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Kniouesvie crosa:
HeHTpalbHas HOBEPXHOCTB;
panuyc THOKH;

panuyc KpUBU3HBI,

YHCTBIA U3rKo;

u3rub ¢ pacTsHKEHUEM

Annomayus

Ilenu. B pabote paccmaTpuBaeTcsi BOIPOC OMPEACICHUS paauyca HeHTpalib-
HOM MOBEPXHOCTH M3rn0aeMoil MOJOCHI NP OJHOBPEMEHHOM JIEHCTBHUU PacTs-
THBAOLINX HAMPSKECHUH.

Memoowt. TIpn pa3pabOTKe TEXHOJOTMYECKUX MPOLIECCOB JIMCTOBOM TMOKH U
pacuere MCXOJHOM 3aroTOBKU (pa3BepTKH) yallle BCEr0 pacCcMaTpUBaeTCs IJIOCKOE
HarpsHKEHHOE COCTOSIHUE, W INPEANIOYTCHUC OTHACTCA TCOPHUU YHUCTOrO 1/13r1/16a,
IIpelyCMaTpPUBAIOLIEH paBHOMEPHOE MCKPHUBIICHHE OTAENBHBIX CIIOEB METAIlIA O[T
JeficTBHEeM H3rHOaroIIero MOMEHTa M IpeHeOperaromeil AeicTBHeM MONEepeuHbIX
pacTsruBaroux cwi. OIHAKO B PEATBHOCTH MMOKa BCETJa COMPOBOXKAACTCS CKOMb-
KEHHEM MeTajlia 1o JehOopMUPYIOIIEeMy HHCTPYMEHTY, 0OyCIaBIMBAIOIIUM IIOSB-
JICHUE CHJI TPEHHS U CO3JAIOLIMM B METAIlIE CIIO)KHOE Harpy>KeHHe B BUJIE IIIaCTH-
YECKOro I/I3Fl/163. C pacCTAXKCHUCEM, YTO AOIMIOJHHUTEIBHO BJIMUACT HAa CMCIICHUEC
HEWTpaIbHOI MMOBEPXHOCTH, BBIHYK/1asl OIIBITHBIN ITyTeM KOPPEKTHPOBATH TEXHOJIO-
TUI0 U3TOTOBIICHMS THYTBIX JeTaneid. IIpuBonsarca o0630p u aHamu3 Haubonee n3-
BECTHBIX PaboT, MOCBAIICHHBIX JAHHOM TeMaTHKe, C YTOUHEHHEM paclpeeieHus
KOHTaKTHBIX HANPSDKEHUH, JEUCTBYIOIIMX OT BHYTPEHHEH MOBEPXHOCTU K IEHTPY
KPUBU3HBI, U pa3pabaTbIBacTCsl TEOPUsI CII0KHOIO U3ruba, Mo3BOJIIOIAs YTOUHUTD
paayc HEHTPAIBHOW MOBEPXHOCTH B YCIOBHSIX PACTSDKCHHS U3rMOAEMOW IMOJNOCHI
JIOTIOJTHUTENIbHBIMU TaHT€HIMAIbHBIMU HATIPSDKEHUSMH.

Pesynomameot. IlomyueHHble pe3yJbTaThl MO3BOJST CMOJEIMPOBATh HANPSIKEH-
HOE COCTOSHUE METajlla IpU pa3paboTKe TEXHOJIOTMYECKUX IPOLECCOB JIMCTOBOM
IITaMIOBKH H, B YaCTHOCTH, OLIEHUTh KOHKPETHOE YCIJIME TOPMOXKEHHSI TIpU M3rude
(cripsiMileHNM) HOJIOCHI B IIPOLIECCE MEPETSTUBAHUS Yepe3 NEPETsHKHBIE IOPOTH U TOp-
MO3HBIE pedpa ITaMITOBOH OCHACTKH [Tl YCTPaHEHUSI BOSMOXKHBIX 1€()eKTOB BBITSTH-
BaeMbIX J€TaleH, a TAKKe YTOUHUTB Pa3Mephbl 3ar0TOBKH U TOTOBOTO IPOGUILSL.

BBenenue

ro xossaiicrea. Croma OTHOCATCA MHOTOYMCIIEHHBIE
KapKacCHBIE JICTAIM W 3JIEMCHTHI OOIIMBKUA aBTOMO-

I'mOka sBIsIETCS OCHOBHOU (popMOHM3MEHSIOMIEH
ornepanyei JTUCTOBOM IITAaMIIOBKU NP IPOU3BOJICTBE
TOHKOCTEHHBIX JleTajell OAUHApHON KPUBU3HBI IS
pa3IM4YHBIX OTpacied MAIIMHOCTPOEHUS U HapOJHO-

© Moposos 10.A., Bepxos E.10O., 2018

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN
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OwJiel, MOJIBMKHOTO COCTaBa, JeTaTeIbHBIX armapa-
TOB U 1.

OCHOBHOE BHUMaHUE YACISACTCS MEPBOHAYATLHOM
[IMPUHE JMCTOBOW 3arOTOBKH B CBSI3U C TEM, YTO B
mporiecce U3ruda OHa MoNyvyaeT CXKUMAIOIINE U pac-
TATUBAKOIIKE JaehopMalivu, CMEIIaroIIue HeHTpasb-
HYI0 TIOBEPXHOCTh OT CPEIHEro pajuyca COrHyToOi
netanm [1-4].
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Haubonee u3BecTHbIME pabOTaMU, MOCBSIICHHBI-
MU ONpEAECICHUI0 HEUTPaJIbHOW MOBEPXHOCTH MpPHU
rubke, apisitorcsa uccnegosanus M.I1. Pene, P. Xu-
na, E.A. Tlonosa, B.I1. PomaHoBckoro u ap., UCTIOJb-
30BaBIIMX CUJIOBOM METOJ PAaBEHCTBA paJualibHBIX
HaNpsKEHUN PAaCTSIHYTHIX U CXKATHIX CJIOEB 3ar0TOB-
KM, JIEUCTBYIOIIMX HAa MOBEPXHOCTh MPOU3BOJIBHOIO

pamuyca r, (puc. 1) [5].

n Hap

c,=0;In
r.

’ (1

V.
_ i
G, =0, ln—r opu 7, <r.<p,.

BH

Puc. 1. OnpenesieHue paauyca
HelTPaJIbHOI NOBEPXHOCTH U30THYTOH M0J10CHI
[Figure 1. Determining the radius of
the neutral surface of the curved strip]

Tax xax mapameTp 7, U3MEHAETCS IO TOJIIMHE

IMOJOCEI OT 7. IO F

i , CTAHOBHUTCS BO3MOXHBIM
P BH
OIPENENUTh TAKOE €ro TMOJO0KEHHE, MPU KOTOPOM
paauanbHble HANPSDKCHUS B PACTSHYTOH U COKAaTo

30HaX CTaHyT PaBHBI APYT APYTY:

d p
Hap H
o, 1n =0, In—,
H rBH

YTO OMpENeNseT MOJIOKCHHE HEUTPATbHOU MOBEPX-
HOCTH COOTHOIIICHHEM BEIHYUH HAPY>KHOTO M BHYT-
PEHHETO PaJNyCcoB THYTOTO 3JieMeHTa ((popmyra Xu-

na — Penne):
pH = V rHap rBH : (2)

1. MaTtemaTuyeckasi HIOCTAHOBKA 321241

B Teopun uncroro m3ruba pacTsHYTHIE U CXKaThie
CJIOU MaTepuaia, COrJIaCHO YCIOBUIO PaBEHCTBA pa-

84

JUANbHBIX HANPSKEHUHN, pa3felsatoTCs HEUTpaNnbHOU
MTOBEPXHOCTBIO B IIpENENax HAapyKHOIO M BHYTpEH-
HETO PagiyCcOB KPUBHU3HBI ITOJIOCHI.

JlaHHOE pellieHne CIpaBeIMBO MIPU YCIOBUH, YTO
ru0Ka He CONPOBOXKIACTCS PACTSHKEHUEM 3arOTOBKH.
BMmecte ¢ Tem Ha npakTHKe M3rH0y 3aroTOBKH BCe-
IJla COMyTCTBYET HEKOTOPOE €€ PaCcTsHKEHUE, 00YCIOB-
JIGHHOE CKOJIbKEHHEM N0 1ehOpMHUPYIOIEMY HHCTpPY-
MEHTY W BO3HHUKHOBEHUEM TPEHHS B 30HE KOHTAKTA
3arOTOBKH € paboyuM MHCTpyMeHTOM. lloBbImieH-
HBIM pacTsDKeHHEM OyIeT XapaKTepu30BaThCs rMOKa
B II-00pa3HBIX mTammnax, €ciy TOJIIMHA IITaMITye-
MOTO MaTepuraja OKaxeTcs: Oopine pacueTHOH. [Ipu
3TOM IIUPOKO MPUMEHSIOTCS CHenu(pUIECKUe METo-
161 GOpMOOOpa30BaHUs KPYITHOTA0APUTHBIX AeTanen
13 JIMCTOBOT'O M MPO(UIBHOTO METaJlIa, CO3AA0LINE
CII0)KHOE Harpy kKeHHe B BUE MJIACTUYECKOTO N3rubda
C pacTsHKEHUEM.

o cpaBHEHMIO € IPOCTHIM U3rHOOM IIPU AAHHOM
MeToae popmMooOpa3oBaHUsA B 3HAUYNTEIHHON Mepe
YMEHBILIAETCsl BIMSIHUE YIPYTOro BOCCTAHOBIIEHUS Me-
TaJula IIpU pasrpy3Ke Ha KPUBHU3HY M30THYTOTO dile-
MEHTa, BCIECICTBUE YETO IMOBBIMIACTCS TOYHOCTD IIPO-
necca. Kpome TOro, BO3MOXHOCTH CO37jaHHA IO BCe-
My CEUEHHIO OJHOPOAHBIX MO 3HAKY PACTATUBAIOIINX
HaIpsDKEHUH UCKI0YaeT 00pa3oBaHUE CKIal0K Ha
BOTHYTOH MOBEPXHOCTHU ACTAIIU.

[pu u3rude c pactsvkeHHeM pagualibHbIe HAPS-
KEHUS YUCTOTO U3rnbda CIipaBeyIMBO MOXKHO paccMar-
pHUBaTh B Ka4eCTBE KOHTAKTHBIX HANPSHKEHUN IIACTH-
YecKOro pOpMOM3MEHEHHs], BOSHUKAIOLIUX B 30HE CO-
MIPUKOCHOBEHHUS 3aTOTOBKU C e(OPMUPYIOIINM HH-
CTpyMEHTOM G, =G, [6]:

rac 6 — HOpeaeci TCKy4eCT MaTCpralia 110J0Chl;, 6, —

KOHTaKTHBIE (paJraibHbIe) HANPSHKEHUS] Ha BHYTPEH-
Hell MOBEPXHOCTH MOJIOCHI

G,=0y " (4)

S — TONIIMHA TTOJIOCHL.

Crnenmyer OTMETHTB, YTO B pabore [6] paccMoOT-
PEH ciiyyail HaX0XXICHUS HEUTPaIbHON MOBEPXHOCTH
B Ipejiesiax u3rubaeMoi MooCkL, T.€. Gy < Gy.

Opnnako mpu M3rubde ¢ PacTSHKEHUEM BO3MOXKECH
Cllydail, KOrJja pacTArUBaIOLINE TaHTCHIIMAIbHBIC Ha-
HPSKEHUS G, MOTYT IPUBECTU K PACTSKEHHIO BCEX

cJ0€eB U3rndaeMom IIOJIOCHI, TOrJa HeﬁTpaIILHaH 10~

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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BEPXHOCTH (T.€. TIOBEPXHOCTb, HA KOTOPOH Mpupa-
menne AeopMmanuii paBHO HyJr0) OyneT pacrmona-
raThCs HIKE €€ BHYTPEHHEH IOBEPXHOCTH.

WuplMu cnoBamu, mpu G, > G, pPaauyc HeEi-

TpaﬂLHOﬁ MMOBCPXHOCTHU 6y):[eT MCHBIIIC BHYTPCHHETO

pagmyca 7, , T.. 3Ta IOBEPXHOCTh BHIXOIUT 3a IIpe-

H

JIEITbI TIOJIOCHI.
2. AHAJIM3 pe3yJIbTaTOB HCCJIe0BAHUS

Jns pemenusa noctaBieHHOM 3aadd mpejsara-
eTcsl Croco0 HaxXOXKIeHHS HEHTpaJIbHON MOBEPXHO-
CTH, COTJIACHO KOTOPOMY IIOJIOCY, TTOJIBEPTAIOLIYIOCS
n3rudy ¢ pacTshDKeHHWEM, CIEeIyeT paccMaTphBaTh
TOJILKO KaK 4acTh MOJIOCHI MIPHU YHCTOM HU3rube, T.e.
NpH JSUCTBUM OJHUX M3MMOAIOIINX MOMEHTOB. B aTOM
ciaydae Tpejuiaraercss TakKe HCIIOIb30BaTh (op-
Myay (2).

Jns wiutrocTpaui JAaHHOTO YTBEPIKIACHUS CHO-
Ba 00paTUMCS K TEOPHH YHCTOTO H3THOA.

IIpupaBHseM pamuanbHble HampspkeHHS (1) K
KOHTaKTHBIM (4), NeHCTBYIOIINM Ha MOBEPXHOCTH
MPOU3BOJBHON TOMIIKHEL. Torna TaHreHIHalbHbIE
HaIpsDKEHUs, JeHCTBYIOINE HAa BHYTPEHHIOKI TI0O-
BCPXHOCTH IOJIOCHI IIpHU n3rnode ¢ PaCTAXKCHUCM,
paBHBI

r r .
Gy :?GK =g In—. (4a)

BH

Taxum oOpa3om, 3a7aBasich U3MCHEHHEM KOH-
TaKTHBIX HANPSDKEHUH, NEHCTBYIOMMUX OT BHYTPEH-
HEH MOBEPXHOCTH K LIEHTPY KPWUBU3HBI, OSBISIETCS
BO3MOJKHOCTB ONpPEJENICHUS] BHYTPEHHETO paanyca
HOJIOCHI, M3TH0AEMOH € PacTHKEHUEM.

Hanpumep, 3anaBasicb "3MEHEHUEM KOHTAKTHBIX
HanpspKkeHuid B Bune QyHkuuid (1), paanyc BHyTpeH-
Hell TTOBEPXHOCTH TTOJIOCH! paBeH

7 — rHap — rHap
BH exp &E exp (GK/GT)
C; I

T "i

[Ipu nomymeHun OTCYTCTBHSI KOHTAaKTHBIX (pa-
JIUaJbHBIX) HAMPSKEHUH Ha BHYTPEHHEH MOBEPXHO-
ctu nojocel (6, =0), T.e. Ipu OTCYTCTBUU PaCTs-

JKEHUsI 3arOTOBKHM, MCKOMBIA pajJdyC HEUTpalbHOU
MMOBEPXHOCTH COBIAAeT ¢ hopMynoit (2):

rﬂap Ton _
pH ) - rHap Fow

exp (o, /o,

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

[lpu momymieHWH MIOCKOTO HANPSHKEHHOTO CO-
CTOSIHUSI TIPOBEJIEM YHCIICHHOE MOJEIHPOBAHUE MTPO-
mecca n3ruba ¢ pacTsHKEHHEM IIMPOKOH MOJIOCH e/IH-
HuaHOU TonmuHbl (S =1,0 MM). MUHUMaBHEIH pa-

auyc u3rnba Metamna npuHuMaercest r, =25=2,0 mMm.
=r,+5=2,0+1,0=3,0 mm,

YCTaHaBIIMBAETCA PaJANyC HEHTPAIbHON MOBEPXHOCTHU
[IpH YUCTOM H3THOE:

Pu = Taap Tow =~ 3:0-2,0 =2,45 mm.

YyuteiBas, 4To ¥

Hap

OTHOcHTENNBHAsT BETMYNHA CMELEHNST HEUTpab-
HOH MOBEPXHOCTU OT CPEJUHHOIO pajinyca IPUHATON

KPHUBH3HBI 7, /VBH = 3,0/2, 0=15

Pu_ 2P _ 228 o8
oo Tp T  3,0+2,0

[TpuanMas MonensHbIM MaTtepuanoM crans 08KII,
yCTaHABJIMBAETCS TAHTCHLMAJIBHOE HAPSDKEHUE, pac-
TATUBAIOIIIEE TI0JIOCY (4a):

G lnp—H = 2,0 2301n 2,45

. 1,0 2,

BH

Ton

G, = = 93,4 MITa,

COOTBETCTBEHHO, KOHTaKTHOE (paxuanbHOoe) Hamps-
KEHUE CKATOTO BOJIOKHA!

1
c, :Ge£:93,4 .0
r 2,

BH

=46,7 Mlla,

rae 6, = 230 Mlla — npenen TeKy4ecTu MaTepuana

B UCXOJHOM (OTOKKEHHOM) COCTOSIHUH.
B pesynbTaTe MCKOMBIN paguyc HEUTpalbHOM
TTOBEPXHOCTH TPH U3THOE C pacTshkeHHeM (3) paBeH

rHap -
p, = | =
exp (o, /o)

_ 3020
exp (46,7/230)

nin

p
—=0,88.
Top
JUJ HArIsITHOTO MPEACTABICHUSI O CKOPPEKTUPO-
BaHHOM TIOJIOKCHUHM HEUTPAJIbHOW MOBEPXHOCTH TIPH-

BEIIEM IMOJyIEHHBIC PEe3yIbTAaThl K BUIY (POPMYIIBI
Xwumia — Penne:
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k=1(p.)= exp(c: /o1) -

1
= =0,903,
exp (46,7/230)

nim

pH = 0’903 ruap 7;3}1 :

Takum o6pa3omM, pacTsiKeHHe H3rudaemMoil mo-
Jockl OyAeT cMelarh HEHTPaJbHYI0 MOBEPXHOCTh
OsmKe K BHYTPEHHEH MOBEPXHOCTH. AHAIOTHYHBIE
pacdeTsl APYTUX IMapaMeTpoB I'MOKU MPHUBEACHHI B
Taou. 1.

Tabruya 1
HeijiTpajgbHas NOBepPXHOCTh M0OJIOCHI
npu u3rude c pacrsizxenuem (S =1,0 mm)
[Table 1. The neutral surface of the strip
under bending with stretching (S = 1,0 mm)]

Py MM [mm] 10 | 40 [ 20 [ 1,0 | 05
Frap /T LI | 125 | 15 | 20 | 30

Hap

G, , Mlla [MPa] 110 | 102,2 | 934 79 63,7

¢, MIla [MPa] 11 25,6 | 46,7 79 1274

pn/rcp:

— YHCTBIH H3rud

[pure bending] 0,999 | 0,993 | 0,980 | 0,940 | 0,870
— u3rud ¢ pacrs-

KEeHUueM
[tensile bending] | 0,975 | 0,940 | 0,884 | 0,793 | 0,660
k=r(p,) 0,976 | 0,946 | 0,903 | 0,842 | 0,758

U3 nmpoBeaeHHOro MccneqoBaHUS BUIHO, YTO
yBEJIMYCHHE OTHOIICHUS HapYKHOTO U BHYTPEHHETO
paIycoB PUBOIUT K POCTY KOHTAKTHBIX (pagHab-
HBIX) HampsDKeHUH U 0ojee MHTCHCUBHOMY CMeIlle-
HHUIO HEWTPAJILHOH MOBEPXHOCTH, YTO, HECOMHEHHO,
HOBJIKSET HAa BBIOOP IEPBOHAYAIBHBIX Pa3MepoOB 3a-
TOTOBKH (pHC. 2).

r’l h [P 4y 6
] ucmald_u3eu
cp —]
0,9
\ —
0,8
Mzeub c pacmﬁxer-dm\
0,7
—
0,6 L

0 1,25 1,5 1,75 20 225 25 275 30 Tou

Puc. 2. HeliTpaibHasi IOBEPXHOCTHh U30THYTOIi MOJI0CHI
[Figure 2. The neutral surface of the bent strip]
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B xone pa3paboTku KOHKPETHBIX TEXHOJIOTHYC-
CKHUX TIPOIIECCOB JIMCTOBOM IITAMITOBKH TPAKTHIECKUI
WHTEpEeC MPECTABIAET OnpeaeieHne (PaKTHIecKx
PaACTITUBAIONIUX CHJI MO0 CEYCHHIO M3TH0aeMOM To-
nockl. Hammpumep, mpu BBITSDKKE CYIIECTBYET TEXHO-
JIOTUYECKHHA Ae(PeKT — BOJHUCTOCTh CTEHOK IEeTalli
(«xmomyH»), MexaHu3M 00pa30BaHUsA KOTOPOTO CBSI-
3aH C HEJOCTATOYHON BEJIUYMHOW HATSDKEHUS 3aro-
TOBKH, JIJIS YETO UCTIONB3YIOTCA MEPETHKHBIE TTIOPOTH
U TOPMO3HBIC pedpa IITaMIIOBOM OCHACTKH, CO3[a-
IOIIME YCUJINE TOPMOXKEHUS B IpoLiecce MepeTsru-
BaHMs Yepe3 HUX JUCToBOro marepuana [7—-10]. Ilpu
9TOM TJIaBHBIM KPUTEPUEM KadeCTBEHHOTO (hopmo-
0o0pa30BaHusl SABJSCTCS BBITSDKKA 0€3 pa3pylieHuUs,
T.e. o0ecrieueHre TaKOoro HAMPSKEHHOTO COCTOSHHUS,
[P KOTOPOM B CTEHKAaxX BBITSATHBAEMON 3arOTOBKH
HE BO3HUKACT PACTATHUBAIOIIMX HAMPSKCHUH, MPH-
BOJISIIIIUX K Pa3pbIBy METaJlIa.

B cooTBeTcTBHM C BBIIEH3TOXKEHHOU Teopuei
IIPOBE/IEM HCCIIeIOBaHNE BETMIMHBI TAHT€HIINATBHBIX
PaCTITUBAIONIUX HAMPSOHKCHUHN, JEHCTBYIONUX B Ce-
YEeHUH N3TH0aeMOi MOIIOCHI.

B cBs3u ¢ Tem, 4TO M3TMO IMOJIOCHI Ha KPOMKE
(hopmoobpasyromero HHCTpyMEHTa MPOTEKaeT ¢ 00-
0COOJICHHBIM pa3BUTHEM Je(OPMAIIMOHHBIX MPOIIEC-
COB Ha KaX/IOM BOJIOKHE MTPOM3BOJIEHOTO paanyca H
MIPUBOJNT K KpaliHe HEPAaBHOMEPHOMY pacmpesene-
HUIO HaNpsHDKeHUH u jaedopManuii mo TOJIIMHE IO-
JIOCHI, a CJIeI0BaTeNbHO, HEPABHOMEPHOMY yIIPOUHE-
HUIO, MOJIEIMPOBAaHNE TPOBOJIUM C YUETOM JIMHEH-
HOT'O pOCTa Mpejeia TEKYYECTH MO TONIIUHE MOJIOCHI
OT BHYTPEHHUX BOJIOKOH K BHemHUM. J[Jist 3Toro ce-
YeHHe ToI0ckl pasnenseM Ha § =100 BoJIOKOH oju-
HaKOBOW TOJIIMHEI:

AS = S/i = 1,0/100 =0,01 mm.
Torma ans mepBoro BoyokHa [ =1 OT paamyca
BHYTpPEHHEHl HOBEPXHOCTH MoJoCH # =7, +AS =

=2,0+0,01=2,01 MM BemnuMHA TAHTE€HI[HAILHO-
ro HanpsbkeHus (4a) paBHa

5, = VS 6, In-L = ?8 2301n 22’(3)1 — 2,3 MTTa.
T N s

BH

Jledopmanusi TaHHOTO BOJIOKHA B TaHTCHITHAIb-
HOM HarpaBlIeHUN

g, :—%:%—1,0:
_A 40229 020,005,
r 2,

BH
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Hcnonp3yst SMOMPUYECKYIO 3aBUCUMOCTD COTIPO-
TUBJICHUS TUTACTHYECKON MeOopMaIiiuu s IPUHATON
cramu 08KII ¢ yaeroM pedopMarimoHHOTO yIpOIHE-
HUs, YCTaHABIIMBACTCS PACTATUBAIOIIEE HANPSKEHUE
M0 IIMPUHE TIOJOCHI, TIO3BOJISIONIEE CO3/1aTh YCUJIIHE
TOPMOJKEHUS TIPU TIEPETITUBAHUU JUCTOBOTO Mare-
puarna depe3 TOPMO3HbIE pedpa MTaMIOBOH OCHACT-
ku [11]:

Gy=0, +34,66"° =2,3+34,6-0,005"° = 4,7 MIla.

AHAIIOTHYHO TPOU3BOAUTCS PacyeT OCTAbHBIX
BOJIOKOH IO CEYCHUIO IMOJIOCHI, MO3BOJISS OICHUTH
JIOITYCTUMBIN YPOBEHBb PACTATUBAOLIUX HAMIPAKEHUN
B 3aBUCHUMOCTH OT MapaMeTpoB (opMOOOpa3oBaHHS
Y MEXaHMYECKUX CBOHCTB Marepuaia (Tabi. 2).

Tabnuya 2

Hanpsi:keHHOe COCTOSIHHE B C€YeHUH MOJIOCHI,
u3rudaemMoii ¢ pacrsixeHrneM
[Table 2. Stress state in the section of the strip,
bent with stretching]

Ne Paguyc | Tauren- | Tanren- | Pacrsiru-
BOJIOKHA, | M3ruba | HuajibHOe | IMAJIbHAS | Balollee
i ., MM HANps- aedop- HANps-
Ne fibers, ! JKeHue JKeHue
[ p [Bending Mauus, €,
radius 6, ,Mlla [Circum- | Zo> Mlla
r., mm] [Circum- | ferential | [Tensile
! ferential | deforma- stress
stress | tjon, g1 | q,,MPa]
6, , MPa]
1 2,01 2,30 0,005 4,7
10 2,10 22,4 0,050 30,1
20 2,20 43,8 0,100 54,7
30 2,30 64,3 0,150 71,7
40 2,40 83,9 0,200 99,4
50 2,50 102,6 0,250 119,9
60 2,60 120,7 0,300 139,7
70 2,70 138,0 0,350 158,5
80 2,80 154,8 0,400 176,7
90 2,90 170,9 0,450 194,1
100 3,00 186,5 0,500 211,0
3akJjouenue

Pa3zpabotan maremMaTH4ecKuil aJropuTM IUIaCTH-
YECKOr'0 TEUCHHUS MaTepuaa JyIsl MPOLECCOB THOKH C
pacTsoKEHUEM.

OOBEKTUBHOCTD PE3yJILTATOB JOCTHUTAIACh pa3ou-
€HHEM cedyeHus UcXOoaHoM motocsl Ha 100 oTmensHBIX
BOJIOKOH OJIMHAKOBOW TOJIIUHBI (KaK ITOKa3alld pac-
YeThl, YBEJTMYECHHE Yrciia BOJIOKOH cBbie 100 He mo-
BBIIIIAET TOYHOCTH pacyeToB). [IpuHNMas BO BHUMa-
HUE KpaliHe HEpaBHOMEPHOE pacipe/iesieHue aedop-
MaIii o TOJIIMHE U, CJIEJIOBATEIhHO, HEpAaBHOMEP-
HOE YIIPOYHEHHE MaTepHaia, paCCUUTHIBAIIOCH HAIpsi-
>KEHHOE COCTOSIHUE KaXKI0TO BOJIOKHA 0 OTAEIBHOCTH.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

MogenupoBaHue MO3BOJWIO OLEHUTh KOHKDET-
HOE yCUJIFE TOPMOXECHHS TPU M3rnoe (CTIpsMIICHUH)
TIOJIOCHI B TIpOLIECCEe MEePEeTATHBAHUS Yepe3 MepeTsiK-
HBIE TIOPOTH M TOPMO3HBIE pedpa ITAMIIOBOH OCHACT-
KU JUISL YCTPAHEHUSI BOBMOXHBIX J1€()EKTOB BBHITATHU-
BaeMbIX jmertaneit [7-10].

Takum 00pa3om, MPOBeACHUE JOMOTHUTEIHHBIX
TEOPETUUECKUX HCCIENOBaHMI HampsbKEHHO-Ie(op-
MHPOBAaHHOTO COCTOSIHUSI METajlla IO3BOJIUT Oosiee
00OCHOBaHHO TMOJOWTH K OMPEIEIeHHIO CHIIOBBIX Ma-
paMeTpoB THOKH, YTOYHUTH T€OMETpUI0 popMoobpa-
3YIOLIEr0 MHCTPYMEHTa, a TaKKe BBIOpaTh ONTHMAaIb-
HBIE TEXHOJOTHMYECKHE DPEXHUMBI, 00eCHeUHBaIOIINe
BBICOKOE KaueCTBO BBITYCKAEMOH POy KIHH.
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Abstract
Aims of research. This paper deals with the problem of determining the radius of
the neutral surface of the bending strip at the same time the action of tensile stresses.
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Methods. In the development of technological processes of sheet bending and
the calculation of the initial billet (sweep), most often considered a flat stress state
and preference is given to the theory of pure bending, providing uniform curvature
of the individual layers of metal under the action of the bending moment and ne-
glecting the action of transverse tensile forces. However, in reality, bending is al-
ways accompanied by sliding of the metal along the deforming tool, causing the
appearance of friction forces and creating a complex loading in the form of plastic
bending with stretching in the metal, which will additionally displace the neutral
surface, forcing the experienced one to adjust the technology of manufacturing
bent parts. Provides an overview and analysis of the most famous works dedicated
to the topic, specifying the distribution of the contact stresses from the inner sur-
face to the center of curvature and developed the theory of complex bending,
which allows to specify the radius of the neutral surface in conditions of stretching
of the flexible strip of the additional tangential stresses.

Results. The results obtained will allow to simulate the stress state of
the metal in the development of technological processes of sheet stamping and,
in particular, to assess the specific braking force during the bending (straighte-
ning) of the strip in the process of pulling through the thresholds and brake edges
of the die tooling to eliminate possible defects in the elongated parts and to clari-
fy the dimensions of the workpiece and the finished profile.

Keywords:

neutral surface;
bending radius;

radius of curvature;
pure bending;

bending and stretching
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TOHKUE MEMOPaHBI JJUIMITHYECKOH (hOPMBL;
KOHEYHBIE MepeMEIeHUs U 1ehopMalni;
COOTHOILIEHHU IUIACTHYHOCTH;
OKCIIEPHMEHT;

HEJIMHEWHas cucTeMa

anreOpandecKnX ypaBHEHUH;

meroq Byonosa — I'anepkuna;

AITOPUTM «IIPHCTPEITKU;

CpaBHEHHUE;

npuMep

Annomayus

Beeoenue. ToHKOCTEHHBIE 3JIEMEHTHl KOHCTPYKLMH, COUETAOIIHNE JIETKOCTD
C BBICOKOI IIPOYHOCTBIO, HAXOAT MIUPOKOE IIPUMEHEHUE BO Beex oTpacisx. Lupo-
KO€ paclpoCTpaHEHbl KPYIJlble KOHCTPYKTHUBHBIE 1eMeHThl. OJHaKO, UCXOs U3
(YHKIMOHAJILHOTO Ha3HAa4YeHUs, BCe OOJIbllIee PACIPOCTPAHEHUE MTOIYYal0T TOH-
KOCTEHHBIE JIEMEHTHI KOHCTPYKIUH pa3inaHol GOopMEI B ITaHE.

Memoow. Pa3paboTana METOMKA UCCIEJOBAHUS TOHKMX MEMOpaH JJUINI-
THYECKOH (HOPMBI ISl CITydasi INIACTUUECKOTo NeopMHUpOBaHUS O] AeHCTBIEM
paBHOMepHOTro AaBieHus. [Iporu6Gsl MeMOpaH B SKCIEPUMEHTE COCTaBIIAIOT 00-
Jiee AECATH TONILIMH. B CBA3M ¢ 3TUM A7 pelIeHus 3aJaud UCIIONb3YIOTCS: Te0-
METPUYECKHEe HEeJIMHEHHbIE COOTHOWEHU Ui AeopMaruii CpeIMHHON IOBEpX-
HoctH (o Meroxy X.M. Mymrrapu u K.3. ["'anmimoBa), COOTHOIIEHNS TSI KOHEUHBIX
nepemMenieHnid u nedopmManuii Iy BeipaxkeHuil kpuusH (o merony K.3. Tanu-
MOBa), (U3NYECKHE COOTHOMIECHUS (COTIIACHO TEOpUH IUTacTUYHOCTH A.A. Wib-
I0IIKHA). BBUAY ManocTu TOMMMHBI MEMOPAHBI, YIUTHIBAIOTCS TOJIBKO PACTITH-
Baromue MeMOpaHHbIe AedhopMauy U yCHIHs. 3aiada pemaercss MeToJoM byo-
HOBa — ['ajepkuHa U CBOAUTCS K PEIICHUIO HENIUHEHHOH CHCTeMBl Tpex anreod-
panueckux ypaBHeHHH. OmMMCaH aJTOPUTM «IIPUCTPEJIKH» Ul PEIICHHs I10JTy-
YEHHOU CHCTEMBI YPaBHEHHH.

Pesynomamul. IIpoBeneHa paboTa 10 OLEHKE JOCTOBEPHOCTH PE3yIbTaTOB.
Jl1s1 OLIEHKH NOTPELIHOCTH BBIIIOJIHEHBI TAKXKE CPaBHEHMS pe3yJIbTaTOB pacdera
C JKCIepUMEHTaNbHbIMU pe3yibraramu B.JI. I'onosieBa. PaccMorpeH mpumep
pacueTa MeMOpaHBbI AIUTUITHYECKOH POPMBI.

BBenenune

Onnako, ucxoas u3 GyHKITHOHAIEHOTO Ha3Have-
HUS, Bce Oolbliee paclpocTpaHeHne MoMy4yarT TOH-

TOHKOCTEHHBIE 3JIEMEHTHI KOHCTPYKIIUH, COYeTa-
IOIIHE JIETKOCTh C BRICOKOH IMPOYHOCTHIO, HAXOIAT IIH-
pOKOe TIpUMEHEHNE BO Bcex oTpacisax [1; 2]. Iupo-
KO€ PacHpOCTPaHEHHE MOTYYUITH TOHKOCTCHHBIC KPYT-
JIble KOHCTPYKTUBHBIC DIIEMEHTHI. Pa3zpaboraHsl pas-
JUYHBIE METOJIBI pacueTa TaKuX JJIEMEHTOB, B HacT-
HOCTH MOXXHO OTMETHUTH [3; 4] u ap.

© l'ammvos H.K., fxymos C.H., 2018
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KOCTEHHBIE JIEMEHTHI KOHCTPYKLMH pazandHoi ¢op-
Mbl B TuiaHe. Cpenu HUX — SJUIMIITHYECKHE B IIJIaHE
MeMOpaHBI.

st obecnieueHus Oe3aBapuitHOW pabOTHI TOH-
KOCTEHHBIX KOHCTPYKLHUI HEO0O0XOIUMO JOCTOBEPHO
OLICHUBATh MX MPOYHOCTH U KECTKOCTh, IPAMOTHO
MIPOEKTHPOBATh M JHATHOCTUPOBATH COCTOSIHUE JJIe-
MEHTOB KOHCTpPYKIHil [5; 6].

B paborax [7-9] omucan IBYMEpHBIN 3KCHEpH-
MEHTaIBHO-TEOPETUICCKUIA METO/I UCCIIEIOBAHUS Me-
XaHWYECKUX XapaKTePUCTHK MJICHOK U MeMOpaH, KO-

ANALYSIS AND DESIGN OF BUILDING STRUCTURES



lanumos H.K., Akynos C.H. CTpouTenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLUmiA 1 coopyxeruit. 2019. T. 15. Ne 2. C. 90-95

TOPBIH MO3BOJISET OI[CHUBATh KECTKOCTHBIC CBOWCTBA,
MOJIyJIb YIIPYTOCTU U YCJIOBHBI MOAYJb YIPYTOCTH
TOHKOCJIOWHBIX 00pas3IoB.

