tallax MOHTaXa
Mo JUTMHE MEPUIUOHAITHHOTO pedpa mpH MosSPyCHOH
YCTaHOBKE KOJIEIl He HaOJIto1aeTCsl.
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Marubaromye MOMEHTHI B BEPTHKAIBHOW ILIOC-
KOCTH TIPU MOHTa)Xe 3JIEMEHTOB pedep B KOHCOJIbHOM

U npeasiayineM crepxkusax M HAYMHAsA C MOHTAa-

XM, 1
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JKa BTOpPOro sApyca, Mo BCIMYMUHC MPCBLIMIAIOT IMPOCKT-

Hble M

I/I31"I/163,IOH_II/IC K€ MOMCHTEI B BepTHKaJ'H:HOﬁ TJI0C-
KOCTU IPU MOHTAXXC KOJICL B KOHCOJIbLHOM H IPCAbI-

xm,i B HECKOJIBKO pa3 (puc. 5).

fyuieM ctepxuax M, ; 0CTUTaloT BelTUYHHbBI PO-

ekTHbIXx M i

; TOJIBKO Ha4yuHas ¢ MOHTaXXa TPCThHETO

apyca (puc. 6), u cample OOJBIINE TTO BEIUYUHE MO-
MEHTHl BO3HHKAIOT C IPOTHBOIIOJIOXHONW CTOPOHBI
pebep.

YcTaHOBKA KOHCOJIBHBIX 3JIEMEHTOB MEPUANOHAITb-
HBIX pedep MPUBOIUT K MOSIBJICHUIO 3HAYUTEIBHBIX Je-
¢dopmaruii o CpaBHEHUIO C MEPEMEIEHUSIMU KapKa-
ca MPOEKTHOW CXEMBI.

e

Puc. 4. Dmopsl MomMeHTOB M |, B MEpHAHOHATIBHOM pebpe KyIoia IIPOCKTHON cxeMsl ()

¥ Ha Pa3HBIX dTanax (6) MOHTaXa MPU YCTaHOBKE KOJIEI]
[Figure 4. Meridional rib M, moment diagrams for (a) the design model and (6) the models correspondent to

an instant of rings mounting at different erection stages]
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1

Puc. 5. OtHowenne M l./M)m )

XM, i

[FigureS. M, /M, ,

1

B TIOSIPYCHBIX 3JIEMEHTaxX pedep IpH yCTaHOBKE KOHCOIBHBIX pebep:
. — MOHTaXHBII MOMCHT, Mxn i HpOeKTHLIfI MOMCHT,; a — KOHCOJIBHBIH CTEPIKECHD, 0— HpCI[I)IZ[yIIII/Iﬁ CTEPIKEHb

ratio in tier ribs elements at an instant of cantilever ribs mounting:

M . —assembly moment; M . — design moment; a — cantilever rod; 6 — preceding rod]
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[Numbers of rings tiers mounted bottom-up from the base of the dome]

Puc. 6. OrHouwrenne M, / M, BIOSAPYCHBIX JIeMEHTax pebep NpH yCTAHOBKE KPAHHUX KOJIELL:

M, ; — MOHT@XHBbIi MOMEHT; M . — POCKTHBI MOMEHT; & — KOHCONLHBII CTEPXKCHb; 6 — IIpeBIAY Ui CTepIKEeHb

XM, i

[Figure 6. M o / M, ; ratioin tier ribs elements at an instant of edge rings mounting:

M, , —assembly moment; M . — design moment; a — cantilever rod; 6 — preceding rod]
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Puc. 7. Ilepemerienust 1o HOpMaau KpaltHUX y3/10B MEPUINOHATIBHBIX 3JIEMEHTOB:
a — IPOCKTHas CxXeMa; 6 — MOHTaK peGep; 6 — MOHTaX KOJICI]
[Figure 7. Normal displacements of meridional elements edge parts:
a — design scheme; 6 — ribs mounting; ¢ — rings mounting|

Ha puc. 7 npuBeneHsl rpaduka M3MECHEHHUS Jie-

bopmanmii [ =4/ fv2 + fh2 , YCIIOBHO Ha3BaHHBIX «HOP-

MaJIbHBIMI», KPailHUX Y3JI0B MOHTa)KHBIX CXEM H aHa-
JIOTHYHBIX UM Y3JI0B MPOCKTHOW CXEMBL. DTH rpadu-
KM TOKa3bIBaIOT, YTO MPU YCTAaHOBKE KOHCOJEN MepH-
MMOHABHEBIX pedep aedopMarvii YBEIHIEHBI IT0 CpaB-
HEHUIO C NIPOCKTHOM CXEMOW B 3THX XK€ y3JIax B He-
CKOJIBKO pa3: B 4,3 pa3a Ha 2-M sipyce U B 5,9 pa3a Ha
7-M sipyce.

Bwmecre ¢ TeM u3 rpadukoB puc. 7 BUAHO, YTO Je-
(opmaLus OT yCTaHOBJICHHBIX KOJIEL IIPAaKTHYECKH HE
OTJIMYAETCs OT MPOEKTHOH Aedopmaruu. MoXHO Tpea-
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MOJIOKUTH, YTO MOCIIE KOHTYPHOI'O 3aMBIKaHHS KOJIEI]
B CHJTy IPOCTPAHCTBEHHON paObOTHI HUKHEH 4acTH Ky-
MOJIFHOTO KapKaca ero aedopMaluy Mo4YTH He U3Me-
HSIOTCSl B CHITy MaJIOCTH Harpy3KH OT COOCTBEHHOTO
Beca.

KoHconbHbIE medopMani MepUAUOHAIBHBIX pe-
Oep mpu HaBECHOM MOHTa)ke KyTIOJIBHOTO KapKaca H3-
3a MMOCTOSTHHOTO JI€MCTBUS TPaBUTAIIMOHHBIX CHJI HU-
KyJa He ucde3aroT. [Ipu ycTaHOBKE BCEX 3J1€MEHTOB
KOJIeI[ ¢ KOHTYPHBIM 3aMbIKaHUEM OHU (PaKTHIECKH (HK-
CHPYIOTCSI B CBOEM €CTECTBEHHOM IIPH MOHTaXe IOo-
JIO)KEHUH, TaK KaK KOJbLla HE MOTYT IO3BOJIMTH CO-
€MHEHHBIM VMU y3JIaM BEPHYThCS B MPOEKTHOE II0-
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JIOKEHHUE. A 3TO 03HAYAET, YTO NOJTYUEHHBIE IPH KOH-
CONTFHOM H3TH0e HANpsDKEHHS B MEPHIMOHAIBHBIX pe-
Opax COXpaHsIIOTCS.

Crenyer BBISICHUTB, HACKOJIBKO CYIIECTBEHHBI 3TH
HanpsDKEHUS] M MOTYT JIM OHU TTOBITUATH HA HATPSKEH-
HOE COCTOSIHHE KapKaca B IpoIlecce dKCIUTyaTalnh
Kynona.

AnHanu3 pabOTBl CTEPKHEBBIX CUCTEM KYIOJIBHOTO
THTIA HAa KOMITBIOTEPHBIX PaCYETHBIX MOJEISIX MPOBO-
JUJICS. MHOTHIMHU HCciefioBaTensiMu. Hanpumep, uzy-
YaJ0Ch HAMPSYKEHHOE COCTOSIHUE KapKacoB IPH H3Me-
HEHUU F€OMETPUUECKUX MapaMeTpoB Kynona [12; 13],
TIPY BBIXOZE W3 CTPOS TPYII dIeMeHToB [14], mpu pas-
HBIX TEOMETPUIECKUX CXeMaxX Kapkaca [15], mpu pas-
HBIX OTHOIIECHUSX BBICOTHI Kymojia K auametpy [16],
MIPH U3MEHEHHAX TPOJICTOB KyIoJIoB [17], Ipu BKITIO-
YEeHUH OTPaXIACHUI siueek B padoty [18]. Hauano aB-
TOPCKUM HCCIIEIOBaHUSM OBLIO MOJIOXKEHO MPHU CpaB-
HEHUH PabOTHI KyMOJIHHOTO KapKaca crioco0amu Mo/I-
pamuBaHusA U HapamuBaHus [19].

2. Pe3yabTaThl

BrimonHeHn aHanu3 HANPSKEHHOTO COCTOSIHUS B MOH-
TKHBIX M MPOEKTHOW CXEMax, U 3TH COCTOSHHUS CO-
MTOCTABJICHBI APYT C ApyTroM. [Ipu pabore KymoasHOTO
KapKaca MPOEKTHOW CXEMBI U BCEX MOHTa)KHBIX CXEM
Ha JeicTBrE COOCTBEHHOIO BeCa MX DJEMEHTHI HAaXO-
JIATCSI B COCTOSIHUM JI€UCTBUSI POJOJIBHON CUIIBI C U3-
rubom. [lpu 3ToM MepuaHOHANIBEHBIC pedpa UCTIBITHI-
BalOT C)KaTHE C M3TUOOM Kak B TIPOEKTHOM, TaKk ¥ B MOH-
TOXHBIX cxeMax. HopMalbHble HAmpsiKEHUA B Kax-
JIOM i-OM 3JIEMEHTE MEPUIMOHAIBHOTO pedpa BBIYHC-
JISFOTCS IO (hopMyJie

N, Mx,i M
A W \\%

i X, V,i

Vi

(1

ITockoybKy OT CHMMETPUYHON BEPTUKAJIbHOM Ha-

rpyskn M |, ; =0, To MoxHO 3anmcats
G6;=6,;%0,;. 2

IIponmonbHas cuna U B MMPOEKTHOM cxeMe, U B MOH-
T@)XHON CXEeMe BO3HHMKAaeT OT Beca 3JIEMEHTOB, KOTO-
pBIe HE U3MEHSIOTCA B Mpoliecce MoHTaxa. [Ipoucxo-
JUT JINITh CYMMHPOBaHWE JIOJIEBOW YACTH BECOB TEX
AIIEMEHTOB, KOTOPHIE OKa3bIBAIOT HAa PacCMaTPUBAEMBIN
3JIEMEHT CBOE BIUAHHUE. DTO YUUTBHIBAETCS PacueToM
KapKaca IMPOEeKTHOHW CXEMBI.

Marubaromuii )K€ MOMEHT KOHKPETHOTO 3JIEMEH-
Ta MEPUAMOHAIHLHOTO pedpa 3aBHCHT OT PACUCTHON
CXEeMBI, KOTOpasi B MPOLIECCe MOHTaka U3MEHSETCS U

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

B HAayaJbHBII MOMEHT MOHTa)Ka KaK KOHCOJHU CyIIle-
CTBCHHO OTJIMYAETCS OT MPOeKTHOM. KOHCONBHBIN H3-
U0 3JIEMEHTOB MEPHANOHAILHBEIX pedep Mpu MOHTa-
JK€ BBI3BIBACT TOSIBIICHUE JOMOJHUTEIBHBIX 10 CPaB-
HEHHIO C MPOCKTHBIM M3rHOOM HampsbkeHuid. J{ms om-
pelieieHns] BEJTMYUH TaKUX HANpsHKEHUH BOCIOINB3Y-
€MCsd OTHOIICHUEM MOMCHTOB, BOSHHKAKOIINX B KOH-
COJILHOW CXeMe, K MOMEHTaM, BO3HUKAIOIIUM B TPO-

eKTHOI cXeMme, TO ecTh MxM)i/Mxn,i (cMm. puc. 5).

HOCKOJ'H:Ky BCCrJa M3BCCTHO, KaKasa OOJIA HaHpSDKCHI/Iﬁ

Gxn,i B pe6pax MMPOCKTHOU CXEMBI BO3BHUKACT TOJIBKO

OT u3ruda Mxn,i , TO HAIPSXKCHUA OT KOHCOJIBHOT'O

MOHTaa pedep MOKHO OMPEICTHTh 10 hopMyJie

MxM,i

(¢ i =——-0 P (3)
XM, i XTIL,i
Mxn,i

Hampsokenust B MepuAMOHATBHBIX pedpax mpo-
eKTHOH cxeMbl OT usruba He npesbimaiot 0,14 kH/cm?
u coctaBisior MeHee 40 % cyMMapHBIX HaIlpsDKEHUH

or Nyu M, ;.

Ha puc. 8 npencrasiens! rpadmke U3MEHEHHUS HOP-
MaJIbHBIX HANpPSKEHUN 1O sipycaM MPOEKTHON CXEeMBbI
Y MOHTaKHBIX CXEM Ha Pa3HBIX dTanax. JTH rpaduku
CBUJICTENBCTBYIOT O TOM, YTO HANpPSDKEHUS OT yCTa-
HABJIMBAEMBIX DJIEMEHTOB MEPHINOHAIBHBIX pedep Imo
KOHCOJIbHOH cXeéMe He TOJIbKO COITOCTaBUMBI 10 BEJH-
YUHE U 3HAKY C HaIpsDKEHUSAMHU MPOEKTHON CXEMBI,
HO HAMHOI'0 IPEBOCXOST UX B BEPXHEW 4acTH KyIOJb-
HOT'O KapKaca.

I'paduku puc. 8 MOKa3bIBAIOT TAKXKE, YTO Y OCHO-
BaHMSI KyIIOJIBHOTO KapKaca HANPs>KEHUsI OT HABECHO-
ro croco0a BO3BeIEHUS] MUHUMAIIBHBI U B HECKOJIBKO
pa3 MeHbIlle HanpsHKeHUH MpoekTHoH cxeMbl. C yBe-
JIMYEHUEM BBICOTHI MOHTHPYEMOTO SIpyCca HANPSKEHUS
B KOHCOJIBHBIX JJIEMEHTaX MEpPUIHOHANBHBIX pedep
BO3pAcTaloT U JIOCTUTAIOT YPOBHA HAIPsDKEHUH Mpo-
€KTHOM CXeMBI y’ke Ha yeTBepToM spyce. [Ipu HaBec-
HOM MOHTaXX€ BEpXHEH YacTH KYIOJbHOIO KapKaca
HaNpspKeHUS B YCTaHABIMBAEMBIX JIEMEHTAaX MEPUANO-
HaJIBHBIX pebep Oosee ueM B 2,5 paza MPEeBOCXOMAT
HaNpPsDKEHUS B 9TUX e JIEMEHTaX MPOEKTHOM CXEMBI.

C menpro MoNTydeHnst CBEACHU 00 ypOBHE Harpsi-
JKEHUI B MEPHIMOHAJBHBIX pedpax KyMOJIbHOTO Kap-
Kaca Ha MOHTHUPYEMBIX Spycax C YCTaHOBJICHHBIMU
KOHCOJIbHBIMH JJIEMEHTaMHU pebep UiTH KOJIell IT0 HUM
B TpOLIecce MCCIEN0BaHU ObUIH MOCTPOEHBI JUarpam-
MBI CTENIEHU HCII0JIb30BaHUS MPOYHOCTHBIX CBOMCTB
cranu C245 B CpaBHEHUH C IPOCKTHOU CXEMOHM.

Ha puc. 9 nokazana nuarpamMma ¢ OTHOIIIEHHUEM
HapsKEHUH B KOHCOIBHOM U HPEIBIAYIIEM 3JIEMEH-
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Tax K pacyeTHOMY CONPOTHBICHHUIO CTald |o;|/R,,

yMHOXkeHHOMY Ha 100, mpu mosipyCHOM MOHTaXe pe-
oep. Ha puc. 10 nokazana nuarpamma ¢ OTHOIIEHHUEM

HaIpsKEHUN B KOHCOJIBHOM M IPEABIAYIIEM 3JIEMEH-
TaxX K PacueTHOMY COIIPOTHUBJICHUIO CTaJId |0i|/ R,

yMHOkeHHOMY Ha 100, pH nosipyCHOM MOHTAKE KOJIELL.
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Puc. 8. Cxxumaroime Hanpsbkenus G; B 9JIEMEHTaX MEPUIMOHATBHBIX PEOEP PasHBIX CXEM:

@ — IIPOCKTHAs! B APYCax G, ; 6 — NPOCKTHAs TONBKO OT H3ruba o . ;

6 — MOHTaXHasi B KOHCOJIN GXM i 5 2 — MOHTaXXHad epe KOHCOJIbIO — G

XM,

[Figure 8. Compressive stress G; in the meridional ribs elements within different models:

1

a — design stress o; in tiers; 6 — bending design stress G, ;>

6 — assembly stress [ in the cantilever; ¢ — assembly stress Gy At the cantilever boundary]
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Homepa ycraHaBiuBaeMbIX SIPyCOB OT OCHOBaHHSI KYIIOJIa
[Numbers of tiers mounted bottom-up from the base of the dome]

Puc. 9. OtHoueHne |Gi| / Ry B % B 21ieMeHTaxX pebep Mpy HABECHOM MOHTAXKE MOCIIC YCTAaHOBKHU pedep:

a — IPOEKTHAsl CXeMa; 6 — KOHCOJIBHBIH dJIEeMEHT pelpa; 6 — MpeAbIIyIInii JIeMeHT pedpa
[Figure 9. |°i| / Ry percentage ratio in ribs elements during overhang erection after the ribs mounting:

a — design scheme; 6 — rib cantilever element; ¢ — preceding rib element]

W3 aTux auarpamMm BHIHO, YTO CMOHTHPOBAaHHBIC
JI0 3aMKHYTOT'O COCTOSIHUSI HA KaXKIIOM dTare HaBECHO-
0 MOHTa)Ka KOIbIa MPAKTUYECKH HE BIUSIOT Ha Ha-
MPsDKEHHOE COCTOSIHHE MEPUANOHAIBHBIX pedep KyIo-

118

7a. BBIICHSIIOCH TakKe, 9TO YCTaHaBIMBaeMble KaK KOH-
COJIU 3JIEMEHTHI peOep MpU HABECHOM MOHTAXKE METal-
JIMYECKOTO KYIOJia OTPAKAIOTCS Ha HANPsHKEHHOM CO-
CTOSIHII MEPUINOHAIBHBIX pedep. MOHTaXHBIE Harpsi-
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JKEHHUsI OT KOHCOJIBHOTO M3rnba pedep mpu HaBeCHOM
MoOHTaxke cHavana HeOomnbmue (0,3 % Ry) BBuOy Ma-
JICHBKOTO HAKJIOHA, a 3aT€M YBEIMYHBAIOTCS K Bep-
HIMHE KYMOJIa U MOTYT JOCTHrarh 2,5 % MpoYHOCTH

cranu. B To ke BpeMs HauOoiee HarpyKEHHbBIN diie-
MEHT B HIDKHEH YacTH KYIIOJILHOTO Kapkaca B Tpo-
SKTHOH CXeMe B COCTOSIHMH 3aBEPIIICHHOW COOPKH HC-
MBITHIBAET HampsbkeHue 2,1 % MpouyHOCTH cTalu.

3,0
- 2.0 1
9] 0/
R, a

d 1,0 1
8 9]
0,0
1 2 3 4 5 6 T

Homepa ycraHaBnuBaeMbIX sIPyCOB OT OCHOBAaHHS KyIIOJIa
[Numbers of tiers mounted bottom-up from the base of the dome]

Puc. 10. OtHommenne |<5i| / Ry B % B 37€MEHTax pedep NMpHU HABECHOM MOHTAXe I10C/Ie YCTAHOBKH KOJIEI:

a — TIPOEKTHAsI CXeMa; 6 — KOHCOJIBHBIH 2IeMeHT pedpa; 6 — IpebIIyIHil dIeMeHT pebpa
[Figure 10. |Gi| / Ry percentage ratio in ribs elements during overhang erection after the rings mounting:

a — design scheme; 6 — rib cantilever element; ¢ — preceding rib element]

3aKkioueHmne

Ha ocHOBaHWHU W3JI0KEHHOTO MaTepuaia MOXKHO
c/eNaTh CJACAYIOINE BHIBOIBI.

B mpotiecce HaBECHOr0 MOHTaXKa peOPUCTO-KOJIbIIC-
BBIX OOJIBIICIPONICTHBIX METAJUTMYCSCKUX KYIIOJIOB B Me-
PUIHOHANBHBIX pedpax UX KapKacoB HEM30EKHO IMO-
SIBIISIFOTCS. MOHTQ)XKHBIC HAITPSDKECHUS.

OCHOBHOe BIINAHNEC HA BOBHUKHOBCHHUEC MOHTAX-
HBIX HaHpH)KCHI/Iﬁ OKa3bIBAKOT 3JICMCHTHI MepI/I)Z[I/IOHaJ'II)-
HBIX pedep, yCTaHABIMBaeMbIe HA MOHTHPYEMBIX SPY-
cax II0 KOHCOJIBHOH CXeME.

MOHTaXHBIE HANPSKCHUS OT yCTAHABIHBAEMBIX
3JIEMEHTOB MEPUIUOHAIBHBIX pedep MO KOHCOIBHOMH
CXEMe HE TOJIbKO COMOCTABUMBI 110 BEJIMUUHE U 3HAKY
C HaHpH)KeHI/DIMI/I HpOGKTHOﬁ CXEMBI, HO U CYIHGCTBGH-
HO IPEBOCXOIAT UX B BEPXHEH YacTH KYIOJbHOIO
Kapkaca.

[Ipu MPOEKTHUPOBAHUM PEOPHCTO-KOIBIEBBIX KY-
MOJIOB OOJIBIIOTO MPOJIETa U BHIOOPE HABECHOTO MOH-
Ta)xka CJeAyeT MPOM3BOIUThH PACUeT ero KapKaca Ha MOH-
TAXXKHBIC HaHpﬂ)KeHHI)Ie COCTOSIHUA C y‘IeTOM HX BIJIHUA-
HUS Ha KCILIYaTAlMOHHYO HAJIEKHOCTb COOPYKECHUS.

