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Hcemopus cmamou: Annomayus
[octynuna B peakiuio: 3 urons 2019 r. ILlenu. CraTbs OCBALIEHA aKTYaJIbHBIM BOIPOCAM PACUYETHBIX UCCIIEOBaHUI
JlopaGorana: 12 uromst 2019 . HanpsbKkeHHo-IepopmupoBanHoro cocrostaus (HJIC), npoyHOCTH U yCTORYHUBOCTH

OCHOBaHMSI ¥ HECYIIIMX KOHCTPYKLMH IPH OCHOBHBIX X OCOOBIX COYETaHUSIX HATPy30K U
BO3JICHCTBUI, CPAaBHUTENBHOIO QHAIN3A PE3YJIbTAaTOB AILTEPHATUBHBIX PACUCTOB YHU-
KaJIBHOTO TIPOEKTUPYEMOTO 0OBEKTa CTPOHTENBECTBA — OOIIECTBEHHO-IENIOBOTO IIEHTpa
«Kownrpecc-xomm» B UensibuHcke. OnmcaHbl TPUPOJHBIE YCIOBHS paldOHa PacIioyoKe-
HMS 3[aHHS, YCTPOMCTBO KOMOMHUPOBAHHOTO OCHOBaHUs, (DYHIAMEHTOB M HECYIIUX
KOHCTPYKLIMI 00BeKTa, OCHOBHBIE M 0OCOOBIE HAarpy3KH (pacueTHbIe 1 HOPMAaTHBHbIE) H
HX COYETaHus, OCTAaHOBKA 3a/1a4 PACUETHBIX UCCIIEA0BAHUM, MHCTPYMEHTApUH X
PEILIEHN U MONyYeHHbIE pe3ynbTathl. Memoobt. JIucKpeTusalys 1o NpOCTPaHCTBY U
peleHre pe3yJbTUPYIONMX 331ad MaTeMaTHYecKoro (YMCIICHHOTr0) MOJIEIMPOBAHUS
COCTOSIHUSI 00BEKTa OCYIIECTBIIUINCH METOJIOM KOHEUHBIX JIEMEHTOB B ITEpPEMEILCHH-
six. IlocTpoensl, pa3paboTaHbl U IPOBEPEHBI IOAPOOHBIE KOHEUHOIIEMEHTHBIE MOZIEIU
CHCTEMBI «KOMOMHHPOBAHHOE OCHOBAHHE — HECYIIHEe KOHCTPYKIIMHU 31aHHSD M OTAEIb-

IMpunsara k myonaukamuu: 29 utong 2019 r.

HBIX IIOACHUCTEM, aICKBATHO OTPAXKAFOIINE IT'€COMETPHUKO-KECTKOCTHBIC, HTHCPIIMOHHBIC 1

Jna yumuposanus Harpy304HbIe XapaKTepuCTUKN 0ObekTa U pesynsrupytomiee HJ/IC, npoanammsupoBaHa
Benocmoyxuii A.M., Axumos I1.A., [Ivumpu- YCTOHYHMBOCThH TIPOTHB TIPOIPECCHPYIONIECro 00pyIiieHHs. Bce OCHOBHBIE pacyeTsl Mmpo-
e6 J1.C., ITasnos A.C., [nouenxo F0.H., Ha- BEJICHBI C UCTIOIBb30BAaHUEM JIMIIEH3MOHHOTO KOHEYHOYIEMEHTHOTO TIPOTPaMMHOTO

xommuzexca ANSYS Mechanical, BepuduuuposanHoro B Poccuiickoll akanemun apxu-
TeKkTypsI U crpoutenbHbiX HayK (PAACH). Pe3ynvmamepl. PaccMoTpeHBI pe3ybTupy-
rorwe napamerpsl HJIC, mpodHOoCTH 1 TMHAMIKA OCHOBAHMS ¥ HECYILIFIX KOHCTPYKIIMA
9 . 00BEKTA IIPH HOPMATHBHO-PETTIAMEHTHPOBAHHBIX COUETaHMSAX BEPTUKAIBHBIX H BETPO-
KCHCPHBIX KOHCTPYKIHUH 1 COOPYXKCHUH. BBIX Harpy3o0K, a TakKe Pe3yibTaThl pacyeToB Ha YCTOHYMBOCTD TIPOTUB PO PECCHPY-
20.19' T. 15. Ne 4. C. 251-260. http://dx. romiero obpymienns. B 3axmodennn fenaeTcs 060CHOBAaHHBIH BBIBOM O JIOCTOBEPHOCTH
doi.org/10.22363/1815-5235-2019-15-4- TMOJIyYEHHBIX PAcyeTaMH KPUTEPHATBHBIX NApaMETPOB, ONPEAEIAIOIIMX IIPOYHOCTB,
251-260 YCTOMYMBOCTb M IMHAMUKY HECYILUX KOHCTPYKLIMI 0OheKTa.
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BBenenune.
Onucanue 00beKTa H 32124 HCCJIEA0BAHUA

Kimmar paiiona paboT yMepeHHO-KOHTHHCHTAIh-
Hb1il cormacuo CIT 131.13330.2012 [1], HopmaTus-
Hasl TIyOMHa CE30HHOTO MPOMEp3aHMs MPHUHATA IO
CII 22.13330.2016 [2]. YuacTok, mpeaHa3HAYCHHBIN
JUTSL pa3MeIeHus] MPOeKTUPYEMOro 3/IaHus, pacro-
JIOKEH B LIEHTPaJIbHOM paiioHe YensOuHCka, Ha Jie-
BOM W TIpaBOM Oeperax pekun Mwuacc U uMeeT paB-
HUHHYIO TIOBEpXHOCTh. KaTeropus clioHOCTH HH-
JKEHEPHO-T'COJIOTHIECKUX yCIOBUI Ha yyacTKe padoT
M0 TEOJIOTMYECKUM YCIOBUSIM B cooTBeTcTBUU ¢ CII
47.13330.2012 [3] — III (crmoxnas). CoriacHO ceii-
CMHYECKOMY PallOHMpPOBAHUIO TeppuTopun Poccuii-
ckoii @enepanuu no CII 14.13330.2014 [4] u xap-
TaM OOIIEero CeHCMUYIECKOTO palOHUPOBAHUS TEPPH-
topun Poccuiickoit @enepanuu ceicMuueckas UH-
TEHCHBHOCTH y4acTka pabot mo OCP-2015 C (1 %) —
6 OamioB. 3maHWe OOIECTBEHHO-NIEIOBOTO IIEHTpPA
MIPENICTABISIET COOOH MPSIMOYTOJILHBINA B TTAHE W Pa3-
HOBBICOTHBIH B YIJIaX MPSIMOYTOJbHUKA O0BEM, IO-
KPBITHI 000JIOUKON TPEThEero Mopsaka (TunepOooiu-
YeCKHH 1MapadoJIon T — TUTIAP).

31aHue 3apOCKTUPOBAHO B BUAC NBYX OallieH
(6moxku A u C), pacmionoXeHHBIX Ha pa3HBIX Oeperax
pexu Muacc, U TpoJIETHOM 4acTH ¢ MOMEIIEHUSIMU
(6:10x B) Ham pekoit, 00bequHSIONISH OAlTHN B €IUHOE
3panue (puc. 1). bamns Ha neBoM Gepery (610K A)
umeeT wupuHy 81,5 M u anuny 80,2 M, BBICOTa COCTaB-
nser 174,5 M; mmpuHa ¥ JyTMHA OalTHH HA MPaBOM
oepery (610k C) 81,5 u 54,4 M COOTBETCTBEHHO, BBI-
cora — 96 M; MpoOJNETHAA YacTh C MOMEIIEHUSIMH, CO-
eIVHSIONIas OamrHu, paBHa 81,5 M B mupuny u 84,5 M
B JUTHHY, 070K B pa3MelrieH Ha apkax, KOTOpBIE OITHpa-
10Tcsl Ha QyHIameHThl OameH A u C, cTpena apok ot
MOBEPXHOCTH BOJbBI cocTaBisieT 13 M. O6mas ruio-
mazap 3nanust — 131 913,75 m?. KonuuectBo dTaxeii B
omoke A — 30, B 0110xke B — 6, B 0110ke C — 16. Bricota
STa)KeH NPUHATA PA3HOU JUIA Pa3HBIX YacTel 30aHUs U
n3mensercs ot 8,1 mo 3,9 M B COOTBETCTBUH C (QYHK-
[IHOHAJILHBIM Ha3Ha4deHHueM. COTIacHO TEXHHUECKOMY
3a[]laHUI0 Ha TIPOCKTUPOBAHHE 3[aHUE UMEET MEePBBIX
JIBa YPOBHS Ha Pa3HBIX Oeperax peku, a TPETbUM YPOB-
HeM Ha oTMmeTke +13,800 oHM OOBEIUHSIOTCS B €IH-
HBIIl 00BEM M TEM CaMbIM COSAMHSIOT JBa Oepera me-
IIEXOHBIM MOCTOM B TEIUIOM IiepuMeTpe 31anust. s
BxoJa B 3maane Ha otMeTke £0,000 Ha 06omx Geperax
MpeTyCMOTPEHbI BECTUOIONN ¢ TaMOypaMH, Yepe3 Ko-
TOpBIE MTOCETUTENN C TIOMOIIBIO0 3CKAIATOPOB U JIH(-
TOB MOJHUMAIOTCSI HA TPETHI YPOBEHb U UMEIOT BO3-
MOYKHOCTh TIEPEXO/IUTH C OIHOTO Oepera peku Muacc
Ha IPYTOM.

B kauecTBe MCXOMHBIX MaTEpPHAJIOB JJISI pacder-
HBIX HCCIIEIOBAaHUI UCIIOIb30BAUCH KOMIUIEKT aKTy-
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IBHBIX YepTEeXeH U cXxeM 00bEeKTa, ITOJrOTOBICHHBIX B
makere Autodesk AutoCAD, coorBerctBytomme (haii-
eI B popmare pdf, a Takke Bechb 00beM WHKCHEPHBIX
W3BICKaHUH, PEKOMEHIALNH 110 HA3HAUYEHHIO KIIMMa-
THYECKUX HArpy30K U CHEHHUAIbHbIC TEXHHYECKHE
yenosus (CTVY).

Puc. 1. Busyanuzamus 31aHus1 00IECTBEHHO-IETIOBOTO IICHTPa
[Figure 1. Visualization of the cultural and business complex]

st 6moka A GyHAaMEHTHI IPUHATHI CBAHO-
IUTUTHBIMH (CBaW ObUIM MPEeXyCMOTPEHBI Ha ydacT-
Kax 3aJIeraHys CKaJbHbIX TPYHTOB Ha OOJBIINX TIIY-
OuHax), CTCHbI, KOJIOHHBI U IUTUTHI MIEPEKPBITHS BBI-
MIOJTHEHBI U3 MOHOJIUTHOTO XeJie300eTOHa, Ha HEKO-
TOPBIX YYaCTKaxX UMEIOTCSA METAIIIMUECKHIE KOJIOHHBI,
KOHCTPYKIMH UITUJIEH — METAINTNYECKHE COTJIACHO
CII 16-13330.2011 [5] u cootBercTByromumM CTY.

Jliist 6110ka B KOHCTPYKITHS TIOKPBITHS KPOBJTH BhI-
MOJIHEHA B BUJIE TUIOCKHX (pepM, OOBEJMHEHHBIX MEX-
Iy co0Ol MonepeYHbIMHI OanKkaMu, MPOJOIbHBIMU U
MONEPEYHBIMU CBSI3SIMU (TIOKPBITHE IIPEICTABISIET CO-
0011 IPOCTPAaHCTBEHHYIO METAIIIMYECKYIO KOHCTPYK-
LUIO, TUTUTHI IEPEKPBITHH pEelIeHBI B )KeIe300eToHe).
BuyTpenHee npoctpancTBo Os0ka B — kapkachas cu-
cTeMa C )KeNe300€TOHHBIMU IIUTAMU HEPEKPBITUN U
SIIPaMHU YKECTKOCTH (JIM(PTOBBIMU ¥ JIECTHUYHBIMH IIaX-~
TaMH, CTEHaMU OTPaXKJICHUS 3pUTENILHOTO 3aJ1a).

Hns 6moka C GyHIaMeHTH IPUHATH CBaHO-
IUTUTHBIMH, CTEHBI, KOJOHHBI M TUIUTHI MEPEKPHITHI
BBINIOJTHEHBI U3 MOHOJIUTHOTO JKele300eToHa, KOH-
CTPYKLUHU IUMHIEH — METaNINYeCKHEe COTJIacHO
CII 16-13330.2011 [5]u CTYV.

CO6op Harpy30K IpOU3BE/IEH B COOTBETCTBHUH C TpE-
ooaamssvu CI1 20.13330.2016. CHeroBble U BETpO-
BbI€ HArpy3KH IIPUHUMAINCH C YIETOM PEKOMEHIAIMN
LleHTpanbHOTO HAYYHO-MCCIIEN0BATENBCKOTO HHCTHUTY-
Ta crpoutenbHbix KoHCTpykumid (LIHUHCK) nmenn
B.A. Kyuepenko AO «HayuHo-uccnenoBateiabcKui
ueHTp “CTpouTenscTBO™» (pe3ynbTaThl OBUIH IMONY-
yensl komnanue YHUKOH npu MoznensHBIX UCTIBI-
TaHHUAX B A3POJMHAMHUYECKON TpyOe ¢ yyeTom as3po-
JUHAMHUYECKH 3HAYUMbIX OOBEKTOB OKPY’KaroLled 3a-
CTpoiiku (puc. 2)).
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Puc. 2. Monenb 00beKTa B a3pOANHAMHIECKOMN TpyOe
[Figure 2. Object model in a wind tunnel]

CoryacHO OTYETYy IO I€0JIOTUU FPYHTOBBIE YCIIO-
BHA IO CEHCMHYCCKHM cBoMcTBaM oTHOCcATCS K I u 11
kateropusiM. YuutbiBag CTY mpu pacuere KOHCTPYK-
MY IPUHUMAITUCH CIICYIOIIUE MOMPaBOYHbIC KO-

IIMEHTHI K CrieKTpy BoszekcTeusa: K =1,1, K, =0,25,
K, =1,0, 4=0,25 m/c>. B iporpaMMHOM KOMILIEKCE

ANSYS ucnons30Baics CIeKTp YCKOpPEHHUH, IPUBEICH-
HBI BapuaHT KoToporo it rpyHToB I u I kaTeropum ¢
Y4YETOM yKa3aHHBIX KO3(D(UIIMEHTOB TI0OKa3aH Ha prc. 3.
OnpenesneHne pacueTHBIX COUETaHUI Harpy30K U
yeumid npomsBoAriock cornacHo CIT 20.13330.2011 [6],
COYETaHMS Pa3leNsUINCh Ha OCHOBHBIE M OCOOBIE
(ceficMuyeckue 1 porpeccupymoiiee o0pyIeHne).

0,00 : T ! ! T ! ]
1,00F-03 0,256 1 1,25 2,5 10 33

Puc. 3. IlpuBeieHHBIN CTIEKTP YCKOPEHUIH
TS IporpaMMHOT0 KoMiutekca ANSY S
[Figure 3. Acceleration spectrum for the ANSYS software package]

B CcOOTBETCTBUH ¢ TEXHUYECKHUM 3aaHUEM OBLIN
[MOCTABJICHBI ¥ PEINAIMChH CIICIYIOIINE 3a0a4u:

— a”anu3 M 00001IeHNe TPOEKTHOW JOKyMEHTa-
IIUY U JaHHBIX W3bICKAHWH, TOCTAHOBKA 33j1a4 pacuet-
HBIX UCCIIEIOBAHMNIA;

— pa3paboTka 1 Bepr(HUKALS PACICTHBIX TIPOCTPaH-
CTBEHHBIX 000JIOUCUHO-CTEPKHEBBIX KOHECUYHOIIEMEHT-
HBIX Mojiejiel (OOIIy 0 U OTHENbHBIX OJOKOB) 00IIIe-
CTBEHHO-/IEJIOBOI'0 LICHTPA;

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLN

— OnpeJeNieHHe MapaMeTpoB HaNpsHKEHHO-Aedhop-
MHPOBAHHOTO COCTOSTHHMS (TICPEMEIIICHHS, YCUITHST) TIPH
HOPMATHBHO PErJIAMEHTHPOBAHHBIX COUCTAHHSX BEPTHU-
KaJIbHBIX ¥ BETPOBBIX HATPY30K;

— pacyeThl Ha YCTOHYMBOCTH MPOTHB MPOTPECCH-
PYIOIIETO OOpYIICHHS.

1. MeToauka uccJaexoBaHuii

JluckpeTr3anys 1o MPOCTPAHCTBY U PEIlICHHE 3a1a4
MaTeMaTUIECKOro (YUCICHHOTO) U KOMITBIOTEPHOTO
MOJIEIIUPOBAHUS COCTOSHUS paCCMaTPUBAEMOTO 00b-
€KTa OCYIIECTBISUINCH METOJIOM KOHEUYHBIX JJIEMEH-
ToB (MKD). PesynpTupytoiee ypaBHEHHE TBHKECHUS
FeOMETPUUYECKH JIMHEWHON CUCTEMBI B MATPUUHOMU
(hopMme mMerona nepeMenieHnH (B yCIOBHUIX MallOCTH
repeMenieHui u nedopmanmii) umeet Bux [7—13]

Mu(t) + Cu(t) + (K + Kg)u(t)= F(t) + R(it,u) , (1)

rne M, C, K, K_,— CUMMETPHYECKHE, TIOTIOKUTEb-

HO OTpe/ieNieHHbIe, OJI0YHOPEIKO3aII0THEHHBIE MaTPH-
LBl Macc, AeMII(UPOBAHMS, YKECTKOCTH U TeOMETpUYe-
CKOM KECTKOCTH KOHEUHORJIeMeHTHOH Moaenn (KOM)
CHCTEMBI COOTBETCTBEHHO; ¢ — BpeMsl; TouKa (-) — mud-

(epeHnupoBanue 1o BpeMeHu; F(f) — BEKTOp 3ajiaH-
HBIX CTATUYCCKUX M JUHAMUYCCKUX HATPYy30K; R(u,u) —

BEKTOP IICEBIOHAIPY30K, MOACIUPYIOIUN (PU3NUECKU
HenuHerHble 3(dexTrl [14]; #(f) — HCKOMBIA BEKTOp

0000IICHHBIX AMHAMUYECKHX TepeMernieHnit KOM.

OOmas mnHaMUIecKast TocTaHoBKa (1) ecTecTBeH-
HbIM 00pa3oM CBOAMTCS K BaXXHBIM YaCTHBIM 3aja-
YaMm — CTaTHYECKOW U Ha COOCTBEHHBIE 3HAYCHUsI (COO-
CTBEHHBIE YaCTOTHI M ()OPMBI KOJIeOaHWH, KpUTHIECKUE
ymcia 1 (GOpMbI MMOTEPH HAYATBHONW YCTOWYMBOCTH),
a TaKXKe K CIEKTPAILHBIM (POPMYITUPOBKAM JHHAMUYC-
CKHX 3a1a4. J[JIsi 3TOro MCHONB3YTCS COOTBETCTBYIO-
M€ BBl HArPY30K W PEIICHUH, BHIMIOJIHSACTCS OOHY-
JICHWE HEe3HAYMMBIX MaTpull. Tak, ypaBHCHHE JBIDKE-
HUS TIPU OTIPEJIENICHHH COOCTBEHHBIX 4acTOT Kojeha-
HUH 0e3 yuera nqeMIiupoBaHus UMEET BHT

Mu(t)+ Ku(t)=0. (2)

Tak kax JJIA JUHEHHBIX CHCTEM KOJICOAHMS SIB-
JIAIOTCA TAapMOHUYCCKUMU, TO

u(t)=9,cos(wr), (K-o'M)p, =0, (3)

rie o, — i-asg cOOCTBEHHas IMKIMYECKas 4acToTa (B pa-

JMaHax B €IMHHILy BPEMEHH); (), — BEKTOp COOCTBCH-

HBIX KOJICOaHUH.

OTMeTHM, YTO YPaBHEHHE TBHKCHHUSI MOXKET TAKKE
COZIepIKaTh YWICHbl YPABHCHUS, YIUTHIBAFOIIINE KOHTAKT
Ten, neMrdupoanue, 6osbinue aedopmanuu. Yepes
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TMOJTyYCHHBIC 3HAYCHUS [IUKIIMYECKUX YaCTOT COOCTBCH-
HBIX KOJIeOaHHH MOYKHO BBIPA3UTh YaCTOTY COOCTBEH-
HBIX KOJICOaHWH:

fi =0,/ (2n). “)

OueBuITHO, YTO pa3padaThIBABIIHECS PACICTHBIE MO-
JIEITN TOJDKHBI OBLTH a[IeKBaTHO OTPayKaTh T€OMETPUKO-
JKECTKOCTHBIE U HHEPLIMOHHBIE CBOIMCTBA M HATPy304YHbIE
XapaKTEPUCTUKU CTPOUTENBHBIX KOHCTPYKLUI U OCHO-
BaHUsA 31aHus. [ onpeseneHys nepeMelieHuii 1 ycu-
JIMI1 B CTPOUTENBHBIX KOHCTPYKIMAX OT JIEHCTBUSA IO-
CTOSIHHOM M BPEMEHHOM, CHET'OBOU M BETPOBOI HAIPy30K
CTPOWJIMCh U aHATU3UPOBAIMCH KBA3UCTATHYECKUE Pac-
YeTHbIE KOHEYHOIIEMEHTHbIE MOJEIU CHUCTEMBI «000-
JIOUYEYHO-CTEPKHEBbIE KOHCTPYKLIMM — CBalfHOE IOJIE»
(>KeCTKOCTh CBail MPUHMMAJIACh COTJIACHO JTAHHBIM HC-
TIBITAaHWH CBall CTATHIECKAMH Harpy3kamu). J{is ompe-
JIEJICHUs TEePEMEIICHUI U YCUIIMA B CTPOMUTENBHBIX
KOHCTPYKLUSIX OT JEHCTBUS MyIbCAIMOHHON BETPOBOM
Y CeHCMUYECKON Harpy30K CTPOWIMCh U aHAIU3UpPOBa-
JIUCh IMHAMHMYECKUE PACUETHBIE KOHEYHODJIEMEHTHBIE
MOJIENIH CUCTEMBI «000JI0UEYHO-CTEPKHEBBIE KOHCTPYK-
LUH — CBalHOE MOJIe».

Junamuueckas (MyJIbCallMOHHAS) COCTABIISIOIIAs
BETPOBOI0 HArpy>KEHHs OIPEIEIUIach Ha OCHOBE CTa-
THUYECKOH COCTAaBIISIONICH C y4eTOM KO3 PUIIEHTOB
TUHAMHYHOCTH U ITyJIbCAINH, onpeaeneHHsx mo CII
20.13330.2011 [6].

J71st MHOTOATQXKHBIX 3[aHUH C MOCTOSHHBIMU T10
BBICOTE XapaKTEPUCTUKAMH ITyJIbCALIMOHHYIO COCTaBJIS-
IOILLYIO JIOITYCKAETCsI OTPeNeIsATh 1Mo GopmyIe

w, =w,&0(z,)v, Q)

rae w,, — 3Ha4eHHE CPEIHEH COCTABILAIOIEH OCHOBHON

BETPOBOM HATPy3KH, MPHHUMAEMOE IO JaHHBIM a3po-
JIMHAMUYECKUX ucchenoBanuii [6; 7]; & — xkoaddu-

UECHT AUHAMHYHOCTH, ONpeaesieMbIi IO rpaduKy
u3 [6] npH 3HaYEHHHU JIOrapU(PMHUUECKOr0 AEKPEMEHTa

xonebanmit 6 = 0,3 u napametpa £=,[y W, /940/ f;;

C — xoaddunmeHT mynbcanuii BeTpa; v — kodhdu-
LUEHT IPOCTPAHCTBEHHOW KOPPEISLUH MyIbCaluii
JaBJICHHUSL.

JMHAMUYECKY0 PEaKIMIO I0ITyCKaeTCsi IPHHUMATh
Mo TpeM Hu3MMM dopMaM KoneOaHui (AByM H3ruod-
HBIM, OJJHON KPYTHJIbHOI) B BUZIE€ CyMMbI KBaJpaToB
MOJIYYEHHBIX PEAKIIMM.

CremyeT KOHCTaTHPOBaTh, YTO B HACTOAIIEE Bpe-
MsI OTCYTCTBYET OOOCHOBaHHAs, BHyTPEHHE HETIPOTH-
BOpEUMBAs METOJIUKA ONPEACTICHUSI KPUTEPUATEHOTO
napameTpa — MakCUMaJIbHOTO YCKOPEHHUS MepeKphl-

TUH BEPXHUX DTAXKEH ¢ TIPU JEUCTBHUU ITyJIbCALMOH-

X

HOW COCTaBJISIONIEH BETPOBOM HArpy3Ku (HE IOJDKHA

254

npesbimiath 0,08 M/c?). TIpakTHKYIOTCS pa3IndHbIE

MpUOMKEHHBIE TTOAXOABI, CBOISIIINECS, KaK IIPaBU-
JI0, K MUCIIOJIb30BaHUIO (POPMYJIBI
2

a. . =u_ o, (6)

max max

TAC Upax — MAKCHUMAJIBHOC I'OPU30HTATIBHOC IIEPC-

MEIICHHE; () — MpeBANHPYIOIIas cOOCTBEHHAs Ya-
ctota (pan/c).

OrmpeneneHrie HaNPsHKEHHO-Ie(OPMHUPOBAHHOTO CO-
crostams (HJIC), nmHaMidecKix XapakKTepUCTHK B YCTOH-
YHUBOCTU HECYIIMX KOHCTPYKUMA 3/IaHUS BBIIOJHSIIOCH
T0 JIMIIEH3MOHHOMY TporpamMmMHoMy komiuiekcy (ITK)
ANSYS 19.2, peanusyromieMy pa3BUTBIE CXEMbI METO-
JIOB KOHEUHBIX 3JIEMEHTOB M CYIIEp3JIEMEHTOB JUIS CTa-
THYECKUX U AUHAMHUYECKHUX PACUYETOB MPOCTPAHCTBEH-
HBIX KOMOMHHPOBAHHBIX CHCTEM H TIOJJIEP>KUBAIOIIEMY
BCe HEOOXOAMMBIE TUITHI PACIETHOTO aHAITN3A.

Ha ocHoBanmu ananmsa 1 00001IeHHUS IMEFOIIIXCS
ucxonuelx qa”HHbIX B IIK ANSYS Mechanical Obuin
IIOCTPOEHBI W BEPUPHUIIPOBAHBI POCTPAHCTBEHHBIE
000JI04€YHO-CTEeP)KHEBbIE KOHEYHONIEMEHTHbIE MO-
JeJId HeCYIIMX KOHCTPYKUUH OTIENBHBIX OJOKOB U
Bcero o0bekTa. JKene300eToOHHbIE TIUTHI (PYHIAMEHTA,
MIEPEKPHITHIA, HECYIIIHE CTEHBI MOJEIUPOBAINCH TLIOC-
KHMU TPEYTOJbHBIMU U YETHIPEXYTOJLHBIMU B TLIAHE
000JI0YeYHBIMA KOHEYHBIMH 37eMeHTaMu (K3) mo-
CTOSIHHOM TOJILUHBI, peATM3yIOIIMMHU TUIIOTe3bl Kupx-
roa — Jlssa. JKene300eTOHHBIC KOJOHHBI M OAJIKK
OBLIM TIPEICTaBICHBI IPOCTPAHCTBEHHBIMH CTEpIKHE-
BeiMu KD. KD xectkux BctaBok tuna MPC184 ¢
OIIIUEH «OKeCTKasi OanKa» BBOJWINCH B MECTaX CThI-
KOBKH TUIAT MEPEKPHITHA U PYHIAMEHTHOW TUTUTHI C
konmoHHamu. [{ns 3amanus ko3¢ duIreHTa XecTKo-
cTH ocHOoBaHMS (BWHKIIepa) 371eMEHTHI TTOBEPXHOCT-
HBIX 3 dexTo Trma SURF154 Obuin «HakIeeHBI»
Ha (pyHIaMEHTHYIO TUIHTYy. PazpaboTaHbl Moaenu ¢
JUHEWHBIMU XapaKTePUCTUKaMH MaTEepPHaJIOB ISl OTI-
peneneHus yCunii, MPOBEpKU CEUEHUI KOHCTPYKTHB-
HBIX 3JIEMEHTOB Ha MPOYHOCTbH, ONpeaeiacHus GopMm
cOoOCTBEHHBIX KOJeOaHuil U (popM MmoTepu yCTOWUH-
BocTU. Takxe pa3paboTaHbl MOAETH ISl JUHAMUYE-
CKHX PacdyeToB M pacyeToB Ha MpOTpeccHpyolee
oOpymierrne. DTH MOJeN UMeln Ooee MoIpOOHYI0
CETKy KOHEYHBIX DJIEMEHTOB M YUUTHIBAIH TEOMETPH-
YeCcKyI0 U (PM3NYECKYIO0 HEMMHEHHOCTH.

Pa3paborannbie pacuetnsie [15] Moaenu anekBar-
HO OTPaXKaJI T€OMETPHKO-)KECTKOCTHBIE W HHEPIIHOH-
HBIE CBOICTBA, a TAKXKE HATPY30UHBIE XapPaKTEPUCTHUKH
CTPOUTENBHBIX KOHCTPYKLUMH U OCHOBaHHS 3AaHUS.
OO0 3TOM, B 4aCTHOCTH, CBHUIETEIHCTBYET W BBIUHCIIHU-
TeNbHAS Pa3MEPHOCTH MOCTPOeHHBIX ANSY S-Monemneit.
B Tabn. 1 mpuBeneHsl pa3sMEpHOCTH BCEX MOAETCH.
Oco60 ormerrM, uto cetka KO Ha minTax ¢yHIamMeH-
Ta ¥ TIEPEKPHITHI HE TOIBKO 00Ia1aeT HEOOXOMMOM
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MOIPOOHOCTHIO JIJIsl BOCIIPOU3BEACHUS ITEPEMEIICHUIHA, o npuMeHsieMbiM B ANSY'S KOHEUHBIM 3JIEMEHTaM,
CUJI U MOMCHTOB, HO U CTYLICHA B 30HaX KOJIOHH U KOTOPBIC OBLIN HCIIOJIL30BAHBI B pacdYCTHBIX MOJC-
MJI0HOB. B Tab:1. 2 mpeacTaBiieHbl CBOIHBIC JaHHBIC JIIX OOBEKTA.

Tabauya 1

Pa3paboTrannble pacueTHbIe KOHEYHOIIeMEeHTHBIE MOJIEJIH CHCTeM/MOACHCTEM
HeCYLIUX KOHCTPYKLMIi 00111eCTBEHHO-1€JI0BOT0 LIEeHTPA U €ro oTeJbHbIX 0J10K0B
[Table 1. Computational finite element models of systems/subsystems of
load-bearing structures of cultural and business complex and its fragments]

Ne K9-monenu cucrembl/ H3o6paxenue KoauuectBo KoauuectBo Tunsr K9
[No.] MOJACUCTEMBI [Visualization] Yy3/10B 3JIEMEHTOB [Types of
[Finite element models [Number of [Number of finite elements]
of systems/subsystems] nodes] finite elements]
Konctpykimu 6roka A — SHELL181
OCHOBaHHE BEAMI188
! [Structures of the block A — 675 066 635632 MPC184
foundation] SURF154
Konctpykimu 610ka B — SHELL181
OCHOBAHHUE BEAMI188
2 [Structures of the block B — 69132 93 886 MPC184
foundation] SURF154
Konctpykimm 610ka C — SHELL181
OCHOBaHHE BEAMI188
3 [Structures of the block C — 308 149 322900 MPC184
foundation| SURF154
Konctpykmun Bcero SHELL181
3aHUs — OCHOBAHHE BEAM188
4 [Structures of the building — 972 691 1052418 MPC184
foundation] SURF154
Tabauya 2
Koneunsle 3j1eMeHThI B IPOrpaMMHOM KoMmILiexkce ANSYS
[Finite elements in ANSYS]
Koneumbiii s1ement Ickm3 [Sketch] Onucanue [Description]

[Finite element]

JIByXy3710BO# KOHEUHBIH IEMEHT
KOHEYHBIX J1e(opMarii

BEAMI88 [Two-node finite element
final deformations]
J
G rm.,gX JIBYXy3710BOM KOHEUHBIN 3JIEMEHT
’ MPYXHUHBI, KOTOPBIH IPUMEHSIETCS
COMBIN14 U1 MOAETIMPOBAHMS 3JIaCTOMEPOB

[Two-node finite element of springs which

i
z
I QJ KO is applied for the modeling of elastomers]
Y
X
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Okonuanue maobn. 2

KoHeuHbIi 21eMeHT

[Finite element] Jcrus [Sketch]

Onucanue [Description]

SURF154

SHELL181

X

- 15(.1.
] J

Trianguler Opticn
{not recommended)

KoHeuHslIif 31eMeHT 000109KH
IUISL IPHIIOKEHUS HATPY3KH
[Finite element of shells
for the application loads]

Tpexy3/10Boi U YETHIPEXY3JI0BON
KOHEYHBIH 21€MEHT
000JI0YKH KOHEUHBIX JedopMarnuii
[Three-node and four-node
finite element of end shells deformations]

CoOTBETCTBHE TEOMETPUKO-KECTKOCTHBIX, HHEP-
IIMOHHBIX ¥ Harpy304YHBIX MTApaMeTPOB PACYETHBIX MO-
;[eneﬁ IIPOCKTHBIM JaHHBIM IIPOBEPAIIOCH:

— BU3yalM3alel XapakTepHbIX ()parMEeHTOB U BCe
MOJIETIH B Pa3lINYHBIX paKypcax;

— BbIaueil 00beMOB, Macc U Harpy30K XapakTep-
HBIX ()ParMEHTOB PACUCTHOW MOJIEIH, UX COIOCTABJIC-
HUEM C TIPOEKTHHIMU JTaHHBIMH W PACUETHBIMH MOJIe-
JSIMA B aIbTEPHATHBHBIX TIPOTPAMMHBIX KOMILIEKCaX;

— aHAJIM30M PE3yJbTAaTOB CTATHIECKOrO U JIHAMHU-
YEeCKOro pacyeTa, B YaCTHOCTH IS TPENeNTbHBIX CITyda-
€B, UMCIOIINX TIPO3PAYHBIA (HPU3UICCKUAN CMBICT.

OTMeTI/IM, YTO OIPECACICHUEC COGCTBGHHBIX qacToT
1 HopM KoJIeOaHUI MEXaHHYECKHX CHCTEM — €l1Ba JIH
He camble WH(OpMaTHBHEIE BepH(PHUKAITMOHHBIE 32 1a4H,
MHTETrpHUpYIoImye MHOTHE (HaKTOpHI M TTapaMeTphl pac-
YETHOU MOJIENH U B TO K€ BpeMs MO3BOJISIFOIINE BbI-
SIBUTH UX pa3lInyue.

2. Pe3yabTaThl McCIe10BAHUI

AHanu3 pe3ylbTaToB PacUeTHBIX HCCIICAOBaHUH,
BBITIOJIHEHHBIX 110 BEPU()UIMPOBAHHOMY IIPOIPAMMHO-
My komiiekcy ANSYS Mechanical, nmokasan Henpotu-
BOPEUMBYIO KapTHHY paclpesiesieHus epeMeleHui 1
YCWITHIA (CHJT © MOMEHTOB) B OCHOBaHUH, (PyHIaAMEHTE U
KapKace 3aHHs IPH BEPTHUKAJIBHBIX CTaTHYECKUX U
BETPOBBIX Harpy3Kax, 3HAYMMBIX COOCTBEHHBIX YACTOT U
¢dopm kxoebanuii 3panusa. KpurepuanbHble 3HAYSHUS
KUHEMATHYECKHUX [1apaMEeTPOB HECYIINX KOHCTPYKIMHA
OOIIIECTBEHHO-/ICIOBOTO IIEHTPa (IPOTHOBI, TOPU30H-
TaJIbHbIC TIEpEMEIICHHs BepXa 3JaHUs, YCKOpPEHUs
BEPXHHUX JTaKel) HAXOAATCS B IMArla30He HOPMATHBHO-
pEeryIaMeHTUPOBAHHBIX BEMYHH (pHC. 4).

256

[IpoBepka ceueHnit MOKPBITHSI, CTATBHBIX KOJIOHH
U OTIOPHBIX apOK MTPOM3BOAMIACE HA OCHOBAHUH TpPE-
ooBanuii CIT 16.13330.2011 [5]. TTonydeHHbIE IO KOM-
Oounanmsm ycwust Ha 6aze [IK ANSY'S ucnonb3oBa-
JIUCH JIJIS1 IPOBEPKH CEUSHHUH B CEPTUPHUIIMPOBAHHOM
IIK CTK-CAIIP [16].

-.121781
107514

-.043237

-.07096

064683

. 050406

—.036120

021852

-, 007514

L006703

I x

Puc. 4. briok A. 13010515 TOPH30HTANBHBIX TTepeMenteHnit Uy (M):
a — ocoboe coyeTaHne Harpy3okK (CeficMidIeckoe Bo3/ieicTBIE
110 HanpaBiaeHHIO OCH Y) Uymax = 57,5 MM; 6 — OCHOBHOE coyeTaHHe
Harpy3oK (CTaTHYeCKHii BeTep B HANPaBiIeHUU OCH ¥) Uypax = 121,8 MM
[Figure 4. Block A. Isofields of horizontal displacements Uy (m):
a — special load combination (seismic effect along the Y axis direction)
Uyimax = 57.5mm; 6 — main combination of loads (static wind
in the direction of the Y axis) Uy = 121.8mm]

PacueTs! BKITFOYaIM IPOBEPKH 110 MIEPBOMY TIPEIeib-
HOMY COCTOSIHHIO (TIPOYHOCTB TI0 HOPMAIBHBIM, Kaca-
TEIBHBIM M SKBHBAJICHTHBIM HAIPSHKCHUSM, YCTONUH-
BOCTH), BTOPOMY TIPEAEITEHOMY COCTOSTHHIO (THOKOCTH).

Jlns perenus 3aja4 yCTOWYMBOCTH MMPOTUB MPO-
rpeccupylomiero oopymenus [17-22] 6su1u chopmy-
JUPOBAHBI CIIEAYIOMINE pacyeTHBIC IPEAIOCHUTKH:
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— pacueT MPOU3BOIUTCS B TCOMETPUICCKH U (PU-
3MYECKH HEIMHEWHON MOCTaHOBKe (IS CTaNbHBIX
KOHCTPYKITHH);

— pa3BUTHE TPOIlECcCa pacCMaTPUBAETCS BO Bpe-
MEHHOW 001aCTH METOJIOM MPSIMOTO HHTETPUPOBAHHUS
ypaBHEHWH AMHAMUKH (TPUMEHSIICS HESIBHBIN METOJ
Heromapka);

— BJIMSIHHE CKOPOCTEH Je(OPMUPOBAHHS HA TIPe-
JISNbHYI0 HECYIIYIO CITOCOOHOCTP 3JIEMEHTOB B 3amac
HEC YUYUTBIBACTCH,

— Harpy>KCHHUE MOJICIIH ITPOBOAMUTCS B JBa 3Tara:
KBaszucTaTU4ecku (monydenune cratudeckoro HJC
KOHCTPYKIIUN TTOKPBITUSI, BpEMEHHOU MHTEepBas OT 0
1o 1,0 cex.) u aTan aBapuiiHOTO BO3AeHcTBH (yna-
JIEHHWE DJIEMEHTa, PeaKiusi CUCTeMBI — OT 1 CceK. |
Jajee 10 CTaOMIN3aIliy WA OOPYIICHIS);

— yAaJeHHe >JIeMEHTa MPON3BOANTCS CHIKEHHEM
skectkocTu 3neMenta B 1000 pas 3a 0,001 cexk.;

— pacuer MpOU3BOUTCS HA PacueTHBIE JUTUTEIbHEIC
COCTABJISIFOIIE KOMOWHAIMN HArpy30K, KOTOpasi BKITO-
YaeT COOCTBEHHBIN BEC, TOCTOSHHYIO HArpy3Ky, TEXHO-
JIOTMYECKYI0 Harpy3Ky U CHET 10 Kapre 1;

— BA3KOE JIeMI(UPOBaHIE KOHCTPYKIUU TOKPHI-
TUS IpuHUMaeTcs 2 % OT KPUTHYECKOTO;

— IIpY TIPEBBIIICHUY B JIFOOOM DJIEMEHTE B JIFOOOH
TOYKE €ro CeYEeHHs MpeIeNia BPEMEHHOTO COMPOTHUBIIEHHS
AIIEMEHT YIaJsieTCsl U3 pacueTHOW MOJISIH B 3ariac.

Ha puc. 5 nokazana cxema pacroyioKeHus yJansie-
MBIX 3JIEMEHTOB TIO CIIEHApUSAM HHUIMHPYIOIIETO JIO-
KaJIBHOTO pa3pyIieHus (CreHapuii 1 — 0TKa3 OImOpHOTO
y3ma ¢epmsl (puc. 6, 7); crieHapuii 2 — 0TKa3 BEpPXHETo
riosica (pepMbI TIOKPHITHS B CEPEIMHE ITPOJIETA).

Puc. 5. Cxema pacmonoKeHus yIaIsIeMbIX YJIEMEHTOB
10 cueHapusm 1, 2
[Figure 5. Layout of the remove elements for scenarios 1, 2]

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

NODAL SOLUTION

STEP=4
SUB =381
TIME=10
WNLEPEQ  (AVG)
RSY5=0

DMX =.369462
SMX =.015595

.00
.001733

Puc. 6. HakomnnenHsie muactudeckue aedopManun
B 30HE OMOPHOTO y3Jia Ha MOMEHT BpeMeHH 10 cek.
[Figure 6. Accumulated plastic deformation
in the area of the reference node at the time of 10 sec.]

ELEMENT SOLUTION
STEP=4

SUB =381

TIME=10

SEQV (NOAVE)
DMX =.369462

SMN =20.7299
SMX =338014

' k‘“". |

Puc. 7. DOxBuBaneHTHBIC HanpshkeHus 1o Musecy (I1a)
B 30HE OIOPHOTO y3J1a HAa MOMEHT BpeMeHH 10 cexk.
[Figure 7. Equivalent von Mises stresses (Pa)
in the area of the reference node at the time of 10 sec.]

20.7299
3757

BrInonHeHHBIMI pacueTHBIMU UCCIICIOBAHISIMH CLIS-
HapHeB MHULMHPYIOLIETO JIOKAIFHOIO pa3pyIlIeHus He-
CYIIMX KOHCTPYKLMH YCTaHOBIJIEHO, YTO IpH coOImoze-
HHU NIPUHATHIX ApaMETPOB IPOEKTa (TeOMETPHS, CBOM-
CTBa MaTeprasioB M COSAMHEHMH, BETMYMHBI I COYETaHNS
Harpy3oK M BO3/IEHCTBHII) KOHCTPYKIMM KapKaca 31a-
HHSL yCTOWYMBBI K IPOTPECCUPYIOILEMY OOPYILEHHIO.

BoiBoabI

Pesynbratel pacuernsix uccnegoanuii HJAC,
MIPOYHOCTH M YCTOWIHMBOCTH OCHOBAHHS M HECYIIUX
KOHCTPYKLUI MPU OCHOBHBIX U OCOOBIX COYETAHHSIX
Harpy30K ¥ BO3JCUCTBUH, a TAKXKE UTOTH CPAaBHUTEIb-
HOTO aHaJn3a Pe3yibTaTOB ANbTEPHATHBHBIX pacue-
TOB OOBEKTa MO3BOJISIOT CHIENAaTh BBIBOJ O MEXaHWYe-
ckori Oe3omacHoCTH [23; 24] COOTBETCTBYIOIIMX MPO-
eKTHBIX PEIIeHUN 3aHusl O0OIIEeCTBEHHO-IEIIOBOTO
neHnTpa «Konrpecc-xomm» B YUensOuucke.

257
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[TomyueHHbIe pe3ynbTaThl MaTEMAaTHUECKOTO MO-
JETMPOBAHUS UL 3aHNs] OOIECTBEHHO-IEJIOBOTO LICH-
Tpa — CTaTHYECKHE U BETPOBBIEC NEPEMEILEHHs, COO-
CTBEHHBIE 4acTOTHI U POPMBI KoteOaHU — pEeKOMEH Y-
€TCsI UCIOJb30BaTh NP Pa3padOTKe MPOrpaMMbl U Me-
TOAVKY NPOBEACHUS] MOHUTOPHHIA COCTOSIHUSI OCHOBA-
HUSI U HECYIIMX KOHCTPYKLMH 3[JaHUsI B IPOLIECCE €rOo
CTPOUTENBCTBA U IKCILTyaTalyu [25; 26].
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Abstract

Aims of research. The article is devoted to actual problems of computational
analysis of stress-strain state, strength and stability of load-bearing structures with al-
lowance for the main and special combinations of loads and impacts, comparison of the
results of alternative structural analysis of unique cultural and business complex “Con-
gress Hall” in Chelyabinsk. The natural conditions of the area of location of this object
and main load-bearing structures of the object are described. Besides, characteristic and
design loads, their combinations, formulation of objectives of computational research
and methods of solution are presented. Methods. Space discretization and solution of
the corresponding problems of mathematical (numerical) and computer modelling of
the considering unique building were carried out with the use of finite element method.
Detailed finite element models of the coupled system “combined foundation — load-
bearing structures” and its fragments (subsystems) were developed and verified. They
adequately reflect geometric-stiffness, inertial and load parameters of the object and
the resulting stress-strain state. Progressive collapse analysis are under consideration as
well. Licensed, certified and verified (by the Russian Academy of Architecture and
Construction Sciences) finite element software package “ANSYS Mechanical” was
used. Results. The resulting parameters of stress-strain state, strength and dynamics of
load-bearing structures of the building with allowance for design (in accordance with
design codes) combinations of vertical and wind loads are considered. Besides, infor-
mation about results of progressive collapse analysis is presented. Thus, a reasonable
conclusion is made about the reliability of the criterion parameters of strength, stability
and dynamics of the load-bearing structures of the object.

Keywords: mathematical modelling; numerical modelling; computer mod-
elling; numerical methods; finite element method; mechanical safety; strength;
stability; stress-strain state; unique cultural and business complex
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Annomayus

LJenw yiccnenoBaHMs 3aKIIOYACTCS B MPOJIOJDKEHUN Pa3pabOTKH METOIUKH OIIpe-
JeJIeHUsT HAIPsDKEHHO-Ie(pOPMHUPOBAHHOTO COCTOSTHHSL CTEpIKHEH NPH KPYUYeHHH Me-
TOZ[AMH CONPOTHBIICHHUS MaTepuaioB. Memoost. 1IpenoskeH HOBBIM MOIXO/ OMpesie-
JIEHUS KacaTeJIbHbIX HANPsHKEHUH KPYYEeHHs U1l CTEPKHEN IPOU3BOJIBHOTO MONepey-
HOTO CedueHUsl, 0a3UPYIOIIHICS Ha YIIPOIIEHHBIX TPEIIOChUIKAaX COMPOTUBICHHS Ma-
TepuanoB. OcoOEHHOCTD MOAXO0/A 3aKITI0YAETCs B alIPOKCHMALIUH TIPSIMOYTONBHBIX
JIEOOBIX CIIOXKHBIX MONEPEUHBIX CEUECHUH HKeIe300€TOHHBIX KOHCTPYKIMH MyTeM OIU-
CBIBaHMS BOKPYT TIONIEPETHOr0 CeUeHHsI OOJBIIOrO Kpyra ¢ MOCIETyIOIM ero pa3ou-
€HHMEeM Ha MaJible KBAJ[PaThl C BIIMCAHHBIMU B HUX Kpyramu. Pezynsmamst. Chopmy-
JIMPOBAHbI TpU TCOPEMBI, NEPBaAst U3 KOTOPBHIX CBA3BIBACT HAKOINICHUEC KacaTCIIbHBIX
HaNpsDKeHNH (IIPUPALIEHNs) OT TpaHell MpsMOYTONBHUKA 10 CEPeMHBI MPSIMOYTOIb-
HOTO cedeHns ¢ (hOpMYIIOH onpeeneHnst KacaTeIbHbIX HAPSHKEHHH TS KPYTJIBIX ce-
yeHuid. Bropas Teopema 1o3BOJISIET YCTAHOBUTD CBSI3b MEXKIY KacaTEIbHbIMU Hampsi-
JKEHHSIMH, BBIYHCIICHHBIMU U1 KQXKJOTO M3 MJIBIX KBAJPaTOB-KPYTOB, M KacaTeIbHbI-
MH HalpsDKEHUSMH OOJBIIOTO KpyTa depe3 UxX mpupamieHue TpeTbs Teopema gaer
BO3MOKHOCTh HAWTU KacaTeJIbHbBIC HaMpsHKECHUS 011 KaXKA0Iro U3 MaJlbIX KBaJIpaTOB-
KpyroB. [IpemIokeHHBIIA TOIX0/T MO3BOJIIET CHATH BOIPOC O HEOOXOIMMOCTH UCTIONb-
30BaHMS CHENUANBHBIX TAaOMHIL TS pacueTa U He TOJBKO B yHpyroi cramiu. OH Takke
HO3BOJISIET OTJEIUTh HAPsDKEHHO-A€(OPMUPOBAHHOE COCTOSHUE B LIEJIOM Habope
KPYIJIBIX CEYEHHMI OT IOTOIHUTEIHFHOTO TI0JIs, CB3aHHOTO C JAeIUIaHaluel mpsmo-
YTOJIBHOTO ceueHnst. [IoMuMo 3Toro, mpeacTaBIeHHbIE OIXOAbI JAI0T BO3MOXKHOCTD
YUUTBIBATh KOHIIEHTPALHMIO YIIOBBIX eopMaliuii BO BXOUIIHX YIJIaX U APYTHX Pe3-
KO M3MEHSIOIIUXCS TEOMETPHIECKHX ITapaMeTpax.

