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HayyHo-aHanutmuvyeckme o0b630psI

MEXAHHUKA TOHKOCTEHHBIX KOHCTPYKIIHM:
HUCTOPUSA, IUATHOCTUKA

H.M. AKVIIOB, 0-p mexnu. nayx, npog.
UMM KasHI] PAH, Kasano, yzsrr@kfti.knc.ru

Obonouxu, 0b61a0as YHUKATbHBIMU CEOUCMBAMU, HAX00sm wupokoe npumernenue. OHu
BOCHPUHUMAIOM OOTbUIUE HASPY3KU, PAOOMAIOM 8 A2PeCCUBHbIX CPedax U UCHBIMbIBAION G03-
Oeticmsue gusuueckux noiei. Heobxooumo oyenueams HeCywyro cnocOOHOCMb MOHKOCMEH-
HbIX KOHCMPYKYULL C Y4emom GusHUs noell U cped, a maxice Ha 6aze YMOYHEeHHbIX COOMHO-
wenutl meopuu obonouex. Ilpueoosmces hppaemenmol u3 UCMoOpUU POHCOeHUsT 0OONIOUEK U He-
JIUHENHOU meopuu 000104eK, MeMOO OYEHKU MEXAHUYECKUX CBOUCE U NOOX00 OYEHKU KOH-
YeHmpayuy HanpsiceHull 8 MOHKOCTNEHHBIX DJIEMEHmMax CAodCHOU cmpykmypul. Ommeuaiomes
HOBble pe3yibmanvl no UCCAC008ANUIO S6TIEHUSL KOPPO3UU.

KJIFOYEBBIE CJIOBA: 0005109KH, TOHKOCTCHHBIC KOHCTPYKITHH, HATIPSHKECHHO- e op-
MHPOBAaHHOE COCTOSIHHE, HAIPY3KH, cpela U (PU3MYECKHEe OIS, MArHUTHOE I0JIe, KOPPO3Hs,
MTOBEPXHOCTHBIE Je(EKTH, MEXaHHUECKHE CBOMCTBA, MOJEIh KOPPO3MOHHOIO M3HOCA, KOH-
HIEHTpAIMs HAIIPSDKEH U, THAarHOCTHKA

®parMeHTsl U3 UCTOpHU pOXKAeHUs obonouek. [TyTh uenoBeyecTBa K COBPEMEHHBIM TOH-
KOCTEHHBIM KOHCTPYKIMSIM ObUT HenpocThIM. [Iponuy TeicsiueneTust u ObUIHM ClieNlaHbl COTHH
Ba)XHEHIIIMX OTKPBHITUIA. BBUIM BBIMIONHEHBI HAYYHO-HUCCIIENOBATENBCKIE U TEXHOIOTUUECKHE
pa3paboTKy, a TakkKe NPOEKTHO-KOHCTPYKTOPCKUE PadOThI, IPEKAE YeM ObUIM CO3/IaHbl pY-
KOTBOpPHBIE TOHKOCTEHHbIE 000704KkH. DparMeHThl U3 HMCTOPUU POXKIEHUS CTPOHTEIBHBIX
KOHCTPYKLUI OT KaMEHHBIX TJIBIO O TOHKOCTEHHBIX O0OJIOYEK OTPaKeHbI, B YaCTHOCTH B
padorax [1-3]. B [IpeBHem Erumnre coopyxanu rpaHIuo3HbIE KaMEHHBIE MUPAMUIIBI U Mac-
CHBHBIE XpaMbl. J[peBHUE TPEKH MPOCIABUINCH CTPOUTEIBCTBOM BEIUKOJIEMHBIX XPaMOB.
OHH, KaK U IpeBHUE ETHIITSIHE, UMENH MpecTaBieHne 00 apkax u cBogax. OIHAKO 3TH KOH-
CTPYKLUMOHHBIE AJIEMEHTHI HONYYHIM IIUPOKOE paclpocTpaHeHue nuiib B J[peBHem Pume,
4eMy crioco0CTBOBajI0 n3oopeTeHue OeroHa. « CUMQOHUSIMMI) U3 apOK SBIISIOTCS aKBEAYKU U
Komnuseii (puc.1). [IpuMeHeHre apoYHBIX CTPYKTYp OBLTO HA4aJIOM HCIIOIb30BaHHS ITPOCTPaH-
CTBEHHBIX HCKPHUBJICHHBIX KOHCTPYKIMH B CTPOMTEIBHOM JieJie, KOrja Juisi oOecreueHus
MIPOYHOCTH BIIEPBBIE «3APATIIN» (HOPMY MOBEPXHOCTU. [l0SBUIIUCE ITepBbIe KPYITHOrabapHT-
HbIC KaMEHHBIC Tonycdepudeckue Kymoia (06omouku): Bo II B. B JIpeeHeM Pume — [Tanteon
(puc. 2), B VI B. B Buzantuu — Xpam Co¢un (puc.3). Pumckuii [lanreon no XIX Bexa Obu1
HENPEeB30HICHHBIM IPUMEPOM OOJIBILIONO MPOCTPAHCTBEHHOTO MOKPHITHUSI.

AR 5 "r

s ook

Puc.1 — Pumcknii Konuzeit

Puc.3 — Xpam Codun

e 2 | s PUSTARS, R
Puc.4 — Mas3soreii. Puc.5 — Kynona: a — Meders Omapa. bpyneii; 6 — [1laxu-3unna.
Byxapa. 9 - 10 BB. Camapkann. 14 B.; B — Mag3oneit I'ypu-Omup. Camapkasn. 15 B.
B apxuTekType UCIaMCKUX CTpaH MOSBUIIUCH apKH C 320CTPEHHBIM KOHTYpOM (pHc.4).
HoBbie ¢opMbl MMenu OOJIBIIYIO BRIPA3UTEIBHOCTD U BHITOJHO OTIMYAIUCH B TIPOYHOCTHOM
otHomeHny. Hauunag ¢ XII Beka, Hauaau CTpOUTH JBYXCIIOMHBIE KyIONa, MEXIY KOTOPBIMU
pa3Melnaiy JepeBsHHbIE JIEMEHTHI CBA3H. 3a CUET 3TOr0 MPOYHOCTh KOHCTPYKIMI MOBBIIIA-
JIach TIPU CHIKEHHUHU Beca. [10SBMIINCh M KyTona ¢ pa3InuyHOi TOQPUPOBKOH IO OKPY>KHOM
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KOOpJIMHATE, YTO 3HAYMTEIFHO YIIPOUHSUIO KOHCTPYKIMIO KYIIONa ¥ MIPUBOAMIO B BOCXHIIIE-
HHUE CMOTpAIIEro (puc.S).

ApxurekTopsl 3110xu Bo3poxkieHus, UConb3ys KOJIOHHA B, apOYHbIe Tajepeu, CBOIbI 1
KyIoJ1a, MPUIaJIA CBOMM TIOCTPOWKaM BETMYECTBEHHOCTh U TAPMOHHYHOCTD. 3aTeM IIPHUILIEIT
CTHJIb OAPOKKO, POKOKO M KlacCHIM3M. [Ipou3oiien Bo3BpaT K aHTHYHBIM CTPOUTEIEHBIM
KOHCTPYKTUBHBIM 3JIEMEHTaM Ha HOBOM YPOBHE, UX COYETaHUE U MPOTUBOIIOCTABIICHHUE, &
TaKKe Bapuallisi KOHCTPYKTUBHBIX 3JIEMEHTOB U3 Pa3IMYHBIX 30X M CTUJICH.

KpynHblii ckadok B cTpouTeabHOM Jienie ObLT caenan B cepeanne XIX Beka. 31ech peBo-
JIIOIIMOHHYIO POJIb ChIrpa jkene300eToH. OTHOCHUTENbHAsT TONIIMHA MOKPBITHH 3HAYUTEIBHO
cHm3mwiIach. CIEAYIOMNM IIIaroM OBUIO HCIOJIh30BAHUE METAJUTMYECKUX IMOKPBHITHH (pHC.6).
OHH BBITOJIHO OTJIMYAIOTCS OTHOCHUTEIBHOW JIETKOCTBIO, YIOOCTBOM COOPKH M TO3BOJISIOT
peanu3oBarh cioxHble (Gopmbl. K MeTalmnm4ecKuM IMOKPBITHAM OTHOCSTCS M MEMOpaHHbIE
nokpbIThst (puc.7). Eciiu cpaBHUTH TOHKOJIMCTOBOE MEMOpPAaHHOE MOKPHITHE C MIPOCTPAHCTBEH-
HBIM JKeJIe300€TOHHBIM TOKPBITHEM, TO A((PEKT OYEBUICH — JTOCTHIAETCS BHIUTPHIII B Macce
Ha TOPSIJIOK.

Puc.6 — Memannuueckoe nokpvimue. Puc.7 — Membpannoe noxkpvimue.
Boxzan, Jlonoon Komunnexe Onumnutickuii. Mockea

PacnipocTpaHeHHIO TOHKOCTEHHBIX KOHCTPYKIIMI CIOCOOCTBOBAJIM MX YHUKAJIbHBIE CBOMCTBA,
a TaK)Ke TEXHOJIOTMYECKHUE BO3SMOXKHOCTH U YCIENTHOE PEelIeHUe HayYHBIX POo0JieM, B 4acT-
HOCTH, pa3paboTKa TeOPHU 00OJIOUEK.

Posicoenue nenuneiinon meopuu 000104eKk u 1a60pamopun HeAUHEUHOU MEXAHUKU
060110uek. B cBsi3u ¢ 3anpocamMu NMPAaKTUKH B Havasle XX BeKa ObLIH 3aJI0)KEHBI OCHOBBI T€O-
pHH IUTaCTHH U 00onoueK. beum chopMynrpoBaHbl NpocTeiime reoMeTpruueckue u hpusnde-
CKHE COOTHOLICHUsI M TOJy4eHBbl ypaBHEHHs PABHOBECHs. DTO TaK Ha3blBaeMasi JIMHEHHas
Teopusi obosouek. HecMOTpsi Ha HCHONB30BaHWE NPOCTEHMIIMX HCXOAHBIX COOTHOLICHHH
ypaBHEHHSI TEOPHU 000JIOUEK OBUTH CIIOKHBIMHU M TPOMO3AKMMHU. OHAKO MPOCTEHIITIE COOT-
HOIIEHHMsI, 3aJI0)KEHHbIE B JIMHEHHOW TEOPUH 00OJIOYEK, HE MOTJIM AaTh OTBET HA MHOTHE BO-
MIPOCHI TIPAaKTHKHU. JlMaleKTHKa pa3BUTHS TOJICKa3bIBala HEOOXOAUMOCTh UCIIOIb30BaHHs 00-
Jiee TOYHBIX T€OMETPUYECKUX M (M3MYECKUX COOTHONIEHWH. ECTECTBEHHBIM HalpaBiieHUEM
pa3BUTHS cTajla HEIMHEeWHast Teopusl 000JIOYEK: TEOpHs, B KOTOPOH YYUTHIBAIOTCS HEJUHEH-
HbIC KOMITOHEHTHI B TEOMETPHUCCKUX (C6513b «Oeqhopmayusi — nepemeujeruey) u GU3HIecKux
COOTHOIIICHUSIX (C6513b «HANpsidicenue — oeghopmayusy).

B 1934 - 1957 rr. X.M. My1tapu 3aJI0)KWI OCHOBBI HETMHEHHOM TEOpHUU YIPYTrUX 000-
soyek [4-7]. B 1975 r. Obuio onyOiukoBaHo ydeOHOe mocooue K.3. I'anuMoBa 1o ocHOBaM
HEJTMHEHHOW Teopuu TOHKHX obonovek [8]. Paspemaromue ypaBHeHHs HEMHEHHOH TeopHH
MHOTOKPATHO YCIOXKHSUTUCH U TIPUBOJIMIIN B Y)Kac 4eJIOBEKa, KOTOPBIH BIIEPBHIE 3HAKOMUJIICS C
HUMH. )i pemieHnsT HOBBIX 3aj[ad CO3JaBaJIUCh pa3jIMyHble Hay4dHbIe JJabopaTtopun. B 1946
rofy BO BHOBb oOpa3zoBaBiieMcs Kazanckom ¢usnko-trexundeckoM uHcturyre (KOTU) Ka-
3aHckoro ¢unrata AH CCCP mns pemeHus: akTyaldbHBIX MPOOJIEM MEXaHUKH TOHKOCTEHHBIX
KOHCTPYKLUMI ¥ pa3BUTHs HETUHEHHOW MEXaHUKH O000JI04eK ObLT 00pa3oBaH CEKTOp
MeXaHHUKHU (OCHOBA J1abopaTopuu HENWHEWHOH MexaHuku odonoyek — HMO).

1946 - 1965 22. — nepsviii sman passumusi 1a60PAMOPUU HETUHEUHOU MEeXAHUKU 00010~
yex (HMO). HoBoe noapa3znenenune — cekrop mexanuku KOTU — B nepuon 1946 — 1965 rr.
BO3IJIABMJI YYEHBIH MeXaHuK A.¢.-M.H. mnpodeccop Xamua MyszadapoBuy Mymrapu.
[epBeiMu corpyanukamu cexktopa mexanuku Obuin K.3. Tamumos, I.I1. Lpi0ynasckuit, C.I.
Bunokypos, P.I'. CypkuH, HeCKOJIbKO MO3ke Hauanmu paborate M.B. CBupckuit (1947 r.),
M.C. Kopaumma (1951 1.) w gpyrue. Hapsimy ¢ TeopeTHYeCKMMHU HCCIICIOBAHUAMU
BBITIOJTHSUTMCh  DKCIIEPUMEHTaNbHble  paboTel, B vactHocTm M.C. Kopaummueiv, ©.C.
HUcanbaesoii, P.I'. CypkuHbIM U 1.
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Cpenu ¢pyHnamenTaibHbeIX pabot X.M. Mymrtapu ocodoe MecTo 3aHUMaeT KanuTalbHbINA
Tpyn «HenuHeitHas Teopust ynpyrux o0onodex» [S], HaMCaHHBIH COBMECTHO C J1.(.-M.H.
npodeccopom K.3. 'anrmoBeIM. DTa MOHOTpadus, epeusaHHas 3a pyoexxoM [6], crana
HACTOJIEHOW KHHUT'OM BO BCEM MUpE JUISI MHOTHX CIIEIMAIMCTOB B 3TOH obnact. B 1990 romny
yueHnkamu X.M. Mymitapu 6bu1 onyOiIiKoBaH cOOpHHK ero TpyaoB [7]. B padorax [7,9-11]
OBLIM PACCMOTPEHBI TAKXKE BOIPOCHI pacuera TpexclIoiiHbx obonouek. Mupopmanus o nep-
BOM 3Tale pa3BUTHA HMeeTcs B KHurax [12-15].
: B e |
T e
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— 1981) K.3. Tanumos (1909 — 1986)

X.M. Mywmapu (1900

Yeunusamu corpynaukoB HMO onmna u3 kpacuBedmux yiaun Kasanu Ha3BaHa HMEHEM
BbIaromerocst Mexannka XX Beka rnpodeccopa Xamuna Myzagdaposuda Mymirapu.

1965 - 1987 22. — emopoui sman pazeumusi nabopamopuu HMO. B 1965 roay cexrtop
MeXaHHKU npeodpasyercst B OTaen Teopuu 00oouek (pyxosooumens X.M.Mywmapu), a onny
U3 JIByX J1a0OpaTOpUil oTAeNna (1abopamopuio Cmamuku u OUHAMUKY 000J10YeK) BO3TIABUI
I.T.H., mnpopeccop Muxamn CrenanoBny Kopuummua. B 1971r.  mabopatopuro
NIEPEMMEHOBBIBAIOT B JIAOOPATOPHUIO HEMHEWHOI Teopun 000I04eK, a M03XKe B J1a0OpaTOPUIO
HEJTMHEHHOM MexaHuku obonouek (HMO).

Henunaeitnas Teopust ynpyrux o0oo4eKk MHTEHCHBHO pasBuBasiack. C 1960 - 1980 rr.
Hayajcs 3Tall IPUMEHEHUs] TEOpUM AN PEIICHUs HEMHEHHBIX 3aJad, pa3BUBAJIUCh METOIbI
pacueTra, paccMaTpUBaJUCh Bompockl cxoaumoctd [16,17]. TlomydueHHble pelieHUS
HEJMHEHHBIX 3a7ad aKTyaJbHbl U CETOAHS — HUCHONB3YIOTCA B KadeCTBE JTAJIOHHBIX IpHU
pa3paboTKe U IPOBEpKE HOBBIX METOAOB pacueTa MOKUX IUTACTHH U NaHEeNeH.

Tuskue
NNACTUHbI
" NAHENN

=
M.C. Kopruwun (1920 — 1991)

PaccMOTpeHBI BONPOCHI HCIIONBb30BAHUA BBIYUCIUTENBHOM T'€OMETPUH M MeEToHa
KOHEYHBIX JJIEMEHTOB B 3a/lauax MexaHuku obosoyek [18,19]. PasBuBaiuch BapuanmoHHBIE
MeToAbl aHanu3a gedopmanun oboouek [20], pemanucs 3a1a4u AMHAMHIECKOTO ITOBEICHUSA
o0oso4eK, COAepXKAIIMX >KUAKOCTh M Tra3 [21], paccMaTpuBaluch BOIPOCH H3rHba U
YCTOWYMBOCTH IUTACTHH W OO0OJIOYEK C ydeToM mnonsydectd [22]. PerymspHo BbIXOAWI
cOopHHK TpyHOB “Tpyowr cemunapa. Hccredosanusi no meopuu obonouex” (uinycku I - 21).

Bbonplioe BiIMAHHME Ha pa3BUTHE HENUHEHHOH TeopuH 00O0JIOYEK OKa3ajlo BTOPIKEHHUE
AJIEKTPOHHO-BBIUUCIUTENBHBIX MammH (DBM) B BeumcnuTensHble mpouecchl. OBM s
pelIeHus 3a1a4y HeTMHEHHOI MexaHuku o0osouek Havai ucnons3oBaTh M.C. KopHumms eme
B koHI1e 1950-x romoB. K 1980 r. ObUIM CO3aHBI YHCIEHHBIE METO/BI U AITOPUTMBI, KOTOpPBIE
HIO3BOJISUIN  ONPENeNIATh HampsbkeHHo-IedopmupoBanHoe cocrosHue (HIC) TOHKOCTEHHBIX
3JIEMEHTOB KOHCTPYKIMI KAHOHUYECKOH IeOMETPHH, a TAKOKe PellaTh 3aJa4l YCTOHYMBOCTH.

1988 - no nacmosawee epems — mpemuti Sman pazeumusi 1a60pamopuu HeIUHEUHOU me-
xanuxu obonovex (HMO). C 1 sauBaps 1988 r. maboparopuio HENMHEHHOHW MeEXaHHWKH
o6onouek Bozrnasisier Hyx MaxmynoBuu SIkymos.
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OcHOBHBIE HallpaBJeHUs HayuHbIX uccienoBanuii B HMO Ha Tperem dTame: MexaHUKa
TOHKOCTEHHBIX KOHCTPYKIIMH CIIOXKHOH I€OMETPUH; MEXaHUKa IUICHOK MU MeMOpaH CII0XHOM
CTPYKTYpbI; NpPOOJIEMBbl KOPPO3UOHHOTO HM3HOCA, TEXHOTEHHBIX KaTacTpo] M DKOJOTHH.
Mooicno ommemumo, yumo “Ilpobrema npedynpedcoenuss MexHOLEHHbIX Kamacmpog) moHKo-
CMEHHBIX KOHCMPYKYULL U cOopydceHuily exooum 6 llepeuenv kpumuueckux mexuvonozuti PO,
n.21, ymeepoicoennwitl Yrazom Ipesudenma PO om 7 wions 2011 2. Ne8§99.

Hapsiny ¢ pa3BuTHEM TEOpPETHUECKHX aCIEeKTOB, pEUICHHE NpPaKTHYECKUX 3ajad
CTaHOBUTCSI OJIHMM U3 OCHOBHBIX HaIlpaBJeHHH AesrenbHocTH sabopatopurn HMO. AkneHT
JleNlaeTCs Ha MPUKIAIHBIX 3a7ad ¢ BHEAPEHUEM pPE3yIbTaToB (pykosoocmeo AH CCCP
PEKOMEHO08ANI0 UHCIUNYMAM HANPAGUMb YCUNIUSL HA peulenue Npakmuyeckux 3a0ay, bazosoe
Gunancuposanue 6 1989 2. cocmasuno 26,6% no cpasnenuto c 1988 2.).

B mepuox 1993 - 2010 rr. onybnukoBaHel MOHOTrpaduu, ydeOHbIE MOCOOUS |
MeToandeckue ykasanus [1-3,15,23-31], a Takke cOopHUKH « Tpyosr cemunapa: Hccredosa-
Hus no meopuu obonouexy 25 u 27 svinycku. Paspadborannas H.M. SkynoBeiM «Memoouxa
pacuema ynpyeux 31eMeHmos cmaduiu3amopos 0asierus», Oblila BKIIOUYEHa B MOHOTpadHIo
akanemuka PAH "anuesa P.®. u ap. (cmp.181-187) [32] (cmabunuzamopwt 0asnienus npeona-
3HAYEHbl /151 3AUUMbL eMKOCIeEN Om Pa3pyuleHust NPU pesKom yeeaudeHuy GHympennezo 0aé-
nenust). Pa3paboTku, BBHITONHEHHbIE Ha TPETbeM OJTare pa3Butus Jjaboparopun HMO,
HarpaxaeHsl 15 mepanxsiMu MexayHapoansix CanoHOB U BrIcTaBOK:

2004 - Bpioccens 2005 - Kenesa 2005 - Mocxkea 2007 - JKenesa

o =, . l [ LEE %, &

2008 - Mockea 2009 - XKenesa 2009 - Mockea 2010 - C. I[lemepbype
@202 ®O

2011 - Mockea 2011 - Mockea 2012 - Mockea 2012 —\Moc:cea

| il
]
]

2013 - C. [lemepoype 2013 - C. [lemepbype 2013 - Mocksa

. gl ° . .
=

Ha tperbem stamne ony0imkoBanbl ctateu B xypHanax: JJAH, MTT, Doklady Physics,
[IpoGnems! mpouHoCcTH, MeXaHnKa KOMITO3UIIMOHHBIX MAaTepUaoB U KOHCTPYKIHH, BecTHUK
MamumHocTpoeHus, [lpukinannas MexaHuka, CTpouTenbHasT MeXaHWKAa WHXKEHEPHBIX
KOHCTpYKIHUH u coopyxenuit, UBY3: CtpoutenscTBo, MOHTaXHBIC U CIICIIHAIbHBIC paOOTHI B
cTpouTtenbcTBe, JIBOoiHBIE TexHoNoruu, ['a3oBas mpoMmblluIeHHOCTh, Russian Engineering
Research, Hayka u Texnuka B ra3oBoii mpomsinnieHHocTd, Doklady Physical Chemistry, SOS
u zp. [33-98].

[Mony4yensr 35 mateHtoB P® Ha wu3oOperenus: NeNel756786, 2101640, 2123139,
2184361, 2186182, 2196209, 2214491, 2218532, 2225929, 2234002, 2239033, 2255864,
2263191, 2267070, 2272232, 2295446, 2296976, 2310184, 2310791, 2326218, 2343256,
2345198, 2374697, 2377372, 2380585, 2387973, 2403556, 2421707, 2439537, 2437077,
2500512, 2517149, 2519386, 2547067, 2014145390.

Pazpabotku, BeITIONHEHHBIE 11O pyKoBoAcTBOM SkyrnoBa H.M., otmeuenst B 16 Otuerax
o nesrensHocTd PAH u B noxnamax Ilpesumuyma Poccuiickoit akagemun Hayk: 1999,2001,
2002, 2004, 2006, 2007, 2009, 2011, 2008-2012.

Memoo pacuema 060n04eK cn0xcroil 2eomempuu. VI3BeCTHBINA HCIAHCKUN apXUTEKTOP
Dnyapno Toppoxa orMmeuai: "Jlyuwum coopysicenuem s6as1emcst mo, Ha0elCHOCHb KOMopo2o
obecneuusaemcs 21a8HbIM 00PA30M 3a cuem e2o QopMbyl, a He 3d Cuem NPOYHOCTU e20 Mame-
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puana". PaznnyaroT 000NIOYKM KaHOHMYECKOH T€OMETPUH, CPEeJUHHAs TTOBEPXHOCTh KOTOPBIX
MOXeT OBITh 3aJ[aHa aHAJUTHYeCKUMH (opMynamu (MHPOpMAIUS O TAKHX IMOBEPXHOCTSIX
umeercsi, B yactHocty, B sHImkiIoneauu C.H. Kpupomranko u B.H. MBanosa [99]). Oxnako
CPEIMHHYIO TIOBEPXHOCTh HE BCEX 00OJIOYEK MOKHO OITMCATh aHAJUTHYECKH — 3TO OOOIOUKH
HEKaHOHUYECKOH T'€OMETPUHU, KOTOpble (YHKIHOHAJIHHO HEOOXOAUMMBI U 3()(EKTHBHBI MO
CBOUM XapaKTEpUCTUKAM JKECTKOCTH U MPOYHOCTH.

B HMO pa3zpaboran a3¢ppexTuBHBIN METOJ] pacyeTa TOHKOCTEHHBIX 000JI0YEK, HMEIOIINX
CIIOXKHYIO TreoMeTpuio (puc.8) — CIUIaHHOBBIM BapuUaHT METOAAa KOHEYHBIX 3JEMEHTOB
(CB MK3-2) [23,24,33-35,48,100]. Ucnione3ys runore3y Kupxrodda - JIssa, 3agaua cBoaur-
csl K AByMepHOH 3ajade. Mero, Onaronapsi CHHTE3y HJIeH [apaMeTpHU3aliii U METOAa KOHeY-
HBIX dneMeHToB (MKD) ¢ OukyOndeckoil anmpokcuMalyeii HICKOMBIX MEpPEMEHHBIX B Ipee-
JlaX KaXXIOro 3JE€MEHTa, MO3BOJISIET MOdy4yaTh NMPOCTPAHCTBEHHBIE HMCKPUBIEHHBIE COINIACO-
BaHHBIE JIBYMEpHbIE KOoHeuHble 31eMeHThl. CB MKD-2 peanu3oBaH B BHIE KOMILIEKCa IPo-
rpamm 11t OBM u ucnonezoBaH mis aHanuza HJIC psanga KOHCTpYKUUM W3 NpaKTUKU
[3,24,26,44,45,48, 49,51,54,69,76,101-104,105]. HexoTopsie BOIPOCH! MapaMeTpHU3aidu 000-
JIOYEK CI0XKHOM reoMeTpun paccMoTpeHsl B [106] u B matenrtax: Ne2374697, 2517149.

Hauato pa3Butue cmaifHoBoro Bapuanta MKD misa onpenenenus HIAC tpexmepHBIX
00BEKTOB CIIOKHOM reomMeTpu (prc.9) Ha Oa3e TpeXMEpHBIX KOHEUHBIX neMeHToB CB MK3-
3 [46,71]. CB MKD3-3 Mmeton no3BosieT onpeneiats Takxke HIC ameMeHTOB TOHKOCTEHHBIX
KOHCTPYKLIMI B 00J1aCTH JIOKAJILHBIX yriryoneHuit u nedekros. Ha 6aze CB MK3-3 Brinonne-
HBI, B YaCTHOCTH, WCCJEIOBAaHMS KOHIIEHTpAIMU HANpsHKEHUH B IMIMHAPHYECKOH TpyOe c
MIPOTSDKEHHBIM YTITYOJICHHEM, a Takke B chepuueckoil 000I0uKe ¢ JOKAIBHBIM YIriyOJeHueM
[86,88,89].
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Puc.8 — lapamempuszayus nogepxrocmu Puc.9 — Ilapamempuszayus mpexmepnozo
COJHCHOU ceomempuu meia clOAHCHOU 2e0Mempuu

OKcnepumenmanvno-meopemuueckuil Memoo UCCIE006AHUA HCECIMKOCMU MOHKO-
CHEHHBIX ITIEMEHM 08, MeMOPAn U nAeHOK. JIOCTIXEHNS HAYKH M TEXHUKH TTO3BOJISIIOT ITPO-
M3BOJICTBO MAaTEPHAJIOB CO CIOKHOM CTpykTypoi (puc.10). Ilpu 3TOM BO3HHKaeT mpobdiieMa
orpesielieHust (PU3MKO-MEXaHUYECKUX CBOMCTB TOHKOCTEHHBIX 3JIEMEHTOB, IUICHOYHBIX H
MeMOpaHHBIX KOMIO3UIMH CIIOKHOM CTPYKTYpHI, B TOM YHCJIE C HEIUIOCKOH MCXOIHOU Teo-
METpHEH. e Wy 2 s 2

Onwucath TEOMETPUIO U HEOJAHOPO- ' '
HOCTh CBOICTB JJIEMEHTOB CO CJIOXHOH
CTPYKTYpOH U ¢ fedeKTaMu TPYIHO WIH BO-
obme HeBO3MOXXHO. CTaHAapTHBIA OxHO-
MEpHBII CrIoc00 MCHBITAHUSI HA PACTSHKEHUE
MOJIOC, BBIPE3aHHBIX W3 JIUCTOB, JaeT pas-
Opoc pe3yabTaTOB M HE IPUMEHHUM JUIS DJIEMEHTOB CO CIIOKHOH CTPYKTYpPOH U C IedeKTaMH.
OCo0eHHO 3TO OUIYTHMO Ul TOHKMX 00pa3ioB. MHIEHTOpPHBII METO/ MCCIeOBaHHUS Mexa-
HUYECKHUX XapaKTEePHUCTHK TOHKOCTEHHBIX JIEMEHTOB CO CJIOXHOW CTPYKTYpOW He Bcerna d¢-
(exTuBeH. MOJNEKyYISpHBINA MOIX0 Ha 0a3e MOILIHBIX KOMITBIOTEPOB TaKKe UMEET HelocTat-
K{: BO3HHUKAIOT TPYJHOCTH IIPH OMUCAHHUU CIOKHOW CTPYKTYPHI Ha MOJIEKYJISIPHOM YpOBHE, a
TaKke 3a7laHuu HHPOpMAIHK O eeKTax Ha HAaHO U MaKpOYPOBHSIX OJJHOBPEMEHHO.

B HMO pa3paboran ABYMEpHBIH 3KCIEpUMEHTAIBHO - TeopeTndeckuii Meron (DTM)
OITpe/IeIeHUsI TIPUBENCHHBIX (MHTErPaJIbHBIX) MEXaHUUECKUX XapaKTEPUCTHK IIOCKHUX U cde-
PHUYECKHUX TOHKOCTEHHBIX 00pa3I0B CO CIOKHON CTpYKTYpoii (puc.10) u ¢ pacnpeneaeHHbIMU
nedexramu [28,41,43,53,56-62,64,68, 72,73].

Ha sxcniepuMeHTanIsHOM 3Tare I IIOCKUX WK chepudeckux o0pasnoB (puc.11) crpo-
ST KPUBBIE «IIPOrud Kpyrioro obpasua H ot jaaBneHus p». Vcrnonb3ys MareMaTHYecKHi am-
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rnapaT CTaTHCTHYECKOW 0OpaOOTKH, MPOW3BOAUTCH (DUIIBTpAIMs SKCHEPUMEHTANbHBIX JaH-
HBIX, 00€CIIeYnBas J0BEPUTEIbHBIA HHTEpBaI 95%.
@ H. = f(p) Ha teopernueckoM 3tame cTposSTCsS KpUBBIE
. e OpMHUPOBAHUS, BBIUYUCISIFOTCS ITPUBE/ICHHBIC
¢ AMOIYTA YHPYroCTH E WM YCIOBHBIE MOIYJIH
i YHOPYTOCTH Eyc;, UCTIONB3YSI (GOPMYIIBI, MOTyYEH-
“ HBle W3 HEIMHCHHOM TEOPHU TOHKUX 000JI0YEeK
" 1Ipu OOJNBIIMX TEpEMENIEHHAX U AepOpMaIUsX U
COOTHOIIIEHUM Teopuu miactuaHocTH. Ha croco-
OBI HCIIBITAHUIA U YCTPOMCTBA TOJYUEHBI TTATCHTHI
Ha nzo0perenust: NeNe 2184361, 2296976, 2310184, 2387973, 2403556.
Ha 6a3e OTM u3yueHO, B YaCTHOCTHU: BJIUSHUE IlIara ¥ TITyOWHBI TOBEPXHOCTHBIX Iapa-
[IMH Ha U3MEHEHHE KECTKOCTHBIX CBOMCTB TOHKOCTEHHBIX 3yieMeHToB [57,107,108], BnusHue
BO3JICUCTBUSL COTHEYHOI'O0 M3JIy4eHHMS Ha MEXaHHUECKHE CBOMCTBA ITOJUMEPHBIX IUIEHOK C
ITOJUTOXKKOM pasHoro 1Bera [56,58] u ap. Tarxke pa3paboTraHa METOIHMKA OMPEICICHUSI MeXa-
HUYECKUX CBOMCTB TOHKHUX IUIEHOYHBIX MaTEPHAJIOB ¢ HAHOMOKpbITHEM [68,109]. 9TM pazsur
JUTSL MICCIIEIOBAHUSI MEXaHUYECKUX XapaKTEpUCTHK OHoslornyeckux Memopas [91].
Hcceneoosanue mexanuueckux ce0UCME MOHKUX NAEHOUHBIX MAMeEPUuanog ¢
Hanonokpvimuem. Ha TOTMMEpPHYIO IUIEHKY HAHECEHO NMOKPBITHE «OKHUCh THTaHA» HOHHO-
riazMeHHbIM MetopoM. Hcenenyss OTM mieHky «c» u «0e3» MOKPBITHS ONpeAeIeHbl Mexa-
HUYECKHE CBOMCTBA KOMIIO3UIIMY U HAHOMOKPBITHS. Hamu4uue moKphITHS U3MEHSET KECTKOCT-
HBIE CBOMCTBAa KOMIIO3WIMH: C YBEJIMYCHUEM TOJIIUHBI IMOKpPHITHS 3(dexT Bo3pacraer
(puc.12) [68,109].