Bompocsl pacuera 3umMnTHYECKUX MeMOpaH B
yIpyroil moctaHoBKe paccMoTpeHsl B [10]. Bonpocsl
MIACTHIECKOTO NehOPMUPOBAHUSI KPYTIIBIX MEMOpaH
pPaccMOTpPEHHI, B 4acTHOCTH, B [8; 11]. B [8] mpemmo-
JKEHa METOJIMKA PACUCTHOTO OIPEIEICHUS MapaMeT-
POB KpYTIBIX MEeMOpaH, UCXOMs W3 JaHHBIX JKCIIe-
pUMEHTA.

B HacrosieM ucciie1oBaHUN TPOBOIAUTCS Pa3BH-
THE MeTojAa [§] MPUMEHUTENBHO K AJUIMITUYECKUM
MeMOpaHaM I Cirydas MX IDlacTHdeckoro medop-
MHUPOBaHUS.

1. OKkcnepuMeHTAJIbHO-TeOpeTHYeCKMU I
MeTo[ pacuera

[lycTh snnunTHYECKas B TUIaHE TOHKAass MeMOpa-
Ha 3alieMJIeHa MO0 KOHTYpPY W HarpyeHa OJHOCTO-
POHHUM PAaBHOMEPHBIM JIABJICHUEM p, TIOJ| ICHCTBU-
€M KOTOporo oHa jaedopMHUpyeTcss W TpuoOpeTaet
dbopMy cermeHTa dIUIHINICOUAA. BBUIY ManocTu Toi-
IIWHBbI MeM6paHI>I YUUTBIBAIOTCA TOJIBKO pacCTiATrHBa-
ole MeMOpaHHbIC AeQOpPMAIIUU U YCUIIHS.

3amnmieM ypaBHEHHS paBHOBECHS MeMOpaHsI [12]:

8]"11 + a]112 — 0’ 87112 + aTZZ — 0,
0x oy ox oy
KIITII + 27—12K12 + K22Tz2 =D (1)

rne T, Tiz, T2 — memOpannble yewust; Kii, Kz, Ko —
KPUBH3HBI Ie(hOpMUPOBAHHON MEMOpaHEI.

HenuneliHbIE COOTHOIIEHUS IJIT KOMIIOHEHT
nedhopmariiii cpeAMHHON MTOBEPXHOCTH 10 OCSAM X, )
3anmireM corjacHo X.M. Mymrapu u K.3. 'anmumo-
BY B BUjE [12]:

2 2 2
g, =¢,+0,5(, +e, +)),

2 2 2
g, =e, +0,5(e, +e, +m)), (2)
2e,,=¢, +e, +0,5(e, e, +e,e, +00,),
3 ou ou ov
e T Ty
ov _Ow ow
€, = a_xa 0‘)1 - ’ 0)2 = ay s

Tl # U vV — IEPeMEIEeHHs 110 OCSIM X M y COOTBET-
CTBEHHO; W — IPOTHO.
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Bripakenus st KpUBU3H NeOpMUPOBAHHON
MeMOpaHbl A1 clydas KOHCYHBIX TMEepeMEIICHU u
nedopmanwii 3anumieM mo popmyiam [13]:

— 1+ ¢, )En + elelz + Cl)1E13
" W21 ’

— (1 + 622 )E22 + eZlEZI + (02E23
2 e/l ’

— eZlEll + (1 + 822)E22 + ®2E23

K

K :K 9
12 21 )\‘1)\‘2\/7
1 1
A=(1+2¢)%, A, =(1+2¢))%, 3)
OE OF OE
112_1’ E12:_1’ E, = -,
ox oy oy
OF OFE OFE
E, = 2:E13= 3’E23: >,
0x 0x oy

E =e,0,—(1+e,)o,

E, =e0 —(1+e¢,0,,

E

3

(1+€”)(1+ 622)—612621,
I=1+2P +4P, B =¢ +¢,,

P =g, - 8122 .

Y4uuTBIBasA, 9TO MPOTHOBI MEMOPAHBI B DKCIEPH-
MEHTE COCTaBJIIOT OT AECATH M OoJiee TOJNIIHNH, U ee
MaTepuan HaXxOJIUTCs B IJIACTUUECKOM COCTOSHMH,
[IPU peLIeHUH 33134y OyAeM NMPUMEHITh COOTHOLIE-
HUSl TeOpuH IIacTUYHOCTH A.A. WnpromuHa, a Ko-
s¢punnent [lyaccona nmpumem pasueM 0,5 [14]:

- 44he* ™ (g, +0,5¢,)

11 ’

3

_ 44he" (g, +0,5¢,)
3 b

22

. 24he" Vg

=T s “4)
3

rie A — TOCTOsHHAs MaTepuana; k — MokKaszareib

YOPOUHEHUS; A — TOJIIMHA MeMOpaHbl; G; — UHTCH-

CUBHOCTh HAINpSKCHUM; ¢; — UHTCHCUBHOCTh Aedop-

Malui.
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2 2 2
c, —\/01 +0,—-0,0,+30,,

2 2 2 2
e, :T\/gl +&; +¢g€,+0,25¢,,
3

c. = Ae!. (5)

3agauy Oyzem pemats MetoaoMm byOHosa — ['a-
JIepKUHA B MEPBOM NPHUOJIMKEHUH, 3a7aBas epeme-
ILIIEHUs B BUZIE

u(x,y,)= F(xl,yl)aboxl,

v(x,y) = F(x,y)bc,y, (6)
w=F(x,y)a,a,
F(x,y)=1-x'-y!, -1< x <1,

-1<y<l,x, =x/a, y,=y/b,

rie ao, bo, co — 6e3pazmMepHbIe CKOMbIE BETUUNHBI;
X1, y1 — 0e3pa3MepHbIe KOOPAUHATHL, a U b — OOJb-
11as ¥ Manas IoJlyocH MeMOpaHbl COOTBETCTBEHHO.

Brocs BeIpakeHust (6) B ypaBHEHHs paBHOBeE-
cus (1), mocne psaa npeoOpa3zoBaHUil odydYaeM He-
JMHEHHYIO CHCTEMY TPeX YpPaBHEHUH OTHOCHUTEIBHO
mapaMmeTpoB ao, by, co (BBUIY €€ TPOMO3IKOCTH —
3/1eCh HE TIPUBOJIUTCSA).

3agaBas mapameTp do (B3ATBII U3 SKCIEPUMEHTA)
13 TEepBBIX ABYX ypaBHeHuU# (1), ompenensem mapa-
MeTphl by u co. Tperbe ypaBHenue (1) mocne uHTe-
TPUPOBaHUS IPUHUMAET BUJ

44h

T
oJ-ploo, o =20
Py 3
nJin
3
4 = 2PT
8hJ

1 1
J‘—l J.—l (KIIIII + 2];2]<12 + K22T;2 )F(xl ? yl )dxldyl
Py .

J= (7)

W3 ypaBHenus (7) mpu (UKCHPOBAHHOM Tapa-
METpe k ¥ U3BECTHOM M3 HKCIEPHUMEHTA AABICHUU P
HaxoIuM A. AHAJOTMYHO TMOCTYyNaeM JUId BCEX 3Ha-
YeHUil p u ao. Jlanee nns pacCMOTPEHHBIX 3HAUECHUN
JIaBJICHUH p HaXOJIUM CpeHEee 3HAUYCHUE Ap.

3areM A KaXI0M CTYNeHU HarpyeHHus Haxo-
UM PacueTHOE 3HAYCHHE Ppac TI0 HopMyIIe
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8A_hJ
o

=, 8
ppac 3p7‘|: ( )

BBITeKaromie n3 (7), ¥ cpaBHUBAaeM C Harpy3kou p
U3 KCIIEPUMEHTA.

[pomecc «mpurcTpenkm MOBTOPSIETCS JI0 TEX TI0p,
ToKa He OyIeT TOCTUTHyTa TpeOyemasl TOTrpeIrHOCTb,
Hanpumep 5 %. Takum o0pazoMm, ONpeAemsoTCs ma-
pametpbl 4 u k.

2. OueHka J0CTOBEPHOCTH Pe3yJIbTATOB

OTMeTuM, 4TO AOTOIHHUTEIBHO ISl OIEHKHU
MIOJTy9aeMBIX BEJIMYHH IO MPEIJIOKEHHON METOAMKE
10 U3BECTHOMY aITOpUTMY [8] ObLIM BBITOIHEHBI UC-
CIIEIOBaHUs KPYTJIBIX MOJIUMEPHBIX MEMOpaH TOJIIIN-
voit 0,07 mm. Ilpu k = 0,3 ompeneneHsl 3HAYCHUS
napamerpa A a1 MmeMOpan ¢ auamerpoM 22 u 80 M,
kotopble coctaBwin 154,09 u 156,69 Kr/cM® COOTBET-
CTBEHHO (MM cpejHee 3HaueHne A = 155,4 kr/cm?).

3. IIpumep pacuera
MeMOpaHbI JJITHNTHYECKOH (popMBI

HccnenoBana smnTuyeckas MeMOpaHa, U3roTOB-
JICHHAs U3 MOJUMEPHOM IUIeHKU ToamuHou 0,07 MM
¢ moiryocsmMu a = 2,5 ecm, b = 1,5 cM (13 TOTO XK€ Ma-
Tepuaja, 4YTo U Kpyrias MeMmOpaHa, pacCMOTpEHHAsI
BhIIe). Pe3ynpTarsl uccienoBaHus MPUBEICHEI B
Tabm. 1, rae wo= Wx=o0,y=0).

Tabauya 1

Pe3yabTaThl Hcc/IeI0BAHNS YNNI THYECKO MeMOpPaHbI
[Table 1. The results of investigation of an elliptical membrane]

D, wo, A,
Kr/em? MM ao bo o Kr/cm?
[kg/cm?] | [mm] [kg/cm?]
0,10 4,15 0,1660 | 0,0255 | 0,0575 103,5
0,15 4,47 0,1788 | 0,0297 | 0,0668 140,6
0,20 5,01 0,2004 | 0,0375 | 0,0845 157,9
0,25 5,70 0,2280 | 0,0489 | 0,1100 163,5
030 | 6,07 | 02428 | 0,0557 | 0,1257 | 1780
0,35 6,75 0,2700 | 0,0695 | 0,1570 178.,9
0,40 7,55 0,3020 | 0,0881 | 0,1990 178,2
0,45 8,10 0,3240 | 0,1020 | 0,2310 173.,5
0,50 9,11 0,3544 | 0,1320 | 0,2990 160,1
0,55 | 9,70 | 0,3880 | 0,1510 | 0,3450 | 159,0
0,60 10,56 | 0,4224 | 0,1840 | 0,4190 150,4

Cpennee 3nHauenue Aq,= 158,6 kr/cM” oTHUaeT-
Csl OT CpPEeJHEro 3HAueHHs Uil KPYriod MeMOpaHbl
(155,4 xr/cm?) Ha 2 %.

Tarxoke, A1 OLEHKH MOTPELIHOCTH pa3paboTaH-
HOTO MOAX0/1a OBUIH BBHITIOJHEHB! CPABHEHUS PE3YJIb-
TaTOB pacyeTa M0 JaHHOH METOAMKE C IKCIEPUMEH-
TaNnbHBIMH pe3ynbratamu [15]. B aToii pabote mpu-
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BEEHBI DKCIIEPUMEHTANIbHBIE JaHHBIE UCCIIETOBAHUS
neGOpMUPOBaHUS JUTUITUYECKUX U KPYIJIBIX MEM-
Opan, m3roToBieHHBIX U3 ctanu O8KII TonmuHoN
0,82 MM, MoABEPKEHHBIX PaBHOMEPHOMY JaBJICHUIO.
[Tapamerp ynpounenus k = 0,28.

B [15] mapaMmeTp yIMHEHHOCTH MEMOpaHbI
A =b/a=0,375;0,5; 0,75. Paguyc kpyrabsix MmeMOpaH
R = 100 mM. bombImast HOIYOCh SIUIMIITHIECKIX MEM-
Opan a = 100 MM, a Maieie ionyocu b = Aa mM. Jlan-
HBIE IKCIIEPUMEHTA JI1 MEMOpaH MPHUBE/ICHBI B Ta0M. 2.
B mocneaneM crosdue npuBeaeHbl BETUYHHBI OTPel-
HOCTH € (B %) pacueTHbIX AAHHBIX OT AKCIIEPHUMEH-
TaJbHBIX 3HAYCHUN apaMeTpa A.

Jst kpyTaeIx MeMOpaH 1Mo pa3padoTaHHON Me-
Tonuke mapamerp Ae, = 5834,2 Kr/cM?, uTO OT/IMYA-
eTcs OT CIPaBOYHOTo 3HaueHus 6000 kr/cM’, TpuBe-
nerHoro B [15], va 2,7 %.

W3 T1aba. 2 BUIHO, YTO JUIS YMEPEHHBIX 3Haue-
Huit A (0,5-0,75) morpemHocts HE BhImIE 5 %. OT-
MeTHM, 4To ns ciaydas A = 0,5 u p = 72 kr/cm’ no-
Jy4aeTcsl 3aBBIIIEHHOE 3HAYEHHUE €, YTO MOXKHO 00b-
SICHUTDH OOJIBIINM ILIArOM IO Harpys3Ke p.

Tabruya 2
JlaHHbIE YKCIEPUMEHTA U pacyera
[Table 2. Experiment and calculation data]
D Ha Aa
A=b/a Kr/em? cM Kr/em? g, %
[kg/cm?] [cm] [kg/cm?]
70 2,04 5237 12,7
0,375 82 2,56 5050 15,8
90 - — —
50 2,22 5702 5,0
0,5 60 2,64 5713 4,8
72 3,89 4836 19,4
35 2,73 6092 1,6
0,75 42 3,22 6033 0,6
56 4,26 6147 2,4
20 2,4 5930 1,1
30 335 5887 1.8
1,0 35 3,85 5913 1,5
40 4,35 6042 7,0
47,5 7,10 5398 10,0
3aki0ueHue

Pa3paboTrana meToauKa HCCIENOBAHUS TOHKUX
MeMOpaH 3JUIMNTHYECKON (OPMBI JUIS Cilydas Iiia-
CTHYECKOTO Ne()OPMUPOBAHUS TIOA JCHCTBHEM paB-
HOMEpHOro JaBieHus. OnucaH ajJropuT™M «IPUCTPENI-
KD JUIS PEIICHUS TOTYYCHHON CUCTEMbI yPaBHEHHIA.
BeinonHeHa paboTa Mo OleHKe JOCTOBEPHOCTH pe-
3yJILTATOB. J[JIs1 OIIEHKU MOTPEIIHOCTH MPOBEICHEI
CpaBHEHHS Pe3yJIbTaTOB pacyera ¢ dKCIEPUMEHTAIb-
HBIMHM pe3yJibTaTaMu. PaccMOTpeH mpumMep pacyera
MeMOpPaHBI AILTUTITHIECKON (POPMBL.
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Abstract

Introduction. Thin-walled structural elements, combining lightness with high
strength, are widely used in all industries. Widespread round design elements.
However, based on the functional purpose, thin-walled structural elements of
various shapes in plan are becoming more and more common.

Methods. A technique has been developed for the study of thin elliptic
membranes for the case of plastic deformation under the action of uniform pres-
sure. The deflections of the membranes in the experiment are more than ten
thicknesses. In this regard, to solve the problem, the following are used: geomet-
ric nonlinear relations for the deformations of the middle surface (according to
Kh.M. Mushtari and K. Z. Galimov), relations for finite displacements and de-
formations for curvature expressions (according to K.Z. Galimov), physical rela-
tions (according to the theory of plasticity A.A. Ilyushin). Due to the smallness
of the membrane thickness, only tensile membrane strains and forces are taken
into account. The problem is solved by the Bubnov — Galerkin method and re-
duced to solving a nonlinear system of three algebraic equations. The “shooting”
algorithm for solving the resulting system of equations is described.

Results. The work on the assessment of the reliability of the results. To es-
timate the error, the comparison of the calculation results with the experimental
results of G.D. Golovlev was also performed. An example of the calculation of
an elliptical membrane is considered.
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Knrouesoie cnosa:
TMAPOTEXHUYECKUE COOPYKEHHS;
I'TC;

OCHOBAHMS;

MOHI/ITOpI/IHF 5
HpOrpaMMHO-aIIAPATHEIA KOMILIEKC;
[POrHO3UPOBaHKE 0E30MACHOCTH;
MaTeMaTUYECKUE MOJIEIH;
KOHCYHO-2JICMCHTHBIC MOJICIN,
UH(OPMALMOHHO-UATHOCTHYECKAS
CHCTEMA;

PpacueTHEIN MOIYJIb

Annomayus

Axkmyansnocms. B pamkax peamusanuu ®PenepanpHoro 3akoHa Ne 117-03
«O 6e301macHOCTH THIPOTEXHUYECKHIX COOPYKEHHID HEOOXOMMMO OCYIIECTBIISTH TO0-
CTOSIHHBIH KOHTPOJIb COCTOSIHMS ruppoTexHuueckux coopyxenuil (I'TC) u B3aumo-
BIMSIOIHMX COOPY>KEHHMH MOCPEICTBOM OCHAIIEHUs UX KOHTPOJBbHO-M3MEPUTEIBHOM
anmaparypoil (KHMA). Pa3Butre COBpeMEHHBIX BBIYHCIUTEIBHBIX KOMIUIEKCOB I103-
BOJIET OCYILECTBIIITh U IIPOTHO3UPOBATH COCTOSIHUE COOPY KEHUM, COBMEIas pac-
YeTHbIC MCCIIEIOBAHUS U JIaHHBIC HATYpHBIX HaOmozneHuil. PaboTa HampaBieHa Ha
OpraHH3aIMI0 KOMIUIEKCHOI orieHKH cocTosHms I TC 1 obecriedenust 6e30macHOCTH
CYLLECTBYIOLINX U IPOESKTUPYEMBIX B3aUMOBIIHAIOIINX KOMILIEKCOB.

I]enu. TloBpmuenre Ge30MaCHOCTH SKCIUTyaTHPYEMOT0/CTPOSIIIETOCS KOMILTIEKCa
B3aumoBustonmx I'TC. OneHka J0CTaTOYHOCTH M KQUeCTBA CHICLHAIM3UPOBAHHBIX
MHKEHEPHBIX M PEMOHTHBIX padoT, mpoBomuMbix Ha ['TC. Pa3paboTka pexkoMeHmarmit
IO MOBBIIEHUIO 3()(PEKTUBHOCTH CTPOUTENLCTBA HOBBIX U MOZIEPHU3ALIMY IKCILUTyaTu-
PYEMBIX THAPOIHEpreTHIeckuX 00bekToB. Co3/aHNe eMHON TaT(OpMEI IS TIpoBe-
JICHUSI THYKEHEPHBIX pacueToB 110 B3auMoBksiHuo [ TC Ha npumepe 3aropckux TADC.

Memoow. IlpencrapneHa UoCONOrus B3aMMOJIEHCTBUS PA3IMYHBIX IIPOrPaMM-
HBIX KOMIIJIEKCOB MaTeMaTH4eCKOro Mozenposanus. VMicrions3oBansl qanuele KMA
TSl KaTHOPOBKY M BepH(HUKAIINE MaTEMaTHISCKHX MOJeIeH.

Pezynvmampl. AKTyanu3upoBaHa CTPYKTypa Pacue€THOTO MOIYJIS Mpo-
rpaMMHo-annapaTtHoro komiiekca (IIAK), mposeneHa cucteMaTru3anus pacuer-
HBIX MOJIENEH, OIIMCAaHO B3aUMOJIEIICTBHE U NIepejada UCXOAHBIX JaHHBIX BHYTPU
pacuetHoro monys ITAK. BelnojaHeHHble Hay4HBIE UCCIIEI0BAHHS HAIPABICHBI
Ha TIOBHIIIeHHe 6e30macHocT Komiiekca B3anMonmustrormux ['TC.

BBenenune

JlanHOE uccliejoBaHNE ABIAETCS HOBBIM 3TAlloM
pa3paboTKH TPOrpaMMHO-aNNapaTHOr0 KOMILIEK-

© Py6un O.[1., Aaronos A.C., bennenaup E.H.,

Ko6oukuna E.M., Koriios O.H., 2019

ca (ITAK) mis obecnieuennsi 6€301MaCHOCTH B3aUMO-
iustioiux ['TC (I'DC/T'ADC) [1-3]. B cBs3u ¢ pas-
BUTHEM WH(OPMAIMOHHBIX TEXHOJOTHH M YHUBEP-
CaAITbHBIX MPOMBIIIICHHBIX MPOrPAMMHO-BBIYHCIUATEITh-
HeIX KomruiekcoB ABAQUS, ADINA, ANSYS, MARC,
MSC/NASTRAN, COSMOS, LS-DYNA, MODFLOW
MOSBUIACH BO3MOXKHOCTH ONTHMH3UPOBATH AITOPUTM
paboThl, IpeIaraeMblii Ha paHHUX dTanax peaiu3a-

This work is licensed under a Creative Commons
&Y Attribution 4.0 International License

96 ANALYSIS AND DESIGN OF BUILDING STRUCTURES

uuu [TAK, ycoBepIiieHCTBOBaTh METOAUKY IE€peaadu



Py6un O.0. v ap. CTponTensHas MexaHuka HXEHEepHbIX KOHCTPYKLMA u coopyxeHni. 2019. T. 15. Ne 2. C. 96-105

naHHbIX BHYTpU [TAK npu ucrions3oBaHny MexaHU3Ma
SKCIOpTa/UMITOpTa MaHHBIX. McxomHas nHpopManms
JUTSL BBITIOTHEHUSI PacueTHBIX MCCIIEZOBAaHWH Ipera-
eTcs U3 OAHOro OJI0Ka PacyeTHOro MOAYJIS B APYTOH
B aBTOMATHU3HPOBAHHOM DPEXHME, UTO IIO3BOJISIET pe-
IIaTh CIOKHYI0 MHOTOBapHAHTHYIO COBMECTHYIO 3a-
Jlady Ha Ka)kKJOM M3 3TaloB dKCIUTyaTalli COOpyKe-
Hust. pyroit ocobeHHoctbio Moaepuu3amu [TAK sB-
JISIETCSl BO3MOXKHOCTH TIPOBEICHUS] KOMIUIEKCHOTO aHa-
JM3a M TMOyYeHHUs] SKCIIEPTHOTO 3aKII0UEHHUS O CO-
crossanu ['TC (B mepcrekTuBe 0000 3HEpreTHye-
CKOTO O0BEKTa) MPH CPaBHEHHH PACUETHHIX 3HaUe-
HUU ¢ JaHHBIMH HaTYPHBIX HAOTIOICHUN W TIPOTHO3-
HBIMH pacyeTHBIMU 3aBUCUMOCTAMU. VHTErparus pac-
YEeTHOTO MOJYJIsl, B KOTOPBIH BXOJUT HaOOp MaTema-
THYECKUX MoJienel, ¢ nH(HOPMAIMOHHO-THarHOCTH-
YeCKUMH CHUCTEMaM{ M JKCIIEPTHBIM MOJYJIEM I03-
BOJIAET MOJIB30BATEINIO B OHJIAMH-PEXUME OIPENENATh
COCTOSIHHE COOPY)KEHHI WM €TO OTHEBHBIX 3JIeMEH-
ToB. [Ipu nanpHeen pean3alu BO3MOXHA UHTE-
rpanusi ¢ MPOrpaMMHBIMU IIaTGOpMaMu, KOTOpHIC
COBMECTHMBI C KOHIICTIIIUEH YIpaBICHUS )KU3HEHHBIM
nukioM mpoekTa (Project Lifecycle Management,
PLM wu 1p.), 4TO mpeaocTaBisieT UIMPOKUE BO3ZMOXK-
HOCTU 1O Pa3BUTHUIO CUCTEMBl M MOCTOSHHOJECH-
CTBYIOIINX MaTEeMaTUYECKIX MOJEJEH, a TaKkKe CIT0-
cOOCTBYET MOBBIIIEHHIO () ()EKTUBHOCTH UX HUCIIOJb-
3oBanus [1-5].

1. Heaun uccjaenoBanus

1. TToBbITIEHHE GE30MACHOCTH IKCILTYaTUPYEMOTO
(cTposiIerocst) KOMIUIEKCa B3aUMOBIHUSIFOIIMX THUIPO-
texandeckux coopyxenunit (I'TC).

2. OneHka JOCTaTOYHOCTH M Ka4ecTBa CIICIHAIH-
3UPOBAHHBIX WH)XECHEPHBIX M PEMOHTHBIX PadoT, Mpo-
BoxuMbix Ha ' TC.

3. Pa3pabotka pexoMeHIaluii Mo MOBBILIEHHIO 3¢)-
(hDEeKTUBHOCTH CTPOUTEIHCTBA HOBBIX M MOJIEPHHU3AINHI
IKCILTyaTHPyEMBIX THAPOIHEPTETHYECKIX OOBEKTOB.

4. Co3pnanue enuHON miuatdopMBbl U IpOBee-
HUS HWH)KEHEPHBIX pacueToB 1o B3aumoBnusHuio ['TC
Ha nipuMmepe 3aropckux ['ADC.

B nmaHHO# cTaThe ONMMCHIBACTCS MPHUHITUI pado-
Thl pacuetHoro moayisi (PM) I[MAK, npu akryanuzu-
pOBaHHOI W OOHOBIIEHHON KOHIENIIMH B HETO BXO-
IAT o0IIMe M pacueTHble Mojielid. MoJenu mepBoro
THUIIa UCIIOJIB3YIOTCA B KaueCTBE MCXOMHOW MHQOP-
MaITiH JJIsl BRIIOJTHEHHS PAcUeTHBIX UCCIIEeIOBAHUN:

e WHKEeHepHo-Teojorndeckas Mmoaens (MI'M);

e reoMeTpudecKast Mojieb coopyskeHuit (I'M);

e reomexanndeckas Mozaesb (I'MM).

BTopoit TuI — MOCTOSIHHO JEHUCTBYIOIIME MaTeMa-
THYECKHE MOJIEH, B OCHOBY KOTOPBIX 3aJI0KEHBI KO-
HEYHO-3JIEMEHTHAS alllPOKCUMALIUS, TPAaHUYHBIE YCIIO-
BUS, (DU3MKO-MEXaHUYECKHE XaPAKTEPUCTHKU U Me-
XaHU3MEBI JUIS PEHIeHUsT CHCTEeMBI AuddhepeHITnaIb-
HBIX YPaBHCHHI YHCICHHBIMU METO/IaMHU:

e reopupTpanoHHas Mojaens (I'dM);

® pacyeTHas TeoMexaHndeckas moaens (PITMM);

® pacueTHasi MOJIeNIb HAPsHKEHHO-e(hopMupo-
panHoro coctosiuusg (MHJIC).

Bce Monenn coBMecTHO ¢ MHOTOBapHaHTHBIMH
KaJTMOpOBOYHBIMU U NPOTHO3HBIMHU pacueTamMH Xpa-
HaTcs B PM B opmaTe maHHBIX, KOTOPBIA MO3BOIIA-
€T o0pamarbcs K HUIM B PEKHUME PEealbHOTO BpeMe-
Hu. OOmas cxema pabOThl MOIYJIA TIPEICTaBIcHA Ha
puc. 1.

KonudecTBo pacdeTHBIX CIleHAPUEB OMpeaes-
eTcsl JUIsl KaXJA0M MaTeMaTU4ecKOi MOJENIu Ha nep-
BOHAYAJILHOM JTare UCXOs U3 AOMYIIECHHUS O MHUHH-
MaJbHO HEOOXOJIMMOM KOJIMYECTBE BAPUAHTOB IS
koppektHoii padotel [TAK. Ilo mepe skcmmyararuu
CHCTEMBI NIepeyeHb CIIEHApHEeB JOMOJIHsIEeTCA 10 pe-
3yJbTaTaM HaTYPHBIX HAOIFOJCHHUN JTHOO MO MPOTHO3-
HBIM 3HAUEHUSM.

Pacy&rHblii MOIYIIb

OO0wHe MOJENH [+

—-fepeaada HCXOIHOH H[I(I)Op,\{af_{]ﬂl PRRERRRRRARRAON

-+ PacuérHbie MoJIe/TH

HMHKEHEPHO- TeoMeTpHUecKas pacuérHas MoJielb HapAKEHHO-
P NOHERE TEOMCXaHHYECKasA | | reo(uIbTpalHOHHAA L | TeOMEXaHHICCKas | (trismroraTmaror e
N [ Mojens (I'MM Moein (I'dM mojies (PI'MM ~
mozens (UI'M) (| coopysxennii (I'M) : ( ) g ( ) ( ) (MH/JIC)
Cuenapuit 1 Cuenapuii 1 Cuenapuii 1

Apxus [MAK, ucxo0Has uHgopmayus
0715 nposedeHus pac4émos

Cuenapwuii n

Cuenapuii n+1

Cuenapuii n Cuenapwuii n

Cuenapuii n+1 Cuenapuii n+1

lMocmosaHHO delicmeyowue mamemamu4eckue mooenu

0715 onpedesieHUs cocmoAHUA Komnaekca [TC

Puc. 1. O61mas cxemMa pac4eTHOro MoayJisi IPOrpaMMHO-annapaTHoro komiuiekca (PM ITAK)
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Calculation module

General models ¢

~transmission of initial information..

'i Calculated model

I
geotechnical
model

T
geometric
model of

geomechanical

geo-filtration

geomechanical

calculation model of

M) ) stress-strain state (MNDS
(IGM) sivuctures (GM) model (GMM) model (GFM) model (RGMM) stress-strain state (MNDS)
Scenario 1 Scenario 1 Scenario 1
PAK archive, initial information for M m M
carrying out calculations Scenario n+1 Scenario n+1 Scenario n+1

Permanent mathematical models
to determine the state of the HPP

Figure 1. The general scheme of the calculation module of the software and hardware complex (RM PAK)

2. Un:keHepHo-reosioruyeckas moaenb (MI'M)

[Ipencrasnsier coOoit 6a3y MaHHBIX 0 MHXKEHEP-
HO-TEOJIOTUYECKUM HM3BICKaHUSM B PaliOHE pa3Melie-
Hust ['TC (I'DC/TTADC) u ucronb3yercs B KadyecTBe
UCXOJHBIX JIAHHBIX JJIS MOCIEAYIOIEro MareMarTu-

P - Aas6-antckne neckn

I - Oroxenns cantonckoro sipyca

MopenHbie OT10/KeHHS

I - lapamonoBCKHe» FIHHbBI I - MOGKOBCKOrO TOpHSOHTS

I - Cenomanckne neckn

B - ©vosnorasmmansusie orioxenns [l - Texuorennsie orromenns

Puc. 2. UnikenepHo-reosnoruyeckasi mogens ITAK (MI'M ITAK)

O06macTh TMOCTPOCHUST MOJENN — TUIOMIAAKA PACIIO-
noxenus 3aropckux ITADC pasmepom B mane 4,0 k2,
OTMeTKa ocHOBaHMs — 50 M, MakcUManbHas TIyOnHa
MOJEIUPYeMOoro rpynToBoro maccusa — 200 m. U''M
ITAK pa3pabarsiBanach 110 HaOOpPy HATYPHBIX HCCIIe-
JIOBaHMH, BBIITOJHEHHBIX B paMKax peanuzanuu [TAK
(MH>KEHEPHO-T€0JIOTMYECKOe KapTUPOBaHUE, TOIOTpa-
(uveckne CheMKH U JIp.), apXUBHBIM U (DOHIOBHIM
MaTepuanaM, KOTOpble MaKCUMAJIbHO IOJIHO OMHCHI-
BAIOT XapaKTEPUCTUKU HHKXCHEPHO-T€OJIOTHUECKUX,
CTPYKTYPHO-TEKTOHMYECKUX U HH)XEHEpHO-Teo(pu3u-
YECKUX YCIOBHUHU IUIOMIAAKH pa3MeleHus] 3aropcKux
I'ADC. Knaccudukauus rpyHTOB IpeICTaBIsSETCS
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I - [oxposuLic 1eTI0BHANBHbIC CYLTHIKI

YECKOTO MOJICITUPOBAHHMS TMOBEACHUS IPYHTOB OCHO-
Banus u HJIC korcTpykimit. UI'M pa3buta Ha ciion
B COOTBCTCTBHU C pPAaCUCTHBIMHU I'€OJIOTUYCCKUMHU
3JIEMEHTAMH, KAXKJBIH U3 KOTOPBIX OMHUCHIBACTCS
OTIEeNbHBIM cioeM. OOmuil BUA MOJAENH TPUBEICH
Ha puc. 2.

[ - Albian sands
I - Paramon's” clay
I - Cenomanian sands
I - Fluvioglacial

I - Santonsky tier

- Moraine deposit
| (I)\;[ tll:ne Mosc%w sf(ylinc
I - Cover deluvial loam
I - Technogenic deposits

Figure 2. Engineering-geological model PAK (IGM PAK)

HHKEHEPHO-TeoIornIecknMu 3eMerTamu (MI79), cpe-
no# pazpabotku Mozenu sBistorcss AutoCAD, Ansys
SpaseClaim, Visual MODFLOW Flex.

3. 'eomeTpuueckast Moaesb coopy:kenuii (I'M)

B cBs3u ¢ rmobansHbIM pa3sutieM BIM TexHo-
JIOTHIA, MIX BHEJIPEHUEM B Pa0OTy MPOEKTHBIX M HAyYHO-
TEXHUYECKUX OpraHu3aIii Heobxoauma pa3zpaboTka
MPOCTPAHCTBEHHBIX MaTEMaTHYECKHX MOJENEH 1o Tpe-
OoBaHmsAM 3akaszumka. CeromHs MpOCTPaHCTBEHHEIS
MOJICTIH MCTIONB3YIOTCSL HE TOJBKO JUISI TIPOSKTUPOBA-
HUSI ¥ pacyeTHBIX WCCIEOBaHUM, HO M Ul ONpene-

ANALYSIS AND DESIGN OF BUILDING STRUCTURES



Py6un O.0. v ap. CTponTensHas MexaHuka HXEHEepHbIX KOHCTPYKLMA u coopyxeHni. 2019. T. 15. Ne 2. C. 96-105

JICHUSI TOYHOTO PACIIOJIOKEHUSI YK€ YCTaHOBJICHHOM
KOHTPOJBHO-U3MepHTeNnsHO# ammaparypsl (KHUA), mo-
JIOXKEHUSI BCIIOMOTATENIHHOTO M OCHOBHOTO 00O0PYIO-
BaHUS, OTIPEICICHUSI TEOMETPUUECKUX MMapaMeTPOB
KoHCcTpykumit np. [loatomy Tpebyercs paznmuyHas
JIeTaln3anus IpeIocTaBisieMold HHPOPMAIMK B TIPO-
CTPaHCTBEHHBIX TBEPAOTEIHHBIX MATEMATUIECKHUX MO-
nensx. B PM ITAK peanuzoBana «ruiaBaromasn era-
Ju3anusi, OpUEHTUPOBAHHAS HA TUI PAacUeTHBIX HC-
CJIETIOBaHMMA, B KOTOPBIX IMPHUMEHSETCS JaHHAS MO-
nenb. K nmpumepy, npu pacuerax HIC maxcumansHO
TOYHO TPEAOCTABISIOTCS MapaMeTphl JKeJIe300eTOH-
HBIX KOHCTPYKITHH, PU pacueTax (GUiIbTpariu 00
TPYHTOB OCHOBAHHSI MOJICITH YIIPOIIAOTCS 0 MacCo-
rabapUTHBIX MaKeTOB, MO3BOJIAIONINX YUECTh OCAIIKy
U CMEUICHHSA, HO TPU 3TOM HE BIMSIOLIMX HA MpO-
JIOJDKUTENBLHOCTE M Ka4eCTBO HccaenoBannii. OOmumii
BU/JI TEOMETPUUECKOI MOAETU MPEACTABIICH Ha PUC. 3.