Hannure MOHTa)XHBIX HAMPSKCHUH B MEPHIUO-
HAJILHBIX peOpax OOJNBIICIPOIECTHOTO METATUTUUECKO-
ro KyIoJia TIpU HABECHOM MOHTaXKE HE MOXET CIIy-
SKUTH OCHOBAHHMEM I OTKa3a OT HaBECHOT'O MOHTAXa
KyTI0JIa, TaK KaK TaKUE HANPSHKESHUS TIPUCYTCTBYIOT IIPU
JIF000OM c11oco0€e BO3BEIEHHS.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

Heo0xomumo mpofomKUTh HCCIeOBaHMS HAIPs-
JKEHHBIX COCTOSIHUN B MEPHUAMOHAIIBHBIX peOpax Mpu
HABECHOM MOHTaXX€ OOJBIICTIPOIETHBIX METAJUTHYECKIX
KYTIOJIOB M CIIOCOOOB WX YMEHBIIICHNSI.
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Abstract

Research aim. The aim of the present research was an analysis of a metal rib-
bed ring-shaped dome metallic ribs stress state at different stages of a skeleton over-
hang erection process. The considered dome is hemispherical and is assembled bot-
tom-up of individual elements. Due to a varying slope of meridional ribs elements at
different relative elevations their stress state changes during mounting. The effect of
the overhang erection process onto the stress state of the metal dome meridional ribs
has been investigated. The relationship between the stress state of a meridional rib and
mounting of each next dome skeleton tier has been established. Methods. A mathe-
matical model of the metal ribbed ring-shaped dome assembled of steel H-shaped
elements with rigid connections has been developed. Several extra models corre-
sponding to different skeleton erection stages have been also generated to determine
stresses in the meridional ribs at these stages. Response of each dome mathematical
model under dead-weight load has been simulated. The obtained values of stresses in
the meridional ribs within different models have been compared with corresponding
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design stresses values. Results. The dependence of the metal dome meridional rib stress
state onto the stages of overhang erection process has been plotted. A degree of utili-
zation of ribs steel strength at different erection stages has been represented by dia-
grams. An estimation of the dome skeleton stress state during overhang erection has
been given. Imminence of assembly stresses during overhang erection and their in-
fluence onto dome structural reliability has been pointed out.
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Annomayus

Axkmyanvnocme. Ilpu onpeneneHny HaIPSHKEHHOTO U 16OPMUPOBAHHOTO CO-
CTOSIHUS B TI0JIOCE, JIeKallled Ha OCHOBAHWH, IIPUMEHSIOT Pa3InYHble MOJEIH KOH-
TakTa MeXx1y Tenamu. Heo0XoquMo OLleHHTh KaueCTBEHHBIN M KOINYECTBEHHBIN
XapakTep U3MEHEHHs HalpshKEeHUH B M0JI0CE B 3aBUCMMOCTH OT BAPUAHTOB CLIEILIE-
HUS TIOJIOCHI U OCHOBaHusL. I]e1s — IpoBeCTH aHaIU3 BIUSIHUS KO3(HILIMEHTa Tpe-
HUS Ha BEIMYMHY HANpsDKEHWH B aHU30TPOIHOI IOJIOCE NMPHU B3aUMOJIEHCTBHU C
JKECTKUM OCHOBaHHMEM. Memoowl. Pemenne npoBOAUTCS HA OCHOBE ypaBHEHHI
IUIOCKOM 3aJja4y TEOPUHU YIPYTOCTH aHU30TPOIHOIO TeJa MPH YCIOBUSAX, UTO MOJI0-
Ca IUIOTHO MPHJIEraeT K OCHOBAHUIO U KAacaTeNbHOE YCUIME Ha KOHTAKTHOH IIOCKO-
CTU TPONOPLMOHAIFHO HOPMAJIbHOMY JaBiieHHI0. [lepeMeleHust 1 HanpspKeHus: B
MIPOM3BOJIBHOM TOYKE MOJIOCHI 3aIHCHIBAIOTCS B (hOpMe MeTO/1a HauaIbHbBIX (yHKINHA
yepe3 QYHKIMH MepEeMEICHU U YCUITMI Ha HU)KHEH TUIOCKOCTH, KOTOPBIC 3aBUCST
OT XapakTepa Harpy3Ku, IpIIOKEHHON Ha BEpXHEH MIIOCKOCTH, U YCJIOBUM KOHTAKTa
IOJIOCHI ¢ OcHOBaHUeM. [locie npeoOpasoBaHuii pacueTHble GOpMyIIbI UL IEpeMe-
[ICHUH ¥ HANPSHKEHUH BBIPAXKAIOTCS, UCIIONB3YSl MHTErpalbHOe NMpeoOpa3soBaHme
®ypee, yepe3 HOPMANBHYIO OBEPXHOCTHYIO HArpy3Ky B BHJIE HECOOCTBEHHBIX MH-
TerpaioB. Pezyabmamei. [y BapuaHTa HarpyeHUsl IOJIOCH! COCPEJOTOUCHHON
CUJION MOJTy4YeHBI GOPMYJIBI Ui ONpEAeNIeHNs NepeMeNeHUN U HalpsKeHUH,
Ha OCHOBE KOTOPBIX MOCTPOEHBI (DYHKIMH BIWSIHHS TS 33129l O PABHOBECUH aHU-
30TPOITHOM ITOJIOCHI, JIeXKAIel Ha )KECTKOM OCHOBAaHHU C y4ueToM Tpenus. [Ipusene-
HbI rpaduky BIMAHUS KOd()(ULIUEHTA TPEHUs, HAIpaBIeHUs OCeH aHW30TPOIMU
MaTrepuana Ha HaOpsDKEHHOE COCTOSIHME IMONOCHL IIpOBOAUTCS comocTaBiIeHUe pe-
3yJIbTATOB BBIYKMCIICHUS HAPSDKEHUI 110 aHU30TPOITHOW M M30TPOITHONW MOJIETISIM.

Kniouesvie cnosa: NEpEeMCIICHUEC, HAIIPSDKCHUE, YIIPYTOCTh, aHU30TPOINS,
noJjioca, Tp€HUC

BBenenue

3agaya 00 ompeneNeHUU NepeMeNeHni 1 Hampsi-
JKEHWH B YIPYTOM CJIO€, KOHTAaKTUPYIOILEM I0J Aeii-

CTBUEM TOBEPXHOCTHOW HArpy3KH C OCHOBaHHEM, UMEET
IIMPOKOE MMPUMECHEHHE HA MPAKTHKE: MPH pacyeTe KOH-
CTPYKIIMI Ha YyIpyroM OCHOBAaHHHU, B MEXaHUKE IPyH-
TOB, JJIA HCCIEAOBaHMS pabOTHl achaabTOOCTOHHBIX
noKpbITHH. KOHTaKTHOE B3aMMOJICHCTBUE CJIOS U3 U30-
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TPOIHOTO MaTepHaia C OCHOBAHUEM PAacCMaTPHBAIOCh
B paborax [1-9]. JInsg BapmanTa, KOTr[Ia MaTepra CIIos
MMeeT BBIPQKEHHYIO aHU30TPOIHMIO, aHAIOTUYHBII KiIacc
3aJa4 pacCMOTpeH, Hanpumep, B [10-16]. B nepeunc-
JIEHHBIX paboTax pelleHHe IPOBOAMUIOCH WA HPH OT-
CYTCTBUHU TPEHUS, WU MPU OTCYTCTBHH CKOIBKECHHUS
Ha KOHTAaKTHOM MJIOCKOCTH MEX]y TEIaMH.
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TpeHue npu KOHTAKTE MOJOCH U TIOTYTLIOCKOCTH,
KOTla MaTepuall CIIOEB M30TPOITHBIN, Ha HANPSHKEHHOE
1 nehOpMHPOBAHHOE COCTOSHHUE JABYXCIOWHOM 00a-
CTH YUUTHIBAJIOCH B [17].

Hccnenyem BiusiHME TpeHUS Ha paclipeleleHre
HanpsKeHU B aHU30TPOITHOM T0JI0ce MPU B3auMOIeH-
CTBHH C ) KECTKHUM OCHOBAHUEM.

1. ITocTanoBKa 3agaumn

[Tonoca n3 aHU30TPOITHOTO MaTeprala MOCTOSTHHON
BBICOTBI /1 M OCCKOHEUHOM JJIMHBI JICKUT HA HKECTKOM
ocHoBaauu (puc. 1). Ock x HampaBUM BIOIL HUKHEH
TUIOCKOCTH TIOJIOCHL, OCh ) — TEPHEHIUKYIAPHO OC-
HoBaHM10. Ha BepxHel MI0CKOCTH JIEHCTBYET HOpMallb-
Hasi CHMMETPHYHAS! OTHOCUTEIILHO OCH ) TIOBEPXHOCT-
Has Harpy3ka ¢(x). HampaBnenus oceil aHH30TpOIIHH
onpenensaorcs yriaoM ¢. IlonoxurenbHble Hampasie-
HUsl HOPMAIBHBIX G, G, U KACATEIBHOTO Ty,
MIPSDKEHUH, MepeMenieHnid ¥ ¥ U COBMAJAI0T ¢ 000-
3HaYeHusmH [18].

Ha-

r
1

Puc. 1. PacuetHas cxema
[Figure 1. Design model]

2. MeTtoa pacuerta

ITpu penreHun Bocnonab3yeMcsi IpUBEAEHHBIMU
B [14] ypaBHEHUsIMH 1JIs1 OTIpENIEICHNUS B IPOU3BOIIb-
HOM TOYKE IOJIOCHI TEPEMEILIEHUI

pu = —(p, Cos s, y0 — L, €08 5,y0)-u, +

+ hsinslyfi—bsinszy@ ‘v, +

S S5

1
SaTHIR (cosslya—cosszyé)-gq0 +

2 2
. . 1
+ M—lsmslyﬁ—hsmszyﬁ ST

S S5

o = (s,, sin s, yd — s, W, sin s, y0)-u, +

+(p,c0s 5,90 — 1, €08 5,0) -0, —
2 . 2 . 1
—(slu2 sin s, y0 — s, W; smszya)-gq0 +

TEOPUA YMPYFOCTU

SSTHIR (cosslyé—cosszyé)%ro , (1)

Y HapsDKEHUH
UG, = (sl2 cos s, y0—S5, cosszyﬁ)@uo -
— (s, sins,y0—s, sin s, y0)- v, —
—(slzu2 08 5,10 — S5 11, cosszyc'i)-qo —~
—(s,1, sin s, y0—s,M, sins,0)- 1, ,
o, = —(coss,y0 —cos s,y0)- u, +
+ lsinslyé—lsinszya -0v, +

S 2
+(p, coss,y0— 1, cos 5,y0)-q, +

+ hsinslyﬁ—ﬁsinszyé ‘T, ,

s, s,

ut,, =—(s,sins,yd—s,sins,y0)-ou, —
—(coss,y0—coss,y0)-Ov, +

+(s1u2 sin s, y0 — S, 1, Sin s2y6) q,—

—(u] cos s, Y0 — L, <soss2y8)-r0 , )

rae

2 _2P1x +Pes .. [2312+l366j2_l3£

51,2 >
2By, 2814 B

2 2
=Bz =Br1-sis mp =Pr2—Pri-s2,
2 2
H=po — 1y =Bl1'(sl —Sz)-
Dopmyel (1)~2) 3anucansl 4714 BapuaHTa S| # 57 .

Jns TII0CKOTO HAINpPsHKEHHOTO COCTOSTHUS Kodddum-
€HTBI Bij CBsi3aHBl ¢ Kod(pduureHTaMu aedopManuu

a;; [18] cooTHOWERNAMM B,-j =4a;;, B CIly4ae IIOCKOTO
nedopmupoBanHoro coctostuus P =a;; —a;3-a;3/ as3.
[Mpoussoanas o x o6o3HauyeHa uepe3 O(0 =0/0x).
OyHKIIH TIepeMeNIeHIH Ha HIDKHEH IIOCKOCTH 0003Ha-
WeHB UEPE3 1y =tho(0) =1, y=0), Ly = (¥)=U(x, y=0),
bymximm yeumit g, =qo(x) =0,,(x,y=0), T, =7, (x)=
=1,,(x,y=0). Toukn, nanee ux noxkaseisarh He Gy-

IeM, oTaeNsaoT auddepeHnaIbHbIe ONIepaToOphl OT
(YHKIIHIA, Ha KOTOPHIC OHU BO3JCHCTBYIOT.
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ITomaraem, 9To mo0OCa IVIOTHO MPUJIETAET K OCHO-
BaHUWIO Y Ha IPaHHUIlC KOHTaKTa 3HAUCHUE KacaTeIbHOIO
YCHIIMS IPOTIOPIIMOHAIEHO HOPMAaJIbHOMY JaBJICHHUIO:

1o(X) = f+|go(x), 3)

rae f =const — koddduiment Tpenus.

HozcrauM B QyHKUMY HANPSDKCHUI G ), U Ty, (2)

3Ha4yeHue y =h. YuureiBas HanpasneHus g(x), ¢o(X)
U ycnoBua v,(x)=0, t(x,y=h)=0, nomyuum cu-
CTeMy JIBYX YPaBHEHHI OTHOCHTEIHLHO HEU3BECTHBIX
GyHKIMT uy(x) 1 g, (x):

(cos 5,40 —cos 5,hd) du, = pg(x)—
—(p, coss,h0—p, coss,hd)q, +
-{hsinslha—bsin szhajro,

s, S, (4)

(s, sins,h0 —s, sin s,hd ) ou, =

=—(s,1, sin 5,40 — 5,1, sin 5,h0) q, —

—(p, cos 5,0 —p, cos s,h0)1,,

rae t,(x) omnpezemnsercs BoipaxeHueM (3).

W3 cucremsl (4) HaiizieM 3aBUCHMOCTB MEXIy ¢(X),
qo(x) 1 1,(x), IpU KOTOPOI1 MoJIOCA IUIOTHO NpPHJIE-
raeT K OCHOBaHHIO:

231S2(H1 +“2)+

+(s1 —Sz)(slu2 —szul)cos(s1 +5,)h0— |1, —
—(S1 +s2)(slu2 +S2u1)COS(S1 —s,)h0

(s, —s,)sin(s, +5,)h0+

+(s, +s,)sin(s, —s,)ho o

+2s1s2p(s] sin s, 70 — s, sin szha)q =0. Q)

—55,1

IIpunumas B (5) t,(x)=0, uMeeM cooTHOIE-
HHE MEXIy Harpy3koil ¢(X) W KOHTAKTHBIM YCHJIMEM
qo(X) A BapuaHTa, KOTJa IT0JI0Ca JIE)KAT Ha JKECT-

KOM OCHOBaHMHU 0e3 TpeHwus [12].
3anuiieM, UCXOAs U3 cucTeMsbl (4), BeIpakeHUE

TSt onpesienieHust GyHKIun Ol :
— yepe3 MOBEPXHOCTHYIO HArpy3ky ¢(x) u ycu-

e g, (x):

2858, (1 +1y) +
+(8, =5, ) (5,1, — 5,11, ) cOS(s, +5,)h0 — |Ou, =

—(s,+5,) (810, + 5,1, ) cos(s, —s,)hd
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4s,5, 11, —
=—|—(s, +Sz)(slu§ +52u’§’)cos(s1 —5,)ho+ |q, +

+(s, —SZ)(SIL@ —szuf)cos(sl +5,)ho
+ 25155 1(1q cos51hO — [y €08 52h0)q (X); (6)

— Yepe3 MOBEPXHOCTHYIO HAarpy3ky ¢(Xx) u kaca-
TENBHOE YCUIIHE T, (X) :

(s,—s, ) sin(s, +s,)ho0 +
515,10

0 —

+(s, +5, )sin(s, —s,)hd

4s, 5,01, —
=—|—(s,+s, )(slp@ + szuf)cos(s1 —5,)ho+ |T, —

+(s, -, )(slp@ —s,u ) cos(s, +5,)ho
—2515o1(s1My sin s hO — 5o sins,hd)q(x). (7

U3 ycnoBust u,(x) =0 (OTCYTCTBUE CKONBKECHUS
MEXIy MOJ0CON U OCHOBaHHMEM) U ypaBHEeHHI (6), (7)
HalileM 3aBHCHMOCTH MEXKIY ¢, (x) u q(X), T,(x) n
q(x). TToxcrasist BeIpaxkeHHs: g, (x) U 1,(x) B (1)~2),
mosTyduM (OPMYITBI U ONpEeNieHUs TIepeMeIeHui
Y HAIIPSDKEHUIN B ITPOU3BOJIBHOM TOYKE IOJIOCHI, XKECT-
KO CKPEIUICHHON C OCHOBaHueM [14].

[Ipenmomnaraem, 9To CyIIeCTBYeT HHTETPATHHOE TTpe-
obpazoBanne Dypbe 0T GyHKIHH ¢(X), g, (x) 1 T4 (x),
KOTOPBIE pa3sfeianM Ha CUMMETPHYHBIE ¢ (X), o, (X),
Tos (¥) M KOCOCUMMETPHUUHBIE ¢,(X), Go4(X), Ty, (X)
cocrasisrontue [19]:

N +ig, (X)]- M,

q(x)=ﬁ 12

go(x) = J;—n [[Gos B) + G0 ) ™,

to(x) = \/;_n [[fos () 500 ()] ™. ()
rac

qs(i)z \/;_n _[qs(x)cos(zx)dx,

Gu (i) = J;_n [ (0)sin(ix)d,

Gos () = \/;_n [ qos (x) cos(ox)d,

THEORY OF ELASTICITY
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Goa 0) = ﬁ [ o (x)sin(ix)d,

(0 = ﬁ [ o (x)cos(in)ds,

T, () = ﬁ Troa (x)sin(Ax)dx,

rac A — II000E MOJIOKUTEIBHOE BCIICCTBCHHOC YHCJIO.

Tpaucdopmanty Oypbe gy (Z), YUHUTHIBas ypaB-
Henus (3), (5), (8), a Takxe TO, UTO MIPU CUMMETPHY-
HOW Harpy3ke ¢(X) HOpMmanbHOE ycmiane ¢,(x) Oy-
JIeT CUMMETPUYHBIM, KacaTelbHOe T, (X) — KOCOCHM-
METPHYHBIM, BEIpa3UM 4Yepe3 TpaHCHOPMAHTY OT CHM-

METPHUYHOM HATrPY3KH (Z)

- o~ 2818 o~
Gos(M) = 1Dzu (51 shisjh — 55 shsph )G (L), )

e

D= slszu[(sl ) )sh(sl +57)h+ (s1 +5, )sh(s1 ) )7»] +

25,5, (W +1, ) +
+ /1 +(s,—5,) (5,10, — 5,1, ) ch(s, +5,)A— |.
—(s,+5,) (81, + 5,1, ) ch(s, —s,)
Ucnionesyst popmyity obpatenust @ypbe, 3amuinem

q,(x) =

2S]S2MDO 1 Slshslk— o~ 5
=,.— — A)cosAxdh, (10
\/; h LD s, shsp )2 (10)
B dopmynax (9) u (10) BBeaeHbl 0003HAUYCHUS
A=Nh, ¥=x/h.
HoacraBum (10), yuutsiBas (3), B moboe U3 ypas-

HEHUH cucTeMHblI (4) U, BO3AeUCTBYs AudQepeHIaib-
HBIMH OIl€paTopaMu Ha (QyHKUHH ¢,(x) U T,(X),

HangeM

2 ssu 1
ou (x)=—,|——2 | —x
o) \/; h JOD

{(slpb shs,L—s,u, shs,) —} y
—f (1, chsA—p, chs,))

xg. (L) cos AXd\.. (11)

TEOPUA YMPYFOCTU

VYpasuenus (10), (11) Baecem B (1)—(2). [locne
npeoOpa3oBaHuil MOIyYUM (HOPMYJIIBI ISl Onpeelne-
HUSI B TIOJIOCE TIEpEMEILICHU I

ik, (Ch Sly\‘j} —ch Sz}"j") -

2 71 -
uz—\/;slszj.ﬁ 4 _L(szuf shslky—J -

—00 2 ~
515, =8, 1, shs,Ay

sin Ax
A

(4, = f4) (wy chs Ay —p, chis,A7) 4, (0) dh.,

_(Slui SRR

r —s,11” shs,\J

U=—\/§S1S2J.i/1 SHH, S AY
n "I D

py chs Ay —
Hiba | chs, )

hshi—)] - .
[, ] TG @S )
—s,1, shs,Ay A

Y HanpsoKeHUH

()
—s21, ch s,Ap
A -

. \E&
“Nmoh 2 _f(slp,1 shslkf/—J

—S,1, shs,Ap

—[Az(s)—fAs(s)J[s‘z oy _]}ésd) COSM i,

—s5 ch s, Ay D
_(“2 ch Slxjj _j
—, ch s, Ay
o, :_\/gﬁj A(s) H G157 -
T h f Sy shs Ay —
58, \ sy shs,Ap )
chs }»)7— ~ COSAX
—[4,(s)- f4 1 . (A d\,
[4,(5) = f4,(9)] _Chwj}qs( )=

_[Sluz shs,Ay _j
. _\/gﬁif Al(s) —S,H ShSZXj}
T h °

_f Hy chsdy—
L —H, chs,Ay

Xy
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A — j} (x)51nkxdh’(l3)

~[4.()- /4, (S)]( shs

rae
A;(s) = s shsjh —s, shsyA,

Ay (s) =511y shsyh — 5oy shsoA,

A3 (s)=p chsih—py chsyh, y=y/h.

[pu nepexonie OT aHU30TPOITHOTO MaTepUaa mo-
JIOCHI K U30TpOITHOMY B ypaBHeHMsX (12) u (13) cma-
raeMble, BXOJAIINE O] 3HAK UHTErpaja, pacKiaIbiBa-
eM B psaabl. UncnuTens M 3HAMEHATE b COKPATHM Ha

MHOKHUTENb (312 —s% )2 U BBINOJIHUM IIEPEXO] K TeX-
HUYECKUM MOCTOSHHBIM. Hanpumep, 1714 m10cKoro Ha-
HPSHKEHHOTO cocTosiHuA B; =1/ E, By =—v/E . Ilon-
CTaBMM TEXHUYECKUE IIOCTOSHHBIC B PSIIBI U, YIUThI-
Basl, YTO U1 M30TPOIHOTO MaTepuana s; =S, =1, psbl
ceepHeM. [locie mpeoOpazoBanuii GopMynbl 1 OI-
pezneneHns HanpsHKEHNH UMEIOT BU

(2vchky+ ]_
_\/gl“’ B +(1+v)Aysh Ay
((3+v)shka+ j

+(1+Vv)Aychdy ) |
+B0)+ B3N 2chig 41, (0 2 .
_[(Hv)kj;shkj/—j_
v —2chAp
cy:ﬁlj Boy| L P .
The, (1-v)shAp +
(+(l+v)7&ch7&j_
+[By 1)+ /B30 psh5 1, (D =
_{(l+v)x)~/ch7&—j_

% —(1—v)shAp
w—ﬁlj 0 R
Th iy 2chAy+

i +(1+Vv)Ayshiy )|

h Ay
+[ B,(A)+/B,( >][jwf;wj}qg< )S‘mdk (14)

rae

126

Bj(A)=shi+AchA,
By(M) =(1—-v)shx—(1+v)AchA,
By(A)=2chA+(1+v)ishh,

D" =2(2h+sh2h)+ f[2(1+v)2> = (1-

v)(1-ch22)].

3HadeHne HampsokeHust G, npu y =0 u f =0,

KaK cliefyeT u3 GopMyIIbl, HE 3aBUCUT OT KO3 uIu-
enra [lyaccona v.

PaccMoTpuM BapraHT, Korzia K BEpXHEH TUIOCKOCTH
moJiockl B cedueHun x =0 mpuioxeHa cuna F, pas-
HOMEPHO pacrpe/elicHHas BAOJb OCH IEPIICH IUKYIISP-
HOM TITOCKOCTH PUCYHKA.

TparchopmanTta Dypre OT COCPETOTOUSHHON CHITBI

g,(h) =

17 ~ F
O(x)F coshxdx = , (15)
V2T _J;O V2T
rae o(x) — menbra-hyHKus Jupaka.
Ucnonszys (13), (15) u cumMeTpuio BHEIIHEH Ha-

TPYy3KH, 3anuimieM (popMyIIbl Ui ONIpeNeIeHns B MPo-
W3BOJIbHOM TOUKE MOJIOCH! HAIPSKEHUMN:

()

< —s21, ch A7

G, :2S1S2J‘ A (s) R R -
0 _ [Sllh Shs1>97_j

=S, shs,Ay )|
~[4y(9)- fA3(s)](S1 chsAy —s3 ch Szky)}COSM i
_(“2 Chsl}\‘j} _j
~ I —, chs,Ap
5, = —2sls2j A (s) BNE
0 _L S,u, shs Ay —
—siH, shs,Ay ) |
chs,Ay— | cosAx
B /4 1 dh,
[ 4 (s) - 14, (S)](—chsz?»f/}} D
_[Sluz Sh Sl}\‘j} —j
T —s,1, shs,Ay
T :2S1S2j A(s) 55 )j _
0 s w, chs,Ay—
i —, chs,Ay ) |
) Ny shii -5 shs P} 16
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KommoHeHThl HanpspKeHUH AJis TIOJI0Chl U3 M30-
TPOMHOTO MaTepuaia MOXKHO aHAJIOTHYHO 3aIcaTh Ha
ocHoBe dopmyn (16). ITpuammas B (16) f =0, momy-
9uM GOPMYIIBI IS OTIPEACIICHNS HAPSOKCHUH B aHU-
30TPOINHOM MOJI0CE, JIeKAIIEN Ha )KECTKOM OCHOBaHUH
0e3 TpeHust.