Puc.11 — CxeMbl yCTaHOBOK

H um
& B = Eet e
noxp
554
50+
4.5
4.0

noon "“noox

E, Uy o)~ Enr

Ionumepnas nnenka

Honumepuaﬂ nJleHKa c

nokpvlmuem 35
304
—a— OGpaey 6
Puc.12 — 3asucumocms p - H 25 : —e— ocpasey 3
] a 4 DSpasey (452
Obpaszey Ne3 — nokpoimue 50 Hm, f? : £ MM
5] ,
NeNed, 5 — nokpvimue 150 nm de 05 18 158 2p 2%

HccnenoBanue BIMSHUS TOBEPXHOCTHBIX [ApaNyH Ha M3MEHEHHUE JKECTKOCTHBIX CBOMCTB
TOHKOCTCHHBIX 3JIEMEHTOB. JKCIICPUMECHTAIBHO-TCOPETUICCKHUI TTOAX O/ PA3BUT JUIsl aHAIN3A
JKECTKOCTHBIX CBOMCTB TOHKOCTCHHBIX 00pa3loB ¢ Iapamuramu (puc.13) [107,108]. TTo skc-
MIEPUMEHTAIBHBIM PE3yJIbTaTaM: BBIUMCIICHBI ITPUBEICHHBIC TAHTCHIIMATBHBIC JKECTKOCTH Ha
paCTsDKEHHE - C)KATHE W TPUBEACHHBIC )KECTKOCTU HAa M3TUO0; MONYYCHBI MOICTHA W3MCHCHHUS
JKECTKOCTHBIX CBOMCTB TOHKOCTCHHBIX 3JICMEHTOB C I[apallMHaMU. Y CTAHOBJICHO, B YaCTHOCTH,
YTO MOBEPXHOCTHHIC IAPAITUHBI MPUBOIAT K 3HAYUTCILHOMY CHI)KCHHUIO TaHTCHIIMAJIBLHON U
M3THOHON KECTKOCTH TOHKOCTCHHBIX 3JIEMEHTOB KOHCTPYKIIHH.

JKecmrocmo na
pacmsidicenue B
om enyounsl ya-

\ panunbwl t
800004 \
Puc.13 — Hccnenyemblie o0pasiupl, (pparMeHT YCTaHOBKH .
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Hcceneoosanusn senenus kopposuu. Viccnenopanus DTM TOHKOCTEHHBIX 00pasIoB,
MTOJIBEPKEHHBIX KOPPO3SHOHHOMY M3HOCY, MTO3BOIMJIM YCTAHOBUTH, YTO HAPSIAY C U3MECHCHHUEM
TCOMETPUUSCKUX TapaMETpPOB, MPOHMCXOIAUT H3MCHEHHE CBOMCTB MOBEPXHOCTHBIX CJIOCB
BCJICICTBHE «Pa3pBIXJICHUD) MaTepHalia, YTO MPUBOJNUT K M3MCHEHHIO MEXaHUYCCKUX Xapak-
TEPUCTUK 0OPA3IIOB B LETIOM.
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OnHuM U3 (HaKTOpOB, CIOCOOCTBYIONIMX Pa3pYILCHUIO 3aLIUTHON IUICHKHU (IIaCCUBUPY-
IOIETO C€N104), SABIAETCAd MexaHuueckas Aedopmanus. O4eBUIHO, YTO 3aIUTHBINA CION NpU
nedopManuy aneMeHTa Tawke aedopmupyercs. [IpemtoxeHa Mozens BIUSHUA MeXaHHYe-
CKUX JedopMalyii Ha TOJIIUHY MacCUBHPYIOIIETro ciios [27], cripaBeaIuBOCTh KOTOPOH MoA-
TBepxkeHa B pabdore [79,80]. Ha puc.14 mpuBeneHsl XapakTepHble KPUBBIE 3TallOB KOPPO3H-
OHHOT'0 M3HOCAa METAJUIMYECKUX 00pa3loB HEHarpy)XeHHbIX (0e3 medopmanun), a Takxe Mpu
HAJIMYUK CTaTHYECKOTrO W JTUHAMHUUYECKOro Harpyskax. B padore [79,80] na 6aze OTM ycra-
HOBJICHO, YTO B KOPPO3MOHHOH CpeJie )KECTKOCTh Ha PACTsHKEHUE TOHKOCTEHHBIX MeTallnde-
CKHX 3JIEMEHTOB C PacTSIHYTHIMH OBEPXHOCTSIMU YMEHbIIaeTCs ObICTpee, YeM Ul aHAJIOTUy-
HBIX 3JIEMEHTOB CO C)KaThIMHU IIOBEPXHOCTSIMU.

Pa3paboTanbl criocoObl U YCTPONHCTBA HCHBITAHUN B Cpele HarpyKEeHHBIX HNPSAMOYIOJb-
HBIX ¥ KPYIJbIX 00pa3noB (puc.15) — nmatentsr NeNe2437077, 2439537, BnusiHue MexaHude-
CKHX JIe()eKTOB Ha CBOWCTBA HAIPY)KEHHBIX TOHKOCTEHHBIX 3JIEMEHTOB KOHCTPYKIIMI B arpec-
CUBHOMH cpenie paccMOTpeHs! B [53,57].

.

Puc. 14 — 3asucumocms moka i — om nomenyuana @

Puc.15 — Ipsimoyeonvubie u kpyaivle 0bpasyvl

TlozepxHOCT: Odpazopamme Paspymenne
MeTa11a na P 0 c108 pYIOLero ¢102

B HMO HnauaTbl paboThI 110 M3YYEHHIO BIIHS-
okl s Hust MarauTHOro mosst (MIN) u ynbTpaduoneToBoro
BE S e manydenuss (Y®) Ha  mpolecc  KOppO3UH
[70,77,78,82,83,97,98]. YcTaHoBIEHO, B YaCTHOCTH, YTO KaK B BOJAE, TaK U B KHUCIOH cpene
KECTKOCTh Ha pacTsHKeHHe TOHKOCTEHHBIX 00pa3loB Ipu BoznelcTsun MII cHmkaercs Men-
neHHee, uyeM rpu uzHoce 6e3 MII (puc.16) [77,78]. HerpepsiBHOe Bo3aelicTBue Y@ Ha craib-
Hble 00pas3libl, HaXOAIIUeCs B PACTBOPE T'MIIOXJIOPUTA HATPUS, CIIOCOOCTBYET POCTY KOPpO-
3MOHHOTO M3HOCA. DTOT 3(PdeKT coxpaHAeTCs NPH Pa3IUYHBIX KOHLEHTpaUUsIX PacTBOpA,
OCBEIIEHHOCTH TOBEpXHOCTH 00pa3ioB Y@ u ummrenbHOoCcTH uctbitanus (puc.17). Tam xe
IpUBEAEHBI H300pakeHUs IOBEpXHOCTeN 00pa3noB npu 10-Tu kpaTHOM yBenuuyeHuu: 1 - Ge3
V®,2- Y232 B/, 3 - VO 41,5 Br/v® [82,83].
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Jlawsene p. MiTa

HccnenoBaHo BIUSHUE HAIIPaBIEHUS CWIOBBIX JIMHUM MarHUTHOTO 1101 3eMJIM Ha IIpo-
1ecc KOPpO3MOHHOTO M3HOCA METAJUIMUecKuX 00pa3ioB [97,98]. YcraHOBIEHO, 4TO OpUeHTa-
I 00pa3loB MO OTHOLIEHHIO K CHJIOBBIM JIMHUAM 3€MHOIO MarHUTHOIO IIOJS BJIMSET Ha
KOpPpO3UOHHBIN M3HOC (puc.18).
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BonbiieMy KOppO3MOHHOMY M3HOCY IMOJIBEPIKEHBI 00pa3Iibl, MOBEPXHOCTH KOTOPBIX Ia-
payutenbhbl cuioBbiM JHUAM MIT 3emim. Dddexr BiusHus Oonee 3HaumreneH B MII ¢
OoJIbIIeH HANIPSHKEHHOCTHIO.
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MECHANICS OF THIN-WALLED STRUCTURES: HISTORY, DIAGNOSTICS

N.M. YAKUPOV
Institute of Mechanics and Engineering, Kazan Science Center,
Russian Academy of Sciences

Skins, possessing unique properties, are widely used in all industries. They take heavy
loads, work in harsh environments and are exposed to the physical fields. It is necessary to
assess the carrying capacity of thin-walled structures, taking into account the influence of
fields and environments, as well as on the basis of revised relations theory of shells. The
fragments of the history of the birth of the nonlinear theory of shells and membranes, a meth-
od of evaluating the mechanical properties and the evaluation approach of stress concentration
in thin-walled elements of designs of complex structures. There have been new results on the
effects of corrosion.

Keywords: shell, thin-walled structures, the stress-strain state, the load, the environment
and physical fields, magnetic field, corrosion, surface defects, mechanical properties, corro-
sion wear model, stress concentration, diagnosis
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Analysis of thin shells

USING FGM FOR CYCLIC SHELL STRUCTURES

GIL-OULBE MATHIEU, associate professor,

ISMAEL TAHA FARHAN, second year of master student
Peoples’ Friendship University of Russia,

115419, Moscow, Ordjonikidze str., 3

This article deals with FGM for cyclic shell structure and the finite element modeling and
analysis of functionally graded (FG) shell structures under self-loading. In order to study the
influences of important parameters on the responses of FG shell structures, some types of
cyclic shells have been considered. The responses obtained for FG shells are based on the
analysis; some important results are presented and discussed for thin cyclic shells.

KEY WORDS: Functionally Graded Materials, Cyclic Shells, Epitrochoidal Shells,
Thermo-Elastic Property.

Introduction:

Thin shells as structural elements occupy a leadership position in civil,
mechanical, architectural, acronautical and marine engineering, since they give rise to
optimum conditions for dynamic behavior, strength and stability. In other words,
these structures support applied external forces efficiently by virtue of their
geometrical shape. An important aspect in the successful applications of these
structures is fact that shells cover large pans. As for many other shape kinds, conical,
cylindrical shells and shells of complex geometry are very common structural
elements.

The concept of functionally graded materials (FGMs) introduced a class of highly
engineered structures tailored to specific properties, resulting of compositional
changes in used materials. The necessity to bring into practice new materials appears
crucial with, for instance, space vehicles: on the surface side and the skin plates
should have very good heat-resistance, on the inside, however, — high mechanical
qualities (e.g. toughness) were needed.

The problem was successfully solved in Japan in the mid of 1980s by
manufacturing specific composite: metallic matrix and ceramic particles with graded
distribution of these particles. That solution is closed with ingenious structural
systems in some plants, e.g. bamboo. After 20 years of intensive research and
practical applications, the field of FGMs is still in development and a precise
definition of that new class of materials is till now not accepted. Modeling of FGMs
is recognized as indispensable step in designing at the microstructural level to meet
specific requirements of an intended application. Many production technologies were
proved to be useful for practical adoption.

Today, production of graded structures can be considered as the next step in
composite materials development. Functionally graded materials are a relatively new
class of engineered materials in which the composition and/or microstructure varies in
one specific direction. They are made by a continuous change in composition and do
not possess a specific interface. Therefore, it is generally assumed that such a
structure should better resist thermal and mechanical cycling. The application of this
concept to metal matrix composites (MMCs) leads to the development of
materials/components designed with the purpose of being selectively reinforced only
in regions requiring increased modulus, strength and/or wear resistance.

Definition and Modeling of FGM

Functionally graded materials (FGMs) are a class of composite materials that
have been taken into consideration in the last three decades because of their special
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performance compared with conventional materials. FGMs are inhomogeneous
materials made from different phases of material constituents, usually ceramic and
metal, and their material properties change gradually along a  certain direction,
usually in the thickness one.

The term FGM was originally presented in the 1984 by a group of scientists in
Japan when they conducted research into materials that are resistant to extremely high
temperatures for aircrafts and aerospace applications. Due to particular characteristics
of functionally materials, these can resist high temperatures in various environments.
Different types of gradations laws are available in the literature. In the present work
power law Gradation has been considered in order to calculate the material properties
of FG structures. FGM Consisting of two constituent materials has been considered.

The top surface is assumed to be rich in Material-2 (ceramic) and bottom surface
is assumed to be rich in material-1 (metal).The region between the two surfaces
consists of a combination of the two materials with continuously varying mixing
ratios of two materials.

i Gy m
7.(2)= L{',_—“]
2h J
Vo(2)=1-Fu(2)
P(z)= By +{(F, — B W, (2)

where z is the distance from mid-surface and m is the power law index, a positive
real number. Pp,,; Is the material property of metal (steel) surface and P, is material
property of ceramic (4/,05) surface. Vc (z) And V,, (z) are the volume fractions of
the ceramic and metal surface. In the present analysis, the material properties are
varying though the thickness from bottom to top. The material properties such as
young’s modulus, thermal expansion, conductivity and density are varying in
thickness direction only and Poisson’s ratios is constant throughout the thickness as
shown in Fig 1. The material properties used for modeling and analysis of FG
structures is presented in the Table 1.

Table.1. Thermo-elastic properfies for metallic (Steel) and ceramic (A1203) phases

Matenal Therma| expansion Poisons® ratio Young's modulus Density(kg'm’)  Conductivity(k)
coefficient ii E(GPa) (Wn'E)

a(’c")
ALO, 6.0x10* 0.5 390 380« Al
Steel 14=10° 05 210 7.85x10° 40

e

N

Material gradation
Material gradation

Figure 1
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There are two types of graded structures which can be prepared in case of
FGCM, continuous structure as shown in figure 1 (a) and stepwise structure shown in
figure 1(b). In the case of continuous graded structure, the change in composition and
microstructure occurs continuously with position. On the other hand, in the case of
step wise, microstructure feature changes in step wise manner, giving rise to a
multilayered structure with interface existing between discrete layers.

Many researchers proposed several kinds of processing methods for FGCM [1].
Powder metallurgy is one of the most important methods of producing FGMs. An
example of a typical fabrication process by the powder metallurgy is schematically
illustrated in flow chart (figure 2). At first, material A and material B are weighed and
mixed. Each of mixed-powder is mixed uniformly by a V-shape mill/ball mill. Next
step is stepwise stacking of premixed powder according to a predesign spatial
distribution of the composition in respective die.

Last step is sintering high

R G quahty materlals'm short periods by
charging the intervals between
powder particles with electrical

1 energy and high sintering pressure.
The FGM fabricated by this method
Mixing should have the stepwise structure,
; and it is difficult to produce the
FGMs with continuous gradients.
Stacking The continuous graded structure
l, can be created by a centrifugal
—_ force [2].
TS Cyclic Shell:
I' The investigation of the class of
Sintering cyclic surfaces started from the
research of tubular surfaces of
Figure 2 constant diameter having straight or

curvilinear axes. Further, many
subclasses and types of cyclic surfaces were discovered and examined [3]. Some
cyclic surfaces have been named in honor of the geometricians presented these
surfaces for the applications. For example, one may mention Joachimsthal’s surface,
Dupin’s cyclides, or the surface of Virich. It should be noted that surfaces of
revolution are the cyclic surfaces with straight axis but they are singled out into a
special class of Surfaces of Revolution, which is why these surfaces will not be
presented in this review.
Terminology and Classification of Cyclic Surfaces:

The cyclic surface is formed by movement of a circle of variable or constant
radius under any law in a three dimensional space [4]. The equation of a cyclic
surface in the vector form may be written as

r=rwv)=p@ +R e,
where r(u, v) is the radius-vector of a cyclic surface; p(u) is the radius-vector of the
directrix, i.e. of the line of the centers of generating circles; R(u) is the law of change
of radius of circular generatrices.
Epitrochoidal Surface:

The M point located on a plane of a circle with the a radius, which rolls without
sliding on other motionless circle with b radius, forms an epitrochoidal line [S]. The
planes of these two circles constitute a constant corner y. The distance from a point of
M to the center of a mobile circle is equal to ua(u = Loru < l,oru > 1).
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changing parameter y from 0 to 2m, it is possible to receive a family of epitrochoidal
curves which will form epitrochoidal surface (Figure 3) [5]. Surface @ envelops a
system of spherical surfaces and touches with them along the circles. The theorem of
Joachimsthal’s proves that the family of circles of epitrochoidal surfaces is lines of
curvature; hence, a surface @ is a special case of canal surface of Joachimsthal.

STy e

=0 u=03 u=05
Figure 3
An epitrochoidal surface maybe defined by the parametrical equations:
x=x(a,v) = 2R(a)cos’ veosa, v =y(a,v)=2R(a)cos’ vsina, z=z(c.v)=R(a)sin2v,

where R (o) = a (1 + pcos @) is the radius of a generating circle, o is a corner
between an axis Ox and a plane of a circular generatrix. At this way of the task, one
recognizes that a surface generates by rotation of a mobile circle with radius a about
its tangent in the point of a contact with a motionless circle with radius b = a.
Generating circles of the surface lie in a plane of one pencil. The beginning of
coordinates is placed in a double conic point of the surface.

Additional information can be taken in [6].

Modeling of FG Structures using ANSYS:

The material properties of the FGM change throughout the thickness; the
numerical model has been divided into various layers in order to make the changes in
properties. Each layer has the finite portion of the thickness and treated like isotropic
material.

INTE ANS?S

Fig.4. Functionally Graded epitrochoidal shell

Material properties have been calculated at the mid-plane of each of this layer by
using the power law gradation. The thickness of FG shell structures have been
discretized through the thickness into two layers in order to model FG shell
structures. The finite element (FE) modelling has been carried out using ANSYS. A
layered shell element (SHELL181) has been used for modelling of FG shell
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structures. The element has six degrees of freedom at each node. Translations are in
the nodal x, y, and z directions and rotations about the nodal x, y, and z-axis. In this
paper finite element modelling of functionally graded cyclic shell (Epitrochoidal
shells) structures have been done.

NODAL SOLUTION ﬁNS?S

STEP=1

SUB=1

TIME=1

RG]

USUM (AVG)
RSYS=0
DMX= 001163

QMN= 14aF.n7

149E-07 .129E-03 .258E-03 .388E-03 .517E-03 .646E-03 .775E-03 .904E-03.001033.001163

45E-0 = a3 -S17E-02 . T75E-D03 -001033

JEEE-C3  _E4EeE 04E .Qgilea

NODAL SOLUTION ﬁNS?S

STEP=1

SUB=1

SRR L

: TIME=
SEQV (AVG)
DMX=.001163
SMN= 398.617

SMX= .881E+07

398.617 978762 .196E+07 .294E+07 .391E+07 .489E+07 .587E+07 .685E+07 .783E+07 .881E+07

25 _6LY - LBEEFOT -2F1E-0T SSETEFDT - TE2EFD

Fig. 6. Von Mises Stress variation for FG epitrochoidal shell
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Results and Discussions:

Based on the FE analysis as discussed, FG epitrochoidal shells have been
analyzed using ANSYS. Results obtained of different analysis (such as static, and

thermal) have been presented in the following subsections.

NODAL SOLUTION ANSYS
STEP=1 e

SUB=1 R
TIME=1

EPTTY (AVG)

RSYS=0
DMX=.001163
SMN= -.237E-04
SMX=.141E-04

-.237E-04 -195E-04 -.153E-04 -.111E-04 -.691E-05 -.271E-05 .150E-05 .570E-05 .991E-05 .141E-04

Fig.7. Strain (Y-axis) variation for FG epitrochoidal shell

NODAL SOLUTION ANSYS
STEP=1 R13.0
SUB=1 16:40:33
TIME=1

EPTOZ (AVG)
RSYS=0
DMX= 001163

SMN= -.182E-04

CRMV= 240C NA

-182E-04 -127E-04 -.T09E-04 -.152E-04 .405E-04 .962E-04 .152E-04 .208E-04 .263E-04 .319E-04
1E25-1) Tz __. i

E-05 J152E-04 -ZE3E-04
= 127E-04 -.1825-08 SEZE-T5 28E-24 .4152-04

Fig.8. Strain (Z-axis) variation for FG epitrochoidal shell
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FE analysis of FG epitrochoidal shell structure under self-weight and thermal
loading

An epitrochoidal shell structure with fixed supports is depicted in Fig 4. After
validation, it has been analyzed under mechanical as well as thermal loading. Finite
element (FE) analyses have been done using our model. Thickness of the shell (A=1.0
cm) including (Al,0; = 5mm, Steel = 5mm). The mechanical and thermal material
properties used in the present study have been listed in the Table 1. Fig. 5 shows
displacement variation for FG epitrochoidal shell under self-weight and thermal
loading. The overall displacement varies from 0.149 - 10~7m to 0.001163 m.

Fig. 6 shows the Von Mises Stress variation for FG epitrochoidal shell under self-
weight and thermal loading. The stress varies from 398.617 Pa. to 0.881-107Pa.

Fig. 7 shows Y- component of the strain variation for FG epitrochoidal shell
under self-weight and thermal loading. The strain varies from —0.237 -
10™* to 0.141-10* Fig. 8 shows Z- component of the Strain variation for FG
epitrochoidal shell under self-weight and thermal loading. The strain varies
from —0.182-10"* to 0.319-107%.

Conclusions

A layered epitrochoidal shell element (SHELL181) has been used for the
modeling and analysis of functionally graded (FG) composite shell structures.
Important results obtained from the present study have been presented here, that
shown the strengthening role of functionally graded materials for shell structure.
Static analysis of the FG epitrochoidal shell under self-weight and thermal loading
have been done and validated with the published results.
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INPUMEHEHUE ®YHKIIMOHAJIBHO-T'PAJIUEHTHBIX MATEPUAJIOB B
KOHCTPYUPOBAHUU IMKJIMYECKHUX OBOJIOYEK

Kunp-yn6e Matbe, Mcmaun Taxa @apxan
Poccuiickuit ynueepcumem opyosicovl Hapooos, Mockea

CraTbs mocBsiieHa (pyHKIMOHAIBHO-TpaAueHTHBIM Matepuaiam (PI'M) B koHCTpyHpo-
BaHMM M KOHEYHO-JIEMEHTHOM MOJIEJIMPOBAHUU IHUKIMYECKHX O0OJIOYEK I0J JeiCTBHEM
cobcrBeHHoOro Beca. /s uccienoBanus BIUSHAS (yHKIMOHAIBHO-TPAIUCHTHBIX MaTEpUAIIOB
Ha MPOYHOCTh 000JIOUEK, PACCMOTPEHBI HEKOTOPBIE BUJIBI IIMKIMYECKUX 00omouek. [TomydeHs
Ba)KHBIE Pe3yIbTaThl, KOTOPhIE NPEACTABICHBI U IPOKOMMEHTHPOBAHBI B CTAThE.

KJITOUEBBIE CJIOBA: ¢yHKUMOHAIBEHO-TPAIMEHTHBIE MaTepUalibl, [IUKINYECKue 000-
JIOYKH, SITUTPOX OUAAIBHBIE 000IOUKH, TEPMO-YIIPYTHI MaTepHAL.
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PacyeT u npoeKTupoBaHne CTPOUTEIbHEIX KOHCTPYKLUU

K BOITPOCY HANIPSI)KEHHOI'O COCTOSIHUSA COEIUHEHUM
JEPEBSHHBIX 9JIEMEHTOB HA JIOBOBBIX BPYBKAX

A.C. MAPKOBMUY, kano. mex. nayx, ooyenm
Poccutickuil ynusepcumem opyaicovi HaApooos,
115419, . Mocksa, Opooiconuxuose, 0. 3, markovich.rudn@gmail.com

B cmamve paccmompenvi pe3yromamvl KOMNbIOMEPHO2O AHATU3A HANPANCEHHO- Oe-
DopmMuposanHo2o cOCMOAHUSL ONOPHO20 Y31d KACEHOU MemAlI00epe6sHHOU (hepmbl, peulen-
H020 1060601 8pyOKoll. Ha ocnosanuu npoedenHbIX uccie008anull COeslaHbl 8bl800bL 0 HeoO-
Xooumocmu yuema 6 paciemax HOPMAIbHbIX HANPSHCEHUL MeHCOY NPOOOTLHBIMU COAMU, OM
KOMOPBIX CYUECMBEHHO 3A6UCUM BETUUUHA 2IAGHBIX PACMASUBAIOWUX HANPSIICEHUL, d MAaK-
JKce Hanpaegienus NIoWAOoK, Ha Komopulx oHu Oeticmsyiom. Tlomumo smozo, ucciedosana u
noomeepIcOeHa IPPeKmusHOCIG NPUMEHEHUST HAKIOHHO BKICCHHbIX CIMepicHell O/l NOGbl-
weHUst CO8U2080T NPOYHOCTNU COCOUHEHUT HA T0008bIX 8PYOKAX.

KJIFOUEBBIE CJIOBA: nepeBsiHHbIE KOHCTPYKIIHMH, JIOOOBbIE BPYOKH, COEIMHEHUs Ha
BKJICCHHBIX CTEPIKHSAX, KOMITBIOTEPHOE MOJETUPOBAHIE, METO/] KOHEUHBIX 3JIEMEHTOB

OnnuMu U3 Hanbolee MPOCTHIX U HAJCKHBIX OMOPHBIX COCMHEHHI B JICPEBSH-
HBIX (epMax sBIsiercs JoOoBas BpyOka, MpUMEHsieMasi B CTPOUTEILCTBE Ha MPOTSI-
KEHUU MHOTHX JECSATKOB JieT. HecMOTpsi Ha MHTEHCHBHOE Pa3BHTHE W BHEIPEHUE
APMHUPOBAHHBIX KJICEHBIX KOHCTPYKIIMHA, COCMHEHUs Ha JIOOOBBIX BPYOKax MpOJO-
KAIOT UCIIONTb30BATHCS M B HACTOSIIIECE BPEMS.

['maBHBIM HETOCTATKOM JIOOOBBIX BPYOOK SIBISIETCS BOZMOXHOCTH pa3pyIlCHHS
OT CKaJIbIBaHUSl IPEBECHHBI BCIICACTBUE MEPEHANPSIKEHHS OTIOPHOTO y371a.

Wnes pacuera 1000BBIX BPyOOK Ha OCHOBaHUM JCHCTBYIOIIMX HOpM [1] 3akiiro-
YaeTcs B MPOBEPKE YCIOBHH MPOYHOCTH C YIETOM YIPYTHX CBOWCTB JIPEBECHHBI.

1. Ilo miomanke ckanpiBauus — AB (puc. 1):

T
Tk = <RE, (1)
CK

rae X uRP — cpennee kacarenbHoe HanpssKeHne Ha TIOAAKe AB U cpenHee pac-

YETHOE COMPOTUBIICHHE APEBECUHBI CKalbIBaHUIO, T U Fo — CKajbIBaOIEEe YCHIIHE
Y IUIOIIA/b CKAaJIbIBAHUA.
2. Tlo mmomanke cmsitust — BC:
N
_ C
Ocmya = F < RCM,a > (2)
CM

e ogy o MR — HOpMaJIbHOE HalpshKeHne Ha Tuiomaake BC u pacyerHoe compo-

cM,Q
TUBJIEHUE JPEBECUHBI CMATHIO MOJ] YIJIOM K MPOJ0JIbHBIM BoJlokHaM, N, u F,, — npo-
JOJIbHAS CHJIa B CKATOM IOsice (pepMBI M TIIOMIAb CMSITHS.

3. Ilo ocnabneHHOMY BpyOKO# CEUCHUIO pacTsiHyTOro nosica — BD:

Np
op = T <R,, 3)
HT
rZie 6, 1 Ry— HOpManbHOE HallpspKEHUE Ha IUIoIanke BD U pacdeTHOE COIPOTHUBIIE-
HHE JPEBECHHBI OCEBOMY pacTshkeHHIo, N, U Fy, — mpononbHas cuna B pacTSHYTOM
nosice (hepMBI U ILIOIIAIb HETTO OCJIA0JICHHOTO CEUCHUS.

[lpu TakoM MOAXOJE HE YYHUTHIBAIOT AHMU30TPOIHBIC CBOMCTBA IPEBECHHBI U
npeHeOperaT HaNnpsHKeHUSIMH, BOSHUKAIOIINE MEXy COCETHUMH ciosiMu (o, = 0).

Bnusinne ykazaHHBIX (PAaKTOPOB Ha HAMpPSHKEHHO-IE(POPMHPOBAHHOE COCTOSHUE
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(HAC) omopHOro ysma KOMIEHCHPYETCS IMOBBIIIEHHEM IPOYHOCTHBIX KPHUTEPHEB
JPEBECUHBI, TaK B Cly4ae NMPOBEPKU MPOYHOCTH JAPEBECHHBI Ha CKaJlbIBAaHHE pacueT
MIPOM3BOAUTCS TI0 CPEJHEMY KacaTelbHOMY HaIpsDKEHUIO, TPHHUMAaEMOMY TTOCTOSH-
HBIM TI0 BCel mupuHe miomanku 4B (puc. 1).

[IpoBeneHHbIH AeTambHBIN KOHEUHO-3eMeHTHRIN ananu3 H/[C omopHoro y3na
TPEYroJIbHOM KIIECHOH METaJUIO/IepEBIHHON (pepMbl posieToM 24 M BBISIBUJ OINpee-
JICHHBIE HEJJOCTAaTKU TpaauimoHHoro noaxona. HIC onopHoro y3na muccienoBaioch
Ha Harpy3KH, TIOIyYEHHBIE B PE3yJbTaTe CTATHUECKOT0 pacuera (epMbl.

[~]
am a

T mex

240

240

i
V=Ncsina

Puc. 1. PacuerHas cxema onopHOro ysia pepmbl

<

B obmem cityuae omopHBbIN y3en ¢pepMbl HAXOAUT-
Csl B CIO)KHOM IIJIOCKOHAIPSDKEHHOM COCTOSTHHH. Olle-
MEHTApPHBII JJIEMEHT, BBIICIEHHBIA U3 MaTepHaia, mpe- O A N
ObIBacT B COCTOSIHUU PAaBHOBECHs TIOJ] IEHCTBUEM HOP- Q i AN
MaJbHBIX HaNpsDKEHUN oy, 0y W TMapbl KacaTeIbHBIX -
HaNPsDKEHUH Ty, = Ty (pHC. 2). ox 5 (@

B Bumy ocobeHHOCTEl yKa3aHHOTO HANpPsHKEHHOTO +
COCTOSTHHSI HEOOXOAMMO HCCIIeI0BATh TJIABHBIC HaTmps- ——
JKEHUS 0] U 03, IEACTBYIONINE HA HAKIOHHBIX ILJIOMIAJI- . Ty
kax. [lonaras, uro o) > o0,, Torna o; OyleM CUHTATh ¢
TJIaBHBIM PaCTATHBAIONINM HampsbkeHueM. B cuny anu-
30TPOMHBIX CBOMCTB APEBECHHBI PACHpeAeTICHHE 3THUX
HaTPsHKEHUH MPeACTaBIsIeT 0COObIi HHTEpeC.

g onpeneneHust TpaeKTOPHH IIIaBHBIX PACTITUBAIONINX HAIPSHKEHHH METOIOM
KOHEUHBIX 2JIEMEHTOR [5] ObLII BBIIMOJIHEH pacyeT OMOpHOro y3ia depmsl (puc. 3).

[Ipu MoaenrpoBaHUHU OMOPHOTO y3Jia HCIOIb30BaIHCh TuIockue KO memMOpaHHO-
ro Tumna [6], MO3BOJSIOIINE YYUTHIBATh peajbHBbIE CBOICTBA MaTepuajia Ha OCHOBE
(U3NYECKNX YpaBHEHUI OPTOTPOITHOTO YIPYToro Tena

Oy

Puc. 2. HanpsoxenHoe
COCTOSIHHE 3JIeMeHTa (pepMBbI

o O O o Tx
gy =2 —vp -, 8y=E—Z—V21E—Ta yxy:Fy' “4)
Benmnuunbl Mopyneit ynpyroctu u kodddunuento I[lyaccona apeBecHHBI BO
B3aMMHO OPTOTrOHAJBHBIX HAIMpPaBIEHHUSIX, & TakKe MOAYNIb CIBUTa MPUHUMAINCH
paBubiMu E; = 10 000 MIla; E, = 400 MIla; vi; = 0,02; v,; = 0,5; G = 500 MI]a.
CornacHo pe3ynbTaTaM pacuera B 00JacTH 30HBI CKabIBaHUs (4B) yron Hakio-
Ha TJIaBHBIX PACTATUBAIONINX HANPSHKEHUN K MPOJIOIBHONW OCH 3JIEMEHTa Ha pasiiny-
HBIX IIJIOIIAAKaxX cocTaBisil 25...75°.
Ha ocHoBanuu mocnenHero yTBEpKIASHHUS MOXHO CHENaTh BBIBOJ, YTO BBITION-
HEHHe yKa3aHHBIX BBIIIE MPOBEPOK MpouHocTH (1o ruiomankaM 4B, BC u BD) sBnus-
ercst 00s13aTeNbHBIM, HO HE BCET/Ia JIOCTATOUYHBIM.
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Eo b AT ) e e o = = = e e e

Puc. 3. TpaeKTOpI/IH TJIaBHBIX pacCTATUBaIOIINUX HaHpH)KCHI/Iﬁ

JeficTBUTENBHO, BO3MOXHA TaKasg CUTyallusl, IPU KOTOPOU IJaBHbIE pacTAruBa-
IOIIME HAMPSYKEHUS] HA OTAEIbHBIX IJIOIIAJIKaX MOTYT MPEB30OMTH pacuE€THOE COIpO-
TUBJICHHE IPEBECUHBI PACTSIYKSHHIO T10]] YIJIOM K BOJIOKHAM, T.€. OyeT BBIMOIHATHCS

hRApr‘]’ HEPABEHCTBO:
a 2
12 Ox t0y Ox —Oy 5
\ o) = + +75y >Rp %)
2 2
10 \
8 [IpouHOCTH IpEeBECUHBI HA PACTSHKEHHE IIPU IEHCTBUU

yCHIIUS TIOJ YIJIOM K BOJIOKHaM sIBIIsieTcs HauOolsee cia-
6 OBIM BHUJOM COIPOTUBJIICHUA W HOPMHUPYCTCA TOJBKO I
4 KJieeHol apeBecunsl [1]. B 3aBucumocTH oT yria a, ompe-
2

JIETIAIOIIETO HANIPABIICHUE ACHCTBHS YCUIIUS, BeanduHa R,
- m3Mensercst B npenenax or 12 Mlla pu a = 0° u mo 0,3
0 20 40 60 80 90 Mlla npu a = 90° (puc. 4). Takum obpa3zom, npu pacuere

—

Yron a, rpagychbl 7000BOH BpyOKH TpeHeOpekeHUuEe HOPMAallbHBIM HampsiKe-
Puc. 4. K ONpEIETIEHUIO HUEM 0y MOXKET CYIICCTBECHHBIM 06pa30M HCKa3UuTh I[eﬁ-
3HaveHwit R, , creutenbHoe HJIC omopHoro y3na ¢hepMsl.