Knrouegvle cnosa: MeToiuKa pacyera; KpydeHHe; HapsHKEHHO-IehOpMHpPO-
BaHHOC COCTOSIHHE; COIPOTHBIICHHE MAaTEpPHAIIOB; ACIUIAHALMS; KOHICHTPALIUS,
pacTBOpeHHe; KOHACHCAIHS; CTATHKO-TEOMETPHUCCKUE XAPaKTEPUCTUKH; JKelle-
300€TOHHBIE CTEPKHU

BBenenune

W3 conmpotuBnenus MaTepuaaoB U3BECTHO, YTO 3a-
Jlady OTpeNeeHNs HapsHKeHUH u AeopManuil mpu
KPY4YEHUH CTEPXKHU HEKPYIJIOrO MOMEPEYHOr0 CEUECHUS
HeTb3s PEIIUTh METOAaMH, 0asupyIOUMMHCA Ha YIIpo-
IIEHHBIX TPEIOChUIKAX 3TOM 3KCHEPUMEHTAIBHO-TEO-

Konuynoe Bnaoumup Hearnoeuu, TOKTOp TEXHHYECKHX Hayk, mpodeccop

Kagephl YHUKATIBHBIX 3[[aHHi U COOPY>KEHHH.

pETHUYECKOI HayKH, SIBJISIOLIEHCS OJJHUM M3 pa3JieiioB
CTPOHTEIFHON MexaHuku. Takas 3aiaua OOBIMHO pelia-
€TCsl C HCTIONIb30BaHUEM METOJIOB TEOPHH YIPYTOCTH U
mractnaHocTH [1-3]. TeM He MeHee HCIOIB30BAHHE
pa60qnx TUNIOTE3 COIMPOTUBJICHUA MATCPpUAJIOB IIPUME-
HUTENBHO K CTEPXKHEBBIM KOHCTPYKIIMSM BECbMa IpU-
BJICKATENBHO. B CBSA3M € 3TUM BO3HHUKAET PE30HHBII BO-
IPOC O CTENEHHM KAaTETOPUYHOCTH YTBEPXKIEHHUSI O TOM,
YTO HEJB3s PEIIUTH 0003HAYCHHYIO BBIIIE 33]]a9y METO-

[en 6 Anexceit U 4, KaH/IHZIAT TeXHIYECKHIX HAYK, IOLECHT Kades- 9

b1 VHUKATEHBIX 37AHI H COOPYKCHIIL. AaMH CONPOTHUBJICHUA MATCPUAIIOB! Bce mu 1oaxoabl
Haymoeé Huxonaii Banepvesuuy, actiipant xadepsl YHUKaIbHBIX 31aHUH U [L]Z] U PE3EPBBI IPU ITOM chepnaHH?
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KPYUYCHUH METOJaMU COMPOTUBICHUS MaTECPUAIIOB.
B 3amaum uccnemoBaHus BXommia pa3padoOTKa OpH-
TMHAJIBHBIX MOJXOA0B M METOIAMK IS JTOCTHMIKEHHUS
IMOCTaBJICHHOH I1CJIH.

1. PacueTHast MoaeJib.
Pemenue 0CHOBHBIX 3324

B xoze uccnenoBanus mOMbITaEMCs TIOTyYUTh pe-
IIIEHUE TIOCTABJICHHBIX 33]a4, OCTaBasiCh B paMKax T'H-
MOTe3 COMPOTHUBIIEHH MaTepuanoB. Jid perneHus 3a-
Jauu OyJieM anmpoOKCUMHPOBATH Pa3IMYHBIC CEUCHUS
CTeprKHEW ¢ IOMOIIIBI0 Pa30MBKY MX HA MaJble KBaIpa-
THI C TIOCTIEAYIOIINM BITMCHIBAHHEM B 3TH KBaJIPaThl
KpyroB. Torma NpuMEHHUTETBFHO K STUM MalTbIM KpyTaMm,
COCTABJISFOIIMM TIOTIEPEYHOE CEUCHHE CTePIKHEH TF000H
(hopMBI, OyIyT CIIpaBeMIUBEI (DOPMYITHI COTTPOTHUBIICHHS
MaTepHaJioB, MOMYYCHHBIE JJIS KPYTIIBIX MOTEPEUHBIX
ceueHuii. [Ipy 3TOM HEOOXOMUMO PEIUTH TPU COITYT-
CTBYIOIIIME 3371a9l: BO-TIEPBBIX, YUECTh JETUTAHAIHIO TI0-
MEPEYHBIX CEUCHUN CTEpXHEW HEKPYIJION MPOU3BOIIb-
HOU (POPMBI ¢ TOMOIIBIO0 KAKOH-THOO PEKypPPEHTHOM
(hOpMyIIBI; BO-BTOPBIX, KOPPEKTHO MPOCYMMHPOBATH
3JeMeHTapHbIe KPYTH, TTOCPEICTBOM KOTOPHIX am-
MPOKCHUMHUPYETCsl TIONepedHoe ceuenue ioooit dop-
MBI C paclpeaelieHueM MPUXOISAIINXCA Ha HUX KPY-
TAIINX MOMEHTOB; B-TPETHHUX, YI€CTh HAJINYHE KOH-
LEHTpaIUK eOopMaIiii B 30HE BXOSIINX YIJIOB M0-
MEPEYHOr0 CEYCHHS MPOU3BOJILHON (POPMBI U MecT-
HOW JIeTUIaHAIMK B YIJIaX W JAPYTHX PE3KO H3MEHs-
IOIUXCS TEOMETPUIECKUX IMapaMeTpax, a TaKkKe ee
«BO3BpaTa» B MECTaX, COCEACTBYIOIINX C KBajJpara-
MU C HYJIEBOH JKECTKOCTBIO.

Pemienue nepBoii U3 3THX 3a7a4 NPEATIOKEHO HAMU
B paborax [7; 13]. [Ipu 3TOM OCHOBHBIE MONPABKU
OyIyT KacaThCs JACTUIAHAIIMH HEKPYTIIBIX TTOMEPEUHBIX
CEUYeHUI.

s perienus BTopoil 3amauu, OyJeM HCIIOIb30-
BaTh Cleayromui noaxoa. Bokpyr Hekpyrioro more-
PEYHOTO CEYeHHSI OMUCHIBAETCS OOJNBIION KPYT, B KO-
TOPOM YCIIOBHO «pacTBOpsIETCS» (pUTypa IMOTepeaHOro
ceuenus. [Ipu 3ToM Bce mose OOJNBIIOTO Kpyra pas-
OmBaeTcs Ha PsIl KBaJIpaTOB, KOTOPHIE BIIOCIEICTBUH
3aMEHSIOTCS BIIMCAHHBIMH B HUX MaJbIMU KPYTamu.
Marnbie Kpyru, MOMaBIINEe B 30HY, OTPAaHUYCHHYIO
KOHTYpPOM IIOTIEPEYHOTO CEUEHUS CTEPKHSA, CIIY>KaT B
KaueCTBEe «KOHJEHCHPYIOIINX» — B HUX COCpPENOTa-
YUBAIOTCS DJIEMEHTH XECTKOCTH M I(()EKTUBHBIC
3HAYCHHS TAPAMETPOB HAINPSKEHHO-e(hOPMUPOBAH-
HOT'O COCTOSTHUSI, KOTOPhIE 00€CIIEYHBAIOT COMPOTHB-
JIEHHWE TIOTIEPEYHOTO CEYEHUS CTEPXKHS CIBUTY TIPH
KpYYCHHH.

Panee namu ObuTa paccMoTpeHa moo0OHas 3aa-
4a TOJIEKO C OTHUM PSIOM Pa3OMBKH 10 IIMPHUHE TIPS-
MOYTOJILHOTO CEUCHHMSI Ha MaJIbie KpyTH [7].
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[Mpoananu3upoBaB BCe HEOCTATKH OTMEUYCHHO-
ro pa3OueHws], Mbl YCOBEPIICHCTBOBAIIM IIpejiarae-
MBI TTOXO0A. A UMEHHO: ONMMUCHIBAEMBIN KPYT BKJIIO-
yaeT B ce0s yKe He TPU MaJbIX Kpyra, a IeJblid Ha-
00p TaKWX KPyros, KOTOPBIE allPOKCUMHPYIOT 000
TIoTIepevHOe ceueHue, Hanpumep purypa A — B — C —
D st mpsimoyTonpHOTO ceueHust (puc. 1).

&
HTIT T

T

Puc. 1. Anmpokcumariist psIMOYTOJBHOTO TTIONEPEYHOTO CEUCHHS
CTEpIKHS C TIOMOILBIO KBAJAPATOB M BIHCAHHBIX B HUX KPYrOB
[Figure 1. Approximation of a rectangular cross-section of rods
using squares and circles inscribed in them]

Tenepp MpUMEHUTENBHO K OOJIBIIOMY KPYTY,
BKITIOYAIOIIEMY B c€0sI B TOM YHCJIC U MOTEPEUHOE Ce-
YeHHE TIPOM3BOIBHOMN (PopMBI (pHC. 1), MOKHO HCIIOINb-
30BaTh (POPMYJIbI COTPOTUBIICHHUS MAaTEPUATIOB JIJIs
KpYTIIbIX cTepikHel. Takue GpopMyIibl cripaBeIIMBbI U
JUISL KXKJIOTO M3 MAJIbIX KPYTOB, Ha KOTOPHIE B CBOIO
ouepens pa3douT 0oMbIIOH KpyT. B pesyisrare mpemo-
CTaBJISICTCS BO3MOYKHBIM 3aIMCaTh PEKyppPEeHTHBIE (op-
MyJIbl MPUMEHUTETBHO K PacueTy CTEpKHEH Mpom3-
BOJILHOTO TOTMEPEYHOTO CEUCHHS C BBEICHUEM HEO00-
XOJIMMBIX TTOTPABOYHBIX KOIPPUIIEHTOB.

2. Beenenne noHATHIi 1 (POPMYJIHPOBKA TeOpeM

AHanu3upys npeagoXeHHbIN MOAX0/I, BO3HHUKA-
€T He0OXOIMMOCTh BO BBEACHHH NOHSTHS DKBHBa-
JICHTHOCTH MEXKIY XapaKTePUCTUKAMH KPYTHIbHOU
JKECTKOCTH MPSMOYTOJIBHOIO CEYEHUSI U KpyTa, OMH-
CaHHOTO BOKPYT 3TOr'0 MPSIMOYTOJIFHOTO CEYEHUS:

n
2
G b Grec'Z(It,i+rj 'Ai)

Ge _ Jrec "frec _ i=l1 (1)
qu >
1, bcir I bcir
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rae Ipe; — NOJAPHBIA MOMEHT MHEPLUH OOJIBIIOrO

KpyTa, OMMCAaHHOTO BOKPYT MPSMOYTOIFHOTO CEUCHUS
Gpec — MOZYIIb CABHIA MaTepUaja OPSMOYTOJIBHOTO

ceueHust; [, — MOIAPHBIM MOMEHT MHEPLUH MIPSAMO-
YTOIIBHOTO CeUeHHs; [, ; ; — NOMSAPHBIA MOMEHT HHEp-

IIUA MaTBIX KBaIPaTOB-KPYTOB, TIOMAIAONHX B KOHTYP
MPSIMOYTOJIGHOTO CEYCHUS; 1 — YHCIIO MAJIbIX KBajpa-
TOB-KpPYI'OB, MOMAJIAIONIUX B KOHTYP MPSIMOYTOJIBHOTO

CCUCHUA, Gequ — «IKBHBAJICHTHBIID MOAyJIb CABUTIaQ,

CBSI3aHHBINA C «PAaCTBOPEHHEM» B OOJBIIIOM KpyTe II0-
MEPEYHOro CeYeHUs MPOM3BOIBLHON (POPMBI, cocTosIIIe-
TO U3 Psifia MaJIBIX KPYTOB; 7; — PACCTOSHUE MKy

neHTpamu Oonbioro kpyra O u manoro kpyra O ;
A; —mnomane i-Toro Kpyra.
Jns npuBeneHus 3HaYCHUM MOJISIPHBIX MOMEH-
TOB K 0ONBLIIOMY KpYry OyleM HCHONb30BaTh KOd(-
(GUIMEHT o , OTBICKHBAaEMBIH 10 popMmyIie
G,

0=t )

equ
B npemnoxxerHOM monxosie OyneM pa3nudaTh He
TOJIBKO KacaTebHbIE HAIPSDKEHHUA T, BO3HHUKAIOIIME

NpU KPYYEHUH KPYIJIBIX CEUSHHWH, HO M MX MpHUpalle-
HHUs AT TIpu paccMOTPEHMH TOJIOCOK (CedyeHwit), pac-
MoJaraeMbIX OT MEPUMETPa MPSMOYTOJIBHOTO CEYCHHS
WIH CEYCHUS CJIOXKHOH (DOPMBI («pacTBOPSEMBIX» B
OIMCAHHOM OOJIBIIIOM KPyTe) K €ro LEHTPY, a TaKKe
3HAYECHHs KacaTeJbHBIX HAaNpsLKEHWH, BBIYMCIICHHBIC
JUTSL KQXKZIOTO M3 MAJIbIX KBaJPaTOB-KPYIOB B TIOJIOCKE
(ceyeHny) 1 0003HAYEHHBIE KAK T, .

CornacHO OIpeNIeNeHnI0 KacaTeIbHBIX HaIlpshKe-
HUH, B JII0OOM Kpyre T, HaXOIUTCs 1o (hopmyie

l4t Idt z
V.= L A— A’[’ 3
Y SR ©)

rec

T =
I beir
rae M, — KpyTsIpii MOMEHT, JEHCTBYIOIIMIA Ha MPSAMO-
YTOJIBHOE CEYECHHE.
[pumenurtensHo K AT 1715 m000# 1OJI0CKH (ceue-

HUSI), PACIIOJIOKEHHOW B Mpejeiax OOJbIIOro Kpyra,
¢dopmyna (3) MoxkeT OBITh TpeoOpazoBaHa K BHILY

At == == -7

J
I bcir I rec "0

S S
ZMt,i ZMU‘
i=1 i=1 j, (4)

rae M, ; — KpyTSImuid MOMEHT, IPUXOISIINNCS Ha
ti

KaXX[Ibli [-TBI Mayblii KBagpar-Kpyr; [ — 4HCIO
MaJbIX KBaJpaTOB-KPYTOB B OJHOH MOJOCKe (ceue-
HUH); [;; ; — TOJSAPHBI MOMEHT HHEPLIMH COOTBET-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

CTBYIOILIETO i-TOT0 KBajlpaTa-Kpyra OTHOCUTENBHO Ieo-
MeTpudeckoro neHrpa O OOJBLIOrO Kpyra, paBHbIH
COOCTBEHHOMY IOJIIPHOMY MOMEHTY MHEPLUMH [, ;,

CKJIabIBA€EMOMY C I[O6aBO‘IHLIM, PaBHBIM IIPOU3BLCC-

HUIO KBaJipaTa pacCTOSIHUSA rj MCKAY LHECHTPOM Owu

LEHTPOM I-TOT0 MaJoro kBajapara-kpyra O; Ha IJIo-
aJb -TOr0 MaJIOro KBaJapaTa-Kpyra A; .

JlencTBUTENBHO, CymMMa M ;, CTOSILETO B YUCTIH-

tene Gopmysl (4), paBHa CyMMapHOMY MOMEHTY M,
B gopmyne (3). Takum obOpazom, popmyna (4) npex-
cTaBisieT co00it Hekoe paszioxenue Gopmysl (3) o
npupamernusM. [Ipu 3TomM oTaenbHOE TpuparmeHue
MOYKET UMETh Ka4eCTBEHHO HHOM BUJI, YeM CyMMa 3THX
TpHUpaLIeHni. 31eck MOKHO MPOBECTH aHAIOTHIO MEKITY
KacaTebHBIMY HANPSHKCHUSIMU T W HAKaIIMBacMBbI-
MU caBuratroummu cuinamu 7' [14].

3anumreM GopMyITy U ONpeaesieHUs KacaTelb-
HBIX HANPSDKEHUH T, , BRIYUCIEHHBIX IS KQXKI0TO U3

MaJIbIX KBaJpaTOB-KPYTOB B MOJIOCKE (CEUCHHH) BEp-
TUKAJIGHON WJIM TOPU3OHTAIBHOW aHaJOTHIHO (op-
mye (3):

,=E . ;. (5)
tij @

Pacnpenenenue kpyTsiero MOMeHTa, AEUCTBY-
FOIeT0 B OOJIBITIOM KpPyTre Ha €ro COCTABJISIOIIHE,
MPUXOJSIIMECS HA Ka)KIbI Mallblil i-ThIi KBajpat-
KpyT, ompenensercs no (GopMylie, BbITEKAIOUICH U3
MPONOPLUOHATIEHOCTH CIBUTOBBIX )KECTKOCTEMH:

A4 -G
M, ; =M, 'ﬁZMﬁ
v

rec

= ©

TEC

Baxno 3aMCTUTb, 4YTO I pPaCIpeaCIICHHOIO
KpyTdAliero MOMEHTA OOJIKHO BBIIOJHATHECA COOT-
HOMICHUEC, BLITCKAIOUICC U3 YCIIOBHUA PABHOBECHUA:

ZMt,i:Mt' (7)

[Ipu 0000IIeHNH TIPETOKEHHOTO ITOAX0Aa ObLTH
BBISIBJICHBI HEKOTOpBIE O0IIME 3aKOHOMEPHOCTH, KO-
TOPBIE MOTYT OBITh MIPEACTABIEHBI B BUJE CIIETYIOMINX
TEOPEM.

Teopema 1. Cymma mpupanieHnil KacaTelbHbIX
HanpsbkeHHH AT, HakaruIMBaeMbIX B TIOJIOCKax (ceve-
HUSX) OT KpaeB K CepellHe MPSIMOYTOJIBHOTO CEUCHUS,
BIIMCAHHOTO B OOJNBLION KPYT OTHOCHUTENIBHO LEHTpa
3TOro OOJIBIIOTO KPYyTa, COBMAIAIONIETO C IIEHTPOM
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NpsSMOYTOJIFHHKA, PaBHA KacaTelIbHBIM HAIPSHKEHUIM Takum 0Opa3om mHTErpanbHas smopa At (mpo-
T, B M000H BBHIOPAHHOM TOYKE 3TOr0 OOJIBIIOrO Kpyra CYMMHPOBaHHas1) TPaHC(HOPMHPYETCS B SIIOPY Ty , T1O-
C yquOM COOTBeTCTByIOHH/IX <«OKBUBAJICHTHBIX>»» U «KOH- CTpoeHHyIO IJIA I_[eHTpa_]'[LHO]"O CCUCHUA prra.
JCHCHPYEMBIX» XapaKTePHUCTHUK. Hoxazamenscmeo meopemui 1. ITpocymmupyem
r COCTABIISIFOLIME, CTOSIIINE B YHCIHTENE (HOPMYJL, TS OT-
S M, penenenuss At Mo BceM TOJOCKaM (BKITIOYAOIINM Ha-
’%? Are i -1 o= M, . ) 60p MaJbIX KBaJpaTOB-KPYTOB BJIOJIb BHIOPAHHOTO cedve-
P 2 e 0 J-H i 7 HHSI) OT KpaeB J0 CEPEANHBI MPSMOYTOJIBHOTO CEYEHHUSI.
Torpga B unciauTesne MoIydyuM 3HAYEHHE IHOJIHOTO
rae k — YCIo MOMOCOK (CeUYCHH) BEPTHKAIBHBIX I MOMEHTa M, , a B 3HaMEHaTelle — 3HAUCHUE MOJIHOTO
TOPH30HTAIIBHEIX, Ha KOTOPBIC pasOMBACTCS TPSMOYTOIb- MOMEHTA UHEPLMHU IS IIPOU3BOJILHOTO TIONEPEYHOTO Ce-
HOC TIOIICPEYHOE CEUCHHE (PHC. 2, ¢) OT Kpasi CEUCHHSI 10 YEHUs, «PacTBOPSIEMOro» B OoibioM Kpyre. IlomyueH-
CEYeHHs, B KOTOPOM ONpefiensiercs Ty ; f — 4o Ma- Hasl SITIOpa TIPUHUMAET BT, 00YCIIOBIICHHBII opMyJIon
JIbIX KBaJPaTOB-KPYTOB B OJHOM MOJIOCKE (CEYEHNH). I ONpEZIeNICcHUs] KacaTeIbHbIX HAPSHKEHUN Tj .
a b c
6 5 2 4
HH Y.
6-6 5-5 T T
a A
4 Y ) |
5B i(/ﬂ( X )5( X,l' jS(AJTl T
mf o
15} T -, |’ N4
I = OR) (] 1
1 S% (s 0;
L, rx < S . o II
< TEs ~ ® 5 %
RS ~
c ble) d E D el ;LX]OH) y
ce |, 00000 o=l o T
— io . 5 T \u
— H e e |‘
— e >~ I
—! ,’I s < T
- = ~
1 K Y, 4
- 0o O
f F ﬂ\ .
Ad A A
d e f g h
z 7-7
7_,| !
0,51; V% —
Y,
T 0 —] 0, 0
T

ﬁ rl T 1 T sum

Puc. 2. Dnrops! npupaiieHuii KacaTeabHbIX HAPSHKEHUH (a, ¢) U 3MIOPHI KacaTeIbHBIX HAPSIKCHUH B pa3IMYHbIX cedeHUsX (b, ¢)
JUTS IPSIMOYTOJIBHOTO CEYEHHMS M OIIMCAHHOTO BOKPYT HEro GOJIBILIOro Kpyra; HONEepeYHOe CeUYeHNe MaJIoro i~Toro kpyra (d)
C YCPEIHEHHOH 3IMOPOii KaCaTeIbHBIX HATPSDKEHHI KPYIEHHS Tyspr B i-TOM KpyTe (), SMOpOit MECTHBIX HAMPSLKEHUH Tioc B I-TOM KpyTe (f)
¥ CyMMAapHO#M 31MOPOH T, ispr ¥ Tloc B I-TOM KpyTe(g), SMOPON MECTHBIX HanpsixeHul Ha pacctosauu 0,5 7; ot uenrpa O; (h)
[Figure 2. Diagrams of increments of tangential stresses (a, ¢) and diagrams of tangential stresses in various sections (b, ¢)
for a rectangular section and a large circle described around it; the cross section of the small i-th circle (d) with the averaged diagram of
tangential torsional stresses T, j, spr in the i-circle (e), the diagram of local stresses Tioc in the i-th circle (f) and the total diagram of 17, j, i, spr
and Tioc in the i-th circle (g), the diagram of local stress at a distance of 0.5 7; from the center O; (/)]

Teopema 2. 3HaueHUS KacaTelIbHBIX HampsDKe- é M
HU, BEIYUCICHHBIE AJIS1 KaXXI0TO M3 MANbIX KBaJIpa- | e 9
TOB-KPYTOB T, , MOTYT ObITh BHIPAXKEHBI Y€PE3 TIPHPa- 2= A At p, ©)
Li,j

meHust At.
rae p — GyHKUus ot 7, ; ;.
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Jlokazamenvcmeo meopemot 2. Beenem B uuciu-
TeINb ¥ 3HAMEHATENb TIOJISIPHBIA MOMEHT UHEPIIUH O0JTb-
Oro Kpyra /g, , TOCJIE 3aMEHUM YacTh BBIPAXKCHHs

Ha At mo ¢opmyie (4). HacTs, ocTaBiryrocs 63 u3-

MEHEHHMIA, 0003HAUUM Uepes3 p.

_ [bcir _ Ibcir

= . (11)
Iy j-o (It,i + 4 -rjz)-(x

Kak BugHO 13 IMOJIY4Y€HHOT'O BBIPpAXXCHUSA, 3HAYC-
HUC p UMCCT 3aBUCUMOCTD OT [t INE

! f Teopema 2 M0O3BOJISIET YCTAHOBUTH CBSI3b MEXKILY
>M 1 >M v KacaTelIbHBIMU HANPSHKEHUSAMU Ty W KacaTelbHBIMU
1, =121 rp= i=l . beir 1 HaNpPsOKEHUSIME OOJBLIOrO Kpyra T; Yepe3 WX IpH-
It,iaj a IbCir It,la.] o pameHHe AT
Cneocmeue u3z meopemsl 2. YCTaHOBIICHHAA
é M B3aMMOCBSI3b JMIOP T] U T, 4epe3 AT HO3BOJISAET
ti
i—1 At (10) CPaBHUTH MX U OTMETHUTb, YTO C YUETOM 3HAKOB OHHU
=" }" .. = . .
Iy’ p P B3aMMOJONOJHAIOT APYT Ipyra A0 HMpsIMOYTOJIbHU-
KoB (puc. 4).
a Z p\ HHH b ¢ d e g h
4 11 22 33 44 55 Toum.ed ‘ Tied
0 \n/n /t \ Taum O
fIT‘IH ] Toumeed = Tled
T
i N ] k 1 m n
5 44 1-1

2-2 33 44 55

|«

\
v
Iy
v
'
'
'
'
'
'
'

1

Addd

Puc. 3. AnmpokcumMarys npsMOyroJIbHOT0 HONEPEUHOro CEYEeHUs! TPYU IOMOIIH MaJIbIX KBaAPaTOB-KPYIoB (a);

smropsl npupamennii AT B cedennsx 1-1 — 5-5 (b—f); cymmapHast smopa (g); SIopa KacaTelbHbIX HAPSDKeHNit Ty B 601b1I0M KpyTe (h);

; _ -
IPAMOYTONBHOE CEYEHHE C SIMIOPaMHU T B LIEHTPAIbHBIX CEYEHHSX U SMIOpaMu Ty Ha IPaHsX cedeHus (i); SIopbl T B ceuenusx 1-1—5-5 (j—n)

[Figure 3. Approximation of a rectangular cross-section using small squares-circles (a); distribution of increments At
in sections 1-1 — 5-5 (b—f); summed distribution (g); distribution of tangential stresses in a large circle (%); rectangular cross-section

with distribution of T; in the central sections and distribution of T, on the edges of the section (i); distribution of T, in sections 1-1 —5-5 (j-n)]

Teopema 3. 3HaueHus KacaTeJbHBIX HAIPSHKEHUH,
BBIUHCIICHHBIE [UT K&KIOTO M3 MalbIX KBaJpPaTOB-KpPY-
roB, 0003HaueHHbIE Yepe3 T, , AN CedeHui (II0JI0COK,
BKJTIOYAIOIINX HAOOP MaJIbIX KBaJpaToB-KPYTOB BJIOJb
BBIOPaHHOTO CEYEHHsT), PACTIONIOKEHHBIX BOJIM3U KOHTYP-
HBIX TpaHei MPSMOYTOJIbHUKA, TO €CTh JI0OCTATOYHO y/1a-
JICHHBIX OT TIeHTpa O, 00paTHO MPOTOPITHOHATIBHEI Pa-
JWycaMm 7 , IPOBEJCHHBIM H3 LIEHTPa OOIBIIOro Kpyra

JI0 IIGHTpa COOTBETCTBYIOIIETO i~TOr0 KBaapara-Kpyra.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

Mt
Ty =

L (12)
Af Vj

Jokazamenvcmeo meopemst 3. B cOOTBETCTBUU

¢ dhopmyIoit (4) TONSAPHBI MOMEHT HHEPITHH COOTBET-
CTBYIOIIIETO i-TOTO KBaJpaTa-Kpyra OTHOCHTEJIEHO TIeH-
Tpa Tpkectn O GornbIIoro kpyra /; ; j PaBeH coOCTBEH-

HOMY MOJIIPHOMY MOMEHTY MHEPUHHU [, ; , CKJIa/IbIBa-
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€MOMY C JI00aBOYHBIM, PaBHBIM NPOU3BEACHHUIO KBA-
paTa paccTosHUs MeXIy LHeHTpoM O M LIGHTPOM i-~TOTO
MaJioro kBagpata-kpyra O; Ha IIOmagb i-TOr0 KBaJ-
para-kpyra. [Ipu 3TOM, ecim KBaapaThl-Kpyrd Haxo-
JSITCS B CEUEHHSIX — MOJIOCKAaX, BKIFOYAIONINX HAOOp
MaJIbIX KBaJpaTOB-KPYTOB BAOJb BHIOPAHHOTO ceve-
HUS, YAICHHBIX OT 1ieHTpa O (Hampumep, B CEUCHU-
AX, PAcMOJIOKEHHBIX BOJM3M KOHTYPHBIX TpaHei
IPSIMOYTOJIbHHKA), 3HAUYCHUSMU COOCTBEHHBIX ITOJISP-
HBIX MOMEHTOB MHEPIIMH MOKHO IpeHeOpedb 110 CpaB-
HEHUIO ¢ 100aBOYHBIMH MOMEHTaMHU HHepuuu. Torna
u3 hopMyibl (4) OTYyUUM:

S S 4;
th,i Mt-ZA
Tz:i=1 .= i=l7rec o
Lo / Ai-rjz-a /
:Mf_fL (13)
Arec 0 v

B nonydennoit popmyne (13) t, obparHo mpo-

NMOPUOHUOHAIIBHO l’j , UTO U Tpe60BaJ’IOCB J0Ka3aThb.

Hcnorp30BaHue SMIOP TAKUX HALPSDKEHHH T, 1103-
BOJISICT BBITIOJTHUTH AMMPOKCUMAITHIO PACTIPEICIICHUS Ka-
CaTeNbHBIX HANPSDKEHHH KPYydYEeHHs TMPSIMOYTOJILHUKOB
KakK B IIEHTPAIbHBIX CCYCHUSX, TAK U B CEUCHUSIX, pac-
MOJIOKEHHBIX TT0 ero epumerpy (puc. 2, a—c u 3, a—h).

o

g\A\?\\&})»)mvm..

™
2

0
55
<
S

2%
N

X
%
&

&

ll

“\\

5

Puc. 4. [lononuenue smop AT (/) 10 NpAMOYTONEHUKOB
smopamu Ty (1) u Tdep (Z1l) B ceuenusx 1-1 —5-5
[Figure 4. Adding diagrams AT (I) to rectangles
with diagrams T, (/) and Tdep (ZI]) in sections 1-1 — 5-5]

3. MeTroauka 1Jisl y4yeTa JAenjJaHanun
M KOHIEHTPALHMH YIJIOBbIX Aedopmannii

Temnepb OCTAHOBUMCS Ha TAKHX aCTIEKTaX PEIICHUS
3a/1a9¥, KaK y4eT KOHIICHTPAIMU HalpspKeHHO-Iedop-
MHPOBAHHOT'O COCTOSIHUS (peIleHre TpeThel 3a1aun) 1
y4eT MECTHOH JemnaHanuu. s mpocTOTsl paccMoOT-
PHM 3TH aCIEKThl Ha CTEPKHSX, COCTOSIINX U3 OJHO-

266

ro MaTepHana, Ui MONEepPEeYHbIX CeYEHUH MPON3BOIIb-
HO# (OPMBI (IJI1 COCTaBHBIX CTEPIKHEH OTMEUCHHBIE
ACTIEKTHI YYUTHIBAIOTCS aHATIOTUYHO).

Kaptuna pacnpenenenust nedopmanuii Ha y4act-
Kax CTepIKHEH, MPHIIeTalomuX K HOpMalIbHBIM cede-
HUSIM, BhIpe3aroniumM y3en [7; 13], HamoMuHaer, eme
JI0 TIOSIBJICHUS TPEINH, KapTHHY, aHAJOTUYHYIO BBISB-
aexnoir B.M. MypaieBsM B cTaguu TpemuHooOpa-
3oBaHus. [loaTomy mpencraBnsiercss HanOoIee prueM-
JIEMBIM YUYHUTHIBATh TaKyl0 KOHIIEHTpauio aedopma-
LMl ¢ MOMOIIBI0 Kod(duIeHTa y, ;o 10 (pr3HIecKo-

My CMBICITY, aHAJIOTUYHOMY KO3()(HULHUEHTY VY , BBE-

IEHHOMY B Teopuio xeinezoberona B.U. Mypamre-
BBIM [14]. 3TO TIO3BOJISIET ONIEPUPOBATH B MIPOBEICH-
HBIX CEYCHHUSAX CPETHUMH 3HAUYECHUSIMHU Je(opMaliuid,
JUI KOTOPBIX YK€ CIpaBeAUBa THIIOTE3a IIOCKHUX
[IOBOPOTOB. B cTazuy, Korga conpoTHBIICHHUE JKeJe-
300€TOHHOTO CTEPKHSI OJIM3KO K YIpyromy, Koapdu-
LHCHT )}, ¢ OLPEACISIETCS ¢ IPUBIICUCHIEM K03 dH-

LMEHTa KOHIeHTpaluu aedopmarnmii k [7, 13]:

k-1
Vpo=l-0,——, (14)

>

rie ©, — Kod(Q(UINCHT HANOIHCHHS dIIOPBI Kehop-

MaITi pacTSIHYTOW apMaTyphl (MU CKaToro OETOHA)
Ha y4acTKaX, OTCTOALIMX Ha /i OT LEHTpa y3Ia.

[Tpu sToM 3HauyeHus koddduimenta k onpenens-
OTCS TI0 CTIPABOYHBIM JTAHHBIM WIIH MOTYT OBITh ITOJTY-
YEeHBI C UCTIOIB30BAaHIEM METO/Ia KOHEUHBIX DJIEMEH-
toB (MKD).

BakHBIM 3JIEMEHTOM IpeyIaraeMoro Moaxoja sis-
JIETCSI TaKoKe MpeiocTaBisieMasi BO3MOXKHOCTD (M3-3a
pa3OreHns ceueHrs! Ha Majble KBapaThl-KpyTry) yyera
MECTHOM JIeTUTaHALINK B YTJIaX M JPYTHX PE3KO H3Me-
HSIOIIMXCSl TEOMETPHYECKHX MapaMeTpax, a Takke ee
«BO3BpaTa» B MECTaX, COCEACTBYIOIINX C KBaJIpaTaMu
C HYJIEBOH JKECTKOCTBIO.

[Tpu yuere MEeCTHOH JeTIIIaHAIINY MOy UM

M,
Ay f(v:2) fa(x)=
M, af-b? x
=t BT 1= ., (15
G'It ag_}_b*z y z l 1/VIOC ( )

IJe W, — MECTHas JeIUIaHalusL.
Ee menecooOpa3Ho BBIpa3HTh cpa3y uyepes co-
CTaBJISFOIINE OTHOCUTENBHBIX YIJIOBBIX AehopManuit

Ydep,yx,loc ¥ Vdep,zx,loc » KOTOPBIC OTCUMTBIBAIOTCA B

npeiaraéMoil METOIUNKE OTHOCHUTENILHO MIIOCKOCTH
00JIBIIIOTO KpyTa.
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M, a? —b? X
Ydep, yx i'Ydep,yx,loc = : [ 1-—]-z%

G'It 613 +b*2 l
M[ Mt,i
Thax T ax < Ydep, yxul » (16)
I -0 Gegy Lij-a-G 1
N M, ai —b? / (1 x) +
dep,zx dep,zx,loc G .[t af N b*z /
M[ Mt,l'
: rj,A* + I 4% < Ydep,zx,ul’ (17)

Iy -0-Gegy Lij-a-G

zX

TI€ Ydep,yxul ¥ Vdep,zx,ul — COCTABISIOLINE TPE/ICIb-

HBIX OTHOCHUTEJIBHBIX YTIIOBBIX AedopMariuii AeriaHa-
IHH; Vdep, yx M Vdep,zx — COCTABIIAIONINE OTHOCHTEIIb-

HBIX YITIOBBIX JieopMaLnii JSIIAHAMHI; Vdep . loc

u Ydep,zx,loc — COCTaBJIAIOIINEC OTHOCUTCIIbHBIX YIJIO-

BBIX JiehopMariiii MECTHOH JeTUIaHaIT|H, BO3HUKAIOIIX
B MAJIBIX KBaJpaTax-Kpyrax, pacloJOXKEHHbIX Ha Tpa-
HSIX CEUEHMS U B JPYTHX MECTax C Pe3KO U3MEHSIO-
IIMMUCS] TEOMETPUUYECKIMH TTapaMeTpaMy, Toukax A*,
MEPEXOISIIIMNX U3 IIOCKOCTH IONEPEYHOTO CEUEHUS
YOZ Bo B3anMHO nepneHUKYISIpHbIE II0CKOCTH XOZ
u YOX.

CocTaBIsIoOMHNe Vgep yxjoc M Vdep,zx,loc OHPE-

JIENISIOTCS C MCHONIb30BAaHUEM 3aKOHA MApHOCTH Kaca-
TENBHBIX HAMPSKCHUN, TIPU 3TOM BBIOOpP 3HAKA Tepe]]
HUMH BBITTOJTHSIETCS B 3aBUCUMOCTH OT TOTO, B KAKOM
KBaJpaHTe MPSIMOYTOJLHUKOB (Ha KOTOpBIe pa3OnBa-
€TCs TIOTIePEUHOE CeucHHe JII000# (opMBbI) pacmoo-
JKeHa Touka A*.

Hakowner, He0OXOAMMO y4YeCTh HAJIMYUE KOH-
HEHTPALUH YIIOBBIX JeopManuii B yriax u APyrux
PE3KO M3MEHSIOIIUXCS TeOMETPUIECKUX MapaMeTpax,
a TaKXKe B HATIPABJICHUU OCH X, TO €CTh MPUMCHHUTEIb-
HO K MECTHOU neriaHaruu. [lpu atom koa¢duimeHT
KOHLEHTPALMH p, 1 |o BAOJb POJOIBHON OCH CTEPXK-

HSI X OTpe/IeNIAeTCs TI0 aHAJIOTHUH C 3aBUCUMOCTHIO (14)
¢ mpuBiedYeHHEM K03((UIMEeHTa KOHLIEHTPAluU Je-
bopmarmit k. :

kjoe =1

- (18)

Vb 1loc = 1- ®y loc p
loc

rAC napaMeTpbl c U klOC IO CMBICITY aHAJIOTUYHbBI

v.,lo
napameTpam, UCTONb3yeMbIM B opmyne (14), ¢ Toi
TOJIKO Pa3HMIIEH, UTO OHHM XapaKTEpU3yIOT MECTHOE,
a He o011ee MoJie YIIOBHIX AehopMaLuii.

ITpu 5TOM 3HaueHus koddduruenrta kj,. JIerko

MOTYT OBITh MOJYYEHBI C HcmoNb30BanneM MKD u

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

C YYETOM OCOOEHHOCTEH PabOThI 30HBI COMPSHKCHUS KaK
TUTOCKOHATPSHKEHHOTO (MM 00BbEMHOT0) AIIeMeHTa TIPH
€ro YIpyroM COIPOTHBIICHUH.

B wurore kacartenbHbIe HAMPSOKEHUS! B TPOU3BOJIb-
HOW TOYKE TOMEPEYHOTr0 CEUCHUsI MPOM3BOIBLHON (op-
MBI C YUETOM IPEAIaracMbIX MOAX0I0B CKIaIbIBAIOTCS
U3 CICIYIOIIUX COCTABIISAIONIHX:

Tt,4 =T, j,4,cond T Uti,4,cond T Tloc T Teone * Teone,loc =

M, M,

1,1

I ;-

= v —+
J»A4
I;-a

J
M, [2 .2 My [5 5

NYjATZjatT——\ViatZiat
I;-a I ;-a

+Toc + Teone T Teonc,loc < Tu (19)

1. 4% Tloc T Teone T Teonc,loc =

31eChb T, ; 4cond M TriAcond — KacaTeslbHbIC

HaNPsDKEHUS B MIPOU3BOIBLHOW TOUKE A OOJBIIOTO
Kpyra, OIMCAHHOTO BOKPYT HPOU3BOJILHOTO IOTIEpEU-
HOTO CEUYCHHUS MOCTE «KOHJICHCAIII» CTaTUKO-TeOMET-
PUYECKUX XapaKTEPUCTUK CEUEHUs, «PACTBOPEHHO-
ro» IO 3TOMY KpYTy, U KacaTeJIbHbIC HANPSKEHUsS B
MPOU3BOJIBHON TOUKE 4 Majoro KBaapara-Kpyra Io-
CJle «KOHJEHCAII» COOTBETCTBEHHO, SKBUBAJICHTHBIC
KacaTeNbHbIM HAIPSDKEHUSAM Tj, BBIYHCICHHBIM 110
dbopmynie s kpyrioro ceuenus (puc. 2, d, e, f, g);
iA> Yj,As» Zj,4 — PACCTOSHHS OT LCHTPA 0ombI10-
ro Kpyra, OIMCaHHOTO BOKPYT NMONEPEYHOTO CEUEHUS
CTEPKHS, IO MPOU3BOJIBHONU TOYKH A, HAXOJSIIEHCS
B MajoOM j-TOM Kpyre, B KOTOPOH ompenenstorcs
3HAYECHMs KacaTeIbHBIX HANPSHDKEHUN KPYYeHHs T; U
€e KOOpIWHATHI B 00Iel cucTteMe KoopauHat YOZ;
M; — KpyTALIMII MOMEHT, NEUCTBYIOIINN B MONEpEY-
HOM CEYE€HUU CTEPIKHS; It — IUIOWIAAb U MOJISIPHBIN
MOMEHT MHEPLUH NONEPEYHOrO CEYCHUS CTEPXKHS, all-
MIPOKCUMUPOBAHHOI'O MaJIbIMH KBaJ/IpaTaMU-KpyraMu,
Teone> Teonc,loc — KaCaTeNbHbBIC HANPSIKEHMS, 00YCII0B-
JICHHBIC CUJIOBOM, TEOMETPUUYECKON U MEXCpenoBOn
KOHIIEHTpaIe nedopmariuii, a TakKe COCTaBJIsIO-
1€, BbI3BAaHHBIE MECTHOW KOHIIEHTpaIUel, HaXOIsT-

Cid IMYTEM YMHOXCHHS KacaTCJIbHBIX HaHpH)KeHI/Iﬁ B
30HAaX KOHOCHTpALlNX Ha KO3(1)(I)I/II_II/I€HTLI, MIOJIyYCHHBIC

u3 popmyi (14) n (18) COOTBETCTBEHHO; 7; 4, Vi 4>

Zi, A — PacCTOSAHMA OT LICHTPAa MaJIOTO I-TOrO Kpyra a0

MIPOU3BOJILHON TOYKU A, HAXOAAIIEHCS B MAJIOM i-TOM
KpyTe, B KOTOPOH OMPEeAeTIOTCS 3HAUCHHS KacaTeilb-
HBIX HaNpsOKEHUH KPY4YeHUs T; U €€ KOOPAUHATHI B

MECTHOH cucteMe koopauHar Y:0iZi; M, ; — KpyTsimil
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MOMEHT, IIPUXOMAIIMICA HA i-ThI MaJbIA KPYyT, HA KO-
TOpbl€ Pa30MTO MONEPEYHOE CEUEeHHUE CTePKHS; [, ; —

MOJIIPHBIA MOMEHT MHEPLHUHU i-TOTO MaJoro Kpyra,
Ha KOTOpbIE Pa30OUTO MOINEPEYHOE CEUEHHUE CTEPIKHS
(cknaznpiBaeTCst M3 COOCTBEHHOTO MOJIIPHOTO MOMEH-

2
Ta UHEPIUH U J00aBOYHOTO, PABHOTO v “4); Tiu —

TPE/IC/IbHBIE 3HAYEHHS! KaCaTENbHBIX HANPKEHUH Kpy-
YCHUA.
JlOTIOTHUTENBHO K PABHOACHCTBYIOIUM T; 4,

OTBICKMBaeMbIM 10 Gopmyie (19), mis cooTBeTCTBY-
IOIIUX KPYI'OB HEOOXOAMMO YUUTBIBATH COCTABILIOIINE,
CBSI3aHHBIE C JICTUIAHAIIMEH MPSIMOYTOJIBHOTO cede-
Hus [7].

Torna, cknanpiBas COCTaBISAIOLINE KacaTeIbHbBIX

HANPSHKCHAN TIPU KPYUCHUH Ty 4 115 Ty 4 xz > Tdep,yx

M Tgep, 2y » TOIYYHM PE3YJILTUPYIOLIHE HANPSIKCHHE

Tsum,A .

Tsum,4 =

2 2
= \/( Tt A,xy T Tdep,sum,xy ) + (Tt,A,xz + Tdep,sum,xz) ,(20)

TI€ Tdep,sumyxy, 1 Tdep,sum,zx — CYMMapHBIC COCTaB-

JISIONINE KacaTeNbHBIX HAIPSHKEHUH AeTulaHaIlie, 00-
HIed U MECTHOM, YCPEIHEHHBIE B i-TOM KpYyTe€.
Pa3paboTaHHyI0 METOIUKY TaKKe MOKHO IpUMe-
HSATH JJIs CTEPIKHEN COCTAaBHOTO CEUSHNS, HO TIPH STOM
HEOOXOAMMO MMPUHUMATh BO BHUMaHHWE, YTO pacrpe-
JieNieHre JeHCTBYIOLIETO B IIONEPEYHOM CEUEHUH KpYy-
TAIIETO MOMEHTA BBITIOJHSAETCS TPOMOPIMOHAIIBHO CO-
OTHOIIECHUSAM MEXIY OOIIeH CABUTOBON KECTKOCTHIO
TIOTIEPEYHOTO CEYEHHS U CABUTOBOMH JKECTKOCTHIO KaK-
JIOTO U3 MPUBEACHHBIX MaJbIX KPYroB (Ha KOTOpPbIS
pa30bHUTO TOTIEPEeYHOE CEUCHHE) OTHOCUTEIHHO 0O0IIe-
T'0 T€OMETPHUECKOTO LIEHTPA MTOTIEPEUHOTO CEUSHMUS:

416Gy Ay
Mo =My e =My

t "Y1 t

42 -Gy
MZJ:MtA,—G""

t "Y1

4G
Mt,i:Mtﬁ’ (21)

-Gy

rne Gy, Gy, G; — momynu casura st 1, 2 u i-Toro
MAaJIBIX KPYrOB COOTBETCTBEHHO (JJIsI KPYTOB, MOTA-
JIAIOIIUX B OOJIBIION KPYT, HO BBIXOIAIIMX 332 KOH-
TYPBbI MONEPEYHOIO CEUEHHUS CTEPIKHS ITPOU3BOIBHOM
(hOpMBI, MPUHUMAIOTCS PABHBIM HYJIIO).
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BoiBoabI

[To pe3ynpTaram mpoOBEAEHHOTO HMCCIIEIOBAHUS
TIpeUTO’KEH HOBBIM TIOIXOT B BUE pa3paboTaHHON Me-
TOAMKU JIJIS1 OIPEeSICHUS KacaTelbHbIX HANPSKCHUM
KpY4YEHUS Ui CTEP’KHEH MPOU3BOIBHOTO MONEPEUHO-
ro cedeHusi, 0a3UPYIOMUIiCs Ha yNPOIIEHHBIX MPe-
MOCBIJIKaX COMPOTHUBJIEHUsI MaTepraioB. Ero ocoben-
HOCTb 3aKITIOYAETCs B alPOKCUMAIIMH MPSIMOYTOIBHBIX
1 JFOOBIX CIIOXHBIX TOMEPEYHBIX CEUSHUH KOHCTPYK-
Uit (B TOM YHCIIE JKEJIe300€TOHHBIX) C IMOMOIIBIO MX
pa30MBKHY Ha KBa[PaThl C BIIMCAHHBIMU B HUX KPyTaMHu.

