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CeomeTbudecKkue UccrnefoBaHUS cbeaNHHbIX
1oBepXHOCTeU TOHKUX obosiovyek

IFEOMETPHUSI U ®OPMOOBPA3OBAHUE TOHKOCTEHHBIX
MNPOCTPAHCTBEHHBIX KOHCTPYKIIUU HA OCHOBE
HOPMAJIBHBIX IUKJIUYECKNX IOBEPXHOCTEN

B.H. UBAHOB, ooxm. mexn. nayk, npogheccop
A.A. LIMEJIEBA, acnupanm

Poccuiickuii ynusepcumem opyacovl Hapooos
117198, Mocksa, yn. Muxknyxo-Maxnas, 6
i.v.ivn@mail.ru

Cospemennoe epadocmpoumenbcmeo mpebdyem co30anusi HOBbIX (OpM KOHCMPYKYUL
npu CcmMpoumenbcmee 0OUeCmEeHHbIX 30aHUL, BbICTNABOUHBIX NABUILOHOS, CHOPMUGHBIX U
NPOMBIULIEHHBIX COOpYJIcenull. B pabome paccmampugaemest 03M0OACHOCb CO30AHUSL HOBLIX
Gopm npocmpancmeeHHbIX KOHCMPYKYULL HA OCHOBE HOPMATbHLIX YUKAUYECKUX HOBEPXHO-
cmeil. Hapsoy ¢ nunetiuamoimu obonouxamu, 060104Ku 6 (hopme YUKIUYECKUX NOBEPXHOCHIEL
Ha OCHOBe OKpYJCcHOCmel — Haubolee YOoOHAs opma Ol 6036€0eHUs. HA CMPOUMETbHOU
niowaoke uu opmoske demalel 0Jis nocaedyiouett coopku. B mo dice epemsi HOpMaibHbvle
YUKIUYecKue no8epxXHoCcmi NO360I5I0M CO30A68AMb PA3HO0OPA3HbIE BOPMbL NPOCMPAHCIBEH-
HbIX KOHCIMPYKYULL 8 KOMOUHAYUY ¢ YUTUHOPULECKUMU U OPYUMU KAACCAMU HOBEPXHOCHEH.

KIIFOYEBBIE CJIOBA: HOpMaibHBIE IIUKJINYECKHE TOBEPXHOCTH, HANIPaBIISIONIas Kpy-
Bas, HOPMaJbHAasl MIOCKOCTh KPUBOW, KPUBOJIMHEHHAS OPTOrOHANbHAS CHCTEMa KOOPIHHAT,
(bopMooOpazoBaHue MUKIHYECKUX MOBEPXHOCTEH, KOMOMHUPOBAHHBIC TOHKOCTCHHBIE KOHCT-

PYKLHH.

HopmanbHble HUKIHYECKHE MTOBEPXHOCTH 00pa3yrOTCs JABHIKEHHUEM OKPYKHOCTH
MTOCTOSIHHOI'O MJIM TIEPEMEHHOI0 paauyca B HOPMAaJIbHON IUIOCKOCTH HAIpaBJISIOIICH
KPHUBOM - JINHUU LICHTPOB 00Pa3yIoIIMX OKpyXHOCTEH [1-3].

BekTopHOE ypaBHEHHE TIOBEPXHOCTH MOJYYHM B BHJIC

p(u,u)zr(u)+ R(u)e(u,w), (1
rae p(u,v) - pammyc BekTop mosepxHocTH; (i) - pamMyc BEKTOP NHHUHM LEHTPOB
00pa3ymommx  OKPYKHOCTEH; R(u) - paamyc o0Opa3ylolMx OKPYKHOCTEH;

e(u, w) =Vvcosw +Psinw - ypaBHEHHE OKPY)XHOCTH CIMHUYHOTO pajnyca B HOp-
MAaJIbHOM TUIOCKOCTH JIMHUM LIEHTPOB; V, [3 - BEKTOPHl HOpMaJId ¥ OMHOPMAJIU JIMHUN
1eHTPoB; @ =V + 6 (1); v - MONAPHBII yTOJ B IUIOCKOCTH 0Opa3yoIeit OKPYKHOCTH;
O(u) ompenenser MoOIOKEHHE Hayaja OTCYeTa MOJISIPHOTO YIiia v 00pasylomel OkK-
PY)KHOCTH OTHOCHTEIBHO HOPMAJIH HAIPaBJISAIONICH KPUBOU; k, ¥ - KPUBU3HA U KPY-
YeHHE JINHUU LIEHTPOB; §' = |r'| .

Oynkuus 0(¢) mo3BossieT BEIOpaTh Hanboee ynoOHyI0 KOOPIMHATHYIO CHCTe-
My, B YaCTHOCTH, OPTOrOHAJILHYIO TIOBEPXHOCTHYIO CHCTEMY KOOP/MHAT.

KoaddpuumenTs kBagpaTHUHBIX (HOPM MOBEPXHOCTH OMPENENIOTCs 1Mo Gopmy-
nam [2-3]:

2
E=R"?+5(1-Rkcosw)?; G=R*; F=R(ele);

1 ! .
L =—{R'[s"—(2ks'-R'+(ks') RJ cos a)}—R'k)(s'zR sin @ —
o

—s(1- chosw)[s'2(1 — Rkcos®)kcosw + R"]};

3
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Mz—RR kssinw; N=R—S(1—chosa));
o o
G:\/R'2+s'2(1—chosa))2. 2)

[MonoxuB k03 UITMEHT TepBoiii KBaapaTHYHOU hopmbl F = 0, momydaem op-
TOTOHAJFHYIO TTIOBEPXHOCTHYIO CUCTEMY KoopauHat [2-3]:

F=0 - 0u)=-[xs'du+6,. 3)

Takum 00pa3oM, 4TOOBI TPU MPOCTPAHCTBEHHON JIMHUU IEHTPOB 00pa3yOIIIX
OKpPY)KHOCTEH MOBEPXHOCTHAST CHUCTEMa KOOpAWHAT Oblla OpTOrOHAIBHOW, Hayallb-
HBIA BEKTOp (BEKTOp OTCYETa MOJSPHON KOOPJMHATHI v 00pa3yIOIINX OKPYKHOCTEH )
JIOJDKEH TTOBOPAaYMBATHCS OTHOCHTENBHO BEKTOpa HOPMAJH JIMHUW IICHTPOB HA Yrod
O(u). dyis utockol JTMHUM LIEHTPOB Oy = const.

[Ipu mepexoje K OPTOrOHAIBHONW TTOBEPXHOCTHON crcTeMe KoopanHaT Kodddu-
IUEHT BTOpoH kBaapatuuHoi opmbl M # (0, cnenoBaTenbHO, B 00IIEM ciiydae, HOp-
MaJIbHbIC IUKIMYECKHE TIOBEPXHOCTH HE SIBIISIOTCS KAHAIOBBIMU — 00pa3yrolue OK-
PYKHOCTH HE JIMHUH TJIaBHBIX KpHBH3H. Kak mokazano B paborax [2-4], TONBKO JBa
MOJIKJIacCa HOPMaJbHBIX IUKIMYECKUX TOBEPXHOCTEH OTHOCATCS K Kiaccy KaHajo-
BBIX: TIOBEPXHOCTH BpAIICHUS - JTUHUS LIEHTPOB MpsAMas IMHUS, TPyOUYaThie TOBEPX-
HOCTH - HOpPMaJbHbIC ITUKIMYECKHE TIOBEPXHOCTH C IOCTOSIHHBIM PaJlycoM o0pa-
3YIOIIMX OKpyxHocTe# [5]. B crarbe [6] ObulO paccMmoTpeHo (opMooOpa3oBaHUE
TOHKOCTEHHBIX KOHCTPYKIIMH Ha OCHOBE HOPMAJIbHBIX IUKIMUECKUX TIOBEPXHOCTEH C
JMUHUEH LIEHTPOB - OKPYXKHOCTBIO. B pabote mpuBeneHo Gconee 40 pruCyHKOB pa3HO-
00pa3HbIX (OpM MOBEPXHOCTEH, YTO MOKA3bIBAET ITUPOKHE BOZMOXHOCTH CO3/IaHUS
HOBBIX ()OPM TPOCTPAHCTBEHHBIX KOHCTPYKIIMH HAa OCHOBE HOPMAJBHBIX IUKIIHYE-
CKuX TmoBepxHOcTel. Humke paccMOTpeHBI TpuMepbl 00pa30BaHMS TOHKOCTEHHBIX
KOHCTPYKIIMI C WUCIOJIb30BAHHEM Pa3IMYHBIX JIMHAN IIEHTPOB 00pa3yoluX OKPYXK-
HOCTEH.

Ha puc. 1 mpuBeneHsl GopMbl HOPMaIbHBIX TUKIHYECKUX TTOBEPXHOCTEH ¢ pas-
JUYHBIMA TUIOCKHMU JIMHUSMHU [EHTPOB OOPa3yIOMIUX OKPYKHOCTEH, pajuyc KOTO-
PBIX U3MEHSETCA 110 JIMHEWHOMY 3aKOHY. JIMHUY 1IeHTpOB:

a) napabona; 6) eunepboia; 8) ILIUNC, 2) IBOALEEHMA Kpyad; 0) CUHYCOUOQ,
€) YUKIoUOQ, ic) Kapououoa; 3) cnupaiv Apxumeoa.

Puc. 1. HopmanbHble IIUKINYECKHE TTOBEPXHOCTH
C JTMHEWHO W3MEHSIOIIUMCS PATINYCOM

4
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Ha puc. 2 mnpueneHst
HOpMaJTbHBIE UKITHYECKU e
MOBEPXHOCTH C BHHTOBOH JIH-
HUEH IIGHTPOB 00pa3yIOIIHMX
OKpy)kHOCTel. Pammyc oOpa-
3YIOUIMX OKPYXKHOCTEH H3Me-
HSETCs: a — MO0 JIMHEHHOMY
3aKOHY; 6 — M0 CHHYCOU/ajb-
HOMY 3aKOHY.

Ha puc. 3 mnpuBenens
(OpMBI HOPMAJIBHBIX UKIIH-
YECKUX IOBEPXHOCTEH C 3JI-
JINTICOUIAJIBHOW ~ HampaBJIsio-
el KPUBOM: X =acosu; y=bsinu W paauycoM oOpa3ylolleid OKPYKHOCTH, Me-

Puc. 2. HopmanbHble ITUKINYECKHE TTIOBEPXHOCTH
C BUHTOBOI KpUBOM JIMHUU LIEHTPOB

HSIFOIIMMCSI TI0 KOCHHYCOHJIATBHOMY 3aKOHY - R = ¢ + d cos pu , mapamerp p ompene-

JIET YUCIIO aMIUIUTYJ] KOCHHYCa MPH IOJIHOM o0xoxe amunca (a =3; b=2; ¢ =
0,75; d=0,25; 0<v<r).

&
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Puc. 4. KoMOMHHpOBaHHBIE IPOCTPAHCTBEHHBIE KOHCTPYKIUH
C JUIHMIICO-KOCUHYCOUJAIbHBIMU TIOBEPXHOCTSIMU

Ha puc.4 u puc. 5 npeacrapiieHbl KOMOMHUPOBAHHBIE KOHCTPYKIIUU C UCIIOIB30-
BaHWEM HOPMAJIBHBIX AJUIUIICO-KOCHHYCOMAAIBHBIX MOBEPXHOCTEH C IMIIMHApPUYC-
CKUMHU OIopaMu B (opMe KOOPJMHATHBIX JIMHUN MOBEPXHOCTH M KOHCTPYKIIUU W3
OTCEKOB JIIUIICO-KOCUHYCOMIAIbHBIX IIOBEPXHOCTEH.

Ha puc. 6 npencraBieHbl HOpMaJbHBIC MHUKINYECKUE MTOBEPXHOCTH C JIMHHEH
LIEHTPOB — 3BOJIBBEHTON Kpyra W JMHEHHOW (DYHKI[MEH HW3MEHEHHUs paauyca odpa-
3YIOIIEeH OKPY)KHOCTH: X =a(cost+1¢sint); y=a(sint—tcost); R=c+du. Puc.
6,0 — TOPTOBBIN IIEHTP; pHUC. 6,0 — NAOUPHHT; pHUC. 6,6 — TIOBEPXHOCTD «CIIALIHH
yAaB».
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Puc. 5. KoMOMHHpOBaHHbBIE IPOCTPAHCTBEHHBIE KOHCTPYKIUH
U3 OTCEKOB AJUIUIICO-KOCHHYCOUAATIBHBIX TOBEPXHOCTEH

Puc. 6. OBonbBEeHTHEIC HOPMAJIbHBIC HUKIINYECKHUE KOHCTPYKIINH

Ha puc. 5 npuBeneHbl KOHCTPYKLUHU C HAITPABIISIIOLIEH KapIUOUIO0M:

x=a(2cosu —cos2u); y=a(2sinu—sin2u), 037<u<lix.

Ha puc 7, a, 6 paauyc oOpa3yrolieii OKpY)KHOCTH HU3MEHSIETCS 110 JIMHCHHOMY
3aKOHY - R =c +du . Ilpu paauyce o0pa3yromnieii OKpYKHOCTH, MPEBHIIIAIONIEM pa-
JINyC KPUBU3HBI HANPABIIOIICH KPUBOM, NPOMCXOAMT 3aKPYYMBAHHUE BHYTPEHHEH
YacTH IUKIMYECKONW MOBEPXHOCTH U BO3MOXKHO IPECceUYeHHE OTCEKOB IMOBEPXHOCTHU
(puc. 7,6). Ha puc. 7,6 pyHkuus paanyca o0Opa3yroiei OKpy>KHOCTH KOCHHYCOH/IA -
R=c+dcospu.

Puc. 7. Kap)]I/IOI/II[HI)Ie HOPMAJIbHBIC MUKITNYECKNE KOHCTPYKIINU

Ha puc. 8 npuBenensr popMbl TOHKOCTEHHBIX IPOCTPAHCTBEHHBIX KOHCTPYKIUH B
(dhopMe HOpMabHBIX IIMKIMYECKHX MIOBEPXHOCTEH C HAMTPABIISIONIEH ITUKIOHIOM:

x=alu—sint), y=a(l-cost).

6
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Puc. 8. KoHcTpykiuu B popMe HOpMAaIbHBIX TIOBEPXHOCTEH C HAIPABJIAIONICH ITUKIOUIOM
Ha puc. 9 noka3aHbl KOMOMHUPOBAHHBIC KOHCTPYKIIUU M3 OTCEKOB HOPMabHOMN
HUKINYECKOM MOBEPXHOCTH C JIMHUEH LIEHTPOB — ICMHOM MuHuel y =ach(x/a) uc
paarycoM o0pa3yIomIeiH OKPYKHOCTH, HM3MEHSIOIIMMCS 10 JIUHCHHOMY 3aKOHY:
R=c+du|; -10<u<10; a=>5.

Puc. 9. KomOuHUpOBaHHBIC KOHCTPYKIIUU U3 OTCEKOB HOPMATBHBIX
LIUKITUYECKUX MOBEPXHOCTEH ¢ JTMHUEH IIEHTPOB — IETHON JTUHUEH

[IpuBeneHHBIC TPUMEPHI MTOKA3BIBAIOT OONBIIHE BO3MOXHOCTH CO3/IaHUSI TOHKO-
CTEHHBIX MPOCTPAHCTBEHHBIX KOHCTPYKIMI HAa OCHOBE HOPMAJBHBIX LUKIMYECKUX

IIOBEPXHOCTEM.
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GEOMETRY AND FORMATION OF THE THIN-WALLED SPACE SHELL
STRUCTURES ON THE BASE OF NORMAL CYCLIC SURFACES

V.N. Ivanov, A.A. Shmeleva
RUDN University, Moscow, Russia

The new forms of building structures are widely used for modern social buildings, exhibi-
tion pavilions, sport and industrial erections. The possibility to create new forms of thin space
shell structures on the base of normal cyclic surfaces is considering in the paper. The thin-
walled shells formed by the system of the circles as well as by the system of right lines are the
mostly comfortable for the erection on the building sites or for formation of the details of the
structures. The normal cyclic surfaces are allowed to construct many different forms of the
space structures. It is possible to create new space structures on the base of cyclic surface with
combination of cylindrical or other surfaces.

Key words: normal cyclic surfaces, directrix curve, normal plane of the curve, orthogonal
coordinate system of the surface, formation of the cyclic surfaces, combined thin space shell

structures. <<% %>> %>>

HNPUMEHEHHUE COBPEMEHHBIX METOJ1OB
ABTOMATHU3UPOBAHHOI'O ITPOEKTUPOBAHUA
JIJI1 ®OPMOOBPA3OBAHUSI U PACUETA COOPYKEHUI
IPOTPECCUBHOM APXUTEKTYPBI

M.C. CAJIEX, cmyoenmka

Poccutickuti Ynusepcumem [pyocovr Hapooos,
117198, Mocxkaa, yn. Muknyxo-Maxnas, 6
ey_marisha33@yahoo.com

Bospacmarowast cnojicHocms U MHOZONJIAHOBOCHb 3a0ay, Peuaembvlx 8 NPAKMmuKe co-
BPEMEHHO20 aPXUMEKMYPHO2O NPOCKMUPOBAHUS,, USMEHEHUE COYUATIbHO-IKOHOMUYECKUX YC-
JI08ULL camoll pabomvl apxumexkmopa mpeoyom OalbHeue20 Co8ePULeHCME08AHUsL NPOCKNI-
HO20 Oend, WUPOKO20 NPUMEHEHUS. NPOSPECCUBHBIX MEMO008, NPUeMOo8 U MeXHUYECKUX
cpedcme 6 apxumexkmyprom meopuecmee. C Kaxncovim 2000M pacuupsiemcsi 06vem HeOpPeHUs.
BHLIYUCTIUMETILHOU MEXHUKU 8 aPXUMEKNTYPHO-CIMPOUMENbHOE NPOEKMUPOSanuUe.

KJIFOYEBBIE CJIOBA: aBTOMaTH3UpOBAaHHOE MPOSKTUPOBAHKE, MapaMeTpusM, GhopMo-
oOpazoBaHue, OMOHHKA, apXUTEKTypa OyIyIIero.

Mertoasl aBTOMaTU3UPOBAHHOTO MTPOEKTUPOBAHUS MCIIONB3YKOTCS Ha BCEX dTallax
co3JaHHs OOBEKTOB apXUTEKTYpHl. B cBs3H ¢ 3THM Bce Oosiee akTyaabHOW CTAHOBHUT-
cs 3a1a4a AP GEKTUBHOTO UCTIONF30BAaHMS CTOJIb MOITHOT'O MHCTPYMEHTAa HHTEHCUU-
Kalluy TBOPYECKOU JEATEIBHOCTH.
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CoBpeMeHHBIE METOIBI aBTO-
MaTH3UPOBAHHOTO TPOEKTUPOBA-
HUSl OKa3aJld HEOI[CHHMOE BIIHUSI-
HUEe Ha (opMooOpa3oBaHUE CO-
BPEMEHHOM apXHUTEKTYphI, Oomee
TOr0 MOXXHO KOHCTaTHPOBATh TIO-
SIBIICHAE HOBOTO apXHUTEKTYPHOTO
ctuis - mapamerpusma (puc. 1).
CBoe Havajo TaHHBIH CTHIIL OepeT
B METOJIaX aHMMAITMOHHOTO MojenupoBanusd [1]. Ero mocnenytomee pa3BUTHE OCHO-
BBIBACTCS HA MPOJBUHYTHIX CHCTEMaX MapaMeTpHUUecKOro MPOSKTUPOBAHUS U CKPHII-
TOBBIX MeTonax. [laHHBI CTHIb MOJYYHJI IIMPOKOE pPACIpOCTpaHEHHe Oiaromaps
T T crynuu Zaha Hadid Architects [2], a B ocoOeHHOCTH
- [atpuky Illymaxepy, kKoTOpbIi omyOnnkoBan «Ma-
HudecT mapamerpusMay. [lapaMeTpusM BIOXHOBIIS-
€T apXUTEKTOPOB Ha CO3JIaHHE apXHUTEKTYphI OyIy-
mero. Ju3aiiHepsl U apXUTEKTOPHI CTOAT MEPEN HO-
BBIM CTHJIEM, & HE MPOCTO Iepes; HabopOM HOBBIX
MeTo/10B. TeXHUYEeCKUE TPUEMBI, TAKUE KaK UCIIOIb-
30BaHME aHWUMAallUW, CHUMYJSIUH, U HHCTPYMEHTHI
(dhopMooOpazoBaHus, B paBHOW CTEICHHU, KaK W Ia-
pamMeTpuvecKoe MOJETHpPOBaHHUE W MPOrPaMMHPO-
Puc. 2. IIpoexT cTaHuuu METpo  BaHHE, CPOPMHUPOBAIN HOBOE OOIIECTBEHHOE JIBU-
Koponb AGnyna B CaynoBekol  ykeHme ¢ pauKaibHO HOBBIMM LENSAMH M IIEHHOCTS-
Apasun, Zaha Hadid Architects ;- OmymunrensHoit ueproii mapamerpusma sBisier-
Csl YyBCTBO OECIIIOBHOW TeKydecTH (pHC. 2), CO3IaHHOE IIPH MOMOIIY COBPEMEHHBIX
CHCTEM KOMIIBIOTEPHOTO MOJICTUPOBAHHSL.

Puc.1. Onepnelit Teatp B Mapokko, 3axa Xaaua

e n SOMELdm RAIMOEEIS (1 as: hopper - 1008224 great court []=1:3]
Fle Bt View Amange  Souton Window Help 1006224 gret court
Rhinoscript lnaged o : s T
Loading Rhino Render, version 1.00, Apr 12010, 10:25:58 | Parems  Math  Ses e Sorws - Santoen A ed T bill) ks
Command g i - = =
Command Grasshapper D AVES L4

Fila "CMy Worki@eometry Gymiwebiologl20091081102 great |
Command: D 2 Nﬂ & u ﬂ |

WASFVCHEAEOAA P An Ne GeEl bd @
DEEEaFXD0~+o b
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B |70 st
Ll g
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e ““\‘iﬂﬁi‘\“‘"g £
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Puc. 3. UnTepdeiic mporpammel Rhino ¢ miaruaom Grasshopper

MeTto/1p1 aBTOMATH3UPOBAHHOTO TIPOEKTUPOBAHHUS OCHOBBIBAIOTCS HA MIPUMEHEHHUH
TaKMX BBIYMCIHUTENBHBIX W MOJEIHUPYIOIIUX MporpammM, Kak Hampumep, 3Ds max,
Maya, Rhinoceros (puc. 3) ¢ minarunom Grasshopper, Autodesk Revit, Blender [3].
Jlannbie IaTGOpMbl MOXKHO CPAaBHUTH C OJIHOW U3 CaMBIX PaCHpPOCTPAaHEHHBIX IPO-
rpamMm ais pacuera B Poccun - IIK Jlupa. [IporpaMMHBIH KOMIUIEKC MPUMEHSAETCS
JUTSL TPOEKTUPOBAHUS M pacuera CTPOUTEIbHBIX U MAIIMHOCTPOUTEIbHBIX KOHCTPYK-
1uui. Pacuer BBITIOTHSAETCA METO/IOM KOHEUYHBIX SJIEMEHTOB Ha CTaTHYECKUE (CHUIIOBbIE
u neopManMoHHbIE) H AWHAMHUYECKHe BoznercTBus. [Ipom3BoauTcs mondop wiu
MPOBEPKA CEYCHUH CTANBHBIX KOHCTPYKIWH M apMUPOBAHHE CEUCHUH Kene300eToH-
HBIX KOHCTPYKIHMH. BbIatoTcs 3cKu3bl pabounx depTekel, a TakKe YepTenKH JKeme-
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300€TOHHBIX AJIEMEHTOB. MHOKECTBEHHBIC CICIHMATM3NPOBAHHBIE CUCTEMBI, TI03BO-
JSIIOT MOJISIIMPOBATH PabOTy MacCHBOB TPYHTA, PaCCUMTHIBATH MOCTOBBIE COOpYKe-
HUS, MOJICIUPOBAaTh paboOTy COOPYXKEHHUsS B TPOIECCE MOHTaXKa, MCCIIEA0BATh IOBE-
JIEHHE KOHCTPYKIIMH TI0JI JUHAMUYECKHMMU BO3JACHCTBHSIMH BO BPEMEHH U MHOTOE
npyroe. CTOUT 3aMETHTh, YTO MHOTHE TIOJIB30BATENH OTAAIOT MPEAIOYTEHHUE IUIATHHY
Grasshopper, Tak Kak OH J1JaeT BO3MOXKHOCTh K, HEIOCPEJCTBEHHOMY, MPOrPaMMHPO-
BaHUIO U CO3/IaHUIO0 COOCTBEHHBIX JIOTIOJHEHUH (aJZIOHOB), KOTOPBIE HY>KHBI JIJISl aB-
TOMATU3UPOBAHHOTO MPOCKTUPOBaHus (puc.5, 6).

Oranel pa3pabOTKM HapaMeT-
pUYeCKUX OOBEKTOB, B OOJbIICH
CTETIeHHN, COCPENOTOUCHBI Ha aBTO-
MaTU3MPOBAHHOM TMOJXOJE, KOTO- |
phBIi BKJIFOYAET B ceOs: MOUCK (op-
MBI, pacdeT KOHCTPYKIHH U paspa-
00TKa YepPTExKEH.

OnHOM W3 CcaMbIX aKTyaJlbHBIX
npobieM B TMpakTHKE apXHUTEKTOpa
sBISETCS MOMCK popmer. Cymect- Puc. 4. OnepHerii Teatp, MAD Architects
ByeT OOJbIIOE KOJNMYECTBO M3BECT-

HBIX METOJIOB MOMCKa, KOTOPhIE MOTYT 3aBHCETh OT 00pa3a, CTHIIsl, GYHKIUA U Ha-
3HAYCHUS 3JAHUS. TaKI/IM obpazom napaMeTquecmH CTHJIb TIOZIpa3yMeBaeT co3Ja-
: - o -~ HHUe HOBOro Merona (opmoobpa-
S - £338° ;0 ; 30BaHHsA, OCHOBAaHHBII Ha IIpHu-
LLEREELE L0 T _j_ TR MEHEHUH TaKOH MPOrpaMMbl Kak
Rhinoceros ¢ mmarmnom Grass-

hopper [4]. JlanHas mporpamma

SIBIISICTCS. HE CIMHCTBEHHBIM HH-

e.e

=1

U

e a CTPYMEHTOM JUISL CO3JaHHs TMa-

T2 PaMETPHYECKO  apPXUTEKTYPHI,

én% CYIIECTBYET OONBIIOE KOJUYEC-

8  CTBO IpYrux, Hampumep, Auto-

- desk Revit ¢ mmarmnom Dinamo
Puc. 5. AHanu3 KOHCTPYKLUH C IOMOIIBIO ai7IOHA [5]. HeocropuMeiM mpenmymie-

Kangaroo

CTBOM BCEH CHCTEMBI TapaMmer-
PUYECKOT0 MPOEKTHUPOBAHUS SBJSETCSA TO, YTO MOXKHO PEIaKTHPOBATh MOJEIH, CO3-
JIaHHBIM B OJIHOM IporpaMme, a 3aTEM KOHBEPTUPOBATh U U3MEHSTH B JIPYroil, TAKUM
00pa3oM BO3HHKAET OOJIBIIOE KOJIMYECTBO YAOOHBIX MyTeH M BO3MOXKHOCTEH IS
MPOEKTUPOBAHUSI.

luxm.uwm__" tl =
Dbﬂﬁﬁ’)(&ﬂ»{"!ﬂ%:ﬂﬂ“ﬂﬂ-* sream -

Puc. 6. Cumyssinust neopManvil KOHCTPYKIIMH €
nomouibio agnona Karamba
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[Mnarua Grasshopper maer Ge3rpaHWYHbIE BO3MOKHOCTH (HOPMOOOpPA3OBaHMSL
[pomecc mopenupoBanus B Grasshopper — 310 co3nanue anroputma. Y Grasshopper
HOJIOBBIH HHTepdelic (puc.3), 3TO 3HAYUT, YTO MBI HE MUIIEM TEKCT CKPUITA, a CO-
enuHsIeM HOJIBI (KOMIIOHEHTBI WIIH «OaTapelikuy») U 3aJ1aeM HEKOTOpbIC ONMIUU. AJTo-
PUTM COCTOUT M3 UCXOJHBIX JAHHBIX WM NapameTpoB (ducen, reomerpun Rhino mmm
Grasshopper, CTOpOHHUX JIAHHBIX) M MOCJIENOBATEIBHOCTH JCHCTBUN ¢ HUMU. B pe-
3yNIbTaTe TeHEPUPYIOTCS KaK F€OMETPHS, TaK U COMyTCTBYIoMas nHdopmanus (o0be-
MBI, TUIOIIA/IH, MAPKHPOBKA, pa3Mepsl U T.1.). Kak pe3ynbraT, B 110001 MOMEHT MOX-
HO TIOMEHSTh UCXOJIHBIC JIaHHBIC (HampuMep, IyTH CIIBUTa, KOJHMYECTBO TOYCK Jielie-
HUSI, BBICOTY MJIM KOJTMYECTBO KOMUIT) U BCsl MOJIENb nepecTpoutcs. OTiindne reHepa-
TUBHOT'O MOJICTTHPOBAHUS OT TPAIUIIOHHOTO MOJX0JIa COCTOUT B TOM, YTO MBI CO3/1a-
€M He TMPOCTO MOJICNb, a JIOTHKY, 110 KOTOPOH MOXKHO TOIYYUTh MOJEIh MPH JFOOBIX
HUCXOMHBIX MaHHBIX. Co3/1aB CKPUNT OAMH Pa3, ero MOXXHO MHOTOKPATHO HCIIOIB30-
BaTh U PENaKTUPOBATh fainbiiie. CaMbIM H3BECTHBIM METOJIOM SIBIISIETCSl CO3JIaHHUE Ha-
Oopa Todek, 3aTeM JHMHUW MO CYIIECTBYIOIIMM TOYKaM, MOCIE 4ero Habop JMHUI
MOXHO TPEBPATUTH B JIIOOYIO TOBEPXHOCTh. K 3TOMy MOXXHO MPUMEHUTH OOIBIIOE
KOJTMYECTBO MOJU(HUKATOPOB: CKPYYHBAaHWE, M3TUO, BHITAIKMBaHHE W T.JA. Takoii
MOJIXOJT aBTOMATH3HUPOBAHHOTO (POPMOOOpPA30BAHHS 3aBHCUT OT CAMOW MPOrpamMMBbI 1
OT apXUTEKTOpa, KOTOPBIH 3aJacT OCHOBHBIE TapaMeTphl, HO (opmMa MOXKeT OBITh ca-
MOH HempenckazyeMol, Ha 9TOM JTale apXUTEKTOp MPUHUMAET pelieHue O Ieieco-
00pa3HOCTH M ACTETUYECKUX COCTABISIONINX ouepTaHuid Oynymiero 3nanus. [Ipu BbI-
6ope GOopMbI apXUTEKTOP B TIEPBYIO OUEpelb OCHOBBIBACTCS HA HA3HAYCHUU 3/IaHUS U
HA TEXHUYECKOM 3aJ]aHWW 3aKa3uWKa. Eciy rOBOPHUTH O MapaMeTpHUYecKOl apXUTeK-
Type, TO TaKue 3JaHUs, M3HAYaJbHO, MPEACTABIAIOT COOOH CIOXKHYIO T'€OMETPHIO.
Takum 06pa3oM 3a4acTyro 3JaHHs IPakJaHCKOTO HA3HAYEHHS MMPOSKTUPYIOTCS OoJee
SKOHOMHYHBIMH U MEHEe aBaHTapHBIMH, a TIPU pa3paboTKe OOIIECTBEHHBIX 3aHui
(TeaTpsl) (puc.4) y apxXUTEKTOpa MOSBIsIETCS OONbIIe CBOOONBI Ui TBOPUECTBA H
MOYKHO 3aMETHTh IOSIBJICHUE elle 0ojiee CIOKHON reoMerpuu. Takod MpOrpeccuB-
HBIW TIOAXOJ] BCE BPEMsI TOJKAET apXUTEKTYpy K 00pa30BaHHIO HOBBIX HANPABICHUN U
cTuel [6].