Kak IIOKa3aju MHOI'OYHCJIICHHBIC HCcCIe10BaHUA
HHUUCK um. Kydepenko [2, 3, 4] u pexomenaanuu EuroCode 5 [7], Hecymast crio-
COOHOCTh KJICCHBIX JCPEBSHHBIX 3JEMEHTOB, PaOOTAIOIINX HAa CIBUT, MOXKET OBITh
IMOBBIICHA B PE3YJILTATC YCTAHOBKU B 30HC CKAJIbIBAHUA apMaTypPHBIX CTep)KHeﬁ.

1-1
2,5d 10d 2,5d

1
L=

Puc. 5. Ycunenue onopHoro y3ina GpepMbl BKICEHHBIMU CTEPIKHIMHU

PaccmarpuBasi pe3ynbTaThl dTHX HCCIENOBAaHHI MPUMEHUTENHFHO K 00CyXiae-
Moii rpobisieme, ObuT BhinonHeH aHanu3 HJIC omopHOro y3ia TpeyroiabHOH KiieeHOMH
METaJIOACPEBAHHON (DEPMBI C BKIICCHHBIMH CTEPKHIMH (pHC. 5)

J1J1s IOBBIIIEHUS HECYIIEH CITOCOOHOCTH COCAMHEHHs B pabouee ceueHue Orop-
HOTO y3j1a ObLJIO YCTAHOBJICHO 4 apMaTYPHBIX CTEpkHS J16 MM U3 apMaTypHOU CTaJIl
kimacca A400 mox yriiom 45° x BomokHaM. Takoe pacmoioXeHHEe CTepPXKHEH B Cpel-
HEM COOTBETCTBYET TPACKTOPHUH IVIABHBIX PACTATHMBAIOIIMX HaNpsDKEeHUH. B pesynb-
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TaTe 3TOr0 YAAIOCh TOOUTHCS CYIIECTBEHHOIO CHIDKEHHSI KacaTelbHBIX HAIPsDKEHUH
Txy (puc. 6). HanbGonbee kacaTenbHOE HANPsDKEHUE HA TUIOMAAKE CKajbIBaHus (4B),
cocrapnsmee 128,49 1/m> (1,285 MIIa), mpu ycTaHOBKE apMaTypHBIX CTEp:KHEH
CHH3HIIOCH 110 Benmuuunbl 107,76 T/m” (1,077 MITa), T.c. Ha 16,61%.

)

a) L 6)

o)
CEN|

o

Al A
ERE | ‘ ]

o
P

0 oY

o7 0 ,T
o6—0—0-0-0-0¢F 7T 1 1 p-n-0-0- ¢ |

7

| 08 5 |
- |

|

|

\

Puic. 6. DIIOphI KAcaTeNbHBIX HATPSUKCHHI Ty, (T/M°):
a— 0e3 yCuIIeHHs1 OTIOPHOT'O y3J1a; 6 — C BKIIECHHBIMH apMaTypPHBIMHU CTEPKHIMHU

B cBoro o4epecib B Iapax BKICCHHBIX CTep)KHeﬁ BO3HUKIIM NPOOOJBHBIC CHUJIbI
(puc. 7).

TR ® —

0.955
Puc. 7 Dnropsl mponoabHbIX cuil N, (T) B apMaTypHBIX CTEPXKHSIX

-0.017 -0.00874

OueBuHO, 4TO sl 0OECIeUeHHs MPOYHOCTH COCANHEHUS BEIUYMHA MPOJIOIh-
HBIX CUJI B apMaTypHBIX CTEpKHSAX N, HE JOJDKHBI ITPEBBIIIATH, C OJHOM CTOPOHHI,
HECYIIYI0 CHOCOOHOCTH BKJIEEHHOI'O CTEpKHS T, XapaKTepHU3YIOIyIOCs] COBMECTHbI-
MU JieOopMaIUsIMH JPEBECHHBI U apMaTypbl, a C APYroil CTOPOHBI — YPOBHEH yCHIHid
F.R,, py KOTOpPBIX BO3HHUKAET TEKY4ECTh CTAJM, UHBIMU CJIIOBAMH JIOJKHBI BBIIOJ-
HATHCS YCIIOBUS

T, =Rzdl,K K;myR, , cosa 2N,
T, =Rzdil,K K;myR, , cosa <ER,.
BykBenHble 0003Ha4YeHUS U (HU3NIESCKUI CMBICIT MOMPABOYHBIX K03 dumuenTon
B JaHHBIX (hopmynax npuseneHsl B m. 7.38 HopM [1]. CTOUT OTMETHUTH, YTO B pac-
CMaTpUBaeMON KOHCTPYKIIMH JTJAHHBIE YCIOBHUS BBITOIHAIOTCS.
[MonpoOHast KOMIBIOTEPHAST MOZIETh OTMIOPHOT'O y3JIa TPEYroibHOW (epMbl U Jie-
TanbHbI ananmm3 HJIC, mo3Boimy MOIy9IUTh CISAYIOIIUE BEIBOIBI:
1. [TomuMoO TpaAWITMOHHOTO pacuera Mo HopMmaM [1], peKOMeHIyeTcs BBIMOJ-
HSATH JIOTIOTHUTENBHYIO TIPOBEPKY MPOYHOCTH OMOPHOTO Y3J1a, PEHICHHOTO J0O0O0BOH
BpyOKo#. /laHHas mpoBepKa CBOAMUTCS K BBHITIOJTHEHHUIO YCIOBUSI:

(6)

SR S Ry S B S ™
2 2 ’

Kak M0XHO 3aMeTHTBh, MTOCIICTHEE YPaBHECHIE OTBEYACT MIEPBOM TEOPUH TIPOTHO-
cti (HauOONBINMX TIIABHBIX HANPSKEHWH), PU3NYECKHU CMBICI KOTOPOro 3aKitova-
€TCd B TOM, LITOGI)I TJIaBHBIC PACTATHBAIOUINE HAIIPSXKCHUA Ha IMPOU3BOJIBHBIX
HAKJIOHHBIX IUIOMIaAKaX HE NPCBLIIIAIN paCY€THOr0 COIMMPOTUBJIICHUSA JPEBECHHBI pac-
TAXKCHUIO 1O/ YTJIOM K BOJIOKHAM.
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2. Tlpu ocHOBHOM (TpaJMIIMOHHOM) pacuere JIOOOBBIX BPYOOK COTJacHO HOp-
Mam [1], nmpoBepku npodHocTH (1o rwiomaakaMm AB, BC, BD) sBustoTcs 00s13aTeNb-
HBIMH, HO HE BO BCEHU CITydasix JOCTaTOYHBIMHU.

3. IlpeneOpexkenue B pacuerax HOPMAJIbHBIMHU HANpPSDKCHUSIMU 0y MOXET HCKa-
3uTh aercreurensHoe H/IC onmopHoro y3ina.

4. Uccnenoanue HIC oco0eHHO CHIIBHO HArPY)KEHHBIX COSIUHEHUH CliemyeT
MPOBOANUTH, UCMOJIB3Yys KOMIIbIOTEPHBIE MOJIEIN Y3JI0B U COEAMHEHUM, C YUETOM aHU-
30TPONHBIX CBOMCTB JIPEBECHHBI HAa ONACHBIE COUETAHUS HATPY30K.

5. IlpumeHeHre BKIEEHHBIX HAKJIOHHBIX CTEPYKHEW B 30HE KOHIIEHTpAI[MU Kaca-
TENBHBIX HANPSHKEHUH A(QPEKTHBHO MOBBIMIAECT HECYIYI CIIOCOOHOCTH OMOPHOTO
y3ia.
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TO THE QUESTION OF STRESS STATE OF JOINTS OF
WOODEN ELEMENTS WITH THE FRONTAL CUTTINGS

A.S. Markovich
Peoples’ Friendship University of Russia, Moscow

The article describes the results of the computer analysis of the stress-strain state of the
support junction in laminated metal-wood truss with frontal cutting. On the basis of the re-
search, the necessity of the account of the normal stresses between layers, from which value of
the main tensile stresses greatly depends, as well as the direction of areas in which they oper-
ate. Besides, effectiveness of glued inclined rods for increase shear strength of joints on
frontal cuttings was investigated and confirmed.

KEY WORDS: wood construction, frontal cutting, joints on the glued rods, computer
modeling, finite element method.
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KOJIEBAHUS BAJIOK, JIEXKALIUX HA CINIOHTHOM
HEJIOKAJIBHO YIIPYT'OM OCHOBAHHNH

A.A. BACUJIEHKO, acnupanm

@I'EOY BO «Mockosckuil 20cy0apCcmeenHblil YHUSepCcumem nymetl
coobwenusi umnepamopa Huxonas Iy

127994, Mockea, yr. Obpaszyosa, 9, cmp. 9

e-mail: wasilenkoalena@yandex.ru

B nacmosuwee gpems npu pacueme 610K, 1eHCAUUX HA CHAOUIHOM YRPY2OM OCHOBAHUMU,
UCNONL3YVIOMCA pa3IuiHble MOOenu ynpy2o2o ocHosanus. OOnoll u3 naubonee pacnpocmpa-
HEHHIX AGIAEMCA MOOeb, DA3UPYIOWAAC HA 2unomese 0 NPONOPYUOHATLHOU 3A8UCUMOCTIU
Medxncoy pearyuell OCHOB8AHUA 8 MOUKe ¢ KOOPOUHAMOU X U 0CAOKOU 8 MOl JHce MouKe — SUno-
me3a Bunxnepa, komopas 00Haxo He 00CMAMOUHO KOPPEKMHO ORUCHIBAEMm NOGeOeHUe KOH-
CMPYKYUL, 1eACAUUX HA CRIIOUHOM YNPY2OM OCHOGAHUU.

B npeonazaemoii cmamve paccmampugaemcsa 3a0a4a 0 KOneobanuax oanku, nexcaweli na
CHIIOWHOM HENOKANbHO YNPYeOM OCHOSaHUU. [laemcs cpagHenue pe3ynvmamos paciemad, no-
JIYHUEHHBIX C UCNONb308AHUEM NPeOracaemoli Mooeau u mooem Bunkiepa.

KJIFOUEBBIE CJIOBA: 6ajku, HElNOKaJIbHO YIIPYroe OCHOBaHHUE, KoJeOaHus

B nactosiee Bpems npu pacuere 0ajok, JeKaIlluX Ha CIUIOLIIHOM YIPYTOM OC-
HOBaHUH, B OOJILIIIMHCTBE CITy4aeB MpUMeHseTcsi Mozieb Bunknepa-llummepmana [1,
2], ocHOBaHHAs Ha TPSMOH MPOMOPIIMOHATHLHON 3aBUCHMOCTH MEXIY MPOTHOOM U
peakiyeil OCHOBaHHS B pACCMaTPUBAEMOM CEUCHHH OaJKH:

r(x) =cw(x), (D
rae ¢ — Ko3(QQUIUEHT MOCTEIH.
[Iporu6 Ganku onpenensiercs U3 ypaBHEHHS:

4
EI &gx) +cew(x) =q(x), 2)
ox

rae El - sxecTKoCTh 0aiKH, g (x)— BHEIITHSS Harpy3Ka.

I'nnoreza Bunknepa-llumMMepMaHa MHOTO pa3 IOJABEPrajach KpUTHKE. 1 JIaBHBII
HEIOCTAaTOK 3TOW THUIOTE3bl 3aKII0YaeTcs B TOM, UYTO B JEWCTBUTEIFHOCTH 3HAYEHUE
peakIuu B pacCMaTpUBaeMOil TOUKE 3aBHCUT HE TOJIBKO OT Mporuda Oaiku B ATOH ke
TOYKE, HO ¥ OT 3HAYCHUH MPOrHOOB B COCEIHUX TOUKAX.

I'epceBanoB H. M. u Maueper 1. A. B cBoeli paboTe [3] paccMOTpeNn IIOCKYIO
3aaqy TEOPHH YIPYroCTH (3a7ady O TUIOCKOM ae(hOpMUPOBAHHOM COCTOSIHWUH) JUIS
n3ruba OecKoHeYHO OOJBIION TOHKOM TUTACTHHEI, BBIICIUB U3 Hee TOIOCKY, KOTopast
Jlaliee paccMaTpHuBaliach Kak 0ajika Ha YIPyroM OCHOBaHHMH, HarPyXKEHHas COCpPeo-
TOYEHHOU cuioil P mo cepenune.

dopmyna ams onpenenaeHns U3THOAIOIEro MOMEHTA B CPEJJTHEM CEUCHUH OaiKH,
TO €CTh B TOUKE MPUIIOKEHUS CHIIBI P, B 3TOM cily4ae UMeeT BH/I:

M=2P\/3\/2E[(1—u2)/(Elb) /9, 3)

rae E, — Momynb cxkaTus, wii Moxyns FOHra; u —koadduiment Ilyaccona; b — mm-
pHHa MMOIOIIBHI (h)yHIaMEHTA.

PesynbpTaThl peleHus 3aa9u B TaKOM MOCTAHOBKE 3HAYUTEIHHO OTIHMYAIOTCS OT
peIIeHus, TTOIy9aeMOoro ¢ MOMOIITBI0 THITOTe3bl Bunkiepa. OaHUM U3 TPUHIIAITHAITb-
HBIX OTJIUYHM SIBJISETCS OTCYTCTBUE 30H C PACTATHBAIONINME HAIPSKEHUSIMHU B TPYH-
T€ Ha KpalHUX ydacTKax OaJIkk MpH PELICHHH IJIOCKOM 3amaun. Eciu mis perneHus
TOM JKe 3a/Jaudl BOCIIOJIb30BAThCs TUIIOTE30M BuHKIEpa, TO KOI(P(OHUIIMEHT HMOCTEIN

26



CTpouTenbHas MexaHMKa UHXEHEPHbIX KOHCTPYKLMIA U coopyKeHuit, 2016, Ne 4

MOXeET OBITh MOJy4eH MyTeM cpaBHeHHs (hopMyIibl (3) ¢ hopMyInoit uist onpeneneHus
MOMeEHTa o1 cuiioil P cornacHo runoreze Bunkiepa:

M =P*\JAEI kb /4, 4)

rie k — MCKOMBIH KO PUIMEHT MOCTENH ISl TPYHTA.

B pesyibTaTe aBTOpaMu CAEIAaH BBIBOJ O TOM, YTO KOA((GHUIIMEHT MOCTEIHN SABJIS-
€TCsl pacyeTHOM BEIMYMHOM, 3aBUCSALIEH HE TONBKO OT CBOWCTB I'pyHTa, HO M OT
KECTKOCTH OAJIKH U IIHMPUHBI €€ IO/IOIIBBI.

B pabote ['opoyHoBa-IlocagoBa M.U. [4] paccMoTpeH pacyer 0ajioK ¢ UCIOJb-
30BaHMEM ypaBHEHHs byccuHecka sl ompeneleHus] BEepTUKAIBHBIX MepeMelleHHH
MOBEPXHOCTH YIPYroro MoaynpocTpaHcTBa. PacnpenencHre naBlieHH U BEPTHKAIb-
HBIC TIEPEMEIIICHUS BBIPAXKAIOTCS B BHJIE CTENIEHHBIX psiioB. CpaBHEHUE pE3yIbTaTOB,
MOJTYYEHHBIX MPH PEIICHUH TUIOCKOW W MPOCTPAHCTBEHHOW 3ajad, ¢ aHaJOrMYHBIMH
pe3yibTaTaMH, HalJEeHHBIMH C TIOMOINIBIO THIIOTe3bl BUHKIEpa, Mokaszajao 3Ha4u-
TEeNbHYH0 MX pa3Huny. Hampumep, npu IEHCTBUH PaBHOMEPHO paCIHpeneraeHHOU
HArpy3KH ¢ MO JUIMHE OaJNKH pelieHue Kak MIOCKOM, TaK M MPOCTPAHCTBEHHOW 3a/1a-

YH JaeT TONOKUTENbHbIE MAaKCUMallbHbIe 3HAUCHUS M3THOAIOINX MOMEHTOB, B TO
BpeMsl Kak 110 THroTre3e BuHKiepa oHHM paBHBI Hymo. M3rubaronipe MOMEHTBI JUIS
KECTKUX OANOK MU PEICHUH MJIOCKON 3a/laui OKa3bIBAIOTCS MPEYBEIYCHHBIMH, HO
MPH YMEHBIICHUN YKECTKOCTH WMJIM YBEJIMUCHUHW JJIMHBI OANKHU Pe3yNdbTaThl pElICHUs
TUTOCKOH 31241 PUOIIDKAIOTCS K pe3yJbTaTaM MPOCTPAHCTBEHHOM 3a/1auu.

[lepeuncnennpie METOBI pacieTa OCHOBAHBI Ha pelIeHUH 3a7ad TEOPUH YIIPY-
roctd. Takue METObl UMEIOT PsJl HEAOCTATKOB, CBSI3aHHBIX C TMOSBICHUEM OEcKo-
HEYHO OOMNBINIUX HANpPsDKEHHU 10 KOHTYPY (QyHIAMEHTa WM Y KOHIIOB OayKH, Jiexa-
el Ha yrmpyrow MONYIJIOCKOCTH, a TaKKe C MPEyBeTWYCHHBIMH 3HAYEHUSIMH H3TH-
0aroLIUX MOMEHTOB.

[Tacteprax I1.JI. mpenoXuna MoAenb OCHOBaHUS [5], KOTOpOE XapaKTepU3yeTcs
IByMsl KoddunmeHTamMu mocrenu: koddduumentom cxatus U kodpPuImeHTOM
C/IBHTa, KOTOPBIE HE 3aBUCAT APYT OT Apyra. OIHAKO MO CYTH 3Ta MOJENb TaK e, KaKk
u Mozens Bunknepa-llummepmana siBiseTcs JIOKaJIbHOM.

K.Wieghardt [6] BpIcka3am KpUTHKY MO TOBOIY MOJACIH YIPYTOro OCHOBaHHS
Bunkiepa -llummepmana, cunTasi Takoi moaxoJ] B KOpHe ommrO04HbIM. OH 3aMeTHI,
4TO OCaJiKa 3aBUCHT HE TOJILKO OT JAaBJICHHS B pacCMaTpHBaeMOM CEUCHUH OaJKH, HO
W OT JIaBJICHUH B COCETHUX 00IACTX:

w(x) =c [ pEK (x — E)de. )
31ech ¢ — KECTKOCTh OCHOBAHUS, 2a — JuInHA Oanku, p(&)- maBlICHUE B TOUKE C KO-

opauHatou &, K (|x— §|)— (GYHKIUST BIMSHES, KOTOPYIO IPEUIaraercs ONpENesiTh

ONBITHBIM TIyTeM. B yroMsiHyTo# pabote ObUTH TIPOBEICHBI HCCIIEAOBAHMS U PACUETHI
Ju1si OAJIOK pa3IMuHOM JKECTKOCTH C MCIONb30BaHUueM Teopuu L[uMMepmaHa v JByX
MPEAIOXKCHHBIX TeOpHﬁ, OJHA M3 KOTOPbIX OCHOBaHAa Ha PCIICHUU 3adadyd TCOPUHU
YIPYTOCTH, & APyTas MpeacTaBiseT co00H KOMOWHAIIMIO PELICHHS TEOPHH YIPYTOCTH
u ypaBHeHus (5). Pemenune 3agaun 06 u3rude 6anku corimacHo Teopun LluMmepmana
CYILECTBEHHO OTJIMYACTCSI OT PEIICHHUS C YIETOM HelTOKaIbHOro 3 (dekra.
B pabote [7] mpemioxken MeTo pacdera 0ajaoK ¢ y4eTOM HEJIOKaJIbHOCTH OCHO-
BaHUA U UCIIOJIB30BAHHEM METOAAa KOHECYHBIX 3JICMEHTOB.
Peakinst ocHOBaHHMS OTMPEEISICTCS] COOTHOIICHUEM:
) ot
) = (K gpmie nde + [ et - 2= e ©)
X X, —00

1 1
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rie K(x,&) — OQyHKOMS BIMSHUS, YYUTHIBAIOIIAS HENOKATBLHOCTh OCHOBaHUSI,

C(x,&,t—1) - QyHkuMsa neMnpupoBaHHUs OCHOBAHMS, X, M X, — KOOPIMHATHI Hayala
1 KOHIIa OCHOBAaHMHSI.

Hcnonk3yst paBeHCTBO (6), aBTOPHI C MOMOIIBIO METOAa KOHEUHBIX DJIEMEHTOB
WCCIIEIOBAITN BITUSIHUE HEOKAIBHOCTH Ha 3HAUYEHHSI COOCTBEHHBIX YacTOT KoJIeOaHHH
Oanok. YucneHHbIe pacueThl MOKa3alik, YTO HEJIOKaIbHOCTh OCHOBAaHUSI MOXKET OKa-
3bIBaTh CYHICCTBECHHOC BJIMAHNEC HA TMHAMUYCCKHUEC XapaKTCPHUCTHUKU KOHCprKIIPIﬁ.

B craTbe [8] paccmarpuBaercst 3aa4a 0 KolebaHUsX OaJloK, JISKAIIUX Ha HEJo-
KaJIbHO YIIPYroM OCHOBAaHMH. B kadecTBe MOeny ynpyroro OCHOBaHHUs BRIOpaHa MO-
JIelb aHajoruuHas (6), Ho 0e3 ydyera HeJIOKaJIbHOCTH 3aTyXaHus. DyHKIUSA BIUSHUSI
K(x,&)BblOpana B B HKCIIOHEHTHI. {1 pelleHus 3aJad4d HCHONb3YETCS METO.
KOHEYHBIX pasHocTell. [lokazaHo, 4TO ydeT HEJIOKaJIbHOCTH OCHOBAaHUS MPHUBOIHUT K
3aMETHOMY M3MEHEHHIO TPACKTOPUHU JIBHXKCHHS OAJIKU U €€ MPOruOO0B M0 CPaBHEHHIO
¢ Oakol Ha BUHKIEPOBCKOM OCHOBaHHH.

B pabore [9] Ha ocHOBaHMU (PU3UYECKOrO U YHUCICHHOTO SKCIECPUMEHTOB IPE-
JIOKEHA MOJICb CIIOIIHOTO HENOKAIBHO YIMPYroro OCHOBAHUS, KOTOpas SBISETCS
KoMOuHanuel Monenu BuHKkIepa W Mojenu, paccMoTpeHHoi B padore [8]. Ilokasa-
HO, YTO TaKasi MOJIENb JIaeT CYNIECTBEHHO 0oJiee KOPPEKTHBIE PE3YIIbTaThI MO CpaBHE-
HUIO ¢ MOJICTIBIO, TIPEAI0KEHHON B paborax [7, 8].

B Hacrosmieit pabore uccienyercs HampsKeHHO-Ae(hOPMHPYEMOE COCTOSHHE
KOHCTPYKIIH C Y4E€TOM HEJIOKaJbHOCTH YIPYroro OCHOBaHWS. Peaknus ormopa oc-
HOBaHUS B pacCMaTpUBAEMON TOUKE OaIKH OMPEIENIIeTCS BhIPAKCHUEM

/
r(x,t) = C(J) C(lx —ghw(&,de, (7

npuyeM B kauectBe GyHKIuH C (|x - §|) HCIIOJIB3YETCS BBIPAXKEHHE:

Clx—g)=Coo(x—g)+ C]e_n|x_§| . (8)

3nech 5(|x - <§|)- nensta-gynxuus, C,,C,u 1 — XapaKTEPUCTUKK YIPYroro OCHOBa-

Hust. [Iporn6 Ganmku npu NEWCTBUH CTATUYESCKOW HATPY3KH OMPEIEISIETCS] K3 HHTErPO-
g depeHnaIBEHOrO YpaBHEHUS:

E1 99 O - ghwie)de = 4(x). )
ox 0

rae w(§)— nporud Oanku B paccMaTpUBAeMOM TOUKe ¢ KoopauHatoil &;/ — IiInHa

Oanku. B Tom ciydae, korma (GpyHKIHsS CC(|X— §|) npuHUMaeTcs B Buze (8) ¢ yuerom

CHJI MHEPLIMU M BHEIIHEro JeMI(UPOBaHUs aHAJOTHYHOE ypaBHEeHue (9) 3anmuchiBa-
eTcsl CIEMYIOINM 00pa3oMm:

m’ W(f D 2Dy W(ff’ Dt Comtxs) + Gy e Ee 0 = (x,), (10)
ot ot Ox 0

rae Yy — xoddduimeHt aemndupoBaHus; m — MOTOHHAs Macca OalKy; f — BpeMs;

q(x,t) - pacupeneneHHas Harpys3Ka.

Jlanee B KauecTBe MpUMepa PacCMOTPUM Oallky HMIAPHUPHO 3aKPEIICHHYIO MO
konnaM. [Ipu pemrennn nuddepeHnuansHoro ypasHenus (9) Bocrnoiab3yeMcss METo-
nom byonora-I"anepkuna. /s aToro npeacraBuM (QyHKIIHIO IPOrHOOB B BUJC:

w(x, 1) =3 ﬁ(t)sin(iT”x) , (11)
i=1
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rje f;(t) — uckomble 0000IIEHHbIE TEPEMEILEHHS.

[Toncrasus Beipaskenue (11) B ypaBuenue (10), momy4uum:

i miiz(l)sin(i—ﬂx)+ 9.0 sm(—x) EI[ J () sm(—x) +C, f, (1) sm(—x)
)

= ot [ ot

i lf(l)Sln( EE)E — q(x.1)= R(x), 12)
R(x) — QYHKIUS HEBSI3KH.

3Havenus f;(¢) ompenensoTCcs U3 yCI0BUS MMHUMM3ALMU 9TOH QyHKIUN:
I iTC
[R(x)sin(Z5)xdx =0 . (13)
0 )

[Mocne moncranoBku (12) B (13) 1 HEKOTOPBIX MPEOOPA3OBAHHI TIOIYUUM CIIe-
JYIONIYIO CHCTEMY OOBIKHOBEHHBIX U (PepeHIINATBHBIX YPaBHEHUN!:

L0000

o’
2 EE pl-g| . (i . (jm 21 . (jm
+7C12fj(t)jje sin 75 sin Tx dédx—qu(x,t)sm Tx dx=0. (14)
J=1 00 0

[Ipu pemennu ypasuenus (13) Bocrmonb3yeMcsi YHCICHHBIM METOIOM pEIICHUS
maddepeHuabHBIX  ypaBHeHHH Pynre-Kyrra 4-ro mopsimka. /s BbIYMCIEHHS
JBOWHOTO OIPENENIEHHOr0 HHTETpaa

iie g

BOCIIONIB3yeMcs (hOPMYJIOH Tpareiui.

B xadecTBe nmpumepa paccMOTpUM OETOHHYIO Oaliky JUIMHOM [ = 2000 CM C pas-
MepaMH IOIEpPEeYHoro cedeHus b =100 ¢M, 4 =100 cM IIpU JCUCTBUM PaBHOMEPHO
pacnpeneneHHoOl Harpy3ku g = 1000 H/cMm. HavanbHbplii mporn® u HavajdbHas CKO-

é) sm( x)dédx

POCTh NPUHHUMAKOTCS HyIEBBIMA w(0) = 0, ow/0t(0) =0

Ha puc. 1 npuBenens! rpaduky U3MEHEHHUS MTPOrnda B CPEAHEM CEUCHHU OaKH
BO BPEMEHH, IOJNYYCHHBIC MPH HCIOIB30BAHMH MOJIEIN CIUIOIIHOTO HEIOKAJIBLHO
YIIPYroro oCHOBaHUS W Monenu Bunkiepa-llummepmana 6e3 ydera 3aTyxaHus, a Ha
puc. 2 — Te xxe rpaduku ¢ yuerom 3atyxanus.[IyHKTHpHBIE KpHUBBIC Ha BceX rpadu-
Kax COOTBETCTBYIOT pe3ylibTaTaM pelleHUs 3aJa4d C UCIOJIb30BaHUEM Mojeinn Bun-
KJiepa, a CIUIONIHBIE KPUBBIE — C UCIIONL30BAHHEM MOJIEIH HEIOKAILHO YIPYroro
OCHOBaHHs. Pe3ynbTaThl MOMy4eHBl NpPU MIare HHTETPUPOBAHUS IO KOOpIUHATE
AE = Ax=1cwm, kodddummente y=0.1H cex/cM’n mare mo Bpemeru Af = 0.0001 c.

XapaKTepUCTUKM OCHOBAaHMs NPUHATHI cornacHo [9]: Cj= 353.5 H/em?, C, = -258.5
H/em®, n=0.034 1/cm.

[Ipu pacuere 3T0i e Oalkk ¢ MCIIOJb30BaHHEM Mojienu Bunkiepa koadduiu-
eHT MOCTEN MPUHAT paBHbIM [9] ¢ = 183 H/em®. B pasnoxeHnn mporiuGoB B 060KX
CIIyJasX yAepKUBAIOTCS 5 WIEHOB (1 = 5).

3HaueHne MaKCHMAJIBHOTO MPOrnoda, Moay4eHHoe U3 petieHus auddepeHimans-
Horo ypaBHeHus (14) mpu ¢ = 30 cOCTaBUIIO Wiax = 0,1157 cM, 9TO 3HAYUTENBHO OT-
JMYaeTcsl OT 3HAYEHHs MPOruda B TOM e CEYeHUH B cliydae Mojeinn BuHkiepa, Ko-
Topoe cocraBuio w, . = 0,058 cm.
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Puc. 2

Ha rpadukax m3aMeHeHHs Mporuda BO BPEMEHHU PHC. 3 MPUBEACHBI PE3YJIbTAThI
pacdeTa ToH ke OalKH Mpu ACHCTBUU PaCIIpeae/CHHOW HArPy3KU, U3MEHSIOIICHCS BO
BPEMEHH 10 3aKOHY: ¢ = ¢oSin(w?) H 0 [UTMHE — [0 CHHYCOMJIC.

B pacuere npunaTo: ¢, =1000H/cm,y = 0.1 H cex.cM’, A7 =0.01c.
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Anamuzupyst rpa@uKkd, MOXKHO TaK K€ cKa3aTh O 3HAYUTEIBLHOW pasHHIE pe-
3yJIbTaTOB. AMIUTHTY/Ja KOoJeOaHUH B Cilydae MOJIENH HEIOKAILHO YIPYroro OCHOBa-
Hus paBHa 0.123 cM, 4ro Oosiee yeM B 2 pa3a OOJIbIIE aMILIUTYAbI KojcOaHUH, paB-
Hoit 0.057 cM, moMydeHHON MPU MCIOIB30BaHUM MO BuHKIIepa. Y4eT HeloKaIb-
HOCTH OCHOBaHHWS TPHBOAUT K 3HAYHUTEILHBIM YBEITHUYCHHSM 3HAYCHHH NPOruOoB
0aJIoK TI0 CPaBHEHHUIO C BUHKJIIEPOBCKOW MOJIETbIO OCHOBaHHUS.

Temnepp m1st TOH ke Oallki paCCMOTPHM pacyer Ha CEHCMUYeCKOe BO3JIeHiCTBUE.
J171st 3TOTrO MCIIONBb3yeM HCKYCCTBEHHYIO aKCelleporpaMMy BEPTHKAIBHBIX YCKOPEHUH,
KOTOpasi IpUHUMAJach MpU pacdeTe CIOPTUBHBIX coopyxkeHud B r. Counm (puc. 4).
[Tar mo Bpemenu Atcoctasiser 0.005 c.

[Tpu Tako# Harpy3ke rpauk H3MEHEHUsI BO BpeMEHH Nporubda 0aiKku B CpefHEM
CEYCHUHU TIPU HCIONB30BAaHUH MOJCIH HENOKAIbHO YIPYroro OCHOBAaHHS B OOIIEM
HWMEET COBEPIICHHO JPYrod BUJ IO CPABHEHHIO C TEM Ke IpadKOM, TTOIy4YEHHBIM U3
pe3yNbTaTOB pacyera 1o Mojenu Bunkiepa (puc. 5).

