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1. Beeaenue

Kommno3utHble naHe Iy Ha JEpeBSIHHOM KapKace ¢ OOIIMBKAaMH U3 IUIMTHBIX MaTEPUAIOB — YHUBEpPCAIbHbIE
OrpaxkJIarolue 1 HeCylie KOHCTPYKUuU. OHU MOTYT OBITh HCIIOJIb30BAHBI B KAUECTBE NOKPHITUH, IEPEKPBITHH,
CTEHOBBIX OTPaXICHHI, a TAaKKE B KaueCTBE OCHOBHBIX HECYIIHX 3JIEMEHTOB B MaJIO3Ta)KHOM CTPOMTEIHCTBE.
OHH BBIIONHAIOT (QYHKIUH TNPOTOHOB, HACTWJIA, MOJIIMBKY, 00CCIICUNBAIOT 3AIUUTY 3JaHHS OT TEIUIOBBIX IIO-
TEphb IPU UCIOJIB30BAHMM B KOHCTPYKIMHU IAHENU YTEIUIUTENSI, OMHOBPEMEHHO BBICTYIAs B KAUECTBE KECTKUX
TOPU30HTANBHBIX JUCKOB. B KadecTBe OOIIMBOK IIMPOKOE NMPUMEHEHHE HAIIM TaKHe MaTepuaibl, KaKk KOH-
crpykunonHas ganepa (PK) u opuenrupoBanno-crpysxeunsie imtsl (OCII). B kauectBe pebep — nmuoMaTepu-
aJIbl XBOMHBIX MOPOJ coriacHo cranaapty Poccuiickoit denepauuu [1].

IToBbIIEHUIO 3KCIUTYaTAlMOHHBIX IOKA3aTeNe KOMIIO3UTHBIX IaHeNed M3 pa3IMyHbIX MaTepualoB IIO-
CBSIIIEHBl MHOTOUHMCIICHHBIE HcclenoBanus. B paborte [2] mpemioxkeH cnoco0 coeWHEHUsT HAPYKHBIX U BHYT-
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PEHHETO CJI0sl TPEXCIOMHBIX MaHelNel, MO3BONAIOUINN 3HAYUTENBHO MTOBBICUTH COIIPOTHBIICHUE IIBOB MPOAOIIb-
HOMY U TIOTIepeyHOMY ciBuraM. B craTthe [3] nccnemyercs MpOYHOCTh HAa U3TUO COOPHBIX JKEIe300€TOHHBIX CTe-
HOBBIX TTaHEJNIeH C YTEIUTUTENIEeM TIPH UCIIOIBF30BAaHUH PA3IHYHBIX CBA3EH MEXIy HapyKHBIMH HECYIIHMH JKeie-
300eTOHHBIME cllosiMU. PaboTa [4] mocBsieHa onpeaeNeHnio MpeneNbHON CKUMAIOUe Harpy3KH U aHalu3y
YCTOWYHMBOCTH TaHeNed W3 yIIIepoJHOTO BOJIOKHA W CTEKJIOBOJIOKHA ¢ pedpaMu kecTkocTu Z- u L-mpodus.
B [5] npuBeneHs! pe3yiabTaThl UCCIEIOBAHUN CIBHTOBOM MPOYHOCTH MEXAY CIOSMH MOIYJBHBIX COHABHY-
naHesnei ¢ 060I04YKON U3 TOJIMITUIIEHA BEICOKOH MIOTHOCTH B 3aBUCHMOCTH OT CIIOCO0a IITAMITOBKH.

Jnst MakcUMalIbHO 3 QEKTUBHOTO BKIIOUYEHHUS OOIIMBOK B 00IIyI0 pabOTy HaHeN! Ha JISpeBIHHOM KapKa-
ce TPaTUIMOHHO TMPUMEHSIOTCS JKeCTKHE KIIeeBbIe COSAMHEHHUS Ha IpaHUlle «pedbpo — obmmBKka» [6]. OmHAKO
PSA MPOBEICHHBIX 3KCIEPUMEHTAIBHBIX U TEOPETUYECKUX HCclefoBaHuil [7-9] mokasal, 4yTo y4deT OOIIWBKH
BO3MOKEH U IIPH KPEIUIEHUH ee K pedpaM ¢ HCHOIb30BaHHEM COBPEMEHHBIX IMOAATIMBBIX MEXaHUUECKUX CBSI3EH,
a IpUMEHEHHe CB3el C TOBBIINICHHBIM COTPOTHUBIEHHEM MPOIOIbHOMY ciBuTY [10] MO3BOJSET HCIONB30BATh
WX KakK aJbTEePHATHBY KiIeeBBIM coenuHeHusM [11; 12]. B pabote [13] mpuBomsITCs pe3yabTaThl HCCICIOBAaHUN
YBEIUYEHHsI TPOYHOCTH TMaHelel Ha IepEeBIHHOM KapKace, padoTarolleM COBMECTHO C OOLIMBKAMU U3 JINCTOBBIX
MaTepUaNoOB, KPETNIEHHE KOTOPBIX BBHITIONHAETCS PU MTOMOIIIH IITYPYTIOB B IIPOIEcCe paOOTHI MTAHEIH Ha CIIBUT B
KadecTBe muadparmel. B psme TeopeTndeckux paboT IMIMPOKO pacCMaTpUBAIOTCS 00O0OIICHHBIC (DYHKITHH, 1TO3-
BOJIAIONIME YIUTHIBATh pa3pbIBHBIE TapaMeTphl 00muBOK [14—-16].

2. llean

[IpuBenennas B neiictByromux Ha Teppuropun Poccuiickoit @enepanuu HopMax [17] u pexkomenganumsx [18]
METOJIMKa pacyeTa MaHelell Ha AepeBIHHOM Kapkace (puc. 1) moapasyMeBaeT MX pacdeT Kak It JJIEMEHTOB C
LENBHBIM CeueHHneM, 0e3 yueTa MoAaTIMBOCTH IIBOB Ha rpaHulle pebep u oOmuBoK. Takoi Moaxo1 MOXKET BHO-
CUTh 3HAYHTENBHYIO MOTPEITHOCTh MIPH OIeHKE HampsikeHHO-IedopmupoBanHoro coctosiHus (H/IC) naneneit, B
KOTOPBIX OOIIMBKA KpEemuTcs K pedpaM ¢ MpUMEHEHHEM MEXaHHYEeCKHX CBA3€H B BHJE TBO3JEH, BUHTOB MU
cko0 [19], a Taxke KOHHEKTOPOB pasnudIHbIX BUAOB [20]. [Ipy HalMW4IuM CTHIKOB B OOMIMBKE PACUETHOE COIPO-
TUBJICHHE MaTepuasia OOIIMBKH MPUHUMAETCS ¢ MOHWKAIOMIMM KO3(PPHULIUEHTOM Mg, YUUTHIBAIOLUINM CHUKEHUE
pPacdYeTHOTO CONPOTHUBIICHUS B CTHIKE M CIOCOO CTHIKOBKH (CKJICMBAaHHE Ha yC JTMOO MpUKIEHBaHHUE (haHEPHBIX
HakJanokK). IIpu Takom moaxose, 0HaKO, HE YYUTHIBAETCS MOJIOKEHHUE CTHIKOB MO JIJIMHE MaHEeNH, a TaKKe CIy-
yail cThIKa 0e3 MPUMEHEHHs KJIEeBOr0 COCAMHEHHsI, KOTOPBIH Hanbonee yao0eH NpH M3TOTOBICHHUHU MaHeNeH ¢
MEXaHWYECKHUMH CBS3SIMH MEXy OOIIMBKOW M pedpamu, 4TO JelaeT 3Ty padoTy akTyalbHOU. BrimeckazaHHoe
MTO3BOJISIET TTOBBICHTHh HE TOJIBKO KOHCTPYKIHOHHYIO 3(PPEKTUBHOCTE IMaHeNeH, HO U dHEePreTHUeckyro 3¢ dek-
TUBHOCTb ITPOU3BOICTBA MUIONPOAYKIHH [21].

BrnnrenepeuncneHnplie (hakTOpBI MO3BOIUIN TS JOCTHXESHUS TIeIH C(OPMYIUPOBATH CIEAYIOIIHNE 3a/1a9H:

— paspaboTaTh aeKBaTHYIO paboTe TUINTHO-PEOPHUCTON KOHCTPYKIIMH MaTEeMAaTHYECKYI0 MOJEb, YINUTHI-
BAaIOIIYIO MMOJIATIMBOCTh MEXaHUYECKUX CBS3eW Ha rpaHulle pedbpa u oOIIMBKH, a TaKKe HAJIWYHME CTHIKOB (pa3-
PBIBOB), MPOM3BOJILHO PACIIOIOKEHHBIX 110 JITMHE MPOJIETa MaHelu;

— MOJYYHTh KOPPEKTUPYIOHHe KO3 PHUIMEHTHI, KOTOPHIE TIO3BOJIMIIN OBI MOy4YaTh 0oJiee TOUHOE PellieHHe
B MH)KEHEPHBIX pacyeTax 10 IepBOMY U BTOPOMY NpeNeIbHBIM COCTOSHUSM.
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Puc. 1. KoHCTpyKIIUS 1epEBOKOMITO3UTHOM PEOPUCTOMN MTAHEIN Ha MEXaHUYECKUX CBSI3SIX CO CTHIKAMH B OOIIUBKE:
a — CTBIK B CepeJiHe MpoJieTa; 6 — CThIKH B 1/3 mponeta
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Figure 1. Construction of wood-composite ribbed panel on mechanical ties with cover splices:
a — splice in the middle of the span; b — splices in 1/3 span

3. MaTtepuaJbl 1 MeTOABI

IIpu pacuere peOpHUCTBIX € KIIEEBBIM COCIMHEHHEM U Ha MEXaHHYECKUX CBS3SX MaHeJIeH coriacHo aei-
CTBYIOIIMM Ha Tepputopun Poccuiickoit deneparun HopMam [17] mpousBoauTcs 3aMeHa (haKTUYECKOTo Morie-
PEYHOTO ceueHus NpuBeAeHHBIM (puc. 2). PacueTHas (mpuBeaeHHast) MMPUHA CEYCHUSI OOLIMBKY HaHENIN OIpe-
JIEJISIETCS TIyTEM YMHOKEHUS (PaKTHIECKOH MUPUHBI Dpacr HA KOIPDUIHEHT Kred:

bred = redb(paKr 4 ( 1 )

rIe kred — K03QHUIMEHT MpuBeAeHUs (PEAYKLIUH), YIUTHIBAIOIIUN HEPAaBHOMEPHOCTh PacIpeieieHUus] HOpMallb-
HBIX HAIPSHKEHUH B MONEPEYHOM CEUEHUH OOIIMBKY; Dyaxr — pakTHUECKas (rabapuTHas) IIUPUHA OOLIMBKU.

Jnuny manenu (puc. 3) pa3OuBaeM Ha TpU ydacTka: L| — y4acTOK OT JI€BOH OMOPHI 0 MEPBOTO CThIKA, Ly —
paccTosHHEe MEXIy CTBIKaMHU. 3a pa3Mmep ) [ NpUHUMAETCs IOJIHAs BEIMYMHA PACUETHOrO IPOJIeTa NaHEeNH.
Bo3moxHbI ABa yacTHBIX ciay4asi: Lo = 0 — COOTBETCTBYET HAJIMYMIO TONBKO OJHOTO CTHIKA, B CEPEANHE MPOJIETa;
Li=0— Ly=3L — o0muBKa HE UMEET CTHIKOB IO JUIHHE. [IpHu mocTpoeHny pacyeTHOH MOJENH HPEAIIoIaraeT-
Csl, UTO HJIeabHasl IIOATOHKA JIMCTOB OOIIMBKYU 110 TOPLAM OTCYTCTBYET U 4epe3 CTHIKM HE MEePEefaroTCs KaK H3-
rHOArOIe MOMEHTEHI, TaK M POJIOJIbHBIC CYKUMAIOIINE YCHITHSL.

[Tanens paccMaTpuBaeTCs Kak IBYXCIOWHBIA COCTaBHON SJIEMEHT, COCTOALIMK U3 OOIMBKU U pebep. Ha-
JIMYHUE CTHIKOB (Pa3pbIBOB) B OOLIMBKE YUMTHIBAETCS BBEAECHHEM COOTBETCTBYIOLIMX I'PaHUYHBIX ycioBui. Jud-
(bepeHIMaNbEHOE YpaBHEHHE, ONMHMCHIBAIOIIIE PAaCIpe/IeieHUe CABUTAIOIINX CHJI HA TPaHHIE «PeOpo—0OIINBKaY,
cornacHo [22] umeeT BUL

T"E=vyT +A, 2

rae T — GyHKIUS pacnpeesicHUs CIBUTAIIUX YCIui; & — KOa((UIIMEHT KECTKOCTH CBsI3€i CIIBUTA, NIPUBE-
JICHHBIN K MOTOHHOMY; ¥, A — KO3 GUIMEHT 1 cBOOOMHBINH WieH Mu(depeHIIUAILHOT0 ypaBHeHus (2), onpee-
nsiemble 1o popmyiam (4) u (5), COOTBETCTBEHHO.
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Puc. 2. Cxema nonepeyHoro ce4eHust AByXCJIOWHOM NaHeu:
a — QaKTHIECKOE CeUeHHUE; O — MPUBEIEHHOE TABPOBOE CEUECHUE
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Figure 2. Cross-section of a two-layer plate element:
a — the actual cross—section; b — the reduced T-section
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Figure 3. The scheme of the a panel with breaks of a cover

Pemenne nuddepenmanbHoro ypaBHeHus (2) uMeeT BUI
T(x) = Cyshix +Cychx +% [A(#)sin(r(e—0)) dt, 3)
0

rae Ci, C; — MOCTOSTHHBIC HHTETPUPOBAHUS, ONIPEACIIIEMbIE 3 TPAHUIHBIX YCIIOBHIA.
v=1/E A +1/ E A +c* | LE, (4)

rie Eos, Ep, Aos, Ap — MOIyTIH YIIPYTOCTH MAaTEPHAIOB U TUIOIIAAN MOMEPEYHOTO CeYeHUsl OOIIMBKH U pedpa co-
OTBETCTBEHHO; ¢ — PacCTOSHUE MEXKAY LICHTPaMH TsDKECTU CeUeHU 0OMMBKY U pedpa; ZEI — cymMMa H3rHOHBIX
JKECTKOCTEeH OOIIMBKH U pedpa.
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A(t)=—=M,(t)-c/ ZHI, ()

rae Mo(t) — GyHKIIUA pacipeneecHus] U3TH0ArOIINX MOMEHTOB TOJEKO OT BHEITHEH HArpy3ku ¢ = const B mpeje-
JlaX JJIMH Y4aCTKOB MaHEeH.

3HaueHUs U3ruOArOIUX MOMEHTOB Ha y4acTKax L ¥ Ly MOXKHO ONPEAETUTh 10 popmyaam:

— JUIs yyacTtka Li:

— . 2
M, ()= 42t (6)
2
— AJid ydactka Lo:
L L I
N R ™

Te { — KOOpJMHAaTa, OTCUNThIBaeMasl OT Hayajla pacCMaTpPUBAEMOI'0 y4acTKa; ¢ — paBHOMEPHO paclpeeeHHas
HArpy3Kka Ha MaHelb, PUBEIEHHAs K HOTOHHON: ¢ = g* b, 3/16CH € — PaclpesieieHHas Harpys3ka Ha 1 M* maHesu.

CxeMma pacrpeneneHus YCWINH W HampsOKCHUH Ha BBIIENECHHOM (pparMeHTe MaHeIu ¢ MEXaHHYeCKUMHU
MOJIATJINBBIMH CBSI3SIMH TIPE/ICTaBICHA Ha puC. 4.

L4
| N NN N T
Cas3u (x)=T'(x) OG6mmBKa b P
caBura’, i {
4 b i N ‘ tos/2
Mes. e - E M T
. —m 1 g2
«N [5)
7 A p
M, S M, X _:
Q ', HeHTpaTbHas
< — JIHHISA
- N T T s s 5T
:“', Pe6po
Puc. 4. Cxema pacnpeacicHust yCI/IJ'[I/Iﬁ u HaHpS{)KeHI/Iﬁ Ha BBIJICJICHHOM Y4YaCTKE ITaHCIIN
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Figure 4. Distribution of forces and stresses scheme on the selected section of the panel

Pemrenust nuddepennunansHoro ypasHeHus (2) npu noacraHoBke B Hero (5), (6) u (7) Oyaetr uMeTh BUIL
— JJI ydacTka Li:

Xy 0,5 ZL't—O,S 12 .
T(x) = Ashix, + B+ | (0.5 o)-c
Ay Y EI

sin(A(x, —1)) df; (®)
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— JJI ydacTka Lo:
IL(L +t z
2 2 2
2 EI

T(x,) = A,shhx, + B,chx, +%f — sin (A(x, —1)) dt, )

0

TJE X1, X2 — KOOPJUHATHI, OTCYUTHIBAEMbIE OT Haualla y4acTKoB L U L, clieBa HalpaBO COOTBETCTBEHHO; Ai, B; —
MTOCTOSTHHBIE HHTETPUPOBAHUS, OpEieIieMble U3 TPAHUYHBIX YCIOBUH.
WuTterpupyst nmpaByto yacTb pemieHui (8), (9) momyyaeM BeIpaKeHUs

cq| Mx? +ZLAshix, —2chx, — XL\ x, +2
T(xl)zAlshxxl+Blchxxl—% [ 1% 212E1x3 1 +2]

; (10)

g
T (x,) = Ayshix, + B,chhx, — T

X (cq [2 —2¢hhx, + LN +Mx2 — LI\ chx, + ELAshhx, — 2L Ashhx, —SLLA® — LA*x, + 2L\’ x, + SLL A’ chix, ]) (11)

[Tockonbky Ha TpaHHMLAX YYacTKOB (B CTBIKAX) MPEISTCTBHUS COBUTY OOLIMBKM OTHOCHTENIFHO pedpa OT-
CYTCTBYIOT, IpaHu4HbIe ycinoBus OynyT umets Bua 7(0) = 7(L1) = T(L2) = 0 — By = B> = 0. COOTBETCTBEHHO:
. Eeq (NI —2¢hML, + SLASIAL, — LA’ L, +2)

; (12)
1 2 ENCsh(ML)

_ Eeq N
> 2Y EDCshAL,

x(LW = 2¢h (L)) + LN = LA chLy\+ SLAshL,k = 2L AshL,\ — SLLA* = SLL,\ +2L LA + SLLA chL\ +2), (13)
rjae A — XapakTepHCTHYECKOE YUCIIO, oNpeaeseMoe 1o hopmyiie
A=4EY, (14)
rie & — IOToHHBIH K0()(UIMEHT KECTKOCTH COCTMHEHUI Ha IpaHuIe «pedpo — oOMIMBKay; ¥ — KOAPPHUIHUEHT
IuddepeHInansHOro ypaBHeHus (2), onpenensieMblii mo gopmyie (4).

W3rubaroiye MOMEHTHI B IUITMTE M pebpe ¢ ydeToM paboThl CBsi3ell caBura (puc. 4) OmpeaeNsoTcs Imo
dhopmyam

EI
E I p'p
MZM_T.CM;MzM—T-C . 15
06 ( 0 ) ZE[ P ( 0 )ZEI ( )
HopMainbHble HaIpsKEHNS:
M -h
66:—TiM06.0,5.t06; cp_li p (16)
¢ A 21 Ap 2[p

JIst maHenu ¢ AByMs CTBIKaMH B PsJIe CIy4aeB MOJOKEHHE HanOoiee OMacHOrO CEUSHUSI MOXKET HE COB-
najgath C CepeanHON mposeTa. s moncka cedeHus ¢ HanOOJIBIINMHI PACTATHBAIOIIMMYI HANIPSHKEHUSIMH B HIK-
Hell 30He pedpa cienyeT pemuTh ypaBHeHue (17) OTHOCHTENBHO Xo:

d[Tz(xz)i(Mo(xz)_T(xz)'c)'hPJ/dxz=0. (17
A 21

p p

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW 445



Labudin B.V. et al. Structural Mechanics of Engineering Constructions and Buildings. 2020;16(6):439-451

HJ’IH OMpPEACIICHUA nporn6a MaHCIN 3alIIEM YPABHCHUC H3OI‘HyTOI>i 0OCH HU3rubaeMoro 3JeMeHTa:

ZEI =—IIM dxdx (18)

OyHknus y(x) OyIeT UMeTh IMepesloMbl B MECTaX CTHIKOB B OOIIMBKE, MMO3TOMY BhIpakeHue (18) cmemyet
COCTaBUTH JUISl y4acTKOB L U L, a paBEeHCTBO MPOrnOOB Ha TPAaHMIC YYACTKOB CBA3ATh 'PAHUYHBIMHU yCIOBHS-
Mu. [Toaydum BeIpaKeHUs

y1(x1):§”M1(x1)dxdx ZEIJ‘J’[(]ZLxl qx; _E(xl)'cjdwb@ (19)

1 qEL L +x2) gx; L
¥, (%) =ﬁ“‘M2 (ox, Jdxdix = ZEI“‘( 5 qZL(?A—xzj—Tz (xz)-chxdx, (20)

rze yi, y2 — QyHKIIUN MPOruO0B MaHe ! Ha yJacTKaxX Li u Ly COOTBETCTBEHHO.

Od4eBuaHO, UTO HHTETpUpOBaHUe BhIpakeHui (19), (20) ¢ BXoAAMUMA B HUX 3aBUCHMOCTSIMHU pacIpeie-
nenus casuraronux ycuwmwit (10) u (11) mpencraBiseT JOBOIBHO CIOXKHYIO 3a7ady, HOTOMY IS YIIPOIICHUS
pelIeHUs 3aMEHHUM TOJILIHTETPaIbHBIC PYHKIIUU KBaJPaTUYHBIMH [TOJIMHOMaMHU BU/IA

M, (xl) = ale +bx, +d;; M, (xz) :a2x22 +b,x, +d,, (21)

rae ai, bi 1 di — K03pUIMEHTH U CBOOOIHBIC YWICHBI allMIPOKCUMHUPYIOMIUX TIOJTUHOMOB, OTPEIEIIeMbIe METO-
JIOM HaMEHBIINX KBaJIPaToB, yuuThiBast, uto Mi(0) = 0, cBoboaubI# el d) = 0.
[Moncrasmsist Beipaskenus (21) B (18) u muHTErpHUpYys UX, MOTy4aeM

1 (ale +2b,x;

Y (xl): SEl 12 +C1x1+D1J; (22)

1 ( axi +2b,x; +6d,x;
x,)= +C,x,+D, |, (23)
y2 ( 2) ZEI ( 12 272 2
rae Ci u D; — TOCTOSHHBIE WHTETPUPOBAHUSA, OTIPEIEIsIeMble 3 TPAHUYHBIX YCIOBHH.
W3 ycnoBust paBeHCTBa mporuda HyINII0 Ha ONOpe, a TakKe paBEHCTBA MPOrHOOB U YIIIOB MIOBOPOTa cede-
HUM Ha TpaHuUIax y4yactkoB L u L, momydaem y1(0) = 0; yi(L1) = y2(0) = ya(L2); y'1(L1) = y'2(0) = y '»(L2), utO
MIPUBOJINT K CUCTEME ypaBHEHUI

ax 2% o ip —0;
12 ! b
al} +bL
AL L+ D =D,
12 1 1 1 20 (24)
a1L3 bl +C=C;
29
4 3 4 3 2
a,L ;22b]L] +CL+D, = a,L, +2l;22L2 +d,L, +C,L,+D,

pelas KOTOpYIo MOydaeM BBIPAKEHHUS TS OTpeieSIeHIs] POU3BOIBHBIX TOCTOSHHBIX:

a,L} —2b,I> —6d,L,

2

ali bl ali+2bL+6d,L, . _
3 2 12 T 12

- (25)

ali bl aLL+2bLL+6d,LL,
4 3 12

D, =0; D,=~— (26)
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4. Pe3yabTaThl

Paccmorpum HJIC mnuTHO-peOprCcTOl KOHCTPYKIIMHM HA MMPUMEpPE OJHOU JepeBOKOMITO3UTHOM TaHETH
nmposeToM Y.L = 6 M ¢ TpeMs NMPOAOJHHEIMU pebpaMu W OOMMBKON W3 (aHEephl KOHCTPYKIIMOHHOW MapKu
OK/opuentupoBanHo-cTpyxeunoi mutbl OCII Tommunoi 18 MM. Pebpa BBIMOMHSIOTCS U3 APEeBECHHBI Kilacca
npouHoctu C22 cornacHo cranaapty Poccuiickoit ®enepanuu [1] ceuenuem 50%200 mMm. PacnpenenenHas Ha-
rpy3Ka, IpUBEACHHAS K IMOTOHHOM, cocTaBisieT ¢ = 1 kH/mm. PacueTnas muprHa OOIMMBKYA MPUHUMAETCS CO-
riacHo pabote [17] u cocTaBiseT breg = 1,125 M.

OOMmMBKH YKIAABIBAIOTCS CO CTHIKAMH Ha paccTOSHUM 1, 2 1 3 M OT Omop, pe3yNbTaThl CPABHUBAIOTCS C
MaHEeIbI0, TJE OTCYTCTBYIOT CTHIKHA B OOIIMBKe. JKECTKOCTh MOAATINBBIX CBA3€H CABUTa MPUHATA COTIACHO HC-
cnenoBanusaM [23] u paccmaTpuBaercs B unTepBane & = 2000...10000 kH/M*> Ha Kaxablii mIOB. 3a KpUTEpHit
MPOYHOCTH MPUHUMAIOTCSI HOPMaJbHbIE HANPSHKCHUS Gp B PACTIHYTOH 30HE pedpa, MOCKOIbKY MPH BHIOPAHHOM
CXeMe OHHU SBIISIFOTCS KPUTEPUEM MPOYHOCTH BCEeW KOHCTPYKIHMH. |'paduKul 3aBHCHMOCTH HANpSOHKEHUU Gp OT
Kod(h(pummeHTa JKECTKOCTH CBs3CH & IpeacTaBiIeHBI Ha PHC. 5, a. 3HaUYeHHE & = 00 COOTBETCTBYET JKECTKOMY KJIe-
€BOMY COCIMHECHHIO OOLIUBKU U pedep.
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Figure 5. Graphs of the dependence of the maximum tensile stresses o+ in the tensile fibres of the rib (a)
and maximum vertical displacements (b) on the shear stiffness coefficient of ties &
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5. O6cy:xknenue

Hanuuue cThIKOB B OOIIMBKE CYLIECTBEHHO BIIMSIET Ha paboTy AEPeBOKOMITO3UTHOM naHenu. C yMeHbLICHHEM
cooTHOMICHHS Lo/L1 3 (HeKTHBHOCTD pabOTH OOIIMBKH B COCTaBe KOHCTPYKIMH CHIDKAaeTCs. PacdeTsl mokasanm,
YTO J0JIsI CHUXKCHHSI IIPOYHOCTH TIAHEU TIPU U3rude MOKET cocTaBisTth 9,8...47,5 % (8,9...43,1 %) ans nanenu
¢ obommBkoi uz ®K (OCII). [Ipu pacnonoxeHnn CTHIKOB Ha paccTosHUU 1/3 oT omop maHenu (mpu Lo/Li < 1)
HanboJee ornacHoe cedeHue OyIeT HaXOUThCs Ha CThIKE 0O0INBOK. IIpy pacnonokeHnu CThIKA B CepeuHe Mpo-
neta (L, = 0) mpouHOCTH MaHEIH IpH u3rude OyeT 00yCIOBIEHA TOIBKO IMPOTHOCTEIO pebdep.

PacueT BepTHKaNbHBIX MEPEMENICHUN AaeT aHaJOTWYHbIC Pe3yJbTaThl: IPU yOAJICHUH CTHIKOB OOIIMBOK
OT OIOPHBIX CEUEHHH MPOruObl KOHCTPYKUMH yBenuuuBatorcs Ha 40...100 % nns maneneii ¢ oommskoi n3 OK
u Ha 37...90 % c¢ obmmekoit u3 OCIL. OmHako cootHomieHue Lo/L; = 1 ABAsSETCS B JaHHOM Cily4ae HaubOosee
HeOnaronpusaTHeIM, 4yeM npHu Lr = 0. Takum oOpa3om, npu HEOOXOAUMOCTH YCTPOWCTBA CTHIKOB OOLIMBKH Ha
paccrosiHuu 6ojee yeM 1/3)°L OT omop Hy»KHO YUUTBIBAaTh, KAKOH (akTop OyAET SIBIATHCS PEILAOIIUM MIPH MO~
0ope ceueHUs B KaKIOM KOHKPETHOM CJIy4yae — IPOYHOCTh UM BEPTUKAIBHBIE IEPEMEIIEHHS.

[Ipu nHXeHEepHOM pacyeTe NepeBOKOMIIO3UTHBIX M3rMOAeMbIX MaHeNe MPelIoKEHO BBOAWUTH B pacyeT
K03 PUIIMEHTBI kcrw U Ker, YIUTHIBAIOIINE HETaTUBHOE BIMSIHUE CTHIKOB B OOILIMBKE HA MPOYHOCTD U KECTKOCTD
BCeHl KOHCTpyKIMK naHend. Ha nanHbie k03 dUINEHTh YMHOXAIOTCS MOIY4YCHHbIE 3HAUEHUS] HOPMaJIbHBIX Ha-
NpPsOHKCHUH U IPOTHOO0B, pacCYMTaHHBIE /ISl TTaHen 0e3 CTHIKOB B o0mIMBKe. MeTonKka pacdyera TakuX MaHeseH
npezcTaBieHa B padote [24].

3HaueHus KOdQOUIHUEHTOB kery U ke OTIPEACTISIOTCS TIO (hOpMYIIe

+ 11
c,) '
k= ( Pk = L
cT,w G+ > TR f o (27)
p
rae 6,', (0, )’— 3HAYEHUs MAKCHMAIIbHBIX PACTATUBAIOIIMX HANPSHKEHUH B peOpe maHemu 6e3 CTHIKOB B OOIIHBKE
U CO CTHIKAMH COOTBETCTBEHHO; f ’, f— 3HAUYCHUSI MAKCUMAIIBHBIX BEPTHKAILHBIX NIEPEMEIICHUN B peOpe maHenu

0e3 CTBHIKOB B OOIIIMBKE U CO CTHIKAMU COOTBETCTBEHHO.

Tabnuya
3HayeHns1 KOAPPUIHEHTOB kerw M Ko
[Table. Values of coefficients ksp,» and ksp ]

Pacnosio:xxenne cTbikoB (L2/L1) [L2/L1 ratio]

Koapdunuent [Coefficient]

4 2 1 L=0
KT 121 147
kCT,w [ksp,w] 1.1 1,23 1,47 -
erc 1.4 L7 20 o
etk [Ksp,f] 1,37 1,65 1,9 1,72

Tpumeuanue. * B ancnurene npuBeeHs! 3HAUCHUS IS aHesel ¢ oommskamu 3 OK, B 3Hamenarene — u3 OCIL
[Note. * The numerator shows the values for panels with SP covers, and the values with OSB covers — in the denominator. ]

3HaueHUs MPEATIOKEHHBIX KOADOHUIIMESHTOB B 3aBUCUMOCTH OT COOTHOIIEHUS Lo/L IpUBEICHBI B Ta0IIHIIE.
JIns mpoMeXyTOUHBIX 3HaUeHUU Lo/L), HE TIPEACTABIICHHBIX B TaOJHIle, 3HAYCHUS KOIPPHUITUESHTOB OTpeIeis-
F0TCSI 110 JINHEWHO! UHTEPIIOJISILIVH.

6. 3akiI0ueHue

Pa3paborana maremaTHdeckas MOJeb, MO3BOJISIOIIAS YHCICHHO-aHATUTHYECKU OTPEICIHTh HANPSKEHHO-
JIe(OpPMUPOBAHHOE COCTOSIHUE JEPEBOKOMIIO3UTHBIX IUIMTHO-PEOPUCTHIX M3THOAEMBIX MaHeJIed ¢ y4eToM Io-
JATIIMBOCTH CBsI3€H Ha TpaHUIle OOIINBKY U pedep, a TAK)Ke HAJTMYHS CTHIKOB (pa3phIBOB) B OOIITUBKE.