Korma mportecc ¢popmooOpa3zoBaHus 3aBepilcH, HEOOX0IUMO paCcCUNTATh KOHCT-
PYKIHUIO Ha MPOYHOCTh, IOAOOPATh Y3IIbl M NMPHHSTH PEUICHUS TI0 TEXHHYECKOH CO-
CTaBIISIIOIICH TPOEKTa, a TaKXKe MPOTeCTHPOBATh, BBHIOpaHHBIE (IO 3CTETUYECKUM
KpuTepusiM) GopMbl U HAWTH ONTHUMalbHBIE (IKOHOMHYHBIC) BapuaHThl. Ha naHHOM
JTare BO3MOXKHO BOCIIONIb30BAThCSl TEM K€ YHHUBEpCAIBbHBIM TularnHoM Grasshopper,
K KOTOPOMY B CBOIO OYepeb HYXKHBI JONOIHEHUS, Ha3biBaeMble ajonaMu. C momo-
IIBIO JIOMTONTHEHHS galapagos MOXKHO ONTHMHU3UPOBATH MOJIEIb 110JI KOHKPETHBIE Tpe-
OoBaHMs, HaNIpUMeEpP, HANTH HaWITydlllee PacroiokeHue 00beKTOB, MUHIMHU3HUPOBATh
KOJIMYECTBO MaTephasia Jjisl MPOM3BOJACTBA MM HAWTH ONTUMAlbHO OCBEUICHHYIO
¢dopmy [7]. CHavanma HEOOXOIUMO YKa3bIBaTh KaKUE MapaMeTPhbl Mbl XOTUM MEHSTh U
KaKoe YHCII0 He0OXOIMMO MaKCUMHU3UPOBATh WM MHUHUMU3MpoBaTh. [locie 3amycka
KOMIIOHEHTa, galapagos moa0upaer ciiy4aiHble HCXOAHBIC 3HAYCHHUS, POCUYUTHIBACT
pesynbrat. Jlanee oH ckpemuBaeT Hambonee ylavyHble KOMOWHAIMK 3HAYCHUH TOJ-
Oupast Te, IpU KOTOPBIX OY/IET NOCTUTHYT HaWIyduid pe3ynbrart [8]. Takum obpazom
CHUMYJTUPYETCS SBOIOIMOHHOE pa3BuTHe Mojied. C TIOMOIIBIO JIOTIONTHHHH MOYKHO:

* CUMYJIUPOBATh (PU3MUECKUE SIBIICHUS, TPABUTAIINS, U OTTAIKHBAaHUE, TIPOTHO U
np. (c momoripio Kangaroo) (puc. 5).

* CO3/IaBaTh IMKIIBI MM TIETJIH, TO €CTh MOBTOPSIONIYIOCS YacTh CKpHITa. B ya-
CTHOCTH, C TIOMOINBIO TI€Telb MOXXHO CO3[aBaTh (PaKTaIbHYI) T'€OMETPHUIO
(Anemone, Hoopsnake)

* PacCUHMTHIBATH KOHCTPYKIMH HA MPOYHOCTH [9], aBTOMATHYECKHU TTOAOHpast y3el
C HaMMEHbBIINM KoimuecTBoM Matepuana (Karamba), a Taxke ¢ MOMOIIBIO ATOTO JI0-
MTOJIHEHMSI MOXKHO 3a/1aBaTh JI00bIe e opmariuy KOHCTPYKIHH (puc. 6).
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* TIaHENM3UPOBATh MMOBEPXHOCTH, CO3JaBaTh (PepMbl M MPOCTPAHCTBEHHBIE 000-
nouku (LunchBox).

O

Puc. 7. IIpoexr nemexoanoro mocra B [lapmwke, DVVD Architects

Pa3pabotka depTekeil U JOKyMEHTAIlUU SBISICTCSl BaKHEUIIIMM TIPOIECCOM B ap-
XHTEKTYPHOM npoekTupoBanud. O0baHO uenonb3yloT cuctembl CAD nmm Revit. Ha
3TOM 3Talle TakKe MOKHO MCIoJib30BaTh IuiarmH Grasshopper ¢ ammonom Tekla.
[TpuMepoM Takoro HHHOBAIIMOHHOTO TTOAXO0/A SIBJISIETCS MPOEKT MEMIEX0JHOI0 MOCTa
B [Tapwxe [10], paspadorannoro DVVD Architects (puc. 7).

Puc. 8. MHOrod yHKIIMOHAJIBLHBIN KOMILIEKC B MOCKBe

Meron aBTOMaTH3MPOBAHHOT'O IPOCKTUPOBAHISI IIOMOT aBTOPY CO3/1aTh Iapamer-
pHYECKHE apXUTEKTYPHBIE OOBEKTHI: MPOEKT MHOTO(PYHKIIMOHAILHOTO JKHUIIOTO KOM-
riekca B Mockse (puc. §) v IPOeKT ydacTka OJOKHpOBaHHBIX TIoMOB B Bpecre (puc.
9). Monenu 3nanuii ObUTM BBITTONHEHBI B porpamme Rhino ¢ momonunennem Grass-
hopper.

Puc. 9. Yyacroxk xwuioro paifona B bpecte

3axntouenue. IlporpeccuBHas apXUTEKTypa co3/1aia HOBBII CTHIIb U METOJ TIPO-
CKTHPOBAHUS, OTKPHIBas HOBBIC YHHBEPCAIBbHBIC MPOTPaMMBbI, JACNaloNIHe MpoIecce
MPOEKTUPOBAHMSI MHOTOQYHKIIMOHAIBHBIM W yIO0OHBIM. UTO Kacaercss MaTeMaTHue-
CKOro olecriedeHHs mporecca MPOSKTUPOBAHUS CIOKHBIX (DOPM, TO 3[€Ch MOXKHO
ykazaTh Ha padory [11], rne nanel ypaBHeHus Oonee 500 aHATMTHYECKHX MOBEPXHO-
CTeM M MoKa3aHbl BO3MOKHOCTHU HCEKOTOPLIX U3 HUX IMMPUMCHUTCIIBHO K MPOrpeCCuB-
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HOM apXUTEKType. APXUTEKTYPHbIE ()OPMBI, IOCTPOCHHBIC HA OCHOBE MPOU3BOIBHBIX
MTOBEPXHOCTEN, HE 3a/1aBaEMbIX aHAJIMTHYECKH, PACCMOTPEHBI Takke B cTaThe [12].
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APPLICATION OF MODERN TECHNIQUES AIDED DESIGN FOR FORMING AND
CALCULATION OF PROGRESSIVE ARCHITECTURE

M.S. SALEH
Peoples' Friendship University of Russia, Moscow

The increasing complexity and diversity of problems in the practice of contemporary ar-
chitectural design, changes the socio-economic conditions of the architect work, this requires a
further improvement of design process, extensive use of advanced methods, techniques and
equipment in the architectural work. Every year, there is an expansion of implementation of
computer technology in the architectural and construction design.

KEYWORDS: Computer-aided design, parametrism, morphogenesis, bionics, futuristic
architecture.
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PacyeTr u npoeKkTupoBaHue CTpoUTEIbHBIX KOHCTPYKLMUA
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COCTOSIHUS OJJTHODTAKHOM NOCTPOUKHU C BHYTPEHHEN
IEPEIOPOJKOM IMPU CTATUYECKOM OTTSITUBAIOIIEN HAT'PY3KE
IO BEPXHEMY MOSICY CTPOEHUSI
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Hamaneancxuii unsicenepro-nedazozcuyeckuii uncmumym, Yzoexucman
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Hccnedyemes nanpasjcenno-0e@opmuposanioe cocmosnnue 00HOIMANCHO20 KUPNUYHO2O
cmpoenus ¢ GHympeHHell nepe2opooKoli Npu CMAmuieckou ommsaueaoweli Hazpyske 6
YpOGHe nepeKkpulmus, A Maxdxice GIuUAHUe HA NPOYHOCMb HATUYUA OepesAnHO20 KapKaca 6
HeCyujux CIeHax KOHCMpPYKYUu.

KJIFOUEBBIE CJIOBA: nepeBsiHHBIN KapKac, YIpPYrocTb, HalpsDKeHUE, aeOpMHUpOBa-
HHUE, OTTATMBAIOIIAs CTaTUYECKas Harpyska.

HopmaTtuBHas nutepatypa mo celicMOCTOMKOMY CTPOUTENBCTBY UCKITIOYAeT BO3-
MOXHOCTh MPUMEHEHUS TJINHBI H HEOOOKKEHHOTO KUPITUYa ITPH BO3BEICHUH 3JIaHUH
Y COOPY>KEHHUH B CEHCMUYECKU OMACHBIX paiioHax. OQHAKO, TOCTYITHOCTD, JCIICBU3HA
M DKOJIOTMYHOCTh TJIMHBI JIENal0T € He3aMEHMMOH B WHIMBUAYAJIbHOM CTPOMTENb-
crBe. [loaToMy Teoperrueckoe 0OOCHOBaHHWE BO3MOXKHOCTH IMPHMEHEHUS MECTHBIX
TIIMHOMATEPUaJIOB MPH CTPOUTEIHCTBE HEOONBIINX, MPOCTHIX MO (opMe HMHIUBHILY-
aNbHBIX JIOMOB, C YCHJIGHHEM HECYIIMX CTeH KapKacoM MM BKIIOYEHHEM B HHUX OT-
XOZIOB TEKCTUIILHOTO TIPOU3BOJICTBA MPEACTABISAETCS aKTyaJIbHBIM.

C 3TOi1 11eNbI0 aBTOP MCCIICAYET HAMPSKEHHOE COCTOSIHUE TJIMHOOUTHBIX JIOMOB,
WCTIONB3Ys B pacyere (U3NKO-MEXaHUYECKHE MapaMeTphl MaTeprana KIajaKH, IMoly-
YeHHBIC HA OCHOBE HATYPHBIX dKCIIEpUMEHTOB. CTPOCHHS MPENCTABISIOTCS KOpoOya-
TBIMH MOJIENIAIMH, B TUIOCKO HANPSKEHHBIX HECYIIUX CTEHaX KOTOPBIX HMEIOTCA
OKOHHBIE U JBEpHBIC MpoeMbl. VcciaenoBano 1Ba BapraHTa CTPOSHHUS: C AEPEBIHHBIM
KapKkacoM B HECYIIMX CTeHax u 0e3 Hero. Kapkac mpencraBieH BepTHKaIbHBIMH
CTOWKAaMH, PACIIOIOKEHHBIMHU 110 OOKaM MPOEMOB, ¥ C PETYJISIPHBIM IIArOM TI0 MepH-
MeTpy creH. OcHOBaHUE KOPOOKH 3aiemieHo. M3rub miacTuH u SJIEMEHTOB KapKaca
W3 IUIOCKOCTH CTEH He paccMaTpuBaercs. Bo3aMoXHOCTH Takoro moaxoaa o00CHOBaHA
B TEOPETUUECKHX HCCICAOBAHMSIX CTATHKH W AMHAMUKH [1, 2] KopoOUaToil CTpyKTy-
pHBl, 00pa3yeMoii BepTUKAIBHBIMU MAaHESIMU, & TaK¥Ke IKCIIEPUMEHTaIbHOM paboToi
[3], re Taxke MOKa3aHa HE3HAYUTEIbHAS JA0JI U3THOHBIX HANPSIKCHUH.

Pacuer kopoOGuaTOro cTpoeHus MPOMU3BOJUTCS YUCICHHO C IPUMEHEHHEM I1JI0C-
KHX TPSMOYTOJBHBIX (7151 yYaCTKOB CTE€H) M CTEP)KHEBBIX (711 KapKaca) KOHEYHBIX
anemMeHTOB [4]. IMeHHO Takoe pa3OueHue ymoOHO JUIs MPSIMOYTONBHBIX TaHeseH,
COCTABJISIIOIIMX MOJIENb COOpYKeHUs. [IpAMOyronbHBIA 37IEMEHT MUMEEeT IO JBE CTe-
MEeHH CBOOOMBI B KaXIOM y37ie, a (QYHKIMH MepeMeIleHU BHYTPU dJIEMEHTa JTNHEH-
HBI:

U =a; +0,x+a;y+o,xy,

(1

V =Qs+0gX+ 05+ agxy.
B sTOoM ciiydae COBMECTHOCTh AedopMainuii MEXAy 3JIeMEHTaMH COOJIIOIAeTCs

HOJIHOCTBIO.
Ecnu creHbl ycuieHBl KapKacoM, TO Ha CETKy M3 O0pasyloIlMX ee HpsMo-
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YrOJbHBIX KOHEYHBIX DSJIEMEHTOB HAKJIAJBIBACTCS CETKA, COCTOAIIast M3 OaJodHBIX
AJIEMEHTOB C COOTBETCTBYIOIIEH IUIOIMIAABIO MOMEPEYHOr0 CeUeHMsI, paboTaroIuX Ha
pactshxeHue-cxkatie. OyHKIMS epeMeIeHni ISl TAKOTOo dJIeMEHTa — JTMHEHHa:
u= ﬁ] + ﬁzx ()

W COBMECTHOCTb JiepOopMaIuii MeXIy 3JIEMEHTaMHU TaKKe IMOJTHOCTBIO COOII0IaeTCsl.

B pesynbrare nmpuMenenus nponenypbl MKD cratndeckas 3a1ada o HalpsoKeH-
HO-/1Ie()OPMHUPOBAHHOM COCTOSIHUM PAacCMaTpUBacMON MOJICIH CBOIUTCS K CHCTEME
JTUHEHHBIX aldreOpandecKux ypaBHEHUI:

[k Jx}=1{P}. 3)
riae [K] — MaTpuna )KecTKOCTH Bcell cucTeMbl; {P} — MpUBENeHHAs K y3JIaM TOPU30H-
TaJbHas Harpy3Ka Ha BbIcOTe NepekphiTHs. Cucrema anredpanyueckux ypaBHeHU (3)
OTHOCHTEIILHO HEU3BECTHBIX Y3JIOBBIX IMepeMelleHnii {x} pemaercs MerogoMm ['aycca.
[To monmy4eHHBIM TIEpeMEICHUSM OIPEACISIOTCS AeopManuK (C HUCIONb30BaHUEM
ypaBuenuit Komm), mocie yero (mo 3akony ['yka) - HanpspKeHUs B KaKIOM 3JIEMEHTE.
[NonydenHble HaNMpsOKEHUST B KaXKJOM DJIEMEHTE CPaBHHUBAIOTCS C PACUETHBIMHU, Ha
OCHOBAHMH YETO JICNIAETCsl BBIBOJL O TIPOYHOCTH KOHCTPYKIINH.

PaccmarpuBaeMoe 0AHO3Ta)KHOE CTPOEHUE C BHYTPEHHEN NEPETOPOAKOM, COCTO-
UT U3 ABYX KoMHAT. CTEHBI BBHITIOJHEHBI U3 KUPITUYA C MOJYJIEM YIPYTOCTH KIaaku £
= 300 MIla. Bec nokpeitusa cocrapiser 52 kH. PacderHas mozmens cTpoeHus - mpo-
CTpaHCTBEHHAsI KOpoOKa ¢ meperopoakoit (puc.l). s pacyera MCIONB3YETCsS METO
koHeuHbIX d7eMeHToB (MKD). Ilens uccnenoBanus - OmpenenuTh BIUSHEE KapKaca
Ha HaNpsHKEHHO-IePOPMUPOBAHHOE COCTOSIHUE 3/IaHUSI TIPU PACIPEACIICHHON CTaTh-
yecko Harpyske (puc.la). Ha puc.1, @ moka3ana mojenb ctpoeHust 6e3 Kapkaca, a Ha
puc.16 - ¢ kapkacom. Kapkac ycraHoBieH ¢ marom | M 1o BceMy IEpHMETPY BHEII-
HUX CTEH W BO BHYTpeHHeil meperopojke. st Kapkaca HCHOIB3YIOTCS KPYIJIble
OpeBHa quamerpoM J12cwm.

a)
‘}‘.‘
‘
. )
Puc. 1. Monenu 0HO3Ta)KHOTO CTPOESHHUS C BHYTPEHHEH TeperopoaKoi:
0e3 kapkaca (a) ¥ ¢ KapkacoMm (0)
a)

Puc. 2. JlebhopMupoBaHHOE COCTOSHUE OTHOITAXKHOM ITOCTPOUKH:
0e3 kapkaca (a) u ¢ KapkacoM (6) TIpU OTTATHBAONICH CTATUYECKON HArpy3Ke
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[Nonyuennas B pe3yibrare pacuera Jedopmariysi TOCTPOHKH C HECYIIMMH CTe-
HaMu 0Oe3 Kapkaca M C KapKacoM IIpH 3aJaHHOM OTTATMBAIOIICH HArpy3Ke B OJUHAKO-
BoM MacmTabe (1:1000) moka3ana Ha puc.2.

HpI/IMeHeHI/Ie OJNHAKOBOI'O MacmTaGa IIO3BOJISICT HAIJIIAHO OLICHUTH BIIUSAHHC
Kapkaca Ha JeOpMaIMIO MOCTPONKU IPU CTaTHUYECKOH FOPHU30HTAIBHON HArpy3Ke B
MOMEePEYHOM HampapieHud. Hanuuue kapkaca 3HAUMTEIBLHO YMEHbIIAeT aedopma-
U0 uccieayeMoro 3manus. Kpome Toro, usmeHseTcs W XapakTep IepeMelieHui
cteH. [lomydyeHHBIE SMIOPHI TOPU30HTAJIBHBIX MEPEMEIICHUN CTeH 0e3 Kapkaca U C
JICPEBSHHBIM KapKacoM MPHUBEICHBI Ha pHUC. 3.

Q) U =2,2¢" M 6) tmax=1,27¢"* M

Puc. 3. Dnrops! nonepedHbIX (TOPU30HTABHBIX) MIEPEMEIIECHNIH CTPOSHUS
0e3 kapkaca (@) ¥ ¢ IepeBsIHHBIM KapKacoM () IIpH TOPU30HTAIBHOM Harpy3Ke

Pacnpenenenne smiop NonepevyHbIX MepeMellieHI B CTPOSHUH ¢ KapKacoMm () -
PaBHOMEPHO MO BBICOTE CTEH. JTO MOATBEPXkAAET TOT (PAKT, YTO KapKac CBS3HIBACT
BCE AJICMEHTHI 3/IaHUs B €AMHYIO CUCTEMY, B OTJIMYMH OT 3[aHus 0e3 kapkaca (a), rie
MepeMeIaoTcs B OCHOBHOM BEPXHHE YACTH CTEH, HAXOISAIINECS B HEMOCPEICTBEHHOM
ONMM30CTH OT MPUIIOKEHHOW HATPY3KH.

[Ipu 3amaHHON Harpy3Ke MaKCHMAJbHBIE CMEIICHUS 3JIaHUS C HECYIMH KUp-
MUYHBIMHA CTCHAMH B HAaIlPaBICHUW TPUIOKEHHOW HArpy3KH cocTaBisioT 0,22MM, a
TepeMeItieHusl cTeH 3mgaHus ¢ kapkacom - 0,13 MM. BepTukanbHBIC MEepeMeEICHHS
cTeH Oe3 Kapkaca MpU TOH ke Harpyske cocTaByisitoT 0,38 MM M paBHBI BEPTHKAIIb-
HBIM TIePEMEIICHHSIM, KOTOpbIe OBUIH TONyYEHBI TP pacdeTe 31aHus 0/ JeHCTBHEM
coOCTBEHHOIO Beca, a Juisl 31aHusi ¢ kapkacoMm - 0,02 mm. T.e. ycTaHOBKa Kapkaca
MOYTH B 2 pa3a yMEHbIIAECT TOPU30HTAIBHBIC MTEPEMEIICHNS B HAPABICHUH MPHIIO-
YKEHHOH Harpy3kd U Ooliee YeM Ha TIOPSJIOK - BEPTHKAIBHBIE TePEeMEIICHHS, 00YCIIOB-
JICHHBIE BECOM 3JIaHUS.

[TockonbKy pacuer MPOBOAWTCS B YIPYrod MOCTAHOBKE, TO YBEIHUYCHUE WIIN
YMEHbBIIICHUE HATPy3KH MPHUBOAUT K MPONOPIHOHATBHOMY YBEIHUYCHUIO HIIH, COOT-
BETCTBEHHO, YMEHBIIICHUIO TIEPEMEIICHUH W HANpPsDKEHHWH, HEe MEHSIS XapakTep HX
pacmpeneneHus mo nepuMeTpy 31aHus.

KoMIoHeHTbl HampspKEHHOTO COCTOSHHUS 3[aHHMS C HECYIIUMH KHUPITHYHBIMU
CTEHAMH M CO CTEHAMH, YCHUJICHHBIMH JICPEBSHHBIM KapKacoM, IOJ ACHCTBUEM yKa-
3aHHOI HAaTrpy3KH, MPEICTaBICHbI Ha CIEAYIONIeH CepUU PUCYHKOB.

Ha puc. 4 noxaszaHsl KacaTenbHble HANPSDKEHUA (Ty,) B KUPIMYHBIX CTEHAX I10-
MEePEYHOro HampaBieHus 0e3 kapkaca (a) U B cTeHax ¢ kapkacoM (0). B mepBom city-
yae (0e3 Kapkaca) MaKCHMaJbHBIC KacaTeJIbHbBIC HAMTPSIKEHUST PACIIPEACISIIOTCS BIOTH
JUATOHANIA TIOTIEPEUHbIX CTeH U jocturaioT Benuuuubl 0,0064 Mlla. B cteHax xe,
YCUJICHHBIX KapKacoM, MaKCHMallbHbIe KacaTelbHbIC HAMPSOIKCHUS JIOCTHTAOTCS B
LEHTPaJIbHOM BEPTHKAJIHLHOM CEYEHHUHU MONEpEedYHbIX cTeH U paBHbI 0,0043 Mlla, uto
Ha 30% MeHbIIe, 4eM B MEPBOM ciiydae. KpoMe Toro, BepTUKaIbHOE PACIIONOKECHUE
KacaTelbHbIX HalpsKEHHI CBUETENBCTBYET O MaJIOM IepeKoce CTEH C KapKacoM IO
CPaBHEHHIO C HECYIIMMH CTeHaMU 0e3 KapKaca.
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@) Ty, max = 6,5¢” MIla 6) Ty, mx= 4,3¢> MIla

Puc. 4. Dnrophl kacaTeNbHBIX HAMIPSDKSHUH B CTEHaX 0e3 kapkaca (a) u ¢
KapkacoM (0) IpU TOPU30HTAILHOM Harpy3Ke

BrnusiHre KOHCTPYKTUBHBIX MEPONPUSATHI Ha PACTATHBAIONINE HATPSHKCHUS B
3IAHVH MPEACTABICHO Ha PUC. 5 B CTEHax 0e3 KapKaca MX MaKCHMallbHas BeTHYMHA
nocturaer 0,0144 Mlla - (a), a B cTeHaX ¢ KapKacoM - BIIBOE MEHBIIIE U COCTaBISACT
0,00713 MIla. B oboux citydasix MakCHMyMbl JJOCTUTAIOTCSl B BEPXHEH YacTH IoIie-
PEUYHBIX CTEH BOJHM3M IMOKPHITHSI.

a) Grun=1.44¢” Mila 6) Oa=7.13¢" MIla

Puc.4. Dmiopbl pacTArMBarOIIUX HANPSHKCHUHN B CTeHax 0e3 kapkaca (a) u
¢ KapkacoM (6) Tpu OTTATUBAIOIICH HATPy3Ke

Oco0eHHO OIIyTUMO BJIMSIHHME KapKaca CKa3bIBaeTcs B (pacagHOl CTEHE 3MaHus,
ocnabieHHoi mpoemamu (puc.S). B oTcyTcTBUHM Kapkaca B 3TOM CTeHE, OCOOCHHO B €¢
HIDKHEH 4JacTu B6.]'II/ISI/I IIPpOEMOB, MAKCUMAJIbHBIC CXXUMAIOINUE HAIIPSXKCHUSA OOCTU-
ratoT BennuuHbl 0,066 MIla, Torga Kak mpHu HAIMYUHU KapKaca MX BeJTMYHMHA Ha TO-
PSIOK MEHBbIIIE.

@) Gayn=-6.6¢" MITa 6) Caya=-7.4¢> Mlla

Puc. 5. Dnrophl cKMMAONIUX HAPSHKEHUH B CTCHAX 0e3 Kapkaca (a) u
¢ KapkacoM (6) Tpu OTTATUBAIOIICH HATPy3Ke

Takum 00pa3oM, YCTaHOBKAa KapKaca B CTEHAX OJHOATAXKHOTO 3[aHHs C BHYT-
PEHHEH TIeperopo Kol MO3BOJISIET CHU3UTH BETMUMHY HAanOO0JIee ONaCHBIX ISl KIIaJIKu
PaCTArMBAIOIIMX HAIPSDKEHUM B J1Ba pPas3a, 4 MAKCUMAaJbHBIX CKUMAIOIIMX HaIpshKe-
HUHM B HIDKHHUX YTJIaX OCJIa0JieHHOW mpoeMamu (hacajHOW CTEHKE 3JIaHHsI MPaKTHye-
CKHU JI0 HYJISL.
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B memom Ha OCHOBaHWUM MPOBEJNCHHOTO aHAJIW3a HaIPSDKEHHO-1eOopMHU-
POBaHHOTO COCTOSTHHS OJTHORTAYKHOTO 3[IaHHsI C BHYTPEHHEW IEepPEeropoKOi MpH CTa-
TUYECKON Harpyske, IPUIOKEHHOW Ha YPOBHE MOKPBITHS B IOMEPEYHOM Hampasiie-
HUU, MOXKHO CJIETIaTh CIIEAYIOIIHE BHIBOJIBI:

1. Hanmume kapkaca oObeIUHSIET MPOAOIBHBIE, TIONEPEYHBIC CTEHBI U MEPEKPhI-
THE 3JaHUS B CIMHYIO IMPOCTPAHCTBEHHYIO CHUCTEMY, O0JaJlaiollyl0 TOBBIIICHHON
COMPOTHUBIISIEMOCTBIO TIPUKIIABIBAEMOI CTATUYECKOH HArpysKe, B pe3ylibTaTre 4ero
MepeMeIleHrsT M YPOBEHb BOZHHKAIOIIMX B CTEHAX HANPSHKCHUH 3HAYUTEILHO CHU-
KAroTcsl, TI0 CPABHEHHIO C TEMH K€ XapaKTEePUCTUKAMH B CTEHaX, HE TIOAKPEIICHHBIX
KapKacoM.

2. 3HauMTEeNbHBIE PACTATHBAIONINE HANPSHKEHUS B 3/laHUU 0e3 Kapkaca IpH Io-
MepeyHON TOPU30HTAIBHOW HArpy3Ke B YPOBHE MEPEKPHITHSI BO3HUKAIOT B BEPXHHX
YPOBHSIX OOKOBBIX CTeH. BenmnuumHa pacTSIrUBAIONIMX HANPSOKEHUH 371eCh JOCTHUraeT
MaKCHUMyMa, TIO3TOMY BCE BBIBOJIbI, KAcCAOIIHECs] BO3MOXKHBIX pa3pylICHHN B 3aBU-
CHMOCTH OT BEJIWYHMHBI HArpy3Kd, KadecTBa KIIaJKH, KAPIIUYa ¥ PacTBOpa, HEOOXO-
MO JIe7laTh HA OCHOBE aHalHM3a HANPSKEHHOI'O COCTOSHHUS DTHX OMACHBIX 30H.
VYcraHoBKa ke KapKaca CHH)KAaeT YPOBEHb MAaKCHMAJBHBIX PACTATUBAIONIMX HAMpS-
KEHUH B BEPXHUX YPOBHAX OOKOBBIX CTEH 3[]aHHSA, YTO YMEHBIIAET BEPOSTHOCTH pa3-
pBIBa KJIaJIKH.

3. Cxumaroliye HampsDKeHUs B CTeHax 0e3 Kapkaca, B 3HAUYMTEIBHOM CTEHEHH
3aBHCSIIME OT Beca 3/I1aHusl, YBETMUMBAIOTCS K OCHOBAHUIO 371aHus1. Hanmuune kapkaca
MO3BOJISIET CHU3UTH WX OOJiee 4eM Ha MOPSIIOK.

4. HauGonpime kacaTenbHbIe HANPSOHKEHUS BO3HUKAIOT B OOKOBBIX CTEHAX IO-
CTPOWKH, MX MaKCHMajbHbIC 3HAYCHHUS IS 31aHus Oe3 kKapkaca (puc.2a) pacmpere-
JISIIOTCSL TIO IMATOHAIIM THX CTeH. Y CTAaHOBKa Kapkaca (puc.20) yMEHBIIAeT CTENeHb
nehopMHpPOBaHUS 3/1aHUSI B IIEJIOM M, COOTBETCTBEHHO, Ae(OPMUPOBAHHE OOKOBBIX
CTEH, B pe3ylibTaTe KacaTellbHbIC HAIIPSDKEHUsI B HUX YMEHbIIaoTcs B 1,5 pasa.

Takum o0pa3zoM, aHAJIW3 HAIPSHKEHHO-Ie(OPMHUPOBAHHOTO COCTOSIHUSI OJHO-
STa)KHOTO 3/IaHUSI C BHYTPEHHEH MEPEropojKoi ¢ HECYIIMMU KUPIUYHBIMHA CTCHAMH
W KUPINUYHBIMH CTCHAMH C JICPEBSHHBIM KapKacoM IO MEPUMETPY CTEH, MO3BOJI
BBISIBUTDH CBSI3YIOUIYIO POJIb KapKaca, KOTOpas 3aKIoYaeTcs B 00beIUHEHUH dJIeMEH-
TOB KOHCTPYKIIUU B €UHYIO IPOCTPAaHCTBEHHYIO cucTeMy. IIpu 3TOM Harpysku, Boc-
MPUHAMAEMbIE YKECTKHMHU JJIEMEHTAMH KapKaca, BhI3BIBAIOT B HUX HE3HAUYUTEIbHYIO
nedopmanuio. Dta nedopmainus neperaeTcs Ha MPOCTEHKU 3AaHUS MEKIY DJIEMEH-
TaMH KapKaca, 4TO IPUBOIUT K PABHOMEPHOMY PACIPE/ICIICHUIO HANIPSDKEHUN B TIPO-
CTEHKaX M K CHWKCHUIO YPOBHS HAINpPSDKEHHWH B MPOCTEHKAX IO CPABHEHHUIO C TEMHU
e HanpsDKEHUSIMH B CTeHaX 0e3 Kapkaca.
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RESEARCH OF STRESS-STRAIN STATE OF SINGLE-STOREY BUILDINGS
WITH INTERNAL PARTITIONS UNDER STATIC PULLING LOAD OF THE
UPPER BELT OF A STRUCTURE

RAZZAKOV Sobirjon Juraevich
Namangan Engineering-Pedagogical Institute, Uzbekistan.

The author researches the stress-strain state of a single-storey brick building with an
internal partition under static pulling load in the overlap level, and the impact on the
strength of having a wooden frame construction in the supporting walls.

Keywords: wood frame, elasticity, stress, deformation, pulls static load.
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OLEHKA BJIMSIHUA KUPIIMYHBIX CTEH U3 MECTHBIX
MATEPHAJIOB 3AIIOJIHEHUSA HA PABOTY CTEPXKHEBBIX
3JEMEHTOB MOHOJIMTHBIX KAPKACHBIX 3JAHUM
PECIIYBJIMKA BYPYH/IN

MUKEPEI'O OMmmanyainb, achupanm,

A.C.MAPKOBUY, kano. mex. nayk., ooyenm

10.K. BACOB, kano. mex. nayk., ooyenm

Poccuiickuil ynusepcumem opyorcowt Hapooos,

Ya. Oporconuruose, 3, Mocksa, Poccus, 115419
mikeregoemmanuel@hotmail.com; markovich.rudn@gmail.com,

B cmamve uznowcensvl pe3ynrpmamyl YUCIEHHBIX UCCAEO08aHUL PAOOMbL KOJIOHHbL U pUeisl
MOHOIUMHO20 KAPKACHO20 30aHUs, 20€ 6 Kayecmee MEeXNCKOIOHHO20 3anOaHeHus UCHOJb-
308anace Kupnuunas kiaoka. Ilposedeno cpasnenue npoOosbHbIX YCUnUll, 603HUKAIOWUX NPU
co8MeCmHOM OelicnguU 8ePMUKATLHBIX U 6eTNPOSbIX HAZPY3OK, d MAKIHCE UCCIe008aHO pac-
npeodenenue yCunuil @ Kapkace npu 6bIxooe U3z cmposk KUpRUYHbIX CIeH 3an0IHEeHUs HUHCHE20
amadica. Ilomumo 3moeo, npoeedeHa KoAudecmeeHHas OYeHKA NPOOOTbHBIX GHYMPEHHUX
yeunuil, nepedagaemvix Ha cucmemy @ynoamenma KUpRULHLIMY CIeHaMU 3aNOTHEHUS.