Puc. 3. O61mmii Bua reomeTpuyeckoi
MaTeMaTudeckoi Mmoaesan 3aropckoii 'ADC
[Figure 3. General view of the geometric
mathematical model of the Zagorsk PSP]

Bce I'M umeror obmyie TabapuTHBIE pa3Mepsl 1
HE PacXoIsATCs MeXay co0oil Ooee YeM Ha BEIUYH-
HY MaTeMaTH4eCKOW TOTPEITHOCTH, BOCIIPHHUMAEMOMN
pacuernbiMu Kominiekcamu [TAK. Crpykrypa cosma-
HUSL: TIPOCThIE (DOPMBI MOJYYAOTCA U3 YIPOIICHUS
noapoOHO# reomerpudeckoit moxenu. OOMeH naH-
HBIX BHYTPH PacueTHOTO MOMYJIS OCYIIECTBIISCTCS B
BUJIC MaCCHBA TOYCK, TPEXMEPHOM MOBEPXHOCTH B (hop-
Mmare Plaxis, AutoCad, SpaceClaim, Ansys nu6o Ha-
0opa reoMeTPHUIECKUX TPUMHUTHBOB.

4. I'eomexannueckas moaean ('MM)

SIBasieTca CBSA3YHOIUM 3BeHOM Mexay MI'M,
HACM u I'®M, onucsBaeT ynpoIIeHHY0 CTPYKTY-
PY PAacIoIOKEeHUs] HHKEHEPHO-TEOJIOTHUECKUX CII0-
eB B ocHoBaHmM 3aropckux ['ADC, kotopsle mepe-
JAIOTCS B pacueTHBIC OJIOKH C HEOOXOIMMOM TeTaH-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

3anueit. Ciou rpynnupyroTcs MO napaMeTpaM, He-
00XOJMMBIM JIJISi TIPOBEACHUS PACUETHBIX HCCIENO-
BaHWM, TAKUM KakK Kod(DPHUIHEHTH! QUIbTpaIiu, Mo-
IOyJab AedopMay OCHOBaHUS U JIp.

OO0macTh MOCTPOCHHS SKBUBAICGHTHA 00JIacTH
HUI'M, uMnopT JaHHBIX AJIS JAJIbHEHIIUX pacueToB
160 00IaCTH TOCTPOSHUS IS JIOKAJTBHBIX PacieTOB
MO>KET 3aXBaThIBAaTh HE BCIO 30HY 3aropckux ['ADC,
a TOJIBKO ee JIOKAJIbHBIE YacTH, TaKhe KaK KOTJIOBaH
3/IaHMA CTaHIIMM, CKJIOH HAIlOPHBIX BOJOBOJIOB, BOJO-
npueMHHK U Ap. OOmmuii BUA JOKaIbHOH MOIETH
npeacrasieH Ha puc. 4. Ha pucynke npusenesa 'MM
MOJIETTh 3/IaHUS CTAHIIMH C KOTJIOBAaHOM, CO3JaHHAS
IIPY HWCIONB30BAHUM «IUIABAIOIIEH» eTalu3alud Ooc-
HOBHBIX COOPYKECHHU.

Puc. 4. JlokanbHblii parMeHT 31aHUA CTAHIHHA
¢ KOTJIOBaHOM — reomexanudeckasi moaess (I'MM ITAK)
[Figure 4. Local fragment of the station building with a pit —
geomechanical model (GMM PAK)]

JlanHas MOJeNb M pe3yJIbTaThl MOTYT OBITH JKC-
MOPTHPOBAHBI BHYTPU PacueTHOTO MOAYIIS B JI000OE
ucnonezyemoe 10 (Visual MODFLOW Flex, Midas,
Ansys, SpaceClaim, Plaxis u gp.).

5. 'eopuasTpauuonnas moaeab (I'®@M)

Pa3paborana B COBpeMEHHOM TIPOTPaMMHOM KOM-
mwiekce Visual MODFLOW Flex ¢ ydyerom mpesio-
KCHHUH U PEKOMEHJAIN BEyIUX aBTOPOB B 00Ja-
CTH pacyeToOB (PMIBTPAITMOHHOTO pekuma [4—7].

I'®M sBnsiercss UCXOAHON MOJENBIO JIJIsl TIPOBE-
JICHUsI PacueTHBIX HCCIICIOBaHUN, HA OCHOBE KOTO-
PO BBITIONHSETCS MPOTHO3 (PHIBTPAIMOHHOTO pe-
)kuMa ocHoBaHUs 3aropckux I'ADC mpu pa3mMIHbBIX
CIICHAPHUSIX 3KCIUTyaTallid B MPOCTPAHCTBEHHOM I1O-
craHoBke. Ha HauansHOM 3Tane onpezgeneHo 12 cue-
HapueB MOACIUPOBaHUSA (WHIETPAIIIOHHOTO PEXXIMA,
MaKCHMaJIbHO OXBAaTBhIBAIOIIMUX JKCIUIyaTal[MOHHOE
COCTOSIHUE KOMIUICKCAa COOPYXKCHHI U TMO3BOJISIO-
X OICHUTH B3aUMHOE BIIMSHUE OOBEKTOB, a TAKIKE
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ompezencH Ha0op MapaMeTpoB JJIs HA3HAYCHUS Tpe- JIOCh Ha JPEHaKU B OCHOBAHUU BOJONPUEMHHUKOB U
JenbHbIX 3HaueHud nokazanuil KA. Pesynbrathl CTaHLIMOHHBIX Y3JIOB, BKJIIOYasl BEPTUKAJIbHBIE U T'O-
I'®dM ITAK mnepenaroTcs B pac4eTHYIO TeéOMexXaHn4e- pU3OHTAJIbHBIE JIEMEHTHI U JAPEHaXHBbIE 3aBEChl Ha
ckyto mozaenb (PTMM) u pacueTHyro MozaeIb Hanpsi- I0’)KHOM UM CEBEpHOM CKioHax. Ha rpanunax pacuer-
keHHO-epopmupoBanHoro cocrosHus (MHJC) B HO# ob6nacti ['®M npriMeHeH YacTHBIN BUJ| TpaHUY-
Ka4yecTBe IPaHUIHBIX YCIOBHH. HOTO YCIIOBHSI BTOPOTO POJIa, IMUTHUPYIOIIETO BOIO-
Jns mpoBeaeHus pacueTHBIX HCCIEIOBAHUN B HETIPOHUITAEMYIO TIOBEPXHOCTb.

camoit '®M npuMeHEeHBI TpaHUYHBIE YCIOBUA TEp- O011ee CTpOCHUE MOJICNN C TPAHUYHBIMHU YCIIOBH-
BOT'O POJia Ha y3JaX BEPXHEro U HUXKHEro BOAOXpa- SIMA IIPEJICTABICHO HAa pUC. 5, Pe3yJIbTaThl HA pUC. 6
HUJIUII, TPAHUYHOE YCIIOBHE BTOPOTO POJia Ha3HAYA- MIPUBEICHBI JUTsI OCHOBHOTO PACYETHOT'O COUCTAHMUS.

‘.14"* J BepXHHH Gaccein ADC |

BepXHHI Gaccerin TADC-2

JIpeHazK 1aMObl BepXHero GacceiiHa H
BOJONDHeMHHKAa I'ASC

BHeIIHee MTHTaHHe
TIOAMOPEHHOTO

| i& JPEHK MOAMOPEHHOTO
BOJIOHOCHOTO TOPH30HTa

Lk BOJIOHOCHOTO W
pE " "‘?d ropusonta [ABC

JPEHASK CTAHLIHOHHOTO
vata TASC

JpeHask 1aMObl BepXHero GacceifHa
H BOJONIPHEMHHKa T[ADC-2

BHEIIHEE MHTaHHEe
TIOANapaMOHOBCKOIO
BOJIOHOCHOTO TOPH30HTa

APEHasK M0IMOPEHHOTO
BO/IOCHOCHOTO TOPH30HTa
CADC-2

S CKBAKHHBI CTPOHTEJILHOTIO
BOJIONIOHHKEHHS

APEHAK CTAHLIHOHHOIO
yata TADC2

Puc. 5. IlpocTpancTBenHas reopuibTpannonsas moaean (@M ITAK)
¢ TPAHUYHBIMH YCJOBHSIMH /151 IPOBEeHNUs] PACUYEeTHBIX HCCIeJ0BAHMIT

PHES upper pool ‘

PHES-2 upper pool |

drainage of the upper pool
dam and water intake PHES

external
groundwater
bearing

groundwater
aquifer drainage

station
drainage PHES

external
oundwater
bearing

groundwater
aquifer drainage
PHES-2

station
drainage PHES-2

Figure 5. Spatial geofiltration model (GFM PAK)
with boundary conditions for carrying out computational studies
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Puc. 6. Pacnipenesienne HanopoB B TeEXHOT€HHOM
BOJJOHOCHOM I'OPH30HTE NIPH OCHOBHOM Pac4eTHOM COYeTaHHH
[Figure. 6. Distribution of head in a technogenic aquifer
with the main design combination]

6. PacyeTHasi reoMexaHH4YeCcKasi MOJe/b
OCHOBaHHUS KOMILIeKkca coopyxenuii (PT'TMM)

OcHoBBIBaeTCA Ha BEepUHUIMPOBAHHOHN MO HaH-
HBIM HaTypHbIX u3bickanuii ' MM. Jlns onpeneneHus
JIeQOpMaOHHBIX MMapaMeTPOB TPYHTOB OCHOBAHMS
UCTIONB3YIOTCS IaHHBIE JUTA Ka)KAOTO pacyeTHOTo CIie-
Hapusi [[®M, oOMeH nH(OpMAaIMK TPOUCXOANUT BHYTPH
MPOrpaMMHBIX KOMIIJIEKCOB, TTOCJIE BBITOJIHIETCS pe-
IIIEHHE COBMECTHOM 3ajauu. B kauecTBe rpaHUYHBIX
YCIIOBUH HCTIONB3YIOTCS (MIIBTPALIIOHHbBIE XapaKTe-
PHUCTHKH U [IbE30METPUIECKUE TTIOBEPXHOCTH IIPU KaxkK-
JIOM M3 pacyeTHHIX CIleHapHeB. B kadecTBe BBHIXO/I-
HBIX JAHHBIX AJISI MOAEJEH HampsbKeHHO-IehopMu-
POBAaHHOI'O COCTOSIHUS BBICTYIAIOT:

— nedopMaliiv M HaNpsDKEHHs B TPYHTOBOM Mac-
CHBE;

— KOHTAaKTHbBIE HAINPSIKCHUSI B CHCTEME «COOPY-
KECHUE — OCHOBaHHEY;

— IIOPOBOE JIaBJICHMUE;

— KO3 PUIMEHTHI 3aaca yCTOMINBOCTH CKIIOHOB,;

— MOTEHIMAJIbHbIE TOBEPXHOCTH CMELICHUS.

Puc. 7. CymmapHblie cMelleHHsl 31aHUs CTAHIIUU NPH
pacyeTHOM couYeTaHNH «3anoIHeHHe HIKHEr0 dacceiiHay, M
[Figure. 7. Total displacements of the station building with
the calculated combination “Filling the lower basin”, m]

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLN

PesynbTarhl pacueTHBIX UCCIEAOBaHUM, MOTYy4YEH-
HBIE TIPU CIICHAPHUHW HAIOJIHEHHS HUKHETo OacceiiHa,
NPEACTABJICHBI HAa pUC. 7.

7. Moaejib HANIPAKEHHO-1e(POPMUPOBAHHOTO
coctostnusi coopy:xenuii (HICM)

SBisieTCs: OCHOBHOM MOJIEIIBIO JUIsl OLIEHKH COCTOSI-
HUSI OCHOBHBIX KOHCTPYKIMI KOMILJIEKCa B3aHMOBIIHS-
roumx ['TC. Monens pa3paboTaHa B YHHBEPCAITEHOM
MIPOMBIIIUIEHHOM TIpOrpaMMHOM Komiuiekce ANSYS
Mechanical, koTopelli B HacTosiIlee BpeMs IITUPOKO
MIPUMEHSIETCS TIPU PElIeHnH MOJ00HBIX 3amad [8—20].
B cimyugae pazpaborku [TAK mpuMeHeHure momoOHOTO
[1O mo3BomsieT y4uTHIBATH pa3iMYHBIE COYETaHWs Ha-
IPYy30K, B TOM 4HCJE MPU y4deTe IPaHUYHbIX YCIIOBU,
nepegaBaeMbix U3 Mojenet ['®M u PITMM. Jlononxu-
TEJIbHO BO3MOXKHO JJISI PACUeTHBIX HCCIETOBAHUIA HC-
TOJIb30BaTh JIOKAJIGHBIE 00JIACTH MOJENH, [UIS MOTyde-
HHE JIOKIBHBIX PE3yJIbTATOB MEPCIEKTUBHO HCIIONB30-
BaHHUE 0COOBIX COUECTAHUIT HAarpy30K, OIICHIBAOIINX HE-
MPOEKTHYIO PabOTy KOHCTPYKTHBHBIX 3J1eMeHTOB. Jlo-
TIOJIHUTENIEHO Ha TaHHON MOJIETIA BO3MOXKHO PAacCMOTpe-
HHE MEPOTIPHATHI 10 peMOHTY M pekoHcTpykrmu [ TC.
B monenn HJICM BKITFOUEHBI ClIEYIOIINE COOPYKEHHS:

— namMOBI BEPXHETO BOJOXpaHUIMIIA — 2 €11.;

— BOAOIPUEMHBIE Y3IIbl — 2 e11.;

— COOpY’KEHHS CTAaHIIMOHHBIX Y3JI0B — 2 €]1.;

— HanopHble BogoBoabl — 10 ex.;

— peBepCHUBHBIEC KaHAIBI — 2 e11.;

— BPEMEHHAsI OTCEKAIOLIas IIEPEMBIUKA PEBEPCHB-
Horo kaHana 3aropckoit TADC-2 — 1 en.

HcxonHpIMU JaHHBIMH JUISl BBIIOJIHEHHS Pacyer-
HBIX UCCIIEIOBAHUI SIBJIAIOTCS] PE3yJIbTAThl, MOIyda-
eMbIe U3:

— UI'M — ¢pu3HuKo-MexaHn4ecKrue CBOWCTBA Ma-
TEpHUaJIOB;

— PI'MM - pacnonoxxenust PI'D B coopyxeHmsIx
U TIepeMeIleHUs] TPYHTOBOI'O MacCHBa;

— I'OM — nbe3omeTpuyecKrue YPOBHU B OCHOBA-
HUH, OCHOBHBIE 1 0COObIE COUETAaHMsI HArPy30K.

B kagecTBe pe3yibpTaToOB B IKCHEPTHBIA MOAYIb
ITAK nocrynaror:

— TIepeMeNIeHns KOHCTPYKIiA (1o y3mam KO-
CETKH);

— HampsDKEHHUS B OCHOBHBIX KOHCTPYKTHBHBIX
3JIEMEHTAX;

— pacKphITHE TIBOB (MEXOJIOUYHBIX M MEKCEKITH-
OHHBIX).

@DparMeHT KOHEYHO-3JIEMEHTHOI almpoOKCUMAaLN
MaTeMaTHIeCKOH MOJEIHN B 30HE BOJOIPUEMHOIO y3ia
3aropckoit I'ADC u pe3yabTaThl MO OcCajKaM BOJIO-
MpUEMHHKA U Teda JaM0 mpHuBeleHbl Ha puc. 8. Pe-
3yJbTaThl, noidydaeMble Ha monensax ITAK, xopomio
KOPpETUPYIOTCs ¢ NaHHBIMHM HATYypHBIX HAONIOCHUH,
MOCTYMAIOIMIUX ¢ aBToMaTH3upoBaHHOH KA.
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Puc. 8. JlokainsHasi MaTeMaTHYeCKasi MO/IeJIb BOJONPHEMHOro y3ia 3aropckoii TA9C, BepTUKaJIbHbIE epeMeleH s, M
[Figure. 8. Local mathematical model of the water intake unit of the Zagroskaya PSP, vertical displacements, m]
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Abstract

Relevance. As part of the implementation of the Federal Law No. 117-FZ
“On the Safety of Hydraulic Structures”, it is necessary to continuously monitor
the state of hydraulic structures and related facilities by equipping with control
and measuring instruments. The development of modern computer complexes
allows us to carry out and predict the state of objects by combining computation-
al research and field observations. The work is aimed at organizing a compre-
hensive assessment of the state of the HPS and ensuring the safety of existing
and projected mutually influential complexes.

Aims of research. Improving the safety of the operated (under construction)
complex of interfering hydraulic structures. Assessment of sufficient and high-
quality engineering and repair work carried out on the HPS. Development of rec-
ommendations for improving the efficiency of construction of new and moderniza-
tion of operated hydropower facilities. HPS on the example of the Zagorsk HPS.

Methods. Representation of the interaction ideology of various software
systems of mathematical modeling, using control and measuring instruments
data for calibration and verification of mathematical models.

Results. The structure of the HSC calculation module was updated, syste-
matization of the calculation models was carried out, interaction and transfer of
the initial data to the calculation module of the software and hardware complex
was revealed. The implementation of scientific research is aimed at improving

the safety of the complex hydraulic structures.
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Annomayus

IJenu. V3yuenue BO3MOXHOCTH (OPMHUPOBAHUS PE3HBIX MOBEPXHOCTEH
MoHxa, 3alaHHBIX CITIOCOOOM MX 00pa3oBaHHMs, CO3/aHUE aNTOpPHTMa M IPO-
rpaMMmbl Ha sa3bike AutoLISP nist nemoHcTpanuu oOpa3oBaHHs MOBEPXHOCTEH B
cpene AutoCAD B auHaMU4ecKoM pexnMe.

Memoosl. Pe3nbie nmoBepxHOCTH MoOHXa 00pa3yroTcs IIOCKOH KpUBOH, pac-
MOJIOXKEHHOH B KacaTeJIbHOW IUIOCKOCTH K HEMOABIKHOW HampaBisiomed pas-
BEPTHIBAIOLIECHCS MMOBEPXHOCTH, NPHU IEPEKATHIBAHUU IIJIOCKOCTH M KPHUBOH IO
Halnpasysoulell MoBepXHOCTH 6e3 ckoibxeHus. OnucaHHbli cnocod oOpa3oBa-
HUSI YKA3aHHBIX ITOBEPXHOCTEH MO3BOJISET BBINOIHUTH X (OPMHUPOBAHHE KHUHE-
MaTu4eckuM MeTogoM B cpesie AutoCAD ¢ npuMeHeHHeM IPorpaMMHOro obec-
nederns Ha s3pike AutoLISP. B cratee paccmoTpeHo mocTpoeHHne mOBEpXHO-
cTeid MOHXa ¢ UCIOJIb30BAHUE B KaYECTBE HANPABISIONINX [MIMHAPUYECKOW U
KOHHYECKOH MOBEpXHOCTEeH. B KadecTBe 00pa3yronyX JUHUI PUMEHSIOTCS TPsi-
Mast IMHUS ¥ CHHYCOUA.

Pezynomamer. Co3nan anropuT™ u mnporpamma Ha si3eike AutoLISP s
oOpa3zoBaHus HaOOPOB OTCEKOB HECKOJBKUX MOBepXHOCTeW MOHXa U BU3yallu-
3auy GOPMHUPOBAHUS ITUX MOBEPXHOCTEH B AMHAMHYECKOM PEXUME MOCPEa-
CTBOM I10CJIEI0BATENILHOTO M300paXKeHHs OTCEKOB Ha 3KpaHe MoHUTOpa. CHAT
MUHHU-QUIBM 00 00pa30BaHUM MOBEPXHOCTH MOHKA MPU KAYSHHUHU IIOCKOCTH C
MIpSIMO¥ JIMHKUEH 10 KPYroBOMY KOHYCY. B MUHH-(MIIBME HCIIONB3YIOTCS PUCYH-
KH, TIOJTy4eHHbIe peoOpazoBaHueM ueprexeit cpensl AutoCAD.

BBenenne

B HacTofmee BpeMs B CTPOUTENBCTBE IIHUPOKO
UCTIOJIB3YIOTCA KJIACCHMYECKHE THIBI 000JIOYeK, A
KOTOPBIX MMEITCSI METOIBI pacdeTa Ha MPOYHOCTD.
B nensix 1OCTH)XEHHS apXUTEKTYPHOW BBIPA3ZUTEIIb-
HOCTH U yBeNH4YeHHs (YyHKIHOHAIBHOCTH COOpPYXKe-
HUHM TOSBIsAETCS HEOOXOAMMOCTH B pa3paboTKe MU
UCIIOJIb30BaHUU 000JI04eK Oosee CI0XKHBIX I'€OMET-

pudeckux Gopm.

[ToBepxHOCTH, BCE HOPMAIIM KOTOPBIX SBISIOTCS
KacaTeNbHBIMH K Pa3BEPTHIBAIOIICHCS MTOBEPXHOCTH,

© Pomanosa B.A., 2019

BrepBble onucai . Momx [1; 2]. OTu noBepxHOCTH
Ha3bIBAIOT PE3HBIMU IMOBepXHOCTAMU Momxka. OHHI
00pa3yrTCs IOCKOM KPUBOM, PacIiOIOKEHHOW B Ka-
CaTENBHON TIOCKOCTH K HEMOABUKHOW HAMpPaBIIsIO-
el pa3BepTHIBAIOIIECHCS MOBEPXHOCTU, MPHU TIEpe-
KaThIBAHUM IUIOCKOCTH U KPHUBOM MO HEMOJBHKHOU
MMOBEPXHOCTH 0e3 CKoybxkeHwMs [3].

Pe3npie moBepxHOCTH MoOHXa — 3TO OOIBIIOI
KJIACC TIOBEPXHOCTEH, TOCKOJIBKY B KauecTBe oOpa-
3yIolIel MOXKET OBITh MCIIONIb30BaHa JI00ast IIOCKast
KpHUBas. ApXUTEKTOpPHI BCE Halle oOpaIiarTcs K IMo-
BEPXHOCTSIM MOHXa T CO3aHMsI HOBBIX (hOpM, TIPO-
JOJDKAIOT M3y4aTh UX reomerputo [4; 5]. Jlns moBepx-
HocTeil MoHka pa3paboTaHbl cOCOOBI pacdera 10
0€3MOMEHTHOH TeOpUH, BapHAaIlMOHHO-PA3HOCTHBIM Me-
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TOJIOM Ml METOJIOM KOHEYHBIX 3JIEMEHTOB [6; 7].
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W3BecTHa Tpaduueckas WILTIOCTpaLUs HAYIHBIX
JaHHBIX (aPXUTEKTYPHBIX, METCOPOIOTHUECKUX, ME-
JUIMHCKUX, OMOJIOTHYECKUX, T€OJOTHYECKUX U Ap.)
TIOCPE/ICTBOM BH3YaJIM3aLMH B TPEXMEPHOM IPOCTpaH-
CTBE, MIPU 3TOM H300pakeHNnEe OOBEMHBIX TEX BO3MOXK-
HO He TOJIbKO B CTAaTHKE, HO ¥ B IMHAMUKe. Bricoko-
KayeCTBEHHbIE M300pakKeHUs MOIYyYaroT, MUCIONb3Ys
pasiIMYHBIE BUIBI IPOrpaMMHOT0 obecreueHus [8—13].

DopMHUpOBaHUE PE3HBIX MOBepXHOCTEH MOHKa BbI-
MOJTHSIETCSl KMHEMAaTHIeCKuM criocodom [14]. st pe-
nreHus 9Toi 3aga4un B cucteMe AutoCAD paszpabaTbl-
BAIOTCSI TOJIb30BATEIbCKHE (YHKIUU Ha S3BIKE
AutoLISP. DT0T s3bIK TI03BOJIIET 00paIaThes ¢ TIOMO-
HIBIO TIOJIB30BATENHCKUX (DYHKIMI K KOMaH/IaM CHUCTe-
Mbl AutoCAD B aBromaruueckoM pexxkume [15; 16] u
pelIaTh pa3IuaHbIe TpakTHdeckue 3axaqwn [17; 18].

OyHKIMOHATBHBIN 51361k AutoLISP BcTpoeH B cuc-
TeMy AutoCAD. Ilporpammel, co3gaHHblE Ha 3TOM
A3BIKE, UCTIONIB3YIOTCA ATl BU3yanu3auuu GpopMupo-
BaHMSI aHAIMTHICCKUX TOBepxHOCTEH [19-22], ecnn
WCXOIHBIMHU TaHHBIMU SIBIISIETCSI CIIOCOO 0Opa3oBaHus
MIOBEPXHOCTH.

PaccmoTpuMm 0Opa3oBaHne Pe3HBIX MTOBEPXHOCTEH
Mona, UCTIONb3ysd B Ka4eCTBE HAIIPABJIAIONIUX He-
TIOABMIKHBIX TIOBEPXHOCTEH KPYTOBOM LIMJIMHAD U KPY-
TOBOI KOHYC, a B KaueCTBE 00Pa3yIOIIUX — MPSIMYIO
JIMHUIO U CUHYCOHLY.

1. IloBepxHocTh MoOHKA
€ KPYroBoil IMJIMHAPUYECKOIi HANpaBJsouei
NMOBEPXHOCTHIO U 00pa3yoeii npsaMoii JuHueit

HauanpHOE MNONOKEHHE 3JIEMEHTOB ITOBEPXHO-
CTH TIOKa3aHo Ha puc. 1, rne xOyz — OCHOBHas CH-
cTeMa KoOopAMHAT, UAV — cucTeMa KOOpIHMHAT B
wiockoctu I1y; I1; — rutockocTh, KacaTenbHas K -
JHMHAPY B HAYAIFHOM TOJIOKEHUH; q — 00pa3yromast
npsiMasi, TIPUHAJIEKAIIas KacaTeIbHON IIOCKOCTH;
h — BBICOTa TUIOCKOCTH M LWIIMHIPA; 7' — PAANYC LH-
JUHIApa; [B - yroa mpsAMOW ¢ € OCBIO V; Upmax
MaKCcHUMaJbHas BEIMYMHA KOOPAUHATHI U.

Ha ydactke, rie OBEpXHOCTh 00pa3yercs Kaca-
TENBHBIMH K TTOBEPXHOCTH LWJIMHIPA, MOIydJaeTcs
TOpcoOBas MOBEPXHOCTH (puc. 2). OHa KacaeTcs IH-
JUHJpA 10 KpuBOi m. B aToM cnyuae xpuBas m sB-
JsIeTCs HalpaBIISIONIeH JTMHUEH, a psiMasi ¢ — o0pa-
3yrouIei.

KpuBast m crpoutcs ucxozns u3 Toro ¢akra, 4ro
BCE TOYKH TPSIMOH ¢ nepemewjaromcs no 96071b6eH-
mam OKpys#CHOCmel YUIuHOpA.

VpaBuenue mnpsimoir B cucreme uAv: v(u) =
= u - tanf.

VYron mepekara ompenenseTcss U3 COOTHOUICHHS
9=v/r.

EOMETPUS CPEUHHbBIX NMOBEPXHOCTEW OBONOYEK

DBOJILBEHTHI HAXOJATCS Ha PAa3sHBIX YPOBHAX B
IUIOCKOCTSAX, ONPEAENAEMBIX 3HAYEHUEM (YHKIMU
v(u). Iockonbky v(u) = Z, KOOPAUHATHI TOYEK JIH-
HUU M B CUCTEMC xOyZ BBIYUCJIAIOTCA IO ypaBHE-
HUSAM:

x(z) =rcos?, y(z) =rsind.

JAnist TOCTpOEHUsI IMHUU 7 COCTaBJICHA IT0JIb30-
BaTtenbckas QyHkiwms Stlin, mpeacTaBieHHas HIDKE:
(defun stlin ()

; JIuHUSA m Ha HWIIMHAPE

(setq z 0.0 betag 40.0)

(setq beta (/ (* betag ) 180))

(command "spline")

(while (<=z h)

(setq vz (/ (* z (sin beta)) (cos beta))); BenuuuHa
bynxmn v(u)

(setq pt (list x y z)) (setq teta (/ vz r)); yroa mepekara
(setq x (* r (cos teta)) y (* r (sin teta))); TOYKH JIUHUU M
(command pt)

(setq z (+ z dz))

(command "" "" ""))

Puc. 1. HayaibHoe noJioskeHHe 3J1eMEHTOB MOBEPXHOCTH
[Figure 1. The initial position of the surface elements]

Puc. 2. Topc
[Figure 2. Thors]

IIpouiecc xaueHus MIOCKOCTH C MPSIMOM MO ITH-
JUHAPY COCTOUT U3 ABYX JABM)KCHUI: BpAILIEHUS ITOU
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nmapsl BOKPYT OCH Z Ha YTOJ () M MOCTYMATEILHOTO
NepeMEIICHUsT Ha BEJIMYMHY S, PABHYIO Iyre MOBO-
porta larc (puc. 3).

e

E.

s=lark=r-"

Yron nepekata Bceil mpsiMoil g paBeH

_ Umax 180

Tmax

T ™’

Puc. 3. IlepexaT 0BepXHOCTH U NPAMOIi 10 WHIHHAPY
[Figure 3. Roll surface and straight on the cylinder]

Puc. 4. O0pazoBaHue 0TCEKOB TOpCa
[Figure 4. Education torso compartments]

OO6pa3oBanue TOPCOBOI MoBepxHOCTH (puc. 4)
MIPOUCXOAHNT, ecli 0 < @ < Tpax-

[pu @ > Tyax, ¥ €CTM OOKAT HUIMHIAPA BHI-
TOJTHSETCS] TIPOTUB YaCOBOW CTPENKH, MpsMast g HE
kacaercsi nwimHapa. OOpasyercst mepBast BETBb II0-
BepxHOCTH (puC. 5).

AJNTOPUTM BBITIOJHEHUS KauyeHHs BKIFOYAET TO-
BOPOT IUIOCKOCTH C TIPSIMOM M CHCTEMBI KOOpPIHMHAT
UAV Ha yron (p BOKPYT OCH Z, yJJTHHEHHE MTOBEPXHO-
CTH Ha BEIMYHHY larc, mepeHoc CHUCTEMbl KOOPAMHAT
UAV ¥ IpsMOH ¢ TI0 OCH © Ha paccTosiHue larc B ¢TO-
POHY, IPOTUBOIIONOXKHYIO KaueHHIo (puc. 3).

ANTOPUTM BKJIIOYACT JABA IUKJIA: BHCIIHUHN H
BHYTPEHHUII.

108

BHyTpeHHUI LUK COOCPKUT CIEAYIOIIUE OIle-
panuu:

® co3maHue UICHTU(HUKATOPA CII0S IPU KaXKA0M
3HaueHuu i (i = 1, ...,n), cioli ¢ 3TUM UMEHEM ycTa-
HaBIIMBAETCA B Ka4€CTBE TEKYILETrO, ¥ BBIIOIHIIOTCS
YKa3aHHBIE BBIIIIE ONIEPALHN;

e (hopMuUpOBaHUE HaOOpa 00PaA3YIOIINX JTUHHM.

Bo BHemHeM LUKJIE BBHIOJTHSIETCS 00pa3oBaHKe
OTCEKOB TOBEPXHOCTH, IJISI YETO MPOBOIATCS CIEMy-
IOIIHE OTIepaIn:

® 3arpy3Ka B YepTeK HEOOXOJUMOT0 YUCIIa CJIOCB;

® BBHIUECPUHMBAHNE HIEMEHTOB [IOBEPXHOCTH B Ha-
JaJTbHOM TTOJIOKEHUH (puc.1);

® BBITIOJTHEHUE ONEpaliiii BHYTPEHHETO IHKIIA;

e 00pa3zoBaHUE OTCEKOB MOBEPXHOCTH.

Puc. 5. O6paszoBanue nepBoii BeTBH NOBEPXHOCTH:
r=20, h =20, g =40°
[Figure 5. Formation of the first branch of the surface:
r=20, h =20, p=40°]

2

Puc. 6. Topc u nepBasi BeTBb IIOBEPXHOCTHU:
r=10, h =40, g = 40°

[Figure 6. Thors and first branch of surface:
r=10, h =40, B = 40°]

[To oxoHuanuu pabOTHI LKKIOB co3AaeTcs OJI0K
U3 OTCEKOB MOBEPXHOCTU M O00pa3yroIux JTUHUH.
dopMuUpyeTCcs MOBEPXHOCTh «Pa3MOpPaKMBAHIEM»
cioeB [23] (puc. 5). O6pa3oBaHue MOBEPXHOCTH T10-
Ka3aHo Ha puc. 5.

Topc u mepBas BETBb MOBEPXHOCTH H300paxKe-
Hbl Ha puc. 6, rne / — Topc, 2 — nepBasi BETBb IO-
BEPXHOCTH.

GEOMETRICAL INVESTIGATIONS OF MIDDLE SURFACES OF THIN SHELLS
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Ipu @ < 0 (oOxox MIMHApPA IO YacOBOil CTpe- [ToBepxXHOCTH TaK)Ke MMCIOT JBE BETBH U TI0-
K€) OT TOpca OTXOTUT BTOPasi BETBh MOBEPXHOCTH. BEPXHOCTH Iepexoaa, KoTopas oOpasyercs HpH
T T
— 5 < ¢ = —* IloepxHocTs nepexona npes-
cTaByieHa Ha puc. 9. OOpa3oBaHHE MOBEPXHOCTH I0-
Ka3aHo Ha puc. 10.

Puc. 7. lloBepxnocth Momnzka: r = 20, h = 40, § = 50°
[Figure 7. The Monge surface: r =20, h = 40, p = 50°]

ITonnast moBepXHOCTH MTOKa3aHa HA puc. 7.
Puc. 10. Odpa3zoBaHue NOBEPXHOCTH

o Figure 10. Surface formation
2. IloBepxHOCTE MOHIKA € KPYTOBOIi [Fig !

IMJIMHAPUYECKOI HanpaBJIsiolIeil OBEePXHOCTHIO
H CHHYCOM/I0H B KayecTBEe MEPUIUAHA

AnroputM 00pazoBaHHMsS JTOW TOBEPXHOCTH
BKJIIOUYAET T€ K€ ONEpalry, YTO U NPEIbIAYIIHMI, Tpu
3TOM B KauecTBe 00pa3yroliell IWHUN UCIOIb3yeTCs
cunycownna (puc. 8).

Puc. 11. Pe3nast noBepxnocts Mom:xa
¢ IMVIMHAPUYECKOH HANIPABJISIOLIe NOBEPXHOCTHIO
¥ MepPHANAHOM B BH/Ie CHHYCOHIBI
[Figure 11. Monge carved surface
with cylindrical guide surface and sinusoidal meridian

[IpuBeneHHBIN aNITOPUTM OOpa30BAHUS MTOBEPX-
HOCTH C KpYTOBOM LIMJIMHJIPUYECKONW HANPABIAIOMIEH
MOKET OBITh UCTIONB30BaH U ISl 00pa3oBaHUs ITOBEPX-
HOCTH ¢ JIFOOOH IPYyTo# IIOCKOW KPUBOM B Ka4eCTBE

o0pasyroliieii: eMHON JTMHUEH, IIUKIONI0N Tunepoo-
Pnc: 8. Haqanbﬂ.og T0/102KEHHE JIEMEHTOB IOBEPXHOCTH JIOH, napa6on0171 W 1p.
[Figure 8. The initial position of the surface elements]

3. Pe3nas noBepxHocTbs MoH:Ka
¢ KOHUYeCKOil HANpaBJIsIolIei MOBEPXHOCTHIO
U o0pasyronei npsamoit

3.1. Obpazyrowan nunus
cognaodaem ¢ HAnRPagaAOuLell KOLyca

Ha puc. 12 nokasan nepexar rockocta ¥ u mps-
Mol AB 1o xonycy. I110ckoCTh BO BCeX MOJIOKEHH-
SIX KacaeTcs KOHyca, a Touka B mepeMernaercs mo
KpUBOH S.

Puc. 9. TIoBepPXHOCTH MEPexoa HauanbHoe moJjoKEeHUE 3JIEMEHTOB ITOBEPXHO-
[Figure 9. The transition surface] CTH M300paxeHo Ha puc. 13.