CteIkH B OOIIMBKE OTpHUIIATEIhHO cKaszpiBaroTcs Ha HJIC mepeBOKOMITO3UTHON IUTMTHO-PEOPUCTON KOH-
CTPYKIIMHU, yBEIUYMBas HOpMaJlbHBIE pacTsATruBaiomiue HanpsbkeHus B peOpe Ha 10...50 %, a MakcuMmambHbIE
BepTuKanbHble nepeMerienus Ha 40...100 % mo cpaBHEHUIO ¢ TaHENbIO 0€3 CTHIKOB B OOIINBKE.

[Ipu HEOOXOAUMOCTH YCTPOMCTBA CTHIKOB B OOMHMBKE U T OoJree 3¢ (heKTHBHON paOOThI KOHCTPYKIIUN Pe-
KOMEHJIyeTCs pa3MellaTh UX 3a MpeeliaMH CPeIHEH TPeTH pacdyeTHOTo MpoJieTa nanenu. [Ipy HeBO3MOKHOCTH
BBITIOJTHEHUS TAHHOTO YCJIOBUS CIIEAyeT yUYUTHIBATh KaKOW M3 KPUTEPHUEB — MPOYHOCTH MM HMPOTUO — SIBISETCA
OTIpEACTISIONINM MTPH HA3HAYCHUH Pa3MEpOB MOTIEPEYHOTO CEUSHHsI OCHOBHBIX pedep.
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[pennoxenspl 3HaYCHUS KOIDPUIUECHTOB Kerw U kerx IS MHKEHEPHOT'O pacueTa MaHeeH, YIYUTHIBAIOIINX
CHIDKCHHE TIPOYHOCTHBIX U Je(pOPMAIIMOHHBIX XapaKTEPUCTUK KOMIIO3UTHOTO CEUCHHSI MaHEIH ¢ pa3phiBaMH B
o0mmBKe. 3HAYCHHS dTUX KOA(D(DHUIIMEHTOB PEKOMEHIYETCS ONPEAEIATE TI0 BBIMICTIPUBEIACHHON TabIHIIE C yie-
TOM HX MECTOIIOJIOKCHUS B TIPOJICTE TAHCIIH.

Hndopmamms o Bkiaage kaxaoro aBropa. E.B. Ilonos, b.B. Jlabyoun — coctaBnenne MareMarnaeckoi moneny; E.C. Owenxoaa,
B.B. Conunos — HanycaHue BBOJHON 4aCTH, MIPOBEACHUE YHCIECHHBIX MCCIEJOBAHUI Ha OCHOBE CO3JaHHOI MaTeMaTuye-
ckoit monenn; A.A. Pycranosa — opopmiteHHne pabOTHI, IEPEBO.T Ha aHTIIMICKUH SI3BIK U TpaHcnuTepanus;, A.4. Dykanog —
MOCTPOEHHE PUCYHKOB H TPa(UKOB, OPMYIHPOBKA BHIBOAOB U 3aKJIIOUCHHS.

Credit author statement. Egor V. Popov, Boris V. Labudin — a mathematical model design; Ekaterina S. Oshchepkova,
Valery V. Sopilov — an introductory part, conducting numerical researches, based on the created mathematical model; Ana-
stasia V. Ruslanova — design of document, translation into English and transliteration; Alexandr A. Fukalov — design of fi-
gures and graphs, formulation of conclusions.
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devoted to establishing the relationship between the stress state of the frame and
the steepness of the dome when mounted. It was investigated how the height of
the ribbed-ring dome affects the stress state of its frame during overhang mounting
process. Methods. Computer models of design frames of ribbed-ring domes of dif-
ferent heights made of steel I-beams were developed. Based on design models,
a sequence of assembly models for incomplete frames was created for different
stages of installation. Both for the design and for all installation models of dome
frames of different heights, computer calculations were performed for the effect
of the load from its own weight. As a result of calculations for all domes and at
all stages of installation, deformations and stresses in the meridional ribs were
determined, which were compared with the design diagrams. Results. Compara-

For citation tive graphs of deformations of dome 'frames' and diagrams of changes in' the de-
Lebed E.V. Influence of the height of the gree of use of steel strength in meridional ribs at all stages of mounted installa-

tion are obtained. Comparative graphs of installation and design stresses in the me-
ridional ribs on different tiers for all stages of mounted installation are also shown.
The assessment of the installation stress states is given, their inevitability and

ribbed-ring dome on the stress state of its
frame during the overhang mounting pro-
cess. Structural Mechanics of Engineering

; o . > the degree of influence on the stress state of the dome frames are noted.
Constructions and Buildings. 2020;16(6):
452-464. (In Russ.) http:/dx.doi.org/10.22363/ Keywords: ribbed-ring dome, metal frame, meridional ribs, mounted in-
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1. BBenenune

Kapkacel MeTayuingeckux KyToJIoB MPECTaBIAI0T COOON MPOCTPaHCTBEHHBIE KOHCTPYKTUBHBIE CHCTEMBI.
ITosTOMy OHHM 007aJAIOT XKECTKOCTHIO, HEOOXOOUMOM AJs1 HaleKHOW pabOTHI KYNOJIOB B Ka4eCTBE HMOKPBITHH
3panuil. Kymnosa 5KOHOMHYHBI IO pacxoy MeTajlla ¥ 00JafaloT BhIPa3UTEIbHBIM BHEIIHUM 00nukoM. OHH 3a-
HUMAIOT Beylllee MECTO B MUPOBOI CTPOUTEIHHOM MPAKTHKE CPEIU BCEX MPOCTPAHCTBEHHBIX KOHCTPYKIMHA [1; 2].
OOBIYHO KyTI0JIa MPUMEHSIOTCSA B Ka4eCTBE MOKPBITHH 3JaHUH MPpH OONBIIKMX mpojieTax [3].

Kak u apyrue 6osbiienpoieTHbIe POCTPAHCTBEHHBIE KOHCTPYKTHBHBIE CHCTEMBI, KYIIOJIa HE MOSBIISIOTCS
cpasy u nenukoM. CBOIO TPOEKTHYI0 (JOPMY OHH MPHOOPETAIOT MOCTENEHHO B MPOIECCe BO3BEACHUS U B TeUe-
HHUE IJIUTEIBHOro BpeMeHH [4; 5]. B Hauane MOHTaka MOSBIAIOTCS UL OTAENbHBIE KOHCTPYKIHU WK (par-
MEHTHI KyMOJIFHOTO KapKaca. 3aTeM K HUM J00aBJISIOTCS HOBBIE KOHCTPYKLHH, B PE3YJIbTaTe Yero MO3TAITHO
¢dbopmupyercsa nokpeiTue. ToNbKO IOCIE MOHTaXKa BCEX 3JIEMEHTOB KapKaca 00pa3yroTcs U KOHCTPYKTHBHAS,
U pacueTHasi CXeMBI KyTIoJIa, IPeyCMOTpEHHbIE MPOEKTOM. MOHTaX KyHOJIHHOTO KapKaca COMPOBOXKIAETCS IO-
SBJICHHEM U TIPeo0pa30BaHUEM CIIOXKHBIX KOHCTPYKTHBHBIX cucTeM. Ha pasHbIX cTagusx MOHTa)ka Kapkaca BO3-
HUKAIOT pa3HbIe PACYETHBIE CXEMBI IPOMEXYTOUYHBIX KOHCTPYKTHBHBIX CHCTEM, BOCIIPUHUMAIOIINX HArpy3Kd OT
cOoOCTBEHHOr 0 Beca [5; 6].

By u cratmueckuii XapakTep MOHTaKHBIX PACUETHBIX CXEM 3aBHCAT OT KOHCTPYKTHBHOT'O PELICHUS Ky-
MOJIBHOTO KapKaca M MPHUHATOro crocoda ero Bo3BeneHHs. Croco0 BO3BEAEHUS MM MOHTa)ka BBIOHMpaeTCs UcC-
XOJIsl U3 pa3MepoB KyTOJIBHOTO KapKaca U ero KOHCTpyKTHBHOTO pemenus [7; 8]. Ilpu Beibope cmocoba MoHTa-
’Ka YUUTBIBAIOTCS U Pa3Mepbl KOHCTPYKTHBHBIX 3JIEMEHTOB KapKaca, U UX CHOCOOHOCTH BOCTIPHHUMATh MOHTaX-
Hble Harpy3kd. OT criocoba MOHTaXa 3aBHCAT CPOKH CTPOUTENLCTBA, XapaKTep TEXHOJIOTMYECKUX OIepauuil u
BBIOOp TIOTHEMHO-TPAHCIIOPTHBIX MAIIMH U MEXaHU3MOB. BOJIBIIMHCTBO METAINIMUECKHUX KYIIOJIOB MOCTPOEHO C
MPUMEHEHUEM Pa3HbIX CUCTEM BPEMEHHBIX o1op [8; 9], 1 MPH OTHOCHUTEIBHO HEBBICOKMX WJIH MOJIOTHX KyIHojax
3TOT croco0 ObUT NPEANOYTUTENCH. B BBHICOKMX KyIoJiaX MPUMEHSJICS HABECHOM MOHTaX, KOT/Ia BPEMEHHBIE
OIIOpBI BOOOIIE HE UCIIOIb3YOTCSL.

MoHTaX KyTOJIOB HABECHBIM CIIOCOOOM OCYILECTBISIETCS OT ONOPHOTO KOHTYpa, KOTJa CHavaja yCTaHaB-
JIUBAIOT NEPBBII APyC KyNOJIBHOTO KapKaca, 3aTeM SIpyC 3a sIpyCOM OCTAJIbHBIE €r0 KOHCTPYKTUBHBIE 3JIEMEHTHI.
B 3TOM ciydae 1OKHO ObITH 00ECIEUEHO JKECTKOE CONPSHKEHHE AJIEMEHTOB KYIOIBHOTO KapKaca JpyT C IPyroM,
XO0Ts OBI 10 OTHOLIEHHIO K pa3HbIM sipycaM. [Ipu HaBeCHOM MOHTake peOpHCTO-KOIBIIEBOTO KYIIONa MOCcie 3a-
BEpILIEHUS] YCTAHOBKH 3JIEMEHTOB MEPUINOHAIBHBIX pedep pachoIoKEeHHOI0 HIXKe sipyca M0 BCEMY KOHTYPY BbI-
MIOJTHAETCS] YCTAHOBKA JJIEMEHTOB KOJIbLIAa PACIIONOXKEHHOTO BbIIIE sipyca. [losiBeHre 3aMKHYTOr0 KOJIbLIAa OBEPX
Ka)X/IOTO CTEP>KHEBOTO KPYTOBOTO sipyca MPUBOJAWT K OOpa30BAHUIO MPOCTPAHCTBEHHON CTEP)KHEBOM CHCTEMBI,
BKJTIOYAIOIIeH BCe CMOHTHPOBAHHBIE SIPYCHI KYTOJa M 00Jajaroleii J0CTaTOYHOH KECTKOCTBIO ISl BOCHIPUSTHS
MOHTaXHBIX Harpy3ok [10]. Ilpuuem camoe BepxHee KOJIbLO YaCTUYHO CMOHTUPOBAHHOT'O KYIOJIBHOTO KapKaca,
TaK K€ KaK 1 Bce mpensiaynme, 3pHeKTHBHO CONPOTUBIIETCS Ae(opManuy 3aMKHYTON CTEPKHEBOH CUCTEMBI.

PacueTHple cXeMbl YaCTUYHO CMOHTHPOBAaHHBIX KYHOJBHBIX KapKacoB Ha BCEX CTAIHMAX MOHTaxa, pabo-
TAIOIIMX Ha HAarpy3Ky OT COOCTBEHHOT'O Beca, OTJIMYAIOTCS APYT OT Ipyra U OTIUYAIOTCS OT MIPOEKTHOM CXEMBI.
ITosTOMy M HampsDKEHHOE COCTOSHUE HJIEMEHTOB KYTIOJbHBIX KAPKACOB B MOHTaXKHBIX CXEMaX U IPOEKTHOW cxeme
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Toke oTnuyarotcs. [lepexon oT ogHOHM cTaguM MOHTaXa K APYTrod MPHUBOAUT K MPeoOpa3oBaHUIO PAacUETHBIX
CXEM TPOCTPAHCTBEHHOW CTEP>KHEBOM CHUCTEMBI KYIOIBHOTO Kapkaca. J[si OTOeNbHBIX KOHCTPYKTHUBHBIX 3Jie-
MEHTOB KapKaca C HE MEHSIOUIMMHCS Y3JIOBBIMH KpEIUICHHWSMHU TaKoe MpeoOpa3oBaHWE HE MPUBEIET K CyIIe-
CTBEHHBIM W3MEHEHUSIM HAINPSLKEHHOTO COCTOSIHMS MO OTHOIIEHHIO K MPOEKTHOU cxeMme. B pedprucTo-KombleBbIx
KyToJiaX K HIM OTHOCATCS 3JIEMEHTHI KoJiell. B MepuInoHa bHBIX K€ pedpax Mpu HAaBECHOM MOHTaXKE Y3JIOBOE
COTIPSKEHHE BEPXHETO KOHIIA KaXKIOTO AJIEMEHTa W3MEHSETCS OT CBOOOJHOTO (HEe3aKperwieHHOTO) 0 YKECTKO
3aKpEIUIEHHOTO 10 OTHOLIEHHUIO K CIEeYIOIIEeMY SIpycCy.

B MOHTa)XHOM COCTOSIHUM padoTa 3JIEMEHTOB pebep Moxoka Ha paboTy KOHCOJNBHBIX HAKIOHHBIX CTEPXK-
Hell. KoHconmpHas ycTaHOBKA 3JIEMEHTOB MEPUIMOHANBHBIX pedep KyIoyia MPUBOINT K IMOSBICHUIO B HUX 3HAYH-
TEJILHBIX U3rHOAIOIMX MOMEHTOB. B mporecce Bo3BeneHHs KyIIOJILHOTO KapKaca U3ru0aroie MOMEHTHI B Me-
PUIMOHANBHBIX pedpax M3MeHstoTcs. Hambonbiine mo BeTMYMHE MOHTa)KHBIE MOMEHTBHl B MEPHIMOHAIIBHBIX
pebpax HaOIIOIAIOTCS B DJIEMEHTaX MEPUAHOHAIBHEIX pedep MOHTUPYEMOTO SIpyca U B JJIEMEHTaX PaHee CMOH-
tupoBanHoro sipyca [10]. I[Ipu 3TOM OHM KOHIIEHTPUPYIOTCS BO3JIE y3JIa KPEIUICHUS KOHCOBHOTO CTEPKHS Me-
PUIMOHAILHOTO pedpa K KpailHeMy KOJIbIy W OKa3bIBAIOT OCHOBHOE BIIMSHUE Ha BO3HHKHOBEHHE MOHTa)KHBIX
HaNPsHKEHWH B AJIEMEHTaX KyNOJhHOTO Kapkaca. MakcuMallbHbIe MOHTaXXHBIE M3THOAIOIIe MOMEHTHI B MEPH-
JTUOHAJBHBIX pedpax Mo Mepe HapalluBaHHUA KapKaca «IepeMemnaroTcs K BepmuHe Kymona [11]. Cnexyer oT-
METHTh, YTO YCTAaHOBKA KOJIEI[ KyToja ¢ 00pa30BaHHEM 3aMKHYTOTO KOHTYpa Ha KOHIIaX KOHCOJIBHBIX 3JIEMEH-
TOB pedep (akTuuecku 3akperuisieT AehOpMUPOBaHHOE COCTOSHHE MX KaK KOHCOJEH M TeM CaMbIM COXpaHSeT
MOHTaXXHbIE HANIPSHKESHUSI.

2. MeToasbl

Cunraercs, 4T0 NPUMEHEHHE HABECHOTO MOHTa)Ka UIMEHHO B KPYTBIX KyMOJIaX HE MPUBOAUT K 3HAUUTEILHBIM
nedopManusaM Kapkaca M XapakTeprU3yeTcs MOsBICHHEM MHHUMAIBGHBIX HaYalbHBIX HANPSHKEHUH B €TO JIEMEHTaX.
C 1menpio BBISICHEHHS 3aBUCUMOCTH HANPSHKEHHOTO COCTOSHHS KapKaca OT BBICOTHI peOpHCTO-KOJIBIEBOTO KyIO-
J1a BBITIOJTHSIMCH KOMIIBIOTEPHBIE MCCIIE0BAHUS IS Pa3HBIX KymoJoB. [Ipu 3TOM 11 KaX/10T0 METaNINYECKOro
KYIIOJIa CO3JaBaINCh KOMIIBIOTEPHBIE MOJIETH, COOTBETCTBYIOIINE PAa3HBIM CTAIUsIM HaBECHOTO MOHTaxa. Kom-
MBIOTEPHBIE MOJIENN KYMOJIBHBIX KapKacoB HccienoBanch B mporpamme SCAD kak mpoCTpaHCTBEHHBIE CTEPIK-
HeBble cucteMbl [12; 13]. Kputepusimu ucciieoBaHuil CiIy>kKuian ae(GopMaluy y3j10B KYIIOJIBHOTO KapKaca 1 Ha-
MPSDKEHUS B 3JIEMEHTAX MEPUANOHAIBLHBIX pedep, KOTOPBIC ONPEACIUIUCH 10 BHYTPEHHUM ycunusm N u M.

B kadecTBe OCHOBHBIX OOBEKTOB HCCIIEIOBAHUS IIPUHSATHI KAPKachl PeOPUCTO-KOJIBIEBBIX KYIIOIOB Cheprye-
ckoit hopmel, cocrosmue u3 30 CeKTOPOB W HACUMTHIBAIOMKE 7 sSApycoB. Bee kymoiia mMEIOT OMMHAKOBEIN JHa-
METp ONOPHOT0 KOHTypa uiu npoiet 40 M, HO pa3Hyto BeicoTy: 19,83; 16,87; 14,02; 11,54; 9,35; 7,31 M (puc. 1).
Bce y31b1 conpsikeHHs DIIEMEHTOB KapKacoB XecTkue. Ha ocHOBe mMpuOIMKEHHOTO pacueTa BCe DIEMEHTHI Ky-
MOJIBHOTO KapKaca MPHHATHI B BUJE MPOKATHBIX ABYTaBpoB U3 ctanu C245: mepuanoHansHele pedpa — I 26111,
BepxHee kKoibio — I 30111, ocranpubie kombia — I 23111.

[Ipenpinymye uccieqoBaHus HAIPSHKEHHOTO COCTOSTHUS KYTOJNIBHOTO Kapkaca B npouecce MoHTaxa [10; 11]
MOKa3alld, YTO YCTAaHOBKA KOJICI] HE BBI3BIBAET CYIICCTBCHHBIX M3MEHEHHH BHYTPCHHHX YCHUJIUN B dJIEMEHTaX
KapKaca, B TOM YHCJIe U B MEPUAHOHAIBHBIX peOpax. [loaTOMy MOHTa)XHBIE CTEPIKHEBBIC CUCTEMBI KYTIOJIBHBIX
KapKacoB OBLTH TpPEACTaBIEHH KOMIBIOTEPHBIMA MOJIEISIMH C KOHCOJBHBIMH 3JIEMEHTaMH MEpPUIMOHAIBHBIX
pebep mo BceMy KOHTYpY. DTH MOJIENH OBIITN CO3JaHBI Ui BCEX IIECTH BHIOB KYTOJIBHBIX KAPKACOB M ISl CEMH
CTaIuii MOHTaXKa 0 YHCIY SIPYCOB Kaxaoro kymosia. C yueToM MPOEKTHBIX CXEM PacdeT Ha Harpy3KH OT cO0-
CTBEHHOTO Beca KYIOJIBHBIX KapKacoB C IENBI0 OIEHKH MX HaNpsKEHHO-1e(hOPMUPOBAHHBIX COCTOSHHNA OBLIT BbI-
MTOJTHEH JUTSI 48 KOMIIBIOTEPHBIX MOJIEIICH.

[Ipu HaBeCHOM MOHTa)e BCEX IMPEACTABICHHBIX BUIOB KYIOJIOB HeN30€KHA YCTAHOBKA 3JIEMEHTOB MEPH-
JIMOHAJBHBIX pedep KaKI0ro MOHTHPYEMOTO Ipyca KaK KOHCOJIEH MOoJ{ HAKJIIOHOM IO OTHOIICHHUIO K BEPTUKAIb-
HOW ocH KymoJia. YeM MeHbIIle BHICOTa KYIIONIa, TEM OOJbIIe HAKJIOH MEPUANOHAIBHBIX pedep (puc. 2). OmxHako
ciexyer oOpaTHTh BHUMaHHWE Ha CIEAYIONINe 0COOEHHOCTH: BO-TIEPBBIX, HAKJIOH 3JEMEHTOB pedep B HHUIKHHX
Apycax B KyIlojlaX pa3HOW BBICOTHI PaziIMueH, a B BEPXHUX — CTAHOBUTCS OJWHAKOBBIM; BO-BTOPBIX, JJIUHA OT-
JIETHHBIX 3JIEMEHTOB MEPUAUOHAIBHBIX peOep ¢ YMEHBIIICHHEM BBICOTHI KYIIOJIOB CTAHOBUTCSI MEHBIIIE.

W3MmeHeHue OTHOIICHUS BBICOTHI K TUaMeTpy (MpoJieTy) A/d paccMaTprUBaeMbIX KyTOJIOB BBITIISIUT T1JIAB-
HBIM, OY€Hb OJIM3KHUM K TPOTOPIHOHATEHON 3aBrucuMocTH (puc. 3). MccnenoBanue nedopmariuu kapkaca B mpo-
recce MOHTaXka MOKa3ajio MHOHM xapakTep ee M3MeHeHHs. Eciu mpocnenuTh, Kak Uu3MeHseTcs qedopManus Ky-
MOJILHOTO KapKaca M0 BEepTUKAIH f OT sApyca K sApyCy B MPOIECCe MOHTaXa, TO MOJyYUM 3aBUCHMOCTH, H300pa-
KEeHHbIe Ha puc. 4. 3/1eCh YUTCHBI TOJIKO BEPTHUKaJIbHBIE MOHTAXXHEIE JeOpMAIH OT MPOTrHO0B KOHCOJIBHBIX
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3JIEMEHTOB MEPUAMOHAIBHBEIX pedep ¢ y4eTOM HaKOIUIEHHS MPOTHOOB MPH HABECHOM MOHTa)KE BCEX MPEIBIAY-
muX sipycoB. 13 rpad kOB BUIHO, YTO 0 YETBEPTOrO Apyca MOHTaXKHbIE AeOpMalrH y KyNOJbHBIX KapKacoB
MEHbIIEH BBICOTHI HAKAIUIMBAIOTCS OBICTpEE, a ¢ IITOTO sipyca CyMMapHble e(OopMalul Y BBICOKHX KYIIOJIOB
CTaHOBSTCS OouiblIe APYrux. BMecTe ¢ TeM BHIHO, YTO y MOJIOTHX KYIIOJIOB, B OTJIMYUE OT KPYTHIX, e OpMaiu
BO3pACTAIOT 110 IUIABHOM KPHBOW C yMEHbIIEHHEM oTHomeHus h/d.
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Puc. 1. Kapkacsl peOpucTO-KOJIBIEBbIX KynoioB d = 40 M
[Figure 1. The frames of the ribbed-ring domes d = 40 m]

//////

Puc. 2. [TonoxeHnne MEpUANOHAIBHBIX peGep KyIOJIOB pa3HOW BBICOTHI
[Figure 2. Position of meridional ribs of domes of different heights]
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Puc. 3. OrHomenus h/d kynonos d = 40 M pa3HO# BBICOTHI
[Figure 3. Ratios h/d of domes of d = 40 m for different heights]
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Puc. 4. Beprukanshsie nepopmannu f kapkacos kyrnonos d = 40 M mpu HABECHOM MOHTAKE:
a-h=1983m;6-h=16,87m;6—h=14,02m;2—h=1154M;0-h=935m;e-h=731m
[Figure 4. Vertical deformations f of dome frames d = 40 m at mounted installation:
a-h=19,83m;6-h=16,87m;6-h=1402m;2-h=1154m; 0-h=935m;e-h=7,31m]
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Puc. 5. MakcumainbHbie gedopmManii f KymoIbHBIX KAPKACOB Pa3HOM BHICOTHI
[Figure 5. Maximum deformations f of dome frames of different heights]
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MakcumManbHbie JeopMaliy KapKacoB MOHTaKHBIX CXEM MPEBOCXOIAT AeOpMari MPOCKTHBIX CXEM C
yBEMYEHHEM BBICOTHI KymnoJioB B 8,1-13,0 pa3 (puc. 5).

HccnenoBanne HampsHKEHHOTO COCTOSIHUSL CTEPIKHEBBIX CHCTEM KYIOJIBHOTO THIIA HAa KOMIIBIOTEPHBIX
pacyeTHBIX MOJAEISIX BBITOIHIIOCH MHOTMMH YYeHBIMU. HampruMmep, aHaIM3upOBaioch HAMPSHKEHHOE COCTOSIHUE
KYHOJBHBIX KapKacoB MPH U3MEHEHHH €r0 T€OMETPUIECKUX mapaMeTpos [14; 15], mpu BbIKMOYeHNH U3 pabOTHI
HECKOJBKHX DJIEMEHTOB [16], Ipy OTIWYAIONTNXCS TEOMETPUIECKAX CXeMax KapkacoB [17], mpu pa3HBIX OTHO-
IIEHHUAX BBICOTHI K [uamMeTpy Kymouna [18], mpu n3MeHeHHusIX MpoJIeTOB KyHOoJIbHBIX KapkacoB [19], mpu BKiIroUe-
HUH B pabOTy KapKacoB Orpa)kIaroIux aneMenToB [20].

Kapkachl nccnenyempIX KyImoJIOB, HE3aBUCHMO OT TOTO, YaCTHYHO WJIM HOJHOCTBIO OHM CMOHTHPOBAHBI,
paboTaroT Ha IeHCTBHE COOCTBEHHOTO Beca MX 3JIEMEHTOB. [Ipu 5TOM MepuIHOHANbHBIE pedpa NCIBITHIBAIOT
OJTHOBPEMEHHOE JICHCTBUE YCHIIMH CKaTHs U M3rnda. HampspkeHHble COCTOSHUSI MEPUAMOHAIBHBIX pedep Bcex
KYIOJIOB M Ha BCEX CTaAMSIX MOHTaXXa ONPEACISUIMCH 110 HOPMAJIbHBIM HAIPSDHKCHUSIM B CEUEHUSIX UX DJIEMEHTOB,
KOTOpbIE BBIYUCILIIOTCA IO GopMyJie

Vi

c—Ni-i- + 1
A M

M., M
! B W, W

Vi

YuuThIBas, 4TO HAUOOJIBIIKE IO A0COTIOTHON BEMYUHE HAMPSHKCHUS OYIyT CKUMAIOIIUMU, 3TO BhIpaXKe-
HUE MOXXHO WHTEpIIPETHPOBATh KaK CYMMY YHCIICHHBIX 3HAUYECHUH HaNpsOKCHUH, BBI3BIBAEMBIX C)KaTHEM, W Ha-
MIPSHKCHHH, BBI3BIBAEMBIX H3THOOM, TO €CTh

lo;|=lo;y|+ [0l (2)

N3-3a TOrO, 4TO HA KapKachl KyNOJOB JEHCTBYET TOJIbKO BEPTHKAIbHAS HATPY3Ka, a BCE KOMIIBIOTEPHBIE
MOJIENIN UMEIOT CUMMETPHUYHOE reoMeTpuueckoe crpoenue, M,; = 0. CrenoBaTenbHO, Ha BEIUYUHY U3THOHON
COCTaBIISIIOIIEH HOPMaJIbHBIX HANPSDKEHUH OKa3bIBAeT BIMSHUE TOJIBKO Pab0OTa B BEPTUKAIBHON IJIOCKOCTH.

3. PesyabTaTsl

B mporuecce mccnenoBaHuil Moy4eHbl CBEJEHHS 00 YPOBHE HANPSKEHWH B MEPUAMOHAIBHBIX pedpax
KapKacoB KYIIOJIOB Pa3HOM BBICOTHI M Ha BCEX CTaJMSIX HABECHOTO MOHTaXKa IMOJ BO3ACHCTBUEM COOCTBEHHOTO
Beca. Ha puc. 6 moka3aHbl OSIPyCHBIE TMarpaMMbl CTETIEHH WCTIOIh30BAHHS MMPOYHOCTH JIEMEHTOB MEPHUIUO-
HAJIBHBIX pedep MO OTHOUICHWIO BBIYMCIICHHBIX CKUMAIOIINX HAMPSDKEHUH K PaCUeTHOMY COIMPOTHBIIEHHUIO CTa-
n |6i{/R, mis kymouoB nposieroM 40 M 1 BeicoToit 19,83; 16,87; 14,02; 11,54; 9,35 u 7,31 m.

I'padmueckue cTONOMKH B KaXJOM SPYCE COOTBETCTBYIOT HANPSKCHHBIM COCTOSHUSM 3JICMCHTOB MEpH-
MUOHAIBHBIX pelep I KaXI0H MOHTOKHON CXEMBI HIIH CTaIUH MOHTaXKa I10 MOPSAKY (BCETo 7) INTI0C CTOIONK
MPOEKTHOU cXeMbl. OTCYTCTBHE CTOJOMKA CBUICTEILCTBYET O TOM, YTO Ha JAHHOW CTaJUM MOHTa)Ka 3JEMCHTa
MEpPHIMOHAIBHOTO pedpa 3TOTOo spyca elie HeT B CMOHTHPOBAHHOM 4acTH KapKaca Kymnoja. [IoCKobKy MOHTaxK
Ha4yMHaeTCs ¢ 1-ro sipyca, ToO Ipyu MOHTaXxe 7-To sipyca B ypoBHE 1-To sipyca OyneT 7 rpadpuuecKux MOHTaKHBIX
CTOJIOMKOB ¥ TIPOCKTHBIN, a B YPOBHE 7-TO sipyca TOIHKO | MOHTaKHBIH CTOJOWK W MPOCKTHBIA. JlmarpamMmer
pHUC. 6 TOKA3BIBAIOT, YTO B MPOIIECCE HABECHOTO MOHTAXKa HANPSDKEHUSI B MOSPYCHBIX AJIEMEHTAaX MEPUANOHAIb-
HBIX pedep ¢ 3-ro spyca HaAYWHAIOT MPEBOCXOIUThH MMPOCKTHHIE 3HAUYCHHS. MakcuManbHbIe HAPSIKEHUS |G
B MOHTQXHBIX CXEMaxX MOSBISAIOTCS B 6-M sipyce U UX YPOBEHb OT IMPOYHOCTH R, B KyIosax BbIcOTOH 19,83;
16,87; 14,02; 11,54; 9,35 u 7,31 m nocturaet 3uauenui 3,11; 2,68; 2,35; 2,13; 2,01 u 1,97 % cOOTBETCTBEHHO.
MaxkcuMallbHbIC HAPSKCHHS MPOSKTHBIX CXEM MOSIBIIIIOTCSA B 1-M sipyce ¥ UX YPOBEHb OT MPOYHOCTH B KYIO-
JIaX TOH JK€ IOCJICO0BAaTeILHOCTH AocTuraeT 3HaueHui 2,08; 1,95; 1,86; 1,81; 1,83 u 2,21 % cOOTBETCTBEHHO.