[Ipu 3ToM 17151 oTpeneneHns KacaTelIbHbIX Harpsi-
J)KEHU Kpy4yeHHUs B MPOU3BOJILHOM TOouke 4 B COOT-
BETCTBYIOILLIEM KpyT€ MOMEPEYHOro CEYESHHUs, PacIIo-
JIO’KEHHOM Ha PACCTOSIHUM X OT OIOpPbI, BHAYAJIE OTHIC-
KHMBAIOTCS KacaTeabHble HANIPSKEHUS JI 3TOM TOUKU
B OOJIBITIOM KpYyT€ IMOCJIE «PAaCTBOPEHUS» €0 CTAaTU-
KO-T€OMETPUUECKUX XapaKTEPUCTUK IO ATOMY Kpy-
Iy, KOTOpbIE 3aT€M CYMMHPYIOTCS C KacaTeIbHbIMU
HaNpsDKEHUSIMU MaJIOTO Kpyra Jijlsl 3TOM JKe TOUKU A.

B mpeaenax 007b1I0T0 U KaXJ0TO i-Or0 Kpyra
CTAHOBUTCS CIIPABEIJIMBON 3aBUCUMOCTh KacaTeIbHbBIX
HaNpsDKEHUH KPYUYEHUs! OT PACCTOSHUS 10 LIEHTpa pac-
CMaTpUBAEMOTO KpyTa, A0 MPOU3BOJIBHOM TOUKH A,
PACIOJIOKEHHON B OOJBIIOM KPyre, B i-TOM MaJIOM
Kpyre. MakcuMalbHble HalpsDKEHUS, COIJIACHO IpeN-
JlaraeMoi METOJIMKE, JOCTUTAIOTCS B CepeIHaxX JUTHH-
HBIX CTOPOH MPSIMOYTOJILHUKA, YTO COOTBETCTBYET UX
JEeHCTBUTENBHOMY pacnpeneieHuto. Ilpu stom takas
MOJIETh TTO3BOJISIET CHATH BOIIPOC O HEOOXOIMMOCTH
WCIIOJIb30BaHMS CIICUANBHBIX TaOIUIL s pacdera 1
HE TOJIBKO B YIPYTOM CTaIuu.

[Ipennaraemeplii MOAXOM TAaKKE MO3BOJIAET OTHE-
JIUTh HAIPSKEHHO-1e(OPMUPOBAHHOE COCTOSHUE B
LIEJIOM HaOOpe KPYTJIBIX CEYCHUI OT JIOTIOJTHUTEITEHOTO
T0JIs1, CBSI3aHHOT'O C AeIIaHalel npsiMOyTroJbHOrO ce-
yeHus1. Hamu OTKOpPEKTHPOBaHBI M CYIIECTBEHHO J0-
MIOJTHEHBI 3aBUCUMOCTH JJISl yU€eTa JeIUIaHalliu CTEePK-
HS IPSIMOYTOJIBHOTO MOMEPEYHOT0 CEUEHHUS, BBEACHO
MOHATUE U NPEUIOKEHBI 3aBUCUMOCTH JUTSl y4eTa MECT-
HOW JeryiaHanu. AKIEHTUPYeTCss BHUMaHue Ha Qu-
3WUYECKOH CYTH MPOAONBHBIX MepeMEIIeHHA, 00yCIIOB-
JIEHHBIX JeIUIaHalrel, IPOBOAUTCS aHAJIOTHUS C JJle-
MEHTapHBIMH TIEPEMEIICHUSMH, BEI3LIBAEMBIMU CIBH-
TOBBIMU YCHIIUSIMH.

[IpennoxeHHass METOAMKA MO3BOJISIET YUYUTHIBATh
KOHIIEHTPAIINIO YTIIOBBIX Ae(QOopMamnuidi BO BXOISAIINX
yriax U APYyTUX PE3KO U3MEHSIOUINXCS TeOMeTprYe-
CKHX MapaMeTpax KaK OTHOCUTEIBHO IJIOCKOCTH IO-
MIEPEYHOI0 CEUEHUs, TAK U B HANPABIECHUU MIPOJI0JIb-
HOHI ocu cTepxHA. [Ipu 3TOM Hcnosb3yercst npueM,
AHAJIOTUYHBIN BBEICHHOMY B TCOPHIO XKeJle300€TOHA
B.M. MypammeBsM [ 14], KOTOpBI MPUMEHIM | TIOCIIE
MOSIBJICHUS TPEIIMH B )KeJIe300€TOHHBIX CTCPIKHSIX.
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Abstract

Aim of research — to continue the development of methods for determining
the stress-strain state of rods during torsion using materials resistance methods.
Methods. A new approach for determining tangential torsional stresses for arbitrary
cross sectional rods, based on simplified assumptions of material resistance, is pro-
posed. The main feature of this approach is the approximation of rectangular or any
complex cross section of reinforced concrete structures by describing a large circle
around the cross section and splitting it into small squares with circles inscribed into
them. Results. Three theorems have been formulated, the first of which relates the
accumulation of tangential stresses (increments) from the edges of a rectangle to the
middle of a rectangular section with the formula for determining tangent stresses for
round sections. The second theorem allows to establish a connection between the
tangential stresses calculated for each of the small squares-circles and the tangent
stresses of the large circle through their increments. The third theorem makes it pos-
sible to find tangential stresses for each of the small square circles. The proposed
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approach allows to remove the need to use special tables for the calculation and not
only in the elastic stage. It also makes it possible to separate the stress-strain state in
the whole set of round cross-sections from the additional field caused by the deplana-
tion of the rectangular cross-section. In addition, the proposed approach makes it
possible to take into account the concentration of angular deformations in the incom-
ing angles and other places with changing geometric parameters.

Keywords: calculation methodics; torsion; stress-strain state; resistance of
materials; deplanation; concentration; dissolution; condensation; static geometric
characteristics; reinforced concrete rods

References

1. Golyshev A.B. (2009). Soprotivienie zhelezobetona
[The resistance of reinforced concrete]. Kiev, Osnova Publ.,
432. (In Russ.)

2. Bondarenko V.M. (2004). Raschetnye modeli silo-
vogo soprotivleniya zhelezobetona [The computational mo-
del of a power resistance of reinforced concrete]. Moscow,
ASV Publ., 472. (In Russ.)

3. Iakovenko I., Kolchunov V., Lymar 1. (2017). Rigi-
dity of reinforced concrete structures in the presence of
different cracks. MATEC Web of Conferences. 6th Inter-
national Scientific Conference “Reliability and Durability
of Railway Transport Engineering Structures and Build-
ings”. Transbud-2017, 116, 02016, 1-12. doi: 10.1051/
matecconf/201711602016

4. Demyanov A., Kolchunov V1. (2017). The dynamic
loading in longitudinal and transverse reinforcement at in-
stant emergence of the spatial crack in reinforced concrete
element under the action of a torsion with bending. Jour-
nal of Applied Engineering Science, 15, 456, 377-382.
doi: 10.5937/jaes15-14663

5. Jariwalaa V.H., Patel P.V., Purohit S.P. (2013).
Strengthening of RC Beams Subjected to Combined Tor-
sion and Bending with GFRP Composites. Procedia En-
gineering, 51, 282-289.

6. Rahal K.N., Collins M.P. (2006). Compatibility
Torsion in Spandrel Beams Using Modified Compression
Field Theory. ACI Structural Journal, 103(3), 328-338.

7. Demyanov A.L, Kolchunov VLI. (2018). To the ap-
proximation of rectangular and complex cross-sections of
reinforced concrete structures under the action torsion with
bending. IOP Conference Series: Materials Science and
Engineering, 456, 012104, 1-12. doi: 10.1088/1757-899X/
456/1/012104

Viadimir I. Kolchunov, DSc. in Technical Sciences, Professor of the Depart-
ment of Unique Buildings and Structures.

Aleksej 1. Demyanov, PhD in Technical Sciences, Associate Professor of the
Department of Unique Buildings and Structures.

Nikolay V. Naumov, graduate student of the Department of Unique Buildings
and Structures.

270

8. David A.E., Thomas L.H., Simon A.N., Jonathan E.C.
(2018). Veering and nonlinear interactions of a clamped
beam in bending and torsion. Journal of Sound and Vibra-
tion, 416, 1-16.

9. Loic B., Guilhem M., Rached F., Bruno C. (2016).
Static and dynamic analysis of bending-torsion coupling of
a CFRP sandwich beam. Composite Structures, 145, 26-36.
doi: 10.1016/j.compstruct.2016.02.055

10. Ogawa Y., Kawasaki Y., Okamoto T. (2014). Frac-
ture behavior of RC members subjected to bending shear
and torsion using acoustic emission method. Construc-
tion and Building Materials, 67, 165-169. doi: 10.1016/
j.conbuildmat.2014.05.100

11. Lukina A.A., Kholopova I.S., Alpatova V.Y., So-
lovieva A.V. (2016). Beams with corrugated web: calcula-
tion peculiarities of bending torsion analysis. Procedia Engi-
neering, 153, 414-418. doi: 10.1016/j.proeng.2016.08.143

12. Kashani M.T., Hashemi S.M. (2018). A finite ele-
ment formulation for bending-torsion coupled vibration ana-
lysis of delaminated beams under combined axial load and
end moment. Shock and Vibration, 2018, 1348970, 1-13.

13. Kolchunov VLI., Demyanov A.L. (2019). K opre-
deleniyu napryazhenno-deformirovannogo sostoyaniya sterzh-
ney proizvolnogo poperechnogo secheniya pri kruchenii
metodami soprotivleniya materialov [To determination of
stress-strain state for a rod of arbitrary cross-section under
torsion using resistance of materials]. Buildings and Re-
construction, 81(1), 10-22. (In Russ.)

14. Murashev V1. (1950) Treshchinoustoychivost, zhest-
kost i prochnost zhelezobetona [Crack resistance, stiffness
and strength of reinforced concrete]. Moscow, Mashstroy-
izdat Publ., 268. (In Russ.)

ANALYSIS AND DESIGN OF BUILDING STRUCTURES



CTPOMTENBHASA MEXAHUKA UHXEHEPHBIX KOHCTPYKLIMIA U COOPY)XEHWHA

2019. 15(4). 271-277

DOI 10.22363/1815-5235-2019-15-4-271-277
YK 624.012.042

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

HAVYHASA CTATbA

Kpurtepuu npo4HOCTH CTEH U3 KPYNHBIX KJIAJ0YHbIX 0JI0KOB

K.II. IIsTukpecroBckmii

Hayuno-uccredosamensckuii yenmp « Cmpoumenscmeoy, Poccuiickas @edepayus, 109428, Mockea, 2-a Hncmumymckas yauya, 0. 6, kopn. 1

stroymex@list.ru

Hcmopua cmamovu:

[octynuna B penakuuto: 12 mast 2019 r.
Jopa6orana: 10 uromns 2019 r.

[MpunsTa k myonukauu: 25 uromns 2019 r.

s yumuposanus

Tamuxpecmosckuii K.I1. Kputepnn mpodHo-
CTH CTEH U3 KPYNHBIX KJIAJOUHBIX OJIOKOB //
CrpounTtenpHas MEXaHNKa HH)KEHEPHBIX KOH-
cTpykumii u coopyxenuid. 2019. T. 15. Ne 4.
C. 271-277. http://dx.doi.org/10.22363/1815-
5235-2019-15-4-271-277

Annomayus

Ilenu. B crarbe cTaBuTCs 3a/1a4a NPHMMEHUTH COBPEMEHHBIE KPUTEPHH IIPOY-
HOCTH aHU30TPOIIHBIX MaTEpPHAIOB JJIsl pacueTa MHOIOCIOMHBIX CTEH U3 S4EHCTO-
OCTOHHBIX M CHIIMKATHBIX KPYITHBIX KJIAJIOYHBIX MAaTE€PHAIOB, OTIMIAFOMINXCSA TOU-
HBIMH pa3MepaMU U JOIyCKAIOIMX TOHKOIIOBHYIO KJIAJKy C KJICEBBIMU IIBAMHU.
IIpennosxeHus [yis BKIIOYEHHS B HOPMBI IPOCKTUPOBAHMS YKA3aHUH, YUNThIBA-
110)110%D.¢ paﬁoTy CTCHOBBIX MATCPHUAJIOB B CJIOKHBIX HANPSXKCHHBIX COCTOSAHUAX,
OyIyT IpencTaBIECHBI IIOCPEACTBOM cepuH IyOnukanuid. Memoost. lns perte-
HUsI IOCTABJICHHOM 331a4M UCIOJb3YIOTCS KpuTepun npouynoctu I'.A. I'enuesa B
JIOCTATOYHO YIPOIIEHHOH (opme. PaccmarpuBaercst 00beMHOE HaIpsDKEHHOE CO-
CTOSIHUE CTEH U3 OPTOTPONHBIX MAaTepHanoB. B OCHOBY IOCTPOEHUSI KPUTEPUCB
IIPOYHOCTH IOJIOXKEHBI TPH BO3MOKHBIX Pa3IMUHBIX MEXAHU3MA Pa3pyILEHUS —
OTpPBIB, C)KAaTUC U CABUI. I[J'lf{ COBpPEMCHHBIX TOHKOCTCHHBIX KJIaJOK XapaKTCPHO
COYETAHUE CKUMAIOIIUX (BEPTUKAIBHBIX) U CABUIAIOMINX (TOPU3OHTAJIBHBIX) Ha-
rpy3ok. OcoOblii MHTEpeC MpeacTaBisieT padoTa KJIaJKH Ha CIBHI, ITOCKOJIBKY
IUIOCKOE HANPSKEHHOE COCTOSIHUE M3Yy4eHO HepocTaTouHo. [locTpoenuto kpute-
pHsl IPOYHOCTH KJIAAKU IPHU CABUIE U MOCBsIIEHA cTaThsl. OCOOEHHOCTHIO Mpe-
JIaraeMbIX PacyeToB SIBILIETCS CPAaBHUTEIbHAS IPOCTOTa KPUTEPUEB IPOYHOCTH,
00yCIIOBIE€HHAsl NPUHATHIMU TUnoTe3amu. Pesynsmamul. IlpencraBneHbl OKOH-
YaTelbHOE BBIPAXKEHHE KPUTEpUs MPOYHOCTH IPU CIABUIE M IOCIEN0BATENb-
HOCTb IOBEPOYHOTO PacyeTa Ha CIBUIOBYIO IPOYHOCTb B CIydae IPOCTOrO Ha-
rpyxenus. CTaThsl SBJSETCA NpPEABApUTENbHOI Ul CEPUU PACUETOB U PE3Yib-
TaTOB 3KCHEPHMEHTAJIbHBIX UCCIIECA0BAHUM CTEH NIPH PAa3IMYHBIX YCIOBHUAX dKC-
IUTyaTalluy U pa3IUyHbIX Harpy3Kax.

Knrouesvie cnosa: xkaMeHHasI KJIaZKa, OPTOTPOITHBIC CTCHOBBIC MAaTECPUAJIbI;
KPpUTCPUU NPOIYHOCTH IIPpU CABUTC

BBenenne
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PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN

B ux MoHorpadusx [1-9]. Mmerotcs Takxke Oosee co-
BpemeHHbIe paboTel H.U. Kapnienko, B.M. Bonnapen-
ko u B.W. KomayHoBa, O.B. Kabannesa [11-13] u mp.

Hamre nccinemoBanue 06asupyercs Ha paborax
I'.A. I'enneBa u ero cOTpyIHUKOB [6; 7].
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HoBble KOHCTPYKTHBHBIE PEIIEHHs CTEHOBBIX Ka-
MEHHBIX KOHCTPYKIMH OTJINYAIOTCS OOJBIINM Pa3HO-
oOpasreM, 00eCTICUMBAIOIINM TEXHOJIOTHIHOCTD, SKOHO-
MHYECKYIO 3()()EKTUBHOCTD U LENECO00Pa3HOCTh CO-
3nanus 30anuil u coopyxenuil. B [THUNUCK umenn
B.A. Ky4epeHKko BBINOIHEHbI 3KCTIEPUMEHTATILHBIE HC-
CJIeIOBaHUS HAWTYUIINX 00pa3loB (parMeHTOB CTEH
JUIS OLIEHKH palMOHAIbHOTO MAacCcOBOTO NMPUMEHEHMUS.
Marepuainsl oT4eTa O Hay49HO-UCCIIEI0BATEILCKON pa-
6ote o Teme «lccnenoBaHue MPOYHOCTH U Aedopma-
THUBHOCTH KJIAJIKH U3 CUITUKATHBIX U sTYEUCTOOCTOHHBIX
0JIOKOB Ha KJIEEBBIX PAacTBOpax i TOHKOILIOBHOM
KJIaJIKH U OIpeJelIeHue HOPMUPYEMbIX IIapaMeTpoB
mBoB» (2017 r., ucnonnutenn — O.M. Ilonomapes,
M.A. MyXxuH) HCIIOB30BaHbI B padoTax [14; 15].

Ha puc. 1 mokazana cxema obpasiia KIaaK ¢ Tpe-
LIMHAMH [I0CJIE UCIBITAHUHN Ha ckatue. B ycnoBusax
9KCIUTyaTalluy KpOME CXKaTHsl MaTepHall 4acToO HCIBIThI-
BaeT cABUT. Pa3pabaTpiBaeMble KPUTEPHH IPOYHOCTH
HO3BOJIIIOT BBITOJIHUTH QHATIM3 IUIOCKOTO HANPSHKEHHO-
TO COCTOSIHUA. B yacTHOCTH, XOpOIIO 3apeKOMEHA0BAIN
ce0sl TOHKOLIOBHBIE KJIEEBbIE COCAMHEHUS B CTCHAX M3
JErKOOETOHHBIX SYEHCTBIX M CHJIMKATHBIX KaMHEH
yKpynHeHHoro ¢opmara. OgHako TpeOyeTcs coBep-
IIIEHCTBOBAHNE METOAMKHU HCIBITaHUH 2JIEMEHTOB CTEH
U IPUMEHEHHE COBPEMEHHBIX METOJOB pacdera s
JTATIbHEHNIIIEH MOJECPHU3ALMYA HOPM IIPOEKTUPOBAaHUA U
caMUX KOHCTPYKTHBHBIX pelleHni. B ycnoBusix npume-
HEHMSI HOBBIX TEXHOJIOTHH INIPaKTHKa TpeOyeT COOTBET-
CIBYIOIIMX TEOPETHUYECKUX IPHEMOB M Pacdera, 0Co-
OCHHO C y4eTOM MPOCTPaHCTBEHHOH pabOThl CTEHOBBIX
KOHCTPYKITUH, BRI3BaHHON MHOTO00pa3neM pelieHHH,
Harpy30K ¥ BHYTPEHHHUX YCHIUI OT TeMIIepaTypHbIX,
BJIAYKHOCTHBIX, BETPOBBIX U JPYIMX BO3JEHCTBHI.

938

10

1030

250
——
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5
W

NWrr;:3S mc
N::a_‘: [1-7,5 mc

260

odp. 15

Puc. 1. Cxema noBpesxaeHus o0pasia Kiaaku
13 SMEUCTOOCTOHHBIX OJIOKOB MOCIIE UCIIBITAHUN
[Figure 1. Scheme of damage to the masonry sample of
cellular concrete blocks after testing]
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B mpennaraemoli cratbe cAenaHa MOMBITKA MPU-
MEHUTbH Kputepuu mnpounocty I'.A. I'eHreBa, KOTopble
yIKe TIPOIUTH HAYIHYIO armpoOaIiio, HO HyXIar0TCs
B MPUBSI3KE K peaJbHOMY MPOEKTUPOBAHUIO. 31ECh
CTaBSTCSI BONPOCHI OCBOSHHS IPOTPECCUBHEIX pacyueT-
HBIX TPEINOCHUIOK B WX JOCTATOYHO YIIPOIICHHBIX
dhopmax. [TomoOHBIC TOAXOABI UMEIOTCS M B APYTHX
pa3paboTkax, Kacaroluxcs, B YaCTHOCTU, KOMIIO3HT-
HBIX ¥ TPAJUIIMOHHBIX KOHCTpYKUUi [14].

[To muenuio I'.A. I'eHreBa, KaMEHHYIO KIIaJIKy J10-
ITyCKaeTCsl PacCMaTPUBATEL KaK OTHOPOIHBIN OPTOTPOII-
HEII MaTepuaj, Ipu MOCTPOCHUU KPUTEPUEB MPOU-
HOCTH KOTOPOT'O TIPHHSATO 00OCHOBAaHHOE SKCIIEPUMECH-
TIGHBIMIA JaHHBIMH TIPEIIOJIOKEHHE 00 00hEeMHOM
HaMpPsHKEHHOM COCTOSIHUH B YCIIOBHSIX KPAaTKOBPEMEH-
HOTO CTaTUYECKOTO HArpyKeHus 0e3 ydyera Temrepa-
TypHO-BPEMEHHBIX (DaKTOpoB U mon3yvectd. [Ipu sTom
BO3MOYKHBI TP PA3IMYHBIX MEXaHU3Ma Pa3pyIICHU:

— OT OTpPBIBA, MPOSBIISIONIETOCS MIPU OJHO-, IBYX-
WM TPEXOCHOM PaCTsKEHUU;

— OT CMSTHS, TIPOSBIIIFOIIETOCS TIPX OJHO-, TBYX-
WU TPEXOCHOM C)KATHH;

— OT CI[BUTa, MPOSBIIIONIEIOCsS OOBIYHO MPU CMe-
[IaHHBIX HAIPSHKEHHBIX COCTOSHUAX, KOTIa TJIaBHEIE
HaIpPSHKEHUS OTIUYAIOTCS TI0 3HAKY.

B cBsi3u ¢ 3TUM KpuTepuil IPOUYHOCTH HPEACTaB-
JSIeTCS B BHJE TPEX HE3aBHCHUMBIX aHATUTHYECKUX BbI-
paKEHUH, KaKI0€ W3 KOTOPHIX ONpPEAesaeT Mpeae
MIPOYHOTO COMPOTUBJICHUS MaTepralia B IPEIIONIOKe-
HUH TOTO WJIA WHOTO MEXaHW3Ma Pa3pyIIeHusI.

IIpuHUMNIBI pacyeToB

BBegem cucteMy KOOpIuHAT X, V, Z, COBMEIIas
€€ OCH C TJIABHBIMH OCSMHU aHU30TPOIIHH MaTepHara.
[Ipu BEIBOAE TIpeTaraeMoro KpUTepHs MPOYHOCTH
KaXXAYI0 Pa3HOBUAHOCTH HCCIEAYyEeMOr0 MaTepuala
OyzeM ompeneisaTh NeBATHIO HE3aBHCHMBIMHU IPOY-
HOCTHBIMH TOKAa3aTEISIMU:

— TpeneIamMu MPOYHOCTH Ha PaCTsHKEHUE BIOIb
ocel x, ¥, z — Rpx, Ryy, Ry- COOTBETCTBEHHO;

— TIpeAesiaMy MPOYHOCTH Ha CXKaTHE BIOJIb TEX
xe ocell — Rex, Rey, Rez;

— mpeneraMu IPOYHOCTH Ha CABUT IO IUIOMIA-
KaM, OpTOTOHaIBHBIM OCSIM X, V, z — Cy, C,, C. cooT-
BETCTBEHHO.

[NonoxuTenbHBIMY HAMPSHKEHUAMU OYJIEM CUHTATh
pacTsITruBarole, OTPUIATEILHBIMU — CKUMATOIITHE.

PaccMoTpuM BOTIPOCH TOCTPOCHUS KPUTCPHS
MIPOYHOCTH OPTOTPOIHEIX MATEPHUATIOB I OOIIETO
CiIy4asi TP€XOCHOTO HAIpPSKEHHOTO COCTOSHUSA, KO-
I/1a pa3pylieHne MaTepuana MPOUCXOAHUT OT CIIBHUTA
10 HEKOTOPOU IUIONMIAIKE CKOJILKEHUS, T/Ie MPOIIec-
Cy paspyllieHUs IPeIUIeCTBYeT HAKOIUICHUE CIBUTO-
BBIX Aedopmanuii [15; 16].

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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Pazpymienne marepuana oT CIBHUTa, BEI3BAHHOE
JIEHCTBHEM KacaTeNIbHBIX HAIPsKEHUH OOBIYHO IPO-
HCXOJIUT TIPH CMEMIaHHBIX HAIPSDKEHHBIX COCTOSTHU-
sIX, KOTJIa TJIABHBIC HOPMaJIbHbIC HATIPSDKCHUS OTIIH-
YaroTcs 0 3HaKy. BenencTBue pasnwuust mpenesnoB
MIPOYHOCTH Ha CABUT B HAIIPaBJICHUSIX TJIABHBIX OCed
aHU30TPOIIMHU OTAaCHAs IJIOIaJKa CIBUra He OyIer,
KakK MpaBUJIO, COBMAAATh C HAMPABICHUEM TJIABHBIX
KacaTeNbHBIX HanpspkeHuid. Ee HampaBieHne MoxeT
OBITH HAWJICHO U3 YCIOBHS

max[t, — C(v),] = 0, (1

re T, — KacaTeJbHOE HANpsKEHHE Ha IUIOMIalKe
CIBHTIA.

B nensx ynporenust npouenyps! peaamnzarmn (1)
OyzeM mcciieoBaTh 3TO YCJIOBHE HE B OCSX KOOPAH-
HAaT, COBMAJAMOIIMX C IIABHBIMHU OCSIMU aHU30TPOIINH,
a B OCSIX, COBMAJIAIOIINX C HANPABICHUAMH IJIaBHBIX
HaIpsHKCHU.

T = [(07 — 0,)21?m? + (0, — 03)*m?n? +
1

+ (03 — 01)?n?1?]z. ()

3nech [, m, n — HapaBIAIOIINE KOCUHYCHI HOP-

MaJId vV, UICKOMOU TUIOMIAIKU CIBUTA B OCSAX TIaBHBIX

HaNpsOKEHUH 01, O, , 03; C(V) — 3aKOH U3MEHEHHS

IIpeACIOB IPOYHOCTHU HA CABUT.
B}/Z[CM CUHUTaTh, YTO BUJ 3aBUCHUMOCTH

Cw) =CWj,j=xyz 3)

B IPOCTPAHCTBE TJIABHBIX OCEH aHU30TPOITHH YCTAHOB-
JICH U3 OMBITOB HA MPUHYIUTEIHHBINA CIBUT 00Pa3IoB
MaTepuaia Mo Pa3JIMYHBIM HaIpaBleHUSIM. 31ech /,
Vv, ] — 3HAYCHHS HANPABIISIONINX KOCHHYCOB HOPMaJH
V TUTOIIA/IKU CABUTA K OCSM X, V), Z.

AHaIUTHYECKOE BRIpaKeHHE 3aKoHa (3) B oCsAX
TJIABHBIX HANPSDKCHWH HAWIIeM, WCIIONB3Ys 3aBHUCH-
MOCTH

Lj =l +mly+nls;j=xy2 (4

MIPEICTABIIAIONINE CO00H CKaIsIpHBIC MTPOU3BEACHUS
€IMHUYHOTO BEKTOpa ¥ M E€JUHUYHBIX BEKTOPOB,
COBIAJAIONMINX IO HAMpPAaBJICHUIO C OCIMHU X, Y, Z.
Hampasisonue KOCUHYCBI [;; ONPEAEISIOT MOJIO-
’KEHUE TJIABHBIX HANPSDKEHUN B CUCTEME KOOPIAMHAT
X,Y,Z, U UX 3HaUYCHHs WU3BECTHBI IS JIOOOTO MO-
MEHTA 3arpyKCHUSI.

Hwxe npuBeneHa MaTpuiia HaIPaBJISIFOIINX KO-
CHUHYCOB, 00YCIIOBITUBAOIIAS B3aHMHYI0 OPUCHTAIIHIO
Ocell IMaBHBIX HANpPSKEHUN 04, Oy, O3, [JIaBHBIX OCEH

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

AQHU30TPOIIUU X,Y,Z YU HOPMAJIH V K OMacCHOHU ILIO-
IIaJIKEe CIBUTA.

C ydaetoM (4) 3aBHCUMOCTH (3) MOXKET OBITH TIPEI-
CTaBJICHA B BUJIC

C(v) =C(,m,n), ®)

a HaIlpaBJICHWE OIACHOM IUIOMAAKH CIABHUTA MOXKET
OBITH HAHJICHO U3 YCIOBHS

max|[T(l,m,n)] =0, (6)

rne T = [(0; — 6,)%1?m? + (0, — 05)*m?n? +

1
(03 —061)?n%1%2)2 — c(l, m,n) + A(1? + m? + n? — 1);
A — MHOXWUTENB Jlarpanka.
YcaoBue (6) MOXKET OBITH peaTn30BaHO B hopMe

oT OT 0T
A am (7

YTO MPUBOJUT K CIEAYIOUIEH CHUCTEME ypaBHECHUN
JUTSL OIIPEICIICHHUS HAIPABJISIOIMX KOCHHYCOB [, m, n
HOPMAJIH Vv K TUTOIIA/IKE CABUTA

[(0, — 05)%Im? + (63 — 67)?In?]t; ' = C', + 2 = 0,

[(o; — 03)2771712 + (0; — Gz)zmlz]'ﬂ;l -
—C'\y +20m =0, (8

[(05 —0,)?nl% + (0, — 63)?*nm?|t;' = C',, + 2Ain = 0.
CornacHo (8) u (2) 3HaYeHUE MHOXKUTENS A pAaBHO
A=05(C/l+Cym+Chn) — T, , 9)
rue C/l, Cj,m, C;;n — npousBojHbIe 10 [, M, n OT aHa-
JUTUYECKOTO BBHIPAKEHUS 3aKOHA M3MCHEHUS Ipee-

noB npouHocTr Ha cusur C (I, m, n) B cucteme Koop-
JIMHAT, CBSA3aHHOM C IJIaBHBIMU OCSAMU HAPSKEHUI.

Tabnuya
Matpuna HanpaBJISIIOIIHX KOCHHYCOB
[Table 1. The matrix guides of the cosines]
1 2 3 A

lIx l2x l3x lvx
Iy by I3y Ly
iz - 132 L

/ m n -

< N <&

Ananutryeckoe BBIPAXXCHHUEC 3aKOHA U3MCHCHUA
MIPECIIOB MPOYHOCTH Ha CABUT JOJDKHO SIBHBIM 00pa-
30M ompeenaTh 3HadyeHne C B 3aBUCHMOCTH OT Ha-
NpaBJICHUS OCEil aHU30TPOINH, & TAKIKE COOTBETCTBO-
BaTh YCIIOBHSM MPEACIbHOrO Mepexoja K H30TPOl-
HOMY MaTepHainy, Korjaa Ui JIIo0Oro HarpaBiICHUS
C = const. HacTosimuM TpeGoBaHUSAM OTBEUAET Clie-
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Ayromias (i)OpMa 3aKOHa B CUCTEMC KOOpAMUHAT, CBA-
3aHHOM C I'JIABHBIMH OCSIMH AHU30TPOIINU MaTCpUuaia:

C(w) = Culiy + Cyl3, + C,l2,. (10)

I[MonoOnas dbopma 3akoHa ANA ciydast ABYXOC-
HOTO HAIPSKEHHOTO COCTOSHHS HCIIOJIb30Bajach B
pabote (4) U yIOBIETBOPUTEIHHO MOATBEPKIACTCS
SKCIIEPUMEHTAIEHBIMA JaHHBIMH.

Ha ocHoBanmu (10) 1 (4) B OCSX TJIaBHBIX Harpsi-
JKEHUI

C(w) = C(L,mn) = Cu(llyy + mlyy +
+nl3)? + +Cy (U + mly, + nl3y)2 +
+ C,(lly, + mly, + nlz,)?. (11)

[Ipu 3ToM B cooTBeTcTBHU ¢ (9) U (4) MHOXHU-
tenb A = 0. [Toactasmsis (11) B (8) momydnM okoHYa-
TENBHYIO CUCTEMY HEIIMHEWHBIX aJireOpandecKux ypaB-
HEHHI [T ONIPEICTICHUS HATPABJISIONINX KOCHHYCOB
[, m, n HOPMaJIM K IJIOMIAJIKE CIIBUTA, BBIPAYKAIOIIYFO
YCJIOBUE MMPOYHOCTH HA HEil B HESBHOM BHJIE.

l[(0; — 0,)*m? + (03 — 6,)*n?](Cy4l + Com +

+ Ci3n) ™ = m[(o; — 03)°n% + (07 — 6,)*1*](Cy 1 +

+ Cyom + Cy3n)~t = nf(o3 — 0,)%12 + (0, —
—03)°m?](C3,1 + C3,m + C33n)~1 = 21, (12)

2+m?+n?=1.

Bnech Cyy = Cel?; + Cyl2 + C,12;

Cl'j = CleCllJCj + Cylyilyj + Czlzilzj ) l,] = 1,2,3. (123)

HUccrnenys cuctemy (12), Gonee moapoOHO 0CTaHO-
BUMCS Ha CITy4ae, KOr/ia TJIABHbIC OCH HAIPSKSHHUIH COB-
MaJaloT C TJIABHBIMH OCSIMH aHM3OTPOITMM MaTepHuala.
HpI/I 3TOM C11 = Cx, CZZ = Cy, C33 = CZ = C23 = 0,
au3 (12a) cenyer

Cx(01 - 0'2)21' +
+[C, (0, — 03)? — C, (03 — 0.)?|N — C, (0, — 0,)°M = 0,

[Cy(o's —0,)%+C, (0, — GZ)Z]L -
—C,(0;, — 03)*N — Cy(Gz —03)°M =0,

L+M+N=1, rgeL =13, M =m? N =n? (13)

Permast cucreMy NMHEWHBIX anreOpanydeckuX ypas-
Henuit (13) otHOcuTEeNbHO L, M, N, HaXoauMm:
L=1*= T%E‘(CZT%Z + CyT§1 - Cxtga)[T%(CzT%z +
+ Cyt3y — Cotds) + 31 (Coths + Gt — CThy) +
-1
+ 13, (Cy'f§1 + G35 + CZT%Z)] . (14)
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Bripaxenue mans M = m’ u N = n’ nmonmyuaercs
u3 (14) mytem 3aMeHbI HHACKCOB B YHUCIIUTEIIE MO KOMb-
LIEBOW TOACTAaHOBKE NIPH HEU3MEHHOM 3HaMEHATEIIE.

AHanuTH4Yeckoe BBIpaXKEHHE KPUTEPHs MPOYHO-
CTH Hali[ieM, IPUPaBHUBAs 3HAYEHHs KacaTeJIbHOTO
HanpsDKEHUs T, pefeny npouHocTy Ha casur C, Ha
IJIOMIAJIKE CABUIa:

1, —C, =0, (15)
T, = 2(t3,1?°m? + 135;m?n? + r%lnzlz)%, (16)
75 = 0,5(ti,1*m? + 15;m?*n* + T%lnzlz)%,

C, = Cyl? + Cym?+Cym?. 17

Cornacuo (14)—(17) xpuTepuu TPOYHOCTH TIPHU
CIBUTEC:

_Z(CnyT%3T§1 + CyCzrng%Z + CZCXT%ZT%3) -
— (C2135 + C2t3s + C,11,) — 413,15575, = 0. (18)

Bripakenus (14), onpenernstonue 3HaUCHAC Ha-
MIPABJSIOIMX KOCUHYCOB /, 71, n HOPMaJIK K OIMacHOM
IJIOMAAKE CIBUTA, CIPABEIMBEI, KOT/1a YHCIUTENb
Ka)XJIOTO M3 HUX SBIETCS HEOTPHUIATEINbHON BEIIHYH-
HOﬁ, YTO NPUBOOUT K CICAYIOIINM YCIIOBUAM:

—CyT53 + €75, + C,15, 2 0,
Cxt33 — €13, + C,15, = 0,
CyT53 + Cy13, — C,15, = 0. (19)
OTH COOTHOIICHUSI MOXXHO HHTEPIPETHPOBATH
TPEeMsI TIEPECEKAIOIIUMUCS TUIOCKOCTSMH, 00pa3yFOIIH-

MU TPEXTPaHHYIO MUPaMHUAY, OCh KOTOPOH PaBHO-
HaKJIOHHA K OCSM X, V, z (puc. 2).

Puc. 2. TpexrpaHHas mupamua, HHTepHpeTHpyomas yciaosus (19)
[Figure 2. Three-sided pyramid interpreting the conditions (19)]

J1s1 HaNpsSKEHHBIX COCTOSIHUM, COOTBETCTBYIOIINX
TPaeKTOPHUSIM HATPYKEHUS, PAaCIOI0KEHHBIM BHYTPH
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nUpaMHIbl, OyAyT BBIIOIHATECS ycnoBus (19), a Ha-
MIpaBIIEHUS OTACHOM IDIOIIAIKU CIBUTA B TIPEIEIEHOM
COCTOSTHMH OymyT orpeaenatbes Gopmymamu (14).
st cocTosiHuii, COOTBETCTBYIOLIMX OJHOM U3 rpa-
HEW HpaMuIbl, HapuMep, rpanu npu / = (), B 3ToM
ciIydae cIBHUT OyIeT MPOUCXOAWTH B IJIOCKOCTH, Ta-
pajuIEIbHON IIABHOW OCH aHU3OTPOIIUH X.

MBI paccMOTpeH OJIMH U3 YaCTHBIX CIIydaeB Ipe-
JIETBHOTO COCTOSIHUS, KOT/a TJIaBHBIE OCH HaIlpshKe-
HUI COBMAJAIOT C TIIABHBIMU OCSMH aHU30TPOINH Ma-
Tepuana. O6mas cucteMa ypaBHeHui (12) 3HaunTeND-
HO YTIpOIIaeTcsl.

PaccMoTpyM YacTHBIN ciTyyaid, KOrjia TOJIbKO O/IHa
13 TJIaBHBIX OCEH aHM30TPOIMH COBMAAET IO HAIpaB-
JICHUIO C OJHOW W3 IJIaBHBIX OCEU HaIpshKeHUH, Ha-
TIPUMEP OCh X — C OCBIO Oy .

W3 cucremsl ypaBHenuii (12) ciemyert:

(02_03)l (0-1_0-3)1 _ 2 (20)

CaaM+Cozn  Capam+Cazn
3amuceiBas (20) B Buze
(07 — 03 —2(33)m — C33n = 0,
—2C,,m+ (0, —03+2C,3)n=0  (21)

W pacKpbIBasi OMPEACIUTENh OTHOPOAHON CUCTEMBI JIU-
HEWHBIX ypaBHEeHUH (21), HaiimeM

1
0, — 03 = 20331 + (01 — 03)% + 2(33,

OTKyJa ¢ yueToM (12a) mosydyuM OKOHUYATEIEHOE BbI-
pakeHHe KpUTEpPHUs MPOYHOCTH TIPH CABHTE JUIS pac-
CMaTpHUBaEMOTO CIyd4asi:

1
0, — 05 = [(cy —¢,)’sin?2a + zrcycz]2 - % (22)

3akiouyenne

[TpuBenem mocenoBaTensHOCTh MOBEPOYHOTO Pac-
YeTa Ha COBHTOBYIO ITPOYHOCTH MAaTEPHAJIIOB B CIydae
MPOCTOTO HArpyXEHUS, KOT/Ia COOTHOIICHUS MEXIY
TJIaBHBIMU HAIPSKEHUSIMU M3BECTHHI U B IPOIIECCE
Harpy>keHHUs He U3MEHSIOTCS.

1. Jlns 3a1aHHBIX 3HAYCHUN HAMPSKECHUHN U3 CHU-
cTeMbl ypaBHeHUH (12) ¢ MOMOIIBIO UTEPAITUOHHOTO
NTOPUTMA OTIPEJIEIISIOTCSl HATPABIISIOIINE KOCHHYCHI
[, m, n HOpMaM v K ONACHOM TUIOMIAJIKE CIIBUTA B OCSX
01, 0y, 03.

2. Io dopmynam (4) onpenenstoTcs HampaBIs-
romme KOCunycsl l,; (j = X,y,Z) HOpMaiu v B IJ1aB-
HBIX OCSIX aHM30TPOIHUU MaTepHuana X, y, Z.

3. U3 Beipaxkenns (10) HaxomuTcs Tmpepen Mmpod-
HoctH Ha casur C (V) Ha IUIOIAAKE ¢ HOPMAIIBIO V.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

4. TTo dopmyne (2) onpenensercss PUKTUBHOE Ka-

caTelbHOE HAIPSKEHUE Tg) Ha IUIOIIAJIKe C HOpMa-
JIBIO V AT 3aJlaHHBIX 3HAYCHUH 01, O3, O3.

5. Haxogurcs Koo QUIMEHT NpUBEICHUS HATPy3-
KHU K IIPEJCIIbHOM:

p=c)/. (23)

6. Onpenenstorcs JeUCTBUTENbHbBIE 3HAYECHUA Mpe-
JETEHBIX HOPMAJIbHBIX HAIIPSKCHUI:

&, =po;, i =123 (24)

7. Jlemaercst mpoBepka KpUTEpHsT TPOYHOCTH: IS
HalJEHHBIX 3HaYeHHUM [, M, n, o; IpoBepsSETCs BbI-
nojiHeHue ypaBHenui (12) u paBencrsa T, = c(v).

B nanpHeWmMX myOMUKaNUSX MPENoaraeTcs
MIPUBECTU pacueT U Pe3yJbTaThl UCTIHITAHUN CTEHBI B
IIJIOCKOM HAIIPSA’)KEHHOM COCTOAHUH.
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Abstract

Aims of research. The task is to apply modern strength criteria of aniso-
tropic materials for the calculation of multilayer walls made of cellular concrete
and silicate large masonry materials, which differ in exact dimensions and allow
for thin-seam masonry with adhesive seams. Proposals for the inclusion in
the design standards of guidance that takes into account the work of wall mate-
rials in complex stress states will be presented in a series of publications.
Methods. The strength criteria of G.A. Geniev in a rather simplified form are
used. The volumetric stress state of walls made of orthotropic materials is con-
sidered. The basis for the construction of strength criteria are three possible dif-
ferent mechanisms of destruction — separation, compression and shear. For mo-
dern thin-walled masonry is characterized by a combination of compressive (ver-
tical) and shear (horizontal) loads. Of particular interest is the work of the ma-
sonry shift, since the plane stress state is not sufficiently studied. The article is
devoted to the construction of the criterion of masonry shear strength. The pecu-
liarity of the proposed calculations is the comparative simplicity of the strength
criteria due to the accepted hypotheses. Results. The final expression of the shear
strength criterion and the sequence of the shear strength verification in the case
of simple loading are presented. The article is preliminary for a series of calcula-
tions and results of experimental studies of the walls under different operating
conditions and different loads.

Keywords: masonry; orthotropic wall materials; shear strength criteria
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Annomayus

Ilenu. BpINONMHUTE aHAIM3 HAINPSHKEHHOTO COCTOSHMS METAUIMYECKUX KOH-
CTPYKLUH peOpHCTO-KOIBIEBOrO KyIoja noixychepruyeckoil (GOpMbI IpU MOHTAXKE
€ro Kapkaca AByMs NPHHIMIHAIGHO Pa3HbIMU CIIOCOOAMH — MOAPANIHMBAHHEM U
HapaliuBaHUEM. Taxk kak Ha Pa3HbIX 3Tanax MOHTa>ka B KYIIOJIbHOM KapKace BO3-
HHUKAIOT pa3Hble PACUCTHBIE CXEMbI, TO B UX KOHCTPYKTHBHBIX AJIEMEHTaX BO3HH-
KaroT PasHbIC MOHTAXXHBIC yCUJIUS. Hoxa3aT1>, KaK MOHTaXHbIC YCUJIHS IIPUBOIAT
K npeoOpa3yromemMycsi B IpoIiecce BO3BEJICHUS HANPSHKEHHOMY COCTOSHMIO Kap-
Kaca peOpUCTO-KOJBLEBOrO KyIOa. BBINOIHUTE aHANIN3 HAIPSHKEHHBIX COCTOSTHUI
paccMaTpuBaeMbIX CIIOCOO0B BO3BEACHUS METAIUIMYECKOTO KYIIOJIBHOIO KapKaca 1
JIaTh UM OLICHKY. Memoodsl. PazpaboTaHa KOMIIBIOTEPHAS MOJICITb METATITHYECKOTO
PEeOPHUCTO-KOMNBLEBOrO KYIONa U3 CTaIbHBIX JBYTaBPOB C JKECTKUMHM COIPSDKEHU-
AMH B y31ax. Co37aHbl HECKOJBKO JIOMOJIHUTENIBHBIX MOHTa)KHBIX MOJAEJIEH He-
IIOJIHOT'O KapKaca JJIs UCCIIEN0BaHUs pacCMaTpUBAEMbIX CLHOCOOOB MOHTaxa Ky-

1moJjia Ha pa3HbIX dTanax. JJs Kakaoi MOHTa)KHOW MOJENH KyIOJBHOTO Kapkaca
BBINOJIHEHB! KOMIIBIOTEPHBIE pacyeThl Ha JIeiiCTBIE COOCTBEHHOr0 Beca. B pesyib-
TaTe PacyeToB OMNPEIEICHBI HANPSDKEHHS B KOHCTPYKTUBHBIX dJIEMEHTaX KapKacoB
MOHTAXHBIX CXEM, KOTOpbIE CPaBHUBAIUCH C aHAJOTMYHBIMHM HANPSDKEHUSMH Ha
JICUCTBUE COOCTBEHHOTO Beca B KapKace MPOCKTHOHN cxeMbl. Pezyrsmamut. Tlpen-
CTaBJIeHbI rpaMKi U3MEHEHUs HANPSHXKEHHOTO COCTOSIHUSI KOHCTPYKTHUBHBIX 3J1e-
MEHTOB KapKaca METAUINIECKOro peOpHUCTO-KONIbIEBOro Kymnomna. [Toka3ans! aua-
rpaMMBbl U3MEHEHUS CTETIEHN MCIIOIb30BaHUs IPOYHOCTH CTAJIM HAa Pa3HBIX dTanax
MoOHTaa. J[aHa CpaBHUTENbHAs OIIEHKA PACCMAaTPHUBAEMBbIM MOHTAXKHBIM Hamps-
JKEHHBIM COCTOSIHMAM. OTMe4eHa HeM30€KHOCTh MOHTA)XHBIX HANPSHKEHUH U BbI-
OpaHn Haubomnee 3(h(eKTUBHBIH CITOCOO MOHTaXKA.

Jnsa yumuposanus

Jlebeov E.B. VI3MeHeHne HanpspKEHHOTO CO-
CTOSIHMSI KapKaca METAIMYECKOro pedpHcTo-
KOJIBLICBOIO KYIIOJIa B MpOLIECCe MOHTaxa //
CrpouTenpHas MEXaHHKa HHKCHEPHBIX KOH-
cTpykuuit u coopyskerunit. 2019. T. 15. Ne 4.
C. 278-290. http://dx.doi.org/10.22363/1815-
5235-2019-15-4-278-290

Kntouesvle cnosa: peOpUCTO-KOIBLEBON KYIIOJ;, METAJLIMYECKUI KapKac; KOH-
CTPYKTHBHOE pELIEHHE; CIIOCOOBI BO3BEICHHMS; MOHTaK KOHCTPYKIIMH; KOMITBIO-
TEpHasi MOJIEJIb; HANPSKEHHS B DJIEMEHTaX

Beenenue YKECTKOCTh M HaJIe)KHOCTh KYTIOJOB B KauyecTBe IO-
KPBITHH 31aHUN U COOpYKeHul. B coueranuu c¢ 3xo-
HOMHMYHOCTBIO pacxo/ia MeTalljla OHU 3aHUMAaloT Be-
OyILee MECTO CPENU BBIMYKIIBIX NMPOCTPAHCTBEHHBIX
KoHCcTpykuuit [1; 2]. Kpome Toro, KymnosjpHbIE MO-

KPbITUSA O6J'IaILaIOT BBIPAa3UTCIIbHBIM BCIIHUM 00H-

Kapkachkl MeTamm4eckux KyroJioB OOJBIINX IIPO-
JICTOB TIPEACTABIISIOT COOOH MPOCTPAHCTBEHHBIE CTEPIK-
HEBBIC CHCTEMBI. JTO 00ecTIeunBaeT HEOOXOIUMYIO

Jleoeov Eezenuii Bacunveeuu, KaHAUJAT TEXHUYECKUX HAYK, JOLEHT,
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KOM H IIHPOKO PAaCIpOCTPaHEHBI B MUPOBOM CTPOH-
TeJIBHOM MpakTuke [3].