IIpu Harpy>keHuu Moaockl CUiIol F, MPUIOKEH-
HOM Ha PacCcTOSHMU & OT Hayaja KOOpaAuHart, B (op-

mynax (16) HEOOXOAMMO 3aMEHUTh HapaMeTp X Ha
X—§&, rne E=E&/h. llonaras F =1, umeeM BbIpaxe-

HUS JUIsL ONIPEAENICHNS HANPSDKEHUH OT €IWHUYHOM Ha-
TPY3KH, KOTOPbIE MOXHO PacCMaTpUBaTh KaK (YHKLUH
BJIMSIHUS JUIS 337ja4U O PABHOBECHUM I10JIOCHI, JIEXKAIEH
Ha )KECTKOM OCHOBAaHHH, C y4eTOM TpeHus. Vcrnonb3ys
JaHHble (PYHKLINH, HECIIOKHO 3anucaTh (GOpMyJIbl IS
OIpEJIETICHUS HAIIPSKEHUN [TPU Harpy>KEHUH BEPXHEN
TUIOCKOCTH IOJIOCH! Ha OTPE3KE OINpPEETeHHON ITHHEI
HOpPMaJILHOM cuMMeTpraHON Harpyskod ¢q(&). Hampu-

Mep, IPH ONPEACTICHNH HAPSDKEHUs] G, OT Harpys3KH,
PAacIIONIOXKEHHOW CUMMETPUYHO OTHOCUTEIIBHO OCU Y

U JEUCTBYIOLIEH Ha Y4acCTKe JUIMHON 2a, UMeeM

(st chs )

2ss —soi, chs, Ay
2[ <¢)d&j4<s) AN &

_ s1y shs Ay —
—$,1, shis,Ap |

s;chs )}y —\| cosM(F—E&

La()-m] T
2 2

3. Pe3yabTarhbl

st oleHKM BIMSHUS TPEHUS U CBOWMCTB aHHM30-
TPONMHU MaTepuaja Ha XapakTep HalpsHKeHHOI'O COCTO-
SIHUSI PACCMOTPHUM TIPUMEp, KOT/Ia I10JIoca BBINOJIHEHA
U3 CTEKJIOIUIACTHKA NMPHU 3HAYEHMSIX YIPYIHX MOCTO-

E =3,59-10'MIla, E, =2,93-10*MIla,
G, =7,6-10MIla, v;=0,177, npusexnenusix B [18].
Ha puc. 2 noka3ansl rpagku U3MEHEHUS apameTpa
HaIPsHKCHHUS Sy Ha IpaHUIE KOHTAKTa IOJOCHl U

STHHBIX

OCHOBAHHsI OT CHJIBI, IPUIIOKEHHON B ceueHnn X =0
K BepxHel miockoctd. Hanboupliee 3HadeHne Moy-
JIs1 yIIpyrocTy MaTepHaja HampasieHo 1o ocu X. Ko-

JIMYECTBCHHOC U KaY€CTBCHHOC COIIOCTABJICHUEC PE3YJIb-

TEOPUA YMPYFOCTU

TaTOB pacyera MOKa3aHO IS TOJIOCHI B YCIOBHSIX
TUIOCKOTO HAIPSKEHHOTO COCTOSIHUA (IIMpUHA TI0JI0-
cel b=1). CromHo# nuHUEH 0003HAYEeHAa KpWBasd,
KOT'JIa M0JI0Ca JICKUT HA OCHOBAHUM O€3 TPEHWUSL, ITPHUX-
MTyHKTUPHOW COOTBETCTBYET BapUAHT )KECTKOTO CIIEeN-
nenust. ITpuxoBoil JIMHUEN TMOKa3aH XapakTep pac-

npeacJICHUA Gy IIpu B3aUMOACUCTBHUU C TPCHUEM I10-

nocel u ocuoBanus (f =0,5). Bugno, uro HanGoIL-

~max
mIec 3Ha4YCHUEC Gy

HUA MCKAY IOJIOCOM ¥ OCHOBAHHEM.

BO3HUKACT IIPpU OTCYTCTBUU TPC-

3025 2 -1,5 -1 05 0 05 1 15 2 25 3 %

6,0 —— -
05 \\ //

1 %
-1.5 4

-2
0.5 ‘! 2,

’ \_\ - cy=-2.97

-3 a}‘m: _3=25 ‘
-3.5 } } =3 44

— =0 --=f=

= = JKECTKO® CLIeIUICHHEe
|rigid coupling|

Puc. 2. 3smenenue napamerpa & y, Tipu y=0

[Figure 2. The change of the parameter G 3 When y=0]

3aBUCHMOCTb ITapaMeTpa 6;“ * OT 3Ha4eHnH K0>(}-

¢urmenTa Tpenust npu y =0 mpuBeaeHa Ha puc. 3, a,
npu y =0,5 Ha puc. 3, 6. CrutomHast TMHUS COOTBET-
CTBYET BapHaHTY, KOT/la HAaMOONBIINHA MOIYJb YIPY-
TOCTH aHU30TPOIIHOTO MaTepuaja HallpaBjeH IO OCH
X, wTpuxoBas — no ocu y. LTpuxmyHKTUpHas JIU-

~max
HUA WUIIOCTPUPYET 3aBUCUMOCTh C y a

€HTa TPeHUs IJIs U30TPOomHOro MaTepuana (v =0,25).

ot koa -

W3 ananu3a KpUBBIX HA pUC. 3, a CIIEAyeT, 4TO C yBe-

IYeHneM Kod((UIMeHTa TPeHUs 3HAUeHUs TapaMeT-

~max
y

Y =0,5 Bnusane kKod3PpPUIIMEHTa TPCHUS Ha BEIMYH-

pa G yMeHbIaroTces. Puc. 3, 6 nokaspIBaer, 4To mnpu

X

Hy mapameTpa G HE3HaYHTEILHO.
a9 f— 05 09 ® o /= 05 09
1 e
2,5 oo -4 *:_’qu’.‘pofi“,’T lisotropic] 1
- T =0° 5 1
3 @ :’:_. = 45 9=0°
T i 9=90°
35T o0 R e .
Lef g I
4 |

Puc. 3. 3aBUCHMOCTS TTapamMeTpa S?ax ot koa¢duumenTa Tperns £
a-1pu y=0; 6-1pu y=0,5
[Figure 3. Dependence of the parameter & N?a" on the coefficient
of friction f:
a—when y=0; 6 —when 5 =0,5]
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Ha puc. 4 npeacraBneHs! rpadukn 3aBUCUMOCTH
napamerpa S}nax 0T K03 PULIHUEHTa TPEHUS U HAIIPaB-

neHust ocelt annzorponuu. [Ipu npoBeaeHNH pacueToB
K03 dULHEHTH! AeopMalvK, UCTIONB3YsT (POPMYJIbI IIpe-
00pa3oBaHuA YIPYTHX IIOCTOSHHBIX IIPU HOBOPOTE OCEH
aHM30TPOIMHU HA HEKOTOPHIX yrou ¢; [18], BeIpaxe-

HBI Y€PE3 TEXHUYECKUE NOCTOAHHEIE Ey, E,, Gjp, Vi.

Ha puc. 4, a noka3ansl rpaduKyd M3MEHEHHS Eglax

npu y =0, ua puc. 4, 6 mpu y =0,5. Obo3HaUCHUS

KPHUBBIX COOTBETCTBYIOT pHC. 2. M3 ananm3a rpadukoB

max

¥ BO3HHUKAIOT

CITe[TyeT, YTO HaMMEHBIIINE 3HAYECHHUS G

[V [e]
NPH PACTIONIOKEHNUH OCEH aHU30TPONUH MOA yrioM 45
K KOOPJIMHATHBIM OCSIM.

L0 = 45° 90° & 00 p— 45° 90°
&) L] &2
G s, o ]
> 7 /=0 3 Y
1.3 AATKY 4 f=0-
t _..f:'// =05 | LA ‘\( E
-3 9/ N -4.5 = ._‘\' 7=05
3 p )
232 KecTkoe cleIlTene = - L O B
-4+——rigid coupling| 5,5 1 el

[rigid coupling]

Puc. 4. 3aBrcuMoCTh Tapamerpa 8}“37‘

OT HAIpaBICHUs OCEH aHU30TPOIINH:
a—npu y=0; 6-npu y =0,5
[Figure 4. Dependence of the parameter ngnax

from the direction of the anisotropy axes:
a—when 5 =0; 6—when 5 =0,5]

I'paduku n3MeHeHus mapaMeTpa KacaTelnbHOro Ha-
NPSDKCHUS ?xy , korja HauOoJblliee 3HAYCHUE MOJY-

TSl yIIPYroCcTH MaTepuaia HalpaBleHO 1O OCH X, TO-
CTpOCHHI Ha puc. 5 1 6. KpuBble COOTBETCTBYIOT 000-
3Ha4YeHMsM Ha puc. 2. Pacnipenenenue napamerpa ?xy

M0 BBICOTE IOJIOCHI B 3aBUCUMOCTH OT KO3 PHUINCH-
Ta TPEHHS U IapameTpa X MNpPEJCTaBICHO Ha pHC. 5.
W3 comocraBneHust KpUBBIX BUAHO, YTO OTIMYHUE B 3HA-
YEHUSAX U XapaKTepe paclpelesIeHHs %ny Habmroza-

C€TCA B OGJIaCTI/I, HpI/IMBIKaIOH.Ieﬁ K 30HC KOHTaKTa I10-
JIOCKHI ¥ ocHOBaHus. Ha nunnm KoHTakTa HanboILIIee

3HA4YCHUC Txy

MOJI0CO 1 OCHOBAHHEM.
Pacnpenenenne mapamerpa ?xy 0 JJIMHE IOJIO-

BO3HHUKACT IPU YUCTC TPCHUA MCKAY

cer ipu y = 0,1 mokazano Ha puc. 6. CpaBHEHHE KPH-

BBIX ITOKa3bIBACT, YTO IIPpHU YUCTEC TPCHUA MAKCHUMAJIb-

HOE 3HAYeHHE Ty,

CHJIBI Ha OOJIbIIIEE pacCTosgHuEC, UYCM 0e3 yucTa TpCHUsA
HJIU IIPH XKECTKOM CHECIINICHUN KOHTAKTUPYIOIINUX TEJI.

CMEIIAeTCd OT JUHUU IEUCTBUS
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Puc. 5. U3menenue napamerpa Ty

[Figure S. The change of the parameter ?xy for the height of the strip]

10 BBICOTEC ITOJIOCHI

0,75 = || = 0,62
: GRS
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U3 25 2 -5 -1 05 g Tee.d i s
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Puc. 6. M3menenne napamerpa ?xy npu y =0,1

[Figure 6. The change of the parameter ?xy when 5 =0,1]

3025 2 <15 -1 05 0 05 1 15 2 25 3 %
1 3= 0,68 =+
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[rigid coupling]

Puc. 7. sMenenue mapamMeTpa G, OpH y =0

[Figure 7. The change of the parameter G, when 7 =0]

Xapakrep pacnpelereHusl apameTpa Harpsxke-
HHUSA G, MO JJMHE 1ojockl mpu y =0 mpexncraBieH
Ha puc. 7. IHTerpan a1 BBIYUCIICHHS TTapaMeTpa G, —
pacxoasmuiica. [Ipu npoBeneHUM pacuyeToB HCIOJb-
30BaH IpHeM, IMPeJIOXKEeHHBIN B paboTax [4] u [19].
AHanm3 KpuBBIX, 0003HAYEHHSI COOTBETCTBYIOT PHC. 2,
MIOKAa3bIBAET, YTO KAYECTBEHHAs KapTHHA W3MEHEHUS
napaMeTpa G, W KOJIMYECTBEHHBIE 3HAYCHUS 3aBUCHT

OoT YCJ'IOBI/Iﬁ CHCIUICHUA MCKOY IOJIOCOH U KECTKHM
OCHOBAaHHECM.

3akiaouenne

[Nomyuens! pacuetHble GOPMYIIBI UL OLEHKH Ha-
MIPSHKEHHOTO ¥ 1e(pOPMHUPOBAHHOTO COCTOSIHUS B aHU-
30TPOMHOM MOJIOCE MPHU B3aUMOJIEHCTBUU C KECTKHM
OCHOBAaHHEM U Pa3HbIX BapHaHTaX CLEMJICHUS MEXIy
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KOHTaKTUPYIOIMMHU TeJamu. M3 nmpuBeaeHHbIX (HopMyIL,
KaK YacTHBIM CITy4ai, CIeIyIOT PelIeHus 3aa4d O B3au-
MOJICWCTBHH TIOJIOCHI M3 H30TPOITHOTO MaTepraa C JKeCT-
KUM OCHOBaHHEM C y4eToM u 0e3 ydera Tpenus. Yuc-
JICHHBIE PacyeThl IPOBEACHEI Il BAPUAHTA HArpyKe-
HUSI BEPXHEW IIIOCKOCTH TOJIOCHI COCPEIOTOUYECHHOM
cunoi. ITokazaHo, 4TO MakCUMalbHbIE HOPMaJIbHBIC
HampsKeHMs!, AEHCTBYIOIINE B HANIPABJICHUH NEpIICH-
JMUKYJIIPHOM TpaHUIle OCHOBAaHWS, NPHU JaHHBIX (pH-
SUYCCKUX XAapPAKTCPUCTHUKaAX MaTcpuajia ¢ YBCIMYCHU-
eM 3HaueHUus Kod(dduireHTa TpeHHs: yMEHbIIAIOTCS.
[Ipu ydere TpeHUs HanOOJIbIIIEE OTIIMYUE B XapaKTepe
M3MEHEHUS W 3HAYCHHAX HANpPSHKEHWH HaONromaeTcs
B O6HaCTI/I, HpI/IMBIKaIOIL[eﬁ K 30HC€ KOHTaKTa IT10JIOCHI
Y OCHOBAHHSI.
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Abstract

Relevance. Different models of contact between bodies are used in determining
the stressed and deformed state in the strip lying on the base. It is necessary to evalu-
ate the qualitative and quantitative nature of the change in stress in the strip depen-
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ding on the coupling of the strip and base. The aim of the work — to analyze the ef-
fect of the coefficient of friction on the value of stresses in an anisotropic band when
interacting with a rigid base. Methods. The solution is based on the equations of
the plane problem of the theory of elasticity of an anisotropic body under the condi-
tions that the band is closely adjacent to the base and the tangent force on the contact
plane is proportional to the normal pressure. Displacements and stresses at any point
of the strip are written in the form of the method of initial functions through the func-
tions of displacements and forces on the lower plane, which depend on the nature of
the load applied on the upper plane and the conditions of contact between the strip
and the base. After the transformations, the calculation formulas for displacements
and stresses are expressed using the Fourier integral transform through the normal
surface load in the form of improper integrals. Results. Formulas for determining
displacements and stresses are obtained for the variant of loading a strip with a con-
centrated force. These formulas are used to construct influence functions for the prob-
lem of equilibrium of an anisotropic strip lying on a rigid base, taking into account
friction. Graphs of the effect of the coefficient of friction and the direction of
the anisotropy axes of the material on the stress state of the strip are presented.
The results of stress calculation are compared using anisotropic and isotropic models.

22363/1815-5235-2020-16-2-122-130.
(In Russ.)

Keywords: displacement, stress, elasticity, anisotropy, strip, friction
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Annomayus

Lens paboThl — IPEIOCTABUTH MaTepHall, CIIOCOOHBIA PaCIIMPUTL KPyro3op
IIPOEKTUPOBIINKOB M aPXUTEKTOPOB, MPOESKTUPYIOMINX OOBEKTHI B (hopMe Tpaau-
LIMOHHBIX U HEKaHOHMYECKUX JIMHEHYAThIX MOBEPXHOCTEN. DTH MOBEPXHOCTH UMEIOT
PSLIL HEOCTIOPUMBIX INPEUMYIIECTB C TOUKU 3peHUs UX (HopMOOOpa3oBaHuUsl, KOH-
CTPYHMPOBAHHS U M3TOTOBJICHUS U3AEIHHA U COOpYKEHHUH B (hopMe JTMHEHHaThIX
MOBEpXHOCTEH M MeTO/10B pacyera. Memoowt. 1lpu nondope nMHEHYaThIX MOBEPX-
HOCTEH IS KiIacCH(UKAIUK UCIIOIB3YIOTCSl COCOOBI MX 3aJaHusl B BEKTOPHOM,
rapaMeTpUUECKOM, SIBHOM M HEsBHOW (hopMax, mpemiaraeMbix B AuddepeHpaib-
HOY reomeTpun. PaccmarprBaroTcsi TONBKO aHATMTHYECKUE JIMHEHYATHIE TOBEPXHO-
CTH, KOTOPBIC YK€ OINUCAHBI U NIPEICTABJICHBI B Hay‘{HO-TCXHI/I'{CCKOP’I JiaTepary-
pe. Pesynsmamul. 1lpencraBnensl B rpadudeckoil popme Bce M3BECTHBIE HA HACTO-
siee BpeMs JIMHeiiuaTble MoBepXHOCTU. JlaHbl OnpeieIeHus. HEKOTOPhIX MaJIo-
M3BECTHBIX JIMHEHYATBIX TOBEPXHOCTEH, a B CIIHCKE JIUTEPATYphl YKa3aHbI UC-
TOYHHUKH, B KOTOPBIX 3TH IIOBEPXHOCTH HCCIEIYIOTCS, PACCMaTPUBAIOTCS BOIIPO-
CBl MX IPUMEHEHUS B PEaTbHBIX COOPYKESHUIX WM M3JEIHAX, JaeTCs METOANKA
ompe/esieHHs HanpsKEHHO-EPOPMUPYEMOT0 COCTOSIHUSI 000JIOUEK C COOTBET-
CTBYIOIIMMH CPEIMHHBIMU IIOBEPXHOCTSAMH.

Knrouesvie cnosa: ananuTudeckas MOBEPXHOCTb, KOcasl JIMHEYaTas OBEpX-
HOCTb, Pa3BEPTHIBAIOLIASACS OBEPXHOCTD, KIacCU(UKaLMS TOBEPXHOCTEH, MU-
(epeHIMaNbHAS TEOMETPUS

BBenenne

TToBepXHOCTb Ha3bIBAETCS JIMHEUYATON, €CIIHU Ue-

aHAJIMTHYECKUX TOBepxHOCTel HyneBol (K = 0) u ot1-
purnarensHoi (K < 0) rayccoBbIX kpuBu3H. Hanpumep,
MPSIMOM TeTMKOH MOKHO OJHOBPEMEHHO BKIIOYHTH

pe3 Kaxayr0 TOYKY dTOM TOBEPXHOCTH MOXHO TIPOBE-
CTH XOTs OBl OJIHY TIPSIMYIO M 3Ta MpsMasi UMEET C T10-
BEPXHOCTBIO 00ImiA 0Tpe3ok. Camyro MOMHY0 HHPOP-
MaIio 00 aHATUTHYECKUX JIMHEHYIATHIX TIOBEPXHOCTSIX
MO>KHO MOJYYUTh U3 SHUUKIONEAnH [1], rae oHu BHI-
JISJICHBI B OTENbHBIN Kiacc. JInHeiuaTeie moBepxXHO-
CTH UMEIOTCA MPAKTUYECKU B KAKIOM M3 38 KJaccos
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TEOPUA TOHKIX OBONOYEK

B KJIACC JIUHEHYATHIX MOBEPXHOCTEH U MUHUMAIIbHBIX
TIOBEPXHOCTEH, OHOIIOIOCTHBIN THITEPOOJION T Bpallie-
HUS BXOJUT TaKkKe B KJacc MOBEPXHOCTEH BpallleHus,
UWIMHAPHUYCKYIO TOBEPXHOCTH MOKHO CUUTATh [TOBEPX-
HOCTBIO TIPSIMOTO TIEPEeHO0Ca, OJJHOCTOPOHHSIS IMHEeHYa-
Tas MOBEPXHOCTh (MECT Mebnyca) BXOAUT W B KJIacc
OJTHOCTOPOHHHX MOBEPXHOCTEH H T. JI.

B sHiuknonenuu [1] Bce aHAMUTUUECKUE TTOBEPX-
HOCTH paszzieneHbl Ha 38 kiaccoB. EcrecTBeHHO, Ju-
HelYaThIX IOBEPXHOCTEH HET Cpellu MMOBEPXHOCTEN IO-
noxurenbHoi (K > 0) rayccoBoit kpuBU3HBL. WX HET
TaKke cpeau nosepxHocteil Beponese, besve, KyHca
U cpean ahUHHO-MUHUMAIIFHBIX TIOBEPXHOCTEH.
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HekoTopsie reoMeTphl CUMTAIOT, UTO BCE MHOTO-
o0Opa3ue IMHEeHYaThIX TTOBEPXHOCTEH MOYKHO OXapak-
TEepPHU30BaTh, CTPYNIIMPOBAB MX B TPU TPYMIIBI: JTHHEH-
YyaThle TOBEPXHOCTH C TPEMSs, ABYMsI U OAHOU HaIpaBs-
oMy, J{pyrue npeuiararor Bce OBEPXHOCTH pas-
JIENATH TOJIFKO Ha JBa Kjacca: JTUHeWdJaThle U HEeNH-
HeluaTble TOBEPXHOCTH.

W3BectHBI paboThl [2—4], re mnaetcs oOIas Kiac-
CU(HKAIW U3BECTHBIX aHAIMTHYECKUX TTOBEPXHOCTEH
B rpaduueckoit popme, Kyna BXOAAT M JHUHEHUAThIE
noBepxHocTH. Ho 3TH knaccudukanuy He NMOTHBI, TaK
KaK He JaloT BceoObeMumolel nH(GOpMaIi O JIMHEH-
YaThIX TOBEPXHOCTSIX U COJEPKAT CBEIEHUS TOIBKO
0 TIOBEPXHOCTSIX, HAMEAMUX TPUMEHEHUE B apXUTECK-
Type, CTPOUTENBCTBE U MATHHOCTPOCHHH.

Bonee momHbIe KITacCH(UKAIINH TOJIBKO aHAIATH-
YEeCKHUX JIMHEHYAThIX TIOBEPXHOCTEH B rpaduueckoit (op-
Me MpUBeAeHBl B paboTax [5—7], HO UX TOXE HeNb3s
Ha3BaTh MOJIHBIMH, TaK KaK 37€Ch KIaCCUMDUIIPYIOTCS
MTOJIKITACCHI MJTH TPYTIITHI IMHEWYATHIX TOBEPXHOCTEH.

Kak noxazamm mocnemHyue reoMeTpuyeckue Mcclie-
JTOBaHUS, MHOTOOOpa3re aHAMTUYECKUX TTOBEPXHOCTEH,
B TOM YHCII€ ¥ JIMTHEWUJATHIX, M CIIOCOO0B MX 00pa3o-
BaHUS YBEJIHMUYMBAETCS, MO3TOMY CO3[aTh CTPOTYIO H
TIOJIHYIO KJIacCH(UKAIMIO TOBEPXHOCTEN HE MPEACTaB-
JISIETCSI BOBMOKHBIM.