3
2
1 [N
O -
-1 ¥ I I' " U
-2
-3
4
Puc.4
0 5 10 15 20 25 30 35
3,00
W, CM .o
2,00 R
1,00 B
o t, cek
0,00 ;
-1,00
-2,00
-3,00
-4,00

Puc. 5

3akuawuyenue. B craThbe mpoBeneH aHaaM3 KoNeOaHHM Oanky, JekKaiied Ha
CIUIOIIHOM YTIPYT'OM OCHOBAHHH U NPHUBENIEHBI PE3YJIbTAThl pacyera 3TOH CUCTEMBI C
MOMOIIIbIO MOJIENIM HEIOKaJIbHO YIPYroro ocHoBaHHUS M Mozenu Bunkiepa- Lum-
MepMaHa. Ha ocHOBaHWHM NIPUBEIEHHBIX PE3YJIHTATOB MOXKHO NMOTYEPKHYTH, YTO YUET
HENOKAJIbHOCTA OCHOBAaHUSI MpPH JCHCTBUM Ha OalKy BHEIIHEW pacrpeiencHHON
HArpy3KH MPUBOIUT K OONBIINM 3HAUYCHHSM MPOrHOOB MO CPABHEHUIO C MOJIENBIO
Bunkiepa. B cimydae e ceificMu4eckoro Bo3/AeHCTBHSI IPOTHObI OATKKM MTPU HCIOb-
30BaHHMH MOJIeN BUHKIIEpa MOT'YT OKa3aThCsi OONBIIUMHE 110 CPAaBHEHHUIO C aHAJIOTHY-
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HBIMH TIPOrH0aMH, MONTYYEHHBIMH C UCIIOIB30BAHMEM MOJICIH HEJIOKAIbHO YIIPYroro
OCHOBAHHAI.
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VIBRATION OF BEAMS,
LYING ON THE SOLID NONLOCAL ELASTIC FOUNDATION

A.A. Vasilenko

Now, the calculation of beams, lying on the solid elastic foundation is fulfilled with us-
ing different model of elastic foundation. One of the most common is a model, based on the
hypothesis of a proportion between the reaction of the foundation at the point with the coordi-
nate x and slump at the same point (the hypothesis of Winkler) which however is not accurate
enough describes the behavior of structures lying on the solid elastic foundation.

In this paper, we consider the problem of beam vibration, lying on the solid nonlocal
elastic foundation. We give a comparison of calculation results, obtained with using the pro-
posed model and the Winkler model.

Keywords: beam, solid nonlocal elastic foundation, vibration.
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IPUKJIATHOM CIIOCOB OLIEHKHA INOTEPH SHEPTUH
JE®OPMHUPOBAHUS ITOBPEXJIEHHOI'O KOPPO3UEUN
KEJE3OBETOHA IIPU 3BHAKOIIEPEMEHHOM HAI'PYKEHUHN

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

B cmamuve uccrnedyromes 3a0auu paciema nomepb dHepeUU NPU CULOBOM 3HAKONEPEMEH-
HOM HA2PYICEHUU NOBPENHCOCHHO20 KOPPO3UEL JHCeNe300emMOoHa 3aMEeHOU HeIUHEUHO nepemen-
HbIX XAPAKMEPUCIMUK CUI08020 CONPOMUBIEHUSL U KOPPOZUOHHBIX NOBPEICOCHUL C NOMOWDBIO
UHME2PAbHBIX MOOYAEU OehopmMayuti U UHMESPAIbHbIM KOIDOUYUSHMOM COXPAHEHUs., 3a-
BUCSUYUX OM UHMEHCUBHOCTIU HAZPYICCHUIL U A2PECCUBHO KOPPOIUOHHBIX 8030€UCEUI.

OHU 8bIYUCTAIOMCSL U3 YCAOBUSL MUHUMYMA OMKIOHEHUL NO BbICOME CEYEHUL MeCOY UC-

XOOHBIMU UHMESPATbHBIMU 3HAYCHUSMU, YKA3AHHBIX XAPAKMEPUCTUK KOHCMPYKYULL.

KJIFOUEBBIE CJIOBA: puccumanus 3Heprud IeQOpMUPOBAaHUs, KOPPO3UOHHEIE IIO-
BPEXKICHHUS.

OKCILTyaTUpyeMbIe B arpECCUBHOM cpelie MaTepHralibl - KOMIIOHEHTHI JKene300¢e-
TOHA - MOBPESXKIAIOTCA. BceiencTBue 3TOro mepBoHAYANBHBINA MMOTEHIHAT CHJIOBOTO
COIIPOTHUBJICHUS KeIe300€TOHHBIX KOHCTPYKIMH — MPOYHOCTH, TPEIIUHOCTOUKOCTD,
YCTOHYHMBOCTh — YMCHBILIACTCS, a TIOTEPH SHEPTHH NMPH AeHOPMUPOBAHUN YBEITUUH-
Batotcs [3].

CdopmynrpoBaHHas B 3arJlaBUU CTAaThU 3aj[ada PEIIacTcs B J1Ba dTama;

A. OrieHKa IoTeph SHEPTUH HEITOBPEXKACHHOTO KOPPO3HUEH JKelle300€ToHa;

b. Onenka BIUSHUSA KOPPO3WOHHBIX MOBPESKICHUN HA SHEPTETUIECKOE COMPOTUBIIC-
HUE JXeIe300eToHa.

A. Tlpu cuioBoMm nedopmupoBaHuK 00paslia MaTepuansa coBepliaercs paboTa, paB-
Hasi IPOU3BENICHUIO IEUCTBYIOLIEH CHIIBI M BBI3BAHHBIX €0 MEPEMENIEHUN, TPUMEHHU-
TEIbHO K OCTOHHOMY IMOBPEXKIACHHOMY KOppO3ueil 00pasily eIMHUYHBIX pa3MEpOB
IIPH OCEBOM HarpyKeHHH 3Ta paboTa paBHa

L
W, = [, ode, (1)
TJie € — MOJHBIC OTHOCHUTENbHBIC Ie)OpMallii, & — HOpMalibHbIe HanpsbkeHus. CBs3b

MEKIY HapsHKEHUSIMH U eopMannsMi OETOHa — PeoJIOTHYecKOe YpaBHEHHE CHITO-
BOT'O COIIPOTUBIICHHUSI 3aIIMCHIBACTCS B TPAJUIIMOHHON (popMe — IpU HATPYKECHUU:

£(0) = 220+ Suoalo@ICE ) ~ [ Spoalo (@] 72 d @
Muon
rae Suru =0 [1 + Varn (E) ] 5 Suon = 0[1 + Vion (%) I (3)
a B YaCTHOM ciy4ae Ipu 0 = COnst:
e(t) = 222 4 5., (0)C t o). )

Ml‘H(t)
3neck ty, T, t- BpeMs Haudana HaOIIOACHUS, TEKyIllee BpeMs, BpeMs OKOHYAHUS

Habmonenus; R — pacuerHas npu3MeHHas IMPOYHOCTH OeToHa, Eyp, — MOIAYIb MIHO-
BeHHO ynpyroi aepopmauuu [6], C(T,ty) — Mepa npocroit monzydectd [6], Vi,
Vo My Muon - TAPAMETPhI HEMHEHHOCTH AedopmupoBanus [4]:

375 .
JUISL COKATHS: Virs = ; Myry = 5,7 — 0,05R (uim Ha3HavaroTCs 1o [6]),

R
Vion = 22 Muon = 5,0 — 0,07R, )
IUISL PACTSIKEHUS: Vt_Mm = 0,3+ 0,37K; m¢yry = 0,8 + 0,32K,
Vt,non = 1,5; Mtnon = 1,0 (6)
WJIH 3alMChIBACTCS B KBAa3MJIMHEHHON Gopme [3]
£=acl; o =——¢l/b (7)
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rie a u b — napamerpsl e OpMUPOBAHHUS.
[Mapamerpsl @ ¥ b MOTYT OBITH YCTaHOBJIEHBI SKCIIEPUMEHTAILHO WM BBIYHCIIC-
HBI 110 YCIIOBHSIM PaBEHCTBA € = € B JIByX (UKCHPOBAHHBIX YPOBHSAX HATPY>KEHHUS

0 = Ru o = yR (B yactHocTH, HamMu ipuaUMaercs 0,6 <y < 0,8)

TOTIa TIPU 0 =R umeeMm a = %};), (8)
1 &(R) (9)

In 1/)/ n £(YR)

pu 0 =yR umeem b =

TIpH pasrpyKeHHH.
CornacHo npusHaky DHreccepa-SCHHCKOTro CBSI3b MEXIy HANPSKEHUSIMH U Jie-
(dhopManusIMu TPUHUMACTCS JIMHEHHOM

o Evru
rae Eypy = ———m——; 10
EBp.’T TA Bp 1+EyryC (L to) ’ ( )

JUISl CTAJIBHOWM apMaTypbl IIPU HArpy»XE€HUU U MPHU pasrpyKEHUU ONHKCHIBAETCS 3aKO-
HOM FyKa]:

U1 OeroHa: £ =

£ =2 (11)
S
Eypn — BPEMEHHBIH JTMHEHHBIA MOy b nedopmuposanus no C.E. @paiidensay, Eg —
MOAYJb YIPYTrOM apMaTypsl.
Ortciona cieyer, 4To MpH OCEBOM HArpyXCHUHM eTUHIYHOr0 OETOHHOTO 00pa3ia
pabota paBHa 1o (1):

Wo=[;—p e/ d £+ /) 12
0= J; ai/b € €= a/b (141, (12)
TO K€ [IPH Pa3rPyKEHUH

Eppne?

(13)

3HaK — O03HayaeT HarpyKeHHe, 3HaK < pasrpyXeHue). A pazHOCTb BEHMYUH PadOTEHI,
3aTpavyeHHON MpU Harpy3ke Ha aehopMHUpoBaHuEe o0pasiia, ¥ PadOThI, MPOU3BEICH-
HO# mpu pas3rpy3ke (Ui eqMHUYHOrO oOpasiia paBHasl IUIOMIAAN METIH TUCTepe3rca
Ha AUarpaMMe g — €):

= &
Wy = [ Enpnede =

—

AWy = Wy — W, (14)

B 11e710M 1IpH OJTHOKPAaTHOM OCEBOM HAarpyXEHHUHU-Pa3TrpyKeHHUH OCTOHHOW KOH-
CTpYKIIUU 00beMoM V morepst sHeprun e OpMUPOBaHHS paBHA:

AW = VAW, . (15)

[Ipu HEOaHOPOTHOM HAIPSHKEHHOM COCTOSHHUHM CEYEHHMM KOHCTPYKIUH (Hampu-

Mep, TIpY U3rHOe Kene300eTOHHOW Oallki) aHaJOrMYHbIe BBIYUCICHUS OCYIECTBIIS-

I0TCS B CICAYIOLIECH TOCTIeI0BAaTEIbHOCTH:

1. Tlocrpoenne GyHKIIMU HOPMAILHBIX HAMPSDKEHUHA B CEUCHUH OANIKH;

2. paspeneHue nposuera 0aJKu HAa HECKOJIBKO i-ThIX YYacTKOB, JJISL KaXKJOTO U3
KOTOPBIX YCTaHABIMBAIOTCS PACYETHO HEM3MEHHBIMHU 3HAUCHHS W3THOAIOIINX
MOMEHTOB M; = const;

3. HesaBucuMoe BBIYHCIEHUE MMOTEPHh HEPTHH LIS CKATOW W YIS PACTIHYTOMH
30H CEUEHHMsI JUIS Ka)XJIOrO i-TOT0 y4acTKa C TOCIENYIOIUM HX CYMMHPOBa-
HUEM, a 3aTeM CyMMHUPOBaHHUE IMOTEPb YHEPTUH JUTS OATIKH B [ETIOM.

Hcnonbk3ys ypaBHEeHHE KPUBU3HBI U TUIIOTE3Y TUIOCKUX CEYCHUN:

S=5 =5 e=22, (16)
a TaKKe ypaBHEHHS CHIJIOBOTO CONMPOTHBICHHS (7) ModydaeM Al KaXJIoro ydacTka
(YHKINIO HOPMATBHBIX HATIPSDKEHHH MO BBICOTE CKATOM 30HBI ceueHus Oanku [3]:

1 o o
[TpuHsTHE TUHEWHOYIIPYTOW CBSI3H Oy = & 00YyCIIaBIMBAET BO3MOXXHOCThH OTKa3a OT ydera
MOTEePh SHEPTUH TIPH e OPMHUPOBAHUN aAPMATYPHI
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1/b s
M; Z\" —1_
0, = (Minp) R (xi) raep =1~ (17)

rze X;- BBICOTa C)KaTOW 30HBI ceUeHUs OaJIku; Z — Op/inHATa, OTCYHThIBaeMasi OT Hy-
JIEBOH OCH HaNPsDKEHUH; My, — IPEIENbHBIA H3rHOAIOMUHA MOMEHT i-TOTO y4acTKa.

K sTOMy 3aMeTnM, 4TO NpH HAJIMYMU apMaTyphl B CKAaTOH 30HE M3rubaeMoi Oai-
Ku A% pacueTHas BeMMYMHA MOMEHTa M; B GopMye Ui HOPMAIbHBIX HANPSDKCHHIMA
(17) B mensix yTouHeHHsI MOXET ObITh YMEHBIIICHA Ha BEIMYHHY:

AM; = Aloi(ho — ab), tne ag = = Eo(X — at). (18)

OOmMe moTepu SHEPruM MpH AehOpMUPOBAHHMU KEIE300€TOHHON Oallku HpH
OJTHOKPATHOM CTATHYECKOM HArpy>KEHUU-PA3TPyKEHUH PaBHBI:

AWogy, = iz AW, , (19)

AW, = (Wr = W) + (Wei + W) , (20)

rne AW; — motepu »Heprum Ha i-ToM y4acTke Oanku; W; - pacxoi SHEprHH INpH

Harpy>KeHUHM C)KaTOM 30HBI CEUEHHS i-TOT0 Y4acTKa; W SHEPrHsl BOCCTAaHOBIICHHS
nedopmanmii cxxatoi 30HBI [; mocie pasrpykeHus (1o pa3rpy>KeHHEeM MOHUMAaETCsI
NPHIIOKEHNE K Oarke Takol ke Harpy3Kd, HO C OOpaTHBIM 3HAKOM):

th — TO K€ PacTSAHYTON YacCTH CECUEHUI; th - TO K€ PACTSIHYTOM 4acTU CEYECHUU

1/b ) o \1/b
= bol; [X 0edZ = byl J;" ( ) R(%)%Zdz=w<£) X7, 1)

(24m)D; Minp
1 aHAJIOT'MYHO

an

1/bt
7. — boliMiRe ( M; —¥.)2
Wi = (2+7m¢)D; (Mirlp> (h=X)", (22)
1/b
— boliM;R M;
noa(a)
1/bt
_ boliMiRe ( M;_

rne by — mMpuHa U h - BBICOTa TPSIMOYT'OJIBHOT'O CeYeHUs1 Oankw [; - JuIMHA i-TOTO
y4acTka, X; — BBICOTa CXKAaTOW 30HBI, t — HHAEKC 0003HAYAET PACTIHYTYIO 30HY.

[MonydeHHbIN pe3yabTaT MO3BOJISIET ONPEACTHTh OOMMH KodduImeHT morio-
LICHNUS SHEPTUHU:

" _ MWosw _ o XL, (Wit W) 25)
oom g T (Wit W)

AHanu3 momy4yeHHBIX pe3ynabTaToB (21) — (25) moka3piBaeT Ha BO3MOXKHOCTD
CHIDKEHUS TIOTJIOIICHUS 3HEPTUU MPH 3HAKONIEPEMEHHOM HarpyXKeHHWH — pasrpyxe-
HUU IPUMEHEHHEeM

-YMEHBIIIEHHST M3THOAIONIMX MOMEHTOB C MOMOIIBIO TepepacipeesieHus paciio-
JIOYKEHHS Harpy3KH B MPOJIETE C TOMOIIbIO M3MEHEHHSI TPaHUYHbBIX YCIOBUH,
-YBEIMUCHHS CHIIOBOTO COMPOTHUBIICHHSI KOHCTPYKIUH: MPeebHBIX W3THOAI0IINX
MOMEHTOB My, ¥ )KECTKOCTH cedeHui D.
b. Bo3aelicTBue arpecCUBHOM cpepl pa3MELEHUsT BBI3BIBAECT KOPPO3UOHHBIE ITOBPE-
JKIeHUs OCTOHA, apMaTypPhl.

Uccnenosanus A.B. Carankuna, [1.A. Pebunnepa, A.Il. Makapenko, FO.M. ba-
skeHoBa, E.M. UepHblilieBa, MOCBSIIEHHBIE U3YUYEHHUIO CBSI3U MEXIY YPOBHEM M pe-
KHMOM HArpy»eHusi 0ETOHa, ero CTPYKTYpOH M XapaKTepHCTUKAMH CHIIOBOT'O COIPO-
tuBnenus; B.W. baOymkuna, b.B. I'ycera, C.B. ®enocora, 1.I'. OBunnHuKOBA, P.B.
l'apuboBa, HampaBlicHHbIE Ha BCKPBITHE MEXaHH3Ma KOPPO3UOHHOI'O TOBPEKIICHHS
oerona; B.I1. CenseBa, uzyyaromasi cBs3b MKy YPOBHEM HAIPYKEHHUSI H KOPPO3H-
onHbIMU ToBpexaeHusiMU; E.W. T'yzeea m B.W. Pumimba, oTnaHHble TpoOIeMBbl
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pacnpeecHs] KOPPO3UOHHBIX TIOBPSKIACHUN 110 CEUCHHIO OCTOHHBIX 00pa3iioB; B.P
Crenanosoit 1 H.K. PozeHTist M0 TeXHOIOrMYECKUM BOIPOCAM aHTHKOPPO3UOHHOM
3alUTHI ¥ Ap. TIO3BOJIHIIN aBTOPY MPEIIOKHUTh aHaAJIUTHUECKHE 0000IICHHBIC 3aInCcH
KUHETHUKHU Tpollecca KOPpO3UOHHBIX MOBPEXKICHUI OeToHa BO BpeMeHH [2]:

LS = —ans™ , rae A8 = % (26)
re t — Bpems, - rIyOMHa KOPPO3MOHHBIX MOBPEKICHUM, 0g — (uKcMpyemas mpe-
JieTbHAs BEIMYMHA TITyOUHBI KOPPO3HOHHBIX TOBPEXKICHUH, @ — TapaMeTp CKOPOCTH
MPOJIBUKCHUSI KOPPO3UOHHBIX MOBPEXKIACHHH, M — MapaMerp YpOBHS JCHCTBYIOIIUX
HaIpsDKESHUI

3ameTuM, 4TO (YHKIMM CBS3M YPOBHS HArpyXK€HHs W MapaMeTpoB g, @ UM
YCTaHaBIIMBAIOTCSl 3KCIEPUMEHTAIbHO JJISl pa3HbIX COYETAaHWN HOMHHALUN arpec-
CHBHOM cpesibl H OeToHa.

1Sl KOHCTpYKUMH 3KCIUIyaTUPYEMBIX 3JaHUN U COOPYKEHHMU YpOBEHb [ei-
CTBYIOIIUX HamNpsHKEHUH OTHOCUTENIbHO HEBBICOK M COOTBETCTBYET Mapamerpy m =
1; xornma B 6ETOHE OTCYTCTBYIOT CKBO3HBIC TPEUIMHBI, & TOPBI KOIBMATUPYIOTCS MPO-
JIyKTaM# KOPPO3UH, KOPPO3UOHHBIHN MpOIece 3aTyXaeT BO BPEMEHH, a TIyOHHA Mpo-
JBYDKEHHS KOPPO3HMOHHOTO (ppoHTa pukcupyercs (¢ yBenmuueHrneM m = 1 3aTyxaHue
OMMMCAaHHOTO Tporecca yekopseres) [1, 3].

B cBsI3M ¢ 3THM B PUKIIAJHBIX pacyeTax caMbIM HEONArONMPHITHBIM CUMTACTCS
BapHaHtT m = 1, [yt KoToporo pemienue (26) nMeer BUI:

8(t,to) = [1— A8 (to, to)e ¥ E=0]5.,(n, o), (27)
g

rie n=r

Onnaxo, nHpOpMAIHS 0 TITyOMHE KOPPO3HOHHBIX MOBPEKACHUI HE MCUEpIIbIBa-
eT HeOOXOJMMBIX MCXOTHBIX JAHHBIX, HEOOXOAMMBIX ISl OIIEHKU CHIIOBOTO COIPO-
TUBJICHHS MOBPSKIEHHBIX KOPPO3HEH IKee300€TOHHBIX KOHCTPYKIIMI;, TPEeOYIOTCs
CBEICHUS O pACIpENelIeHUH KOPPO3HOHHBIX MOBPEKIACHUN MO CEYEHUI0 KOHCTPYK-
UH.

3amaya penraeTcsi ¢ MOMOIIBIO CIETYIOIINX MOCKUIOK (puc. 1):

- BHEIIHUN CJIOM KOHCTPYKLMH, HETIOCPEACTBEHHO KOHTAKTUPYIOIUI C arpecCUBHON
Cpe/oii, MOXKET OBbITh MOBPEKIEH KOPPO3MEH KaK YaCTHYHO, TaK MOJIHOCTHIO. (BO
BTOPOM CJIydae MOBEPXHOCTh KOHTAKTa Cpellbl M MOBPEXKIEHHOTO OETOHA TepeMelia-
ercs B IIyOMHY OSTOHHOI'O TeNla Ha Tiyouny Z > 0);
- mo Mepe ynaneHus (QpoHTa KOPPO3UOHHBIX IMOBPEXKICHUH pas3pylieHHe OeToHa
YMEHBIIIACTCS U HA TaK Ha3bIBaeMOH (PUKCHUpyeMOH TITyOHHE MpeKpaiaercs, a Xapak-
TEPUCTUKU CHUIIOBOT'O COMPOTUBIICHUS COXPAHSIOTCS;
- YKa3aHHbIE MPU3HAKN CHIDKEHHS 3HAUYEHUI XapaKTePUCTHUK CHUIIOBOTO COMPOTHBIIE-
HUS OIHCHIBAIOTCS eMHON (YyHKIMEH coxpaHeHus K *; 3TO JaeT OCHOBY JJISl IPHHS-
THA MPU3HAKA SKBUBAJIEHTHOCTU

K*_R_*_E_*_C K;Gp

=—=— (28)

R E C* Ko

XapaxkTep KpuBoH (GYHKIIUN coXxpaHeHus (pHc. 1) MO3BOJISIET UCKATh €€ B BHJIE:
— V2 .7l

K*(Z) =XYioa; Z (29)
3n1ech byh - rabaputhl ceueHusi, X — BBICOTa CKATOM 30HBI, 2" - TOJIIMHA MOJHOIO
paspyiieHus, 6 - TONIIMHA CJIOS YACTUYHOTO Pa3pyLICHHS, P — TOJIIMHA HEIoBpe-
XKJICHHOTO CJI0S. 3HAYCHHMsI [TapaMeTPOB A YCTAHABIUBAIOTCS U3 YCIOBHH Ha TIyOnHE

¢dponTa noBpexaeHni Z = P:
v _ 4. dK*
K*=1; e 0 (30)
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T T P e r
® | ©
B
[=]
A / 0 v [ _./'/ 5
> & b[:. X [¥3 A’fbc. r G’R

Puc. 1. Tunsl moBpexieHNi BHEITHUX BOJIOKOH KeJIe300€TOHHOTO AJIEeMEHTa!
I - monHOoe pazpymenue, Il - yactuaHoe paspylieHne

Ha IIOBEPXHOCTH KOHTAKTa OSTOHA ¢ arpECCUBHOM Cpeioi:
st puc. 1, a 6ymer: Kf=1 uZ">0, (31)
i puc. 1, 6 Oyner:

K;(X)=K; u Z* =0, (32)
OTKY/Ia JijIsl BAPHAHTA d.
2
P 2p 1
] a=1-(2)" a1 %;a, =%, (33)
JUTS BapUaHTa 6
. 2 2(1-K; (1-K}
g =1-1-k)(2); 582 0, = 50 (34)

Koppo3roHHbIe TOBPEKICHHS apMaTyphl YUUTHIBAIOTCS BBEACHHEM K 3HAYCHUIO

IJIOIIAIU CeueHMsI Kod(h(UIIMEHTa COXPAHEHUS
w = A¥/A,. (35)

B uHTepecax ympoIleHUs MPUKIAIHBIX AJITOPUTMOB BBIYHMCICHHS 3HEpreThYe-
cKkux xapakrepucTuk (19)-(25) CHUIOBOr0 COMPOTHUBIICHUS JKEIC300CTOHHBIX JJICMEH-
TOB C YYETOM BIIMSIHHMSI KOPPO3MOHHBIX TMOBPEKACHUN OETOHA M apMaTyPHOH cTayiu
HEeMocpe/CTBEHHOe MpuMeHeHne 3aBucuMmocteil (17) u mas KOppO3UOHHBIX TOBpe-
KAeHui (29) mpu onpeneneHuy MPOYHOCTH BBICOTHI CXKATOW 30HBI, MPEACITbHBIX H3-
rUOAOIIMX MOMEHTOB, JKECTKOCTH, MPHUBOJIAIICEe K HEONPaBIAHHO IPOMO3KUM BbI-
YUCIICHHUSIM, 3aMEHSCTCS HHTErpajbHBIMU OIICHKaMH KO3((HIIMEHTa MOBPEKICHHUS
0eToHa M XapaKTePUCTHUK JKECTKOCTH HHTErPajbHbIC OLEHKA — HWHTErPajbHBIA MO-
nynb nedopmaruu OeroHa (E,,.) M HHTErpajdbHbIA KOY(DOUIMEHT COXpaHEHUS
(Kpr) — BBIUMCIISAIOTCS C TIOMOIIBI0 MUHUMH3AIMK KBaJAPATHYHOIO M-MOMEHTA OT-
KJIIOHEHHUS T10 BBICOTE CEUCHMS U TaKUM 00pa30oM MO3BOJISIOT AaJbHEHIINE PacyeThl
BBITIOJIHATH 11O OOIIMM PErIaMeHTHBIM MeToIuKaM [3].

Taxkum o6paszom, npunss £(16) u K*(29), sanucbiBaeM OTKIOHEHHE 3HAYEHUM
nedopmanuu 6erona mo (16) u o (36):

1/b
e=;i0= (Afp) R (g)’7 (36)
nu YC.HOBI/Ie MUHHUMHU3AIINN OTKJIIOHCHU S
d; 7% (aezmy? = 0, (37)
[Ipu Ae =& — e, (38)
I 0 g2z2mgz
OTKyJa Eyr = [ eozimaz’ (39)

WJTU TI0CTIe TTOACTaHOBKH (17)
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1/b_1 p+8
(1+n+2m)[MM(’(?() RD
B = —rammamppeorn 20| (40)
N+2m)Mp, (X)X
p
Amnamornyno K%(29):
L [P IAK*(Z)Z™]2dZ = 0 (42)
dK;HT p !
2m
. flf'HSK*(Z)Z . imp dzi+1¥2m pt+é

OTKyZa K (X) = P omag UITH K (X) = =07 rivzm |,

o
IIpu aTOM, B Ipenenax KakIoro i-ro yd4acTka NpUHUMAIOTCS HEU3MEHHBIMU Be-

JMYMHBL JERCTBYIOIIEr0 u3rubaromero MoMenta My, (X) u, cienoBarenbHo, c4uTa-
I0TCSI HEM3MEHHBIMU 110 Z pacdeTHBIN MOJYIb nedopManuii U pacdeTHas IPOYHOCTh
Oerona (28):
o
E;HT = KI:IkHT ' EI/IHT; R:lHT = KI:IkHTR; O-_ZR:[HT = 0’
a TakXke 3aBUcsIIUe oT HUX 7, p,0,X, D.

TakuM 00pa3oM, MPUMEHEHHE UHTETPAIBLHBIX XapaKTepPUCTUK E . U R}, TT03BO-
JISIT MPU BBIMMCIIEHUHU KeCTKOCTH Df ; My, NPUMEHATh periaMeHTHbIE METOIHKHU
CHull. MuTerpaibHbIi A1 KaXJI0ro 1-ro y4actka KOo3(@UIMEHT COXpaHECHHUS HC-
XOJIHBIX XapaKTEePUCTUK CHIIOBOTO corpoTuBiieHus K. (X) < 1. Takum obpaszom,
pacyeTHas KeCTKOCTh D, paC4EeTHBIH MPENENbHbIA M3rHOaomuii MOMEHT My, MEHb-
e UCXOAHBIX 3HaueHHH U corjacHo (21)-(24) xkoppo3rOHHBIE TOBPEXKACHUS yBEIHU-
YHBAET YHEPTONOTEPH IIPH CUIIOBOM JIe(pOPMHUPOBAHUN KOHCTPYKIIUH,

. 1/b 1/b
5(L) xR (M) Py 2

Wi+W i 3\ M; 3 \inp
7}[)’?:1_‘}—"“=1_ = y (43)
L Wi+Wy; 1/b 1/by
i ti R M; X2+ R¢ M; (h—X~)2
@+np)\ My, @+n)\ Mg, !

rae W; mo (21)-(24) npu cokpallleHuy YuciuTens u 3Hamenarens Ha lyl;D;.
B miumroctpatuBHOM city4dae ipu (2 + 1;) = (2 — 1);4) 3amucsk (43) npuBoauTes K
_ M « _ _Mi
wi - 14 '1[}1 - PR
3Minp 3Mirlp
T.C. IPU CHIDKCHUH 3a CYET y4eTa KOPPO3HOHHBIX MOBPEKICHUI MPENETbHOr0 H3rH-
Oarorero MoMeHTa K03 (OUIMEHT MOTJIONICHHUSI YHEPTHH PACTET; HATIPHUMEp MPH

M.

x  __ Minp * __

My, = . ,rae L > 1,BenuyuHa Y; = Ly; .

Takum 00pa3oM, MOKa3aHO, YTO CIOCOO MHTETPajbHBIX OIEHOK XapaKTEPUCTHUK
a

cHII0BOTO compotuBieHus EZ,. v RY,, TO3BOIAET CBECTH OIEHKY IOTEPH DHEPTHH
pH e OPMUPOBAHUH K IPOCTOMY aJIr€OpandeckoMy pacueTy.
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APPLIED WAY OF THE ASSESSMENT OF LOSSES OF ENERGY
OF DEFORMATION OF THE REINFORCED CONCRETE DAMAGED
BY CORROSION UNDER SIGN-VARIABLE LOADING

Bondarenko V.M.
NIISF RAASN, Moscow

This article investigates the problem of calculating the energy losses in the alternating
power loading of corroded reinforced concrete. This happens when one replaces the variables
of the nonlinear characteristics of the power resistance and corrosion damage by an integral
module of deformations and integral retention. They depend on intensity of loadings and cor-
rosive influences. They are calculated from the condition of minimum variance for the height
of the cross sections between the original integral values of structures characteristics.

KEY WORDS: dissipation of energy of deformation, corrosion damages.

4+ 4+ 4

AHAJIM3 OB30PHBIX PABOT I10 TEOPUU TOHKUX OBOJIOYEK
N UX NIPUMEHEHUWIO

TXOMA Anamapusi, acnupanm
Poccutickuii ynuseepcumem opyacowvl Hapooos, Mockea
117198, Mockea, yr. Mukayxo-Maxnas, 6

Ilpedcmaenennvie 6 cmamve Mamepuaibl MO2ynm NOMOYb MOLOObIM UCCLE008AMETSM,
BAHUMAIOWUMUCS. NPOOTEMAMU 2e0MemPUlY, Meopuu MOHKUX 000104eK U NPUMEHEHUEM UX 8
cmpoumenbcmee, 8blopamv memvl OyOywux ucciedosanui. I[loxazano, ymo 6 Hacmosiwyee
8peMs npOCMpancmeeHHvle CMpPYKMYpol Gbl3bI8AIONM NOBLIUEHHBII UHMEPeC Y apXUmeKmopos
U UHIHCEHEPOB-KOHCIMPYKIMOPO8 8 CEA3U C NoABNeHUueM 8bicokockopocmuwlx IBM u npoepamm-
HBIX KOMNJIEKCO8.

KJIFOYEBBIE CJIOBA: ToHkas 000j10YKa, pacdeT Ha IPOYHOCTh, YCTOWYHMBOCTH, I'eO-
METpUsl, MapamMeTpudecKast apXuTeKTypa, BUCSUUE TIOKPBITUS, TEHTOBAs apXUTEKTypa.

[Tpuctynas x pabore Haj KaHAWIATCKOM AMCCEpTaLUMel, NCCIIeN0BaTeNb IOJDKEH
CHavalla U3yYUTh COCTOSIHHE JIeNl 10 BhIOpaHHOW TeMe HMCClIe/IoBaHUs. B ATOoM emy
MOT'YT IOMOYb 0030pHBIE PaOOTHI, OMyOJIMKOBAaHHBIE BEYIIMMHU yueHbIMH. [Ipu u3y-
YeHUM paHee OMmyOJIMKOBaHHBIX MOHOTpaduil u crarteid o Teme «I eoMeTpusi, CTpou-
TeNbHAs MEXaHWKa TOHKHX 00OJIOUEK W WX NMPUMEHEHHE» aBTOP YCTAHOBHIIA, YTO IMO-
cliefiHue JiBa AecsaTuierusi X X-ro Beka MpUMeHeHHEe OOJBIICTPOIIETHBIX TOHKUX 000-
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JIOYEK TMPH CTPOUTENHCTBE OOIIECTBEHHBIX 3JIaHWH 3HAYUTENBHO COKPATHIOCH II0
CPaBHEHHIO C MPEANIECTBYIOMUMH rogamMu. OIHAKO TEOPETUYECKUE U DKCIIEPHMEH-
TaJbHbIC UCCIIEOBAHUS TOHKUX 000JIOUEK MPOIOIHKAINCH 3HAYUTEIILHBIMU TEMITAMH,
B OCHOBHOM, B CBSI3U C TMOSIBJICHHEM XOPOIIEro MPOrpaMMHOr0 obOecriedeHus], BhICO-
KOCKOPOCTHBIX DBM U MOsBIICHHEM HOBBIX CTPOUTEINBHBIX MAaTEPUATIOB. DTO MOJ-
TBEPKIAIOT BBIMICAIINE B ITOCISIHUE roibl MOHOTpaduu [1-4] u ctaThu [5- 8].