KIIFOYEBBIE CJIOBA: kapkacHble 34aHUsl, KUPIIUYHbBIE CTEHbI, KOJIOHHBI, pUTENH, IPO-
JIOJIbHBIE BHYTPEHHHUE YCUIIHSL.

Beenenne. B pecriyOnmke BypyHam Kuprnud sIBISIETCST OTHOCHTENBHO HENO-
pOruMm CTPOUTCIbHBIM MAaTCpHAJIOM, IMMOOTOMY KUPIHYHAA KJIaAKa aKTUBHO IIpUMEC-
HACTCA B MCKKOJIOHHOM 3allOTHCHUMW MOHOJIMTHBIX KapKaCHBIX 3):[aHI/II71. B wunmxe-
HEpHBIX pacyuerax BIHMSHUE CTEHOBOTO 3allOHEHWs Ha TPOCTPAHCTBEHHYIO padoTy
Kapkaca He yuuTbIBaeTcs. Tem BpeMmeHeM, corjlacHO uccienoBanusm [1, 4], kupnud-
HbIE CTEHBI B KapKaCHBIX 3JaHUSAX IPHUBOMAT K IE€pPEpaCIpelNeICHUI0 BHYTPEHHUX
yCUIMH B 3JIEMEHTax Kapkaca. Y CTaHOBJIEHO, YTO B CUCTEME «KOJIOHHBI — KJIaJKa -
pUTrenm» MEepPBUYHYIO POJIb UIPAIOT KOJOHHHI [3], mocieqHIe OTBEYaloT 32 COBMECT-
HYI0 pabOTy MOHOJIUTHOTO KapKaca ¢ KHPIUYHBIMH CTCHaMHU 3arojiHeHus. KoIoHHBI
B TAKOM clly4dae pa0boTaroT Ha CKAaTHE CO CITyYaiHBIM SKCIEHTPHCUTETOM [2].

O0630p MUTEpaTYypPHBIX UCTOYHHKOB CBUJICTEIHCTBYET O HEAOCTATOYHOCTH HCCIIe-
JIOBAaHUM pacCIpeneicHNs] BHYTPEHHUX YCWIHMH B KOJIOHHAaX M PUIelsaX IIpU ydere
CTEHOBOI'O 3aIlOJIHEHUSI B IPOCTPAHCTBEHHOW paboTe Kapkaca. B CBs3M ¢ 3TUM akTy-
QIBHOCTh JIAaHHOW CTAaThbU 3aKItOYaeTcs B oOIIeH KOIMMYECTBEHHON OIEHKE BHYTPEH-
HHUX yCI/IHPlﬁ, BO3HHUKAIOINX B MOHOJIMTHOM KapKaCHOM 34daHWH C KUPIIMYHBIMU CTC-
HaMH 3aI10JIHCHU .
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O0bexT HccaegoBaHus. B kadecTBe nccinenyeMoro o0beKTa paccMaTpUBaeTCs
MIPOCTPAHCTBEHHAS] MOJENb JEBATUAITAXKHOTO KapKaCHOTO 3/aHUA C KHUPIHYHBIMU
CTEHAMH W3 MECTHBIX MaTepHaJIOB 3allOHEHUs pecnyonuku bypyamu. B ocHoBanun
3aHUS pacIioflaraeTcsl CKaJbHbBI TpyHT. PDu3HMKO-MexXxaHMYeCKHE XapaKTEepUCTHKU
KJIaJIKi OBUTH ONpeNeNeHHbl 3KCIIEPUMEHTATBHO-TEOPETHYSCKUMU MeTonamu. [Ipu-
HHMAJIOCh, YTO JKeIe300€TOHHBIE 3JIEMEHTHI KapKaca N3rOTOBJICHBI U3 OeTOoHa Kiacca
B25. TonmuHa KUPOUYHBIX CTEH cocTaBisia noatopa kupnuda (380 mm). Ilo apxu-
TEKTYPHBIM COOOpaKCHUSIM IIMPHHA MOIEPEYHOr0 CEUSHUs KOJIOHH U pHUreNnei Obiia
MIPUHSTA PAaBHOM TONIIIMHE KUPIUYHBIX CTeH (puc. 1).

| 33.000

AJ

6

Puc. 2. K3 mMozenb «1» MOHOIUTHOTO KapKacHOTO 3aHus 0€3 yueTa BIUSHUS
CTEHHOT'0 3aITOJIHEHUS

XKene3o0eToHHbBIE KOJOHHBI M PUTEIN TaBPOBOIO CEUCHUS MOAEIHPOBAIHCH
MIPOCTPAHCTBEHHBIMU CTEPKHEBBIMH KOHEYHBIMU 3iieMeHTaMu (K3). Ilnuter mex-
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9TAaXXHbIX HeperBITI/Iﬁ " KUPIIUYHBIC CTCHEBI 3aI10JIHCHUA MOACINPOBATIUCH IINIOCKUMHU
obonoueunbiMu KD u KD Tuna «banka-cTeHKa COOTBETCTBEHHO [6,7].

IIo KOHTYpy KUPIMYHON CTEHBI 3allOJIHEHUS NPUHHUMAJIACh IIAPHHUPHAs CBS3b C
XKeJIe300eTOHHBIMU AJIEMEHTaMH Kapkaca. JlepopMaliioHHbIe XapaKTEepUCTUKHU JKelle-
300€TOHHBIX 3JIEMEHTOB OBUIM MPHHSATHI COTNIACHO PEKOMEHAANUsM [5], yuuThIBato-
MM HEeJTMHEHHYI0 paboTy kKene300eToHa U BO3MOXKHOCTh 00pa30BaHMsI TPEIIUH.

Jlist IpoBe/IeH s YHCIICHHBIX UCCIIEIOBaHUN ObLTH pa3paboTaHbl 3 TUCKPETHBIE
IMPOCTPAaHCTBCHHBIC KOHCYHO-3JIEMCHTHBIC MOJICIIM MOHOJIUTHOI'O KapKACHOI'O 3JIaHU-
K3 mozmens «1» MOHOJIUTHOTO KapKacHOTO 3aHus cocTOUT u3 21326 y3108B, 24368
aneMeHToB U 99760 HEeM3BeCTHBIX Y3JIOBBIX MepemenieHui (puc. 2). B aToit Mmoxenu
HE YYHTBHIBAJIIOCH BIIMSIHME CTEH 3allOJIHCHUS Ha MPOCTPAHCTBEHHYIO paboTy Kapkaca.
Harpyska ot coOCTBEHHOTrO Beca 3allOJIHEHHS paccMaTphBaliach Kak JITHEHHas paB-
HOMEpHO pacipezienieHHas, MPUIoKEHHast Ha pUTelTl KapKaca.

Puc. 3. KD Moaenb MOHOJIUTHOTO Puc. 4. 3D xoHeuHo3/1€EMEHTHASA MOIETD
KapKacHOT'O 37aHUS C YYETOM BIIMSHUS MOHOJIUTHOT'O KapKaCHOTO 3JJaHUs C
CTEHOBOI'0 3aII0JIHEHUSA KHUPIUYHLEIMA CTEHAMU 3aII0THEHHUS

B ortnmnume ot monmenu «1» KD monens «2» yuyuThIBaeT BIWSHUE KUPIHUYHOTO
3aIl0JTHEHUSI Ha HaNpsHKEHHO-IeOpMUPOBAHHOE COCTOSHUE KapKaca M COCTOMT U3
37024 y3noB, 43370 nsnementoB U 166830 HEM3BECTHHIX Y3JIOBBIX IIEpEMEIIECHHIH
(puc. 4). [y mpenoTBpamieHus BO3MOXXHOTO MTPOTPECCUPYIONIEro OOpYIIEeHHs MpH
BBIXOJIE M3 CTPOsI CTCHOBOT'O 3allOJHEHUSI HUYKHEro 3Taxka Oblia pa3dpaboTaHa crenu-
anpHas KO Momens, kotopas coctosuia u3 35436 y3moB, 41416 snementoB u 160272
HEN3BECTHBIX Y3JIOBBIX MEpeMeEIIeHUH.

MeTtoanka npoBeaeHns HccjaefoBaHuA. B xone npoBeneHuss YUCIEHHOTO UC-
CIIEZIOBaHMS KapKaca 37aHHs pacCMaTpHBAJIOCh 3 BapHaHTa COYETaHHUsS Harpys3ok. B
MEpBOM BapHaHTE MPOBEACH aHAN3 PalOTHI JKeNe300eTOHHBIX KOJIOHH W pHreeh
MPH MOCTOSIHHBIX W DKCILTYyaTAllMOHHBIX BO3JICHCTBHAX O€3 ydera BETpPOBOHM Harpys-
KM, TaHHBIA BapuaHT o0Oo3Hauajics (1-bBH). Bo BTropom BapuaHTe paccMaTpuBajics
cilydaif, Korja Ha 3[jaHie KpOMe 3KCIUTyaTallMOHHBIX HAarpy30K, BO3/IEHICTBYET BETPO-
BOI HAIIOp CO CpeJHEH CKOPOCThIO 25M/C MEpIEeHANKYISIPHO TPOJIOIBHON CTOPOHBI
3naHus, STOT Bapuant obosHauancs (2-CBH). U Hakonen, B TperbeM Bapuante (3-
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BCC) paccmarpuBaics cimydail BEIXOAAa M3 CTPOSI CTCHOBOI'O 3arlOMHEHHS HIDKHETO
OTaXka IIPpU MOCTOAHHBIX U SKCILTyaTallTUOHHBIX Harpyskax.

21_115[ HCCIICAOBAaHUA BINSIHUA I[e(bopMaTHBHOCTH KIIaJIK Ha YCHUJIUA B 3JIEMCHTAX
MOHOJIUTHOT'0 KapKaca OTACIbHO PacCMaTPUBAINCH 3 Pa3iUYHbIX MOAYJS YIPYTOCTH
Knajgku creH 3anonHenus: £, =1000MIla; E, =2000MIla; E, =3000MIla . Ilo-

JIy4E€HHBbIE IIPU 3TOM COIJIACHO MOJEIIM «2» U «3» 3HAauCHUs MPOAOIbHBIX YCUIHH B
KOJIOHHaX M PUTEISIX, CPAaBHUBAIUCH CO 3HAYEHUSMH, BBIUYMCIEHHBIMU 110 MOJENTHU
«1», B KOTOpOIi HE YUUTHIBAIACH J1eOPMATUBHOCTH CTEHOBOTO 3amnonHenus (Ey = 0).
B mocnennem BapuaHTe Harpys3ka OT COOCTBEHHOIO Beca CTEHOBOTO 3aIlOJHEHHMS
YUUTHIBAJIACh KaK JOMOJHUTEIbHAS TMHEHHas Harpy3Ka Ha pUreNly Kapkaca.

Takum 00pa3om, [Uisl IPUHATOTO j-Or0 3Taka, YMEHbIIEHUS (77;) MPOMOIBHBIX

BHYTPEHHHUX YCWJIMH ONpPEAeNsINCh MO BhIpakeHHio (1), Kak OTHOIIEHHE MPOI0JIb-
HBIX YCUIUA N ;) B MOHOJIMTHOM Kapkace 6€3 ydera BIMSHHS CTEHOBOTO 3arlojiHe-

Hust (KO mozenb «1») K NPOJONBHBIM YCHIUAM N ;) , ONPEACISIEMBIM C Y4ETOM

BJIMSIHUS CTEHOBOT'O 3aIIOJHEHUS Ha IPOCTPAHCTBEHHYIO pa0oTy kapkaca (KD moxenu
@», «3»):
Micen =Ny ! Ny (1)
Pe3yabTaThl ucciieioBaHus. AHAIH3 pe3yJbTaTOB pacuera JUCKPETHBIX KOM-
MBIOTEPHBIX MOJIENEH HCcCIeyeMoro 3/aHusl TIO3BOJWII ONPENENUTh MPOJOTbHbIE
YCniisd B KOJOHHAX W PpUTCIIAX. Bo3HuukHoBeHHnE MIPOAOJIbHBIX YCI/IJII/Iﬁ B PpUTCIIAX
O0YCIIOBIIGHO BIMSIHHEM DKCIIEHTPUCHTETa, Je(OpMaTHBHOCTBIO HIDKEIEKaIIeH
KJIaJIKU, TIPEMSATCTBYIONIEH H3ru0y pUTeNs, a TakKe MPOCTPAaHCTBEHHON paboTol Mo-
HOJIMTHOI'O KapKAaCHOI'o 31aHus B IICJIOM. Pe3y.IIBTaTBI IMoKa3alii, 4YTO BbIXOO M3 CTPOsL
KUPIOUYHBIX CTCH 3allOJIHCHUA HHUXXHCTO 3Ta)Ka MPHUBOAWT K YBCIWMYCHUIO IIPOIAOJIb-
HBIX (pacTATrMBaIONINX) YCHIIMN B PUTENAX MEPBOro ATaxa (puc. 5).

350
300
250
200 —O—N(-)
150 —A—N(+)
100
50 o/o/"'/’o
0

0,00 1,00 2,00 3,00 fo Mlla

N, xH

Puc. 5. 3aBUCHMOCTh MaKCHMAaJIbHBIX 3HAUCHHUH MPOMOJIBHBIX YCHIHHA B PUTEIIAX HUKHETO
3TaXka OT pacueTHOH mpodoctH (fy) KIaaKu 3aroJHEHUS Ha CKaThe

400
300 —0-My()
o —>—My (+)
T 200 ~—
= e * X
100 f,, MITa
0,00 0,50 1,00 1,50 2,00 2,50 3,00

Puc. 6. 3aBUCHMOCTh MaKCHMAaJIbHBIX 3HAUCHHH W3THOAIONIMX MOMCHTOB B PUTEIIAX IIEPBOTO
3Ta)ka OT pacueTHO mpodoctH (fy) KiIaJaKu 3armoJHEHUS Ha CKaThe
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UYemM BbIIIIE OKa3bIBACTCSl HECYIAst CIIOCOOHOCTD KIIaJIKH 3aIONHEHHS, TEM 0O0IIb-
e HaOJoaeTcs YBETMYEeHHE MPOAOJIbHBIX PACTIATUBAIOIINX YCUIIMHA B PUTENAX TIep-
BOTO 3Ta)ka. BBIXON M3 CTPOsi CTEH 3aMOHEHUS HIKHEro 3Ta)ka MPUBOIUT K CYIIe-
CTBEHHOMY YBEJIMYCHHUIO U3rHOAIOIINX MOMEHTOB B pHreisax (puc. 6), KOTopbie mpe-
BBIIIAIOT U3rHOAIOIIME MOMEHTBI, MojiydaeMbie coriiacHo KD momenu «1».

AHanmu3 pe3yNbTaToB pacdeTa IOoKasal, YTo y4eT B IPOCTPAHCTBEHHOH paboTe
KapKaca KUPIUYHBIX CTEH 3aTlOJIHECHUS IPUBOIAT K YMEHBIICHHUIO TIPOJIOTIBHBIX YCH-
nuit (puc. 7; puc. 8; puc. 9). MakcumallbHO€ 1 MUHUMAJIbHOE YMEHbBIIIEHUE MPOI0JTb-
HBIX CHJI HAOJIFOIAeTCsl Ha HIDKHUX M BEPXHUX ATaKaX COOTBETCTBEHHO.

5,00 Kl
4,00 K2
—A—K3
= Y / —*—K4
=
2,00 —*¥—K5
—-0—-K6
1,00
1,00 2,00 f,, MTTa 3,00

Puc. 7 . 3aBUCUMOCTb YMEHBIIEHUH NPOJOIBHBIX CUJI B KOJIOHHAX IIEPBOIO 3Ta)ka OT HeCyIei
CHOCOOHOCTH KITaJKH 10 BapuaHTy «1-bB»

5,00
——KI
4,00 -8-K2
3,00 —A—K3
S —K4
2,00 — R
1,00 —-0-K6

1,00 200 f Ml 3,00

Puc. 8 - 3aBucuMOCTh YMEHBIIEHNUN MTPOAOIBHBIX CKMMAIOIINX YCUIIHH B KOJOHHAX
IIEPBOTrO 3TAKA [IPU BAPUAHTE C yYETOM BETPOBOM HArpy3KOil.

135
—O— —
125 & —-—KI
—0— —Q K2
1,15 R= o
; i —A—K3
1,05 —0 —¢—K4
= 0,95 +§2
085 F———p— \
0,75 —X
1,00 2,00 f, MIla 3,00

Puc. 9.3aBucUMOCTh YMEHBIIEHUNA MPOAOIBHBIX CKUMAIOIINX YCHIIMNA B KOJIOHHAX MEPBOrO
9TaXka IMPH BBIXOJIE U3 CTPOS CTCH MEPBOI0 3Ta)ka OT pacyeTHOM MpouHOCTH (fy) Kitagku
3aI0JTHEHNS
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Pe3ynbTaThl MPOBECHHBIX MCCICIOBAHUI MTOKAa3bIBAIOT, YTO MIPH BBIXOJIE U3 CTPOS
CTEH 3aIlOJTHEHUSI HIDKHEro 3Taka, B YIVIOBBIX KOJIOHHAX MPOJOIBHBIC YCHIIHS Tpe-
BBHIIIAIOT 3HAYCHUS, MOJy4aeMble TPU HCCICOBAHWM Kapkaca 0e3 ydera BIIHMSHUS
CTEHOBOT'O 3aIOJIHCHUI Ha €ro NMPOCTPAHCTBEHHYIO paboTy. B yrioBeIX KOJIOHHAX,
BHYTpEHHHE TPOAOJIbHbIE ycuius yBenuduBaioTcs Ha 27,07%. Bo BHyTpeHHUX U

HapyXHBIX HE YTJIOBBIX KOJMIOHHAX, MPOJIOJIbHBIEC YCUIIHS CHIDKatoTcs Ha 23,45% (puc.
10).

30,00 27,03
20,00 M A ——KI
10,00 K2
£ 000 K3
10,0090 Ll —3{00 —%-K4
20,00 ¢ 3 —0 —%-K5
230.00 (23,4c 5)—0—-Ko6
’ f;, MIla

Puc. 10. [lnarpamma yMeHbIIEHUH W YBEIWYEHHUH (B MPOLIEHTAX) MPOAOIbHBIX BHYTPEHHUX
YCUJIMH B KOJIOHHAX IIPU BBIXOJE U3 CTPOSI CTEH HIDKHETO 3Taxka

Taxkxe pe3ynbTaThl UCCIENOBAHUIN MOKA3bIBAIOT, YTO B MOHOJUTHBIX KapKacHBIX
3MAHUSIX KUPIUYHBIC CTEHBI 3aIMONHEHHsSI MepearoT Ha (QyHIaMEHT 3HAYMTEIbHYIO
JIOJTIO TIPOJOTBHBIX BEPTUKAIBHBIX yeumuil (puc. 11).

60

30

Nig. » %

0
0,00 1,00 2,00 3,00
f;, MIla

Puc. 11. 3aBucumocthb nepeaaBacMbIX Ha (1)yHI[aM6HT CTCHAMM 3allOJTHCHUA IMTPOAOJIbHBIX
yCI/IJ'II/Iﬁ oT pacquHoﬁ IMPOYHOCTU KJIaJKH 3aIlIOJTHCHH Ha CKATHUC

BoiBoabl. I1o pe3ynbraraM MpoOBENEHHBIX MCCIEAOBAHWM MOXKHO CIEnaTh Clie-
JIYIOILII € BHIBOJIBI:

" KUPIUYHBIC CTCHBI 3aIIOJHECHHUS BJIMSIOT HA MPOCTPAHCTBECHHYIO pabOTy MOHO-
JIUTHBIX KapKaCHBIX 3/IaHM HE3aBUCHUMO OT BEJIWYMHBI TOPU3OHTAIBHBIX BO3JEH-
CTBUH;

® KUPIHUYHbIE CTEHBI TTEPEPACIIPEAEISAIOT BHYTPEHHUE YCUIIUS B KOJIOHHAX U PHU-
Temsix;

® BBIXO/J] U3 CTPOSI CTEH 3aIMOJTHEHU HUYKHETrO 3Taka MPUBOAUT K MEPErpy3Ke yr-
JIOBBIX KOJIOHH M pas3rpy3Ke OCTaIbHBIX (HE YIIOBBIX) KOJOHH, YBEIHMYCHUIO BHYT-
PCHHHX PacTITMBAIONIMX YCHIIMKA M U3rHOAIONIMX MOMEHTOB B PUTE/ISX IEPBOTO 3Ta-
Ka;

® YMEHBIIEHNUE MPOJAOJbHBIX YCUIIMA B KOJIOHHAX 3aBUCUT OT MPOYHOCTU KHUP-
NUYHOW KJIaJKU U MECTa PacIoiloKEHUsI KOJIOHHBI B IIJIaHE U 11O BBICOTE 3aHUs;
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" KUPITUYHbBIC CTEHBI 3alOJHEHUS TEPEAaloT Ha QYHIAMEHT CYLIECTBEHHYIO J10-
JIFO BEPTUKAJIbHBIX YCHHHﬁ.

3aki0uenue

[Ipy nmpoexkTupoOBaHMU M pacyeTe MOHOJUTHBIX KapKacHBIX 3[JaHUN C KUPIMY-
HBIMH CTEHAMH 3aIOTHEHUS CIIENYET YUYUTHIBATh OCOOCHHOCTh paboThI JKene300eTOH-
HBIX CTCPKHEBBIX 3JICMCHTOB JJIs1 apMHUPOBaHUSA cedyeHui )Keﬂe?)OGCTOHHBIX KOJIOHH H
puresnen.
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INFLUENCE OF BRICK WALLS FROM LOCAL-MATERIALS ON THE WORK OF
LINEAR ELEMENTS IN MONOLITHIC FRAME BUILDINGS
IN REPUBLIC OF BURUNDI

Mikerego Emmanuel, A.S. Markovich, Yu.K. Basov
Peoples’ Friendship University of Russia.
Ordzhonikidze str.3, Moscow, Russia, 115419

The article presents the results of numerical research on the work of columns and beams in
monolithic frame building where the fillings are the brick walls from local-materials in Repub-
lic of Burundi. A comparison of the longitudinal forces arising in linear elements from the
combined action of vertical and wind loads is fulfilled. The distribution of forces in the frame
in case of failure of brick walls in the ground floor is studied. In addition, the quantitative as-
sessment of the internal longitudinal forces transmitted to the foundation by the brick walls is
given.

KEY WORDS: frame building, brick’ walls, columns, beams, longitudinal internal forces.
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METO/] IEPEMEIIEHUA OLIEHKHU ITOTEPH DHEPT U
P 3BHAKOIIEPEMEHHOM JE®OPMHUPOBAHUNU
CTPOMTEJIbHBIX KOHCTPYKIHIA

B.M. BOHIAPEHKO, 0-p mex. nayx, npogeccop
HUUC®D PAACH,
127238, Mockea, Jlokomomuenwiii np-0, 0.21

B meoputo npoecno3a 6HympeHHux sHepeemu4ecKux nomepb, Heu30excHo conposox#coaio-
WUX CUNOB0E 3HAKONEPEMEHHOE HASPYICCHUE KOHCIMPYKMUGHBIX CIPOUMENbHbIX MAMepUaios,
6600UMCA ANLIMEPHAMUBHBINE MEMOO «nepemewjenuiiy. Imom Memoo, 8 omaudue om panee
NPeONONCEHHBIX ABMOPOM NPUEMO8 OYEHKU TMAKUX IHEP2ONOMepPsb O YPOGHIO HANPANCEHHOO
COCMOANUA PA3BICKUBAET PA3HUYY PAOOM CUL HASPYHCEHUS U PA3SPYICEHUU NO NepeMeLyeHu-
M KOHCMPYKYUIL.

KJIFOUEBBIE CJIOBA: rucrepe3ucHble SHEpronoTepu, padora ae)opMUpOBaHUs MaTe-
puaJoB.

WzyueHne 3HaKoNepeMeHHOro ae)OpMHUPOBAHUS KEIe300€TOHHBIX KOHCTPYK-
U TI03BOJTIIIO aBTOpPY c(hOPMYIMPOBATh U PEUIUThH 3a]ady dHEPTeTHYECKOH OINTH-
MU3AIHHA CTPOUTENFHO-KOHCTPYKTUBHBIX PEIICHUN ISl TPOMBIIUICHHBIX 3JaHAN |
coopyxxenuit [1,2,4]. B vacTHOCTH OBLIM HPEIOKEHBI CIIOCOOBI YIIPABJICHUS TAKUMHU
SHEPronoTepsIMA M METOJ] ONTUMH3AINKA CYyMMAapHBIX PAacXO/J0B Ha BO3BEICHHE H
TEXHOJIOrHYecKoe dHepronorpedienne npeanpuaruil [5]. CymHOCTh STHX Tpemio-
KEHUH COCTOMT B CYMMHPOBAHHH MO KOOPIWHATAM KOHCTPYKIIMH THUCTEPE3HUCHBIX
SHEProIoTeph B AJIEMEHTAPHBIX 00beMax JedopMUpYyeMOro TBEPJIOrO Tela, OJHO-
3HAYHO OIpEesIeMbIX TUarpaMMOW HampsHKEHUs] — OTHOCHTENIbHBIC JleopManun
Marepuana. Bmecre ¢ TeM, BO3MOXKEH JIpYrod, aJIbTEPHATUBHBIM METOA KOJIWYECT-
BEHHOH OIIEHKH TaKWX JHEPrornoTepb, UCIONB3YIOMNUN OOIEH3BECTHBIX OOBEKTHB-
HBIH (DakT TOrO, YTO AehOpMaIH TBEPBIX TN MPH HATPYKEHUH BCerna OOJbIIE ie-
(hopManii BOCCTAHOBJICHUS MPH Pa3TPyKECHHUH, T.€. IOCIE Pa3rpyKEHHUS UMEIOT Me-
CTO, TaK Ha3bIBaEMbIC, OCTATOYHbIC (HE KOMIIEHCHPYEMbIE) Jie) OpMAaIIHH.

[Tockonbky pasrpyKeHHue MpeAcTaBiIsieT coO00I0 MPUIOKEHHE K TOMY Xe Telry
PaBHBIX 1O BETHMYUHE, HO MPOTHBOIMOIOKHBIX TI0 HAIMPABICHUIO CHII, TOCTONBKY HC-
KOMasl BEIMYMHA SHEPTONOTEPh paBHA Pa3HOCTH pa0OT HATPYKEHUS H PA3TPYIKEHUS:

—

AW =W - W, (1)

A P rae W — sueprust (paGora) Harpyxenus, W —
sHeprus (pabora) pa3rpyKeHHs.

BeroHHass KOJOHHA TPU OCEBOM HArpy-

"
\..___../ JKEHUH TTOKa3aHa Ha puc. 1. 31ech
'\\'_“—__.‘/ — —_— — N
PR W = P-Ah; Ah = Eh, 2)
: — — — -
= W = P-Ah; Ah = €h, 3)
P = Ao , rie 0- HopMaJbHbIE HANIPSKEHUS.
. ey Janee, BBOIUTCS KBa3WJIMHEHHAs 3a-
7 — IMUCh YpPaBHCHHUA CHUJIIOBOI0 COIPOTUBIICHUA C
%‘ ‘% YUETOM HEIWHEHHOCTH Ie(OPMHUPOBAHUS IO
I1.. BacuinbeBy:
IIpY HATPYKEHUH:

Puc. 1. Dcku3 HarpyxeHus KOJIOHHBI
(P- BHewHsis cuia, 4 - TWIomaip norme-

PEYHOro CeYeHust KOJIOHHEI, h - BLICOTA 5 o (O(“‘ﬂ%}m) a(t)
KOJIOHHEI, M -IIEpEeMEIIECHIE TopLa KO- E(t’ to) - Eppn(tito) - Eppn(tito) +

JIOHHBI IIPH HATpYKeHHHU, AR - TlepeMelie- = o]+ @)
HUETOPLA KOJIOHHBI IPH Pa3TPY>KEHUHN) Egpn(t,to)R™’
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TIpH pasrpyKeHUH (COOTBETCTBEHHO MPU3HAKy DHreccepa-SICHHCKOro):

¢ t0) o(t)
g ) = —l
O Epn(t to)
EMI'H
rae EBpJI = m; @(t, ty) = Eur()C(t, tp) . %)
Otcrona ko3 puIreHT 00paTUMOCTH ehOopMalliK:
€ 1
Ko =5=—7= (6)
1+V(E)
KoadounueHT Heo6paTUMOCTH ;;ed)d)opMauHH:
g
KHOG_T_]‘___]‘_KOG' (7)

3HaueHus TapaMeTPOB HEJIUHEHHOCTH V 1 M BHIYUCIAIOTCA ¢ TIOMOIIBIO TPaIH-
[MOHHOTO HETMHEHHOTr0 ypaBHEHUS CHIIOBOTO COMPOTUBIICHUS OETOHA TPU Harpyxe-
Huu [3]:

5 t £)]Mwmru £)]Mnon
E(t,0) = 7201+ Vi [Z2] ) + 0(6) (1 + Voo [20] ) €2, -
(£)]Mnon d (T,to)
= Jy 0@ (1 + Voo [ 2| Y i, ®)

371ech € — MOJIHBIE OTHOCHUTENBHBIE Aedopmanuu, o(T) - HanpsokeHus, Eyp, (t)-
MOIyJIb YIPYTOMTHOBEHHBIX aepopmainmii, C(ty,t)- Mepa IPOCTOM MOI3y4ecTH,
Egpn(t, to)- BpeMeHHBII JIMHEHHEIH MOTYIb JedopMaluy; t, T, to- BpeMs Hayana Ha-
TPYXEeHHUs, TeKyllee BpeMs, BpeMsl OKOHUaHHs HaOJoAcHuil; R- pacderHas mpod-
HOCTh OeroHa; Vi, Myry - TapaMeTphl HETMHESHHOCTH MIHOBEHHBIX jaedhopMariui
MIpH HATpyXeHuu, Vi, Mpyo, - MapaMeTpbl HEMWHEHHOCTH MOJ3Yy4YecTH MpH Harpy-
xeHuu (Tabn. 1 wmm tabm. 2).