1. lean uccnenoBanus

JluHeiuaThie IOBEPXHOCTH OJIarofiapsi MHOKECTBY
CHOCOOOB WX KOHCTPYHPOBAHHUS, MPOCTOTE W3TOTOBIIE-
HUS W3IETTUN W COOPYXEHUH B (hopMe ATHX IOBEpX-
HOCTEH, CIIOCOOHOCTH JIMHEWYATHIX TOBEPXHOCTEH HyJIe-
BOW TrayCcCOBOW KPUBU3HBI Pa3BOPAYMBATHCS Ha IIIOC-
KOCTB 0€3 pa3phIBOB U CKIIAJOK TOIB3YIOTCS OOJBIITON
TIOIYJISIPHOCTBIO CPeId apXUTEKTOpoB [8; 9] u mamu-
Hoctpoutened [10]. OcoOeHHO YacTo MOXKHO BHJIETh
W3NS U COOpYkeHus B (hopme kKoHycoB [11], mumun-
JPOB, TUTIAPOB, OJJHOIIOJIOCTHBIX TUIIEPOOJIONIOB Bpa-
mienus [12], konouzaos [13].

3HAYUTENHHO peKe MPUMEHSFOTCS HEBBIPOXKICH-
HBIE TOPCOBBIE TOBEPXHOCTH, HECMOTPS Ha UX SIPKO BBI-
paxxeHHBIC TIpeumytiecTsa [5; 9; 14]. 3nas 310, uccie-
JIOBaTEN-MEXaHUKH pa3padaThiBAOT HOBBIE METOIBI UX
CTaTHYECKOTO W TWHAMHYECKOTO pacueTa B KPHUBOIH-
HEWHBIX HEOPTOTOHAIBHBIX KOOpauHATaX [14] i mpen-
JIaralT K MPUMEHEHUIO TOPCOBBIC 000JIOYKH, 3aaH-
HbIE B JINHUAX KpUBU3H [15].

[IpuBeneHHbIE B CTaThe CBENCHUS W TPEICTABICH-
HBIN BapHaHT MOJTHOW KTacCU(DMKAIIMU JIMHEHYAThIX 10-
BEPXHOCTEW PaCHIMPUT KPYTO30p apXUTEKTOPOB-CTPOUT-
eried ¥ MalllMHOCTPOUTENIEH U MOXKET TIPUBJIEYb UX BHHU-
MaHHE K PEIKO MCIOIb3YEMBIM JTHHEHYIATHIM TTOBEPX-
HocTsM. MccaenoBaTenn-MeXxaHUKA MOTYT BEIOPATh
TEMBI JIJIS1 JATbHEHIIINX W3BICKAaHUHM B O0JIACTH CTaTH-
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YECKOIro U JUHAMHUYCCKOIO pacucTa 000JI0Y€EK C JIH-
HEeYaTBIMH CpCANHHBIMHU IMOBCPXHOCTAMU.

2. MeToa Hccae10BaHUS

IMpuBenem kpatkue cBeneHus u3 nuddepeHm-
aJbHOM F€OMETPUU JIMHEHYATHIX TOBEPXHOCTEM.

Ilpu u3ydyeHnr aHAIUTUYECKUX JTUHEWYATHIX MO-
BEPXHOCTEH CUHMTAIOT, YTO BEKTOPHOE ypaBHEHHE JIH-
HeHYaToON MOBEPXHOCTH MOXKHO MPEICTAaBUThH B BUIE

r=r(u,v)=a(v)+ub(v),

rae a(v) — paguyc-BeKTOp HaIpaBISIONEH KPHUBOW;
b(v) — HampaBIAIONINI BEKTOP MPSMOJIMHEIHON 00pa-
3YIOLIEH.

JIuHeluaTbie TOBEPXHOCTH, 32 HCKIIOUYEHUEM
TUTOCKOCTH ¥ TIPSIMOTO TEJIMKOWAA, HE MOTYT UMETH I10-
CTOSIHHYIO CPEIHIOI KpuBH3HY. [IpsiMonuHeiiHble 00-
pasyroIue SBISIFOTCS ACHMITOTHIECKUMU JIMHUSMHU.

HeBrIpokieHHBIE TOPCOBBIE TTOBEPXHOCTH 00pa-
30BBIBAIOTCS KacaTeNbHBIMH K CBOEMY pedpy BO3Bpa-
Ta, TO €CTh 3TO — JIMHEHYAThIE MOBEPXHOCTH C OJHOU
Hanpasiisitoneld. [IoBepxHOCTh KacaTelbHbIX Ha3blBa-
0T KacaTelbHbIM TOpcoM. JI100yI0 MPOCTpaHCTBEHHYIO
KPHBYIO MO>KHO MPUHSATH 32 peOpo BO3BpaTa, KacaTellb-
HBIE K KOTOpOMY OyIyT 00pa30BBIBaTH TOPCOBYIO TO-
BEPXHOCTb. TOPCOBYIO IMMOBEPXHOCTH, €CIM HW3BECTHO
ypaBHeHHE pebpa Bo3Bpara, yJOoOHO 3a/1aBaTh B BEK-
TOpHOU popme:

r=r(u,v)=a(v)+ul(v),

rae a(v) — TeKyImuid pagnyc-BeKTop pedpa Bo3Bpara,
I(v) — emuHUYHBIA KacaTeIbHBIA BEKTOP, 3aJaHHBIA B
Ka)XJJ0i Touke pedpa BO3Bpara; KOOPJAHHATHBIC JTIMHUH
1 COBMAAAIOT C MPSIMOJMHEHHBIMHU 00Pa3yIOLINMHU.

YV xoHyca pebpo Bo3BparTa BEIPOXKAAETCSA B TOUKY —
BEpPIIMHY KOHYCa, a Y HWINHAPHYECKOH TTOBEPXHOCTH
9Ta TOYKa yJalseTcs Ha OECKOHEUHOCTb.

YpaBHEHHE TOpPCa MOXKHO IOJIyYUTh, HE OTpeJie-
TSI IpEeIBapUTENbHO ypaBHEeHHWH peOpa Bo3Bpara.
Ecnu 3amana mapa HampaBJISIIONINX KPUBEBIX | = Fi(U)
" r, = r(v) OTHOCHTEIBHO oOmero moimtoca O, To,
BBIYHCIIMB 3aBHCHMOCTh Vv = V(u), YpaBHEHHE TOpca
MOYKHO TIPEJICTABUTH B BHJIE

r(u, A) = ri(u) + Ar(v) — ri(u)] = ri(u) + Akm(u),

rae 0 <A <1, npuyem yrom MexIy KOOPAHHATHBIME

JUHUSAMU U, A HE 3aBUCHUT OT TapameTpa A.

[ToBepxHOCTH OAMHAKOBOTO CKaTa — 3TO JMHEH-
YaTble MOBEPXHOCTH, WUMEIOLINE MOCTOSHHBIH YIoj
MEXIy CBOMMH MPAMOIHMHEHHBIMU 00pa3yOMUMH U
COOTBETCTBYIOIIMMH TJIaBHBIMH HOPMAJISIMH IIOCKON
HaIpaBJIIOUICH KPUBOM.
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JIluneituaTeie MOBEPXHOCTU OTPHUIATENHHONU Tayc-
COBOM KpHBH3HBI HA3bIBAIOT TaKXKE€ KOCHIMU JIMHEHYa-
TBHIMU TTOBEPXHOCTSIMU, WU JTUHEHYIATHIMU CEIJIOBBI-
MU TMOBEPXHOCTSMM, WIH HEPA3BEPTHIBAEMBIMHU JIH-
HEHYaTHIMU MTOBEPXHOCTSIMHU.

IIpuBenem onpeneneHust HEKOTOPBIX KOCBIX JIMHEH-
YaThIX MOBEPXHOCTEH, KOTOPhIE MOYKHO YBUAETh B OUEP-
TaHUSIX MPOMBINUICHHBIX u3aenuil. OnpeneiaeHus B3s-
THI U3 SHIUKIoneauu [1]. «IloBepxHOCTH KOCOTO TIe-
pexoja — 3TO JIMHeHYaTasi OBEPXHOCTh C TPEMS Ha-
MPABILIIOLIUME, U3 KOTOPBIX JIBE€ — IYTU OKPYKHOCTEH
OJTMHAKOBOTO PAJIyca, JIEKAIIX B MapaUIeIbHBIX TUIOC-
KOCTSIX, @ TPEThsI — NPsIMast JIMHUSL, IEPICHIUKYIIIpHAs
IUIOCKOCTSIM OKPY>KHOCTEH M MPOXOASILIAs Yepe3 cepe-
IINHY OTpe3Ka MPSMOMN, COCTUHSIONIETO IEHTPHI ITUX
JyT oKpyxHOocTed. [ToBepXHOCTh KOCOro Iepexoa npu-
MEHAETCA B apXUTEKType U cTpouTenbcTBe. lloBepx-
HOCTb KOCOT'O KJIIMHA 00Pa30BbIBACTCSI JIBHXKCHHUEM TIPSIMO-
JIMHEHHOM 00pa3yroIIei 1Mo TPpeM HaIPaBIISIONINM, pac-
MOJIOKEHHBIM B MapajuIeNbHBIX IUIOCKOCTSIX, MPUYEM
JTBE KPUBOJIMHEWHBIE HATIPABIISIOININE — TIAKAE KPUBEIC,
a TPeThsl — MpsAMas JIMHS. JTa IOBEPXHOCTh HUCTIONB3YET-
Cs1 [P CO31aHKUU KpbUla JIETAaTeNIbHOTO anmapara. [loBepx-
HOCTB JIBaXKIBI KOCOT'O KOHOWIA COJIEPKUT TPU HAIpaB-
JISIFOILME, U3 KOTOPBIX OJIHA HAIpaBIsIFOLIas — KpUBast
JMHUA, a ABe Apyrue — npsmeie. [loBepxHOCTH KOCOTO
LWIAHIPA 00pa30BhIBACTCS JABM)KEHUEM IMPSIMOJIUHEH-
HOU 00pa3yromel 1o TpeM KPUBOJIMHEHHBIM HAIpaBiIs-
OUMM. JIBaskabl KOCOM LIMIMHAPOUI — JIUHEeWJaTasl mo-
BEPXHOCTh, 00pa30BaHHAS MPU TPEX HANPABIISAIONIMX,
13 KOTOPBIX JIBE — KPUBBIE, a TPEThS — NpsIMast JIMHUSD.

3. Pe3yabTaTsl

Ha puc. 1 npeacraBnens! B rpaduueckoit hopme
BCE M3BECTHBIC HA HACTOSAIIEE BpeMsl JIMHEHJaThIe 1Mo-
BEPXHOCTU. B TekcrTe cTaTbu JaHbl onpeneneHus He-
KOTOPBIX MAJIOM3BECTHBIX JIMHEWYATHIX TIOBEPXHOCTEH,
a B CIIACKE JINTepaTyphl YKa3aHbl HCTOYHHUKH, B KOTO-
PBIX 3TH MOBEPXHOCTH HCCIENYIOTCS, paccMaTpuBa-
IOTCSL BOMPOCHI MX NMPUMEHEHHUS B peajbHBIX COOPY-
JKEHUSIX WU W3JIENHAX, JA€TCS METOIUKa OIpe/iene-
HUS HanpsKeHHO-e(OPMUPYEMOTO COCTOSIHUS 000-
JIOYEK C COOTBETCTBYIOIIMMH CPEAMHHBIMHU MOBEPX-
HOCTSIMHU.

CornacHo sHIMKITONEWH [ 1] B HAYIHO-TEXHIIECKOM
JUTEPAType BCTPEUAIOTCS onucaHus 34 MIIHHIpUYIe-
CKHX TOBepxHOcTel. B HeKoTOphIX paboTax IUIHH-
JIPUYECKUE TIOBEPXHOCTH Pa3IeiioT Ha IMINHAPHUIE-
CKH€ TOBEPXHOCTH C MPOCTPAHCTBEHHOIN HampaBisi-
IOIEN KPUBOM U C IUIOCKOM HAIPABIISIIONIEH KPUBOM.
[NocnenHue nenst Ha MpsiIMbIe U HAKJIOHHBIC TIFIHHAPH-
YyecKre MoBepxHocTH. L{nmuHaprdeckne moBepXHOCTH
MO-TIPEKHEMY IHPOKO MCIOJB3YIOTCS Ha MPAaKTUKE
[5; 16].

Y4uThIBast, YTO KOHIMYECKHE TIOBEPXHOCTH XOPOIIO
W3BECTHBI, KOHKPETHbIE KOHUYECKHE MOBEPXHOCTH B
o0y crierupUKanyo TakKe He BKIOUeHbl. Hampu-
Mep, B SHITMKIONEIuH [1] mepeducieHsl U JaHbl ypaB-
HeHus 20 KOHWYecKuX MmoBepxHocTei. [[ng cBeneHus
NPUBEAEM OTIACTBHYIO KIaCH(HUKALMIO KOHUYECKUX TO-
BEPXHOCTEH, B KOTOPO OTMEUYEHBI OOIICNPUHATHIE Ha-
3BaHWSI KOHMYECKUX MOBEepXHOCTEH (puc. 2). 3a obpa-
3ell B3sTa CXeMa, IpuBeeHHas B padote [5].

Konuueckue moBepxXHOCTH

Zl, >

| KOHHYCCKHE TTOBEPXHOCTH /-T'0 MOPAIKA | Heaﬂl’eﬁpaﬂ“leclﬂfle KOHHYECKHE
¥ \ [IOBEPXHOCTH

| KOHHYCCKHE MOBEPXHOCTH 2-TO NOPSAKA |

[ NN

HE3AMKHYTbIE KOHUYECKHE NMOBEPXHOCTH
2-ro nopsJiKa

TIOBCPXHOCTH 2-ro nopsiaKa
(«"l&i;]CTBT/ITI:TTIBH]ﬂE KOHHYECKHE

3aMKHYTHIC KOHUHICCKHC KyGH-
YECKHH
KOHyc

¥

napa GonHieckad KOHHIeCKas 10 BEPXHOCTH

| T HllCPGUJlM‘lCCKﬂH KOHHYCCKAs HHOBCPXHOCTDL |

[ KOHHTeCKadA MOBEPXHOCTE BpaleHUA I

TIOBEPXHOCTH 2-T0 HOPAJIKA) A +

KOHHYCCKHC
MOBCPXHOCTH
3-ro nopsAgKa

npaMadg SJUTHITHIeCKad
KOHAYECKasd MOBEPXHOCTH

KOHHTECKas TTOBEPXHOCTE 0
¢ HaIpaBNAIIEH aHbe3HaHOMH )

‘ IAKIIOHIIAA KPYTroBas KOMHIECKasA [IOBEPXIOCTL

KOHHYCCKasA INOBCPXHOCTD € Hallpﬂ]:l.‘lﬂ}()u.lcﬁ

HaKIIOHHAA 3/UTHIITHYECKad KOHHYECKad MOBEPXHOCTE

KpuBoii B dopme jucta Jekapra

JMHCHYaTas KOHUYICCKas YIIHTKA BpamiCcHMsa |

‘ M3BecTHB 5 KOHHYECKHX HUBCPXHQL‘TCI‘:{ ATOro TUNMAa

POTATHBHAA MOBEPXHOCTE C AKCOHIAMH «TIIOCKOCTE — KOHYC», 7
obpazopaHHas MPAMOH, Tepecekatomei ock KoHyca -
KOHHYCCKHE
POTATHRHAA NOBEPXHOCTE € AKCOHJIAMH «KOHYC — KOHYCH», e | PETATRAIING
ofpazoBaHHas IPAMOi, TpoXo IAmedt Tepes ofITyIo BePIIHITY aKCOHTIOR TOBEPXHOCTH

Puc. 2. Kitaccudukanms KOHI9eCKnX OBEPXHOCTEH
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=<—  Conical
Rotational
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Figure 2. Classification of analytical conic surfaces

Kpatkyro nHpopmMaiuo o cymecTByIUX METO-
JlaX pacdera Ha yCTOMYHMBOCTh KOHMYECKUX 000JI0UYEeK
MOYKHO MOJy4uTh U3 paboTsl [17]. UHTepecHbIe pe3yb-
TaThl MOJYYEeHbI AJIS1 LMINHAPHYECKUX U KOHUYECKUX
000J109€K Pa3INYHON TOMIIUHBI IIPH HOMOILM POTrpaM-
Mbl ABACUS B cratbe [18].

3akiiouenne

B mexoTtopeix paborax, mHampumep [2; 5; 8; 11;
13; 19], npennpuHUMATUCH MOMBITKH BBIICHUTH Hanbo-
Jiee MOMYJIIPHBIE CPEU apXUTEKTOPOB aHATUTHYECKHE
MTOBEPXHOCTH, KOTOPBIE HCIIONb30BANIKUCH ISl IPOEK-
TUPOBaHUS (HOPM OOLIECTBEHHBIX, JKUIIBIX H ITPOMBIII-
JeHHBIX 31aHuH. OCOOCHHO MOMYJAPHO MCIIOJIB30Ba-
HUE aHAaJUTHUYECKUX TOBEPXHOCTEW B Mapamerpuye-
ckoit apxutektype. [lapameTpuueckas apXuTexrypa —
HOBBIN CTHJIb B APXUTEKTYpPE, OCHOBAHHBIM Ha aHaJM-
TUYECKUX METOJAaX 3alaHus MOBEPXHOCTEH, MaTeMa-
THYECKOM WM KOMITBIOTEPHOM MOJETHPOBAHUH. DTOT
cTiuiIb copmupoBaiics B Havane XXI Beka. CaMbiMu
W3BECTHBIMHU apXUTEKTOpPaMH, PabOTABIIUMHU B 3TOM
crune, cuntarorca 3axa Xaaun u Ilarpuk Ilymaxep.
Ilo-BuaMMOMY, 3TO CBSI3aHO C YBEJIMYMBAIOLINMCS WH-
TEpecOM K MPOEKTUPOBAHHIO OOBEKTOB HETPAAWIIMOH-
HBIX HeKyOnueckux ¢gopM. BrepBrie 310 siBieHHE B
apxXuTeKType Obl10 oTMeueHo B crathe [20]. H.B. Ka-
ChSHOB [21] moATBEpKAAET, YTO JAHHAS TEHICHIIHS
pa3BUBAETCs U CETOAHS.

HerpaguuyoHHbsle aHAMMTUYECKHE JIMHEHYAThIE TIO-
BEPXHOCTH MOTYT HaiTH IIMPOKOE MPUMEHEHHE B IpaK-

136

TUKE NPOECKTUPOBAHUS CTPOUTENBHBIX U MAIMHOCTPOU-
TENFHBIX 00BEKTOB, TIOPTOMY COCTaBICHUE WX MOJIHOM
KIacCH(UKAIMK PACHIUPUT KPYro3op MPOSKTUPOBIIH-
KOB U JaCT UMIIYJIbC K HApAILEHUIO UX TPUMEHECHHUS.

IIpu coctaBnenny Kiaccu(UKaIi U B TEKCTE CTa-
THU aBTOP CTapajcs UCIOJb30BaTh BCE BCTPEUAIOIIU-
€Csl aHaJOrd HAa3BaHUM KOHKPETHBIX AHATUTUUYECKUX
JTUHEHYATHIX TOBEPXHOCTEH. ITO BEI3BAHO TEM, UTO
TE€OMETPHI, APXUTEKTOPHI ¥ MAIIMHOCTPOUTEIN YacTO
OJIHY U Ty K€ MOBEPXHOCTh HA3bIBAIOT MO-Pa3HOMY.
Hampumep, pe3nyro JuHeiuaTyo noBepxHoct Monxka
C KpyroBOW LIWJIMHAPUYECKON HaNpapJSAIOLIEN NOBEpX-
HOCTBIO B HEKOTOPBIX pab0Tax Ha3bIBAIOT IWIMHIAPH-
YECKOM NHHEHYaTOW pOTATUBHOM YIUTKOM, MHOTAA
OHa BCTpPEYAeTCs MOJI Ha3BaHWEM «(pparMeHT IMOBEpX-
HOCTH Pa3BEepPTHIBAIOIIETOCS TEIUKOUAA» (IBOJIBBEHT-
HOTO TeJIMKouaa, Topca-renukonna). [lceBmopassep-
THIBAIOUIUNCS T€UKOUA U OTKPBITHIA MPAMOW Telu-
KOHUJI — JIBa Ha3BaHWUI OJHON W TOM K€ JIMHEHYaTou
MMOBEPXHOCTH OTPUIIATEILHOMN IayCCOBOM KPUBHU3HBI.

B monayro kmaccuduKanyo He BKITFOUYEHBI TOBEPX-
HOCTH, B Ha3BaHUHM KOTOPBIX UMEETCS CIIOBO «JIHMHEH-
4aThIe)», HO OHU U3BECTHBI TOJIBKO MAaTeMaTHKaM U BCTpe-
YaloTCsl B €IMHUYHBIX IMyOnmukamusax. Hampumep, aTo
Swallow Surface, muretigarsie moBepxaoct JI.C. [ToHT-
psruna, I'. bpaynepa (H. Brauner), oprouansie nu-
HeHYaThle TTOBEPXHOCTU C MOCTOSIHHBIM MapaMeTpoM
pacmpeneneHus, anredpandeckas KOHTPYIHIHSA 4-TO
nmopsnka 2-ro knacca [l. Ilanmana (D. Palman) [1],
nuHeuaTsle noBepxHocTH Ilerepcona [22] u HekoTO-
pBl€ Ipyrue.

THEORY OF THIN ELASTIC SHELLS
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Abstract

The aim of the work — to give the possibility to expand mind of designers and
architects projecting structures in the form of traditional and non-canonical ruled
surfaces. These surfaces have several unquestionable advantages with a point of view

of their forming, designing, and making of factory-made goods and erections in
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the form of ruled surfaces and analysis methods. Methods. Choosing ruled surfaces
for classification, one can use methods of their determination by vector, paramet-
rical, implicit, and in explicit equations. Only analytical ruled surfaces are con-
sidered which were examined and presented in scientific-and-technical literature.
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Results. All known at present time ruled surfaces are given in a graphic form. The de-
terminations of some little known ruled surfaces are presented in a paper. The original
sources, where these surfaces are examined or their application in real structures and
erections are considered, or methods of determination of stress-strain state in thin-
walled shells with ruled middle surfaces are presented, are given in references.

Keywords: analytical surface, oblique ruled surface, developable surface,
classification of surfaces, differential geometry
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BHYTPEHHEH TOUKM KOHEYHOTO JIEMEHTA alPOKCHMUPOBAIIUCH YEPE3 y3JIOBbIE HEU3-
BECTHBIE C CIIOJIB30BAHUEM OWIMHEHHBIX (DYHKIMH. MaTpuia jKeCTKOCTH YeThIpex-
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YNCNEHHBIE METOZbI PACYETA KOHCTPYKLWIA

WHXXEHEPHBIX PacueToB, cliydasx. JJis moaydeHus pe-
3yJIBTaTOB PACcUETOB MPU ONPEACICHUH HATPSIKCHHO-
nedopmupoBanHoro coctossaus (HJIC) mpakTuaecknx
WHXCHEPHBIX KOHCTPYKIUH HEOOXOIUMO HCIOIH30Ba-
HUE YHUCIICHHBIX MeTON0B. Cpellu YMCICHHBIX METOAOB
MIKPOKOE PACIPOCTPAHEHUE IONyYMI METOH KOHed-
HBIX DJIEMEHTOB B (DOPMYJIMPOBKE METO/A IepeMeIe-
Huit [3—13]. K cymiecTBeHHBIM HEIOCTaTKaM 3TOTO
METOJ]a OTHOCHUTCSI OTCYTCTBHE HEHPEPHIBHOCTU TPO-
M3BOIHBIX TEPEMEIEHI Ha KOHTypax M TPaHiIX KO-
HEYHBIX DJIEMEHTOB IPU COXPAHEHUU HEMPEPHIBHOCTH
B Y3JIOBBIX TOUKaxX. Vcronbp30BaHNE KOHEUHBIX 3JICMECH-
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TOB B cMelIaHHOW Qopmynuposke [14—17] npuBogut
K BBIIIOJIHEHUIO YCJIOBUI HEMPEPHIBHOCTH HATIPSKEHUN
u nedopmanuii He TOIBKO B Y3JIOBBIX TOUKaX, HO U Ha
KOHTYpax ¥ rpaHsIX KOHEYHBIX 3JIEMEHTOB.