[NepBas momnbITKa MPOAHATU3UPOBATH 0030PHBIE PAbOTHI 110 TEOMETPHH, TIPOYHO-
CTH, YCTOWYHMBOCTH, AUHAMHUKE U MPUMEHEHUIO TOPCOBBIX, KOHMUYECKUX, ITHIIHMHIPH-
YECKUX, KOHOMJAIBHBIX, KAIUICBHIHBIX, BUHTOBBIX M BHHTOOOPA3HBIX 00OJOYEK,
obonouek B ¢opMe mNapaboIOUI0B BpAIICHUS, OJHOMOJOCTHBIX THUIEPOOIOUI0B
BpallleHUs] U SJUTMITHYECKUX mapabononios Obuta npeanpunsra E.A. I'punbko B pa-
6ote [9] c 21 HauMeHOBaHHEM JIUTEpaTyphl. BBUTO OBl XKeNmaTenbHO YUTATh 3TU JIBE
CTaThbH COBMECTHO, TaK KaK IIEPBOMCTOYHUKH, MMPUBEICHHBIC B cTaThe [9], HE nyOIu-
PYIOTCS B IIPENICTABIICHHOM CTAThHE.

[Mocne Toro kak mocrarieHa IeIb CO3/1aTh APXUTEKTYPHBIH 00pa3 00IecTBEHHO-
T'O WM TPOU3BOJICTBEHHOTO COOPYKCHUSI apXUTEKTOP JOJDKEH PEUINTh B KAKOM CTH-
ne oH cobmpaercsi paboTaTh: apXHTEKTYpHO-CTpouTenbHas Oouonuka [10], mapamer-
pudeckas apxuTekTypa [11] wim co3gaTh aHaIMTUYECKH HE 3aJaBacMble CpeINHHBIC
nmoBepxHocTH. [Tocie 3Toro HEOOXOAMMO PELIMTH BOIPOC O BEIOOpE MaTepHana 000-
J104uKky. [0 HAacTOSIIEro BpEMEHU XOPOIo cels 3apeKOMEHI0BaIM COOpHBIEC, COOPHO-
MOHOJIUTHBIC ¥ MOHOJIUTHBIC JKkene300eToHHbIe [12] obomouku, Mertaumyeckue [13],
nepeBsHHble [14], TeHTOBBIE [15] U B pAne ciydaeB NPUMEHSIOTCA IIaCTMACCOBbIE U
KOMIIO3UTHBIE 00010uKH [16].

OmnpeneneHHblil KpU3UC B MPOSKTUPOBAHUH OONBIICHPOJICTHBIX JKEIe300€TOH-
HBIX 000JIOYEK CTaparoTcs MPEoAoieTh, CO3/IaBasi HOBbIC HANIPABJICHUS B apXHUTEKTY-
pe, pacmmpsisi BOSMOXKHOCTH JKelne300eToHa U apMOLIEMEeHTa: Hooc(epHasi apXHUTeK-
Typa, apXHTeKTypHass OMOHWKAa W Jip. BO3MOXHOCTH KOHCTPYKIWH W3 JPEBECHHBI
3HAYUTEIHHO PACIIUPIIINCE mocie 1960-X TomoB B CBSA3H C IMOSBICHHEM KICCHBIX
JIEPEBSIHHBIX KOHCTPYKIMH. B mocnemHue roapl craibHbIE ceT4aThie 000JIOYEHHBIE
CTPYKTYPBI IPUMEHSIOT JiaKe Yallle, YeM KeJe300eTOHHbIC TOHKOCTEHHbBIE 000JI0UKH,
W OHHU TIPOYHO 3aHUMAIOT CBOIO HUIIY B apXUTEKType OOIECTBEHHBIX U MPOMBIIILICH-
HBIX 3maHuid. Clenyer ynoMsHyTh TakKe reofe3MYecKHe KyIolla, TOSBUBIIMECS B
1940-x romax. Celiuac MX M3rOTaBIMBAIOT U3 JCPCBa, CTaIM, aJlOMUHMS, *Keie300e-
ToHa 1 OamOyka [8, 13].

OO00N0YKH, ¢ TOYKH 3PEHUSI CTPOUTENHHON MEXaHHKH, MOTYT OBITh JKECTKUMH,
T.€. 00JaIal0MKMU U3THOHOH KecTKocThIo [12-14, 16], MemOpaHHbIME (O€3MOMEHT-
HBIMH), pabOTAIOIMMK TOJILKO Ha pacTsHKeHUE, H KOMOMHHUPOBAaHHBIMH, KOTJ/IA dJie-
MEHTBI KapKaca 000JOYKH SIBJISTFOTCSI JKECTKUMH, & caM KapKac MOKpPBhIBACTCS TIICHKOM
WJTA TEHTOM (KapKaCHO-TEHTOBAS KOHCTPYKITHS).

MemOpanHbie (0€3MOMEHTHBIC) KOHCTPYKIIMU BKIIIOYAIOT B ce0sl BUCSYUE TPO-
COBBIC CHCTEMBI, METaJUIMYECKUE MEMOpaHbI, THEBMOCOOPYKCHUSI M TEHTOBBIE I10-
KpBITHS. B BHCAYMX KOHCTPYKIUSX BHEUIHIOK HAarpy3Ky BOCIPHHHMAIOT TPOCHI
(cranbHbIC KaHATHI), KaOENH, LEMH, MPOKATHRIA METAJlI M JINCTOBbIE MEMOpaHbI, pa-
OoTalolye TONBKO HA pacTsHKeHHe. B BUCSYMX BAaHTOBBIX CHCTeMaxX BaHTHI (HHUTH)
WIH TPOCOBBIC IJIOCKUE, WM MPOCTPAHCTBEHHBIE (EPMBbI MOJJICPKUBAIOT KECTKHE
3JIEMEHTHI (0allku, TUTUTHI, apKU, PaMbl), padOTatolIHe Ha U3THO, B IIPOSKTHOM IOJIO-
KCHUU, a YK€ Ha 3TH )KECTKHE dJIEMEHTHI YKJIaJ[bIBAIOT OIPaXKIAIOIINe KOHCTPYKIINH.
Bucsiane TpocoBbie KOHCTPYKIHH (TPOCOBBIE CETH) OTJIMYAIOTCS OT BAHTOBBIX CHCTEM
TEM, OTPaXKAAIONINE BJIEMEHTHl B HUX YKJIAJBIBAIOTCS HEMOCPEICTBEHHO Ha TPOCHI
WM TPOCOBYIO ceTh. B pabore [17] mpuBoauTCs KiacCU(BUKAIUSA BUCIUUX TPOCOBBIX
KOHCTPYKIHMA. Poccust GecCriopHO sIBISIETCS TUAEPOM B MPOCKTUPOBAHHM, pacuere
CTPOUTENIBCTBE METATMYECKAX MEMOPaHHBIX OKphITHH [18].
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Ceiiyac OKOJIO cTa THICSY ITHEBMOCOOPY)KCHUH M KOHCTPYKIHI CMOHTHPOBAHBI
Ha BCEX KOHTUHCHTAaX MHpPA, UX U3rOTaBJIMBAIOT BO BCCX TEXHUYCCKH PA3BUTHIX CTpa-
Hax [19, 20].

Kpatkas napopMaius, npruBegeHHas BBIIIC, IOKA3bIBACT, YTO y apXUTEKTOpa H
MH)KEHEepa-CTPOUTENsT UMeeTcs OOJbIIOH TOTEeHInal B BbIOOpe (hopMbl, MaTepuaa,
METO/IOB pacyera, KOHCTPYKTUBHBIX PEHICHUH W MPUMEPOB NPUMEHEHHs Oobliie-
IMPOJICTHBIX TOHKOCTCHHBIX OGOJ’IO‘IG‘IHBIX KOHCprKHHﬁ.

XOpoIo CcrpoeKTHpOBaHHas 000JI0uKa Beeraa Oyner cuuTaThCsl Haubolee Kpa-
CUBBIM M 3HAYMMBIM COOPYKEHHUEM I'OPOJICKON apXUTEKTYPBI.
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AN ANALYSIS OF REVIEWS ON THEORY OF THIN SHELLS AND
ON THEIR APPLICATION

Thoma Anamaria
Peoples' Friendship University of Russia, Moscow

The materials presented in the paper can help to young researchers dealing with problems
of geometry, theory of thin shells, and their application in building, can point out to the sub-
jects of future investigations. It is shown that space structures give rise to the most interest of
architects and designers due to highly speed computers and program complexes.

KEYWORDS: thin shell, strength analysis, stability, geometry, parametrical geometry,
suspension structures, tent architecture.
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PacyeT KOHCTPYKUMU U3 pa3HOMOAYIbHEIX MATepuasios

HANIPSDKEHHOE COCTOSIHUE CTPYKTYPHO-HEOJHOPOHBIX
CTEPKHEU U3 PABHOMOAYJIbHBIX MATEPUAJIOB I1PU
TEPMO-CUJIOBOM BO3JIENHCTBUA

A.B. MUILIEHKO, kano. mexn. nayx, ooyernm
Hoesocubupckoe gvicuiee 6oennoe KOMaHOHOe yuuauue
630117, Hosocubupck, yr. Hearnosa, 49, HBBKY, mavr@hnet.ru

THonyuenvl popmynvl 0151 pacyema HOPMALLHBIX U KACAMETbHbIX HANPSHCEHUL 8 CIPYK-
MYPHO-HEOOHOPOOHBIX CEPICHIX NEPEMEHHO20 CeYeHUsl, 8bINOJHEHHbIX U3 PAZHOMOOYTIbHBIX
Mamepuanos. B KoMnonenmax HanpsadjiceHull Y4meHo GIusiHue mpex 6HYMPEHHUX CUTIOBbIX
Gaxmopos, nOBEPXHOCMHBIX HAZPY30K U KYCOUHO JUHEUHO020 MeMnepamyprozo nojs. Buinon-
HeH aHANU3 GIUSIHUSL CTENEHU PA3HOMOOYIbHOCIU HA 6EIUYUHbI HANPSAJICEHUT 8 CeYeHUuU mpa-
neyeuoaivHou Gopmol.

KIIIOUEBBIE CJIOBA: komno3umusiii cmepoiceHb, CIOUCMASL CIMPYKMYpa, pa3HOMO-
O0YIbHOCTb, PA3HOCONPOMUBTAEMOCTID, HCECTNKOCHIHbIE XAPAKMEPUCUKU.

B nacrosimee BpemMsi HEOAHOPOIHBIE JIEMEHTHI CTEPKHEBBIX KOHCTPYKIMM I10-
JMy4aroT Bce Ooiee NIMPOKOE paclpoCcTpaHeHUE, YTO 00YCIOBIEHO MX BBICOKOW 3(-
(DEeKTHBHOCTBIO B IJIAHE pean3alyy MPOYHOCTHBIX, AePOPMAIMOHHBIX U YKOHOMHU-
YeCcKHX MoKa3aTesel Mo CpaBHEHHUIO C OHOPOAHBIMHE 3JeMeHTaMu. [Ipu 3ToMm MHOTHE
KOMIIO3UTHBIE M OJHOPOAHBIE MaTepHabl, UCIOIb3yeMble MIPH CO3JaHUU CTPYKTYp-
HO-HEOJHOPOJHBIX KOHCTPYKIUH, 00JalaloT CBOMCTBAMHU Pa3HOCONPOTHBIISIEMOCTH
P PACTHKEHUH M CKATHH, MPOSBIIAIONIMMUCS KaK B OTJIMYMH HAYaJIbHBIX MOIYyJEH

ynpyroctu E(0)|__, # E(0)

¢dbopmupoBanus c(g) # —o(—¢). B atux ciydasx, kak otMeuanoch B [1, 2], MoxkeT

£<0’ TaK U B HCCOBIIAJICHNHN 3aKOHOB ITOCICAYIOUICTO JIC-

OBITH UCIIONIB30BaHA MOJICNb Pa3HOMOIYJIHHOTO (OWMIMHEHHOr0) IeopMHpOBAHUS,
MpHYeM, BO BTOPOM M3 HUX OHA MOXKET TPAaKTOBATHCS — KakK IEepPBOE pacyeTHOE MpH-
ONMbKeHHWe, TPUHATOE TPU ONUCAHWM HEITHHEHHBIX JHarpamMm JeOpMHPOBAHHS
(puc. 1) c BBeneHHEM B HEKOTOPOM JHaria3oHe jaedopMaliii pacyeTHBIX (CEKYIINX)

MOJyJIEW YIPYTrOCTU MPU PACTHKEHUU E " u oxatun E” . U3 BceX HENMHEMHBIX all-
MPOKCUMAIIMl Takas MOJENb SBJSETCA

o ot HauOoJIee MPOCTOW U, BMECTE C TeM, — B
I OrPaHUYEHHOM JHala3oHe 3KCITyaTallu-

OHHBIX BO3ICHCTBHI — CIIOCOOHOM obecrie-

arctg E- YUTH IPHUEMIIEMYIO TOYHOCTh BBIUYHCIEHUH.
) ) ‘ [IpakTHueckuii MHTEpEC MPEACTABISAET
éarctgﬁ noiydeHue ¢GopMmyn JUis pacdera OCHOB-
HBIX KOMIIOHEHT TEH30pa HamlpsKeHUU, B
TOM YHCJIE — B 3aBUCUMOCTH OT BIUSIOLINX
HAa HUX (DAKTOPOB: BHYTPEHHUX YCHIIHH,
TTOBEPXHOCTHBIX HAarPy30K U TEMIIepaTyphl.
PaccMoTpyM KOMITO3UTHBIN CTEPKEHB
(KC), umerommii cTpykTypy, 0Opa3oBaH-
HYIO COCJIHHEHHEM § Pa3IMYHBIX 10 (QH3H-
YEeCKHM CBOICTBaM KBa3MOJHOPOIHBIX da-
creit (a3) KOHEUHBIX pPa3MEpOB, TPHHU-
MAaloIMX B IPOCTPAHCTBE MPOHU3BOJILHYIO reoMeTpuueckyro ¢opmy (puc. 2, a). Ma-

- 27

Puc. 1. bununeiinas anmpokcuManus
JUarpaMMbl 1e(OpMHUPOBAHUS
Pa3HOCONPOTHUBIISIOLIETOCSl MaTepuaa:
HCXOJIHAs HETMHENHAas TuarpaMMa — 1+, 17,
OWIMHENHAas MOJIEIDb — 2+, 2%,

Tepuan k-i (azbl XapaKTepusyeTcs MOTYJISIMH YNPYroCTH MPH pacTskeHuu E; u
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cxatuu Ej , MmopyneMm casura Gy, yAelbHOH TEIUIONPOBOAHOCTBIO A , KOG PHUIM-
EHTOM TEMIIEPaTypHOro paclMpeHus oy . Hanpsokenns cgk) u ‘Eg;];) B k -M cioe

0003HauNM Yepe3 G, U Ty .

B cucreme koopAaMHAT X)z CTEPKEHb MMEET MPOU3BOJIBHYI) I'€OMETPUYECKYIO
MPUBA3KY K OTCUETHOM mTockocTH y = 0, comeprkaiieii reoMmeTpudeckyro ocb x . He-
OZIHOPOAHAs CTPYKTypa 00sagaeT CBOHCTBAMH CUMMETPHH OTHOCUTEIBHO IJIOCKOCTH
Xy, B KOTOPOH CTEpEHb WCIBITHIBACT MPSMOM MPOJOILHO-TIONEPEUHBIH U3THO MPH

TEPMOCHUIJIOBOM BO3JEHCTBUM.
a) 6)x>0 8) k<0
Y &(y) &)

. Puc. 2.
IMonmepeuHoe ceyeHue
KOMITO3UTHOTO CTEPIKHS — (a),
------ SIIOPHI POIOIBHBIX
nedopmaruii mpu
B P Yo TOJIOXUTENbHOH — (0) 1
g|—': 5 ‘ , OTPHULATENBHON KpHBU3HE — (B).
Vi

Vs+1

HpI/IHI/IMaH KIaCCUYCCKHUE THITOTE3bI TOHKUX CTep)KHeﬁ, JJI1 BEJIMYUH CIABHUIOB

Y yx » TPOJIONIBHBIX €, M MONEPEUHBIX £, nedopmanuii 3anuieM

ers(y)=¢gg(x)—k(x)y, &,(x51)=0, v, (xy)=v(x). (1)
3nech &), kK — nepopManus U KPUBU3HA OCH CTEPKHS; €y 5 (X, ) =&y 5 +Ex 1 — Be-
JIMYMHA TIOJHOW IPOJOJBHOW JeopMalliK, COCTOSAIICH M3 MEXaHUYECKOM &xo U
TeMIepatypHol &, r(x,y) = o T (x,y) komnounent; Ty (x,y) — GyHKUUS H3MEHEHUS

TEeMIIepaTypbl B MpocTpaHCcTBe k - ¢aspl. TemneparypHoil aedopmanmeil B rmore-
PEUYHBIX HAIPaBIICHUSX TpeHeOperaeM, YTO OCHOBAHO HAa HE3HAUYHMTENFHOM ee CTec-
HEHUU B CWIIy MAJIOCTH NPOIOJIBHBIX TPAAUECHTOB IONEPEUYHBIX PAa3MEPOB CTEP)KHS U
Hey4YeTe JIOKATbHBIX A((EKTOB B OKPECTHOCTH OMOP M KOHCTPYKTUBHBIX YCTPOMCTB
JUISL BOCIIPUATHS COCPEIOTOUEHHBIX BO3EHCTBUIM.

BeipakeHue 11t HaNpspKEHUS P OMIITMHEHHOM TEPMOYIPYToM J1eopMUpOBa-
HuU nipu yuere (1) mpuHIMaeT BUJ

oy (x, ) = Ej¢ [0 (x) = x(x)y — o, Ty (x, )] - )
HOIICTaBI/IB €ro B BI)Ipa)KeHI/HI I/IHTeraHI)HLIX CHUJIOBBIX (baKTOpOB
S + +
[V.0.M](x)= X Jf| o x-oiy |, G)
k=1 4,

MOJIYYUM CHCTEMY (DU3HUYECKHUX ypaBHEHHI

+ + +

DASO —DsK—N+NT,
+ + + 4
—DSg0+D]K—M+MT, ()

YoDg = 0.
31ech ¥ Jgalee y BEJIMYMH C JBOMHBIMU 3HAKaMH B MHJIEKCAX, ONpPEIENIEMbIX Yepes
+ + +

HHTErpajibl 10 MONEPEYHOMY CEUCHHIO, TAKUMU Kak D~ , N7, M7, BepxHHe 3HaKH

COOTBETCTBYIOT TOJOXHUTENbHON KpuBH3HE (K >0), a HWKHHE — OTpULIaTeNbHOH. B
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ypaBHeHUsAX (4) musa cedenns KC HCmonbp30BaHbl KECTKOCTHBIE XapaKTEPUCTHKU TIPU
+ + +
npoponabHOM AedopmupoBanun Dy, Dy, Dy , Ipu caBUTe DQ A TeMIIeEpaTypHbIE
+ + = i
cuioBble GakTopsl Ny, M7 . Ilpu Hanuuuu B ce4eHNH HEHTPaIbHON OCH ¢ KOOpAHU-

O
HaTOH y6 JJI1 HUX UMCEM

+

)/6 Ys+1
+ + + + + 2 F 2
| D4.D5.DF [y = [ Efbilly,y Wv+ | EZblLy,y’y, ()
h2| Y(JYr
+
" " o " Ys+1 .
N7 (x,39)= | oy E;byTydy + [ oy ELbTidy,
+
N Yo
+ (6)
4 4 o " Ys+1 T
M7 (x,y5) == | o EibyTeydy— [ oy Bl b Ty ydy.
N Y(JYr

Jis kaK70i M3 TpeX BEJIMYMH B KBaJIPAaTHBIX CKOOKAX JICBOW 4acTH BhIpaxkeHHs (5)
CIIE/yeT UCIIONIb30BaTh COOTBETCTBYIONIHNE BEIMYHHBI B KBAIPATHBIX CKOOKaxX MpaBoi
yactu. MuTerpansl B (5), (6), 3aBUcAIIME OT JUCKPETHO H3MEHstomuxcs (1o ¢dazam

HEOJTHOPOTHOT'O CEUCHHS) BEIHYUH E,;—L , O , IPEJICTABIAIOTCS MO-(ha3HBIMH CyMMa-
MM THUIIA J.E,fbkyzdy = ZE;f .[ bkyzdy , (Y=Y, ). Jlnst nunelHO-ynpyroro ojHo-
Y k Y
POIHOTO CTEPIKHS BBIPAKECHHUSI (5) MAIOT KIACCUUECKUE KECTKOCTH:
D =EA, D¢ =ES,, Df =EI .
@Oynkuuy n3MeHeHus Temneparypsl 7y (x,y) B KC BbIABIAIOTCS pelleHUEM 3a-

a4l TETUIONPOBOAHOCTH C HCIIONH30BAHUEM YpPaBHEHHS V2T, » =0 mpu cooTBer-

CTBYIOIIUX YCJIOBHSX HAa MEX(a3HBIX TPaHUIAX H JHIEBBIX moBepxHocTsx. s KC
HEeMpU3MaTHYECKOH (OPMBI 3TO MPEACTABISICT COOOM JOBOIBHO CIOXKHYIO 3a/1ady.
CylecTBEHHOE €€ YIPOIIEHHE MOXKET OBITh TONYyYeHO, €CIH Ui IONepeqHO-
CIIOUCTOT'O CTEPKHSI IPUHSATH PSIJI CIETYIONINX OrpPaHHYCHUI:

a) OOKOBBIE TOBEPXHOCTH, KpoMe HMXKHEH y = )j(X) M BepxHeH y =y, (x)
TEITOU30JIMPOBAHBI;

0) Ha BepxHEH W HIDKHEH MOBEPXHOCTSX 3aJlaHbl MPUPAILCHUS TEMIIepaTyphl
#1(x) ¥ t(x) COOTBETCTBEHHO, SIBIISIOIINECS JTMHEHHBIMHA (QYHKIUSIMH KOOPMHATHI X;

B) I'PaJIMeHTHI MOBEpXHOCTEH pasaena a3 mansl: Oy /OxU 1 (k=1,..,s+1);

') Ha BHYTPEHHUX TPaHUIIAX CJIOEB CyMMapHBIN TETJIOBOM MOTOK HelpephiBeH. B
pe3yabTaTe IS OJHOPOIHOM Cpebl k -ii (a3bl, HE coaepiKallell UCTOUYHUKA TeIia,
pelieHue UMeeT BU

T T
Tj (x, )= po s (X)+ pri(x)y, (k=L..s). (7
3nech pé: (X)), pé: i (x) — maneiinple GyHKIMu. [l NonepeuHo-CIOMCTHIX CTPYKTYP

2s mapamerpoB GyHKIuE (7) OnpeaeanuM, UCHOIb3ys I'PaHUYHBIC YCIOBHUS IIEPBOTO
pona [3]:
Tl(xayl) = tl(x) s Ts(x:ys+l) = ts(x) ’

T (% Y1) =T (6 Vp11) s (B=1,.,5-1),

D PLE OB (4, V141) = M1 Pt (b1 (05> (k=15 =1).
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B pesynbrate npunsatus Qyakouii (7) WHTErpaibHbIE TEMIIEPaTYPHO-CHIIOBBIE
¢daxTopsl (6) OyIyT ONPEACTATHCS BRIPAKCHUSIMU:
YVs+1

.
¥
+ 4 T T + T T T
N7 (xyp) = | (So,k + Ko,ky)Ek brdy+ | (80,k + KO,ky)E;bkdy’
+

g % ®)

Yo Ys+1
+ + T T + T T ¥
M7 (x,y5)=-| (80,k + Ko,ky)Ek brydy - | (80,k + KO,ky)E;bkydy’
N }’3
T T T T
€0k =%k POk Kk =0k Plk-
> + +
OmpenenuB U3 ypaBHeHHI cucTeMbl (4) nepopMalMio € U KPHBU3HY K JUIs
HaXO0XJEHUS KOOPAUHATHI HEUTpaIbHON OCH y(;: MOJIYYUM HEJIMHENHOE YpaBHEHUE
+ it +\ £\t £\t
¥ | (M + MF)D} + (N + Nf)D§ |= (N + NF)D} +(M +MF)D§ . ()
.+ .+ o+
B KOTOPOM Bce Benuuuubl D™ (yy ), N7 (vy), M7 (yy) B coorserctBuu ¢ (5), (6),

o +
(8) uepes mpezenbl UHTETPUPOBAHMS 3aBUCAT OT MCKOMOH KOOPIMHATHI )y . 3aMme-
THM, YTO B CJIydasix W3ru0a C MOJIOKHUTEIBHON U OTPULIATEIbHOW KPUBU3HOW MOJCTH
Pa3HOMOYJILHOTO 1e)OPMUPOBAHHUS JAET Pa3Hble KOOPAMHATEI yg , Vo (PHC. 2, 6,6).
Cpenu 4acTHBIX CITy4aeB, NPUBOAIIMX K YIPOIIEHHUIO 3aBUCUMOCTH (9), OTMETHM:
a) nonepeunbiit m3rud (N =0,7=0):
+ +, nE

Yo ZDs/DA, (10)

0) cmy4ail Tiepexofia K IeHTPaJbHBIM OCSIM KOMITO3UTHOTO CEUYEeHHs, 00ecIieUrBaro-

+
IIMM BBIIOJIHEHKE ycinoBus Dy =0:
+ it it
v =(N+NT)D[/[(M+MT)DAJ . (11)

LlenTpanbHble CHCTEMBI KOOPAMHAT II€1€CO00pa3HO HCIONB30BAaTh B pacdyeTax
KC nmocTossHHOTrO monepevyHoro cedeHust MO0 B YaCTHBIX CIydasX ero MmepeMeHHO-
CTH, IIPX KOTOPBIX JUHUU LICHTPOB y(;: (x) (11) octatoTcst mpsMBIMH (HO HE COBIaJa-
IOUMH Ipyr ¢ ApyroM npu K > 0 u x < 0). MoxHo noka3aTs [4], 4TO BeTHYMHA
ot +.2
Dy Dy —(Dgy)” =const sABIAETCS WHBAPMAHTOM OTHOCHTENBHO KOODAMHATHI )| —
MIPUBSI3KH CEYEHHSI K OTCUETHOU OCH Z.
+
[oncraBuB medopmaiuio g% U KpuBHU3HY K~ u3 (4) B (2) u BBLAENMB clarae-
Mbl€, YUUTHIBAIOIIME BIUSHUE MPOJOIBHON CHIIBI, N3THOAIOIEr0 MOMEHTA U TeMIIe-
paTyphl, IOJIyYUM HCKOMBIE COCTABJIAIOIINE HOPMAJIBHOI'O HAIIPSIKEHUS
+ + 0+ + +
GiN_NEk l_ykS/(lD) GiM__MEk y_kS (12)
- > - >
DY 1-(k$ /ip)? Df 1-(k$/ip)?
+ + k2 + +
ot _gr| Nr vk lip)” M7 y-ks 7 .1 (13)
BTk pt i 12 + T 22 S0k TREY
4 1-(ks/ip)” Dy 1-(kg/ip)

+ + i
rae kg =Dg /Dy — Ko3pUIMEHT aCUMMETPUU KOMIIO3UTHOTO CEYEHHs, MMEIOIIHiH
pPa3MepHOCTD JITMHBI M B YaCTHOM CJIydae TMOIEPEYHOro U3ruda, paBHbIA KOOPAMHATE

o o + + _ [t pt
HelfiTpanbHO# ocu yg (10); ip =+/Dj /Dy — paamyc 5KeCTKOCTH KOMIIO3UTHOTO Ce-

YeHUs], B ciydae JTMHEHHOro neopMUpOBaHHS OJHOPOIHOTO CTEPXKHS, paBHBIN pa-
JUYCY UHEPLIMU CEYEHUSI.
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B KC nanpsokenns (12), (13) uMerot pa3pbIBbl Ha TpaHUIax ¢as, a TeMreparyp-
Hble HanpspkeHus (13) o06pa3yoT caMoypaBHOBEIICHHYIO CHIIOBYIO CHCTEMY.

KomnonenTy kacaTenpHOr0 HampsKeHUS ‘E(k) =1, A IOIEPEYHO-CIOUCTOrO
CTep)KHs MOJYyYHMM Ha OCHOBE YCIIOBHSI PaBHOBECHS KOHEUHOM CIOBUTAEMOH YacTu
syeMeHTa cTepkHs dx. Ilonaras, 4ro mpoaonbHas HarpysKka ¢, COCTOUT JIBYX 4acTel
&gy, (1-&)g, , NPUIOKEHHBIX K BEPXHEH M HUKHEN IUIOCKMM IOBEPXHOCTAM CTEPK-
Hi ¢ 3agaHHbBIM Kod(duimeHToM pactpenenenus &(x)€[0,1] , mpeacraBuMm Kkaca-

TCJIbHOC HAIIPSKECHUE B BUIC!

&, G “f”i
- =~ S (%, )b(x, y)dy |. (14)
be(x.y)  b(x,y)ox|

[loncraBuB B (14) HOopManbsHble HanpspkeHus (12), (13), 11 HCKOMBIX COCTaB-
JSIOIIUX KacaTeNbHOTO HATPSDKEHUSI OT MIECTH (PAaKTOPOB TTOTYYHM:

v _qy| DF 1= ks /ip)? DSeC+ Vg ks

T, y) =

T -5 (15)
o T TDE -GG BY D 1G5 /ip)
sect sect sect sect
= N 0| Dj kE 15)? DS - _Ma| Dy — kg DS, L(16)
by Ox D;[l—(kg/il—)) J by Ox Df[l—(kg/i[)) J
sect sect sec+ sect
o= 0 D¥* —ksDj L, _m, DE¥ kgD ’ a7
by D,‘[l—(kg/ij)) J by D,‘[l—(kg/ij)) J
LA P DS — kg D D™ —k§ 1) DF Nt |, (18)

by ox D,—[1—(k§/i5) J_ d Dg[l—(kE/iZ)) J
q=§y5+1+(1—§)J’1-

3/1ech ¢ MHAEKCAMHU ‘‘sec”’ BBEACHBI BETMYMHBI KECTKOCTEH M TeMIepaTypHOIo
yCUITUS JUIA CABUTaeMOMN 4acTH cedeHus. B ciydae ecnu caBuraemasi 4acTh COACPIKUT

o +
HEHTPaIbHYIO OCh Yy €[V, Vsy1], OHU ONPENENIIOTCS BEIPAKECHUAMU

)’(J)7r Y+l _
| D DFC |y = [ Egbllyldy+ | EfblLyldy, (19)
y %
sec 0 T T + Jst]
F(01,00) = | (So,k + Ko,ky)E/?bkdy+ I (80 kT ky)E brdy.  (20)
Y yo

B npotuBHOM citydae uHTepBaibl uHTErprpoBanus B (19), (20) oObenuHsrOTCS U HC-
MOJIB3YIOTCSI MOYJIH YIIPYTOCTH COOTBETCTBYIOLIETO 3HaKa. AHAJIOTUYHO BBILIE Clie-
JIAHHBIM 3aMEUYaHUsM B CIlydyae HEOJHOPOIHOCTH CIBUTaeMON 4YacTH, UHTErpalibl B
(19), (20) mpencrasstoTcs Mo-ha3HBIMA CYMMaMH.

B yactHOM ciydae u3 nonydeHHbIx dopmyra (12), (13), (15)—(18) BeiTekaroT:
VIIPOLICHHBIC BBIPAXKCHUS, 3alMCAaHHBIE B IEHTPAIBHBIX OCAX TpH OOecredeHUH

+ . .
kg =0; GopMysbl HanpskeHUH B IMHEHHO AeOpMUPYEMbIX KOMIO3UTHBIX CTEpIK-

HsX [5—10]; TpamuionHbIe GOPMYIIBI HOPMATBHBIX M KacaTenbHOro (popmyna Ky-
PaBCKOr0) HaNPsHKEHUI B OJJHOPOITHBIX CTEPIKHSX.
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®opmynsl (15)~(18) cnpaBeasuBbI A MONMEPEUHOI Y-CIIOUCTONH CTPYKTYpHL. B
CTPYKTYpax, HUMEIOIUX (parMeHThl Z-CIIOMCTOCTH (pHC. 3), U1 KOTOPBIX JIMHUHU
y(z) =const mepecekaroT pazHbie Ga3bl, 3TH HOPMYIIBI JOIKHBI OBITH JOPAOOTAHBI.

Ucnonezyem niist atoro 3akoH ['yka mpu casure ajist pasoBBIX MaTepHalioB W
yCJIOBHE Ul CyMMApHOM CBMraomiel moronHoil cuasl N°°¢(x, ), nelictByromei B
KC B ypoBHe y:

W0 =G . ZDbi(x,y) =N (x,y).
J

s 1
m+2 ¢:/ m+i 31ech CyMMHpPOBaHHE BBIOJNHSETCA MO (a3aM, mepece-
+1 m+ >
AL KaeMbIM JIMHHCH )(z)=const, b; — MMpUHA B HAIpaB-
m neHuu ocH z j-ii dasel. [lonaras, B coorBerctBuu ¢ (1),
Ei MIOCTOSIHCTBO CJIBUTOB Y (z) = const , IOJIy4HM IIPABUIIO
z st npumenenns opmyn  (15)—(18) B Z-cimomcThix
CTPYKTypax:
Puc. 3. + + G
CrpykTypa ¢ hparMeHTOM 1% (%, ) = N*(x, y)# .
Z-CIIOUCTOCTH Z Jj j(xay)
J

+ o
3neck N°* — npasas wacTh kax0ii u3 popmyin (15)—(18), ymuoxkennas ua by, .
[loncranoBka Hampspkenuit (17) B BbIpakeHHe momepedyHoil cuibl (3) maer
O=0 u Q=m, COOTBETCTBEHHO. MOMXHO II0Ka3aTh, YTO CHCTEMbl HaIllpsLKEHUH
(13), (15), (16), (18) camoypaBHOBEIIICHBI B IOMEPEYHOM CEUCHUHU JIIOOOH CTPYKTY-
pbl. Ha BepxHel U HU)KHEH OBEPXHOCTAX BBIIOJIHSIOTCS TPAaHUYHBIE YCIOBHSL.