JU1st 3TOrO B IBYX XapakTEpHBIX TOYKAaX AuarpaMmbel ¢ = YR u o = R npupas-
HUBAIOTCS BEIMYMHBI TIOHBIX OTHOCHTENBHBIX nedopmarliuii (4) u (6) oTkynaa:

V=", (R) - 1,m = ()ln< Sla+m2D_apr o
MIPH TOM 3aMETHM, YTO YIO0OHO IPUHUMATh
0,7<y <09, (10)
OTCIOJIA JIJIS TSDKEINIBIX OCTOHOB IMOJIyYaeM pe3yJIbTaThl, MPUBEACHHBIC B Ta0J. 1 1 2.
Tabauya 1
Knacc 6erona
No | TTapametpsl mipu cxxaTuM | EAWHUIBI H3MepeHust
15 20 30 40 50
1 | R(0) MIla 15,6 | 20,1 | 28,6 | 36,7 | 44,5
2 | E, . (0)- 10~3MIla 23,0 | 27,0 | 32,5 | 36,0 | 39,0
3 C(o0,28) 106MIIa~° 128 | 102 | 74 59 50
4 Egp(0,28) 10~3MIla 56 1684190 |11,4]133
5 = E,,,(0)C(,28) 3,10 | 2,95 | 2,48 | 2,17 | 1,93
6 Vi 26 |20 |13 1,0 | 0,8
7 M0 50 [47 143 [38 [34
8 Vion 3,11 | 235 (1,6 | 1,22 | 1,22
9 My 4,0
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Tabauya 2
Ne | To [3] MrHoBenHble neopmarmu | Jedopmanun nomsyuectu
3HaK I{al—’r)},)I(eI-II/I’1 I/l\/[l"l-l mMFH I/l'[OJ'I ml'IOJ'I
. Caxatns 375/, | 5,0-0,05R | #>0/, | 50-0,007R
2. Pactsoxenus 08+0,37R | 0,8+ 0,32R 1,5 1,0
R — npu3MeHHas IPOYHOCTb GETOHA Ha CXKaTHe
B utore no (9) u (10) nmonyuum 3navenus V u m (tabm. 3).
Tabruya 3
IMapamerpsr | Kiacc Tsxenoro GetoHa
Ipu cxatuu | 15 20 30 40 50
v 29 |22 | 1,51 1,34 1,08
m 4221 4,12 ] 3,95 3,80 | 3,65
W3 (3) cnenyer, uto AW = P(AR — Ah),
AW = Ph(é—-¢), (11
q(x) WJIH TIOCTIE TTIOACTAaHOBKH (1-4)
rV\/\/\/\/\-I X Ahvo_2+m
| | AW = — om (12)
3 EgpaR

Cxema wusrubaemoro Opyca
MpUBeeHa Ha puc. 2.
Amnanornyto (2) u (3) 3amucei-

Au(x) BAKOTCA:
' W= folq(x) -U(x)dx, (13)
1L l 1l W= folq(x) -u(x)dx, (14)
Puc. 2. Cxema mepemenienuii n3arubaemMoro 6pyca rae q(x)- BHemHAs Harpyska,

U(x)- ¢ymkums npormba mojx Ha-
rpyskoi, (x)-Qpynkuus nporuba npu pasrpyske, Au(x) - QyHKIMS OCTATOYHOrO
nporuoa.

[ToTepy SHEPTHU MTPU OAHOKPATHOM 3HAKOIEPEMEHHOM HATrPY>KEHUH

AW =W —W = fol q(x)Au(x)dx, (15)

rie
Au(x) = u(x) — u(x) (16)
MPH 7-KPATHOM 3HAKOIIEPEMEHHOM HATPY>KEHHH C POCTOM 7 BEIMYHHA A MTOCTENEHHO

YMEHBIIIAETCS, CTPEMSICh K HEKOTOPOMY CTaOMIIBHOMY 3HAUCHHIO.

Jist (15), (16) nporu6b u(Xx) HAXOAATCS € TIOMOILBIO YPABHEHHUs KPUBU3HBI OpY-

ca:

1 d?u(x) M(x)

P~ dxz D) MWBX

npu
1
B(x) = ——
(x) D00
u(x) = [ M(x)B(x)dx + C;x + C,,
rae u - mporudsl (mepemeinenne); M - u3rudarome MOMEHTBI, D - )KECTKOCTH ceue-

Huif, B - mogatnuBocTh cedenuii, ;U C, - TPON3BOIBHBIC TIOCTOSHHBIC, OIpeaemsie-
MEBIC C YIETOM I'PaHUYHBIX YCIOBHUH.
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OyHKIIUN TOAATIMBOCTH Bx)ub (x) HaxomsTCSA ANPOKCHMMM3ALMEH YaCTHBIX
3Ha4eHuii B;, ¢ yueroM BiusiHUs 3Ha4eHui M;(X)UIsl HECKOIBKMX CEYEHHId B mpoJie-
te x. Yactuble Benuuunbl B; (x) onpenenstores mo [4], a Takke MOTYT BBIYHCIIATHCS C
TIOMOIIIBIO JIEHCTBYIONIHNI peraaMeHTHBIX JOKyMeHTOB ((4) 1 (5)).

O4eBuIHO, YTO CHI)KEHHE SHEPTeTUUYECKUX MTOTEPh MOXKET OBITh OCYIIECTBICHO
YMEHbIIEHHEM ACWCTBYIOIIMX MOMEHTOB M CHUXEHHEM IOAATIMBOCTH, KOTOpHIE
MOJIAAIOTCA MPOEKTHOM ONTHUMH3AI[MK C MOMOIIBIO PAllOHAIM3AIMHA TEXHOJIOTHYe-
CKUX, KOMIIO3UIIMOHHBIX U KOHCTPYKTUBHBIX PEIICHUH.

IIpocrelimell WUIIOCTpaLUENd 3TOMY CIYKHT IIPUMED YBEIWUYEHUS CEYEHHS KO-
JioHHBI (3a1a4da 1) Ha 20% U 00YCIIOBJIGHHOE 3TUM YMEHBIIICHHE B 2,5 pa3a BEIUYHH
JHEPreTUYECKUX MOTEPb.
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A METHOD OF DISPLACEMENTS FOR EVALUATION OF ENERGY LOSSES
UNDER CONSTRUCTION’S DEFORMATION WITH
ALTERNATING SIGNS

Bondarenko V.M.
NIISF, Moscow, Russia

An alternative method of displacements is introduced into the theory of so-called forecast
internal energy losses. This theory is inevitably accompanied by the alternating sign of force
loading for structural building materials. Previously, the author proposed the methods of eval-
uation for such energy losses basing on the level of the stress state. In contrast to these meth-
ods new method is looking for a difference of work of loading and unloading forces for dis-
placement designs.

KEYWORDS: hysteretic energy loss, the work of materials’ deformation.
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Buckling analysis

BUCKLING ANALYSIS OF FUNCTIONALLY GRADED
EPITROCHOIDAL SHELLS STRUCTURES

GIL-OULBE MATHIEU, associate professor,

ISMAEL TAHA FARHAN, second year of master student,
DAU TYEKOLO, lecturer,

Peoples’ Friendship University of Russia

115419, Moscow, Ordjonikidze, 3

In the present article, stability of functionally graded epitrochoidal shells under pressure and
thermal environment is examined. Material properties are taken as temperature dependent. Finite
element solutions are obtained through commercially available tool ANSYS. The linear eigenvalue
buckling problem is solved using Block Lanczos method. The effect of different geometry and ma-
terial parameters on the critical buckling temperature of functionally graded Epitrochoidal Shells
under pressure and thermal environment is demonstrated. Finally, the change of the stresses, dis-
placements, rotations and stains were investigated and presented.

KEY WORDS: Functionally Graded Materials, Cyclic Shells, Epitrochoidal Shells, mechan-
ical and thermal material properties, conservative, nonconservative, Stability, Instability, buckling
analysis.

Concepts of Stability and Instability:

Instability is a universal phenomenon, which may occur in various material bodies. The
fundamental concepts of stability and instability are clarified through the following defi-
nitions:

The state of a system is the collection of values of the system parameters at any instant of
time. For example, the positions of material points in a structure and the temperature field
at various points constitute the state of that system. The state of a system depends on sys-
tem parameters and environmental conditions. For example, in a shell structure, the sys-
tem parameters are geometrical and material properties. And the environmental condi-
tions are the applied forces and thermal conditions.

Stability - The state of a system, at any instant of time, is called stable if the relatively
small changes in system parameter and / or environmental conditions would bring about
relatively small changes in the existing state of the system.

Instability - The state of a system at any instant of time is called unstable if relatively
small. Changes in system parameter and / or environmental conditions would cause major
changes in the existing state.

Stability and Instability of Equilibrium - The equi-
librium state of a system is called stable if small
perturbations in that state, caused by load changes
or other effects would be confined to a vicinity of
the existing equilibrium state. The equilibrium state
of a system is called unstable if slight changes in ~ Fig. 1. Concept of stability and
conditions related to that state would force the sys- instability of equilibrium

tem away from that equilibrium state; an unstable

system would find other equilibrium state(s); the new equilibrium state(s) may be in the
vicinity of the initial state or may be far away from the initial equilibrium configuration.
The concepts of stable and unstable equilibrium are illustrated in Fig. 1 [1]. This figure
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shows a small ball lying on a smooth surface. According to the forgoing definitions, the
equilibrium state 1 is stable while state 2 is unstable [2]. The relativity of the foregoing
definitions is clearly demonstrated in this figure; the state 1 may be stable in a certain
limited region, but may be unstable in a larger domain.

Buckling is a special mode of instability of equilibrium which may occur in deformable
bodies subjected mostly to compressive loadings. So far as the structural problems are
concerned, an existing state of equilibrium or trend of behavior of the structure subjected
to applied loadings and / or temperature variations could be altered and the structure
could acquire a new equilibrium state or a new trend of behavior. This phenomenon is
termed the buckling of that particular structure. A well-known example of elastic buck-
ling instability is the flexural buckling of an axially compressed slender elastic column
subjected to a concentric compressive force. The type of applied loading affects the
modes of elastic instability. Loading systems are classified as conservative or
nonconservative. Dead loadings, such as the weight of structures, are conservative forces;
time dependent loadings, and the forces which depend on the state of the system are gen-
erally nonconservative. Conservative loadings are derivable from a potential function
whereas nonconservative forces have no generating potential. From this viewpoint, fric-
tional forces are nonconservative. Elastic bodies subjected to conservative forces may
loose their current equilibrium state and find other equilibrated configurations; this mode
of elastic instability is normally of the buckling type. The equilibrium of the same elastic
bodies subjected to nonconservative forces may become dynamically unstable; the system
could undergo oscillations with increasing amplitude. This mode of elastic instability is
called flutter. Thin panels or shells in contact with flowing fluids could develop a flutter
mode of elastic instability.

An Overview of Shell Buckling:

The equilibrium of thin elastic shells subjected to certain force fields may become unsta-
ble and the shell may undergo prebuckling, buckling, and postbuckling deformation. The
occurrence of buckling in thin shells is quite probable due to the fact that the thickness to
span ratio of shells is usually much lower than other structural elements. The response of
thin shells to compressive forces is essentially very different from the behavior of other
structural elements such as struts, columns, and plates; some types of thin shells are ex-
tremely sensitive to geometrical and loading imperfections. Geometrical imperfections
include all deviations in the shape of the structural member from an ideally assumed ge-
ometrical configuration. Thus, a slightly crooked column, in comparison with a perfectly
straight bar is considered imperfect. In the case of shells, the geometrical imperfection is
marked by deviation of middle surface geometry from a conceived ideal shape.

Loading imperfections are probable deviations of magnitudes and / or directions of ap-
plied Forces from assumed values and / or directions. As an example, an eccentrically
applied axial force to a straight column can be considered an imperfect loading. Loading
Imperfections, may be quantified by the so-called "imperfection parameters"; in the col-
umn problem, the axial force eccentricity could be chosen as an imperfections parameter.
Experiments performed on column and plates, under in-plane compressive conservative
forces, have shown that such elements are relatively insensitive to slight geometric and
loading imperfections. This is not the case in shell problems.

Buckling experiments carried out on shells have shown that some shells are very sensitive
to geometrical and loading imperfections. Thus the buckling load of laboratory shell
samples is normally smaller than the critical loads that a perfect system could sustain.
This is, on one hand due the fact that the actual shells are, by production, never geometri-
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cally perfect and also that an ideally perfect conceived loading can never be produced
and, on the other hand due to imperfection sensitivity of real shells.

The imperfection sensitivity of shells has important analysis and design implications; to
obtain a realistic estimate of buckling strength of shells, geometrical and loading imper-
fections must be taken into account.

Finite element modelling

An epitrochoidal shell structure [3] with fixed supports is depicted in Fig 2. It has been
analyzed under pressure and thermal loading. Thickness of the shell (4=1.0 c¢m) including
two layers ( , shown in Fig.3.The mechanical and thermal
material properties used in the present study have been listed in the Table 1.

Table 1. The mechanical and thermal material properties:

Material Ceramic ( Metallic (Steel)
Thermal expansion coefficient
Poisons’ ratio ( 0.25 0.25
Young’s’ modulus, 390 210
Density (kg/m’) 3890 7850
Conductivity( 25 40

In this study, finite element modelling of functionally graded cyclic shell (Epitrochoidal
shells) structures with uniform thickness % is considered as shown in Figure 2. Here, FG
epitrochoidal shell is modeled and analyzed in ANSYS through ANSYS parametric de-
sign language (APDL) code. A shell element (SHELL181), defined in the ANSYS li-
brary, is utilized to discretize the FG Epitrochoidal shell. This shell element has total six
degrees of freedom per node i.e., translations and rotations in the x, y and z directions.
ELEMENTS A N S Y s
R15.4Q

03:16:33

i

Fig.2. A discredited FG epitrochoidal shell
model

Buckling Analysis

4. Results and Discussions
In this section, the stability behavior of FG epitrochoidal shell is performed under pres-
sure and uniform temperature field (7 =700°K). The FG epitrochoidal shell is discretized
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and solved using finite element steps in ANSYS APDL platform [4]. Block Lanczos
method is used to obtain the eigenvalue bucking responses.

LAYER STACKING ANS YS

»E BN
ELEM = a 115.0
SECT = 1 ’ o
=) >4 "B
LAYERS : A'R.-,fﬁnf,.ﬁf
TOTAL = 2 02:20:02
SHOWN

FROM 1 TO =

laver# Material$

Theta

Fig. 3. A discretized layers of the epitrochoidal shell model

UTION ANS Y:S

B

NCDAL S5O

I — |
v] .004759 .008519 .014278 .015038
.00z38 .00713% .01185% .016658 .021418
Buckling Analysis

Fig.4. Displacement variation for FG epitrochoidal shell
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ANSYS
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APR 25 2016
)1:44:36
L : ===
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=01537 .0467059 .077848 .108987 .140126

Buckling Rnalysis

Fig.5. Rotation variation for FG epitrochoidal shell
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Buckling Analysis

Fig. 6. Von Mises Stress variation for FG epitrochoidal shell
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Al oCn
R15.0
APR 24 2016
03: 15
— —
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-042177 .125589 209 -292411 -375B22
Buckling Analysis

Fig.7. Von Mises of total mechanical and thermal strain variation for FG epitrochoidal shell
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Fig. 8. X-component total mechanical and thermal strain variation for FG epitrochoidal shell
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NODAL SOLUTION A N SYS
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-105485

Fig. 9. Y-component total mechanical and thermal strain variation for FG epitrochoidal shell

. NODAL SOLUTION ANS YS

STEP=1

R15.0

-.216307 o BOZ7 -
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Fig.10. Z-component total mechanical and thermal strain variation for FG epitrochoidal shell

Fig. 4 shows Displacement variation for FG epitrochoidal shell under pressure and ther-
mal loading. The overall displacement varies from 0.00 m to 0.021418 m.
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Fig. 5 shows Rotation variation for FG epitrochoidal shell under pressure and thermal

loading. The overall Rotation varies from 0.00 rad to 0.140126 rad.

Fig. 6 shows the Von Mises Stress variation for FG epitrochoidal shell under pressure and

thermal loading. The stress varies from 0.157-10°Pa to 0.116-10%%Pa.

Fig. 7 shows Von Mises of total mechanical and thermal Strain variation for FG

epitrochoidal shell under pressure and thermal loading. The strain varies from

—0.472-1073 to 0.375822.

Fig. 8 shows X- component of total mechanical and thermal variation for FG

epitrochoidal shell under pressure and thermal loading. The strain varies from
—0.033915 to 0.136443.

Fig. 9 shows Y- component of total mechanical and thermal Strain variation for FG

epitrochoidal shell under pressure and thermal loading. The strain varies from
—0.241228 to 0.109485.

Fig. 10 shows Z- component of total mechanical and thermal variation for FG

epitrochoidal shell under pressure and thermal loading. The strain varies from
—0.216307 to 0.270954.

5. Conclusions

In this study, the thermal bucking behavior of FG epitrochoidal shell under pressure and
uniform temperature field are investigated. In addition, temperature dependent material
properties of FGM constituents are considered. Finite element solution for the buckling
behavior of present FG model is proposed using Block Lanczos method. The influences
of different material and geometrical parameters on the thermal buckling of FG
epitrochoidal shell are illustrated. Finally, the change of the stresses, displacements, rota-
tions and stains were investigated and presented.
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PACYET HA YCTOMYHABOCTH ®YHKIIMOHAJIBHO-T'PAITMEHTHBIX
SIMUTPOXOUJAJBHBIX OBOJIOYEK

Marse XKunp-ynoe, N.T. @apxan, /1. Texomo

B macrosmmeli cratbe paccMaTpHBaeTCs YCTOWYMBOCT () yHKIMOHAIBHO-TPAINCHTHBIX AITH-
TPOXOHUTATBHBIX 000JIOUEK ITOX JaBJICHHEM M TEIUIOBOH cpensl. CBOIMCTBA MarepHuaia MpHHAMA-
I0TCSL KaK 3aBHUCAIIME OT TeMIeparypbl. KoHEUHO-371eMEHTHBIE PELIEHHS [TOIY4EHbl C IIOMOILBIO
nporpammHoro komrurekca ANSY'S. JInHelHbIe 3a1a9u Ha COOCTBEHHBIC 3HAYSHUS YCTOHIHBOCTH
pemIaeTcs ¢ MOMOIIBI0 O6J109HOr0 MeTosa Jlanmonra. BiusHue pa3nuaHOi TeoMeTpul 1 apaMmeT-
POB MaTepraia Ha KpUTHIECKYIO TeMIeparyp (GyHKIMOHAIBHO-TPAIHEHTHBIX SIMATPOXONIAILHBIX
000JI0UeK O] JaBJICHUEM U TEIJIOBOH Cpeloi HaryLIIHO MOKa3aHo. B KoHIle, H3MeHeHne Hamps-
KEHUH, TepeMeleHIH, BpalieHIH 1 neopMariiii H3ydeHbl U TPEICTaBICHBI.

KJIFOUEBBIE CJIOBA: ¢ yHKINOHATBHO-TPAIHEHTHBIE MAaTEPUAIIB], IUKITHIECKIE 000I09-
KH, SIIATPOXONJATBHBIE 000JI0YKH, MEXaHHIECKHE W TePMUYECKUE CBOICTBA MaTepHuaia, KOHCep-
BaTHBHBIIN, HEKOHCEPBATHBHBIH, CTAOMIFHOCTD, HECTAOMIIFHOCTH, AHATH3 IIOTEPH YCTOMIMBOCTH.
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JIMHamMuKa KOHCTDYKLIMU U COODYXKEHUU

CBOBOJHOE KOJIEBAHUE HEO/JTHOPOJHOI'O PABHOMOAYJIbHOI'O
CTEPKHA, JIEZAKAIIEI'O HA IBYXKOHCTAHTHOM OCHOBAHUHU

HATUI C. P3AEB

Unemumym Mamemamuxu u Mexanuxu HAH Azepbaiioscana,
ya. b Baeabszaoe 9, baxy, AZ 1141, Azepbaiioxcan,
natiq.rzayev.1984@list.ru

B pabome paccmampusaemcs 3a0aua 0 cobcmeeHHOM KONeOAHUU CMEPHCHSL U3 HeOOHO-
POOHO20 NO MOoNwuHe U OIUHE PA3HOMOOYILHO2O MAMEPUANA U NexHcauweco HA O8YXKOH-
cmanumuom ocnosanuu muna Ilacmepnaxa I1.J1.

VYpasuenue osusicenust sensemes crodcHvim OudpepeHyuanvubiM ypagHeHuem ¢ 4acm-
HbLMU NPOU3BOOHBIMU Yemeepmozo nopaoka. Pewenue 3a0auu cmpoumcsi ¢ HOMOWbIO Memo-
0a paszoenenusi nepeMeHHbIx U memooa opmoconanusayuu bybnosa—I anepxuna. Ilpu xowu-
KPEMHbIX 3HAYEHUSX XAPAKMEPHbIX NAPAMEmPO8 NPOGeOeH pAacdent, U pe3yibmambsl npeo-
cmasiienvl 6 gude madauy U spaQurkamu 3a6UCUMOCIU MedICOY KPYy2o8oU Yacmomou u napa-
Mempamu HeoOHOpoOHocmu. Pezyrvmamer pacuemog noxaswiearom, 4mo yuem HeOOHOPOOHO-
cmu MOOYJIsL yIpy2ocmu U NJIOMHOCIU CYUECHEEHHBIM 00pA30M 6lUsLem HA GeIUHUNbL KPY2O-
8bIX YACMOM.

KJIFOYEBBIE CJIOBA: pactsikeHue, cxxatue, U3Tu0, KpydeHHe, 31acTHUHOCTh, KPYro-
Bas 4acToTa, KojeOaHue.

B paGore uccnenyercst 3ama4a cBOOOTHOTO MOMEPEYHOrO KOJNEOAHUST CTEPKHS
MPSIMOYTOJILHOT'O TIONIEPEYHOr'0 CEUEHHsI, N3TOTOBJICHHOIO U3 Pa3HOMOAYJILHOTO He-
OZIHOPOAHOTO MaTepHasa, JeXallero Ha JBYXKOHCTaHTHOM ocHoBaHMHM [lacrepHaka
[1]. Pemenne 3ama4un ocymiecTBIIsI€TCS TyTeM NMPUMEHEHUS METola pa3feieHus Ie-
pemennbix byOHOBa- [Nanmepkuna. B mepBom mpubmmkenun HaiineHa (opmyna ams
oIpe/ieTIeHNs] 3HaYeHHsI KPYroBoH 4acToThl. [Ipr KOHKPETHBIX 3HAUCHUSX XapakKTep-
HBIX ITApaMeTPOB MPOBE/ICH YMCIICHHBIN aHaJN3, U Pe3yJbTAThI MMPEJCTABICHBI B BHJIE
Ta0JIUII U TPaHKOB.

Kak m3BecTHO, B CTPOMTEIBCTBE COBPEMEHHBIX WH)KEHEPHBIX COOPYKEHHH, B
MAIIMHOCTPOCHUH ¥ BO MHOTHIX JAPYTHX OTPACISAX HIMPOKO MCIONB3YIOTCS KOHCTPYK-
UM U3 HEOJHOPOJHOr0 pa3sHOMOMYy/IbHOro MaTtepuana. Ciofga MOXKHO OTHECTH, B OC-
HOBHOM, KOMIIO3UTHBIC HEOIHOPOAHBIC MAaTepHAllbl, HATIONHEHHBIE IOJIHMEpaMH
[1,6]. [Ipennonaraercs, YTO MOAYJb YIPYTOCTH COOTBETCTBEHHO NMPHU PACTSHKEHUHU U
CKATUH U TJIOTHOCTD SIBJISIOTCS HEMPEPHIBHBIMUA (DYHKIHUAMH KOOPAUHAT JUTMHBI X U
BBICOTHI Z:

E"=E; f, (x) 2 (Z); E”=E, f, (x) 2 (Z); P = PV, (x)//z (Z) (D

3necy E,, E,, p, — COOTBETCTBYIOT OAHOPOJHOMY H30TPOIHOMY MaTepuaiy,

fi (x) CO CBOMMH INIPOM3BOAHBIMH JI0 BTOPOTO TOPSAKA U Y/, (x)— SIBIISTIOTCS HeTpe-

pBIBHBIMU (QyHKIHUAMU. OTMETHM, 4TO criennGruyeckuM (HakTOpoM B JIaHHOM CiIydae

SIBIISIETCS] TO, YTO TPAHUIIA PACTSHYTBIX M CKATHIX 00JIACTEH CYIIECTBEHHBIM 00pa3oM
3aBUCHT OT QYHKIMU f, (z)

Pacnpenenennie HanmpsHKeHWI 1O CEUEHUIO OMpPEIENSeTcss ¢ HCIOIb30BaHHUEM
CIIEIYIOIX COOTHOIICHUH:

G=E+f](x) 2(z)(l—goz); o >0; G=E"f](x)f2(z)(l—goz); o<0. (2

IIpeanonaraercs, 4To ypaBHEHUE HEHTpaJIbHON JIMHUU ONPENEISeTCs CIENyIo-
M COOTHOIICHUSM:

— 3)
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rae / U ¢ — 3HadeHus AedopMalUM U KPUBU3HBI LEHTPATIbHOH JIMHHU, Z, — TPaHUIA

HEUTPAJIBHON JIMHUMU.
Crozna HeoOxoanMO 100aBUTh YCIOBHE OTCYTCTBHS M ypPaBHEHNE MOMEHTA:

Tadzzj'a+dz+ja-dz=o, 4)
h h hy
M =Tzadz=jza+dz+Iza_dz=0. 5)
h h hy

3necy h; M h, — pa3Mepsl PaCTAHYTHIX U CKAThIX 30H.
VYuureBas dopmyinst (1) u (4), monydaum

z[:crdz = ;!fz(zXl—zgo)dz+a;1[f2(zXl—zga)dz =0, (GZE%ZJ’);
J.f2 (z)zdz + OzJ.zf2 (z)fz

OTCIO/Ia HAXOJIUM: l=¢p- = - (6)

Teneps onpenenum U3ruOarONUi MOMEHT:
M + _
Tzf](x jE 5 (zXl+zgo)zdz+ jE fz(z)(l+zgo)zdz , (7
I hy
NI KE
+L =I| [22(E)dz + & [ 25 (2)dz |+ g [2° f(2)dz+a [ 22 f(2)dz |
bE* fi(x) |, hy |y hy
[oncramnsst crona BeIpaxkenue (6), MOIydnuM:

jzfz (z)dz +a j zf, (z)dz

M = "y 22 f(z)dz 22 f(z)dz
o e v R B
iy hy

e, KaK y’Ke yKa3bIBaJloCh paHee, /i, U h, — pa3Mephl 110 BHICOTE PACTSIHYTBIX M CXKa-

TBIX 30H.
C yuerom (7) U CONPOTHUBICHHUS IBYXKOHCTAHTHOTO OCHOBAaHMS ypaBHCHHE

JIBMJKEHHUS 3alMCBIBACTCA B CIEAYIOIIEM BUJIE:
0* ow| — — o'W _ 0w
—{f(x)—z}K]W—Kz -+ pyla)—5-=0. ®)
Oox X Oox ot

3necy K, u K, —XapakTepUCTUKU OCHOBaHUS, ONpeesieMble C IOMOIIbIO JKC-

nepuMeHToB. [IpuHSATHI cieaytomue 0003HaYCHUS:

_ N — 1 _ —
K =K,(M,K)"; K,=(M,K)"; p, =ﬂj.y/2(z)dz; p=p,(M,K)".
h
YpaBHenue (8) MOXKXHO 3aIMCaTh B CICTYIOIIEM BHUJIC:
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2 ) (- R ()
x 0x
R P 0. ©)

Kaxk Bunno, ypaBHeHue (9) sBisieTcs CIOXKHBIM U TIOTOMY IIPU PELIEHUU Clie-
JyeT IPUMEHUTH TMPHOIMKEHHbBIC aHAIMTUYECKUE METObl. B nanHOM ciydae OyayT
WCTIOJIb30BAHBI METOJIbI, KOTOPBIC SABISIOTCS 3D (HEKTHBHBIME M alpoOUPOBAHHBIMY,
WMEHHO, METO/]] pa3JieNicHUsl IepeMeHHbIX U MeTo]] byOHoBa - ["anepkuHa.

B niepBomM ciydae penienue 0yzieM UCKaTh B CIICIYIONIEM BHJIE:

w(x)=V(x)sinwt, (10)

rue V(x) JIOJDKHO YIOBJIETBOPATH KPAeBBIM YCIOBHUSAM, @ — KpyroBas wacrora. lloa-
ctaBmsist (10) B (9) HOJIytII/IM:

2 L - B ()

T = poty, (x) 7 (x)=0. (11)

Pemenue ypaBHeHm 11 6y11eM HCKaTh ¢ ToMmolblo Merona bybHoBa- ["anep-
KHHA, 8 (QYHKIHIO V(x) IIPUMEM B CJIENYIOLLEM BUJE:

Y a,6,(x). (12)

31ech a; — HEM3BECTHBIE IIOCTOSHHBIE M KaXIblii 4ieH psga 0, (x) JIOJDKEH

YAOBIETBOPSITH COOTBETCTBYIOIINM KPAeBBIM YCIIOBUSIM.
OyHKIMS OMMOKKM B TAHHOM CITydae 3aIlMChIBACTCS B CACIYIOIIEM BUJC:

n 4. d*e = 1 )96,
9= Tl 1% 25 () o 6%

K7 6 = [y () (@) 2 0. (13)
Y coBre OpTOroHaIM3aluy B JaHHOM CJIy4ae UMEET B
1
[n(pdx=0 k=1,2,. (14)
0

B npou3BONBHOM NPUOTMKEHHH @ ONpENeNsercs M3 CHCTEMbl YpaBHEHHi

(14). Dra cucTeMa OTHOCHTEIBHO @ SIBIAETCS JIMHEHHO OXHOPOIHBIM yPaBHEHHEM.
[ns cyiiecTtBoBaHMS HETPUBUAIBLHOIO PEIIEHUS TJIABHBIA ONPEASIUTENb JTaHHOU
CHCTEMbI IOJDKCH 00paIlaThCs B HYJIb:

2
Ha) H -0. (15)
ITpu packpertam (15) momyuaercss anreOpandeckoe ypaBHEHHE /-0l  CTEICHH
OTHOCUTENBHO @ . XOTs MpU TIOMOIIY COBPEMEHHON KOMIBIOTEPHON TEXHUKH OIpe-

JleNeHue > pH JTF060M IPHOIMKEHNH He BBI3BIBAET 0c000ro Tpyaa, OyaeM ompene-
JIATH OCHOBHOM TOH YaCTOTHI. ITO COOTBETCTBYET MEPBOMY MPHUOIHIKCHHUIO:

I}
jn(x)e,dxzo, (16)

L«x)“ 2792 (fl(x) Rof () s

+K, - 7(x)g, a)pl,//(x ]de 0. (17)

OTcroa HaXOIUM:

o —
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6022

() - Ko )0 K (0, B
dx

4 3

j{f 2

(18)
[ (e) 1 (i
0
B cnygae ecniu crepikeHb ABIAETCS HEOAHOPOAHBIM TOJIBKO IO MOIYIIIO YIIPYTO-
CTH y/(x)zl u dopmyia (18) mpuHUMAET CIICAYIOUIMI BUI:

2 _
W, =

' d*o d3 —nde,
[ A 20t

+El 'fl_] (x)91 :|9]dx

(19)
ﬁjf_] (x)07dx

W3 Beipaxenuii (18) u (19) monyunm crnenyronpie COOTHOIICHUS

[ (92 ek

(&) jf (o2 (e -

Jns ananmza paccMOTpUM cilydaid:
0,(x)=sinmx; f,(x)=1+a&; w,(x)=1+ux; f,(x)=1+; w,(z)=1+12. Q1)
3mech X =x-17'; Ezz-h_l; £ 6[0,1]; Qe [0,1].

C yuerom (21) dopmyna (20) mpruHUMAET CICAYIOIIUN BUI:

2 1 1 —
_ I . _ 1 . _
2= 2 :J. —sin? mxdx J. T Gin? mds. (22)
@, o 1+ex o 1+é&x

Ji IpoCTOTHI aHAIH3a anMeM cleayromue 0003HaueHUS:

1 — . 2 —
sin? 7zx Xsin® mx
b, = | ——dx;
j b2 j 1+e&x
torza ¢popmyna (22) 3anuceiBaeTcs B CIEIyONIeM BUE:
_ b 1
0 2 = b ! = A >0.
|t ,lez 1+ ”72
b,
b2 b2 2 1
OTcrona omydnM: l+u—=>0te pu—=>-1; =>——.
b, by by u

[Ipomomxas aHanu3 pe3ynbratra, MPUMEM UYTO COTPOTHUBIICHHE BHEIIHEH CpPEIbI
orcyrcrByer. Torna popmyna (18) HpI/IHI/IMaeT cnez[yromnﬁ BUJL:

[ A5 2 e )

2 0

ol = . (23)

ﬁjw(x)-f“ (pras

U3 dpopmyn (18) u (23) MOKHO TIOIYYUTH CIIEYIOIEE COOTHOIICHHE:
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]
d? 0,
| {K 70 - Ko (0) o }9 dx
0

5‘2:[@%} _Hj{f]()d 2f,() 9, i;}gd

0
VYyureBas (21), momyunm:

2
g, Sinm +K, ! (ﬂj sin 7dx
"4ax I+eax\ [
3 = 4
T . ) 1
(1+ ex) —28 — | cosmx |sin mx (j =
[ [) 2
= —(zY
o, =1+2( ){K] +K2(7) Jb,. (25)
T

Pacuyer MmoxHO IMPOBECTH U JJIA CJIYy4acCB:
filp)=1+ee"; wi(p)=1+ pe’;

fip)=1-ccos2zp;  y,(p)=1-pcos2zp. (26)
PCSyJII)TaTI)I HpOBeZ[eHHBIX YUCJICHHBIX pvaeTOB, HpeI[CTaBJ'IeHLI B BUIC TaGJII/III
U Tpaduka:

24

1
J'|%
o =1+
Ji
0

1

sin® 7p psin? »
b= I dpr by =[EE
l+ep 0 I+¢p
Tabnruya 1 Tabruya 2
& b, b, & 52 : U= 0’5
0 0,5 0,25 0 0,8
0,25 0,445 0,219 0,25 0,802
0,50 0,402 0,196 0,50 0,804
0,75 0,367 0,177 0,75 0,805
&l
0,806 -
u=03

0,805 -

0,804 -

0,803 -

0,802 -

0,801 4

0,8 -

0,799 =

o 01 0.2 0.3 04 0.5 0.6 0.7 0.3
Puc. 1. I'paduk 3aBucumMocTr 6e3pa3MepHOi YacTOTHI OT apaMeTpa HEOJHOPOJHOCTH
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OSCILLATION OF A HOMOGENEOUS DIFFERENT MODULUS BAR
LYING ON TWO CONSTANT FOUNDATION

Natig S. Rzayev
Institute of Mathematics and Mechanics of NAS of Azerbaijan,
AZ1141, 9, B. Vahabzade str., Baku, Azerbaijan

In the paper, a problem of natural vibration of a bar inhomogeneous in thickness and
length made of different modulus material and lying on two Pasternak —type foundation is
considered.