B nacrosmeil paboTte a1 4eTBIPEXyrolbHOTO die-
MEHTa IIPEICTABJICHbl KOHEYHO-JIEMEHTHbIE AJITOPHT-
MBI B (hOpMYyJIHPOBKE METOa NepeMeIIeHni U B cMe-
mraHHo# opmynmposke 11 onpeaenenus HC miocko
Harpy>keHHbIX ynpyrux Teia. Ha mpumepe pacuera
HaTIPSKEHHOTO COCTOSHUSI KOHCOJIBHOW OajKu IOKa-
3aHO MPEUMYILIECTBO UCIOIB30BAHHUS KOHEUHOTO 3Jie-
MEHTa B CMEIIAaHHOH (opMyIHpOBKe.

1. Ucnosnb3yeMble COOTHOLLIEHUSI
TEOPHH YNIPYTOCTH

[Ipu mmockoM Harpy»keHHUH yIpyToro Tela B IUIOC-
koctu x0z nedopmaluu ¥ IepeMeIIeHUs CBsI3aHbI 3a-
BucuMocTsaMu Kot [1]

ou ow ow Ou
g =—;8 =—; 26 =—

. +—,
Yoox Y oz Yoo oz

WIN B MaTPUIHOH (HOPMYIIMPOBKE

tef=[L{r}, (1)

3x1 3x2  2x1
T o
rie {e} ={e,,e.,2¢e_} — crpoxa nedopmanuii;
1x3
T _ = .
{V} = {u, w} — CTPOKa MEPEMEIICHUN TOYKH, [L] -
1x2 3x2
MaTpuna JuQpepeHInanbHbIX OIepaTopoB.
ITpn ynpyrom neopMHUpOBaHMM HANPSKEHHUA U
nedopmanuy cBA3aHbl 3aKOHOM ['yka

tof=[C]{e). @

3xl1 3x3 3xl1

rae {G}T = {Gxx, c,, GXZ} — CTPOKa HaNpsHKEHUH.
1x3

2. YeTbIpexyroJibHblii KOHEYHbIH 3JIeMEHT

B nekaproBoii cucreme koopauHat Oxz NpHUHU-
MaeTcsl YeTBIPEXYTOJIbHUK C Y3J1aMH i, j, k, [ . Jlnst BBI-
MOJTHEHUS YMCIIEHHOTO UHTEIPUPOBAHUS IO TUIOIAAN
3NIEMEHTa OH O0TOOpaXkaeTcs Ha JIOKAIBHBIM KBaJpar B
cucTeMe KoopauHar &, 1), KOTOpbIC H3MEHSIOTCS B TIpe-
nenax ot —1 mo 1. JlekapToBBI KOOpPIUHATHI BHYTPEH-
Hell TOYKHM YeTHIPEXYTOJbHUKA ONPENeNSIOTCs 4epes3
UX Y3JIOBbIE 3HAYEHHS C HCIIOJIb30BaHWEM OWIMHEH-
HBIX (DyHKIWH:

=fole ) i) 8

4x1
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g€ CHUMBOIJI A O3Hauaer KOOpAWHATY X HJIH Z,

{(p (é, n)}T — CTpOKa OMITMHEHHBIX (PYHKITHI (GOPMET;
1x4

{k y}T — CTPOKa y3JIOBBIX 3HAYECHUN KOOPJUHATHI A .
1x4
Juddepeniuporanuem (3) onpeaessioTcs Mpo-
W3BOJIHBIE JICKAPTOBBIX KOOPJUHAT B JIOKAJIBHOHN CH-

cTemMe (xé, X Ze zn) U JIOKAJIbHBIX KOOPJHMHAT B
JeKapTOBOIl cuctemMe (F; &ML, ) .

2.1. Mampuua sxcecmrxocmu
YemolpexyzobHO20 KOHEUHO20 IeMEHma
6 hopmynuposxe memooa nepemeujeHuil

B kauectBe Y3JI0BbIX HCU3BCCTHBIX MPUHUMAIOTCS
NEPEMECIICHUA U UX MCPBLIC MPOU3BOAHBIC 11O KOOPAU-
HaTaM X, z . Kaxc/:[aa KoopauHaTta u, w BEKTOpa IIC-

peMenieHus] BHyTPEHHEH TOUKH KOHEYHOrO dJIEMEHTA
aIIIPOKCUMUPYETCS YEPE3 Y3II0BbIE HEU3BECTHBIEC BbI-
paXeHUSIMU

n={u(em) (1), @

1x12 12x1

T . . . . . .
al® _|ni A Ak Al yi Jj Ak Al i J Ak Al
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1x12
CTpOKa Y3JIOBBIX HEHM3BECTHBIX B JIOKAJIbHON CHUCTEME

T
KOOpAWHAT, {\V(%, n)} — alMPpOKCUMUPYIOIIas (byHK—
1x12
ouda, 3JIEMEHTaAMHU KOTOpOﬁ ABJIAIOTCA NPOU3SBEACHUA

IIOJIMHOMOB apMI/ITa OT KOOpAWHAT E_), n B TpeTI:GfI
CTCIICHU.

HpOI/I3BO,Z[HI>Ie OoT nepeMemeHHﬁ o0 ACKApTOBLIM
KoopanHaTaM OIPEACIIAIOTCA BhIPAXKCHUAMUA

n= et e v, s Pk
L 1x12 1x12 | 12x1

A SR N W [V 5)
L 1x12 1x12 | 12x1

Ha ocnose (5) dopmupyercs MaTpuyHOe BBIpa-
JKECHUE

=14 b, ®)
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C yuerom (5) u (6) MaTpUYHOE BBIpAXKCHHE IS
nedopmaruii (1) MOXKET OBITh IPEJCTABIEHO B BUIE

(e} =[L][4]{r,} = [B]{V,}. ©)

3xl1 3x2 2x24  24x1 3x24  24x]

s popMHUpOBaHUS MaTPHIILI JKECTKOCTH KOHEY-
HOTO DJIEMEHTa HCIONb3yeTcs (PYHKIIMOHAJ, OTpaka-
FOIIAN PaBEHCTBO JIEHCTBUTEILHBIX pa0OT BHEITHUX U
BHYTPEHHUX CHIIL:

1
HL:E.[(G e,+o0_¢e_+20 ¢ )dF -

xx ™ xx zz%zz Xz xz
F

1
_Ej(qxxu +q. w)dl, (8)
l

rae F — miomans KOHEYHOTO 3JeMeHTa; [ — AnuHa
KOHTYpa dJIeMEHTA.

IIpuauMas Bo BHUMaHUe cooTHOMIEHUS (2) u (7),
¢byHKIHOHANT (8) MOYKHO MPEICTABUTH B MATPHIHOM BHJIE

1
m, = v} 18] [Cl[B)ar {1} -
1x24 F 24x3  3x3 3x24 24x1
1 T T
124 dl.
2 {5;4} ‘!.[2:32] {qul} ©)

IIpou3BoaHBIE OT MEpPEMENIEHUNA B JIOKAJIBLHOM
CHUCTEME KOOpMHAT OTPEAEISIOTCS Yepe3 MpOou3BOI-
HBIC B TJI00ATBHON CHCTEME COOTHOIIEHUSIMHU

he=h X, .2
A, =hx, Az, (10)

Ha ocnoBanuu (10) BeImonHsieTcs nmpeoOpa3oBa-
HHE BEKTOPa Y3JIOBBIX HEU3BECTHBIX B JIOKAIBHOW CH-
CTeMe uepe3 BEKTOp y3JIOBBIX HEM3BECTHBIX B J€Kap-
TOBOW CHCTEME B MaTPUYHOM BHJIE:

Vil= I by (11)
24x1  24x24 245

IMocne MUHMMU3AIMU TPEOOPA30BAHHOTO (PYHK-
nroHana (9) Ha ocHoBanmm (11) IO y3JIOBBIM HEW3-

/A
BCCTHBIM {Ve} MOJIy49acTCs MaTpulla )KECTKOCTU KO-

y
HCYHOTI'O 3JICMCHTA:

[k s =1, (12)

24x2424x1  24x1
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24x24  24x24 p24x3 3x33x24 24x24

pula XKECTKOCTH KOHCEYHOI'O JJIEMECHTA, {fy}z
24x1
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= [T]T I[A]T {q} dl — BexkTOp y3MOBBIX YCHIHil KO-
24x24 7242 2

HEYHOT'O DJIEMEHTA.

[Ipn MuaEMu3anuu QyHKroHana (9) TpUHATO
BO BHHMAaHHNE, YTO HArpy3Ka U IMepPeMeNIeHHs CBI3aHbI
JMHEHHON 3aBHCUMOCTBIO, TIO3TOMY TIpHU IU(depeH-
UPOBAHUHN KOOPIMHATHON (DYHKIIMHM COKPATUIICS KO-
s urment 1/2 mepen BEKTOPOM CHIL

2.2 Mampuua degopmuposanus
KOHEUHO020 371eMeHma 8 CMeWanHoll (opmynuposke

B kagectBe Y3JI0OBBIX HEM3BECTHBIX YCTBIPEXYT'OJIb-
HOT'O KOHCYHOT'O 3JIEMCHTA NPUHUMAIOTCA TMIEPEMEIIC-
HUA U HAIIPAKCHUSA.

HepeMemeHH;I BHy’I‘peHHeﬁ TOYKH KOHCYHOI'O 3JIC-
MCHTA U, w alIpOKCUMHUPYIOTCSI 4YCPE3 Y3JIOBBIC HC-

W3BECTHBIC BRHIPAKCHUSAMU (4).
MartpuuHoe BeIpaKeHue Al nedopMaiuil 3amnu-
1IeTcsl B BUJIE

(e =0} =LAl ) =B} 03)

3x1 3x2 2xl1 3x2 2x8  8x1 3x8  8x1

T .. . .
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Kaxnas koMImoHeHTa TeH30pa HamnpsDKEHUH arl-
MIPOKCUMUPYETCS Yepe3 y37I0Bble HEM3BECTHBIE TAKKE
OMIIMHEHHBIMH BBIPKEHUSIMU:

6 ={0(&)} {ou, )5 (@.p=12). (14)

1x4 4x1
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4x1
BBIX HEM3BECTHBIX HANPSKEHUH.
Ha ocnose (14) ¢popmupyercs MaTpHIHOE COOTHO-
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{c} :[G]{GY}, (15)

3x1 3x12 12x1

rae {Gy}T = {Gxxy}’{czzy}’ {zey}

1x12 1x4 1x4 1x4

Jst hopMupoBaHUS MaTPHUITHI 1e()OPMHUPOBAHUS
KOHEYHOT'O JJIEMEHTa BBITIOJHSACTCS MpeoOpa3oBaHHe
¢yHkumoHana (8) myTeM 3amMeHbl ACHCTBUTENBHOM pa-
0OThI BHYTPEHHUX CHUJI Pa3HOCTHIO MOJHOW U JIOTOJ-
HUTEJIBHOW paboT MpH Harpy)eHuu aedGopMHupyeMo-
ro Tena:

Lot = (o) TS o) [T (e} 10

1x3 3x2 2x1 1x3 3x3 3x1
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C yuerom (16) pynkumonan (8) 3anuimercs Mart-
PHYHBIM BBIPRKCHUEM

m={c,} [[G] [BldF{v,}~

Ix12  F12x3 3x8 8x1
1 T
~o ) [[6] [CI(6]aF (o, }-
1x12 F 12x3 3x3 3x12 12x1
—é{vy}T“A]T lghdi . (17)

1x8 18x2 2xl1

[Mocne BrIMOMHEHHs BapbUpOBaHHsl (PyHKIHNOHA-
na (17) mo y3/10BBIM HEW3BECTHBIM {Gy }T u {vy }T
KOHEYHOI'0 IEMEHTA II0JIy4aeTcsl CUCTEMa ypaBHEHUH

N =—{n){o J+ (0], } =0

T
8{0y} 12x12° 12x1 12x8  8x]

e =[0] o, {1} =0 as)

T
0 {vy } 812 [k 8x1

ve il s =Ly gl

b= [1aT gl

8x1 18x2 2x1

Cucremsl ypaBHenwmii (18) nmpencraBistorcst B Tpa-
JULIMOHHOM [UISl METO/1a KOHEYHBIX 2JIEMEHTOB (hopMme:

[K,]{7, =17, } (19)
20x20 20x1  20x1
1
rne |Ks| = . > — marpuua aepopMupo-
K=l oir o
8x12 8x8

BaHMS KOHEYHOTO 3JIEMEHTa; {Fy }T = {O}T,{fy }T -
1x20 X2 1
BEKTOP Y3JIOBBIX YCWJIMH KOHEYHOTO 3JIEMCHTA;

T T T
{Z y} = {O'y} ,{Sy} — BEKTOp Y3JIOBBIX HEH3-
120 112 18
BECTHBIX KOHEUYHOTO 3JIEMEHTA.

3. Pe3yibTaThl HCCJIEIOBAHMI U MX AHAJIM3

IIpumep. PaccmaTpuBanack KOHCONbHAs Oajka, 3a-
Tpy’KEHHasi PaBHOMEPHO paclpeieIeHHON Harpy3KoHu,
IIPU CIAEAYIOIUX UCXOAHBIX NaHHbIX: uHA L = 0,5 m,
BBICOTa IMomnepeyHoro ceueHus 7 = 0,05 m, mupu-
Ha t = 0,0/ m, MOoAynb YHpPYTroCTH MaTepuaia
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E = 2,0x10° MIla, xo>dpdumuent Iyaccona v = 0,3,
WHTEHCUBHOCTH aaBienus g = 10,0 KkH/M?.

Pe3ynpTaThl BBRIYHCIMTEIHHOTO TpOIECcCa MOKa-
3aHbl B Ta0d. 1 (Ha ocHOBe (yHKIIMOHANIA, Oa3HUPYTO-
IIETOCS. Ha Pa3HOCTU JCHCTBUTENBHBIX pabOT BHEII-
HUX ¥ BHYTPEHHHUX CWII) U 2 (HA OCHOBE CMEIIAHHOTO
(yHKIMOHANA), T1Ie TPUBEICHBI 3HAYEHHUST HOPMATbHBIX
HanpsoKeHUH B KpallHUX BOJIOKHAX IMOIMEPEYHOTO ce-
YeHUS 3a/IeKHU (TaK Ha3pIBaeMasi TOUKA a) U CCUeHHUS,
PAacIONOKEHHOTO HA PACCTOSIHUM 5 CM OT 3aJIeNKH (Tak
Ha3pIBaeMasi TOYKa b), B 3aBUCHIMOCTH OT YHCIIa KO-
HCYHBIX 3JICMCHTOB IIpU AUCKPETU3ANN KOHCOJILHOH
Oanku. B mocneqHUX KOJOHKAaX TaOIUIl PEICTaBICHBI
repeMeITieHrsI Ha CBOOOTHOM KOHIIe 0Ky (Tak Ha3bl-
BacMasl TOYKa C) B 3aBUCUMOCTH OT YHCJIa KOHCYHbIX
3JIEMEHTOB.

KonnuecTBO KOHEYHBIX BJIEMEHTOB IO TOJIIUHE
OaTKy TPUHUMAITICH paBHBIMHE 1, 2, 3, 4 u 5. Tlo mmHe
0aJIKK YUCIIO KOHEUHBIX 3JIEMEHTOB B KQXJIOM CIIydac
os10 paBabM 10, 20, 30, 50 u 100.

Tabnuya 1

Yuciennsble 3HaYeHUsI TApaMeTPOB
HaNpsKeHHO-1e(OPMUPOBAHHOTO COCTOSTHHSI IIPU UCTIO/Ib30BAHUM
3J1eMeHTOB B () OpMY/IHMPOBKE MeTO/Aa NepeMeleHHii
[Table 1. Numerical values of stress-strain state parameters
when using elements in the formulation of the displacement method]

Juckperuzanus Jaemenrt [Element] 24x24
[Sampling] Hanpsokenne Hanpsbxenue Ilepemene-
Oxx, Klla Oxx, KIa HHUE W, CM
(Touka a) (Touka b) (Touka c)
[Stress [Stress [Displace-
oxr, kPa G, kPa ment w, cm
(point a)] (point b)] (point ¢)]
10x1 2330 2013 0,377
20x1 2454 2019 0,378
30%1 2478 2023 0,378
50%1 2487 2024 0,378
100x1 2490 2024 0,378
10x2 2735 2248 0,376
20%2 2802 2282 0,377
30%2 2815 2290 0,377
50%2 2821 2294 0,377
100x2 2823 2295 0,378
10x3 2805 2278 0,376
20x3 2886 2319 0,377
30%3 2904 2327 0,378
50%3 2913 2331 0,378
100x3 2914 2332 0,378
10x4 2839 2293 0,376
20x4 2935 2340 0,377
30x4 2957 2350 0,378
50x4 2969 2355 0,378
100x4 2973 2357 0,378
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Tabnuya 2

Yuciennble 3HAYEHUsI TApaMeTPOB
HANpPsLKeHHO-1e()OPMHPOBAHHOTO COCTOSTHHSI TTPH HCIIOIH30BAHNN
3JIeMEHTOB B CMeIIaHHOi ¢opMy.1npoBKe
[Table 2. The numerical values of the parameters of
the stress-strain state when using elements in a mixed formulation]

Juckperuszanus SuiemenT [Element] 20%20
[Sampling] Hanpsxenne Hanpsxernme Ilepemente-
Oxx, kKIla Oxx, Klla HHUE W, CM
(Touka a) (Touxa b) (Touxa c)
[Stress [Stress [Displace-
Oxx, kPa Oxx, kPa ment w, cm
(point a)] (point b)] (point ¢)]
10x1 2820 2554 0,377
20x1 2952 2395 0,377
30x1 2978 2444 0,378
50x1 2992 2435 0,378
100x1 2998 2428 0,378
10x2 2836 2554 0,377
20%2 2955 2395 0,377
30%2 2978 2444 0,378
50%2 2989 2435 0,378
100x2 2994 2428 0,378
10x3 2863 2562 0,376
20%3 3007 2386 0,377
30%3 3045 2445 0,378
50%3 3070 2434 0,378
100x3 3082 2426 0,378
10x4 2862 2561 0,377
20x4 3009 2384 0,378
30x4 3050 2445 0,378
50x4 3080 2434 0,378
100x4 3096 2426 0,378

AHanm3 pe3ynbTaToB OKA3bIBAET, YTO CXOAUMOCTh
BBIUMCIIMTEIBHOTO NTPOLEcCca IPH MCIIOJIB30BaHUH KO-
HEYHOI'0 3JIEMEHTA B CMEIIAHHON (hopMyIHpOBKE IPO-
WCXOANT 3HAYMTENbHO ObIcTpee. J[s cpaBHEHHA MpH-
HUMAJIICh IPUOIMKEHHBIE pe3yibTaTa pacueTa Oalku
M0 TEXHUYECKON TEOPHUH (C yUETOM TUIOTE3bI IPAMOH

Hopmamu): ¢ = 3000 xIla (Touka a), o, = 2430 klla
(Touka b), w= 0,375 cM (TOUKa C).

B Touke b, oTcTOsIIIEel HAa PACCTOSIHUH A OT 3a-
JIeJIKU, CXOJUMOCTh BBIYMCIUTEIBHOTO Ipolecca Mo

HOpPMAalbHBIM HalpsKeHUAM G (B Tabm. 2 oTmede-
HBI JKUPHBIM MIPU(TOM) ropasio JIydlle B BapUaHTE
pacueTra CMEIaHHBIM METOJOM KOHEUHBIX 3JICMEHTOB.

B Touke ¢ Ha cXOAUMOCTEH BBEIYUCIIUTELHOTO MIPO-
1ecca BO3ACHCTBYIOT TPAaHUYHBIC YCIIOBUS B BUIC JTH-
HelHbIX cBs3eil. [loaToMy cpaBHEHHE METOJIOB IO YHC-
JICHHBIM 3HAYCHUSM HOPMAJILHBIX HAIPSIKEHUH 1Ielte-
cooOpa3Hee BBITIONHATH B TOUKE, HAXOIICHCS Ha pac-
CTOSIHMH /1 OT 3aJCIKH.

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

[Ipu kaxaoii qUCKpeTU3aluu O0adKu KOHCUYHBIMU
3JIEMEHTaMH MEePEMEIICHHS OKa3aTuCh MPAKTUICCKU
OJIMHAKOBBIMH B 00enX (DOpMyITHpOBKax MeToaa Ko-
HEYHBIX JJIEMEHTOB.

3akiouenmne

Jiis KoHeuHOro 35eMeHTa B (JOpMYJIMPOBKE Me-
TO/a TIEPEMEUICHUM BBIMOIHSIIOTCS YCIIOBUS COBMECT-
HOCTH T10 NEPEMEIIEHUSIM U UX MPOU3BOAHBIM TOJIBKO
B Y3JIOBBIX TOUKaX, HA KOHTYPaxX CMEXHbBIX KOHEUHBIX
3JIEMEHTOB TaKWE YCIOBUS OTCYTCTBYIOT. B KoHeu-
HOM dJIEMEHTE B BapHaHTE CMELIaHHOW (pOpMyITHpOB-
K{ YCJIOBHSI COBMECTHOCTHU IO HANPSDHKEHUSIM BBIIIOJ-
HSIOTCS HE TOJIBKO B Y3JIOBBIX TOUKaX, HO U Ha KOHTY-
pax anemeHTa. [103TOMY CXOAMMOCTH BBIYHCIUTENHHO-
To Ipolecca NpH BBIYUCICHUH NapaMeTPOB HAPSKEH-
HOT'O COCTOSIHUS CYILECTBEHHO JIydllIe.
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Abstract

The aim of the work — comparison of the results of determining the parameters
of the stress-strain state of plane-loaded elastic bodies based on the finite element
method in the formulation of the displacement method and in the mixed formulation.
Methods. Algorithms of the finite element method in various formulations have been
developed and applied. Results. In the Cartesian coordinate system, to determine
the stress-strain state of an elastic body under plane loading, a finite element of
a quadrangular shape is used in two formulations: in the formulation of the method of
displacements with nodal unknowns in the form of displacements and their deriva-
tives, and in a mixed formulation with nodal unknowns in the form of displacements
and stresses. The approximation of displacements through the nodal unknowns when
obtaining the stiffness matrix of the finite element was carried out using the form
function, whose elements were adopted Hermite polynomials of the third degree.
Upon receipt of the deformation matrix, the displacements and stresses of the internal
points of the finite element were approximated through nodal unknowns using biline-
ar functions. The stiffness matrix of the quadrangular finite element in the formula-
tion of the displacement method is obtained on the basis of a functional based on
the difference between the actual workings of external and internal forces under
loading of a solid. The matrix of deformation of the finite element was formed
on the basis of a mixed functional obtained from the proposed functional by repla-
cing the actual work of internal forces with the difference between the total and ad-
ditional work of internal forces when loading the body. The calculation example
shows a significant advantage of using a finite element in a mixed formulation.