Kak u npyrue OonbIIenpOIeTHBIC TOKPBITUS KY-
I10J1a HE MOSIBJIIOTCS HAa MECTE CTPOUTEIBCTBA Cpa3y
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1 nesnmkoM. CBOO peasibHYI0 KOHCTPYKTUBHYIO H T€0-
METPHYECKY0 OPMY OHU TIPHOOPETAIOT B TIPOIIECCE BO3-
BEJICHUS 3a JUTUTEIBHBIA POMEKYTOK BpeMeHH [4; 5].
B nporiecce MOHTaka cHavyaja MOSIBIAIOTCS JIMIIb OT-
JIeTIbHBIE YacTH KYTIOJBHOTO KapKaca. 3aTeM 3TH 4acTh
MOCTENEHHO YBEIMIUBAIOTCS ITyTeM TPHUCOECTUHEHUS
KOHCTPYKTUBHBIX (pparMeHTOB Kymosa. TonpKo 1o 3a-
BEPILEHUM MOHTa)Ka KYIOJBHOTO Kapkaca oOpasyercs
HE TOJIbKO KOHCTPYKTHBHAs, HO M pacueTHas CXema I1elTh-
HOTO KYTIOJIEHOTO MOKPBITHSL. MOHTaX COMPOBOXKIAETCS
MOSIBJICHUEM U MPEOOpa3s0BaHUEM CIIOKHBIX KOHCTPYK-
TUBHBIX cucTeM. Ha pa3HbIX 3Tamax MOHTaXxa B KyIOIb-
HOM KapKace BO3HUKAIOT Pa3HbIE pACUEeTHBIE CXEMBI,
CYIIECTBEHHO OTIIMYAIOIIHECS OT IPOSKTHOM, U BOCIIPH-
HUMAFOIIHIE Harpy3KH OT COOCTBEHHOTO Beca KOHCTPYK-
IIMIA HECYIIIero Kapkaca [5; 6]. PasHple pacdeTHbIe CXeMBI
XAPAKTEPU3YIOTCS TAKKE U PA3IMUHON HArpy3KOM.

Ha xapakTtep MOHTa)ka METAJUIMYECKHX KYTIOJIOB B
OOJBIION CTETIeH! BIHSIET KOHCTPYKTUBHOE pellIeHUEe
nX KapkacoB. [Ipu 3ToM criocod Bo3BeIeHHsT BEIOMpaeT-
Csl UCXOJ U3 pa3Mepa KyIOJBHOTO KapKaca, pasMepoB
€ro KOHCTPYKTUBHBIX 3JIEMEHTOB M UX CIIOCOOHOCTH
BOCIIPHHUMATH MOHTaXHBIC Harpy3ku [7; 8]. Crocob
BO3BEJICHUS ONPEACISET BBIOOP MOJBEMHO-TPAHCIIOPT-
HBIX MAIllMH U MEXaHW3MOB. Bo3BeieHNe KyNOIbHBIX
KapKacoB KaK MPOCTPaHCTBEHHBIX CTEP)KHEBBIX CHCTEM
MPEJCTaBISET COOON TEXHUYECKH CIOKHYIO 3a/1ady.
Ot BbIOOpa crioco0a BO3BEAEHHUS 3aBUCST TEXHOJIOTHY-
HOCTB U MPOJIOJDKUATENFHOCTH MOHTaKA.

KymonbHbIE KapKkackl B poriecce MOHTaXka (hOpMH-
PYIOTCS TIOCTENEHHO, a pealibHble KOHCTPYKIIUH B OOMIb-
IIENPOJIETHBIX METAJUTMYECKUX KyTollax 00JIaIaroT 3Ha-
YHUTETFHBIM cCOOCTBEHHBIM BecoM. [loaTomy oT Toro,
KaKoi croco0 BO3BEACHHSI UCIOJIB3YETCS, 3aBUCHUT
HanpsDKEHHOE COCTOSIHHE B Tporiecce MOHTaxka. Panee
OBUTH pacCMOTPEHBI 0COOEHHOCTH PabOThI KOHCTPYK-
M KYTIOJBHBIX KapKacoB B MPOIIECCe MOHTaXa MPU
Pa3IMYHbIX crioco0ax BO3BEICHUS M, KaK CIIEICTBUE,
MPUMEHEHHUS Pa3HbIX CUCTEM BPEMEHHBIX omop [8].
OOBIYHO TIOOOHBIM 00pa30M BO3BOIATCS OTHOCHTEITh-
HO HEBBICOKHE WM TOJIOTHE KYIOJia, a TaKXKe Ipo-
CTPaHCTBEHHbIE KOHCTPYKTHBHBIE CHCTEMBI Oojee
CJIOKHBIX OOJBINETIPOJIETHRIX TOKPEITHI [9]. B BBICO-
KUX HJIM KPYTBIX KYTIOJIaX €CTh BO3MOJKHOCTD U30ekKaTh
nprMeHeHHs1 OOJBILOro YKcia BpeMeHHbIX omop. Ho B
TaKHUX KYTIOJIaX JOJDKHO OBITh 00s3aTeNTbHO 00eceueHo
KECTKOE COTPSUKEHNE JacTeld KapKaca IPYT C IPYTOM.

K Takum crioco6am BO3BEAEHHUS OTHOCSITCS. MOHTAXK
MoJpaliuBaHUEeM W MOHTaXX HapalluBaHueM. MoHTax
CHOCOOOM TTOPAIIUBAHUS OCYIIECTBIIAETCS OT BEPIIIHU-
HBI, KOTJIa CHavaJla COOMpaeTcs BEPIIMHHBINA (parMeHT
KapKaca, a 3aTeM K HeMy sIpycC 3a pycOM IPHCOEIH-
HSIOT OCTaJbHBIE KOHCTPYKTHBHBIE IEMEHTHI KapKa-
ca. [Ipu 3TOM HCIIONB3YIOTCS TIEPECTABHBIE BPEMEHHBIE
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OIIOPBI, IOJIEP>)KUBAOLIE COOPAHHYIO LIEHTPABHYIO
4acTh KyTOJBHOTO KapKaca Ha KaKIoM dTare. MoHTax
CIOCOOOM HapamuBaHHUS OCYIIECTBIISIETCS OT OCHOBA-
HUSl, KOTJIa CHaYaJIa yCTaHABIMBAOTCS KOHCTPYKTHUB-
HBIE JIEMEHTHI Ha ONIOPHOM KOHTYpE, a 3aTeM Ha HUX
YCTaHABJIMBAIOT SIPYC 3a PYCOM OCTaJIbHBIE KOHCTPYK-
THBHBIC DJIEMEHTHI Kapkaca. B aToM cirydyae BpeMeHHbIe
OTIOpBI HE PUMEHSTIOT. [I0CKOITbKY Ha BEpPXHUX spycax
HE3aBEPILEHHOTO TOKPHITHS MOHTHPYEMbIE KOHCTPYK-
LUK CO3JIAI0T BU3YyalIbHBINA 3((EeKT HaBeca, TAKOH MOH-
TaX B OOJIBIICTIPOJICTHBIX KYIOJaX Ha3bIBAIOT TAKIKE
HABECHBIM.

B 00omx cirygasx KOHCTpYKTHBHBIE SIEMEHTHI Kap-
Kaca MPUKPEIUIIIOTCS K y37aM COOpaHHOM paHee 4acTh
KYTIOJIFHOTO Kapkaca. Tak Kak BCe DIIEeMEHTHI 00JIaIaroT
COOCTBEHHBIM BECOM, B YaCTUYHO COOpPAHHOM YacTh Ky-
TIOJIBHOTO KapKaca BO3HUKAET HAIPSHKEHHOE COCTOSTHHE,
KOTOpOE HEMpephIBHO MeHseTcs. Ha kaxaon craguu
MOHTa)ka 00pa3yercsi COOCTBEHHAs pacyeTHasi CXeMma,
Ha3bIBaeMasi MOHTaKHOM. Kaxkas MOHTa)kHas pacueTHast
cXeMa KyMHOJILHOTO KapKaca OTIIMYaeTcs OT MPOSKTHOM
CXEMBI KapKaca TTOJTHOCTBE) CMOHTHPOBAHHOTO KYTIONa U
OT TIPEABIAYIIIX MOHTaXHBIX cxeM. [losTomy B mporiec-
Ce BO3BEJICHUS KYTIOJIa B UX KOHCTPYKTHUBHBIX SJIEMEHTaX
BO3HHMKAFOT MOHT2)KHBIC BHYTPEHHHE YCHIIHISL, OTJIMYAF0-
IMecs OT YCWJIMHM B AJIEMEHTAX KapKaca MPOEKTHOM cxe-
Mbl U OT YCWIMHA B MPEABLIYIIUX MOHTAXHBIX CXEMax.
Kpome Toro, MOHTa)KHbIE YCUIHSL B DJIEMEHTAX KapKaca
TIPM Pa3HBIX CIIOcO0aX BO3BENEHHS KYTIOJIOB, KaK ToJpa-
[IMBAHMS, TaK W HAPANIMBAaHWSA, OyIdyT OTIMYaThCs APYT
OT JIpyra, B TOM YUCJIC U HA IPOMEKYTOUHBIX MOHTaX-
HBIX CTAJIUSX BO3BENICHHS.

[Tpn MoHTa)Xe criocoOaMu MOIpAIIBaHUS U Hapa-
IMrBaHUA BCETAa CYIIECTBYIOT KOHCTPYKTHUBHBIC JJIC-
MEHTHI U ()parMeHTHl KyIOJBEHOTO KapKaca, KOTOpbIE
ITOX0XW Ha KOHCOJIM WJIM KOHCOJIbHBIE HaBECHI COOT-
BETCTBEHHO. [13-32 3TOTO y3JI0BBIE CONPSIKEHUS! KOH-
CTPYKIM B KapKace U CEUCHUS CaMUX KOHCTPYKTHB-
HBIX 3JIEMEHTOB JIOJDKHBI 00J1aaTh HEOOXOMUMOMN H3-
THOHON KECTKOCTHIO. [10ATOMY B OTHOITOSICHBIX KY-
MOJILHBIX KapKacax B KayecTBE CTEP)KHEBBIX 3JIEMEH-
TOB WCIIONIB3YIOTCS TOJBKO IBYTaBPhL B IBYXTOSCHBIX
KYTOJBHBIX KapKacax MOTYT IPUMEHSATHCS JI00bIe
CTepIKHEBbIe TPO(UIIH, MTOCKOJIbKY OHH 00pa3yroT pe-
hIeTyaThle JeMeHTHl (hepMeHHOro Buaa [8].

1. UccaenoBanue

C 1enpio BBIACHEHHUS XapakTepa HampsKeHHO-
1e(hOpMHUPOBAHHOTO COCTOSHHSA MO BETUYMHAM BHYT-
PEHHUX yCHITMI B CTEPKHAX METAJUTMIECKOTO KYIIOJb-
HOTO KapKaca TpH pasHbIX CIOco0aXx MOHTaxa ObLIH
BBINOJTHEHB! CIIEIMANIbHBIE KOMITBIOTEPHBIE HCCIIEN0BA-
HUS, KOTOpPBIE MPOBOIMIINCH Ha KOMITBIOTEPHBIX MOJIE-
JISIX KYyNOJIBHOTO KapKaca KakK MPOCTPAaHCTBEHHBIX

279



Lebed E.V. Structural Mechanics of Engineering Constructions and Buildings, 2019, 15(4), 278-290

crepxHeBbIx cucteM [10; 11] B nmporpamme SCAD.
OOBEKTOM HCCIIEIOBAHUS CITYKHII KapKac OJHOIIOSICHO-
TO peOPUCTO-KOIBIIEBOTO KyIIojia, N300pakeHHOTO Ha
puc. 1. Y37pI Kapkaca KyIoia pacroloXeHsl Ha cde-
PUYECKOM MOBEPXHOCTH C PalycoM KpUBHU3HBI 20 M,

mposieroM 40 M 1 BeicoTOM 19,8 M, TO €CTh KymHoi 1o
OUYepTaHUIO MPEACTABIsIET OO0 MONOBUHY cephl.
Bo Bcex y371ax KyImoJapHOTO KapKaca MPHHATH JKECTKHE
COIPSDKEHUS MEXKTY 3JIEMEHTAMU — KaK MEPUANOHAIb-
HBIX pedep, TaK U KoJIell.

Puc. 1. Kapkac rccnenyemMoro pedpucTo-KoJIbIEBOT0O KyIoia
[Figure 1. The frame of the investigated ribbed-ring dome]

Ha ocHoBe mpenBapuTEensHOTO MPUOIMKEHHO-
To pacdera KyroJjia MPOeKTHOW CXeMbI Ha HECHMMET-
pUYHBIE HArpy3KH peOpa Ha3HAYEHBI U3 CTATEHOTO /IBY-
TaBpa 261111, BepxHee Konbl0 — U3 AByTaBpa 30111,
OCTallbHbIE KoJbla — U3 AByTaBpa 23I11. Paccros-
HUE MEXIy KOJBbIIAMH BIOJb MEPUAHOHAIBEHOTO pe-
6pa 3,9 M, paccTosiHEE MEXKIY pedpaMu BIOJIb KOJIEIT
ot 0,81 M y BepxHero koibua A0 4,18 M y HUXKHETO
kombIla. Kapkac kymona ommpaercs Ha yCJIOBHBIE KO-
POTKHE KOHCOJIbHBIE CTOWKHU IIUHON 0,5 M U3 CTajlb-
Horo aByTaspa 401113.

B peanpHBIX peOpUCTO-KONBIEBBIX KYIIOJaX B Ue-
TBIPEX CEKTOpax, PACIOJIOKEHHBIX CHMMETPUYHO OTHO-
CHTENIbHO BCET0 KapKaca, yCTaHaBIUBAIOTCS CBS3HU
MEXIy MEpUANOHATIBHBIMU peOpaMu B KKIOH sueiike
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10 BCEW BBICOTE KYyTIOJIA. Y UUTHIBAsI AKECTKOE COTIPSIAKE-
HHE CTep)KHEH KyINOJBHOTO Kapkaca B y3JIax, a TaKkKe
CHUMMETPUYHOE I€HCTBHE HAIPY3KU OT COOCTBEHHOTO
BeCa CTEP)KHEBBIX 3JIEMEHTOB, B JAHHOM HCCJIEI0BaHUI
TaKWe CBSI3U B KapKac HE BBOIMIIUCE.

st uccnenoBaHus HaPSKEHHOI'O COCTOSHUS
PeOpHCTO-KOJBIEBOTO KYIIOJNa PaccMaTpUBAINCh KOH-
KpETHBIE MPOMEKYTOUHBIE MOHTAKHBIE 3TAlbl KyIOJb-
HOro Kapkaca. Kaknpiit aTan moapasymeBan cOOpaHHBIH
710 3aMKHYTOT'O COCTOSIHHSI KOJIBLIEBOM SIPYC KYIIOJIBHOTO
Kapkaca. Takux sipycoB ¢ TO3ULMK MOHTaXa B paccMat-
pHUBaeMOM KyTIOJBHOM KapKace HACUMTHIBACTCS CEMb
(puc. 1). I[TosToMy wmccienoBaHuEe MPON3BOIIIOCH Ha
OCHOBE CTaTHYECKOT0 pacdyeTa KOMITbIOTEPHBIX MO/Ie-
JIel Kapkaca KaXJIOH M3 CeMH MOHTa)KHBIX CXEM IIpo-
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MEKYTOUHBIX CTaJUii BO3BEICHUS M MPOEKTHON CXEMBI
KyTIoJIa Ha IeWCTBHE HArpy3KH TOJIBKO OT COOCTBEHHOTO
Beca CTEPXKHEBBIX 3JIEMEHTOB. PacCMOTpUM Kax bl
croco0 BO3BENICHHS OTAEIBHO.

Mounmasic cnocooom noopawueanus. [1pu 3rom
croco0e BO3BEIEHUSI MOHTaX HAYMHAIOT CO COOPKHU
BEPIINHBI KyTI0JIa, OTPAaHMYEHHON BEpXHUM, WU 8-M,
KosblIoM. COOpaHHYIO BEpIIMHY yCTaHABIUBAIOT Ha
HEBBICOKHE CTOWKH M3 CTajdbHOU TpyObl 180%20 MM
JUTMHOH 4,4 M, paccTaBlIEHHBIE MO OKPY>KHOCTH MO
y371aMu BepxHero koibla. K BepxHemy, 8-My, KOJb-
Iy IPUKPEIUIIOT CTEPKHU MEPUANOHAIBHBIX pedep
7-r0 sipyca U CTEPXKHU 7-TO MPOMEXYTOUHOTO KOJIb-
na (puc. 2, a).

ITo 3aBepieHMN MOHTaka 7-ro sipyca CTOMKH mepe-
CTaBJIAIOT MOJL y3JIbI 7-TO KOJIbIIa KYIOJIBHOTO KapKa-
ca. Tenepp K 7-My KOJbILy NIPUKPEIISIOT CTEPKHU

MEpUAHOHAIBHBIX pedep 6-To sipyca U CTepKHU 6-TO
IIPOMEXKYTOYHOTO KoJblia (puc. 2, 6).

ITocne 3aBepiieHuss MOHTaXxa 6-T0O Apyca CTOHKHU
MEPECTABISIIOT MO Y37IbI 6-TO KOJIbIIa KYHOJBHOTO Kap-
kaca. Terepp K 6-My KOJBITY MPUKPETUISIOT CTEPKHU
MEpUANOHATILHBIX pedep 5-To spyca U CTePKHH S5-TO
MIPOMEKYTOUHOTO KOJIbIA (pHC. 2, 8).

3aTeM CTOMKH MEPECTaBIISIOT MOJ Y3/Ibl 5-0T0 KOJIb-
I1a KyTOJFHOTO KapKaca M BBITTOJHSIOT MOHTaX CTEPXK-
Hell MepUIHOHAIBHBIX pedep 4-To sipyca U CTepKHEeH
4-ro xonbIa (puc. 2, 2). [lotom 3Ty mporiemaypy moBTo-
PSIOT 1A 3-TO sIpyca KyHoJIbHOTO Kapkaca (puc. 2, 0),
2-ro sipyca (puc. 2, e) U, HaKoHeII, 1-To, caMoro HIKHE-
T0, sIpyca peOpHCTO-KOJIBIIEBOIO KyIioia (puc. 2, o).

MoHTax Ccroco0OM TMO/palliBaHus 3aBepIIaeT-
CA YCTPOMCTBOM OMOP MOJ y3jaMH 1-To, HUIKHETO,
KOJIbIIa KYMOJBHOTO KapKaca.

Puc. 2. Dtanel MOHTaXa KyIIOJIBHOTO KapKaca CIIoCOO0M MOIpaIliBaHUs:
a — MOHTaX 7-T0 sIpyca; 6 — MOHTaX 6-TO sIpyca; 8 — MOHTaX 5-TO pyca; ¢ — MOHTax 4-To spyca;
0 — MOHTaX 3-T0 sIpyca; e — MOHTaX 2-TO spyca; ¢ — MOHTaX 1-ro sipyca
[Figure 2. Stages of the “top-down” assembly of the dome framework:
a — installation of the 7™ tier; 6 — installation of the 6" tier; ¢ — installation of the 5™ tier;
2 — installation of the 4" tier; 0 — installation of the 3" tier; e — installation of the 2™ tier; o« — installation of the 1* tier]

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLN
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Puc. 3. Drambr MOHTaXa KyTOJIBFHOTO KapKaca CliocoO0M HapariBaHuUs:
a — MOHTaX 1-To sipyca; 6 — MOHTaX 2-T0 sIpyca; ¢ — MOHTaX 3-TO sipyca;
2 — MOHTax 4-T0 sipyca; 0 — MOHTaX 5-T0 sipyca; e — MOHTaX 6-T0 sipyca; o — MOHTaX 7-ro spyca
[Figure 3. Stages of the “bottom-up” assembly of the dome framework:
a — installation of the 1% tier; 6 — installation of the 2" tier; 6 — installation of the 3™ tier;

2 — installation of the 4" tier; 0 — installation of the 5" tier; e — installation of the 6™ tier; oic — installation of the 7" tier]

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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Monmasyc cnocooom napawgusanus. 1lpn stom
croco0e BO3BEACHHS MOHTa)X HAUMHAIOT CO COOpPKH
HIKHETO sipyca KyIojia B cocTaBe 1-ro U 2-ro KoJsel u
CTepKHEH MepuIMOHANBHBIX pedep 1-ro spyca (puc. 3,
a). Tlo 3aBepmiernn MoHTaXka 1-To sipyca K y3mam 2-ro
KOJIbIIa TIPUKPETUITIOT CTEPKHN MEPHIMOHAIBHBIX pe-
Oep 2-ro sipyca ¥ cTep>kHH 3-T0 Koyblia (puc. 3, 6). 3a-
TEM TIOCPEACTBOM MPUKPEIUIEHHS K y371aM 3-T0 KoJblia
BBITTOJTHSIOT MOHTaX CTEPIKHEH MEpHIUOHAIBHBIX pe-
6ep 3-ro sipyca u crepikHer 4-ro Kosbla (puc. 3, 8).

ITotom 3Ty mporeaypy HOBTOPSIOT st 4-TO sipyca
KyTIOJIFHOTO Kapkaca (puc. 3, 2), 5-ro sapyca (puc. 3, 0),
6-To sipyca (puc. 3, e) 1, HaKOHeII, 7-TO spyca BMeCTe C
BEPXHUM 8-M KOIBIIOM (pHC. 3, orc).

MoHTax crnocoOOM HapalluBaHUsS 3aBEPIIASTCS
cOOpKOHf MEpUIUOHANBHBIX CTepXKHEH 8-TO spyca u
YCTaHOBKOH MX B BEpIIMHE KyIOJa.

AHanu3 paboThl MPOCTPAHCTBEHHBIX CTEPKHEBBIX
CHCTEM KYTIOJIIFHOTO THITa Ha KOMITBIOTEPHBIX pacuer-
HBIX MOJIEJISIX IMEET OOJIBIIIOe PaCIPOCTPaHEHNE B pa3-
JMYHBIX HccnenoBanusax. Hanpumep, nccnenyrores Ha-
MPsDKEHHBIE COCTOSIHUS KAPKAacOB MPU M3MEHEHHUH T'e0-
METPHUYECKUX TTapaMeTpoB Kymona [12; 13], npu BeI-
XOJIe U3 CTPOS TPYII 3JIeMEHTOB [14], mpu pa3HbIxX
TeOMETPUYECKUX CXeMmax Kapkaca [15], mpu pa3HbIxX
OTHOITICHUSIX BBICOTHI KyIToJia K muameTpy [16], mpu u3-
MEHEHHSX IPOJIETOB KymoJyioB [17], ¢ BKIIOUYEHHEM
orpakJeHuH B siuelikax kapkaca [18].

B mporiecce uccnenoBanust paboThl Kapkaca peod-
PHCTO-KOJBIIEBOTO KYTIONA TIPH PaCcCMaTPUBAEMBIX CIIO-
cobax Bo3BeZIeHNs ObUTH MOJTyYeHbI HANPSHKEHHO-Ae(op-
MHPOBAHHBIE COCTOSHUS BCEX MOHTa)KHBIX CX€M, KOTO-
pble CPaBHUBAITUCH JPYT C APYTOM U C TPOEKTHOM CXe-
MOU. AHAJTN3 HATPSDKEHHBIX COCTOSHHN TPOW3BOIHIICS
M0 HOPMaJIBGHBIM HAIMPSLKEHUSAM B CEUEHHUSIX KOHCTPYK-
TUBHBIX 3JIEMEHTOB MEPUINOHAIBHBIX Pedep 1 KOJell,

IIpu pabGoTe KymoJapHOTO Kapkaca BCeX MOH-
Ta)XHBIX CXEM U MPOEKTHOH cXeMbl Ha COOCTBEHHBIN
BEC MX JJIEMEHTHI HAXOAATCS B COCTOSHUM JEHCTBUA
MIPOIOJIBHOM CHITBI ¢ m3ruoom. [loaToMy mpm uccie-
JIOBaHUM BBIYHCISUIMCH HOPMAJIbHbIE HANpPSKEHUS B
KaXXI0M i-OM dJIeMeHTe 1o (hopMyie

Vi
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Ecnu oT nmpononkHO# CHIThI B 37IEMEHTaX BO3HHKA-
0T CXKMMAIOIINE HalpsDKEHNST CO 3HAKOM «—» W HaW-
OobIIMeE 10 A0COJIFOTHOM BEJIMYMHE W3THMOAIOIINE MO-

MCHTBI PAaClOJIOKCHBI B BerHCﬁ YacTu CCUCHMU (pac—
TSOKEHUE OT M3ruda CBepxy), TO MIPU BBIYHCICHUN Gi

repesl BCEMH CIIaraéMbIMUA HCIIOIB30BANICS 3HAK «—».
Jlnst pacTsaruBaronux HampsLKEHUM CO 3HAKOM «+» B
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9JIEMCHTaxX OT l'[pO,[[OJ'ILHOfI CHWJIBI B TaKOM K€ ClIy4dae
I/ISFI/I68,IOI]_II/IX MOMCHTOB IIpHU BBIYUCIICHUN o i Hepea

BCEMH CJIaraeMbIMH HCTIONB30BAIICS 3HAK «1.

Ecnu xe HanGonbimne no abCoMOTHON BeNn4nHe
W3rudaroIe MOMEHTHI PACIIONIOKEHBI B HIDKHEH Ya-
CTH cedeHHs (pacTsDKeHHE OT M3rnda CHH3Y), TO TpH

BBIYHCIICHUH O ; Hepea BTOPbBIM U TPETbHUM Cilarae-

MBIMH HCITOJTE30BAJICS 3HAK TTEPBOTO CJIaracMoro.

B xauecTBe KpUTEpUs CPAaBHUTEIBHON OLICHKHU
HaNpsDKEHUS B 3JIEMEHTaX KYIOJILHOrO Kapkaca MOH-
TQKHBIX CXEM CIY>KHJIO COTIOCTaBJICHHE HX C HampshKe-
HUSIMH B T€X 7K€ JIEMEHTaX KapKaca KyIoja MPOSKTHOM
CXEMBI TI0 aHAJIOTHYHOMY 3HAKy («—» C «—», a «T» C
«+»), ecIy 10 abCOMIOTHON BEITMUMHE OHU OBLTH CyTIle-
CTBEHHO OOJIBIIIE, YeM C IPOTHBOITOIOKHBIMHI 3HAKAMH.

2. Pe3yabTaThl

B pesynprare pacdeToB ObLIM MMOy4YEeHBI HAMpPs-
YKEHHO-JIe(hOPMHUPOBAHHBIE COCTOSIHUSI KaKIOH U3 MOH-
TaKHBIX CTEPIKHEBBIX CUCTEM, 00Pa30BAaBIIUXCS HA BCEX
JTarax MOHTa)a KYIOJBHOTO KapKaca paccMaTpuBa-
€MBIX CITOCOOOB BO3BEICHUSI.

MakcuManabHOE BEPTHKAIBHOE TMEPEMEICHHE OT
COOCTBEHHOT'0 Beca KapKaca B MPOEKTHOM cxeme pedpu-
CTO-KOJIbIIeBOrO Kymona paBHo 0,061 cm. Makcumais-
Hble BePTUKAJIbHbIE NEPEMEIIEHHUSI OT COOCTBEHHOTO
Beca Kapkaca B MOHT&)KHBIX CXEMaX IPU BO3BEICHUHU
CTIIO0COOOM TTOJIPAITUBAHMS OT 1-T0 0 7-TO ATama paBHBI
0,065, 0,117, 0,111, 0,098, 0,085, 0,075 u 0,067 cMm
COOTBETCTBEHHO. AHAJIOTMYHBIC ITEPEMEIIICHUSI TIPH BO3-
BEJIHUH CIIOCOOOM HapallliBaHus OT 1-ro 10 7-ro 3Tama
pasuer 0,001, 0,005, 0,011, 0,019, 0,028, 0,042 u
0,058 cM COOTBETCTBEHHO. DTH JaHHBIE CBUJIETEIIb-
CTBYIOT O HE3HAYHUTENBHBIX Ae(OpPMAIHSIX, YTO TTO3BO-
JSIET COCPEAOTOYNTHCS Ha HANPSHKEHHOM COCTOSHHH
CTEP)KHEBBIX AJIEMEHTOB KapKaca B IPOIECCe MOHTaXA.

B pebprcTo-KOIBIIEBOM KYIIONE CTEPIKHEBBIC Bie-
MEHTBI KapKaca, MPUHAJIekKAIINe MePUIHOHATEHBIM
pebpam, U CTePKHEBBIC JIEMEHTHI, IPUHAIJICIKAIIIHEC
KOJIbIIaM, pabOoTalOT Ha JICUCTBUE COOCTBEHHOTO Be-

ca no-pazHoMmy. [Ipu 3ToM HanpspkeHus O; B OJHOTHII-

HBIX DJIEMEHTAX Pa3HBIX SPYCOB I , KAK MOHTaKHBIX,
TaK U MPOEKTHON CXeM, HMEIOT OOJBIION pa3dpoc 3Ha-
yeHui. [loaToMy sl aHanM3a HaINpPSHKEHHBIX COCTO-
SITHIM KapKaca B IpoIlecce MOHTa)XKa CpaBHUBAIUCH
HaIPSDKEHHS B OJIEMEHTAX KaKIOTO spyca [ MOHTaX-
HBIX CXEM C MaKCUMAJIbHBIMU HAIIPSHKCHUAMU TAHHOI'O
THUIA HJICMEHTOB MPOEKTHOM CXEMBI, TO €CTh BBIYUCIIS-

JOCh OTHOWIEHHE Gy, ; / Oy e

Jist monmydeHus: OObEKTHBHBIX CBEIICHUI 00 YPOB-
HE HAIPsHKCHUM B COMOCTABJICHUH C AHAJIOTMYHBIM 3JIe-
MEHTOM TPOEKTHOU CXEMbI BEIMUCIISIIUCH U OTHOCUTEIb-
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HbIC HANPSDKEHUsI B SJIEMEHTAX KaXIoro sipyca I Jjist
€aMoil MPOEKTHOM CXEMBL.

B pe3ynbrare BEMHCIICHUS OTHOCUTEIEHBIX HAMPSI-
JKEHUH B 3JIEMEHTaX KapKaca B Pa3HBIX MOHTA)KHBIX
cXeMax IpH BO3BEACHUHN PEOPHCTO-KOIBIICBOTO KYTIO-
Jia ObUIM MOJYYEHBI CIICIHATBHBIC TPA(UKH, KOTOPHIS
TIPE/ICTaBIICHBI Ha pUC. 4 U 5 I BO3BEACHHS CIIOCO-
0OM TopamMBaHus B HA puc. 6 U 7 I BO3BEICHUS
CHoCOOOM HapalyMBaHus. DTH TpaUKH MMOKAa3bIBAIOT,
KaK M3MCHSIOTCS OTHOCUTENBHBIC HANPSHKCHUS B 3JIe-
MEHTaX KyTOJBHOTO KapKaca KaXKIoTro sipyca IpH Iie-
pexoJie OT OJTHOTO 3Tara MOHTaXKa K JJPYyTOMY.

3neck HEOOXOAUMO OTMETUTh OCOOCHHOCTH KOM-
MBIOTEPHOTO HavepTaHus B mporpamme Excel mpuse-

JICHHBIX T'Pa(pUKOB. DTU TPpaPUKH OTPAXKaAIOT OTHO-
CUTENbHBIC HANPSKSHHUS AJIIEMEHTOB BCEX APYCOB Ha
Ka)KJIOM 3Tare MOHTAXa, TO €CTh KaKI0M MOHTAKHOU
pacueTHOl MoOJeNH, B TOM YHUCIE U TeX, KOTOpbIe
elle He ycTaHOBIeHbI. [loaTOMy B KaKJOW MOHTaXK-
HOW pacueTHON MOJeNU /g 3JIEMEHTOB OTCYTCTBY-
IOLIMX SIPYCOB IpadMKH MOKA3hIBAIOT HYJICBHIC 3HA-
YEHUS! OTHOCUTENBHBIX HampsikeHuil. HecmoTps Ha
KaXKYIIyIocs aOCypAHOCTh TaKOTO MPEeACTaBICHUS,
MpUBEICHHBIC IPaUKH TAIOT BO3MOKHOCTh YA00HO-
0 BU3YaJIbHOTO CPaBHEHMS MEHSIOLIMXCS HampsiKeH-
HBIX COCTOSIHUH 3JIEMEHTOB KapKaca I10 dTarmaM MOH-
TaXka ¥ MPH Pa3HBIX CIoco0ax BO3BEICHHUS PEOPUCTO-
KOJIBIIEBOTO KYIIOJIa.
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Puc. 4. 6 ; / O max B TMOSPYCHBIX 3IIEMEHTAX pebep mpu MOHTa)ke KapKaca KyIoJa IoJpaliBaHieM Ha Pa3HbIX dTanax:

a — MOHTaX 7-T0 sipyca; 6 — MOHTaX 6-T0 sIpyca; 8 — MOHTaX 5-TO sipyca; 2 — MOHTax 4-ro sipyca;
0 — MOHTaX 3-T0 sIpyca; e — MOHTax 2-TO spyca; /¢ — MOHTaX 1-ro sipyca

[Figure 4. Cy.i/O

I, max

in the elements of tier ribs at different stages of the “top-down” assembly of the framework of the dome:

a — installation of the 7™ tier; 6 — installation of the 6" tier; ¢ — installation of the 5™ tier;
2 — installation of the 4" tier; 0 — installation of the 3™ tier; e — installation of the 2™ tier; o« — installation of the 1°* tier]
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Howmepa sipycoB ot ocHoBaHus Kynona [Numbers of tiers from the base of the dome]

Puc.5. o ; / Oy max B TOSPYCHBIX SIEMEHTaX KOICIl IPH MOHTAkE KapKaca KyIojia MOAPAIIMBAHHEM Ha Pa3HbIX STarax:

@ — MOHTaX 7-TO sipyca; 6 — MOHTax 6-T0 spyca; 6 — MOHTaXx 5-TO spyca; 2 — MOHTaX 4-To spyca;
0 — MOHTaX 3-TO sIpyca; e — MOHTaX 2-T0 sipyca; o — MOHTax 1-ro spyca

[Figure 5. Oy / S — in the elements of tier rings at different stages of “top-down” assembly of the framework of the dome:

a — installation of the 7" tier; 6 — installation of the 6" tier; ¢ — installation of the 5" tier;
2 — installation of the 4" tier; 0 — installation of the 3™ tier; e — installation of the 2™ tier; o — installation of the 1* tier]
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Puc. 6. Oy.i / Oy max B TOSPYCHBIX SIEMEHTaX pebep mpy MOHTaXKe KapKaca KyloJa HapalliBaHHEM Ha Pa3HBIX dTamax:

a — MOHTaX 1-To sipyca; 6 — MOHTaX 2-TO sIpyca; ¢ — MOHTaX 3-TO spyca; 2 — MOHTax 4-To spyca;
0 — MOHTaX 5-TO sipyca; e — MOHTaX 6-T0 sipyca; # — MOHTaX 7-To spyca

[Figure 6. GM,i/G

11, max

in the tier elements of ribs at different stages of “bottom-up” installation of the framework of the dome:

a — installation of the 1% tier; 6 — installation of the 2" tier; 6 — installation of the 3™ tier;
2 — installation of the 4" tier; 0 — installation of the 5" tier; e — installation of the 6" tier; o« — installation of the 7" tier]
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Puc. 7. Cy.i / O max B TIOAPYCHBIX 2JIEMEHTAX KOJIEIL IPH MOHTAXKE KapKaca KyIojia HapalliBaHMEM Ha Pa3HbIX dTanax:

a — MOHTaX 1-To sipyca; 6 — MOHTaX 2-TO sIpyca; ¢ — MOHTaXx 3-TO spyca; 2 — MOHTax 4-To spyca;
0 — MOHTaX 5-TO sIpyca; e — MOHTaX 6-T0 sipyca; o — MOHTaXx 7-Tro Apyca

[Figure 7. GM’I-/G

M, max

in the tier elements of rings at different stages of “bottom-up” installation of the framework of the dome:

a — installation of the 1% tier; 6 — installation of the 2" tier; 6 — installation of the 3™ tier;
2 — installation of the 4" tier; 0 — installation of the 5" tier; e — installation of the 6™ tier; oic — installation of the 7" tier]

I'paduku MoHTaxka Kymojna crocoOoM Mmoapariu-
BaHMS [IOKA3bIBAIOT, YTO HANPSDKEHUS B 3JIEMEHTAaX
MEpUIUOHANBHBIX pedep Ha MpenbIAyIeM OT MOH-
THpYyeMOoro gpyce co 2-ro 3Tana (6 spyc) no 6-if atan
(2 sapyc) nmpeBOCXOAAT MAaKCUMaJbHbIC MPOCKTHHIE
nocieaoBatensHo B 1,25, 1,41, 1,44, 1,39 u 1,25 pa-
3a (puc. 4). [IpuueM MOHTa)KHbIE HAINPSKEHUS TIpe-
BOCXOJISIT MIPOEKTHBIE B 3THUX XK€ sipycax B 2,63, 2,61,
2,34,2,16 u 1,85 pa3a COOTBETCTBEHHO. A HarpsKe-
HUS B DJIEMEHTaX BepXHETo (MpeAbLAyIIeTo) U HUX-
Hero (MOHTHpyeMoro) konen ¢ 1-ro stamna (7 sipyc)
mo 6-# 3tam (2 spyc) MPOSIBIAIOT CKAYyIIUH 3HAKO-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

MIEPEMEHHBIN (OT PACTKCHHS K CIKATHIO) XapaKTep.
[Tepeman BeuurH HANPSOKEHUN B BEpXHEM (Ha OTIO-
paMu) ¥ HHXKHEM KOJIbIIaX mociieaqoBaTensHo B 1,21,
1,28, 1,58, 1,85, 2,06 u 2,12 pa3a 0oibllie MakCcH-
MaJbHOTO MPOEKTHOTO 3HA4YEHUS (pucC. 5).

I'padmkw MOHTaXKA KYTIONIa CIIOCOOOM HapaITABAHIIS
[MOKa3bIBAIOT, YTO HANPSHKCHHS B DJIEMEHTAX MEPHUINO-
HAIIBHBIX pedep BO3pacTaroT MOCTENEHHO OT 1-ro ATamna
(1 spyc) o 6-it aTam (6 sApyc), MoKa HEe JOCTHTHYT
MpoeKTHOro 3HaueHus. OpHako ¢ 4-ro mo 7-if aTanm Ha
MOHTHPYEMOM SpyCe, TO eCTb 4-M, 5-M, 6-M u 7-M,
HaOJFOTAFOTCS HANPSKEHHST TIPOTHUBOTIOIOKHOTO 3HAKa
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(pactspxenue) coorBerctBenHo B —0,07, —0,12, 0,19 u
—0,15 ot mpoekTtHOTO (prc. 6). HampsokeHust B 2meMeH-
TaxX HIKHETO (MPEIBITYINETo) M BEPXHETO (MOHTHPYEMO-
ro) konen ¢ 1-ro stana (1 sipyc) mo 4-i stan (4 spyc)
TaKOKe TPOSIBIIIEOT CKAYYILMi 3HAKOIIepEMEHHBIH (0T pac-
TDKEHUS K CKaTWio) xapakrep. llepenan BenuuuH Ha-
NPSDKEHUI B MOHTHPYEMOM U HIDKHEM KOJIBLIAX IOCIIe-
nosatensHo B 1,47, 1,41, 1,44 u 1,22 pa3a Gosblie
MaKCUMAJIBHOTO ITPOEKTHOIO 3HaueHus (puc. 7).

i monmyueHus cBeJeHU 00 ypOBHE Hampsike-
HUH B 3JIEMEHTaxX KapKaca peOpHCTO-KOJIbIEBOTO Ky-
I10J1a B MIPOLIECCE MOHTAXKa PACCMaTPUBAEMBIMHU CIIO-
cobaMu Ha pasHBIX dTanax A 3JEMEHTOB MEpHUIH-
OHAJILHBIX pedep u Koiel Ha puc. 8—11 mpexacrasie-
HBI [IOSIPYCHBIE AUArpaMMBbl CTETIEHU HCIIOJIb30BAHUS
IIPOYHOCTH IO OTHOUIEHUIO BBIABJIEHHBIX a0CONIIOT-
HBIX BEJIMYMH HANpsKEHUH K pacueTHOMY CONpPOTHUB-
JICHHIO CTalH — o] /R,, .
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Puc. 8. |,/ R, B TIOSIPYCHBIX SIIEMEHTAX pebep mpy MOHTaXke KapKaca KyIloja IO JpalfiBaHieM Ha Pa3HbIX Tamax:

11— n1poeKTHast CXeMa; @ — MOHTaX 7-To Apyca; 6 — MOHTaX 6-T0 sipyca; 6 — MOHTaX 5-T0 sipyca;
2 — MOHTax 4-T0 sipyca; 0 — MOHTaX 3-T0 sipyca; e — MOHTaX 2-T0 sIpyca; J — MOHTaX 1-ro spyca

[Figure 8.

o,;l/ R, in the elements of tier ribs at different stages of the “top-down” assembly of the framework of the dome:

IT— design scheme; a — installation of the 7™ tier; 6 — installation of the 6™ tier; ¢ — installation of the 5" tier;
2 — installation of the 4" tier; 0 — installation of the 3™ tier; e — installation of the 2™ tier; o« — installation of the 1°* tier]

1 2 3

ik kLl
W LR

Howmepa sipycoB ot ocHoBaHus Kymnona [Numbers of tiers from the base of the dome]

Puc. 9. |Gi| /Ry B IIOSIPYCHBIX DJIEMEHTaX KOJICIH TP MOHTaXX€ KapKaca KyIioJjia nogpaluBaHUEM Ha pa3HbIX JTarax:

11— npoeKTHas CXeMa; @ — MOHTaX 7-TO Apyca; 6 — MOHTaX 6-TO sIpyca; 6 — MOHTaX 5-T0 sipyca;
2 — MOHTaX 4-T0 sipyca; 0 — MOHTax 3-TO spyca; e — MOHTaX 2-T0 sIpyca; Jc — MOHTax 1-ro spyca
[Figure 9. |, |/ R, in the tier elements of rings at different stages of the “top-down” installation of the framework of the dome:

IT— design scheme; a — installation of the 7™ tier; 6 — installation of the 6™ tier; ¢ — installation of the 5" tier;
2 — installation of the 4" tier; 0 — installation of the 3™ tier; e — installation of the 2™ tier; o« — installation of the 1°* tier]

286

ANALYSIS AND DESIGN OF BUILDING STRUCTURES



lebenp E.B. CTpontenbHas MexaHuka MHXEHEPHBIX KOHCTPYKLmiA 1 coopyxeruit. 2019. T. 15. Ne 4. C. 278-290

0,03
L 0,02
1%l
5y
0,01 -
0,00
1 Z 3 4 5 6 I
Howmepa sipycoB ot ocHoBanus Kynosia [Numbers of tiers from the base of the dome]
Puc. 10. o/ Ry B IOSIPYCHBIX 3JIEMEHTaxX pedep IpH MOHTa)Ke Kapkaca KyIoJa Hapal[iBaHAEM Ha pa3HbIX JTalax:
11— npoexTHas cXeMa; @ — MOHTax 1-ro sApyca; 6 — MOHTaX 2-T0 sipyca; 6 — MOHTaX 3-T0 sipyca;
2 — MOHTaX 4-T0 sipyca; 0 — MOHTaX 5-TO spyca; e — MOHTaX 6-T0 sIpyca; o — MOHTaX 7-TO spyca
[Figure 10. |5,/ R, in the tier elements of ribs at different stages of the “bottom-up” assembly of the framework of the dome:

IT — design scheme; a — installation of the 1* tier; 6 — installation of the 2™ tier; 6 — installation of the 3™ tier;
2 — installation of the 4" tier; 0 — installation of the 5" tier; e — installation of the 6" tier; o — installation of the 7" tier]
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Puc. 11.

Gi' /Ry B IIOSIPYCHBIX 3JIEMEHTAX KOJICI IPU MOHTAKE KapKaca KyIiojla HapallluBAaHUEM Ha pa3HbIX dTalax:

11— npoexTHas CXeMa; @ — MOHTax 1-ro sApyca; 6 — MOHTaX 2-T0 sipyca; 6 — MOHTaX 3-T0 sipyca;
2 — MOHTax 4-T0 sipyca; 0 — MOHTaX 5-T0 sipyca; e — MOHTaX 6-T0 sipyca; J — MOHTaX 7-T0 Apyca

[Figure 11.

o, /R, in the tier elements of rings at different stages of the “bottom-up” assembly of the framework of the dome:
il /R,

IT — design scheme; a — installation of the 1* tier; 6 — installation of the 2™ tier; 6 — installation of the 3™ tier;
2 — installation of the 4" tier; 0 — installation of the 5" tier; e — installation of the 6" tier; o — installation of the 7" tier]

Bce muarpamMMel XapakTepu3yOTCsl OTCYTCTBHEM
rpaduuecKux CTOJOMKOB Ha OOJBIIMHCTBE SIPYCOB
BCJIEAICTBHE TOTO, YTO HA JAHHOM 3Tarle MOHTaa 3TOTO
aNeMeHTa Kapkaca (pedpa Witk KojIblla) ellle HeT B CMOH-
TUPOBAHHOM YaCTH KYIMOJbHOIO Kapkaca. [Tockombky
MOHTaX TO/IpallIMBaHUEM HAYMHAETCS OT 7-TO spyca,
TO HA MOCIEAHEM 3Tare MOoHTaxa (1-ro sipyca) 7-i sipyc
OyzJeT HaCUMTHIBATh 7 TpapUICCKIX MOHTaKHBIX CTOJI-
6ukoB 1 1 mpoekTHBIH. MOHTaX ke HapalluBaHUEM,
Hao00pOT, HaYMHAETCs OT 1-ro Apyca, MO3TOMY Ha IO-
clieHeM aTarie MoHTaxa (7-ro spyca) 1-it sipyc Oynmet
HACUYUTHIBATh 7 rpaUIeCKUX MOHTAXXHBIX CTOJIOMKOB

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

u 1 npoektHbiii. Hanuuue 8-ro sipyca B nuarpammax
JUT KOJIBIIEBBIX 37eMeHTOB (puc. 9, 11), kak u B rpa-
¢ukax (puc. 5, 7), CBSI3aHO ¢ MOHTAXHBIMH yCHUIIHS-
MU B 8-M KOIIbIIE KYTIOJIEHOTO KapKaca.

JuarpammMbl Ha puc. 8 U 9 CBUIETEILCTBYIOT O
TOM, 4TO B IPOIlECCe MOHTaka CIIOCOOOM MOIpaliu-
BaHUs B MOSIPYCHBIX 3JIEMEHTax pedep H Kojel Ky-
MOJTEHOTO KapKaca MPONCXOIAT 3HAUYNTENbHBIE N3Me-
HEHUS HalpsHKEHHUH, MPUYeM HaMHOTO MPEBBIIIAIOIINE
MIPOEKTHBIE 3HaYEHUs. B a1eMeHTax MepuInOHAIBHBIX
pebep HampsKeHUs TOCTHTAIOT 3 % MPOYHOCTH TPHU
MOHTaXe 4-T0 spyca KymoJbHOTo Kapkaca (puc. 8),
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a MaKCUMaJIbHBIE POEKTHBIE — TONBKO 2,1 %. B ae-
MEHTaX KOJICL HalpsDKEHHUs JOCTUraoT 5 % mpodHo-
CTH TP MOHTaXX€ 2-r0 sipyca KyIOJbHOIO Kapkaca
(puc. 9), a MakcUMasIbHbIE MPOEKTHBIE — TOIBKO 3,7 Y%.