EOMETPUS CPEUHHbBIX NMOBEPXHOCTEW OBONOYEK 109



Romanova V.A. Structural Mechanics of Engineering Constructions and Buildings, 2019, 15(2), 106-116

Bs4Bs s B2 Bi1 Bo

Puc. 12. KaueHue mjiockocTu ¢ KpUBOH M0 KOHYCY
[Figure 13. Rolling a plane with a curve along a cone]

Puc. 13. HauaiabHoe noJ10:KeHHEe 371eMEHTOB MOBEPXHOCTH
[Figure 12. The initial position of the surface elements]

Ha puc. 14 nokazano mosjoxxenue miockoctu V¥
Y pacrojIoXeHHOI Ha Hel npsiMol AB mpu KaueHuu
TUIOCKOCTH 0€3 CKOJIBKEHUS 110 KOHYCY.

Puc. 14. Ilepexat niiockocTu U NpamMoii AB no konycy
[Figure 14. Roll the plane and line AB on the cone]

HoBas nunHMs KOHTakTa KOHyca U IJIOCKOCTH —
npsimasi AK. Och x; MOABMXHOM CHCTEMBI KOOPIHU-
HaT coBMeleHa ¢ nmpssMoit AK. Ilpown3orien moBopoT
oOpa3sytolell KOHyca U OCH X, Ha YroJl (0 BOKDYT
ocH Z.

ITonoxenue TOouku B Ha IJIOCKOCTH OCTAaJIOCh
MPEKHUM, TEIepb OHa 0003Ha4YeHa B*. Yo npsamoit

110

AB™ ¢ OCBIO X, SIBJISIETCS yIIIOM KaueHHs TUIOCKOCTH.
W3 ycnoBus xadeHus 0e3 CKOJBKEHUS [UIMHBI YT
KOHTAaKTa KOHyCa M IUIOCKOCTH paBHBI, T.e. BK =
B*K, cnenoBarensHo, log @ = lup - T, e log —
BEJIMYMHA Pajilyca OCHOBaHHS KOHYcCa; [ 5 — MmuHa
oOpa3ymollei KoHyca.

Jlnis ompeneneHust KOOPAHHAT TOYKH B* y100HO
3aJ1aBaTh Yroj (p MOBOPOTA IIOCKOCTH BOKPYT OCH Z.
Torma yromn T onpenensieTcs U3 COOTHOIICHUS

l
T=¢- OB/IAB- ()

Koopaunatsel Touku B* B MOABMIKHOW CHCTEME
KOOPJMHAT BBIYUCIAIOTCA 10 (popmyram

X; = lyp * cosT,

y; = lyp * sint. 2)

Koopaunarel Touku B*(xp,Yg,Zg) B HeIo-
IBWXHOM cucteMe x0yZ ONpeeNsFoTCS U3 BhIpaxe-
HH, TIOJIyYCHHBIX MPeoOpa3oBaHUEM KOOPIUHAT H
MMEIOIINX BH]

xp(x Lag (— (* (sin1) (cos @))(* (cos T)(sin ) (sin CP)))),
g = (* lug (+(* (cos T)(sin B) (cos ) ((sinT)(sin q))))), 3)

zp = (= (* lup (cos T)(cos B)) hcon),

rae f — yrox MexIy OChl0 KOHyca W ero odpasyro-
1ieit; heop — BBICOTA KOHYyCA.

[Mockonbky TOYKa B NBMXKETCS O HBOJILBEHTE,
€e¢ HopMaJibHas TUIOCKOCTh COBMAAET ¢ KacaTeIbHOI
wIockocThio W, KOTOpas BO BCeX MONOKEHHUIX TPO-
XOJUT Yepe3 BepIInHy Konyca A [5].

B »TOM cnyuae kpuBas, Mo KOTOPOW JBHIKETCS
Touka B, sBusercs chepuyueckoit sBonbBeHTONH. Ee
TOUYKM HaxoJATcs Ha chepe pamuyca AB, a cama mo-
BEPXHOCTh HAXOAUTCS BHYTPH cepsl (puc. 15).

Puc. 15. IloBepxHocTh MoHka HaX0AUTCA BHYTPH cdepbl
[Figure 15. The Monge surface is located inside the sphere]

GEOMETRICAL INVESTIGATIONS OF MIDDLE SURFACES OF THIN SHELLS
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Koopauuatel Touku C BBIYKCISIOTCSA 1O (Hop-
MyJiaM aHAJOTHYHBIM (3) MyTeM 3aMeHbI mapaMeTpa
l4p Ha mapameTp ly.

[Monydenusie GpopMyIIbI 1al0OT BO3MOKHOCTh BbI-
YePTUTh OOPA3YIOINIYI0 MPH JFOO0M MOJOKCHUU TIO-
BepxHocTH V. DTO TMO3BONIIET OPraHW30BATh IHKII,
B KOTOPOM Ha KaXJIOM IlIare BBIYEpPUYMBAETCS 0Opa-
3ytommas u (OPMHUPYETCs OTCEK TTOBEPXHOCTH.

Cama moBepXHOCTh 00pa3yeTcst ONMUCAHHBIM BBIIIE
crrocooom.

3.2. Obpazyrowias TuHUA PACHONIOIHCEHA
OO0 y2/10M K HARPABIAIOWEll KOHYCA

HauanpHoe monoxenue odpasyromeit BC, KoHy-
ca u wiockoctd Y B cimydae, Korna oOpasytomast
npsimast BC pacmonokeHa TOJ yIJIOM Ty K paguycy
AB, nokasaHo Ha puc. 16.

Puc. 16. HauaabHoe moJio:keHHe 3J1eMEHTOB IOBEPXHOCTH
[Figure 16. Initial position of surface features]

VYron mepekara T, A1 TOYKHU B ompenensercs
o popmye (1), a anst Touku C — U3 COOTHOIIEHUS

Tc = To + Tp. (4)

Puc. 17. IMonoxenue Touex B u C
B CHCTeMe KOOPAMHAT X{AYZ.
[Figure 17. The position of points B and C
in the x,4y,z,.coordinate system]

EOMETPUS CPEUHHbBIX NMOBEPXHOCTEW OBONOYEK

Koopaunats! Touku B onpenensitorcs mo Gopmy-
nam (3), a uIst onpeeneHnss KoopauHaT Touku C ¢op-
MyJIBI (3) TIpeoOpazyroTCs ¢ y9eTOM BBRIpaKEHUS (4).
[Tonoxxenue Touek B u C B cucreme KOOpPAUHAT II0-
Ka3aHo Ha puc. 17.

AnropuTM 00pa30BaHUSA OTCEKOB IMOBEPXHOCTH
MOBTOPSIET MPEABLTYIIUH.

4. O6pa3oBanue pe3Hoii noBepxnocTu MoH:ka
¢ IpMMeHeHHeM ABYX BpalleHuil

IToBepxHOCTE MOHXa MOKHO TaK)X€ MOCTPOUT,
€CIIN TPEACTaBUTh Iepekar ImIockoctd ¥ m pacmo-
JIO’)KeHHOW Ha Hel mpsimol AB kak BpaleHue 3Toi
mapsl BOKPYT OCH Z Ha Yroj (p B HEMOABM)KHOH CH-
creMe koopauHaT xOyz u moBopoT mIpsimoil AB B
MOJBI)KHOW CHUCTEME KOOpJUHAT XqAYy,Z; TUIOCKO-
ctu ¥ Ha yros T BOKpYT OCH Z1.

B pesynpTare 3THX IBYX BpalleHHH Touka By,
pacnonoxenHasd B miockoct ¥, npu ¢ = 0 mepe-
MelaeTcs B TOUKy B*, pacroiokeHHYyI0 Ha KOHYcCE,
a 3aTeM B TOYKY B, pacloyio)KeHHYIO B TIOBEPHYTOM
Ha yron ¢ mockoctd ¥ (puc. 18). Touka C, nepe-
MeIllaeTcsl CHayana B Touky C*, a 3areM B TOuky C.
Mexnay pagnycamu Touek C* u C yrox paBeH T.

Puc. 18. Kauenue niiockoctu ¥ u npsimoii AB o konycy
[Figure 18. Rolling the plane ‘¥ and the straight line AB with a cone]

Puc. 19. OTcexu noBepxXHOCTH pa3esieHbI KOMUSIMH 00pa3yIoIMx
[Figure 19. Surface compartments are separated by generators|
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B 3ToM cnyyae anroputm oOpa3zoBaHUs OTCEKOB
MOBEPXHOCTH MOXKET OBITh MPEACTABIICH CIICAYIOLINM
o0pazoM.

[IpenBapuTeNbHO BBIYEPUUBAIOTCS SIEMEHTHI T10-
BEPXHOCTH B Ha4aJbHOM IOJOXEHUH. B mukie BbI-
HOJHSOTCS CIIEIYIOLIHE ONePaIin:

e BpameHue nosepxHoctu Y u mpsmoit AB Ha
yron Ag B cucteme koopauHat x0yz;

® yCTAaHOBKa CHCTEMBl KOOpAMHAT X Ay Z; B
miockoctu Y,

e KonupoBaHue oOpasyroiei AB;

e BpareHue konuu A*B* Ha yroi T;

® BO3BpAT K cucTeMe KoopauHaT x0yz.

PesynbTar — Habop OTCEKOB MOBEPXHOCTH (pHC. 19).

Puc. 20. O6pa3zoBanue noBepxHoctu MoH:ka
(q — oOpa3yromast TUHUS)
[Figure 20. Formation of the Monge surface
(g — the generatrix)]

Puc. 21. IToBepxHocTh MoHxka (moBepHyTO Ha 90°)
[Figure 21. The surface of Monge (rotated by 90°)]

O0paszoBaHKe MOBEPXHOCTH BBIMOJIHIETCS METO-
oM «pasMopakuBaHus». Ha puc. 20 npencraBieHO
(hopMupoBaHre 00pa3yroIIel ¢ BTOPOil BETBH IMOBEPX-
HocTH. Ha puc. 21 nzobpakeHa pe3Has MoBepXHOCTh
Momnxa.
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5. Pe3nas nopepxHocTh MoH:Ka
¢ KOHNYeCKOH HANpaBJIAOLIeH OBEPXHOCTHIO
H 00pa3ylomel CHHYCOHA0H

HauanbsHOe mosyiokeHHe 3JIEMEHTOB IOBEPXHOCTH
TIPEACTABICHO Ha puc. 22.
OO6pasyronieii SBIsIETCS CHHYCOU/IA!
y = Asin,

rae A — 3alaBacMas aMIlIMTyJa CUHYCOUIBI; O —
yrouJ, BBIYHCIISIEMBIN U3 BBIPpaKCHUA:

X
®= npu AC < x < BC.

Puc. 22. HauaiibHoOe 10JI0JKeHHE J1EMEHTOB MOBEPXHOCTH
[Figure 22. The initial position of the surface elements]

Anroput™ (HopMHpPOBaHUS TTOBEPXHOCTH MPEAY-
CMaTpUBAET, KaKk U B MPEIbIAYIIEM NPUMEPE, BHITIOI-
HEHHUE B LIUKJIE OIepauuii 0 CO3JaHuI0 Habopa OT-
CEKOB MMOBEPXHOCTH (puc. 23):

e BpaieHue nosepxHocTd ¥ M CHHycoMabl Ha
yroia A¢ B cucteme koopauHat x0yz;

® BpAIlCHUE CUHYCOMJIBI Ha yroi T.

Puc. 23. HaGop oTcexoB NOBEPXHOCTH
[Figure 23. A set of surface compartments]

OTCekr IOBEPXHOCTU pa3zeicHbl 00pa3yIONIIMU
muHuAMU. OOpazyrolmue JTHHANA TOA4epKUBaoT Gop-
My TIOBEpXHOCTH, €€ BBIITYKJIbIe M BOTHYTbHIE YYaCTKH.

GEOMETRICAL INVESTIGATIONS OF MIDDLE SURFACES OF THIN SHELLS
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Puc. 24. O0pa3oBaHue NOBEPXHOCTH
[Figure 24. Surface formation]

-

Puc. 25. BerBb noBepxHoctu (Bua cepxy: n =1, 4 =10)
[Figure 25. A branch of the surface (top view: n =1, 4 =10]

=

Puc. 26. /IBe BeTBH NOBEePXHOCTH (BH] CBEPXY)
[Figure 26. Two branches of the surface (top view)]

Bo BrOpoM 1K€ BBIONHSETCS TO3TarHOe (Bop-
MHpOBaHME MOBEPXHOCTH (pHc. 24) ONMHCAaHHBIM BbI-
e ciocoboM. Ha puc. 25 npencrasieHa ojHa BETBb
MMOBEPXHOCTH (BU CBEPXY).

EOMETPUS CPEUHHbBIX NMOBEPXHOCTEW OBONOYEK

Ecnu oTHOIICHKE [UIMHBI 00pa3yroniel KoHyca K
1
ero paguycy k = % SIBJISICTCS T[EJIBIM YHCIIOM, TIO-

BEPXHOCTh UMECT JABE CXOAAIIHUECS BETBH (pHC. 26).

Puc. 27. Pe3nasi noBepxnoctb Mon:xa: n =3,4 =4
[Figure 27. Carved surface of Monge: n =3, 4 = 4]

Puc. 28. IToBepxHocTh oO6pa3oBananpun =5, 4 =8
[Figure 28. The surface is formed when n =5, 4 = §]

Ha puc. 27 u puc. 28 nokazaHsl pa3HOBUAHOCTH
noBepxHocTd n=3, A=4 u n=5 A=8. Ha
puc. 29 u3zobpaxkeHa MOBEPXHOCTH MOHXKA, COCTOS-
mas U3 AByX BETBEH.

3akiouenmne

PesynpraroM mpoBeneHHO# paboTHI SBISETCS CO-
3[JaHUE AITOPUTMOB M NporpamMM Ha s3blke AutoLISP
Ut 00pa3oBaHMst HAOOPOB OTCEKOB CIIEMYIOIINX PE3-
HBIX NOBEPXHOCTEN MOHXka:

® C KpyroBO{ IMIMHIPUYECKON HampaBIsIOMEen
MTOBEPXHOCTHIO M 00pa3yIomIiel IpsMoil TNHHEH;

® C KpYyroBOW IWJIMHAPUYECKOW HANpaBIISIOMICH
MIOBEPXHOCTBIO U CHHYCOMJION B Ka4eCTBE MEPUINAHa;

® C KOHMYECKOH HamlpaBisIOIIEH TOBEPXHOCTHIO
1 00pa3yromIeii MPsiMOii;

® C KOHMYECKOH HampapisAroIIel MTOBEPXHOCTHIO
1 00pa3youel CHHYCONION.
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Co3pmana nporpamMma ajisl BU3yanu3auuu Gopmu-
POBaHMI YKa3aHHBIX [TIOBEPXHOCTEH MOCPEACTBOM I10-
CJIEZIOBAaTEIbHOTO M300PaXKEHUSI OTCEKOB Ha JKpaHe
MoHuTopa. [IpeacraBieHsl pUCYHKH pe3HON MOBEPX-
Hocth Monxka. Co3man MUHH-QIIBEM 00 0Opa3oBa-
HHUM TOBEPXHOCTH MOHXa IPU KAYE€HUH NIIOCKOCTH
C IIPSIMOM JIMHUEN 10 KPYyTOBOMY KOHYCY.
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Abstract

Aims of research. Studying the possibility of forming Monge carved sur-
faces, defined by the method of their formation, creating an algorithm and pro-
gram in the AutoLISP language to demonstrate the formation of surfaces in
the AutoCAD environment in a dynamic mode.

Methods. Monge carved surfaces are formed by a flat curve, located in the
tangent plane to the fixed guide of the developable surface, when the plane and
the curve roll along the guide surface without sliding. The described method of
formation of these surfaces allows to perform their formation by the kinematic
method in the AutoCAD environment using AutoLISP software. The article de-
scribes the construction of the Monge surfaces using cylindrical and conical sur-
faces as guides. A straight line and a sine wave are used as the forming lines.

Results. An algorithm and a program in the AutoLISP language were crea-
ted to form sets of compartments of several Monge surfaces and to visualize the
formation of these surfaces in a dynamic mode by sequentially displaying the
compartments on the monitor screen. The mini-film about formation of Monge
surface by rolling a plane with a straight line along a circular cone is created.
In the mini-film the drawings received by transformation of drawings of the
AutoCAD environment are used.
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TPEYroJbHbII KOHEUHBIH 3JIEMEHT;
MHOXuTenu Jlarpanxka

Annomayus

AKmyansrnocme. VIcTionb30BaHne METOAa KOHEUHBIX AJIEMEHTOB A1 OIpee-
JICHHS HANPSDKEHHO-Ie()OPMHUPOBAHHOTO COCTOSHUSI TOHKOCTCHHBIX 3JIEMEHTOB HH-
JKEHEPHBIX KOHCTPYKLIHUH MpemonpenessieT UX AUCKPETH3AUIO Ha OTAENbHbIEe KO-
HEYHbIE 3JIeMEeHTHL. Pa30neHne HeperyspHBIX YacTell KOHCTPYKIIHH HEBO3SMOXKHO
0e3 UCIOJIb30BaHUS TPEYTONbHBIX oOnacteid. TpeyronbHbIe AIeMEHThI 000J109ey-
HBIX KOHCTPYKIHH SIBJISIFOTCS COBMECTHBIMH IO MEPEMEIICHUSIM U 10 UX HPOH3-
BOJHBIM TOJIBKO B Y3JIOBBIX TOUYKax. [103TOMy crocoOBI yiIydIIeHHs! YCIOBHI COB-
MECTHOCTH Ha TPaHUIIAX TPEYTOJIbHBIX JIEMEHTOB SIBIISIOTCS AKTyalbHBIMU.

ILlenu. lenpro paboThI SBISETCS YIAYUIICHHE YCIOBUNA COBMECTHOCTH Ha
TPaHUIAX CMEXHBIX TPEYrOJBbHBIX AJIEMEHTOB Ha OCHOBE MPUPAaBHUBAHHS MPO-
M3BOJHBIX HOPMANBHBIX MEPEMENICHIH B cepeIMHaX I'PAHNYHBIX CTOPOH.

Memoowbi. 15 yiydilieHus! yclI0BUIA COBMECTHOCTH Ha TPaHMULIAX TPEYIroJib-
HBIX JJIEMEHTOB B HacTosmiell paboTe ucronb3yercst GyHKIHoHaAN Jlarpamka c
yCIIOBHEM OOECIICUCHHUs PABEHCTBA B CEPEIMHAX CTOPOH CMEXHBIX DJIEMECHTOB
MIPOHM3BOHBIX OT HOPMAJBHBIX MEPEMEICHUI B HANPABICHHUSAX MEePIEHANKYIIS-
POB, KacaTeJIbHBIX K CPEAUHHOM ITOBEPXHOCTH 000JIOUKH.

Pesynomamer. Ha npumepe pacyera dJUTMIITHYECKOH OOOJOYKH MTOKa3aHa
3¢ (heKTHBHOCTH MCHOIB30BAHHSI COBMECTHOTO TPEYTOJIBHOIO KOHEYHOTO 3JICMCH-
Ta, MaTPHIIA )KECTKOCTH KOTOPOTO GOPMHUPYETCSI B COOTBETCTBHH C aJITOPUTMOM,
H3JIOKCHHBIM B CTAThE.

BBenenune

JICHHBbIE METOAbI aHAIN3a UX HAIPSXKEHHO-Ae(opMu-
poBanHoro coctostHus (HC) ¢ mpumeHeHneM BBICO-

Koncrpykuun n3 ToHKHX 000J04eK HaXOAAT ca-
MO€ IMIMPOKOE NPHUMEHEHHE B CTPOUTEIBCTBE M ap-
xutektype [1; 2], MalmHOCTPOSHUH, aBHACTPOEHHH,
XMMHUYECKOW, He(PTIHON M ra3oBOM MPOMBIILIEHHO-
CTSX U T.1.

IIpu mpoeKTUPOBaHUU U PEKOHCTPYKLUU TAKOTO
pola 0OBEKTOB B HACTOSIIEE BPEMsI HCIIONB3YIOT YHC-

HccnenoBanue BHIOJIHEHO TIpU (HHAHCOBOH noepxke POOU
n AnvuHncTpanuu Bonrorpanckoif o6macTy B paMKax Hay9HOTO
npoekra Ne 18-41-340007 p_a.
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YWCNEHHBLIE METOAbI PACYETA KOHCTPYKLIMIA

KOIIPOU3BOAUTEIBHON BEIYMCIUTEIBHOU TEXHUKU [3—
7]. OganM u3 HamboIlee pacpOCTPAHEHHBIX YHCIICH-
HBIX MeTon0B aHan3a HJIC TOHKOCTEHHBIX KOHCTPYK-
LMK SBJISIETCS METOJ KOHEUHBIX 31eMeHToB (MKD) B
pasznuuHbBIX (QopmynupoBkax [8—18]. HecmoTps Ha
3HAYUTETHFHOE KOJUYECTBO ITyOIUKAIINA, TIOCBSIIICH-
HBIX JJAaHHOH MpOOJieMaTHKE, MO-TPSKHEMY aKTyallb-
HOM SIBIISETCS 3aJlaya COBEPIICHCTBOBAHUS KOHEYHO
AJIEMEHTHBIX aJTOPUTMOB B TIAHE PEIICHUS MPOOIIeM
COBMECTHOCTH HCIIOJIB3YEMBIX KOHEUYHBIX JJIEMEH-
TOB, MOBBIIICHUS TOYHOCTH YHCICHHBIX PEIICHUN U
IPYTUX BaXHBIX ACTIEKTOB IO JAHHOMY HAaIlpaB-
JICHUIO.
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1. FeOMeTpI/I‘leCKI/Ie COOTHOIICHUHA

CpenuHHas TTOBEPXHOCTh MOXET OBITH 3amaHa
pajnyc-BEeKTOPOM

R =x(0,0°)7 +y(0',0°)j+z(0'0°)k. (1)

1 2 v
rac (9 ,9 ) — KPHUBOJIMHCHUHBIC KOOPAWHATHI IMOBCPX-

HOCTH 000JIOUKH.

Bripaxxenue (1) MoxeT OBITH KOHKPETH3UPOBA-
HO Juisi 000JIoYeK pasnuuHoro tuma. Hampumep,
JUTSE TPEXOCHOTO 3JUIMIICOMIA OHO BBITIAAMT CICAY-
IOILIUM 00pa3oM

R’ =xi +r(x,0)sin0 j +7(x,0)cos0k,  (2)

rme 0 — yrioBas KOOpJIUHATA, OTCUUTHIBAEMas MPO-
THUB XOJIa YaCOBOM CTPENKH OT BEPTUKAIHHON OCH B
TIOTIEPEYHOM CEYEHUM SIIMIICOMIA TUIOCKOCThIO, Tep-
NEeHAUKYISIpHOH ocn Ox .

Bxopmsmas B (2) hyHKIHS r(x,@) HMeEET BUI

r(5,0)=(1-(x/a) Jpe /e’ sin® 0+ cos0,  (3)

rae a,bum ¢ — mapaMeTpsl TPEXOCHOTO IUIUIICOUIA
IPU 3aIMCH €r0 YPaBHEHUS B KaHOHMYECKOM BHIEC
2/ 2 2/,2 2/ 2
(x /a +y /b +z /c =1).
Ecmn B dopmyne (3) mepBblii COMHOXHTENb

YUCIUTCIISA NPUHATH paBHBIM C€IWHUIC, TO MOXKHO
IMOJIYYUTH CICAYIOIICC BBIPAKCHUC

r(0) =be /¢’ sin’ 0+ b cos’ 0. (%)

3ameHsq B (2) QyHKIUIO r(x,e) hopmyoii (4),

MOJXHO IIOJYYUTBb BBIPAXXCHHUC IJId paAnyC-BCKTOpaA
SJUIUIITUYCCKOTO MUJIIMHApA:

R’ = x7+r(9)sin9j+r(9)coselg.—o ®)]

HuddepennupoBanuem (2) wiun (5) no x u 0
MO’KHO TOJYYUTh KacaTelIbHbIe BEKTOPHI JIOKAIBHO-

ro 0asuca B MPOM3BOJLHOU TOYKE M’ MOBEPXHOCTH
000JIOUKH:

—

-0 0
a, =R ;

X2

d, =Ry, (6)

0
Opt HOpMainu B Touke M~ omnpenensiercs BbIpa-
KCHUEM

a’=a’xal/~a°, (7)
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2
rae a’ = a1° lagz —(aloz) — JCTCPMHUHAHT MCTpUYC-

CKOr'o TCH30pad, KOMIIOHCHTBI KOTOPOT'0 OIIPEACIAI0OT-
CA CKaJIAPpHBIMHA ITPOU3BEACHUAMU

2
0 _ =0 =0 _ .
a,, =4a, -a —1+(r’x) ;
0 _ =0 =0 _ .

a, =a, -4, =r Iy,

2
a§2=a§'a§=(lje) +r2. (3)

3mech mox ¥ TIOHUMAETCs (HYHKITHS r(x,e) 1503051
r(e) , onpenensemas 1o (3) uiu (4).

[IponsBoaHbIE JTOKATBLHOTO 0a3Wca TOYKHU M°
MOTYT OBITh MOJYYCHBI 10 JIEPUBANMOHHBIM (popmy-
nam [19]

-0 _ 10p=0 00, =0 _ 70p=0
a,, =T'pa, +bga™; a,=-ba;, (9

rae Fgg — cuMBoJdeI Kpuctoddenst BToporo pona;

0 0
bﬂB u bap — KOBApUAHTHBIC U CMCHIAHHBIC KOMIIO-

HEHTHI TEH30pa KPWBU3HEL. 31eCh W HUXKE Tpeue-
CKHE MHJIEKCHI MOCIE0BATEIIFHO IPUHUMAIOT 3HA-
yeHus 1, 2.

B mpornecce nedopmupoBanms 060104€HHON KOH-

CTPYKIIMM TOYKa 2\4-0 n OTCTOAIIass OT HEC Ha

o .
paccrosauu ( Touka M - 3aliMyT HOBBIE mO-

noskennst M u M°, onpenensieMble paauyc-BeKTO-
pamu

R=R"+v; R'=R+(a, (10)

- =0 | =0
rae vzvpap +Vva’ — BEKTOp NEpEMEIIEHHs TOY-

xu M.

Bxonsmmii Bo BTOopyto dopmyiy (10) opT HOp-
Manu @ Touku M omnpenenseTcs BEKTOPHBIM TPO-
U3BEICHUEM

d=a, xd,/a, (11)

2
e d, =R ;a=a,ay,- (au) JIeTEPMUHAHT

METPHYECKOT0 TeH30pa 1e(OPMHUPOBAHHOTO COCTOS-
HUS, KOTOPBIF MOXKET OBITH MIPEJICTaBIEH B BUC

a=a°(1+2sg), (12)

rae Sg — CMCHIAHHBIC KOMIIOHCHTBI TCH30pa ,Z[C(i)Op—

MaIuii 000J0YKH B TOUKE CPESIUHHOMN MTOBEPXHOCTH.
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HuddepenunpoBanuem (11) MOKHO TOTYyUUTD
NPOM3BOJIHBIE OPTa HOPMAH K AehopMupoBaHHON
MTOBEPXHOCTH 00O0JIOUKH

dﬂ=@mx@+@x@J/ﬁh{@x@xﬂ%aM (13)
rie l/\/;z(l—sg)/\/aio.

Tlepopmaunu B Touke M° onpemensiorcs
U3BECTHBIM COOTHOLIEHHMEM MEXAHMKHU CILIOMIHOMN
cpensl [20]:

e5 = (2w — 80 )/ 2 (14)
rae
gaB :g:a .gﬁ :k,fx .R,%;

0 _ = =0_ (50, #=0 50 | »=0
8op = 8o &p =(R +Ca )a~(R +Ca )B'
Cootnomenust (14) MoryT OBITH MpEACTaBICHBI
CyMMOI1

¢ _
€ = €45 TENg, (15)
-0 - — -0
re €, :(aoL Y+, ~aB) 2;

—(3°.G +v -3°+5 -3°+a -v.+g°.p%.5°
—(aOl dg+V, dy+d,-dg+d, Vy+d, b -a,

N p
+b-a)-ay ) /2.

of

2. TpeyroJibHbIi KOHEYHBIH 3JIeMeHT

B kadecTBe KOHEYHOTO 3JIEMEHTa OBUT BRIOpaH
(parMeHT CpeIUHHOM MOBEPXHOCTH TOHKOH 000JI04-
KH TPEyTolbHOUW (POPMEI C y31amu i, j, k, pacroio-
KEHHBIMH B €ro BepmunHax. s peannzanuu mpoiie-
Jypbl YUCIIEHHOT'O HHTETPUPOBAHUSA 10 IIIOIIAIU KO-
HEYHOI'O 3JIeMEHTa TPEYTOJIbHBIN (hparMeHT CpeauH-
HOW TIOBEPXHOCTH OTOOpa)xkaeTcss Ha MPSAMOYTOJb-
HBII TPEYTOJBHUK C JOKAJIbHON CHUCTEMOM KOOpAU-

mar 0<E <.

I'nmoGanbHble KOOPAMHATHI X U O TOYKM BHYTpEH-
Hell 00J1acTH KOHEYHOT'O 3JIeMEHTa BBIPAYKAIOTCS 4e-
pe3 rnodanbHbIe KOOPAMHATHI Y3710B 3aBUCHMOCTSIMH

x=(1-E—n)x' +Ex7 +nx";
0=(1-&-n)0'+£6’ +no". (16)

Cronber y3710BBIX BapbUPYyEMbIX ITApaMETPOB KO-
HEYHOTO JIEMEHTa B JIOKAIBHOW &,1] ¥ TI00ATBHOM

x,0 cucremax KOOpAMHAT ObLI BBHIOpaH B CIEAYIO-
IeM BHIE:

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

= 2 o s an

1x27 1x9 1x9 1x9

ey =t ey (o) 1, a)

1x27 1x9 1x9 1x9
T .. . . . .
e gt} ={d's’q"qlalat q}qlqt}:

o ={d'a'a"ai a’at aialat).

31ech Mo ¢ MOHUMAETCS KOMIIOHEHTa BEKTOpa
nepeMenieHus v', V2 uim .

KoMIOHEHThI BEeKTOpa MEePEMEIICHHUS TOYKU BHYT-
pEeHHEH 00JIaCTH KOHEYHOrO 3JEMEHTA BBIPAYKAIOTCS
Yyepe3 MX y3JI0BbIC 3HAYCHUS C TIOMOIIBIO MHTEPIIO-
JISLMOHHBIX 3aBUCHMOCTeH Buaa [7—18]

g={o} {¢"} . (19)

1x9 9x1
T o
rae {(p} — Marpuua-cTpoka (GyHKUUH (QOpMBI, co-

JieprKalas AByMEpHbIC TOJIMHOMBI TPEThEH CTETIEHH.

PaccmarpuBaeMblil TpEYTroOJIbHBI KOHEYHBIA 3JIe-
MEHT SIBJISIETCS] COBMECTHBIM 0 KOMIIOHEHTaM BEKTOpa
[epEeMEIICHNS, HO HECOBMECTHBIM 10 MX IPOU3BOA-
HbIM. Ecay BBIMHCIUTH MPOM3BOAHBIE HOPMAJIbHOM
KOMITOHEHTBI BEKTOpa MepeMEIeHNs BAOJIb HOpMaei
K CTOpOHaM KOHEYHOr'0 3JIEMEHTa B ToUkax 1, 2, 3, co-
OTBETCTBYIOIIUX CEPEIUHAM CTOPOH, TO B 3HAYEHHMSIX
9TUX MPOU3BOJHBIX B CMEXHBIX 27emenTax [ u Il Oyner
HaOmromaTeest pazmmane (puc. 1).

Puc. 1. BekTopbl HOpMAaJiell B CMEKHBIX 3JIEMEHTAX
[Figure 1. Vectors of normals in adjacent elements]

n D (20)

119



Klochkov Yu.V., Nikolaev A.P., Vakhnina O.V. Structural Mechanics of Engineering Constructions and Buildings, 2019, 15(2), 117-126

rJe MHAEKCH m W m' NPUHEMAKOT 3HAYEHUS J0-
HOJMHKTENBHBIX Y3108 1, 2, 3, 1 1',2', 3" (puc. 1) co-
OTBETCTBEHHO.

OTMedeHHOe pa3idre 00YCIIOBICHO TEM, UTO TPH
BBIYHCIICHAH, HAIPHMEp, NPOM3BOIHBIX OV, /0f, H

ov} /on, B Toukax 2 0 2' CMEXHBIX >1eMEHTOB I 1

IT ucnonb3yroTcs 3HaYEHUA HOPMAJIbHON KOMIIOHEH-
TBI BEKTOpA MEPEMEIIEHUS B y3/1aX [ M i, HaXoms-
HIMXCS 32 TpeniesiaMu o01Ieit rpanuibl j —k cMex-

HBIX 271eMeHTOB [ 1 II.

Pemenrie orMe4yeHHON MPOOIEMBI COBMECTHOCTU
TPEYTOIBHBIX KOHEYHBIX 3JIEMEHTOB IPEAIaracTcs
OCYIIECTBUTH 3a CUET HCIOJIb30BAHUS MHOXKHTEIECH
Jlarpamxka. Torna Beipaxkenue (20) MOKeT OBITH 3a-
MHACAHO B CIEAYIOIIEM BUIE:

| Qe P |, 1)
oi o

rae 7\’m — MHOXHNTCIIb Harpacha B JOIMOJTHHUTCIIBHOM

y3ie m.
Bxopasmue B (21) npous3BoAHBIE HOPMAIbHOM
KOMIIOHEHTHI BEKTOpa TEepPEMEIeHUs] BIOIb HOpMa-

Jeii K ceperHaM CTOPOH 1, MOTYT OBITH BBIPakKe-

HBI uepe3 ctonoubl (17) u (18) y3/I0BBEIX HEH3BECT-
HBIX TPEYTOJBHOI'O0 KOHEUHOTO 3JICMEHTA!

Vo a,} (U} =(a,) BT} @

on, 1x27 27l 1x27  27x27 27

L
rae [PR] — MaTpHIla Tepexoaa OT CTooIa {U v } K

cToNoIy {U yG }
CtpykTypa BXoAsmUX B (22) MaTpUL-CTPOK
{dm} 3aBHUCHUT OT OPUEHTALUU TPEYTOJIbHBIX KOHEU-

HBIX 3JICMEHTOB Ha CPEAMHHOM MOBEPXHOCTH 000-
novkH. Eciu ceTky AMCKpEeTHU3aIi COPUEHTUPOBATh
BIIOJIb JIMHUH TJIABHBIX KPUBHU3H (puc. 1), TO mis
TPEyroibHOTO 3JeMeHTa | OyayT crpaBeIMBBI 3a-
BHACUMOCTH

0 ov
(IR

ov ov T r L
BB &l ) @

st y3ma 2 Ha cTOpoHe j — Kk TpeyroyIbHOTO KO-

HEYHOTO JJIEMEHTa MOXKHO 3aIMcarh CIEAYIOIIee Bbl-
paxxeHue:
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0 0 0
Lz—vcosy+—vcos8:

oii, ox 09

=[({wg}T-éﬁ-+{@m}f.nﬁ)cosy+
+({(P,5}T £y +{(p,n}T ‘n,e)cosé}{vﬁ}, (24)

rae Y u O — yIIsl MeXILy HOPMANbIO 7i, ¥ BEKTOpa-

MU JIOKaJIBHOTO 0a3uca B JaHHOU Touke (puc. 1).
st cmexHoro anemenTta 11 cootHomenus (23)
u (24) GepyTcs ¢ MPOTHBOIIOIOKHBIM 3HAKOM.
Ecnu paccmarpuBaTh TPEYroJIbHBIN 311€MEHT [ B
OTIENBHOCTH, TO ISl HETO MO>KHO 3aIIMCaTh PAaBEHCTBO
xl%mz%m}%:a (25)
on, on, on,

C yuerom (22)—(24) coortHomenne (25) MOXKHO
MPEJICTABUTh B MATPHYHOM BHJIC

()R]
=y [y IR [{U ) =ty [D){Uf} =0, (26)

{d}'[R]

1x27 27x27
3x27

'

X3

1x.