TiQ('x’yl) = Tim (x’yl) = TiQ(x’yS+]) = Tim (X,ys+1) =0 5
+ + ,
11.0(x% 1) =—01.o(x, ¥y (x)
’ ’ Qe[N,M,T],
+ + ’
T5.0 (%, Vs11) = =050 (%, V1)V (X)

T, () =(=8)a /ey . T, (ysn) =840 /by(x.)

Ha BHyTpeHHHX rpaHHIaX CJIOEB OCPEIHEHHbIE KacaTeabHble HampsukeHus (15)—
(18) MoryT mMeTh pa3pbIBhI IEpBOTO pojia Onaroaaps Hanuunto GyHKIui b(y) u

dD**°(x,y)/dx .
B crepxHsAX MOCTOSHHOTO cedeHus: KacarenbHble HampspkeHus (16), (18) mpu

p;{ (x) =const cTaHOBSTCSA PaBHBIMH HYI0. OCTaBIIMECS HANPSHKEHUS

= £
kg’ k,Q> “k.m
OTIpENEeNIOTCS JIUIIb apaMeTpaMy JOKaJbHOTO CEUeHHs, HE3aBUCUMO OT MPOJ0Ib-
HBIX TPaJAUEHTOB F€OMETPHUUECKUX TapaMeTPOB.
DopMyIbI 111 KOMIIOHEHT KacaTeNlbHOro HanpspkeHus (15)—(18) mo3postor mo-
JYyYUTh BapUaHTBl HAXOXKJIEHUS HCIIONb3YEMON B TPEThbeM ypaBHEHHH CHUCTeMBbI (4)
CIIBUTOBOH JKECTKOCTH KOMITO3UTHOTO ceueHust. [IpencraBum ee B hopme:

S
Do (x) =g (0)Dg4(x), Dga(x)= Y, Gy [ by(x.y)dy . 1)
k=1 Iy,
3nech KOA(QQUIMEHT [y YIUTHIBAET HEPAaBHOMEPHOCTH Ae(OpMallK CABUTA B cede-
Huu. Ero onpeneneHne MoxeT OBITh BBIIIOJIHEHO Pa3lNYHBIMU CIIOCOOAMH, OCHOBAH-
HBIMHM Ha PHEPTeTHYECKOM IOAXOAE, OCPEIHEHUH aedopMmanuii casura MO0 OTOXK-
J€CTBIICHUH BEJIMYMHBI V() C MAKCUMaJbHBIM CABUTOM. PaccMoTpuM HX.
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1. [Tpu sHepreTHYecKOM OCpPEIHEHUH UCIIONb3yeM BBIPAKEHUE JUIS DHEPTHH Je-
¢dbopmanuu caBura:

s Vi+l x( , )
0=y | 222

k=1 y, k
N3 xommoHeHT KacatenbHOro HampspkeHus (15)—(18) 3mech crnemyer yduThIBaTh

———bi(x,y)dy . (22)

i v
THIIb T} o 0e3 ydera caMOypaBHOBECIICHHBIX HampspkeHuid. [loacrtaBisit B (22)
Hanpspkenue (17) npu yaere (21), momyunm:
2
s 00 DFE - kgD
by

Dgy RS
2
(D,i [1—(k§/i5)2}) =10k 3,0

Beipakenue aisi nckoMoro mapamerpa [L(x) Toixydaercs HpU MOMOIM WHTErPUPO-

Ho(x) = dy. (23)

sect
BaHUA 110 49aCTAM C INPUMCHCHHUECM Z[I/I(b(bepeHHI/IpOBaHI/IH HHTCTpajaoB OT D (y)

DSec () ¢ mepeMeHHBIMH TpenenamMu. B ciaydae cTepHS MPOU3BOJIBHOU CTPYKTY-
pBl OKOHYATENBbHOE BhIpRKEHHE IS MmapaMerpa [(Xx) Toydaercsi JOBOJBHO TPo-

MO3JIKUM.
2. Ocpennsisi CABUT 10 BBICOTE CEUCHUS

ro()= > | gy,
Ystl = V=1 5, Ok
¢ yaerom (17), (21), monyunm
DGA s 1 Yk Dsec+ _kSDsec+
et =0DF [1=Gk 1ip)? &2 Gk, e
Janee, npeobpa3oBaB MHTErpajbl U OCPEAHHMB B Mpeaeiax k -ro CJIOs MIHUPUHY

<bk (x)> =h ! j by (x, y)dy , HOITy4MM HCKOMYIO (POPMYITy:
By

Ho(x)= dy.

Dg ZS:
(es1 = 00)| DF DY ~(D5)? | (B ) Gi
= D5 ( DF** (o) =3 DY + D) | (24)

3. Jlns onpeneneHuss MaKCUMaabHOIO CIBHUIA Y. = Y(),,) HalleM KOOpIUHA-

ho ()= | Dy DF* () = 9 DY + DY) -

Ty Yy, U3 ycnosus 0tg(y,,)/ 0y =0, xoropoe ¢ yyerom (17) npuxumaer Buz
- - ) ob - -
DS By = DB =B () 5| DADE ()= DEDE () | 0.
Ortciona, mocie BhisBIeHUs 3aKkoHOB DS (y), DI (y), Haxomutcs Benmumza

Y - 1pu mocTosiHeTBe MMpPHHBL b;(y) B mpenenax j-it ¢passl conepkaiieit y,, , pop-

MyJla yIpOINAEeTCs ¥ IPUHUMAET BUIL Y, = D§ / Djr , copramatonuit ¢ (10). Torma u3
ycnoBus Yo = Y(y,,) npu ydere (17) nomyyaem

DGA Sec_(ym) kSDseC+(ym) (25)
b (ym)G, D,—[l—(kg/zl—))J

Ho(x)=
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4TO B CpaBHEHHMH C momxonmamu (23), (24) sBusiercsi, ¢ OAHON CTOPOHBI, Hanboee
MPOCTBIM H, C JAPYrOi CTOPOHBI, B CIydae COBMEIICHUS (MM, XOTs Obl, MpuOIImKe-
HUsI) OTCUETHON ocH K ImeHTpaibHoi (10), — HambOosee pusnvecku 000CHOBAHHBIM
MIPH OTPEIETICHUH 1eOPMUPOBAHHOTO COCTOSHHUSL.

a) 0)

TT -
\.1,198

| | | h/2
by e=03 e=-0,3 e=03 e=-0,3
k=-0,5 k=-0,5 k=0,5 k=05

Puc. 4. Hanpsoxenus chk) =G} B OJHOPOJHOM TpaneUEHAANILHOM CEYEHUH

BbisichuMm  cnienin(uKy BIMSHUS Pa3HOMOIYJIBHOCTH pAacdYeTHOM MOJAENH Ha
HaNpsHKEHHOE COCTOSIHUE CTepKHS. M3 MHOXKecTBa pasNMUYHBIX BApHAHTOB CXEM
CTep)KHEH C aCMMMETPHYHBIMHM CeUeHHSMH (HampuMep, MOKa3aHHBIX Ha puc. 4, a)
WCTOJIb3YeM B KauecTBE MOJEIBHOIO MPUMEpa YUCTHIA H3ru0 OJHOPOIHOrO MpU3Ma-
TUYECKOI'O CTEP)KHS C IOMEPEYHBIM CEUCHHEM Tparelen1aibHoi GhopMbl (puc. 4, 6).
HIupuny cedenus 3agamum B Buae b(y)=b>b,, +k(y -y, ) ¢ mapamerpom Tpamnene-

BUJHOCTH (acummerpun) k = (b, —by)/ h; b,, —mmpuHa ceueHus B ypoBHe ,,. Ilpu

oMot mapamerpa e=1—E~ /ET BBemeM cTeleHb pa3sHOMOTYIbHOCTH MaTepUaa.
IMpumem b, /h=1, yy=-h/2, y,, =0, M >0.
Pe3ynbratTel pacuera Oe3pa3MepHbIX HOPMAJIbHBIX HAMPSHKCHUH
— + 2
Gyt (V)= g byh® ((6M)

MOJTYYEHHBIX NMPH Pa3IHYHBIX codeTaHMsIX napamerpoB e = £0,3; £ = +0,5 Ha ocHOBe
¢dopmyner (12), mpuBeneHbl B TaONHIIE U B BUJIE S0P HA PHC. 4, 6,2,0,e (B TabwuIe B
rpadax PT u JIT npuBeacHbI pe3yabTaThl pacyeTa 10 Pa3HOMOIYJIbHOM U JIMHEHHOMH
TeopusM). [IyHKTHPHO#H JIMHUEH TTOKa3aHbl SIIOPHI IPH JTMHEHHOM Jie()OpMHUPOBaAHUN
(e = 0). Hamnume reomerprudeckoil 1 GU3NUECKON aCHMMETPUU MPHUBOAUT K CMeIlle-
HHIO HEUTPAJIbHOW OCH U NEPEPACTIPENCIICHUIO HAPSKEHU .

Taboauma
e k yo'h OLM O M
PT JIT PT JIT PT JIT

0,3 0,5 0,041 0,083 1,391 1,273 -0,827 -0,909

0 0,5 0,083 0,083 1,273 1,273 -0,909 -0,909
-0,3 0,5 0,114 0,083 1,198 1,273 -0,979 -0,909
0,3 -0,5 -0,125 -0,083 1,007 0,909 -1,174 -1,273

0 -0,5 -0,083 -0,083 0,909 0,909 -1,273 -1,273
-0,3 -0,5 -0,052 -0,083 0,847 0,909 -1,358 -1,273

JU1sl OLIEHKH TOTPEIIHOCTH B HANpPSDKEHUSX, 00yCIOBICHHOI IpeHeOpexeHneM
Pa3HOMOIYTBHOCTBIO €, PACCMOTPHM BEITHUHHY & = (07 3 — G\ 4y )/ G\ as » THE Gf o »
c? )/ — HaIpsOKEHUS B HWOKHEN TOouke cedenus, Hannennsle o PT u JIT. Ha puc. 5

rpaduku d(e), d(k) oTpakaroT cedeHuUs! MOBEPXHOCTH O(e, k) MPH pa3IHyYHBIX YPOBHIX
ACUMMETPHH M Pa3HOMOIYJIbHOCTH. AHAIHM3 MOMOOHBIX IrpadUKOB sl paccMaTpuBa-
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€MOr0 M JPYTHX TUIIOB CCUCHUM, B TOM YHCJIC KOMIIO3UTHBIX, TO3BOJISET CACIAThH
CIIEIYIOIIE BHIBOIBI:

5, %
10 A —O—k=—1
i’ ——k=-05
- ——k=0,5
N ——k =1
Z N e
U >
2
4
6
8
=10
12
-0,3 -0,2 0,1 0 0,1 0,2 0,3
5 % 0,1
——c =0,
12 'y l
8 ——c =(,2
-
4 X wr—-c = 0,3
0 T —0—g =-0,1
-4 i —0—¢c=-0,2
-8
+ —tr—c=-0,3
-12 . » ks

-1 -08 06 04 -02 0 02 04 06 08 1
Puc. 5. ['paduxu norpemroctu d(e) , 6(k) nuHeiiHoi Teopuu

B cmity HEeMOHOTOHHOCTH 3aBUCHMOCTH O(k) M aCHMMETPHU 3aBUCHUMOCTH O(e) Mo-

XKeT OBITh MTOCTaBJICHA 33/1a4a ONTHUMHU3AIMHA TeOMETPUUECKON (popMBl U Pr3HUECKOH
CTPYKTYPBI CEYEHHUSI B COOTBETCTBUH C 33J]aHHON CTENEHBIO PA3HOMOIYIBHOCTH ¢ .

B orpannyeHHOM auamnazoHe K03()QUIIMEHTOB pa3HOMOIYJILHOCTH (IIPH 3aaH-
HOW acMMMETpHU k) pacueThl CTepPIKHEH MOTYT OBITh BBHITIONIHEHBI 110 JTMHEHHOW Teo-
pun. B "acTHOCTH, B TaHHOM TIpUMepe MpH 33JaHUM MaKCHMAIBHON MOTPEIIHOCTH
Omax =5% oHn coctaBnger ot e=—(0,22+0,02) mo e=0,17+0,02 . Takum oOGpa-
30M, B OJIHOPOJHOM CTEp)KHE TparelenJaIbHOTO CCUCHHs Y4eT PasHOMOAYIbHOCTH
MOJKET HE BBINOIHATHCA MPU OTIMYUHN Moxyieil ynpyroctu 1o 20%. Onnako, B cTa-
TUYECKH HEOTPEICIUMBIX CHCTEMAaX, B CHITy 3aBHCHMOCTH HAIPSDKEHHOTO COCTOSHUS
OT XapaKTEPUCTHK JKECTKOCTH (5), JaHHBIA IMAINa30H JUIsi HEKOTOPBIX 00JIacTel KOH-
CTPYKIIUH MOXKET CYXaTbhCsl.

OTMeTUM TaKKe, YTO MPU Pa3HOMOAYJIBHOM Je(hOpMHUPOBAHUH CKAYKOOOPa3HOE

HM3MEHEHUE KOOPAUHATBI HEUTPAIbHOW OCH yar — ) TpH CMeHe 3HaKa M3rubarole-

0 MOMEHTA, B CHJIy TOSIBJICHHUS MO YKa3aHHOW MPHUYMHE Pa3phIBOB B CKOPOCTAX Je-
¢dopmanuii, mpuBeneT K CKauKaM HanpspKeHHWH, YTO CIeyeT YYUTHIBAaTh IPU OICHKE
MPOYHOCTH TUHAMHYECKH HArpyKEHHBIX KOHCTPYKLIHH.

[Mony4ennsie Gpopmynbl HopManbHbIX (12), (13) M KacaTenbHBIX HANPSKEHUH
(15)—(18), sxecTKOCTHBIX XapakTepucTuk (5), (21) — (25) u puznvecKre COOTHOMICHNUS
(4) B coueTraHnWU ¢ M3BECTHBIMH ISl CTEP)KHEH KMHEMATHYECKUMHU M CTATHYCCKUMHU
YpaBHEHUSIMHU TO3BOJISIIOT BBITONHATH PAcUeThl HANPSHKEHHO-Ie) OPMUPOBAHHOTO
COCTOSIHMSI CTPYKTYPHO-HEOIHOPOIHBIX CTEp)KHEH MPH TEPMOCHUIOBOM BO3JEHCTBUU
B YTOYHEHHOH MTOCTaHOBKE MO MOJIETH Pa3HOMOAYJILHOTO Je)OpMHUPOBAHUSI.

Paboma evinonnena npu noooepoicke epanma PODOU Ne 14-01-00102
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STRESS STATE OF STRUCTURALLY NOT UNIFORM RODS
MADE FROM DIFFERENT MODULE MATERIALS
UNDER THERMO-FORCE INFLUENCES

Mishchenko A.V.
Novosibirskoe vysshee voennoe komandnoe uchilishche, Novosibirsk

The equations for the normal and shear stresses estimation of in structurally not uniform
rods are received. These rods possess the variable cross sections and are made from difference
modulus materials. The influence of three internal forces factors, surfaces forces and line-
segment temperature function is taken into account. The analysis of difference module degree
to the stresses in trapeziform section influences is considered.

KEY WORDS: composite rod, layered structure, difference modulus, difference re-
sistance, rigidity characteristics.
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PacyeTbI Ha yCTOUYUBOCTb

BU®YPKAIIMOHHBIE 3AJIAUA YCTOMYUBOCTH
BBICOTHOI'O OFBEKTA

B.K. THO3EMLIEB, doxmop mexnuueckux nayx, npogheccop

C.A. )KECTKOBA, acnupanm

Capamosckuii 2ocyoapcmeernublil mexnuyeckull yrusepcumem um. Iacapuna FO.A.
410054, Capamos, ya. Honumexnuueckas 0.77;

e-mail: zhestkovas@list.ru

Paccmampusaiomesn 0ge 6upyprayuonnvle 3a0ayu ycmouyueoCmu npUMEHUMENbHO K
8bICOMHOMY 00bEKMY, 83aumodelicmsyiouemy ¢ oepopmupyemovim ochosanuem. Oyenueaem-
cs gnusHUe «0OWel YCmOouYUgoCmuy Ha yCmoudugoCms NPIMOIUHEUHOU POPMbL OCU GbICOM-
HO20 0bvexma.

KJIFOUEBBIE CJIOBA: kpuruueckas Harpyska, OugypkanuoHHass yCTOWYUBOCTD, BbI-
COTHBIH 00BEKT, JehOpMHUPYEMOE OCHOBAHHE.

Krnacc 3amau OndypKanMOHHOW YCTOWYMBOCTH TIOCBSIIEH TMOWUCKY TOUYEK pas-
BeTBIIeHMs (OM(ypKannn) HeIHHEHHOro penreHus auddepeHanbHpIX YpaBHEHUH.
Haubonee mmpokoe mpuMeHEHHE TOT TMOAXOJ] K UCCIIEIOBAHUIO CBOWUCTB peIllCHUN
mddepeHTUaIBHBIX YPaBHEHHUH TTONYyYHI B 33Jadax MEXaHHKH. B 3THX 3amadax B
TouKe OM(pypKalUK OT MCXOAHOTO PEIISHHUs, OMUCHIBAIOIIETO Mpolecc IepopMHPO-
BaHUSI MEXaHMYECKOW CHCTEMBI, OTBETBISIETCS HOBOE perieHue. [Ipu aToM 3a ToYKoi
oudypkanuu mporecc nepOpPMUPOBAHIS, OMHUCHIBAEMBIH HCXOTHBIM PEIICHHEM, Te-
pecraer ObITh YCTOHUMBBIM. OOBIYHO YCTOWYHBBIM CTAHOBUTCS HOBOE OTBETBIISIOIIC-
ecst pemenre. To ecTh MPOUCXOANT, TaK HA3HIBAEMBIH, «OOMEH YCTOHYMBOCTHIO». B
psizie 3a7a4 3a TOYKOH OMypKaluu MCXOAHOTrO Mmporecca e OpMUPOBaHUS YCTOM-
YHBBIH Tporece JeopMUpoBaHHS MOXKET OTCYTCTBOBaTh. K TakuM 3a/jauaM MEXaHU-
KM OTHOCHTCS Mpo0JieMa yCTOMYMBOCTU BBICOTHOI'O O0BEKTa, TO €CTh O0OBEKTA C BBI-
COKO PacCIoIOKEHHBIM IIEHTPOM CHJI TshkecTH (puc. 1, a).

El.(2)
BN

1(2)

N

-
== i
1
=]
1
0
ETo(X) ren
&%
—— 1
a) 0)
Puc.1

st Takoro o0bekTa OMdypKalMoHHAsT KPpUTHYECKasi Harpy3Kka sBIsieTCs Ompe-
JISIISAIONICH B PEIICHUH MPOOIeMbl YCTOMUNBOCTU. [Ipyroit 0COOEHHOCTRIO TPOOIEMbI
YCTOWYMBOCTH UIS BBICOTHOTO OOBEKTa, B3aMMOJCHCTBYIONIETO C e OPMHUPYEMBIM
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OCHOBaHHWEM, SIBIISIETCSI €r0 CKIOHHOCTh, KaK K TOTEpEe YCTOMYMBOCTH HMCXOJIHOM
(mpsiMonmHElHOW) GOpMBI paBHOBECHs C)KATOrO dJIEMEHTa, TaK W K MoTepe oOmen
YCTOMYMBOCTH MCXOMHOTO (BEPTHKAIBLHOTO) COCTOSHHS PAaBHOBECHS B CBSI3U C Jie-
(hopMaIMOHHBIMH MPOLIECCAMH B €0 OCHOBAHMH. 3/1eCh BO3HUKAIOT JBE O ypKaIim-
OHHBIE 33J]a4l YCTOMYMUBOCTH [1], epBast U3 KOTOPBIX BOCXOAUT K KJIACCHYECKOW 3a-
nade Diiyiepa [2], BTopas OTHOCHTCS K KJIACCHYECKOM 3agade oOIIeld YCTOWYHMBOCTH
MacCHUBHBIX Ten [3].

Paccmotpum 3TH 1Be OMdypKallMOHHbBIEC 33/1a4l YCTOHYUBOCTH NMPUMEHHUTEIBHO
K BBICOTHOMY OOBEKTY, B3aUMOJICHCTBYIOIIEMY C e OpMUPYEMBIM COTJIACHO MOJICITH
Bunkiniepa ocnoBanuem [4,5]. B aToM cimyuyae mpocTeiias MocTaHOBKa MEepBOM 3a/1a-
YH YCTOWYMBOCTH BHICOTHOI'O 00BEKTA MOXKET OBITh OCHOBaHA Ha IJIOCKOH pacueTHOn
CXEeME¢ YCTOMYMBOCTH CTOMKH C KOHEYHOW H3rMOHOW JKECTKOCTHIO IO JCHCTBHEM
coOCTBEHHOTr0 Beca (puc. 1, 6).

OcHOBHOE JHHEHHOE OJHOPOJHOE YpPaBHEHHE TCOPUHU TPSMBIX CTEpP)KHEH MpH
TMOOBIX 3aKOHAaX M3MeHeHUs M3ruOHOM sxectkocth (EJ.), MOOBIX Harpyskax u ycio-
BHSIX 3aKpOCIUICHHS MMeeT BUJ [2]:

d’ aw) d aw
—NEJ —— |-——| N |lz)— |=0, 1
dz*\ ¢ dz? dz( o(e) dz j M

N,(z)=- [Jiq(z)dz—jiq(z)dz .

3nech Ny(z) - Ha9aIbHOE OCEBOE YCHITHE.

OcHoBHOe ypaBHeHHE (1) HEOOXOAMMO IOMOIHUTh TPAHUYHBIMH YCIOBHSMH. B
JAHHOM Cliy4ae JJis BEpXHEr0 KOHIIA MPOCTEUIIICH CXEMBI BBICOTHOIO 00BEKTa CIpa-
BEIUTHBHI CIEAYIONMINE TPAHUYHBIE YCIIOBHS:

2
EJ, CZVQV =0
z
z=H S @)
EJ,—=0
dz

B yactHOM citydae Uil XKECTKO 3all[eMJICHHOI'O OIIOPHOIO y3ja pellieHue ypas-
HeHus (1) B paMKax KJIaCCHMUYECKOT'O MOAXO0Ja CTPOUTEIHHON MEXaHWKH XOPOIIO H3-
BECTHO. JTO ypaBHEHHE YCTOWYMBOCTH MOXKHO MPUBECTH K KaHOHWYECKOMY BHUIY
ypaBHeHus beccens. TodyHoe pelieHue, KOTOPOro IpU paBHOMEPHO paclpeesIeHHOH
IO BBICOTE Harpy3Ke OT COOCTBEHHOT O Beca gy UMEeT BUIL:

" EJ,
(qOH)kp = kp =7’837 H2 . (3)

3TO BapHaHT MepBOil OMPYPKAIMOHON 3a/la4i YCTOWYMBOCTH UCXOJHOTO (IIpsi-
MOJIMHEIHOTO) COCTOSIHHSI PaBHOBECHS BBICOTHOTO OOBEKTa JUISi YaCTHOT'O CIydast
YKECTKO 3aIEMIICHHOIO OIIOPHOTO0 Y3J1a.

[pocreiimas mocTaHOBKAa BTOPOH 3aJauyd YCTOWYMBOCTH BBICOTHOTO OOBEKTa
MOJKET ObITh OCHOBaHa Ha MOJICNIM OCHOBaHHUS Bunkiepa [S] mpu aOCOIIOTHO JKeCT-
KOl ()yHIAMEHTHOH TUIATE. DTO MO3BOJSET MOMYIUTh KIACCHYECKOE aHATUTHYECKOE
peleHne Ui KpUTUISCKOW HAarpy3KH OOIIeH moTepu ycToHnBocTH [3]:

kJ
Py =", 4)
Y H
C
riae k — K03 PHUIMEHT «IOCTENN» TPYHTOBOI'O OCHOBAHHS B COOTBETCTBHH C MOJICIIBIO
ocHoBaHMs BuHkiepa; Jy - MUHUMAJIbHBIA MOMEHT MHEPIMHU TUJIOIIAJIA «IIOJOIIBBI

(dbyHaaMeHTHOU TUIUTBL; H - BBICOTA IIGHTPa CUJ TSHKECTH 00BEKTa.
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OtmeruM, 4TO KpUTHYECKasl Harpy3ka MepBoil 3a1a4ll yCTOMUYNBOCTH, YIUTHIBA-
toniel 1epopMUPyeMOCTh OCHOBAHHUS, HE MOXKET TMPEBOCXONTh N0 BETMUWHE 3HAYC-
HUE KPUTHYECKOH Harpy3Kd BTOPOW 3allaud YCTOWYHMBOCTH, TaK KakK IOTeps OOuIei
YCTOWYMBOCTH BBICOTHOTO OOBEKTa COOTBETCTBEHHO HAPYIIAET UCXOJHOE COCTOSHUE
paBHOBECHS W JUIsl TIEPBOM 3a7auu. PelieHre BTOpoi OM(pypKaIlMOHHOM 3a1auu JaeT
3HaYCHUE KPUTUYECCKON HATPY3KH MOTEPH 00LIel yCTOWYMBOCTH, XapaKTEepU3YOIee
KECTKOCTh CHUCTEMbl «(pyHJaMEHTHasl IUINTA — OCHOBAaHHE», C YYETOM >KECTKOCTH
(yHIaMEHTHOW TUITMTHI U OCHOBAHHS C UCIIONB30BAHUEM MOJIENIC OCHOBaHMsI pas-
JUYHON CIIOKHOCTH. DTa CBsI3b NIEPBOW M BTOPOM MPOCTEUIINX 3a7ad OndypKalnoH-
HOW YCTOHYMBOCTH MOXKET OBITh YCTaHOBIICHA NPU 33/IaHUM COOTBETCTBYIOIIUX Ipa-
HUYHBIX YCIIOBUH JIJIsl OTIOPHOTO y371a B NiepBoi OMypKanMoHHO# 3a1a4e:

w(0)=0
z=0 AW A ®)
EJ S+ PoH o === 0

0 . . .
rae Pkp - KpUTHYECKasi Harpy3Ka BTOPOH 3aaud OOIIeH MOoTepru yCTOWYHBOCTH BBI-

coTHOro oonekra. [Ipu yuere medopMUpPyEeMOCTH OCHOBAHHS KPUTHYECKas HArpy3Ka
o0IIeil moTepu yCTOWYMBOCTH COTJIACHO Mojenu Buukiiepa ompenensercs u3 (4),

Py H - «BupHam» KpUTHUECKOI HArpy3KH oobuieii motepu ycroiiunsoct [3].

Takum oOpa3om, COBOKyNHOCTh ypaBHeHui (1), (2) u (5) npencrarisier co0oit
nepByr0 OnpypKaIMoOHHYIO 337]a4y YCTOWYMBOCTH C YUETOM J1eOPMHPYEMOCTH OC-
HOBaHUS JUTS PACCMAaTPHBAaEMOI pacueTHOW CXEeMbI BBICOTHOT'O OOBEKTA.

UucieHHOE COMOCTaBICHUE KPUTUYECKUX HArpy30K ABYX Ou(ypKaIlMOHHBIX 3a-
Jlad MOYKHO TONyYUTh IyTeM CBeleHUs TudQepeHIInanbHON 3a1aud YCTOHYMBOCTH
METO/IOM JMCKPETU3aluN K 0000IIeHHOl anrebpandyeckoil 3ajaue Ha COOCTBEHHBIE

sHavenus [1]: [D (Pkg )]{W}= A (Pk/l; ) [C ]{W} 9)

rae %/V } — cTonbel HeM3BECTHBIX METOJa KOHEUHBIX pa3HOCTEH (COOCTBEHHBIC

. 0
byHKIUN); 4 (P o ) - cobcTBeHHOE 3HaueHe anreOpamueckoit 3amaum; Py, , Py -

KpUTHYECKUE Harsfm(n o0IIel yCTOWYMBOCTHA U «H3THOHOM» YCTOHYMBOCTH CXKATOH

CTOMKH; [D (P,; [c] - marpuiel ko3puIMEHTOB anredpanyeckoil 3a1aunm Ha

COOCTBEHHBIEC 3HAYCHHUS.
VY4er KOHEUHOH JKECTKOCTH OCHOBAHHUS B OIMOPHOM Y3JIe MPUBOAUT K KOHEYHO-
Pa3HOCTHOM CHCTEME ypaBHEHUH BUA:

w02, =0, W,=0,

Py Py ( 1 J 2P ( 1 J o
W, +| -4+ - -1\Wy+|6+—- -1|-6\P, )W, +
-1 2(n—l)3 (n—1)2 n—1 0 (n—1)2 n—1 (kp) 1
P, Pi ( 1 J
- —T —1| W, +W, =0;
2m-1f (-1 \n-1 S
Pl Py [ i J 2P [ i J
W, ,+| -4+ - -1\ _ +|6+—| —=1||W,+
2 201 (n-1) \n-1 - (n—1y\n-1 '

ERETCEE) R Py

W, ,=2W,+W,,=0,2<i<n,

Pkp Pkp [ 4 1_1J WH] +Wi+2 =0,
n
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Wt =2, W, =0, (10)
e
—0
1— _Pw 2
2n =1 —0 H H "YU H
9:-%, Php =25 Py, Pl =(goH) 7. (an
kp ¢ ¢

B cityuae knmaccuyeckoit 3amaun yeroitansoct (1), (2), (3) momyuum 6 = 1. Ipu
3TOM MPHONMKEHHOE 3HAUYCHUE KPUTUYECKOW HArpy3ku (n = 6) OTIM4Yaercs OoT TO4Y-
Horo pemtenus (3) na 2%:

" EJ .
(90H )y, = Py, =7,676 7z (13)

B 00mem ciaydae, O4EBUIHO, YTO KPUTHUYECKAs HATPy3Ka BBICOTHOTO OOBLEKTa
(puc. 1) P,; Oyer onpenensTbest U3ruOHOI xKecTkocThio £J , , BbicoTOM H 1 Kect-
KOCTBIO OCHOBAHHMS, IPHYEM JKECTKOCTh OCHOBAHMS OLEHUBAETCS 3HAUYCHUEM KPHMTH-
YEeCKOM Harpy3kd OOIIeH YCTOHYHMBOCTH COODPYKEHHS Pkg B MPEAIIOIOKECHUH, YTO
EJ, —

w = (@1}, = Py (Pk?,)b;[]; : (14)

O1eHUM BITMSTHAE KPUTHYECKON HATrpy3KH OOIIEH MOTepH YCTOMYMBOCTH Pkg Ha

BEIIMYMHY KPUTHUYECKON HATPy3KH MPSMOIHUHEHHOW (OpMBI paBHOBECHS BEPTHKAIIb-
~ u
HOW OCH BBICOTHOTO OOBEKTa Pkp . Mcnonp3yeM yciioBue paBeHCTBA HYIIIO ONpEHc-

JUTENS CUCTEMBbl alreOpalyvecKiX YpaBHEHHWH 3aJadd Ha COOCTBEHHBIC 3HAYCHUS
(10). Yuer Bo3MOXHOCTH 001l TToTepu ycToiunBocTH 110 (10) mpu omeHke ycToii-
YHBOCTH BBICOTHOTO 0OBbeKTa (KpUBas 2 Ha pHC. 2, @) MOKA3bIBAET, YTO TOIy4aEeMbIe
3HAYCHHSI KPUTUYECKUX HArpy30K P, 3HAYHUTCIBHO CHIKAIOTCS [0 CPABHCHHIO C

pacuerom 1o (3) (TIpsiMast Ha puC. 2, a).
H

2 1.2 ~
45 LH(P;IPH ) kp
14 0
kp
0.8
Ln(EJl) 0.6
53 33 13 07 0.4
1.5 |
0.2 R
Q
357 0 T T T 1
] 20 40 60 30
55 4
a) 0)
Puc. 2

Ha puc. 2, 6 npuBeneHa 3aBHCHMOCTD OTHOIIICHHS KDUTHYECKUX HATrPy30K OT

M3rnOHOM JKECTKOCTH BBICOTHOI'O 00beKTa EJ :
1 EJ
— —4(n—-1)=e
Loafn-n)

PoH*

(15)
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31ech OUEBHJIHO, YTO YBENMYEHHE M3THOHON KECTKOCTH IOBBINIACT 3HAYCHUE
KPUTHYECKON Harpy3ku Pk; . Ilpu 3TOM yCTOHYMBOCTH BEICOTHOTO O0BEKTa OrpaHU-
YyeHa BETMYMHON KPUTHYECKON HArpy3Koi o0IIel moTepu YCTOHYMBOCTH.
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BIFURCATION PROBLEMS OF STABILITY OF HIGH-RISE BUILDINGS

V.K. Inozemtzev , S.A. Zhestkova
Yuri Gagarin Saratov State Technical University, Saratov

We consider two bifurcation problems of stability with respect to high-rise buildings, in-
teracting with a deformable base. The effect of "overall stability" is estimated on the stability
of the rectilinear shape of the axis high-rise object.