Huarpammsel Ha puc. 10 u 11 cBUAETENBCTBYIOT
0 TOM, YTO B IIPOLIECCE MOHTAXa CIIOCOOOM Hapallu-
BaHUS B MOSAPYCHBIX 3JIEMEHTax pedep W Kojel Ky-
MOJILHOTO KapKaca Tak)kKe MPOUCXOASIT U3MEHEHUS
HanpsDKEHUH, HO UX BEJIMYMHBI HE MIPEBOCXOISAT MPO-
eKTHBIe 3HaueHMs. B anemeHTax MepuInOHaIbHBIX
pelep HampspKeHHs AOCTUTAOT 2 % MPOYHOCTH MpU
MOHTaxe 7-T0 Apyca KynojbHOro Kapkaca (puc. 10)
MPH MaKCUMAJIBHBIX MPOEKTHHIX — 2,1 %. B amemen-
Tax KOJeIl HampsoKeHUs AocturaioT 3,6 % mpodHo-
CTH TIIPH MOHTaXX€ 7-r0O sipyca KyNOJBHOTO Kapkaca
(puc. 11), 9To GMM3KO K MaKCUMAJTLHBIM TTPOSKTHBIM —
3,7 %.

BoIBOaBI

Ha ocHOBaHMM M3JI0KEHHOTO MaTepHaza MOXKHO
CZeNaTh CIeIyIOIIUe BEIBOABI.

B nporecce Bo3BeneHNs OOJBILIEIPOIETHBIX METAI-
JIMYECKNX KYTIONOB B CEYEHMSIX KOHCTPYKTHBHBIX dJIe-
MEHTOB X KapKacoOB HEM30EKHO IOSIBICHUE MOHTAXK-
HBIX HAIPSHKESHHH.

HampspkeHHOE cOCTOSHHME B JIEMEHTaX Kapkaca
peOPUCTO-KOIBIIEBOTO KYIOJIa B MPOIIECCE MOHTaXa
(opMupyercs Mo-pasHOMY NPU Pa3IMYHBIX CIIOCO-
0ax BO3BEJCHUS M C OTKJIIOHCHUSMH OT HaIpsHKEHHO-
T'O COCTOSTHHS IIPOSKTHOM CXEMBI.

HanpsbkeHnst B KOJBLEBBIX AJIEMEHTAX KapKaca Ipu
MOHTa)K€ XapaKTePH3YIOTCSI PE3KMMH CKauKaM¥ BEJIH-
YUH OTHOCHTEIHHO NMPOSKTHBIX 3HAYEHHI ¢ M3MEHEHH-
MU XapakTepa B CXeMe «CKaTHE — PACTSKCHHUE.

dopMupoBaHrEe HaYaJbHOTO HANPSHKEHHOTO CO-
CTOSIHUS KapKaca peOpHCTO-KOJIBIIEBOTO KyIIOJia MoJTy-
cdepruieckoro ouepTaHusi IPH MOHTaXe CIOCOOOM
HapaluBaHUs TPOUCXOIUT CIOKOHHEE MO CPaBHEHHIO
C MOHTa)XOM CIIOCOOOM MOIPAIMBAHMS M XapaKTepH-
3yeTCsl MEHBIINMH HAIPSHKEHUSAMH.

[pu npoektupoBaHuy U BbIOOpE criocoba BO3Be-
JIeHHsI KapKaca peOprCTO-KOJIBIIEBOIO KyIOJIa IOy~
cthepuieckoro odepTaHus OOJIBIIOTO TMPOJIETa CIIETy-
€T MPOW3BOJIUTH €0 pacueT Ha MOHTAKHBIC HaTpsi-
JKEHHBIE COCTOSTHHAL.

[Ipu BEIOOpE criocoba Bo3BeIeHHS Kapkaca peod-
PHCTO-KOJIBLEBOTO KyIoJia MOycheprdaeckoro odep-
TaHus MPEATNIOUTEHHE ClIeNyeT OTAaBaTh MOHTaXY
HapanMBaHHEM WM HaBECHBIM CIIOCOOOM.

HeobxomMo mpoBenieHre UCCITeI0BaHMA 10 OTCH-
K€ CTENCHHU BJIHMSHHUS MOHTQXHBIX HAMPSKEHHBIX
COCTOSIHUM B KOHCTPYKTHBHBIX 3JIEMEHTaX KapKacoB
OOJIBIIETIPOIETHEIX METAUINYECKUX KYIIOJIOB HA HX
OKCIUTYaTallMOHHYO HA/ICKHOCTb.
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Abstract

Aims of research. To analyze the stress state of the metal structures of the ribbed-
ring dome of a hemispherical shape during the assembly process of the dome frame in
two fundamentally different ways — “top-down” and “bottom-up”. Since different de-
sign schemes arise at different stages of assembly of the dome frame, different assem-
bly forces result in their structural elements. To demonstrate how assembly forces lead
to the tension state of a ribbed-ring dome that is transformed during the construction
process. To perform the analysis of the stress states of the considered assembly methods
and to present their evaluation. Methods. A computer model of a metal ribbed-ring
dome made of steel /-beams with rigid joints has been developed. Several additional
assembly models of an incomplete frame have been created for studying the considered
assembly at different stages. Computer calculations for the effect of its self-weight were
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made for each assembly model of the dome frame. As a result of the calculations,
the stresses in the structural elements of the frames of the assembly schemes were de-
termined, which were compared with similar stresses resulting from the self-weight in
the frame of the design scheme. Results. Diagrams of changes in the stress state of
structural elements of a metal ribbed-ring dome are presented. The efficiency of use of
steel strength at different stages of installation is also shown in the diagrams. A compa-
rative assessment is given for the stress conditions due to the assembly methods under
consideration. The inevitability of installation stresses is noted and the most efficient
assembly method of installation is chosen.

For citation

Lebed E.V. (2019). Changes in the stressed
state of the framework of the metal ribbed-
ring dome during the assembly process.
Structural Mechanics of Engineering Con-
structions and Buildings, 15(4), 278-290.
http://dx.doi.org/10.22363/1815-5235-2019-
15-4-278-290

Keywords: ribbed-ring dome; metal frame; structural scheme; methods of con-
struction; assembly of structures; computer model; stresses in the elements

References

1. Tur V.I. (2004). Kupol 'nye konstruktsyi: formoobra-
zovanie, raschet, konstruirovanie, povyshenie effektivnosti
[Dome Structures: Morphogenesis, Analysis, Design, Increase
in Effectiveness]. Moscow, ASV Publ., 96. (In Russ.)

2. Gokhar’-Harmadaryan 1.G. (1978). Bol’sheprolet-
nye kupol’nye zdaniya [Wide-Span Dome Buildings]. Mos-
cow, Stroyizdat Publ., 150. (In Russ.)

3. Krivoshapko S.N. (2014). Metal ribbed-and-circular
and lattice shells from the XIX™ until the first half of the
XX" centurie. Structural Mechanics of Engineering Con-
structions and Buildings, (6), 4—15.

Evgeny V. Lebed, Candidate of Technical Science, Associate Professor,
Department of Metal and Wooden Structures.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

4. Torkatyuk V.I. (1985). Montazh konstrukziy bol’-
sheproletnyh zdaniy [Installation of Structures of Large-
Span Buildings]. Moscow, Stroyizdat Publ., 170. (In Russ.)

5. Kuznetsov V.V. (ed.). (1998). Metallicheskie kon-
struktsii. T. 2. Stal’nye konstruktsii zdaniy i sooruzheniy.
Spravochnik proektirovshchika [Metal Structures. Vol. 2.
Steel Structures of Buildings and Constructions. Reference
Book for Designer]. Moscow, ASV Publ., 512. (In Russ.)

6. Gofshteyn G.E., Kim V.G., Nishchev V.N., Soko-
lova A.D. (2004). Montazh metallicheskikh i zhelezobeton-
nykh konstrukziy [Installation of Metal and Reinforced Con-
crete Structures]. Moscow, Stroyizdat Publ., 528. (In Russ.)

7. Lebed E.V., Alukaev A.U. (2018). Large-span metal
dome roofs and their construction. Structural Mechanics
of Engineering Constructions and Buildings, 14(1), 4-16.
(In Russ.)

289



Lebed E.V. Structural Mechanics of Engineering Constructions and Buildings, 2019, 15(4), 278-290

8. Lebed E.V. (2018). Behavior of the Frames of
Large-span Metal Domes in the Process of their Installa-
tion. Structural Mechanics of Engineering Constructions
and Buildings, 14(6), 481-494. (In Russ.)

9. Mukaiyama Youichi, Fujino Terumasa, Kuroiwa
Yoshihiko, Ueki Takashi. (2009). Erection Methods for
Space Structures. Evolution and Trends in Design, Analy-
sis and Construction of Shell and Spatial Structures: Pro-
ceedings of the International Association for Shell and Spa-
tial Structures (IASS) Symposium 2009, Valencia, Spain,
1951-1962.

10. Karpilovskiy V.S., Kriksunov E.Z., Malyarenko A.A.,
PerelI’'muter A.V., Perel’'muter M.A. (2004). SCAD Office.
Vychislitel’'ny kompleks SCAD [SCAD Office. Computer
system SCAD]. Moscow, ASV Publ., 592 (In Russ.)

11. Gorodetskiy A.S., Evzerov I.D. (2005). Komp 'u-
ternye modeli konstruktsyj [Computer models of structu-
res]. Kiev, Fakt Publ., 344. (In Russ.)

12. Chandiwala Anuj. (2014). Analysis and design of
steel dome using software. International Journal of Re-
search in Engineering and Technology (IJRET), 3(3), 35-39.

13. Jadhav H.S., Patil Ajit S. (2013). Parametric Study
of Double Layer Steel Dome with Reference to Span to

290

Height Ratio. International Journal of Science and Research
(IJSR), 2(8), 110-118.

14. Handruleva A., Matuski V., Kazakov K. (2012).
Combined Mechanisms of Collapse of Discrete Single-
Layer Spherical Domes. Study of Civil Engineering and
Architecture (SCEA), 1(1), 19-27.

15. Amjatha Makkar, Sumayya Abbas, Muhammed
Haslin S.M. (2016). Finite Element Analysis of Diamatic,
Schwedler and Diamatic-Schwedler Hybrid Domes. Inter-
national Journal of Engineering Trends and Technology
(IJETT), 39(1), 57-62.

16. Chacko P., Dipu V.S., Manju P.M. (2014). Finite
Element Analysis of Ribbed Dome. International Journal
of Engineering Research and Applications (IJERA), 25-32.

17. Merilmol Eldhose, Rajesh A.K., Ramadass S. (2015).
Finite Element Analysis and Parametric Study of Schwedler
Dome Using ABAQUS Software. International Journal of
Engineering Trends and Technology (IJETT), 28(7), 333-338.

18. Nabeel Abdulrazzaq Jasim, Thab Sabri Saleh,
Saddam Khalaf Faleh. (2017). Structural Analysis of Rib-
bed Domes Using Finite Element Method. International
Journal of Civil Engineering Research, 8(2), 113—-130.

ANALYSIS AND DESIGN OF BUILDING STRUCTURES



CTPOMTENBHASA MEXAHUKA UHXEHEPHBIX KOHCTPYKLIMIA U COOPY)XEHWHA

» e

2019. 15(4). 291-298

TEOPUA TOHKMX OBONOYEK

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

THEORY OF THIN ELASTIC SHELLS

DOI 10.22363/1815-5235-2019-15-4-291-298

YK 624.074.433.042.12

HAVYHASA CTATbBA

OnpeneseHne KPUTHYECKOI HATPY3KH MOTEPH YCTONYHUBOCTH
CTEPKHEBOM M IUI0OCKOH MoJeJieill KPYyroBoi HUWIHHAPUYECKOH 00010YKH,
B3aMMOACHCTBYIOILIEH C OCHOBAHUEM

C.B. Kocunpin®, B.YO. Akynuy

Poccuiickuil ynusepcumem mpancnopma, Poccutickas @edepayusa, 127994, Mockesa, ya. Obpasyosa, 9

*kositsyn-s@yandex.ru

Hcemopus cmamou:

Iocrynuna B penakuuto: 13 mas 2019 r.
Jopaborana: 23 urons 2019 r.

[punsTa k myonukarwn: 17 aprycra 2019 r.

s yumuposanus

Kocuyvin C.b., Axynuy B.JO. Onpenenenue
KPUTHYECKON Harpy3Kd MOTEPH YCTOWIHUBO-
CTH CTEPKHEBOH U IIOCKON Mopenei Kpy-
rOBOH IWINHAPUYECKOH 00010UKY, B3aUMO-
JelicTBytolelt ¢ ocHopanueM // Ctpoutens-
Has MEXaHHMKA WH)KEHEPHBIX KOHCTPYKLMH
u coopyxkenuit. 2019. T. 15. Ne 4. C. 291—
298.  http://dx.doi.org/10.22363/1815-5235-
2019-15-4-291-298

Annomayus

L]enu viccnenoBanyis — ONpE/ICIICHUE KPUTUYECKOM HArPy3KH, TPU KOTOPOi 000-
JIOUKA, B3aMMOJICHCTBYIOIIAs C OKPYIKAIOIIMM OCHOBAHHEM, TePsIeT YCTOHYMBOCTD
paBHOBecHsl, 1 HaxOXJeHHE QOPM MOTEPH YCTOWUMBOCTH OOOJIOUKH B JIMHEHHOH M
HEJIMHEHHOM TocTaHOBKax 3ana4yn. Memoost. T1pobiiema pelieHa YiCIICHHBIM METO-
JIOM C HCIIOJIb30BaHMEM KOHEYHO-2JIEMEHTHOTO KOMIUIEKCA, KOTOPBIH MO3BOJISIET UC-
CIIeI0BaTh HANPsSHKEHHO-Ie(hOPMUPOBAHHOE COCTOSHHUE M OLIEHUTh YCTOMYMBOCTH
CTEP)KHEBBIX M IIOCKHX crcTeM. COCTaBICHO TPH PACUETHBIX CITydasl CTCP)KHEBOH
MOJIENA U JIBA PACYETHBIX CITyyasi TNIOCKOM MOJENN KPYTOBOH LIMJIMHAPUYECKOH 000-
JIOUKH, B3aHMMOJICHCTBYIOIIIEH ¢ OCHOBaHHMEM. BBINONHEH cOOp HArpy3oK, NeHCTBYIO-
MXx Ha 000JIOUKy. PacyeTsl mpoBeeHb! B JIMHEWHONW U T€OMETPUYECKH HEITMHEHHON
TIOCTAHOBKAX C WCIIOJIBb30BAaHMEM JIMHEHHO-YIIPYTOi MOzen MaTtepuaia. [IpuMenensr
KOHTAKTHBIE JJIEMEHTHI ABYCTOPOHHETO M OJHOCTOPOHHEro aeictBus. Kpurnueckue
Harpy3KH OIpeIeIeHbl OTHOCHTEINIBHO ASHCTBYIOIIEH Harpy3KH OT COOCTBEHHOTO BECa.
Pe3ynbmamel. BrisBieHbl KpUTHYECKHE HATPY3KU M HalICHBI (POPMBI TOTEPH YCTOM-
YUBOCTH KPYrOBOW IIWJIMHIPUYECKOW OOOJIOYKH, B3aMMOJICHCTBYIOIICH C OKpYXKaro-
M ocHoBaHHEM. [IpoBeieH cpaBHUTENBHBIN aHAM3 MOMYYeHHBIX Pe3ysbTaToB. JlaHa
OIICHKA 3araca YCTOHYUBOCTH 000JI0YKH OTHOCHUTEITBHO JICHCTBYIONICH HATPY3KH.

Kuouesvie cnosa: ycToWdMBOCTH OOOJIOYKH;, 3arac YCTOHYHMBOCTH; KOH-
TaKTHOE B3aHMOAEHCTBHUE; CTEPKHEBBIE HIEMEHTBHI; INIOCKHE HJIEMEHTHI
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COCTOSAHUSA NUIMHAPUICCKUX 06OJ'I0LI€K, BBaPIMO,Z[Cﬁ-
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HEOTHEMJIEMOW YaCTBIO TUIAHOB U MPOEKTOB OOJIBIIIO-
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MOJ3EMHBIX coopykeHuil. HecMoTps Ha To, 4TO 3TH
COOpPYXKEHHUSA padOTalOT B €CTECTBEHHBIX YCIOBHUSIX
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MOI'O COOPY>KEHHUsI W BBILIENIECKALIUX CIIOEB T'PYHTA,
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0COOBII MHTEpPEC MPEACTABIIET CO00H KpUTHICCKAs
Harpyska, pyu KOTOpoi KOHCTPYKLIUSI COOPY>KEHHUS Te-
pseT ycToMunMBOCTh paBHOBecus. OlpeneneHue 3Toil
Harpy3kH I03BOJIUT JaTh OLIEHKY 3alaca yCTOWYHBO-
CTH COOPY’KEHHS, UTO MO3BOJIUT U30eKaTh aBapUITHBIX
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cllyyaeB B Tpoliecce IKCIUTyaTalnd o0bekTa. B vact-
HOCTH, B HACTOsIIeH padoTe clesiaHa MOMBITKA OIpe-
JeTIeHUs] KpUTUYECKOI Harpy3Ku g 000JI04KH, UMH-
TUPYIOIIEH TPAHCHIOPTHBINA TOHHENb.

YucneHHbll aHaNN3 MPOBEIEH C LIENbI0 YCTaHOB-
JIEHUS] KPUTUYECKON Harpy3KH, MPU KOTOPOH KOHCTPYK-
1M KPYTOBOW IMIMHAPHUYECKOH 000JOUYKH TepseT
YCTOMUYMBOCTH PaBHOBECHS, U OmpezeneHus: GpopM mo-
TEpU YCTOMUMBOCTHU MPH JIUHEHHOM U HEIMHEHHOM pac-
YeTHBIX ciiydasx. Kputudeckas Harpyska mpencTaBiie-
Ha B KPATHOM BHUJIE K €CTECTBEHHOM JACHUCTBYIOLICH Ha-
rpy3Ke uid ynoOcTBa ompeneneHus kodddumneHTta
3amaca ycTolumBocTd. I10 Mmosyd4eHHBIM pe3yibTaTaM
TIPOBEJICH CPAaBHUTEINILHBII aHAIH3.

1. YuciieHHBI aHAJIN3 CTEPKHEBOI MO1esIn
CHUCTEMBbI «000/109Ka — OCHOBAHHE)

Koneuno-anementneiii kommuieke MSC Patran —
Nastran 1mMO3BOJISIET MCCIIEAOBATh HANPsHKEHHO-IePOp-
MHPOBaHHOE COCTOSHUE CTEP)KHEBBIX U TIOCKHX CHUCTEM
Y OTBEYaeT TpeOOBaHMSM ITOCTABJICHHOM 3a1aun [ 1; 2].

IlepBrlii pacueTHBIN coy4ail MpoBENEH B JUHEH-
HOM MOCTaHOBKE C JIMHEWMHO-yNPyroi MOJIENbI0 MaTe-
puana. CBa3u MeXIy 00OJOYKOW M OCHOBAaHHEM 3ajla-
HBI JIByCTOPOHHUMHU 0€3 BO3MOXKHOCTH OTJIMIIAHUsI 000-
JIOUKH OT OCHOBaHMsl. BTopoit pacueTHbIi citydait mpo-
BE/ICH B JINHEHHON ITOCTAHOBKE C JIMHEHHO-YNPYron
MOJIeNbI0 MaTtepuaia. CBsi3u MEXIy OOOJOYKOM u Oc-
HOBaHUEM 3aJIaHBI OJJHOCTOPOHHHUMH C BO3MOXKHOCTBIO
OTIIUTIIaHMsI 00OJIOYKH OT OCHOBaHUs. TpeTuit pacuer-
HBI Cllydall IPOBEJCH B HEIUHEWHON MOCTAHOBKE C
Y4E€TOM reOMETPUUYECKON HenuHeHocTu. Moaenp Ma-
Tepuaja JuHeHHO-ympyras. CBI3u MEXITy 000TI0UKOM
Y OCHOBaHHEM 3aJ]aHbl OJJHOCTOPOHHHMH C BO3MOX-
HOCTBIO OTJIUIAHUS 000JIOUKU OT OCHOBAHHSI.

PacuetHbIe MOZENTM COCTOSIT U3 CTEPIKHEBBIX 3JIe-
MEHTOB OOOJIOUKH U CTEP)KHEBBIX KOHTAKTHBIX JJIE-
MEHTOB, allIPOKCUMUPYIOIIUX TPYHTOBOE OCHOBAHHE.
DneMeHThl 000JIOYKH M KOHTAaKTHBIE 3JIEMEHTHI CO-
€IMHEHBI TI0 TIPHHITAITY «y3€l B y3eD», 3TH Y3JbI SB-
jstrorest obumMu. Ha BTOpBIE (CBOOOMHBIE) Y3761 KOH-
TaKTHBIX 3JIEMEHTOB HAJOXEHBI CBS3H 110 BCEM CTe-
meHssM ¢BoOobI [3]. Takske BCe Y3IIBI CTEPKHEBBIX
3JIEMEHTOB 3aKpEIUIEHBl OT MepeMeNleHuil U3 IuIoC-
KOCTH, YTO 00€CIIeYnBaCT T€OMETPUIECKYIO HEH3Me-
HSIEMOCTbH CHCTEMBI.

Huametp obonouku D = 5 M, TONIHAHA 000JI04-
ku 0,25 M, mmpunaa o6onouku 1 M (Mozaens 0001049-
KH TIPEACTABISIET CO00U BBIPE3aHHYIO MOJIOCY H3
0ECKOHEYHO IJIMHHON 000JOYKHM IMHMPHUHOW 1 M).
CBoiicTBa MaTepuaina OOOJOYKM MPHUHATHI, Kak
ans 6eTona: Moayns ynpyroctu E = 3,0-10'" H/m?,
kodhdumment Ilyaccona pos = 0,18, mIoTHOCTH
Pos = 2300 K/’
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PaccrosiHuE OT TOBEPXHOCTH OCHOBAaHHMS JI0 LICHTPA
0001109KH paBHO 3,5D, 94TO YYTEHO MpU cOOpe HArpy30K
Ha 000y109Ky. OOBEMHBIH BEC OCHOBAHUS COCTaBHII
¥ = 1600 kr/m’, korddument ITyaccona v = 0,3. Oc-
HOBaHWIO 33j1aH ko3¢ duipeHT noctenn k£ = 100 MIla/m
(COOTBETCTBYET INIMHHUCTHIM TpyHTaM 10 [4]). XKecT-
KOCTh KOHTaKTHOTO 3JICMEHTa MpH CKaTu [S5; 6] BHI-
yycriena 1o dopmyie S, = k-b-L, = 2,45-10" H/m, rae
k — ko3 uIMeHT oCTeNN Ynpyroro OCHOBaHUS, b —
IIMpUHA dJIEMEHTa 000J0YKH; L, — IJTMHA 3JIEMECHTA
000JI09KH.

Beprukansaas Harpyska ¢s, TpHIOKEHHas K 000-
JIOYKE, COCTaBIEHa OT COOCTBEHHOTO BEca BBIIIENEKa-
miero rpyHTa 0e3 ydera BO3MOXKHOCTH OOpa3oBaHUs
cBoJ1a 0OpymIeHus Hast 00010uKo# 1o hopmye (1):

ds = V2, (1

rne y — oObeMHBIH BeC TPYHTa; z — PAcCTOSHUE OT
MOBEPXHOCTH TPYHTA.

bokoBast Harpyska ¢s, AeiicTByIoImas Ha 000JI04-
Ky, OIIpeiesieHa ¢ MOMOIIBI0 KoddduineHTa 0oKo-
BOro AaBlieHHs ¢ Oe3 ydeTa o0paTHOTroO yKJIoHa 000-
JIOYKHW B HIDKHEH 30He 1o hopmyiie (2):

qr = $yz, 2

rie ¢ — ko3 durenT 6OKOBOTO TaBICHHS.

Takum 00pa3zoM, Ha 000JIOUKY AEHCTBOBAIH CiIe-
JYIOIIME HATPy3KH OT TPYHTOBOIO OCHOBAaHUS: BEPTHU-
KalbHas MOCTOSHHAs Harpyska yzi = 235,4 H/wm%
TOpU3OHTaNbHAs TpaneueBUIHAs Harpy3Kka — npu
z1 = 3D paBHa &yzy = 94,2 kH/m, nipu z, = 4D pas-
Ha &yz; = 125,5 H/M. Ha puc. 1 moka3ana cxema Ha-
Tpy>eHUs] 000JIOYKH, KOHTAKTHBIE 3JIEMEHTHI OTIopa
OCHOBaHHMs HE TIOKa3aHbl, TaK KaK 3apaHee HEU3BECTHO,
IJle BOSHUKHYT 30HBI OTIIOPA OCHOBAHUS B CIIy4ae Of-
HOCTOPOHHEH pabOThl KOHTAKTHBIX 3JIEMEHTOB.

yzi
(T

g:]!Z] f—

NN

&yz2

(T

I

Puc. 1. Cxema HarpyxeHust 000JI04KH
[Figure 1. Shell loading scheme]
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2. IlepBblii pacyeTHBIH cay4daii.
JInHeHbI pacyeT CTepKHEBOH MOAeJ N
¢ IBYCTOPOHHHMH CBSI3SIMH

IlepBrlii pacdeTHBIN Cilydail BBIIIOJHEH C IIOMO-
UIbIO OMKCAHHOM BBIIIE CTEPAKHEBOU MozAenu. KoHTakT-
HBIE DJIEMEHTBI MEXTYy OOOJIOYKON M OKPYIKAIOITAM
OCHOBaHMEM TIPHUHATHI ABYCTOPOHHUMH. Takum oOpa-
30M, KOHTaKT BOCIIPUHUMAET KaK C:KUMaloIee, Tak U
pactsaruBaroiiee ycwine. Hegoctatkom naHHo# mocTa-
HOBKHM KOHTaKTHOT'O B3aHMOJICHCTBHS ABJISETCS TO,
YTO MPU NPOTUOE BEPXHETO CBOJA O0OJIOUYKHU € dJie-
MEHTHI TSHYT 3a 000 3JIeMEeHTHI OCHOBaHUS, Y€T0 B
NEHCTBUTEIHLHOCTH He HaOMrogaeTcs. 3agada perneHa
B JTUHEWHOU nocTaHoBKe. JlaHHbIE JONYUIEHUS IS
pacyeTHOM MOJENH IIHUPOKO HUCIONb3YIOTCS B UHXKE-
HEpHBIX pacyeTax TPaHCIOPTHBIX TOHHEJIEH U KOMMY-
HUKALUH, allIPOKCUMUPOBAHHBIX LUIUHIPUUECKON
000JT0UKOIA.

Pacuer ycToYMBOCTH MEPBOTO PACUETHOTO CITyYast
peaTn30BaH TPOIEIypON ONpeNeIeHNsT COOCTBEHHBIX
3HadYeHHUi MeToaoM JlaHIoma.

Puc. 2. dopma norepu ycTOMYMBOCTU CTEPAKHEBON MOAEIH
IIPY JIMHEWHOM pacueTe C IByCTOPOHHHUMH CBS3SIMH
[Figure 2. The form of stability loss of the rod model
in the linear calculation with two-way links]

16174991 .
14151732

6080842 i
8104100
v s - 10127388,
12150615
zx i UF S SR 14173672

-16197130.

Puc. 3. Cxxarble KOHTaKTHBIE 3JIEMEHTBI CTEPIKHEBOW MOJIENIN
MIPH JIMHEWHOM PacueTe ¢ IBYCTOPOHHUMH CBSI3IMHU
[Figure 3. Short contact elements truss model
for the linear calculation with two-way links]
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[To pesynbpTatam pacuera KpUTHYECKAs] HATPY3-
Ka cocraBnsaeT 235yz;. Ha puc. 2 npencrasiena co-
OTBETCTBYIOIIAs (hOopMa TOTEPH YCTOHIMBOCTH 000-
nouku. Kputndeckass Harpys3ka onpezesieHa Kak 3a-
rac yCTOMYMBOCTH MO OTHOLUEHUIO K JEUCTBYIOIIEH
Harpy3ke yz;. Ha puc. 3 moka3zaHbl TOJIBKO CXKaThie
KOHTaKTHBIE DJICMEHTHI MOJICITH.

3. Bropoii pac4yeTHBIH caydaii.
JIuHeilHbIIl pacyeT CTeP:KHEBO MoJeJIn
€ O/THOCTOPOHHNMM CBSI3AIMH

Bropoii pacuetHslii ciay4ail BBIIOIHEH C UCIIOJb-
30BaHUEM paHEee ONMUCAaHHOU cTepykHeBoM Mojienu. Kon-
TaKTHBIE AJIEMEHTHI MEXTY 00O0TIOUKOM U OKPY>KaOIIM
OCHOBaHHMEM NPHUHATHI OJTHOCTOPOHHUMH [7-9]. Takum
00pa3oM, KOHTaKT BOCIPHHUMACT TOJBKO CKMMAIOLLEE
yCHUIIHE, ’KECTKOCTh Ha PacTsDKEHUE MPUHSTA HYJIEBOM.
3agada perieHa B IMHEHHON IOCTaHOBKE.
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Puc. 4. Bun otpeakTHpOBaHHOM CTEp)KHEBOW MOJENH
IIPU TMHEWHOM pacueTe ¢ OAHOCTOPOHHUMH CBSA3SIMHU
TOCJIE MPEIBAPUTENBHOTO pacyeTa
[Figure 4. View of the edited rod model in a linear calculation
with one-way links after preliminary calculation]

OpnHako B TaHHOM MOJIEIHN PACTIATUBAIOIINE dIIe-
MEHTBI HCKIIIOUeHBI IpyruM mmyTeM. [IpoBeneH npen-
BAapUTENbHBIA pacyeT OT ACUCTBYIOUIEW HArpy3KH Yzi.
KonTakTHBIE 37€MEHTHI, BOCIIPUHUMAIOIINE PACTSTHU-
BAaIOIIUE YCHIINE, YIAJICHBI U3 MOJISIIH TS BBITTOJTHEHUS
MOCJIEYIOIIErO pacuera Ha ycroitunBocTh. Ha puc. 4
MOKa3aHa OTPEIAKTHPOBAHHAS PACUETHAS MOJIEITh ITOCIIe
MIpeIBapUTEIHHOTO pacyera.

OtMernM, 9TO aHHAS pacdeTHas MOJeTb 000JI0Y-
KM ¥ OCHOBAHHS TPABIONOA00HEE MPEAbITYIeH MojIe-
JH, TaK KaK OCHOBaHWE BOCIIPUHUMAET TOJBKO CXKHMa-
FOIIYE YCHITHSL.

Pacuer ycTOMYMBOCTH BTOPOrO pacyeTHOIo CiTydas
peaM30BaH MPOIEAYPOH OMpPEAeICHUs] COOCTBEHHBIX
3Ha4YeHui MeToaoM JlaHmoIma.

[lo pesympraram pacuera KpUTHYECKas Harpys3Ka
cocraBisier 105yz;. Ha puc. 5 mpeacraBieHa cOOTBET-
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CTBYIOIAst (hopMa MOTEPU YCTOWIMBOCTH OOOJIOUKH.
B pe3ynbpTaTe MOBTOPHOTO pacdeTra YCTOWYUBOCTH
30Ha OTJIMIaHus 000109KH m3MeHeHa. Ha puc. 6 mo-
Ka3aHbl TOJBKO CKUMAaeMbIe KOHTAaKTHBIE 3JIEMEHTHI
MOJIEJIH TTOCIIe TIOBTOPHOTO pacyeTa.

Puc. 5. ®opma norepu ycToMUUBOCTH CTEP>KHEBOM MOETH
[pH JINHEHHOM pacyere ¢ OAHOCTOPOHHUMH CBSI3SIMHU
[Figure S. The form of stability loss of the rod model

in the linear calculation with one-way links]

13833078, .
12104739,

5178653

-6906970.
Y -8635307.
: ; -10263644.
-12091982.

-13820319,

Puc. 6. CxaTbie KOHTAKTHBIE IEMEHTHI CTEP)KHEBOI MOJIEN
[PH JINHEHHOM pacyere ¢ OAHOCTOPOHHUMH CBSI3SIMU
[Figure 6. Compressed contact elements of the rod model
in a linear calculation with one-way links]

4. Tpernii pacueTHbIH cay4yai.
HesnHelHbINA pacyeT cTepKHeBO Mo1eIH
C OJTHOCTOPOHHHMMM CBA3SIMU

Tpetunii pacyeTHbIH CiTy4ail BBIIOIHEH C UCIONbB30-
BaHUEM paHEE ONMCAHHOM CTEP)KHEBOW Monenu. Pacuer
MIPOBEICH B FEOMETPUUECKH HEIMHEHHOM MOCTaHOBKE.
VY4eT HeMMHEHHOCTH TO3BOJISIET OTCIICKUBATH W3MEHE-
HHE 30HbI OTJIMIAHKS 00O0JI0OUKH OT OCHOBAaHHS U HU3Me-
HEHHE TIONIOKEHHsT 00O0JIOUKH B TIPOIIECCe HArpyKEHHS.
KoHTakTHBIC 2IeMEHTH MEXKTy O0OJOYKOM M OKpYyKa-
FOIIM OCHOBAHUEM TIPUHSTHI OJJHOCTOPOHHUMH. TaKim
00pa30M, KOHTAKT BOCHPHHUMAET TOJIBKO CKMMAFOIIEE
YCWINE, )KECTKOCTh Ha PACTSHKCHUE TIPUHATA HYJICBOM.

BenuunHa KpUTHYECKON HArpy3Ky IOJIy4UIach
paBHOU 69yz|, 4YTO MEHbIIIE BEIUYUH, MOITYYCHHBIX B
MPEABITYLIMX PACUETHBIX CIyYasX, MPOBEICHHBIX B JIU-
HeitHol mocTtanoBke [10; 11]. Ha puc. 7 mokasan ne-
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(hopMUPOBaHHBIM BUA CTEP’KHEBOH MO 000IOUKU
nepes NoTepel yCTOMUMBOCTH, Ha PUC. § — TOJIBKO CO-
OTBETCTBYIOILIME C)KAaThle KOHTAKTHBIEC 3JIEMEHTHI MO-
Jend, Ha puc. 9 — hopma cTep>KHEBO MOAeNH mocie
MOTEPH yCTOHYUBOCTH.

Puc. 7. ledbopMupoBaHHBIH BUJ CTEP>KHEBOH MOJEIH
IIPU HETMHEHHOM pacyeTe ¢ OAHOCTOPOHHUMH CBA3SIMH
nepeJ noreper ycroiunBocTu
[Figure 7. Deformed view of the rod model
in a nonlinear calculation with one-way links before buckling]

8371582, .

7atg35e. R

2816120,

2082896
1560872
ol L S S i e B g 1086348,

x ¥ t

525224, .

-B.45E-7

Puc. 8. C:xarble KOHTaKTHBIE 2JIEMEHTBI CTEPHKHEBON MOJIENIN
IIpY HEJIMHEIHOM pacyeTe ¢ OJHOCTOPOHHUMU CBA3SIMU
rnepeJ noreper ycroMunBocTu
[Figure 8. Short contact elements for rod models
in the nonlinear calculation with unilateral constraints before buckling]

|

Puc. 9. [ledbopMupoBaHHBIH BUJ CTEP>KHEBOH MOJEIH
TIPY HEMTMHEITHOM pacyeTe ¢ OTHOCTOPOHHHUMH CBST3SIMH OCIIE XJIOTKA
[Figure 9. Deformed view of rod model in nonlinear analysis
with one-way links after snap-through]
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Crienyer OTMETHTB, YTO TIOTy4YeHHas opMma CTepxK-
HEBOI MOJIENIH TocTe XJIotKa (puc. 9) He sBigeTcs Kop-
PEKTHOM, TaK KaK B pacyeTax HE YUUTHIBAIOCH KOHTAKT-
HOE B3aUMOJICIHCTBIE MEXTY CTEpP)KHEBHIMU KOHEUHBIMU
aNeMeHTaMH 00O0JIOUKH B 30HAX UX mepecedeHws [12; 13].

Hwmxe B Tabn. 1 mpuBeneHbI BETHYNHBI KPUTHIC-
CKUX Harpy3oK JJis BBIITOJHEHHBIX PACUETHBIX CIIY-
YaeB CTEP)KHEBON MOJEIH 000JI0UYKH U OCHOBAHHS.

U3 Tabn. 1 ciemgyeT BBIBOI, YTO MPH OINpenese-
HUU KPUTUYECKON HATPY3KH NOTEPU YCTOWUHUBOCTHU
CTEpXHEBOW MOJETN HEIUHEHHBINH pacueT MPUBOIUT
K 3HAYUTEIHFHO MEHBIIEH BEIMYMHE HAarpy3KH OTHO-
CHUTEJBHO JIMHEHHOT0 pacyeTa. DTO CBA3AHO C TEM,
YTO B HEJIMHEWHON MOJENU YYTEHO U3MEHEHHUE Ieo-
METpHH 000JIOUKH B IIPOLIECCE IIarOBOTO Harpyxe-

1,765
2203
2682+
3.08
3519
3357
4396
4834
5273
5711
615
6588
7,026
7,485+
7,903
8.342-
8.78-
9219
9857
10.1
1053
10,97
11414
11

HUs. B nuMHEHHBIX pacuerax 3TU 0cOOCHHOCTH Iedhop-
MUpPOBaHUA HE yuuThiBatoTes [14; 15].

Tabauya 1

BeJuynHBI KPUTHYECKOI HATPY3KH
CTep:KHeBO Mojeau 000JI0YKH H OCHOBAHMS
[Table 1. Critical load values of the core shell and base model]

PacuerHblii cayyaii Kpurnueckas Harpyska

[Settlement case] [Critical load]
1 235yz1
2 105yz1
3 69yz1

Ha puc. 10 noka3zana xpuBasi 3aBUCUMOCTH Iie-
peMeIeHus] BEpXHEro y37a 000JI0YKH OT MPHUKIIAJIbI-
BaeMol Harpy3ku. Ha rpadurke mpucyTcTByeT MOMEHT
MOTEPH YCTOWIMBOCTH MOJIEIIH — XJIOTIOK.

0012+
0.45
0,888
1327

T T T T T T T T T T T T
00 n04g 0082 0121 nIe 0z 0238 0277 03S 03\ 039 0428 0487

172 Translation, Node 16

T
0505

T T T T T T T T T T T T 1
0843 0881 0619 06T 06% 073 07 081 0848 0886 0924 0962 1
Set Value

Puc. 10. KpuBasi 3aBHCHMOCTH IIEPEMEIICHNS BEPXHETO y3J1a 000J0UKH OT IPUKIIAJbIBAEMOI HAIPY3KH CTEP)KHEBON MOJICITH
[PH HEJIMHEHHOM pacyere ¢ OAHOCTOPOHHUMH CBSI3IMU
[Figure 10. The curve of dependence of movement of the top node of the shell on the applied load of the rod model
in a nonlinear calculation with one-way links]

5. YncjaeHHBIA AaHAJN3 IJIOCKOH MOAEIHN
CHCTEMbI «000J109Ka — OCHOBAHHE»

Crenyronme pacyeTHbIE CITy4yau BBIIOIHEHBI C UC-
TMOJIB30BaHUEM TUIOCKHX JJIEMEHTOB, alIIPOKCUMUPY-
IOLTNX OCHOBAaHHUE.

UeTBepThlid pacueTHBIN CITy4ail IPOBEAECH B JINHEH-
HOU MOCTAaHOBKE C JIMHEHHO-yNpyrod MOJENbI0 MaTe-
puarna. CBsi3u MEXKIy 000JI0YKOH M OCHOBAaHHEM 3aJ1a-
HBI OTHOCTOPOHHUMH C BO3MOKHOCTBIO OTJIMIIaHUS
000I109KH OT OCHOBaHUSs. [IAThIN pacueTHBIN ciyyait
MPOBEJIEH C YYETOM T'€OMETPHUUECKON HEJMHEHHOCTH.
Mogens mMarepuaia JUHEHHO-yIIpyras. CBsI3u MeXITy
000JI0YKOH ¥ OCHOBAaHHMEM 33JaHbl OTHOCTOPOHHUMHU
C BO3MOYKHOCTBIO OTJIMIAaHHS 000JIOYKH OT OCHOBAHHS.

PacuetHast Mozienb COCTOUT U3 000JIOUKH, 3a0aH-
HOW CTEpKHEBBIMH JIEMEHTAaMH, U OCHOBAHUS, 3aaH-

TEOPUA TOHKIX OBONOYEK

HOTO IDIOCKHMH 3JIeMeHTaMu. B3amMopeiictBue 060-
JIOYKH U OCHOBAHUS PEAIM30BAHO C MOMOIIBIO KOH-
TaKTHBIX OJJHOCTOPOHHUX 3JIEMEHTOB.

["aGaputsl 000IOUKH B3SATHI U3 CTEPIKHEBOH MOJIE-
. OOmiasi MmupUHa PacyYeTHOU MOJEIH COCTaBIISACT
W = 11D, tne D — nuametp o6onouku. O0mas BeICOTa
pacuetHoil Mozenu coctaBuger H = 5D. Harpyskoit
ABJIsIETCA COOCTBEHHBIM Bec cucteMbl. Ha OOKOBBIE U
HIDKHUH TOPIIBI OCHOBAHUSI HAJIOXKEHBI CBSI3H TI0 TIepe-
MEIIEHHSIM TSl KOPPEKTHOM PabOoThl OCHOBAHHSI.

Marepuaibl IPUHATH HEOTPAHUYEHHO JIMHEWHO-
ynpyruMu. Marepran 060JI09KH B3SIT U3 CTEPKHEBOI
Moznenu. CBOICTBa MaTepuana OKpyKarolero 0CHO-
BaHUs: MOXYNb Aebopmaruu Er, = 14-10° Tla, koao-
¢urment nonepeyHor nedopmarun Ly, = 0,3, TUIOT-
HOCTb prp = 1600 Kr/M°, yckopeHHe cBOGOIHOTO Ma-
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nenus g = 9,81 m/c?. CBOHCTBA KOHTAKTHBIX IIeMEH-
TOB: IIPU PACTSHKEHUH JKECTKOCTh paBHa HYJIO (OUYEHb
MaJIOe YHCII0), a TIPH CHKATHH — OECKOHEYHOCTH (OUCHb
0OJIBIIIOE YHUCIIO).

6. YeTBepThIil pacueTHBINA CIy4dai.
JIuHelHbIH pacyeT MJIOCKOH Moaean
€ OJTHOCTOPOHHUMM CBSI3SIMH

YeTBepThIil pacueTHBIN Cy4ail BHITIOIHEH C UC-
MOJIb30BaHUEM OIMKUCAHHOW paHee IMIOCKON MOJENu.
KoHTakTHBIE 37€MEHTBl MEXIy 000JI0UYKOH U OKpY-
JKaIOIIMM OCHOBAHHMEM IPHUHATHI OHOCTOPOHHHUMH.
Taxum 06pa3om, Ha KOHTAaKTe BO3HHKAET TOJBKO CXKa-
THE, )KECTKOCTh MPU PACTSHKEHUU TPUHATA HYJIEBOIL.
3amaua peleHa B JUHeHoN nmoctaHoBke [16—18].

PacueT ycTOMYMBOCTH YETBEPTOTO PACYETHOTO
CiIydasi peajJu30BaH IpOLEeAYpOi onpeseseHus coo-
CTBEHHBIX 3HaueHUH MeTo1oM JlaHnoma.

Bennuuna kputndeckoil Harpy3ku paBHa 14,4yzi.
Ha puc. 11 mokazana ¢opmMa moTepu yCTOHIHBOCTH
000JI0YKH B 4ETBEPTOM pacdyeTHOM ciydae. [loTeps
YCTOWYHMBOCTH BO3HUKAET B HIKHUX CJIOSIX OCHOBAHUSL.

Puc. 11. ®opma norepu ycTOHUMBOCTU IIIOCKOH MOAEIH
IpH JTUHEHHOM pacdyeTe ¢ OHOCTOPOHHUMU CBSI3SIMU
[Figure 11. The form of loss of stability of a plane model
in a linear calculation with one-way links]

7. IIaTbIiA pacyeTHBbIH ciy4aii.
HenuHelHbIN pacyeT MJI0CKOH MOaeJIH
€ OJHOCTOPOHHUMM CBS3SIMH

TLsaThIil pacdeTHBIN Cilyyail BHIMOIHEH C UCIOJIb-
30BaHMEM PaHEE OIMCAHHOW IUIOCKOW Mozenu. Pacuer
MIPOBEICH B FEOMETPUUECKU HEIMHEHHOM MOCTaHOBKE.
Y4eT HENMHEHHOCTH MO3BOJISIET OTCIIEKUBATh U3MCHE-
HHUE 30HBI OTJIHITaHUA O6OJIO‘-IKI/I OT OCHOBAHUA U U3-
MEHEHHUE TOJI0KEHHUsI 000JIOYKHA M OCHOBAHUS BO Bpe-
MeHU. KOHTaKTHBIE 37IeMEHTHI MeXAy 000I09YKOi H
OKPY KafOIIM OCHOBAHUEM TIPHHSTHI OJHOCTOPOHHH-
mu. Takum 06pa3om, Ha KOHTAKTE BOSHUKAET TOJIBKO
CXKUMAIOILEEe YCUINE, KECTKOCTh NPHU PACTKCHUU
MIPUHATA HYJIEBOM.

Hawnbopmas BenmuurHa Harpy3KH, IPH KOTOPOi
UTEpalK COLUTICH, OKa3aiack paBHOH 26,5yz;. Ee cie-
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IyeT cuuTaTh Kputudeckoil. Ha puc. 12 nokaszano co-
OTBETCTBYIOILEE I10JIE MOJHBIX MEepeMEeLIeHu moc-
KOH MOJEIN.

= & u 5 1nes

M 1221
0881

z X ™

Puc. 12. [Tone moiHBIX MEepeMEICHAH MIIOCKOW MOAETH
[P HEJIMHEHHOM pacyere ¢ OJJHOCTOPOHHUMH CBSI3IMU
[Figure 12. The full displacement of the flat model
in the nonlinear calculation with unilateral constraints]

B Tabn. 2 mpuBeneHbl BETUYUHBI KPUTHYECKOH
HAarpy3Ku JUIs JBYX BBIIIOJIHEHHBIX PACYETHBIX CIIyda-
€B IUIOCKOH MOJEIH 000JOYKH U OCHOBAHHS.

Tabauya 2

Beu4MHBI KPUTHYECKOH HATPY3KH
IJI0CKOi MOJIeJ I 000JI04KH U OCHOBAHMS
[Table 2. Critical load values of the flat shell and base model]

Pacuernblii cayyaii Kpurnueckas Harpyska
[Settlement case] [Critical load]
4 14,4yz1
5 26,5yz1

BoiBoabI

Bcrnencrsue npoBeeHHOTO YHCIIEHHOTO aHaIN3a
CTEPXKHEBOU U IUIOCKOHM Mojieneil 000I0UYKH, B3auMO-
JEWCTBYIOILEH C OCHOBaHHMEM, BBINIOIHEHA ITOCTaBIICH-
Haf 3a/a4a: ONpeAeieHbl KPUTHYECKUE Harpys3KH,
MIPH KOTOPBIX KOHCTPYKIHSA 0O0IOYKH TEpsIeT YCTOM-
YHBOCTH PABHOBECHS, M HalJIeHBI (POPMBI MOTEPH
YCTOWYMBOCTH B JJMHEMHOM M HEJTMHEHHOM PacueTHBIX
CIIyyasx.

Bennunna KpUTHUYECKON HAarpy3kH CTEP’KHEBOMN
Mozienn 000JIOUKH, B3aUMOJIEUCTBYIOIICH ¢ OCHOBaHH-
€M, NIPH HEJTMHEWHOM pacyeTe ¢ OTHOCTOPOHHMMHU CBS-
3sMU cocTaBiisieT 69yzi. Ilpu mepexome oT crepykHe-
BOM MOJEIU K IUIOCKOM 3HaueHWe KPUTUYECKOW Ha-
IpY3KH CHH3WIOCH C 69yz1 10 26,57z1. CaenoBarens-
HO, UCIIOJIB30BAaHUE IUIOCKUX AJIEMEHTOB, alllIPOKCH-
MHUPYIOIINX OCHOBaHHE, 3HAYUTEIHHO YMEHBIIAET Be-
JIMYUHY KPUTHYECKON Harpy3KH.