CIEEIEFIE,

T
rae {X} = {7‘1 A, XS}.
Oyukuuonan Jlarpanxka /sl TpeyrojbHOIO 3Jie-

MEHTa C y4ETOM JIOTIOJHHUTENBHOTO ycioBus (26) 3a-
MIUIIETCS B BUC

@, =]{ei,] o} ar+ 0y [P]fur} -

-ﬁ@%ﬂﬁa 27)

e 5] =l 2en)s (o) =(o 0o -
MaTPUILI-CTPOKH JehopMariuii u HanpsHKEHUN B TOUKE
M C; {U }T = {vl v v} — MaTpHla-CcTpoKa KOMIIO-
HEHT BEKTOpa Tepemerierus Touku M ;{P} — CTOJNI-
Oell BHEIITHEH MOBEPXHOCTHOW HATPY3KHU.
Cronbery {GU‘B } Ha ocHOBaHUU 3akoHa ['yka [20]
MOXeT OBbITh TIPE/ICTaBJIeH MaTPUIHBIM IIPOM3BEICHUEM
o} =[Clies). e8)
3x1 33 3
rae [C ] — MaTpHILIa YIPYTOCTHU.

3x3
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Hedopmanmy B Ipon3BOIBEHOM ciioe 000JI0UKH,
OTCTOSIIIIEM Ha PAcCTOSIHUM ( OT CPEMHHON MOBEpX-

HocTH, ¢ yueTtoM (15) u (19) MoryT OBITH TIpeacTaB-
JIEHBI B BUJI€ TPOU3BEICHUS MaTPHIL:

e} =11 e =
=[rl[Blus=[rIBIA YT @9

C yuerom (28) u (29) pynkumonan (27) npeos-
pasyercst K BUIy

o, =(v’} [R] J [8]'[r] [Cl[r][Blar{B){Us |+
0" [p{vr} {ur} [RY AT {PaF, Go)

o} {o}" o}’
— Marpuua QyHK-

oF {0} {ef
i GopMBI.

T
Breimonusas mMunummzanuio (30) mo {UyG } u

T
{7\,} , IOJIYYUM CJICAYIOLIYIO CUCTEMY ypaBHeHHﬁ:

_0®, = [K]{Uf}+[D]T (M—{F}=0;
a{UG} 27x27 " 9751 27x3  3xl 27xl
' (31)
8CDL G
~[pl{ucl =o,
0 {K}T [3><27] { 27; }

me [K]=[R] [[8] [T [C][T][BldV;

(F)=[R] Jl4] {Piar.

Cucremy (31) MoxHO 3ammcarh B Oojee KOM-
MakTHOU (hopMme:

KU} =15) (32)
(K] [D]

e K — 27x27 27x3 :
[30X§o] (D] [0]

3x27 3x3
s =fiesy oy Ly ={ieyi0003)
1x30 1x27 1x3 1x30 1x27 1x3

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

3. IIpumep pacuera

Bbina paccurtana ammrconiaibHast 000I09Ka, 1Mo-
BEPXHOCTh KOTOPOI OMUCHIBACTCS PAIUyC-BEKTOPOM (5).
DIMNTAYECKUI WJIMHIP 3arpy»eH B CepeiHe JBY-
Msl HaMETPaTbHO MPOTHBOIOIOKHBIMU COCPEIOTO-
yennbiMu cuniamMu O (puc. 2). [IpuHATHI claemyromme

ucxonuele pannbie: O =453,6 H; nnuna oGpasyro-
meit L =26cMm; momyns ynpyroctn 7,38 x10* MIla;
ko3¢ unuent Ilyaccona v =0,3125; TommmuHa
creHku ¢ = 0,24 cM; mapaMeTpsl 3JIUNTUYECKOTO
nonepeuHoro cedenuss b =12,58 cm, ¢=11,43 cm.

B cuny Hanmuuug miaocKoCTed CUMMETPUHM paccuuTa-
Ha 1/8 4acTh 3JUIMNITHYECKOTO IIHIUH/IPA.

Puc. 2. PacyeTHas cxemMa 3JUIMITHYECKOT0 IMJIMHAPA
[Figure 2. Elliptical cylinder design]

Pacuersl mpoBOAMIHCH B JBYX BapUaHTaX:
B IIEPBOM BapHaHTE WCIIOIE30BAJICS TPEYTONBHBINA KO-
HEYHBINA 3JIeMEHT 0e3 MHOXHUTeNeH Jlarpamka ¢ Mat-

pHULEN KECTKOCTU [K ] nopsinka 27 x 27 ; BO BTOpOM
BapHaHTE NPUMEHSJICS COBMECTHBINH DJIEMEHT C Mat-
pUIeH KEeCTKOCTH [KA] pasmepHocthio 30x30.
B kadecTBe KOHTPOJBHOrO BapuaHTa HCIIOIb30BaH
YEeTHIPEXYTOJMbHBIA KOHEYHBIH 3JIEMEHT TaKXe C Jie-
BATBIO cTereHaMu cBoOoas! B y3ie (17), (18) ¢ mo-
PAKOM MatpHuilbl sxecTkocTH 36x36 [21]. Pesynb-

TaTbl MOBAPUAHTHBIX PacY€TOB IMPEACTABJIICHEI B Tab-
June, B KOTOpOfI MMPUBEACHBI YMCJICHHBIC 3HAYCHUSA

HOPMAaJIbHBIX HaNpsbkeHUd G . U Oy, Ha BHYTPEH-

Heil 6" u HapyxHOH G”" MOBEPXHOCTSX 06OTOUKH
B Touke N c koopammaramm x=L/2; 0=m/2,
a TaKoKe BETMYHMHBI IPOruba V MoJ COCPeI0TOYEHHOM
cwioii () B 3aBHCHMOCTH OT TYCTOTBI CETKH JIHCKpe-
TU3AIUN.
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Tabauya
3HaueHMs] HANPSKeHUIT U nporuda
[Table. Stress and deflection values]
Hanpsi:kenus (MIla) BapuanT pacuera YeTbipex-
B Touke [V [Variant of calculation] yroJabHBIH K9
¢ KOOPANHATAMH [Quadrilateral
I I
_ / ) _ /2 CE] [21]
x=L/2, 0=m Cerka auckperusauuu [Sampling grid]
[Stress (MPa)
in N point
with coordinates 6x6 <7 8x8 6x6 <7 8x8 <7
x=1/2, 0=n2]
Gi; 8,67 12,12 14,04 -11,59 -10,87 -10,36 —-15,22
G:: -13,23 -15,67 -17,06 10,47 10,56 10,45 12,02
G:;:] -21,15 -17,07 —-14,55 -47,01 46,18 —45,52 —-46,95
G;;' 17,31 15,02 13,40 37,05 38,16 38,47 40,68
IIporu6 nox cunoii O
[Deflection
under force Q] -0,2997 -0,2985 —-0,2968 -0,2651 —-0,2662 -0,2666 -0,2771
v-10" M

Kak BuHO 13 TaOIAITBI, YMCIICHHBIC 3HAYCHHST HOP-
MaJIBHBIX HAMPSKCHUNW KapIUHATBHO Pa3IudaloTcs
MEXJly cOOOl B 3aBUCHMMOCTH OT BapuaHTa pacueTa.

Tax, B IEPBOM BapHAHTE pacyera O Ha BHYTPEHHEH

MOBEPXHOCTH OKA3aJIUCh PACTATHBAIONUMH, a Ha Ha-
PYXKHOH — CkaThIMU. B 1eMCTBUTENBHOCTH XKeE, €Cln
MPOAHATM3UPOBaTh JIEHOPMHPOBAHHOE COCTOSTHUE 000-
JIOYKU B CEUCHHUH, MEPICHIUKYIIIpHOM ocu Ox, Tpo-
XOJIAILEM Yepe3 TOUKH npuitoxenust cunn O (puc. 3),
MOKHO OTMETHUTb, YTO BHYTPEHHSISI TIOBEPXHOCTH JI-
JIUTNITHYECKOTO IUIMHApPA B TOYke N cxkara, a Ha-
pY)KHas — pacTsHyTa, YTO U HAOJIFOIAETCSI BO BTOPOM
BapUaHTEe pacyera.

Z)

)

Puc. 3. lepopmanusi umiimHapa
[Figure 3. Cylinder deformation]
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3HaveHHs TPOruda Mo COCPEAOTOUCHHBIMHU CH-
JlaMH B TIEpBOM BapHaHTe pacdera OKa3alHuCh 3aBbI-
LIEHHBIMU NpUMEpHO Ha 12 % mo cpaBHEHHIO CO
BTOPBIM BAPHAHTOM pacueTa.

B kpaiineit npaBoil KOJIOHKE TaOJIMIIBI MIPEACTAB-
JIeHbl YHCIICHHBIE 3HAYEHUs] HOPMaJbHBIX HampshKe-
HUI 1 mporu6a, MoixydeHHbIe IPU HCIIONb30BAaHUU
YETHIPEXYTrOIbHOr0 KOHEYHOTO 3nieMenTa 36x36 mpu
ceTke nuckperusauun 7 x 7. ComoctaBisisi pe3yibTa-
Thl TIOBAPUAHTHBIX PAcUeTOB CO 3HAYCHUSIMH Kpaii-
Hell mpaBoil KOJOHKHU, MOYKHO OTMETUTD CJIEIYIOIIIEE.
Hampsbxkenus G, MOTy4€HHbIE IPU UCIIOIb30BAHUH

Y4eTHIPEXyroJIbHOT0 dMeMeHTa 36 x 36, IMeroT Takue
K€ 3HaKH, YTO W HAIpsDKEHHs1 BTOPOTO BaphaHTa pac-

yera. Hanpspkenust Oy, KOTOpbIE CYILECTBEHHO OOIb-

e, yeM O, BO BTOPOM BapHaHTE pacyera, IPaKTH-

YCCKH COBIIAJIM HJIM JOCTATOYHO ONU3KU IO CBOUM
SHAYCHUAM, ITOJTYUYCHHBIM ITPU IPUMCHEHNU YETBIPEX-

YTOJIBHOTO 3JIEMCHTA. 3HaueHUs Gxx B ICPBOM Bapu-

aHTe MOJKHO TPH3HATH HEMPHEMIICMBIMH H3-3a He-
COOTBETCTBHS KapTHHE JIeOPMUPOBAHHS 00OJIOUKH,

a 3Ha4YeHUA Oy, OKA3aIUCh B 4 pa3a 3aHMKECHHBIMU

0 CPaBHCHHIO CO BTOPBIM U KOHTPOJIbHBIM BapUaH-
TaMH pacyeTa.

3akiaiouenue

Ha ocHoBanuu BeinonaeHHOro ananusa HJIC ToH-
KO# 000JIOYKH B BHJIE SJUTUIITUYCCKOTO LIWJIMH/IPA, 3a-
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TPY’KEHHOTO CUCTEMOH ABYX COCPEIOTOUYEHHBIX CHJI,
MOYKHO 3aKJIIOYHUTh, YTO HCIIOJIb30BaHUE HECOBMECT-
HBIX TPEYTOJIbHBIX IEMEHTOB IPUBOJUT K CYLLIECTBEH-
HBIM TOTPELIHOCTSAM pacyera, BIUIOTh A0 HENpUeme-
MbIX. s koppektHoro ananmuza HJIC ToHkux 060-
JI0YEK HEOOXOJMMO HCIIONb30BaTh COBMECTHBIN Tpe-
YTOJBHBIN 3JIEMEHT, MaTpHIla KECTKOCTH KOTOPOTO
(opMHpyeTCS B COOTBETCTBUH C AITOPUTMOM, U3JI0-
JKEHHBIM B HACTOSIIEH CTaTbhe.
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Abstract
Relevance. The use of the finite element method for determining the stress-
strain state of thin-walled elements of engineering structures predetermines their
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discretization into separate finite elements. Splitting irregular parts of the struc-
ture is impossible without the use of triangular areas. The triangular elements of
shell structures are joint in displacements and in their derivatives only at the
nodal points. Therefore, ways to improve the compatibility conditions at the
boundaries of triangular elements are relevant.

Aims of research. The aim of the work is to improve the compatibility con-
ditions at the boundaries of adjacent triangular elements based on equating the
derivatives of normal displacements in the middle of the boundary sides.

Methods. In order to improve the compatibility conditions at the boundaries
of triangular elements in this work, the Lagrange functional is used with the con-
dition of ensuring equality in the middle of the sides of adjacent elements de-
rived from normal displacements in the directions of perpendiculars tangent to
the middle surface of the shell.

Results. Using the example of analysing an elliptical shell, the efficiency of
using a joint triangular finite element is shown, whose stiffness matrix is formed
in accordance with the algorithm outlined in this article.

Keywords:

shell construction;

nodal unknowns;
triangular finite element;
Lagrange coefficients
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Kniouesvie crosa:

KOMITO3UTHAsI TIaHEJb;

KPHUTEPHH Pa3pyIICHUs] KOMIIO3UTOB,;
MEXKCII0eBOH nedexT;
HecTallOHapHas Harpy3Ka;
YHCIICHHOE MOJICTMPOBAHNE,;

METOJ KOHEeYHbIX 351eMeHToB (MKD)

AHnnomayus

Llenu. OcHOBHAA 3a/1a4a COCTOSAJA B PACCMOTPEHUU IOBEIEHUS MPSIMO-
YTOJILHOM CJIOMCTOW MaHeNlu U3 OJHOHAIPABICHHOIO MOJUMEPHOT0 KOMITO3HIIH-
onHoro marepuaia (ITIKM) npu HamMYuu MEXCIIOEBBIX 1e(EKTOB IO NeWCTBHU-
€M TMHAMUYECKUX Harpy30K pasJIn4HOr0 XapaKTepa.

Memoodwl. B xone uccnenoBaHusl paccUuTaHbl HOPMBI COOCTBEHHBIX KOJie-
0aHuil IPAMOYTOIBLHOW KOMIIO3UTHOW MAaHENN MPU HAJTUYHUH MHOKECTBEHHBIX
paccnoeHuil B (popMe JUIUICOB Pa3iIHYHBIX pa3MepoB. [1ocTpOeHBI 3aBUCHMOCTH
MaKCHMaJIbHBIX MPOTHOOB OT YaCTOTHI BO3ACHCTBHS CTAI[MOHAPHOIO MO JIaB-
nenus. OnpeneneHsl Nojsl paclpeaesieHUs HHAEKCOB pa3pyIleH:s CI0eB MaHeIn
NOJ| ICHCTBHEM HECTAIIHOHAPHOTO TMOJIs IaBJICHHUS C IOMOLIBIO Pa3IMYHBIX KPHU-
TepueB paspyuieHus (mpuMeHnTenbHo K [IKM).

Pezynvmamui. IlpoBenieH aHain3 paspylleHUs NaHEIH C UCIIOJIb30BaHUEM
Pa3IUYHBIX KPUTEPUEB pa3pyLICHUs U3JEIUI U3 KOMIO3UTHBIX MAaTEPUAJIOB.
ITo pesynpTaTaM nccienoBaHUS pa3pabdoTaHa METOIMKA MOIEIHPOBAHUS IIOBE-
JICHHsl KOMIIO3UTHBIX ITaHeJel MpHU HAIMYMH MHOXKECTBEHHBIX MEXCIOEBBIX Jie-
(exTOoB MpH BO3IEHCTBUH AMHAMUYECKHUX HArpy30K Pa3IMuHOTO XapaKTepa.

BBenenune

Takue MaTepuandbl MHUPOKO HCIOIB3YIOTCS B
PA3TMYHBIX MAITHHOCTPOUTEIHFHBIX OTPACIISIX, a TAKKE

KoMmno3unnoHHble KOHCTPYKITHOHHBIE MAaTepH-
aNbl OTIIMYAIOTCS OT METAITHYECKUX TOHMKCHHBIMU
TUTACTUYECKUMH CBOMCTBaMHU U, CIIEAOBATEIBHO, I10-
BBIIICHHOW 4YBCTBUTEIBHOCTHIO K JUHAMUYCCKUM
Harpy3kaM yJapHOro xapakrepa. B pesymbrare sKc-
TUTyaTallMyd U BHEIIHUX BO3JCUCTBHI B KOMIO3UTHBIX
MaKeTaX MOTYT BO3HHKATh JE(EKTHI, KOTOPBIC COMPO-
BOKTAIOTCS PACTPECKUBAHUEM MATPHIIBI, pa3pyIIeHH-
€M BOJIOKOH M MOHOCJIOEB, UYTO OKa3bIBACT BIUSHHUE
Ha HECYIIYI0 CIIOCOOHOCTH AJIEMEHTOB KOHCTPYKITHIA
u3 [TKM [1].

Pabora BbInonHeHa npu puHaHCOBOH mojuepxke PODOU (xon
npoekra Ne 18-08-01153 A).

© Mengsenckuii A.J1., Maptupocos M.1., Xomuernko A.B., 2019
This work is licensed under a Creative Commons
&Y Attribution 4.0 International License

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLWIA

B CTPOUTEILHOU MHIYCTPUH (HAMPUMED, 3BYKOHU30-
JISSUOHHBIE CIIOUCThIE KOMIO3UTHBIC TaHEIH s
COBPEMEHHBIX HAyYHO-UCCIIEA0BATEIbCKHUX JIabopa-
TOpHIL).

B crathe paccMOTpeHO paspylieHHe MaHeu ¢ Uc-
MOJIb30BAHUEM KPUTEPUEB Pa3pyIICHHs] KOMIIO3UTOB
Tsai — Hill [1], Hoffman [4], Puppo — Evensen [5],
Puck [6-8], Hashin [9], Norris [10], Fischer [11],
Norris — McKinnon [12], DeAlia [13].

1. ITocTanoBKAa 3aga4n
PaccmarpuBaercs muiockasi mpsiMOYTroJibHAS Ta-
Henb (puc. 1), mpeacrapmstonas coO0H MHOTOCIOH-

HYIO KOHCTPYKIIMIO, COCTOSIIYIO U3 12 MOHOCIIOEB, KaXK-
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JIBIA M3 KOTOPBIX M3TOTOBJICH U3 OJJHOPOIHOIO YIPYTo- [Ipenmnonaraercs, 4To B MaHEIU MPUCYTCTBYIOT
r0 OPTOTPOMHOTO MaTepuaa. YKIajka MOHOCTOCB Ma- MEXCIIOEBbIe IE(HEKThI SILUTHUITHYECKOH (OpMBI (puc. 2),
Henmn numeet BUT [+45°/-45°/90°/0°/+45°/-45°/-45°/+45°/ PacCIIOIO’KEHHBIE TI0 TONITMHE B COOTBETCTBHH CO CXE-
0°/90°/-45°/+45°], TosimHa MOHOCIIOS — /1 . MaMH, MIPeICTaBICHHBIMH Ha puc. 3-5.

Hamnpasnenue yxnanku/Direction of laying
HedexTsr/ —> e
Defects

z

p(x,y,t)

Puc. 1. IlpsimoyroJibHasi MHOIOCJIONHAsI IaHeJIb ¢ e eKTaMu
[Figure 1. Rectangular multi-layered panel with defects]

A b B
— -
y ) d, A
U fepeen (R
edexTs g
< “ \,) &~ Defects /'G@ -
F \
C3
H\A >
) 0,
v
A b B

Puc. 2. Pacnosoxenue 1e)eKTOB B JIOCKOCTH MaHeJIH
[Figure 2. The location of defects in the plane of the panel]

1
) Hedexror/Defects h

V=

Puc. 3. Ilosio:xenus nedeKkToB no ToammHe (A—A)
[Figure 3. The position of the defects in thickness (A-A)]
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Puc. 4. ITono:xenns nedpexron no rosnmune (b—b)
[Figure 4. The position of the defects in thickness (b-b)]
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Puc. 5. Ilosio:xenus nedexros no roamuHe (B—B)
[Figure 5. The position of the defects in thickness (B-B)]

P ACCMAaTpUBACTCA MMOBECACHUC MMAaHCIU B MTOJIIX CTa-
HUOHAPHOI'0 U HECTAITMOHAPHOTI'O 1aBJICHHA.

2. I1aHeJb B 1oJie CTAIITHOHAPHOTO 1aBJIEHUS

B kadecTBe UKMCI0BOTO NMpUMEpPa PACCMOTPUM
IUIOCKYIO NIPSIMOYTOJIBHYTO TIaHeN b JUIMHOH a = 532 MM

u mpuHoi b =282 mm (puc. 1).

Matepuan maHeiam — yriIeIUIacTHK Ha OCHOBE TIpe-
npera HexPly M21/34%/UD194/IMA-12K (yrnepoa-
Has jeHTa IMA Ha OCHOBE BBHICOKONPOYHOI'O BOJIOK-
Ha HexTow IMA-12K u smokcunHOe MOIA(DHAITHPO-
BaHHOE CBs3yroiee M21), mpousBeieHHOTO (PUPMOit
Hexcel (CIIA).

IIpenper npencTaBisieT co060i HAOOP YTIEPOTHBIX
KT'YTOB, COOpaHHBIX B JIEHTY 0e3 yTka. JleHTa mpo-
MUTaHa CBs3YIOMM Mo TexHosnorun Hot Melt, T.e.
CBS3yIOIIEe B BUJE TUICHKH COBMEIAETCS C HAIoJ-
HUTEJEM C JIBYX CTOPOH U TOJ JaBJICHUEM KaJaH]-

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

POB IIpH HOBBIIMICHHON TeMIEpaType CIUIaBIsSETCS.
JleHTa 1O CPaBHEHMIO C TKaHBIO O0NAAAET JIyUIIel co-
MPOTHUBIIIEMOCTBIO OJJHOHAIIPABJICHHBIM Harpy3Kam,
MeHee MopucTa, obianaer OoNbIIed MPOYHOCTHIO U
KECTKOCTBHIO, MEHBIIIEH CTOMMOCTBIO CHIPbS, HO 00JIb-
e CTOMMOCTBIO TTPOU3BOJICTRA.

Takoll npenper npeaHa3HauyeH AJs U3TOTOB-
JICHHUs] U3JENUI MO aBTOKJIABHON TEXHOJOrWU. Xa-
PAKTEPUCTUKHA MOHOCIOS U3BECTHBI: IIACIOPTHBIE
JAHHBIC MTPOU3BOJUTEINS, MONyYSHHBIE dKCIIEPUMEH-
TaJIbHO Ha 00pa3nax Mo eBpONeCKUM CTaHAapTaM
EN mns pexuma RTD (Room Temperature Dry) —
HopManbHas temmneparypa +23 °Cu BIaXHOCTh —
B COCTOSIHUM mocTaBKd. COCTOSHHE MOCTaBKU 00-
pa3lLoB — COCTOSIHHE, B KOTOPOM HaxoJsATCs 00pas3-
bl cpa3y Ioclie M3TOTOBJICHHS, C COAEpKaHHEM
Bjaru, He npepsimatommM 10 % ot MakcuMaabHO-
IO BJIATOHACHIIICHUS MIPH OTHOCHUTENBHOM BIIayKHO-
ct 85 % .
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Tonmaa Mmonocnost pasHa 0,19 mm. XKectkoct-
HbIE XapakTepucTUKH MoHocnos: £E =1751Tla,

E,=8,5TMa, G=32ITa, p,6 =032, p=
1500 xr/m’, rae E, — MoIynb ynpyrocT! B HalpaB-
JIeHHU ocH X ; E, — MOIyllb yIPYTOCTU B HallpapJie-

HUM ocu ) ; W, — koddduuuent Ilyaccona, xapak-

TEPU3YIOIMI MONEPEYHOE CKATHE B HAIPABICHUHU
ocu x; G — MOIyJb yOpyrocTd IpHu CABUTE B ILIOC-
KOCTU JIUCTA; P — IUIOTHOCTb. 3JIECh U Jajee IpUBe-
JICHHBIE MEXaHNYECKHE XAPAKTEPUCTUKH COOTBETCTBY-
10T pesxxuMy ucneltanuii RTD.

PacnonosxeHne MeXCI0eBbIX 1e()EKTOB yKa3aHO Ha

puc. 2-5, MOJOXKEHNUs LICHTPOB paccioeHuit: d, = 102
MM, ¢ =107 mm, d, =785 mm, ¢, =161 mm, d,
78,5 MM, ¢y =261 MM, I[e(beKTI)I HMEIOT q)opMy uizng

ca C COOTHOILEHUEM ocell F = =175, H =

2,0 cooTBETCTBEHHO. | paHNYHBIE YCIOBUS HA KOHTYpe
[IaHENH COOTBETCTBYIOT JKECTKOMY 3aILEMIICHHUIO.

CranuoHapHOe IOJie [aBJICHMs, ACHCTBYIOLIEE
Ha MaHeNb:

lwt
D =py(x,y)e (1)
T O — OUKINYCCKas 94acToTa, pO — aMrmnTyz[a.

3angaua pemaercs ¢ nomomusio MKO B nporpam-
mHOM kommiekce Siemens FEMAP 11.4/NX Nastran.
[lanens MomenmpyeTcst KOHEUHBIMH AJIEMEHTaMU THIIA
Laminate, a MonenupoBaHHE OXHOCTOPOHHETO KOH-
TakTa B 00JIACTH MEXKCIIOEBOTO AedeKTa MPOBOAUTCS
C TIOMOIIIBIO AJIeMeHTOB Tuma Gap.

Ha puc .6 moka3zanbl GOpMBbI CBOOOJHBIX KOJie-
0aHuil 1 COOTBETCTBYIOIINE MM YaCTOTHI, XapaKTep-
HBIE U «PacCKpPBITH» MeXCI0eBbIX aedexroB. Ha
puc. 7-9 mpencraBieHBl 3aBUCHMOCTH MaKCHUMallb-
HBIX MPOTHOOB MaHENIH B LEHTPE PACIOIOKECHHS
(ISt KaXKAOTO CI10s) PACCIOEHUH OT YacTOTHI FapMo-
HUYECKOTO BO3AEHCTBUS.

-

577 I'n/Hz

430 I'/Hz

1089 I'u/Hz

1195 I'/Hz

Puc. 6. Co6cTBeHHbIE (POPMBI M YACTOTHI, XapaKTepHbIe 1JIsl «PACKPBITHS» PaCcCI0eHHsI
[Figure 6. Eigenforms and frequencies characteristic of “disclosures” of the bundle]

12 4 Caon 1,2

s=—Crioli:3

Cron 4-8

Caoit 9
=——Caoii 10

—Cnon 11,12

AmmnTyaa, MM/Amplitude, mm

0 02 04 0.6 0.8 1 1.2 1.4 1.6 L 2
Yactora, kI n/Frequency, kHz

Puc. 7. 3aBucuMOCTh aMIUITUTYABI OT YacTOThI (1edekT F)
[Figure 7. Amplitude versus frequency (defect F)|
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& ——Cnon 1-3
—Cnoii 4
=—Cnon 5-6
——Cnoit 7
——Cnon 8-9

6 ~——Cnoii 10

—Cnon 11,12

Amnumryza, MM/Amplitude, mm

0 0,2 04 0,6 08 1 12 14 16 1.8
Yacrora, kI '/Frequency, kHz

(8]

Puc. 8. 3aBucumoctb aMILINTYABI OT YacTOThI (IedekT G)
[Figure 8. Dependence of amplitude on frequency (defect G)]

NUMERICAL METHODS OF ANALYSIS OF STRUCTURES



Mepsenckuin AJ1., Maptupocos M.U., Xomyerko A.B. CtpoutenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLMA 1 coopyxermit. 2019. T. 15. Ne 2. C. 127-134

Caon 1,2

Cooii 3

Croii 4

Caou 5,6

Caou 7

——Cmoii 8

Croii 9

6 4 ===Cnou 10-12

Anmnimryna, My/Amplitude, mm

0 02 04 06 08 1 12 14 16 18 2
Yacrorta, kI u/Frequency, kHz

Puc. 9. 3aBucumMocTh aMIVIUTYAbI OT YacTOTHI (1edext H)
[Figure 9. Dependence of amplitude on frequency (defect H)]

3. IIanean nmoja aeicTBHEM
HECTAIIMOHAPHOI HATPY3KH

Hanee paccmatpuBaeTcsl 3ajaya IMOBEIECHUS
TUTOCKON TaHeJH MPSMOYTOJIbHOW (POPMBI TIpH JeH-
CTBUU MTHOBEHHO TIPIJIOKEHHOTO PAaBHOMEPHOTO JIaB-
JICHUS. Ha BEPXHIOIO TTOBEPXHOCTh (TCOMETpPHS, MaTe-
puan u GopMmar yKIaJKH COOTBETCTBYIOT MyHKTaM |
u 2). JlaBneHue uameHsietcs mo 3akony (1):

p(t) = pH (1), 2

rae H(t)— dynxius XsBucaiina, p, =1,25 Mlla .

Pemienue nosyueHo ¢ NOMOIIbIO IPOrPaMMHOIO
komiuiekca LS-DYNA ¢ mpumeHeHueM sBHOM cxe-
MBI MHTETPHUPOBAHMS MOJTHONW CUCTEMBI ypaBHEHHH
MKD. Crnou maHenu coeIMHEHbI MEeXTy co00i Kiee-
BBIM KOHTaKTOM, YTO TapaHTHPYET PaBEHCTBO IPO-
riu00B ¥ YIJIOB OBOPOTOB. TaKke B MOAETH YUHUTHI-
BaeTCs KOHTAKT B 30HE PACCIOCHUS.

Marepuan MOHOCJIOSL UMEET CIELyIoIUe Ipod-

HocTHbIe XapakTepucTuku: X, =3042 Mlla, X, =
=1246 MIla, Y, =63Mlla, Y.=217Mlla,
S, =96 MlIla, rne X,— mnpemen mpodHocTH B
HAIPABJICHAH OCH X HpHU pacTskeHun; X . — mpe-

JCJI IMIPOYHOCTU B HAIIPABJIICHUN OCHU X IIPU CXKATHUU;

Y,

7 — IpeJie]l IPOYHOCTH B HANPABJICHUM OCH ) IPU

pacTskeHuu; Y, — mpejien NPOYHOCTH B Hampabe-
HUM OCH ) HPHU CKaTuH; S, — Hpeed IPOYHOCTH

IpU CIBUIE B IUIOCKOCTH JIMCTA; O; — HOPMAaJIbHOE
HaIpspKeHUe, JeHCTBYIONIeEe B HAIIPABICHUH OCH X
G, — HOpPMajbHOE HANpsKEHHUE, JEHCTBYIOLIEE B

HaripaBJICHUN OCU ) ; Tl2 — CABHUI'OBOC HAIPAXKCHUE,

JIefiCTBYyIOIIEE B ITIOCKOCTH JIFICTA.

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

Ha puc. 10 noka3ano pacrmpeneneHue UHIEKCA
paspymenust f mys cnost Ne 10 (90°) B MoMeHT Bpe-

menu 0,4 mc.

Hanmenblnee kpuTHieckoe 3HAYEHHE HHIEKCA pas-
PYLICHUS 1 CXOXKHUH XapaKTep paclpeleieHns JaloT
kputepun paspymienus Hashin u DeAlia: f= 0,91.
HawuGomnbiree 3navuenue f= 1,3 narot kpurepun Tsai —
Hill, Norris — McKinnon, Puppo — Evensen. Otnuune
kpurepueB Hoffman, Norris, Fischer, Puck B cpen-
HeM cocTaBnsgeT 10 %.

o008 027 044 081 078 085 1 3

0081 028 042 059 o078 082 108 126

opa1 024 o 0 073 a0 1,08 121
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Puc. 10. 3nauenus HHAEKCA pa3pylIeHUus
[Figure 10. The values of the index of destruction]

3ak/aouyeHne

[IpennosxeHHas METOAMKA YHCIEHHOIO MOJEIH-
pOBaHUS TOBEJCHUS KOMITO3UTHBIX MaHENeH ¢ y4eToM
MHOKECTBEHHBIX MEKCIOEBBIX Ne(EeKTOB Mo AeH-
CTBHEM IUHAMUYECKUX HArpy30K MOXXET ObITb HC-
MOJIb30BaHa MPU MPOEKTUPOBAHUH 3JIEMEHTOB KOH-
ctpykuuit u3 [TIKM.

CnucoKk IuTepaTypsl

1. Meoseockuii A.JI., Mapmupocos M.U., Xomuenxo A.B.
YuciieHHOE MOZICITMPOBAHKE TTOBEICHHS TIJIACTHHBI U3 MOJIU-
MEPHOT'0 KOMIIO3HTa MO/ ISHCTBUEM IMHAMHYECKHX Harpy-
30K IPH HAIMYNU MHOXXECTBEHHBIX JIe(DEKTOB MEXKy CII0-
avu // V3Bectust Tynl'Y. Texunuyeckue Hayku. 2018.
Bemn. 10. C. 271-278.

132

2. Azzi V.D., Tsai S.W. Anisotropic strength of com-
posites // Experimental Mechanics. 1965. Vol. 5. No. 9.
Pp. 283-288.

3. Tsai S.W., Wu E.M. A general theory of strength
for anisotropic materials // Journal of Composite Materials.
1971. No. 5. Pp. 58-80.

4. Hoffman N.O. The brittle strength of orthotropic
materials // Journal of Composite Materials. 1967. Vol. 1.
No. 2. Pp. 200-206.

5. Puppo A.H., Evensen H.A. Strength of anisotropic
materials under combined stresses // American Institute of
Aeronautics and Astronautics Journal. 1972. Vol. 10. No. 4.
Pp. 468—474.

6. Puck A., Schurmann H. Failure analysis of FRP la-
minates by means of physically based phenomenological mo-
dels // Composites Science and Technology. 1998. Vol. 58.
Pp. 1045-1067.

7. Puck A., Kopp J., Knops M. Failure analysis of FRP
laminates by means of physically based phenomenological
models // Composites Science and Technology. 2002. Vol. 62.
Pp. 1633-1662.

8. Puck A., Kopp J., Knops M. Guidelines for the de-
termination of the parameters in Puck’s action plane
strength criterion / Composites Science and Technology.
2002. Vol. 62. Pp. 371-378.

9. Hashin Z. Failure Criteria for Unidirectional Fiber
Composites // Journal of Applied Mechanics. 1980. Vol. 47.
Pp. 329-334.

10. Norris C.B. Strength of orthotropic materials sub-
jected to combined stress // U.S. Forest Products Labora-
tory. 1962. Report No. 1816.

11. Fischer L. Journal of Engineering for Industry //
Trans. Am. Soc. Mech. Engrs. 1967. Vol. 89. Pp. 389—402.

12. Norris C.B., McKinnon P.F. Compression, ten-
sion and shear tests on yellow-poplar plywood panels of
sizes that do not buckle with tests made at various angels
to the face grain // U.S. Forest Products Laboratory. 1962.
Report No. 1328.