JuarpaMMebl puc. 6 B IIEJIOM IEMOHCTPUPYIOT CHHKEHINE MOHTKHBIX HAPSHXKCHUN B JIIEMEHTAaX MEPHIH-
OHAJILHBIX pedep B sApycax ¢ 3-To 1Mo 7-i, HEKOTOPYIO CTA0MILHOCTh UX BO 2-M SpycCe, a TAKKE MOBBIIIICHUE MOH-
TaXHBIX HaNpsHKeHUH B 1-M sipyce mpH BbIcoTe KymonoB 9,35 u 7,31 M. OgHako u3-3a HEMPEePHIBHBIX Ipeodpa-
30BaHUM pacyETHBIX CXEM OT MEPBOM MOHTAXHOM CTaJMM KO BTOPOH, a OT HEe K TPEThEe U Tak Jiajee J0 Ce/b-
MOH CTanuu JuarpaMMbl puc. 6 HE TIO3BOJISIOT OLIEHUTH T€ HANPSDKEHUS, KOTOPBIE OYAYT COUeTaThCs C Hamps-
JKEHHSIMH TTOJTHOCTHI0O CMOHTHPOBAHHOTO KYMOJIBHOT'O KapKaca, TO €CTh IIPOEKTHON CXEMBI.
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Puc. 6. [oi|/Ry B aniemMenTax peGep npu MOHTaXKE KyIOJIOB Pa3HOM BHICOTHI N Ha pa3sHbIX CTAIUSIX:
1T — mpoekTHas cXeMa; ¢ — MOHTaX 1-To sipyca; 6 — MOHTaX 2-TO sIpyca; ¢ — MOHTax 3-TO pyca; 2 — MOHTax 4-To spyca;
0 — MOHTaX 5-TO sIpyca; € — MOHTaX 6-T0 sIpyca; Jic — MOHTaX 7-TO sipyca
[Figure 6. |ail/Ry in the elements of rings at different stages of the assembly of the dome at different h:
IT - design scheme; a — installation of the 1° tier; 6 — installation of the 2™ tier; ¢ — installation of the 3" tier; 2 — installation of the 4™ tier;
o — installation of the 5" tier; e — installation of the 6" tier; o — installation of the 7" tier]
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e

Puc. 7. Dnropsl MoMeHTOB M B MepuaroHansHOM pebpe Kynosna h = 19,83 M nmpoekTHO# (¢) 1 MOHTaXHBIX (6) CXEM Ha PasHBIX CTAAUIX
[Figure 7. Moment diagrams M in the meridional rib of the dome h = 19,83 m for the design () and for the assembly (6) schemes at different stages]

[IpononsHble coxnMaroiye cuiasl N B a1eMeHTax MEepHIMOHAIBHBIX pebep BO BCEX MOHTAKHBIX CXeMax OT
1-it cragum 10 7-H BO3pacTaroT MOCTENIEHHO ITyTeM A00ABICHHS JOJIEBBIX YacTel, 3aBUCSIINX OT BEca YK€ CMOH-
THUPOBAHHBIX SPYCOB KYNOJBHBIX KapkacoB. Ha 3aBepruaromield craanyu MOHTaxka BeauuuHbl N B 3JIeMEHTax Me-
PUINOHATBHBIX pedep cTaHOBATCA OMM3KUMH K N B MPOEKTHOW cxeme Kapkaca. M3rubaromme MoMeHTH M B
KOHCOJIFHO YCTaHaBJIMBAEMbIX 3JIEMEHTaX MEPUIMOHANBHBIX peOep BO BCEX MOHTAXKHBIX cXeMax OT 1-if cragun
JI0 7-11 OTAMYAIOTCS OT MPOEKTHON CXEMBI M TI0 XapakTepy, U 1o BenuuuHe [11]. DTo oTHOCHTCS Takke U K d1e-
MEHTaM MEpUIHOHAIBHBIX pedep, NPEALIeCTBYOUINX KOHCOIBHBIM B MOHT@)XHBIX cxeMax. [IpuueM, HaunHas ¢
3-ro sipyca, BenmnunHa M B MEepHUIMOHATBHBIX pedpax JIByX KpalHUX SPYCOB MOHTA)KHBIX CXEM B HECKOJIBKO pa3
npeBbIimaet M B 3THX ke sipycax IPOSKTHOH cXeMbl (pHc. 7).

IIpu MOHTa)ke KOJIBLEBBIX 3JIEMEHTOB KaXKIOT0 SIpyca KyIOJIBHOIO KapKaca UX HaJle)KHO COEIUHSAIOT C Me-
puaroHaNbHBIMU peOpamu. [103TOMy CMOHTHpPOBaHHBIE Ha KOHIIAX KOHCOJBHBIX 3JIEMEHTOB pebep 3aMKHYThIE
KOJIbIIa MPEMSITCTBYIOT CBOOOAHBIM BO3BPATHBIM Je(OpMalHsiM peOepHBIX KOHCOJIEH U, ClieIoBaTeIbHO, COXpaHsi-
10T BO3HHUKIIIME MOHTa)KHbIE HAaNpspkeHHs. MHaue roBops, CBsI3aHHbIE C MOHTaKHBIM M3THOAIONMM MOMEHTOM M,
HaNpPsDKEHUS GyiM HAKIIAIBIBAIOTCS] HA HAIIPSDKEHUS GpiM OT MIPOEKTHBIX MOMEHTOB M.

Haubonpimme n3rubaromne MOMEHTBI B 3JIEMEHTaX MEPHUIMOHAIBHBIX peOep MPOCKTHOW CXEMBI KYTIOJIb-
HOro Kapkaca M, BO3HHKAIOT B y3Jlax CONPSDKEHUS pasHBIX ApycoB. [lostomy no otHomenuto M,/M, MoxxHO
BBIYHMCIIMTD Ty 4acTh HANPSDKEHUM IPU HaBECHOM MOHTa)Ke, KOTOPasi COXPAHUTCS B IOSAPYCHBIX JIEMEHTaX Me-
PUIMOHAIBHBIX pedep A0 MOJHOTO 3aBEPUICHUI0 COOPKHU KYTOJILHOTO Kapkaca. [1o n3BecTHO oie HanpsKeHUH
NPOCKTHON CXEMBI |Gpim|, BBI3BIBAEMBIX H3rHOOM, BBIYUCIISIEM JIOJIO HAIPSDKEHUIT MOHTaXKHBIX CXEM |Gyim|, BBI3bIBA-
€MBIX U3rHOOM NPH HABECHOM MOHTaXe, 1o (opmyIie

Mi
OyiM|=——104im I 3
| |M| Mni | |M| ()

Ha puc. 8 mokazansl rpaduKd MOAPYCHOIO HU3MEHCHMS COKMMAIOIIUX HAMNPSOIKCHHH B MEPUAMOHAIBHBIX
pebpax s kynoJioB npojietoM 40 M u Beicotoit 19,83; 16,87; 14,02; 11,54; 9,35 u 7,31 M: BO Bpemsi MOHTaxa B
3IIEMEHTAX Tepe/l KOHCONbIO TONBKO OT M3rH0a |Gyim|, B KOHCOJBHBIX 3JIEMEHTaX TOJNBKO OT W3TrH0a |Gyim|, B dJe-
MEHTaX MPOEKTHOM CXEMBI KapKaca TOJBKO OT CYKATHSA |Oyin|, B 2JIeMeHTaX pebep MPOEKTHOM CXEMBI TOJBKO OT M3TH-
6a |onim|. I3 3THX TpadMKOB BHIHO, YTO B MPOSKTHBIX CXeMaX BCEX KYIOJOB HAMPSHKCHUS OT CHKATHSA |Grin| CY-
[IECTBCHHO MPEBOCXOST HAMPSUKEHHUS OT M3THOA |Onim|, 3a4aCTyi0 B HECKOJNBKO pa3. Jlomst HANpsLKEHUH OT H3-
ru0a |oniv| B CyMMAapHBIX HAMPSIKEHUSIX MPOCKTHBIX CXEM |Oni| = |Ouin | + |Onim| Ha pasHBIX spycax, HAUWHAS
¢ 3-ro, kymonoB BeicoTo#t 19,83; 16,87; 14,02; 11,54, 9,35 u 7,31 m Haxoxutcs B mHTEepBanax 19,3-43,7;
18,3-38,2; 17,9-32,4; 16,7-27,0; 15,4-22,0; 13,2-16,5 % cooTtBercTBeHHO. [Ipr HaBeCHOM MOHTaXXe M3THOAFO-
IIMHA MOMEHT Pe3KO Bo3pacTaeT U oTHomieHne M,/My Ui KOHCONBHBIX DJIEMEHTOB Ha pasHbIX spycax ¢ 3-ro
o 7-# xkymonoB BeicoTot 19,83; 16,87; 14,02; 11,54; 9,35 u 7,31 m usmensiercs B uarepsanax 4,7-6,0; 5,1-6,2;
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5,2-6,4; 5,2-6,7; 5,1-7,0; 5,1-7,6 coOTBETCTBEHHO. A B 3J€MEHTax Iepel KOHCONbHBIMU oTHOmIeHne M,/My
Ha sIpycax, HaunHasi ¢ 3-TO 1Mo 6-i, KyIoJIOB BBICOTOH B TOM JKe MOPSIJIKE M3MEeHseTcsl B mHTepBaiax 6,6—6,3; 6,5-6,1;
6,2-6,0; 5,9-6,1; 5,5-6,3; 5,4—6,8 cOOTBETCTBEHHO.
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Puc. 8. 3ameHeHre CKUMAIOLIMX HANPSHKEHUH |G| B 2JIeMEHTaxX MEPHIMOHAIBHBIX pedep 10 IpycaM B KyIoJiaX pa3Hou BbICOTHI h:
a — |oyiv| B 27IEMEHTE Tepei KOHCOIBIO BO BPEMsI MOHTa)a TOJIBKO OT U3ruba; 6 — |Oyim| B KOHCOIIBHOM 3IIEMEHTE BO BPEMsT MOHTa)Ka TOJBKO OT M3rH0a;
6 — |oyin| B 2JIEMEHTE MPOEKTHOI CXEMBI TOJIBKO OT CHKATHSL; & — |Oyim| B 2JIEMEHTE IPOSKTHOI CXEMBI TOJIBKO OT M3TrHOa
[Figure 8. Changes in compressive stresses |oi| in elements of meridional ribs along tiers in domes of different heights h:
a—|oiv| in the element in front of the cantilever during installation only from bending; 6 — |o,v| in the cantilever element during installation only from bending;
6 — |owin| in the element of the design scheme from the compression alone; 2 — |o,ium| in the element of the design scheme from the bending]
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W3rubaroriiie MOMEHTBI ITPU HABECHOM MOHTAXKE BBI3BIBAIOT HAIMPSKEHHS |Gyim|, TPEBBIIIAIOIINE HATPSIKE-
HUSI TIPOEKTHOMN CXEMBI |Opi|, ¥ BETUYMHA OTHOIICHUS |Gyim|/|Oni| HAXOMUTCSA Ha pasHBIX spycax ¢ 3-ro mo 7-i
KynoJioB BeicoToit 19,83; 16,87; 14,02; 11,54; 9,35 u 7,31 m B unTepBanax 1,3-2,6; 1,2-2,4; 1,1-2,1; 1,0-1,8;
0,9-1,5; 0,7-1,3.

U3 rpaduxoB puc. 8 BUIHO, YTO HANPSHKEHUS B DJIEMEHTaX MEPHINOHAIBHBIX pedep MPOSKTHOW CXEMBI
KapKaca TOJBKO OT CKaTHS |Gpin| ¢ YMEHBIIEHHEM BBICOTHI KyIOIoB OT 19,83 1m0 7,31 M B LENOM ITOCTENEHHO
YBEJIMYHMBAIOTCS, @ HANPSDKCHUS TOJBKO OT M3rH0a |Oniv| HEMHOTO YMEHBIIAOTCS. B TO jke BpeMsi HalpsyKeHUs
BO BpeMsi MOHTaXKa B 3JIEMEHTAaX Mepesl KOHCOJBIO TONBKO OT M3TH0a |Gyim| U HANPSDKEHHUS B KOHCOJBHBIX dIie-
MEHTaX TOJBKO OT U3rH0a |Gyim| ¢ YMEHBIIIEHHEM BBICOTHI KyIT0I0B OT 19,83 10 7,31 M MOCTENEHHO YMEHBINAOT-
csl. DTH TEHICHIMU TIOATBEPXKAAIOT rpadMKU OCPEAHCHHBIX IO SPycaM CKUMAIOIIMX HATPSDKCHUH |Gep| B 2J1€-
MEHTaX MEPUANOHANBHBIX pedep B KymoJiax pasHoi BeicoThI h (puc. 9).

05
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kH/cm? 02 L & —— .

, - )

0,1 o —e——e 1 o . .

0,0

19,83 16,87 14,02 11,54 9,35 7,31

Bricota KYIIOJIBHOI'O KapKaca B ME€Tpax
Height of the dome frame in meters

Puc. 9. OcpenaneHHbIe MO sIPycaM CKAMAIOIINE HAIPSDKSHUSI |Ocp| B JIEMEHTaX MEPHANOHAIBHBIX pedep B Kymoiaax pa3Hoil BBICOTHI N:
a— |cwcpM| B DJIEMEHTE IIEPE KOHCOJIBIO BO BPEMSI MOHTaKa TOJIbKO OT I/I3I‘I/I6a; 00— ‘GWCle B KOHCOJIBHOM 3JIEMEHTE BO BPEMsI MOHTaKa TOJILKO OT I/I3I‘I/I6a;
6— |GmpN| B JIEMEHTE IIPOEKTHOW CXEMBI TOJIBKO OT CXKATHUS; & — |csmpM| B 3JIEMEHTE MIPOCKTHOM CXEMBbI TOJILKO OT U3ruba
[Figure 9. Compressive stresses |ocp| averaged over tiers in elements of meridional ribs in domes of different heights h:

a — |oyepv| i the element in front of the cantilever during installation from bending alone; 6 — o, in the cantilever element at installation from bending alone;
6 — |ouepn| N the element of the design scheme from compression alone; 2 — |oyq,ul in the element of the design scheme from bending alone]
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Puc. 10. ITosipycHble BeTMYUHBI OTHOIIECHHMS |onil/Ry MpoekTHOI cXeMBbl B 311eMeHTax pedep KyloJoB pa3HOW BBICOTHI N:
a-h=1983m;6-h=16,87m;6-h=14,02m;2—h=1154m;0-h=9,35Mm;e-h=731m
[Figure 10. Tiered values of the ratio |oxil/Ry Of the design scheme in the elements of ribs of domes of different heights h:
a-h=19,83m;6-h=16,87m;6—h=1402m;2-h=1154m;0-h=9,35m;e—h=7,31m]

VYpOBHH HANPsHKEHHIH B MEPUIMOHATBHBIX peOpax MPOCKTHOW CXEMbI |Gri| IO OTHOIICHHIO K MPOYHOCTH
Ry BO Bcex kymomnax ot 1-ro sipyca k 7-my ymenbinatorcst (puc. 10). [Ipu 3T0M MakcuMasibHbIe OTHOIICHUSI |Gril/Ry
MOSIBJIAIOTCS B 1-M sipyce U B KymoJyiax Beicotoit 19,83; 16,87; 14,02; 11,54; 9,35 u 7,31 M nocTUraroT 3Ha4eHUH
2,08; 1,95; 1,86; 1,81; 1,83 u 2,21 % cOOTBETCTBEHHO. A MHUHUMAJbHbBIC OTHOIICHUS |Gyil/Ry MOsABASIOTCS B
7-M sipyce ¥ B KyIIOJIaX TOH ke mocienoBarensHocTy gocturatot 3Havenunit 0,98; 0,91; 0,87; 0,87; 0,91 u 1,03 %
COOTBETCTBEHHO.
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Puc. 11. TlosipycHbIe BETHMIMHBI OTHOIICHUI HAYATbHBIX HANPSUKCHHUH |Oni| K HATIPSDKSHHUSIM TIPOSKTHOH CXEMBI |Gl
JUIsL KYTIOJIOB Pa3HOi BBICOTHI h:
a-h=1983m;6-h=16,87m;6—h=14,02m;2c-h=1154M;0-h=935m;e-h=731m
[Figure 11. Tiered values of ratios of initial stress |owi| to stress in the design scheme |owi| for domes of different heights h:
a-h=19,83m;6-h=1687m;6-h=1402m;2-h=1154m; 0-h=935m;e-h=7,31m]

Ecnu om0 HanmpsbkeHui oT u3rnda |opiv| B 21eMeHTax MPOeKTHOH CXEMbI KapKaca 3aMEHHTh Ha MOHTaX-
HbIC HAMPSHKCHUS |Gyim|, TO MOTYYUM HA4YadbHbIC MOHTAKHBIC HAMPSIKEHHS |Gyl = |Onin| + |Ovim|, KOTOpBIE OyIyT
UCIIBITHIBATh MEPUAMOHANIBHBIC pedpa Mo 3aBEPIICHUN HABECHOrO MOHTaka. OTHOIICHMSI Ha4YalbHBIX MOHTAX-
HBIX HAMPSDKCHUH |Gyi| K HANPSDKEHUSM MPOSKTHOM CXEMBI |Oni| BO BCEX KyIOJax CYIIECTBEHHO BO3PACTAIOT
ot 1-ro sipyca k 7-my (puc. 11). IIpudem ¢ yBeandeHHEM BBICOTHI KyIIOJIa BEJIMYMHA OTHOMICHHS |Oyil/|Oni| OT spy-
ca K sIpycy BO3pacTaer.

4. BuiBoabI

Ha ocHoBaHMM M37I0KEHHOTO MaTepralia MOXKHO C/IETIaTh CIETyIOIIre BEIBOIBI.

B mpoiiecce HaBECHOTO MOHTa)Ka KapKacoB OOJIBIICIIPOJICTHBIX PEOPUCTO-KOJIBIEBBIX METAJUTMYECKUX KY-
MOJIOB Pa3HOW BBICOTHI B CEUCHHSIX MEPUAMOHAIBLHBIX peOep Hen30eKHO MOSBICHHE MOHTAXKHBIX HANPSKCHUM,
CYIIECTBEHHO MPEBHIMIAIONINX MPOSKTHBIE HAMPSHKEHUS OT COOCTBEHHOTO Beca KapKaca.

[TpuunHON MOHTaXHBIX HAMPSDKECHUH CIYKUT TO OOCTOSTEIBCTBO, YTO HA KaKJIOM BHOBH MOHTHPYEMOM
Spyce KYMOJBHOTO KapKaca 3JI€MEHThI MEPUAMOHAIBHBIX peOep yCTaHABIMBAOTCS KOHCOJIBHO, YTO MPUBOUT K
TIOSIBIICHUIO OTHOCHUTEHHO OOJBIINX U3THOAIOIIIX MOMEHTOB.

N3rubHoe cocTostHIE BCEX 3IEMEHTOB MEPUIUOHATBHBIX pedep KaXKI0ro sipyca Imocje YCTaHOBKH KOJIel]
XapaKTEePU3yeTCsl UHBIM OYEPTAHHUEM SITIOP MOMEHTOB 110 CPAaBHEHHIO C M3TMOHBIM COCTOSIHUEM 3THX K€ dJIe-
MEHTOB MPH KOHCOJHbHOW MOHTQ)XHOH YCTaHOBKE, YTO CBHJIETEIILCTBYET O UEPEAYIOMEMCS H3MEHEHUN pacyer-
HBIX CXEM KapKaca B POIECCE BO3BEICHMS.

MoHTaXHbIE HAMPSDKEHUS OT KOHCOJIBHOTO M3rM0a MOHTHUPYEMBIX 3JIEMEHTOB MEPHUAMOHAIILHBIX pedep
COXPAHSIOTCS B KYIOJIBHOM KapKace M3-3a KoJiell, 00pa30BaHHbIX YCTAHOBKOM Ha CBOOOHBIX KOHIIAX PEOSPHBIX
KOHCOJIEH JIEMEHTOB KOJIEIl, KOTOPble PUKCUPYIOT UX J1e(hOpMUPOBAHHOE COCTOSIHHE B TIPOCTPAHCTBE.

Bri0upas HaBeCHON MOHTaX JUIsl OOJIBIICTIPOJICTHBIX PEOPUCTO-KOJIBIEBBIX KYIIOJIOB CHEepHUIecKOro ouep-
TaHusi, HEOOXOUMO TIPU MPOSKTUPOBAHUM TPOU3BOJUTH PACYET MX KAPKACOB C YUCTOM BIUSHHS MOHTa)KHBIX
HaANPSHKEHW Ha SKCIUTYyaTallMOHHYI0 HaJIe)KHOCTh COOPYIKEHHSL.

B mepBoM npuOIMKeHNN MOXKHO YUUTHIBATH MOHTAXKHBIE HAPSDKEHUST B MEPUAMOHAIBHBIX pedpax yMHOXe-
HUEM TMOSAPYCHBIX HANPSDKEHUIM OT COOCTBEHHOIO Beca KYIOJLHOIO KapKaca Ha MOBBIMIAIOIINE KOI(PPHUIIMESHTHI.
JI1s BEICOKHX KYIIOJIOB Takue KO3 PHUIMEHTHI U3MEHSIOTCS OT 1,2 B sipyce y ONOPHOTO KOJbIA 110 3,2 B sipyce
y BEpXHEro Kouybla. s HU3KUX KYIOJI0B 3TH KOd(D(HUIIMEHTH H3MEHSIOTCA OT 1,5 B HIKHEM spyce 1o 2,3 —
B BEpXHEM.

He cnenyer npuMeHATh HABECHON MOHTaX B KyITOJax ¢ OTHOIIEHHEM BBICOTHI K quameTpy h/d menee 0,24
M3-3a 3HAYUTEIBHOTO BO3PACTAHUS U3rHOAIOIIEr0 MOMEHTA B IIEPBOM SIpyCe MEPHIMOHAIBHOTO pedpa.

[Ipu HaBecHOM MOHTaXke AeGopMannuy KapKacoB BO3PACTAIOT BO MHOTO Pa3 MO CPABHEHHIO C MPOESKTHOMN
CXEMOH, MO3TOMY CJIeIyeT MPeIyCMaTPUBATh TAKUE BUJbI COCIUHEHHUSI 3JICMEHTOB, KOTOPBIE CIIOCOOHBI KOMIICH-
CHUpPOBAaTh HETOYHOCTHU B PACCTOSHUAX MEXKIY Y3JIaMH.
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[punsra k nyonukamuu: 24 Hosiops 2020 r. 32 UX COCTOSIHHEM, B TOM UHCIJI€ MPOM3BECTH YCTAHOBKY NOIIOJHUTEIBHON KOH-

TPOJILHO-U3MEPHUTENBHOM anmmapaTypsl. Taxke HEOOXOAUMO BHEIPUTH COBPEMEH-
Hble MH()OPMAIMOHHO-IMAarHOCTHYECKHUE CUCTEMBI, TIO3BOJIIONINE B PEKUME peasb-
HOT'O BPEMEHHU OCYLIECTBIIATH OLEHKY COCTOSHHS KaK OTJEIbHBIX 3JIEMEHTOB CO-
OPY’K€HHMSI, TaK ¥ B3aUMOBIHSAIOIINX KOHCTPYKIUH U KOMIUIEKCOB COOPYXEHHM.
ITpu 5TOM pe3ynbTaThl, MIPEJACTABICHHBIC B CTaThe HAINIPABICHBI HA ONUCAHUE
(byHIaMEHTaNbHON CTPYKTYPhI HOCTPOCHUS UH(POPMALMOHHO-AUATHOCTUYECKOI
CHCTEMBbI HOBOI'O IIOKOJIEHUS], pa3pabaTbiBacMoll B paMKaX IpOrpaMMHO-AMIapaTHOIO
xoMmIutekca. [fenu. OCHOBHOHU L€NbIO MIPEAIaraeéMoro NporpaMMHO-aNnapaTHOro
KOMIUTEKCA SIBJISIETCS] TIOBBIICHNE YPOBHS O€30MACHOCTH TMIAPOTEXHHIECKUX U
THJIPO3HEPIeTUYECKUX COOPYKCHUH, OKa3bIBAIOIIMX BIMSHHUE APYT Ha Apyra B
IIpoliecce CTPOUTENBCTBA U AKCIUTyaTaluy. PemmaroTcs 3a1aun co3aanus eIuHON
w1aT(GopMbI ISl OIIEHKH 0€30MacHOTO COCTOSHMS THAPOTEXHHMUYECKUX M THAPO-
9HEPreTUUECKUX COOPY)KEHUH B IPOLIECCe MX CTPOUTENBCTBA U IKCIUTyaTaluH,
3aKJIabIBAIOTCSI OCHOBEI €AMHON YHU(HIMUPOBAHHON NH(OPMAIIOHHO-ANArHOC-
THYECKOH CHUCTEMbl Ha MOJYJIBHOII OCHOBE, MO3BOJISIONIEH MIPOBOAUTH CPaBHE-
HHE N0Ka3aHUH KOHTPOJIBHO-U3MEPUTEIHHON allapaTypbl, CTATUCTUYECKUX II0-
KazaTeseil U pacyeTHBIX 3HAUCHMH, IONYyYEHHbIX B paMKax MaTeMaTU4ecKOro
MOZEIUPOBaHus 00bEKTOB. Memoowl. B pabote nmpencrapiaeHa CTpyKTypa B3auMo-
JEUCTBUS OTAENbHBIX OJIOKOB, BXO/SIIUX B IPOrpaMMHO-aNIapaTHbI KOMILIEKC,
€ro B3aMMOJEHUCTBUE C IOJIL30BATEIEM JUIl OPraHU3ALUM NPUHATHA PElICHU

OpU SKCIUTyaTallud TUAPOTECXHUYCCKUX U THAPOIHCPIETUYCCKUX COOpy)KeHI/Iﬁ.

Hast uuTHpOBaHUS Pesynomamul. Peamm3oBana MoIyibHas 000JI0YKa, COCTOSAIIAS U3 00bEINHEHHOM
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influencing structures and complexes of structures. At the same time, the results
presented in the article are aimed for describing the fundamental structure a new
generation of information and diagnostic system building, developed within the
framework of a software and hardware complex. The aims of the work. The main
purpose of the proposed system is to increase the level of monitoring to ensure
the safety of hydraulic structures, which have a possible impact on each other
during operation and construction. The tasks of creating a unified platform for
assessing the safe state of hydraulic structures during the construction and opera-
tion of hydraulic structures (hydroelectric and pumped-storage power plants) are
being solved, the foundations of a unified information-diagnostic system on a mo-
dular basis are laid, which allows comparing monitoring and measuring equipment
readings, statistical samples and calculated values obtained within the mathema-
tical modeling objects. Methods. The paper presents the structure of the interac-

tion of individual blocks included in the information-diagnostic system, the in-
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1. BBeaenue

B Hacrosimee Bpemst MOBBIIIEHHOE BHUMAaHKE yAEIIETCS 00ecreueHHI0 0e30MaCHOCTU THAPOTEXHUIECKUX
coopyxennii (I'TC), B Tom uncne B pamkax TpeboBanuit @enepanpaoro 3akona Ne 117-03 «O 6e3omacHOCTH
THJIPOTEXHUYECKUX COOPYKEHHUI». B 3THX 1ensx ocyIiecTBIseTcs NOCTOSIHHBIN KOHTPOJIb 32 COCTOSTHUEM THI-
POTEXHHUYECKHX COOPY>KEHHH, B IEPBYIO o4Yepe/lb Ha OCHOBE KOHTPOJIBbHO-U3MepuTensHOH anmnaparypsl (KMA).
s nomydeHust 1 00paboOTKH pe3yIbTaTOB U3MEPEHUI KOHTPOJIMPYEMBIX BEJIMYHUH C IOMOLIBIO YCTaHOBICHHOM
B coopyxeHusix KA BHenpsroTcs pazinyHble HHPOPMAHOHHO-TUATHOCTHYECKHE CHCTeMbl. JlaHHas paboTa
ABJISIETCSl TIPOAOJDKEHUEM HCCIIeIOBaHUH, TpeACTaBleHHbIX B [1—4], 1 OMUCHIBaeT MOCTPOEHHE MPOrPAaMMHOM
yacTu nporpammHo-ammaparaoro komiiekca ([TAK) va mpumepe 3aropckux [ADC [5; 6].

2. MeToabl

PazpaboTka mporpaMMHON YacTH MPOTrpaMMHO-aNIapaTHOTO KOMILIEKCa MPOBOIUTCS HA OCHOBE METOJIOB
nporpaMmupoBanusi. B pamkax pacuetHoro moayiis, Bxonsmero B [IAK, paspaOaTeiBaroTcss mpoCTpaHCTBEHHBIE
KOHEYHO-3JIEMEHTHBIE MOJIENIM, HA OCHOBE KOTOPBIX OIPEIEISIETCS HAPSHKECHHO-Ie(OPMUPOBAHHOE COCTOSTHHE

Anton S. Antonov, chief engineer for equipment and hydraulic structures, director of the Analytical Center of Equipment and Hydraulic Structures Safety
of RIES (branch of JSC “Hydroproject”), senior lecturer of the Department of Hydraulics and Hydrotechnical Engineering of NRU MGSU, Candidate of
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I'TC (I'SC/TA3C) n ux ocHOBaHMH. B yka3aHHBIX KOHEYHO-3JIEMEHTHBIX MOJEISAX BOCIPOU3BOAATCS KOHCTPYK-
tuBHBIE ocobeHHOCTH [ TC, BKIIIOYast MeKOIOUHbIE CTPOUTEIBHBIE ILIBBI, IPUCYIINE THIPOTEXHUUECKOMY JKEJIe30-
0ETOHY; OCHOBaHNE COOPYKEHUH U IPYHTOBBIE 3aCHIIKHU 32 CTEHAMH COOPY’KEHUH. Takke B KOHEUHO-3JIEMEHTHBIX MO-
JIETSIX BOCTIPOM3BOIMTCS STAITHOCTH BO3BEICHHUSI COOPYKEHUH, YKIIaJKU TPYHTOB B 00paTHBIE 3achinkH 3a creHamu [ TC.

Hannsle obcnenoBanuii cocrosiaus I TC, nepenaBaembie B HHGOPMALMOHHO-INATHOCTHYECKYIO CHCTEMY,
MOJIyYEHbl HA OCHOBE BU3YaJIbHBIX U HHCTPYMEHTAIBHBIX METOJIOB.

3. Pe3yabTaThbl

IMTAK npencrapmsier co060ii MOIYJIBHYIO 000JIOUKY, COCTOSIIYIO B 0a30BOM peXUMe padOThI U3 TPEX KOMIIO-
HEHTOB: 00beIMHEHHOHN HH(pOpMaoHHo-IrarHoctudeckoit cucremsl (UJ1C), pacyernoro (PM) u sxkcriepraoro (OM)
MOJIyJIEH.

Obvedunennas MJ]C ocymiecTBisieT MOHUTOPUHT U quarHoctuky cocrostaus ['TC. [lns cobmonenuii neii-
CTBYIOIIEH 3akoHOAaTenbHON 0a3bl Ha [ 'TC ycTaHOBIEHBI AMArHOCTUYECKHE HH(GOPMAIIMOHHBIE CUCTEMBI, (DyHKITH-
OHHMPYIOIIFIE HE3aBUCUMO APYT OT Apyra. [Ipu 3ToM n3MeHeHue pexnMa dKCIDTyaTallid OJHOW U3 CTaHIIUN OKa-
3BIBAET CYNIECTBEHHOE BIMSHIE HA IPYTYIO, B CBS3U C 3TUM BO3HHKIIA HEOOXOJUMOCTh Pa3paOdOTKH eIUHON CH-
CTEMbI, TO3BOJISIIONIECH MPOBOIUTH KOMIUIEKCHBIM aHanu3 coctosinus 3aropckoid I'TADC u 3aropckoit TADC — 2
C YYETOM MX B3aHUMHOTO BITUSHUSI.

Pazpaborannas cuctema 6azupyetcs Ha web-cepBepe, HHTErpUpyOIeM HH(POPMAIHIO 1O JABYM CTaHIIU-
aM. Madopmanus no nokazanusm KUA npencrasnsercs B Buge WebUI ¢ BO3MOXXKHOCTBIO CKauUMBaHHS B TEK-
CTOBBIX U TaOJIMYHBIX (OpMaTax, IMpH STOM BO3MOKHA OTIpaBKa push-yBeToMIIEHHIT O MPOUCIIIECTBUSAX.

N/IC BemonHSAET ciemyrone GyHKIUN: cOop 1 00pabOTKy TaHHBIX MOHUTOPHWHTA, MIPEACTaBICHNC daH-
HBIX MOJIL30BATEISM, MIepeaada KOHTPOIUPYEMBIX TIOKa3aTeNeil U GakTOpOB SKCIEPTHOMY MOAYIIIO.

Pacuemmnviii MOOy1b COCTOUT W3 €AMHBIX M JIOKAJBHBIX MTPOCTPAHCTBEHHBIX MAaTEMaTHIECKUX MOJIEJIEH: Teo-
¢bunprpammmonHoit (I'OM), reomexanmueckoit (I'MM) u HJIC. Bce momenn, COBMECTHO ¢ MHOTOBapHAHTHBIMH Ka-
TOPOBOYHBIMH U MPOTHO3HBIMH pacueTaMu, XpaHsaTca B PM B popmaTe TaHHBIX, KOTOPBIN O3BONIAET 00paIiaTh-
Csl K HUM B PEKUME PEAIbHOTO BPEMEHH; OMUCAHHUE HJIEMEHTOB PACUETHOTO MOAYJISl HOAPOOHO pa3oupainoch B [1].
st paGoThI ¢ MaTeMaTHYECKUMH MOZEISIMH IITUPOKO MPUMEHSIOTCSI COBPEMEHHBIE BRIYHCITUTEFHBIE KOMITIIEKCHI,
takue kak Modflow, Midas GTS, Ansys, npuMepbl UCIIOJIb30BaHUS KOTOPBIX NpUBEacHBI B [7—12]. [Ipu pazpaboTke
KOHEYHO-3JIEMEHTHBIX MoAenel coopyxeHuit 3aropcknx '”ASC yuursiBasncs onsiT Mmoaenuposanus I'TC [13-16].