OCHOBBIBaSICH Ha TTOJYYEHHBIX Pe3yNbTarax, MOX-
HO CIieNlaTh BBIBOJ, YTO JaHHAsi KOHCTPYKIHS 000-
JIOUKH, B3aUMOJEHCTBYIOIIAasi ¢ OCHOBAHHEM, UMEET
JIOCTaTOYHO OOJIBIION 3amac yCTOHYMBOCTH OTHOCH-
TEJIbHO JEHCTBYIOLIECH HArpy3KH.
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Abstract
Aims of research. The research is aimed at determining the critical buckling
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load at which the shell interacting with the soil loses equilibrium stability, and finding
the buckling mode of the shell in the linear and nonlinear formulations of the task.
Methods. The task is solved by a numerical method using a finite element complex,
which allows investigating the stress-strain state and assessing the equilibrium stability of
beam models and two-dimensional models of the round cylindrical shell. Three design

cases of the beam model and two design cases of the two-dimensional model interacting
with the soil are compiled. There is a load summary acting on the shell. The calculations
are carried out in linear and geometrically nonlinear formulations using a linear elastic
model of the material. Contact elements of one-side and two-side action are used. Critical
buckling load are determined relative to the actual load of its own weight. Results. Criti-
cal buckling load are determined and the buckling mode of the round cylindrical shell
interacting with the soil are found. There is a comparative analysis of the results.
An assessment of the stability margin of the shell relative to the actual load is given.
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Abstract

Aims of research. Due to the growing interest in the design, calculation and
application of architectural structures and structures in the form of a variety of
smooth and composite surfaces, it is interesting to illustrate the use of analytical
surfaces, i.e. surfaces that can be defined by vector, parametric or explicit equa-
tions, in parametric architecture. Methods. Parametric design unlike other styles
has a relationship with mathematics. This article continues the author’s series of
works devoted to the application of analytical surfaces in architecture and engi-
neering structures, the study of the influence of studies on the geometric of ruled
surfaces on the creation of unique projects of large-span shell structures and
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buildings. The article provides a list of known analytical surfaces, and each sur-
face is illustrated by a photo of only one real structure, outlined on this surface.
Results. 1t turned out that only degenerate unfolding surfaces described in the
scientific literature found application in the world. For those who are interested
in the mathematical side of the design of analytical surfaces, their computer
modeling, or more detailed information about the real structures in the form of
the surfaces under consideration is a bibliography of 20 items.
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Introduction of which the most prominent architects took part,
or the structurers having the most optimum technical-
and-economic parameters, or the structures noted by
prizes and taking high places in various ratings of pro-
fessional associations and magazines are presented.
In this paper, only structures and erection having
the form of ruled surfaces would be considered. Every
analytical ruled surface is illustrated with one erection

outlined on the corresponding surface.

Nowadays there are known more than 600 analyti-
cal surfaces set by the explicit, implicit, or paramet-
rical equations [1] that are grouped in 38 classes.
There are several options of classifications of analytical
surfaces; the fullest of them is presented in a work [2].
In some works, for example in [3-5], attempts to find
out the most popular analytical surfaces among archi-
tects which were used for design of public, residential,

and industrial buildings were made. The present ma-
nuscript continues the researches begun by the author
in a work [6] in which the known thin-walled shell
erections realized in practice or erections in design
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Ruled surfaces

A surface formed by continuous movement of a
straight line is called a ruled surface. Ruled surfaces
are divided into surfaces of zero and negative Gauss-
ian curvature. Zero Gaussian curvature surfaces are
tangential developable surfaces with an edge of re-
gression [7] and degenerated developable surfaces
i.e. conical, cylindrical surfaces and the plane.
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A vector equation of a ruled surface can be writ-
ten in the following form:

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

where a(v) is the radius-vector of a directrix curve;
b(v) is the directrix vector of a rectilinear generatrix.

1. Tangential developable surfaces (torse surfaces)

Those who want to use analytical method of ana-
lysis may apply the equation of a tangential develop-
able surface in the vector form:

r=r(u,v)=a(v)+ul(v),
where a(v) is the radius-vector of a cuspidal edge,

a(v) =x(v)i + y(vy + z(V);

x(v), ¥(v), z(v) are the parametric coordinates of the cus-
pidal edge; /(v) is a unit tangent vector, given at every
point of the cuspidal edge by

1v) = a(v)'/ |a(v)|.

In the encyclopedia [1], 37 torse surfaces of va-
rious types are considered, but only architect Jess
Maertterer designed a covering from the torse frag-
ments (Figure 1) made by parabolic bending of metal
strips. Now only the architect F.O. Gehry designs
structures of this type [8]. All other offers on the ap-
plication of nondegenerate torse surfaces in construc-
tion are presented in the form of sketches, descrip-
tions, and schemes [9—11].

Figure 1. The MARTa museum in Herford, Germany.

The most part of roof covering is a developable surface.
Geometric modelling of the roof was fulfilled by Jess Maertterer.
The museum was recognized as the best museum of Germany in 2014

2. Conical surfaces

These surfaces are among the most widely used
surfaces in architecture [12] and in machine-building
structures. The scientific-and-technical literature de-
scribes 20 conical surfaces. In these developable sur-
faces, the edge of regression degenerates into a point
that is the vertex of the cone. A conical surface can be
described parametrically as
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S(tu)=v + uq(y),

where v is the radius-vector of a vertex; ¢ is the radius-
vector of a directrix.

A pyramid is a special case of a cone with a poly-
gonal base.

2.1. Conical surface of revolution. 1t is difficult to
single out any structure as a remarkable one. As an illus-
tration, we present the conical shape of the Greek Ortho-
dox Church in Milwaukee, Wisconsin, USA (Figure 2).

Figure 2. Annunciation Greek Orthodox Church,
Milwaukee, Wisconsin, USA

Source: www.arhinovosti.ru

2.2. Inclined circular conical surface. This sur-
face is rarely used by architects, but architect Arthur
Erickson used it successfully for the Museum of Glass
in Tacoma (USA, 2002).

3. Cylindrical surfaces

Both the cylindrical surfaces and the circular co-
nical surfaces are used in the architecture and building
since ancient times. Often this is the only possible
form for some building structures: pipelines, under-
ground utilities, towers and so on. Cylindrical forms
of structures were especially popular from the begin-
ning of the 20th century. This is the architectural
Deco Style. However, cylinders find their place in
modern life. Conventionally, cylindrical structures
can be divided into structures with vertical, horizon-
tal, and inclined axes relatively to the earth’s surface.

A cylindrical surface is given by a vector equation

r(s, M) = p(s) + Ae,

where p(s) is the radius-vector of a director curve;
e is a unit vector coinciding with the axial direction
of the cylinder.

3.1. Cylindrical surface of revolution. In Figure 3,
the house-workshop of the architect K.S. Melnikov is
presented. This is the one-apartment residential house,
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the world famous monument of Soviet avant-garde in
architecture. It was built in 1927-1929 in Moscow on
the project of the outstanding architect K.S. Melnikov for
himself and his family. The architect believed that the
round cylindrical form saves construction materials [13].
Structures in the form of the cylindrical surfaces of
revolution can be found in any major city of the world.

Figure 3. Melnikov’s house in the form of two cylinders of
different heights, but with the same diameter, Moscow, Russia

3.2. Elliptical cylinder. Even in ancient times,
buildings have been built in the form of a vertically
placed elliptical cylinder. Basically, they were stadiums
and theaters. In support of this, it is possible to point to
a stone structure of elliptical shape in plan (149 m in
length, 124 m wide and 36 m high) erected in El Jem,
Tunisia, II-III centuries. It is larger than the Luzhniki
stadium in Moscow and its three-tiered galleries could
accommodate up to 30,000 spectators. At present time,
architects also do not forget about the architectural ad-
vantages of a vertically placed elliptical cylinder. This
is clearly seen on the example of a multi-functional
exhibition-and-hotel complex in Moscow on Krasno-
presnenskaya nab., 14, developed by the company “Zaha
Hadid Architects”. Two elliptical in plan high-rise buil-
dings are assumed to build.

Figure 4. Babushkinskaya metro station, Moscow, Russia, 1978.
The illumination of the station is provided by lamps,
which are located in the slots of the elliptical arch

In Figure 4, another example of the application of
the surface in real structures is shown. Here, the shape
of an elliptical cylinder segment with the horizontal
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axis can be seen in the elliptical vault of the Babush-
kinskaya underground station in Moscow. The struc-
ture of the station is single-vaulted shallow one at a low
depth of 10 m. The station was built of precast con-
crete with the thrust of the vault transmitted to the pre-
constructed “walls in the ground.” V.I. Klokov and
L.N. Popov are the authors of the architectural decora-
tion of Babushkinskaya.

3.3. Parabolic cylinder. This surface can be seen
in parabolic vaults, which can be illustrated by
the example of a hangar in Orly near Paris, France,
1916-1924. The famous French engineer E. Freyssi-
net designed and built a parabolic cylindrical shell to
cover the 30-meter span of the plant in Montlugon,
France, in 1905. The parabolic vault was used by
architects V.S. Andreev and I.G. Taranov in the de-
sign of the pavilion ‘Mechanization” (Figure 5) in
1939. The pavilion was a giant parabolic vault cover-
ing a wide alley. Not all architects reacted positively
to the idea of the authors of the project.

Figure 5. Pavilion “Mechanization”, Moscow, Russia

3.4. Sinusoidal cylindrical surface. Sinusoidal
cylindrical surfaces are used in folded structures of
coatings on the “span”, which take up mainly bend-
ing internal forces. They are effective for small spans
from 12 till 36 m. They are made often of reinforced
concrete and fine-mesh wire-fabric reinforced con-
crete. This surface was used in the design of the bus
station roof in Sochi, Russian Federation (Figure 6).

Figure 6. Central Bus Station in Sochi, Russia
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3.5. Cylindrical helical strip. The need to apply
this surface is caused by technological requirements
for the fences of helical ramps for cars and helical
pedestrian staircases (Figure 7).

¥

Figure 7. The ramp fence in the form of a helical strip

3.6. Cylindrical-and-conical helical strip. This
form of structures has already been encountered in
ancient times [8]. The spiral minaret in Samarra, Iraq,
was built in 836. It was the largest structure in the Is-
lamic world. From the base to the top, this minaret was
made in the form of a cylindrical-and-conical helical
strip. This form is used in modern buildings. For ex-
ample, it can be seen in the form of the facade of the
Guggenheim Museum in New York, USA (architect
F.L. Wright), or the German Historical Museum in Ber-
lin (architect .M. Peu, 2001). In Figure 8, it can be
seen that the upper part of the Snail tower, a 23-storey
residential building, in the Estonian city of Tartu is
made in the form of a cylindrical-and-conical helical
strip. It is the tallest building in the city since 2008.
The height of the building is almost 90 m.

Figure 8. Snail tower, Tartu, Estonia

3.7. Oblique circular cylinder. An oblique circu-
lar cylindrical surface is formed by straight genera-
trixes intersecting a directrix base circle but remaining
parallel to the axial direction of the cylinder. This di-
rection forms an acute angle with the basis of the cyl-
inder. A solid volume limited by a cylindrical lateral
surface and by two circular bases is called an oblique
circular cylinder [1]. A well-known inclined circu-
lar tower objects constitute rather great list. However,
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initially these towers were not planned to be inclined
and their shapes, in the strict mathematical sense, are
not oblique circular cylindrical surfaces. Now, the de-
sign of such structures has become one of the trends
of modern high-rise architecture. As an illustration of
the application of the considered surface in modern
architecture, we can point to the rounded cylindrical
cantilever part of the Karolinska medical Institute,
Sweden, which became one of the most striking archi-
tectural details of this building (Figure 9).

Figure 9. Lecture Hall of Karolinska Medical Institute, Sweden

4. Ruled surfaces of negative Gaussian curvature

Classification of ruled surfaces of negative Gaus-
sian curvature containing 36 names is given in a pa-
per [14] and then in the modernized form was repro-
duced in a monograph [3].

Figure 10. A helical staircase

4.1. Right helicoid. There are 5 types of ruled
helical surfaces of negative Gaussian curvature. They
can be seen in the structures of machines of various
purposes, in the form of special building equipment.
Right helicoids can be one of the main elements of
the building, for example, ramps of multistoried gara-
ges. Complex highway and urban transportation fa-
cilities: reinforced concrete and metal scaffold bridg-
es, overpasses, and complex multi-intersection often
include helical sections of the artificial structures.
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In the civil and housing construction, helical staircases
are widely used, where the right helicoids are taken
as their basis (Figure 10). The rectilinear generatrix
of a right helicoid crosses the axis of the helicoid at
the right angles. Right helicoid is the only ruled min-
imal surface.

4.2. One-sheet hyperboloid of revolution. This
surface is embodied in hundreds of cooling towers.
In addition, it has found application in many civil
and industrial structures, for example, in the form of
a planetarium building in San Louis (USA).

Figure 11. One of the few lattice water towers of V.G. Shukhov
in our days, Krasnodar, Russia

The advantages of this surface, formed by two
families of straight lines, were well illustrated by
V.G. Shukhov in his openwork towers (Figure 11).
The idea of V.G. Shukhov to create a supporting part
of water towers from lattice structures, the rods of
which coincide with the straight generatrixes of a one-
sheet hyperboloid of revolution, was used in many
structures. Structures in the form of a one-sheet hy-
perboloid of revolution were subsequently used by
many great architects including Gaudi, Le Corbusier,
and Oscar Niemeyer. The most complete possibili-
ties of these surfaces for architecture are described in
a paper [15].

4.3. Conoids. Conoids can be given with the help
of parametrical equations:

x =x(u, v) = ucosv + af(v),

v =y(u, v) = usinv + BAv), z = z(v) = yAv),

where {a, B, v} is the unit vector having the direction
of the conoidal axis; f(v) is any function.

Usually, conoidal shells are designed with spans
from 12 m to 24 m and with the ratio of the span —
rise equal to 2:1. Calculations show that the span can
reach 60 m. In the former USSR, in countries of
Eastern Europe, France and Italy, the conoid shells
were widely used in 1950-1960 to cover industrial
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buildings with a span of up to 60 m. These shells are
an ideal form for buildings with cantilever coverings.
One can learn more about the application of conoidal
shells in building from the work [16] or in the mono-
graph [3]. This ruled surface in the hands of experi-
enced architects becomes an architectural sight and
a landmark building of the city or the architect.

4.3.1. Right sinusoidal conoid. This surface was
glorified by the famous Spanish architect A. Gaudi.
He took it as a basis of a covering of a cheap school
for children of builders of a Cathedral in Barcelona,
Spain (Figure 12). Some architects call this construc-
tion ingenious. Another world-famous Spanish archi-
tect S. Calatrava spread the idea of A. Gaudi and
used of a sinusoidal conoid for the sculpture “Wave”
which was installed in front of the museum in Dallas,
USA in 2000 [16].

Figure 12. A school with a conoidal roof, Barcelona (Spain):
a — the walls of the school are made of bricks without facing;
b — the metal beams coincide with the straight generatrixes of
the conoidal surface

4.3.2. Parabolic conoid. A classic parabolic
conoid was selected for reinforced concrete cover
of the Summer Theater in Szczecin, Poland, 1998.
The 1:100 scale cover model was tested in an aero-
dynamic wind tunnel at the technical University of
Szczecin. The span of the real shell is 60.68 m,
its length is 43.3 m, the height is 22.73 m, the thick-
ness is 8.5 ¢cm [17]. The idea of architects Marcel
Breuer, Pier Luigi Nervi, and Bernard Zehrfuss to
use a combination of two different parabolic conoids
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and a cylinder between them for the device of a dy-
namic and graceful console canopy in front of the en-
trance to the UNESCO building (1953) in Paris was
later repeatedly used by other architects.

4.4. Hyperbolic paraboloid. Hyperbolic para-
boloid (hypar) is twice-ruled surface of negative Gaus-
sian curvature. Any two rectilinear generatrixes of
hypar belonging to different families intersect. Since
the early fifties of the 20™ century, a burst of interest
to structures made in the form of hypar or composed
from fragments of hyperbolic paraboloid took place.

YN o
R

Figure 13. Denver, Colorado, 1959, Courtesy of
Princeton University Tedesko Archive [41]

The structures containing several fragments of
the hypar aroused the greatest interest and became
popular among architects (Figure 13). It is impossible
to list all structures in which the form of hyperbolic
paraboloid was used, there are hundreds of them.
The regularities of the formation of the form of hypar
often lead to external similarity, but the plastic capa-
bilities of hypar are so great and visually so various
that it is always possible to obtain a structure with
individual features. The popularity of the form of
hyperbolic paraboloid is evidenced by the fact that
Anton Tedesco who is the father of thin-walled shell
reinforced concrete structures also participated in the
design of the hypar, which, at one time, was consid-
ered the world’s longest hypar (Denver, Colorado,
1959, courtesy of Princeton University, Tedesko ar-
chive).

4.5. Cylindroids. A cylindroid is a ruled surface
formed by the movement of rectilinear generatrix
along two curvilinear directrixes and in all positions,
the generating straight line is parallel to any plane of
parallelism. Cylindrical surfaces (K = 0) may become
cylindroids in certain cases. A cylindroid having one
of two directrix curves in the form of a straight line is
called a conoid. So, a conoid is a particular case of
a cylindroid. Now, five cylindroids are known [1]:
cylindroid with two directrix ellipses, cylindroid with
two directrix circles lying in mutually perpendicular
planes, Frezier’s Cylindroid, Ball’s Cylindroid, cylin-
droid with a parabola and a sinusoid lying on the pa-
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rallel ends. Architectural company “Ishibashi, Tokugawa
& Associates” creates expressive structures in Japan.
Located in Tokyo, a team of five architects led by
the President of the company Toshihiko Ishibashi has
achieved recognition in the architectural world and
received several prizes for their work, including
the Awards for Merit for the “Chiba City Award for
Excellence in Architecture” and “The AICA (Aica
Kogyo Company, Limited) Jolypate Contest”. This
company is trying to introduce elements of modern
styles in Japanese architecture. The AICA proposed
several types of light corrugated metal roofs in the
form of cylindroids (Figure 14) [16].

Figure 14. Different types of roofs from corrugated metal
in the form of cylindroids, “Ishibashi, Tokugawa & Associates”,
Tokyo, Japan

Conclusion

The study shows that out of the 86 ruled surfac-
es of zero Gaussian curvature and 46 ruled surfaces
of negative Gaussian curvature listed in the encyclo-
pedia [1] only 16 surfaces have been used in archi-
tecture and building in the world. These data suggest
that geometricians are significantly ahead of the needs
of architects and builders, or architects have not yet
mastered the entire set of analytical ruled surfaces
proposed by geometricians, or architects and engi-
neers consider the most analytical surfaces unsuita-
ble for their creative concepts. They prefer analyti-
cally undefined surfaces. Often the shape of surface
is designed by architects and geometricians make
later its mathematical description. In a number of
works related to the design of objects in the form of
analytical surfaces, errors in their definition or dis-
crepancies occur [18-20]. The author in their manu-
script tried to use the correct definitions of surfaces
and the corresponding terms.

For clarity, a classification of analytical surfaces
of zero Gaussian curvature is given in Figure 15 and
a classification of ruled surfaces of negative Gaussi-
an curvature is given in Figure 16 [3; 14]. The sur-
faces, found the application in architecture and build-
ing, are darkened.
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With the advent of variation difference method,
finite element method, and other numerical methods,
engineers received a powerful tool for the expanded
using of thin-walled large-span shells and other types
of structures of various shapes.
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Annomayus

Ilenv uccnenoBanusi, 00yCIOBICHHAs pOCTOM MHTEpeca K MPOSKTHPOBAHUIO,
pacuery ¥ IPUMEHEHHUIO apXUTEKTYPHO-CTPOUTEIIbHBIX KOHCTPYKIIMIA U COOPY>KEHHH B
(opme pazHO0Opa3HBIX IMIAIKUX U COCTABHBIX NOBEPXHOCTEH, — IPOUILTIOCTPUPO-

BaTh NMPUMEHEHHE aHAJIMTUUYECKHUX MOBEPXHOCTEH, TO €CTh NMOBEPXHOCTEH, KOTO-
pble MOXKHO 331aTh BEKTOPHBIMU, IIAPaMETPUIECKUMH WIH SIBHBIMU YPaBHCHUSIMH,
B IIapaMeTpuyecKoi apxurexrype. Memoowt. I1apamerprudeckoe NpOeKTUPOBAHUE,
B OTJIMUME OT APYTHX CTUIEH, MMeeT B3auMOCBSI3b C MaTeMATHKOI. DTa cTaThs IPo-
JOJKAeT ceprio paboT aBTOpPa, MOCBALICHHBIX MPUMEHEHUIO aHATTUTUYECKUX
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Abstract

Aims of research. The use, design and analysis of architectural and building
structures in the form of smooth and composite surfaces have become relevant and in
demand lately, which determined the purpose of this article — to analyze the use of
analytical surfaces given vector, parametric or explicit equations in real structures.
Methods. The relationship between studies on the geometry of surfaces of revolution
and transport and the creation of new forms of thin-walled structures and buildings is
determined. An example of a real structure is given on each surface. The article does
not consider composite, multifaceted, fractal surfaces, as well as surfaces that are not
defined analytically. Results. It turned out that only a small number of considered
surfaces of these two classes have found application in the world. At the end of
the article, a bibliography is presented, which sets out the mathematical side of
the design of analytical surfaces, their computer modeling, more detailed information
about real structures in the form of the surfaces under consideration.
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1815-5235-2019-15-4-308-314

Keywords: surface of revolution; translation surface; architectural compositions;
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Introduction

Nowadays there are known more than 54 analyti-
cal surfaces of revolution, 17 surfaces of right transla-
tion, and several surfaces of oblique translation set by
the explicit, implicit, or parametrical equations that are
listed in an encyclopedia [1] and their graphical pic-
tures are given in a book [2]. In some works, for exam-
ple in [2-5], attempts to find out the most popular ana-
lytical surfaces among architects and builders, which
were used for design of public, residential, and indus-
trial buildings, were made. It was established that the
most wide-spread forms of large-span shell structures
have the middle surfaces in the form of surfaces of revo-
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lution or surfaces of right translation. Examine the known
thin-walled shell erections having the form of these
surfaces of two classes and realized in practice. Every
analytical surface would be illustrated with one erection
outlined on the corresponding surface. The additional
materials and sources connected with the considered
subject will be given in the references.

1. Surfaces of revolution

The class of surfaces of rotation is the following
class of surfaces from where engineers and architects
take analogs of forms of their erections, structures, and
products in the most cases. Everyone can create a huge
number of surfaces of rotation choosing this or that flat
generatrix curve and rotating it around a rotation axis.
But only surfaces attracted attention of architects will
be given here and these surfaces must be embodied in
real structures. From 54 surfaces of revolution, present-
ed in the encyclopedia [1], only spheres and one-sheet
hyperboloids, ellipsoids, and paraboloids of revolution,
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drop-shaped and pseudospherical surfaces, catenoids
and barrel-shaped surfaces found application in archi-
tecture and building. Their geometry is well investigated
but in spite of it, researches try to find the optimal form
of shell of revolution under diverse loading. 24 criteri-
on of optimality are known [6].

An explicit equation of a surface of revolution
can be presented in the following form:

z=f(r)=f{x*+y7),

where 7 =+/x* + y? is the distance a point of the sur-

face from the axis of rotation.

Right circular cylindrical and conical surfaces [7]
are examples of surfaces generated by a straight line.
Hyperboloids of one sheet are also surfaces of revo-
lution [8]. It is better to attribute these three surfaces
to a class of ruled surfaces.

Parametrical equations of arbitrary surface of re-
volution are

r=r(r,p)=rcosPi+rsinfj+ f(r)k.

Here, an equation of a meridian is taken in the
form » = (o) where a is the angle of the normal to
the surface passing through a given point with the axis
of rotation. If an equation of a meridian is given in
the form » = r(z) then an equation of a surface of re-
volution can be written with the help of equations:

x=rsinf, y =rcosp, z =z

where B is the angle of rotation of the plane of the
meridian.

So, one can use a system of basic equations for
stress-strain analysis in principal curvilinear coordi-
nates [9]. A system of curvilinear coordinates in prin-
cipal curvature lines coinciding with meridians and
parallels is used in all researches devoted to geomet-
rical modelling of surfaces of revolution and to strength
analysis of shells of revolution.

1.1. Sphere

This surface is used in four types of structures: small
architecture (Figure 1, a), structures in the form of a full
sphere (Figure 1, b), 3) spherical domes (Figure 1, ¢),
and structures from fragments of a spherical surface.

Figure 1. The application of spherical surfaces:
a — torn sphere, Dublin, Ireland; b — the geodesic sphere “Spaceship Earth”, the AT & T Pavilion at Epcot in Disney World, Florida;
¢ — the world’s largest wooden dome with a 92 m diameter, TRC “Piterland”, Saint Petersburg

The new Opera House in Sydney (Australia) is one
of Australia’s most famous landmarks. The final versi-
on of the building contains 4 main shells, 4 side shells,
and 2 auxiliary shells [10]. The surface of the half of
each shell is a fragment of a sphere. The building covers
an area of 2.2 hectares; the sails reach a height of 67 m
and are faced with Swedish tiles, shiny in the sun. By the
way, one of the reasons for replacing the shape of the
elliptic paraboloid with a spherical one was the danger of
rebounding of the facing plates from the base due to the
difference in temperature deformations.

1.2. Pseudosphere

In the scientific-and-technical literature, examples of
using of surface of a pseudosphere in the building indus-
try were not found. Only Kenneth Brecher [11] pre-
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sented examples of pseudospheres realized in nature:
a gypsum model of pseudosphere made by V.M. Schil-
ling at the end of the XIX century; a large plywood
model of pseudosphere “Mathematica” exhibited at
the Museum of Science in Boston created by Charles
and Ray Eames; a stainless steel sculpture “Cloud
Gate” in Chicago’s Millennium Park (Anish Kapoor,
2008); the model “Surface of revolution of constant
negative curvature” (author is H. Sugimoto, 2004);
the aluminum and glass sculpture by the same author
“Conceptual Form 009” (2006); the metal wire figure
“Funicular Polygon of Revolution — Pseudosphere”
(Robert Le Ricolais, 1894—1977) (Figure 2). All these
mathematical models serve educational purposes.
In other cases, the authors were limited only to the wishes
or suggestions for the application of these shells of ro-
tation [12].
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Figure 2. Metal wire shape “Funicular Polygon of
Revolution — Pseudosphere”, Robert Le Ricolais

1.3. Paraboloid of revolution

This surface has attracted the attention of ancient
builders, for example, the parabolic dome of the Cathe-
dral of St. Peter in Rome marked the beginning of a se-
ries of similar structures. It is believed that dome ap-
peared in the East and had, above all, a utilitarian pur-
pose. In the absence of wood, roofs for dwellings were
made from clay and bricks. But gradually, thanks to
its exceptional aesthetic and technical qualities, the dome
acquired an independent semantic content as an archi-
tectural form. Intensive experimental and theoretical
studies of parabolic shells of revolution, conducted
recently, show that they are in demand as in practice
s0 in science too. A very large number of examples of
real structures in the form of paraboloid of revolution
is given in a paper [13].

1.4. Ellipsoid of revolution

Buildings and structures in the form of ellipsoids
of revolution can have not only architectural expres-
siveness but also some advantages in the distribution
of internal force factors. In mechanical engineering,
mainly, thin-walled shells in the form of ellipsoids of
revolution are used for the bottoms and head parts of
tanks and vessels for various purposes. However, there
are many examples of the using of ellipsoids of revo-
lution in the building industry. In details, this question
is taken up in works [2; 5].

Figure 3. Palace of President of Georgia
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The Church in Diisseldorf, architect P. Schneider,
can be taken as the most vivid illustration of the func-
tionality and architectural expressiveness of this form.
One can point out the glass dome of Palace of Presi-
dent of Georgia in Tbilisi (Figure 3). Its form is very
similar to an ellipsoid of revolution. The palace has been
built from 2004 till 2009. The author of the project is
G. Batiashvili.

1.5. Catenoid

The only minimal surface of revolution is cate-
noid and it was not used widely in building and ma-
chine-building else. The innovative project of a three-
story pavilion with hollow columns in the form of
a catenoid was presented by B. Janett. This form is
chosen to ensure a smooth transition from the walls
to the ceiling [14].

Figure 4. The design model of the pavilion coverage
in the park of the Queretaro City, Mexico

A pre-stressed tubular rod structure in the form of
a sphere supporting a film coating from polyester in
the form of a catenoid with the help of steel cables was
installed in the Alfalfares Park of Queretaro City, Mexi-
co (Figure 4). The choice of form was dictated by the
requirement of a minimum weight of the structure [15].
The system of catenoid shells from monolithic rein-
forced concrete of a 40 cm thick forms the structure
of the National Theater of Taiwan (National Taichung
Theater). It is also known as Taichung Metropolitan
Opera House and located in Taichung City. The archi-
tectural project was completed by Toyo Ito and archi-
tectural group “Da-Ju Architects”.

Apparently, the pavilion in the city of Queretaro
(Mexico) and the catenoids of the National Theatre
of Taiwan are the first examples of real application
of catenoids in architecture.

1.6. The barrel-shaped surface

Very often this name of the surface is used by ar-
chitects to describe a group of surfaces of rotation of
an arbitrary flat curve, facing its vertex in the opposite
direction from the axis of rotation. However, the ana-
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lytical surface with the same name does not exist, be-
cause it is necessary its broader interpretation. For exam-
ple, a barrel-shaped surface of revolution with a direct-
rix circle exists. This surface was taken as a basis for
the shape of a residential building in Moscow (Figure 5.)
Barrel-shaped surfaces are sometimes called egg-shaped
surfaces. Unfortunately, the authors do not point out
the equations of the selected surfaces, but only give
the overall dimensions.

Figure 5. The House-Egg, Mashkova St., Moscow, Russia

1.7. Drop-shaped surfaces

This group of surfaces includes the surfaces of
revolution resembling in form a drop of liquid lying
on a horizontal plane. A thin-walled metal shell in
the form of this surface is an equal-strength shell.
The first tests of drop-shaped tanks were conducted
in the USA in 1936. In 1944, the Gidrospetsneft In-
stitute for the first time in the practice of the Soviet
Union has developed a project of the drop-shaped
tank with a volume of 2000 m’. S.I. Verevkin and
G.M. Chichko are the authors of the project. Accord-
ing to this project in 1947 in Grozny, the first drop-
shaped tank was built. In the 1950s, the designers of
the USA and Canada worked out drop-shaped shells
as applied to water tanks for water towers. The shape
of the drop was the basis of the project of the build-
ing of the main test stand of the All-Union Electro-
technical Institute in Istra, Moscow region. The struc-
ture had a 234 m diameter and a 112 m height.
In 1984, the building collapsed immediately after
the erection.

The unusual giant complex of the Folk Theater
in the form of a drop which had become a new sym-
bol of China was designed by the famous French
architect Paul Andre. According to the sum of seats,
the theatre of Beijing is already recognized as the
largest cultural complex on Earth. The length of the
theater building reaches 212 m, its width is 143 m,
and the height is 46 m.

TEOPUA TOHKIX OBONOYEK

1.8. Bullet nose

The upper part of London skyscraper “30 St Mary
Axe” till the 17" floor (Foster and Partners, Emporis
Skyscraper Award in 2003), Glass Pavilion at the ex-
hibition in Cologne (1914) and some other erections
are rather like bullet nose in shape. Bullet nose in
shape is very like external surface of bullet (Figure 6).
This surface is formed by rotation of a curve

x:iaz/\/b2 +z°

around the z axis of rotation (Figure 7).

Figure 6. Bullet nose Figure 7. The meridian of

bullet nose

2. Surfaces of translation

These are very functional surfaces and therefore
architects and civil engineers like them. They are often
used as coverings of markets, shopping centers and
sports grounds. Translation surfaces are surfaces formed
by parallel transfer of a curve of some direction along
another curve that is a directrix curve.

A surface of translation is a surface formed by
parallel translation of a curve of some direction that
is a generatrix curve along another curve that is a di-
rectrix curve. So, a point My of the generatrix curve
slides along the directrix curve.

2.1. Surfaces of right translation

Surfaces of right translation can be defined by
an explicit equation:

z = z(x,y) = z1(x) + z2(y),

where z = zi(x) is the equation of a plane generatrix
curve; z = zy(y) is the equation of a plane directrix curve.
Directrix and generatrix curves of a surface can be arbi-
trary curves but usually they are taken of the same type.

These surfaces are typically used as shell models
on a rectangular or square plan (Figure 8, a).

311



Gbaguidi Aisse G.L. Structural Mechanics of Engineering Constructions and Buildings, 2019, 15(4), 308-314

Figure 8. The application of translation surfaces:
a — Cheryomushkinsky market (circular translation surface), Moscow, b — the layout of the parabolic arches of the gym, Hungary;
¢ — a fragment of the covering of Cultural Centre in Muscat, Oman, designed by Architecture-Studio architects (Paris)

Source: https://www.e-architect.co.uk/oman/cultural-centre-muscat

2.2. Surfaces of oblique translation

This surface is formed by parallel translation of
a plane curve and two of its symmetrical points touch
the plane contour continuously. These surfaces can be
given by an explicit equation

z=gu—v)+h(u+v),

where z = g(u — v) is an equation of a plane genera-
trix curve; z = A(u + v) is an equation of a plane di-
rectrix curve.

Theoretically, such surface can be formed on a con-
tour of an arbitrary outline but the surfaces created on
a contour with symmetry, for example, circumferences,
ellipses, squares, ovals, rectangles, are of the greatest
interest.

For example, in Hungary, a sports hall was built on
an elliptical plan with 93x61 m dimensions in axes and
a height of 10.5 m. Functional and constructive reasons
required the erection of the building on an elliptical plan.
The system of parabolic steel tubular arches located along
the elliptic paraboloid translation networks with a step of
6 m in both directions was chosen as the supporting
structure of the coating (Figure 8, b).

2.3. Velaroidal surfaces

Velaroidal (velaroid, funicular) [16]) surface is
a translation surface with a generatrix curve that changes
its curvature in the process of its movement so that the
result is the surface on a flat rectangular plane [17].
At present, three types of velaroidal surfaces are known
that are parabolic velaroid, sinusoidal velarois, and ellip-
tical velaroid. Sometimes, a velaroidal surface is called
a funicular surface. As an example, one can point out the
reinforced concrete cover of the Nekrasovskiy (Mal’tsev-
skiy) market in Saint Petersburg. The middle surface of
it is the velaroidal surface on a flat square plan with the
dimension of 54x54 m. S.I. Evdokimov, O.B. Golynkin,
G.M. Vlanin are the architects and V.A. II’ina is the en-
gineer. The market was built in autumn of 1960 [4].

Cultural Center in Muscat, Oman, 2011, is the most
interesting velaroidal surface (Figure 8, c) of last time.

312

In some works, velaroidal surfaces on the circular plane
are proposed for using but these surfaces have not yet
found a real embodiment [18].

In the old time in Georgia, builders have built stone
velaroidal domes [19].

Conclusion

The study shows that many analytical surfaces of
revolution and translation surfaces listed in the ency-
clopedia [1] are not used in architecture and build-
ing. These data suggest that geometricians and mecha-
nical engineers are significantly ahead of the needs
of architects and builders, or architects have not yet
mastered the entire set of analytical surfaces proposed
by geometricians, or architects consider the most ana-
lytical surfaces unsuitable for their creative concepts.
It was found by I.A. Mamieva [20] for ruled surfaces
and by the author for surfaces of revolution and trans-
lation surfaces.

With the advent of finite difference energy method,
finite element method, and other numerical methods,
engineers received a powerful tool for the expanded
using of thin-walled large-span domes [12; 14] and
translation shells made of different materials. One
can use the nonlinear physical equations and a large
deformation theory of shell. For instance, a review of
researches of stress-strain state of shells of revolu-
tion with arbitrary form of the meridian can be found
in [21] with 79 references. This problem has attracted
considerable attention from Z.E. Mazurkiewicz and
R.R. Nagorski [22] and A. Zingoni [23].

A great deal of surfaces of revolution exists and
is studied in different scientific publications. Tens of
surfaces of revolution are presented in an encyclope-
dia [1]. Such surfaces of revolution as “Lochdiskus”,
“Jet Surface”, “Apple Surface”, “Kidney Surface”,
“Fish Surface”, “Limpet Torus”, Darwin-de Sitter
spheroid, and others are known but used much less
and may be found in other original sources, for in-
stance, in the internet site [Parametrische Flachen und
Korper, http://www.3d-meier.de/tut3/].
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Ienu. TlpumeHeHue, IPOSKTUPOBAHUE U PACUET aPXUTEKTYPHO-CTPOUTENBHBIX
KOHCTPYKIIHMIA B ()OpME TJIaJIKUX M COCTABHBIX MTOBEPXHOCTEH CTANN aKTyaJbHBIMUA U
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Annomayus

Axkmyanvuocme. I1po0ieMbl CHIDKEHHSI MaTePHAIOEMKOCTH OOBEKTOB CTPOH-
TEJBCTBA ¥ MAIIMHOCTPOEHHS TUKTYIOT HEOOXOAMMOCTh PACCMOTPEHHS IpoLec-
COB J1e()OpPMHUPOBaHMSI KOHCTPYKUMH MPH YHPYTO-IUIaCTHYECKOM cocTosiHuu. [11u-
POKO HCIIOIb3yEeMON TEOpUEH yueTa IIacCTHYECKHX CBOMCTB MaTepuaa sBJsieTCs
JebopMalloHHas TeOpUs IACTUUHOCTU. Ienslo naHHOW paboThI SABISIETCS pa3pa-
0O0TKa BapHaHTOB MOJYUECHHS ONPEIEISIONINX COOTHONICHNH HA IIare Harpy>KeHHS
npu AehOpMUPOBAHUU MaTepuala 3a IpejenaMu ynpyroctu. Memoowt. Ilpuso-
JATCS JITOPUTMBI TOJTYUEHHS ONPEIEIISIOINX COOTHOIICHHI TEOPHUH MAJIBIX YIIPYTro-
IIacTHYeCKUX Aedopmaruii Ha 1are Harpy>KeHUs B ABYX BapHaHTax. B nmepsom
BapHaHTE OHM IOIYYA0TCs TUPPEPEHIUPOBAHIEM BRIPAKEHHH HANPSKEHUI
Kak (yHKUMH nedopmaiuii Ha OCHOBE 1e()OPMALMOHHON TEOPUH TUTACTHYHOCTH;
BO BTOPOM BapHaHTE OINpPEACIISIONINE COOTHOLIEHHS IOIy4atoTCs Ha OCHOBE THIIO-
TE3bI O MIPONOPLMOHAILHOCTY KOMIIOHEHT I€BUATOPOB IPUPALEHUH HAaNpsKEHUI
KOMITOHEHTaM JIEBUaTOPOB NpHpaIeHnii nedopmanuii. Pezyrsmamot. Ha TectoBoM
IpUMepe pacueTa 3aleMICHHON [IIMHAPUYECKOH 000I0UKY MPECTaBIeHa peai-
3alusl IOJTyYEHHBIX OINPENEIISIONMX COOTHOIEHUH.

Knrouesvie cnosa: nehopmalioHHas Teopys ILIACTUYHOCTY; JEBUATOp IIpUpa-
mieHni aedopmanuii; 1eBUaTOpP NPUPANICHUH HANPSHKCHUH; MaTpHUIA TJIacTHY-
HOCTH; METOJl KOHEUHBIX 3JIEMEHTOB

BBenenune

B Hacrosiiiee BpeMst TIpy ONpeIeNieHIH HaTpshKeH-
Ho-neopmupoBanHoro cocrostaus (HJIC) obonoded-
HBIX KOHCTPYKIMH HEOOXOIMMO yYUTHIBATh IUIACTH-

Knoukoe IOpuit Bacunvesuu, NOKTOp TEXHIUECKHX Hayk, Ipodeccop, 3aBe-
Jyrorii kadeapoi Beiciiei marematiki; eLIBRARY SPIN-kom: 9436-3693;

Author ID: 161677.

Huxonaes Anamonuit Ilempoeuy, NOKTOp TEXHHYECKHX HayK, Hpodeccop,
npodeccop kadenpbl MPUKIATHON re0Ie31H, HPHUPOI000YCTPOICTBA M BOIO-
nons3oBanmst; eLIBRARY SPIN-kox: 2653-5484; Author ID: 161676.

Baxununa Onvea Bradumuposna, kanauaat TEXHHYECKUX HAYK, JOLEHT
kadepsl Beiciieit Marematuku; eLIBRARY SPIN-kox: 3593-0159; Author

ID: 573151.

Knoukoe Muxaun FOpvesuy, CTyJIcHT TpEThero Kypca (Qu3Mueckoro (haxysib-
tera; eLIBRARY SPIN-kox: 2767-3955. Author ID: 971170.

© Kioukos 10.B., Hukomnaes A.I1., Baxauna O.B., Kioukos M.1O., 2019
This work is licensed under a Creative Commons Attribution 4.0

International License
o

https://creativecommons.org/licenses/by/4.0/

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLWIA

YECKYI0 CTaJuI0 pabOoThl IPUMEHAEMOI0 MaTepHaIa.
CooTHOIEHUS MEKAY HaNpsOKEHUSIMH U 1edopMa-
LUSIMH IPU 3TOM KOMIIOHYIOTCSI HA OCHOBE TEOPUHU
IUTACTHYECKOT0 TeUEHHS WM Ae()OPMaLOHHON Teo-
pun maactuaaocTH [1-3]. [Ipu ucnons3zoBanun yuc-
JICHHBIX METOJIOB pacdeTa 000J0YEeYHBIX KOHCTPYK-
it [4—10] ¢ yueTom miacTudeckoro nedopMupoBa-
HUSL OOBIYHO HCTOJB3YIOT IIArOBYIO MPOLEAYpPY Ha-
rpyxenus [11; 12], npegycmaTpuBaroniyo mnoayde-
HHUE COOTHOIIECHUH MEXIY IIPUPALICHUSIMH KOMIIOHEHT
TeH30pa AedopMannil U NPUPAILCHUIMU KOMIIOHEHT
TEH30pa HanpsbkeHui. Ecinm Bocnosb30BaThCs Je-
(hopMaLMOHHON Teopuell MIaCTUYHOCTH, TO BBILIE-
YIIOMSHYTBIE COOTHOIICHHS Ha (j+1)-M mIare Harpy-
YKEHHSI MOXKHO TOJIy4YHMTh ABYMA criocobamu. B mep-
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BOM CITy4ae MOKHO HCIIONB30BaTh OOIIETPHHATHIH O/~
XOJI, KOTOPBIM 3aKIII0YaeTcss B MPUMEHEHUN TPOLIETy-
pel muddepeHTpoBaHns KOMIIOHEHT TeH30pa nedop-
Maluii o0 KOMIIOHEHTaM TEH30pa HanpsbkeHuil. Bo BTo-
POM cIydae MOKHO BOCIIOJTB30BaTHCS TUTIOTE30H O Ipo-
TIOPIOHAIFHOCTH KOMITOHEHT JIEBHATOpa TPHPAIISHII
HaIPsDKEHUM KOMIIOHEHTAaM JE€BUATOpa NMpUpPALLCHUN
nedopmanmii [13].

B nacrosmieli paboTe npencTaBieH CpaBHUTEIb-
HBIH aHanmu3 3QQEKTHBHOCTH JBYX CIOCOOOB IOIyYe-
HUS MaTpHLBI TUIACTHYHOCTH Ha (j+1)-M mare Harpy-
JKEHUS TIPU MPUMEHEHUH METO0JIa KOHEUHBIX JJIeMEH-
ToB (MKD) K pacdery TOHKHAX 000JI0YECK IIPH YIPYTO-
TUTACTHYECKOM JIe)OPMUPOBAHNUH.

1. MaTpuna njacTH4HOCTH
Ha (j+1)-M mare Harpy:keHust
€ HCII0JIL30BaHUeM onepanuu Jug@epeHupoBaHnus
KOMIIOHEHT TeH30pa Aedopmanuii
10 KOMIIOHEHTaM TeH30pa HanpsKeHU

Ha ocHoBanum BTOpO# THUIIOTE3HI AchOpMaIin-
OHHOHM TEOpPHUU IJIACTHYHOCTH MOXKHO 3aIlUCaTh CO-
OTHOIIICHUE MEKIY KOHTPAaBAPHAHTHBIMU KOMIIOHECH-
TaMu JIeBHAaTOpoB HampsokeHuit SY u nedopmarnii

EV[3]:
7 =(2/3)o; /e, )EV, Q)
e o; = (3/2)SijSi]~; g = (3/2)EijEl-j — HHTCH-
CHUBHOCTH HamNpsyKeHUH U ieopMariuii.
Bxonsamme B (1) ko- 1 KOHTpaBapHUaHTHBIE KOM-

TOHEHTHI JICBHATOPOB HAMpsOKCHUH U aedopmaruit
ompenenstores mo popmynam [3]

sV =o' ~1,(0)g" /35 S, =0,~1(0)g;
Eij:gij—[](s)gij/?); E{j:‘gii _Il(s)g,'ja (2)

e Il(cs)zg’fcl-j =g;0; Il(s)zg’fsl-j =g;¢’
TepBbIe NHBAPHAHTHI TEH30POB HAMPSDKEHUH U 1edop-
Marii.

Cootnomienne (1) ¢ ygerom (2) MOKHO TIpencTa-
BUTH B BU/IC

o’ 1, (0)g”/3 =

:(2/3)(0i/85)(gikgﬂgkz -1 (S)glj/?’)- (3)

[pumensist x (3) nepByto runotesy nedopmaiu-
OHHOHM TEOpUM IIACTUYHOCTH, MOIYYUM CIIETYIOLIYIO
3aBHCUMOCTbD:
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o = (2/3)(0i/8i)gikg*/18k, +

+1,(g)g” (K/3-(2/9)(0,/z.)). (4)

rae K =E/(1-2v).

JI1st monmy4yeHusi COOTHOUIEHUM MEXy Tpupariie-
HUSIMH KOHTpaBapHUaHTHBIX KOMIIOHEHT TE€H30pa Harpsi-
JKCHUI W KOBapHAHTHBIX KOMIIOHEHT TeH30pa Jaedop-
Marmi Ha (j+1)-M 1Iare HarpyXeHus BOCIIOIb3yeMCsI
3aBHUCHMOCTSAMH

af o off
Ac™ :2‘5—&11 + 2

—Ae, +
22
) 8822

o™ dc™
+——Ag, + —Ag,,, %)
Oe Oe
12 33
I/Ie TPeYEeCKHue BEpXHUE MHACKCH o W [3 Mmocieno-
BaTeJIbHO NPUHUMAIOT 3HaueHus 1 u 2.
[Tpu BEIUMCIIEHNM BXOMSIINX B (5) YaCTHBIX MPO-
H3BOIHBIX ocP / asl-j HEO0XO0JUMO MPEIBAPUTEIHLHO

BBITIOJTHUTH cieayomue nuddepeHuansHble ome-
panuu:

0(o;/e;) _0lo;/e;) de; _(Ex —Ec) & ()
0 885 58U €; GSU ’

Ejj
rne Ex =0c;/0¢;; Ec =0;/¢; — KacaTenbHbIA U
CeKyIIMi MOIYJIH JHarpaMMbl 1e()OPMHUPOBAHHS TIPHU-
MEHSEMOTO MaTepHaa.