13. Sandhu P. A survey of failure theories of isotro-
pic and anisotropic materials. APFDL-TR-72-71. 1972.

06 asmopax

Meoesedckuit Anexcanop Jleonudosuu — noxtop u-
3MKO-MaTeMaTHYECKUX HayK, npodeccop, MOCKOBCKHi
(PU3UKO-TEXHUYECKUH MHCTHTYT (TOCYNApCTBECHHBIN YHU-
BepcuteT). Obnacmos HAyuHbIX UHMEpPeco8: BOJIHOBAS JH-
HAMUKa, TCOPHs TOHKUX 00onouek. Kowmakmuas ungop-
mayua: e-mail — mdvo6@mail.ru

Mapmupocoe Muxaun Heanosuu — KaHIU[AT TEX-
HUYECKUX HayK, NOLUEHT, MOCKOBCKMI aBUAllMOHHBIA WH-
CTUTYT (HALMOHAIBHBIM HCCICIOBATENBCKUN YHHBEPCH-
teT). Obnacms HAYUHBIX UHMEPECO8: MEXAHNKA KOMITO3H-
LMOHHBIX MaTepHaJIOB, BOJIHOBAs AMHaMUKA. Konmakmuas
ungopmayus. e-mail — vst@vst-st.ru

Xomuenko Anmon Bacunveguu — NHXeHEP-KOHCTPYK-
top 1 kareropun, [TAO «Kopnopatwus “Upkyr”». Obaacme
HAYYHBIX UHMeEpeco8: MEXaHNKa KOMIIO3UIIMOHHBIX Mate-
pHaJIoB, YHCIEHHOE MOJEIMpOBaHue. Konmaxkmuas ungop-
mayus.: e-mail — khomchenkoanton@yandex.ru

NUMERICAL METHODS OF ANALYSIS OF STRUCTURES



Mepserckuin AJ1., Maptupocos M.U., Xomyerko A.B. CtpoutensHas MexaHuka MHXEHEPHBIX KOHCTPYKLMA n coopyxermit. 2019. T. 15. Ne 2. C. 127-134

Jlna yumuposanusn

Meogeockuii A.JI., Mapmupocoe M., Xomuenro A.B.
YucneHHBIH aHAIW3 HNOBEAECHUS CIIOUCTON KOMIIO3UTHOM

HaMH4ecKuX Harpy3ok // CTpouTenabHas MeXaHHWKa HH-
JKEHEPHBIX KOHCTPYKLUUH U coopyxenui. 2019. T. 15.
Ne 2. C. 127-134. DOI: 10.22363/1815-5235-2019-15-

MAHEIN C MEXCIIOEBBIMH NeQeKTaMH MOJ ACHCTBHEM M- 2-127-134

RESEARCH PAPER

Numerical analysis of layered composite panel behavior
with interlaminar defects subject to dynamic loads

Aleksandr L. Medvedskiy', Mikhail I. Martirosov?, Anton V. Khomchenko?**

'Moscow Institute of Physics and Technology (State University), 9 Institutsky Pereulok, Dolgoprudny, 141701, Moscow region, Russian Federation
2Moscow Aviation Institute (National Research University), 4 Volokolamskoe Shosse, Moscow, 125993, Russian Federation
3Irkut Corporation, 68 Leningradsky Prospect, Moscow, 125315, Russian Federation

*khomchenkoanton@yandex.ru

Received: January 11,2019
Revised: March 10, 2019
Accepted: March 26, 2019

Keywords:

composite panel;

composite failure criteria;
interlaminar defect;
nonstationary load,
numerical modeling;

finite element method (FEM)

Abstract

Aims of research. Polymer unidirectional composite laminate panel behavior
with interlaminate defects under action of different dynamic loads is consider.

Methods. Normal modes and eigenvalues of rectangular composite panels
in the presence multiple delamination different sizes ellipsoidal form are calcu-
lated. The dependences of the maximum deflections from the frequency of the
stationary pressure field action are constructed. Distribution field of panels plies
failure index under action of nonstationary pressure field by using different fai-
lure criteria for composites is determined.

Results. Modeling methodology composite panels behavior in the presence
multiple interlaminar defects under action of different dynamic loads is deve-
loped. Analysis of failure panel with the use of different failure criteria for com-

posites is carried out.
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BrolineseHne corjiacOBaHHbIX YPABHEHHMH KJIACCHYECKOH TeOPHH 000J1049eK
U3 TPeXMEpPHBIX YPABHEHUH TEOPUHU YIPYTOCTH
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Knioueswie cnosa:

TEOpHsI yIIPYTOCTH;
COTJIACOBaHHAs TEOPHUS 000JIOUEK;
Meron Cen-Benana;

MIPUHIIMII CKATBIX 0TOOpaKeHUH

Annomayus

ILenu. BoiBox cornacoBaHHbBIX YPaBHEHUH TEOPUM TOHKHUX YIPYTHX 000J0-
4ek 0e3 TUIO0Te3 ¥ OCPEIHEHHS HAPSDKEHHUH 110 TOJIIHHE 000JIOUKH.

Memoodwu. C nomouipio urepanuoHHoro meroga Cen-Benana — Ilukapa —
Banaxa 6e3 Kakux-1100 TUIIOTE3 pelIaeTcsl TpeXMepHas 3a1aua TEOPUH yIIPYTo-
cTu. B cuny npuHnuna ckatelx 0TOOpa)keHUI pEleHUe CXOIUTCS aCUMITOTHU-
YEeCKU HE3aBHCHMO OT BBHIOOPA BETHMYMH HAYaIbHOTO MIPUOIKEHHS.

Pezynomamut. PazpaboTan METOA UHTETPUPOBAHUS IPOCTPAHCTBEHHBIX
YpaBHEHUH TEOPHUH YNPYTOCTH B KPUBOJIMHEHHBIX KOOPIWHATAX IJIsI TOHKOU
obonouku. Hamuuue manoro mapamerpa HO3BOJSIET IPOBECTH MHTEIPHPOBAHUE
CHCTEMBI ypaBHEHUH TaKUM 00pa3oM, YTO BBHIXOJHBIE JaHHBIE IEPBOTO OIEPaTO-
pa ABJIAIOTCA BXOAHBIMU B CHCZLy}OHll/Iﬁ oneparop u T.A., paCHJICHAS I/ICXO,[[H])II;I
CIIOXKHBII OIepaTop Ha MOCIEN0BaTEIbHOCTh MMPOCTHIX WHTETPUPYEMBIX OIepa-
TopoB Tumna [Iukapa. B kaxxaoM ypaBHEHUU COAEPKATCS WIEHBI TOJIBKO OJHOIO
ACHMIITOTHYECKOTO HOPSAKA.

BBenenue

Knaccuueckas nuHelHas Teopus 000JI0YeK, Oc-

HOBaHa Ha CJICAYIOMIUX MPCANOJIOKCHUAX:

.
— ToJMIMHA 000T0YKH 2/ Maa 1Mo CpaBHEHHIO
C XapaKTepPHBIM PaJHyCoOM KPUBH3HBI R CpeanHHOM

MTOBEPXHOCTH;

— KOMITOHEHTHI T€H30pa HANPSDKEHUS,
HBIE K CPEIUHHON MOBEPXHOCTH 00OJIOYKH, MAJIBI TIO

CPaBHEHHMIO C IPYTUMH KOMIIOHEHTaMH;

— HOpPMaJH K HeAe(pOpMHUPOBaHHOW MOBEPXHO-

3aMEHCHBI PABHOJCHCTBYIONIUMHU YCHIMSIMH H MO-
MEHTaMH.

[MocnenHee mpennonokeHue oOBIYHO HE (op-
MYJIUPYIOT OTHEIBHBIM MYHKTOM, TpEAroiaras Bo3-
MOKHOCTH TaKOH 3aMEHBI OYE€BHTHOM.

[Toctpoenne Teopun 060709eK, KaK MPaBUIO,
BBITIOJIHSACTCS HA OCHOBE BBIBEJICHHBIX paHee TEOpUil
n3ruba crepxHs U miactuHbl. CHadana Komm u
Ilyaccon mist cBeieHUSI TPEXMEPHOM 3ajlaud K JBY-
MepHOﬁ NMPEAJIOKUIIN METOA CTCIICHHBIX PANOB IIPU
PAaCCMOTPEHUU CTATUKU M TWHAMUKH TUIOCKHX M HC-

HOpMaJlb-

CTH 00O0JIOUKH OCTAIOTCS HOPMAJSIMU K Ie(OopMHpPO-
BaHHOH MMOBEPXHOCTH U HE Ae()OPMUPYIOTCS;

— TaHT€HLUANbHbIE HANPSKEHUsS] B YpaBHEHMAX
PaBHOBECHSI U COOTHOILCHUSX YIIPYTOCTH MOTYT OBITH

© 3Bepsies E.M., 2019

TEOPUA YMPYFOCTU

This work is licensed under a Creative Commons
Attribution 4.0 International License

KPHBJICHHBIX 0 LIIHHAPHUYECKOH MOBEPXHOCTH IlJia-
ctuH. CeH-BeHan oTpaBan mpeanouTeHHE METOAaM
COCTaBJIEHHs OCHOBHOM CHCTEMBI ypaBHEHUI TEOpUU
IUTACTHH C TIOMOIIBIO TUIIOTE3BI MPSIMOH U Heaedop-
MHUPYEMOW HOpMaJju, Ha3bIBA€MOM Tak)Ke THMIIOTE301
Kupxroga. I'nnore3a Kupxroga 6s1a BrocneacTBuu
pacrpocTtpaneHa JIsBom Ha Teoputo obomouek [1].
B paborte [2] mpoun3BeneHa MOIBITKA OIECHKH TOTPEI-
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HOCTH, BHOCHMMOM B YpaBHCHUA TCOPUU 000J10U€eK
THUIIOTC3aMH Knpxroq)a. brio IIOKa3aHO, 4YTO DJTa

* *
HOrPELIHOCTh UMEET MOPAIOK € =/ /R, rne h —

TOJIIMHA 000I0UKH; R — HEKOTOPBIN XapaKTepHbIi
pagnyc CpeAMHHON MOBEPXHOCTH 000109KH. OTHAKO
BIHUSHHUE JaHHOW pabOThl Ha YIYYIICHHE TCOPUU
0Ka3aJ0Cch HEKOHCTPpYKTHUBHBIM. Koiitep [3] mox-
TBEPJAUJ 3T OLICHKU M BBEJ MOHATHE O COTJIaCOBaH-
HOW TEOpUH, KOTJla BCE YJCHBI YPaBHEHUU HMECIOT
OJIMHAKOBBIN MOPsAIOK. B Teopusx obonodek Thma
JIsBa [4-9] mpuHUMAaETCS YCIOBHE, YTO OTHOIICHHE

'Y/R (’Y — padMEpHasa KOOpJAWHATA, OTCYHUThBIBacMasd

M0 HOpMaJl K CPEIMHHON MOBEPXHOCTH OOOJIOUYKN)
MaJIO IO CPaBHEHHIO C €AUHUIIEH B BBIPAKECHUAX IS
HanpspkeHui u aedopmarmii. Hexotopsle n3 aBTopoB

2 /p? .
YUYUTBIBAOT WIEHBI MOPSAIKA Y / R, npyrue B Toif

WJIM WHOM CTETEeHW OTKa3bIBAIOTCSA OT THUIOTE3bI He-
negopmupyemMoctd HopMmaiu. [Ipu 3ToM cumnrTaercs,
YTO Pa3IM4Ke OTIECIBHBIX MOIXO/I0B 3aKII0YEHO UMEH-
HO B (DOpPMYJIHPOBKE 3aBUCUMOCTEH MEXAY HaIps-
x)eHusMu U nedopmanmsivMu. OteHku [2] ObuIH 10-
MIOJIHEHBI OIIEHKAaMU MOTPEUIHOCTEH B COOTHOIICHHU-
sx ynpyroctu [10; 11]. OnHako Bompoc o morpeui-
HOCTAX THroTe3 Tuna Kupxroda m coOoTHOmIEHUSIX
YIPYTOCTH HE HaIlleI HCYEPITBIBAIOIIEro OTBeTa. B cBOIO
odepelb, BOPOC O KOJMYECTBE KPACBBIX YCIOBUH B
Teopuu 000JI0YEK W TUTACTHH HE MMEET yJOBJIETBO-
PUTEIBHOTO OOBSICHEHUS U MPOJOJDKACT MPUBICKATH
BHUMaHue [12].

Krnaccuueckast Teopusi 000I0UEK OIpEAeNsIeT K-
HEMATUKy Ha Kparo O0O0JIOUKH udepe3 YeThIpe 0000-
IICHHBIX MEPEMEIICHUS W YeThIpe 00OOIICHHBIX CH-
11, ['paHrYHBIEC YCIIOBUS HA JUIEBBIX TIOBEPXHOCTIX
HE BBITIOJTHAIOTCS W HETAHTEHIMAJIbHBIE HAIPSIKSHUS
He onpezenstores. JledopMupoBanHoe cocTosiHEE 000-
JIOYKH, IOCTPOCHHOE MyTeM OCpPEIHEHUS ypaBHEHUIA
TEOpUHU YHPYTOCTH, HE YIOBIETBOPSET 3aKOHY Map-
HOCTHU KacaTellbHbIX HanpsukeHul. B pe3ynbTaTe no-
JydaeTcs IIECTOe YPaBHEHHUE PaBHOBECHUS, CMBICT KO-
TOPOTO HE yJaeTcs 00BsICHUTD, U €T0 OTOPACHIBAIOT.

B macrosmmem rccienoBaHNE Ha OCHOBE METOJIa
[13] B pa3Butuu pabdor [14; 15] pa3sickuBaeTCs: Me/I-
JIEHHO MEHSIIOIIAsCS COCTaBJIAIoNIas oOIIero perme-
HUSI YpaBHEHUN MPOCTPAHCTBEHHOW TEOPHUM YIPYIo-
CTH, YAOBJIETBOPSIONIAS TPAHUYHBIM YCIIOBHSM Ha JIU-
LEBBIX IOBEPXHOCTSIX.

1. UcxoaHble TpexMepHble YpaBHEHUs
TEOPHH YNIPYTOCTH

IlonoxeHne TOUKH Tejaa ONpeACIACTCA TPpEMA
KpHBOJ’IHHeﬁHHMH OPTOTOHAJIbHBIMH KOOpAWHATAMH

a;, (i =1, 2, 3) , KOTOpble OyjeM cuuTaTh Oe3pas-
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MepHbIMH. [IprMeM, 4TO crionIHOe ynpyroe Teno B
HAIpaBJICHUH (O, OTPAHUYEHO JIBYMs PaBHOOTCTOS-

[IMMH Ha BEUYUHY JPYT OT APYTa JHUIECBBIMH MOBEPX-
HOCTSIMH, 00pa3yst 000JI0UKY TTOCTOSTHHOM TOJIITHHBI,

.
KoTOpyto 0603HaunM 2/ . KoopauHatsl o, 0L, SB-

JIAIOTCA KpHBOHHHeﬁHLIMH OpPTOTOHAJIBHBIMH KOOP-
JUHATAMH CPEAUHHOW MOBEPXHOCTU OOOJIOYKU U
MIPEJICTABJIAIOT COOOW JIMHUY TIaBHBIX KPUBU3H Cpe-
TUHHOW moBepxHOCcTH. [lepBas kBaapaTnaHas dpopma

2 *2 2 *2 2
HoBepxHOCTH uMmeeT Bux ds™ = H, do; + H, da;,
* * o
rae kodbdumentsl f,, H, mnpeacraBmsor coboii
(yHKIIMH KOOPAMHAT O, O, U SBJIAIOTCS Pa3MEPHBIMU

koo pumentamu Jlame'. Koopmuara o, ormepsier

pPacCcTOsHUE MO HOPMAII K CPEIMHHON ITOBEPXHOCTH
JI0 paccMaTpuBaeMoOi Touku. B kBagpaTuuHON Qop-

2 _ *2 2 *2 2 *2 2

me ds” =H “do; +H, do;+H, da; xo>ddurm-
*

eHT H, 11 BCeX TOYEK Tena MMEEeT MOCTOSHHOE

3HaveHue. J[Ba nmpyrux kod(UIHEHTa BBIPAXKAIOTCS
Yyepe3 mapameTpbl CPeIUHHOW IOBEPXHOCTH H pac-

* v
crossHue H 0, TI0 HOpMalM OT CPEAMHHON MOBEPX-

HOCTH 1O paCCManPIBaCMOfI TOYKH:

H*

o

g 33

Hy = A" 1+—=2((1,2), (1)
R,

* * )
rne A, = 4, (al, (12) (1, 2) — K09 bUIIEHTHI IepBOi
KBaJIpaTUIHOMN (POPMBI CPeTMHHON MOBEPXHOCTH, OT-

o * %
HECEHHOH K JIMHUSM TJIaBHBIX KPHBH3H; R, R,

paznuychl TIaBHBIX KpUBU3H. CHMBOJIBI (1,2) , CTOSI-

[IUe MOCJIe OMpeNIeNICHHBIX YPaBHEHUH, YKa3bIBAOT,
YTO ypaBHEHHIU MOJOOHOI0 BUAA JOKHO OBIThH JIBA:
BTOpOE TOJIy4aeTCsI KPYTOBOH 3aMeHOH yKa3aHHBIX
CHMBOJIOB.

YpaBHEHUs] paBHOBECUS B MPUHSITON CUCTEME
KOOPAMHAT UMEIOT BUJ [1; 4]

—H,H;6,,+—H H,0,+—H H,c,—
a, oa, oo,

*8H* * *8H* *
—H, af“lzczz_Hzéf“:Gw"'

.OH . .OH .
+H,—L0o,+H,—Lc,,=0(12);

3 o, 12 2 o, 13 ( )

! 3neck u jmaree 3Be370UKOll OTMEUEHBI T Pa3MEpHBIC Be-
JIMYUHBI, KOTOPBIE OyIyT MPUBEACHBI K O€3pa3MepHOMY BUJLY.
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8 % * % a * * % a * * %
2 H H,6y,+—H,H,6,+ H,H 6y —
o, oa, oaL,
. OH . . OH, .
—-H, ~o,, —H, 26, +
o, oo,
. OH, . . OH, .
+H, 2 o, +H, 2 6, =0, 2
oa, da,
riue 0;, (i, j=L2, 3) — HANPSKEHUS.
PasMepHOE MepeMeNIeHHe HEKOTOPOI TOUKH, UMe-

fortieit 10 geopMaLiy KOOPAUHATHL O, (i =12, 3) ,

OTPEIeISIETCST TPOCKIHAMHU u;, (i =1,2, 3) Ha KpH-

BOJIMHEHHBIE ocH KoopauHaT. KoMmnoneHts! aedop-
Malluu 4epe3 MEepeMELICHUs] ONpenensoTcs: hopmy-
JIaMH:

low 1 oH . 1 ©oH .
Qg =——tt+—— Uy +—— A (1,2);
H, 6o, HH, oo, H H, oo,
1 ou;, 1 OH, . 1 OH, .
e3 = * + * ok ul + ¥ * uz;
H, oo, H.,H, Oa, H.H, oa,

_H 0 1

. H, 0 1 .
ey = Uty
H, oo, H, H, oo, H,

b

_H, 0w H 0w
H| oo, H, H, 0o, H,

(1,2). 3)

€5

Beenem 6e3pasmepnsie kodddunnentsr H, =
=H /R (1,2), A=A4/R (1,2) , B KOTOPBIX TIO]I

BemMuMHON R Kak eIMHHUILIEH M3MEPEHs TOHMMAETCs
HEKOTOPBIA XapaKTEPHBIA paguyc CPSAUHHON MOBEPX-

HOCTH, Oe3pa3MepHBIC epeMEILeHIs U, = ul* /h (1,2) ,
w= u; /h" Broms oceii a;, (i =1,2, 3) COOTBET-
CTBEHHO, Ge3pa3MepHble Hanpsikenus 6, =0, / E,
o, :0:; /E, (i, j=1+3i+# j), 0e3pa3MepHEIE
paaMychl TTaBHBIX KPHBH3H R =R1* /R (1,2), 7

* *
nonoxum 1, =h, o, = z. IloxcraBuB >TH BENH-

YUHBI B cOOTHOMICHHME (1), 3amuieM

H =4, 1+8% JH, = A | 1+e— |, (4)

1 2

OTKYJa IoJIydaeM 1A IPOU3BOAHBIX I10 Z

TEOPUA YMPYFOCTU

OH, _ A OH, __4,

, .
Oz R~ oz R,

Wmest B BuOy, Kak 3TO NPHUHITO B JIUTEpAType,
BBIJICJICHHE JBYMEPHBIX YPaBHEHHH U3 TPEXMEPHBIX
C TOYHOCTBIO HOpPSIIKA € II0 CPABHEHHUIO C BEJIUYU-
HaMH TIOpSJKa €AUHUIIBI, 0TOpocuM B popmynax (4)
BTOpBIC WICHBI B CKOOKax u Oynem cumutate 1, = A4,
H,=4,.

C y4eToM MmocjeIHUX COOTHOLICHUH ypaBHEHUS
(2), (3) mpuBomsATCs K Oe3pa3MEpHBIM YpaBHEHHSIM

CJIEIYIOLIEro BUA:
— ypaBHEHHUS paBHOBECHSI:

8i 4,0, + siAlcs12 +§A1A2(513 -
iz

o, a,
—£ o4, 0,+¢€ o4 o, +€ A4, 6,=0;
oa, oaL, R
e—A40c, + s—a 4,6,, +£A1A2623 -
o, . Oz
A A A A
—86101+882612+8 25, =0;
oo, oa, R,

0 0
§A1A203 + STAZGIB +

1
A A A A
+e— A0, —e——20, —g—2
oa., R R,

c,=0; ®)

— (opmyJbl geopManuU-TIepEeMEIIICHUS:

lou 1 o4 1
e =¢e——L+¢ U, +e—w;
4 0o,  AA, oo, R,
1 ou, 1 o4, 1
e, =g——>+¢ u +e—w,
4, oo,  AA, oo, R,
A
e, = 8_1iﬂ+gﬁi”_2, e, :a_w, (6)
A du, A 4 o, 4 oz
" CABUT'OB B HOPMAJIBHBIX IJIOCKOCTAX!
1 ow 0 u,
ey =——+A4 ——;
4, Oo, 0z A4,
o et MWy O0M )

VYpaBHEeHUS JOIKHBI OBITH JOMOJIHEHBI COOTHO-
LICHUSIMH YTIPYTOCTH, KOTOpHIE B JIOOOH cucTeme
OPTOTOHAJIBHBIX KOOPAMHAT UMEIOT OAMH U TOT XKe
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BUJ U B MIPUHATOHN 3/1€Ch Oe3pa3MEpHON 3alKcy BbI-
TJISAAT TaK:

o, =h(e +e,+e)+2pe (i=1,2,3);
o, =Ue; (iij:1,2,3),

rme A, U — OespasmepHblie kodpdumuenTs Jlame,

MOJTyYCHHBIC JISJICHUEM pa3MepHbIX Ha £ .

Tpy nepBEIX COOTHOLIEHMSI YIPYTOCTH, OCTaBHUB
(GbopMyIBI [UI CIBUTOB HEMMEHHBIMH, ITyTEM TOX/e-
CTBEHHBIX IPeoOpa3oBaHMI MOXHO CBECTH K TaKOM
3aIHCH:

- e +ve, Y 5o e, +ve v o
! 1-v? -y 772 1-v2 l-v
1
= i#zj=123);
P 214y (i#7 )
v 1+v)(1-2v
€3=——(€1+ez)+w(53, ®)
1-v 1-v

MO3BOJIAIOIIEH OPraHU30BaTh MOCIEI0BATENIbHBIN TPO-
LIeCC BBIUUCIICHUSI HEU3BECTHBIX. I 3TOro mepenu-
IIeM CUCTEMY YPaBHEHHU B CIICAYIOIIEM BHIE:

0 AA
gAlAzcn +81TzGB -

1

N G
I-v oa, oa,

_ 0y (el+ve2j+88A2(ez+velj_
? da, \ 1-v°

%612 (1,2);

2 0“2

0 Y% I 1
> 1A203—81—A1A263 —+— =
4 -V . R,

0 0
=—e—A,6,; —€——A,6,, +
2713 2%23
oa, o,
e AA, e +ve, AA, e +ve

R 1-v R, 1-V*

B 5ieBoii yactu TpeThero ypaBHEHUSI MOXKHO OT-
OpocUTh OJITHOMMEHHBIH C IJaBHBIM 4lI€H G, C MHO-

KUTCIICM € M NEpemnucaTh €ro Tak:
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0 0 0

— A4 A,6,=-€—A4,6,—e— A6, +
Z | a,
. AA, e +ve, AA, e +ve

€
R 1-V R, 1-V*

Bugno, uro o, cousmepuMa C €C,; HIHU
8(61 +Vez). Ho B neBoit yacTu nepBOro ypaBHEHHUS

MOXKHO OT6pOCI/ITI> YWICH C O,; KakK MaJbIi CJICOYIO-

eTo MmopsaKa MaJJOCTH IO CPAaBHCHHIO C I'IaBHBIM U
TJICH C G5 KaK BCJIMYMHY BTOPOTO MOPsAAKA MAJIOCTH,

YIPOCTHB €ro:

0 0 e +ve
—AAo,,=——A,| —F |+
oz oa, 2( 1-v* ]

+88A2[€2+V2€1j_8 0 A1612+%612 (1,2).
oa, \ 1-v o, oo,

Bonee Toro, yuuThiBas MOTy4YeHHBIE OICHKU
MOKHO YIPOCTHUTH TIEPBbIC TPU COOTHOIICHUS YIPY-
roctu (8), OTOPOCUB B HHUX WICHBI C HANPsHKEHUEM

G; KaK MallbIC 0oJjiee BEICOKOTO nopsaka v mnoiy-

YUTH TaKUEC COOTHOUICHUA YIIPYTOCTHU

_etve
R

e Y (e (9)
1-v 1-v

S

[ns nanpHEMIUMX BBIYUCICHUN 3alMIIEM YypaB-
HEHUS B CIEAYIOIIEH MOCIeN0BATEIbHOCTH:
— JBa COOTHOIICHUSA sl cIBHUTOB (7), B KOTO-

PBIX €5, €,; BBIPAXKCHBI YCPE3 (513, 023 :

0 u, 1 ow 1
G o 2 a(14v)—o, (L2); (10
A A oa (+V)A1013(’ J 0

— ¢opmynsl aedopmManuu-TIepeMeIIeHUs A
KOMIIOHEHT TaHT€HIIMaJIbHOU Aedopmanuu:

1o 1 04 1 04
0 =e——tlig Lu, +——w (1,2);
A4 0o,  AA, oo, A4 Oz
4 0 4, 0
4, 0o, A, A4 oo, A,
— TPY TAaHTEHIIMATBHEIX COOTHOMIEHHS YIIPYTOCTH:
01:el+vez_ :e2+vel; e, (12)

0, O, =
1-v* '’ 1-v* 2(1+v)’
B KOTOPBIX J[Ba IEPBBIX B3SITHI YIPOIIEHHBIMHA U3 (9);

THEORY OF ELASTICITY
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— [1Ba NCPBLIX YPABHCHUSA PABHOBECHSA, B KOTOPLIX
OT6pOHICHLI YJICHBI 8(513 KakK MaJIbI€ 11O CPaBHCHUIO

C I''TaBHBIMM

aiAlAzcs13 =-e— 4,0, —s»:iAlG12 +

z 1 2
04, 04,

+e—=0,—-¢—0,, (1,2); 13
oo, 2 oa., 12( ) (13)

— TpeThe ypaBHEHHE PABHOBECHs, B KOTOPOM Ha-
HPSHKEHHUsT O, G, ONPEIEICHBI U3 COOTHOIIEHUM (9)

Y HaNpsKEHWE G, OTOPOLIEHO KaK MaJloe M0 CPaBHE-

HHUIO C OTHOMMCHHBIM TJIABHBIM:

0 0
EAIAN3 =—e—A,6,;,—€— A0, +
1 2
+€ A4, o, +¢ A4, o,; (14)
Rl RZ

— (dhopMyIIBI AT TIOTIEPEYHON AehOpMaIuy pac-
TSOKEHUS (C)KaThsl) U IEpEMEIIeHUs W

\% ow
(e, +e,); —
l-v 0z
[TorpemHocTs 3anUcaHHON CUCTEMBI ypaBHEHUI
OIIGHMBAETCS B € TI0 CPAaBHEHUIO C UHHIICH.
Pemenue cucremsl ypasHenuit (9)—(15) 6ynem
UCKaThb METOAOM MpOCTHIX wuTepanmid. Ilpenmoro-
*uM, uto B (10) mepememieHne W M KacaTelbHBIC

e, =- =e,. (15)

HanpsKeHus O, O,; HM3BECTHHL. B sTOM ciydae

TaHICHOUAJIBbHBIC NEPEMCIICHUA U, U, BBITHCIIA-

I0TCS IyTEM MPSIMOTO WHTerpupoBanus mo z . Ilog-
CTaBUB HMX M TPEAIOJIOKEHHOE N3BECTHREIM HOPMailh-
Hoe mepemenieHre W B (11), BeIYHcIsieM TaHTEHITH-

anbHBIE JedopManuu e, e,, e,. YpaBHeHus (12)
MIO3BOJISAIOT OIPEIENUTh TAHT CHIMAJIbHbIE HAIIPSDKESHUS
6,,0,,0,,. YpaBHenusa (13) maroT BO3MOXKHOCTb
MyTeM UHTETPUPOBAHUS 110 Z BBIYUCIHTH HEH3BECT-
HbIE HETAHTCHIMAJILHBIE HANPSHKEHUS CIIBUTA O 5, O3,
a ypaBHeHue (14) — HeTaHTeHIMAILHOE HOPMAJIbHOE
HanpsDKEHUE Oy, KOTOPOE B KJIACCUYECKON TEOPUHU
obonouex He Beruucisgercs. Ilocnennue aBa coot-
HomeHus (15) Mo3BONIAIOT HAWTH TakkKe OTCYTCTBY-
IOIIMe B KJIACCHYECKOH TEOpPHH IONEPEUHYIO [e-

¢dopmanuio u nepemerienue. Ha aTom HyneByro ure-
panuio MOXXHO CIMTATh 3aKOHUEHHOI.

Ecmm TCHCPb HaﬁﬂeHHHe w, o 132 (523 IOACTaBUTH

B BblpaxkeHHs1 (10), MOXXHO BBIYHCIUTH WCKOMBIC HE-

TEOPUA YMPYFOCTU

W3BECTHBIC B MEPBOI uteparuu U T.1. OHAKO 37eCh
OTPaHUYUMCS BBIYKCICHHEM TOJILKO HYJCBOW HTepa-
UK, 00eCIeunBaIoIIel aCHMITOTHIECKYIO TOYHOCTh
€, T.K. ypaBHeHus (9)—(15) 3anmcanbl ¢ TaKOH ke TOU-
HOCTEIO.

BenuurHbl HauanbHOTO MPHUOIIKEHUS BRIOEPEM
TaAKUMH:

W= W) = Wy (0,0,);
013(0) = T13(o)(0‘1 50“2);

Gas0) = ’5230(0)((11,(12), (16)

CUYHTas MOIEPEUYHOE IEPEMEIICHUE U KAacaTeIbHbIC
HaMpsODKCHUS B HYJICBOM NPUOIIDKEHUH HE 3aBUCH-
MU OT TIONIEPEYHON KOoOpAWHATHL [l yaoOcTea
MPOIIEYPY BBIYUCICHUHN pa3eNiM B CHITY JIMHEWHO-
CTH 3aJ]a4¥ Ha JIBa 3JICMEHTApHbBIX mporiecca: W U T
[13—15]. B w-mporiecce 3aai0TCsl BETUUMHBI HAUaIb-
HOT'O TPUOJTMKCHUS:

Wo) = Wo» Oi30)= Oa30) = 05 (17)

COBIIA/IAIONINE C U3BECTHBIMHE r'HroTe3aMu Kupxrog-
(a m paccMaTpuBaeMble B HacTOAMIEH paboTe Kak
BCJIMYHUHBI HAYAJIBHOT'O HpI/I6J'II/I)KeHI/I$[.

Jiis cBefeHUs TPEeXMEPHBIX (QOpPMYyI, CBSA3BIBA-
oIUX AeGopManny 1 MepeMelIeHns, K TBYMEPHBIM
B.3. BiacoB uCHoIb3yeT THIIOTE3HI IPSIMON W Heze-
(hopMupyemoii HopmManu:

e,=0; e;=¢e,;=0. (18)
Torna u3 ypaBuenuii (6) u (7) cienyer:

w'=w, (o, 0,);

* *
rae u,,, Uu,, — TaHICHIHAIbHbBIC NCPEMCIICHU TOY-

KM CPEJUHHOW TOBEPXHOCTH.

3aTeM OH MOJACTABISET ATO B BhIpakeHus (3) u,
WCTIONB3Ys it KoddurmeHToB Gopmyis (1) u pac-
KJIa/bIBast ieopMalvu e, e,, €, B psjbl 0 CcTene-

HSM TOTEPEYHON KoopauHatel Y = H,z 10 BTOpOii

CTCIICHU, IIOJIy4YacT BBIPAXKCHHA IJId TaHI'CHIIUAJIb-
HBIX ¥ HCTAHI'CHIIUAJIbHBIX KOMIIOHCHT I[e(l)OpMaHI/II/I

2
00O0JIOYKH C TOYHOCTBIO 10 € . 31ech OyayT modiy-
YeHbl (GOpMyIIBl st AeopManuii ¢ TOYHOCTBIO €,
T.K. B popmynax (4) orOpacsiBacTCs BTOPOH WiEeH B
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CKOOKax, BHOCS TIOTPEIIHOCTh TIOpSiIKa € BO BCE Jajlb-
HEMIINE BEIYUCICHUS.

B nacTtosmem wuccnemnoBanuu runore3sr (18)
MO>KHO pacCMaTpUBaTh KaK BEJIMYMHBI HAYaJIbHOTO
MpHUOIMKEHHST W-TIpoliecca, 3alaHHbIe BBIPAKCHHUSI-
MU (17). BeruucisaTh HEM3BECTHBIC OyAeM B CIIETy-
oueM nopsiake. Mcxoas U3 BeIUYMH HAYalIbHOTO

OmKe 3 ypaBHe 0 u ! 6w0
HIPUOJINIKCHUA, U BH HI/II/I — =g

P P 0z A A2 da,

0 u, 1 ow, O u, 1 ow,
——=—&———, ———=—f—>—— [0ly-
0z 4 A5 oo, 0z A4, A4, oo,

YyaeM BBIPAKCHUS AT IepEMeEILeHUH Uy(g)> Uy(g) *

1
Uy = —8—8—z+u10,
4, oo,
ow,
Uyg) = —SA—ZaT“ZZJruZO. (19)

IToncTaBuB mx B mpaBble 9acTu GopMyn aedop-
Marun-nepemenierus (11), momyunm:

e = SZKI(O)Z +ey (1,2);

2
e, =& ’L'(O)Z + 80)(0).

12(0)

31ech UCIIOIb30BaHbl KOMIIOHCHTHI:

— HeTaHTeHIIHAIBHOH ehopMaIuu:

L LB (g,
1 1472 2 2

O 4 o0, 4 o0, AA b0, A, o
A ow, ow,
'[(0) :__lilz_o(o)_ii% 0(0) : (20)
4, 0o, A4~ oo, A oo, 4, Oa,

— ¥ TaHTCHIMAIBHON nedopMaruu:

1 Ou,, 1 04 1
iy =— + +—w, (1,2);
O~ 4 P, A4 o0, R 0 (1.2)
—iiuﬂ+ﬁiuﬂ (21)

(/l)(o) - .
A 0, A A oa, A4,

Bemnunna W, SBIACTCA PCIICHHUCM YPAaBHCHMS

ow

6 =——"= 0.C NMOMOMIBIO MEPBBIX ABYX COOTHOIIC-

0z
Hu#l ynpyroctu (12) BelumcisieM, yYUTHIBas MOCHIE-
Hee paBeHCTBO B (19), TaHreHIMAIBHBIE HATTPSKECHUSL:
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Cyo) = szml(o)z + 8t )5

2 .
02(0) =g mz(o)z + 81,‘2(0),

Cya0) = azh(o)z +850)5 (22)
B KOTOPBIX

1
tl(O) = -2 (81(0) +V82(0) ),

o) 2(1+v) for

ITomyueHHble HaNpsSKEHUS NMOACTABUM B YpaB-
HeHud (13), yTo mact ciemyromue BBIPAXKEHUS IS
KacaTeNbHbIX HaIPSKEHUN:

1 0 4l e z
013(1)—8A1A2 _a_al 5 sml(o)?—kstl(o)z —

0 ., Z A4 - z
—a/ll (8 ]’1(0) 5 +85'(0)Zj+££8 mz(o) 5 +8t2(0)Z -

04, z
8(12( "I ?+as() ]}er (12). (23

3neck Ty3y =Ty (ala a, ) » Taz0 = Tazo (0’1’ 0‘2) -
MIPOHU3BOJIBI HHTEIPUPOBAHUS, ONIPENIEISIONINE TTOCTO-
STHHBIC I10 TOJIINMHE COCTaBJIAIOIINEC HaHpS[)KeHI/II\/'I.