[Ipu HEoOXoAMMOCTH NOPaOOTKU MOAENEH Wi MPH MPOBEACHUN JOTOJHUTEIBHBIX PACUETHBIX MCCIIENO-
BaHUI M3MEHEHHS B PACUETHBIX MOJIEIISX IPOBOASTCS HHTEPAKTUBHO B Cpe/ie pa3paboTKH KaXI0i n3 HuX. B cBs3n
C pa3HOH KOHEYHO-3JIEMEHTHOM ammpoKCUMaluel, moadupaeMoil ucxoas u3 OanaHca CKOPOCTH PacueToB U He-
00X0JMMOH TOYHOCTH, MaTeMaTHUECKHUE MOJIETN He CBsI3aHBl MEXKAY COOOH €MHON CeTKOM KOHEYHBIX 3JIeMEH-
TOB, 0OMeH WH(pOpMAIFeH TPOUCXOIUT TIPH IOMOIIM CKPHUIITOB YIPABJICHHS, TIEPENAIONINX ITOYISHHBIE pele-
Hus u3 'OM B 'MM, a u3z 'MM B moaens HIC B BuIie TpaHUYHBIX YCIOBUI.

PacyeTHble crieHapuy MOJENNPOBAHUS BBIIOIHSIINCEH MTO3TAIHO, MOCIE KaKAO0TO LIUKIIA PACUETOB pe3yJib-
TaThl HAMPABISUIACH B CIIEAYIONINI KaKk rPaHUYHBIE YCJIOBHS, KpOME TOTO, mpenaBanuch B apxuB [IAK u skc-
MEPTHBI MOAYJb, YTO MTO3BOJIAET MOMYYUTH HA0Op NCXOAHON MH(POPMAIMK IS aBTOMATU3UPOBAHHOTO ONpese-
JICHUSI BOBMOYKHBIX OITaCHOCTEH.

Oxcnepmublil MoOyib — OIOK, OCYIIECTBIBIIONMN orleHKy cocTtostHus ['TC Ha ocHOBaHMM CpaBHEHHS HATyp-
HBIX JaHHBIX, nmoctynaonmx B MJIC, u pe3ynpTaToB, MOIYYEHHBIX 110 PACUETHBIM CIICHAPHSIM Ha MaTeMaThde-
cKkuxX Mojensax. [Ipu 3ToM 3KCHepTHBIN MOIYJb MOKET OBITh IMOJHOCTHIO HHTETPUPOBAH B PACUETHHIN MOIYJb
JUTSL ONTHMU3AIIAN UCXOTHOTO KOJIa M yCKOPEHMsI IpolieccoB oneHku coctosHus I TC.

OM 1npu GYHKIIMOHUPOBAHHUH OTISIBHEIM 01okoM ITAK B aBTOMaTH3MPOBAaHHOM PEKHAME BBITTOIHACET Cie-
NYIOIIME 3ajauu: TMOTy4YeHUEe NaHHBIX OT o0beaunenHoi UJIC, BeneHune 0a3 3HaHMN MO CIICHAPHUSIM/PACUCTHBIM
CIIy4asiM M ONaCHOCTSIM, OLIEHKY OTKJIOHEHUH KOHTPOJUPYEMBIX IOKa3aTele OT pacUeTHBIX 3HAUYCHUM, HIEHTH-
(hUKaIIo0 BOBMOXKHBIX OMACHOCTEH, 3aJI0’)KEHHBIX IKCIEPTHBIM ITyTeM, onoBelienne monb3oBareneit [IAK o BbI-
SIBIIEHHBIX OMIACHOCTSIX IIyTEM PacCBHUIKH push-yBemomiieHui;

Kpome 6a30BbIX OJIOKOB UCIONB3YETCS MO0YIb «ApX16», OCHOBHOH LIENBI0 KOTOPOTO SIBJISIETCS cOOp UCXO-
HOW MH(OPMAIINU 0 BBITIOJHEHHBIM HCCIIEIOBAaHUAM. Pe3ynbTaThl HaAyYHO HCCIIENOBATEIhCKUX, M3BICKATENb-
CKHAX ¥ PEMOHTHBIX pa0OT CHCTEMHO OIEHHBAIOTCS M MHTETPUPYIOTCS B 00mIyio 0a3y maHHbIX cuctembl [TAK.
JlaHHBIN MOIXO/1 TO3BOJISIET YYUTHIBATh B pa3padaThiBaeMbIX CIIEHAPUSIX MOJCIUPOBAHHS (PaKTUIECKOE COCTOS-
HUE COOPY)KEHHUI U CpaBHUBATh MokazaHus oObeauHeHHBIX UJIC ¢ akTyanbHBIMH JaHHBIMH, MOJYYESHHBIMU 3
MIPOBOIVMBIX MCCIIETOBAHMM.
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Onucanue gzaumooeticmsus [IAK ¢ opyeumu cucmemamu. OrmmuutensHoit yeptoii [IAK sBisiercs rubkas
cTpykrypa unterpauuu ¢ MJIC o0bekToB, B3aUMOAEHCTBHE ¢ KOTOPHIMU MPOUCXOJUT 1O MPOTOKOJIAM aCHHXPOH-
HOM perMkanuy 0a3 AaHHBIX U (aiiIoBBIX XpaHWIIMIL, [0 33JaHHOMY paclucaHuio. Perukanus pacrnpocTpa-
HseTcs B HampasiieHun oT craniuonHod MJIC k ITAK.

YacTe HHCTpYMEHTapHsI, 00eCeYrBaoLIero 0OMeH HHpOpMaLeH, IPEACTABICHA CIICIYIOUMHI CPEACTBAMU:

1) mpumeHeHne YHUBepcaapHOTO http-TipoTokona;

2) UCTIONB30BaHUE OTKPBITHIX (POPMATOB NAHHBIX (txt, csv, xIs, xlsx, xml) ans nepexayn uHGOPMAIIMK OT
yAaJeHHBIX CHCTEM;

3) mpUMeHEeHHe CKPUIITOBBIX MEXaHU3MOB 00paboTku u nepenaun AaHHbIX B [IAK n mexny [TAK u BHem-
HEH cpesiou.

MogynbHas apxurektypa [TAK npencrasiena Ha pucynke. OHa Mo3BOJISIET pa3AeiuTh QYHKIHOHANT KaxK-
JIOTO 3JIEMEHTa U OpraHu3oBath 3¢ ¢eKTHBHOE ynpasneHue cuctemoil. Monepuusauus [IAK ocymecTsisercs
HOJKITIOUCHHUEM JIOTIOJIHUTENbHBIX MOAYyJIel 6e3 nmepepaloTKy IpOrpaMMbl, YTO MO3BOJISIET KOMILIEKTOBAaTh CH-
CTeMy HE TOJIBKO IpeularaeMbIMH OJOKaMH, HO U BHOCHUTH pa3padaTbiBacMble DIIEMEHTHI, HEOOXOAMMbIC KOH-
KPETHOMY OOBEKTY.
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KOHTPOJTHPYEMBIX

3anpoc pacueTHoro

3arnpoc pacueTHBIX
3HAYCHHA U CPABHCHUSA C
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Figure. Modular structure of a hardware and software complex with a process implementation scheme
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Oobmen uH(popManneil Mex1y MOAYJIIMH OCYLIECTBISETCS C TOMOILIBI0 HHTETPAIIHOHHOTO MTPOrPaMMHOTO
obecnieuenus [IAK u ckpunros ynpasnenus. [1o sxenanuro monbp3oBaTeneil peann3oBaHbl IBa alTOPUTMa Iepe-
Jagu HHPOPMAITAH:

1) BHYyTpeHHHI — B3aMMOCBSI3b MOJIB30BaTeNiel M MOIYJICH OCYIIECTBIISIETCS 10 BHYTPEHHUM KaHaiaM BHYTPH
cepsepa [IAK 0Oe3 BbIXo/1a B UHTEpHET;

2) BHEIIHUH — B3aUMOCBSI3b IIPOXOAMT 110 3aLUIICHHOMY COEIMHEHUIO Yepe3 ITI00aIbHYIO CETh.

KnmenTckwmii 3amyck [TAK uist aBTOpH30BaHHBIX MOJIBb30BaTeIeld BO3MOXKEH Yepe3 Web-IIpOTOKOII ¢ JIt000-
ro pabouero [IK. TpeboBanus x I1K 3aBucAT OT ITyOMHBI BU3yaaH3alluy NPEAOCTAaBICHHUS PE3yIbTaToOB pacyeT-
HOT'O MOAYJISL.

YxpynHeHHO anroput™ (pyakimonnposanus IIAK MOXHO npecTaBUTh CIEAYIOIUM 00pa3oM:

1) pabota ¢ nanaeiMu UJIC — B aBTOMaTH3MPOBAHHOM PEXKHME WIIH TI0 KEJTaHUIO T0JIb30BaTeNs IIPOUCXO-
IUT perukanus nanubix MoHutopunra MJIC B apxus [1AK;

2) mMmopT maHHBIX u3 apxuBa [IAK B sKcmepTHBIM MOIYIh — CKPHUITOBAs Mepeaaya HEOOXOAMMOUW H
CTpYKTypupoBaHHOH HHpopManuu u3 apxusa [IAK B akcriepTHbII MOAYIIb;

3) 3ampoc 3KCIEePTHBIM MOJTYJIEM pacyeTHBIX 3HaYeHiH PM 1 ux cpaBHeHue ¢ TeKymmmu nokaszaausmu UJ1C;

4) MHUOMAIYS PACUETHBIM MOAYJIEM CKPUITOBBIX HOANPOrpaMM Ul MOMCKA ONTUMAJIBHOI'O COBIACHUS,
(opMHpOBaHHE MyJa JaHHBIX M0 PACUYETHBIM CLEHAPHSIM;

5) HampaBiieHHE IyJia JaHHBIX B SKCHEPTHBIM MOAYIIb IS MPEeABApUTENbHON HaeHTH(OUKAMH (aKTOpPOB,
KOTOpBIE€ MOTYT IIPUBECTH K H3MEHEHHUIO TapaMETPOB;

6) onpenereHNe «KOPUI0Pa» AOIyCTUMOIO H3MEHEHHSI 3HAYEHUH U1 KOHTPOJIMPYEMBIX I1apaMeTpOB;

7) OLleHKa BENWYHH BBIXO/1a 3HAUECHHUI U3 IOIyCTUMOTO KOPHIIOPa;

8) Belgaua omnepaTopy aHAJUTUYECKOM MH(OpMALUHU B CIydae HaXOKACHUS B «KOPHIOPE», IKCTPEHHOE
omnogetieHre nonb3oBareneil IIAK B ciryuae BBIX0/1a KOHTPOIUPYEMBIX TapaMEeTPOB M3 TOMYCTHMBIX 3HAYCHHUH
(Ipu 3TOM B COCTaB OTOBEIIEHHUS BXOIUT KPaTKOE OMMCAHNWE OMACHOCTH M CChUIKAa Ha COOTBETCTBYIOIIMI HaOOp
BBIXO/IHBIX JOKYMEHTOB);

9) mepenaua manabIX B apxuB [TAK m1s manpHeHIero ucnoas30Banus Mpu onenke cocrosaus ['TC.

B o0miem Busie nHGOpMaIMOHHBIE CBSI3U B3auMoieicTBrs [TAK MOKHO omucarh Kak:

1) moiy4eHue NaHHBIX MOHUTOpPUHTA OT 00beauHeHHONH NJIC — pe3ynpTaThl MOHUTOPHHTA HAKATUINBAIOT-
cs B apxuBe [IAK; OM monydaeT ux B aBTOMaTHYECKOM PEXHUME HE Peke OJHOTO pasa B CyTkH uepe3 WebUI,
HCIoNb3ysl mHTEerpupoBanHoe B [IAK mporpammHoe obecrieueHue;

2) BeiBoI uH(MopManuu u3 PM s popmupoBanus 0a3bl JaHHBIX PE3yIbTAaTOB PacyeTOB — OCYIIECTBILS-
eTcs NMpH NPOBEICHUU PACUETHBIX HCCIECIOBAaHUN Ha 3Tare pa3padOTKH CHCTEMBbI, Al 0OMeHa WHGpOpMaruen
ucrnonb3yercst WebUI, pe3ynbratsl coxpansrorcs B apxuse [IAK u mepegarorcs B OM;

3) npencranenne nHpopmamu yepes WebUI B Buzae moxkymeHTOB U nHpopmanun — web-cepeep [TAK
MIPEOCTABISAET MOJIB30BATENIO I IPOCMOTpPA U aHAIN3a!

— TEXHUYECKUE TOKYMEHTHI O CLICHAPUSIX/PACUCTHBIX CIy4asx;

— OTKJIOHEHUSAX KOHTPOJIMPYEMBIX TTOKa3aTesei OT pacueTHBIX 3HAUYEHHI;

— SKCIIEPTHBIE 3aKII0UYEHNUS O BBIBIEHHBIX OMACHOCTSX;

— pPeTpOCHEeKTHBHBIE HATYpHBIE NaHHble 3 o0benuaenHon NJIC.

4) omoBeleHNE I0JIb30BaTENIEl O BBIBIECHHBIX OMACHOCTSX — B ClIyyae BBIABICHUS ONACHOM CHUTYalluH
BCEM II0JIb30BATENSIM HAIMPABIISIOTCS YBEIOMIICHHUS B BHJIE €-mail coOOIIeHuH, B KOTOPHIX HAXOAATCS CCHUTKU Ha
OIMCaHKE MPEAIOoIaraeMoro CLeHapys Pa3BUTHs COOBITHI U HaTypHbIE JaHHbIEe U3 00beauHeHHor UJIC;

5) TIpu MTAaTHOM peXUMe pabOTHI TTOJIE30BATENSIM HE MEHEE OJTHOTO pa3a B HENETIO HaMpaBJsAeTcs e-mail
coo011IeHHe, TOITBEPKIAIoNIee HOPMATbHYIO SKCILTyaTallli0 00bEKTa.

[Tpy BO3HUKHOBEHUH CUTYALMH IO HA3BAHUEM « UHYUOEH» TIPOBOJATCS CIEAYIOIINE OepaLuu:

— ¢ukcarus [TAK HemtaTHON cuTyanuu — OTKJIOHeHHI/Hapyennid B pabote I 'TC, npeBbimienue mo aua-
THOCTUYECKHUM MTOKA3aTeNsIM KPUTEPHAIIbHBIX 3HAUCHUMH;

— ¢opmupoBanue B [TAK nepeuuHoro oruera o cocrosunu ['TC u ero nepenaya B anpec 3aKka3uuka M 3Kc-
MEPTHBIX OpPraHU3alyi, KOTOPBIMUA MOTYT SIBIATHCS aHATUTUYECKUH LIEHTpP, T€HEPAIBbHBIN MPOEKTUPOBILHUK, IKC-
MEPTHBIE LEHTPEI U JIP.;

— 00paboTKa dKcIepTaMy MOMyUYEeHHBIX JaHHBIX, pa3paboTka peKOMEHAINI 10 BBISBICHUIO U yCTpaHe-
HUIO 0OHAPY>KEHHOTO WHIIMCHTA;

— mpuHATHE pereHus BiaaaenbiieM I TC o HeoOX0AMMOCTH M COCTaBe BO3JICHCTBUM HA OCHOBAaHUH JTAHHBIX
ITAK u 3KCTIepTHOTO 3aKITIOYESHHUS.
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4. 3akaouyenue

B pesynsrate padot Hag [IAK peannzoBana momgynpHas 00oouka, coctosmas u3 oobeauaennon NJIC,
9KCIIEPTHOrO U PACYETHOTO MOAYJIEH, MO3BOJISIOIIAS KOMIUIEKCHO ITOIXOANUTH K BOIIPOCY 0€30I1aCHOCTH B3aHMO-
rusitorux I'TC.

Pa3paborana cTpyKTypa BHyTPEHHUX B3aUMOCBS3EH MOIYJICH U aITOPUTMBI IPUHSTHUS PELICHUI Py pa3-
JMYHBIX HATyPHBIX MOKAa3aHUAX KOHTPOJIbHO-U3MEPUTENBHON annapaTypsl. 3aJ0KeHbl IPOTPaMMHBIE CBS3H,
MO3BOJIAIONINE OLCHUTh U3MEHEHHUE TTapaMeTPOB, KOTOPBIE MOT'YT MPUBECTH K OTKJIOHEHUSIM/HApYIICHUSM B pa-
6ote I'TC.

Omnucana u pazpaboTaHa cxema NPUHATHS PELICHUH NPH BOZHUKHOBEHHH MHLMICHTOB, KOTOPas MO3BOJISET
nipu iomonm [TAK onepaTuBHO MIIaHUPOBATH U PEANTU30BBIBATh BO3ACUCTBUS Il oOecrieueHus Haaexuoctu ['TC.
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Bﬂaronapnocn& BaOLICTOCA I'€JIMKOUaa. B crarbe 3Ta cucrema l'[pI/IMf:HeHa ﬂﬂﬂvOHpeﬂeHeHI/Iﬂ
Hy6m/u<au1/m TMOZTOTOBJIEHA TP TIOIIEPIKKE Hal'[pﬂ)K?HHO-,I[G(I)OPMI/IPOBE}’HHOI‘O COCTOHHI/EH KOJIbLIEBOU ITI’ KpyTrijion PJ’IaCTIle npu
HpOFpaMMLI PyHH «5—100y. BHCIIHEU OCECUMMETPUYIHOU IMMOBEPXHOCTHOU HArpy3Ke, NCUCTBYIOIICH KaK B IJIOC-

KOCTH IIJIACTHH, TaK U U3 UX IIJIOCKOCTH. HOHy‘IeHHLIe Pe3yabTaThl AJId KOJIbLEC-

BOM TIJIACTHHBI B HCOPTOIOHAJIBHBIX KOOpAWHATAX PacIIUpsAOT KiacC 3aga4, Ko-

st nuTHpoOBanust TOpBIE TENePh MOXHO PEIIUTh aHATMTUYeCKA. OHU MOTYT OBITh HCIIOJIB30BaHbI B
Krivoshapko S.N. An analysis of annular Ka4ecTBE TEPBHIX WICHOB PAJ0B PA3IOKEHHs HCKOMBIX TIepeMEIEH i B CIyyae
plate in curvilinear non-orthogonal coordi- IIPUMEHEHUSI METOA MAJIOrO MapaMeTpa NPUMEHHUTENBHO K JIIMHHOMY pa3Bep-
nates with the help of equations of a shell THIBAIOIEMYCS T€IUKOMLY.

theory // CTpouTenbHas MEXaHUKA MHXKEHEP-
HBIX KOHCTPYKUMH u coopyxeHuit. 2020.
T. 16. Ne 6. C. 472-480. http://dx.doi.org/
10.22363/1815-5235-2020-16-6-472-480

KiioueBsble cj10Ba: HCOPTOrOHAIBHBIC KOOPAMHATHI, TEOPHUsI 000JI0UEK, pa3-
BEPTHIBAIOLIHUIACS TEIMKOW, KOJbIEBas TUIACTUHKA, YPAaBHEHUsI PAaBHOBECHS, OCE-
CHMMETPHYHAs HAarpy3Ka

1. Introduction

It is known, that the simplest equations of theory of thin shells are turned out for middle shell surfaces
given in principle curvatures. But sometimes, it is very difficult to set a surface in principle curvatures and one
must use governing equations of a theory of thin shells in curvilinear non-orthogonal coordinates. The complete
system of equations in curvilinear non-orthogonal coordinates was proposed by A.L. Goldenveizer [1]. This sys-
tem contains internal “pseudoforces”, “pseudomoments”, and Christoffel’s symbols. The system of equations,
presented by Ya.M. Grigorenko and A.M. Timonin [2], is written in tensor form.

The system, proposed by the author, contains internal forces and moments usual for engineers and is free
from Christoffel’s symbols [3]. Hereinafter, the equations presented in a paper [3] will be used.

2. An aim of investigation

Having the systems of the governing equations of a theory of thin shells, set by different scientists,
it is desirable to use them for solution of problems of bending of plates and for solution of plane problems of
their analysis, or to apply the governing equations of a theory of thin shells for solution of test examples of ana-
lysis of plane elements. This approach is illustrated by an example of reducing of general equations of a theory
of thin shells in curvilinear arbitrary coordinates to the equations for analysis of tangential developable helicoid,
and after for analysis of annular plates under action of axisymmetric uniform load of two types.

3. Methods of investigation

3.1. Governing equations of a theory of thin shells in curvilinear non-orthogonal coordinates

A system of the governing equations of a theory of thin shells in curvilinear non-orthogonal coordinates,
proposed by the author, has the following form [3]:
— six equilibrium equations:

N —-N
2(ASV)Jr—” V[a—B—%cosxj+— .
siny \ou ov ou ’
S+S (0B 0A AB
E(ANV)+ L v(a——a—c Xj —_— g—gcosx +ABY sinx =0,
ov siny \ou ov ou ou siny\ R, R,
N N
- ! +i[—(BQ)+i(AQ )} Zsiny =0,
R, siny R siny AB| du ov
_ 9 (am )4 Mt My [OB_OA A oM, Moy siny + ABQ, siny =0,
ov siny ou ov ou ou
0 M, -M,(oB 6A cA oM
—(AM cosy [+—M, — = —*cosyx+AB(Q, +Q, cosx)=0,
M)+ [au 5 x] M. -B— ~ -cosy-+AB(Q, +Q, o))
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(S,—=S,)sinx+(N, —N, )cosx+

M

uv vu

— =0,
R, siny R, siny

(M

where X, Y, Z — external uniform surface load in the direction of mobile orthogonal axes x, y, z, and the x-axis

coincides with the tangent to the u-coordinate line;

— six geometrical equations suggested by A.L. Goldenveizer and presented in a monography [1], the first
three of which after submission of Christoffel’s symbols in them can be expressed as [3]

1] ou  o6A(u o(u)l

g, =—| —++—| % |[+Bcosxy—| —~ | |-,
Al ou ov(B ou\B)| R/
1[ou, oB(u o(ul| u

g, =—| —++—| % |+Acosx—| = | |-==,
Bl ov oul A oviA)| R

sy BO() AO(w)] 10x, 1or, w2 omy o)
Aou\ B) Bov\ A Adu B ov siny\ R, R R/

Remaining three equations for the determination of change of curvatures k, and «, and torsion «,, have

rather complex form, for example, for shallow shells

cosy OA du,

&)

« _l_i 1 du,) 1 0(cosxau, N 1 0A 6uz_
“ A| Ou\ Asiny du B ou\ siny ov B*siny ov ov _'

; _l_g 1 0du,| 1 0(cosyodu, N 1 a_BﬁuZ_
" B|ov\Bsinx ov ) Adv\sinx ou ) A’siny ou ou |

1 |B*o(10u ) A 0(1ay , O’u, cosy OB oau,
= | = t—— — —cos” X + ——=L+

ABsiny| 2 ou\ B® ov 2 ov\ A® du ouov. A Ou ou

B ovov |

Eight physical equations connecting internal forces N,, N,, S, S, O., O, and moments M,, M,, M,,, M,,, and com-

K, between themselves can be written as [3]

ponents of tangential and bending deformations ¢,, €, €,, ¥,, K,
Eh Eh
N, = ~(g, —g,ctgx +ve,), N,=——(g, —€,ctgx + Ve, ),
1-v 1—
1-v 1-v
SV - C[Euv +(EV _E“)Ctgx]’ Su :TC[EUV +(£u _Ev)Cth]'

3
M, __En
12(1+v)

(x,, - k,c08x), M

M= ER’ : Ku.+Kv
12(1-v°)| siny
M = EW’ : Ku.+KV
12(1-v“)| siny

_ERW
v 12(1+v)

—(1-v)(x,sinx +x, ctgx)

—(1-v)(x,siny +x, ctgx)

(k,, - ¥,C08X),

-

“)

~-

where y # 7/2 is the angle between the coordinate lines u and v; v = Poisson’s ratio; 4 = thickness of shell.

A vector of displacements can be written as

r r
U=u,~+u,—~-u,n.
B

A
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Figure. The forces (a) and moments (b), per unit length, needed for equilibrium

The forces and moments, per unit length, needed for equilibrium are shown in Figure and are positive
as shown.

3.2. Developable helicoid
Parametric equations of evolvent (developable) helicoid can be written as
x=x(u,v)=acosv—ausinv /m,
y=y(u,v)=asinv+aucosv/m,

z=z(u,v)=bv+bu/m, (5)

where m=+a’ +b2; b is the lead of a helix u = 0 (cuspidal edge); v is an angle measured from an axis Ox;

a is a radius of a cylinder on which the helical cuspidal edge is lying.
In this case, coefficients of the fundamental forms of the surface (5) and its principal curvatures (k.; &)
can be written as

A=1; F=m; B2=m?+u2a2/m?, N=uab/m?, L=M=0; k,=0; k,=N/B?, (6)
and also

F m . ua 0B ud
cosy=——=—, siny=—0y,—=——.
AB B mB ou m'B

(7

The u-coordinate lines coincide with the straight generatrixes of the helicoid but the v-lines are co-axis helixes.
The formulae (6) show that conjugated (M = 0) non-orthogonal (¥ # 0) system of curvilinear coordinates is used.

For a developable helicoid (5) with coefficients of the fundamental forms (6), the equations (1)—(3) be-
come simpler. Substituting the geometrical equations (2), (3) into the formulae of Hooke’s law (4) but the results
into the equilibrium equations (1) one can obtain a system of three differential equations in partial derivatives of
the 8" order. This was made in a monograph [3]. But this system of equations was not solved analytically.

A system of three differential equations in partial derivatives of the 8" order, presented in a work [4],
was reduced to a system of three ordinary differential equations of the 8" order for a long developable helicoid.
It was assumed that all components of stress-strain state of a long developable helicoid depend only on
the u-coordinate, i. e. all derivatives with respect to parameter v are equal to zero. In this case, a problem of de-
termination of components of stress-strain state yields to analytical solution. With the help of small parameter
method, it was solved in works [4; 5]. With the help of asymptotic semianalytical method, it was solved in
a work [6]. Analogous approach was used in a paper [7] for analysis of a long right helicoid. Two methods of
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analysis of thin elastic open helicoidal shells were used in a manuscript [8] where the equations of A.L. Golden-
veizer [1] and the equations (1)—(4) were applied. Now five types of helicoidal shells are known [9]. All these
shells can be analyzed with the help of presented equations (1)—(4) [10; 11].

3.3. Governing equations for thin annular plates in curvilinear non-orthogonal coordinates

For annular plates, we have b = 0, therefore, formulae (1)—(7) are simplified and become
m=a; A=1;, F=a;, B’=a?+ uz
N=L=M=0; k,=0; k,=0;

a . uoB u odx a
cosy=—, siny=—,—=—,—=—. (8)
B B ou B ou B

Substituting the values (8) into formulae (1)—(7) gives the possibility easily to obtain corresponding go-
verning equations for annular plate or its fragment subjected to arbitrary uniform surface load or to linear load
along contour of the plate acting in the plane of the plate.

One can obtain a system of three differential equations in partial derivatives in displacements and reduce
them to a system of two differential equations in displacements of the same order. But to solve analytically
the obtained systems it is not possible yet. Of course, this problem can be solved with the help of FEM [12].

Assume that an annular plate is subjected to an axisymmetric load. Then, all parameters of stress-strain
state of the plate will not depend on the v-coordinate, i. e.

at ..
vt

Hence, the system of equations (1)—(4) becomes:
— equilibrium equations:

d
a(uNu +aS,)—N,+uX =0,

d
E(uSu —aN,) + S, +uY =0,

d
—(BQ,) —uZ =
du( Qu) u OI

My + My, +uQ, =0

du ru v ’
d(uMy,

 du

u(Sy —Sy) +a(N, —N,) =0; ©

a

+ M, +aQ,+BQ, =0,

— geometrical equations:

ae u
&y = a' &y = ﬁuw

d_L|J a

By = U gy ~ g7t

B du’

_d (B duz) _ldu,
K”_du udul/’ =

a du,
KUV =77 ;
B* du

(10)
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— physical equations:

N —C[ ad( )+6+ dG]
v uuw w

du, 1 1—v
NuZC[%'l'Zuu B2 u uu],
1—-v dys do
— 27r 7
S0 =0 C(u du adu)
g _1-v ( dlj}+ad6 2a )
vo2 du " udu BEM)
d (1du,
M, ——(1—v)aD—(—du) w =0,
_ D[d Bzduz . dzuz
"7 uldu\u du ( v)u
2d d
Mu=—2 dB du, ) (q_yyd ) (11)
du\ u du du
D= Eh3 = Eh
T 12(1-v2) T 1—v?
New notations were introduced in formulae (10) and (11):
O=u,+— u lIJ—— (12)

4. Results

4.1. Applied load is perpendicular to the middle surface of the plate

Assume that an annular plate subjected to constant surface load Z = const. It means that applied load is
perpendicular to the middle surface of the plate. This assumption eliminates the need to consider in-plane mem-
brane forces that are not considered in the classical theory of bending of thin plates. So, integrating the third
equation of equilibrium (9), we determine

2 -~
BQ,=—Z+(, (13)

where C] is the unknown constant of the integration.
Substituting the values of the shear force Q,, obtained from the fourth equation of equilibrium (9),
into the fifth equation of equilibrium, gives

B? d(uM,, a? a
BQuzﬁ du - v_ﬁMu +£Mvu-

Taking into account expressions (11), the obtained equation can be written as

po - _pBd[1d (Bdu,
Qu = u duludu\u du /|
or with the help of an equality (13) we get
DBZ d[1d Bzduz —UZZ+Z‘/
uwduludu\u du )| 2 L
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Integration of the last expression gives

u, = C;B?InB? + GInB? + Cyu? + €y — —=u?, (14)

where Ci, C,, C3, C4 are the unknown constants of the integration, that can be determined after satisfaction of
boundary conditions.
Substituting a value of displacement (14) in the expression for the determination of BQ, gives

2

u
BQy = —8DCy +—7Z,

i.e.C; = —8DC;.

At last, we can find

8a a
Qv = ____anu :ﬁ DC1 —EZ

4.2. Applied load is in the plane of the plate

Examine loading annular or circular plate (a = 0) by axisymmetric load acting in the plane of the plate.
In this case, we use the first two equations of equilibrium (9). After substitution the first fourth physical equa-
tions in them and after some transformations, equations (9) take the following form:

d{ld[e ]}_dild[ ]}_u(y X
du lu du u(® = aw) T dulugu ™ty T cp i T WA
d dys d do dao 2u3

_ 3+ _ ) = B —

du(u du)+adu(udu) 2adu (1 —v)CBZ (aX +ub).

Integration of two last expressions gives

1 u u 1
9—al|J=uu=af[uf@(aY—uX)du]du+zD1 +ZD2,

a 1 2u3(aX+uY) D
+—0=-]===" Jdudu+—=2+D,, 15
v u’ u CBz(l—v) ! (13)

where D, D,, D3, Dsare the unknown constants of the integration.

The last two equations give the possibility to find parameters of deflections (12). Substituting these pa-
rameters into the physical equations (11) one can find the internal forces and moments in an annular or circular
plate subjected to an external uniform axisymmetric load acting in the plane of the plate.

Assume that X = Y= 0 then from the last two expressions we determine

1 (u a
0 — D, + uD, +§D3+au2D4 )

~BZ\2
U, 1 au a 1 )
b= =g~ DDt gls+uDe)
u 1
uu =§D1 +ZD2
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The last expression can be applied if uniform loads X, Y are absent, but displacements given in advance or
external moments or forces given in advance are known on the plate edges.
In a paper [13], the analogous axisymmetric problem was solved by using finite difference method.

5. Conclusion

If one assumes that a radius of the inner edge of the annular plate a = 0 then B = u, ¥ = n/2 and the well-
known equations for circular plate in the polar coordinates would be obtained [14].

It shows that governing equations of a shell theory (1)—(4) assumed as a basis of presented investigation
are correct. The results obtained for annular plate in non-orthogonal coordinates widen a class of problems which
now can be solved analytically. Examining a long tangential developable helicoid with the help of a small pa-
rameter method [15], it is possible to use the solutions (14) and (15) as the first terms of series of expansion of
displacements of degrees of the small parameter. Using equations (8)—(15) it is possibly to obtain analytical solu-
tions for plates with different axisymmetric static load and support conditions presented in a paper [16].