The equation of motion is the fourth order complex partial differential equation. The solu-
tion of the problem is constructed by means of method of operation of variables and of the
Bubnov - Galerkin orthogonalization method. At specific values of characteristic parameters,
the calculation in conducted and the results are represented in the form of tables and graphs of
dependence between annular frequency and inhomogeneity parameters The results of calcula-
tions show that account of inhomogeneity of elasticity modulus density and also mediums
resistance essentially influences’ on the value of annular frequency.

Key words: tension, compression, bending, tersion, elastic, frequently, vibration.
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TTpOoYHOCTL NeTatesIbHbIX annaparos

HANPSIKEHHOE COCTOSIHUE THUIIA «IIOTPAHUYHBIN CJIOM» -
KPAEBOE KPYYEHHUE NPSIMOYTOJIbHOM IJIACTUHKHA

Ban.B. ®DUPCAHOB, 0-p mexn. nayk, npogheccop

Dedepanvroe 2ocyoapcmeentoe 6100xcemHoe 00paz08amenbHoe yupeicoeHue blc-
wezo npogheccuonanbHo2o o0bpazosanusi «MocKo6CKull A8UAYUOHHBIN UHCHUMYM
(HayuoHanbHBI Uccied08amenbekull yrusepcument) » « MAH»

125993 Mockea, A-80, I'CII-3, Borokoramckoe utocce, 0.4, k906@mai.ru

Cohopmynuposana xpaesas 3aoaua ons onpeoderenus H/[C muna «noepancioiy, uoeH-
muyHo20 deopmayuu KpyweHus Kpas, U 0aHO ee peuleHue cnocobom npusedeHuss K 3adaye
Jlupuxne. B pesynomame pacuemos noxasan cyuwecmsennwiii sxnao HIC kpaesoeo kpyuenusi 6
obwee H/[C nracmunku, 4mo o4eHb 8AiICHO NPU OYeHKe NPOYHOCMU PA3TUUHBIX COCOUHEHUTI
MOHKOCHMEHHBIX INeMEHMO8 AGUAYUOHHBIX KOHCIPYKYULL.

KIIFOYEBBIE CJIOBA: mpsmoyronbHasi IUIACTUHKA, TPEXMEpHBIE YpaBHEHHS TEOpUU
YIOPYTOCTH, METO MPSAMOTO ACHMIITOTHYECKOTO HHTETPUPOBAHUS, KPAaeBbIe 3a/1a4i, OCHOBHOE
HaNpsHKEHHO-Ie() OPMUPOBAHHOE COCTOSIHUE, HATIPSDKEHHOE COCTOSHHE «IOTPAHUYHBIH CIIOW»,
OBICTPO 3aTyXalolllee HANPSDKEHHOE COCTOSIHUE KPYYEHHs 3aKpEIUIEHHOTO Kpasi IUIaCTHHKH,
3agaya Jupuxie.

Beeoenue

Kak u3BectHO[ 1, 2], 1 co3nanust MpUOMKEHHBIX METOJIOB pacydeTa IUIaCTUH U
000JI04EeK, YUUTHIBAIOIIUX TPEXMEPHOCTh HAMPSHKEHHOTO COCTOSHUS, TIOCIIEIHEE Yac-
TO MPEACTABIAIOT B BHIE€ CYMMbI BHYTPEHHEr0 HAIPSHKEHHOT'O COCTOSIHHUS M TOTrpa-
HU4HOrOo cios. [lox mepBeIM caraeMbIM MOJIpa3yMeBaeTCsl HAPsDKEHHOE COCTOSHUE,
KOTOpOE C HM3BECTHOW CTEMEHBIO MPHOMMKEHHOCTH MOXXHO CTPOUTH TPH MOMOIIH
KJIACCHYECKOM Teopuu. B pe3ysbrate Kakoro-iu0o yro4HEHHs MMOCASAHEH MOsSBIISICT-
Csl IOTPaHUYHBIA CIIOI — caMOypaBHOBELIEHHOE HAINPsHKEHHOE COCTOAHUE, 3aTyXaro-
miee, Ha ocHoBaHUM npuHNuNa CeH-Benana, mpu ynaneHuu oT Kpas Ha pacCTOSHUE,
COM3MEPUMOE C TONIIMHON IIIACTUHKH WIIH 000JIOUKH.

OnHUM 13 BO3MOXKHBIX MyTEH MOCTPOECHUSI MaTEMaTHYECKH 0OOCHOBAHHOM TEOo-
pHH IIACTUHOK U 00O0JIOYEK, T. €. TCOPUH, MO3BOJISIFOIIEH CKOJIb YrOJHO TOYHO arl-
MIPOKCUMHUPOBAThH pelIeHNEe TPEXMEPHOM 3a/adu TEOpUH YNPYTOCTH, SABISAETCA IPHU-
MEHEHHE aCUMIITOTUYECKIX METO/I0B, IPUBOSAIINX, B KOHEYHOM UTOre, K MPEACTaB-
JIHUIO PEIIeHUs B BUJIE PAZIOB, PACIIONOKEHHBIX IO CTEMEHAM MaJoro napamerpa /.-
OTHOCHUTEIBHON MOTYTONIIMHBI MJTACTHHKA U 000JIOYKH.

[MpuMeHss MeTOJ] IPSMOTO ACHMIITOTUYECKOT0 MHTErpUPOBaHUs an(depeHIn-
AJTBHBIX YpaBHEHUH TpexMepHOU 3amadun Teopuu yrpyroctu, A.JL. T'ompaenseiizep[3]
CBEJ 3aJ1a4y OIpeJelieHHsI HANPsHKEHHOTO COCTOSHUS M3ru0aeMoil H30TPOITHOM psi-
MOYTOJIBHOM IMJIACTUHKH IMTOCTOSHHON TOJIIMHBI K MOCTPOEHHUIO TPEX UTEPallMOHHBIX
npoueccoB. [IepBblil U3 HUX — OCHOBHOM MTEPAallMOHHBIN IPOLECC, HAYalbHOE IIPU-
ONbKEHHEe SKBUBAJICHTHO KIIACCUYECKOW TEOPUM, ONpeIesisieT MeIUICHHO 3aTyXaroliee
WM BHYTPEHHEE HaIpsSKEHHOE COCTOSHME IIACTHHKH. JIBa APYrHMX BCIOMOTATENb-
HBIX MTEPaIMOHHBIX MPOIIECCca OMPENCISIOT OBICTPO 3aTyXarollue MPH YIAICHHH OT
Kpas HalpspKeHHBIE COCTOSHIS, SKBUBAJICHTHBIE HAMIPSDKEHHBIM COCTOSIHUSIM KpPaeBo-
ro CKpPYYMBaHHWSI W KpaeBOH IUIOCKOH aedopMaiivi, ONpelersieMbIM pelIeHUSIMH
KpaeBbIX 3a71a4, OIIMChIBAEMBIMI TAPMOHUYECKIM U OUTapMOHHYECKUM YPaBHEHUSMH
CO crienu(UIEeCKUMU IPaHNYHBIMH YCIIOBUSMH. PellieHne 3TUX KpaeBbIX 3a/iau CBsi3a-
HO C MaTEMaTHYECKUMH TPYTHOCTSAMH, HE TMO3BONIAIONIMMU TPUMEHUTH 3TH PE3yibTa-
ThI B MPaKTHUKE HH)KEHEPHBIX PacyeToB.
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B cBsi3u ¢ aTEM, B pabortax [1, 2, 4] ¢ MOMOIIBIO BapHAIMOHHO- aCUMITTOTHYE-
CKOr0 MeToJa TocTpoeHa mpuOimmxkeHHas teopus pacdera HJIC mpsmMoyroibHBIX
MJIACTUHOK M3 KOMITO3WIIMOHHBIX MaTepHaloB, KPYTJbIX IUIACTUHOK U KPYTOBOM IIH-
JTUHJIPUYECKOH OOOJIOYKM W3 U30TPOIHOTO MaTepHaja IMOCTOSHHONW W IepeMeHHOM
TONMIIUHBI. Ha OCHOBaHMM pacdeTOB TOHKHMX IUIACTUHOK M O0OJIOYEK YCTAaHOBJICHO,
4TO BOJM3U JKECTKO 3alIEMIICHHOIO Kpas JONONHUTEIbHBIC HANPSHKEHUS KpacBOH
TUTOCKOHM J1eOpMaliii OIHOT'O TOPSIIKA C MAaKCHMAJIbHBIMU 3HAYEHUSMH HauOOIb-
MIKUX HarpspkeHnd. KpoMe Toro, cyiiecTBeHHOE 3HaUeHHE MPUOOPETAIOT MONepeYHbIe
HOpMaJIbHBIE M KacaTeIbHbIe HANIPSKEHUS, YTO OYeHb Ba)KHO MPHU OIEHKE MPOYHOCTH
ABHAITMOHHBIX KOHCTPYKIUH U3 CIOUCTBIX KOMITO3UIIMOHHBIX MaTepHaOB.

C momouIpio 3TOH TEOpUH pa3padoTaH PacUeTHHIN anmapaT OIEHKH MPOYHOCTH
MEPEXOHBIX 30H KOHCTPYKIHUMN, Pa3HOCTEHHBIX CTHIKOB, a TAK)K€ HENPEpPhIBHBIX CO-
enuHeHu# [5,6] (praHIeBbIX, CBApPHBIX) NMPH HAJTMYUH B HUX JIeQEeKTOB B BHJE Ha-
YanpHBIX TpemyH. OMHAKO B 3TOW NMPHOJIMKEHHON TEOPUHM HE YUUTHIBACTCS HAIPS-
YKEHHOE COCTOSIHHE KPAaeBOr0 KPYUYEHHsI TUIA «IIOTPAaHUYHBIN CIION».

B cBsi3u ¢ 3THM, B JaHHOH paboTe CTaBUTCS 3ajada O JOMOJIHEHUH TMPHOIHKEH-
HOI TpexmepHoU Teopun pacuera HJIC mpsAMOyroapHBIX IJIACTHHOK CaMOYpaBHO-
BEIICHHBIM OBICTpO 3atyxarommM HJIC — kpydeHHEM JKECTKO 3aIlleMJICHHOTO Kpas.
Jlana oxoHuaTenbHas GOpPMYyITUPOBKa KpaeBoi 3axaum s pacdera HIAC tuna «mo-
TpaHCIION», HJICHTUYHOrO JedOopMalud KpaeBOro Kpy4deHHWs, W JaHO €€ pellcHHe
crocoboM MpHBeACHUS K 3a1ade Jupuxie.

Ilocmanoeka 3a0auu

[Tycts mpsiMoyronbHas ITUIACTMHKA U3 U30TPOMHOTO MaTepHalia HarpyKeHa I10-
TIepEUHON paclpeneeHHON Harpy3Koi ¢(x,)). BBemeM opTOroHaabHYIO CHCTEMY KO-
opauHart xyz (puc. 1) Takum 00pa3oM, YTOOBI OCH X U Y, JISKAIIKE B CPSIUHHON IJI0C-
KOCTH IUIACTUHKH, COBITaJia/Iv C I'ITaBHBIMHU HAIIPaBJICHUAMUA YIIPYT'OCTH.

< 1 e
./f/f 7 kd
f,/ L J _/'/
A N NS | ! 3
2h
ym a “Q

Puc.1. TIpssmoyronbHast mIacTUHKA
OO6o03HauuB uepe3 a, b, 24 MHY, MUPUHY U TONIIUHY IJIACTHHKH COOTBETCT-
BEHHO, OTHECEM €€ K 0e3pa3MepHON CUCTeMEe KOOPIAMHAT (5,77,@“ ) CBSI3aHHOM C CHC-
TeMOH (X,),z) paBeHCTBAMHU:

_X -y _z
S_aa 77] bv é, h (1)

B npoponbsHOM HampaBlIeHWH HapsAay ¢ KoopAauHaTod & OyaeM MPUMEHSTh, Tlie
9TO HaJ0, KOOPAUHATY

& =x/h, 2)
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KOTOpasi, O4CBHUIHO, CBsA3aHa C KOO I[I/IH&TOﬁ 3aBHCUMOCTBIO
9 b

g =48, 3)
rie A=alh.

Jnst onpeeneHHOCTH Oy/eM roJarath, 4to Kpail mactuikd & =0 KecTko 3a-
IIEMJICHHBIH, 8 OCTallbHBIE Kpasi MOTYT OBITH JIFOOBIMU M HATrpY>KEHHBIMH KPacBBIMU
BHEIIHUMH Harpy3kaMu THIIA PacHpeNeIeHHBIX [EPEpe3bIBAIOIUX CUI WM W3THU-
0aroIMUX MOMEHTOB

Bynem mHTerpupoBath cucteMy nudQepeHnnaibHbIX YpaBHEHHH TPEXMEpHOH
3a/1a4u TEOPUU YIIPYTOCTH

ot
oo, LTy +67xz _0.(x)
Ox oy Oz
ot
asz + yz +aGZ =0,
Ox oy Oz
ou o, u
—=—-=lo,+0,)(x 4
o= lo, o)) 4)
ow o, wu
—=——-"—\o.+0
oz FE E( * y)’
Txy = nyy’ T = nyzﬂ(xy)'

31ech B B JaidbHEHIIIEM CHMBOJ (xy) 03HAYaeT, 9YTO0 HMMEET MECTO BTOPOE COOT-
HOIIICHHE, KOTOPOE TOydaeTcss U3 IIPUBEACHHOIO 3aMeHoi X, u,1 Ha y,v,2 W Ha-

000poT.
Ha nnockocTax mIacTUHKA z = ih JOOJIKHBI BBITIOJTHATHCA I'PAaHUYHBIC YCIIOBHA:

1
o, = iEq(x,y), t,=1,=0. &)
Kpome rpanndnbix ycnoBuii (5) OyieM UCIonb30BaTh COOTHOIICHHE:
oo, =0 npu z==1h, (6)
Oz

KOTOpOE BhITEKAET U3 (5) u TpeTbero ypaBHeHus (4).
ITycte O ecth M000€ U3 HATIPSKEHUI MM TTEpEMEIeHH i, KOTopoe OymeM 3a1a-
BaTh B BH/IC:

0=h"0,, (7)
re p — IeNoe YNCIIOo, Pa3INYHOE Ul Pa3HBIX HANPSHKEHUH U epeMeleHuil u s = k,

n, ¢. Clneayer OTMETHTh, YTO ATUMH HHAEKCaMu 0003Ha4aroTcs kommnoHeHTsl HJC,
OTHOCSIIMECS K KJIACCHUSCKOW TCOPUH, KPAEBhIX IUIOCKOH Ie(hopMaIlui U CKpydHBa-
HHUA COOTBETCTBCHHO. KpOMe TOro, nmpu OKOHYATCIbHOM OIIPCACICHUN YKa3aHHBIX
KOMIIOHEHTOB HEOOXOMMO YUHUTHIBATh acCUMNTOTHKY Kaxkaoro HJIC, onpenensemoro
MHOKUTENEM A
Ecnu BeIOpaTh p B pasioxenuu (7) caenyroimuM o0pa3oM:
p=2 sl O u, v; ®)

p=0 msa o.; p=3 I W

¥4

v Oys T

xy 2

p=1 s T, T

vz
TO MOXKHO TI0Ka3aTh [1], 4TO COOTBETCTBYIOIIEE PElICHHE HKBUBAJICHTHO KJIaCCHYe-
CKOM Teopuu M3ruba IUIACTUHOK HE TOJILKO B CMBICIIEC TOXJIECTBa MU(depeHIInaIb-
HBIX YpaBHEHUH, HO U B CMBICJIEC TOXKIESCTBA TPAaHUYHBIX YCIOBUH Ha OOKOBBIX Kpasx

Xz
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mactuHky. Jlamee momaraem, uro ocHoBHoe HJIC miacTHHKH, COOTBETCTBYIOIICE
KJIACCUYECKOM TEOPHH, OIPENEICHO.

OOpaTuMCsl K TTOCTPOCHHUIO KPaeBbIX 3aja4, MPH IMOMOIIHM KOTOPHIX MOXKHO Ha-
XOJUThH JTOTIOMHUTENBHBIC 1O OTHOMICHWIO K Kiaccmdeckor Teopuu HJIC, ckomb
YTOIHO OBICTPO 3aTyxalollue IpHU yaaneHuu ot kpast & =0.

PaccMoTpuM Ba THITA TPaHUYHBIX YCIIOBUH Ha Kpato & =0
u=0,v=0,w=0 Q)
u=0,7,=0,w=0, (10)

KOTOpBIE MOJEIHUPYIOT KECTKO 3aLIEMJICHHBII Kpail IIACTUHKH.

B pab6ore [1] s rpaHuuabIX yenoBui (9) 1oka3aHo, 4TO C TOYHOCTBIO /IO BEITH-
YHH TOpsAKa A+ MOXHO NMpeHeOpeub KpaeBbIM KPYUCHUEM, a JUTS TPAHUYHBIX YCIIO-
Buii (10) — kpaeBoii miockoit nepopmanueil. Torna 3amadya onpeneneHus: KPaeBoro
HaIpsDKEHHOTO COCTOSHUS TPAKTyeTCs Kak 3ajjadya CYMepHO3ULUU TPeX COCTOSHUM,
OJTHO M3 KOTOPBIX COOTBETCTBYET PEIIEHUIO KJIIACCHYECKOI TeOpHH, APyrue — AO0MO-
HUTENIbHBIC, OTBEUAIOT PEIICHHUIO TUIOCKON e opMaliuu s TpaHUYHBIX ycioBui (9)
Y KpaeBOro Kpy4eHHus Juid rpaHu4HbIX yciaoBuit (10).

[Mpumenss pueM pacTsDKEHUs Maciitada 10 TOJIIMHE MIIACTHHKH, a TaKXkKe B
MPOIOJILHOM HampaBjieHUuH 1o (gopmyne (2), mpuHIMaeM B JaNbHEHIEM, Y4TO CKO-
POCTh U3MEHEHUS UCKOMBIX BETTMYHH 0 TIepeMEHHBIM (51 ,¥,C ) HE CITUIIIKOM BEJHKa.

Crhenyer OTMETHTh, YTO B JANbHEHIIIEM YYHTBHIBACTCS TOT (PAKT, YTO MEpEMEIICHUS
nononuutensHeIXx HJIC mansl [1] B cpaBHEHHH € TMepeMenIeHUSIMH, OTBEYAIOIIUMU
KJIACCUYECKON TEOPUH.

ITycte uncno p B pasnoxkenuu (7) NPUHAMAET CIIEAYIONIME 3HAYCHHS:

0,,0,,T o,>p=2 1 T,—>p=1

Xz Xy

u,w—>p=1 v->p=0.

Toraa s onpenaeieHus: BEIUYUH 6, TIOIydUM CHCTEMY ypaBHEHHH, COOTBETCT-
BYIOIIYIO KpaeBol miockoi nedopmaiuu. B pabdote [1] mpuBeneHb OCHOBHBIE COOT-
HOILECHHSI M TPaHUYHBIE YCIOBUSA JUIsl 3TOW KPAeBOW 3allayd B IPSMOYIOJBHOH ILa-
CTHHKE M3 KOMITO3UIIMOHHOIO MaTepraa, a TAKKe pHMep pacdera.

Kpaegoe kpyuenue.
[Tycts uncio p B paznoxenuu (7) MpUHUMAET CIIEAYIOIINE 3HAUCHHS:

c.)>p=]

Xz

(ty,7.)>p=2, (0,,0,,7 (11)

(u,w)—)sz, v—o>p=1.

Torzma B COOTBETCTBHM C aCUMITOTHYECKHM METOAOM JJIsl ONpeleliCHHs BEH-
ynH 0, B (7) umeem cucremy auddepeHuanbHbpIX ypaBHEHHH:

ot ot
2 —==0, E:a—V:2(1+u)Tyz, E=a—v=2(1+#)fxy,
o0& oL ¢ ¢,
ot ot
ao—x + Xy + asz :0, asz + yz + ao-z :0,
o5, oy 0¢ o5, &  0¢ (12)
Ou ov
F—=0_—uloc,+o EF—=0,—u(oc, +o0.),
- o, +o. =0, —ulo, +0,)
2 o, 4o, +o,) B+ 2y =20+ e
¢ o¢ 0,
B cucreme ypaBHennii(12) oCHOBHO# SBIISIETCS CHCTEMa YpaBHEHUH, U3 KOTOPOI
(Txyc > Tyzc Ve )

OTPEIEISIOTCS " Ona npencrapisier co0oii cucremy nuddepeHinaib-
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HBIX YpaBHEHMH 3aJjaud O KPy4EeHUHU MPU3MATUYECKUX CTEp’KHEH (C OChIo, MPOXOs-
e B0 OCH V).

[TocTtpoenune 3TOro pemieHus CBOAMTCA K HHTETPHUPOBAHHUIO TapMOHHYECKOTO
ypaBHeHUs. [lelicTBUTENBHO, TIEPBbIE TPU YPaBHEHUS CUCTEMBI (26) MOXXHO BBINOJI-
HUTB, TTOJIOKUB

2 2
Y Y
tye =St ta= o Ev =2 p o
¢, 0¢,0¢ ¢ 9, (13)
rae V' - rapMonnueckas pynkuus nepemennbix £,¢  T.e. MMEET MECTO yPaBHEHHE:
o’y oY
>+——=0.
06, ¢ (14)

OcranbHble ypaBHEHHS U3 cUCTEMBI (12) OyIayT TakkKe BBIMOIHATHCS, €CIIH T0-
JIOXKUTh

o’y 0*y
ch =-2 2 szc == 2
0&,0y oyog
0y

o, =0, o, =2 ,
Y 0&,0y

Eu,=-2(1+ ,u)a—\P, Ew, =0.
v (15)
Cucrema ypaaenuit (12) ompenenser kommoHeHTsl HJIC kpaeBoro kpydeHwus,
HMMEIOIIME TOPSI0K Ha eAWHUIY MeHbIe, yeM komrnonentsl HJAC B dopmysne (13).
ITo sToii mpuunHe umu B cymmaprom HJIC miacturky OyaeM mpeHeOperats.
O4eBHIHO, YTO BEIMYUHBI, ONpeaesieMble BhIpaxeHuaMu (13), TOMKHBI yIOB-
JIETBOPSATH OJHOPOJHBIM IPaHUYHBIM YCIOBUSM (5), ecii moTpeOoBaTh,

N 0 mpn ==l (16)

¢
MoHO moKa3athb, uTo ypaBHeHUE (14) MMeeT eMUHCTBEHHOE pelleHne, KOTOpoe
YIOBJIETBOPSIET ycaoBHIO (16), a Takxke 001a1ae€T CBOMCTBOM 3aTyXaHUS:

W=0 mpu 5% 17)
W Ha JKECTKO 3aleMJICHHOM Kpalo yJOBJIETBOPSET BTOPOMY M3 IPAHUYHBIX YCIOBHH
(10), xoTopoe pUBOIUTCS K BHIY

Txyk +Txyc =0 npu § = 0 (18)

[Ipeobpaszyem rpannynoe ycnosue (18), yauTsiBas BeIpaxxeHUe sl T €OO0T-

xyk >
BETCTBYIOIIEE KIIACCHYECKOW TEOpUH, U TIepBYIO U3 Gopmyn (13),mpuHrMas BO BHU-
manue acumnroruku (8), (11). Haxonuwm:

d En® 3w, |

= 5 (19)
06|, ., (+wb” d&an |,
[IpencraBum uckomyro pynknuro ¥ B BuzE:
¥ =m(n, )y , (20)
Y TIO/ICTaBJISIS €¢ B ycioBue (19), oKoHYATETFHO HAXOANM:
0’ Eh* | 0w
m(1n,) v | . |

0&7|, ., (+mwb” a&om|.
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OTKYyZa cienyer

i) =P o*w, |

W Wb dgom,|, el
82
vo=c (22)

08,

PaccmatpuBaeMyto kpaeByo 3ajjauy IpUBEIEM K pelleHHIo 3a1aun JJupuxie nis
npsimMoyronasHuKa. CoriacHo [7]BBeeM HOBbIE TepeMEHHbIe

& =¢+1, o)
é/' :gl _%h'
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oy /08 =0 pu & =2 =0
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el S —_a
Rl & —1 mpn ¢ Ah'
Janee, npUMEHsIsI N3BECTHYIO CXEMY PELICHUs 3aJaul, HaXOIIM:

0
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n="135,..
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0

1,3,5,..
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OKOHYATETbHO HAXOAUM:
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OnpenenuM JONOTHUTEIbHBIE KacaTebHbIE HAIPSDKEHUS KPaeBOro Kpy4deHWs,
WCHoNB3ys 11 3Toro cooTHomrenue (13) u Beipaxxkenue (24). Haxomnum:
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a €ro MakKCHMMaJIbHOC 3HAYCHHUEC B 3aJCJIKEC COCTABJIIACT:
2
m E 0w |
Txyk = .
(1+ b o&om |,

I'paduky M3MEHEHHs] UCKOMBIX HAmpsDKEHHH(25) 1Mo TONIMMHE IIACTUHKH Ha
’KECTKO 3allleMJIEHHOM Kpaio &; = (0 B IIPOM3BOJIBHOM CEUEHMHU 1| = const MOKa3aHbI

Ha pHUC. 2, TOe UHACKC «1» COOTBETCTBYET BBIPAKCHUIO T / ka , MHICKC «2» -
xyc Xy

m m
UHAEKC «3» - .
7’-yzc /Txyk ’ A 7’-xyk /Txyk
[Ipu moctpoenuu rpadmkoB B psiax BbIpakeHHU (25) yAep:KUBAIKUCH TOIBKO
TIepBhIE /IBA CaraeMbIX.

14 1
3, 3

/

-03 /

-1
-1 -0.5 0.3 1 +f -0.3 0 0.3 1

-03

Puc.2. Fpa(l)I/IKI/I HU3MCHCHHUS KaCaTCIIbHBIX HaHpH)KeHI/Iﬁ 110 TOJIINIUHE INIaCTUHKH

Wnmoctpanuy Ha puc. 2 MOKa3bIBAIOT, YTO JOMOJIHUTEIBHBIC KacaTeIbHbIC Ha-
MPSDKEHUS KPaeBOrO KPYUEHHS MPAKTUYSCKUA COBITAJAIOT ¢ OCHOBHBIMHU KacaTeIbHbI-
MU HaIlpsHDKEHUSMU IJIACTHHKH TPU M3TH0E, COOTBETCTBYIOIIUMU KIIACCHYECKOM Teo-
pun. MOKHO OTMETHTb, YTO JIOTIOTHUTEIBHBIC HAIIPSHKCHUS THUIIA «IIOTPAHCIION», OIl-
penernsieMble B IMJIMHAPHUYCCKON 000104YKe APYTUMU MeToaaMu [8,9] pelieHust 3a1a4
TPEXMEPHOM TEOPHUM YIPYrOCTH, 10 BEJIMUYMHE U XapaKTepy 3aTyXaHHUs MPaKTHYCCKU
COBITAJIAIOT C pe3yJIbTaTaMU JaHHOW PadOTHI.

Buigoowt

Pacuerst HJIC wm3rnbaemMoil mpsIMOYTOJIGHOW TIIACTUHKH TIO3BOJIWIIA yCTaHO-
BUTbH, 4TO gononuuTenbHbie HIC kpaeBoro kpydeHuss BHOCST CYIIECTBEHHBII BKJIa
B obmee HJC miaacTHHKH.

Hanpumep, MakcuMasbHbIe KacaTEIbHbIE HANPSYKEHUS HA )KECTKO 3aILEMIEHHOM
Kparo IPAaKTUYECKU PABHBI OJHOMMEHHBIM HAIIPSIKEHUSIM KPY4YEHHsl, COOTBETCTBYIO-
MM KJIaCCHYECKON TEOPHH TPH M3THOE MIACTHHKH.

O4eBHIHO, TaKOW BHICOKMH YpOBEHb HAINpSKEHWH HEOOXOIMMO YUYHUTHIBATH B
pacuerax Ha MPOYHOCTH IIIACTUHOK, 0COOCHHO M3 CIIOMCTBIX KOMITO3MIIMOHHBIX Ma-
TEpUAJIOB, HAIIPUMEp, TPH OMNPEEICHUN KOHIICHTPAIlMK HaHOMOJM(QHUKATOPOB B 30-
Hax NOBBIIICHHBIX HAIPSDKEHUH, B TOM YUCIE UX PA3JIMYHBIX COEIUHEHUMN.
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STRESS STATE CALLED AS "BOUNDARY LAYER" IS BOUNDARY TORSION
OF THE RECTANGULAR PLATE

Val.V. Firsanov
Moskovskiy Aviazionniy Institute, Moscow, Russia

Boundary value problem formulated for determining stress state of type "boundary layer"
is identically to torsion deformation of edges, and its solution in a way bring to the Dirichlet’s
problem is given. As a result of calculations, the essential contribution of the boundary torsion
stress-strain state to the general stress-strain state of a plate is shown, that is very important for
the estimation of strength for various units in thin-walled elements of aircraft structures.

KEYWORDS: rectangular plate, three-dimensional equations of theory of elasticity,
method of direct asymptotic integration, boundary value problems, the main stress-strain state,
a stress state called "boundary layer", the Dirichlet’s problem.
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C UCHIOJIb30BAHUEM METOJA KOHEYHBIX 3JIEMEHTOB
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*Mockosckuil 20cy0apcmeenHbll MawuHocmpoumenvhvlil yhueepcumem (MAMU)
111250, Mockea, b. Cemenosckas, 38, m. 8(916)877-66-96, akafest@mail.ru
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MI'TY um. baymana

C ucnonvzosanuem Komniekca Npocpamm «Ansys» paccmampugaromcs pesyrbmamol
pacuemos HanpsiICeHHO-0epOPMUPOBAHHO20 COCMOSIHUA YY2YHHbIX Kabenedepoicamenell (KoH-
conetr) muna KKY, npumensiemvix npu npoxiaoke kabeneii 6 npoxoosuux koaooyax. Teope-
Mmu4ecku nOOMEEPHCOeHA BO3MONCHOCHIL YMEHbUUEHUs! PSOA XAPAKMEPHbIX pA3mMepos (moi-
WUHA 110JiCa, MOIWUHA U opma pedpa JHceCmKoCmu) npu COXPAHEHUU CMAHOAPMHBIX NPOY-
HOCHHBIX XAPAKMEPUCIMUK OemA, 4mo NO360JIem CYUEeCBeHHO YMEHbUUMb MACCy U3oe-
s, a, c1edo8amenbHo, U cebecmoumMoCb UxX U320MoGNeHUs.