Keywords: stiffness matrix, deformation matrix, quadrangular finite element,
mixed functional
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Annomayus

Axkmyansnocms. B pabote paccmarpuBaetcst ApodecTpyiiHas 00paboTKa, sIBisi-
OHAsACA IAPOKO NMPUMEHACMbBIM METOAOM I YIIyUIICHHS OINPCACICHHBIX CBOJCTB
MOBEPXHOCTH JeTajell (TakuX Kak yCTaOCTHAs MPOYHOCTh, TBEPAOCTH, JOJITOBEY-
HOCTB) Onarosiapsi XOJIOIHOM IIACTUYECKON JeopMalliy, B pe3ysibTaTte KOTOPOH
HPOUCXOIUT HAHOCTPYKTYPHPOBAHHUE TOBEPXHOCTH 00pabaThIBaeMOro MaTepuana,
COIPOBOXKIAIONIEECS] YMEHBIICHHEM Pa3MepPOB 3epHA €ro KPUCTAUTHYECKOH CTPYKTY-
pol. M3ydens! ycnoBust GpopMHPOBaHHS HaHOCTPYKTYPHPOBAHHOTO HMOBEPXHOCTHOIO
cIost ipu 00paboTKe JeTaneld MoTOKoM ApoOu. I]enbro rccienoBaHus SBISIETCS OIpe-
JIeNICHUE YCIIOBHI HAHOCTPYKTYPHPOBAHHUSI TIOBEPXHOCTH MPH IPOOECTPYIHHON 0Opa-
0OTKE 3a CYET XOJIOAHOW IIACTUYECKOM AedopMaliiu, ONpeeseMoii BO3IeHCTBHEM
JpoOu, KoTopast coyaapsercss ¢ 00pabaThiBaeMON MOBEPXHOCTBIO C BBICOKOH CKOpO-
cTbl0. Memoowl. 15 perieHust MOCTaBICHHON 33/JauK HCTIONE30BaHbl yPABHEHHUST KOH-
TaKTHOM 337241 TEOPHH YIPYTOCTH O JEUCTBHH COCPEIOTOUCHHOM CHIIBI HA YIIPYToe
HOJTyIPOCTPAHCTBO, POJIb KOTOPOTO BBINONHAET 0OpabaTbiBacMast eTanb. Onpenene-
HBI YCJIOBHSI HACTYIUICHHSI TUIACTUYECKOH e)opMali B TIOBEPXHOCTHBIX CIOSIX 00-
pabatbiBacmol aeranu. XonojHas Tiactideckas nedopmaiusi o0ecreurBaeT HaHO-
CTPYKTYpPHPOBaHHE IOBEPXHOCTHOT'O CJIOSt 00padaThIBaeMOit IETATH, MOBBIIICHHUE TPOY-
HOCTH, YCTaJIOCTHOM JOJTOBEYHOCTH, YITY4IlICHUE TPHOOTEXHIIECKHIX XaPaKTECPHUCTHK.
Pe3ynemamor. Ha ocHOBaHNY KOHTAaKTHOW 3a/Ia4y TEOPHUH YIPYTOCTH pellieHa 3a/1ada
(hopMHpPOBaHST HAHOCTPYKTYPHUPOBAHHOTO CJIOSI HA MIOBEPXHOCTH 00padaThIBaeMoil jie-
TaJ pU ApoOecTpyitHOi 00padoTke. [TomyueHa aHaMTHYECKast 3aBUCHMOCTb, TI03BO-
JISTIOIIIAst TIPOTHO3UPOBATH MEPEXO MaTepHasa B INIACTUYECKOE COCTOSHHE M HAHOCTPYK-
TYpHUPOBATh OBEPXHOCTH 00pabaThIBAEMOi eTasu IpH IpodecTpyrHOit 0OpadoTKe.

Kouegvie cnosa: npobectpyiiHas 00pabOTKa, TOBEPXHOCTHOE MIACTUYECKOE
nehopMUpOBaHKE, OCTATOYHBIC HATPSDKESHHUS, MPEIes BEIHOCIHUBOCTH, YCTaIOCTh,
HAHOCTPYKTYPHPOBAHUE IIOBEPXHOCTH, XOJIOJHAS [UIACTHIECKas [ehopMariust
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3YIOTCA pa3IMYHBIC METOAbI, TAKUC KaK KOHCTPYKTHUB-
HBbIC, TEXHOJIOTWYECKHE M mpoduiaktuieckue. KoH-
CTPYKTHBHBIC METO/IbI BKITFOUAIOT MPUMEHEHUE Pa3IIy-
HBIX BHOpOTacUTENEH, OOCeCIeUeHHE parnOHATBHBIX
3HAYCHUH TEOMETPUYECKUX IapaMeTpoB AeTajieH, y3-
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JIOB MAIllMH U XKECTKOCTH orop u T.1. K mpodunakru-
YeCKHM METOJIaM OTHOCUTCSI CHCTEMaTHYECKUI OCMOTP
JieTanel JUisl BBISIBJICHUS MOBPEXICHUM, CBOEBPEMEH-
Has WX 3aMeHa M JPYTrue MEPONPHUATHS MO TeXHHUYeE-
CKOMY 00CITY>KHBaHHIO MAaIlliH U MEXaHU3MOB.

Ananu3z xapakTepa MoJIOMOK JeTajleil MallliH Mo-
Ka3bIBaeT, YTO OOJILIIMHCTBO U3 HUX CIIEAYET OTHECTU
K KJIaCCy YCTaJOCTHBIX pa3pylICHUH JieTanei, UMEIOIIIX
KOHIIEHTPATOphI HarpspkeHuid. CrieoBaTeIbHO, U3 TeX-
HOJIOTHYECKHX METOJIOB Hanboliee W3BECTHBIMHU SIBJIS-
IOTCS YCTPAaHEHUE WIIM YMCHBIIICHHE TEXHOJOTHYSCKUX
KOHIIGHTPATOPOB HANPSHKEHUH (TIPHKOTH TPHU HLUTH(O-
BaHWH, 3aKAJIOYHBIC TPEIIUHEI U T. 1.), OATaHCHPOBKA
BpaIafOLIUXCs AeTanel, TepMuieckas (IIoBepXHOCTHAS
3aKalika) ¥ XUMHUKO-TepMUUecKast (a30TUPOBaHUE), a TaK-
K€ TIPIMEHEHHE METOJIOB YIIPOYHEHHUS AeTaieil oBepx-
HOCTHBIM IIJIACTHYECKUM JeOpPMUPOBAHHEM, oOecTie-
YUBAIOIUX TMOBBIIICHUE YCTATOCTHOM npouHocTH [1-5].
[IpoBeneHo HEMano MCCIeNOBaHUN MO MpodIeMaM
MOBEPXHOCTHOTO ITTACTHYIECKOTO Ne(OPMUPOBAHHUS:
OT BJIMSHUS M B3aUMOJICHCTBHS MapaMeTpPOB Ha yCTa-
JIOCTHYIO JOJTOBEYHOCTH JI0 OLIEHKH BEIMYMHEI OCTa-
TOYHBIX HANPSHKEHUH W WX MPOTHO3MPOBAHUA HA TIO-
BEPXHOCTH JCTaJICH Mocie IPoOeCTpyHHOro yIpoyuHe-
Hus [6-9]. OnHaKO MHOTOJIETHUM OMBIT KCIIOJIb30Ba-
HUS TpoOecTpyHHOH 00pabOTKH HE TIO3BOJIIET 00BsIC-
HUTD Bce APQEKTHI MONOKUTENHHOTO BIUSHUS HA CBOM-
CTBa JIeTaJlel TOJNBKO HAJMYMEM COKUMAIOIIUX OCTaTOY-
HBIX HANPSHKEHHUH B X TIOBEPXHOCTHOM CJI0€, TIOCKOIIBKY
Hapsay ¢ HUMU B 00beMe 00padaThIBacMON ETAIH U3
YCJIOBHSI CAMOYPaBHOBEILIEHHOCTH (P OPMHUPYIOTCS M OC-
TaTOYHbIE HampsbkeHus: pactsoxeHus [10; 11]. OT1o u
SIBJIIETCS TJIaBHBIM HEJIOCTATKOM MHOTHX PaboT I10 OIeH-
K€ CONPOTHBIICHUS yCTAIOCTH, HECMOTPSI Ha TO, YTO
OCTATOYHbBIC HAIMPSDKCHUS CKATHSL B TIOBEPXHOCTHOM CJIOC
TIO3BOJISIIOT CHHU3UTH JEUCTBUE PACTITHUBAIOIINX HAIpPS-
JKEHHH MpHU 3KCITyaTanuu 6osee yem Ha 20 % [12].
Taxke K HEJOCTaTKaM COBPEMEHHBIX HCCIICIOBAHUIMA
MOKHO OTHECTH OTCYTCTBHE y4YeTa BPEMEHHOTO (ax-
TOpa MpH pacueTax HapsHKEHHO-Ie(OPMHPOBAHHOTO
COCTOSIHUSI B o4are fedopMaliiy U BBIYHCICHUS OCTa-
TOYHBIX HANpPsHKEHUH B YIPOYHEHHOW JE€TaNN, YTO MO-
KET MPHUBECTH K TOSIBJICHUIO TOTIOTHUTEIHHON TIOTPETII-
HoctH [13].

1. ®opMupoBaHHe HAHOCTPYKTYPHUPOBAHHOI'O
¢J10s1 Ipu 00padoTKe IPoOdbI0

B pabote [14] apdexT moBBITICHUS dKCIUTyaTaIln-
OHHBIX CBOWCTB JIETaJIell ¥ MaTepualioB mpu apodec-
TPYHHOM YIIPOYHEHHUH OOBSICHSETCSI 00pa30BaHUEM HaHO-
CTPYKTYPHPOBAHHOTO TIOBEPXHOCTHOTO ciios1. Korma Ha
MOBEPXHOCTh METAJUIMYECKOW JAETAIN BO3IEHCTBYET
MOTOK CEPUIYECKUX YaCTHUI] C BHICOKOH CKOPOCTHIO,
MIPOUCXOUT HAHOCTPYKTYPHUPOBAHUE 3a CUET XOJIOI-

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

HOU mmacTr4eckoi nedopMalii B TOHKOM MOBEPXHOCT-
HOM ciioe getanu. CamMo MOHATHE KHAHOCTPYKTYpPHUPO-
BaHHE» O3HAYACT IOJIYUCHHE CTaOMIBHOU (Da3kl, 3ep-
HUCTOCTh KOTOPOW COCTaBIISIE€T OT HECKOJIBKUX IECAT-
KOB HaHOMETPOB 10 HECKOJBKHX NECSTKOB MHUKPOMET-
poB. HaHoCTpyKTypHpOBaHue MOBEPXHOCTH MO3BOJIIS-
€T OOBSICHHUTH T€ MOJOXKHUTENbHBIE 3QPEKThI, KOTOpHIC
obecrieunBaeT apodecTpyitHas 0OpadoTKa MOBEPXHOCTH
neraneld. [lpu HaHOCTPYKTYypHpPOBaHUHM MOBEPXHOCTU
Marepraia yBeJIMIUBaeTCsl yCTAIOCTHAS JIONTOBEYHOCTb,
TBEPJOCTb, KOPPO3UOHHAS CTOMKOCTb, TpUOOIOTHYE-
ckue cBoricTBa [14]. AHanOru4Hele UCCIEAOBAaHUS IPO-
BOJATCS M 3a pyOeskoMm [15].

CyIHOCTh TEXHOJOTUH JpobecTpyiHOi 00paboT-
KU 3aKirodaercs B cienyromeM. [loBepxHocts 00Opa-
OaTeIBacMON JETalld TOJABEPTraloT BO3ACHCTBUIO Me-
TAUTHYECKUX 3aKaJeHHBIX MUKPOIIAPUKOB U3 CTaJlel
ITP10P6MS nmu 1IX15, nuamerp mapukos 0,162 mM.
VYrpouyHeHue neTanieidl MHUKPOIIAPUKAMH BBIIOIHSIOT
Ha CHEIMAIBHBIX IPOOEMETHBIX YCTaHOBKAX, o0ecte-
YMBAIOUINX PAaBHOMEPHBIH MOTOK MHUKPOIIAPHKOB CO
ckopocThio 60—80 m/c. JlaHHas TEXHOJIOTHS IIUPOKO
NPUMEHAETCS] I YIPOUHEHHs JeTaiell MallrHOCTpoe-
HHS, B YaCTHOCTH JICTalIeii aBUAIIMOHHBIX IBUTATEIICH.

B pesynbrare xonoqHoi miactudeckoi negopma-
LMK, KOTOpasi peaiusyercs B Ipouecce ApodecTpyii-
HOU 00paboTKH, TPOUCXOAUT HAHOCTPYKTYPUPOBAHHE
MOBEPXHOCTH 00padaThIBaeMOro MeTaslia, MPUBOJIIIEE
K YMEHBIIECHHUIO Pa3MEPOB 3epHa KPUCTAIUINUECKON CTPYK-
TYpbl HOBEPXHOCTHBIX cioeB. Heobxonumoe yciosue
HAHOCTPYKTYpPHPOBAHHMS — XOJIOAHAS TJIacTHYECKas Jie-
¢dopmanus. XojoaHas miuactudeckas nedopmanus —
3T0 Aedopmarys, Ipu KOTOPOH MEeTalll IIOBEPXHOCTU
yrnpouHsieTcsi 0e3 ClIeIoB PEeKpPHCTAIUIM3ALUK, YTO H
MPOMCXOAMT NpH ApobecTpyiiHON 00paboTke.

HanocTpykrypupoBanue HOBEPXHOCTHOTO CJIOS
MIPUBOMT K MOBBIIICHNIO TBEPAOCTH 3a CUET HaKJIena
MIOBEPXHOCTHOTO ciost MeTasa. Kpome Toro, B nporiec-
ce apobecTpyitHO 00paOOTKH B IMOBEPXHOCTHOM CIIOE
(bOpMUPYIOTCSI CKUMAIOINE OCTATOYHbIE HAIPSDKEHMUS,
MOBBIIIAIONINE YCTATOCTHYIO MPOYHOCTh 00padaThiBa-
€MOT'0 METaJUIOM3/AEIH.

2. [IpakTH4eckoe uccaeg0BaHNe YIIPOUHEHHUSs
JeTaJjieil mpu apoodecTpyiiHoii 00padoTke

B AO «OJIK — IlepMckue MOTOPBI» MPOBOIMIN
WCCIIEIOBAHMS YIPOUYHEHHUSI XBOCTOBHUKOB PabovMX JIO-
nmaTok u3 crmasa JKC32-BU npu mpobecTpyiiHoit 06-
pabotke. B pe3ynbTare onpenenaeHus: OCTaTOYHBIX Ha-
NpsOKEHUH 1o MeToay JaBuieHKoBa CXKMMAIOIINE Ha-
IPSKEHUS. HA PACCTOSIHUYU 2 MKM OT IIOBEPXHOCTH CO-

CTaBISIIOT Oy, = —379 Mlla, Ha pacCTOSHUU 5 MKM —
Oper = —302 MIla, Ha paccrogHuu 10 MKM -
Oocr = —167 MIla. [lpu nanpHeieM yBeIMueHun pac-
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CTOSIHUS OT MOBEPXHOCTH OCTAaTOYHBIE CKUMAIOIINE
HAIpsDKEHUS CHIDKAIOTCS, TIEPEXOAAT B PACTATHBAIOLIIE
1 Ha paccTosHuu 200 MKM COCTaBJISIIOT Gy, = 15 MIla.
Mo>kHO mojiarath, YT0 HaHOCTPYKTYpUPOBaHHBIHN I10-
BEPXHOCTHBIN CIIOI COCTaBISET 5 MKM.

Haxomnnenue B3aMHO ypaBHOBELIEHHBIX OCTaTOY-
HBIX HamNpsHKeHWH B mporecce nedopMaui aBiaseTcs
XapaKTepHbIM Ul YIIPOUHEHH (HaKJIena) B mpoiecce
npobectpyiiHOW 00paboTku. HakomeHHBIE COKUMaro-
II€ OCTaTOYHbIE HANPSDKEHUS B MIOBEPXHOCTHOM CIIO€
MOTYT OJaronpusiTHO BIUATH HA SKCILTyaTallHOHHBIE
CBOMCTBA JieTaleil oclie Jpo0ecTpyHHOTO YIPOYHEHHUSI.

3. Cnoco0 onpenesneHus ymnpo4HeHHOI0
(HAHOCTPYKTYPUPOBAHHOIO0) CJIOSI

Bruiiienue ycnoBuil popMupoBaHusi HAHOCTPYK-
TYPUPOBAHHOTIO CJIOSI 33 CUET XOJIOIHOM TUIACTUYECKON
nedopManuy MOBEPXHOCTHOTO CJIOSI TIPH ApoOecTpyi-
HOH 00paboTKe AeTaneil MAaIIMHOCTPOCHUS SIBISETCS
nenpio paboTel. [ pemenust JaHHON 3agadu ObLIO
UCIIOJIB30BaHO HM3BECTHOE M3 TEOPUM YIPYIOCTH pe-
LIEHHE O JEHCTBUM COCPENOTOUEHHON CHUJIBI Ha YIIPY-
roe nonymnpoctpaHcTBo [16]. Ha puc. 1 npeacraBnena
pacyeTHas cxema.

0

Puc. 1. Cocpenorodennas cuia, 1efcTByIoIas Ha INIOCKOCTb,
OrpaHIMYUBAOIIYIO TT0JTyOCCKOHEYHOE TEJIO
[Figure 1. Concentrated force acting on a plane
bounding a semi-infinite body]

Bripaxkenus a1l HanpspDKEHUN B JAHHOW 3ajade
UMEIOT caeayomuid Bun [16]:

3Pz3 3
R SR
_ P 1-2p  3zr?
Or = T o [l(l+z) 15 I
_ P z 1 . e
Or = E(l B 2”)[1_3 N l(l+z)]’ (1)
_ —3pz%r
Tz = om0
J
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rae P — IelCTBYIOLIEE YCUIIUE, PABHOE YCUIMIO JEH-
CTBUS OJTHOM MpoOHMHKH; | — Koddduruent [lyaccona
Marepuaiia 00pabaTeIBaeMOi IEeTaIH.

MakcuMalbHbIe HANPsDKEHUST COOTBETCTBYIOT OCH
z(r=0). IIpu r =0, z =1 coorHomenus (1) mpu-
HUMAIOT BUJ

o =3P
z™ e’
P(1-2p).
Or =7~ 4miz °
r (2)
o, = P(1-2y),
™ a2
T, =0. )

3agaueil pemeHus SBIAETCS NJOCTHKEHHE IIIacTH-
gecKoi nedopMariy Tpu APoOSCTPYHHOM YIIPOIHEHUH,
KOTOpasi o0ecreunBaeT GOpPMUPOBAHHE HAHOCTPYKTY-
PUPOBAHHOTO CJIOS B MOBEPXHOCTHOM cJloe JieTanu. Pea-
TM3alys UIacTHYEecKOM nedopManuy BO3MOXKHA MpU
UCIIOJIb30BaHUU KPUTEPHS MJIaCTUYHOCTH Museca st
HaNpsHKEHHOTO COCTOSIHUS, OTHCBIBAEMOT0 COOTHOIIIE-
Husmu (2). Kputepuit mnactuuHoctH Museca nmeeT
CIEey o BUT

50z = 0,)7 + (6, — 0)2 + (0, — )% = o7, (3)

Tae o — IMpeael TeKydecTH MaTeprana oopabaTeBa-
€MOM ieTanu.

s MaTepranoB B yCIOBUSX TIACTUYECKOTO CO-
CTOSIHHUSI IPUHSTO HUCIOJNB30BaTh yCIOBUE HEC)KUMAe-
MOCTH, COTJIaCHO KoTopoMmy ko3 ¢urment [lyaccona
pu = 0,5. Torna u3 ypaBHenuit (2) umeem mist L = 0,5

3P
0, =—=-—>
z 2ml?’

[Ipu aTom ycrnoBue muacTUYHOCTH (3) MpUHUMA-

eT BU]

o,=0,0, =0.

27E = ot )

2 l?

W3 cootHoteHns (4) cliemayeT, 9YTO TONIIHHA HAaHO-
CTPYKTYpPHPOBAHHOTO TIOBEPXHOCTHOT'O CJIOS TIPH JIpode-
CTpy#iHOI 00paboTKe paBHA

2 P
o=1l= |-—. ®)
3 ot

VYcunue P onpenensieTca NPOU3BEIECHUEM JlaBlie-
HUS CTPYH BO3IyXa C IpoObI0 Py Ha IJIOMIAAb cede-
HUS yAapsieMol APOOMHKH W YIJIOM HaKJIOHA CTPYH
IpoOu K 00pabaThIBaeMOI ITOBEPXHOCTH:

P = pymR?sinaq, (6)

rae R — paguyc nmpuMeHseMoi 1po0H; o — yroJl Mex-
Iy HampaBJCHUEM CTPYHU ApoOH U MOBEPXHOCTHIO 00-
pabaTbIBacMOi AeTany.
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[oncranoBka BelpakeHUs (6) B cooTHOIIEHHE (5)
maeT QGopMyny AN ONpelesieHHs TONIIMHBI HaHO-
CTPYKTYPHUPOBAHHOTO CJIOSI TIPHU JIPOOECTpyHHO# 00-
paboTke:

2 po sina

8§=R (7

3 oT

Ha puc. 2 npuBeneHs! pacueTHble 3aBUCHUMOCTH

TOJIIMHBI HAHOCTPYKTYPUPOBAHHOTO CJIOS HA IOBEPX-

HOCTH TIpH JpobecTpyiiHON 00paboTKe OT mpesena Te-

KydecTr oOpabaTbiBaeMoro Metauia o gpopmyie (7) mis
R=10"*m,a=30"mm1p, = 0,1; 0,2; 0,3; 0,4; 0,5 MITa.

&, MKM
2400

2000

1600

1200

300 400 500 600 700 800 900

oy, MITa

Puc. 2. 3aBUCHMOCTD TONIIUHBI HAHOCTPYKTYPHPOBAHHOTO CIIOSI
00pabaTeIBaeMOro MaTepHaia OT Ipeelia TeKyUecTH:
1—py =0,1Mlla; 2—p, = 0,2 MIla; 3—p, = 0,3 Mlla;
4—po = 0,4 MIla; 5 —p, = 0,5 MIla
[Figure 2. Dependence of the thickness of the nanostructured layer
of the produced material on the yield strength:
1—-py =0,1Mlla; 2—p, = 0,2 MIla; 3—p, = 0,3 MIla;
4—po = 0,4 MIla; 5 — p, = 0,5 MITa]

U3 puc. 2 cienyert, 4To MOBBIIICHUE TIpe/Iena Te-
Ky4eCTH MaTepuala MPUBOAUT K YMEHBUICHHIO TOJIIIU-
HBl HAHOCTPYKTYPHUPOBAHHOTO CJIOS, a TaKXke, YTO TOJ-
[IMHA HAHOCTPYKTYPHUPOBAHHOTO CJIOSI 3aBUCUT OT JaB-
neHns B cTpye npobu. @opmyna (7) cocTaBiseT oc-
HOBY IOJIy4eHHOT0 narenTa [17].