The additional information on the application of annular and circular plates and on numerical and analyti-
cal analysis of thin and thick plates is given in manuscripts [17-20].
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AHHOTaLUSA

PaccMaTpuBaroTCS BOIPOCH! MOCTPOCHHUS AN (EPeHITHAIBHBIX ypaBHEHHH
PaBHOBECHS TEOMETPUYECKH U (PU3MUYECKH HETMHEWHOM CIUIOIIHOM Cpebl, HaXos-
meHcss B YCIOBHAX OJHOMEPHOTO IIOCKOTO Ne)OpMHPOBAHHS, TIPH AIPOKCH-
Mali¥ JUarpaMM 0ObEMHOTO M CIBUTOBOTO Ae(OpMHUPOBAHMS KBaIPATHIHBIMH
¢bynxuusamu. IlocTpoenue Gpu3MUecKUX 3aBUCUMOCTE OCHOBAHO HAa BBIYUCIECHUU
CeKyIIUX MOIyJeH 00BEMHOr0 M CABHUTOBOTO JehopMupoBaHus. B mporecce am-
IIPOKCUMALUK rpadUKOB AuarpaMM 0OBEMHOIO U CABUTOBOIO Ae(pOPMHUPOBAHUSL
TIPH TTOMOIIH ABYX OTPE3KOB apadoIl CeKyIHii MOy b CIBHTa Ha TIEPBOM yJacTKe
SIBIISIETCS] IMHEWHOH (yHKIMeH MHTEHCUBHOCTU Je(opMaluii cBUra, CeKyIui
MOIyJIb 0OBEMHOT0 PaCIIMPEHUsI — CKATHS — JIMHEHHOW (DyHKIIMEH mepBoro MHBa-
puaHnTa TeH3opa aepopmanuii. Ha BTopoM yuacTke auarpamMm 4 00bEMHOIO U CIOBU-
TOBOro JeOpMUpPOBAHUS CEKYLIM MOIYJb CIBUTa SIBJISICTCS APOOHOH (paimo-
HaJIbHOM) (yHKIMEN HHTEHCUBHOCTY Ae(opManuii cIBUra, CEKyLIUi MOYIIb 00bEM-
HOTO PaCIUIMPEHHUs] — CKaTus — ApOOHOH (pannoHa bHOH) (yHKUIHEH mepBoro
uHBapuaHTa TeH3opa Aedopmanuu. Mcexoas u3 npeanonoxenus o6 o00cobaeH-
HOCTH JpYyT OT ApyTa AuarpaMM OoOBEMHOTO M CIBHUTOBOTO Ae(hOPMHPOBAHNS,
PACCMOTPEHBI LIECTh OCHOBHBIX CIIydaeB (PU3MYECKUX 3aBUCHUMOCTEH, 00yClI0B-
JIEHHBIX B3aMMHBIM PAcCIIONOKEHHEM TOYEK M3JIoMa rpaduKoB JuarpaMM o0beM-
HOTO U CABUTOBOTrO Je(opMHUPOBaHUS, aIPOKCUMUPOBAHHBIX ABYMs Mapaborna-
Mu Kaxasiid. [locTpoeHHsIe B craTthe AuddepeHnnanbHbe ypaBHEHHAS PaBHOBE-
cHs B NEPEeMELICHUAX MOTYT HalTH NPUMEHEHHE NPU ONPEeICHUU HaNpsDKEeH-
HOTO ¥ JIe()OPMHPOBAHHOTO COCTOSHUH CIUIONIHON CpeIbl, HAXOMIIEHCS B YCIOBH-
SX OJJHOMEPHOI'O IJIOCKOro AeOopMUpPOBaHMS. 3aMbIKAIOIINE ypaBHEHUS (U3U-
YeCKHX COOTHOIICHHI IIOCTPOCHBI HA OCHOBE SKCIICPUMEHTANBHBIX JAHHBIX W al-
IPOKCUMMPOBaHbI OUKBAAPATHUHBIMU (PYyHKIUSIMU.

KnioueBble cjloBa: CIUIONIHAS cpelia, INIOCKast OJHOMEpHas nedopmarius,
aNmpoKCHMAaNus JHarpaMm 1eGopMupoBaHust, KBagpaTHaHble GyHkuun, tudde-
peHLMANbHBIC YPaBHEHUS! PABHOBECHS, TEOMETPHUECKAsl IMHEHHOCTh, TEOMETPH-
yecKast HeIMHEHHOCTh
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and shear deformation are approximated by quadratic functions. The construc-
tion of physical dependencies is based on calculating the secant moduli of volu-
metric and shear deformation. When approximating the graphs of the volumetric
and shear deformation diagrams using two segments of parabolas, the secant
shear modulus in the first segment is a linear function of the intensity of shear
deformations, the secant modulus of volumetric expansion — contraction is a linear
function of the first invariant of the strain tensor. In the second section of
the diagrams of both volumetric and shear deformation, the secant shear modulus
is a fractional (rational) function of the shear strain intensity, the secant modulus
of volumetric expansion — compression is a fractional (rational) function of
the first invariant of the strain tensor. Based on the assumption of independence,
generally speaking, from each other of the volumetric and shear deformation
diagrams, six main cases of physical dependences are considered, depending on

the relative position of the break points of the graphs of the diagrams volumetric

For citation and shear deformation, each approximated by two parabolas. The differential
Bakushev S.V. Differential equations of equi- equations of equilibrium in displacements constructed in the article can be ap-
librium of continuous medium for plane one- plied in determining the stressed and deformed state of a continuous medium
dimensional deformation at closing equations under conditions of one-dimensional plane deformation, the closing equations of
approximation by biquadratic functions. Struc- physical relations for which, constructed on the basis of experimental data, are ap-
tural Mechanics of Engineering Construc- proximated by biquadratic functions.
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1. BBeaenue

[MocTpoeHne MaTeMaTHYECKUX MOJeliel, HauOoJiee IOJIHO OIKCHIBAIOIINX MEXaHUYECKOE ITOBEICHUE
CIUTONIHBIX Ae(OPMHUPYEMBIX Cpell U TO3BOJSIONINX aJICKBATHO OTPaKaTh MX HANpsHKEHHOE U JAe(opMHUpOBaH-
HOE€ COCTOSIHHE, SIBJIICTCSI OJHON M3 NMPHOPHUTETHBIX 3a/la4 MeXaHWKH AedopmupyeMoro tBepaoro tena. OmHnm
U3 MyTeH PEIICHUs STOW MPAKTHYSCKU BKHOW 3a/1a4yM SBISICTCS pa3paboTKa YTOUHECHHBIX MaTEMATHUYECKUX MO-
JleNield, OINMCHIBAIOIINX peallbHbIe TUarpaMMbl 0OBEMHOTO W CIBHTOBOTO AedopmupoBanus. OCHOBHas TPYA-
HOCTB TIPY 3TOM 3aKJIFOYAETCSI B TOM, YTO JHArpaMMbl 0OBEMHOTO M CABHUTOBOTO JAeOpMHUPOBAHUS CyTy0O HH-
TMUBHUTyaJTBHBI IJIS1 KQXJI0TO paccMaTpruBaeMoro maTepuaina. BBUIy »TOro BO3HMKAET 3a/iada MOCTPOSHUS MaTe-
MaTUYECKUX MOJIEICH 3TUX JUarpaMM, uMesi B HATMYUHU TOJIBKO 3HAUCHUS KOOPAUHAT HECKOJIBKUX XapaKTePHBIX
TOYEK Ha ATUX JUarpaMMax  3a7aBasich BHJIOM KPHBBIX Ha HHTEPBAJaX MEXAY dTHMHU XapaKTEPHBIMH TOYKAMH.
OpHoit u3 Hanboee MPOCTHIX MATEMATHUECKUX MOJIETICH Tpu 3TOM OyJeT MOJENb, IOCTPOCHHAsI Ha 0a3ze Tpex
XapaKTEePHBIX TOYEK AMAarpaMM OObEMHOTO M CABHTOBOTO Je(hOPMUPOBAHUS U ANIPOKCUMUPOBAHHAS HA UHTEP-
Bajlax MEXIy dTUMH TOYKaMU OTpe3KaMu NpsMbIX (OunmHelHas mojens) [1]. Bonee cnoxHoit siBisieTcst mare-
MaTH4YecKass MOJIeNb, MOCTPOEHHAs Ha 0a3e TpexX XapaKTEepPHBIX TOUYEK AWarpaMM OOBEMHOTO M CIIBUTOBOTO Jie-
(hopMUPOBAHUS U ANIPOKCUMHUPOBAHHAS Ha MHTEPBAIAX MEKIY dTHMU TOYKaMHU OTpe3Kamu mapabos (OUKBaj-
paTuyHas MoJens) [2].

CrnenmytommM IraroM Ha MyTH PeNIeHHs MPaKTUYECKUX 3a7ad sBIAETCS mocTpoeHne auddepeHnnaibHbIx
ypaBHEHHUIA PaBHOBECHS IJIsl PA3IMYHBIX YACTHBIX CIIy4acB HATPSHKCHHOTO U 1e(hOPMHUPOBAHHOTO COCTOSHIIMA CIUTOTII-
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HOHM cpelibl, COOTBETCTBYIOLIMX MPUHSITHIM AUarpaMMaM 0ObEMHOTO M COBHTOBOro aedopmupoBanus. B padote [3]
MpeJICTaBIeHB qU(depeHITUaTbHbIE YpaBHEHUS PaBHOBECHS B MEPEMEIICHUAX MPH alMPOKCUMAIAN JHArpPaMM
00BEMHOTO W CABHTOBOTO JIe(hOPMHUPOBAHKS OMIIMHEHHBIMU (D)YHKIHSMH TSI XapaKTEPHBIX CIIy4aeB HANPSKEHHO-
JIe(OpPMUPOBAHHOT'O COCTOSIHUS CIUIOLIHOM Cpelbl: OJHOMEPHOIO IUIOCKOT0, OCECHMMETPUYHOTO, LIEHTPaILHO-
CUMMETPUYHOTO Je(pOpMHUPOBaHUs, TUNIOCKON Je(OpMAaIiY B JEKAPTOBBIX M [UJIUHIPHYECKAX KOOPIUHATAX, KaK
0e3 ydera, Tak U ¢ yU4eTOM TreoMeTpudeckoil HenmmHeHocTH (B TpakToBKe B.B. HoBoxwmiiosa [4]). Hamo otme-
TUTh, YTO B HAcToOAIICEe BpeMs pa3pabdOTaHO MHOTO MaTEeMaTHUYECKUX MOJEINCH, OMMCHIBAIONINX MEXaHUYECKOE
MOBEJICHUE CIUIOIIHBIX CPEA, B YaCTHOCTH I'PYHTOBBIX MaccHBOB. PaGoTa [5] mocBsiieHa pa3paboTke peKOMEH-
JTAIAIA 110 BBIOOPY JOCTOBEPHBIX MaTEMaTHUECKAX MOJEIEH TPYHTOB B YHCIEHHBIX pacdyeTaxX IPyHTOBBIX TUIOTHH
Y X CPaBHEHUIO C HanboJjee pacpoCcTpaHeHHBIMU MOJIENISIMUA B COBPEMEHHOM MpakTUKe IpUuMeHeHus [6-9].

HanHast paboTa mocBsieHa pa3padoTke aAndepeHInaibHbIX ypaBHEHU paBHOBECHS B MEPEMELICHUAX
JUTSL CTUTOIIHOM CpeJIbl, HaXOSIICHCsl B YCIIOBUSAX OJJHOMEPHOTO IIOCKOTO N1e(hOPMUPOBAHUS TIPH alIIPOKCHUMa-
[IUU 3aMBIKAIONINX YPaBHEHUH MPOU3BOJIBHOTO BUAa OWKBanpaTHIHBIMU (pyHKIMAMHU. B kagecTBe MaremaTude-
CKHX MOJIeTIel CIUTOIIHON CPebl UCIIONB3YIOTC KaK MOJIENH, HE YUUTHIBAIOIIME T€OMETPUYECKYI0 HEJMHEHHOCTbD,
TaK U MOJIENTH, YYUTHIBAIOIINE T€OMETPUIECKYIO HEIMHEHHOCTb.

CrnemyeT OTMETHTB, YTO BOIPOCAMH pacueTa (PU3MUecKr U TeOMETPHYECKH HeIMHEHHBIX e OpMUPYEMBIX
CIUTOIIHBIX CpeJl U KOHCTPYKLUI TPH CII0KHOM HaNpsKeHHO-1e()OPMHUPOBAHHOM COCTOSIHUH 3aHHMAIOTCS MHO-
TUe OTEYCCTBEHHBIC U 3apyOekHbIe rccaenoBaTenu [10—12]. OOume BOMpock yueTa HEIMHEHHOCTH B pacdeTax
CTPOUTENBHBIX KOHCTPYKIMI paccMaTpuBaroTcs B padote [13]. OtMedaercs, 4yTo (U3MUYECKUE TIPOIIECCHI, B YACTHO-
CTH B MEXaHHKe IehOpMUPYEMOT0 TBEPJOTO Tella, Yallle BCET0 HOCAT HeNWHEHHBINH xapakTtep. CTporue TuHEH-
HBIE 3aBUCHMOCTH MEXIY Pa3IWYHbIMH MapaMeTpaMH, ONPEACISIONIMMU COCTOSHIE TOTO WJIM HHOTO OOBEKTa,
BCTpEUaroTCs KpaiHe penko. DakTHIecKy JTMHEHHBIC MTPEIOI0KEHHS TeHCTBUTENEHBI TOJIEKO B OCOOBIX 00CTO-
SITETHCTBAX M OOBIYHO BKIIIOYAIOT HEKOTOPYIO MEPY «MaJIOCTHy», HampuMep, HeOoibpre aedopMarnn, HeOoIb-
M€ CMeIIeHrs, Heboublne BpalieHus 1 T. A. B pabote [14] oOcyxaaroTcst mpoOiIeMbl MOTy4YeHU KOPPEKTHBIX
pelLIeHN HeTTMHEHHBIX 3a7ay TEOPUH YNPYTOCTH, OCOOCHHO B CBS3M C Pa3BUTHEM YHCIECHHBIX METOJOB pellle-
HUS, B YaCTHOCTH METOJIa KOHEUHBIX 3JIeMeHTOB. B ctaTthe [15] yTBepxmaercs, 4TO B HACTOSIIEE BPEMs HEIH-
HEHHbIE PacyeTbl MOXHO PACCMAaTPUBATh JIMIIb KAK HEKOTOPBINA JONOJHUTENbHBIA UHCTPYMEHT, KOTOPBIA HC-
MOJIB3YIOT B TEX ClIydasiX, KOrja MpUMEHEHHE MPOCTBIX CTAaHAAPTHBIX METOJOB pacueTa sBISIETCS HEA0CTaTou-
HBIM. YKa3bIBaeTCs Ha JIEKJIapaTUBHOCTh HOPMATUBHBIX TPEOOBAaHMI OTHOCHTEIHHO 00S3aTENBHOCTH BHITIOIHE-
HUSl HETMHEHHBIX PacyeTOB OOBEKTOB CTPOMTENhCTBA. lIprBoAMTCS mepedeHs MpoOiieM, OTCYTCTBHE pEIICHUs
KOTOPBIX MEIIaeT NOJTHOLEHHOMY HMCIIOJIb30BaHUIO HETMHEIHOTO aHan3a B IPOEKTUPOBAHUH.

a 9]
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Puc. Inarpammsl o6semMHOr0 (@) 6 = € 1 ciurosoro (0) 7~ I" nedopmupoBaHus:
NYHKMUpHsole mojicmaole TuHUU — NCXOJHbIE KPUBBIC 00BEMHOTO U CIBHI'OBOT'O I[e(bOpMI/IpOBHHI/ISI;
CRIOWIHbIE MOJICMble JUHUY — ATIIPOKCUMHUPYIOIINE OTPE3KH mapabo
Figure. Chart surround (@) ¢ = € and shifting (6) T'= I" deformation:
dotted thick lines — original curves of volume and shift deformation; solid thick lines — approximating segments of parabola

Bo MHOrmx paborax paccMaTpuBaeTCsi pacdeT IPYHTOBBIX MAacCHBOB M 3JIEMEHTOB CTPOUTEIBHBIX KOH-
CTPYKITHI METOJIOM KOHEUHBIX 3JIEMEHTOB C YIETOM (PU3HUECKON W TeOMETPpUUSCKON HeTuHeHHOCTH. B acTHO-
cTH, B paboTax [16—19] MeTo0M KOHEUHBIX 3JIEMEHTOB BBIMIOJIHACTCS pacyeT IPyHTOBBIX MacCUBOB, B [20—24] —
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pacyeT 3JIEMEHTOB CTPOUTEIBHBIX KOHCTPYKIIUN METOJOM KOHEUHBIX 3JIEMEHTOB, B [25] IPOBOAUTCS aHAIHU3 pa-
00T MO pacyeTy IJIACTHH M 000JIOYEK 33 MPEEeIOM YIPYTOCTH C YYETOM HEOTHOPOTHOCTH MaTepHala, CBS3aH-
HOH ¢ I3MEHEHHEM €T0 CBOMCTB B Pe3yJIbTaTe TEPMOOOPAOOTKH, OOTYICHIS M BO3ICHCTBHS arpECCUBHOMN CPEIBI.
AHanu3 mokasan HeoOX0UMOCTh pa3pabOTKH METOJIOB U AJITOPUTMOB PacyeTa, MO3BOJISIFOIIUX BECTU HCCIEIO-
BaHUs HEOIHOPOIHBIX AJIEMEHTOB KOHCTPYKIUN C pPa3phIBHBIMU ITapaMeTPaMH C Y4eTOM (PU3MUYECKOH M TeOMET-
pUdecKoil HeTMHEWHOCTH ¥ Ha4aIbHBIMH HECOBEPIICHCTBAMH (POPMBI CPEAMHHOM MMOBEPXHOCTH.

B nanHoii pabote crpostces quddepeHInanbHbIe ypaBHEHHST PABHOBECHS B NIEPEMEIICHUAX IS CTUTOIITHOM

Cpezbl, HaXOJAIIEHCs B yCIOBUAX OJHOMEPHOIO IJIOCKOro Ae(GOpMHUpPOBAaHUS U, = U (x) , U, = 0, u =0,
NPH aNMPOKCUMALINH 3aMBIKAIOLINX YPaBHEHHUH POM3BOJIBHOTO BUIA KBaAPATHYHBIMU (YHKIMSAMH KaK IJIsl TeOMeT-
PHUYECKH JINHEHHOMW, TaK U U1 TeOMETPUIECKH HETMHEHHON MOJIENHN CIJIOIIHON Cpeabl (CM. PUCYHOK).

2. 'eomeTpuyecky JUHEHHAS MOJeJIb

B cootBetcTBIU ¢ paboToii [2] cekyiue Momyu 00beMHOro pacimpenus (cxarus) K = K (8, r ) Y C/IBUTA

G = G(S,F ) Ha TEPBOM KPUBOJIMHEHHOM y4acTke quarpamMm O~ € u I = I (cM. pucyHOK) OyayT ompere-

JIATBCA BBIPpAKCHUSAMU

1
Kl(s):EKO +Ky8 G'(I)=G,+G, T, (1)
rae
c,— Ky 1, -G,I
KO] =1 - 07 38120 1 ) GO] =1 01 ]"120 1. (2)

Ha BTOpOM KpHBOJHMHEHHOM y4acTKe aquarpamMm O ~ € u I = [ cekyuuii MOIyJib 0OBEMHOTO paciinupe-
Hust (oxatusa) K = K (8, r ) u ceKyumi Mmoxaynb cusura G = G (8, r ) OyZyT BBIUUCIATHCA O HOpMyIamMm

K”(s):als+bl+%; GII(F):a2F+b2+CFZ, (3)

rae

alz(cz 01)—K1(822 81), bl:l K1—2(62 01) Kl(fz 81)81 :
3(e, —¢,) 3 €,—¢,)
Cl_l Gl_Klsl_(Gz 61)_K1(282 81) 12 ’ 2:(T2_T1)_Gl(rzz_rl);
3 (82_81) (Fz Fl)
b2=G1—2(TZ_Tl)_G1(F22_F1)FI; 02=TI—G1F1—(Tz_Tl)_GI(F;_Fl)Flz. 4)
(FZ_Fl) (FZ_Fl)

B ¢opmynax (2) u (4) o6osnaueno: K, — HauanbHbIil Moxyns 06beMHOTO pacumpenus (cxartus); G, —
HaYaJIbHBII MOIy/1b ciBUra; K| — HadaibHBIA MOIYIb YIIPOUHCHHS P 00BEMHOM paciuupenun (cxarun); G —
HayaJbHbIA MOJYyJIb YIIPOUHEHHS NIPU CIBUTE; G,, € — KOOPIHHATHI KOHEYHOH TOUKH MEPBOTO yuacTKa (KOop-
IVHATHl HAYaIbHOH TOYKH BTOPOrO yd4acTKa) Ha auarpamme O~€&; 7;, [, — KOOpIMHATHl KOHEYHOU TOYKU
IIEPBOTO y4acTKa (KOOPJAMHATHI HAaYaIbHOH TOYKM BTOPOTO ydacTka) Ha quarpamme I ~ ['; ©,, €, — Koopau-
HAaTbl KOHEYHOH TOUKH BTOPOTO y4acTKa Ha auarpamme 0 ~¢€; T,, [’, — KOOpAUHATHI KOHEYHOH TOYKU BTOPOTO

ydyacTka Ha quarpamme 1 =~ [,
Kpome Toro, ¢ — mepBbIif HHBapUAHT TEH30pa HANpPsDKEHHW; € — TIEpBBIA MHBApHAHT TEH30pa aedopma-
umit; T — UHTEHCHMBHOCTH KacaTebHbIX HANpshKeHuit; [ — MHTEHCUBHOCTD AeopMaliuii cBura.

484 THEORY OF ELASTICITY



bakyweg C.B. CtponTensHas MexaHuka MHXeHepHbIX KOHCTPYKLMIA 1 coopyxeHnin. 2020. T. 16. Ne 6. C. 481-492

Qu3uuecKkue ypasHeHus 011 2e0MempuiecKu JTUHEHHOU Mooenu

. 2 5 ou
[pu TI0CKOM OHOMEPHOM J1e(pOPMUPOBAHKMH CILTOIIHOM cpebl € =€ ;5 [ = ﬁdgm , IpHYeM € = 6_
X
2 (ouY 6c e, Ou o 4 fe. 4 oudu
u, cnepoartensuo, /| =—,|| — | . Torma — = — =—F U —=——¢_ = = —
3\ ox ox oOx Ox ox 3 © ox 31 ox ox

2

[.2 N
[Mockonbky [ = \/5 €" , To rpadMKM HEJIMHEHHBIX qUarpaMM OC~€ u 1 = [’ mpu II0CKOM OZHOMEp-

HOM JIc(OPMHUPOBAHHUHU CBSI3aHBI APYT C APYroM. BBHIY 3TOro pacCMOTPHUM IIIECTh OCHOBHBIX CIydacB (pU3UUe-
CKHX 3aBUCHUMOCTEH IS TIIOCKOTO OJHOMEPHOTO 1e(hOpMUPOBAHUS CILTONIHON CPEIBI.

. do’ (&) dT' (I)
Cnyyaii I: a’— K, d— * Gl. Touku u3noMa rpa)uKoB Ha KBaJPAaTUUHBIX AUATpaM-

€
=g, I'=r,

Max 00bEMHOI0 U CABHUI'OBOI'O ,E[eq)opMI/IPOBaHI/ISI COBIIaAar0T, TO €CTh |81| = I—'l . HpI/I 3TOM
O<le|<le,|uo<r<r,. (5)

Touku m3noma rpadMKoOB Ha KBAJAPATHYHBIX JUArpaMMax 00BEMHOTO M CIBHTOBOTO Je()OPMUPOBAHUS HE
COBIMAJIAIOT, TO €CTh |81| <[ . Ilpu stom

0<le/<|e,|m0<T<r,<I. (6)
371ech HHTEHCUBHOCTH /) COOTBETCTBYIOT TaKHe KOMIIOHEHTHI Ie(OpMAIINH, IPH KOTOPHIX

e =&, (7)

Touku u3noma rpadukoB Ha KBaAPATUYHBIX JUarpaMMax 00bEMHOI0 U CABHIOBOTO Ae(hOPMHPOBAHUS HE
COBIIAJAIOT, TO €CTh |81| > [} Ilpu aToM

0<le|<e,<e m0<Ir<r,. (8)

3neck 00beMHOI eopmaluy €, COOTBETCTBYIOT TaKHe KOMIIOHEHTHI Ie(OpMaIu, IPU KOTOPBIX

%@:n. ©)

B aTom ciiyuae puznyeckue ypaBHeHUs ¢ yueToM ¢popmy (1) OyayT umeTs Bua

.. ZKI(S)'S-F%G](F)'S;

2
I I
6,=0.=K (8)'8—§G (F)-s. (10)
.. do' (&) dT' (I)
Cnyyaii 2: a’— =K, d—F # G, . Touku n3noma rpapuKoB Ha KBaJPATUUHBIX JHATPAM-
€
=g, I'=r,

Max 00BEMHOIO U CIABHUI'OBOI'O ,[[Cq)OpMI/IpOBaHI/Iﬂ HC COBIIaAarT, TO €CTh |81| < Fl . HpI/I 9TOM

le)|<|e|<e, u I,<I<T,. (11)
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3[[605 00BbEMHOMU ,I[C(I)OpMaI_[I/II/I 80 U MHTEHCUBHOCTH [ o COOTBETCTBYIOT TaKHMC KOMIIOHCHTBI ,I[GCI)OpMaLII/II/I,

MIPU KOTOPBIX BBIMONHAIOTCS cooTHOIIeHUS (9) U (7) COOTBETCTBEHHO.
B sToMm ciyuae ¢puzndeckue ypaBHeHus ¢ yaerom popmy (1) u (3) OyayT uMmers BUA

G :K”(s)-s+§G1(F)-s;

2
un I
6,=0.=K (s)-s—gG (F)-s. (12)
., do' (&) dT'(I)
Cnyyaii 3: d— =K, d—F # G, . Touku n3noma rpaKoB Ha KBaJPATUUHBIX JHATPAM-
€
=g, I'=r,

Max 00BEMHOT0 U CABUT'OBOI'O ,[[Cq)OpMI/IpOBaHI/Iﬂ HEC COBIIaAAar0T, TO €CTh |81| > ]—'1 . HpI/I 9TOM
leo|<|e|<|e,| w I < < T, (13)

3nech 00beMHOM nedopManum €, MHTEHCUBHOCTH /|, COOTBETCTBYIOT TaKHEe KOMIIOHEHTHI Jedopma-

IIUH, TIPY KOTOPBIX BBIMOTHSIIOTCSA cOOoTHOIICHUS (9) 1 (7) COOTBETCTBEHHO.
B arom citygae pusndeckue ypaBHeHus ¢ yaetoM dopmyd (1) u (3) OyayT UMeTh BHIT

XX

c =K[(8)-s+gG”(F)-s;

2
1 1
6,=0.=K (8)-8—§G (I')-e. (14)
. do' () dT' (I")
Cnyuaii 4: d— =K, d—F # G, . Touku n3noma rpaMKoB Ha KBaJPATUYHBIX JHATPAM-
€
£7¢) r=r,

Max 00BEMHOTO H CABUT'OBOI'O ,[[eq)OpMI/IPOBaHI/IH COBIIaJar0T, TO €CTh |81| = Fl . HpI/I 9TOM
le|>]e,| u r>1. (15)

Toukn m3moma rpaduKoOB Ha KBAAPATHYHBIX JUarpaMMax 0OBEMHOTO M CABHTOBOTO J1e()OPMUPOBAHUS HE

COBIIAJIAIOT, TO €CTh |81| <[',. Ilpu aTom
le|>|eo| n r>1. (16)

3nech 00beMHOM JlepopMalul €, COOTBETCTBYIOT TaKM€ KOMIIOHEHTHI Je(OpMalliu, P KOTOPHIX BbI-

MOJTHSIETCSI COOTHOIIEHUE (9).
Touku u3noma rpadMKoOB Ha KBAJAPATUYHBIX JUarpaMMax 0ObEMHOIO M CIABHTOBOTO JIe()OPMUPOBAHUS HE

COBIIA/IAI0T, TO €CTh |81| > I Ilpu 3TOM
le|>|e,| n =T, (17)

31ech HHTEHCHBHOCTH /|, COOTBETCTBYIOT TaKHe KOMIIOHEHTHI e()OpMAaIiH, I KOTOPHIX BBIMOIHACTCS

cootHorreHue (7).
B arom citydae pusndeckne ypaBHeHHS ¢ yaeToM Ghopmyd (3) OyayT UMETh BUI

.. =K”(8)~8+§G”(F)'8;

5, =a, :K”(s)-s—gG”(F)-a. (18)

wy
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€

dr ()

Cayuai 5: 1> i

# G, . Touka m3noma rpadyka Ha KBaJPaTUIHOH JHarpamMme

=g, I'=r;

00BeMHOrO eopmMupoBanus oTcyTcTBYyeT. [Ipu atom, ecm 0 < /7 < [}, T0 usnyeckue ypaBHeHUs OyTyT UMETh
Buna (10), aecmm "> 1) —(14).

do’ (&)

de

dT'(I)

Crayuaii 6: I
dr

= G, . Touka n3noma rpadka Ha KBaIpPaTHYHOH AuarpamMmme

£7¢ r=r,

caBUroBoro negopmupoBanus orcyterByert. [Ipu atom, ecmm 0 < |8| < |81| , To (hu3nyeckre ypaBHeHHs OyIyT HMETh

Bun (10), a ecu |8| > |81| —(12).

Jugppepenyuansusie ypasnenus pagnogecus 01 2e0Mempuyecku TUHEUHON Mooenu

IMoncrasmsist pusuueckue ypasuenus (10), (12), (14), (18) B nuddepeHnnansHoe ypaBHEHHE PaBHOBECHS
OJTHOMEPHOTO TIOCKOTO e(OPMUPOBAHUS CILUIOLIHOHN CpeIbl

Bu, p —, (19)
Ox

MOJYYHM YETHIPE BUJIA pa3pelIatoNiX YPABHECHUN B TIEPEMEIICHUSX:
1) mns dbusmaeckux ypasHeHuit (10) nuddepernmansHoe ypaBHCHHE paBHOBECHS B TIEPEMEIICHUAX Oy IeT
HUMCEThb BU

1
1 4 a 8 ou 8\/— ouY | 2| 6%u
(1t 2o, [2] 200 (2@ T2k n 0 oo

2) mis ¢puzndeckux ypasHeHUi (12) momrydnm:

ou ouY' 4 ou
{ala'Fbl“rCl (aj +— G 01 \/— ( j
1
) 2 272 | A2
+|a, —c (auj u 8 IG ( j (8_uj _8 +F =0; (21)
ox 8x 9 Oox ox ox*

3) st pusnyeckux ypaBHeHui (14):

22
1k, +2K01a = (a”j rb 43 (a—”) +
3 [ 2 |lox
1

2|2 2
+—8.\/§{a2 (a_“) 302“(&‘) } UL F =0, (22)
9 ox ox ox
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4) nns pusnveckux ypaBHenui (18):

—1 2 B 2 2
ae+b +c Z—” +§ az% Z—u +b2+# Z—u
X X X
- L
2 2 2 2 2
ta e [0 |2 8] (2u) e | (2u) | Ou g 23)
ox ox 9 ox 4 ox ox

Takum oOpazom, auddepeHIalbHbIC YPABHEHHS PABHOBECHS B TICPEMEIICHUAX JJIS CIUIOIIHON Cpebl,
HaXOJIAIICHCS B YCIOBUAX OJHOMEPHOTO IJIOCKOTO Ae(hOPMUPOBAHMS, TPU OUKBAIPATUYHON arIpOKCUMAIUU
3aMBIKAIONINX YPaBHEHUH 03 yueTa reOMeTpUIecKOl HEIMHEHHOCTH ITIOCTPOCHBI.