KJIFOUEBBIE CJIOBA: xabenenepikarteib; METOJ KOHEYHBIX AJIIEMEHTOB; KOHEYHO- dJIe-
MEHTHas CeTKa; MporpaMMHbIi komiuiekc MKDJ; ontuMuzanus pasmMepos.

B pabore [1], MOCBAIICHHOH SKCIIEPUMEHTAIBHOMY HMCCIICIOBAHHIO HArpyKEH-
HocTH Kabenenepkareneil (koHconet) Tuna KKY, ucrmons3yeMbIx B KauecTBE OMOP
MPH TIPOKJIAJIKE Kalerned B MPOXOAAIIMX KOJIOoAaX, ObIJIO MOMyYeHO, YTO TPUMEHSsIe-
MBI B HACTOSIIIEE BPEMsI UyT'YHHBIE KOHCOJIM UMEIOT Ype3MEpPHO OOJbIINE pa3Mephl
(TonmmuHy peOpa u JIoka, a Takke GhopMy pedpa KecTKocTH). Bce 310 mpuBOAUT K
HU3JIMINHUM 3aTpaTaM MaTepualla U, KakK CICACTBHC, 3aBBIIIICHHON CTOMMOCTH usae-
Juid. BpUIO OTMEYEHO, YTO C UCMOJIB30BAHUEM TEOPETHUUYECKMX METOJOB pacyera Ha-
TPYXEHUs KOHCOIM MMEEeTCs BO3MOXKHOCTh MOJ00paTh YKa3aHHBIC BBIIIE pa3Mephl
CEYECHUH, TO3BOJISIOIINE CYHIECTBEHHO YMEHBIINUTD UX MACCY IIPU COXPaHEHUU MTPOU-
HOCTHBIX ITapaMETPOB, OI'OBOPCHHLIX B HOPMATHWBHBIX JOKYMCHTAaX. 21.]'151 IIOACHCHUA
CYTH TIpoOJIEMBbI KOPOTKO HAIIOMHUM CXEMY HArpyKeHHS M YCIOBHS JKCIUTyaTalluH
paccMaTpuBaeMbIX JETAJICH.

vﬁ“

Puc. 1. O6muit BuI OMHO-, ABYX- M TPEXPYIbEBBIX KOHCONEH

[Mpu mpoxnanke kabeneil B THUIMOBBIX MPOXOAAIIUX KOJOIAX MUX BHYTPECHHHE
CTEHKH OCHAIIAIOTCS KpoHITeHHamu. K KpOHINTEHHAM MPH TTOMOIIU CHEUAIBHBIX
KOHCOINIBHBIX OonToB kpersitcsi uyrynHbie (CU-20) xabenenepkaTenn, UMEIONIAE B
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3aBHCHMOCTH OT HEOOXOIUMOCTH OT 1-ro 70 6-TH py4beB — JoXk (Ha puc. 1 Mmoka3aH
OOIIMI BUJ OIHO-, IBYX- M TPEXPYUbEBOI KOHCOJIEH, a Ha pUC. 2 — KpEIUICHUE KOH-
COJIM K KPOHINTEHHY C MOMOIIBIO CIEIHAIEHOrO KOHCOJIbHOro Oonra). KoHcomu ¢
OJTHOW CTOPOHBI MMEIOT PedpO KECTKOCTH, IO3BOJSIONICE CYIIECTBEHHO CHH3UTh
PUCK pa3pyLIeHHs MPU MPUIOKEHUH BEPTUKAIBHBIX HArPy30K [2-5].

KpoHwTeiH KM
KOHCOMb '

KOHCONbHLIA 6ONT

Puc. 2. KperuieHre KOHCOJU K KPOHIITCHHY:
1 — KOHCOJIB; 2 — KOHCOJBHBIH 00T, 3 — KpoHmTewH KITIT

[Ipu npueMHBIX UCIIBITAHHUAX, 3aKpeTJICHHAs Ha KPOHIITEHHE KOHCOJMb, COrJIacHO
JEHCTBYIOIIMM HOpPMaTHBaM, JOJKHA BBIAEpKHUBaTh Harpy3ky B 1570 H (160 xr),
MPHUIOKEHHYIO K KpalHEMYy py4blo. JDKCIIEPUMEHTHI TIOKa3allH, YTO Jake caMble Ha-
TpYXXEHHbIE MIECTUPYYbEBbIE KOHCONM (OHM HMEIOT HauOONbIIHE HAMpPSDKCHUS B
OTACHBIX CEUCHHSIX), HE Pa3pylIaroTcs W MMEIOT OONBIION 3amac 1Mo MpUKIaJbIBac-
Mol Harpy3ke. TakuMm o0pa3oM, UMeeTCsi BO3SMOXKHOCTh YMEHBIIINTH OCHOBHBIC Mapa-
METPBI, BIUSIOMINE HA IPOYHOCTD JIETalH, 2 MMEHHO: TONIMHY pedpa >KeCTKOCTH U
JI0%ka, a TAK)KE M3MEHUTH (OpMy pedpa HKECTKOCTH.

Pemenne sToH 3amaum OBUIO MPOBEACHO C HCIOIB30BAHUEM IPOTPAMMHOTO
KOMILJIEKCa 10 METOTy KOHEUHBIX 3JIEMEHTOB [6].

B kadecTBe 0a30BOii JieTaNy UCIONB30BANIACh ABYXPYYbeBasi KOHCONb, KaK HaW-
Oonee mpumensiemas. Ee kongurypamms Obuta CMOJCIHUPOBaHA C IIOMOILBIO IPO-
rpammbl Siemens NX9 Unigraphics. [Ipexne Bcero, Obuia ympolneHa reoMerpuye-
ckas (oopMa KOHCOIM 3a CHET yCTPaHEHHsI HEKOTOPHIX DJIEMEHTOB KOHCTPYKIIUH, KO-
TOpBIE, C HAIlleW TOYKH 3pEHHS, HE BIMAIOT HA MOJyYEHHBIC Jajiee pe3ybTaThl, a
WMEHHO, M3 MOJIENH ObUIM MCKIIOYEHBI BCE TEXHOIOTHMYecKue (packu, CKpYyTIIeHUs,
TUTEHHbBIC YKIOHBI U T.J. JlaHHas armpoKcCHMAaIHs IT03BOJIIIIA TOCTPOUThH Ka4eCTBEH-
HyI0 KoHeuyHO-3JeMeHTHYI0 (KDJ) cerky, a Takxke ympocTUTh M MHUHHUMHU3UPOBATH
BpeMs pacdeTa B JajbHeleM [7, 8].

Jnist TeHepanuu ceTK OBbLIM MCIOJIb30BaHbI METOABI MPOTskKU M Body Sizing
[9-11]. C moMomIpro MeTo/a MPOTSKKK Ha OJJHOM M3 TpaHel Oblna chopmupoBana 2D
CeTKa, MPOTSHYTasi 3aTeM BJOJb TElla C IMOMOIIBIO Iara, TeM caMmbiM (hopmupys 3D
cerky. Body Sizing gopmupyer cerky, KaauOpys paccMaTpUBAaEMOE TEIO KOHCOJIH.
Bnaromapst 3THM MeToJaM TOCTpOeHHWs Oblla CreHEpHpPOBAaHHA YIIOPSIOYCHHAS
cTpykTypupoBanHass KD ceTka ¢ peEryisipHbBIM paCIlONIOKEHHEM DJIIEMEHTOB, C
MUHUMAJIbHBIM KOJWYECTBOM JHCIPONOPIIMOHATBHBIX BKIIOUYEHHH M pa3MepoM
3JIEMEHTa 5 MM, YTO TIO3BOJWJIO NPOBECTH B JajbHEHIIEM JOCTATOYHO TOYHBIH
pacuer (puc. 3).

Pacuersl HanpspkeHHO-e()OPMUPOBAHHOTO COCTOSTHHSI JIETAIH O] JICHCTBUEM
MPUIOKEHHOH u3rubaromeil Harpy3kd MPOBOAMINCH C TNPUMEHEHHEM KOHEYHO-
anemenTHoro makera ANSYS 16.1. TIpu oTom OblIH 3a/1aHBI TPAHUYHBIE YCIOBHS U
orpaHuYeHHs (KecTKas 3ajieJIKa Ha TOPIEBON KPENMeKHOH MOBEPXHOCTH U COCPENO-
TOUEHHas Ha nepBoM pyube Harpys3ka 1570 H (160 kr). B xauectBe matepuana 3ana-
BaJICh CBOWcTBa ceporo uyryH mapku CU-20 (mpenen nmpounoctu 200 Mlla cormac-
Ho 'OCT 1412-85).

Ha cnenyromem stamne ObUIM TPOBENEHBI pacdeThl HampspKeHHO- nedopMupo-
BaHHOTO COCTOSIHUSI KOHCOJIH, TIPH 3TOM BapbUPOBAIMCH 3HAYCHHS JIBYX MapaMeTpoB
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(TonmMHBI pedpa KECTKOCTH M TOJIIMHBI JI0XKa) B COOTBETCTBUH C MPUBEICHHBIMHU B
Tabi.1 naHHBIMH, (opMa pedpa KECTKOCTH COXpaHAIaCh HEU3MEHHOW U COOTBETCT-
BYIOIIEH HCXOIHOMY COCTOSIHHUIO.

0,00 4500 90,00 (mm)
[~ SEEE——  SS—
250 6750

Puc. 3. Bun xoHconu u CIreHEpHUPOBaHHAA Ha Hell KOHEYHO-3JICMEHTHASI CeTKa

Tabnuya 1. 3uauenus napamempos 0ia nPoedeHus paciemos
HANpAXceHHo-0ehopmMupo8anHo2o cOCMOAHUA KOHCOU

Ne pacuera Matepuan KOHCOIH Harpyska, H petpo, J;HMHH?TOKQ .
1 CY-20 1570 8,0 8,0
2 CY-20 1570 6,0 3,0
3 CY-20 1570 4.0 8,0
4 CY-20 1570 6,0 6,0
5 CY-20 1570 6,0 4,0
6 CY-20 1570 4,0 6,0
7 CY-20 1570 4.0 4,0

Ha puc. 4; 5 npuBeneHsl KapTHHBI HAMPSDKEHHOTO W 1eOPMUPOBAHHOTO CO-
CTOSHUSA IS ABYX PE3KO pa3lUYarOIINXCs BAPHAHTOB PAaCUETOB.
[IpoBeneHHbIe pacdeThl MOKa3aIH CIeAYIONNE OCHOBHBIE TEHACHIIUH.

1. MuHUMaNbHBIE 3HaUCHUS JedopMaliii HaXOATCA B 30HE Y 3a/ICNKH, 3aTeM
OHHM TIOCTENEHHO BO3PACTalOT U MAaKCHMAaJbHBIX 3HaYEHHWH JOCTUTaloT B 30HE Kpai-
HEro Py4bsi CO CTOPOHBI, TPOTHUBOIIOJIOKHON pedpy KECTKOCTH.

2. Hampspkenus MeOT MUHUMAaJbHbIE 3HAYEHHS B KpailHEM pydbe, 3aTeM I0-
CTEMEeHHO BO3pAcTaloT M JIOCTUTAI0T MaKCHMAJbHBIX 3HAaYEHUU B LIEHTPaJbHON 30HE
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BHYTPEHHETO pydYbsi, a 3aTEM MO Mepe MPUOIIDKEHHS K 3a/IeIKe OHM CHOBA yMEHb-
HIA0TCH.

3. YwucieHHble 3HaUYeHUS AeopMaimii Majibl U KaK OrpaHuYMBaroIIni (hakTop B
JaTbHENIIIEM MOTYT HE pacCMaTpUBaThCS.

4. C TOuYKM 3peHHus IPOYHOCTH, a 3TO — OCHOBHOM Iapamerp mo KOTOpOMY OIl-
penensiercs MPUTOAHOCTh KOHCONM, HanOoJee OMACHBIMH SIBISIOTCS LEHTPalbHbIE
CEYEHUS Pydbs, PACIIONIOKEHHOTO Y 33 IENKH.

0 oo s

o 053

0000 0035 "'Tﬂ ()
I I

0018 0053

Puc. 4. HanpsbxeHHO-1e(OpMHUPOBAHHOE COCTOSHUE JBYXPYUIbEBOIl KOHCOIH
(P=1570H, §=8 MM, A =8 MMm)

B 1abn. 2 npuBeneHbl OCHOBHBIE PE3YJIbTAThl IPOBECHHBIX PacyeToB, IO KOTO-
PBIM MOXKHO C/IENATh CIETYIONIHE BBIBOJIBI.

1. Jns nByXpydbeBOil KOHCONMM HaWICHB MUHUMAJILHO BO3MOJKHBEIC 3HAUCHMS
TOJIIIIMH pedpa JKEeCTKOCTH U JIokKa (O = 4 MM, A = 4 MM), IIpH KOTOPBIX HANPSHKCHUS B
OIMaCHOM CEYCHUHM KOHCOIM JIOCTHUTAIOT TpefieNia MPOYHOCTH Julst yyryHa mapku CY-
20, pasuoro 200 MIla.

2. O4eBUHO, YTO JaNbHEHIIee YMEHbIICHUE TONIIMH pedpa KEeCTKOCTH U JIOXKa
HEKENaTebHO, TaK KaK 3TO MOXKET MPUBECTH K MPEBBINICHUIO JISHCTBYIONIMX HAIPS-
JKEHUH HaJ MPOYHOCTHBIMU cBoMcTBaMu uyryna CU-20.

3. VYMeHbIlIEHHE MAacCChl JBYXPYYbEBOH KOHCONU B JY4YIIEM U3 MPOCYHTAHHBIX
BapuanToB cocraBisieT 0,3 xr wim 23,4%.

4. Tlo Hamielt olleHKe YMEHBIIEHHE MACChl U TPEX-, YEThIPEX- U MECTHPYUIbe-
BBIX KOHCOJICH Oyner eie Oojiee 3HAYUTEIbHBIM, YTO OJHAKO TPEeOyeT MPOBEICHHS
JIOTIOTHUTENBHBIX pacueToB [12].
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Puc. 5. HanpsbxeHHO-1e(OpMHUPOBAHHOE COCTOSHUE JBYXPYUYbEBOIl KOHCOIH
(P=1570H, 3 =4 MM, A=4 Mm™m)

Tabnuya 2. Pesynomamul pacuemog 08yXmecmuou KOHCOIU
(uyeyn mapxu CYH-20, naepysxa 1570 H)

OcobeHHOCTh

Ne Harpyska, H KOHCTPYKLHU Evaxs | Omax, m, Am,

pacu. ’ MM MlIla KT KT
pedpo, MM | JIOXKE, MM

1 1570 8,0 8,0 0,91 132 | 1,3075 0

2 1570 6,0 8,0 1,17 148 | 1,2689 | 0,0386

3 1570 4,0 8,0 1,37 179 | 1,2324 | 0,0751

4 1570 6,0 6,0 1,37 152 | 1,1558 | 0,1517

5 1570 6,0 4,0 1,66 171 | 1,0378 | 0,2697

6 1570 4,0 6,0 1,61 186 | 1,1194 | 0,1881

7 1570 4,0 4,0 1,94 202 | 1,0013 | 0,3062

B 3akirodennn ykakeM, 4TO OCHOBHBIC HANpPaBICHUA NANbHEHIIMX HCCIIENI0Ba-
HUI 10 IaHHOW TEMAaTHKE C Hallell TOYKHW 3PEHUs JOJKHBI 3aKII0YaThCs B CIEAYIO-
IeM.

1. IIpoBeneHre aHAJOTHMYHBIX PACUETOB C IENBIO OMpPENENeHNs BO3MOKHOCTEN
YMEHBIIEHHS MacChl TS TPEX-, YEThIPEX- U MECTUPYYbEBBIX KOHCOJEH.

2. IlpoBenenue MOATBEPHKIAOUINX IKCIIEPUMEHTATBHBIX HUCCIEIOBAHIN, aHAIO-
THYHBIX OMYOJUKOBaHHBIM B paboTe [1] s KOHCOMeH ¢ M3MEHEHHBIMU T'€OMETPHYEC-
CKHMMH TTapaMeTpamu.

3. VuuTbIBas, 4TO NMpHMEHSEMbIC B HACTOSIIEe BpeMs KaOelu HMEIOT 3Hauu-
TENFHO MEHBIIYI0 Maccy, YeM paHee — BHECEHHE OOOCHOBAHHBIX U3MCHEHHH B TEX-
HUYECKHE yCIIOBHS Ha KOHCOJIH B CTOPOHY YMEHBILIEHHUS MPEAeIbHBIX Harpy30K MPHU
WX TIPUEMKE.
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4. Ha ocHOBe IMOJNIYYEHHBIX PE3YyIbTATOB MIEPEXO IIPH U3TOTOBICHUN KOHCOJICH
K HOBBIM MaTepuajaaM (IUIacTUKaM, KOMIIO3UTaM) C IEJbI0 MOBBIMICHUS WX IKCIUTya-
TAIMOHHBIX CBOMCTB, CYIIECTBEHHOTO CHH>KEHUS MACChl U YMEHBILIEHUH CTOUMOCTH.
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SIMULATION OF STRESS-STRAIN STATE OF CONSOLE CABLE HOLDER BY
FINITE ELEMENTS METHOD

A.A. Frolov, E.Yu. Verkhov, Yu.A. Morozov, M.A. Orlov, M.S. Mikhaylov
Moscow State Machine-Building University (MAMI), Moscow

The results of calculations of the stress-strain state of iron Cable holder (console) type of
CCHI used in the cabling to pass wells with the use of a complex of programs «Ansys». Theo-
retically, the possibility of reducing the number of characteristic size (thickness of the bed, the
thickness and shape of ribs) while retaining the strength characteristics of standard parts,
which can significantly reduce the weight of the product, and therefore the cost of manufac-
ture is confirmed.

KEY WORDS: Cable holder; finite element method; finite element mesh; FEM software

package; optimization sizes.

IKCriepUMeHTasIbHbIE UCCS1E40BAHUA

PE3YJbTATHI SKCHEPUMEHTAJIBHBIX UCCJIEJJOBAHUM
JKEJE30BETOHHBIX KOHCTPYKIIMIA T'MAPOTEXHUYECKNUX
COOPYKXEHMM, YCUJIEHHBIX YTJIEPOJHBIMHA JEHTAMU,
IIPU JIEVICTBUM U3TMBAIOIIIEIO MOMEHTA

O.[. PYBUH*, dokmop mexnuyeckux nayx,

C.E. IMCUYKUH**, doxmop mexuuueckux Hayx,

K.E. ®POJIOB***, unorcenep,

*40 «Hayuno-uccnedosamenbCKuil UHCIMUMym sHepeemuieckux coopyosicenuily (A0
«HUUDC»), 125362, 2. Mockea, CmpoumenvHulii npoe30, 0. 74, info@niies.ru
**000 «Unoicenepuviil yeHmp coopysceHull, KOHCMPYKYULL U MEXHOI02ULL 8 IHEp2e-
muxe»(OOO«HULICKTO»),125362,2. Mockea, yn. Ceobodul, 0.35, cskte@mail.ru
***¥[1AO «Pycluopor, 127006, e. Mockea, yn. Manas [{mumposka, 0.7,
FrolovKE@rushydro.ru

Ipeonazaemcs 6bINOIHAMY YCUNEHUE JiCENE300EMOHHbIX KOHCMPYKYUL 2UuOpomexHuye-
CKUX COOPYICEHUN Y2NiepOOHbIMU TEHMAMU 8 KAYeCmee CUCHEeMbl BHEUWHe20 apMUupOBaHusl.
Ilpeocmasnenvt pesynvmamsl IKCHEPUMEHMATbHBIX UCCACO0BAHULL NPOYHOCIU Jicene300e-
TMOHHBIX KOHCMPYKYUL SUOPOMEXHUUECKUX COOPYICEHUTI Oe3 YCUNEHUsL U YCUTEHHBIX YeaepOo-
HbLMU lenmamu npu deticmeuu uzeudarowezo momenma. OnpeoesieHo nosviuieHue npoYHOCHU
3a cuem ycuieHust yerepoOHbiMU IeHMAMU.

KJIFOYEBBIE CJIOBA: >xene300eToHHBIE KOHCTPYKIIUHU, THAPOTEXHUYCCKHE COOpYIKe-
HUSL; YCUJIEHHE; YIIIEPOTHBIE JIEHTHI; YKCIIEPUMEHTAIbHBIE UCCIIeIOBAHUS.

AHanmu3 OTeYeCTBEHHOTO U 3apyOexkHoro ombita [1-3] mokaszam, uto Hambolee
3G PEKTUBHBIM CITIOCOOOM YCHIICHHUS kKeNe300€TOHHBIX KOHCTPYKUWH (M B TEPBYIO
o4epclb NIUTCIBHO 3KCHHyaTpreMBIX) ABJIACTCA YCUJICHUEC YTIJICPOAHBIMU JICHTAMU
B Ka4€CTBE€ CUCTEMbI BHCIIHET O apMHUPOBAaHM.
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B »T0i1 cBsI3M GI)UII/I IMPOBCACHBI 3KCIICPUMEHTAJIBHBIC UCCIICAOBAHNA ITPOYHOCTHU
XKeJIe300€TOHHBIX KOHCTPYKIHN ruapoTexandeckux coopyxenuit (I'TC), ycuneHHbIX
YTJICpOAHBIMU JICHTAMU, IIpU I[eﬁCTBHH I/I3I‘I/163IOIIICI‘O MOMCHTAa (Ha CIiIcnraJIbHBIX
HUCIIBITATCIIbHBIX CTeHI[aX).

[ns  nOpoBenmeHusi  3KCIIEPUMEHTAIBHBIX  HCCIEAOBAaHMM Ha  JIeHCTBHE
M3rubaroniero MoMeHTa OB W3TOTOBJICHBI JKEe300eTOHHBIE MO 0aJOYHOro
Tuna aauHor 215 oM, BeicoTol 30 cM u mmpunoit 15 cMm (puc.1). Ilpu 3TOoM OBLTO
W3TOTOBJICHO JIBE CEPUM MOJIEINCH, OTIMYAIOIIUeCS apMUPOBAaHUEM H KJlaccoM OeToHa,
MPUCYIIUX KOHCTPYKIHUSAM T'MAPOTEXHUYECKUX COOPYKEHUM.

Onna cepusi Oasiok uMmena apmupoBanue 2 nuamerpa 10 mm kimacca A500C
(mponenT apmupoanus 0,39%) u uzroraBnuBanachk u3 6erona kimacca B15 (puc. 1).

Hpyrast cepusi 6anok nmena apmupoBanue 3 auamerpa 12 mm kmacca A500C
(mponent apmupoanus 0,83%) u nzrorasnuBanachk u3 6erona kimacca B25 (puc. 1).

B onopHBIX 4erBepTAX mposieTa MOAENIEH yCTaHABIMBAIKNCH ITONEPEYHBIE XOMY-
ThI qraMeTpoM 8 MM ¢ maroM 50 MM. ToMiuHa 3alIMTHOTO CJIOS OETOHA MPUHMMA-
J1ach paBHOMU 25 MM (puc. 1).
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Puc.1. KoHcTpykuus sxerne300eTOHHBIX MOAENeH

B kaxmyro cepuio BXOAWIO IO JiBe Oaiku-Onu3Hena 0e3 YCHUJICHUS W IO JBE
0anKu-OJIM3HeNa, YCHJICHHBIX YIJIEPOAHBIMU JIEHTaMu. Takum oOpazoM, ObLIO
W3rOTOBJICHO 8 Mozeneit. J{ns ycunenus xene300eTOHHBIX MOJIENel HCIIO0JIb30BaIach
yriepoanas jeHTa tuna FibArm Tape 230/300. [lupraa JeHTH NpUHUMANACH PaB-
Hoii mmpuHe Mozaenei 150 mm. JIeHTH Hak/IeuBaIiCh Ha HIDKHEH pacTAHYTOH TpaHu
MoJieniell B iBa cinosl. Ha omopHBIX y4acTkax MpOAOJIbHBIC YIIIEPOIHBIC JICHTHI 3aKpe-
TUTSTHCH TaK)Ke 3aMKHYTBIMH XOMYTaMH U3 yriaepoHoi nentsl FibArm Tape 230/300
mmpuHoi 300 MM (puc. 2).

FibArm Tape 230/150

e

FibArm Tape 230/150

180 | 150 |, 150 1190 150 | 150 |, 180 150

Puc. 2. Cxema oxJieiiku jxene300€TOHHBIX MOJIEIEH yriepOaHbIMU JICHTAMH
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[IpenBaputenbHO OeTOHHAS MOBEPXHOCTh MOjETeld BBIPABHUBAIACH MYyTEM
U OBaHMSI, B IPOIIECCE KOTOPOro YAalsulach IEMEHTHAsI TUICHKA; a TAakKe pEeMOH-
TUpoBaJIach (MIPH HAJIWYUM JEPEKTOB W KaBEpPH) IyTEM HAHECEHUsS SIOKCHIHOM
mmakieBku tuma MapeWrap 12. Jlamee mOBepXHOCTh TPYHTOBANACHh SIIOKCHTHOM
rpyHTOBKO#M THma MapeWrap Primer 1. HemocpeacTBeHHO yriiepoiHbie JIEHTHI Ha-
KJIEMBAJINCh Ha TOATOTOBJIEHHYIO MOBEPXHOCTHh SMOKCHAHBIM JBYXKOMIIOHEHTHBIM
cBs3ytomuM (kineem) FibArm Resin 230+.

B nensx onpenenenust GakTHUeCKOW MPOYHOCTH OETOHA MOJIENIEH Ha CXKATHE U
pacTsbkeHue, a Takke Monmyns jAedhopMmalMM  OMHOBPEMEHHO C  MOJENSMH
OCTOHUPOBAIUCH CTaHJAPTHBIC KOHTPOJbHBIE O00pa3mbl: KyOMKH — pazMepoM
100x100%100 mm; mpusmel pazmepom 100x100x400 MM ¥ UIHHAPH AUAMETPOM
150 MM 1 BeIcOTOM 150 MM.

J171st KOHTPOIIsl HaNPsHKEHHO-1e() OPMUPOBAHHOTO COCTOSIHUSI MOJIEIICi B Tpoliec-
Ce HCIIBITAaHUH yCTaHAaBIMBaJach KOHTPOJIbHO-U3MEpHUTEIbHAS almaparypa.

BenuunHbl poru6oB Mojenell perucTpupoBAINCH IPOrudoMepaMy B BHJIE UH-
nukaTopoB yacoBoro tuna MY-10 (Tounocts usmepenuit coctasmsuia 0,01 MM, aua-
Ma30H u3MepeHuit - 10 MM), KOTOpbIE YCTaHABITUBAIUCH HA KaX/I0W M3 OOKOBBIX Ipa-
Heil. [Ipu 3ToM Mo 2 MHAMKATOpa yCTAaHABIMBAJIOCH B IIEHTPE MPOJIeTa U 1O 2 UHAU-
KaTopa - Ha KaI0i U3 ornop mozeneid. KOMIIOHEHTHI HallpsbKEHHO- J1e) OpMUPOBaH-
HOT'O COCTOSTHHS 3JIEMEHTOB MoJelieil (DPMKCHPOBAINCh TEH30pE3UCTOpaMu ¢ 0a3oii
mmepennit 30 mm 1 50 MM (TouHocTs m3Mepennit 0,00001), KoTopbie HAKIECHBATUCH
Ha OCTOHHBIC MOBEPXHOCTH MOJCIICH U Ha YIIIEPOAHBIC JICHTHI (pHC. 3).
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Puc. 3. CxeMbl UCIIBITAHUNA U OCHALIEHUS JKEJI€300€TOHHBIX MOIEIEH
KOHTPOJIbHO-U3MEPUTEIHLHON anmapaTypoit

Jnst ipoBenieHus UCTIBITAHWI Ha JIEWCTBHE M3TMOAIONMIET0 MOMEHTA JKene300e-
TOHHBIC MOJICTH JUTMHON 2,15 M yCTaHaBIMBAIUCh HAa CHEUAIBHOM CTEHC B TOpPHU-
30HTAJIBHOM TIOJIOKEHHH Ha JIByX OMOpax, PaclojiOKEHHBIX Ha paccTostHud 1,95 M
npyr ot apyra. OJHa U3 ONOp — HEMOABHIKHASL, APYTast — KATKOBAS.

JA7ist IpUITOYKEHUsT BEPTHKAILHON HArPy3KH MPUMEHSJICS THIIPOJIOMKPAT, Pacio-
JIOKEHHBIN B LIEHTpe mpojeTa. Harpyska nepenaBanach Ha KOHCTPYKIHIO Yepe3 pac-
MPEACITUTENFHYIO TPaBepCy CHMMETPUYHO B JIBYX TOYKaX Ha pacCTOSHHSX 45 c¢M OT
HeHTpa mposera u 52,5 cM - ot omop (puc. 3).

B xone ucnbiTanuil kene300eTOHHBIX MOJENel ONMbITHAS HArpy3Ka MPUKIIaIbI-
BaJlach CTyNeHsIMH, cocTaBisaomumi 10 % ot paspymaromeit Harpysku. [Ipu goctu-
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xenuu 80% OT Harpy3kd paspylleHHs Harpy3Kka MpHKIaJblBajachk 0ojiee METKUMH
cryneHsmMu (o 5% ot Harpy3ku paspymenus). [lociae npunoxxkeHus cOOTBETCTBYIO-
el Harpy3KH Ha Ka)kJIOM 3Talre MpOou3BOIMIACH BBIJEPKKA, COCTaBIIsIomas 15 MuH,
MOCJIE ATOTO PETHCTPUPOBAIUCH TIOKa3aHUsI TPUOOPOB.

OO0pa3oBaHue U pa3BUTHE TPEIIMH B KeIe300€TOHHBIX MOACISAX HAaOIH0AaI0Ch C
HCIIOJIb30BaHUEM MHUKpOCKoma orcueTHoro MIIb-2.

Bun ucnibiTanus xKene300€TOHHOM MOJIENH MPENCTaBICH Ha puc. 4.

Puc. 4. UcnsiTanue sxeire300eTOHHON MOIEIN

B pe3ynbraTe npoBeneHHBIX UCIBITAHUM JKEIe300€TOHHBIX MOJIENICH, B TOM YHC-
Jie YCWJICHHBIX YIJIEPOJHBIMHU JICHTAMHM, Ha JeHCTBHE M3rHOarolero MoMeHTa ObLTH
MOJTY4EHBI CIICAYIOIINE PE3YIbTATHI.

XKene3oberoHHBIE MOAEIH-0JIN3HEIIBI, U3MOTOBIICHHBIC U3 OeroHa B15 ¢ apmu-
poBanueM 0,39%, He MMeIOLIME YCHJIEHUS, pa3pylIaUCh MPU BEIWYHHE HATpPy3KH
83,0 u 88,0 kH. JKeme3o0eTonubie MOmenn-0IM3HENLI, U3TOTOBICHHEIE U3 OeToHa
B15 ¢ apmupoBanuem 0,39%, ycusieHHble yriaepoOAHBIME JIEGHTAMH, pa3pyIlainch IpU
Harpy3kax 159,2 u 191,0 xH.

XKene3oberoHHbIE MOAEIH-0JIM3HEIIBI, U3MOTOBIICHHBIC U3 OeroHa B25 ¢ apmu-
poBanueM 0,83%, He MMeIOLIHE YCHJIEHUS, pa3pylIaUCh MPU BETUYMHE HATPYy3KH
165,8 xH. JKeme3o0eTonnsle MOAETH-OMM3HENBI, N3rOTOBICHHEIE W3 Oerona B25 ¢
apmupoBanueM 0,83%, ycuiieHHBIE YTIIEPOJHBIMU JIEHTaAMH, Pa3pyllajnch MpHU Ha-
rpy3kax 232,0 u 257,0 xH.

Pe3ynbTaThl MPOBENEHHBIX SKCHEPUMEHTAIBHBIX HCCIIEIOBAaHUI TPUBEICHBI B
Tabmuie 1.