3akiouenne

Ha ocHoBaHuM pelieHHs] KOHTaKTHOM 3aJa4uu Teo-
pUM YIPYTrOCTH O IEHCTBHU CHJIBI HAa YHPYroe Ioiy-
MPOCTPAHCTBO MpeaiararTcs (GpopMmyIbl i pacuera
TEXHOJIOTHYECKUX TapaMeTpoB IpobecTpyitHOW oOpa-
0OTKHM AeTaneil MallTHHOCTPOCHUS, B 4acTHOCTH (op-
MUPOBaHUS HAHOCTPYKTYPUPOBAHHOTO CJIOSI HA TIOBEPX-
HOCTH JIETaJTH.

IIpu xomomHO# TUTacTHYECKOH AedopMalni, pea-
JIU3yEeMOH B mpoliecce ApodecTpyiHOi 00pabOTKH, po-
WCXOJIUT U3MEITbUCHUE 3ePEH KPUCTAJLUTUUECKON CTPYK-

LVHAMUKA KOHCTPYKLIWA 1 COOPYXEHUM

TYphI MOBEPXHOCTH 00pabaThIBAEMOr0 METaJlIa 10
HAaHOPa3MEPOB, YTO CHOCOOCTBYET MOBBIIIEHHUIO yCTa-
JIOCTHOM JIOJTOBEYHOCTH, TBEPJOCTH, KOPPOZUOHHOMH
CTOUKOCTH, YJIYUYIICHUIO TPHOOTEXHUYSCKUX XapaK-
TEPUCTHK.

Hanwmune HaHOCTPYKTYPHPOBAHHOTO CJIOS HA TIO-
BEPXHOCTH 00ECIeUnBaeT YIyUIlIeHHE XapaKTePUCTUK
JUTUTENIEHON U YCTaJIOCTHON MPOYHOCTH, MTOCKOJIBKY C
MO3UIIMHA MEXaHWKH Pa3pylIeHUs TOBEPXHOCTH OTpe-
JISJISIET OTACHOCTh 00Pa30BaHUs U POCTA TPEIIMH, ITPH-
BOJSIIIMX K Pa3pylICHUIO I€Tajeil MalllMHOCTPOCHUSI.
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The mechanism of nanostructuring the surface of engineering parts

during shot blasting

German L. Kolmogorov, Alexandr S. Vysotin*

Perm National Research Polytechnic University, 29 Komsomolskii Ave, Perm, 614000, Russian Federation

*vysotin.dpm@mail.ru

Abstract

Relevance. The paper considers shot blasting, which is a widely used method for
improving the surface properties of parts (such as fatigue strength, hardness, and elon-
gation) due to cold plastic deformation, which results in nanostructuring of the surface
of the processed material, accompanied by a reduction in the grain size of its crystal
structure. The conditions for the formation of a nanostructured surface layer when pro-
cessing parts with a shot stream are studied. The aim of the work is to determine
the conditions of nanostructuring during shot blasting due to plastic deformation, de-
termined by the impact of the shot, which collides with the treated surface at high
speed. Methods. To solve the stated problems, we used the solution of the contact prob-
lem of the theory of elasticity on the action of a concentrated force on the elastic half-
space, the role of which is played by the workpiece. The conditions of the onset of plas-
tic deformation in the surface layers of the workpiece are determined. Cold plastic de-
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formation provides nanostructuring of the surface layer of the workpiece, increasing
strength, fatigue life, atomic diffusion and improving tribotechnical characteristics.
Results. Based on the contact problem of the theory of elasticity, the problem of
the formation of a nanostructured layer on the surface of the workpiece during shot
blasting has been solved. An analytical dependence has been obtained, which
allows predicting the transition of the material to a plastic state and nanostructuring
the surface of the workpiece during shot blasting.
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[octynmna B pemakumio: 19 nexabps 2019 r. AxkmyansHocms. B coCcTaB THIPOY3JIOB BXOJSAT HKENE300CTOHHBIC TOIIOPHBIC
Jopaborana: 06 mapta 2020 r. crenbl. OHM TIpe/IHAa3HAYCHBI JUTSI 3alMThI OCHOBHBIX COOPYXKEHHUIT OT OOpYIICHUS U
IMpunsra k nyonukanuu: 14 mapra 2020 . CIION3aHKsA TPYHTOBBIX MaccHBOB. II0NMOpHBIE CTEHBI XapaKTEPH3YIOTCS 3HAYUTEIIb-

HBIMH pa3MepaMH, CPaBHUTEIILHO HEBBICOKHM COJEPYKAHMEM apMaTyphbl, HATHUYHEM
TOPU3OHTATIBHBIX MEKOIOUHBIX IIIBOB, YTO CYIIECTBEHHO BIMSIET HA 0COOEHHOCTH HX
paboTel U cocTosiHMe. HopMaTHBHBIE TOKYMEHTHI, IEHCTBOBABIIE B IIEPUOL TIPOEK-
TUPOBAaHUS U CTPOUTENILCTBA OONBIINHCTBA IIOAIOPHBIX CTEH (BTOpast MOJIOBUHA IIPO-
LIUIOrO CTOJIETUs), HE B IOJIHOM Mepe ydUThIBAIM OCOOEHHOCTH UX pabOThl, BCIEI-
CTBHE 4ero NpH JIUTEIbHON KCILTyaTalluy NPOSIBUIUCH OTKJIOHEHUS OT MPOEKTHBIX
IPEANOCHUIOK, TAKME KAK YPE3MEPHBIC CMELIEHUS BEpXa CTEH, PACKPBITUS FOPU30OH-
TAIBHBIX MEKOJIOYHBIX IIIBOB, KOTOpHIE MPEBBIIIAIH MMPOSKTHBIE 3HAYeHUs. B 1mienom
psiie CilydaeB BBIIOIHSUIOCH YCHJICHHE JKEIE300€TOHHBIX KOHCTPYKIMN IOAHNOPHBIX
CTEH B 30HaX MEXOJIOUHBIX MBOB. L]ens padomel 3aKI04aeTCsl B IPOBEICHUH JKCITe-
PHUMEHTATIGHBIX UCCIIEIOBAHUH 7KeIe300€TOHHBIX TOATIOPHBIX CTEHOK, B TOM YHCIIE C
Y4eTOM UX YCHJICHHS HAKIOHHBIMU apMaTypHBIMU CTEXKHAMU. B kauecTBe OCHOBHO-
IO Memooa NPUMEHsIIaCh METOMKA IKCIEPHUMEHTAIbHBIX UCCIIEOBAaHUH THIIPOTEX-
HUYECKUX JKeNIe300€TOHHBIX KOHCTPYKIMI B COOTBETCTBHU C HOPMATUBHBIMU JIOKY-
MEHTaMH 1 pa3pabOTaHHOW MPOrpamMMOil SKCIEPHUMEHTAIbHBIX HUCCIECIOBAHUN JKele-

Te yumuposanus 300€TOHHBIX MOJIOPHBIX CTeH. [loydeHHbIE pe3ynbmampl IOKa3aal pacKpbITHE
TOPU3OHTAIBHBIX MEKOIOUHBIX IBOB, 00pa30BaHKE HAKIIOHHBIX TPEIIMH, BHIXOISIINX
Pyoun O /1., Jlucuukun C.E., Ilawenxo D.A. P » OO TPCILLHH, L
13 mBoB. bputo 3aduKcrpoBaHO MOBBIIICHHE NPOYHOCTH KeNe300eTOHHBIX KOHCTPYK-
LM TIOJIOPHBIX CTEH M CHIDKEHHE UX J1e(pOPMATUBHOCTH 3a CUET YCHIICHUS HAKJIOH-
HBIMH CTEPYKHSMH B 30HE MEKOJIOYHOTO I1IBA.

Pe3ynbTaThl SKCIEpIMEHTAIBHBIX UCCIIEN0-
BaHUI jkeNe300eTOHHBIX MOATIOPHBIX CTeH //
CrpounTtenpHas MeXaHHKa HHKEHEPHBIX KOH-

cTpyKuuii u coopysxeruit. 2020. T. 16. Ne 2. Kmoueswvie cnosa: xene300eTOHHBIC MOAMOPHBIE CTEHBI THAPOY3IIOB, JKelle-

C. 152-160. http://dx.doi.org/10.22363/ 300€TOHHBIE MOJEIH, MEKOJIOYHbIE TOPU30HTAJIbHBIC LIBbI, APMUPOBAHHE, Ha-

1815-5235-2020-16-2-152-160 KJIOHHBIE apMAaTypHBIE CTEPXKHU, KOHTPOJIbHO-U3MEPUTEIIbHAS apMaTypa
BBenenue HelicTBytolue B MepuUo]i MPOSKTUPOBAHUS MOJI-

MOPHBIX CTEHOK HOPMAaTHBHBIE JOKYMEHTbI HE B IIOJ-
HOH Mepe YUHUTBIBAIN XapaKTEPHbIE OCOOCHHOCTH XKe-
71e300€TOHHBIX KOHCTPYKLUH, B IEPBYIO Ouepeab Ha-
JIMYMEe TOPU3OHTAIBHBIX MEXOIOYHBIX IIBOB, BCIE-

IToamnopHble CTEHBI ABIAIOTCS Hanbosiee pacmpo-
CTpaHEHHBIMHU COOPY>KEHUSIMH ruApoy3ioB [1-5].
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[MotpeboBanoch MpoBEACHUE 3KCIIEPHUMEHTAIBHBIX
WCCIIEJIOBaHUH Kele300€TOHHBIX MOJENel THIPOTEX-
HUYECKHUX MOJIMOPHBIX CTEHOK, B TOM YHCJIE C YIETOM
UX YCUJICHUS! HAKIIOHHBIMU CTEP>KHIMHU, IJIS1 UCCIEIO0-
BaHUs pabOTHI MOIMOPHBIX CTEH.

1. MaTtepuaJjibl 1 METO/IbI HCCJIEI0BAHMIA.

Koncmpykuus mooenu iicene3zodemonHou noo-
nopuoi cmenku. {11 IpoBeaeHNs SKCIIEPUMEHTAIIb-
HBIX MCCIIECIOBAaHUN OblIa M3rOTOBJICHA XKEJIe300€TOH-
Has MOJIeJTb TIOATIOPHOM cTeHHBI B MaciiTabe 1:12 ¢ ra-
Oaputamu: Beicota 143,0 cm; Tommmua 30,0 cM; 1mu-
puHa B kopHeBoM cedeHud 33,0 cm. Ilo BeicoTe Moze-
JIMPOBAINCH TPU T'OPH3OHTAIBHBIX MEXKOJOYHBIX ILBA:
HIDKHHUH IIOB MPOTsDKEHHOCTHIO 29,9 ¢M Ha paccros-
Huu 14,0 cM OT HUXKHEH I'paHU; CPeIHUN 1IOB NPOTS-
YKEHHOCTBIO 25,2 cM Ha paccTosiHuU 35,4 cM OT HUX-
Hell TpaHH; BEPXHHUM IIOB MPOTSHKEHHOCTBIO 17,5 cMm
Ha pacctosHuu 70,8 cM oT HrxkHel rpanu. Ha stamne 1
MOZIEJb UCHBIThIBANIACH 0€3 YCHJIeHHs; Ha 3Tare 2 Oblia
yCHIIEHa TIOCPEICTBOM HAKIOHHBIX CTEPXKHEH Anamer-
poM 10 MM u3 apmaTypsl kinacca A400, ycTaHOBIEH-
HBIX 10 OOKOBBIM TpaHSM MOJENHU Mmoj yrioM 15°
TOPU30HTAIH B 30HE CPEAHEr0 MEKOIOYHOrO 1Ba. Y Cu-
JIEHWE MOJIEIH BBHINOJHIOCH MO0 aHAJIOTHU C YCHIIe-
HUEM CYLIECTBYIOIINX KOHCTPYKIMH MOAMOPHBIX CTEH
Y CTEH KaMep 10308 [13—15].

KoncTpykius mozenu Ha »sTamax 1 u 2 mpen-
CTaBJIeHa Ha pHcC. 1.
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Puc. 1. KoHCTpyKIIMM MOJENH MOIOPHON CTEHBI Ha 3Tanax 1 u 2
[Figure 1. The structures of the retaining wall model
in the stages 1 and 2]

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

Pabouee apmMupoBaHue y THUTOBOW T'paHU MOJIEIN
CTEHKH BBINIOJHSUIOCH B BUJE TPpeX 12 MM TuaMeTpoB
A-IIT (A400), y nuneBoii rpanu — ogHoro 12 MM aua-
Metpa A-III (A400). beton monenu kiacca B25.

Memoouxa IKcnepumeHmanbHbIX UCC1C006AHUT
Modenu noonopuoii cmenwl. 1Ipy NpoBeIEHUHN 3KC-
MEPUMEHTAIBHBIX HUCCIIEOBAHNUH HCIONB30BAINCH CIIe-
IIYIOIIIHE CPEACTBA NCTIBITAHHIHA:

— CTEH[| ISl UCTIBITAHUA MOJIEJIeH JKeIne300eTOH-
HBIX KOHCTPYKLUIA;

— ruapoummHAp (momkpar) JII'C-63 ¢ Makcumab-
HbIM ycuiueM 630 kH;

— TEeH30PE3UCTOPHI IS U3MEpeHHsl e opMaliuii
¢ ToyHocThio 10 10XE-5 (0,00001) e.o.1.;

— TeH3oMeTpuyeckas craniusa ZET 017-T8;

— uHauKaTopsl yacooro tuna MY-10 ¢ uenoi
neneansa 0,01 mm;

— mukpockon MIIb-3 mig u3Mepenus BeTMUMHBI
PaCKpPBITHS TPEIIUH.

B xoze skcnepuMeEHTaIbHBIX HCCIENOBAHUM OII-
pENeNsIINCh TaKue MOKa3aTelN!, KakK:

— Harpy3ka oOpa3oBaHusl TPEIIKH (B TOM YHUCIIE TIO
TOPH30HTAJIEHBIM MEXKOJIOUHBIM CTPOUTEIBHBIM IIIBAM )
1 XapakTep 00pa30BaBIIUXCS TPEIIHH;

— IIUPUHA PACKPBITHS TOPH30HTAIBHBIX MEXO0I04-
HBIX IIBOB U TPEIIHH;

— TiepeMelleHue Bepxa MOJIeH;

— nedopMaIiu JIEMEHTOB YCHIICHUS MOJICTH (Ha-
KIIOHHBIX CTEp)KHEN);

— MPUPOCT HATPY3KHU AN YCHWIECHHON MOJenau
(10 cpaBHEHHIO C HEYCUJICHHOI KOHCTPYKLHMEH).

OKcneprMeHTATbHBIE NCCIIEOBAHNS TIPOBOIMINCH
B ONpEICTICHHOM TIOPS/IKE: HArpy3Ka MPUKIaIbIBANIACh
ctynensmu 1o 10 % ot Harpy3ku paspyuenus (mo 5 %
Mpu BeluuuHe Harpysku Oomee 90 % ot ruiaHupye-
MO pa3pyImaronieii Harpy3Ku) ¢ BBIISPKKOH 15 MuH.

Cxema yCTaHOBKH KOHTPOJIBHO-M3MEPHUTEIFHOH ar-
napaTypbl Ha ene300eTOHHOW MOJAENH MOAMOPHOM
CTEeHBI TIpeICTaBlIeHa Ha pHUC. 2.

Jiist KOHTpOIIA TIepeMeIeHnsT Bepxa MOJIENTH ycTa-
HaBIMBAJINCH TIPOTUOOMEPHI — HHIMKATOPHI YaCOBOTO
tuna (Meccypsl). PackpbiTie TOpH30OHTATBHBIX MEXK-
OJIOYHBIX IITBOB KOHTPOJIHPOBAJIOCH MOCPEACTBOM yCTa-
HOBJIEHHBIX BEPTHUKaJIbHO WHAWKATOPOB YaCOBOTO TH-
ma, TPEIMMHO00Opa3oBaHUe B XKene300eTOHHONW Moie-
JIM — BU3YAJIBHO C IPUMEHEHUEM MUKPOCKOIIA OTCYET-
Horo MIIb-3 (Tpy6xu bpunnens).

[Ipu mpoBeneHNN SKCIEPUMEHTAIBHBIX UCCIIEN0-
BaHWU OBUT yYTEH OIBIT SKCIIEPHUMEHTAIBHBIX HCCIIe-
JIOBAaHUN THAPOTEXHUYECKUX coopyxkeHu [16—19;
21;22].
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Puc. 2. CxeMa yCTaHOBKH KOHTPOJIBHO-U3MEPHUTEIIBHOM aIlaparypbl Ha KeJie3006 TOHHOM MO/IEI N TOANOPHON CTCHBI
[Figure 2. The installation diagram of the instrumentation on a reinforced concrete retaining wall model]

2. Pe3yIbTaThl 3KCIIEPUMEHTAIBHBIX HCCIeT0BAHMIA
MO/ e/ NOANOPHOI CTEeHbI

JKenezobeToHHast MOJIEIb MTOIIOPHON CTEHBI, MO
BEp>KEHHAs JEHCTBUIO CUJIOBOM Harpy3Ku, yCTaHABIIH-
BaJach BEPTHKAIBHO B CHIIOBOM CTeHze. Cxema HCIIbI-
TaHUil IpescTaBieHa Ha puc. 1.

Ha stane 1 npoBoguauch 3KCIEpUMEHTANBHBIC HUC-
CIIEJIOBAHUSI HEYCUJIEHHON MOJIETU MOJIOPHONU CTEHBI
IIPA PACHOJIOKEHUU PaBHOACHCTBYIOLIEW HArpy3kd Ha
BbICOTE 64,5 CM OT KOPHEBOTO CEUCHHUSI.

Ha stane 2 uzyvanack MoAenb MOAMOPHOM CTEHBI,
YCHJICHHAs IOCPEICTBOM HAKJIOHHBIX apMATYpPHBIX CTEPXK-
HEH, IPU TOM K€ PaCIOJIOKEHUH PaBHOAECHCTBYIOIIECH
Harpy3Ku.

B xone skcriepuMeHTOB (PUKCHPOBAIOCH PACKPHI-
THE TOPU30HTAIBHBIX MEKOJIOUHBIX IIBOB CO CTOPOHEI
TBUTOBOW TPaHU MOJICNM; a Ha OoJiee MO3JHUX dTarax
Harpy»eHus U3 FOPU30HTAJIBHBIX UIBOB MIPOUCXOIUIIO
00pazoBaHMe HAKJIOHHBIX TpemwH (puc. 3), 4To Cco-
TJIaCOBBIBATIOCH C UCCIICIOBAHUSME 0COOCHHOCTEH pa-
00THI IeiicTByIOIMX coopyxkenuit [9—-12; 20; 23].

OCHOBHBIE PE3yIbTATHI, MOJyYEHHBIE B XOJe
AKCIEPUMEHTAIBHBIX HCCIEOBAHUM, TTPEACTABICHBI
B Tabn. 1 — IpyW MOJHBIX 3HAYCHHSIX HATrPYy30K UCIIBI-
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TaHUs MoJeNnu Ha dTanax | u 2 u B Tabn. 2 — npu
OJIMHAKOBBIX Harpyskax (62,4 kH) Ha stanmax 1 u 2 B
LEJISAX COMOCTABIICHUS PE3YIBTATOB.

5

143

BepxHuit wos
[Upper joint]

BepxHuit wos
[Upper joint]

CpepHwii Wwoe
[Middle joint]

CpepHuii wos
[Middle joint]

T4
Hunmii wos

[Lower joint]

Hwknuii wos
[Lower joinf]

Puc. 3. Cxema 00pa3oBaHus HAKJIOHHBIX TPELIHH
B MOJICJIH HOJITIOPHOI! CTCHBI
[Figure 3. The diagram of the inclined cracks formation
in the retaining wall model]
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Ha srane 2 ucneitanuii nedopmannut pacTsukeHUR
B HAKJIOHHBIX CTEPXHAX YCHJICHUS MOJEIN COCTaBH-
M 65x107° emMHMI] OTHOCHTENBHOH aedopMarnuy,
4TO cOOTBeTCTBYeT HanpskeHusM 130 MIla (ycumnuro
B KaxxaoM crepxkae 10,2 kH).

PesynbpTatThl SKCIEpUMEHTAIBHBIX UCCIEAOBAHUN
MOJIENTU TOATIOPHOM CTeHBI (TpauKy MepeMereHuN
BepXa MOJIEJH, ITUPUHBI PACKPBITHS TOPU30HTATBHBIX
MEKOJIOYHBIX IIBOB, INUPUHBI PACKPBITHSA HAKIOHHBIX
TpeLIMH, AeQOopMaliii B HAKJIOHHBIX 3JIEMEHTaX YCH-
JISHWsI) TIPeICTaBIIeHbI Tpaduiecku Ha puc. 4—14.

Tabauya 1

Ilos1HOE 3HAYEHNe HATPY3KHU
[Table 1. Full load value]

Jran 1 (Harpyska 68,64 kH)
[Stage 1 (68,64 kN load)]

Jran 2 (Harpyska 70,72 kH)
[Stage 2 (70,72 kN load)]

Hlupuna packpvimus 20pu30HMAaIbHLIX WEOE
[The width of horizontal joints disclosure]

Bepxnmii mos [Upper joint]

cp. 0,06 mm [avg. 0,06 mm)]

cp. 0,09 mum [avg. 0,09 mm]

Cpennuii mos [Middle joint]

cp. 0,425 mM [avg. 0,425 mm]

cp. 0,35 mm [avg. 0,35 mm]

cp. 0,475 mMm [avg. 0,475 mm]
Jatuux Ha Teu10BOM rpann MY11-0,60 mm JlaTunk Ha Teu10BO#M rpanu MU11-0,50 MM
[Rear Edge Sensor 1Y11-0,60 mm]

Hwxuuit mos [Bottom joint]

cp. 0,325 mMm [avg. 0,325 mm]

[Rear Edge Sensor 1Y11-0,50 mm]

IMuprHa pacKpBITHS HAKIIOHHBIX TPEIIUH
[Width disclosure of the inclined cracks]

T3 -0,45 mm [mm]
T6 — 0,80 MM [mm)]
T7 - 0,50 mm [mm)]

T3 - 0,40 MM [mm)]
T6 — 0,75 mm [mm]
T7 - 0,45 mm [mm]

OTtHOocuTenbHasA AeOpMAaLUs HAKIOHHBIX CTEpIKHEH
[The relative deformation of the inclined rods]

- 65,0107 e.o.x1.

IIepemelenue Bepxa Moaenu
[Displacement of the top of the model]

18,3 MM [mm)]

16,9 MM [mm]

Tabauya 2

OnunakoBasi Harpy3ka — 62,4 kH
[Table 2. The same load — 62.4 kN]

Jrtan 1 (Harpy3ka 62,4 kH)
[Stage 1 (62,4 kN load)]

Jrtan 2 (Harpy3ka 62,4 kH)
[Stage 2 (62,4 kN load)]

lupuna packpeimus 20pU30HMATLHBIX WUBOE
[The width of horizontal joints disclosure]

Bepxuuii mos [Upper joint]

cp. 0,052 MM [avg. 0,052 mm]

cp. 0,075 mm [avg. 0,075 mm]

Cpennwuii mwos [Middle joint]

cp. 0,365 mm [avg. 0,365 mm]

cp. 0,28 mm [avg. 0,28 mm]

cp. 0,405 mm [avg. 0,405 mm]
Jaruvik Ha Teu10BOM rpanu 11411-0,52 MM JlaTurk Ha ThUI0BOM rpanu 1M1411-0,48 Mm
[Rear Edge Sensor 1411-0,52 mm)]

Hwxunit mos [Bottom joint]

cp. 0,275 mm [avg. 0,275 mm]

[Rear Edge Sensor 1411-0,48 mm]

[IuprHa pacKpHITHS HAKIIOHHBIX TPELMH
[Width disclosure of the inclined cracks]

T3 -0,35 mm [mm]
T6 - 0,70 MM [mm)]
T7 - 0,40 MM [mm)]

T3 -0,30 MM [mm]
T6 — 0,65 MM [mm]
T7—-0,35 MM [mm)]

OrHocurenbHast 1eopMalys HAKJIOHHBIX CTEpIKHEH
[The relative deformation of the inclined rods]

57,0107 e.o.x.