KEYWORDS: critical load, bifurcation stability, high-rise object, deformable base.
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Tocmasnennas 3a0aua peanuzyemcsi ¢ HOMOWDBIO Memooa KOHEUHbIX INEMEHMO8 8 nepeme-
wenusx. Conocmagienue Npou3BOOUMcs ¢ pe3yIbmamam AHATUMUYecKo20 peueHus: Ha
@ponme nnockoil npodonvholl eoaHbl. Hccredyemas 3adaua npedcmasiena 8 uoe DecKoHey-
HOU NIACMUHKU.

KJIFOUEBBIE CJIOBA: nuddepeHnpaibabie ypaBHEHUS B YaCTHBIX MPOM3BOAHBIX, 3a-
Jaya ¢ HavalbHBIMHU YCIOBHAMH, 3a1a4a Komim, MaTeMaTH4ecKoe U YHCICHHOE MOISTHPOBa-
HUE, TPUHIMI BO3MOXKHBIX MEPEMENICHHMH, OJHOPOAHBIA aJTOPUTM, METON KOHEYHBIX 3Je-
MEHTOB, HECTAlMOHAPHBIC BOJHBI HANPSKCHUH, SIBHAsI TBYXCIOWHAS CXeMa, aHATUTHYECKOE
pellieHre, COMOCTABJICHHE, JTOCTOBEPHOCTh, (DPOHT BOJHBI, AeibTa (YHKIUS, HUMITYIHCHOE
BO3/JICHCTBHUE B BUJIC TPEYTOJIbHUKA, OCCKOHEYHAS TUIACTHHKA.

[Ipu pemieHNU CIOXHBIX 3a7]ad BOZHHKAIOT MPOOJIEMBI OIEHKH JOCTOBEPHOCTH
MOJMYYEHHBIX pe3yibTaToB. Ha OCHOBaHUM H3II0OKEHHOTO MOXKHO YTBEPXKIATh, UTO
OIIEHKA TOYHOCTU M JOCTOBEPHOCTH PE3YJIbTATOB YHCICHHOTO MOJICITUPOBAHUS BOJIH
HaTPSHKEHUH B 00JIACTSIX CIIOKHOM (DOPMBI SBIISICTCSl aKTyallbHONH HaydHOH 3a/1a4cH.

Hexotopas uH(oOpMaIys 0 MOCTaHOBKE HECTAIIMOHAPHOW JMHAMHYCCKON 3a1auu
TEOpPHUHU YNPYTOCTH MpHBeAcHa B pabdorax [1-4]. B paborax [2-4, 5] npuBenena uH-
¢dopmarus 0 pa3pabOTaHHOH METOIMKE, aJIrOPUTME M KOMILIEKCE mporpamMm. MH-
¢dopmarus 00 OleHKe (PU3NYECKOM TOCTOBEPHOCTH M MATEMAaTUYECKOH TOYHOCTH

pa3pabOTaHHOW METOIUKH, aJIroOpuT™Ma M KOM-
v S1 IJIeKca MporpaMM IpuBeeHa B padorax [2—10].

Jnst penieHust 3a1a4d O MOJICIMPOBAHUH He-
CTallMOHAPHBIX BOJH HANPSHKCHUH B YIPYTrUX Je-
(dopMHpYEMBIX cpelax pPacCMOTPHUM HEKOTOpOe
teno I (puc. 1) B mpsAMOYroNBbHON JeKapTOBOU
S2 cucreMe koopauHat XOY, KOTOpOMY B Hadallb-
HBIF MOMEHT BpeMeHH ¢ = () cOO0IIaeTcss MeXaHH-
YECKOE BO3JCHCTBHE.

[peamnonoxum, uro teno ' u3roroBneHo u3s
OJTHOPOJIHOT'O H30TPOITHOTO MaTepHhala, IOI4YH-
HSIIOMIErocsl YIpyroMmy 3akoHy ['yka mpu Mmaibix
yrnpyrux aehopmanusx. J[ns pemeHns TByMEpHOH TUIOCKON JMHAMUYECKOW 3a1adn
TEOPHUU YNMPYTrOCTH C HAYAIbHBIMUA U TPaHUYHBIMHU YCIOBUSMHU — HCIIONB3yEeM METO/]
KOHEYHBIX JIEMEHTOB B MEPEMEIICHUIX. 3a/1aya PelaeTcss METOJJOM CKBO3HOTO cue-
Ta, 0e3 BBIJENCHUS Pa3pbIBOB. UTOOBI BBIMOTHUTH AUHAMUYECKHH pacdeT METOI0M
KOHCYHBIX AJIEMEHTOB, HY)KHO UMETh MATPHILYy JKECTKOCTH W MATPHUIy MHEPIHUU KO-
HEYHOT'0 3JIEeMEHTA.

[MpuHuMast BO BHUMaHUE OINpeJeIeHNe MaTPHIIBl )KECTKOCTH, BEKTOpa MHEPIIUH
W BEKTOpa BHENIHHMX chi Juisi Teda [, 3amuceiBaeM MpUONTIIKEHHOE 3HAYEHHE ypaB-
HEHHUS JBYKEHUS B TEOPHH YIIPYTOCTH

S$=S, Us,

o X
Puc. 1. Hexoropoe Teno I B
MPSIMOYTOJIEHOM JIeKapTOBOM

cucreMe koopauHat XOY

HO+KDO=R, ®,.p=D), D,y =D, (1)
riue H - MaTpuIla HHEPIINH; K - MaTpuIla JXeCTKOCTH, o — BCKTOP Y3JIOBBIX YIIPY-

rux MepeMenieHui; O — BEKTOP Y3JIOBBIX YIPYIMX CKOPOCTEH IepeMelleHU; O —
BEKTOp Y3JIOBBIX YIPYTHX YCKOPEHHMI; R — BEKTOP Y3IIOBBIX YIPYTHX BHEUIHHX CHIL.

CootHomenne (1) cucrema ITHHEHHBIX OOBIKHOBEHHBIX JU(PEpEHINATBHBIX
YpaBHEHHUH BTOPOTO TOPSIJIKA B TEPEMEHICHHUSIX ¢ HAYAIbHBIMH YCIOBUSMH IJISl pe-
IICHUS BOJHOBBIX 337124 B IehOpMHUPYEMBIX 001aCTIX CIIOXKHON (OPMBI.

Takum 00pa3oM, ¢ TIOMOIIBIO METOJ]a KOHEUHBIX 3JIEMEHTOB B TIEpPEMEICHHSX,
JTUHEHHYIO 3a/la4y ¢ HadaJlbHBIMUA M TPAHUYHBIMH YCIOBUSIMH TPUBEIHU K JIMHEHHOM
3agaue Komm (1).
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Jnig uHTerpupOBaHMs ypaBHEHHS C HAaYaJbHBIMU ycioBUsAMHU (1) KOHedHOdJIe-
MEHTHBIM BapuaHTOM Meropa ['anepkuHa mpuBeaeM ero K CiaenyromeMy BUIy

_d~- . - d- _
H—®O+KOP=R, —0=0. 2)
dt dt
WuTerpupys 1mo BpeMeHHOW KOOpAMHATE COOTHOIIEHHE (2) C MOMOIIbIO KOHEY-
HO3JIEMEHTHOTO0 BapuaHTa MeToja [ ajepkuHa, MONYYUM JABYMEPHYIO SIBHYIO IBYX-

CIIOMHYH0 KOHEYHO3JIEMEHTHYIO JIUHEHHYIO CXEMY B IIEPEMEILCHUSIX JUIsl BHYTPEHHUX
Y TPaHUYHBIX y3JI0BBIX TOYEK

B, =0, + MH(-KD, +R; ), @) =D, + A, 3)
rae At — mar 1o BpeMeHHON KOOpAMHATE.

OcCHOBHBIE COOTHOIIIEHHUSI METO[a KOHEYHBIX AJIEMEHTOB B IIEpEMEIIEHUSIX MOITy-
YeHbl C MOMOIIBI0 MPUHIUIA BO3MOXKHBIX TEpPEMENIeHUH M KOHEUYHO3JIEMEHTHOT O
BapuaHTa Metoja ['anepkuHa.

PaccmoTrpuM ycTOMYHMBOCTE JBYMEPHON SIBHOM JIBYXCJIOMHOW KOHEYHODJIEMEHT-
HOM TMHEHHON CXEeMBI B TIepeMEelIeHHIX sl BHYTPEHHUX M TPAHUYHBIX y3JIOBBIX TO-
YeK Ha KBa3HUPEryJSIPHBIX CeTKax.

Cucrema ypaBHeHu#t (3) U1l BHYTPEHHUX U TPAHUYHBIX Y3JIOBBIX TOYEK, IOJIY-
YeHHas B pe3ysibTaTe€ WHTErPUPOBAHUS YpaBHEHHUS JABIIKEHHUS TEOPHUH YIPYTOCTH,
JOJDKHA JaBaTh pelIeHne, CXoasIieecs K peleHnio HCX0MHOH cucteMsl (1).

[ITar o BpeMEHHOH NepeMEHHOW Af OnpenensieM U3 CIEAYIOIIEro COOTHOIIE-
HUSA

minAl;
At=k—/—(i=1, 2, 3, ...), 4)
Cp
rae Al — JUiHa CTOPOHBI KOHEYHOT'O 3JIEMEHTA.

Pe3ynbTaThl YHCIEHHOTO DKCIIEPUMEHTA MOKa3aJM, uTo npu k£ = 0,5 obecnieuu-
BaeTCsl YCTOWUUBOCTh ABYMEPHOU SIBHOW JIBYXCIOMHON KOHEYHORJIEMEHTHOM JIMHEH-
HOM CXEMBI B MepEeMEIICHUAX U1 BHYTPEHHUX U TPAaHUYHBIX Y3JIOBBIX TOUEK Ha KBa-
3UPEryIApHBIX CeTKaX.

Ha ocHOBe MeTo1a KOHEUHBIX JIEMEHTOB B MEpeMENIeHHIX pa3padoTaHbl airo-
PUTM U KOMILIEKC MPOTpaMM JUTSl PEIIeHUs JTUHEMHBIX TUIOCKHX BYMEPHBIX 3a1ad,
KOTOpBIE TIO3BOJISIFOT PEIIaTh CIIOXKHBIE 3a/1a4M IIPH HECTAIIMOHAPHBIX JUHAMUYECKUX
BO3/ICHCTBUSAX Ha coopyxkenus. [Ipu pa3paboTke KOMILIEKca MPOTpPaMM HCIOIbB30-
BaJICsl aJITOpUTMHUYECKHid 1361k DopTpan-90. Mcciaenyemas o0aacTh pa3duBacTcs Mo
MPOCTPAHCTBEHHBIM MEPEMEHHBIM Ha TPEYTOJbHBIE KOHEYHBIE 3JIEMEHTHI C TPEeMs
Y3J0BBIMH TOYKaMU M Ha MPSIMOYTOJbHBIE KOHEYHBIE 3JIEMEHTHI C YETHIPhMS Y3J10-
BBIMH TOYKaMmHd. [1o BpeMeHHOH mepeMeHHOH Hccienyemas o0acTh pa3douBaercs Ha
JIUHEHHBIE KOHEYHbIE 3JIEMEHTHI C ABYMS Y3JIOBBIMU TOUKAMHU.

0 Paccmotpum 3amauy o0 OTpakeHHH YIpy-
THX BOJIH HamlpsDKCHUH B BHUJE JeibTa (QYHKIUH
OT CBOOO/IHON TIOBEPXHOCTH.

Ha rpanune mnactuaku AB (puc. 3) npu-
JIOXKEHO HOPMaJbHOC HANpsDKeHHEe G, (puc. 2),

kotopoe ipu 0 n 10 (n=t/At) u3mensercs

nuHelHo ot 0 mo P,amnpu n 10 ot P no 0
(P=0p, 6y= — 0,1 MIla (-1 xrc/cm’)). T'pa-
0 20 a0 60 8o 100 HUYHBIC ycioBus Uil KOHTYpoB BC u AD npu

t/at t>0 u=v=u=v=0. Koutyp CD cBoboaeH

Puc. 2. BoseficTene THIA IGTBTA o1 garpy3ok. OTpakeHHBIC BOIHBI OT KOHTYPOB
GbyHKIIIU

L1
L L
L
-006”
il
Il
Il
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BC u AD ne noxoaat o0 uccienyemsix Touek npu 0 n 100 . Vccnenyemas pac-
yerHas oonacts umeet 4221 y3moByro Touky U 4000 KOHEYHBIX AJIEMEHTOB. Peraercs
cucrema ypaBHeHU u3 16884 HEM3BECTHBIX.

st mpuMepa Ha puc. 4 TIPEACTaBICHO M3MEHEHWE HOPMAIBHOTO HAIMPSHKECHUS

c,(o,=0, /|cro|) BO BpeMeHU n B Touke B/. CpaBHeHUE C pe3yabTaTaMH JPYyTUxX

MCTOZ0OB ITOKa3ajio XOopouie€ COBINaACHUEC, UTO ITO3BOJJIACT CACIAaTh BEIBOA O (1)1/131/1‘16-
CKOM M MaTeMaTHUYCCKOM AOCTOBEPHOCTU PEC3YJIbTATOB YUCICHHOI'O PCUHICHHA JWHA-

MHYECKHUX 3aJia4, MMOJTYYCHHBIX METOAOM KOHCUHBIX 3JICMCHTOB B IICPEMECIICHUAX.
(&)

M
BHUHHHHHHH Uiftiita

| 100H | D

| 200H |

Puc. 3. IToctaHoBKa 3a7a4ut 00 OTpayKEHUH BOJH HAIPSHKEHUH
Meroauka, alropuTM, KOMIUIEKC IPOTPaMM M PE3YJIbTaThl PEHIEHHBIX 3aJa4 pe-
KOMEHAYIOTCS ISl UCIOIb30BAHUA B HAyYHO-TEXHUYECKUX OpraHu3allMsX, Clelura-
JTU3UPYIONMXCS B OOJIACTH TUHAMHUYECKOrO pacyera COOPYXKEHHH ¢ OKpyKarolei
Cpenoy npu yJAapHbIX, B3PHIBHBIX U CEUCMUYECKUX BO3AEUCTBUSIX.
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THE ACCURACY OF THE NUMERICAL METHOD RESULTS IN THE
DISPLACEMENT IN THE ELASTIC REFLECTION OF STRESS WAVES IN THE
FORM OF A TRIANGULAR PULSE FROM THE FREE SURFACE OF THE PLATE

Musayev V.K., Dikova E.V., Kormilitsin A.I., Samoylov S.N., Starodubtsev V.V.
Moscow State Machine-Building University, Moscow, Russia

The paper provides information about the reliability and accuracy of the results of nu-
merical simulation of stress waves in solid deformable environment. The problem of elastic
reflection of stress waves from the free surface of the plate. The task is implemented using the
finite element method in movements. The comparison is made with results of the analytical
solution at the front of the flat longitudinal wave. The studied problem is presented in the form
of an infinite plate.

KEY WORDS: differential equations in partial derivatives, the problem with the initial
conditions, the Cauchy problem, mathematical and numerical modeling, the principle of pos-
sible displacements, the homogeneous algorithm, finite element method, transient wave of
voltage, an explicit two-layer scheme and the analytical solution, comparison, reliability, wave
front, the Delta function pulse effect in the form of a triangle, a long-playing record.

61



CTpouTenbHas MexaHMKa UHXEHEPHbIX KOHCTPYKLMIA U coopyKeHnit, 2016, Ne 4

PacyeTr u npoeKkTupoBaHUeE MalUMHOCTDOUTESIbHLIX
KOHCTDYKLMU

MOJIEJMPOBAHUE CUJIOBOI'O B3AUMO/JIENCTBUA NHCTPYMEHTA
TP MEXAHUYECKOMN OBPABOTKE PE3AHUEM

10.B. BEJIOYCOB, xawno. mexn. nayx, ooyenm
Mocroeckuii 2ocyoapcmeennvili mexuudeckuti ynugepcumem um. H.O. Baymana,
105005, Mockea, 2-s Baymanckas ya., 0. 5, cmp. 1

B cmamve paccmompeno modenuposanue cuio8020 63auMOOCUCmEUs UHCMPYMeHma u
3a20MOBKU NpU Mexanuveckol obpabomre. Ilonyuenvl pacuemnule 3a6ucumocmu 0ist onpeoe-
Jenus deghopmayuil Mamepuaia 3a20mosKu No0 PeICYUUM KIUHOM, d MAKICE GeNUUUNbL 3A0-
He20 y21a UHCmMpyMeHmd.

KIJIFOUEBBIE CJIOBA: ycunust pe3anusi, 3aJHUI Yyroin MHCTPYMEHTa, YVIIpyrue nepemMe-
IIICHUS, OTHOCHUTENbHAS AehopMaIvs.

Wznenust coBpeMEHHOTr0 MAaIIMHOCTPOCHHSI TPEOYIOT OT KOHCTPYKIIMOHHBIX Ma-
TEpUAJIOB BBICOKHMX JKCIUTyaTaI[HOHHBIX CBOMCTB, ONMPEENIOMNX UX paborocnocod-
HOCTH U pecypc. TpaJuinoHHbIe KOHCTPYKIIMOHHBIE MaTepUalbl Ha OCHOBE METAJLIIOB
W UX CIUIABOB B psijie CIy4acB HE B COCTOSHUH YAOBICTBOPHTH DTHM TPEOOBAHHSM.
[MosTOMY mIHpoKOE MPUMEHEHHUE TONYYAIOT TaKKe MOJIUMEPHbIC, KOMITO3UITUOHHBIE
MaTepHalbl, 00JIaaAfOIIIE [IETBIM PSJIOM MOJIOKHUTEIBHBIX CBOWCTB: BHICOKHE Y IEITh-
HBIE IPOYHOCTHBIC U YIPYTHE XapaKTEPUCTHKH, CTOMKOCTh K arpecCHBHBIM XHMHYe-
CKHM cpeliaM, HHU3Kasi TeIjIo- M IIEKTPONPOBOTHOCTD, BBICOKHE TPUOOTEXHUUECKHE
XapaKTePUCTHKH U JIP.

3aroToBHTENLHBIC ONEpaIli He 00ECIIeYMBAIOT 3aJaHHOW TOYHOCTH U KadecTBa
(YHKIMOHANBHBIX MMOBEPXHOCTEH Aeraneil. Packpoil MaTeprana ¢ MOMOIIBIO anMasa
U ruipoabpa3uBHAs pe3Ka MPUBOJST K MOSBICHUIO OOJBIIOro AeEeKTHOTO CIIOs, YTO
TaKKe TpeOyeT MOoCaenyIoleld MexaHuueckoi oopaborku. [loaromy, npu paciupe-
HUU 00JIACTE! MCIOJIb30BaHMS TIOJIMMEPHBIX ¥ KOMIIO3UIIMOHHBIX MaTEPHAJIOB B pa3-
JUYHBIX OTpacisiX MAIIMHOCTPOSHHS, aKTyaJbHOW SBIIsETCS pa3paboTka HaydHO
000CHOBAaHHOM TEXHOJIOTHH WX MEXaHHUYECKOH JIE3BUIHON 00pabOTKH, ONHUparoIencs
HAa MOJEITUPOBAHNE MPOIECCOB pa3pylleHHs pe3aHueM ¢ U depeHInPOBAaHHBIM
YUETOM HX crieliupuuecknx PU3HKO-XUMUYCSCKUX CBONCTB.

B mporiecce pezanust MaTeprai 3aroTOBKH IO PEXKYIeH KPOMKOM HHCTPYMEHTa
nedopmupyercs. JlepopMmanun McYe3ar0T TMOCKIE MPOXojaa HHCTpyMeHTta. [lo mepe
3aTyIUICHUS WHCTPYMEHTA YCWIIMS pPe3aHUsl yBeIMUYMBaIOTCA. [Ipw 3TOM BemMuMHA
3aJ{HEr0 yIJia OKa3bIBaeT CYIECTBEHHOE BIMSHUE Ha CTOMKOCTh HHCTPYMEHTA U CHITY
pe3anus. Beibop onTUMallbHOTO 3HAYEHWS 3aJHETO YIiia JIOJDKEH MPOU3BOAUTHCS C
ydeTroM aedopMaliii MOBEPXHOCTHBIX CJIOCB 3aroTOBKHU. [Ipu HEOOJBIION BETUYHHE
3aJHEro yriia MaTepuall MPUXKUMAeTcsl K 3aJHell MOBEPXHOCTH HHCTPYMEHTa. JTO
MPHUBOJUT K YBEIMYCHUIO CHIIBI PE3aHUs 3a CUET TPEHHUS MEXIy oOpabaThiBaeMbIM
MaTepHaJoM M 3a/IHEH MOBEPXHOCTBhIO MHCTpyMeHTa. B pesynbrare HaOmomaercs
HarpeBaHue MHCTPYMEHTa, BO3HHKAET HEXeaTeIbHOE «3acaBaHNE» MOBEPXHOCTH
WM 00pa3yroTcst IPUKOTH MaTepraa.

[lpr wuccnenoBaHWW CHIIOBOTO B3aMMOJICHCTBUS MHCTPYMEHTa W 3arOTOBKH
00BIYHO TONararot [2, 3], 4To Ha 3arOTOBKY M3 BEPIIMHBI PEXKYIIEro KIMHA JACHCTBY-
eT pe3yIAbTUPYIONIAs CHJIa PEe3aHUs paBHAS CyMMe HOpMaiabHOU (P) M TaHTEHIIUAIE-
Hoit (R) ee cocrapisromumx (puc. 1). OmHako cocTaBIAOMAs CHIBI pe3anus R ompe-
JIeTIsIeT TPOIIECCHl B 30HE CTPYKK00Opa30BaHUsI U JEHCTBYET CO CTOPOHBI IepeaHen
MOBEPXHOCTH MHCTpyMeHTa. Ha 00paboTaHHYIO0 MOBEPXHOCTH JICHCTBYET JIMIIb HOP-
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MallbHas COCTaBJIAIONIasi P 1 BBI3BaHHAS e cruia TpeHus ( (Cmia TpeHHs Ha Iepel-
Hell TOBEpXHOCTH MHCTPYMEHTAa Ha puc. | He MoKa3aHa).

Puc. 1. Cunpl, neiicTByromue Ha HOBEPXHOCTHBIH €10 3aTrOTOBKU

Cormacuo [1], mepeMenieHue TOUYEK YNPYrod MOMYIUIOCKOCTH TOJ ACHCTBHUEM
TOJBKO OJTHOM COCPEIOTOUEHHOW BEPTUKAIBHOW CHIIbI P Ha €e rpaHulie:

2P P

U, =Asinf + Bcos ——y;Inrcos@ ——(y; — x2)0sinb, (D
nE 2p nE

ug = Cr + Acos@ — Bsin6 +n—E[)(11nrsin9 + x2sinf +

+%(){1 — x2)(sin® — 6 cos 0)] . (2)

B Hamiem crydae, Kak JUist IDIOCKO#H geopmanun, y; = 1 —vZ, x, =v(1 +v),
rjae v — ko3 uieHT nonepeunoi aedopmanuu (koddhunuent [lyaccona).

Jid HaxoXAeHUs MTOCTOSTHHBIX MHTerpupoBanus A, B, C nomycTum, 4To yCiIoBUS
3aKpPCIICHUA TaKOBBI, YTO TOYKHU OCH X1 HEC UMCIOT ITOIICPCUHBIX HepeMemeHHﬁ, T. €.
Ug = 0mpu 8 = 0, moaTomy A = C = 0.

UroObl HAWTH TOCTOSIHHYIO B momyctum, uto Ha riryomne x; = d npu 6 =0
BEpPTHKaJIbHOE MepeMeleHre paBHo Hy 0. Torna

2P
U, ZB_n_E)(llnd:O'

(7=2)

2p 2p d

B=7T—E)(11nd,a ur(9=0):n_EX1ln;'

HaiineM BepTHKaIbHOE NMEPEMEINEHHE IPaHMIBI MONYIIOCKOCTH 3a CHJION Q.
IMonaras 6 = — /2 , HOMyYnM:

OTKyJIa

2P d 1
(6=-1) ~ 7E X1 ln; - E()ﬁ +x2)|-

AHaIOTMYHO MOYKHO MOJYYUTh MEPEeMEIIeHHs TPAHUIBI MOMYIUIOCKOCTH OT TO-
PHU3OHTAIILHON CHIIBI Q. MOXKHO MTOKa3aTh, YTO KOMITOHEHTHI TIepeMeEIIeHHs B TaHHOM
ciiydae 3azaroTcs TeMu ke ypaBHeHusMu (1) u (2). OgHako yron 6, 31ech HE0OXO-
JIMO OTCYHMTHIBATH OT HANIPABJICHUS CHIIbI (.

JAnst HaXoX/IeH!sI TIOCTOSTHHBIX MHTErPUPOBAHUS B 3TOM CIIydae JIOMyCTUM, YTO
TOYKH OCH X, (TPaHUIIBI TONYIJIOCKOCTH) HE UMEIOT BEPTHKAIBHBIX MEpeMEIICHUH,
T.e. U3 =0 npu 6; =0, a ipu x, =d u 6; = 0 rOPU3OHTAILHBIE MEPEMEIIEHHUS
paBubI HyJI0 (U, = 0), OTKy1a

=C= 2
A=C=0, B—EE)(llnd.

Ug
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I[TepeMeliieHre rPaHuIBI MONYITIOCKOCTH:
u, = zQ X lng s U =0
"5 mET r T e .

9T

2
NMmest pemieHus A BEPTUKAIBHOM M TOPU3OHTAIBHOW COCPENOTOYEHHBIX CHII,

MOJIYyYUM CyMMAapHOE MEPEMENIEHUE TOUEK IPAHUILIbI YIIPYTOM MOIYTUIOCKOCTH

2 d 2P d 1
ur,g:n—E)(ﬂn;(P‘i'Q), ue,g:n—E[)(ﬂn;—E(M‘i')(z) :

Toraa Touka A TpaHHIIBI YIPYTOM MOMYIIOCKOCTH 32 HHCTPYMEHTOM IiepeMe-
cTUTCS B oJokeHue A, (puc. 2). M3orayras moBepXHOCTH MOJI KIIMHOM OyJIeT OIu-

CBIBaThCSl KPUBOM, ONIPENEsIEMON YpaBHEHUAMU:
2p d 1 2 d
n=E )(11“;_5()(1‘1‘)(2)], x2=—T+n—E){11n;(P+Q).

OmnpenenuM yros HakJIOHa KacaTeMbHON K 3TOW KPHUBOM:
dx; dx; dx,

dx, dr’ dr’

Onpenennm BETUYUHY TPOU3BOJHBIX:

dx; 2Py dx; " 2(P + Q1
dr = wEr ' dr nEr '
Torna
dxq 2Py,

de 7TET+2(P+Q)X1

[Mockonbky Q = fP, rae f — KO3QPUIMEHT BHEIIHETO TPEHHS CKOJIbKEHHS 00-
pabaTeIBAEMOT0 U MHCTPYMEHTAILHOTO MaTEPHAJIOB, TO
dx; 2Py,
de 7TET+2P(1 +f)){1

OueBuaHO, yTO 1pu 1 = 0, 0, = 00, DTO O3HAYAET, YTO BOJU3U TOYKU MPHIIO-
KEHUs CHJI 0Opa3yercs 30Ha IacTu4eckoro nedopmupoanus matepuana. Juamerp
Kpyra IUIaCTHYECKON 30HbI Ha TPaHMIIE YIIPYTOi MOTYIIIIOCKOCTH

tga =

2Q
= )
T[O-Tmax
'U,gz,
oy A
[0 8
X2
X1

Puc. 2. Jleopmanius MOBEPXHOCTH 3aTOTOBKH O PSKYITUM KIMHOM HHCTPYMEHTA

rie oy, . — MakCHMaJbHOE 3HAYCHUE HOPMAIBHOTO HAMPSHKCHHUS, IPU KOTOPOM Ma-
Tepuaja UMeeT yrupyrue aedopmaimm.
B wactHoCTH, IS METAIIOB O, = 0.(0g ), OITOMY

X1
fE

tga = .
o +A+Hxn
Tmax
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BropbiM cliaraeMbiM B 3HaMeHaTeIe MOXHO IpeHeOpeub. OKOHYATEIBHO MOy~
YUM.
2
oy, e(1—-v?)
tga = —22(1 —y2) = ——=, 3)
fE f

TJie & — COOTBETCTBYIONIAsE OTHOCUTENbHAS JehopMaIrs MaTeprania.

UToOBI HCKITIOUHUTH TPEHUE MEXTY 3aJJHEH MMOBEPXHOCTHIO MHCTPYMEHTa U 00pa-
0aTbIBaGMBIM MaTEPHAIOM HEOOXOIUMO, YTOOBI 3aJIHUH yrojl MHCTPYMEHTa X OBLI
Oosblie yria «, onpenenasiemoro mo gopmyie (3).

[Ipu pe3annn MeramnoB KO3(QQHUIMEHT BHEIIHEr0 TPEHUS CKOIBKEHUS 00paba-
THIBAEMOT'O U MHCTPYMEHTAIBHOTO MaTEPHAiOB f MOXKET JIOCTHTaTh OOJBIINX 3HaYe-

HUH, MOpsIKa SIUHUIIBI U Ooiee. B aToM ciydae
O-T
tga = T = &

/i€ Eypp — OTHOCHTENbHAsA JieopManys, COOTBETCTBYIONIAs TPAHUIIE YIIPYTOH 30HBI
Ha MarpaMMe pacTsHKEHUS] MaTepHaa.
B wactHOCTH, 17151 YCIIOBHOTO IIpENENa TEKy4eCTH 0 5: tga ~ 0,002, a

®min =~ 0,15°. PacueTsl MOKa3bIBAIOT, YTO JUISi OONBIIMHCTBA METAILIOB, MPUMEHSE-
MBIX B MallHHOCTPOCHWH, MUHHMAaJbHO HEOOXOMUMBIN 3aJHUI yrol WHCTPyMEHTa
ne npesbimaer 0,5°. OmHAKO I YMEHBIIEHHS M3HOCA CPEHHE 3HAUEHHS 3aJHHX
VIJIOB MPOXOAHBIX TOKAPHBIX PE3IOB, MpeIHA3HAYCHHBIX JUIS PEe3aHUs METAIIOB C
nogavamu S < 0,25 mm/06, @, = 12°. TIpu yBenMUEeHHH MOJAYH CpPEIHEE 3HAUCHHE

3QJIHETO YIJIa YMEHBIIAETCS JI0 Uep = 8 .
21_115[ IMOJIMMEPHBIX MaTCPpHAJIOB BEIMYMHA MUHHUMAJIBHOI'O 3aJHET0 yrjia MHCTPY-

o

MEHTa 3HAYUTENLHO Bo3pacTaet. CpeHue 3HAUEHUs 3aIHUX YIIIOB &, = 10 ...30.

VY KOMITO3UTHOTO MaTepualia MaTpuia oOmajgaeT Oosiee BBHICOKMMHU YIIPYTHMH
CBOWCTBaMH, YTO U SABJSETCSA MPUUMHOMN YIIPYTroro mocieaencTBus MaTtepuaia. Bemu-
YHHA 3aJHETO yIiia HHCTPYMEHTa, COOTBETCTBYIOUIETO MOIYJII0 HOPMAJIBHOTO PACTs-

o

KEHHUs STOKCUHON cMontbl (30...50 Mma), Oyner paBHa ¢, = 24° .36,
Jutepartypa
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MODELLING OF FORCE INTERACTION OF THE TOOL DURING MECHANICAL
MACHINING

Yu.V. Belousov
Moscow State Technical University after N. Bauman

In the article, the simulation of force interaction of tool and workpiece during machining is
considered. The calculated dependences for the determination of deformations of the work-
piece material under cutting wedge and the minimum value of the rake angle of the tool are
given.

KEY WORDS: cutting forces, the rake angle of the tool, elastic displacements, relative
deformation.
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PA3PABOTKA TEXHOJIOI'MHA PA3YITPOYHSAIOLIEI'O
HHAYKHOHUOHHOI'O OTKUI'A 3AT'OTOBOK U3 CTAJIA 15X

T.B. COKOJIOBA¥*, xano. mexn. nayx, ooyenm,

AM. COKOJIOB**, kano. mexu. nayx, uien-xopp. AIIK PO

* Poccutickuil ynusepcumenm opyicovl Hapooos,

117198, Mockea, yn. Muxnyxo-Maxnas, 6 sokolova.rudn@gmail.com
**OAO0 «HUMTapTronpom» asokolov88(@gmail.com

Cmambs nocesujena paspabomke mexHor02u pasynpouHaowe20 UHOYKYUOHHO20 Om-
arcuea cmanu 15X, Heobxo0umozo ons nociedyrowell onepayuu Xo100HoU 00beMHOU UmMam-
nogku. Paspabomanul pedcumvl pazynpounsioweco uHOYKYuonHo2o omoicuea. Ipoananusu-
POBaHbl MeXaHuuecKkue ColUcmea U Xapakmepucmuku mukpocmpykmypsl. Tlokazano, umo
Gopma yemenmuma He uepaem poiu 8 npoyecce X0I00H020 0ehOpMUPOSAHUsT HUZKOY2lepo-
OUCTNBIX MANONESUPOBAHHBIX CIAEH.

KJIFOUEBBIECJIOBA: koHCTpyKIOHHAas! (CTpOUTENbHAs) X0JI0aHoAeopMUpyeMast
HU3KOYTJIEPOAUCTAsi MaJIOJIETHPOBAHHAS CTaJIb, XOJIOHAast 00beMHast mramioska (XOIII),
OTKUT, UHIYKIIMOHHBIN HarpeB, pa3ylpouHsonas Tepmudeckas oopadorka (PTO),
Pa3yNpOYHSIONINIA HHIYKIIHOHHBIH OTKUT, MUKPOCTPYKTYpa CTalH, TBEPAOCTh, MUKPOTBEP-
JIOCTh, Tpee TeKYUEeCTH.