Takum 00pa3om, 3a CUET YCHIICHHS YIIICPOJHBIMH JICHTAMH, TPOYHOCTb JKEJIe30-
OCTOHHBIX KOHCTpYKIHMI u3 OeroHa B15 c¢ apmmpoBanmem 0,39% mnoBbicunach B
cpenHeMm B 2,06 pasza; IpOYHOCTh KEJIE300CTOHHBIX KOHCTPYKIMK M3 OeroHa B25 ¢
apmupoBanueM 0,83% moBricuiiachk B cpenHeM B 1,5 pasa.
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THE RESULTS OF EXPERIMENTAL STUDIES OF CONCRETE STRUCTURES OF
HYDRAULIC ERECTIONS REINFORCED WITH CARBON TAPE UNDER THE
ACTION OF BENDING MOMENTS

O.D. Rubin*, S.E. Lisichkin**, K.E. Frolov***
** Scientific Research Institute of Energy Structures (Open Joint-stock Company), Moscow
***Engineering Center of Structures, Constructions and Technologies in Energy (Limited
Liability Company), Moscow

The reinforcement of concrete structures of hydraulic erections with carbon ribbons as
external reinforcement system is proposed to carry out. The results of experimental studies of
the strength of concrete structures of hydraulic erections without reinforcement and reinforced
with carbon ribbons with bending moment are presented. The strength improvement by
increasing with carbon ribbons is defined.

Key words: reinforced structures, hydraulic erections, external reinforcement, carbon

ribbons, experimental researches.

MexaHuKka XuaKkocTtu

MODELING THE HYDRAULIC CALCULATION OF THE CONTROLLING
RESERVES IN DRINKING WATER SUPPLY SYSTEMS
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Clément AHOUANNOU, Ezéchias KANHO, Ruben AZA-GNANDIJI
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Laboratory of Energetics and Applied Mechanics
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This study is part of the development of a model of hydraulic calculation of controlling
reserves control in drinking water supply systems. To that end, the general expressions of the
cumulative curves of gravity water supply and pumped water supply as well as the ones of the
distribution over time were formulated. It appears from this study that for a peak coefficient
Kp between 1.2 and 1.4, the cumulative consumption evolves linearly and for Kp ranging from
1.45 to 2.5 the cumulative consumption follows a polynomial curve of degree 3. Then, there is
a relationship between the respective totals of gravity water supply and pumped water supply
and the total of the cumulative consumption, which superimposed have enabled the establish-
ment of the mathematical model for determining the volume of the controlling reserves.

Keywords: Drinking water supply - Modeling - Water supply - Consumption - Reservoir
- Volume — Program.

1. INTRODUCTION

In drinking water supply systems, drinking water reservoirs are needed in cities where sponta-
neous urban settlements with middle class standing are important. The satisfaction of the pop-
ulation with respect to the water demand is ensured by the continuous service offered by the
structures and equipment of the water supply system throughout the day. This performance is
largely ensured by water supply reserves (such as cistern, water towers etc.) that serve as a
buffer between the production which is fairly constant and the distribution which remains
highly variable with time. Poor design of these reservoirs in water networks causes severe
problems on the performance and even on the cost of the entire water supply network [4]. The
various reserve components (regulation, fire, emergency and maintenance)
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of the reservoir volume show that the storage capacity varies depending on the controlling
reserves since the others are estimated with specific standards or guidelines for each region.
Controlling reserves for a given day represent about 20% of the daily consumption, the maxi-
mum volume of control being calculated from the hourly consumption of the day of the high-
est consumption [5]. However, studies have shown that according to guidelines, the reservoir
capacity can range from less than 25% to 100% of the daily consumption peak taken for the
project horizon [2.9]. Indeed, the present study focuses on the development of a rational ap-
proach for the hydraulic calculation of the controlling reserves to reduce differences on the
basis of the analysis of design approaches currently used by field engineers.

1. METHODOLOGY
1.1 Materials

The cumulative water supply has been modelled using the Laplace transform which is a
widely used tool for mathematical modelling of physical phenomena (inflow, consumption
pattern, etc.). The Maple 13 software enabled the adjustments of curves of the cumulative
consumption for each peak coefficient. MATLAB software is used for the treatment of matrix
components of the pumped water flow rate and the pumping time.

1.2 Methods

The most used method to estimate the controlling volume allows viewing offs between
the periods of low consumption and those of high consumption in order to adjust the pumping
periods to minimize the risk of rupture of supply during hours of high consumption [5]. In
fact, we fix the time for daily pumping, the pumping periods and the pumping rate and we
successively represent per day the water supply and the consumption, simplified in hourly slot,
the curves of the accumulated previous flow rates and the superposition of the curves of ac-
cumulated flow rates. A parallel translation of the supply curve for covering the distribution
curve allows the visualization of both maximum fluctuations. The sum of these two fluctua-
tions indicates the volume of the controlling reserves. These methods have been generally
replaced by extended period simulation models which can be more flexible than the graphical
methods.

Reservoirs operation Analysis showed that the capacity of the reservation distribution is
function of the supply flow rate and the fluctuations in the distribution flow rate [8]. Let 1, (t)
the hourly flow rate of water supply, r,(t) the hourly flow rate of distribution and x(t) the
flow rate of controlling reserves, then:

x(t) =7 (6) — rp (). €Y)

1.2.1 Modelling of the water supply

Pumped water supply

The function ry (t) reflects the pumped flow rate at time t, defines as [10]:

Q1 if telag aql
Q; if telay,ay|
Q3 if telay as]
r (t) = Qs if telas,a.[
Qs if telay as|
Qn if te [an—li an[

where: t is the pumping time, a, - a, = 24 h, Q, is the pumped flow rate in the n™ time
interval, n is the number of intervals (n, ..., > 1).

To obtain the Laplace transform [7] of the function r; (t) which allows for the accumula-
tion of supply, it is necessary to express it in the form of linear combination of unit step func-
tions:

11 (8) = Q1 + (Q2 — Q)ua,(8) + (@5 — Qx)uay(t) + (@4 — Q3)uas(t) + (s — Q)uay(t)
+ et (Qn - Qn—l)uan—l(t):
hence : 1 (1) = ZaZ1(Qn — Qn-1uan (1), (2)

With ua,,_, (t)- the Heaviside function defines as:
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(0 if t<ap_;
uan—l(t) - {1 lf t > Ay

Let R, (t) be the cumulative flow rates of supply, R, (t) = X ry (¢) dt .

Using the theorem of the Laplace derivations [7], it is established that:

L@ 1= sLIR, (O] - R, (0). (3)
Whereas R, (0) = 0, since there is no pumping attimet = 0
n®l= stR®]  ==> LR ©O]="2. “

From equation (2), we have:

Ll (O 1 = Z3Z21(Qn — Qn-1)L[uayn 1 () ] avec (@ — Qn-1) = constante.
Whereas the Laplace transform of the Heaviside function gives:

Llua,_,(®)] = _15 with s > 0. (5

From equations (4) and (5), we obtain the Laplace transform of R, (t) :

—An_15

LR (O] = Z(Qn Qn1)" with's > 0. ©)

The inverse Laplace transform can enable to express R, (t) as

Ri(®) = LR ®O]=
= Z(Qn - Qn—l) L1 |[e
n=1

Whereas L£7! [[e—as#]] =L [[slz e 1 ]]— L [[m .e‘“n—ls]] =

= L7YF(s).e -1 ]. (8)
With F(s) = L[f], where f(t) = t%, here the exponent « is equal to 1 according to the
equation (8) then f (t) = t, and then:

-1 [[e—an—ﬁ]l = f(t—ap_1) udp_1 () = (t — ap_y) uay_, (t) 9)

s2

—a,_4s

ﬂ with's > 0. 7)

From equations (7) and (9), we obtain the accumulation of supply as follows:
+o0

Ri®)= ) (@n= Q)= )uan, () with Q=0  (10)

n=1
The expression (10) is the model of accumulation of pumped water supply over time.
Gravity water supply
The function ry (t) reflects the flow rate of gravity water supply at time t, defines as:

r (6) = { Qp Q};;ax if te [0;24]

We have: n = 1 (n being the number of intervals)
R (t) = Zrllzl(Qp = 0)(t —ap)uae(t), ao=0; a; =24;

uao(®) = {] FiSe mO=2=c—0,
R (t) = Ymexy (11)

24
The expression (11) shows that the accumulation of water supply is linear with respect to time.

2 Modelling consumption

Modelling the consumption pattern is based on the hourly distribution of the maximum daily

consumption according to the hourly peak coefficient Kp ranging from 1.2 to 2.5 [2] (Fig. 1).
The consumption curves (Figure 2) were used to calculate the cumulative consumption

based on the hourly peak coefficients Kp. It is observed that the cumulative consumption var-
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ies linearly for Kp between 1.2 and 1.4, and varies in the form of polynomial curve of degree 3

for Kp ranging from 1.45 to 2.5.
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Figure 2: Evolution of the cumulative consumption for different hourly peak coefficients
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The expression of the accumulated consumption becomes then:

- for12<K,<14, R,(t)=(At+ B)'Qﬂgx '

where R, (t) - Cumulative consumption at time t, m;

Qjmax -~ Maximum daily consumption, m? / day;

A and B - linear adjustment coefficients recorded in Table 1,

For 1.45<Kp<2.5,R,(t) = (At + B't? + C't)-_Qﬂgx'

where A", B', C '- polynomial fit coefficients of degree 3, recorded in Table 2.

Table 1: Values of adjustment coefficients A and B
based on the hourly peak coefficient

(12)

(13)

Table 2: Values of adjustment coefficients A ',
B' and this based on the hourly peak coefficient

hourly peak | Values of adjustment coefficients hourly peak | Values of adjustment

coefficient A B coefficient coefficients

1,2 4,35 -37 A’ B’ C

125 4,39 458 1,45 -0,00863 | 0,3425 0,931

13 4,38 -491 15 - 0,0127 0,491 - 0,265

1,35 4,39 - 5,06 1,8 -0,0135 0,533 - 0,816

14 44 -539 1,9 -0,0133 | 0,524 -0,722
2 -0,0128 0,512 -0,671
25 -0,0144 0,536 - 0,337

3 Determining the controlling reserves

Based on equations (10) and (11), it is observed that the cumulative water supply almost
follow a straight trend line for a given time period. The cumulative consumption varies greatly
during the day and depends on the variation of the hourly peak coefficient as indicated by
equations (12) and (13). The controlling reserves which is a buffer between the cumulative
supply during the day and the daily distribution, by the accumulation of excess water during
periods of low consumption and its restitution during hours of high consumption. Its
expression is therefore as follows:

X(t) =R, (&) — R (D). (14)
e Expression of X (t) in the case of a gravity water supply
From equations (11), (12) and (14), we have:
_ ¥jmax . jmax
X)) = o4 t— (At +B) 00
_ (sz”;“" —0,01. Qjmax.A) t — 0,01.B. Qjmax - (15)
From equations (11), (13) and (14), we have:
_ Qjmax 1,3 W) ' Q]'max
X@® = ox L At +Bt?+C't). 10(1)
= Qmas [ —0,01At® — 0,01B't2 + (ﬁ —0, 01c'> t] (16)
e Expression of X (t) in the case of pumped water supply
Form equations (10), (12) and (14), we have:
4+
Q.
X = D (@n = Qun)(t = @) uay ; (6) = (At + B) e (a7
n=1
Form equations (10), (13) and (14), we have:
4+
X(t) = Z(Qn — Qu-1)(t = @) uan_; (t) — (At +B't? +C'). Q{’gg" (18)

n=1
The controlling reserves are obtained from the superposition of the curves of flow rates
of cumulative water supply and the ones of the distribution. A parallel translation of the sup-
ply curve for covering the distribution curve allows the visualization of both maximum fluctu-
ations. The sum of these two fluctuations indicates the minimum volume of the controlling
reserves.
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4 RESULTS AND DISCUSSIONS

The minimum volume of the controlling reserves, on the basis of equations (14) and (15),
is the sum, in absolute values, of the largest value and smallest (negative) value of X (t).

4.1 Gravity water supply
From equation (15) and table 1, we have:
o« X()<0 = (% - 0,0l.Qjmax.A)t < 0,01. B. Qjmax

whereas (% —0,01. Qjmax.A) < 0, for all values of A,

0,01.B.Qjmax

(Qjmax

hence t>
o —0,01.Qjmax.A)

= t,.

With ¢, - the limit time between filling up and the supplying of water to the network
linked to the reservoir. X(t) < 0 for t > t, (t, <t < 24) ,then R, (t) is greater R, (¢t) and it
occurs the double supply of water to the network by the reservoir and source. By framing
X (t) on this interval, we obtain its smallest negative value which is as follows:

Qjmax
vV, =24 (’2—4 —0,01. Qjmax.A) — 0,01B. Qjmax> (19)
X()>0for0<t< t,, at that time of the day occurs the filling up of the reservoir. Simi-

larly, framing X (t) on this interval enables the finding of its maximum positive value which
is as follows:

V; = —0,01.B. Qjmax - (20)
The minimum volume of controlling reserves becomes:
Equations (19) and (20) give:
Vi = Qjmax(024.A—1) + 4, (22)
with y=Umex g (23)

100
where u - the volume correction factor which corrects the adjustment differences, S - the cor-

rection coefficient obtained by simulation with a MATLAB programme which adjusts the
volume of the controlling reserves. It is based on the hourly peak coefficient in Figure 3.

In the conditions related to (16), X (t) being a third degree polynomial, its maximum and
minimum values are determined from the properties of its first and second derivatives. So:

X(6) = Qmax [ ~0,034t> = 0,02B't + (- — 0,01(:’)] , (24)
X'(t)=0= A= 0,0004B” + 0,0054' — 0,00124'C".
Based on table 2, A > 0 so there are two distinct solutions ¢; and t, of X'(¢t) = 0:
_ 0028 —’\/Z and t, = -0,02B +’\/Z
0,064 0,064
Seeking the maximum and minimum of X (t), let us integrate t, and t, in the second
derivative of X (t), we have:

t

X"(t;) = Qjmax\/Z >0,
then X (t) has a minimum V, at point t; which represents the smallest negative value,
X”(tz) = - Qjmax‘/K <0,
then X (t) has a maximum V, at point t, , which represents the largest positive value.
From equation (21), the volume of the controlling reserves becomes:

Ve = X(t2) + | X(t1)| + p, then

Ve = Qjmax [0,014°(t,% = £5%) + 0,01B'(t; 2 — £,%) — (= = 0,01C") (&, — ;)] + . (25)
Figure 3.a shows that the coefficient g is equal to 0 for Kp = 1.2 and reaches its maxi-
mum value equal to 1.8 at Kp = 1.32 and then decreases to 1 for Kp = 1.4. However, the vol-
ume of controlling reserves calculated with equation (21) is suitable for water supply condi-
tions in cities with medium standing for u equal to 0,018Q jpqx-

max
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Figure3.a: Variation curve of § according to Figure3.b: Variation curve of § according to
the hourly peak coefficient K, = 1,45-2,5

the hourly peak coefficient K, = 1,2-1,4
Figure 3.b shows that the B coefficient increases from 1 for Kp = 1.45to 2.4 for Kp=1.9
by following a gradually varied progression where it reaches its maximum value at 2.4. It
tends to infinity for Kp between 2.3 and 2.4, and vanishes at Kp = 2.16 (4 = 0) then decreas-
es down to -0.9. However, the sum of the differences expressed above decreases for cities with
low population whose urbanization is spontaneous and for which Kp varies from 2.16 to 2.3.

In fact, the expression (25) of the volume of controlling reserves is suitable for Kp between

1.45 to 2.3 with a maximum volume correction x_ equal 0,024Q jyqy-

4.1 Pumped water supply
In this case, two aspects are considered: the supplied flow rate is spread over 24 hours of

the day and so it is constant and equal to Q0 OF the supplied flow rate is variable and in fact
enables to reduce the required volume of reservoir (which is important especially in the case
of an elevated reservoir). The maximum hourly flow rate provided by the pump station thus
depends on the selected operating mode; it is generally between Qy;y,,, (for uniform pumping)

and 2.4Qpm,y- Therefore, the correction volume w is set equal to 0.
The development of equation (10) by iterative method provides its simplified form:
r-1

Ri(t)= Qt—apq)+ Z Q.L., for tela, ya,[ .

1=1
where L; - difference between the upper bound and the lower bound of the i"" interval.
By incorporating equation (26) into equation (10), we proceed to the framing of R, (t)

fort e[a,_,, a,[, and we have:
k-1 3
ZQ'.L, <R () = ZQ"L" (27)
1=1 =1

= I=,
Here, the fact that the pumping rate is variable from one interval to another, equation

(26)

(17) becomes then:
QJMX

Ry (t) = |AlE - + B). : 28

2 (&) [ ( “0) ] 100 (28)
From equation (28), we proceed to the framing of R, (t) for t €[a,,_4, a,,[, and we have:

0oL Qjmax.A.(an_L S CLD) + O'OI-QJMGX-B = Rz (t)
= 00L Qmax-A.(cta — tp) + 0,01 @yimax. 5. (29
From equations (14) (27) (29) and 1,2< Kp < 1.4, we proceed to the framing of X (t) on

[an—1, a,[ . This yields to:

n-1

z QL + 0'01-Qjmax-A-aD = 0r01-QJmax(A-an—1 +B) = X(t)
=1

< Z QoL + 001 Qpax- A tg — 0,010 pax(A.ty + B).

1=1

(30)
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So: I=Y,21Q: L + 0,01 Qjmax-A-@g — 0,01. Qjmax(A-ay_y + B),  (31)
n

J= Z Qi-L; +0,01.Qjpmax-A.ag — 0,01. Qjpmax (A.a, + B), (32)

i=1
The values of | and J are respectively the maxima on each time interval considered.
Similarly to the considerations leading to the expression (28), equation (18) is for
tela,_1, a,[and1,45< Kp <2,5:
Qjmax

R, () = [A'(t — ap)® + B'(t — ag)* + C'(t — ay)]. 100 (33)
X(t) =—-0,01.4" Qjmax(t - a0)3 —0,01.B". Qjmax(t - a0)2+(Qn —0,01.C" Qjmax)t +
0,01.C" Qjmax- ao — Qnan—l + Z?z_ll Qi-Li . (34):

So: I=X(a,_,), and ] = X(a,).
By setting: w, = a,_, — ay, and v, = a, — a,, we have :

I=-0,01.A4" Q]-maxun3 —0,01.B". Qjmaxun2+(Qn —0,01.C". Qjmax) (up

n—-1

+g) + 0,01. C". Qjmax- @ — Onlly_1 + Z 0.L;, (35)
i=1
J=-0,01.4" Qjmaxvn3 —0,01.B". Qjmaxvn2+(Qn —0,01.C". Qjmax)(vn +ay)
n-1
+0,01.C". Qjmax- G — Qnan_q + Z Q;.L;. (36)
i=1
IfI > 0and/ > 0then X (t) admits only a positivel maximumon [a,,_;, a,l[,
Vin = Max(1,]) and V,, =0, (37)

where V,,, - the largest positive difference between the totals of supply and consumption on
the n™ interval, V,,,- the smallest gap on the n" interval.

In this case, there is filling of the reservoir during this time slot.

IfI <0and/ < 0then X (t) admits a negative maximum on [a,,_;, a,l[,

Vin,=0 and V,, =|Max(,])|, (38)

If I <0 and J > 0 then X (t) has a positive maximum and a negative maximum
on [an_q, anl,

Vin =J,and Vy, = |I]. (39)

If I> 0 and J <0 then X (t) has a positive maximum and a negative maximum on
[an—lﬂ an[-

Vin =1 and Vy, = |J|. (40)

The minimum volume of the controlling reserves in the reservoir becomes the sum of the
maxima of differences V;,, and V,,, related to the conditions (37) (40) on the intervals [a,_,
a, [ spread over 24 hours of the day, and then the expression of Vzbecomes:

Vg = Max(V,,) + Max(V,,) . (41)

This approach shows that the capacity of the controlling reserves is defined using the in-
tegral curves whose ordinates give the quantity of the cumulative water consumed since the
beginning of the day until the end of each specified time.

Applying this calculation model on drinking water systems in cities with spontaneous ur-
banization and medium standing in Benin (Figure 5) shows that the capacity of the controlling
reserves in the reservoirs is 2.5 to 6 % of the daily peak consumption for a pumping system in
steps and 15 to 30% when the pumping system is uniform throughout the day, which is close
to the rate proposed by other researchers [2, 6, 9].

5 CONCLUSION

The general expressions of curves of the cumulative gravity water supply and pumped
water supply as well as the distribution over time formulated using the Laplace transform,
have enabled the determination of the volume of the controlling reserves from the daily peak
consumption, the pumping system and the hourly peak coefficient. The cumulative consump-
tion scales linearly for a peak coefficient Kp between 1.2 and 1.4, and follows a polynomial
curve of degree 3 for Kp ranging from 1.45 to 2.5. It is established the relationship between
the totals respectively gravity supply systems and delivery and the cumulative consumption,
which superimposed have enabled the finding of the mathematical model for determining the
control volume ranging from 3 to 30% of the daily peak consumption.

71



Structural Mechanics of Engineering Constructions and Buildings, 2016, N2 6

Qjmax

: 2 i g & 1 12 14 18 18 A 7 H

t

Figure 4: Hourly consumption of the peak day for hourly peak coefficients
a)Kp = 1.35and b) K, = 1.25
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PacyeT cocTaBHbIX KOHCTPYKLUU

KPAEBAS 3AJIAYA JIJISI THBKUX COCTABHBIX KOHCTPYKIIUIA
BETBALIEI'OCS TUITIA

9.41. EHEHHHKHPL K.M.H., 00YeHm
00O «I 106aNMIHKCUHICUHUPUHS »
443010, 2. Camapa, yr. I'anaxmuonoeckas, 0.139, ke.4, elenit@list.ru

Ipeonazaemcs 2¢hpekmusHbill anzopumm pacyema CmepICHEGbIX CUCEM U COCMAGHbIX
COOCHBIX 000NI0YEK 8paLYEeHs], OISl KANCO020 YUACHKA KOMOPLIX UCNOAb3YIOMCS MOYHblE AHA-
JUMUYecKue peuerHuss Coomeemcmsyiowux oug@epenyuanvhelx ypasuenuii pasiogecus. Co-
npsiicenue yacmeil KOHCMPYKYUU emeaue20cs muna npou3e00uUmcst dgmoMamuiecku ¢ no-
MOWBIO MAMEMAMuYecko2o annapama meopuu epagos. Heussecmuvimu paspewaroujeti cuc-
membl aneebpauyeckKux YpasHeHull siGIsI0MCs NPOU3BOLbHbIE NOCMOSIHHbIE 00Ue20 Peuenus.
Hcnonvzoeanue memooa y2nogulx cmewenutl obecneuusaem yyem 2e0Mempuieckoll HeauHel-
Hocmu 3a0ayu. IIpedcmasien Yuciennvill npumep paciema CUulb@OoHHO20 KOMREHCAMOopa.

KJIFOYEBBIE CJIOBA: cocTaBHast 000J104Ka, MaTpHIla HHIMACHIIUMN, MaTpHIIa BhIIEIIe-
HUS CBSI3CH, YIIIOBOE CMEIICHHUE, TUHCAPU3aIUs, CHIb(QOHHBIN KOMIICHCATOD

CymiecTBylolmiee MHOrooopasre 3aMKHYTBIX PElIeHHH /sl CTepyKHEH, IIaCTHH H
000JI04eK KAaHOHUYIECKON (OPMBI OKa3bIBACTCS MaJlo BOCTPEOOBAHHBIM IPU UCCIEIO-
BaHUM CIIOKHBIX COCTABHBIX KOHCTPYKIIUH, MMOCKOJIBKY UX MOJETHUPOBAHUE OCYILECTB-
Jisiercs, Kak MpaBuilo, Ha OCHOBE AMCKPETHBIX PacyeTHBIX cxeM. B Hacrosmei pabore
MPEUIOKEHO aHAJMTHYECKOe peIIeHue KpaeBoW 3aJaud, JOMyCKaiollee MpUMEHEHHE
npouenyp (GOpMUPOBaHUS T'PAHUYHBIX YCIOBHM HE TOIBKO Ul CHCTEM IOCIIEIOBa-
TENbHO COETUHEHHBIX 3JIEMEHTOB [ 1], HO M ISl COCTaBHBIX KOHCTPYKIIMN BETBSIIETOCS
tuna. ConpsbkeHrne yacteld KOHCTPYKIMU TPOU3BOAUTCS € MOMOIIBIO TeOpHH Tpados,
YTO MO3BOJISIET aBTOMATU3UPOBATh MPOLIECAYPHl (POPMUPOBAHHSI Pa3pelIaronei cucTe-
MBI anredpandeckux ypaBHeHuid. [Ipu 3ToM B oTiamume oT pabot aBtopa [2,3,4], yun-
THIBAIOTCS KOHCTPYKTHBHBIE OCOOCHHOCTH MPHCOCAWHEHUS OTJCIBHBIX JJIEMEHTOB K
y31aMm coopyskenus. [lomydenHas Gopma aHATUTHYECKOTO PEIISHHUs TIO3BOJISICT 3HAUM-
TENbHO CHU3UTH MOPAJOK pa3pelaromieil CHCTEMB! YpaBHEHH, OHOBPEMEHHO COXpa-
HsISl BBICOKYIO TOYHOCTH pe3yNbTaToB. [locieqHee 0OCTOSITENLCTBO OCOOCHHO BayKHO
MPU TECTUPOBAHWUHU TPUONMKEHHBIX WHXXEHEPHBIX METOUK [5]. B ornmume ot Gosb-
IIMHCTBA MCCIICIOBAHHUMA, TPUMEHSFOIIUX [Tl THOKUX CUCTEM HEJTMHEHHBbIC qU(QepeH-
IaNbHbIC YpaBHEHUs [6], B HACTOSIIEH CTaThe MPHU ydeTe OONBIINX TepeMeleHnH
UCIIONB3YIOTCsI IMHEHHbIe quddepeHnnaibable 3aBUCHMOCTH, COOTBETCTBYIOIINE Ma-
JIBIM OTHOCHUTENBHBIM JeopMaliiusiM KOHCTPYKIuH [7].

PaccMoTpuM MexaHWYECKYIO CHCTEMY yKazaHHOro Tuma. J{s ee Ten Oymem wc-
MOJIB30BATh TEPMHUH «AJIEMEHT», a Y3JIOBbIE€ JIMHUU U TOYEYHBIE Y3JIbI COKPAIIEHHO Ha-
3bIBaTh «y3JlaMK» MHOTOCBS3HOM KOHCTPYKIMH. BBITOIHUM MPOHU3BOJBHYIO HyMepa-
LU0 DJIEMEHTOB M Y3JIOB (puc.la) U CBSDKEM CO CPEIUHHON MOBEPXHOCTHIO KaKIIOTO
3JIEMEHTA OPTOTOHAIBHYIO CUCTEMY KOOPJHMHAT TaKUM 00pa3oM, YTOOBI CONPSDKEHHE
COCEIHUX AJIEMEHTOB MPOMCXOAWIO 0 JUHUIM s=const. CHopMynupyeM ToclieoBa-
TENbHO KPaeBYIO 33/1a4y JUIA OTJAEIBHOTO 3JIEMEHTa U Il COCTaBHOW KOHCTPYKIIHH.

J1s1 a7ieMenTa e ¢ HoMepaMH Y3JI0B HAYaJILHOTO M KOHEUHOTO CEUCHUH Jop, Jeo1 (Juo<Je1)
B JIMHEIHOI OCTaHOBKE NPH ASHCTBUU HAIPY3KU p, CIIPABEIUBBI COOTHOIICHHS:

L[D,(5)] = Po(s) (1)
Cje[hegj(e(Sg)—fj]:O, C.'je[heﬁ_,de(sg)_dj]:o: (jzje();jel): (2)
[IEPBOE U3 KOTOPBIX MPEACTaBIAET AU PepeHIralbHbIE YPABHEHHS PABHOBECHUS, BTO-

pO€ ¥ TPEThe — CTATHYECKHE U KNHEMAaTUYECKHE YCIIOBUS Ha FPaHULIAX S=s¢, T1e & IpH-
auMaet 3Hauyenns 0 u 1 I HayaJIbHOTrO M KOHEYHOT'O CEUEHHH DiIeMEHTA.
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B paBenctBax (1), (2) o6o3naveHo: L — auddepeHranbHbIii MATPHYHBIH Orepa-
TOP 3JIeMEHTa KOHKPETHOro THMa; D, — BeKTOp-(QyHKIUs He3aBUCUMBIX TT€pEMEILCHHIA;

— — —k it
d, [~ BEKTOP-(QYHKUMN NEPEMCILCHUI U YCHIHH B CeYCHUSIX s=sz [}, d; — Bek-

TOPbI 3aJaHHBIX BHCHIHHUX CTATUYCCKUX W KHMHEMATHYCCKUX BO3)Z[€I710TBI/II71 B Yy3JIC ],

!
'je — MATPHLIBL, (POPMUPYIOLIME CTATHYECKAE M KHHEMATHYCCKUE KPAacBble YCIIO-

BUS; oz — MATPHIIBI IPeoOpa30BaHUsl BEKTOPOB U3 JIOKAJIILHOTO B TI00AIBHBIH Oa3uc.
[IpuBeneHHbIE B YCIOBHSIX (2) MaTPHIIBI HIMEIOT CIEAYIOIIYIO CTPYKTYPY:

Cje, C

d,=[u, u, .. uek]T, fe =[N, N, .. Nek]T, 3)
d;=[uyy uy, .. uyl, f/=IN, N, .. NI, @)
ga 0 .. 0 g 0 .. 0
0 g4 - O , 0 g - 0
el T o] )
0 0 .. g 0 0 .. gu

TA€ Uey, Np,y — KOMIIOHEHTBI BEKTOPOB COOTBETCTBEHHO MEPEMEIICHUN U BHYTPEHHUX
o o *
ycunuii Juist crenenu cBodonst v (v = 1,2...k) B JIOKaNbHOH cuCTEME OTCUETa; U, ,

* V3 v
va — aHaJIOrM4YHbIC KOMIIOHCHTBI KHHEMATHYCCKUX U CTaTUYCCKUX BO3IACHCTBHHN B

y3J1¢ j B IJ100aabHOM 0a3uce; k — 9uciio CTereHel CBOOOIbI B CCUCHUH S=CONSt.
Paznnunrie KOMGI/IHaHI/H/I T'paHUYHBIX YCHOBI/Iﬁ O6eCHe‘H/IBaIOTC$I JraroHaJIbHbI-
MU MaTpuiami (5), 3JIeMEHTBI KOTOPBIX (POPMHUPYIOTCS 110 CIEAYIONINM TIpaBUIIaM:

1, echu N’fv =@,
A (0)
0, ecau N;, =Q®,

.
1, ecuu u;, =@,

’
gjev_ gjev_

0, ecnu u;‘, =®.
3Hak ® B paBeHCTBaX (6) ykasbIBaeT, YTO JJISI CTEHEHH CBOOOIBI V YCIOBHE Ha

IpaHuIIe § =S¢ HE 3a7aH0. 3HaK @ o3Hayaer 1r00oe JeHCTBUTENBHOE YUCIO, BKItoYas (.
JI71st KOpPEKTHOTO BHITIOIHEHHS YCTIOBHH (2) HE00X0MMO COOIOIaTh TPEOOBAHMS:

CjetCie=E, cjle=0, (7)
O3HAYaroII¥e, YTO IS K&KIO0H CTEIeHU CBOOOIbI MOXKET OBITh 3aJIaHO OJIHO U TOJNBKO
OJIHO TPaHUYHOE YCIOBUE (3/1€Ch U Jaliee £ — eqUHUYHAS MaTPHIla COOTBETCTBYIOIICH
pasmeprocTn). Takum 06pa3soM, MaTpHILBL C e, Cle
HHWYHBIX YCJ'IOBI/Iﬁ B 3aBUCUMOCTH OT UMCHOIIIUXCS CBSI3eH 110 KOHIIaM J3JIEMCHTA .

JJis 3aMKHYTOIrO pPElICHUS HEO0O0XOAMMO, YTOOBI KOJIMYECTBO HETPUBHAIBHBIX
KpaeBbIX ycsioBui (2) ¢ yuerom TpeboBanmii (7) paBHsuioch 2k. [Ipu aToM umcio cre-
neHell cBOOO/BI B CEYEHMSAX S=S: I MIPOCTPAHCTBEHHO HArPY:KEHHBIX CTEpXKHEH co-
craBisieT k=6, IS TUIOCKO JeOpMHUPYEMBIX CTEPIKHEN U ISl OCECUMMETPHYHBIX 000-
Jovek BpamieHus k = 3. Ycnous (2) 3anucanbl B TII00ATEHON CHCTEME KOOPAUHAT, OJ1-
HAKO OHU MOT'YT OBITb IIPE/ICTABIIEHBI B JIOKAJIbHOM 0a3uce, €CIU PUHATD Aoz = E.