Jlnst momydyeHus BXOAAMUX B (6) MPOM3BOTHBIX
MHTEHCHBHOCTH 1e()OpMAaIHii MO KOBAPUAHTHBIM KOM-
HOHEHTaM TeH30pa Ae(GopMaIyii BOCIIONE3YEMCS BbI-
pakeHHEM

o, 0 OE" 0g, OE"

—L = + +
881.]. OE"! 681./. OE" 68”

ds, OE® ¢, OE* ©e, OF,
+ 22 + 33 + +
OE 685/. OE 68” OE,, 68”

N Og; OE, N Og; OE,, N Og; OFEy
OE,, 0¢; OFE, 0Og; OEy; 0O, ’

()

0s i E ij 881' E v

e ——=—"—; ———=—.
oE y 38i ’ OF ij 38i

[pencraBuB Ko- ¥ KOHTPaBaPUAHTHBIC KOMITOHEH-

TBI JieBuaropa aedopMaliiii B pa3BepHyTOM BHUJE, I10-

JIy9uM creayromme auddhepeHambHbIe 3aBUCUMOCTH:
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OE,, 2 1 oI (e)
=1-=I(g)-—g,, —=;

Og,, 3 1( ) 3g11 Ogy,
8E11=_lg ol (&)

dey, 37" e,

OE,, :_lg oI (&)

de,, 3°" g,
8E11:_lg oI, (&)

04, 3% Geyy

ok, :_1g o (e)

Og,, 3°% fg,

E ol (e
OEx :1_211(8)_lg22 1( );'
0¢,, 3 3 0O¢g,,
OE™ 33 33 33 8833

= +2¢ -

o6, g 8 138 P,

1 og” 1 y0l(e
__[1(8)g___ 33L). (8)
3 Oty; 3 05,

IIpuaumas Bo BauManue (6), (7) u (8), MOXHO
OTIPENICIUTh BXOASINE B (5) 4acTHBIC MPOU3BOIHBIC

ocP / 0O¢jj , HANIpUMED:

Oeq, "3 Oeq,

12 11 12
+2¢,,g" Zg +2812(—8i g12+—6g g“jﬂ+

15 oe. . 11
Jo 2D ZC”+i g11g11+28”g112g n

33
+M[g33g“ +833gll og j;
0€5;

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

og, 3| 0, €

i

so? 2 - . 2
c ——|:DaglC22+G’(g21g21+2811g21 Zg +

agzz 8g33
+822g22 a +g33g33 +2833g33 a j,

€3 €3
K 2o,
rne D=(E, —E.)/g;; M=—-——";
(£, -Ec)/ (2o
1111 12 12 1n_12.. .
C11=g g 811_|—<g g 822+2g g 812,
B, =8”g“g“+28]2g12g“+822g22g”+833g33g”;

21 21 2 » 2 2.
C,=88%,T8°8 ¢, + 22" g €5
12 2 2 2 » 3 2,
B,=¢,g 8+ 2812g g +teyg g +é 88,
33 33

C, =88 &

11 33 1233 22 33 33 33

B,=¢,8 g +2¢,8°¢ +&,87g +te, 8 g .

CootHomeHus (8) mpencTaBuM B BUIE MaTpHU-
HOTO MPOU3BEICHUS

sl o

rae {As*}T = {Asn Ag,, 2Ag,, As33};

{AG}T = {AG“ Ac* Aclz}.
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YuuteiBas OOIICTIPUHATYIO B TEOPUM TOHKUX 000-
JIOYEeK THUTIOTE3y O IPUPABHUBAHUK HYJFO HOPMAJIbHBIX
HanpsoKeHUH B HAIpaBJIE€HUHA HOPMAJIM K CPEIMHHOU
MMOBEPXHOCTH, 3aIUIIIEM PAaBEHCTBO

a 33 a 33
A® =L Ag, + 2 Ae,, +
0, €5r
P! 33 bl 33
+ 2 ne, + 2 Ae,, =0. (10)
0g,, 0&3

U3 cootnomenus (10) momy4unm BeIpakeHHe

33 33 33 33
ney = e, 1% e+ pe, | /[ ), (11)
O, 0e,, 0Oy, 0Oe;

KOTOPO€ MOXHO IMPEACTAaBUTHL B MATPUIHOM BH/IC

Aey, ={b}" {As), (12)

1x3 3x1
rae {AS}T = {ASI 1 ASQ ASIZ}'

C yueroMm (12) cKkoMITOHYeM MaTpUYHYIO 3aBUCHMOCTb

e’ = [a] e}, (13)

4x1 4x3 3x1

1 0 0 B
rue [a]T:() 1 0 b
410 0 1 by

C yuetom (13) BeIpakenue (9) MOXKHO TIpencTa-

BHUTH CIIEAYIOIIUM 00pa3oM:
{ac=[c; [iae} (14)
3x1 3x3 3xI
rne [C;]=[d]a] - marpuua nractiasocTy Ha (7+1)-m
11are Harpy KeHus..

2. MaTpuua miacTH4HOCTH
Ha (j+1)-M mare Harpy:keHust
HA OCHOBE IT'MIIOTE3bI 0 MPONOPIHOHAIBHOCTH
KOMIIOHEHT JIeBUATOPA NPHPALleHN i HATIPSZKeHUH
KOMIIOHEHTAM JIeBUATOPa NpUpPAaLLeHuii edpopmanuii

IIpyHrMast BO BHUMaHUE TUIOTE3Y O MPOHOPLHO-
HaAJIbHOCTH KOMIIOHEHT JE€BHATOpa MPUpAILEHU Harps-
JKEHMH KOMITOHEHTaM JIeBHaTopa MpupamieHnii neop-
Mall{H, 3aMUIIeM CIEAYIOIIEE COOTHOLICHHE

1 3 Ag, 1
Aal.j—EP(Ag)gl-j =EA—q(AGU—3P(AG)gij), (15)
rue P(As) :Asij g'j =Ag’ g5

— j _ i
P(Ac)=Ac, g =Ad’ g,.
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Mex 1y nepBeIMH MHBaprUaHTaMH TEH30POB MpH-
pamieHuit nedopMarii U MpUPANICHUH HaPsKEHUH
MOXET ObITh yCTAHOBJIEHA CIIEAYIOLIast 3aBUCUMOCTb!

):1—2\/

P(Ae P(Ac) (16)

CootHomenue (15) ¢ yuerom (16) 3amumem B
BUJIC

31
At ZEE—AGU+P(AG)gl~j-A, (17)
K

1-2v 1
rie A= -
3E 2Eg

B passepnyToit hopme Beipaxkenus (17) mpumyT

CIEAYIOUIUN BUI:

31
Ag, :(EE_+g11gllAjAcll+

K
"‘gugzzAA Gyt g112g12AA G5
Ag,, = gzzgnAA011+

31
+ = +gzzg22A A522+g222g12AA612;
2E,

Ag), = glzgllAA STha glzgzzAA Gyt

31
+(5E—+g122g12AjAolz. (18)

K

Cootnomenus (18) MoryT OBITH TIPECTABIEHBI
B MaTPUYHOH (opme

{ael=[rl{as), (19)

3x1 3x3 3x1

rac {AG}T = {AGII AGZZ A(le}.

Brmonass oneparuro ooparienus u3 (19) MoxxHO
MOJIYYUTh MaTPHILy TUIACTUYHOCTH Ha (j+1)-M mare
HarpyKeHus:

{aoj=[cyliae), (20)
3x1 3x3  3xl
-1
rue[Cy]=[T]".
Cormocrapmsist Mmexy coboit (14) u (20) ormetnm,
yro npouenypa nomayuenus |C H]sHaqHTenLHo yIpo-
IIaeTcs 0 CPABHEHUIO C [C 1], YTO B CBOIO OUYEPE/Ih

o0Jier4aeT MporpaMMHYIO PEaTH3allii0 BHIYUCIUTENb-
HOTO allTOPUTMA.
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3. KoHe4HbIii 2JIeMEeHT TOHKOI 000710YKH

CpenvHHAsT TIOBEPXHOCTh TOHKOM 00OJIOYKH Mpe-
CTaBJICHA aHCaMOJIEM YEeThIPEXYTObHBIX KOHEYHBIX
AJIEMEHTOB C y3laMH i, j, k, [, pacrOJOXCHHBIMHU B
BEpIIMHAX YEThIPEXYTroIbHUKOB. [Ipu GopmupoBaHnn
MAaTPHIIbI KECTKOCTH KOHEYHOTO 3JIEMEHTA HCIIOJIb3Y-
IOTCSI JIB€ CUCTEMbI KOOPJIWHAT: IIo0alibHas CUCTEMa

KPUBOJIMHEHHBIX KOOPAMHAT 91, 02 , CBSI3aHHasI C reo-
METPHYECKUMHU TapaMeTpaMH CPeAMHHON MOBEPXHO-
CTH, ¥ JIOKaNbHas cucreMa koopauHat —1<&,n<l,

MpUMEHsIeMast I Peau3aliy MPOUeAypPbl YHCIICH-
HOT'O0 MHTETPUPOBAHHUSI MO TUIOIIAAN 3JIEMEHTa ¢ TO-
MOIIBIO KBaIpaTypsl ['aycca.

CB#13b MKy TIIO0ATBHBIMU 0! , 0% ¥ JOKATBHBI-
Mu &, 1M KOOpAMHATAMH YCTaHABIMBACTCS 3aBHCH-
MOCTbIO

w2800, (48 (o),
2 2 2 2

+(1+2;) (1+n) eak+(1—<§) (1+n) 0
2 2 2 2

rJie 0 MpUHUMAET 3HA4YeHH 1, 2.

Cron01Ibl y370BbIX HEM3BECTHBIX KOHEUHOIO 3Jie-
MeHTa Ha (j+1)-M Iare Harpy>keHus B rI100aTbHON H
JIOKaJIBHOUW CHCTeMaX KOOpAWHAT OBLIN BHIOPAHHBI B
CJIeTYIOIIEM BHUJIE:

bogf =t f o gl e

e2))

1x36 1x12 1x12 1x12
7 T T T
LY L L L
{AUy} = {A”y} {A"y} {Awy} ’ (23)
1x36 1x12 1x12 1x12

r i i i
rac {Aqu} :{q qj qk ql q,e|q’je\qq1;1q,le|q’ez q’jezqf;z q’lez} 5

1x12

{ag! }T ={¢q'q" d4d.9.4.d.4,4.4" 4.}

1x12

3nmeck moj Ag TIOHMIMAETCS TIPUPAICHNAE TaHTeH-

LUANBHBIX Au, Av WA NpupallieHre HOPMaJIbHOU
KOMIIOHEHTBI Aw BeKTOpa nepemenieHus Ha (j+1)-m
1iare Harpy»KeHusl.

IIpupaieHne KOMIIOHEHTHI BEKTOpA NEPEMELIEHHS
TOYKM BHYTpPEHHEH 00J1acTH KOHEYHOrO 3JI€MEHTa HMH-
TEPIONMPYETCA Yepe3 y3IIOBbIC 3HAYCHHUs NPUPAILIECHAN
3TOM 7K€ KOMIIOHEHTBHI C TOMOLIBIO 3aBUCUMOCTEN BUJIA

aq= (v} agt (24)
X112 12%1

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

rae {\V}T :{\yl \|/2...\ylz} COJIEP>)KUT TIPOU3BEICHUS
OPMHUTOBBIX MOJIMHOMOB TPETHETr0 MOPSAKA.
Bemonnsst nocnenoBarensHoe nuddepeHuposa-

Hue (24) mo o' , 0° , MO’XKHO TIOJIyYHTh IIEPBBIE U BTO-
pBIe IPOU3BOTHBIE TIPUPAIIIEHI KOMIIOHEHT BEKTOpa
MepEeMEIICHUS, HAIPUMED:

R (N A W IVt

{‘V,&&}T '(é,e‘ )2 +
) (n, )+

+2 {W,én }T ) (t’,e‘n,e' +

+{W,€}T .Z—’,e‘e‘ + {\Vm }T .n,e‘e‘

{ag'}. (25)

ot

HanpHelmas npouenypa GpopMUpOBaHUS MaTpH-
LBl JKECTKOCTH YETHIPEXYTOJIBHOIO KOHEYHOIO JIEMEH-
Ta ¥ CTOJIONA Y3JIOBBIX YCHIIMH Ha (j+1)-M mare Harpy-
KEHHsl OCYyILeCTBIsieTcs: cTaHmapTHeM mit MKD 06-
pasom [14-19].

4. llpumep pacuera

B kauectBe mpumepa perieHa 3azada o0 omnpene-
nennn H/IC mmnuHzapa, jKecTKo 3alieMIIEHHOTO 10 Jie-
BOMY TOpILY, 3aTpY>KEHHOTO BHYTPEHHUM JIaBJICHUEM
nHTeHCHBHOCTH ¢ . [IpaBhiif Topen cBoboeH. [TpuHITE
ClIelyIoIINe UCXOAHbIE JaHHbIE: PaluyC IMIHHIPA
R=0,9wm; mmnHa oOpasyromeit L =0,8M; TomuumHa
creaku t=0,01 m; Momyms ynpyroctu E =7,5-104 Mlla;
koa¢puient Ilyacconav = 0,32 . /lnarpamma nedop-
MHpPOBaHHUS 3aJjaHa B BHUJIE JABYX3BEHHOU JIOMaHOM ¢
npenenom tekydectn o7 =200Mma. Kpuas ympou-
HEHWs 3a]laHa ypaBHEHUEM

o; = (g;,—0,0023496)-18087,03+ 200,0. (26)

Pacuets! BeIOTHEHBI IO IByM BapuaHTtam. B mep-
BOM BapuaHTe MpU (POPMUPOBAHUH MATPHUIIBI KECTKO-
CTH KOHEYHOT'O JIeMeHTa Ha (j+1)-M 1mare Harpyxe-
HUS MCIOJIb30BaHa MaTpuIla MIaCTUYHOCTH B Bujie (14);
BO BTOPOM BapHaHTe NMPUMEHEHa MaTpuIla IUIaCTHY-
HOCTH, TIOJTy4deHHass B cooTBeTCTBHUE C (20). Pe3ynb-
TaThl IOBAPUAHTHBIX PAacUeTOB MOKa3aHbI B TAOJHIIE,
B KOTOPOU MPHBEICHBI YMCIICHHBIC 3HAUYCHHSI HOpMAb-

HBIX HANpPsUKEHMH Ha BHYTpeHHel 6° 1 HapyKHOU G
TOBEPXHOCTSIX IIJIMH/pA B skecTkol 3azenke (x = 0,0 m)
u Ha cBoOoaHOM TOpIe (x =0,8 M) B 3aBUCUMOCTH OT
KOJIMYECTBA IIaroB HarpykeHus. Kak BugHO U3 Tab-
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JIUIBI, HOPMAaJIbHBIC HAPSXKEHHUS B JKECTKOU 3a/IeIKe
B IIEpPBOM BapuaHTE UMEIOT MEHBIINE, IPUMEPHO Ha
20 %, 3Ha4YEHMS TI0 CPABHEHHIO CO BTOPHIM BAPHAHTOM.
HopmanbHbie HanpsbkeHHs Ha CBOOOTHOM TOpIIE B 000MX
BapHaHTaX MPAKTUYECKH COBMAJAIOT M COOTBETCTBYIOT
YCIIOBHSIM paBHOBECHsL. MepuIHOHAIBHbIEC HAPSKEHNS

Gy AOJDKHBI OBITH PpaBHBI HYJIIO, TaK KaK IT'OPU30HTAJIb-

Hasl Harpy3ka OTCYTCTBYET, a KOJIBIICBbIC HAMPSHKCHHS
Ha CBOOOHOM TOPIIE MOTYT OBITh BEIYHCIICHEI TI0 (hop-
Myne 6, =gR/t=2,5MIla-0,9m/0,01m =2250MI]la,
YTO ¥ HaOJII01aeTCs B 000MX BapHaHTaX pacuera.

Tabnuya

YmncjieHHbIe 3HAYeHHsS] HOPMAJIbHBIX HANIPSZKEHWIT B cCeYeHNSIX HUJINHIPUYIECKOi 000109KH
[Table. Numerical values of normal stresses in sections of a cylindrical shell]

Bapuantsi pacuera [Variants of calculation]

Hanpsxenus, I 1
Ceuyenne MIT
[Section] a Yuc10 IaroB Harpy:KeHus
St MP :
[Stress, MPa] [Number of loading steps]
40 60 80 40 60 80
0; 3224 3222 322,1 399,6 399,0 399,6
Omopioe, H 322,2 322,1 322,0 399,8 399,3 399,5
x=0,0m Om =322, —322, —322, —399, —399, —399,
[Support, B
x=0.0 n] ol 131,3 131,2 131,1 151,1 151,1 151,5
ol ~131,2 ~131,1 ~131,0 ~151,2 ~151,2 ~151,4
o 0,0 0,0 0,0 0,0 0,0 0,0
CB006OAHBIH
Topel, ol 0,0 0,0 0,0 0,0 0,0 0,0
X = 0,8 M
[Free end, Gﬁ 225,04 225,04 225,04 224,99 224,99 224,99
x=0,8m]
0113 225,04 225,04 225,04 224,99 224,99 224,99
BbiBojg 3. Ceoos J1.M. MexaHuKa CIUIOIIHOM cpenpl. M.: Hayka,

Cnoco6 mony4eHUs: MaTpULBl ILIACTHYHOCTHU
(15)—(20) na (j+1)-M miare Harpy>keHHUs, OCHOBaHHBIN
Ha THITOTE3€ O MPOIOPIHUOHATFHOCTH KOMIIOHEHT Jie-
BHATOPOB MPHUPALICHU HaNPSXKEHUH KOMIIOHEHTaM
JIEBUATOPOB TIpUpAIleHni JedopMaiuid, SBIsieTCs
0oJee MPEATOYTUTENHHBIM TI0 CPAaBHEHHIO CO CITOCO-
6oM (5)—(14), B KOTOpOM JIs1 IOTYYECHHS OTIpenes-
IOIIMX COOTHOUICHWI Ha IIare Harpy»eHUs BBIMOJI-
HSIETCS JOTIOJMHHUTEIbHAs orepanus TuddepeHupo-
BaHMSI TIOJHBIX HANPSDKEHUH 10 KOMIIOHEHTaM Jiedop-
Maluii, TPUBOSIIAS K CHI)KEHHUIO KOPPEKTHOCTH T10-
CTaBJIEHHOM 3a/1a4u.
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Abstract

Relevance. The problems of decline of resource-demanding of objects of
building and engineer dictate the necessity of consideration of processes of de-
formation of constructions at the resiliently-plastic state. The widely in-use theo-
ry of account of practical properties of material is a deformation theory of plas-
ticity. The aim of the research is development of variants of receipt of determin-
ing correlations on the step of ladening at deformation of material outside a resi-
liency. Methods. Algorithms over of receipt of determining correlations of theo-
ry of small resiliently-plastic deformations are brought on the step of ladening in
two variants. In the first they turn out differentiation of expressions of tensions
as functions of deformations on the basis of deformation theory of plasticity;
in the second determining correlations turn out on the basis of hypothesis about
the proportion of components of deviators increases of tensions to components
of deviators increases of deformations. Results. On the test example of calcula-
tion of the jammed cylindrical shell realization of the got determining correla-
tions is presented.

Keywords: deformation theory of plasticity; deviator increases of defor-
mations; deviator increases of tensions; matrix of plasticity; method of eventual
elements
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U3 JKapoCTOWKOro OETOHa Ha TIIMHO3EMHCTOM LIEMEHTE
(6eron Ne 1) TonmmHO#M 50 MM, CpeIHUIA CIOH U3 JKapo-
CTOMKOro O6eToHa Ha TopTiaHaIeMenTe (0eTor Ne 2) —
100 MM, HapyxHBIH cioil u3 ctanu — 40 mm. BHyTpH
noAIep>KUBaeTCs ocTosiHHas Temneparypa 500 °C.

Pacnipenenenue Temmneparypbl BHyTPH MHOTOCIION-
HOM CTEHKH, MOJY4YEHHOE IPH PELICHUH ypPaBHEHHS
TEIJIONPOBOIHOCTH, MOKa3aHo Ha puc. 1: r1 = 0,55 M,
rn=06wm r=207wm =074 m T, = 500 °C,
T: = 488,99 °C, T> = 3804 °C, T3 = 199,5 °C,
T4=197,3°C, T, =20 °C.
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Puc. 1. PacripeneneHue TemMmepaTypsl B TPEXCIOHHONW 000I0UKe:
1 —6eton Ne 1; 2 — 6eron Ne 2; 3 — cranb
[Figure 1. Temperature distribution in a three-layer shell:
I — concrete Ne 1; 2 — concrete Ne 2; 3 — steel |

W3MeHeHne Ha4yaIbHOTO MOZYJNS YIPYroctu Oe-
TOHOB B 3aBHCHMOCTH OT TeMIIEPATyphl IPUHUMAIOCH
10 TaHHBIM 13 [2].

[Ipu perreHru YrCcIEHHO-aHATUTHYECKUM METO/IOM
JUISL OIMCaHHs HEJIMHEHHOro xapakrepa aedopMupo-
BaHMS OETOHOB MCIOJIB30BAJHCH OIBITHBIE IUAarpam-
MBI 1e(OPMHUPOBAHUS JKaPOCTONKIX OETOHOB, IPUBE-
JIeHHbIe B [2]. B pemeHnu ucnonb3yeTcst quarpamma
Oi — &j, KOTOpasi OIMCHIBACTCS 3aBUCUMOCTBIO C TPEeMs
KOHCTaHTaMH, MPEAJIOKEHHOH B [3]:

Gi = Egl - Ag?. (3)

Bosnukaromas B pe3yibTaTte BO3JEUCTBUS TMO-
BBHIIICHHBIX TEMIIEPAaTyp HEOAHOPOJAHOCTH OETOHA
VUHUTHIBACTCA 3aMEHON KOHCTAaHT F, A M oL Ha QyHK-
i E(T), A(T) n o(T). B pabore [4] mpuBencHBI
¢yaxkumu E(T), A(T) n o(T), O3BOISIONIHE aTITIPOK-
CUMHPOBATh ONBITHBIE JHATPaMMBI 1e()OPMHUPOBAHUS
0ETOHOB, a TaK)Ke MPUBEACH BUJ 3TUX TUATPaMM.

3naueHust ko3 (UIMeHTa JTHHEHHOW TemIepa-
TypHO! medopmaruu st OETOHOB B 3aBHCHMOCTH
OT TeMIIepaTypbl NPUMEHSIIUCH 0 Tabmunam u3 [5],
B 3a/aue MPUHUMAIOTCS 3HAYCHUS 0, COOTBETCTBY-
IOIHe PEXKUMY JUTHTEIHHOTO HarpeBa IMpH MOBTOP-
HOM BO3JICHICTBUY TEMIIEPATYPHI.

2. Metoa pacuerta

B [1] onrcan yncIeHHO-aHATUTUYECKUNA METOJ, pe-
IIEHHS TIOCKOW OCECHMMETPUYHOM 3a/1aull JJIsI TOJICTO-
CTEHHBIX 000JIOYEK U3 (PU3UYCCKU HEIUHEHHOTO pajiu-
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ILHO HEOJHOPOJHOTO MaTepuaia Mpu MPOU3BOIBHBIX
3aBHUCHUMOCTSIX MEXaHMYECKHX XapPaKTePUCTUK OT pajiyi-
yca. B ocHOBY pemrernst nuddepeHITHaIBHOTO YpaBHe-
HUSI OTHOCHUTENIBHO G, MOJIOKEH METOJ IMPOTOHKH C
OTIpE/ICTICHHBIM IIaroM, JJjs ydera (PU3WYecKoi He-
JUHEWHOCTH WCHOJIB3YETCSI METOJ TIOCIeA0BaTENbHBIX
npubmmkenuid. [pu pemennn quddepeHnnaT-HOro
yYpaBHEHUS! MPHHAT MOCTOSIHHBIA mar 4 = 0,005 M,
TO €CTh TPEXCJIOWHAsI 000JI0YKa O0IIeH TONIIMHONI
0,19 M pazbuBaercs mpu pereHrHd Ha 38 KOJBIEBBIX
CJIOEB, KaXJIOMY M3 KOTOPBIX COOTBETCTBYET HA0Op mMa-
pameTpoB E, v U o; IpH ydeTe Qu3nieckoi HeJMHEHHO-
CTHU JUTA KaXKIOTO CJIOS 3a7aeTcs TuarpaMma G; — €;.

Pemenne npu ycnoBuu miockoro nehopMupo-
BAaHHOTO COCTOSIHUSI IIPEAIIONaraeT, YTo MUIUH/D SBIIS-
€TCsl OYeHb JUTMHHBIM U PACCMATPUBAIOTCS HAIPSDKEHUS,
BO3HHKAMOIIHE HA JIOCTATOYHOM YJaleHUH OT KOHIIOB.
MeTtop pelieHrs] aHAJIOTUYHOM 33]]adi ¢ yUYeTOM MeCT-
HBIX BO3MYIIICHHH BOJIM3H KOHIIOB IWJIMHIPA MOAPOOHO
orucaH B [6].

Jl1s1 perieHust JaHHOM 3a1a4y METOI0M KOHEUHBIX
3JIEMEHTOB HCIIOIH30BAJICS MIPOTPAMMHBINA KOMILIEKC
JIMPA-CAITIP. bruia co3mana Monens LUTHHIPA, pas3-
ouToro mo paanycy Ha 38 KOHEUHBIX JJIEMEHTOB, U 3a-
JaHbl 38 THUTIOB JKECTKOCTEH U TEMIIepaTypHas Harpy3Ka
JUTSL K&XKJI0ro KoJblieBoro ciost. [Ipu pemienus miockoit
3a7a4u ObUIA OTPaHWYEHBI MIEPEMEIICHUS BJIOJIb OCH Z
o topuam IpumHapa. [lpu permenny 3amadm Ui KO-
HEYHOTO IMJIMHApPA OCBOOOXAAJICS OT 3aKperuieHHs
OJIVH TOPETI, TIPH 3TOM 00II[ast JIMHA IHIMHIIPA COCTAB-
msta 1,45 M, Tak Kak YMCIIEHHO-aHAIUTHYECKUI pacyer
IOKa3aJl, YTO HaIpsHKEHHS], BO3HUKAOIIE BOJIM3H CBO-
OOJHBIX TOPLOB IMIMHAPA, OBICTPO YOBIBAIOT C YBENH-
YEeHWEM PACCTOSHHUS OT KOHIIA, M Ha PacCTOSHUH 1,5 M
VX BIMSTHHE HECYIIIECTBEHHO.

3. Pe3yabTaThl
Ha puc. 2 mpencrasnena aedopMupoBaHHas 0T
Bo3ZIelicTBIEM TeMrepaTypsl KO-Mozens nmunmuHapude-
CKOM 000JIOUKH.

Puc. 2. lebopmupoBaHHas WIMHAPAYECKas 000I0UKa,
noxyderHas B nporpamme JIMPA-CATIP
[Figure 2. Deformed cylindrical shell
obtained in the program LIRA-CAD]

NUMERICAL METHODS OF ANALYSIS OF STRUCTURES
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G,, MIla

20
10

-10

20 M
0,55 0,6 0,65 0,7 0,74

Puc. 3. Pacnipenenenye HalpspKeHUH Go 110 TONIIMHE 000JIOYKH:
1 — MMHEHHBIN pacyeT YUCICHHO-aHAIUTHYECKUM METO/I0M;
2 — nuHeWHbIH pacuet metogom K3;

3 — HeNMHEHHBIH pacyeT YUCICHHO-aHAJIUTHYECKUM METOJOM
[Figure 3. The distribution of stresses across the shell thickness:
I — linear calculation by numerical-analytical method;

2 — linear calculation by the FE method;

3 — non-linear calculation by numerical-analytical method]

G,, MIla
50

0 0,5 1 1,5

Puc. 4. Hanpsbkenust 6o BOIM3KU CBOOOHOTO TOPIA MIMHIPA
mpur=0,55mur=0,7m:
1 — TMHEIHBIN pacyeT YNCICHHO-aHAIUTHICCKIM METOI0M, M;

2 — nuHelHbI# pacuer mertogoMm KO B nporpamme JIMPA-CATIP, m;
3 — HeNMHEHHBIN pacyeT YNCICHHO-aHATNTHICCKIM METOIOM, M;
4 — TMHEWHBIH pacyeT YMCICHHO-aHAJIUTHYECKUM METOJIOM, M;

5 — nunelHsbIi pacyet metosoM KO B nporpamme JINPA-CAIIP, wm;
6 — HeNIMHEHMHBIH pacyeT YNUCICHHO-aHAIMTHYECKUM METO/IOM, M
[Figure 4. Stresses near the free end of the cylinder
atr=0,55mand »r=0,7 m:

1 — linear calculation by numerical-analytical method, m;

2 — linear calculation by the FE method in the LIRA-CAD software
program, m;

3 —non-linear calculation by numerical-analytical method, m;

4 — linear calculation by numerical-analytical method, m;

5 — linear calculation by the FE method in the LIRA-CAD software
program, m;

6 — non-linear calculation by numerical-analytical method, m]

Ha puc. 3 nmoka3aHbl HaNPsKEHUS Gp, PACTIPEICIICH-
HBIE TI0 TOJIIIMHE 000104KH TipH z > 1,5 m. Ha puc. 4
MOKa3aHbl HANIPSDKEHUS Go BOJIM3U CBOOOIHOTO TOP-

Ila MWIMHIPA B HAN0O0JIEe HANPSHKCHHBIX KOJBIICBBIX
ciosax 6eroHar=0,55mMmur=0,7 M.

BoiBoabI

Pesynbrarel perieHus 1iockoit 3amauu (puc. 3)
metonoM K3 B mporpamme JIMPA-CAIIP moka3siBaroT
pe3Kue Tepernajpl HanpsHKeHUH B MecTaX CMEHBI Ma-
TepHaa, 00yCIOBICHHBIE TIepepacipeiclIeHUeM Harpsi-
XKEHUH B IOJIb3y MAaTE€pHalIoOB C OOJBLINM MOAYJIEM
YIPYTOCTH, KOTOPBIX HET MPH YHCICHHO-aHATUTHYe-
CKOM pacueTe M He JOJDKHO OBITh B TIOCKOH 3amade
IIPY OTCYTCTBHU AedopMaLuii 1o z.

PesynpTathl pemieHus 3agadd TEPMOYIPYTOCTH
UWIMHIPa KOHEYHOW JIMHBI TIOKA3bIBAIOT 3HAYUTEIb-
HOE pacxoXkKACHNE MaKCUMAIIBHBIX HAIPSHKEHUH BOJIN3H
CBOOOTHOTO TOPIIA MIIHHIPA.
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Abstract

The aim of research is to compare two calculation methods using the example
of solving the axisymmetric thermoelasticity problem. Methods. The calculation
of a thick-walled cylindrical shell on the temperature effect was carried out

by the numerical-analytical method and the finite element method, implemen-
ted in the LIRA-CAD software package. The shell consists of three layers:

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA
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two layers of heat-resistant concrete and an outer steel layer. In the calculation,
a piecewise linear inhomogeneity of the shell due to its three-layer structure and
continuous inhomogeneity caused by the influence of a stationary temperature field is
taken into account. The numerical-analytical method of calculation involves the deri-
vation of a resolving differential equation, which is solved by the sweep method, it is
possible to take into account the nonlinear nature of the deformation of the material
using the method of successive approximations. To solve this problem by the finite
element method, a similar computational model of the shell was constructed in
the LIRA-CAD software package. The solution of the problem of thermoelasticity
for an infinite cylinder (under conditions of a plane deformed state) and for a cylinder
of finite length with free ends is given. Results. Comparison of the calculation results
is carried out according to the obtained values of ring stresses co.

Keywords: inhomogeneity; nonlinearity; concrete; thermoelasticity; cylin-

drical shell
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Annomayus

AKmyanbHocms NcCnenoBanus 00yCIOBIIeHa MPOM30LIEIIIMHI 32 TTOCIEIHIE
10 net TspxensiMu aBapusMu Ha kKpynHelX I'DC u nnotunax B PO (CasHo-
ymenckas ['IC, 2009), CHIA (rmutotina Opouini, 2018), bpasuiuu (namba bpy-
MaauHbo, 2019), Koxymouu (I'9C HUtyanro, 2018) u apyrux crpaHax, B CBSI3U C 4eM
BO3HHKJIa HEOOXOIMMOCTb COBEPIIICHCTBOBAHMS MPOrpamMM o0ecrieueHns 6e30macHo-
ctu ruaporexHudeckux coopysxkenuil (I'TC) u mnotun. Memoowr 510l BaxHOIl pa-
0OTBI 3aKITFOYAIOTCS B pa3pabOTKe COBPEMEHHOM METOMKH aHAIN3a M OLICHOK PHCKa
asapuii I'TC u mnotuH. BHezapenue 3toro MeTona B mporpaMmel odecreueHus 0e3-
onacuoct ' TC (mmotnH) B epenoBsix B ctpoutenscTBe [ TC crpanax (Kurai,
Bpazunust, Kanana, CIIIA, Poccus, Komym6us, Hopserus, Vcnianus u ap.) mokasbl-
BaeT, YTO, HECMOTPSI Ha PsI] TPYIHOCTEH B PMMEHEHNH aHAIN3a OLIEHOK PHCKa aBa-
puii I'TC, 3T0T NOIX0/ MPUHOCHT OOJIBIIYIO TOJIB3Y MPU KOHTPOJEe 0e30IacHOCTH
I'TC u wiotuH. Ilens craTbil — 03HAKOMHTH CIIEIUAINCTOB H HH)KEHEPOB-THAPO-
TEXHUKOB C COBPEMEHHOMN METOJIMKON aHaiM3a U oleHkH pucka aBapuii ['TC u mio-
THH ¥ TIPAaKTUYECKHM €€ IpruMeHeHneM B PO.

Kurouesvie cnosa: runporexundeckue coopyxenus; ['TC; 6e3onacHoCTb
THIPOTEXHUIECKUX COOPY)KEHHH U IUIOTHH; OLIEHKA PUCKa aBapUil THIPOTEXHH-
YECKHUX COOPYKEHHH U IJIOTHH; BEPOSITHOCTh OTKa3a

BBenenne

HYJI — aBTOp HacTosmieii craThu cTaThi). Ha ocHOBe

B 2008 r. B paMKax HalMOHAJILHOTO MPOEKTa
«O6pa3zoBanne» B Poccuiickom yHuUBepcuTeTe IpyKOBI
HaponoB (PY/IH) na kadeape ruapaBiuku U TUAPO-
TEXHUYECKUX COOPYXKeHHUH Oblja co3jaHa HAayIHO-
yueOHas nabopatopust (HYJI) «'mapomorndeckas u
TexHuueckas 6esonacHoctb ' TCy», a Takxke yueOHO-
Meroamdeckuii komiuiekc (YMK) ¢ aTum ke Ha3Ba-
HueM (pazpadoTank YMK 1 HaydHEII pyKOBOAWTEH

JIanuue¢ FOpuit Ilempoguu, JOKTOp TEXHMYECKUX HAYK, Mpodeccop, IKCIepT
o 3apy6exssiM npoektam AO «Wucrutyt I'maponpoext»; uien Mex-
IyHapoIHOI koMuccuH 1o 6onbmuM miotuHaM (CUIB).

© JIsmmmues 1O.I1., 2019

This work is licensed under a Creative Commons Attribution 4.0

International License
o

https://creativecommons.org/licenses/by/4.0/

LVHAMUKA KOHCTPYKLIWIA 1 COOPYXEHUM

YMK Bnepsrie B PO Ob11 pa3paboTaH HOBBIN y4eO-
HBIH Kypc ¥ MOATOTOBJIEHO ydyeOHOoe mocobue «I'nua-
pojoruyeckas U TeXHHUYECcKass 0€30MacHOCTb THIAPO-
coopykeHui» [1] Ans MarucTpoB, 00yJarOIuXcs Mo
crienuanu3aiyy «l uapoTeXHUYECKOe CTPOUTEIHCTBOY
B PY/IH u apyrux By3ax PO.

K nmpenmy1iectBaM METOIONOTHH aHAIN3A U OLIEHKU
puCKa aBapuii runpoTexHmdeckux coopyxenuit (I'TC)
OTHOCSTCS:

— KOMIUIEKCHOCTh METOJOJIOTHH, TaK KaK aHaJIU-
3UPYIOTCS BCE PUUYUHBI M CLIEHAPUH OTKA30B M YUH-
TBHIBAIOTCS MOCIIEACTBHS aBapUii IO BCEM CLICHAPUSIM;

— BO3MOYKHOCTb y4eTa (PaKTOpOB, HE TOIAFOIIHX-
Csl KOJIMYECTBEHHOW orleHKe (Cyddo3nsi TPyHTOB, de-
JIOBEUECKHA (haKTop | 1Ip.);
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— BO3MOXKHOCTb PaH)KUPOBAHHUS OMACHOCTEU IS
koHKpeTHOro I'TC u ero rpynmnel o ypoBHIO pUCKa
JUIS HACEJIEHUs], SJKOHOMUKHU M OKPY>KaloIeil cpeibl;

— SICHOCTh TIpOIIECCa aHajiM3a PHUCKA, MO3BOJISIO-
masi yaydmuTs noHuManue ocodeHHocrerd ['TC u
YPOBHSI €ro 0€30TacHOCTH M BBISBUTH (()HEKTUBHBIC
MyTH TIPEAYNPEKICHAS aBapuil, JOKaIU3aluK 1 JIHK-
BUJIALIMH UX TIOCIIEICTBHH.

B Poccun u 3a pyOexxoM npakTHKa IPUMEHEHHS
aHanuza pucka aBapuii ['TC moka orpaHuyeHa u3-3a
OTCYTCTBUS €AMHOTO TIOIX0a K PEIICHUIO TaKHX 33/1au.
OmnpezeneHHble 3aTpyJHEHUS TIPH OLIEHKE PUCKA CBSI-
3aHbI C BOIIPOCOM O KPUTEPHIX NMPUEMIEMOTO PUCKa
aBapuii ' TC, oco6eHHO pUCKa 71 )KU3HU JTIOJIEH.

1. MeToauka aHa/In3a U OLEHKH PUCKa
aBapuii TMIPOCOOPYKeHH I

B 2003 1. MexyHapoaHas KOMUCCHS IO OOJIBIIIM
mnotuHaMm (CUI'B) Beimyctuna brommerens Ne 130
«Ot1eHKa prCcKa MPH KOHTPOJIE OE30TTACHOCTH TUTOTHH,
B KOTOPOM CJIeJIaH 0030p HCIIOJIb3YEMbIX B aHAJIH3EC
pucka I'TC meTon0B, X TOCTOMHCTB U HEOCTATKOB [2].
[To mHEHUIO aBTOPOB bromiereHs, «B OyayIeM pa3Bu-
TUU BEPOSATHOCTHON KOJMYECTBEHHOW OLIEHKH PUCKA
3aKJIIOYEH MOTEHIMAN 3HAYUTEIBHOTO MOBBIIICHUS
0e301MacHOCTH TUIOTHH.

CUI'B pexoMeHIyeT OICHUBATh PUCK B BHIE Ma-
TEMATUYECKOTO OXKUIAHUS TOCIEICTBUI HACTYTLICHUS
OITACHOTO COOBITHS (KaK MPOU3BEIEHHUE BEPOSTHOCTH
3TOr0 COOBITHS Ha MaTeMaTHYECKOe OXKWIaHWE BENH-
YHMHBI €0 MOCJIE/ICTBUI) UK B BUJE CLEHAPHS BEPO-
ATHOCTEH COOBITHI M MX MOCIeAcTBHiA. TakuM oOpa-
30M, PHUCK 3aBHCHUT OT BEPOSTHOCTH aBAPUH TUTOTHHBI
U €€ MOCJEACTBUN U MPEJCTABIIeT COO0H OOJBIIYIO
BEIMYMHY, JaKe €CIU 3Ta BEPOSITHOCTh OUE€Hb MaJa.

UncneHHbIe pacdeThl OYeHb BaKHBI TPH HICHTH-
(duUKalMK MEeXaHW3Ma aBapuu, UX aHAJIU3 U OLICHKY
BEpPOSITHOCTEH PEaKLUMU CUCTEMBI «IUTOTHHA — OCHO-
BaHHE — BOJOXPAHWIHIIE CBA3BIBAIOT CO CTOXACTH-
gecknuM MeTogoM Monte-Kapio. B mocooun PYJIH
PEKOMEHITyeTCsl MCIIOIh30BaTh POTPaMMbl PACUETOB,
takue kak CADAM [3] u FLAC [4], ana moaenupo-
BaHUS TUIIOB aBapHid TUIOTHH, BKJIFOYAONINX BCE TH-
MBI CKOJIEXKECHHMSI (TEJIO TUIOTHHEI, OCHOBAHHE, KOHTAKT
«OCHOBaHHUE — IUIOTHHA» U JP.), MIIACTUYECKOE TeUe-
HUE TPYHTOB U TPEIIMHOOOpa3oBaHue OETOHA.

B macTosimee BpeMsi oTMedaeTcss TP YPOBHS
MPUMEHSEMOCTH aHAIN3a U OI[EHOK MPUEMIIEMOCTHU
pucka mpu koHTpoe 6ezomacaoctu ['TC [2]:

— B TIEPBOM IpyIIie CTpaH aHAIM3 pUCKa aBapuit
I'TC pexomeHIOBaH U IIUPOKO WCIONB3yeTCs (HarpH-
Mmep, B Hopeeruu, Kanane, Hunepnannax, rae peria-
MEHTHpPOBaH aHAIIN3 PUCKa aBapuil W pa3pabOTaHBI
KPUTEPUH 3TOTO aHANIN34);
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— BO BTOpOM TpyMIe CTpaH BeIyTcs UCCIeA0Ba-
Hus 1o 6e3omacHocT ['TC, HO UMEIOTCS TPYJHOCTH
B WX mpuMeHeHnW (Hampumep, B IlIBermu u Mcma-
HUU aHaJlu3 pUCKa PEKOMEHAO0BaH, HO MPUMEHSAETCS
ITOKA TOJIBKO K KPUTHUECKUM CUTYAIIHSIM);

— B TpeThel, caMoil 0oJIbIIoH, Tpyte crpaH (PO,
Opannus, CIIA, AHrMU U p.) TNPUHATA TO3ULNS
BBDKHMJAHMS, aHAJIU3 PUCKA MCIIONIB3YIOT B MIPOMBIII-
JIEHHOCTH, HO MokKa He npuMenstoT K I'TC, 3a otaens-
HBIMH UCKITIOYEHHSIMHU.

Anamms u oueHka pucka aapuii I'TC B Poccun pe-
TJIAMEHTHPOBaHbI TpeOoBaHMsAMN DeepanrsHOTO 3aK0Ha
«O o6e3omacaoctr I'TCy» 1 pactpocTpaHstoTCsl Ha TUIO-
THHbL, 30aaust [ 9C, BomocOPOChI U BOIOCITYCKH, TYHHE-
T, KaHaJbl, CyIOXOIHBIC IILTIO3BI, COOPYKECHUS IS
3aIIUTHl OT pa3pylIeHHH OeperoB BOJOXPAHIUIUII H
pycen pek, 3alUTHbIE 1aMOBI JKUAKUX OTXOIO0B IIPOM-
OpeanpuaATui (XBOCTOXPAaHWINI), aBapPHUH KOTOPBIX
MOTYT MPUBECTH K KPUTUIECKON CUTYaIHH.

B 2003 r. 8 CHull 33-01-2003 [5] ObLTH BKITIOUCHBI
JIOTTyCKaeMble 3HAUEHUsI BEPOSATHOCTEH BO3HUKHOBE-
Hus aBapuil Ha I'TC I-1III xnaccos: mus I xmacca —
5-107° 1/rom, wst I1—5-10* 1/rom, mst I — 2,510 1/ro.

B 2000 r. AO BHUUI paspaboran «Metoauue-
CKH€ YKa3aHHs I10 NMPOBEICHHIO aHalIM3a pUCKa aBa-
puit I'TC», ycTaHaBIUBAIOIINE METOIUICCKUE TIPHH-
LUIIBI, TEPMUHBI U ONpEIeNeHUs aHaTu3a PHCKa,
TpeboBaHUS K O(POPMIICHHIO PE3yJIbTATOB M METOIBI
aHanu3a pucka aBapuil I'TC pa3HBIX TUIOB U Kiac-
coB [6]. B 2003 r. AO HUUNDC paszpadoran «Meto-
UKy OIleHKH ypoBHs Oe3omacHoctu ['TCy» [7], uc-
MOJIb30BaHHYIO B yueOHOM nocoouu PYJIH [1].

['maBHas mpoGniema Mpy OLICHKE PUCKa aBapHid 1I0-
TUH 3aKJIFOYAeTCs B €€ aJIeKBaTHOCTH CUTyalluH MpH-
HATHA pemieHus. [Ipu oleHke prcka cieayeT YYUTHI-
BaTh, YTO OH HOCHUT YCJOBHBIM XapakTep U ompene-
JsieTcsi OOBEKTHBHBIMU M CYOBEKTUBHBIME (haKTOpa-
MH. AJIEKBaTHOCTH OIEHKM PHCKAa aBapHH IUIOTHHEI
3aBHCHT OT KBaJTU(HUKAIIUU DKCIEPTa U €r0 YMEHUS
paboTath ¢ ITUMH (aKTOPaAMH.

[Ipu orieHKe TEXHOTEHHOTO PUCKA PELIalOTCsI CIie-
nytrorye 3anaqn (puc. 1).

1. 3a0auu ananuza pucka, B OCHOBE KOTOPBIX Jie-
KHUT UICHTH(UKAINS OMACHOCTEeH U (PaKTOpOB pUCKa,
CBOZSIIAACS K BBIBICHHIO OMACHBIX HEKOHTPOJIUpYe-
MBIX OOCTOSITENIBCTB U UCTIBITHIBAIOIINX OMACHBIC BO3-
JeiicTBUS 00BEKTOB pHUcKa. B aHamm3e prucka ycTaHaB-
JIMBAIOT MPHYMHHO-CJIEJCTBEHHBIE OTHOILEHUS MEXITY
OTACHOCTSIMU U (PakTOpaMH pUCKa, BO3AEHCTBUSIMU Ha
I'TC u ero oTBETHBIMH PEAKITUSAMH, a TAaKXKe TOTCHITH-
abHBIe yIIEepObl, OIIEHUBAIOT BEPOSITHOCTH WX BO3-
HUKHOBEHUS IS TOCIIEAYIOIIEH OLIEHKH PUCKA.

2. 3adauu oyenxu pucka, Cpenu KOTOPBIX Pasiv-
YaroT 3a/1a4d OIIEHKU MPUEMIIEMOCTH PUCKa, 3aa4H
pacdera (OIlEeHKH KOJMYECTBEHHBIX 3HAUYCHUH PUCKA)
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¥ 3a]a91 OLIEHUBAaHMS PUCKa (TIPOBEPKH 3HAUSHUI PHC-
Ka Ha JOITyCTUMOCTH ).

3. 3aoauu ynpasnenus puckom. OIHON U3 CIOXK-
HBIX 3a7a4 uccienoBaHuil pucka aBapuil [ TC sBrser-
sl OIIEHKA €T0 MPUEMIIEMOCTH. PacueTs! prcka BexyT
M0 TPUHIMUIY «Iy4YIlle MEePEOIECHUTh PUCK, YEM €ro
HEeJ0ONEeHUTHY. OIEHKY MMPUEMIIEMOTO PUCKA yCTaHAB-
JIMBAIOT COTJIACHO ITPABHITY MPaKTHIECKH 000CHOBaH-
HOTO MHHUMAIJIBHOTO pucka (as low as reasonably
practicable risk principle, ALARP).

OneHKy pucka aBapuil TNIOTUH MOXHO IPOBOAUTH
C HUCIOJIb30BAHUEM PA3HBIX METOJIOB, YUUTHIBAS allpH-
OpHYIO U allOCTePHOPHYI0 WHPOPMAIIHIO, CTAaTHCTHYC-
CKue JaHHbIe 0 BeposiTHocTax peaknuilt ['TC Ha BO3-
neiicTBusa. CrielalMcThl 9acTO HE MMEIOT BO3MOXK-
HOCTU HETOCPEJICTBEHHO NIPUMEHUTH BEPOATHOCTHBIE
MOJIENH, Ha KOTOPBIX MOTYT 0a3upOBATHCS PaIlOHATE-
HbIe BBIBOJIBI. Cpeil OCHOBHBIX CIIOKHOCTEH MOXKHO
OTMETUTh HEBO3MOXXHOCTh YETKO MOJIEIUPOBAThH PAJl
¢dopm aBapuii I'TC.

IIpoxyueHTs pucka
[Risk producers]

Wnenrudukarms omacHoCTe : PerunueHTsl prcka
[Identification of dangers]

[Risk recipients]

AHa/IN3 pUCKa
[Risk analysis]

Wnentudukarys
[Identification

(hakTopoB pHcKa
of risk factors]

Cuenapuii apapuii
[Scenario of accidents]

AHanu3 BO3JIeHCTBUI U peakuuit
[Analysis of load action and reaction]

VcTaHOBIICHHE IPUYMHHO-CIIE/ICTBEHHBIX OTHOLICHHI
MEX/Ly ONacHOCTSIMH M (hakTopamu pucka
[Establishing cause-and-effect relations
between dangers and risk factors]

Amnanus ymep0a 1 Bpeaa
[Analysis of damage and harm]

OrieHKa BEpOATHOCTEH MHUIIMUPYIOMINX COOBITHI, COCTOSIHUI U UX CIEICTBUI
[Estimation of probabilities of initiating events, states and their consequences]

OuneHka pucka
[Risk assessment]

OreHKa NPUEMIIEMOCTH PHCKa
[Assessment of risk acceptability]

Pacuersl 1 OLICHUBaHKE PHUCKA
[Calculations and risk assessment]

VYuer anbTepHaTHB
[Accounting of alternatives]

YnpasJjieHne pucKaMu
[Risk management]

Wudopmuposanue o pucke
[Information about risk]

IIpunsrue pemenuit
[Decision making]

MOHHUTOPUHT ¥ KOHTPOJIb PHCKa
[Monitoring and risk control]

Puc. 1. biok-cxeMa OCHOBHBIX 3a/1a4 UCCJIEJOBAaHUN TEXHOT€HHOT'O PHUCKA
[Figure 1. Flow chart of the principal tasks of technological risk studies]

Onenky pucka aBapuit I TC MOXHO OCYIIECTBIISTD
KaK COIIOCTaBJIEHUEM pACUYETHBIX 3HAUEHUHN PHUCKa C
JONyCTUMBIMH, TaK ¥ BBIOOPOM U3 BO3MOXKHBIX pe-
IIeHUH BapHaHTa, MPU KOTOPOM PUCK MUHHUMH3HUPY-
etcs (cornacHo npuHuuny ALARP).