[Noncrapmnsis 3TM HANPsDKEHUST BMECTE C HOPMAJIb-
HBIMH TaHTEHIMATBHBIMU HANPSDKEHUSIMA B TPEThE
ypaBHeHHE cUCTeMBbI (14), BEIUUCISIEM HOpMalIbHOE

HCTAHTCHIUAJILHOC HANPsSKCHUE O ) B IICPBOM IIpHU-

£
OIMKEHNN:

3 2
1 0 z
Syy) = 2 a)e _+ et [~
A4, | oo An oo, 2
3 2
—iiA1 et (O)Z—+a3s(0)z— +
A 0, 6 2

THEORY OF ELASTICITY
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0 1 © 4 S z*
A M e Uy
1 8 . 3 ; 2
I G ARy
1 o4 ( 4 2 5z
e S Uy

AA( o, 7
+Tl Mg e €0 | ¥
3 2
Ay [ 3, 2
+R—2 € mz(o)—+8 t2(0) 7} —
€ 1 —A,75,2
- 1304
A A4, oa,
1 0
_SAA v 1Tp30Z + O30 (24)
144, 00,

3nech 030: 030 ((Xl, (12) — HNPOU3BOJI UHTCTPU-

POBaHUS, ONPENENIIONINA TOCTOSHHYIO 110 TOJIINHE
COCTABIISIONIYIO HATIPSDKCHUSI.

C momompo mocienHero ypasHenus us (15)
HaxOJMM MONEPEYHOE TepeMeNIeHIe B IEPBOM MPH-
ONVKEHWH:

w= W(O) + W(l) =

2
U A - z
R (K1(0)+K2(0)) > +8(81(o)+82(o))z .(25)

TTockonbKy mornpaBka W) ABIACTCS BEJIMYUHOU

€ MO CpaBHEHMUIO C W, , OHa MOXKCT OBITH 0T6p0me—

Ha, ¥ TIOTIepeYHOe NepeMeneHue OyAeT COCTOSTh

TOJIBKO U3 TIPOTHOA CPETUHHON MOBEPXHOCTH.
CootrHomenus (19)—(25) maroT BeIpaKeHHS BCEX

JIEBSITY HEU3BECTHBIX TPEXMEPHOM 3a7a4l TEOPUU YII-

pyrocty U, U,,G,,0,, 0y,, 03, 0,;,0;, W IIPU Ha-

YaJlbHOM BBIOOpPE HETAHTCHIIMAIBHBIX KacaTeIbHBIX
HaANPSDKEHWH, OTCYTCTBYIOIIMX B HYJIEBOM MPHUOIH-
KEHUH, depe3 15 HeM3BEeCTHBIX TEOPHH O0OJIOYEK: ITe-

PEMEILEHNs CPETMHHOM MOBEPXHOCTH U, U,, W, He-
TaHreHIUanbHble Aedpopmanuu K, K,, T, TAHT€HIIU-

anbHBIE Aedopmaimu €, €,, ® , HapaMeTpbl U3ruoda-

TEOPUA YMPYFOCTU

IOUX 71, M, W KPYTAWEro /I MOMEHTOB U Mapamer-
pbl TaHTEHUMANBHBIX HanpskeHui f,1,, s . Taxxke
BBIYMCJIEHBI TTONIEPEYHOE HOPMANILHOE ©, , KacaTellb-

HBIC (513, 023 HaIMpsKEHUA U yCTAHOBJICHA 3aBHUCH-

MOCTb MOTIEPEYHOTO TIEPEMEIICHNsS W OT KOOpAWHA-
THl Z, KOTOPBIMA B KJIACCHYECKOW TEOPHH IIpPEHE-

6pera10T. BI/II[HO, YTO HAIIPAKCHUC 03 HUMECT IOPsA-

4
IOK €& OTHOCHUTECIBHO ml(o), TOoraa KakK TaHI'CHIIH-

2
IbHOE HANpsDKEHHE — TOPSIIOK € OTHOCHTEIBHO
TOH k€ BETIMYMHBL. JTO OIPABIBIBACT NPEHEOPEKEHUE
BEJIMYMHON O, B NEPBHIX JBYX (opMynax B (9) u npu

BbIOOpE BEIMYHMH HayabHOTO puOmmkenus (19).
OtmeTuMm, 4TO B CXeMe MOCIIEI0BATEIHLHOTO BhI-
YHCIICHNS] HEM3BECTHBIX

(W(o)= O130)° 023(0)) = (“1(0)’ ”z(o)) =

(013(1)’ 623(1)’63(1)’ W(l)) = (26)

MOXKHO J'IIO6YIO COBOKYITHOCTb BCJIWYUH BI:I6paTB B
Ka4ueCTBC BCJIHWYUH HYJICBOI'O l'[pI/I6J'II/I)KeHI/I$I " mIpo-
OOJIKUTB IMPOUECC BEIYUCIICHU OCTaJIbHBIX.

2. BoinosiHeHMe TPAHMYHBIX YCI0BMIA
HA JIMIEBBIX TOBEPXHOCTAX 000JI0YKH

Ha nuieBsIX MOBEPXHOCTSIX 0O0OJIOYKH HAI0
BBINIOJIHUTH I'PAHUYHBIC YCJIOBHUS, COOTBETCTBYIOIUC
YCIIOBUSIM HarpykeHus. B Ge3pazmepHOM Bue STH
YCJI0BUs 3allMCBIBAOTCS TaK:
c,=2

+

6;=X,; 0,=X, mpuz=I

6,=2; 06,=X,_;0,,=X, mpuz=-1, (27)
rae Ge3pasMepHble Harpy3Kd IOJyYeHBI IMyTeM Jie-
JICHUsI pa3MepPHBIX Ha MOIYJIb yrpyrocta £ .
ITocMoTpyM, MOXXHO 7M1 BBINOJIHHUTH 3TU Tpa-
HUYHBIE ycIOBHs BenuunHamu (22) u (23), cuuTasd,
YTO OHH ANNPOKCUMHUPYIOT HCKOMBIE BEIUYMHBI B

nepBOM HpI/I6J'II/I)KeHI/II/I C HOCTaTO‘IHOﬁ TOYHOCTBIO:

1 z?
EX = +¢° E'z+1. (1,2);
AlAz 1m 2 A1A2 1t 130( )

o3
(513—8
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1o
A4, oo,

3 2
e g L gz
e R

1o
A4, oo,

0, =—¢

130(0)Zj -

—&

1 23 1 Z2

3 w 2 w

X| € —F —+& —F —+1 zZ |+
( [l [2 2m 6 [l [2 2t 2 230(0) ]

m m 2 t t
+&’ (ﬂ+ﬂJz—+sz (&4—&}24-030. (28)
R R )2 R R

31mech BBeAEHBI 0003HAYECHUS

0
Elm - AZm a ) Alh(O) +
04, 04,
+—=m h
aal 2(0) aaz ( )
w_ O 0
Ey = _6_(>L1A2t1(0) _67“2’425(0) +
8A B 04,

8(11 L) aTzS(O) (1,2). (29)

TlomunHeHne HanpsiKEHU TPAHUYHBIM YCIOBHU-
M (27) maer nATh YpaBHEHHUH C IIECTHIO HEM3BECTHBI-

mu By EL T, By By Toyg
e22E! = A4, (X, - X, )(1,2);

L1 o1 .,
| Bt B |
© 344, aa 4 oo, A,

0
[ o A 130(0 o, A1T230(0)J+
Rl Rz

B! +24 4,1, = A4, (X, +X_)(1,2). (30)

1m

—28

Wmu ¢ yuetom o0o3HadeHut (29) n mocneaHUX
JIBYX YpPaBHEHUU PaBHOBECUS — C HEU3BECTHBIMH

My0ys Loy oy S0y Tiso (152)

142

0 0 0A 04

&2 —— At — S+ =1, Ls. |=
2, 20 " g, 0T 50, 20 "5, S0
=A44,(X,-X_);
4 0 0
3 A (6_%A2T130(0)+5_%A1T230(0J+
+e°2 tl(—o)+t2(—°) _7 7 +et X
1 R2 : ) 3 1472

0 0
{a—mlﬁlz(X1+ +X1_)+EA1 (X,, +X2_)}

2
0 5 oA oA
3 2 1
e (_a_al A0~ 2y W0 T 50 ™0 g, (o)J+
AT, = 44, (X, + X, )(12). 31)

A Taxxe mecTtoe YpaBHCHHUC!

L 0 51, 10 51

— € 1, — B+
AB, 0o, A AB, 0o, A,

P UL O Y
Rl RZ

CBOISIICECS K YPAaBHCHUIO, OIPEACIIAIOIIEMYy O

=0, (@,,0,):

26, =2, +7Z_+¢

IAI d A,(X, -X_)+

oa,

m m
iAl(Xz+—Xz,) _ 3| Moy | M) |
oa., R R,

HanpsoxkenusM G,; ¥ 6, n3 (28) MOXKHO NpHUAaTh

0oJsiee TpOCTOH BH[, MPEOOpPa30BaB MX C MOMOIIBIO
ypaBHeHuit (30):

22 1

:(X1++X17)?+5(X1+—X17)Z+
15 (1-27) (1.2);
1
o, =—5(Z++Z_)—
3
L9 — 4, (X++X_)+iAI(Y+ +Y_)}Z—+
“A4, | oa, oa, 6

THEORY OF ELASTICITY
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i

1- 0

X ( Ayt 130(0 aT.LzAlrzso(o)jx

O Pl Rl U
3 R R
t t m m 2_

B BN I Y B OB et 32)
R R, R, R, 2

OTcroj1a XOpoIo BUJICH 3aKOH paclpesielieHus
HETAHTEHIMATBHBIX HAMPSHKEHUH O TOJIIHHE 000-
70YKH. JIerko MpOBEpUTH, YTO HANMPSDKEHHS YOBIIC-
TBOPSIIOT YCIIOBUSIM HArpy>KEHHUS Ha JIUIEBBIX MO-
BEPXHOCTSIX.

3. CpaBHeHue
€ YPaBHEHHMSIMH KJ1acCHYeCKOil Teopuu

B knaccuueckoi TCOpUHN 0007104eK B KAa4eCTBE
HEU3BECTHBIX BBOIATCA YCHUJINA WU MOMCEHTBI, OIIPEC-
ACIIACMBIC YEPE3 COOTBETCTBYIOIUEC UM HAIIPSKCHUA
HUHTCTpajlaMu CJICAYIOIICTO BHAA:

D I S
1 =— [ oty (1.2);

—-h

* 1 h * *
S :EJ;GHszy;

* 1 f * *
N :E _[ o, H,dy (152);
h

R U
M, =EJ.01H2Y€IY(1,2);

)
1
M, = E_'[, o, H,ydy.

y‘lI/ITLIBa}I, YTO B HACTOSIIEH pa60Te BCEC BbIUHC-
JICHUS BEAYTCs C TOYHOCTBIO € , IIOCICAHUEC OIPCIec-
JICHHUA MOXHO IIEpenurcaTh TaK:

h
T = [ oidy(1,2);

—h

S*

h
_[ oy, dy;

—h

TEOPUA YMPYFOCTU

h
Ny = JGI}dY(LZ)?
S
h
M; = [ orydy (1,2):
Zn
h
My, = I o, Ydy. (33)
S

BBenenHbie TakuM 00pa3oM BEIWYHUHBI TOJKHBI
YAOBIETBOPSITh YpaBHEHUSIM paBHOBecus [6]:

RIS
oa, oaL, oa,
aA * * g% N* * g% *
_6(112 Sl _Al AZR_::Al A2X1 (1,2);
T* T* * * *
1*+ 2*_ *1* 8A2N1+6A1N2 =
R R, A A\ oo, oa.,
=7Z -7
—iA;Ml* _iAl*Ml*2 _,_%Mz* _
oo, oa., oo,
—%M; — A AN =0(1,2). (34)
oa.,

Ycunust ¥ MOMEHTHI CBSI3aHBI C JIe(OpMAaLUSIMH
COOTHOILEHHUSMU YIIPYTOCTH:

. 2EW
T = . ~ (& +ve,)(L,2);
2EW
S =—""
2(1+v)®’
. 2EW°
Ml ZW(K + VK )(1,2),
3ER™
M =——1". 35
2 3(1+v)T (33)

KommnoneHTH nedopmManii onpeenstoTcss BbI-
paKEeHUSIMHU:

: Ou, *1 : Ou, +w* (1,2);
; 0o, A4, oo, R
0w A 0w
oo, A A Oo, A

€
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Lo law 1 ogaw
' A da, A" 6o, A AP da, da,
u, 01 u, 01 w

,2);
A o, RT A Oo, R RI*Z( )

L (oW 14w 1 o4 ow
A A\ du00, A oo, 6o, A, o, oo,
(1 1\4 6 u 4 0 u

2\R R )\ A4 oo, 4 A éa, B

00 HECYIIECTBEHHO OTIHMYAIONIUMHUCS OT ITHX.
OOmenpru3HaHHO, YTO TaHTCHIMAJIbHBIC IEpeMe-
nieHus B Gpopmyiax Juisl HETaHTCHIMATBHBIX JIedop-
MaIii MOTyT ObITH OTOPOIIICHBI.

IlockonbKy BeIBeIEHHBIE B pab0TE ypaBHEHHS FIMe-
10T TOYHOCTh € W 3alrcaHbl B Oe3pa3MepHOM BHUJIE,
TIPUBENIEM YPaBHEHUSI KIIACCHIECKON TeOpHH K Oe3pas-
MEPHOMY BHUJIy Y TAKOH Y€ TOUHOCTH, BBIPA3UB pa3Mep-
HBIE YCHJIUSI © MOMEHTHI 4epe3 Oe3pa3MepHbIe mapa-
MeTpbl. YMHOXHUM HampspkeHus (22) u (32) Ha Mo-
IyJib yrpyroctu E , cienaB ux pa3sMepHBIMH, U 1O
crauM B (33). Ilocie mMHTErpUpOBaHUS IMOIyYaEM
CBSI3b MEXKJIy Pa3MEPHBIMH yCHIUSMH U MOMCHTaMH
1 06e3pa3MepHBIMH ITapaMeTpaMi YCHINA 1 MOMEHTOB,
SBJSTIOIIUMUCS KOAQUIMEHTaMH B 3aKOHAX pacripe-
JeTieHus1 HanpsokeHui (22)—(24):

T = 2Eh*8l‘1(0) (1,2); S = 2Eh*8S(0);

* 2 *
M, =§Eh zszml(o) (L,2);

M= %Eh*zszh(o) (1.2);
.2 4 .
N, =§Eh (X++X7)+§Eh Tis- (36)

Ecnu 3amenuTs 6e3pa3MepHbie mapameTphl B ypas-
HeHMs1X (31) B COOTBETCTBHHU C STUMHU BBEIPAKECHUSIMH,
MOJTyYMM PACXOXKICHHE TOJNBKO B TEPBBIX JBYX YpaB-
HEHUSIX PABHOBECHSI B CHJTy HAJIMYHS B KITACCHUECKUX
ypasHenusix (34) unenos A, A, N / R , A" AN, / R, ,
KOTOPEBIC ABJIAIOTCA MaJIbIMU IMOPAAKA € 1o CpaBHE-
HUIO C OCTadbHBIMH. [IpH UCMONB30BAHUU YypaBHE-
HUI Teopuu 000JI0YEK MX MPUHATO OTOPACHIBATH,
T.K. B pacu€Tax OHHU BCErja sABJIAIOTCA HpeHere)KI/I-
MO MAaJIbIMH.

Jlerko MpOBEpPHUTh COBMACHHUE MPHUBEICHHBIX K
pasMepHBIM BelUuuHaM GOpMyJT JTsi KOMIOHEHT Jie-
dopmaruu (20), (21) ¢ popmynamu (36), rae B dop-
MyJiaX KOMITOHEHT HETaHI'CHIUAILHON aehopManuu
OTOPOIICHBI YJICHBI C TAHTCHIIUAILHBIMY TIepeMeliie-
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HusiMu. COOTBETCTBHE COOTHOILICHUH ympyroctu (22)
u (35) ycranapnuBaeTcs ¢ oMoIbko (36) TeM ke Imy-
TeM. Takum 00pa3oM, BEIBEIEHHBIC B HACTOSIICH pado-
Te B pe3yJbTaTe MpUMEHEHHUs W -TIpoIiecca BhIpake-
HUSI UICKOMBIX HEM3BECTHBIX B IIEPBOM MPHOIIKEHUN
Y BBIMOJIHCHHUS MU TPaHUYHBIX YCIIOBUH HA JIUIIEBBIX
MTOBEPXHOCTSIX OOOJIOYKH AT YpaBHEHHUS KilacChye-
CKOM TEOpUH C TOYHOCTHIO JO BEJIMYUH MOPSIAKA €
10 CPaBHEHHIO C €AMHUIIEH.

[IpuBenemM cBOIKY ypaBHEHUH W (GOPMYIBI IS
HanpsHKEHUN U NIepeMEIICHUH, BBIBEJICHHOW 3/1ECh TEO-
pHY, OIYCTHB YKAa3bIBAIOIIME HA MPOLECC U MPUOIH-
JKEHHE WHAEKCHI:

— YpaBHEHHS PaBHOBECHSI:

A
g2 —iAztl— 0 AIS+8A2 tz—a Ls |=
o, oo, oa, oa.,
=44, (X, -X_)(1,2);
4 1
Y iAzrw"'iAlTn +
3 44, 0o, oaL,
At 1
e 2| —+—|=2Z, -7 +e= X

1 2 1

0 0
x| =— 2(X1++X17)+_A1(X2++X2—) >

oa, a,
& —iAzml —i/11h+%m2 _oA +
oa, oo, oa, oa,
24, 4,1, = A4, (X, +X,_)(1,2); (37)
— COOTHOLLIEHUS YIIPYTOCTH:
1
tl = 1_\)2 (81 +V82)(1,2); S me;
1
m = (x,+v,)(1,2); A :mr;

— KOMITOHCHTBI TAHT'€HLIMAJIbHOM I[e(bOpMaI_II/II/Il

g ZL%+L%%+LW(I,2);
4 0o, AA, oo, R
A 0w A4 9w,

5
4, 0o, 4 4 oo, 4,
— KOMITOHCHTBI HeTaHFeHLIHaJ'ILHOfI ,He(i)OpMaLIHHZ

1 0 1ow 1 041 ow (1,2);

K _— -
' A4 0o, 4 80, AA do, 4, da,
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4 0 1 ow 4, 0 1 ow.

— (OpMyIIBI AT IEpEMEILCHU]:

1 ow
U =—e——z+u,(1,2);
: A, oa, 10( )

2
v |, z
u, = ———| & (1,1, ) = +e(g, 1€, ) 2 |+ wy;
1-v 2
— TAaHI'CHIIUAJIBHBIC HaHpH}KeHI/Iﬂ:
> . _ .2 )
o, =¢’mz+et, (1,2); o,=¢ehz+es;
— HCTAHI'CHIIUAJIbHBIC KAaCATCIBbHBIC Hal'[prKeHI/IHZ

2

O3 :(X1+ +X1—)%+
+%(X1+ —X )z+1,(1-2°)(1,2); (38)

— HCTAaHICHIHAJIbHOC HOPMAJIbHOC HAIIPAKCHUC!

1 0 0 z’
0, =-¢ — AT, t— AT, || z—— |+
A4, Oo, oa., 3
2
FPCTSURUS F L B Et
R R, R R ) 2
1
-—(Z,+Z_)-¢ X

I 1 0 0
+8§AI—AZ EAZ()(H —le)+ng|(Xz+—Xzf) x
1-2°

-

OTH ypaBHEHHS COOTBETCTBYIOT KIACCHYECKUM I'U-
nore3am Kupxrodda npu BeiOOpe BEIHMUMH Hadalb-
HOTO MPUOIKEHUS U BBIICICHBI U3 00X ypaBHE-
HUH TEOpPUU YHPYTOCTH MyTeM OTOpaCHIBAHHS BENH-
YHH MOPSIKA € TIO CPABHEHHIO C TJIABHBIMU U BBITIOJI-
HEHUs TPaHUYHBIX YCIOBUH Ha JIMIEBBIX MMOBEPXHO-
CTSIX 000JI0YKU. B oTiM4ne oT KiacCH4ecKo Teopuun

TEOPUA YMPYFOCTU

3[IeCh OMpeeieHbl BCe ICKOMBIE HEU3BECTHBIE UCXOI-
HOM 3a/1a4y B HAIPSDKEHUSIX U TIEPEMEIeHIsIX, Oe3 BBe-
JIeHUS TIOHATHS 00 OCPETHEHHBIX MO TOJIIMHE YCHIIH-
X 1 MOMeHTaX. OJTHaKO MU3BECTHO, YTO JJISl BBIMOJ-
HEHUS TPAaHUYHBIX YCIIOBUI Ha TOPIEBHIX TIOBEPXHO-
CTSAX, HEOOXOJMMO JIOTIOJIHUTEIBHO YUHUTHIBATH I10-
mpaBKy Ha casur [7; 8; 13-22].

3akiIouenne

BeiBeieHHBIE ypaBHEHHUsST TEOPHU O0OJOUYEK MO3-
BOJISIFOT OIIEHUTH TIOTPEITHOCTh KIIACCUYECKOH TEOPHH.
Jlys1 3TOTO B 3aMMMCaHHBIX B O€3pa3MepHOl GpopMe ypas-
HEHMSIX BBIJEIIEH MaJIblid [TapaMeTp, XapaKTepH3y oIl
OTHOCHTENBHYIO TOJNIIUHY 00O0JIOYKH U TTO3BOIHBIIHMA
OTOPOCHUTH MaJlble TI0 CPABHEHHUIO C TIIABHBIMHU BEJIH-
YUHBI B UCXOJHBIX YPaBHEHUSAX TPEXMEPHOU TEOPHUH
yOpyrocTd. B BBIBOAMMBIX paHee TEOPHsIX B CHILY
WCTIONIb30BaHMs Pa3MEpPHBIX YpaBHEHWH Takas BO3-
MOXHOCTb IIpEeACTaBIsIeTC COMHUTENBbHOU. Knaccu-
YecKHe YpaBHEHHMS COAEpXaT B MEPBBIX IBYX YpaBHE-
HUSIX PaBHOBECHS Tepepe3bIBaloIINe yCus, a B hop-
MyJlax — KOMIIOHEHTHI HETaHTeHIINAJIBHOHN JtehopMa-
HUU-NICPEMCIICHUA U YJICHBI C TAaHTCHIHMAJIbHBIMU
MepeMEeIeHUSMH, KOTOPbIE B MPAaKTHUECKUX 3afadax
" yuyeOHHMKaX OTOpacBIBAIOTCS KaK Mallble, 9TO 00b-
SACHACTCA WM OTCYTCTBUEM BJIMSAHUA Ha PaCUCThl, WIN
nosoroit odomnoukoii. [logoOHOe UMeeT MecTo 1o mpu-
YHHE Pa3INYHON CTEIIEHH TOYHOCTH HAITUCAHWS ypaB-
HEHUH KJIACCUYECKON TEOpHUH.

PaccmatpuBas cxemy BbrumcieHus (26) kak mpo-
Lecc, B KOTOPOM ClieBa BHAdYaje 3a/1aeTCs BEIUYHHA
HYJIEBOTO TPUOIIKEHUs], a CIIpaBa BBIYUCILIETCS I10-
MpaBKa K HEMY B BUJIE BEIMYUHBI IEPBOTO MPUOIMKE-
HUS, MOXXHO 3aMETHUTh, YTO MOCIEIHAS UMEET MHOXKH-

Tenb €, T.e. ToTpaBKa Maja ¥ yObIBaeT aCUMIITOTH-
YecKH BMECTE ¢ MaslbIM mapamerpoM. OnHako ycra-
HOBHUTH OJHO3HAYHO BUJ ACUMITOTHYECKHUX pas3iloikKe-
HUI HMCKOMBIX HEW3BECTHBIX HE TPE/ICTABIAETCS BO3-
MOKHBIM 0€3 alpHOPHBIX COOOpakKeHHH 00 M3MEHS-
emoctu uckomoro HJIC.

Jlerko 3aMeTUTh, 4TO KJIACCHUYECKUE THUIIOTE3bI HC-
MOTIB3YIOTCS TIPY BBIOOpE BETMYHH HAYaIbHOTO TPH-
ommkenus (17), U ganblie K HUM BBIYHCIISIETCS TI0-
npaBka. OHa, Kak npasuio, Mana. OHaKo caM BBIBOJ
METOJIOM IIPOCTBIX HTEpanuii TpedyeT KpoMe Hadaib-
HOTO TIPUONIDKEHUS 0 HeaepOopMUPYEMOCTH HOpMa-
71 (4eMy COOTBETCTBYET W -TIPOIIECC) 3aaHus Hadalb-
HOW BEJIMYMHBI CIIBUTa, COOTBETCTBYIOIIETO JOIOIHE-
Huto o Tumomenko — PeiiccHepy. TpakToBka knac-
CHUYECKUX TUIOTE3 U MoNpaBoK TumorieHko — Peiic-
CHepa B Ka4eCTBE BEIMYMH HAYAIBHOTO TPUOIIMKe-
Hus (16) Mo3BOJISIET MpoLIECC BBHIYMCICHUI HEU3BECT-
HBIX OTHECTH K TonyoOpaTtHoMmy Metony Cen-Benana,
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MOJUQHULIUPYS €ro 10 UTEPALMOHHOTO, M OMEPETHCS
Ha MIPUHLMI CKaThIX 0ToOpaxeHni banaxa.

OTKa3 OT UCIIOIb30BaHUS KIACCUYECKON THIIOTe-
3bl OCPEHEHM U BBIBOJ| YPABHEHUI Ha OCHOBE IPHH-
LUIIA CKATBIX OTOOPaKEHWH MPHUBOIAT B CIIydac CBeE-
JIEHUsl IByMEPHOM 3a/lauyu K OJJTHOMEPHOM JJIsl MOJI0-
Chl U TPEXMEPHOU 3a/1auu K ABYMEPHOU ISl IJIaCTH-
HBbl U3 KOMIIO3UIIMOHHOIO MaTepuana K IpyruM IO
CpaBHEHHIO C TPAAUIIMOHHBIMHU 3(h(EKTUBHBIM KO-
1reHTaMm sxectkoctu [21; 22]. Takum oOpa3om, B pe-
3yJIbTaTe NPUMEHEHHUSI MOAU(PUIHPOBAHHOTO MOy~
obparnoro merona Cen-Benana — [lukapa — banaxa
JaHO NMPUOJIKEHHOE pelleHue IPOCTPAaHCTBEHHON 3a-
Jlaull TEOPUH YIPYTOCTHU ITyTEM CBEJIEHUSI K IBYMEPHBIM
pa3pellaIUM ypaBHEHUSAM ISl MEIJIEHHO MEHs-
IOIUXCSL TEPEMEHHBIX, COBINAAIOIIEE C yPaBHEHMUSI-
MU PaBHOBECHS KJIACCUUECKOW TEOPUHU 000IIOUEK.
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Abstract

Aims of research. Derivation of consistent equations of the theory of thin
elastic shells without hypotheses and stress averaging over the shell thickness.

Methods. Using the iterative method of Saint-Venant — Picard — Banach,
the three-dimensional problem of the theory of elasticity is solved without any
hypotheses. By the principle of compressed mappings, the solution converges as-
ymptotically, regardless of the choice of the values of the initial approximation.

Results. A method has been developed for integrating the spatial equations
of the theory of elasticity in curvilinear coordinates for a thin shell. The presence
of a small parameter allows the integration of the system of equations in such
a way that the output data of the first operator is input to the next operator, etc.,
dividing the original complex operator into a sequence of simple integrable Pi-
card type operators. Each equation contains terms of only one asymptotic order.
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Abstract

Aims of research. Investigation of a wave of unloading in a cylindrical net-
work of nonlinear elastic fibers. Given the many options for wave propagation in
cylindrical networks, an attempt is made to solve the problem of continuous waves.

Methods. The movement of the network in the axial direction is considered.

To a basis of a cylindrical system are accepted: an individual vector i parallel

to a cylinder axis, ; — an individual vector of a tangent to cross-section section

of the cylinder, £ — an individual vector perpendicular to the previous ones, x —
is the coordinate in the direction of the axis of the cylinder, y — is the length of
an arc of the circumference of the cylinder. The problem reduces to a hyperbolic
system of equations under appropriate conditions. Since the wave speed increas-
es when the net is stretched, the stretch wave will obviously be discontinuous.
In order to study continuous waves, the problem of wave propagation is solved
when unloading a pre-stretched cylinder from a nonlinear basis. The problem is
solved by the method of characteristics.

Results. The results are illustrated with calculations and can be used at cal-
culations of various flexible pipes, including flexible drilling.

Introduction

in cylindrical networks, it is attempted to solve a prob-
lem about continuous waves.

The equation of movement of [1] networks in

space has a form, constructed on the basis of the the-
ory of Rahmatullin. In articles [2—7] waves in net-
works in rectangular Cartesian system of coordinates
were investigated. Here waves in a cylindrical sys-
tem of co-ordinates are investigated. Obviously, du-
ring stretching a cylindrical network is going to be
narrowed. Being placed on a rigid pipe during mo-
tion, it will be exposed to operate a force of a friction
between it and a pipe. In order to avoid it, the net-
work is replaced on a screw pipe of a special profile.
Such pipes are applied, in particular at the process of
drilling of chinks. In practice, these phenomena can
take place in the flexible pipelines.

Aim is research of waves in cylindrical sets.
Considering sets of variants of distribution of waves

© Rustamova M.A., 2019
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1. The general equations of
movement of a network

The equation of motion of the network, taking
into account the reaction of the supporting body and
the geometric relations will have the form, in con-
trast to [2].

o, .. 0, . orF
8—&(01T1)+8—%(02T2) =(P1+Pz)—a£ + pn;

or or
l+e )T, =—; (l+e,)T,=—. €))
( 1) ! 0s, ( 2) 2 0s,

Here, 7 — radius vector of a particle of a net-
work; p — power of a reaction of the cylinder;

¢, e, — the relative lengthening, corresponding threads;
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s,, s, —Lagranzhevy of co-ordinates of particles of
threads; o, and ©,the conditional pressure defined

as the sum of tension of separate threads of one fami-
ly (crossing a site of a thread of other family), car-
ried to an initial length of a considered element.

Such distribution of weight and efforts is admis-

sible at sufficient dense network, p,+p,— weights of

elements of the network, having corresponding di-
rections on area unit in an initial condition, T,, T,

individual vectors tangents to threads, 7 — a normal
to a surface of the cylindrical basis.

2. Coordinate system

To a basis of a cylindrical system are accepted
(figure 1): an individual vector I parallel to a cylin-
der axis, j an individual vector of a tangent to cross-

section section of the cylinder, & an individual vec-
tor perpendicular to the previous ones, x — is the co-
ordinate in the direction of the axis of the cylinder,
y — is the length of an arc of the circumference of

the cylinder. Then
T,=cosy, i +siny, j; T,=cosy,i +siny, j,  (2)

where 7y, — corners of threads formed with a cylin-

der axis.

Figure 1. Coordinate system

Derivatives:

— e - a
% CosY, 9 s O(cosr) +
0s, 0s, 0s,

i . a :
+siny, ai—i—jM; 3)
0s, 0s,

150

— re - a
0s, 0s, 0s,

+siny, i + j—a (smyz ) .

S, 0s,
Considering
G _ai _, d_ simp,
os, 0s, 05 ro
0 _ siny, F
0s, r '

From (3) we will get

@: a(coSYl)lf_(sinyl)2 E+a(sinyl)j. @
0, 0s, r 0s,

o, d(cosy, ) = (siny, )2 P d(siny,) 7
0s, 0s, r 0s, ‘

Also considering 7 = xi +rk we have

oF ox. ok oOx- .
—=—1i+tr—=—1+roj,; ®))
ot ot ot ot

oF 0x- © - o

—S =i tr—j+tro—

ot~ ot ot ot

or

or 0x-

- 27
yzyl +7rg +rw k,

where ® — angular speed; € — angular acceleration.

3. The equations of movement of
a cylindrical network

Having substituted (4) and (5) in (1) we will get

ail(clcosyl)f—%(sinyl)z]€+a%l(clsinyl) 7+
+i(c cosy )f—ﬁ(siny )k +——(o,siny, ) j =
0s, R r ? 0s, S
2

a s e 7 —
:(Pl"'pz)gfl +(p1+p2)l”8] +(Pl+p2)r®2k+lm;
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0 0 0’
a—Sl(cslcosyl ) +8_sz(62COSY2) =(p,*p, )an,

0 . 0 )
—(cslsmy1 ) + —(cszslm(2 ) = (p1 +p, ) 7€, (6)
S, 0s,

—%(siny] )2 —%(simf2 )2 =(p,tp, ) re’ + p.

Next is the symmetrical arrangement of the right
and left fibers. Then the equations (6), considering

6,=6,=0, v,=—v,=7Y, ©®=0, £=0 will become:

0 o’
25(00057) = (pl+p2 )gf,
2%(siny)2 =—p. (7

Geometrical correlations

Let's define a derivative of a radius-vector 7
with respect to s. Having designated 7 = xi + rk .

or ox- ok ox- Oy -
—=—i+—r=—i+—=].
Os Os Os Os Os

Where according to (1) and (3)

(1+e1)cosy1f+(l+el)siny1]:g;
0s,
- . - 81”
(1+e,)cosy,i +(1+e,)siny, j =—;
0s,
(1+e)cosy:%; (®)

(1+e)siny =—. 9)

>

As the network does not rotate, then y = const.

6((1 +e) siny) o
ot -
or

(I+e,)siny,=(1+e)siny, (10)

TEOPUA YMPYFOCTU

where ¢,also vy, are values of parameters in an ini-

tial condition.

Using (8) of the first equation (6) it is possible
to write:

oc 1 oOx 0 1 ox 0 x
:( 1 2)

60— —— —

Os 1+e Os Os\1+e Os ot’
| door 1 dedx o &x_
1+e Os Os (1+e)28s88 1+e Os?

0°x
(P1+Pz)67>
o dedx 1 dedx, o &x_
1+e Os Os (1+e)2 Os O0s l+e s’

O’x
=(p1+p2)¥’
o __© 1 sz(é_x)z_l_ o @_
I+e (1+e)2 l1+e 0s* \ Os l+e 0s”

0 x
=(p1+p2)87. (11)

From (11) we will get the following equation:

o ___o (@%L ox_
(1+e)2 (l+e)3 Os l+e |Os?

2
~(pr+p.) 25 12

Last equation represents quasilinear equation in
partial derivatives.

‘= [(12)2_(1;)3}(%T+ﬁ'

2
Here e:\/(%) +(1+¢,)siny, —1; s:@;
s

Os
(ﬁxj .

o| — |1t 1s set.

Os

If we take o,6" in the following way

2
15
o= a(@_x} ;0 = ZQ(—XJ , we get the above given
Os Os

plot.
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Figure 2. The graph for dependence
between quantities € and a(g)

Let's consider another case.