3. 'eomeTpuuecku HeJIMHeliHAsI MOe/Ib

3aMBIKAIONTNE YPAaBHEHUS JJI TCOMETPUIECCKH HETMHEHHON MOJIENH CIUIONTHOW Cpenbl [4] OMUCHIBAIOTCS
COOTHOIICHUSMY, YCTAaHABJIMBAIONUMHI B CAMOM OOIIEM CIIy4ae MEePEeKPECTHhIE 3aBUCUMOCTU MEXY MEPBBIMU
WHBapHaHTaMH TEH30POB ¥ BTOPHIMU MHBapHUaHTAMH J€BUATOPOB 000OIIEHHBIX HAPSKEHUH W HETMHEHHBIX J1e-
dhopmariuii:

K'=K'(e'.I"), G =G" (e, 1), (24)

* o o * o v
ra€ ¢ — NEpBbIKM MHBAPHUAHT TCH30pa 0606H_IGHHLIX HAIlIPAKCHUH,; € — IICPBBIM MHBAPUAHT TCH30pPa HCIMNHCU-

*
HBIX e OpMaIHii; T" — UHTEHCHBHOCT 0GOGIIEHHBIX KACATEIbHBIX Hanpsokennii; [ — MHTEHCUBHOCTD HEJHU-
HEHHBIX JedopMallvii CABUTA.
ATMPOKCUMUPYS 3aBUCUMOCTH (24) OUKBaIpaTHIHBIMU (PYHKIMSAMHU, HETPYAHO TONTYYUTh CEKYIIHE MOIYIIH

* * * * * * * *
o0beMHoro pacummpenus (cxarusa) K = K (8 I ) ncasura G =G (8 I ) Ha NIEPBOM U BTOPOM KPHBO-
o * * * *
JMHEHHBIX yYacTKax AuarpamMm ¢ ~&€ u I = [, aHanorn4ssix cootHoueHusM (1)—(4). IIpu sTom Bce Benm-

YUHBI, BXoasmue B hopmyisl (1)—(4), ciieqyeT 3amuchIBaTh CO 3BE3A0UKAMH.

.
Taxum o6paszom, K, — reoMeTpudecKy HEITHHEHHBI aHAIOr HAYaIbHOrO MO/ 00BEMHOIO paciIupe-
* o o *
uus (ckatus); G, — reoMeTpUYecKH HENMHEHHBIH aHATIOT HA4albHOTO MOAYISI ciBura; K, — reoMeTpuuecKu
o o *
HEJIMHEHHBIN aHAJIOT HAaYaJIbHOTO MOAYJIS YIIPOYHEHHs IPH 00BbEMHOM paciupenn (cxartun); G, — reoMerpu-

* *
YCCKMU HCIIMHCHMHBIM aHAJIOT HAYaJIbHOT'O MOAYJIA YINPOUYHCHUSA NPU CABUIC, Gl’ 81 — KOOpAWHAThl KOHCUHOU

* * k *
TOYKH IIEPBOTO y4acTKa (KOOPIMHATHI HAYAIBHOIN TOYKH BTOPOTO y4yacTKa) Ha aumarpamme © ~¢ ; 1, [| —
KOOPAMHATHI KOHEYHOH TOYKH MEPBOTO y4acTKa (KOOPAWHATH Ha4aJbHONH TOYKH BTOPOTO y4acTKa) Ha AUarpam-
*
mMe T =T

*

* * o * * * *
; (52, 82 — KOOpAHHAThl KOHCYHOU TOYKH BTOPOI'0 YYacTKa Ha JAarpaMmMe C =~ € | T'z o Fz — KO-

OpIMHATHI KOHEYHOM TOUKM BTOPOTO ydyacTKa Ha auarpamme T ~ I

®u3NYeCKre COOTHOIIEHUS JIJIsl TEOMETPUUECKH HETMHEWHON MOEIU CIUIOIIHOM Cpeibl IS CiTydasi TUIOCKOTO
oJHOMepHOTO nedopMupoBaHus OyIyT 3amUChIBAaTECS B (hopMme, aHanormdHoi cootHomenwsM (10), (12), (14), (18)
(ecnu y Bcex BeTMUWH, BXOAALINX B 3TH (YOPMYJIBI IPOCTABUTH 3BE3/I0UKN).

Augppepenyuansuvie ypasnenus pagnogecus 01 2e0MempPudecKu HeJIUHelHou Mooeau

[Tockonbky mudepeHIamTbHOe YpaBHEHHE PABHOBECHS ISl TEOMETPHUYECKY HETMHEHHOW MOJISITN CIIOITHOM
CPEeIIbI IS CITy4ast IUIOCKOTO OJHOMEPHOTO J1e(hOPMUPOBAHUS HMEET BUJT

S+ 26 |+ 142 ) F =0, (25)
Ox ox) ° ox
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OTIAMYHO OT Au(epeHINaIbHOr0 YpaBHEHHsI PaBHOBECHS AJIsi T€OMETPHUYECKH JIMHEHHOW MOJENH CILIOLIHON
cpensl (19) u, kpome TOro, NPH MIOCKOM OJAHOMEPHOM Ae(OPMHUPOBAHUH CILIOIIHOM Cpeabl, ONUCHIBAEMON

« ou 1(8u

2
o o * * * 2 *7
r€OMETPHYCCKH HeluHeiiHo Moaenblo € =¢€ ;5 [ =$ €., IpuyeM € :a+§ o , CIeJ0Ba-

emno, I = 2 Ou 1 (auj 2 o’ oOe, ( au) 0u or’ 4 , o
T , =— || —+—| — , TO ecTb —=—2*—|]+— ~ H = e —==
JE ox 2\ 0ox ox  Ox ox ) Ox ox 3 ox

2 2
4 |Ou 1(0u ou \0u
=—| —+—| — l+— |—, To 3anmuch JudPepeHINATBPHOTO YPABHCHNS PABHOBECHS B IIepeMelLe-
37 | ox 2\ ox Ox ) Ox
HUSX JUTS TEOMETPUYECKH HEJIMHEHHON MoJienn OyJIeT OTIMYAThCS OT 3amuch MU PepeHINATLHOTO YPABHEHUS
B MEPEMEIICHUIX ISl TeOMETPpUUYECKH TuHEHHO0M Mozenu (dhopmys (20)—(23)).
I'eomeTpuuecku HenMHEHHBIN aHaAOT ypaBHeHHs (20) UMeeT BHIT

[EKO +§(GO + Gyl )+ Kye e ﬁ{”&] %KO +

cw Ay 1687 10 Ou
+2K018 +§(G0+G01F )+3FG01:|§+(1+aij:0. (26)

I'eomerpuueckn HeTMHEHHBIH aHanor ypaBHeHHs (21) 3anuceiBaeTcs B cieaytoei Gpopme:

sx w0 A | £ O o'l .. . ¢
a,e +b, +—*+§(G0+G01F) € —+|1+— | |ae +b +—+
€ €

ox’ ox
e ). 4 e 1667 . |0%u ou
+(a1—8*12]8 +§(GO+G01F )+?FG01:|¥+(1+aJF;:0 (27)

['eomeTpuuecku HeNMHEHHBINA aHATOT ypaBHeHNA (22) UMEeT BUJT

* 2 2
FKO +K, e +£(a;F* +b, +C—2j g 8—u+(1+6—uj FKO +2K,€ +
3 3 I 3

2

Ox ox
®) * * 2
A S ) e 8|21 2 <o @
9O I 3 I ox ox

['eoMeTpuiecky HETMHEWHBIN aHAIOT ypaBHeHU (15) nMeeT BULT

PR * : 4 * * * . * 2 ?
ae +b +a 2 a, " +b, + S e 8_L2¢+(1+6_uJ X
e 3 I Ox Ox

* X * * * * . 1 "2
A P +a,I’ +b2+c—2*+—68*
I 9or

X a, —

2
*2

. c; 4 « .« . c; o0u ou
a,—— |+—|a,l +b,+—= ||—+|1+— |F.=0. (29
[ 2 sz 307 ) et ox | * (29)

Takum 00pazom, TuddepeHraIbHbIe YpaBHEH!s] paBHOBECHS B TIEPEMEIICHHSIX, OMUCHIBAIOIINE HAPSKEHHO-
JIeOpMUPOBAHHOE COCTOSIHHE CIUIOLIHOM Cpeabl, HAXOAALIEHCS B YCIOBHUIX OJHOMEPHOIO INIOCKOTO Ae(opMu-
poBaHUsL, IpU OUKBAAPATUYHOMN aNNpOKCUMALUH 3aMBIKAIOIINX YPABHEHUH C YYETOM I€OMETPUUECKH HeJIUHEH-
HOCTHU TIOCTPOEHBI.
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4. Pe3yabTaThl M 00CyKIeHHE

Jnst onyicaHus HanpsDKEHHO-1e(OPMUPOBAHHOTO COCTOSIHUS CIIOIIHOM CPEebl, HAXOISIIEHCS B yCIOBHUSIX
OJIHOMEPHOTO IUIOCKOT0 1e(OPMHUPOBAHHOTO COCTOSIHUSA, TU((epeHInaIbHbIE YPABHEHHUS PABHOBECHS B IIepe-
MEIIEHUAX MOCTPOEHHI. [[s CIIOMHOM cpelibl, MEXaHUUECKOE MTOBEICHHE KOTOPOM OMUCHIBAETCS U B 4acTH
00BEMHBIX, U B YaCTH CABUIOBBIX AehopMannii NpOU3BOJIEHBIMU (QYHKIUSIMH, alllIPOKCUMHUPYEMBIMU OHUKBaapa-
TUYHBIMH 3aMBIKAIOIIMMH YPAaBHEHMSIMU 0€3 ydeTa reoMeTpUIecKoi HeluHeHocTH, anddepeHnuanbHble ypas-
HEHUs MpeacTaBieHbl cootHomeHusMu (20), (21), (22), (23). Ans CrIOmHONW Cpesl, OMUCBIBAEMOM reoMeTpH-
YeCKU HEIMHEHHOH MOJeINbIo, TpadUKK AUarpaMM oOBEMHOTO M CIIBUTOBOTO Je(OpMHPOBaHUS KOTOPOH amIpoK-
CHUMUPOBaHbl OMKBaAPAaTUYHBIMH 3aMBIKAIOLINMHU YPaBHEHUAMH, 1U(depeHnranbHbIe YPaBHEHUS IPEICTaBIICHBI
cooTHouteHuaMH (26), (27), (28), (29).

HuddepeHnuanpable ypaBHEHHSI UMEIOT JTOCTATOYHO CIOKHYIO CTPYKTYpY. DTO OOBSCHSETCS TEM, UTO
NPH alNPOKCUMALMN HENMWHEHHBIX IPaMKOB AUarpaMM 0ObEMHOTO U CABUTOBOTO Ae(hOPMUPOBAHUS MPU TOMOILIH
JBYX OTPE3KOB IapaboI Ha MEPBOM HEJIMHEHHOM Y4acTKe CEKyLIMH MOJIyJb 0OBEMHOI0 PACHIMPEHUS — COKATHS
SIBJIICTCS JIMHEHHON (yHKIMEH [epBOro MHBapHaHTa TeH3opa nedopmaruii (11), a cekymmid MOIyJb CABUra —
MHTEeHCUBHOCTHU Aedopmanuii capura (12). Ha BTopoM HenMHEHHOM y4acTke AuarpaMM 1 OOBEMHOTO M CIIBUTO-
BOTO JIe(DOPMHUPOBAHUS CEKYIITHUI MOy OOBEMHOTO PACITUPEHUS — CKATHS ABJISCTCS APOOHOM (paIlioHAIBHOMN)
(byHKLMEH mepBoro HHBapuaHTa TeH3opa nedopmanun (31), a CEKyIyid MOYJb CIBUTa — HHTEHCUBHOCTH J1e(op-
Mmanuii casura (32). Bmecte ¢ Tem 3Tu muddepeHunansHple YpaBHEHUS IMHEHHBI OTHOCHTENBHO CTapIlei mpo-
W3BOIHON OT MEpEeMEIIEHHs 10 MPOCTPAHCTBEHHOW KOOPAMHATE W SIBIISIOTCS KBa3WIMHEHHBIMU. KBazunnHen-
HOCTh Au((depeHINaIbHbIX yPaBHEHUI BTOPOTO HOPSIKA HE MOXET CYIIECTBEHHO YCIOXHMTh HPOLEAYPY UX
peLlIeHNs, TaK KaK METOJIbI PELICHHUS TAKUX YpaBHEHUH pa3paboTaHbl JOCTATOYHO MOAPOOHO.

5. 3akiaouenue

[TocTpoenHsle B cTaThe quddepeHIanbHble YPaBHEHHs PAaBHOBECHS B MIEPEMEIICHHAX MOTYT HAlTH IpHUMe-
HEHME TP OINpeeIeHHH HapsKeHHO-1e()OPMUPOBAHHOTO COCTOSIHUS CIUIOUIHBIX CPell, B YaCTHOCTH, TPYHTO-
BBIX MaCCHUBOB I10Jl MOHOJIUTHOH (pyHJaMEHTHOH IIMTON MOJ 37aHHE WU COOPY’KEHHE, OCHOBAHUH MOJ CKIaj-
CKHe COOPY’KEHHUS OONBIINX 00BEMOB U T. 1., HAXOIALIUXCS B YCIOBUAX OZHOMEPHOTO IIOCKOTO JehOpMHUpOBa-
HHS, 3aMBIKAIOIINE ypPaBHEHMS (U3MYECKUX COOTHOLICHUH A1 KOTOPBIX OINUCHIBAIOTCS OWKBAAPAaTHYHBIMU
byHKIMAMU.
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AHHOTANNSA

I]eny nccnenoBaHus COCTOSIIA B U3YUCHNH BIUSIHUS KPUBH3HBI CKPYTIICHUS
TOPOBBIX MOBEPXHOCTEH MpPH (HOPMOOOPA3OBAHUU ITUIHHAPUIECKOTO H3IENHU
(crakaHa) ¢ y4yeTOM IIACTUUYECKOr0 YTOHEHHs AehOpMUPYEMOro Marepuana Ha
TOPLEBBIX KPOMKAX MATPULIBI U JAaBSILIEro IyaHcoHa. Memoos:. IIpoananusupo-
BaHa CYIIECTBYIOIAs CXE€Ma OMPE/ENICHUSI CUIIOBBIX [apaMeTPOB JIUCTOBOH BBbI-
TSDKKU, OCHOBaHHAasl Ha JONYIIEHUM pealli3allid B MaTepualle HEKOero abd-
CTPAKTHOI'O HANPSKEHHOI'O COCTOSIHUSA, [IABHBIM 00pa30M — yCIOBHOIO IIpejiena
npouHoctyd. 1Ipu 3ToM BO3MOXHOCTB (hOopMOOOpa3zoBaHUs H3Jeaus Oe3 paspy-
IICHUS IEMOHCTPHPYET OYEBUIHYIO 3aBBINICHHOCTh YPOBHS HampspkeHWH. Pas-
paboTaHa MaTeMaTH4YecKas MOJENb OOBEMHOTO HANPSHKEHHOTO COCTOSHHUS Me-
TaJIa, MO3BOJIIONIAS OLCHUTH Ie(hOPMAIIIOHHOE W HATIPSHKCHHOE COCTOSHUS TIPH
(opM0o0Opa30BaHNH XOJIOAHOBBITSHYTOTO M3IENHUS, TO €CTh PACCMOTPEHBI CBO-
padyrBaHUE JUCTOBOH 3aTOTOBKH IO TOPLEBOMY PAIMYCy CKPYTICHHS IaBSIIETro
ITyaHCOHA M YCTAaHOBHMBIIMICS MPOIECC BTATUBAHMSA 3aTOTOBKH B oYar aegopma-
IIUM C NOCIEA0BATENbHBIM U3rHOOM/CIIPIMIICHHEM MaTepHana 1o pedpy Marpu-
1bl. BpIsIBIIEH ypOBEHb paJuaibHbIX HANPSHKEHUH NPH CBOpPauMBaHUM M PacTs-
T'MBaHMU JINCTOBOI'O MaTepuala ¢ y4eToM ero 1e(opMaroHHOTO YIPOUHEHHS U
YTOHEHUs], onpeaesomux ycume Gopmoodpasopanus. I[lomyueHnsle pesyavmanbi
HaliyT NpUMEHEHUE B MOJAEIUPOBAHHU HAIPSIKEHHO-Ie()OPMUPOBAHHOIO CO-
CTOSIHHS MeTaJlIa IpU pa3pabOTKe TEXHOJIOTUH JIHCTOBON BBITSKKU IS BEIUHC-
JICHHs BEIMYMHBI YTOHEHHs, OIIEHKH YPOBHS PaIMalbHBIX HAIpshKeHUH (opmo-
00pa3oBaHMs CKPYTJICHHI TOPOBBIX TIOBEPXHOCTEH MO TOPIIEBBIM KPOMKAM Mar-
PHIIBI M JABAIIETO ITyaHCOHA, a TAKXKE pacyeTa CHIOBBIX MapaMeTpoB (hopMooo-
pa30BaHMs, YTO MO3BONUT NPEAYIPEIUTh Pa3pyIIeHHE BBITATUBAEMON NeTamH,
rapaHTHPYs MONydIeHNne KaueCTBEHHON MPOIYKIUH, ¥ TOYHEE TTOJOHTH K BEIOODY
neGopMHUpYIOIIEro 000pyI0BaHNUS.

KuroueBnle ciioBa: BBITSKKA, HeﬁTpaHLHOG CEYCHUEC, YTOHCHUE, paauyC KpH-
BU3HBI, paaraJibHasA ,He(bOpMaL[I/IH, TaHr¢HIxallbHas ,[[e(bOpMaL[I/IH, paguaibHOC
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Force parameters of metal deformation during sheet drawing
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Article history Abstract

Received: August 12, 2020 The aim of the work. The effect of the curvature of the rounding of torus
Revised: October 25, 2020 surfaces during the formation of a cylindrical product (glass) is investigated,
Accepted: November 12, 2020 taking into account the plastic thinning of the deformable material at the end edges

of the matrix and pressing punch. Methods. The existing scheme for determining
the power parameters of sheet drawing is analyzed, based on the assumption of
the implementation of some abstract stress state in the material; mainly condi-
tional tensile strength. At the same time, the possibility of forming the product
without destruction determines the obvious overestimation of the stress level.
A mathematical model of the volumetric stress state of the metal is being deve-
loped, which makes it possible to assess the deformation and stress state during
the formation of a cold-drawn product, i. e. the folding of the sheet blank along
the end radius of the rounding of the pressing punch and the steady-state process
of drawing the blank into the deformation zone with successive bending/straightening
of the material along the edge of the matrix are considered. The level of radial
stresses during folding and stretching of sheet material is estimated, taking into
account its strain hardening and thinning, which determine the forming force.
The obtained results will make it possible to simulate the stress-strain state of
the metal during the development of sheet drawing technology: to establish

For citation the amount of thinning, to estimate the level of radial stresses in the formation of
Morozov Yu.A. Force parameters of metal rounding of torus surfaces along the end edges of the matrix and the pressing
deformation during sheet drawing. Struc- punch, as well as to determine the power parameters of the formation, which will
tural Mechanics of Engineering Construc- prevent the destruction of the pulled part, guaranteeing obtaining high-quality
tions and Buildings. 2020;16(6):493—-503. products and more accurately choosing the deforming equipment.

(In Russ.) http://dx.doi.org/10.22363/1815- Keywords: hood, neutral cross section, thinning, radius of curvature, radial
5235-2020-16-6-493-503 deformation, tangential deformation, radial stress

1. BBeaenue

OOBEKTOM HCCIICIOBAHUS SBISCTCS MPOIECC JIMCTOBOW BBITSKKHU, 00€CIICUNBAIOIINN CBOPAYUBAHUE TPO-
CTPaHCTBEHHOT'O U3JIENUs U3 TUIOCKOW JIMCTOBOW 3aTOTOBKH.

[TomoOHas TEXHONIOrMYECKas OTepaliys IPUMEHACTCS PU U3TOTOBJICHUU MITUPOKOTO CIEKTPa MPOIYKIIHH,
Kak OBITOBOTO, TaK ¥ NPOMBIIIIICHHOT'O Ha3HAYCHMSI — aBHa-, aBTOMOOMJIECTPOCHUE, CEITbX03MAIIMHOCTPOCHUE U
mp. [lomynsapHOCTE TaHHOTO TpoIecca MOXKHO OOBSICHUTH CPaBHUTEIBHO MPOCTHIM criocoboMm (popmoobpaszoa-
HUS TOTOBOHW 3arOTOBKY B BHJIE JIUCTA METAJIA, IPY STOM ITOyYaeMble H3/AETHS UMEIOT BHICOKHE MTPOYHOCTHBIE
3KCIULyaTallMOHHbIE CBOMCTBA U MaJIbIi BEC.

JlanHOMY TIpOIIECCYy TOCBSIIIEHO JOCTATOYHOE KOJIMYECTBO PadOT, KOTOPHIE MOXKHO Pa3/ICNUTh HA JIBE TPYIIIIBL
Bonpmias gacte paboT cBsA3aHA ¢ YTOYHEHUEM F ONTHMH3AINEN TEXHOJIOTHUH JINCTOBON BBITSKKH, a TAK)KE MOJIe-
JUPOBAHUEM HAMPSHKCHHO-Ie(OPMUPOBAHHOTO COCTOSIHUA MeTayuia mpu (popmoobpazoBanuu geramm [1-11].
3HAYUTEIHLHO MEHBIIUH 00beM PabOT MOCBSIIEH UCCICIOBAHUIO TIPEISIBHBIX HAMPSKCHUH U pa3pyIICHUIO Me-
Tanna [12—15].

OmHako, HECMOTPS Ha MPOCTYIO cxemy (popmMooOpazoBaHus, TPOQHIEHON THTEPATypOil PEKOMEHIYETCS
BeChMa TPUOJIMKCHHBIN METOJI ONPEACICHHS CUJIBI BBITSXKKU, CBOJSIIMNACSA K SAMHCTBEHHOMY M3BECTHOMY Iia-
paMeTpy — IUIOIIAIH MOTIEPEYHOT0 CEYCHUs IPOCTPAHCTBEHHOTO M3JEeNus F, HaXosAIIencs o] qeiicTBueM He-

Yury A. Morozov, Associate Professor of the Department of Digital and Additive Technologies, Cand. Sci. (Eng.); eLIBRARY SPIN-code: 3189-5426,
Scopus Author ID: 24475032700, ORCID iD: https://orcid.org/0000-0001-9229-7398
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KOEro aOCTPaKTHOTO MEXaHWYECKOTO HANPSIKCHHsSI, 32 KOTOPOS B OCHOBHOM IMPHHHUMAETCS YCIOBHBIA TpEei
npovHOCTH AeopMHUpyeMoro marepuana o, (puc. 1).

o B H}P P P
NRNY S
= _
z. 7
Y &1 &F

Puc. 1. Cxema BBITSHKKA
[Figure 1. Schematic drawing]

[MpuanMas BO BHUMaHHUe, 4TO Mpesies IPOYHOCTH YCTaHABIMBAET HanOoMbIIee HapsDKEHHE, KOTOpOe CIIoCo-
OeH BblIEpKaTh MaTepuall MO Harpy3koil 6e3 paspymeHus (pa3pbliBa), CTAHOBSITCS OYEBHIHBIMU 3aBBIIICHHBIC
CHJIOBBIC TTapaMeTphl (hOpMOOOpa3oBaHMsI. DTUM OOBSCHACTCS pa3iIudie MPAaKTHICCKUX W TEOPETHUECKHUX 3HA-
YeHUH yCWIIMH BBITSKKH, T. K. IPU MPAaBHIBHO PACCUUTAHHBIX pa3Mepax noiyhadpukara, hakTHUECKUE Harpsi-
JKEHHS B €T0 CTEHKaX HUK020a He TIPEBBICAT Mpeieria MPoYyHOCTH Matepuana [16; 17].

CnenyeTr OTMETHTb, UTO CHIIOBBIE IIAPAMETPHI ONPEIEIAIOT HE TOJIBKO TEXHOJIOTHIO H3TOTOBJICHHUS, HO U CyIIIe-
CTBEHHO BJIHSIOT Ha BBIOOP Je(OopMHPYIOIEro 000pyI0BaHMsI, YTO, HECOMHEHHO, O0YCIIaBINBAET aKTyalbHOCTb
paboTHI

Koppekuusi cHI0BBIX MapaMeTpoB C ONPEAETICHHONW I0Jel BEPOSITHOCTH IOMYCKAETCs AOMOJHUTEIbHBIM
IMIUPHIECKUM K03(DHUIIMEHTOM, 00paTHO MPOTIOPIHOHATBEHBIM KOAPQHUIUEHTY BBITSIKKA

P=Fo, k, =nd So, k,,

rae F— miomanb KOJBIECBOI'O 3JIEMECHTA HOJ'Iy(I)a6pI/IKaTa, ornpeaeisaeMas niepuMeTpomMm 1u TOJIHIHHOP'I CTCHKH IU-
JIMHAPUYCCKOTI'O U3ACIIUA

F=ndS; (1)

d1 — JIWaMEeTp BHITATHBAEMOU MeTanu (10 CPEAUHHOW TUHUM); S — TONIIMHA MaTepHana; kBT — K03 PUIIHEHT,

3aBUCSINHN OT KO3 GUIIHECHTA BRITSHKKH (cM. Tadnmiry) [18].

Tabnuya
IHonpaBounblii kK03pPunHeHT kir
[Table. Correction factor ke:|
KoappuumeHT BBITSHKKH, M Ko puuueHnr BBITIRKH, m Ko dpuuueHT BBITIKKH, Mm
. . kBT . . kBT . . kBT
[Drawing ratio, m] [Drawing ratio, m| [Drawing ratio, m|
Jo 0,55 1,00 Cs. 0,63 0 0,65 0,72 Cs. 0,73 10 0,75 0,50
Cs. 0,55 o 0,58 0,93 » 0,65 » 0,68 0,66 » 0,75 » 0,78 0,45
» 0,58 » 0,60 0,86 » 0,68 » 0,70 0,60 » 0,78 » 0,80 0,40
» 0,60 » 0,63 0,79 » 0,70 » 0,73 0,55 » 0,80 0,37
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[Tpu 5TOM He yYUTBHIBAIOTCS MapajieNbHO MPOTEKAOIIHE MPoLecChl AehOpManOHHOTO YIPOYHEHHS, TO-
BBIIIAIOMIETO MEXaHUUECKUE CBOMCTBA MaTepraa C OAHOBPEMEHHBIM YTOHEHHEM, TAKXKe MPUBOASIINM K yBEIH-
YEHUIO HANPSDKEHHUS B MaTepuae U SBJLIOIUMCS IPUYMHON paspylueHus netaiu. [loatomy, HecMoTps Ha mpo-
CTYIO CXEMY BBITSDKKU JIUCTOBOM 3arOTOBKHM, ONPENEIEHHE CUIOBBIX MapaMETPOB CIEAYET NMPOBOIUTH MapalIeib-
HO C HCCIIEJOBAaHHEM HAIPSKEHHO-1e()OPMUPOBAHHOIO COCTOSIHUSL MaTepHalia Mpu IacTHIecKkoM Gpopmoobdpa-
30BaHUU TOPOBBIX IIOBEPXHOCTEH CKPYTJICHUS AETalll, O0YCIOBIEHHBIX KOHPUrypanuel 1edopMHUPYIOLIEro HH-
ctpymenTa [19-21].

PaccmartpuBas nporecc TMCTOBOM BBITSKKH, MOXKHO OTMETHTH /IBa OCHOBHBIX (DaKTOpa, XapaKTepU3yIOLUIHX
M0CJIEN0BaTENFHOCTD (HOPMOOOPa30BaHUS ACTAIIH:

— HaYaJIbHBIN TIEpHOJI CBOPAUYHMBAHUS JINCTOBOM 3aTOTOBKHU TOPLIEBBIM PaJINyCOM JAABSIIEro IMyaHCOHa;

— YCTaHOBUBILHUIICS MpOILecC BTATUBAHUS 3ar0OTOBKH B 04ar AedopManny, COMPOBOKAAIOLINICS OCIeI0-
BaTEJIbHBIM U3rHOOM/CIPSMIIEHHEM MaTepHaia o pedpy MaTpHLBbI.

B cBsi3u ¢ 3TUM IlepedeHb peraeMbiX 3a1ad OyIeT BKIIFOYATh ONpesesieHUue Ae(hOPMHPOBAHHOIO COCTOSHUS
Marepuasia B 3aBUCUMOCTH OT CO3/1aBaeMOW KPHBU3HBI JETAJIM U YCTAHOBIICHNE PaIMAIbHBIX HAMIPSKEHUH ¢ y4eToM
YIIPOYHEHHSI MaTepuana npu GopMooOpa3oBaHNUM; ONpeIeIeHNE IIOMAaN MONEPEUHOr0 CEUCHHUs MPOCTPAHCTBEH-
HOIl TOHKOCTEHHOMH JeTajy B MecTe HauOosee MPOrpecCUpyIOIEero yTOHEHU U pacueT ycuinus GopmMooOpa3zoBaHus
MaTepuana Mo JaBsIieMy HHCTPYMEHTY.

2. MaTteMaTu4yecKas IOCTAHOBKA 3a1a4H

PannansHble HaNPsHKEHUS TIPU CBOPAYMBAaHUU U PACTATHBAHUM JIMCTOBOTO MaTepHaia 1Mo TOPIEBOH KPOM-
K€ WHCTPYMEHTa

C; o /5
o =—LSe 2, 2
pmax 2pH ( )

rjie G, — CONPOTHBJICHHE IIACTHYECKOH AedopManuy; P, — paauyC HEUTPAIbHOM OBEPXHOCTH, Pa3AeNAIomen

PaCTAHYTBIC 1 CXKATBIC CJIOU MaTCpuaia pu U3l nbe THCTOBOI 3aroTOBKH; f - K03(1)(I)I/ILII/ICHT KOHTAKTHOI'O TPCHU.
C ucrnoiap30BaHuEM ,Z[C(l)OpMaHI/IOHHOﬁ MOACIN U3MCHCHHUA HAPYIKHOI'O U BHYTPCHHCTO painyCOB

RHap :Rl+(R1_pH)8
RBH :R2+(pH_R2)8

r Hap
I BH
YCTAQHABIIMBAIOTCS PaHaIbHbIC Ae(pOPMALlHH YMEHBIICHHS HAPY)XXHOTO pamuyca R, —> Rﬂap U YBEJIIMYEHUS BHYT-

penHero paguyca R, = R (puc. 2):

_ Rﬂap _Rl RBH _RZ >

HedmpaabHoe ceyeHue
[Neutral cross section]

Puc. 2. Pacnipeieniernue TaHreHIMATBHBIX e(GOPMAIIHii [T0 CEYEHHIO TTOJIOCHI
[Figure 2. Distribution of tangential strain on the cross section of the strip]
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Taur CHIIMAJIbHasA Z[G(I)OpMaLII/ISI, nopuBoAAlIas K UBMCHCHUIO TOJIIIUHBI PACTAHYTBIX U CXKATBIX CJIIOCB MaTe-
puaina, YCTaHaBJIMBACTCA COTJIACHO YCJIOBHUIO TOCTOSAHCTBA o0BeMa

R 4

H H

Hap

SOHap = —lmn 891314 =
B okoHYaTeapHOM BH/IE BEIpaKCHHS JIJIS OTIPEICTICHIsI HApY>KHOTO ¥ BHYTPEHHETO PailyCOB U30THYTOTO
aneMmeHTa [22; 23] uMeroT B
2

R
Ry T :ﬁz_k (3a)
pH pn R2
Rl Ry oz |2 Bu |21z, (36)
Pu \ Py Pu

rne Z =R, / p, — K03QdUIMEHT, ONpeaeNAIOMuniA paJuyCc HEHTPAIbHON MOBEPXHOCTH, BEIYMCIIAEMBIN U3 YCIOBUS

paBHOBECHsI H3TMOAIOIINX MOMEHTOB B PACTSHYTBHIX U CXKATBIX CIOSX 3arOTOBKH, BOSHUKAIOUIMX MO BIHSIHUEM
TaHT€HIMANBHBIX HAIPSOUKEHUH OTHOCUTENBFHO HEUTPaIbHON OBEPXHOCTH (pHC. 3)

2
R
M, =l—=-1 &H = 1—& 1+RBH =M,,.

= oUp, P, P, P,

2

Hcnonp30BaHne perpecCHOHHOTO aHAIN3a yCTaHABIUBAET JIOTAPU(YMHIUECKYIO 3aBUCHMOCTb, 00ecIeyrBa-
IOLIYI0 HAWTYYIIYIO CXOJUMOCTB C MIPUBEACHHBIM rpadukoM ¢ ommnoOkoi menee 1 %:

R R
Z=-"2=-0,433In—+0,995. 4)
pH RZ

l‘—]
s N
% . 1.0

c
s K3
N o9
g >
BES 08 ~
Tg o 7 \

8]
£18 o7 S~
TS
g%% 0,6

<
S B T~ &
6 = 05 o
< 3 1,0 1,25 1,5 1,75 20 225 25 275 30'2

=

Puc. 3. Kosddunumenr HeiirpaipHOl TOBEPXHOCTH, Z
[Figure 3. Neutral surface coefficient, Z]

3. AHa1u3 pe3yJbTaTOB HCCIEA0BAHNUS

PaccMmoTpuM B KauecTBe NMpUMEPa OCECUMMETPUYHBIM LMIMHAPUUCCKUNA CTaKaH HAapYKHBIM THAMETPOM
d_, =80 mm, Tonumnoit crerkn S =3,0 MM, 1edhopMUPyeMBIi IyaHCOHOM ¢ TOPLEBBIM paguycoM 7, =20 Mm.