AHanW3 M OIIEHKA PHCKa CBA3AaHBI C AaHAJIM30M U
OIIEHKON TeXHOTeHHOW Oe3omacHocTH. IIpu aTOM pHck
BBIpaKaroT 4Yepe3 BEpOSITHOCTh aBapHH, KOTOPYIO pac-
CMaTpHBAIOT KaK KOJIMYECTBEHHBII MOKazaresb Oe30mac-
HOCTH, HaIlpIMep, BEPOSITHOCTh OTKa3a — KaK MOKa3a-
TeJb HAJEeKHOCTH.

[IpencraBnenue pucka aBapuil B GopMe BEpOsT-
HOCTH IPHU OLICHKE 0€30I1aCHOCTH IJIOTHHBI ONPAaBa-
HO. J[71s 15000T0 OMAcHOTO BO3NEHCTBUSI (THUIPOIIOTH-
YeCKOTr0, CTaTUYECKOI0, CECMUYECKOrO U T.II.), KaKk
MIPABUJIIO, TTOCIEACTBHSI aBapUH IJIOTUHBI MOTYT CHJIb-

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

HO HEe OoTiHYaThcsa. HeT OodbIIMX OTIAMYMIA B TOM,
M3-3a YeT0 COCTOSUICS MPOPHIB HAMMOPHOTO (POHTA!
13-32 OOPYIICHUS 0TKOCA IUIOTUHBI OT 3EMIICTPSICEHHS
U pa3KIKeHHs IPYHTOB, MEPENNBa BOJBI H3-3a OCA/I-
KM TpeOHs MJIOTHHBL, 0TKa3a BOJOCOPOCOB, 3aKIUHU-
BaHWsI 3aTBOPOB, Cy(Ppdo3uu TpyHTOB U ApP. DKOJIOTH-
YecKHe M 9KOHOMHUYECKHE MOCIIeICTBUS POPhIBa Ha-
MOPHOTO (POHTA OT ITHX HPUYUH MOTYT OBITH OJIN3-
kuMu. COIMaIbHbIC MOCIECTBUS TAKKE MOTYT OBITh
ONIBKIMH, 0COOEHHO KOTJa YHCIO JKEPTB MaJlo 3aBHU-
CHT OT BPEMEHHM J00eraHus BOJHBI IpophiBa. B aToM
cllydae OICHKA PHUCKAa OYEHb YIPOIIACTCs, TaK Kak
MOJKHO HE OIIEHUBAThH YHCIIO MOTEHIMATBHBIX KEPTB,
9KOHOMHYECKHE U HKOJOTHYECKHE MOTEPU. ITO MPH-
eMJIEMO U TOT/a, KOTAa PacXOKICHHE B BEPOSTHOCTSIX
OTACHBIX COOBITHI OTBEUACT PACXOXKICHHUSAM COOTBET-
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CTBYIOIIIUX PUCKOB W KOTJA TIOCIIC/ICTBHS aBapUH Ka-
TaCTPOQHUYHBI U UX TPYIHO OIEHUTH KOJIMYECTBEHHO.

Br16op merosa aHanm3a 1 OIIEHKH PUCKa 3aBUCHT
OT LeJNH UccieoBaHui pucka. OObeAMHEHUE 1IETH
WCCIIEIOBAaHUH PUCKA C METOJIOM €r0 aHaIn3a U OIICH-
KH OMpeIeNseT MepCIeKTUBRl OLIEHKH PHCKa aBapuil
TUIOTUH W HCIOJIb30BaHHUE PE3yJIbTaTOB ITHX HCCIIe-
JIOBaHUM Ha MPaKTHUKE. DTO MOTYT OBITh 3a/1a4H, CBS-
3aHHBIC C PACKPBITUEM HEOIPEACICHHOCTH, 3aJa9n
ONTUMM3ALINHU U BBIOOpA Cpear BOSMOXKHBIX PEIICHHUIH
BapUaHTOB ¢ MUHHMAJIBHBIM PUCKOM.

B Bompoce packpbITHs HEOTIPEIETIEeHHOCTH OIIeHKa
pUCKa aBapuil IUIOTHH MOXET MPOBOIUTHCS IS pe-
HICHUS CIEeNYIOUINX 3a/1au:

— PaHXHUPOBaHUs OMACHOCTEW H (PAKTOPOB pHC-
Ka C BBIBICHHEM NMPHOPHUTETHHIX. PUCK TOHKO pea-
THpYyeT Ha U3MEHYMBOCTh M HEONPEIEICHHOCTh JaH-
HBIX, ITUPOKO U3MEHSETCS, TUATHOCTUPYS MPOOIIeM-
HBIE (DaKTOPHI;

— ucciegoBanus noseneHus ' TC ¢ TOUKH 3peHUS
M3MEHUMBOCTH €T0 pEaklWii Ha Clly4yallHbIC U3Me-
HEHUS BHEIITHUX BIUSHAN U yCIOBUI SKCILTyaTalluu;

— 000CHOBaHUS MMOTPEOHOCTH B JOTIOTHUTEIILHOM
uH(popmanuy U ucciaeqoBaHuAX. PasHble H3MEHYH-
BOCTb ¥ HEOTPEIEIEHHOCTh (DaKTOPOB U IapameTpoB
MPOU3BOASIT pa3HbIe BKIAIBI 3THX (DaKTOpOB W Ta-
pamMeTpoB B oOmuil puck aBapuii. PUCK yka3bpiBaeT
Ha MecTa, TJie HeOopeIeIeHHOCTh POSBIECTCS MaK-
CHUMAITBHO;

— paccMOTpeHHs OLIEHKH PHCKa aBapwii Ha IIIO-
THUHAaX KaK UTEPAllMOHHOTO MPOLECcca, MOBTOPAIOLIE-
rocsi, KOTjia Imoctynaer HoBast nHpopMaius. 3HaHUe
PHCKOB ITOMOTaeT BBISIBUTH aJT6TEPHATUBEI, CHIDKAIOIIINE
UACHTH(GUIIUPOBAHHBIE PUCKH C YYETOM OTpaHUYeH-
HOCTHU PECYPCOB Iyis oOecrieueHus: Oe30macHoCTH. BhI-
0Op ONTUMAIILHOTO PEIISHHsI MOXKHO CENaTh C yde-
TOM TIPUOPHUTETA PHCKOB;

— MOAU(UIIUPOBAHUS OIICHKU PUCKA COTTIACHO HO-
BBIM JIAaHHBIM, YCTAHOBJIEHHSI HOBBIX OIPEIENISIOIINX
(daxkTopoB u mapameTpoB (puc. 2). I PpeKTHBHOCTH
MEPONPUATHH, HAPaBJICHHBIX HA YMEHBILICHUE PUCKa,
OIIEHHMBAETCS TIPU COIOCTABJIEHNUH PUCKOB, TIPOTHO3H-
PYEMBIX [0 ¥ TIOCIIe BHEAPEHHS COOTBETCTBYIOIINX Me-
ponpusThil. B TakoM Buzie OLIEHKA pUCKa aBapuil ILI0-
TUH CTAaHOBUTCS UHTETPAJBLHON COCTAaBJISIONICH MPO-
recca obecrieueHuns ee 6e30MacHOCTH.

C yuerom cinoxHocTtedt B aHamuze pucka ['TC
HenoctaTok nHpopmarmu o ['TC 3acraBnser cnenya-
JICTOB HCIIOJB30BaTh KaK KOJIWYECTBEHHBIE, TaK U
KaueCTBEHHBIE OIleHKH ypoBHs Oe3omacHoctu I'TC ¢
IIPUMEHEHUEM 3KCIIEPTHBIX CYKICHUH U CTaTUCTHYE-
ckux naHHbIX 00 aBapusx ['TC. DTu npu4uHEI CIO-
COOCTBYIOT Pa3HOOOPA3NIO TPHEMOB aHAJIH3a 1 OIICHKH
pucka aBapuii ['TC. [Ipouenypa ananmusa pricka Han6o-
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Puc. 2. Pe3yipTaTsl pacd4eToB BEPOSITHOCTH aBapUH
6eronHoit mnotuHsl bypeiickoit [9C
mpu BBoOJE e¢ B dKcuryaTanuo B 20032008 rr.:
A - BEPOSATHOCTD IIOTEPU yCTOP’I‘IPIBOCTPI IIJIOTUHBI,
W — BEPOATHOCTH IIEPEIUBA BOJIbI YEPE3 INIOTHHY,

4 — 000011IeHHAs] BEPOSITHOCTD aBAPUU IUIOTUHBI
[Figure 2. Results of analyses of the probability of an accident
of concrete dam of Bureya hydropower plant
during its commissioning in 2003-2008
A — probability of stability loss of dam;

m — probability of water overflow of dam;
¢ — generalized probability of dam accident]

Puck — nuHaMu4eckast XapakTepUCTHKA OMaCHO-
CTH — COYETaHHE YaCTOThI U MOCIEACTBUNA KOHKPET-
HOTO OIAcHOTO COOBITHS. PHCK BKITIOYaeT /1Ba 31eMeH-
Ta: OKUAAEMYI0 YacTOTYy pealu3allly OMacHOro co-
OBITHS M €O IOCIEACTBHSL.

Ananu3z pucka — npolecc yCTaHOBJICHHSI OIIacHO-
CTel M OLIEHKH PUCKA JUIS OTAENBHBIX JIULI, UMYIIECTBA
U OKpY>Kalollell MPUPOIHON cpelibl, KOTOPBII 3aKII0-
YaeTcs B UCIOJb30BaHUU MH(POpMALUH IJIs1 yCTAHOB-
JIHHUS OIMACHOCTEH M OLEHKH PHCKA, OMpPEAeTICHHBIX
1o pe3yibraraM naeHTuukanuu aBapuid I TC.

Hoenmughuxayus onachocmu — TPOIECC BBISB-
JICHUSI CYIIIECTBOBAHUS OMACHOCTH MCTOYHMKA IOTEH-
LIUAIBHOrO yuiep0a JI0AIM, UMYIIECTBY U OKpYyXka-
IOLLIEH cpere.

Buiuucnenue pucka — onpenenenne ypoBHs puc-
Ka aHaJM3UPYEMOM OMAaCHOCTH JJIS 3/I0POBBS UeNo-
BEKa, UMYLIECTBA U OKpy>Karoleil cpeapl. Berancie-
HUE PUCKA BKJIOYAET aHAIM3 M KOJUYECTBEHHYIO
OLIGHKY YacTOTBI peallu3allii OIaCHOTO COOBITHS,
aHaJIN3 U OLICHKY MOCJIEICTBHI OMacHOrO COOBITHA U
UX COYETaHHE.

Oyenka pucka — TIPOTIECC BBIPAOOTKH PEIICHMSI,
SIBJIFOTCS JIU BBIYMCIICHHBIE PUCKH IPUEMIIEMBIMU, MEPBI
koHTpois 32 ' TC ageKkBaTHBIMU M, €CJIH 3TO HE TaK,
KaKHe JIOIOJIHUTEIbHbBIE MEPBl KOHTPOJISA TPEOYHOTCH.

Jlonycmumsiti puck — pUCK, YPOBEHb KOTOPOTO
JOMYCTHUM, 00OOCHOBaH MCXOJS M3 YKOHOMHYECKUX U
COIMAJTEHBIX COOOPaKCHHI.
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2. OcHOBHBIE BOIIPOCHI, HA KOTOPbLIEC
AHAJIU3 PUCKA JOJKEH 1aBaATh 0TBEThHI

UTO TIIOXOT0 MOKET MPON30UTH? — Hoenmughu-
Kayus onacHocmel.

Kaxk vacto 3to MmoxeT ciayuatbcs? — Ananus ua-
cmomul.

Kaxue OynyT mocnenctBus? — Auaius nocieo-
cmeutl.

[IpuBeneHBI XapaKTEPHCTHUKH CIIEMYIOININX METO/IOB
anaynm3a pucka: 1) «Yro Oyxer, ecnu?» (What if?);
2) nposepounsiii nuct (Check list); 3) ananu3 onacHo-
ctu u paborocrnocodbHoctu I'TC (Hazard and operabi-
lity study — HAZOP); 4) apapuu ['TC u ux nocnen-
ctus (Failure mode and effects — FMEA); 5) ananus
aBapui, UX MOCIEICTBUN U KPUTHUECKUX COCTOSTHUN
I'TC (Failure mode, effects and critical analysis —
FMECA); 6) ananu3 nepeBa otkazoB (Fault tree ana-
lysis — FTA); 7) ananu3 nepesa coObituii (Event tree
analysis — ETA).

OCHOBHBIE TTOJIOKEHUS aHAJIN3a U OLIEHKH PHCKa
pacnpoctpansiorca Ha 'TC Bcex THIOB M KIIaccoB.
B moco6un [1] npencraBneHs! hparMeHTHl peann3a-
MU OCHOBHBIX TIOJIOXKEHHH, OPUEHTHPOBAHHBIX B TIEp-
BYIO Ou€pe]lb Ha TPYHTOBBIE U BOJOCOPOCHBIE COOPY-
skenus ([Ipunoxkenus 2, 5). Ananu3 pucka OETOH-
HBIX TUIOTHH W HAKOMHTEJEeH MPOMOTXOJOB, COOpY-
JKEHUH JUISl 3allUThl OT HABOJHEHUN M pa3pylIcHUH
OeperoB BOJOXPaHMIHUIL MOKHO BBIITOJHSTH COTJIac-
HO ykazaHusM [lpunoxenuit 1, 3, 6, KOTOpble MOTYT
OBITH JIOTIONHEHBI HACTOALICH METOOUKON aHaiIu3a
KOJINUEeCTBEHHOU oueHku pucka aBapuit ['TC pas-
HBIX THIIOB M KJIACCOB.

Pa3no00pazie MeTomvK MOKa3hIBaeT JUHAMUIHOCTh
COBPEMEHHOTO COCTOSHHMS MPOOJIEMbI aHAITN3a U OLIEHKU
pucka aBapuii ' TC B Poccun u 3a pyoexxom. Ceiivac,
kak ormedeHo B bromnerene Ne 130 CUI'B [2], noka
MAaJIOBEpOSITHA €MHAsI METOJMKa aHaJIi3a pUCKa aBa-
puii I'TC. Bosnee npoayKTHBHOM siBIsieTcst GopMyn-
pOBKa OOMIMX TMOJIOKEHUH METOAVMKH aHaIn3a U OIIeH-
ku pucka aBapuu [ TC.

3. ObdsacTi MpUMeHeHus!
aHaym3a pucka apapuii I'TC

Ha smane pazmewenuii u npoexmuposanus I'TC:

— UACHTH(HUKAUS ONAaCHOCTEH W CPaBHHUTEIb-
Has olieHKa pucka aBapuii ['TC nmst pa3auuHbIX Ipo-
eKTHBIX PEIIEHHH NP 00O0CHOBAaHWH ONTHMAIFHOTO
BapHaHTa;

— 000CHOBaHHNE TIPUEMIIEMOCTH PHCKa aBapuid Po-
extupyemoro I'TC st mepcoHana, HaceaeHUs, UMY-
LIECTBA U NPUPOIHOM Cpelbl TEPPUTOPHH;

— TOArOTOBKA MH(pOpPMALUK sl pa3pabOTKH HH-
cTpykumii o 6e3onacHoctr [ TC, MtaHOB TMKBUIAIIAN
aBapuu U JACUCTBUHN B UpE3BbIUANHBIX CUTYAIIUAX;

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

— 000CHOBaHHE CTPaxXOBBIX TAPU(POB U CTABOK LIS
3aKITI0YEHHS JJOTOBOPA CTPAXOBAHHS IPa’KIAHCKOM OT-
BETCTBEHHOCTH 00BeKTa — Biagenbia [ TC.

Ha smane sxcnnyamayuu u pexoncmpyrxyuu I'TC:

— yTouHeHHe uH(popManuyu 00 OCHOBHBIX ONAcHO-
CTSX (HampuMep, IpU U3MEHEHUN COLUAIBHO-3KOHOMH-
YecKoi HH(PaCTPYKTyphl B HI>KHEM Obe(e THIPOY3a);

— oneHka cootBercTBuA coctosHusa ['TC u ycmo-
BUH €ro 3KCIUTyaTalu HOpMam;

— OmpeJieNieHHEe MPUOPUTETHBIX MEP [0 PEMOHTY
u pexonctpykiuu ['TC, obocHoBanne 3QPeKTUBHO-
CTH 3aTpaT HAa PEMOHT U PEKOHCTPYKIIHIO;

— YTOYHEHHE CTPaxOBbIX TAPU(POB U CTABOK;

— TIIATENEHOE Pacclie/IOBaHNe IPUYUH aBapuid U
Henoimagok I'TC;

— pa3paboTKa peKOMEHIAIMi TI0 OpTraHu3aIy 0e3-
omnacHoil 3kcrutyatanuu ['TC, BaumoneiicTBuio ¢ op-
raHaMH Ha/130pa, JTULEH3UPOBAHHUIO U T.JI.;

— COBEpILEHCTBOBAaHUE IUIAHOB JIOKAJIM3ALMU aBa-
PUMHBIX CUTYyallui U JeHCTBUI.

4. MeToabl aHAIN3a PUCKOB

OTH METOJIBI €Ile He JTOCTYITHBI IS TOTHOCTHIO
KOJIMYECTBEHHOTO Y TIIATEIHHOTO aHAIN3a PUCKOB IS
mwiotuH. Ceiuac CTpyKTypa aHalld3a PUCKOB MOXKET
OBITh WCIIONTB30BaHA ISl OOECIIEYCHUs] XapaKTepUCTH-
KM WHJEKCa PUCKOB, SBJISFOIIIXCS YaCTHIHO HAYYHBI-
MU ¥ YaCTUYHO CYOBEKTHBHBIMH, C IIETBIO €r0 TpHUMe-
HCHUS MPU YIPABICHUU 0€30aCHOCTHIO.

Nmeetcs oOmmpHas maTepaTypa 1o oO0ImyM pHH-
[IUIIaM aHaJiu3a PUCKOB, B YACTHOCTH, TI0 aHAIN3Y pe-
xuMoB paspyuieHuit (FMEA u FMECA), ananusy ne-
peBa O0TKa30B u MeToJaM HajexkHocTH. C Apyroi cTo-
POHBI, HEIOCTATOYHO JINTEPATYPHI IO aHATU3Y JlepeBa
COOBITUH M IPYTHM aHATUTUYCCKHM METOJIaM, TAKUM
KaK aHaJ M3 TIOCIEICTBUH pa3pylIeHUs TUIOTHUHBI, He-
00XOIMMBII JIJIs1 aHaJTN3a PUCKOB. B HacTosmmiee Bpe-
MsI TIPOBOJISITCSI MCCICIOBAHUsI, HAIPaBJICHHBIC HA
pa3BHUTHE HEOOXOJMMBIX 3HAHWUN U COJICHCTBHE pa3-
BHUTHIO aHAJIN3a PUCKOB.

XOTS CyIIECTBYET MHOTO CIIOCOOO0B, C TIOMOIIIBIO
KOTOpBIX 0a30Basi METOIUKA MOXKET OBITh MPUMEHEHA
K WH)KEHEPHBIM CUCTEMaM, a TakXkKe CIioco0, B KOTOPOM
BBIXOJHBIE JTaHHBIE BKJIIOUEHBI B OOJiee MIMPOKHE
HCCTIEIOBAHUS PUCKA U HAHCIKHOCTH, UCIIOIB3YIOTCS
nBe onpeneneHabie metoaukn: FMEA u FMECA (pe-
KUM pa3pyLIeHUs, TOCIEACTBHUSI U aHaJIN3 KPUTUIHO-
ctr). bonbioe paznuure MEXIy STUMU ABYMS TIPH-
JIO’)KEHUSAMHU B TOM, YTO TMIEPBOE KACAETCS TOJIBKO IO-
HUMaHUs [Uana30Ha U BIUSHUS PEXUMOB pa3pylile-
HUS CHCTEMEBI, a BTOPOE MEPEUHCIISIET CBEICHMS O Be-
POSITHOCTH BOHUKHOBEHUS U TIOCIEACTBUS IS KaX-
JIOTO PEeXHMa pa3pylIeHUs. DTO MO3BOJSET PaHKH-
pOBaTh pazNUYHBIE COOBITHSA B TOPSAKE MPUCBOCH-
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HOro peituHra pucka. I'maBusie npuniunsl FMEA
u FMECA sBrisroTcs o0IUMU I MKy HAPOIHBIX
CTaHIAPTOB M OYAyT TOHSATHBI U MPUEMIIEMBI TS IITH-
POKOr0 Kpyra MeXIyHapOIHBIX 3KCIIEPTOB PUCKA.
Amnamu3 nepeBa coobrtuii (ETA) — aTto MeToamka,
KaueCTBEHHAs WJIM KOJIMUECTBEHHASI, KOTOpasi UCTIONb3Y-
eTCs JUTs OTIPENICTICHUST BOBMOYKHBIX PE3YyJIbTaTOB H,

eclIi TpeOyeTcs, UX BEPOSTHOCTEH, YUUTHIBAS BO3SHHUK-
HOBeHHe ncxoqHoro coObrtust. ETA — 310 MHIyKTHB-
HBIM peXuM aHalli3a, OTBEYaIIIMi Ha Bompoc «YUTo
npousoiiner, ecnu...?». Hanpumep, «Uto npousoiiner,
eciu OyJIeT BRICOKUH MTPUTOK B Bogoxpanumuiie (BB)?»
[Tpumep nmepeBa COOBITHIA U OJHOTO PEXHMMa Paspy-
IICHUS TUTOTUHEI OT MAaBOJIKA MPE/ICTABIICH Ha pHC. 3.

AHaJii3 OacHOCTH
[Hazard analysis]

AHaIM3 peakuuy MoACHCTEMBI
[Sub-system response analysis]

OreHKa pucka
[Risk estimation]

BeposrtHocTh Ananu3 nociaeAcTBUH
[Probability] [Consequence analysis]
Onpe;[egeHo U3 AHAIN3A BEPOSTHOCTH KOHOMITECKHE OUHAHCOBLIE
[Determined from reliability analysis] noTepH noTepH
[Economic losses] | [Financial losses]
OrnpesiesieHO U3 aHaIu3a JiepeBa 0TKA30B pal;;nyour;;:';lcﬂ
[Determined from fault tree analysis] Pz<o " P/=Py- o % Perx Pz<o 10, 000,000 25,000,000
[Dam fails by sliding]
P, "¢/ | 3arBop BomoCIBA
He paboTtaeT n
[Spillway gate
in failed state]
ITpurox Gosbire IInoruna _ )
pacxoza Bosl He paspyIaeTes Pi=Pys oy X Pgfx (1-Pz<0) 0 5,000,000
Po>om 4yepes TypOHHBI — — [Dam survives]
[Inflow exceeds 1-P P
. . z<0 gf
turbine capacity]
3aTBOp BOJOCIHMBA
| paboTaer
OrnpeneneHo u3 1 —Pgr| [Spillway gate Pr=Pg>o(n > (1= Pg) * (1 -Pz<0) 0 0
aHaJm3a rnpuroka B Bb operable]
[Determined from

inflow analysis]

Puc. 3. [Ipumep runorernyeckoro anaiausa aepesa coobiruii (ETA):
[Figure 3. Example of hypothetical analysis of the event tree (ETA)]

B Mmeromuke ETA mo 6e30macHOCTH IUIOTUH BBI-
SBJISIETCS. B3aUMOCBS3b MEXIY (PYHKIHOHUPOBAHHEM
WJIN OTKa30M Pa3HBIX 00JIETYarOUINX CUCTEM, YTO IO-
JIE3HO IS OTIpesieNieHus1 COOBITHI, KOTOpEhIe Tpeldy-
10T JaJIbHEHWIIETo aHajIn3a METOIOM JepeBa OTKa30B
(TO ecTh OTHENbHBIC BETBH JEpeBa COOBITHH CTAaHO-
BATCS TJIABHBIMUA COOBITHSIMH).

Amnanmu3 aepeBa otka3oB (FTA) — ato meToauka,
Ka4eCTBCHHAs MJIM KOIUYECTBEHHAs, C TOMOIIBIO KO-
TOPOH yCIOBHSI M (DAKTOPHI, CIIOCOOCTBYIOIINE OTIpe-
JIETICHHOMY He)KeJaTeIbHOMY COOBITHIO (Ha3BaHHO-
MY TOI-COOBITHEM), JETyKTUBHO ONpE/ACICHBI, JOTU-
YECKH OPTaHU30BaHBI M MPEICTABIECHBI I'PapUIECKH.
OTKa3bl, onpe/eeHHbIe B JepeBe, MOTYT OBITh CBsI-
3aHBl CO COOSMHM ammapaTHBIX KOMIIOHEHTOB, 4eJo-
BEUYECKOW OIIMOKON WM JIOOBIM JPYTHM COOBITHEM,
KOTOpO€ NPHUBOAUT K HEKEJIATEIbHOMY DPE3YJIbTaTy
(manpumep, niepenuBy namObl). HaurHas ¢ Ton-coObl-
THSI, OIPENEISIOTCS BO3MOXKHBIE IIPUYNHBI (PEXKUMBI)
OTKa3a Ha CIIeMyIoIeM, Ooee HU3KOM, YPOBHE (DYHK-
UOHAJBHOU cucTeMbl. llocie momaroBoro ompene-
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JIEHUSI HeXKEIaTeIbHON paboThl CHCTEMEBI MTOCIICIOBA-
TEJNBHO HI)KHUE YPOBHHU CHUCTEMbI TIPUBEIYT K Kela-
€MOMY YPOBHIO CHCTEMBI, KOTOPHIH OOBIYHO SIBIISICT-
CSl PSKUMOM OTKa3a KOMIIOHEHTA CHCTEMBL.

Ha puc. 4 nmoka3zana Mojens pa3pyllieHHs IpH
cIBUre OETOHHOH IJIOTHHBI B aHAIN3€ HAIEKHOCTH.
BeposTHOCTH pacCUMTBIBAIOTCS C WCIIONB30BAaHUEM Me-
TOJIOB TEOPUHU HAIECKHOCTH, TAKUX KaK MeTod MoHTe-
Kapmo (yposens I1I).

Bo3MOXHOCTE HCTIpaBIIeHHsT HECTIOCOOHOCTH YeI0-
BEKa 3aKPBITh, HAIIPUMED, BOJOBOJI B COUETAHUH C Pa3-
PYIICHHEM KOHCTPYKIIMH PacCMaTPUBACTCSA KaK 3HAUM-
TEITFHOE MPEHMYIIIECTBO BEPOSTHOCTHOTO TTOIXO/1A, KOTO-
pBIii 0OBIYHO MCTIONB3YETCS B aHAIM3E PHCKOB. 3a II0-
cnenuue 20 JeT MOSBUIOCH MHOKECTBO JUTEPATYPhI
[0 METOJaM TEOPHH HaJe)KHOCTH, BKIIOYAs aHAIIN3
HaJeXKHOCTH 4esioBeka [8; 9]. UenmoBeueckuit hakTop u
aHaJIN3 HA/ICKHOCTU YENIOBEKA SIBITIOTCS KPUTUYECCKU
Ba)KHBIM 3JIEMEHTOM M 711 aHaim3a HaaeskHocT ' TC.

Puck ompenenseTcss KOJIMYECTBEHHO, CBS3BIBAS
KaKJI0€ 3HAUYCHUE BEPOSTHOCTH JJISl KAXKION BETBU B

DYNAMICS OF STRUCTURES AND BUILDINGS
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JiepeBe COOBITUI WM KaXKI0H TOYKH JaHHBIX B JIepe-
Be 0TKa30B. IHIMBHya pHBIE BEPOSATHOCTH OOBIYHO
3aJ1af0TCs, UCIIONB3YSI CTATHCTHYCCKHUE OIICHKH, WH-
>KEHEpHBIC MOJCIU U PKCIEPTHBIC MHEHUS B3aUMO-
JOTIONHAIOMUM o0pa3zoM. B nocnennue 10 net mo-
SIBIUTMCH OOIIME TIPUHITAITEI KOJIMIECTBEHHOTO aHAJIN-
3a PUCKOB, KOTOPBIE 00CCTICUNBAIOT MOJIC3HOE PYKOBO/I-
CTBO MpHY MPUMEHEHUH aHAJIU3a PUCKOB JJISl OILICHKU
6e3onmacHocTH IoTHH [10].

Zsjiaing < 0 (i.e. F— P <0);
P =0,5pu(h)’;
F=(G-Utge;

G = pc[(bH + 0,5(B — b)hs]hy;

U = 0,5ph,B.

b

—

Puc. 4. Mopenp paspyliieHus Opy caBUre OETOHHON IJIOTHHBI
B aHAJIN3€ HAICKHOCTU
[Figure 4. Model of sliding failure of concrete dam
in the reliability analysis]

OCHOBHBIC MTPUHIIUIBI KOJIMYSCTBECHHOW OIICHKH
JiepeBa COOBITHI 3aKIIOYAIOTCS B TOM, YTO IPOIIECC
9TOM OIICHKU OOJDKCH OCHOBBIBATHCA HA BOCIIPOU3BO-
JTIUMOCTH, WCTIPABICHUM HEOIPEICICHHOCTH, IPOBEPKE
JIOCTOBEPHOCTH.

Bocnpouzeodumocms — y cieluanncToB ecTh BO3-
MOYKHOCTh ITPOCMATPHUBATh U MPU HEOOXOJAUMOCTH BOC-
MPOM3BOAUTH pacueThl. ClIeIOBATENBHO, PACUCTHBIC MO-
JIEITU TIOJTHOCTBEO OTIPEIEIICHBI M JJAHHBIC JIOCTYITHBIL.

Heonpeoenennocms — OLGHKU PHCKa COIPOBOXK-
JTAFOTCS] aHATM30M HEOTPE/ICTICHHOCTH B KAXK/IOHM OIICH-
ke. B aHanm3e 4etko ykazaHbl HCTOYHHMKH, IPUPOJIA
1 MaciTaObl HEONPEACICHHOCTEH.,

IIposepka docmoseprocmu. AHaIU3bl OANAIOTCS
HMIUPUIECCKOMY KOHTPOIIIO, XOTS Ha MPAKTHKE 3TO
MOXET OBITh CJTIO’KHO M HETleJIecoo0pa3Ho.

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

Beposmnocmuvie 3a0anus 0CHOBaHBI HA JAHHBIX
1 (eHOMeHOJIoTHYeCKIX Moielisix. C OOIMpPHBIMU JTaH-
HBIMH U DJIEMEHTapHBIM TEOPETHYECKUM MOHUMaHH-
€M SIBJIEHUH CTaTUCTHYECKUI IPOTHO3 SBIISIETCS HAMITY -
MM TIOAXO/IOM K BEpPOSTHOCTHOMY 3a/aHuto. Hampo-
THB, TIPH XOPOIIEM TEOPETHIECKOM NMOHHMAHHH H
PEIpPE3EHTaTUBHON MOJENN SBJICHUH, HO IIPU HEIO-
CTaTKE JTaHHBIX, YUCTO TEOPETHUECKUI MPOTHO3 SIB-
JSETCST OOIIUM TTOAXOJIOM.

Bce 3t coobpaskeHus yKa3bIBalOT HA HEOOXO M-
MOCTh HCITOJTb30BaHUS:

— TOoNTHOW 0a3bl JAHHBIX O MPUYMHAX pa3pylie-
HUS TUIOTHH Y MHIHJIEHTOB;

— HaJIeKHBIX (PeHOMEHOJIOTHIECKUX MOJIETICH omac-
HOCTEH, HMHULIUUPYIOLINX PEXUMBI OTKa30B;

— MoJieNieil pa3pyIIeHns] 1 MEXaHU3MOB IPOPHIBA
TUIOTUHBI.

Bo Bcex cirydasx KITFOUEBOM MENBIO SBISETCS T0JI-
Has crieluuKamnysl HeONpeIeIeHHOCTH B CHHTETHYe-
CKHX, I3MEPEHHBIX WJIM SKCIEPTHBIX MapaMeTpax.

[Ipumenenne 3Tux uaei ¢ yueTom 6€30MacHOCTH
IUIOTHHEI TT0Ka3aHo Ha puc. 4. JlaHHBIN mpuMep yIpo-
maeT (GU3NKYy yCTOWIMBOCTH OCTOHHBIX IIOTHH Ha
C/BWT, B YaCTHOCTH, TIPEATIONOKEHHE O TPOTHBO/IAB-
JIEHUH, KOTOPOE MPEICTABIEHO TPEYTOJIBHUKOM, YTO
MasioBeposTHO. Llens mpumepa — MpeAcTaBUTh OCHOB-
HBIE TIOHATHS, C KOTOPBIMU UMEET JI€JI0 PACUETUHK.

CHaBur mIOTUHBI IPOM30MET, KOTr/ia BHICOKHE TPHU-
Toku B Bb 1 0TKa3 3aTBOpa COBNAAYT, YTO MPUBENET K
nonseMy ypoBHS BB, Bciencteue dero caBuraromas
CHJIa THApOCTaTHYecKoro napneHus Bb mpeswicut co-
MIPOTUBJICHHE TPCHUS TUIOTHHBI Ha CABHUT. DyHKIUSL
CIIBHUTa Z COAEP’KUT JIBa HEOTIPEEIEHHBIX MTapaMeTpa —
F (comporusnenue capury) u P (nasnenue Bb), npen-
CTaBJIEHHBIE (DYHKIIUSMH TUIOTHOCTH BEPOSITHOCTH.
[InoTHa HAYHET CKOJIB3UTH, KOTJa CABHUTAIOIIas Ha-
rpy3ka Ha Hee (P) MPEeBBICUT COMPOTHBIICHUE CHII TPe-
HUS TI0 OCHOBaHUIO (£), 94To ciyunTcs, Koraa QyHKms
caura (Z = F — P) < 0. Otu pacnpe/eieHust BeposiT-
HOCTEH COCTOAT M3 OoJjiee PyHIAMEHTANBHBIX Mapa-
METPOB IMUKOB MpHUTOKa B BB (puc. 5, @) n HagexxHOCTH
3aTBOpa BOJIOCNBA (PUC. 5, 6), KOTOPBIE OTPEIENIIOT-
cs muKaMu ot™MeTku BB, 4, (puc. 5, 0).

Jpyrue mapameTpbl MoAenu (Yroia TpeHHS ¢ H
IUIOTHOCTh OETOHA p.) OMPENENAIOTCA MyTeM H3Me-
peHUi WK U3 TMPOILILIX OIBITOB (puUC. 5, 2).

[IpemmomnaraeTcs, 9T0 HEONPEACIEHHOCTH B B, b, gt
Pw HUYTOXHO Manbl. OTHOIIEHHE Mexny P u F onpene-
JIIETCS TIOCPEICTBOM MHTETPAIiK STHUX PacIIpeieNieHu,
OTPENIENICHHBIX KOHCTaHT M OMNPEIENAIONMX 3aBUCHMO-
creit (puc. 5, 0) ¢ COBOKYIHBIM paclpezesieHreM (QyHK-
LIMM cJBUTa Z, KaK MOKa3aHo Ha puc. 5, e. Pesyibrar, no-
JIy9IeHHBIN Ha pHC. 5, e, OyIET TaKuM e, KaK Ha prc. 3.
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Ipuroxk [Inflow]

N

O Bopmocnusa [Spillway discharge]

a f——————at 6
Pacxon O 4epes TypOUHbI
[Turbine capacity]

h,
w Load

Onmax BOZOCTNBA, %
[Spillway maximum discharge, %]

8 2
Berow (p.) Tpenue (tgp)
[Concrete (p.)] [Friction (tgop)]

Resistance 1.0 + Sliding function

lehm

7] e

Probability Z<0
of Failure

0

>
Ziding

Puc. 5. BnusHue BeposATHOCTEN N3MEHEHHsI OCHOBHBIX IIApaMETPOB IJIOTUHBI HA BEPOATHOCTD €€ pa3pyLlIECHHUs:
a — U3MEHEHHE MTUKOB IIPUTOKOB; O — U3MEHEHHE NUKa ypoBHel BB; 6 — Hale)kHOCTB 3aTBOpa; 2 — CBOMCTBA MaTepUajoB;
0 — Harpy3Ka — CONPOTHBJICHHE; e — pacrpeaeieHre pyHKIUM cBura Z; - BEPOSITHOCTD Pa3pyLIeHUs; Py — TOUKA pa3pymenus 0
[Figure 5. Influence of probability of change of principal parameters of dam on probability of its failure:
a — distribution of inflow peaks; 6 — distribution of reservoir level peaks; ¢ — gate reliability; 2 — material properties;
0 — load — resistance; e — distribution of sliding function Z; - probability of failure; Pge — point of failure 0]

TepMmuHbI IpUEMIIEMBbIN U JOITyCTUMBIN PUCK Clie-
JIyeT TIIATEIBHO Pa3IryaTh.

Ilpuemaemsiii puck ompenensieTcs Kak «PUCK
JUTSL TIeJIed JKM3HU T paboThl KaXKI0TO, KTO MOXKET
OBITh UM 3aTPOHYT U I'OTOB COIJIACUTLCA C IIPUHATH-
€M MEXaHU3MOB KOHTpOJIs pucka» [11].

Jlonycmumbiii puck — 3TO «PUCK B TIPeJiesiax ero
JlMama3oHa, ¢ KOTOPbIM B OOIIECTBE MOXHO JKUTh,
oOecrieunBasi onpeaesieHHbIC BHITObI. DTO AUANa30H
pHUCKa, KOTOPHII HE CUMTAETCS HE3HAYUTEIbHBIM U
KOTOPBIH BO3MOYKHO YMEHBIIATEY [11].

5. Kateropuu puckos

B nacrosmee Bpemst B Hanbosiee MHOTOCTOPOH-
HEM nonxoze K oueHke pucka [10] paccmarpuaroT-
s CeayIolue KaTeropuu puckos (puc. 6).

Llupoxo npuemnemviti puck — eXKETOAHbBIN PUCK
HECYACTHBIX CTydaeB, 3HAYUTENbHO Huke 107°, Bo3-
HUKAIOITNH U3 JIF000T0 KOHKPETHOTO UCTOYHHKA, TIPH-
HUMAaeMBbIH 32 HE3HAUYNTENbHBIA PHCK.

Heodonycmumbiii puck — eXXeroJHbIN PUCK HECUacT-
HBIX CITydaeB, npesblmaronyii 10, cuutaercs menomy-
CTUMBIM TIPH HOPMAJIbHBIX 00CTOSITENBCTBAX. JTO HE
HCKITIOYAeT BO3MOXXKHOCTH JOOPOBOJIHBHOTO yHACTHS
JFoziell B PEKpeariMOHHBIX MEPOTIPHATHSX, CBA3aHHBIX
¢ Oosee BHICOKMM YPOBHEM PHCKA, YacTO B THANa30HE
or 107 10 1072 eTaabHBIX HCXOIOB B TOJI.

Lonycmumbiil puck — roI0BON PUCK HECYACTHBIX
cnydaes Mexay 100 u 107,

Uto Kacaercs uHOUBUOIYAIbHOZO PUCKA, TO TIPHU-
POCT pHCKa, HaJaraeMoro Ha 4eJloBeKa IIOTHHOM,
HE JIOJDKEH MPEBBIIIATh MATYFO 00 (JOHOBOTO PHCKA,
C KOTOPBIM ITFOTN JKUBYT €XKEITHEBHO.
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CoyuanvHulii puck — BEPOSATHOCTh COOBITHSA, KO-
TOpPOE MOXET MPUBECTH K MHOTOUUCICHHBIM XEPT-
BaM, He JIOJDKHA MPEBBIIATh 3HAUCHHE, SBIISIOMIEECS
(hyHKIMEeH Yncia BO3MOXKHBIX JKEPTB M YMEHBIIIA0-
1eecs Mo Mepe pocTa Yucia KepTB.

TpeyronbHUK Ha puC. 6 MOKA3bIBACT ABUKCHUS
pHCKa OT OCHOBaHHUS JI0 BepXa.

[upuHa mepeBepHyTOro TpeyrojabHUKA Ha puc. 6
MIPEJCTAaBISIET PACTYLINI YPOBEHb PUCKA I KOHKPET-
HOW OITACHOCTH, W3MEPSeMbI WHIUBHUIYAILHBIM PHUC-
KOM ¥ COLMABHBIMH ITPOOIeMaMHu.

[IpencraBnens! Tpu 006JaCTH pHCKAa.

Heoonycmumvle pucku y BepIIUHBI TPEYTOIBHU-
Ka — B 3TOW 00JaCTH PUCKU OYAYT paccMaTpUBATHCS
Kak HempueMJeMble HE3aBUCUMO OT BBITOJI, €CIU
TOJIKO 3TH PHCKH HE MOTYT OBITh PE3KO CHHIKCHBI B
0oJiee HU3KOM PErHOHE.

Hlupoxo npuemnemvle pucku B HIDKHEH YacTH
TPEYTOJIbHUKA — PUCKH, TOMAAONIMe B 3TOT peru-
OH, OOBIYHO PacCMAaTPHUBAIOTCA KaK HE3HAYUTEIbHBIC
¥ KOHTPOJINPYEMBIE U HE TPeOYIOT JOTOTHUTEIHHBIX
JNEUCTBUM AJISI UX CHUXKEHHUS, €CJIM HE JOCTYIIHbBI pa-
3yMHO ocyIiecTBUMbIe Mepbl (mpuHIuI ALARP).

Jlonycmumple pucku MeXIy AByMS IPYTUMU PETH-
OHAMH — PUCKH B 3TOM PETHOHE TUITMYHBI I PUCKOB,
CBSI3aHHBIX C AESTENIbHOCTBIO, KOTOPYIO JIFOAW T'OTOBBI
TEPIIETh C MBI TIOTyYEeHHS BBITO/IBI, OXKUAAS, UTO:

— XapakTep ¥ YPOBEHb PUCKOB MPABHUIBHO OIIE-
HEHBI, & Pe3yJIbTaThl UCTIOIH30BAHBI JOJDKHBIM 00pa-
30M JIJIS OTIPEIENIeHUsT MeP KOHTPOIIS;

— OCTaTOYHBIE PHCKH HE ABIIIOTCS YPE3MEPHO BBI-
COKHMH U TIOAJIEP)KUBAIOTCS] HA MUHUMAJIBHO BO3MOMXK-
HoM ypoBHe (npuHuun ALARP);

— PUCKH MIEPHOAMYECKH [TEPECMaTPUBAIOTCS IS
MIOATBEPKIACHUS COOTBETCTBUSA Kputepusim ALARP.
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Henpuemiiemblii puck
[Unacceptable risk]

HenpuemjauMocTb
peruoHa
[Unacceptability region]

JomycTumMocTh
(eciu ALARP) peruona
[Tolerability (if ALARP)

region]|

IInpoko npueMJIMMbIi
peruoH
[Broad acceptability region]

HuuToxkHbIH pHCK
[Negligible risk]|

Puck He MoxxeT ObITH 060CHOBAH

32 MCKJIIOYEHHEM SKCTPAOPINHAPHBIX 00CTOSTENBCTB
[Risk cannot be justified except
in extraordinary circumstances]

ba3oBblii npees 6e30nacHOCTH
[Basic safety limit (BSL)]

JIOMyCTHMBIH, TOJIBKO €CITH CHIMKEHHE PHCKa
HEeNPaKTUYHO WJIH €CIIH er0 CTOMMOCTB BeChbMa
HETPOIIOPLHOHAIEHA MOIYIEeHHOMY YIIy4IICHHIO
[Tolerable only if risk reduction is impractical or if its cost
is grossly disproportionate to the improvement gained]

Bba3oBasi eJib 0€30MaCHOCTH
[Basic safety objective (BSO)]

Iupoxo mpuemMiIeMslii perHoH
(He HyXHa JeTanbHas paboTa st nemoHcTpaunn ALARP)
[Broadly acceptable region
(no need for detailed working to demonstrate ALARP)]

Heo6x011M0 N0/1ep:KUBATH TAPAHTHIO,
YTO PUCK OCTAHETCSI HA ITOM YPOBHE
[Necessary to maintain assurance
that risk remains at this level]

Puc. 6. [lomycTiMble 1 HEOMYCTUMbIE PUCKH B Pa3HBIX 00CTOATENbCTBAX:
[Figure 6. Tolerable and unacceptable risks in various circumstances)

BbIBOABI M pekoMeHAANMHT
1o ounenke puckos apapuii 'TC B P®

Mertoapl aHamu3a M OIEHKU pUCKa MPOIOIIKAIOT
pPa3BUBATLCS M COBEPIICHCTBOBATHCS B HAIIPABJICHUU
ydeTa OCHOBHBIX (DAKTOPOB IPHU MPOCKTHPOBAHUH,
cTpouTtensCcTBe U AKcIutyaranuu I'TC (mmotun).

Hawubosee 3ppexTHBHBIM MOAXO00M SIBJISIETCS CO-
YeTaHUE DKCIEPTHBIX, IpadOaHaTUTHICCKUX U CTATH-
CTHYECKHUX METOJOB JJIsS aHAIN3a U OIEHKH PHCKOB
aBapuit ['TC (mrotun). Heobxoaumo agantupoBaTh
METOJbl KAUECTBEHHON M KOJIMYECTBEHHOW OLIEHKHU
PHUCKOB B JIPYTUX OTpaciisix (TPexie BCETO, B aTOM-
HO¥ DHEPTeTHKE) K CTPOUTENBCTBY IOTHH. Clemyer
YYUTBIBATH OCOOCHHOCTH TPOSKTUPOBAHUS, CTPOUTEIb-
CTBa, KCIUTyaTalll TUIOTHH ¥ YHUKATEHOCTH KaXKION
MJIOTUHBI, a TaKKe aHAJTU3HPOBATH U CHCTEMATH3H-
poBaTh MH(POPMAIIHIO 0 COOSX Ha MIOTHHAX pa3jind-
HBIX TUTIOB ¥ HA3HAYCHHA.

Hamnexwur pacimputh MpUMEHEHHE KOJTMICCTBEH-
HOM OLIEHKH PHCKOB, Hapsily C MpeoOiaaromei kajde-
CTBEHHOM OIICHKOM, IS ITOATOTOBKH JIMIICH3UH INIOTHH
mo Oe30macHOCTH. B HacTosiee BpeMst MOITrOTOBIICHBI
JIMIEH3UH TI0 6e30MacCHOCTH 64 KPYITHBIX IJIOTHH, KOTO-
pble HaxoaATes oA Hajazopom I'ocanepronazopa PO.
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Abstract

Relevance of the research is due to the fact that over the past 10 years severe
accidents at large hydropower plants and dams occurred in Russia (Sayano-
Shushenskaya HPP, 2009), USA (Oroville dam, 2018), Brazil (Brumadinho dike,
2019), Colombia (HPP Ituango, 2018) and other countries, the need has arisen to
improve the safety programs of the HS and dams. The main method of this im-
portant work is to use methods of analysis and assessment of risk accidents of HS
and dams. Methods of this important work are to develop modern methodology for
analyzing and assessing the risk of accidents of HS and dams. The introduction of
the method of analysis and risk assessment in the safety programs of hydraulic
structures (dams) in countries that are advanced in the construction of HS (China,
Brazil, Canada, USA, Russia, Colombia, Norway, Spain, etc.) shows that in apply-
ing risk assessment analysis accidents of HS and dams still a number of difficul-
ties, but this approach is of great benefit in monitoring the safety of HS and dams.
The aim of this article is to familiarize and train specialists and hydraulic engi-
neers with modern methods for assessing the safety of HS and dams.

Keywords: hydraulic structures; HS; safety of HS and dams; accident risk
assessment; probability of failure
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