ITepemereHue Bepxa MOJEIH
[Displacement of the top of the model]

15,96 mm [mm)]

15,34 MM [mm)]

OKCNEPUMEHTAILHBIE UCCNEROBAHMA
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Puc. 4. I'paduk nepeMeinieHns Bepxa MOJICIH Ha dTamne 1, MM
[Figure 4. Diagram of the displacement of the top of the model
at the stage 1, mm]
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Puc. 5. I'paduky MIpUHBI PaCKPBITHS BEPXHETO [IBa MOJEITH
Ha sTane 1, MM
[Figure 5. Diagrams of the disclosure width of the upper joint of
the model at the stage 1, mm]
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Puc. 6. 'padyku mupuHbI paCKPBITHA CPEAHETO MIBA MOICITIH
Ha sTane 1, MM
[Figure 6. Diagrams of the disclosure width of the middle joint of
the model at the stage 1, mm]
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Puc. 7. 'padukyl IIHPUHBI PACKPBITUS HHKHETO 1B MOJICIH
Ha 3Tane 1, MM
[Figure 7. Diagrams of the disclosure width of the lower joint of
the model at the stage 1, mm]
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Puc. 8. I'paduku IIMPHUHBI PACKPBITUS HAKIIOHHBIX TPEIHH
B MOJICJIM Ha 3Tane 1, MM
[Figure 8. Diagrams of the disclosure width of the inclined cracks
in the model at the stage 1, mm]
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Puc. 9. I'paduk nepemenieHus Bepxa MO Ha dTare 2, MM
[Figure 9. Diagram of the displacement of the top of the model
at stage 2, mm]
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Puc. 10. I'paduky mupuHEI pacKpHITHS BEPXHETO IIBA MOAEIN
Ha 3Tane 2, MM

[Figure 10. Diagrams of the disclosure width of the upper joint of

the model at the stage 2, mm]
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Puc. 11. I'pahuxy IUPHHBI paCKPHITUSI CPETHETO IIBA MOJIEIIH
Ha 3Tane 2, MM
[Figure 11. Diagrams of the disclosure width of the middle joint of
the model at the stage 2, mm]
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Puc.12. I'paduky MUpPUHBI PAaCKPBITHS HIKHETO 1B MOJCITH
Ha 3Tane 2, MM
[Figure 12. Diagrams of the disclosure width of the lower joint of
the model at the stage 2, mm)]
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Puc.13. I'padyky mmpUHEI PaCKPBITHS HAKJIOHHBIX TPEIHH
B MOJICJIM Ha dTame 2, MM
[Figure 13. Diagrams of the disclosure width of
the inclined cracks in the model at the stage 2]
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nedopmannsi, x10-5e.0.x
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Puc. 14. I'padux nedopmannii HaKJIOHHOTO
CTepXKHs yCUIIEHUs Mozienn Ha otare 2 (X107 e.0.1)
[Figure 14. Diagram of the deformation of
the inclined model gain rod at the stage 2 (x107)]

CormocrapneHue pe3yabTaTOB dKCIEPUMEHTATBHBIX
WCCIICZIOBAHMM, TIPEACTABIICHHBIX B Ta0M. 1 U 2, a Takxke
Ha puc. 4-14, nokasano, 4To 3a CYET YCUJICHUSI MOJIe-
JIM IIOJIIIOPHOM CTEHbI HAKJIOHHBIMH CTEP)KHSIMH yBeE-
JIUYniIach MpejenbHas Harpy3ka Ha MOJEjb, YMEHb-
LIMJIMCH MPOTHO Bepxa MOIENH, IUPUHA PACKPBITHS
TOPU30HTAJIBHBIX MEXOJOYHBIX IIBOB M HAKIOHHBIX
TPELIUH.

IIpu 3ToM npu onuHakoBoi Harpyske 62,4 kH mpo-
ru0 Bepxa Monenu cHu3wics Ha 3,9 %, mmpuna pac-
KpBITUS cpefHero miBa — Ha 23,3 %, HIKHero ImBa —
Ha 32,1%, mupuHa pacKphITUS HAKIOHHOW TPEIMHBI

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

T3 — na 14,3 %, tpeunsl T6 — Ha 7,1 %, TpemwuHbl
T7 —na 12,5 %.

3aKkioueHmne

Wsrorosiena >kene300eToOHHast MOJIEb OANOPHON
cTeHsl B Maciitabe momobust 1:12, B KOTopoii Bocmpo-
U3BEIECHBl TOPU30HTAIbHBIE MEXOI04YHbIe MmIBHL. [lpn
9TOM Ha 3Tamne 2 UCHBITaHWH MoJeNb Oblla yCHIIeHa
HaKJIOHHBIMU CTEPKHSMH B 30HE CPEIHET0 MEXOI04-
HOT'O ILIBA.

[IpoBeneHs! IKCHIEpUMEHTAIBHBIE HCCIEAOBAHUS
paboThI XKene300eTOHHOW MOJIENIN TIOATIOPHON CTEHBI
Ha AelCTBUE HArpy3KH, MPHUI0XKEHHOH K THUIOBOU
TpaHu MOJIETHU, PaBHOJAEHCTBYIOIIAs KOTOPOU MPUIIO-
JKe€Ha MEepPHEeHANKYJISIPHO K HaKIOHHOW I'paHU Ha BBI-
cote 64,5 cM ot kopHeBoro ceueHusi. Ha stane 1 BbI-
HOJHAJIOCH UCIIBITAHNE HEYCUIICHHON MOZETH, Ha 9Ta-
ne 2 — MOJIeNH, YCWICHHOW HAKJIIOHHBIMHU CTEPKHIMH
B 30HE CPEIHETO MEXOJIOYHOTO IIBa.

AHanu3 pe3ysbTaToB SKCIEPUMEHTAIBHBIX UCCIIe-
JIOBaHUM Ha sTamax | u 2 mokasall, 4To 3a CUET YCH-
JICHWsI HAKIIOHHBIMU CTEPKHSAMH Ha 3Tare 2 Mpeaeib-
Hasl Harpyska yBenuuuiach Ha 3,0 %, mporu6b Bepxa
Monenu cHusmics Ha 3,9 %, mupuHa pacKphITHS TO-
PU30HTATBHBIX IIIBOB CHU3WIACKH B cpenHeM Ha 27,7 %,
a IIMPHHA PACKPBITUS HAKJIOHHBIX TpelmH — Ha 11,3 %.
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Abstract

Relevance. Hydroelectric facilities include reinforced concrete retaining walls.
They are intended to protect the main structures from the collapse and sliding of soil
massifs. Retaining walls are characterized by significant size, relatively low content of

reinforcement, the presence of horizontal interblock seams, which considerably affects
the features of the work and the state of retaining walls. The normative documents that
were in force during the design and construction of most retaining walls (the second
half of the last century) did not fully take into account the features of the retaining walls,
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as a result of which long-term operation revealed deviations from the design premises,
including excessive displacement of the top of the walls, the disclosure of horizontal
interblock joints, which exceeded the design values. In a number of cases, reinforced
concrete structures of retaining walls were reinforced in areas of interblock joints.
The aim of the work is to conduct experimental studies of reinforced concrete
retaining walls, including taking into account their reinforcement by inclined re-
inforcing bars. Methods. The technique of experimental studies of hydraulic engineering
reinforced concrete structures was applied in accordance with regulatory documents
and the developed program of experimental studies of reinforced concrete retaining
walls. The results obtained showed the opening of horizontal interblock joints, the for-
mation of inclined cracks emerging from the joints. An increase in the strength of rein-
forced concrete structures of retaining walls and a decrease in their deformability due to

forced concrete retaining walls. Structural
Mechanics of Engineering Constructions
and Buildings. 2020;16(2):152—160. http://
dx.doi.org/10.22363/1815-5235-2020-16-
2-152-160. (In Russ.)

reinforcement by inclined rods in the area of the interblock weld were recorded.

Keywords: reinforced concrete retaining walls of waterworks, reinforced
concrete models, interblock horizontal seams, reinforcement, inclined reinforcing
bars, instrumentation fittings
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Abstract

Structures are designed using current seismic design codes which are most-
ly based on Force-Based Design approach. The aim of the work is to implement
the Performance-Based Seismic Design (PBSD) approach in concrete buildings.
PBSD, which is a new concept in seismic design of structures, is a reliable ap-
proach capable of providing more detailed information on the performance levels
of both structural and non-structural elements. Methods. In this study Perfor-
mance-Based Seismic Design has been utilized on reinforced concrete irregular
frame. In order to do this pushover analysis was done. Story drift ratios were
chosen as deformation limits to define the performance levels for specific earth-
quake hazard levels. The results of this study show that Performance-Based
Seismic Design gives a structure with better seismic load carrying capacity,
thereby achieving the objective of performance as well as economy. It is also
possible to conclude that PBSD obtained by above procedure satisfies the ac-
ceptance criteria for immediate occupancy and life safety limit states for various
intensities of earthquakes.

Keywords: Performance-Based Seismic Design (PBSD), pushover analysis,
example building

Introduction

Viewed through the historical prism of the past

ceived in terms of simple mass-proportional lateral for-
ces, resisted by elastic structural action. In the 1940°’s
and 50’s the influence of structural period in modi-

100 years, seismic structural design can be seen to
have been in constant evolution — much more so than
design for other load cases or actions such as gravity,
wind, traffic, etc. Initially, following structural dama-
ge in the seminal earthquakes of the early 20" century
(Kanto, Long Beach, Napier), seismic attack was per-
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fying the intensity of the inertia forces started to be
incorporated into structural design, but structural ana-
lysis was still based on elastic structural response. Duc-
tility considerations were introduced in the 1960’s and
70’s as a consequence of the experimental and empi-
rical evidence that well detailed structures could sur-
vive levels of ground shaking capable of inducing
inertia forces many times larger than those predicted
by elastic analysis. Predicted performance came to be
assessed by ultimate strength considerations, using
force levels reduced from the elastic values by some-
what arbitrary force-reduction factors, that differed
markedly between the design codes of different seis-
mically-active countries. Gradually this lead to a fur-
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ther realization, in the 1980°s and 90’s that strength
was important, but only in that it helped to reduce
displacements or strains, which can be directly related

Step 1

Select performance

objectives

to damage potential, and that the proper definition of
structural vulnerability should hence be related to de-
formations, not strength [1].

Inputs from
Owner, designer and

building officials
Inputs from
Step 2 . Owner, designer and
Develop preliminary contractors
design
Revise design l
and/or Step 3
objectives Access performance
—T T = capability
l Comments
Peer reviewers,
building officials
Step 4
No Does Yes
' performance —)
meets objective? 1
Construction

Figure 1. Performance-Based Seismic Design flow diagram [2]

Performance-Based Seismic Design (PBSD) is a ge-
neralized design philosophy in which design criteria are
expressed in terms of achieving stated performance
objectives when the structure is subjected to the stated
levels of seismic hazard. PBSD permits the design and
construction of buildings with a realistic and reliable
understanding of the risk to life, occupancy, and eco-
nomic loss that may occur because of future seismic
events. PBSD is an iterative process, which begins with
the selection of performance objectives (that are defined
by the owners, designers, and building officials), fol-
lowed by the development of a preliminary design (con-
sidering stated set of performance objectives), an as-
sessment of whether the design meets the performance
objectives, and finally redesign and reassessment, if re-
quired, until the desired performance level is achieved.
The methodology provides a framework for determi-
ning the levels of safety and property protection, and
the cost acceptable to owner, designer, and building
officials for the project according to the specific pro-
ject requirement [2].
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PBSD procedure:

» Generally, a team of decision makers, inclu-
ding the building owner, design professionals, and buil-
ding officials, will participate in the selection of per-
formance objectives for a building.

» Once the performance objectives are set, a se-
ries of simulations (analyses of building response to
loading) are performed to estimate the probable per-
formance of the building under various design scena-
rio events.

» If the simulated performance meets or exceeds
the performance objectives, the design is complete
otherwise it has to be redesigned. Figure 1 displays
the flowchart representing key steps in the PBSD pro-
cedure.

1. Methods of analysis

Generally, for analyzing the structure the following
analysis methods are used depending upon the require-
ments [3]: linear static procedure, linear dynamic pro-

SEISMIC RESISTANCE
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cedure, nonlinear static procedure (pushover analysis,
capacity spectrum method), nonlinear dynamic proce-
dure (time history analysis).

Pushover analysis is the one, which is suitable for
the performance based seismic design, because elastic
analyses are insufficient, therefore they cannot realis-
tically predict the force and deformation distributions
after the initiation of damage in the building. Inelastic
analytical procedures become necessary to identify
the modes of failure and the potential for progressive
collapse.

2. Evaluation of Performance-Based Design

The essential difference between the design of
new buildings and the evaluation of existing buildings
is the point of view. In design, the objective is to cre-
ate a new building, which can resist the expected for-
ces (horizontal and vertical) with an appropriate safe-
ty margin. Starting from a structural model of the buil-
ding and the expected applied forces the required sec-
tions of the structural elements have to be determined
for a chosen material. It is common practice to choose
a slightly conservative model, i.e. to neglect the posi-
tive influence of some elements, firstly to simplify
the model and secondly to be on the safe side. Also,
the material strength is usually multiplied by a certain
strength reduction factor; whereas the expected ap-
plied forces are enhanced to take into account uncer-
tainties [4].

The choice of the strength reduction factors and
the design forces are governed by the aim for econo-
mic optimization, however they are usually chosen to
keep the risk of damage extremely low, i.e. in building
design this compares with an accepted annual proba-
bility for achieving the ultimate capacity of about
0.01%. In earthquake engineering a rational design
becomes more important accepting a higher risk of
damage [5; 6].

Here the annual probability for achieving the ul-
timate capacity can be as high as 1 to 3%. In evalua-
tion the objective is to determine how an existing buil-
ding will respond to given forces. This corresponds to
an analysis of a building structure where the structural
elements, the materials and the dead loads are given.
It is not desired to calculate a worst-case scenario by
choosing a conservative model and making conserva-
tive assumptions on the material properties but to as-
sess the most probable behavior of the building sub-
jected to the applied action. Thus, the real material
properties and the real loading have to be taken with-
out any safety factors as these would falsify the re-
sults. Also the model should be as close as possible to

CEVICMOCTOMKOCTb COOPY)XEHUM

reality taking into account all structural elements that
help to support the applied forces.

The evaluation of existing buildings plays an im-
portant role in earthquake evaluation projects where
the risk of damage in a certain area is estimated in order
to decide on appropriate risk reduction strategies.

3. Development of Performance-Based
Earthquake Engineering

Seismic loading provisions in the existing building
codes focus on the minimum lateral seismic forces for
which the building must be designed, but don’t explicit-
ly incorporate the demand and response characteris-
tics. However, the specifications of the lateral forces
alone is not enough to ensure the desired level of pro-
tection in a building when subjected to expected earth-
quakes of different intensities [6].

Experience shows that once an approach and
the corresponding procedures are introduced in a stan-
dard and code, it is very difficult and time demanding
to make any changes. It is believed that before any of
the so-called simplified approaches for Performance-
Based Seismic Design and their corresponding metho-
dologies are implemented in a building code, they should
be thoroughly calibrated. The question then is, calibrate
against what? There is no doubt that it would be ideal
to calibrate them using the most sophisticated and re-
liable approach and procedure for Performance-Based
Seismic Design that can be developed. Starting about
1990, the international design community began to be
interested in the development of performance-based
design concepts. Whereas current building code pro-
visions are prescriptive in nature and require that buil-
dings be designed with minimum specified strength
and stiffness, performance based procedures permit
the designer to directly demonstrate that a design is
capable of meeting certain standard performance ob-
jectives, independent of meeting prescriptive strength
and stiffness criteria [5—7].

Documents published by SEAOC (1995, 1996,
1999) (Structural Engineers Association of California,
USA), ATC-40 (1996) (Applied Technology Council,
USA) [16], FEMA-273, 274 (1997), FEMA-356 (2000),
FEMA-350 (2000) (Federal Emergency Management
Agency, USA) have given guidelines regarding how
to apply the concept of PBSD to new and existing con-
structions. Furthermore, FEMA-302, 303 (1997) and
FEMA-368 (2001) cover the ‘NEHRP Recommended
Provisions for Seismic Regulations for Buildings and
other Structures’ (National Earthquake Hazards Reduc-
tion Program, USA) and recent codes such as ICC
(2000 and 2003) (International Code Council) and
NFPA 5000 (2003) (National Fire Protection Associa-
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tion, USA) contain provisions that permit use of
the Performance-Based Seismic Design concept.

The above publications have contributed signifi-
cantly toward a better understanding of what perfor-
mance based seismic design and particularly PBSD
are, and already some of the guidelines and particular-
ly the ICC (2000) have provided specific quantifica-
tion of the different Performance-Based Seismic De-
sign Objectives (PBSDO), and provisions for the ap-
plication of PBSD concept.

SEAOC Vision 2000 (Structural Engineers Associa-
tion of California, USA). A promising approach toward
the above development has been proposed by the Vi-
sion 2000 Committee of the structural Engineers As-
sociation of California (SEAOC) in 1995 in its report
entitled “Performance-Based Seismic Engineering of
Buildings” and which will be denominated as the “Per-
formance-Based Seismic Engineering” (PBSE), although
it is also called “Performance-Based Earthquake En-
gineering” (PBEE). The above report presents a con-
ceptual framework for PBSE, as well as the different
methodologies that have been proposed for the appli-
cation of such framework to the design, construction,
occupancy and maintenance, with particular emphasis
on the design that has been denominated as “Perfor-
mance-Based Seismic Design” (PBSD).

4. Case study

In order to develop the application conception of
pushover analysis, ideal regular building will studied.
4-story building with the following specifications is
modeled as shown in Figure 2.

Figure 2. Plan of ideal buildings

A reinforcement concrete with Structural Frame
System building with square plan 12x12 m is used.
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The total height of the building is 3 m. All beams sec-
tion are 0.45x0.2 m and all columns section are
0.5%0.2 m. 10 KN/m dead load and 10 KN/m live
load applied to all beams. Default ETABS nonlinear
frame hinge properties was used. Figure 3 shows the
model of the 4-story building which developed by
ETABS.

Figure 3. ETABS model of first ideal building

The building analyzed under the following cases:
static linear analysis for dead, live, earthquake loads;
static nonlinear analysis for dead load; and static non-
linear (pushover) analysis for lateral forces starts from
the static nonlinear analysis for dead load. Lateral forces
apply by ground acceleration for both sides (X, Y).

Results show that y direction is the critical direc-
tion, which reasoned by small dimension of columns
section in this direction. From the static linear analy-
sis results, base shear '=190.14 KN.

A

Force

Displacement
Figure 4. Load — deformation curve
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Under incrementally increasing loads some ele-
ments may yield sequentially. Consequently, at each
event, the structures experiences a stiffness change as
shown in Figure 4, where 10, LS and CP stand for
immediate occupancy, life safety and collapse preven-
tion respectively.

ETABS results develop pushover curves show
the resultant base shear vs. monitored displacement as
Figure 5.

Results show that pushover acceleration leads to
generate hinges in structure which work towards to
lose the stability of the structure.

ETABS identify the performance point indicated
to base shear of V' =422.99 KN, and target displace-
ment value D = 0.091 m.

Displacement

Base Reaction

50, 100. 150. 200, 250, 300. 350. 400, 450. 500. #1079

Figure 5. ETABS output of pushover curve
(resultant base shear (KN) vs. monitored displacement [m])

Figure 6. First six steps of pushover analysis and sequence of hinges formation (ETABS output)

Conclusion

Based on the present study, the following conclu-
sions can be drawn:

1) the Performance-Based Seismic Design obtained
by above procedure satisfies the acceptance criteria
for immediate occupancy and life safety limit states
for various intensities of earthquakes;

2) Performance-Based Seismic Design gives a struc-
ture with better seismic load carrying capacity, there-

CEVCMOCTOMKOCTb COOPY)XEHMM

by achieving the objective of performance as well as
economy.
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Annomayus

CrpoutenbHble KOHCTPYKIHHU, CIIPOEKTUPOBAHHBIE C YYETOM COBPEMEHHBIX
HOPM CEHCMOCTOHKOIO CTPOUTENHCTBA, B OCHOBHOM IOJIyUYEHBI IIPY IPUMEHEHUH
CHJIOBOI'O METOJa IPOEKTUPOBaHUs ceiicMocTolikux koHcTpykuuil (Force-Based
Design). I]ens maHHOTO ¥ICCIENOBaHMS — HPUMEHHUTD «XapaKTEPHUCTIYCCKUNA METOI»
ceiicmuueckoro npoexrupoBanus (Performance-Based Seismic Design, PBSD) k Ge-
TOHHBIM CcTpoeHusAM. HoBasi KOHLIENIMA CelCMIYECKOro IPOEeKTUPOBAHUE HA OCHOBE
xapaxTtepucTik PBSD sBisieTcss HafieXKHBIM TIOJIXOIOM, CIIOCOOHBIM 00ECIIeIHTh 00-
Jiee IeTANbHYH0 HHPOPMALIHIO 00 YPOBHSIX pabOTOCIIOCOOHOCTH KaK KOHCTPYKTHUBHBIX,
TaK ¥ HECTPYKTYPHBIX JJIEMEHTOB IIpU 3eMileTpsaceHuu. Memoowl. B uccnenoanuu
PBSD 6bU1 nIpuMeHEeH K HECHMMETPHYHOM KeNe300€TOHHON pame, JIIsl Yero MCTONb-
30BaJICA HEMUHEHHBIH cratrueckuil Meton. KoadduienTs! nonomse! ObUTH BbIOpa-
HBI B KaueCTBe MPeIEIbHbIX Je(opMaluii TP ONpee/IeHNH XapaKTePUCTHK [ KOH-

HUcmopusa cmamovu

IMoctymnuna B penakuuro: 14 nexadps 2019 r.
Jopabotana: 24 ¢eppains 2020 .

[Ipunsra k myOmukarmm: 10 mapra 2020 T.

KpETHBIX YPOBHEW ceiicMuieckoi omacHocTu. Pesyrsmamet. 1lokazano, uro PBSD
MO3BOJIAET MOJYYUTh HECYIYEO KOHCTPYKIHIO, O0Jiee YCTOWYMBYIO K CEHCMUYECKHM
Harpyskam, TakKuM 00pa3oM IOBBIIIAs XapaKTePUCTHKH YPHEKTUBHOCTH U SKOHOMUY-
HoctH. OnMpasich Ha TOJTy4YEHHbIE JaHHBIE, MOXHO 3aKJIIOYUTh, YTO CEHCMUYECKHIA
pacdeT Ha OCHOBE 3KCILUTyaTalIOHHBIX XapaKTEePUCTHK, BBITOIHEHHBIH MO OMUCAHHOM
METO/IMKE, YIIOBJIETBOPSAET KPUTEpHsIM OE30MAaCHOCTH JKM3HEACSTENLHOCTH TIPU pas-
JIMYHOW MHTCHCUBHOCTH 3€MJIETPSCEHUI.
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