ITeperaruBanue MeTaiuia B o4ar AedopManuy IPOUCXOIUT 110 peOpy MaTpHIbl paguycoM 7, =11 mm.
Cpa3y cienyer OTMETUTh, YTO TPOBEICHHBIA IKCIEPUMEHT BBITSDKKH TpeX MOAOOHBIX CTAaKaHOB U3 aJo-

MUHHEBOTO crutaBa AMrl mokasan ycumme aepopmupoBanus 7,3...7,5 T (puc. 4).
Paccmotpum nocnenoBatenbHO CloBbIE (DakTopb! (POpMOOOPa30BAHMS JAHHOM BBITSDKKH, UMEIOIIEH AuaMeTp

110 CPEAVUHHOMN JIMHUU

d=d, —S=80-3,0=77 um.
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Puc. 4. DKCIIEPHUMEHT BBITSDKKH LUIHHIPHYCCKUX CTAKAHOB
[Figure 4. The experiment of extracting cylindrical glasses]

3.1. Hauansuulii nepuod ceopauusanus 1ucmoeoil 3a20moeKu
MOpPUEBHIM PAOUYCOM OABAULEZ0 NYAHCONA

dopmMooOpazoBaHe TOPOBOTO painyca CKPYTIIEHUS OCYIIECTBISIETCS TOPIIEBBIM PanyCOM JaBSIIETo ITy-
aHcoHa 7, = R, =20 MM, onpezesomuM OTHOICHHUE PanyCOB KPUBU3HBI

R r,+S 20+3,0

— =1,15.
R, 7, 20
Koaddumment nelitpansHolt TOBEpXHOCTH (4)
Z= Du —0,433ln%+ 0,995=-0,433In1,15+0,995 =0,934.
pH 2

CoOOTBETCTBEHHO, NPOIe()OPMUPOBAHHBIC HAPYKHBIN U BHYTPCHHUH PailyChl TOPOBOM MOBEPXHOCTH H30-
THYTOTO 31eMeHTa (3)

2

Bo | [ R Ry _13.0,934—120,0741;

pH pH RZ

Rl R 1 97| 2a=Bu | 2122 21-0,934 20,066,

Meto10M UTEpalMi yCTaHABINBAIOTCS

R, /p,=1,0653u R, /p, =0,9343.

Paaunyc HeilTpalibHOM MOBEPXHOCTH
p, = rn/Z = 20/0,934 =21,41 mm.

[Ipu sTOM He cnexyeT mpeHeOperaTh BO3HUKAIOIINM 34eCh YTOHEHHEM MaTepHalla, BEI3BAHHBIM PACTSTHBa-
IOIIUMH HanpsoKeHussMU. KpoMe Toro, HEeKOppekTHO OyJeT HCHOIb30BaTh B KAUECTBE PACUETHOTO CCUCHHS IUa-
METp BBHITSTHBAEMOH JeTaiu (cedeHne A), Tak Kak pa3pylleHHe MaTepuaia HaunHAeTCsl B JIOHHOW YacTH, sIBJIS-
IolIelics okanu3anueil Hanbomnee mporpeccupymouiero yroneHus (ceuenue b), puc. 5.

[IpuanMast Bo BHMMaHUEe (popMooOpa3oBaHHE NeTald MO (PUKCHPOBAHHOMY BHYTPEHHEMY PalHUyCy

R / p, =const, 00ycIOBIEHHOMY TOPLEBBIM PaJHyCOM CKPYIJIEHHs JaBAIIEro MyaHCoHa ¥, = R, = R, ycra-

HABJIMBAETCS TOJIIHMHA TOPOBOH ITOBEPXHOCTH TOCIE Ae(pOpMHUPOBAHUS

Rﬂap

H

S'= p,—7, =1,0653-21,41-20=2,81 mm.
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‘-.-.-—"-"II..-_-"

= Wiy

0,95
\ R;=var, Ry=const

0,9 \\
0,85 N
\

0,8

"--._-.____-

—

0,75
.0 1,25 1,5 1,75 20 225 25 275 3,0

Ry /RZ

Puc. 5. ®opmoobOpazoBaHne NeTany U yTOHEHUE JTUCTOBOTO METAIIA TIPH BBITSKKE
[Figure 5. Forming a part and thinning a sheet metal during drawing]

Kos¢ppuuuent yronenusi, 00yciIoBICHHBIH TOPLEBBIM PaJANyCOM CKPYTJICHHS KPOMKH JIaBsIILETO MyaHCOHa,
TO €CTb HHTEHCHUBHOCTBIO Ae(opMaryii CKATHIX U PACTSIHYTBIX CIIOEB MaTepraa OTHOCUTENIBHO HEUTPATBHOTO CEUCHHUS:

S'/S=2,81/3,0=0,937.

[TpubnmxenHoe 3HaueHHE KO3(Q(UIEHTa YTOHEHHUS C TIOTPEIIHOCTHIO He Ooutee 2 % Tak:ke MOXHO Ompe-
JENUTh, UCIIOJb3YsI ANPOKCUMAMOHHYIO TOJMHOMHAIBHYIO MaTeMaTHUECKYI0 MoJenb (puc. 5) [24]:

3 2
S’ R R R
—=-0,05| =+ | +0,38| =~ | —0,985—L+1,65.
S R, R, R,
[Ipu monyuiennn HanboJee MPOrPECCUPYIOIET0 YTOHEHHUS, TEOMETPUUECKH PACIIONOKEHHOTO MO YTIOM
o =45" oTHOCHTENBHO 00PA3yIOLIETO palyca KPUBU3HbI ITyaHCOHA, ONPEIENSIETCS CPEIAHHIA JHaMETP TOPOBOM
MTOBEPXHOCTH CKPYTJICHHS B OTTACHOM C€4eHUH b:

d), =d,~2(1-cosa)r, ~d, —0,586r, = 77—0,586-21,41 = 64,45 wm.

HJ'IOH_I.’:I,[[L COOTBCTCTBYIOLICTO IMONEPEUYHOTO KOJIBLIEBOT'O CCUCHU (1)

!

F’=ndl'S%:n64,45-3,0-0,937=569,2 MM,

Hedopmarust hopMOM3MEHEHUS, XapaKTepU3yolias YIPOYHEHHE MaTepuaia M onpeaeiseMas CyMMapHBIM
3HAUYCHHWEM TaHTCHITMAIBHBIX Jedopmaruii Ha Hapy>KHOH W BHYTPEHHEH IMOBEPXHOCTSAX, CBOPAYNBAEMOI TOPO-

BOH TTOBEPXHOCTH CTakaHa [25]

R R, 0
€= Ehppy TEGpy =—— —— = 1,0653-0,9343=0,131 (13,1 %).
Pu  Pu
C McroNb30BaHueM Kod(UIMEHTa TPeHUs «aTroMuHui — cTab» (6e3 emasku) f = 0,28, ycranapmmpaercs
paauabHOE HaNpsHKeHHE B MaTepuaie npy GopmMooOpa3oBaHMK CKPYTIIEHUS TOPOBOW IMOBEPXHOCTH CTakaHa (4)

156,3 3,0 o027

_Or S5 [y _ 1563 e 2=18,1 Mlla,
2.21,410,937

o = —€
™ "2, 5S

rie G, — CONPOTHBJIEHME IJIACTUUECKON aedopMaluu aJrOMHHUEBOrO cilaBa AMrl ¢ ycIOBHBIM IIpenenoM

TCKY4YCCTH 00,2 = 98,1 MHa, OIpECaACIACMOC I-)MHI/IpI/I‘leCKOﬁ 3aBUCUMOCTBIO
0,59 0,59
6, =6,, +12,75¢% =98,1+12,75-13,1" =156,3 MIla.
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Takum 06pa30M,ycnnHe @OpMOO6pa3OBaHHH MaTepuaja nmo TOpUEBOMY paaAnuyCy CKPYTJICHUSA AaBAIICTO
ITyaHCOHa

P=F'c__ =569,2-181=10302,5 H (1,05 7).

n pmax

3.2. Yemanosueuuiica npoyecc 6mazueanus 3a20moeKu 8 ouaz oegropmayuu,
CONPOGOHCOAIOWUTICA NOCTICO0BAMETbHBIM U3ZUOOM/CRPAMIAECHUEM MaAMEPUANA RO PeOpy Mampuybl

dopMooOpa3zoBaHue ACTAIN B YCTAHOBUBIIIEMCS MPOIIECCE BTATUBAHMS 3aTOTOBKU B o4ar JeOpMaIiuu Orl-
penensieTcs pagycoM pedpa Matpuisl 7, = R, =11 MM, ycTaHaBIMBaIOIIM OTHOIICHHE PaJINyCOB KPUBU3HBI

ﬁ_ r,+S 11+3,0
R, r

M

=1,273.

Koaddunuent veitirpanbHO# moBepxHOCTH (4)

ri=—0,43311’1%+0,995 =-0,433In1,273+0,995 =0, 89.
pH 2

/7 =

Co0TBeTCTBEHHO, Po1e(hOpMUPOBAHHBIE HAPY KHBIM U BHYTPEHHHUI pagnyCchl TOPOBON MOBEPXHOCTH H30-

THYTOTO 371eMeHTa (3)

2

[&j [&—lj =ﬁZ—1 =1,3-0,89-1=0,13297,;
pn pH 2

&[&H_zzj[Z—&]:1—Z:1—0,89:0,11.
pH pH pH

MeTomoM UTEpAINH YCTaHABINBAIOTCS

R, /p,=11083 u R /p, =0,8913.

Pannyc HeTpanbHOU MOBEPXHOCTU

P, =7./Z =11/0,89=12,36 mu.

CpenHuil 1MaMeTp TOPOBOU MOBEPXHOCTH CBOPAYMBAHMSA TaK)Ke NPUHUMAETCS Mo yriioM o = 45° ortHo-
CHUTEJIBHO HAYaJIbHOrO Meprojia n3ruba JTUCTOBON 3aTOTOBKH MO PeOPY MATPHUIIBI C MOCTICTYFONHUM CIPAMICHHEM
CTEHKH CBEpHYTOTO CTaKaHa B KOHIIE o4ara nedopmanu (puc. 6):

d,, ~d +0,586r, =77+0,586-12,36 = 84,24 mm.
[T01ane COOTBETCTBYIOMIETO MOTIEPEYHOT0 KOJIbIIEBOTO cedeHus (1)
F = ndl'S =n84,24-3,0=793,9 Mm’.

Hedopmariust GopMOU3MEHEHHS TIPU MOCISA0BATSIILHOM H3TU0E/CIIPAMIICHUN TOPOBON MOBEPXHOCTH CTa-
KaHa 10 peOpy MaTpHIlbl

£=2(8,p + g ) = 2[%—£] =2(1,1083-0,8913) = 0,434 (43,4 %).
P Py

ComnpoTHBIIEHHE TIACTUYECKOH nedopmanun

O, =0y, +12, 75" =98,1+12,75-43,4"” =216 MIla.
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dTM

Puc. 6. [lepopmMupoBanue 3aroToBKHU 10 pedpy MaTpHULIbI
[Figure 6. Deformation of the workpiece along the edge of the matrix]

PanuansHoe HampspKeHHE B MarepHalie (He MPUHHUMAs B PacyeT YTOHCHHE B CBSI3H C €ro KOMIICHCAlUen
nepepacipeieNsIionMes 00beMOM MeTallIa ¢ (IiaHIa 3aroToBKH) (4)

n 21 , ki
Or go'2 2216 30,7 Z 40,7 MiTa,

Opmax = 7 >
T 212,36

Taxum o0pazom, ycunue GopMooOpa3zoBaHusl MaTepuaa 1o pedpy MaTpuIbl

P =Fo, . =793,9-40,7=32311,7 H(3,29 7).

pmax

[Ipu nomymieHny pacrpocTpaHEHUs paqUanbHOTO HAPsDKEHUS IEpeTArMBaHNs MaTepHraia o pedpy MaTpu-
161 Ha MIPOIIECC BTATMBAHUS (PIIAHIIEBOM YacCTH 3aTOTOBKY B MaTPHUILy YCTAHABIMBAETCS COOTBETCTBYIOLIEE YCHIINE

R, = nd, Scpm =n77-3,0-40,7=29536,3 H (3,01 1).
B pesynbrate obmias cuna hopMooOpazoBaHus pacCMaTpUBAEMOTO CTaKaHa

P=F +F +£h, =1,05+3,29+3,01=7,35 1.

4. 3akaiouenue

Haiinennas cuia ¢popmMooOpa3oBaHus C yUE€TOM HaIPsKEHHO-Ie()OPMHUPOBAHHOIO COCTOSIHUSI Marepraia
P =7,35 1 ¢ nocratounoii TOUHOCTBIO COIIACYETCS ¢ PE3yJIbTATaAMK SKCIIEPMMEHTA BBITSHKKH, TIPMBEIECHHOTO BHIIIIE.

CrietyeT OTMETHUTD, YTO, UCIIOJIB3YS KIIACCHYECKHI METOJI pacueTa, OCHOBAHHBIN Ha MCIOJL30BAHUHU Ipe-
nena ipounoctd 6, =210 MIla, ycunue BBITSKKH

P=Fo,=nd,So,, =177-3,0-210=152398,7 H (15,54 1),

410 O0JIee YeM B JIBa pa3a MPEBOCXOIUT IKCIICPUMECHTAIBHYIO BETMYUHY.

[Mony4yeHHbIe pe3yabTaThI MO3BOJAT CMOACIUPOBATH HAMIPSIKEHHO-1e(HOPMHUPOBAHHOE COCTOSTHHE MeTaa
Ipu pa3pa60TKe TEXHOJIOTUH JINCTOBOM BBITSKKH: YCTAaHOBUTL BCIIMYNHY YTOHCHUA, OUCHUTL YPOBCHL pagnalib-
HBIX HaNpsDKEHUH GOpMO0Opa30oBaHUs CKPYTICHHI TOPOBBIX TOBEPXHOCTEH IO TOPIIEBHIM KPOMKAM MaTPUIIbI U
JIABSIIIEro MyaHCOHA, a TAK)KE OMPEICIUTh CUIOBBIC MapaMeTphl GOPMOOOPA30BAHUS, YTO TIO3BOJIUT MpPEAyIpe-
JITH pa3pyllieHHE BBITATHBAEMOW JICTAH, FAPAHTUPYS NOIyYCHHE KAaueCTBEHHON MPOIYKIMU, U TOYHEE MOJI0M-
TH K BBIOOPY J1e(hOPMUPYIOIIETO 000pYA0BaHUS.
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AHHOTanust

Axmyansrocmy. 1Ipu peMoHTe ruaporexHuueckux coopyxenuii (I'TC) uacto
IIPUXOJHUTCS CTAJIKUBATBHCA C 3a1adei ux ycuiieHus. Cpey METOIOB yCUIIEHUS
MOJNOPHBIX COOPY:KEHUI HauOONBIIUI MHTEpPEC HPEACTABIAIOT T€, YTO II03BO-
JSFIOT Cpa3y BKIIOYATh 3JEMEHTHI YCHICHUS B COBMECTHYIO paboTy C COOpyxKe-
HHUEM U HE yJaJITh IPYHT 3aCBIIKM CO CTOPOHBI ThLIOBOH rpanu. IIpu BeIOOpe
PEMOHTHBIX MaTE€PHAJIOB ClIefyeT 0OpaTUTh BHUMaHHE Ha KOPPO3HOHHOCTOIKHE
KOMIIO3UTHbIE MaTepUabl, UCIOJIb30BAHHE KOTOPBIX B TUIPOTEXHUYECKOM CTPOU-
TENbCTBE €I HEe HOPMHUPYETCs, OAHAKO 00TACTh WX NMPUMEHEHHS C KaKIbIM
rogoM Bce Oouble pacmupsiercss. OCHOBHOU yenblo SKCIEPUMEHTANIbHBIX HC-
CIICIOBAHHI SBIAETCS YCHICHHE JKele300€TOHHBIX KOHCTPYKIMH THAPOTEXHHU-
YECKUX COOPYKEHUH, B TOM YUCIIE UMEIOIIUX MEXKOIOUHbIE CTPOUTENIbHBIE LIBBI
1 HaKJIOHHBIE TPELIHMHBI, C IOMOLIBIO NIPEBAPUTEIBHO HANPSXKEHHOM Iomepey-
HOIl apMaTypsl. Memooul. VicciaenoBaHusl IPOBECHB! Ha XKEeIe300€TOHHONW Mo-
Jenu GalOYHOTO THUIIA, YCHICHHOH IpeBapUTEeIbHO HAPSKCHHOH MOMepedHOH
apMaTypoil B 30He 00pa30BaHMs HAKIOHHBIX TPEeUIMH. MoJenb M3roTOBIEHA C
YUYETOM XapaKTEPHBIX 3aa4, BCTPEUAIOLIMUXCS [IPU PEMOHTE IJIUTENBHO 3KCILLY-
aTUPYEMBIX HMOANOPHBIX THMIPOTEXHUYECKUX COOPYKCHUH, UMEIOIUX PaCKPHIB-
LIMECs IUBBI U TPELIUHBI, HEJOCTATOYHOE IIONEPEYHOE aPMHUPOBAHUE, HU3KHUI KO-
3¢ PUIEHT apMUPOBaHUs, HAYAIBHBINA NPOruo. Pesyismamul. Peanu3oBana 3a1aua
YCHIICHHS CTICNUATBEHOH ’KeJe300eTOHHON MOJIENH ¢ MTOMOIIBIO MPEBAPUTEIHHO
HaINpsDKEHHOH HonepedHol apMaTypbl. [lonydeHsl SKCIEpUMEHTAIbHbIE JaHHbIE
0 xapakrepe Je)OpMHPOBAHHS H Pa3pyLICHNs, PACKPBITHH MEXOIOYHBIX CTPOH-
TEIbHBIX LIBOB U TPEIIUH, HAPSDKEHUAX B apMarype. JlaHbl peKOMeHJaluu Mo
YCUJICHHIO IIPEJBAPUTEIBHO HANPSKEHHOM apMaTypOH 3KCILIyaTHPYEMbIX MaJlo-
apMHUPOBAHHBIX KeNe300eTOHHBIX KOHCTpYKIMH ['TC ¢ MeXOI0UHBIMU CTPOU-
TEIIbHbIMU LIBAMHU.

KitioueBble cj10Ba: THAPOTEXHUUECKUE COOPYKEHUS, MEKOJIOYHbIE IIBBI U
TPELLMHBI, TIONIepevHas apMarypa, peBapuTeIbHOE HANpPsHKEHUE, YCUICHHE KOH-
CTPYKLMA, SKCIIEPUMEHTAJIbHbIE UCCIICI0BAHUS
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forcement elements in joint work with the structure and carry out work without
removing the backfill soil from the rear edge. When choosing repair materials,
attention should be paid to corrosion-resistant composite materials, the use of which
in hydraulic engineering is not yet standardized, but the scope of their application
is expanding every year. The main aim of experimental research is to strengthen
the reinforced concrete structures of hydraulic structures, including those with
interblock construction joints and transverse cracks, using prestressed transverse
reinforcement. Methods. The investigations were carried out on a reinforced con-
crete model of a beam type reinforced with prestressed transverse reinforcement
in the zone of inclined cracks formation. The model was made taking into account
the typical tasks encountered during the repair of long-term operating retaining
hydraulic structures with open seams and cracks, insufficient transverse rein-
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1. BBeaenue

KenezobeToHHBIE KOHCTPYKIMH TUApOTeXHIUYecKHX coopyskeHuid (I'TC) B TedeHne AIUTEIBHOTO EpHO-
Jla UX pabOTHI IMOABEPIKEHBI BO3JICHCTBHIO KOMILIEKCAa HATPY30K MPU HAJTMYHUU 0COOOTO XapakTepa TPEInHO00-
pa3oBaHUS B 30HE ACHCTBHUSA M3THOAIONINX MOMEHTOB M IMOMEPEUHbIX ciiI [1; 2]. B ¢BS3U ¢ MITUTENBHBIM TIEpHO-
JTOM JKCIUTyaTaIliy BCE Yallle BO3HUKACT MOTPEOHOCTh B X PEMOHTE U ycwiieHuu [3—8].

[IpuMeHsIoTCS Pa3NMUYHBIE METONbl YCHIEHHUS UIMTEIhHO 3KCILTyaTHPYEMBIX JKeJIe300€TOHHBIX KOH-
crpykiuiit ['TC (MOMMOPHBIX CTEH, YCTOEB, CTEH IUTIO30B U JIP.) M B TIEPBYIO OYEpelb CO CTOPOHEI JINIIEBOM Tpa-
HH, TIOCKOJBKY CO CTOPOHBI THIJIOBOM I'paHU MPHUCYTCTBYET T'PYHTOBAs 3aChIlKa MPAKTUYECKH HA BCIO BBICOTY
9THX coopykeHui. [Ipu 3TOM mpencrasisieTcs LenecooOpa3HbBIM OOpaTUTh BHUMaHKE HA HAOHUPAaroLIyto 000po-
ThI TeHJICHITNIO TPUMEHEHUS] KOMIIO3UTHBIX MaTEePHUajoB, 000X CPEIH MPOYNX TAKUMHU OCOOCHHOCTSIMH,
KaK KOPPO3WOHHAsI CTOHKOCTH MIPH AKCIUTyaTallid B arpeCCHBHOM Cpejie M ropa3fo MEeHbBIINH Bec B CPaBHEHUH
CO CTaJbl0. B ruipoTeXHUUECKOM CTPOUTENHCTBE UCIIOJIB30BaHNE KOMIIO3UTHBIX MaTEpUANIOB €Ile HE HOPMUPY-
€TCs, O/THAKO B 3TOM HAITPABIICHUN aKTHBHO BeAyTCs paboThI [9—24].

[Ipu ananu3e «HEMPOEKTHOTO COCTOSHUS) CTEH MIJTI030B OTMEYaeTcs He0OXOAMMOCTh B Psijie CIIydaeB
YCTaHOBKH JIOTIOJHUTEIHHOM MOMEPEeYHOM apMaTyphl IPU HATUYUHN HAKIOHHBIX TPEUIMH B KOHCTPYKILIWH, BBIXO-
JAIINMX Ha JULEBYIO I'paHsb [2].

B mpaxTuke MpOMBIIITIEHHOTO M TPaXXIaHCKOTO CTPOUTENHCTBA M3BECTEH CIIOCO0 YCHIICHUS M3TH0aeMBIX
KOHCTPYKIIMI Ha BOCIIPHUITHE MOMEPEYHBIX CHUJI C MOMOIIBIO IMPETHANPSKEHHBIX MOMNepedHbIX crepxkHeil [18].
CrepXHH yCTaHABIUBAIOTCS MO0 BHEIIHUM IPaHsIM YCHIMBAEMO KOHCTPYKIMHU Ha y4acTKax ACUCTBHUS M30BITOY-
HOW TONIEPEYHOMN CHIIBI U CTATHUBAIOTCS, YCUIIMBAs OAJIOUHBINA 3JIEMEHT B He0OX0oauMoii crerieHu. MccnenoBanus

Oksana V. Zyuzina, engineer of the 1% category, postgraduate student of B.E. Vedeneev All-Russia Research Institute of Hydraulic Engineering; eLIBRARY
SPIN-code: 6769-5035, Scopus Author ID: 2-s2.0-85086440563.
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B JIaHHOM HAampaBJIeHUH MPOBOJMINCH B JIECHMHIpaJCKOM HHXEHEPHO-CTPOUTEIHHOM MHCTUTYTE B 1963 1. [18]
Ha ONBITHBIX OalKax ABYTaBPOBOTO cedeHHs BbicoTor 30 cM mpH mposere 3 M U BBICOKMM KO3()(UIIMEHTOM Ipo-
nmonsHOTO apmupoBanms | = 0,024, XxapakTepHBIM TSl YKa3aHHOW 00JIaCTH CTPOUTEIHCTBA.

Taxoke creayeT OTMETHTD ncciieoBanus O6anok ¢ i = 0,02, mpoBeneHnsie B [loonkoM rocyapcTBEHHOM
YHHUBEPCUTETE, B PE3YIbTaTEe KOTOPHIX «IKCHEPUMEHTAIBLHO MOATBEPKAeHA 3 (PEKTUBHOCTh YCHUIICHUS B 30HE
cpe3a M3rudaeMbIX >Kes1e300€TOHHBIX 3JIEMEHTOB YCTaHOBKOM JOMOIHUTEIBHOM IPeABAPUTENBHO HAPSKCHHOM
TIOTIEPEYHOM apMaTypbl, B TOM YHCIIE MO Harpy3koi» [19].

OpHako B NMpakTHKE PEMOHTA U YCHUJIEHMs MaloapMUpOBaHHBIX KOHCTpyKuuil ['TC, ams koTophIx Xapak-
TEPHO HAJM4YHE MEKOJOYHBIX CTPOMTENBHBIX IIBOB KaK B MPOJOJBHOM, TaK M B NOIEPEYHOM HalpaBlICHUAX,
WCIIOJIb30BaHNE TPEABAPUTENHHO HANPSIKEHHOW TOIMEPedyHO apMaTyphl MOKa He HAII0 MPUMEHEHUs BBHIY OT-
CYTCTBUS HEOOXOIUMOTO SKCIIEPUMEHTAIBHO-PACUETHOTO 000CHOBAHUSI.

s pa3paOOTKU TEXHUYECKUX PEIICHUH MO YCHJICHHUIO AJHUTENBHO SKCIUTyaTUPYEMBIX JKeIe300€TOHHBIX
koHcTpykiuit ['TC mpencraBisgeTcs HEOOXOIUMBIM TTPOBEICHNE dKCIIEPUMEHTAIBHBIX HCCICAOBAHUMA C IETBI0
000cHOBaHUS YPPEKTUBHOTO MPUMEHEHHUS MIPEIBAPUTEIHHO HANPSHKEHHON MOMEPEYHON apMaTyphl, yCTaHABIH-
BaeMOH B Tesi0 6€TOHA KOHCTPYKLHMH cO CTOpOoHBI JinieBoil rpanu ['TC (moamopHOro coopy>XeHus) U mepecexa-
IOlIeH HaKJIOHHBIE TPELIMHBI, 00pa30BaBIINECs U3 MEXKOIOUHBIX CTPOUTENBHBIX LIBOB.

Jia peanusanyy BbIIEyKa3aHHON IIETTH MPOBEIEHBI IKCIIEPUMEHTAIIbHBIE HCCIIeI0BaHMs, YUNTHIBAIOIINE
XapakTepHbIe 0COOCHHOCTH jkene300eToHHBIX KoHCTpyKiuid ['TC: HeBBICOKMI Kitacc OeToHa U apMaTypbl; Kod¢-
¢uumeHT npooasHoro apmupoBanust p < 0,01; Hanmuune MeKOIOYHBIX CTPOUTENBHBIX LIBOB; HAPYIIECHHUE CLET-
JeHus pabodel CTaIbHOI apMaTyphl ¢ OETOHOM B 30HE pa3MELICHHUS MEXOJIOUHBIX CTPOUTENBHBIX IIBOB KaK pe-
3yJIBTaT MPOSBIECHUS yCaa0o4YHbIX Aedopmannii 6eToHA P TBEpIEHHUH (B MIEPUOJ CTPOUTENBCTBA), a TAKKE ITH-
TEJIBHOW JKCIUIyaTauuu >kene300eToHHbIX KoHcTpyKuuid ['TC mpu TemmepaTypHBIX M 3HAKOIEPEMEHHBIX Ha-
rpy3Kax; HaJIM4ue HAaKJIOHHBIX TPEIUH, 00pa30BaBIINXCS U3 MEXOJIOUHBIX CTPOUTENIBHBIX IIBOB.

2. MeTtoabl

HccnenoBanust mpoBelieHB HA OCHOBE MOJIENI 0alOYHOTO THIIA C ABYMSI BEPTUKAIBHBIMU MEKOIOUHBIMU
CTPOUTENBHBIMH IIBaMU. BbIOOp THIIA MOJIENIN, CXEMBI €€ OIIMPAHUS U Harpy KEHUsl, MECT PACIIOJIOKEHHS LIBOB,
CXEMBl apPMHPOBaHHS, THIIA apMaTyphl OOYCIIOBJIEH YaCTO BCTPEYAOIIUMHUCS B TPAKTHKE THAPOTEXHUYECKOTO
CTPOUTENBCTBA PACYETHBIMHU CIIyYasMH M MO3BOJISET U3YyYUTH B JaOOPATOPHBIX YCIOBHSIX PabOTy M3rHOacMoi
KOHCTPYKIMH CO LIBAMU U TPELIMHAMH KaK B 30HE COBMECTHOI'O ACHCTBHS M3TMOAIOIIEr0 MOMEHTa U MONepey-
HO¥ cruThI (30HA cpe3a), TaK ¥ B 30HE YUCTOTO M3TH0a.

[Nonepeunoe ceuenue Oanku: npsiMoyronsHoe bxh = 150x300 mm, mmuaa — 2000 MM; kacc 6etona B30+B35.
s yerpoiicTBa MEeXKOIOUHBIX CTPOUTENBHBIX LIIBOB, PACTIONOKEHHBIX Ha PacCTOSHUH 465 MM OT TOpPLIOB OaJKH,
0eToHMpOBaHKE IPOBOAMIOCH B 1BA IIPUEMA.

OrmbITHAs MOJIENT M3TOTOBIICHA CO CTAIIBHOW padoueli mpoaoibHON apmatypoit 20312 knacca A400 (kodddu-
eHT apmupoBanus | = 0,0056), 4To ABIseTCS ManoapMUpoBaHHOH KoHCTpyKiuel, npucymeit ['TC. KoncTpyk-
LIMsL OTIBITHOM OaNKu nmpeacTaBiieHa Ha puc. 1.
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Puc. 1. KoHCTpYyKIHUS 1 cXeMa Harpy>KeHus OaiIKu, MM
[Figure 1. Design and loading diagram of a beam, mm)]
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Figure 2. Diagram of the installation of instrumentation, the nature of cracking in the beam and the reinforcement diagram:

a — diagram of the installation of instrumentation on concrete and steel reinforcement and the nature of cracking; b — the scheme of strengthening and the nature of cracking

OKCNEPUMEHTAILHBIE UCCNEROBAHMA 507



Zyuzina O.V. Structural Mechanics of Engineering Constructions and Buildings. 2020;16(6):504-512

OnupaHue ONBITHOW OaJIKK MPOU3BOIUIIOCH HA IIIAPHUPHO-HEMOIBUKHYIO U IIAPHUPHO-TTOIBUKHYIO (KaT-
KOBYI0) OTIOPBI.

Harpyska P OT ruipaBIU4ecKoro JOMKpaTa MPHUKIAAbIBalIach BEPTUKAIBHO CTYIICHSIMHU U TepelaBaiach
Yyepe3 TOPU3OHTAILHYIO TPaBepCy B JIBYX TOYKaxX Ha paccrostHud 310 MM OT IieHTpa Oaliku, pU 3TOM PacCTOs-
HHUE MEXITy CHJIaMH (30Ha YUCTOTO M3rnda) coctaBmiio 620 MM, a pacCTOSIHUE MEXY CHIIaMH U oropamH (Ipo-
neT cpesa) — 540 mm (puc. 1).