Jlanee pacCMOTpUM CHUCTEMY M3 71 SJIEMEHTOB M m y3110B. Kpemenue siieMenTa K
Y3J1y BBIIIOJHACTCA C IOMOLIbIO BHYTPCHHUX cBsa3eil. BHelHME CBA3U OrpaHNn4MBarOT
HepeMEIIeHHs y3JI0B B IIPOCTPAHCTBE. Y3el 0e3 BHEIIHNUX CBSI3el Ha3bIBAaeTCs CBOOO-
HBIM, a UMCIOIINH 3aKperyIeHUs] — HECBOOOIHBIM. Y3ell, B KOTOPOM CXOIMTCS JIBa JJ1e-
MEHTa, Ha3bIBa€TCs MPOCTHIM, & COSAUHSIOIINKA TPH 1 Ooee dJIeMEHTa — CIIOKHBIM.

Ecmu B y31me j coeamHSIOTCS MEXy COOOH HECKOIBKO 3JIEMEHTOB, M0JIaraeM, 4To
OJIMH N3 HHUX (C MCHBIIMM HOMEPOM (X,) SABJBICTCA TJIaBHBIM, a OCTaJIbHBIC — IIPUCOCOU-

HCHHBIMH. 3aKpeIuicHHe HECBOOOTHOro B OOIIEM Ciydae y3ia j JOMYCKAaeT Haudue

OCYIIECTBJIAIOT BBIACIICHUC I'pa-
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BHEIIHUX BO3JCHCTBHI, KOTOpbIe (POPMAIBHO pacCMaTpUBAIOTCS, KaK BO3ACHCTBHS Ha
TJIaBHBIM 3JIEMEHT B IPUMBIKAIOIIEM K Y31y j cedeHun. Tormaa, mo ananoruu c (2), umeem:

2 7 ¥ 2 " ¢ g% .
Zhjeafe(S§)=Cjafj B Zhjegde(é'a):(ljadj, ]:1,2...77’1, (8)
e=1 e=]

’ ’ ’
hjet = bjeCiahes >  Mjee = \bje Catet » )
I7ie MaTPULEL /1 ez , h}eg MpeoOpa3OBBIBAIOT YCUITHS ¥ TIEPEMEIICHNUS W3 JIOKATEHOTO B

TII00ATBHBIA 0a3UC W OJJHOBPEMEHHO OCYIIECTBISIOT HEOOXOIMMYIO KOMIIOHOBKY 3JIe-
MEHTOB U BHEIIHUX CBS3€H B y3II€ .

[lepBoe paBeHcTBO (8) MpencTaBisieT ypaBHEHUSI paBHOBECHUS B KaXKJOM Y3Je CO-
OpY’KEHUs], TIOCKOJIbKY COIEPKaIlUECs] B TOM BbIpaKeHHU KO3 PuLneHTsl b;, odecre-
YHUBAKOT CYMMUPOBAHNUEC YCUIIUU TOJIBKO TEX 3JICMCHTOB, KOTOPBLIC ITPUMBIKAIOT K Y311y J.
Bropoe paBeHcTBO (8) peanu3yioT BRITOIHEHUE 3aJaHHBIX KHHEMATHYEeCKUX YCIOBUH C

MOMOIIBIO HEHYJIEBBIX KO3 uIeHToB b}-e ,

HBIA dIIEMEHT O, K KOTOPpOMY 3TU KMHEMATUYCCKUC CBA3W OTHECCHBI IO YCIIOBHAM 3a-
naun. [Ipu 3ToM K03 PuLmeHTs! by, b}-e HA3HAYAIOTCS 110 CICIYIOIINM MIPABUIIAM:

TTO3BOIAOIINX 33(1)I/IKCI/Ip0BaTB TOT TJiaB-

L, ecw j,.=j V=1,
bej, ecru e=a,
(10)

b, =<-1, ecmu Jee =17 Ve =0, b}-e= 0, ecmu e#a

je
0, ecnu j,.#j,
rJie 3HaKH TUTIOC U MUHYC YYHTBIBAIOT TO, YTO BEKTOpA YCHIJIMIM KOHIIEBBIX CEUCHHH
3JIEMEHTA HalpaBJIeHbI IPOTHBOIONOKHO; j.: — KAK M paHEe, HOMEpA y3II0B JJIEMEHTA e.

Matpuust ¢jq , C'ja B (8), (9) mpeacTaBiAIOT MaTPUIB! BBIACICHHUS BHEUTHHX
CBs3el, KoTophkle cienyer GopMmupoBats 1o hopmyiam (5), (6), (7).

Ha3nauenne ko3 huuueHToB bj. 17151 110001 KOHCTPYKIIMH JIETKO PEalnu3yercs ¢
MOMOIIHIO MATPHUIILI MHIIUJCHIIUI OpUEHTUPOBAHHOTO Tpada B, YUCII0 CTPOK U YUCIIO
CTONOIIOB KOTOPOM paBHO COOTBETCTBEHHO 1, K. JIto0ast j-ast cTpoka mpH 3TOM COOT-
BETCTBYET Y31y j, @ e-blif CTONOEI — AJIEeMeHTy e. ECIu e-bIil 3JIeMEHT MPUMBIKAET K
Y3IaM Jo0, Jei (feoo< je1), TO B CTONOIE e 3aIHCHIBAIOTCS TOJNBKO JIBa HEHYJIEBBIX dJie-
MEHTa: -1 pacrmoaraercs B CTPOKE jo B 1 — B CTPOKE j,;.

Matpuia B' = [b}-e] dbopmupyercst aBToMaTHYECKH. J[J1s1 3TOTO B KaXKJIOH CTpOKE

MaTpullbl B ciieyeT COXpaHUTh TOJIBKO MEPBBI CclieBa HEHYJIEBOM 3JIEMEHT, Ha3HAUYKB
OCTaJBHBIM HYJIEBBIC 3HAUCHU. Hampumep, 11 KOHCTPYKIIUY Ha pucC. 1a nuMeeMm:

-1 0 0 0 0 1.0 00 0

0 -1 0 0 0 0 =100 0
Bopog| ! O UL O | 0000

o 1 1 0 o) 7710 1 00 0

0 0 0 1 -l 0 0 010

0 0 0 0 1| 0 0 00 1

3ameyaeM, YTO YHCIIO OL B COOTHOMLIEHUX (8), (9) onpenensercs aBTOMaTHYECKH,
KaK HOMEp eIMHCTBEHHOTO HEHYJIEBOTO 3JIEMEHTa B CTPOKE j MaTpHIlbl B'.

[ToMuUMO BBIIIOTHEHMSI PACCMOTPEHHBIX BBILIE YCIOBUM, OTHOCALIMXCSA K y3J1aM
COOPYKEHHS, HE0OX0IMMO 00ECTICYUTh COBMECTHOCTH JIe)OpPMAIIHi TPUMBIKAIOIINX K
y3nam 3reMeHTOB. C 3TOH LeTbI0 MPEABAPUTEIBHO PACCMOTPUM MPOCTOM y3€I j, B KO-
TOPOM CXOIOATCA J1Ba 3JIEMCHTA — TJIaBHBIN C HOMCPOM QL U HpHCOCIIHHeHHBIﬁ C HOMEC-
poM B (0<P). be3 orpannveHus: OOIIHOCTH IT0JIaraeM, YTO TJIaBHBIM JIEMEHT MPHUKPEI-
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JIeTcs K Y3y ’KeCTKO, a MPUCOSTUHEHHBI UMEET BO3MOXKHOCTh CMEIIEHHSI TI0 OTHOU
WJIM HECKOJIBKUM CTeTeHsiM cBoOo/IbI. B 3TOM citydae cripaBesIMBEI paBEHCTBA:

C;BhﬁafB(S§) =0, Cﬁ;[haada(S§)—hB§dB(Sa)]=0, (12)
rae c'jg, C'jg- MaTpHLbl BbIJIENEHUs BHYTPEHHHX CBsi3ell COOPYKEHHS, PEatu3yrolmme
BBINOJIHEHHE 33JaHHBIX CTAaTHYECKUX W KWHEMAaTWYEeCKUX YCIIOBUN TPUKPEIICHUS 3je-
MEHTOB K y3J1aM KOHCTPYKIIUH.

[TepBas 3aBucUMOCTS (12) ycTaHABIMBAET, 10 KAKUM CTEIIEHSM CBOOOIB BO3MOXKHA
MOJIATIIMBOCTh TPUCOSIMHEHHOT0 3JIEMEHTA, a BTOpas 00EcIieYrBaeT COBMECTHOCTD Tie-
peMelIeHHI IEMEHTOB MIPOCTOro y3/a B TIO0ATBHBIX OcsiX. [IpemouTHTENBHBIM SBIIs-
ercsl 3aJJaHue CBSA3eH, MPUKPEIUIAIONMX IEMEHT K y3IIy B CUCTEME OTCUETa, CBI3aHHOM C
caMUM 3JIeMEHTOM. B j1okanbpHOM 6azuce sneMenTa [3 paBeHcTBa (12) mprHUMArOT BU:

Cipfip(s) =0, clplhpthyedy (s)—dp(se)]=0. (13)
B 5TOM ciiydae MaTpuubl g, €3 OCYIIECTBISIOT BbIIETEHHE KPAEBBIX YCIIO-

BUI B CHCTEME KOOPJIUHAT dJIeMEHTa 3. DTH MaTpHUIbl UMEIOT CTPYKTYpPY, aHAJIOTHY-

"

Hy10 (5) U cozmeprkaT Ha IJIaBHOM JAMAroHa M YMCIOBBIC 3HAUCHUS g'jfe\, s & jev » KOTO-
pBI€ IJIs IPOU3BOJILHOM CTPOKH V (Vv=1, 2...k) HOpMHUPYIOTCS 10 MPaBUIaM:
g 1, ecmu Noy(sg) =0, o 1, ecau ugy,(sg) =0,
TV 10, ecnu Noy(sz) =®, TV 0, ecnu ugy(sg) =@,

MpHYEM, JUTS c'jfB , c'j'['g, JIOJDKHBI BBIIOJHATEHCS TpeOoBaHus, aHamornauoie (7).

(14)

®opmynsl (13) momydeHs! A1 MPOCTOro y3na cucTeMbl. CIIOKHBIN y3el KHHeMa-
THYECKH MOXHO TPEICTaBHTh, KaK HA0Op MPOCTHIX Y3IIOB, €cid 00pa3oBaTh Maphl U3
MEpBOrO ¥ BTOPOT'0, MEPBOTO M TPETHETO U TaK jaanee ieMeHToB. COBMECTHOCTH Tiepe-
MEIEHUH B TaKWX Tapax aBTOMAaTHYECKH 00ECIIeYnBaET COBMECTHOCTh MEpEMEIeHUH
B y3Jie KOHCTpYKIHH. [Ipr 3TOM B KadecTBe MepBOro (TJIaBHOTO) 3JIEMEHTA CIOKHOTO
y3J1a IPHHUMAETCS DJIEMEHT ¢ MEHBIIM HOMepoM. [Iporenypa 3aMeHbl CIOXKHBIX y3-
JIOB Ha HAOOPBI MPOCTHIX Y3JIOB PEAUTU3YETCs C TOMOIIBI0 MATpHITHl B. BepImHbl cooT-
BETCTBYIOIIETO 3TON MaTpHile oprpada MOTYT HMETh Pa3InYHbIC CTENEeHH (CTENEeHBIO
BEPIIMHBI HA3BIBACTCS YHCIIO DJIEMEHTOB, PHUMBIKAIONINX K TAHHOW BepiimHe). O6pa-
3yeM Ha 0a3e MCXOAHOro oprpacda HOBBIH oprpad, CTereHb J000H 13 BEPIIUH KOTOPO-
ro paBHa JBYM. DToMy rpady OyaeT COOTBETCTBOBATH MATPHUIIA MHIMACHIUH B, mo-
Jy4eHHasl 10 CIEAYIOEMY TPaBIITy: CTPOKH MAaTpHUIlBl B, copepaime 1Mo OIHOMY
HEHYJICBOMY 3JIEMEHTY JIOJDKHBI OBITh YAaJeHbl, a cofepiKailue Ooyee IBYX HEHYIIe-
BBIX 3JIEMEHTOB DPA3IOKEHbI Ha CTPOKH, COJEp)KAIlIMe Mapbl HEHYJEBBIX 3JEMEHTOB.
Hanpumep, muist nepoii matpuns (11), mpeoOpa3oBaHue TpEThei CTPOKU UMEET BUL:

1 0 -1 0 O
1o -1 -1 0] . (15)

1 0 0 -10

C 1enbio HICHTU(UKAIIMN TPUCOSANHEHHBIX 3JIEMEHTOB ISl KaXKI0r0 MPOCTOTrO
y3J71a CHCTEMBI BBEIIEM BCIIOMOTaTENbHYIO MaTpuily B” , B mpoiecce GpopMUpOBaHHS
KOTOPO# B KaKII0i CTpOKe MaTpHIlbl B’ CiemyeT COXpaHUTh TOIBKO TIEPBBI CIIpaBa
HEHYJICBOM DJIEMEHT, Ha3HAYHUB OCTAJIBHBIM DJIEMEHTAM CTPOKH HYJICBBIC 3HAUCHHSL.

Huxe npuBenens! mpumeps! romydeHns matpuil B, B"' u3 mepsoii Matpuisi (11):

1 0 -1 0 O 00 -1 0 O
0 0 -1 0 00 0 -1 0
B”': , BN= (16)
01 1 0 O 00 1 0 O
00 0 1 -1 00 0 0 -1
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Hanuune marpun B =[b},], B"' =[bj,] nossonser ynupuuupopaTh 3amuch

cootHoteHu# (13) u mpeacTaBUTh UX B CIENYIOIIEM BUE:
n - n =
Shefolse) =0, Yhiiade(s) =0, j=12...m, (7

e=1 e=1

chthee. (18)
3neck matpuibl (18) obecrieurBalOT KOMIIOHOBKY 3JIEMEHTOB M BHYTPEHHHUX CBSI-
3eit B y3ie j. Uncno P onpeznensercss aBTOMaTHYECKH, KaKk HOMEp CTOJNOIa eIMHCTBEH-
HOTO HEHYJICBOI'O 3JIEMEHTA B CTPOKE j MaTpuisl B’ , a 3HaKH IUTIOC B MHHYC BO BTO-
poM BeIpaykeHnH (18) COOTBETCTBYIOT IEPBOMY M BTOPOMY HEHYJIEBOMY ClIaraéMoMy.
MakcuManbHOe 3HaUYeHHe MHAekca j B dopmynax (17), (18), mpencrapisioiiee
00I1Iee YMCII0 MPOCTHIX Y3II0B, OMpeeNnseTcs Mo GopMyiam:

" 11 " n nr
et = bjeCip > Mjer = i‘bje

m m
m=3(z;-)=Z-m=2n-m, Z=3z;, (19)
J=1 J=1

/€ z; — KOJINUECTBO COCAUHAEMBIX B y3Ji€ j 3JIEMEHTOB; Z — 001Iee YUCIIO TAKUX IpH-
MBIKaHHUH, COCTaBIIsIONIee Z=271, TOCKONbKY KaXXIBIA 3JIEMEHT MPUCOCTUHSIETCS OJI-
HOBPEMEHHO K JIBYM y3JIaM.

Cootnomenus (8), (17) aBToMaTu4eckut GOPMUPYIOT CHCTEMY TPAaHUYHBIX YCIIO-
BUW JUI COCTaBHOM KOHCTpyKuuu. Ecnu 0003HaunTh: K| - cyMMapHOe KOJINYECTBO
ycnoBuii (8), K, - cymmapHoe konudectBo ycioBuit (17), To Ki=km, Ky=km,. Torna
o0lIee KOMMYECTBO KPaeBBIX YCIOBHHA ¢ yueroM mepBoi ¢opmynsl (19) cocraBnsier
K=K +K,=2kn, T0 ecTb paBHO CyMMapHOMY MOPSJIKY BBICHIUX TPOU3BOJIHBIX YpaB-
wennii (1). CnenoBatenbHO, MOTydaeMas KpaeBas 3a1ada sSBIISETCS 3aMKHYTOM.

[lonaraem, uro nuHeiHOE perenrue ypaBHeHui (1) usBectro [8]. B reomerpuue-
CKM HEJTMHEHHOH MOCTaHOBKE BOCIIOJIB3YyEeMCS METOJOM YIJIIOBOTrO cMemleHud [7] u
MPEACTaBUM HHTErpaibl TudQepeHIUaIbHBIX YPaBHEHHUH B BUJIC:

‘_jei ()= adei(s)éei + ‘_jpei (s)+ Aei (s), fei (s)= afei(s)éei + fpei (s). (20)
3nech ast i-0lf MTEPALIMY B NEMEHTC €. A, d fp; — MATPULIBI QyH/IAMCHTAIIBHBIX

PCLICHUH Uil IEPEMCILICHHH W YCHIIH; d )p;, fpe; — YACTHBIC HHTEIPAIIBI, COOTBETCT-

BYIOLIME Harpyskam p,; C,; — BEKTOP-CTOJOLBI MPOU3BOIBHBIX MOCTOSHHBIX OOIIEro
perienus; A,; — MaTPUIIBI, UMEIOIIUE CIETYIOLLYIO CTPYKTYPY:

- ) T

Agi(s) =[(s = 5,0)(1=cos@y;) 0 (@ —sing,)] , 21
rzie S.0 — KOOpJMHATA HAYAIbHOTO CEUCHUs I 000JI0YEK M TUIACTUH C LEHTPATbHBIM
OTBEPCTUEM; (,; — YTJIOBBIC CMEICHUsI MPSIMOJIMHEHHON oOpasyromiel snemeHTa. B

clly4yae IMHEHHOro pacuera (p,~0 1 HeoOX0JMMOCTh IPUMEHEHUS UTEPALIUA OTIIaIaeT.

INoxcranoBka Beipaskenuii (20) B rpanuunbie yenoBus (8), (17) popmupyer 3aMkHY-
TYI0 HEOTHOPOJHYIO CHCTEMY alireOpandecKUX YPaBHEHHUM C HEM3BECTHBIMHU éei (e=1,
2...n). JluHeapu3anus perieHus: npoBoauTcs MerogoM HetoTtoHa-Padcona u mponsBo-
JIATCS IO TEX TOp, OKa U3MEHEHHS (,; HE CTAHYT MEHbIIIE 33J]aHHON TOYHOCTH € [7].

B kauecTBe WILTIOCTpAIK HUXKE MIPUBEICHBI PE3yIbTaThl paciyera CHIb(OHHOTO
KOMITEHCATOpa MPHUEMO-Pa3IaTOYHOI'0 YCTPOMCTBA CTATBHBIX PE3EPBYapOB C JIBOHMHOM
creHkoi [9]. Dta KOHCTpYKIUsl 00pa3oBaHa W3 OTICIBHBIX AJIEMEHTOB-000I0YEK H
MpefHa3HayeHa JUIs CIMBa-HaJMBa KHUJKUX MPOIYKTOB B YCIOBUSAX 3HAYMTEIBHBIX
B3aHMHBIX TepeMeIleH BHyTpeHHeH 4 U BHeIIHel B cTeHOK pe3epByapa, BO3HHU-
KaIOIINX BCIICACTBHE NCHCTBUS JaBleHus p, (puc.1,6,6). B pacuerax ncnonb3oBaimch
Moxynb yrpyroctu 206000 MIla u koaddunment Iyaccona 0,3.
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Puc. 1. PacuerHble cXeMBbI COCTaABHBIX 000JIOUEK

Pacyernas cxema KOHCTPYKLIMM XapaKTEPU3yeTCs AJIMHAMM YYaCTKOB d,,, paJyca-
MU BpAIEHHs 7, U TONIIUHAMH JIEMEHTOB O,,, IPUBEAEHHBIMU Ha pUC.1, 6, 1 B TaOM. 1.

Tabauya 1

1! I, M T M Sy MM

1 0,20 0,30 20

2 0,06 0,35 12

3 0,08 0,40 30

4 0,02 0,50 3

5 0,50 0,60 -

6 - 0,70 -
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a) 0)
Wo, M io
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0 0,1 0,2 0,3 0,4  po,0 0,1 0,2 0,3 0.4 p,,
Puc.2. Pe3ynbTathl pacuera CHiib()OHHOTO KOMIICHCATOPA

Pa30uBKa pacueTHOI CXeMbl MPOU3BOAMIACH HA YETHIPE SJEMEHTA i1 KOHH-
YecKUX 000JIOYEK U Ha OJMH-IIBA JIEMEHTA JUII OCTaJIbHBIX y4acTKOB. M cmosib3oBa-
jack Mojenb Kupxroda-JIssa. Pacuerbl BBINOSHEHBI MO MHPEACTaBICHHBIM BBIIIC
COOTHOIIICHUSAM C IPUMEHEHHEM mporpamMmbl Mathcad 1 METOAOM KOHEYHBIX 3JIe-
MenToB 1o nmporpamme ANSYS (Customer Number 449171).

Ha puc. 2, a npuBeneHbl MOTy4YeHHBIE 10 METOIMKE aBTOpa IpauKy 3aBUCUMOCTH
MepeMeleHHUH TTaTpyOKa wy OT JaBJICHHS po. Y CTAHOBJICHO, YTO pa3HMIIA B pe3yJIbTaTax
pacdera 1o JIMHEHHOU TeopwH (KpuBas 1) M MO reOMETPUYECKA MU3MEHSEMON CXeMe
(xpuBas 2) coctasnsier 14,1% , 31,3% , 50,4% npu aeficTBUn JaBieHUS Py, COOTBETCT-
BeHHo pasHoro 0,1 MIla, 0,25 MIla, 0,45 MIla. Pacuer o neopMUpOBaHHON CXeMe
MIPOM3BENEH ISl KPUTEPHUS CXOAUMOCTU uTeparmonHoro mporecca € = 0,001% . Ko-
JINYECTBO UTEpAIMi Iy, 00SCIICUNBAIONIMX 33JAHHYIO TOYHOCTb, ITPEJCTABICHO Ha PHUC.
2,6. ®opma rpaduka ykas3bIBaeT Ha CyIIECTBEHHBIN pocT ip ipH pe>0,3 MITa.

PesynbraThl pelieHHMs paccMaTpUBAcMOM 3aJadd C IOMOIIBIO MPOrPaMMBI
ANSYS conepxutcs B Tabmuie 2, rie NPUBEICHO CPaBHEHHE IMEPEMEIICHUN Wy
(xpuBas 2, puc.2,a), MOIy4EeHHBIX Pa3TUYHBIMA METOAAMH.

Tabnuya 2
[lepemenienue wy, MM o
po Ml 110 IPOrpaMMe aBropa 110 nporpamme ANSYS Horpeurocts pactera, %
0,05 25,319 25,364 0,177
0,15 67,865 67,925 0,088
0,25 103,56 103,57 0,007
0,35 134,77 134,68 0,061
0,45 162,76 162,53 0,136
3akiao4yeHue

MartpudHasi CTpyKTypa IMOJy4YeHHBIX COOTHOIICHUH IMO3BOJSET aBTOMATHU3HPO-
BaTh Iporiecc (POPMUPOBAHUS U PEIICHUS KPAaeBBIX 3aay JUIsl COCTaBHBIX KOHCTPYK-
Ui 1 pa3pabaThiBaTh BEICOKOA(PPEKTUBHBIC IPOTPaMMBbl pacieTa CTEP)KHEBBIX CHC-
TEM U COCTaBHBIX 000JI0UYEK BpaIEHHS CI0KHOW KOH(DUTYpaInH.
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BOUNDARY VALUE PROBLEM FOR BRANCHING TYPE
FLEXIBLE COMPOUND STRUCTURES

E.Ya. Elenitskiy
LTD «Globaltanksengineering»

There is an efficient algorithm offered to calculate framing and compound coaxial shells
of revolution, for each part of which accurate analytical solutions of corresponding differential
equations of equilibrium are used. Conjunction of parts of branching type structure is per-
formed automatically with the help of the graph theory mathematical tool. The unknowns of
the resolving system of algebraic equations are the general solution arbitrary constants. Use of
angular deflection method provides geometrical nonlinearity of the problem. The numerical
example of calculation of the expansion bellows is presented.

KEY WORDS: compound shell, incidence matrix, matrix of extraction bracer, angular
deflection, linearization, expansion bellows.
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TpeOoBanus K 0()OPMJICHUIO CTAaTell B HKypHAJ
«CtpouTtenbHasi MEXaHMKa WHKEHEPHBIX KOHCTPYKIMIA M COOPY KEeHMII»

TekcT cTaThil MOATOTABINBAETCS B BUJIE KOMITBIOTEPHOW, TOTOBON K M3TOTOBJICHHUIO TIe-
YaTHOM MAaTpHIbI, Pacle4yaTKd M BapuaHTa Ha AJIEKTPOHHOM HocHuTene. TeKCT pacneyaTku
JIOJDKEH OBbITh ueTkuM. dopmar TekcTa ¢ pa3MepoM M0 BEepTHKAIH 23 CM U 10 TOPH30HTAIH
13,5 cm. Tekcr pa3menaercs B cepeune jucta popmara A4,

[Mons pykonucyu 10KHBI OBITH CIIEAYIOLIHE:

BEpXHHE U HIDKHEe 1o 3,4 ¢M; cripaBa U cjieBa 1o 3, 8 cM.

Otcryn nepBoii ctpoku ad3ama — 0,75 cm.

Tekct moarorarnuBaercs B cucteMe Word, pasmep mpudra 11 nynkros. llpudrt Times
New Roman, MEKXCTPOYHBIH HHTEPBAT 00unapHblil. TekcT o(opMIIIeTCs IO aHAJIOTHH ¢ TIPEI-
CTaBJICHHBIMH B COOpHUKE cTaThsiMu. OO0S3aTENbHO HCIONB30BaTh d8MOMAMUYECKULl nepeHoc.

3aronoBok CTPOYHBIMM OykBamH, )KUPHBIM MPUPTOM, LIEHTPUPYETCS (B 3ar0JIOBKE
HE JTOJDKHO OBITh TIEPSHOCOB).

ITocne npomycka oxHoit crpoku cnexyet U.O. ®AMUIINSA, yuenas cmenens, yuenoe
3eanue (WK uHxcenep, acnupanm, cmyoenm) (KypcuBoMm) aBTopa. CoaBTOp aHAJIOTHYHO.

C HOBOW cTpoku: Opeanusayusi (MecTo paboOThl, KypcuBOM). Eciii cOaBTOPHI U3 pa3HBIX
OpraHHM3alfii IPOTUB KaXKJIOI0 aBTOpPa W3 OJHOW OpraHM3alliy CTaBUTCS OJHA 3BE3JI0YKa *,
MIPOTUB aBTOPOB (COaBTOPOB) M3 JIPYrod OpraHU3alvu — JBe 3Be37ouku ** (u 1.1.). [locie
TIOCJIE/IOBATENILHOTO IIEPEYMCIICHUS BCEX aBTOPOB CTaThH (KO0 C HOBOM CTPOKH) CIEIYIOT
HaMMEHOBAHUs OpraHW3alMH, peaBapeHHble * win ** (1 T./1.) 3Be3M0YKamMH. 3aTeM C HOBOU
CTPOKH CJIEYET MOJHBIN IIOYTOBBIN U 3JIEKTPOHHBIN aJ[pec aBTopa.

[Tocne mpormycka OHON CTPOKH CIEAyeT kpamkas anHomayusi cmamou (Kypcus, 10 1)
o0beMoM He Ooree 6-8 CTpOK, 3aTeM IOCe MPOIYCKa OIHOM CTPOKH MIYT KIIFOUEBBIE CIIOBA,
1, HAKOHeIl, IT0CJIe PONYCKa OIHON CTPOKH UAET OCHOBHOW TEKCT.

IToce ocHOBHOrO Tekcra cienyer: JIutepaTyp a (ICHTpUPYETCS)

Jlanee uaer npoHyMepOBaHHBIM crMcoK mutupyemont jurepatypsl (Full —10). ATopsl
BBIJIEIISIFOTCSL KypCUBOM. 3aTeM ¢ HOBOM CTpoku ciienyeT: R e fer e n ¢ e s (ueHTpupyercs) u
TIOBTOPSIETCS IIMTHUPOBAHHAS JINTEpATypa Ha aHIVIMICKOM SI3bIKE WJIM Ha POJHOM SI3BIKE, HO
naTuHCKUMH OykBamu (Full —9).

B 3akmounrenbHoii yactu crarbu npuBoniarcs HASBAHUE crateu (CTpOYHBIMH SKUP-
HBIMH OyKBaMu), (.u.0. aBTOPOB (LIEHTPATU3YIOTCS) M MEPEBOJ aHHOTALUM CTAaThbU Ha WHO-
CTPaHHBIHM, MPEANOUYTUTENbHEE, AaHTTUHCKUIN SI3bIK. 3aTeM C HOBOW CTPOKU UAYT KITFOUEBHIE
cioBa (KEY WORDS: ...) Ha aHIHIICKOM SI3BIKE.

Pucynku opopMIISIIOTCS B TEKCTE CTAaThU NPEANOYTUTEIBHO cpeacTBamu Word winu npy-
rux rpaduyeckux cpeactB. PUCYHKH, OpOpMIIEHHBIE OTHENBFHO OT TEKCTa, JOJKHBI MOJIHO-
CTBIO 3aHMMAaTh CTPAHHMIy B Tpenenax (opMarta Tekcra, Ha nucrte A4. PUCyHKH, BBINIONHEH-
HBIE YEPTEeKHBIMU CPEACTBAMHU (TYIIBIO WM YEPHBIMU YEPHUIIAMH), OJDKHBI ObITh aKKypaT-
HBIMHM C YETKMMHU HAJNHUCAMH. PHCYHKM W HaJINHMCH HAa HUX JOJDKHBI OBITH €IMHBIM LIEJIBIM
(crpynnupoBaHbI) U HE pacnanaThCsl IPU UX NepeMelleHHH. PUCYHKH OTIENSIOTCS OT TEKCTa
Ha 6 mT.

@dopmyIbl B TEKCTE CTaThbH FOTOBATCS C MOMOIIbI0 penakropa popmyn Microsoft equa-
tion ¢ yCTaHOBJICHHBIMH MapaMeTpaMHu:

Full —11, Subscript/Suhtrscript — 9, Sub- Subscript/Suhtrscript — 7,

Symbol — 14, Subsymbol — 10.

Maremaruka ((pyHKIUH) — JTATUHCKAE CUMBOJIBI KypCUBOM, I'PEUECKHE CUMBOJIBI — TIPS-
MbIM mpudToM. Mexay GopMyrnamu u cBepxXy, CHU3Y OT TEKCTa MHTEpBa 3 pt.

Homepa crpaHuIl poCTaBiISIOTCS KapaHAAlIOM B JIEBOM HIDKHEM YIIIy cTpaHHIBL. [lo-
CIIe/IHSSl CTPaHUIA TPEJOCTABISETCS B ABYX SK3EMIUIIPaxX, BTOPOI AK3EMIUISAP HOAITUCHIBACT-
Csl aBTOPAMU CTaThU.

AcnupaHTaM M COMCKATENSIM JKENaTeIbHO MPUIOKUTh K CTaThe OT3hIB HAYYHOT'O PYKO-
BOJIMTEIS WJIH CIEIUAJIICTA 110 TEMATUKE CTaThU U3 OPraHU3alliH, 1€ BHIIOIHIETCs padoTa.

Pe)laKHI/IH HUMECT IpaBO CHUMATH C ny6n1/11<au1/11/1 CTaTbU, HEC OTBCYAIOUINE YKAa3aHHBIM
Tpe6OBaHI/IHM, WK, €CJIKM Ha CTAaTbIO NOCTYIIAT JIBa OTPHUIATCIIbHBIX OT3bIBa PCIICH3CHTOB, WX
WICHOB PCAAKIIMOHHOI'O COBETA, WJIN YWICHOB PCAKOJIJICTUU XKXYypHaJa.