Flat nonlinear elastic, in other words,

2
c=aq, -Z—)SC+ a, (%) , system (8), (9) and (10) can

be reduced to one quasilinear equation of the second
order.
From (6) follows

0 0*
2~£(ocosy):(pl+p2)-§f;

o ox ox Y 0%x
2-—|a,-—+a,| — | [cosy=(p,tP,) —;
as( ' s z(asj] v=(Ptpa) 2

0 ( 6x) 0 (asz
2-—| a, -cosy +2-—1| a, -cosy =
oS Os oS Os

2

o’

(13)

:(p1+p2)'

2
2-0, 8_x dcosy + 2-(xlcosya—§+
oS Os
2
g (axj ocosy +4-a,co5 Ox 0°x Ox_
os oS 0s Os
~(pyps) 22 (14)
or?
From (8)
1 ox
Cosy =——— 15
v l+eds’ (15)
dcosy 1 deox 1 0’x

oS (1+e) B s (1+e)¥' (16)
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From (8) and (10)

0°x

(1+€)2 cos’y =7

(1+¢,)’sin’y,=(1+e)’sin’y;

2
aS +(1+e,)’sin’y,=(1+e). (17)

From (17)

2
2(1+ )% = 2%6—
Os Os Os*

or

Oe 1 0x d*x

== ZzZ. 18
0s  (l+e) 0s 0s’ (18)

Using (15), (16) and (18) in (14) we will get
ax 1 (&)267): 1 o'x) 1 axox

L7 I A=) 2t 5 c |t
s\ (I+e) \as/ Os° 1l+e 0O 1+e Os Os

(ax)z 1 (ax) x 1 x| 2 axaxdx
+o | [—] |- =
Os (I+e)y \as/ o5 1+e o5 l+eds &5 s

(pp,) O,
_ Ly

2
oo (6_xj362x+ 2 ox2’x),
"\ (Q+e)Y\as) 0s* 1+eds 05’

. (6_xj482x+ 3 (6_x)282x _
| +e)Y\os) os* 1+elds) os?
:(pl+p2)_62x
2 otr’

2

PP,
Last equation can be represented in the above

2
Here, a, =

given form:

1 ax\[ox\ 1 ax\ax)|o'x
- a+o,—||—]| + 20, 430, —|— ||/ =
(1+e) " 0s)\0s (I+e) " 0s) Os Os”

_(otp) o'
2 o

ox ) 0%x 0 x
(ﬁsj 0s® a0.87' (15

The last equation is a quasilinear partial diffe-
rential equation.
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2
. X . . .
The coefficient at 8_2 in (19) increases with
N

0
the growth of a—x, therefore speed of waves with
s

deformation growth increases, conducts to the for-
mation of shock waves [8].

Continuous waves will occur when unloading
a pre-stretched cylinder. Here, too, the method of
characteristics is used (figure 3).

o(e)

a(e))

Figure 3. The method of characteristics

From a point 0 wave extends with the maximum
speed a(eo) as waves with smaller deformation ex-

tend with smaller speed and will not influence a con-
dition at the front.
Let the cylinder to locate in the stretched condi-

tion ¢, .
On border the cylinder unloads, in other words,

its end moves with a speed of &
Characteristics of the equation (19) have a form:

ds = adt. (20)
ds = —adlt. 1)

Conditions on characteristics

dx, = adx, (Z_x =x, % = x{j (22)
A

TEOPUA YMPYFOCTU

and

dx = —adx ; (23)

a=a,|l - oto, —|[{—| + 20, +30, —|— | |
\/{ (1+e) o)\ és (1+e) os) as

The front of an unloading wave moves with

a speed a(eo). In the field of SOA (figure 2) a rest

condition. From a condition on negative characteris-

tic BC followsx, Z—Iadxs; differentiating in
0

Xs
a direction of the positive characteristic we have
dx = —adx_.
Comparing with (22) we get X, =const,
x, =const . In other words, on positive characteris-
tics x,, X, are constant.

From (20) we have, considering a constancy x
on the characteristic

x=a(t—t,). (24)

At x=0 we choose to and define €.
From (24)

X
t,=t—=
a

and accordingly

=5 (1,)
8=3, (t—z). (25)
a
. T
Let's consider an example: 7Y,= Z and
yis
Yo:g, e, =0,1; a, =5000wm/c.

The plot of (a(x,)=a(e)(x, =€), f(g) is
shown on figure 3 and the plot of p(s), m(S) is

manifested on figure 4.
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Figure. 4 The graph for dependence between quantities €,k and f(g),a(k):

n
(y“=—; e =0,1; au=5000M/c)
4

0.7 075 08

085 09 095 1

Figure. 5. The graph for dependence between quantities €,k and f(g),a(k):

T
’Yoz—; el)=
6

Let the cylinder on border s =0 unload with
a speed V().
From (25)

€

Ht)=— j a(x, )dsx..

€9

(26)

Where 4 is a function of the top limit of an integral.

154

0,1; a, =5000 M/C)

The equation (26) is the equation for defining an
axial deformation of a network x = ¢ (unlike de-

formation of fibers ¢).
Approximately having presented integral (19) in
the form of the sum, we have:

9=~ [ atmdn

€9

27
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) or §=f(¢)
9= [atvych; | . y
. inverse relationship € =& on border. As positive
9, = a(g,)A; characteristics are rectilinear, it is possible to define
€ in all area of movement. Functional dependence
9 =(a(e)) +a(e))- Ag; f speed of _ speed of d def
1 0 1 of speed of movement — speed of a wave and defor-
9, = (a(go) +a(e)+ a(gz)).Ag; mation for the given example is presented in the ta-
bles 1 and 2.
4 = f(g,—¢). (28)
9, =(a(e,)+a(e)+---+a(e,)) Ae " 0
Table 1
T
Calculated values of the utilized parameters (for Y, =—)
4
€0 &1 &2 &3 &4 & &6 &7 €8 &9 €10 &1
0.778 0.770 0.762 0.754 0.746 0.738 0.730 0.722 0.714 0.706 0.698 0.690
e(%0) e(€1) e(€2) e(&3) e(g4) e(&s) e(g6) e(€7) e(&s) e(%9) e(£10) e(en)
0.1 0.094 0.089 0.083 0.078 0.072 0.067 0.061 0.056 0.050 0.045 0.040
Jo 9 N J) 93 ¥ 95 Y6 97 s Y9 S10 I
T4710° | 1493-10° | 2237-10° | 2.980-10° | 3.721-10° | 4461-10° | 5.199-10° | 5936:10° | 6.672:10° | 7.406-10° | 8.139-10° | 887-10°
a(eo) a(er) a(e2) a(es) a(es) a(es) a(ee) a(er) a(es) a(ev) a(g1) a(en)
7.753-10* | 7.732-10* | 7.711-10* | 7.689-10° | 7.667-10" | 7.644-10* | 7.621-10* | 7.598-10* | 7.575-10* | 7.551-10* | 7.526-10* | 7.502-10°*
Table 2
n
Calculated values of the utilized parameters (for Vo = ;)
&0 €1 &2 &3 &4 &5 &6 &7 &8 &9 €10 €11
0.953 0.950 0.947 0.944 0.941 0.938 0.935 0.932 0.929 0.926 0.923 0.920
e(%0) e(e1) e(€2) e(e3) e(g4) e(&s) e(g6) e(€7) e(&s) e(g9) e(€10) e(en)
0.230 0.228 0.225 0.223 0.221 0.219 0216 0.214 0212 0.209 0.207 0.205
S0 9 R ) I3 4 s 6 97 s Y9 S10 3
866.7 | 1.732:10° | 2.597:10° | 3.461-10° | 4324-10° | 5.186'10° | 6.048-10° | 6.908:10° | 7.767-10° | 8.626:10° | 9.483-10° | 1.034-10°
a(eo) a(er) a(e2) a(e3) a(es) a(es) a(ee) a(er) a(es) a(ev) a(g10) a(en)
8.667-10* | 8.658-10%| 8.648-10*| 8.639-10° | 8.630-10* | 8.621-10* | 8.612-10* | 8.603-10*| 8.593.10*| 8.584-10° | 8.575-10*| 8.566-10°
Conclusions Depending on distribution of speed on the bor-

Setting on border speed of movement of the end
of a network as a time function it is possible to de-
fine deformation as time function on the end of
a network and to the above-stated form everywhere
in area SOt.

For an example takes $=>bt then ¢ = f(€)/b.

TEOPUA YMPYFOCTU

der, deformation of a constant on characteristics is
defined (figures 4 and 5).
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BoJjiHa pa3rpy3ku B HHJIMHAPUYECKON CETH U3 HEJIMHEHHO YIPYTrUX BOJIOKOH
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Annomayus
1lenu. ViccnenoBanue BOTHBI pa3rPpy3KH B HAJIHHAPHYECKON CETH U3 HEIH-
HEIHO ynpyrux BOJIOKOH. [IpennpuHMMaeTcst MONbITKA PEeLIeHus 3aJaud O He-

IIPEPBIBHBIX BOJHAX C YYE€TOM MHOXKECTBA BapHAHTOB PACIPOCTPAHCHHUS BOJIH B
LWIAHAPUYECKHUX CETSX.

Memoowt. Ha ocHOBE ypaBHEHHI JBIKEHHS CETH B OOLIEM CITydae CTPOST-
Csl YpaBHCHUS IBUKCHUSA LLI/IJ'II/IHleI/I‘{eCKOI;I CCTH. PaCCManI/IBaCTCﬂ JABUXKCHHEC
CEeTH B OCEBOM HarpaBJeHUH. 3a 0a3uc HMIHHIPHYECKON CHCTEMBI IPUHUMAFOT-

Kniouesvie crosa:

HEJIMHEWHO yNpyrue BOJIOKHA;
BOJIHA Pa3TPY3KH;
LUWINHAPHYECKAs CETh;

HENPEPBIBHBIC BOJIHbI Csl: €IMHUYHBIA BEKTOp I, NapajuleJbHbIM OCH LWIMHIPA, j — EIUHUYHBIN

BEKTOp KacaTeJbHOM K IONEpEeYHOMY CEUEHHUIO LUIMHIpA, kK — €IMHUYHBIN
BCKTOD, HCpHCHZ{MKyJ’IﬂprIﬁ K NpeabIAylnuM, X — KOOpAWHATa B HAallpaBJICHUU
OCH LMJIMHJpA, Y — JUIMHA YT OKPYXKHOCTH LIMIMHIApPA. 3a7a4a CBOAUTCS K T'U-
nepOOIMYEeCKON CUCTeMe YPABHEHUH PU COOTBETCTBYIOIUX YCIOBUSIX.

ITockoabKy IpU pacTSKEHUH CETH CKOPOCTh BOJHBI yBEJIUYUBAETCS, TO,
OYEBUJHO, BOJHA PACTXKEHHUs OyneT paspblBHOH. C Lesbl0 HCCIENOBAHUS He-
IIPEPBIBHBIX BOJH PEIIAETCs 3ahada O paclpOoCTPaHEHHM BOJH IIPU pasIpy3Ke
IpEIBApUTEILHO PACTSHYTOrO LIIUHJpPA U3 HEIHHEHHOW OCHOBHL 3ajnaua pe-
LIa€TCs. METOOM XapaKTEPUCTUK.

Pesynomamel. Pe3ynbTaThl WILTIOCTPUPYIOTCS pacueTaMu U MOTYT ObITh
UCIIOJIb30BaHbl NIPY BBIYUCICHUU JAHHBIX IJIS Pa3jIMuHbIX THOKUX TpyO, B TOM
qycie OypuibHbIX.
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Abstract

Aims of research. Expert validation of all proposed design solutions, deve-
lopment of necessary design solutions for the heightening of the Limon dam
according to the ICOLD recommendations.

Methods. The detailed static and seismic (dynamic) analyses of stress-
strain state and seepage of concrete face rockfill dam Limon (Peru) were per-
formed using the advanced software FLAC-3D (USA) and PLAXIS 2D (Hol-
land), respectively. The elasto-plastic model with Mohr — Coulomb criterion
with variable shear angles of gravel and pebble zones of dam materials and its
foundation soils was used in the static and seismic (dynamic) analyses of the
dam. The dynamic nonlinear analyses of stress-strain state of two variants of
Limon dam with full reservoir under Maximum Credible Earthquake (MCE)
action of the Mar—Chile Earthquake accelerogram.

Results. On the base of these analyses the recommendations were develo-
ped for the project of the dam heightening from 43 up to 82 m before the initial
filling of the reservoir. Expert validation of all proposed design solutions, neces-
sary design solutions for the heightening of the Limon dam were developed ac-
cording to the ICOLD recommendations.

Introduction

the project includes the TransAndes water-transfer
26 km long tunnel now completed. The 82 m high

In July 2012 the Government of Lambayeque
province (Peru) invited the author of this article as
an international expert and member of ICOLD to
perform the expert validation of design of the
heightening of concrete face gravel dam (CFGD)
Limon from 43 to 82 m. The dam is the main ele-
ment of project “Proyecto Especial Olmos — Tina-
jones (PEOT)”. The hydraulic transfer scheme of

© Lyapichev Yu.P., 2019
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Limon CFGD is located on the right bank of
Huancabamba river in remote region of Andes wit
very high seismicity. Maximum Credible Earth-
quake (MCE) with the return period T = 5000
years and Amax = 0.57g corresponds to ICOLD rec-
ommendations: Bulletins 148, 122, 154, 155, 167
[1-5] and was much more dangerous than adopted
in 2009 Brazilian design: Amax = 0.39g, T = 1000
years [6].

In the first PEOT project, developed by Hy-
droproject Institute (Moscow) in 1982, the variant
of 82 m high Limon rockfill dam with clay core

DYNAMICS OF STRUCTURES AND BUILDINGS
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was adopted for the one-stage dam construction.
But later due to the political and financial prob-
lems in Peru the project implementation was de-
layed for 20 years and was resumed as a two-
stage construction by BOT scheme (build, operate
and transfer to owner), proposed by Odebrecht
construction company (Brazil). The company chan-
ged the Soviet design of one-stage 82 m high
Limon traditional rockfill dam with clay core in
favor of the two-stage CFGD (43 and 82 m high).
The Soviet project of shore spillway remained
unchanged.

1. Seepage analysis of
Limon CFGD (H = 82 m)
and its alluvial (40 m deep) foundation

Seepage analysis was made using the software
PLAXIS 2D PlaxFlow (The Netherlands) [7].

In figure 1 is presented the geometry of dam
with zones of materials and its 40 m deep alluvial
strata of foundation in channel section 10-10' and
their permeability coefficients. In figure 2 is presen-
ted the finite element mesh of dam and its foundation
in channel section 10.

1150
A

100

1050

1000

PRESA CFRD LIMON H=82 m
SECCION 8- §'
MaterialName | Calor | KS(em/s) |K2/KL “:Ie
4AEnrocado [ 5 1| o
Plinto . 1008 1 o
381 Gravearencss | [0 | 005 1 )
Losa de concreto . 2.13e-007 1 o
Aluvial 1 D 0.035 1 o
Rocososluvial | [ | 01 1 | o
2B Grava D 0.07959 1 o
Roca W [is=00s| 1 |0
L 3CGrava . 0639 1 o
imo
. 3AGrava D 0326 1 o
Grava arcillosa
382 Grawva arenosa . 0.063 1 o
Aluvial 2 D 02 1 o
Aluvial 4 Pantallz enfundacién | [ |207e007 | 1 0
panalla 2AGravaprocesads | ] | 00505 | 1 | o
an
& Aluvial 2
diafragmd uvial Roca meteorizada . 0000325 | 1 0
Limo D 1e-006 1 o
Aluvial 1
Grava Arcillosa . 1 o

100 50 g 50

Figure 1. Zoning and permeability of soils of CFGD Limon H = 82 m and its foundation in channel section

1150

PRESA CFRD LIMON H=82 m
SECCION & -8"

ANALISIS DE FILTRACION
DISCRETIZACION DEL DOMINIO COMPUTACIONAL

Figure 2. Finite element mesh of CFGD Limon H = 82 m and (40 m deep) foundation in channel section
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Figure 3. Equipotential lines of the total seepage heads in rock foundation below the concrete diaphragm

The results of the equipotential lines of total
seepage heads in the rock foundation below the plas-
tic concrete diaphragm are showed in figure 4, veri-
fying the significant reduction of the total seepage
and pressure heads in the rock foundation by effect
of the plastic concrete diaphragm in foundation.

Table 1 shows the unit seepage flows in the dam
foundation for construction stages of H = 43 m and

H = 82 m in sections 8-8' (in right abutment) and
10-10' (channel section) below the concrete dia-
phragm, in the central dam axis and below the dam
toe. The relationship of unit seepage flows in section
8-8" and 10-10' shows that seepage flow in the foun-
dation of the dam H = 82 m would be more than
twice the seepage flow in the foundation of the dam
H=43m.

8]
Pressure Head
PRESA CFRD LIMON H=82 m (=)
SECCION 10 - 10 0.00
o ANALISIS DE FILTRACION 2.0
= CARGA DE PRESION 25.62
3e.42
$1.23
* €4.04
X 76.85
3 5 5 89,66
3 102.47
C e 115.27
98 08 1921 128.08
2 — e 140.89
# _@ = - 0.002791 m3/s m 0.00053689 ms 153.70
0031634 ms|
m 87 64}
m o 832¢ 70.48)
8
=" 2% i 250 i 150 " b0 - o [ - EY i 180 - 120 230 - 2|
Figure 4. Equipotential lines of seepage pressure heads in rock foundation below the concrete diaphragm
Table 1
Unit seepage flows in the dam foundation for construction stages of H=43 m and H=82 m
Unit seepage flows (m*/s/m)
Dam Section X N X
Below concrete diaphragm In axis of dam cross-section Below toe of downstream slope
I Stage 8-8' 1.373x1073 1.37x1073 0.744x1073
H=43m 10-10' 1.495x1073 1.38x107 0.652x1073
II Stage 8-8' 2.865%1073 2.759x1073 1.904x107
H=82m 10-10' 3.163x1073 2.791x1073 0.536x1073
Relation 8-8' 2.09 2.01 2.56
Ons2/Qnas 10-10" 2.12 2.02 0.82
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2. Seismic (dynamic) analysis of 82 m high
Limon CFGD under MCE action (Amax= 0.57 g)

The main results of dynamic nonlinear analysis
of stress-strain state of Limon CFGD (H = 82 m,
adopted variant 2 with additional downstream rock-
fill zone) with full reservoir under Maximum Credi-
ble Earthquake (MCE) action of the Mar—Chile Earth-
quake accelerogram are given in figures 5—17. The pre-
vious dynamic analysis of variant 1 (without this
downstream rockfill zone) are omitted.

Another MCE of the Lima—Peru Earthquake ac-
celerogram was considered also in the dynamic ana-
lysis, but its action was less dangerous than that of
the Mar—Chile Earthquake accelerogram.

In figure 5 the accelerogram of Mar—Chile Earth-
quake normalized to the maximum acceleration of
Amax = 0.57g is shown. The Mar—Chile Earthquake
with the return period 7' = 5000 years and Amax= 0.57¢g
corresponds to the recommendations of the ICOLD
Bulletins [1-5] and was much more dangerous than
adopted in previous (2009) Brazilian design: Amax =
0.39 g, T= 1000 years [6].

The static and dynamic analyses of stress-strain
state of Limon CFGD (H = 43 and 82 m) were made
by FLAC-3D software (USA) [8], which was esti-
mated in ICOLD Congress (Canada, 2003) [9] as one
of the best software for dynamic analyses of large
rockfill dams including CFRDs. The finite element

model of Limon CFGD (H = 43 and 82 m) with its
foundation is shown in the figure 6.

Figure 5. Accelerogram of Mar—Chile

Figure 6. The finite element model of Limon CFGD

Earthquake normalized to Amax = 0.57 g (H = 43
and 82 m) with its foundation

Parameters of the elasto-plastic model with
Mohr — Coulomb criterion for dam materials and
foundation soils in static analyses of Limon CFGD
(H =43 and 82 m) are given in table 2.

Table 2

Parameters of Mohr—Coulomb model in static analyses of Limon CFGD (H = 43 and 82 m)

Numbers and names of Material Dry density Parameters of deformation Parameters of shear
zones of dam materials or soils and void ratio strength of materials
and foundation soils Yar, t/m3 n E (MPa) Angle of y C (MPa) y(°)

dilatancy (°)
1% stage dam (H =43 m)
1, 3. Foundation Alluvium 2.15 0.2 108 0 0.30 0 42
2. Diaphragm Concrete 2.25 0 320 0 0.40 0.4 30
4. Plint slab Concrete 2.5 0 20000 0 0.17 1.0 60
5. Embankment zone Gravels 22 0.15 168 0 0.30 0 46.5
and pebbles
6. Transition zone Gravels 2.15 0.2 150 10 0.33 0 42
7. Transition zone Sand 2.1 0.25 100 10 0.33 0 40
8. Concrete face Concrete 2.5 0 20000 0 0.17 1.0 60
2" stage dam (H = 82 m)
9. Embankment zone Gravels 2.2 0.15 168 0 0.30 0 46.5
10. Embankment zone Gravels 2.2 0.15 168 0 0.30 0 46.5
11. Transition zone Gravels 2.15 0.2 150 10 0.33 0 42
12. Transition zone Sand 2.1 0.25 100 10 0.33 0 40
13. Concrete face Concrete 2.5 0 20000 0 0.17 1.0 60
14. Downstream zone Pebbles 2.1 0.25 150 0 0.30 0 46.5
with 2 berms
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100_ 245 123 aos

a.0 0.0 199.9 20,0 0.0 230.0 0.0

Figure 7. Scheme of CFGD Limon (H =42 and 82 m)
(adopted variant with d—s zone 14 with 2 berms)
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Figure 8. Scheme of CFGD Limon (H =43 and 82 m)
with variable shear angles of gravel and pebble zones
10-11, 15-17

Table 3

Values of shear angles of gravel and pebble zones
10-11, 15-17 depending on normal stresses

Normal stresses,
On, MPa
Shear angles

y(°) of gravel 46.5 | 46.3 | 42.0 | 41.1 | 40.0
and pebble zones

0.2 0.5 0.8 1.0 | 212

Scheme of zoning of CFGD Limon (H = 82 m)
with variable shear angles of gravel and pebble zones
10-11, 15-17 (figure 8) was used in the pseudo-
static analyses of the downstream slope stability
under action of the acceleration in dam foundation
Anor=2/3 * Amax =2/3+0.57 g=0.38 g.

The distribution of seismic accelerations through
the dam height was received according to Russian
seismic design norms for dams (SNiP 33-01-2003)
using the shear wedge method (figure 9).

Figure 10 shows results of static (the most dange-
rous circular surface 2) and seismic (the most dange-
rous circular surface 1) stability of downstream slope
of Limon CFGD (H = 82 m) taking into account
the variable shear angles of gravel and pebble zones
10-11, 15-17. This figure show that the minimum
factor of the downstream slope stability under action
of seismic loads is more that permissible as per design
norms SNiP 33-01-2003 (Fmin = 1,22 > Fperm = 1,06)
and corresponds to the deep circular sliding surface
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between the dam crest and upper alluvial layers of
dam foundation.

Presa Limon H=82 m.Estabilidad estatica y sismica de los taludes

T e m——— Caracteristicas fisico-mecanicas de los suelos
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Figure 9. Distribution of seismic accelerations through
the dam height (H = 82 m) using shear wedge method

Presa Limon H= 82 m.Resultados de los calculos
estaticas y sismicas por metodo de VNIIG-Terzhagi

Superficio| Yc Ic F(min) |F(perm)
1 200.0 | 120.0 1,69 1,25
2 29.0 [1s5.0 | 41,19 | 1,06
7
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Figure 10. Factors of seismic (Fmin = 1,19 > Fperm = 1,06) and
static stability (Fmin= 1,69 > Fperm = 1,25) of downstream slope

The comparison of results of the seismic stabili-
ty analysis of the downstream slope of Limon CFGD
(H = 82 m) with additional pebble zone 14 with two
berms (figure 7) with results of the same analysis of
the dam but without the additional zone show that
the inclusion of this zone in the downstream slope
provide a significant increase of the minimum factor
of the downstream slope stability from 1.05 up to
1.22. Below in figures 11, 13—15 the main results of
dynamic nonlinear analysis of stress-strain state of
Limon CFGD (H = 43 and 82 m, variant with the
additional downstream pebble zone) with full reser-
voir under action of MCE of the Mar—Chile Earth-
quake accelerogram are presented. The dam zones
with the shear stress state of soils are painted in
orange and zones with the tension stress state of soils
are painted in blue (figure 11).

Parameters of Mohr—Coulomb model used in the
dynamic nonlinear analysis of Limon CFGD (H =43
and 82 m) are given in table 4.

DYNAMICS OF STRUCTURES AND BUILDINGS
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Block State

shear
tension

Acc-delMar__Chile

Figure 11. Zones of Limon CFGD (H = 43 and 82 m) with the shear and tension stress state of soils
under action of SMC of the Mar—Chile Earthquake accelerogram with Amax=0.57 g

Table 4
Parameters of Mohr—Coulomb model in dynamic analyses of Limon CFGD (H =43 and 82 m)
Numbers and names Material Dry density Dynamic Shear modulus Initial Reduction
of zones of dam or soils and void ratio modulus of Gmax (MPa) coefficient of | of parame-
materials Ydr, n elasticity damping &, % ters Gmax
and foundation soils t/m? E%", MPa and &
1*'stage dam (H =43 m)

1, 3. Foundation Alluvium 2.15 0.2 1300 Gax = 35(cm)*> 5 see figure A

2. Diaphragm Concrete 2.25 0 1600 G=E"/[2(1+V)] 3 —

4. Plint slab Concrete 2.5 0 20000 G=E"/[2(1+V)] 2 —

5. Embankment zone angrsevlfﬁes 22 | 0.15 2000 Gunax = 40(6m)* 5 see figure A
6. Transition zone Gravels 2.15 0.2 1000 Gax = 22(om)*> 4 see figure A
7. Transition zone Sand 2.15 0.2 700 Gax = 20(0m)*3 4 see figure A

8. Concrete face Concrete 2.5 0 20000 G=E"/[2(1+V)] 5 —
2" stage dam (H = 82 m)

9. Embankment zone Gravels 2.2 0.15 2000 Gmax = 40(cm)"? 5 see figure A

10. Embankment zone Gravels 2.2 0.15 2000 Gmax = 40(cm)*> 5 see figure A
11. Transition zone Gravels 2.15 0.2 1000 Gmax = 22(0m)"> 4 see figure A
12. Transition zone Sand 2.1 0.25 700 Grmax = 20(0m)"> 4 see figure A
13. Concrete face Concrete 2.5 0 20000 G=EM/[2(1+V)] 5 —

14 %&“gﬁgszone Pebbles | 2.15 | 0.2 1500 G =E™/[2(1+V)] 5 see figure A

Note: (om)—medium stress (effective) in kPa.
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Figure 12. Curves of reduction of the shear modulus G/Gmax
and initial coefficient of damping &, % of soils of
the dam and its foundation
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Under action of the Mar—Chile Earthquake the dam
would suffer elasto-plastic deformations with large
plastic displacements in the wide zone of the down-
stream slope (figure 13). The large plastic deforma-
tions modified the dynamic stress-strain state of the dam
and its foundation (figures 13—14). The horizontal and
vertical displacement in the dam after the Mar—Chile
Earthquake in the upper part of the downstream slope
are, respectively, 2.0 and 1.0 m; in the upper berm —
2.2 and 1.1 m; in the lower berm — 2.5 and 1.3 m and
at the toe of the slope — 6.0 m and zero (figure 13).
The intensity of shear deformations (figure 13) is
concentrated in the narrow zone in lower part of dam
downstream slope.
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a)

b)
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Figure 13. Horizontal (@) and vertical (b) displacements in Limon dam (82 m) after Mar—Chile Earthquake
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Figure 14. Intensity of the shear deformations in Limon dam (82 m) after the Mar—Chile Earthquake

X Deaqrocmrrmed =

» 93

7 Omasncomens »

Figure 15. The time history of the residual horizontal () and vertical (b) displacements of
the crest of Limon dam (82 m) during the Mar—Chile Earthquake

The time history of the residual horizontal (a)

and vertical (b) displacements of the dam crest dur-
ing the Mar—Chile Earthquake is shown in figure 15.
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The maximum horizontal and vertical displacements
of the dam crest during the Mar—Chile Earthquake
are, respectively, 1.5 and 1.1 m.
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3. Results of analysis of the concrete face

These results are showed in figurel6 and 17 (Li-
mon dam, the 2" stage, H = 82 m). The displacements,
bending moments and longitudinal forces (axial) in
the concrete face are presented for action of Maximum
Credible Eartquake (MCE) of Mar—Chile after filling of
the reservoir up to maximum elevation (Limon dam,
the 2" stage, / = 82 m). It’s shown that the greatest

a) Horizontal E

displacement, m
4.05150-003
2.0000e-002
4.0000e-002

6.0000e-002 @
8.0000e-002
1.0000e-001
1.2000e-001
1.4000e-001
1.6000e-001

influences on the concrete face is axial compression, be-
ing of lesser bending moment value, therefore, the con-
crete face will be in compression state. With the dimen-
sions of concrete face, adopted forces and moments it
can determine the bearing capacity and reinforcement
of thick 0.55 and 0.42 m concrete face based on the
diagram of interaction force-bending. Also this rein-
forcement is also recommended to absorb stresses due
to shrinkage and thermal changes in concrete face.

b) Vertical E
displacement, m

2.4978e-002
4.0000e-002
6.0000e-002
8.00006-002 D]
1.0000e-001
1.2000e-001
1.4000e-001
1.6000e-001
1.8000e-001

Figure 16. Horizontal (@) & vertical (b) displacements of concrete face after filling of the reservoir up to maximum elevation
(CFRD of the 2" stage, H = 82 m):

a) SEL sres-Ny, Pam
-1.91090+006

-1.25000+006
-1.00000+006

~7.50000+005
-5.00000+005
-2.50000+005
L] 0.00006+000

b) SEL sres-My, Pa-m? E

=1.15110+005
=1.00000+005
5 oomet e
6. D> 4
-1.00006+004
-2.00000+004
0.00006+000
2.00000+004

6.00006 +004
a.ooom*ooa@

Figure 17. Longitudinal forces (¢) and bending moments (b) in the concrete face after filling of
the reservoir up to maximum elevation (CFRD of the 2" stage, H = 82 m)

LEGEND FOR FIGURES 16 AND 17:

A —point on perimetral joint; B — intermedial point; C — point on the crest of dam of the 1% stage;
A — point on perimetral joint; B — intermedial point; C — point on the crest of dam of the 2™ stage.

Displacements in points of concrete face:

Forces N & bending moments M in points of concrete face:

A-Ux=0,14 m; Uz=-0,16m A — N=-80t (compression); M=-6tm
B-Ux=0,16 m; Uz=-0,18m B — N=-40t (compression); M=-2tm
C-Ux=0,14m; Uz=-0,14m C - N=-50t (compression); M=0tm

D-Ux=0,08 m; Uz=-0,10m D - N=-50t (compression); M=-2tm
E - Ux=0,06 m; Uz =-0,04 m E — N=-50t (compression); M=-4tm

Deflections of concrete face: in point B (maximum) — 24 cm; in point C — 19 cm; in point D — 13 cm

LIMHAMVIKA KOHCTPYKLIUA 1 COOPYKEHMI
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4. Supposed designed behavior of
the concrete face of Limon dam

From the pattern of deformations the behavior of
concrete face acts as a rigid wall to vibrations in the
transverse direction of the valley, differs considera-
bly from the rockfill and transition zone materials,
the transverse response across the valley of rockfill
dam may be limited by the relatively rigid concrete
face. This may lead to tension stresses in the plane of
concrete face, seismic forces transferred from rock-
fill to concrete face are limited by the frictional for-
ces between the transition zone of rockfill and con-
crete face. Like all the water load is supported by the
concrete face, these frictional forces are relatively
high and therefore stresses in the plane of concrete
face can be significant enough to cause local defor-
mations or shears of concrete face slabs along its
longitudinal joints. The dam deformations can cause
the crack opening in concrete slabs and sliding along
the crack surface and suffer oscillating movements.
This behavior of Limon dam corresponds to many case
studies of behavior of concrete face rockfill dams,
in detail described and discussed in [10-15].

The main advantage of this dam with concrete
face is its high resistance to erosion in case of water
seepage through cracked concrete face. If the zone of
materials under the concrete face has a proper particle
sizes the permeability coefficient will be 107 cm/s
and then zone will be stable against its erosion. This
eliminates the risk of high leakages developed under
cracked concrete face.

Main conclusions

1. Horizontal and vertical displacements of the
downstream slope after the Mar—Chile Earthquake
are, respectively, 2.0-2.5 and 1-1.3 m. The maxi-
mum horizontal and vertical displacements of dam
crest during the Mar—Chile Earthquake are, respec-
tively, 1.5 and 1.1 m and after the earthquake — 0.4
and 0.3 m. These displacements about two times
lower than those in the previous variant 1 of the dam
with the downstream slope of (V/H = 1/1.7) and the
under-laying rockfill without berms.

2. In comparison with the previous variant 1 of
Limon dam (H = 82 m) with the downstream slope
of (V/H = 1/1.7) and the under-laying rockfill with-
out berms this variant 2 of Limon dam (H = 82 m)
with additional gravel zone with two berms on down-
stream slope is much more stable and safe under ac-
tion of very strong MCE of the Mar—Chile Earth-
quake. Therefore, this variant 2 of Limon dam can be
adopted in the following detailed final design of 82 m
high Limon dam.
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3. During the forthcoming reservoir filling the strict
monitoring of instruments embedded in dam body
(piezometers, benchmarks, strain gauges, accelerom-
eters) with expert control is necessary.
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CraTnyeckue M JMHAMUYECKHE PacyeThl HAPAIMBAHUS I'PYHTOBOM NMJIOTHHBI
¢ 0eToHHbIM dKkpaHoM JIumon (Ilepy)
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Kurouesvie cnosa:

TPYHTOBas IUIOTHHA

¢ 6eronHbM 3kpanoM (CFGD);
HEJIMHEHHBIA CEMCMUYECKUN
(nMHAMHMYECKHIi) pacuer;
YCKOpEHHE OCHOBAHHMS;
aKceyieporpaMma 3eMJIeTPSICEHUS;
pacuet GuIbTpau

Annomayus

Ilenu. DxcrniepTHas MMPOBEPKa MPEIOKEHHBIX IPOCKTHBIX PEIICHUI, pa3-
paboTKa HEOOXOAWMBIX MPOEKTHBIX PElICHWH MO HapanlMBaHWIO TUIOTHHEI JIu-
MOH cornacHo pekomenaarusam ICOLD.

Memoowt. TTonpoOHbIe cTaTHYeCKUe U CeHCMUYecKHe (IMHAMIIECKUe) pacye-
ThI HanpsbkeHHO-AedopmuposanHoro cocrosuusd (HJC) u ¢unsrpanuu rpyHro-
Bo#t uiotusbl JInmon (Ilepy) ¢ GeTOHHBIM 3KpaHOM OBUTH BBHITIONIHEHBI C HC-
MOJIb30BAHUEM TEPEAOBBIX ITporpamMM uncieHHbix pacyeroB FLAC-3D (CILA) u
PLAXIS 2D (I'onnanaust) COOTBETCTBEHHO. B cTaTHdeckux W ceHcMHYecKHx (Ju-
HaMHYECKHUX) pacueTax IUIOTUHBI JIMMOH HCTIoIb30Basach yIpyro-IulacTHIecKas
mozenb Mopa — KyiioHa ¢ mepeMeHHbIM yIjioM COBUra TPaBUHAHBIX U TaJeYHU-
KOBBIX 30H IUIOTHHBI M TPYHTOB €€ OCHOBaHHWS. B IMHAMHUYECKMX HENMWHEHHBIX
pacuerax HIIC nByx BapuaHTOB IUIOTHHBI JIMMOH NpU HANOJHEHHOM BOJOXpa-
HUIHIIE KCIIOJIB30BAJIOCh aKCeIeporpaMmMa MaKCHMAaJIbHOTO BO3MOYKHOTO 3€M-
nerpsicenus: (MB3) Mar—Chile.

Pesynomamer. Ha 0cHOBE MOMy4YEeHHBIX pacyeToB OBUIM pa3paboTaHbI pe-
KOMEHJIalIU{ TI0 MPOEKTy HapallliBaHWs IUIOTUHBI C ME€PBOHAYAILHOM BBICOTHI
(H =43 m) 1o 82 M nepe| IEpBbIM HAMOJIHEHUEM BOJOXPAHUIIHINA. DKCIIEPTHAs
OLIEHKa BCeX HEOOXOAMMBIX IMPOEKTHBIX PEUICHHWH 10 HAPAIIUBAHUIO IJIOTHHBI
JIluMoH Oblia BBHIMOJIHEHA B COOTBETCTBHH C PEKOMEHAAIMSIMUA MeXayHapOTHOH
komuccuu 1o 6onpmumM mwiotuHaM (ICOLD).
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