OmnbiTHast 6ajKa OCHAIAIach KOHTPOJILHO-U3MEPUTEIbHOM anmaparypoii (KIMA), kak 3To mmoka3aHo Ha puc. 2:

— UHJIUKATOPaMH YaCOBOT'O THIIA JIJIsi U3MEPEHUS IIIUPUHBI PACKPBITUS MEKOJIOUHBIX IIIBOB U TPEIIUH;

— mporuboMepamMu T U3MEPEHHsI MPOrHO0B B MPOoJieTe OATKU ¥ WHAWKATOPAMU YaCOBOTO THMA — JIJISI Tie-
peMeIIeHus omop;

— TeH30pe3ucTopaMu ¢ 6a3oit 20 MM a1 n3MepeHus AedopManuii apMarypsl (IpoRoILHON pabodeit U mpen-
BapUTENILHO HAMPSHKEHHOM MOMEPEYHOH).

VcribITanus OMBITHOW MOJIENY MTPOBOJUIIUCH B JiBa 3Tamna. [locie Kaxoro sTama Mpou3BOIUIOCH pasrpy-
JKEHHE MOJICIH U MOJITOTOBKA K CIIEIYIOIIEMY JTaly.

3. Pe3yabTaThl U 00CyKAeHHE

3.1. Ilepeuvlii 3man — ucnvimanue HeyCUNEHHON KOHCMPYKYUU

Ha nepBoMm 3tamne nuccienoBaHuil omnbITHAs Oajka HCHBIThIBajIack 0€3 YCHIIEHHUSI U JOBOAWIACH O Paspy-
HIeHus o O0eToHy, KOTOpOe HACTYMANo OT JEHCTBUS M3TMOAIOIINX MOMEHTOB U MOIMEPEYHBIX CHII IO XapaKTep-
HBIM HaKJIOHHBIM TpEIIMHaM, 00pa30BaBIIMMCS M3 MEXKOIOUHBIX CTPOUTENBHBIX LIBOB IO HAMPABICHUIO K Me-
CTaM MPHIIOKEHUs Harpy3ku P/2. Pazpymienne 6anku mpou30InIo XpynKo pu Harpyske P = 57,2 kH.

PaccMoTpuM OCHOBHBIE PE3yNIBTaThl IEPBOHAYAIBHBIX IKCIIEPUMEHTAIBHBIX HCCIIEOBAHHUM.

B omnbiTHOH Oanke 3agUKCHpOBaH CIEAYIOMNH XapakTep TPEIMHO00pa3oBaHus (puc. 2, @): IOocie pacKphl-
THUSI BEPTUKAJIBHBIX MEKOJIOYHBIX IIBOB Ha PAaCCTOSIHUU Xy = 0,24/ OT cKaToi rpaHu B Oanke MPOU30IUIO BbI-
KJIMHMBaHNE HAKJIOHHBIX TPEIUH II0 HAIPABICHUIO K MPHJIOKCHHBIM CHJIaM, IIPU 3TOM IIPH Harpys3ke, OJIU3KOH
K pa3pyliaroliel, 00pa3oBaauch TPELUHbI BAOJb IPOAOJIBHON CTAJIBHONW apMaTyphl [0 HAlPABICHUIO OT MEX-
OmoyHoro mBa K onopaM. Ha ydacTke Mexay cuiaMu B 30HE YHCTOTO M3ruba oOpa3oBajiach CUCTEMa BEPTH-
KaJbHBIX HOPMAJIbHBIX TPEIIKH.

OmnbITHOE 3HAUYEeHHE CHIIBI P, COOTBETCTBYIOIEE OOPAa30BAHMIO HAKJIOHHBIX TPEIIMH U3 MEKOJIOYHBIX IIBOB
Y Pa3pyLICHUIO OAJIKU TI0 CXeMe «BEPTUKaIbHAs TPElIMHA 110 IIBY — HAKJIOHHAS TPELIMHA U3 IIBa [0 HaIlpaBie-
HUIO K CHJIE — TOPU30HTAJIbHAS TPELIMHA BIOJIb paboueil cTaabHOM apMaTyphl 10 HAIIPABJICHUIO K OIIOPE»:

a) cwia P, COOTBETCTBYIOLIAs 0OPa30BaHUIO HAKJIOHHBIX TPELIMH U3 MEXOJIOUHBIX CTPOUTENBHBIX IIBOB —
46,8 xH (82 % ot pa3pymaromiei Harpy3Kn);

0) cuna P, COOTBETCTBYIOMIAs XPYIKOMY pa3pylieHuto oamku — 57,2 kH.

3.2. Bmopoiu sman — ucnstmanue KOHCMPYKYUU,
YCUTIEHHOUl NPE08apumelbHO HANPANHCEHHON RONEPEUHOll apMamypoil

Bropoii aTan sKcriepuMeHTAIBHBIX UCCIICAOBAHNHN 3aKII0YAIICsl B YCTaHOBKE B MPOJIETE Cpe3a MOMEPEUHOM
apMaTypsl (012 MM) 10 AJTMHE HAKJIOHHBIX TPEILIMH, 00Pa30BaBIINXCS U3 MEXKOIOUHBIX CTPOUTEIBHBIX IIIBOB.

[IpeaBaputenbHOE HATSKEHUE MONEPEUHON apMaTyphbl MPOU3BOJUIOCH Ha Bennuuuny 27,2—49,2 MIla
(11 cTanbHOM MOMepedHol apMaTyphl AedopManuy HaTsxenus €7 = (13,6 + 24,6) - 107°; a1a 6a3anbTOKOM-
NO3UTHON apmatypsl nedopmanmn Hatskenus g = (54,4 + 98,4) - 107°). Tlo Mepe BO3pacTaHMs HATPY3KH
(cuner P) Ha Ganky (puc. 3) nedbopManuu B MOMEPESIHON apMaType BO3POCIH HA MAKCUMaIbHYIO BEITHYHHY —
1o € = 69-107> (138 MIla), nmpu 3TOM XpyHKOro paspyuieHus 6anku npu P = 62,4 kH ne mpousoro, o
Beimie Ha 9,1 % cunel P = 57,2 kH, cooTBeTCTBYIOLIEH XPYyNKOMY pa3pylICHHIO Oaiku 0e3 MpeiBapUTEIbHO
Hanps>KeHHOM MONepeuyHoN apMaTyphl.

I'paduku HanpsHKEHUH B IPOJOIBHON apMaType B CEUEHUH 10 MEXKOJIOYHBIM CTPOUTEIILHBIM IIBaM U T1O]T
cunoit P/2 mipencTtaBieHbl Ha puc. 4. V3 HUX cliefyeT, 4To O MO CHIION P/2 mpeBbIiaeT oy 1o mBam B 1,2 pasa
npu P = 62,4 kH.

Heo0xommMMo OTMETHTh, YTO MakCUMallbHBIE HaNpsDKeHUS B paboueil apMaType B CCUCHHH MPUIOKEHHS
cuitel P/2 con3MepuMBbl ¢ OTBITHON BEIWYHHON Tpe/iea TeKy4decTH apMaTypbl kiacca A400.

I'paduxy mIMPUHBI PaCKPBITHSA MEKOIOUHBIX CTPOUTEIBHBIX [IBOB U HOPMAJIbHBIX TPEILIMH B 30HE YUCTO-
ro m3ruda mpeacTaBieHbl Ha puc. 5. M3 HUX ciemyerT, 94To ag; MPEBBIIIACT BEIUYNHY A, IPU 3TOM Ag; HE TIpe-
BBIIIAeT fomyckaemyto Benuuuny mo CII141.13330.2012 (m. 9.8), paBuyto 0,5 mm [25].
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Puc. 3. 'paduky HaNpsDKEHUH B ONIEPEYHON NPEABAPUTEILHO HANPSHKEHHOH apMaType yCUIICHNS,
PpacIoI0XKEHHOM N0 IIMHE HAKIOHHON TPEIIMHBI:

s

== — 0ajKa, yCHJICHHAs IIPeIBAPUTENHHO HAIPSHKEHHOH MOIepeyHol apMaTypoil (B pe3yabTaTe TpeX HCIbITAHHN)

[Figure 3. Graphs of stresses in transverse prestressed reinforcement located along the length of an inclined crack:
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== _beam reinforced with prestressed transverse reinforcement (as a result of three tests)]

Puc. 4. I'paduky HaNpsDKEHUH B IIPOJOIBHOM apMaType:
@ — B CEYEHHHU 110 MEKOIIOUHBIM CTPOUTEILHBIM IIBAM; 6 — B CEUCHUH MPHIIOKeHMst cutbr P/2; ~#= — Gajika Ge3 Mpe/BAPUTENBHO HANPSKEHHOI apMAaTyphi;
s , === _ Gayka, yCHJIeHHas TIPeIBAPHTETHHO HATIPSHKEHHOI TTOMEPEUHOi apMaTypoif (B pe3yIbTaTe TpeX HCIBITAHHIT)
[Figure 4. Graphs of stresses in longitudinal reinforcement:
a — in cross-section along interblock construction joints; 6 — in the section of the application of the force P/2; ==#= —beam without prestressed reinforcement;

s , === _beam reinforced with prestressed transverse reinforcement (as a result of three tests)]
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Puc. 5. 'padmky MIMPHHBI PaCKPBITHS MEKOJIOYHBIX CTPOUTEITHHBIX IIIBOB
Y HOPMAJIBHBIX TPEILMH B 30HE YHCTOTO M3ruoda:
== _ Ganka Ge3 npeIBAPUTENHHO HAIIPSKEHHON apMaTyPEL;
s ', == _ Gaka, yCHIIEHHas NPEIBAPUTEIHHO HATIPSHKEHHOM
MOTIEPEYHO apMaTypoii (B pe3yJIbTaTe TpeX UCIIBITAHMI)

[Figure 5. Graphs of the width of the opening of interblock
construction joints and normal cracks in the clean bend zone:
== _ beam without prestressed reinforcement; N ', == _ beam
reinforced with prestressed transverse reinforcement (as a result of three tests)]
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Puc. 6. 'paduky mMUpHHBI PACKPHITHS HAKIOHHOH TPEIUHBL:

, ', === _ GayKa, yCHJICHHAs MPe/IBAPHTEHHO HATPSIKEHHOTH
MONEPEYHON apMaTypoi (B pe3ysbTaTe TpeX UCHBITAHUN)
[Figure 6. Graphs of inclined crack opening width

(as a result of three tests):
N ', == _ beam reinforced with prestressed
transverse reinforcement (as a result of three tests)]
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Puc. 7. I'paduxu nporuda Ganxu:
=¥ _ Ganka Ge3 peIBAPUTELHO HANPSKEHHOH apMATYPBI;

, , =7 — Oaska, yculeHHas IpeBapUTEIBHO HANPSHDKCHHOM IONIepedHOH apMaTypoi (B pe3yIbTaTe TpeX HCIIBITaHUIT)

[Figure 7. Graphs of beam deflection:
== _ beam without prestressed reinforcement; , , == —beam reinforced with prestressed transverse reinforcement (as a result of three tests)]

I'padwky mIMpUHBI pACKPBHITHS HAKIOHHOW TPEIIWHBI, 00pa30BaBIICHCS W3 MEXKOIOYHBIX CTPOUTEINBHBIX
IIBOB, MPEJCTaBICHBI Ha pHUC. 6.

I'padmku mporuba Ganku mpeacTaBieHbl Ha puc. 7. M3 HUX ciemyeT yMEHBIICHHE Mporuda yCHIeHHON
MIpEeIBApUTEIFHO HAMPSHKEHHOW MoTnepedHoi apMarypoit 6anku mpu P = 57,2 kH B 1,6 pasa.

4. 3akaiouenue

[TpumeHeHnue mpeaBapUTEIbHO HANPSHKEHHOH MOMEpPEeYHOl apMaTyphl B 30HE 00pa3OBaHMs HAKJIOHHBIX
TPEIINH U3 MEKXOJIOYHBIX CTPOUTENHHBIX IIBOB MPEACTABISETCS TOCTATOYHO MO3UTUBHBIM TPH YCHIICHUH MaJlo-
ApMHUPOBAHHBIX KeJ1e300eTOHHBIX KOHCTpYyKIwi ['TC (MOAMOpHBIX CTEH, YCTOEB, CTEH LUTI030B U Jp.) U B MEPBYIO
ouepesib CO CTOPOHBI JIMLIEBOM I'PaHHU, IIOCKOJIBKY CO CTOPOHBI THIJIOBOM I'paHU NMPHCYTCTBYET ITPYHTOBAsSI 3aChIIKa
MPAKTHYECKH Ha BCIO BBICOTY 3THUX COOPYXKEHMA. B kKauecTBe mpenBapUTENbHO HANPsHKEHHON MOMEpeYHOn ap-
MaTypbl Hanbosee 3P GEeKTHBHO UCIIOIB30BaTh 0a3IbTOKOMITO3UTHYIO apMaTypy, MPEKIe BCETO ¢ TOYKH 3PEHUS
TEXHOJIOTHH TPOU3BOJICTBA PA0OT U CONPOTUBISIEMOCTH BO3JICHCTBUIO arpeCCHBHBIX CpEll, ¢ NAILHEHIINM e
OMOHOJIMYMBAaHUEM B Telie 0€TOHA KOHCTPYKIIHH.

AHann3 pe3ynbTaToB SKCIEPUMEHTATFHBIX HCCIeIOBAaHUNA YKA3bIBACT:

a) Ha BOCCTAHOBJICHHE HECYILEH CIIOCOOHOCTH MaJIOApMHUPOBAHHOM JKEJIe300€TOHHON KOHCTPYKIIMUA C MEX-
OJIOYHBIMU CTPOUTEIIBHBIMY [IIBAMU;

0) COBMECTHYIO pa0OTy CHCTEMBI YCHJICHUsI IPEIBAPUTENLHO HAPSHKEHHOH TIONEPEYHO apMaTypoii co Beeit
KOHCTPYKIIMEH B IIEJIOM ¢ MOMEHTa Havyalla HarpyKeHus OalKu;

B) OMpEJEICHHOE HaKOIUIEHHE BEIMYMHBI LIUPHHBI PACKPHITHS HAaKJIOHHOM TPELIMHBI B MPOIECCE TPEX
WCTIBITAHWHA B 30HE JICWCTBHSI TIOMEPEYHBIX CHII (AEMCTBHE MOMEPEYHBIX CHII MPEBANIMPYET HaJ M3THOAIONUM
MOMEHTOM B Pe3yJIbTaTe yBEIINICHNS KECTKOCTH OAIOK B 30HE HAKJIOHHBIX TPEIINH);

T') CHIDKEHHUE Tporuba 6aliku, yCUIeHHOM NpeIBapuTeNbHO HAPSHKEHHOHN MTONepeYHOi apMaTypoOH.

Heo0xoaum KOMIUIEKCHBIH MOAXOM K YCHIICHHIO 3KCIUTyaTHPYEMBIX MajJOapMHPOBAHHBIX KEIe300eTOH-
HBIX KOHCTpYKIUH ['TC ¢ MeXOIOYHBIMI CTPOUTEIHLHBIMH IITBAMH TIPEIBAPUTEIIEHO HAMIPSKEHHOM TOTIePEIHON
Y MPOAOJBbHON apMaTypoil.

B yactu obOecrnedeHus: MPOYHOCTHBIX U TEXHOJOTHYecKHX napamerpoB ycuwienus ' TC Hanbosee mpeamo-
YTUTEIHHON SBIsIETCS 0a3albTOKOMITO3UTHAS apMaTypa, IPUMEHEHHE KOTOPOH B THAPOTEXHHUECKUX COOPYHKe-
HUSIX B HacTosilIee BpeMsi He HopmupyeTcsi. Bmecte ¢ Tem B Poccuiickoit @enepaiiuu 1eUCTBYET psijl OTIEIbHBIX
HOPMaTHUBHBIX JOKYMEHTOB, PEIVIAMEHTHPYIOIIHX IPUMEHEHNE KOMITIO3UTHON apMaTypsl [20-22].
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XapaKTEePUCTUKH H MMOTEHIUAJIbHBIE BO3MOXXHOCTH CYIIECTBYIOIINX KaMEHHBIX,
KHUPIUYHBIX CTPOCHUH. [IJ11 3TOro ompenensiach CTENeHb YKPEIUIEHHUsS CTPOCHHM,
HEoOXOIUMOTO Ul COXPaHEHUsI UX Kak OeclleHHOro Hacieaus npouuioro. M3y-
YeHUE KJIaJKU CTEHbI, OrPAaHUYEHHOI JEepPEeBSIHHON JIEHTOH, IPOBOAMIOCH C HC-
MIOJIb30BAHUEM Pa3INIHBIX POrPaMM CTPYKTYPHOTO aHaim3a. COOTBETCTBYIOIIUM
00pa3oM pacCMOTpPEHBI ¥ BBEIEHBI 3BE€HbSI TAKHX 3JIEMEHTOB, KaK KpPIOK, 3a30p H
Ipy>XHHA, B y3J1aX COCANHCHHS BCPTUKAJIBHBIX U IT'OPU3OHTAJIBHBIX NCPECBIHHBIX

3JIEMEHTOB. B pe3ynbraTe BBIABICHO, YTO TPaJAULMOHHBIE IIOJIBI U CBOJBL CYIIE-
CTBYIOIIMX KOHCTPYKIMH SIBIISIOTCS YA3BMMBIMU U HY)KIAIOTCS B YKPEIJICHHUH,
YTOOBI TAPaHTHPOBAHHO MPOTHUBOCTOATH 3eMieTpsceHns M. [IpemoxeHsr HeoOXoau-
MbI€ METOJIbl YIYUIICHUS M YKPEIUICHUS CYILECTBYIOIIUX 3[JaHUH. AHanu3 Mo-
JUQUIMPOBAHHON KOHCTPYKIIMH ITOKa3bIBAET 3HAYUTENILHOE YIIyUIlIeHHE TUHAMH-
YECKMX XapaKTEePUCTHK 31aHUN U UX 00IIel KOHCTPYKTHBHON XapaKTEePUCTHKH.

J1si {UTHPOBAHMS
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1. Introduction

The historical and traditional structures of Karnali Zone of Sinja Valley (Nepal) are constructed
with excessive use of stone masonry and timber elements. Even today, use of masonry walls cannot be
avoided in developing countries, worldwide like our country. The timber elements are used in these
houses in the form of beams, columns, joists, doors, windows, band and band connectors and other
decorative elements [1]. Timber door, windows and other decorative elements not only provide plea-
sant aesthetic view but also impart structural stability and in controlling localized stresses. However,
the structural strength of these houses against the possible earthquakes is limited. The situation calls for
the need of seismic analysis of the buildings so that appropriate strengthening techniques can be ap-
plied. Stone masonry house are highly vulnerable in shear, bending, and torsions. Due to these stress on
masonry, out of failure and in plane failure is common vulnerable phenomenon. The appropriate mo-
deling of the building like those of stone masonry is important to assess in analysis for performance and
response of the structure [2].

As per field observation, most of houses of Karnali Zone (Nepal) made of stone masonry with
compacted mud thatched roof. Buildings are not designed properly in terms of seismic performance and
vulnerability. Besides that Karnali Zone (Nepal) by the virtue of active faults in the vicinity, several
places worldwide are located in highly seismic prone zone, constructed highly steep terrain and the soil
strata is found composed of very weak soil. The structures constructed over such terrain and with soft
strata are not very much favorable for resisting seismic forces, which may subject to high amplification
of ground shaking effect [3].

The most area of Sinja Valley (Nepal) still contains traditional building constructed with masonry
and timber. Neither significant researches nor have detailed studies of the loads or bearing capacities of
traditional houses of Sinja Valley been carried out. Usually, most of the construction or repair works
are done in a very simple way without considering seismic effects [1-6].

A lot of research works have been conducted on new construction materials and technologies but
the research works regarding retrofitting, rehabilitation, repair, strengthening of traditional house are
limited. Besides that this tradition also affects the cultural heritage housing construction practices and
lose our traditional architectural value day by day.

In view of structural performance masonry structures have limited resisting capacity against
earthquake (Figures 1 and 2) [7]. So, it is vital to have a study to address the present status of the struc-
tural capacity of the traditional house whether they are capable of withstanding the possible future
seismic impact. The responsibility of a structural engineer is not only limited to construction of modern
structures, but also to preserve the traditional structures which reflect the state of civilization, tradition
and culture [8; 9]. In this regard, the present study becomes an essential step in the strengthening of tradi-
tional house for our future generations and the study of the Sinja Valley (Nepal) housing trend [10; 11].
Likewise the analysis is done enhancing seismic impact worldwide.
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Figure 1. Failure mode of masonry houses: Figure 2. Failure mode of masonry houses:
a — out of plane collapses of load bearing masonry wall in Bhaktapur; a — pounding and progressive failure on the building situated on edge;
b —heavily damaged masonry structure in Chautara due to out of plane collapse b — complete collapse of row houses in Baluwa (near epicenter;
of majority of walls; ¢ — delaminating of the masonry observed in stone masonry wall ¢ — progressive failure on row houses and good performance of timber frames;
in Solukhumbu (Everest base camp area); d — common practice d — stone masonry failure

of mortar placement for masonry construction [12]

2. Methods

The research plan is shown in Figure 3.

The traditional building as shown in Figures 4 and 5 is usually rectangular in plan and stretched over
two storey's height. The length of the plan is 7.7 m with facades of various widths but most 6.92 m,
the house is raised vertically over two storeys with a partition wall running up the height, creating front and
back rooms. Timber frames are provided at certain interval 1.7 m, parallel to the facade. Sometimes timber
frames are replaced by stone walls in order to create rooms. The typical inter storey height is between
1.75 m for ground floor and 2.75 m for first floor. The ground floor is used for animals and first floor is
used for human beings. Generally small size of opening are provided where size of doors are 0.90 m width
and 1.5 m height whereas window size are 1.2 m width and 1 m height. During the construction, the modern
construction materials like concrete, bricks, steel were not available in the proposed site frequently [1].

Literature review >| Problem identification |

| Conclusions/Recommendations |

| Interpretation of results K:‘ Modeling/analysis/reanalysis

Figure 3. Flow chart of methodology

Using structural analysis program it’s not easy to create model as in RCC or steel building. How-
ever using various links emends the model of masonry building shall be created whose applications are
as followings [13]:

1) the links as hooks, springs, plastic wanes are created so as to meet criteria of nodal points
among joist and beams, beams and posts stone masonry walls and stiffening beams and connectors;

2) those links need for optimizations of modal so as give approximate final output results by
nearest partial fixity among all nodes of structures;

3) those links are placed in separate model and the results are verified with manual results;

4) the main applications of such links are to create partial fixity and pinned joints among nodes
and stone masonry with connectors and stiffened beams.
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Figure 4. Ground floor plan of model house Figure 5. First floor plan of model house

3. Results and discussion

The link element is used to connect two joints together. Each link element may exhibit up to three
different types of behaviour: linear, non-linear, and frequency-dependent, according to the types of pro-
perties as signed to that element and the type of analysis being perform [14].
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Figure 6. Comparison of period

Fundamental time period of hook, masonry, bare frame, composite, gap, spring and rigid models
obtained as 0.0613, 0.183, 0.264, 0.063, 0.0603, 0.061 and 0.051second respectively (Figure 6). Maxi-
mum fundamental time period obtained is in care of bare frame and minimum in care of rigid. There is
no significance difference in time period among hook, composite, gap and spring. It can be seen that
influence of timber band is significant to increase global lateral stiffness of the building that caused de-
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crease in fundamental time period in hook, composite, gap and spring. Band is not modeled inn care
of bare frame and masonry care. Similarly rigid diaphragm also play significant role for enhance
the stiffness of the building [15]. Base shear data presented at Tables 14 and Figures 7-9.

Base shear calculation, manually

Table 1

Description of items L,m B, m t, m Unit weight, KN/m? Weight, kN

Storey height, m, ground floor 1.5

Thickness of mud, m 0.2

Plank thickness 0.05

Thickness of wall 0.35

Size of joist 0.18 0.2

Size of beam 0.2 0.225

Size of post 0.225 0.225

Total longitudinal length 7.7

Total transverse length 6.92

Unit weight of mud

Unit weight of wood

Unit weight of stone masonry
Load calculation

Mud load calculation

Self weight of plank
Weight of joist

Weight of beam

Weight of post

Weight of wall longitudinal
Weight of transverse wall
Seismic load due to live load
Total lumped mass at roof
Total lumped mass

Total weight, w

Time period

Importance factor
Response reduction factor
Sa/g

An

Ve

15
8.5
22

159.85
22.646
21.175
11.781
23.237
592.9
399.63
26.642
1231.2
1257.9
2789.1
0.15

1.5
2.5
0.0970
156.73

Comparison of base shear

Table 2

Model designation

Base shear along X-direction, Vx, KN

Base shear along Y-direction, Vy, KN

Gap
Hook
Bare frame
Masonry
Composite
Spring
Semi rigid
Rigid

158.81
153.38
31.28

144.85
153.38
138.58
155.22
156.10

171.12
159.90
25.10

110.67
159.90
146.39
162.39
170.10
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Table 3
Displacement about X-axis, mm
Joint  Height, m Bare frame Masonry Composite  Hook Gap Spring Semi rigid Rigid
720 4.5 2416 0.224 0.185 0.098 0.1172 0.1183 0.1089 0.068
754 3.45 2.251 0.219 0.099 0.081 0.096 0.1106 0.094 0.063
11 2.7 2.1166 0.2165 0.085 0.0705 0.083 0.092 0.08 0.062
13 2.15 1.4436 0.1748 0.070 0.06 0.071 0.074 0.067 0.059
146 1.6 1.092 0.1467 0.060 0.051 0.059 0.063 0.054 0.055
15 1.2 0.84 0.106 0.054 0.042 0.051 0.054 0.049 0.0395
145 0.5 0.22 0.0298 0.035 0.028 0.0336 0.034 0.032 0.028
38 0 0 0 0 0 0 0 0 0
Displacement along Y-axis Displacement along Y-direction
5 5
4.5 | I 45 4 /
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Figure 9. Displacement about Y-axis of various modeled cases
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Table 4
Displacement about Y-axis, mm

Joint Height, m  Bare frame Masonry Composite Hook Gap Spring  Semi rigid  Rigid

720 4.5 1.49 0.21 0.116 0.1 0.117 0.096 0.1 0.059
754 3.45 1.422 0.153 0.098 0.08 0.096 0.079 0.088 0.063
11 2.7 1.352 0.105 0.086 0.07 0.083 0.068 0.078 0.062
13 2.15 0.805 0.089 0.075 0.06 0.071 0.058 0.063 0.059
146 1.6 0.664 0.074 0.061 0.05 0.059 0.048 0.058 0.055
15 1.2 0.567 0.064 0.055 0.04 0.051 0.04 0.04 0.039
145 0.5 0.171 0.029 0.039 0.03 0.033 0.027 0.031 0.028
38 0 0 0 0 0 0 0 0 0

Output of shell element internal stresses. The basic shell element stresses are identified as S11,
S22, S12, S13, and S23. You might expect that there would also be an S21, but S21 is always equal to
S12, so it is not actually necessary to report S21. Sij stresses (where i can be equal to 1 or 2 and j can
be equal to 1, 2 or 3) are stresses that occur on face i of an element in direction j. Direction j refers to
the local axis direction of the shell element. Thus S11 stresses occur on face 1 of the element (perpen-
dicular to the local 1 axis) and are acting in the direction parallel to the local 1 axis (that is, the stresses
act normal to face 1). As another example, S12 stresses occur on face 1 of the element (perpendicular
to the local 1 axis) and are acting in the direction parallel to the local 2 axis (that is, the stresses act pa-
rallel to face 1, like shearing stresses). The Figure 10 shows examples of each of these basic types of
shell stresses. Structural analysis program reports internal stresses for shell elements at the four corner
points of the appropriate face of the element [15].

Axig 2

e

= | I "
Ais 1 \ e 2 i D
o ®ig i
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c. Examples of plate transverse shear stresses, 513

Figure 10. Stresses on thick shell elements
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Table 5
Stress at various members and links of building
S.N. Stress Bare Masonry Composite Gap Hook Spring  Rigid, N/mm? Frame
1 S11 T 24.19 20.347 6.531 6.594 6.581 6.58 6.134
C —22.81 -19.391 —4.866 —4.84 —4.36 —4.867 -5.82
2 S22 T 34.83 20.027 8.923 6.422 6.536 6.54 6.061
C -33.02 —-19.531 —4.953 -3.81 -3.89 -3.896 —-5.806
3 S12 T 0.78 5.275 0.855 0.754 0.762 0.762 0.584
C —0.623 —4.849 -0.922 -0.93 -0.93 -0.932 -0.579
4 S13 T 0.561 0.273 0.713 0.459 0.46 0.46 0.904
C -0.515 -0.512 -3.27 —2.01 —2.04 —2.047 —4.056
5 S23 T 0.683 0.285 1.206 0.86 0.876 0.876 1.406
C —0.507 —0.286 —0.806 —0.42 —0.42 —0.428 —-1.042
Table 6
Response of test model (natural time period, sec., and displacement, mm)
Description Time period from model Time period from IS 1893:2002 Ax —Ax Ay —Ay
Mode-1  Mode-2  Mode-3
Bare frame 0.26 0.251 0.231 0.15 3.082 —-3.082 1.815 -1.815
Masonry 0.18 0.15 0.11 0.15 0.392 —0.392 0.205 —0.205
Composite 0.063 0.058 0.043 0.15 0.142 -0.142 0.147 —-0.147
Hook 0.061 0.058 0.045 0.15 0.151 -0.151 0.164 —0.164
Gap 0.0603 0.057 0.0449 0.15 0.155 0.155 0.182 —0.182
Spring 0.065 0.058 0.045 0.15 0.178 —0.178 0.193 —0.193
Semi rigid 0.055 0.052 0.043 0.15 0.10 —0.10 0.095 —0.095
Rigid 0.051 0.048 0.041 0.15 0.068 —0.068  0.0738 —0.0738
Table 7
Stress on first floor roof, N/mm?

Descriptions Point 1 corner Point 2 corner Point 3 corner Point 4 corner Point 5 middle
Bare frame (S11) 0.85 1.12 0.80 1.02 —0.24
Bare frame (S22) 0.091 0.10 —0.13 —0.46 —0.58
Masonry (S11) 0.094 0.121 0.76 0.58 0.309
Masonry (S22) —0.348 —0.1966 -0.275 —0.368 -0.51
Composite (S11) —-0.33 —-0.061 0.105 0.172 0.3772
Composite (S22) 0.884 0.410 0.438 0.660 —0.678
Rigid (S11) 0.192 0.185 0.113 0.097 —-0.39
Gap (S11) 0.364 0.757 0.132 0.227 0.098
Gap (S22) 0.382 0.309 —-0.104 0.45 —0.350
Hook (S11) 0.362 0.626 0.136 0.220 0.331
Hook (522) 0.055 —0.0094 —0.152 —0.182 —0.458
Spring (S11) 0.254 0.621 0.173 0.273 —0.028

Table 8
Stress on wall, N/mm?

Descriptions Point 1 corner Point 2 corner Point 3 corner Point 4 corner Point 5 middle
Masonry (S11) 0.0281 0.034 0.031 0.030 —-0.013
Masonry (S22) —0.064 0.0203 0.155 —0.1269 0.10
Rigid (S11) 0.010 0.0115 —0.051 —-0.0237 0.0055
Composite (S11) 0.0020 —0.0079 —0.0072 0.0017 0.0024
Composite (S22) 0.0051 0.0011 0.0050 0.0093 0.00288
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Higher stress found in the connection of timbers, connector inters face and plank area this scenario
show that timber members are must responsible for withstand all types of stress of house and increase
the seismic performance of the buildings. Among all the model analysis the axial stress along X-axis S11 and
S22 is found in masonry and bare frame model and in case of gap, hook, composite, rigid and spring model
have less (Tables 5-8). It be clearly seen that model with wooden band and band connector having less
amount of stress, i.e. wooden member responsible for to counteract out of plane failure and in plane failure.

4. Conclusion

The modified structure having joint connecting elements such as gap, and spring perform better
than the existing one but still lacks fulfilling the required purpose hence another modification is made
reducing the size of opening and its placement is at center of wall and finally linked elements and con-
nectors are introduced between timber elements in the model also enhanced the better response of the seis-
mic performance and under seismic performance of the structure.

Specific conclusions:

— introduction of timber joist, beam and column in stone masonry house increase the base shear
and reduces the time period and increase the stiffness of the structure. Finally, the response of structure
against seismic force is improved by using connectors;

— although timber frames and bands enhance the structural performance under seismic excitation
in plane and out of plane stresses, where as the major contributing element to withstand external load is
stone masonry as load path shown;

— doors, windows, bands and band connector contribute in controlling the localized stress and
create the box effect of the house globally and perform the good behaviors under the seismic forces.

From the result it can be conclude that there is different contribution in lateral stiffness of the buil-
ding model of different connecting element.
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