B Hacrosiiiee BpeMsi OIHUM U3 HanOoliee MpOrpecCHBHBIX METOJIOB M3TOTOBIIE-
HUs Jieraneld (B TOM YHCie KPEMeXHbIX, IUPOKO HCIIONb3yEMBIX B CTPOHUTEIBCTBE)
SIBJISETCS X00qHas o0bemMHas mrammoBka (XOII). [IppuMeHeHne HU3KOISTHPOBaH-
HbIx cranedt 15X, 15XP, 12XH B3aMmeH yriaepoaucTbIX ¢ aHAJOTMYHBIM COAEPIKaHU-
€M yriepoja MO3BOJISICT TOBBICUTh MPOYHOCTh IITAMIIOBAHHBIX W3JEIHH, a MpOoBe-
JICHHE TPEABAPUTEILHON Pa3yIpPOUHSIONICH TEePMHUYECKON 00pabOTKHM 3aroTOBOK
(PTO) noBsImaer cTOWKOCTh U pecypc ciykObl HHCTpyMeHTa (ITyaHCOH, MaTpUIla) B
HECKOJIBKO pa3.

Onepaiuu NpeaABapUTEIbHON TEPMUUISCKOW 00pabOTKH 3arOTOBOK, OCYIIECTB-
JsieMbIe B IIAXTHBIX, KAMEPHBIX HMJIH MPOXOAHBIX AJEKTPONeyax, OTIHYAI0TCS 00ITb-
IIOH JUTUTETLHOCTBIO U TPYJNOEMKOCTBIO, & TaKKe TpeOYIOT MPUHATHS JOMOIHU-
TENBHBIX MEp IO 3alllUTe 3aroTOBOK OT OKaJMHOooOpa3oBaHus. MHTeHcHuKalmio
orepanuii mpenBapuTENbHON TEepMOOOPaOOTKH, a, CIIEAOBATEIbHO, M IPOIECCOB
XOII B 11€710M MOKHO OCYIIECTBHTH 32 CUET MPUMEHEHHUs] CKBO3HOTO MHIYKI[HOH-
HOT'O HArpeBa B3aMEH MEYHOTr0. DTO MO3BOJHT MOBBICUTH MPOU3BOIUTENBHOCTD TPY-
Jla, aBTOMaTHU3UPOBATH IMPOIlecC (OCYIIECTBUTh TEPMOOOPAOOTKY B MIOTOYHBIX JIHHU-
SIX) W TIOJYYUTh 3ar0TOBKH 0e3 okanuHbl. OJHAKO JI0 CUX MOpP MPHUHSTO CYATATH, YTO
MpPUMEHEHNE MHIYKIIMOHHOTO HArpeBa Julsi OTKura (B OOBIYHOM MOHUMaHHU POJH
3TOTO TIpolecca) HEBO3MOXKHO, TaK KaK Majas JUIMTeTbHOCTh HarpeBa He 00eCTIeUT
MOJTHOM TOMOTEHHU3AIMK aYCTEHHUTA, & OTCYTCTBHE BBIICPKKH M0 OKOHYAHUH Harpe-
Ba HE TI03BOJIUT MOJYYUTh MTOJTHOCTHIO PAaBHOBECHOM M OJHOPOJIHON CTPYKTYPHI CTa-
JIM Y, B UTOT€, CHU3UTH €€ TBEPJIOCTh M COMPOTHBIICHUE Ie)OpMaIIiH JI0 TpeOyeMoro
ypoBHs [1, 2]. Takoe 3akiTi04eHne, Ha HAIll B3I, CIIPaBeUIMBO JUIA CIIydas cpaB-
HUTEIBHO OBICTPOrO OXJIAXKJCHUS 3aroTOBOK Ha Bozayxe. [IpoBeneHue sxe 3amen-
JICHHOT'0 PErjiaMEeHTHPOBAHHOTO OXJIAXKJICHHS C y4ETOM OCOOEHHOCTEH KHHETHKH
pacnaza o0pa3oBaBIIETOCs NMPU WHAYKIIMOHHOM HarpeBe ayCTEHHUTa MOXeT odecrie-
YUTh ONTUMAIBHYIO CTPYKTYPY M CBOMCTBA 3aroTOBOK Iepel] XOIoIHOH aedopma-
IHUEH.

Lenpio HACTOSAIIETO MCCIEAOBAHUS SBISUIACH Pa3pa0d0TKa YCKOPEHHOTO CIOCOo-
0a pasynpoyHsIoIed TEPMHUUECKONH 00paOOTKM C MPUMEHEHHEM HHIYKIHOHHOTO
HArpeBa 3aroTOBOK M3 HU3KOYTJIEPOJUCTHIX cTanel (heppUTHO-TIEPIUTHOTO Kiacca,
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o0ecIeunBaloNIero MmoxydYeHne HeoOX0JUMOro KOMILIEKCa CBOWCTB LIS MOCIETy 0~
mero nposeneHus omneparuii X OLLL.

Jnst uccnenoBaHusl BHIOpai HEKaIMOPOBaHHYIO cTayb 15X MpOMBINIIEHHON
BBITUIABKH, XUMUYECKU cocTtaB KoTopoil coorBerctBoBan ['OCT 4543-71. Tepmu-
YEeCKyI0 00pa0bOTKy 3aroTOBOK IIPOBOIMIIM B MPOMBIIIJICHHOW KaMEPHOM 3JIeKTpoIe-
g CHB 6.12.4/I0M. [I71s1 321U Thl MOBEPXHOCTH CTalld OT OKUCIICHHSI X OKAJIMHOO0-
pa3oBaHMs UCIONB30BAIN YYT'YHHYIO CTpYXKy. CKBO3HOM WHIYKIIMOHHBIN Harpes
CTaJIi IPOBOIWIM Ha TUpHCcTOpHOU yctaHoBke MK 1-250/2,4 moriHoCThIO 250 KBT 1
gactotoit Toka 2400 ['u. Kuneruky HarpeBa M OXJaKIACHUS H3y4yalH C MOMOIIBIO
THOKHUX XpOMEIb-aIOMENIEBBIX TePMOIIap, 3aUcKaHeHHBIX B 3aTOTOBKU. B kadectBe
PETYIMPYIONIMX H KOHTPOJILHO-M3MEPHUTENBHBIX MPUOOPOB HCIIONB30BAIU TOTEH-
omerpsl KCIT-4. TounocTs perymuposanns Temneparypst == 10°C. Mexamuue-
CKHE CBOICTBa MCCIIEIOBAHHBIX CTallelt (Op, Ogp, O, ) ONpenesin B UCIIBITAHUAX
Ha pacTsHKEHUE CTAHMAPTHBIX MWIMHAPHYECKUX 00pa3IoB JAUaMeTpoM paboueid ya-
ctu 6 MM (I'OCT 1497-73, tun 11I) na ucneitatensuoit Mamuue MM-4P ¢ 3ammcero
JMarpaMMbl HarpyxeHusi. [IpuBeneHHbIe B padoTe 3HAUCHHSI MEXaHUYECKIX CBOHCTB
CTaJIH SIBJISIIOTCSI CPSTHUMH BEIMYMHAMH 110 pe3yJIbTaTaM HCIbITaHHUs 3-5 00pa3Ios.
Teepaocts o Bpunemmo (HB) usmepsum Ha npubope TII-2M mon Harpyskoid 7,5
kH nuamerpom muaenrtopa (mapuka) 5 MM. [ IOCTpOEHUS KPUBBIX YIPOUHEHHS
WCTIOJIb30BAJIM OJIMH W3 Hanbojee TOUHBIX METOJOB HCCICAOBAHUS YIPOUYHCHHS —
Metop skcrpanoisaiuu Jlone [3, 4]. MUKpPOTBEPIOCTh CTPYKTYPHBIX COCTaBISIOMINX
cranu ompenenaaun Ha npubope I[IMT-3 mox narpyskoit 0,5 H. MuKpocTpyKTYypy
CTaJi U3yvalld C MOMOIIBI0 ONTHYECKUX MHUKpockornoB Epitip u Neophot npu yBe-
mmuernsx X 100 + 1000 wa numudax, mpoTparBieHHbIX B 4%-0M pacTBOpe a30THOM
KHCJIOTHI B CITUPTE.

OnTrMalbHBIA PEKUM HarpeBa JODKEH 00€CIeUUTh BBITIOIHEHHE CIIEIYFOIIIX
TpeOOBaHMIi: BO-TIEPBHIX, MTOJTHOE 3aBEPIICHIE ayCTCHUTU3AINH B 00bEME 3ar0TOBKH
[5,6]; BO-BTOPBIX, OTHOPOAHOCTH CTPYKTYPHI IO CEUEHHUIO 3aTOTOBKH, YTO BO3ZMOXKHO
Mpy MUHMMaJbHOM mepenaae temmnepatryp (AT,,) MeXay MOBEpXHOCTHIO U LIEH-
TPOM; B-TPETbUX, OTCYTCTBHE OKAJIMHBI Ha MMOBEPXHOCTH 3aroToBOK. B xoze skcme-
PUMEHTOB OBIJIO YCTaHOBIIGHO, YTO HEOOXOIUMBIE TPEOOBaHMS MOXHO Pear30BaTh
TIpH Harpese 3aroToBok 10 960 — 1000°C co cxopoctbio 20-25 %c. Ipu 31oM AT i
e npesbimaer 40-50°C, oGeceunBaercs MONHOE 3aBEpPLICHHE 0—Yy TIPEBPAIICHNS,
OTCYTCTBHE OKAQJMHBI Ha MOBEPXHOCTH 3arOTOBOK. TBEpAOCTh CTajH TOCIE OXJa-
JKICHUS Ha Bo3ayxe He npesbimaer HB 146, a cTpykrypa npencrasiser GpeppuTHO-
MEPIUTHYI0 CMECh C pa3MepoM QeppuTHOro 3epHa He Oomee Ne 7-8 mo mikanel
('OCT 5639-82). CtpyKTypHasi HCOJHOPOMHOCTh MO CEYCHHIO U MOJI0CYATOCTh HE
HaOII0Jat0TCA.

Tabnuya 1
Pesxxumsbl PTO cramu 15X

Ne CkopocTh oxnaxaenus, | Temneparypa
P | Coco6 | Temnepaty- | Bpe- Bpems O/Mun HU3MEHEHHUS CKOPOCTH
| marpeBa | pamHarpeBa | ms BbI- oxnanenus, "C
x t, °C Har- JIEpK-
. peBa,c | ki I i I I I I
a JTalm | 3Tam | J3Tam | 3Tam | JTam | JTal
1| TBY 960 45 - 200 | 4-6 | 25-30 | 900 | 720 | 500
2| TBY 960 45 - 200 | 4-6 900 | 500
3 | neuHoit 840 - 4 Oxinc

IeYbI0
4 | neuHoi 750 - 3 Oxnc

IeYbI0

IIpumeuanue: oxnadicoenue 3a20MOBOK NO 3A8EPULEHUU PETAMEHMUPOBAHHBIX DMAN0E: pexcuM 1,
aman III; pescum 2, sman Il npouzeodsm na gozoyxe.
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Tabnuya 2
XapaKTepUCTHKH CBOMCTB U CTpYKTYpHI ctaiu 15X nocne PTO
CootHomeHne Homep Bann deppur-
CocrostHne HB p, MIla | cTpyKTypHBIX co- H®, | 3epHa HOH monocya-
CTaBJIAIOMNX, %o dbepputa | ToCTH
178-196 - 75%D +25% Il 175- 6-7 2
ITocraska 201
PTO, pe- 128-134 - 80%D +20% I, 133- 7-8 0
KUM 1 152
PTO, pe- 124-130 1900 80%D +20% 1T, 128- 6-7 0
KUM 2 146
PTO, pe- 120-128 1900 80%D +20% 1T, 124- 5-6 2
KUM 3 140
PTO, pe- 138-146 - 75%D + 15% I1, 146- 6-7 2
KuM 4 +10%lI1, 168

Ipumeuanue: Il nepaum naacmunuamolii; 11, — nepaum 3epHucmolii, Homep 3epna no wkaie 1
(TOCT 5639-82); H? sy —muxpomsepdocme deppuma.

Ha puc.1 npencrasiensl MUKpocTpykTypa ctanulSX mocie pa3ynpouHsomend TepMo-
00paboTKK ¢ MHAYKYIIMOHHBIM HarpeBoM (puc.l, ¢ u 6) U B pe3yibTaTe TPAAUIIMOHHOrO MeY-
Horo Harpesa (puc.l,6). TakuM 00pa3oM, pa3paboTaHHBIN PESKUM HarpeBa o0ecIeyu-
BaeT HEOOXOUMBIC YCIIOBHUS IS (hOPMHUPOBAHHUS TPEOYEMBIX CTPYKTYPhI U CBOMCTB
MPHY MOCHEAYIOIIEM OXJIAXKIEHUU.

ance

oy = 7 1
< A

Puc. 1. Mukpoctpykrypa craiu 15X nocie pa3IuuHbIX PeKUMOB pa3ylpOoyHSIomen
TepMooOpadoTku, x 1000: a - pexxuM 1, MHAYKIIMOHHBIN HArpeB (3€pHUCTHIA NEPIIUT);
6 — pexuM 2, MHAYKIMOHHBIHM HarpeB (IUIACTHHYATHIA NEPIUT); @ — NEYHOU OTHKUT

HccnenoBanne KMHETHKM pachaja aycTeHuTa cTaau 15X, oOpa3oBaBIIerocs
IIpyU MHAYKOIMOHHOM HarpeBe, mokasajao, 4To €ro YCTOﬁQHBOCTB 3HAYUTCIIbHO HUXKC
0 CpaBHCHUIO C IMCYHBIM HArpe€BOM OO TEX XKC€ TEMIICPATYp. Haugano BBIAICJICHU A
cBoGoaHOro dhepputa mpH oxmaxaeHnn Habmomaercst yxe npu 840° C, Toraa Kak
TIocIIe MEYHOro HarpeBa 3Ta Temmepatypa coctasmsier 790 °C. Dro sBistercs ciien-
CTBHEM MEITKOJIUCIIEPCHOCTH U XUMHUYECKONH HEOJHOPOJIHOCTH ayCTEHUTa TIOCIIe MH-
JOYKIMOHHOTO HarpeBa. Kak M3BECTHO, B CTalsIX HMCCIEAYyeMOro Kiacca OCHOBHOW
CTPYKTYPHOM COCTaBIISIIOIICH KOTOPBIX SBIIsIETCS (peppuT, MaKCHMAIIbHOE pa3ynpoy-
HEHHE B pe3yJibTaTe TEPMUUYCCKON 00paOOTKH IOCTUTAETCS 3a CUET (POPMHPOBAHUS
OJTHOPOJHOH 10 XMMHYECKOMY COCTaBY MHHHMAJBHO JIETMPOBAaHHOH (eppuTHOM
MaTpHIIbI, 00JIaaroIIeli HU3KOW TBEpAoCThI0. it (OpMHUPOBAaHMS TaKOW MHKPO-
CTPYKTYPBI, &, CIIE0BATEIBHO, TIOTYIECHHS HU3KOT'0 COMPOTUBICHUS AedhopMalii 1
BBICOKOH IIJIACTUYHOCTH 3aTOTOBOK CKOPOCTh MX OXJIXKICHUS B ayCTEHUTHOW 00Ia-
CTH U B 00JIaCTH BBIZICJICHHS CBOOOAHOrO (eppuTa (BTOPOM 3TAIl OXJIAXKIACHHUS, CM.
1a61.1) HOMKHA GBITH MUHMMAIBHOM. OXJIakKIEHHE 3aTOTOBOK CO CKOPOCThIO 4-6°/c
B TemmeparypHoii o6nactu 900 - 700 °C obecrieunBaer monydeHHEe MAaKCHMAIbHO
pasynpounennoii Matpuist (H?s) =128-146). B 3aBHCHMOCTH OT CKOPOCTH TIOCTIE-
nyromero oxnaxaenns g0 500°C (Tperuii 9Tan OXIaXIeHHs) B 3arOTOBKAaX (hOPMH-
pyercs MUKpPOCTPYKTYpa C IUIACTUHYATHIM WJIM 3€PHUCTBIM NepautoM. [lnactunua-
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ThId TIepnuT (puc. 1, 6) BIMagaeT MPH OXJAKICHUU CO CKOPOCTHbIO, MeHbIner 10
%/MuH. YBenndueHne CKOPOCTH OXITakaeHHs 10 25-30 */MuH mpHBOAMT K (OpMHpO-
BAaHHUIO CTPYKTYPHI C 3€pPHUCTBIM NepiauToM (puc.1, a).

OCHOBBIBasICh Ha TIONYYEHHBIX PE3yNbTaTaX, ObUI U3rOTOBIICH ONBITHBIN 0Opa-
3el] KaMephbl 3aMEJUICHHOT'O OXJIaXKACHHS, KOHCTPYKIIMOHHBIE OCOOCHHOCTH KOTOPOH
MO3BOJIMJIM TIPOBOAUTH OXJIAXK/IEHHE C Pa3sHBIMH CKOPOCTSIMH B AuamasoHe 5 — 50
/MMH Ha MapTHSX 3aroTOBOK B KommdecTBe 10 300 mrTyk. PesymbraThl 06paGoTKH
ONBITHBIX TMAPTUHA 3arOTOBOK C OXJIAXKJICHHEM B KaMepe IO pa3iIHyHbIM peKUMaM
npuBeeHbI B Tabmmnax 1 u 2 (pexxumsl 1 u 2).

Jnst cpaBHEHUS MONYYCHHBIX PE3YJIBTATOB M OIEHKH YPOBHS JIOCTUTHYTOT'O
pasynpouHeHrst ObUT MPOBEACH NEYHONW OTKHUI MAapTHH 3arOTOBOK HA Pa3UYHYIO
TBEPIOCTh MO U3BECTHBIM MPOU3BOJCTBEHHBIM pekuMaM (pexxumsbl 3 u 4). Jledop-
MHUPYEMOCTh OIICHWBAJIHM TI0 KPUBBIM YIPOUYHEHHS, MOCTPOCHHBIM IO Pe3yJbTaTaM
HCIBITAHUI 00pa3IlioB Ha OJHOOCHOE C)kaThe (puc. 2).

s

800

2,0 A

Puc. 2. Kpussle neopmaiionHoro ynpounenus craiu 15X:
O — ucxomnoe cocrosinue - PTO, pexum I;
x — PTO, pexum 2; * - PTO, pexum 3; A - PTO, pexum 4.

+ o¢ HAL'PES ] OXNALIALHRAE

A TR
7

45 cex 0 By 40 60 &) 100 [T, wre

PEIWM I

P B X M N 2

Puc. 3. Cxema mporiecca pa3ynpodHSIONIEH TepMUICCKON 00paOboTKH
C MHAYKIIMOHHBIM HarpeBoM 1o pexxumy 1 u 2 (cMm. tadim. 1)

Kak BUIHO M3 TIONYyYEHHBIX JaHHBIX, pa3ylMpOYHSIONIas TepMuIeckas o0padboT-
Ka ¢ MHIYKIIMOHHBIM HarpeBoM (pekuMbl 1 u 2) obecrieunBaeT 3HAUYMTEILHOE CHH-
YKEHUE TBEPJIOCTH M HAIIPSDKEHUS TEKYUIECTH Gs, POPMUPYET ONArONnpHsITHYIO CTPYK-
Typy cranu. Ciemyer OTMETHTh, YTO aehOpMUPYEMOCTh cTaiu 15X ¢ pa3nuyHoi
(dbopMoli ieMeHTUTa, 00pa30BaBILerocs Npu oopadorke ¢ Harpeeom TBY mpakTude-
CKH OIMHAKOBa (KpHBbIE 2 U 3); pa3HuIa aOCOTIOTHBIX 3HAUYCHHUH HATPSIKEHUS TEKY-
YeCTH Ha 3THX KPUBBIX BO BCEM HCCIIEOBAHHOM JHAIa30He UCCIEOBAHHBIX CTEIe-
Hell neopMaluy HE IPEBBIIACT MOrPEIIHOCTH dKcnepuMeHTa (MeHee 3%). Takum
oOpa3oMm, mpu pa3paboTKe MPOMBINUICHHOW TexHosormn PTO ¢ MHIYyKIIMOHHBIM
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HArpeBOM MOXHO OTKAa3aTbCid OT PErJIaMEHTHPOBAHHOIO OXJIAXICHHUS B TEMIIEpa-
TYypHOU 00JIACTH TIEPIMTHOrO MPEBPAILCHUS, YTO MTO3BOJIMT 3HAYUTEILHO YIIPOCTUTh
PEXKUM U KOHCTPYKIIMIO KaMEPBI 3aMEIJIEHHOTO OXJIAXICHUS.

Ha ocHoBaHUM TOIyYEHHBIX PE3YJIHTATOB UCCIEIOBAHUS MPOLECCOB CKBO3HO-
ro0 MHAYKIMOHHOTO HArpeBa M PETJIaMEHTUPOBAHHOIO OXJIAKICHUS ONTHUMAJIbHBIM
PEKHMOM CIIeyeT PU3HATh MHAYKIHOHHBIH HarpeB 10 950 — 970 °C B Teuenue 45
— 50 ¢, oxnaxaenne 10 900 °C Ha Bo3myxe, nanee - 1o 550 °C B ycraHoBKe 3ame-
JIEHHOTO OXJIAKIEHUS CO CKOPOCThIO 2 — 8 /MUH ¥ mambHeifIIee OXJTaXICHHE Ha
Bo3ayxe. Takas oOpaOoTka oOecreuyrBaeT CHM)KEHHE TBEPAOCTH 3arOTOBOK Iepes
XOJONHEIM BhImaBnuBanueM no HB124-134, torma kak TEXHOIOTHYECKUM IPOIIEC-
COM, JEHCTBYIOIIMM Ha 3aBOJax M MPEAyCMAaTPUBAIOIIMM IE€YHON Harpes, JOIMYycC-
kaercsa TBepaoctb no HB143. IlpoBeneHHBIN aHamW3 M pe3yibTaThl IITAMIIOBKU
OMBITHO-ITPOMBIIIJIEHHBIX MAapTUWA MOKa3aJid, YTO MapaMeTpbl 3arOTOBOK OTBEYAIOT
BCEM TEXHOJIOTMYECKHM TpeOoBaHMSIM. CTOHKOCTh MHCTPYMEHTA Ha JIMMUTHPYIO-
[IAX MO3ULMAX BBIIABIMBAHUS HAXOAUTCS HA YPOBHE, JOCTUTHYTOM IIPU IITAMIIOBKE
3aroTOBOK I10CJIE€ IIEYHOI'0 OTHKUTA.
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DEVELOPMENT of TECHNOLOGY SOFTENING INDUCTION
ANNEALING OF WORKPIECES FROM STEEL X15

. Sokolova T.V.", Sokolov A. M. "
Peoples' Friendship University of Russia, Moscow
**0A0 “NIITAVTOPROM”, Moscow

The article is devoted to the development of modes softening annealing treatment
steel 15X using high frequency induction heating with the purpose of conducting cold forg-
ing. Mechanical properties and microstructure characteristics were investigated. It was
shown that the form of cementite does not play a role in the process of deformation of low-
carbon low-alloy steel.

KEY WORDS: low carbon low alloy structural steel, cold forging, softening high fre-
quency induction annealing, microstructure, hardness, microhardness, yield strength
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This article presents the results of an experimental study about four soil samples coming
from Masse, a region crossed by the East depression of LAMA in the south of Benin, where
important damages have been recorded (rising of the foundations, deformation and cracking
of the infrastructures, tearing of the surface coat of pavements...). In the first stage, a physico-
mechanical characterization of the soil samples is achieved by laboratory tests. The second
stage of this study was reserved to the numerical modeling of the shrinking by basing on the
analysis of the behaviour of the curves obtained at the end of the laboratory odometer tests.
This approach allowed us to describe the variation of the indication of the voids ratio
according to the loading pressure, to elaborate a mathematical model permitting to simulate
the odometer curve of a loading-discharge cycle and to determine the parameters of
compressibility. The results show a good quality of the adjustment. A negligible mistake of the
order of 0,3% has been recorded.

KEYWORDS: physico-mechanical characterization, evaluation, shrinking, modeling,
simulation.

1. Introduction

The new architectural challenges call by force to designers for a real taking in
charge of the different aspects bound to the dimensioning and the safety of the works.
The study of the stability of those works constitutes one of important problems to
which the engineer is often confronted. Among the causes of instability of works the
more encountered in general in the world and in particular in Benin, the phenomenon
of shrinking-swelling of the supporting soil is probably the most dangerous. This
instability, that concerns about 2,5% of the world surface of the grounds[1] and
essentially a precise zone of Benin, named "median depression or depression of
Lama" causes enormous damages (deformations, cracking, tearing, the wear and tear
the surface coat and the destruction of the foundations) on civil engineering works.
Therefore, the designer must take in account the effects induced by this phenomenon.

In the reach of the goals fixed at conferences of the lasting quality and
development Forum [2], the phenomenon of shrinking-swelling has caused several
investigations and varied research topics in order to minimize the risks connected to
this one. Within this context, different models have then been proposed to describe
the swelling pressure and the deformation of swelling soils [3].Thus, A. Djedid, A.
Bekkouche and Mamoune [4], show in their study "Identification and estimates of the
swelling of a few soils of the region of Tlemcen (Algeria)", that the models of
estimate are sensitive and are only applicable to the soils that served to their
establishment. In the same order of ideas A. Medjnoun [5], after an analysis,
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characterization, estimate and modeling of the behavior of swelling clays concluded
in his works that the empiric models are inapplicable for the studied sites and that the
mistake is very important. Sohe concluded that the evaluation of the swelling
potential using the methods of classifications has for purpose to orientate the
campaign of exploration toward the tests of swelling. It is deduced therefore that the
solution would be to search for some models clean to every soil. The processing of a
model adapted to the clayey soils of the East depression of LAMA in Benin is
revealed main to warn the precocious defacements recorded on level of the
infrastructures erected in this zone where several works of research have been done
on the phenomenon of shrinking-swelling of these soils [6]. The conclusion of this
works shows that the development of a model to predict the mechanical parameters of
shrinking-swelling of these soils is not landed.

The works, subject of this study, consist to the processing of a numerical model of
prediction of the compaction of the clayey soils of Massé district, located in the
aforesaid depression. Indeed, the results of the identification tests presented in this
article allow characterizing these clays on the one hand and on the other hand to give
the means to the designer for a real hold in account of this phenomenon thanks to the
elaborated model. The obtained results allow to predict the pressure from
identification tests. Besides, the systematic resort to the tests of laboratory, generally
lead, is appreciably reduced thanks to the established numerical model.

2. Methodology

2.1. Environment Of Study
The site, object of the present study, is located in Mass¢, township of Adja-Ouére
situated in Issaba depression in the East of Lama depression. According to IGUE
MOUINOU, WELLER ULRICH (2000)-Geology and geomorphology of South
Benin quoted[7],this depression of Lama is formed by a directed band WSW —ENE of
maximal width 25km. It covers an area that extends from the East to the West with an
area of more than 3000km?.

The depression of Lama forms a wide drill of 130km long and a variable width from
Skm (Tchi) to 25km (Issaba). It is divided into three zones to know the depression of
Issaba in the East, depression of Kho in the center and depression of Tchi in the West
quoted [7].

N
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Figure 1: Geographical localization of the taking site
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2.2, Sampling

The samples are taken in Mass¢ in the township of Adja-Oueéré. The choice of the site
has been justified by the visual inspection of precocious defacements caused by the
phenomenon of shrinking-swelling of soil in place.

For the sampling, a well has been drilled from which we have extracted intact
samples and remolded to different depths (0,00m to 0,50m; 0,50m to 1,00m; 1,00m to
2,00m and 2,00m to 3,00m).

The National Center of the Tests and Research in Public Works (NCTRPW) of
Benin and the LAB-TP laboratory of Lomé in Togo served as surroundings for the
achievement of the different and mechanical identification tests on samples. The
results of these tests were the object of analysis and discussions.

3. Results anddiscussions
3.1. Physicalcharacteristics

3.1.1. The tests of identification
The sizing of the four samples of Mass¢ site shows a variation of the particles lower
to 80 um of (67 a 75%) and even better the majority of these particles is lower to 2
um (53 to 63%) which represent the clayey particles. (See graph 1). As for the results
of the other tests of identification, they are presented in the board 1.

Sizing curve of samples

100
§ 90
& 80
z;» 70 - —e— Masse 0,50
e = SO
a metre
- e
g T e
Eiﬁ
0
0,001 0,01 0,1 1 10
Diameter of sieves in mm
Graphl :Sizing curve of the four samples
Board.1: Tests of identification of the clays
Identification of clays of“ Mass¢ *’ Depth Z(m)
Paramétres 0,00-0,50 0,50-1,00 1,00-2,00 2,00-3,00
Particles content< 2um (%) G, 46,352 51,235 41,353 52,235
Water content(%) w 26,60 31,80 34,41 31,03%

Dry density yd 1.54 1.40 1,389 1,41
Liquidity Limits(%) Wy 67,80 69,70 86,00 95,00
Plasticity Limits(%) Wp 46,30 41,35 52,80 60,90

Index of plasticity Ip 21,50 28,35 33,20 34,10
Specific weight (g/cn’) Ys 2,52 2,50 2,53 2,54
Activity of clay A 0,464 0,553 0,803 0,653
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Organic matter content (%) Cmo 4,31 3,76 2,99 5,87
Bond of soil in (kPa) C 34,00 24,00 38,50 39,00
Angle of internal friction (°) P 3,00 5,00 5,00 7,50

The values of found specific weights are of the order of 2,50 to 2,54 and allow us
to conclude according to Agbelele K. Judicaél et al., (2016) [7] that the tested samples
are of clayey nature.

3.2. Mechanicalcharacteristics

3.2.1. Odometer test

In geotechnics, the odometer test is generallyused like direct method to
determine the pressure and the amplitude of swelling (Ozer et al., 2011) [8]. At the
end of this test on the intact samples, the recapitulative of the results and the
odometer curves are presented as follows:

Board 2: Recapitulative board of the results of the odometer tests

P Depths (m)
1
ATAMELELS 0,00-0,50 | 0,50-1,00 | 1,00-2,00 | 2,00-3,00
Voids ratio ei 0,526 0,650 0,651 0,725
Voids ratio of the soil in place el 0,516 0,644 0,648 0,720
Pre consolidation stress (KPa) ap 73,250 129,02 155 162
Swelling pressure (KPa) og’ 5,180 3,440 56,63 57.8
Compression ratio Cc 0,304 0,202 0,206 0.218
Swelling ratio Cs 0,052 0,082 0,015 0,010
Oedometer curve
0,58 | H 0,76 T
- 0,53 = ! - 0,66 __L!”!!!j.'ht.
T oo4s TR M Bl s
= ~H CH £ 056
0,43 L =
n ’ «
= S = 046 o
'§ 0,38 ANEHl - T
0,33 S ’!‘ﬁ:
i T 0’26 e
0.28 0,01 01 1 10
0,01 0,1 1 10

Pressuresin bar Pressurein bar

Graph 2: Odometer curve sample Masse depth 0,5 m Gr u[l"l 3:-Odometer-curve aum[/t’c Masse dq}u’t m
0,7 o 0,78 =
0,65 S50 g7 =

a = 0,68

0,6 2 0,63
0,55 20,58 —
0.5 e g 0,53 T T~ =

) %_st =i 0,48 EH—F - HHE— i
0,45 S=ssi 001 01 1 10
0.4 o Pressures in bar

0,01 0,1 Presst]res in bar 10

Graph 4: Odometer curve sample Masse depth 2 m Graph 5: Odometer curve sample Massé depth 3 m
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4. Numerical modeling of the compaction of the studied soils
In the worry to write a mathematical model according to the voids ratio, we

present the odometer cuves above to the depths (1,00-2,00m) and (2,00-3,00m) by
considering voids ratio in abscissa and the loading pressures corresponding in
ordinates. This choice of depth is justified by the typology of works encountered in
the study zone whose foundations are essentially superficial and their depth of
anchorage varies from 2,00 m to 3,00 m.
4.1. Geometrical interpretation of the curve loading pressure - voids ratio

From the observation of the curves pressures of loading-indication of the voids
ratio, we note that each of them presents at least three points of inflection and three
extrema. According to Rolle’s theorem, the polynomial function expressing the pace
of this curve would be at least of degree 6 [9].
4.2 Approach of the curve by the polynomial form of order 6at the depth 2,00 m

Py =a+bx+cx* +dx® +ex* + fx° + gx©
Let's apply the method of the least squares to this equation to determine the constants
a, b, ¢, d, e, fand g. The sum to minimize is
22

E[Pi — (ai + bxi + cxi? + dxi® + exi* + fxi® + gxi®)]* =0

i=1
Let's nullify the first derivatives in relation to a, b, ¢, d, e and f-

6( )/6a—0=>
Za+b2xl +C2Xl +d2xl +erl +fol +g2x16—2P1
6( )/ab—O(:)

le+b2xl +C2Xl +d2xl +erl +fol +g2xl

= Z Pixi
= 0 Yfoe=0e

le +b2xl +C2Xl +d2xl +erl +fol +g2xl

= ZPixi
= o( )jad=0e

le +b2xl +C2Xl +d2xl +erl +fol +g2xl

= ZPixi
= 0 Ype=0e

le +b2xl +C2Xl +d2xl +erl +fol +g2xl
=ZPixi
i=1
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a( )/af 0 <

le +b2xl +CZX1 +d2xl +erl +f2x11°+gle

= ZPixi
= 0 )jag=0=

le +b2xl +CZX1 +d2xl +er11°+f2xl“+gle
=2Pixi

=1
The CRAMER method of resolution of the equations system formed by the first
derivatives allowed us to determine respectively the different values of the
coefficients a, b, ¢, d, e, fand g [9].

Board 3: Value of the coefficients of the polynomial form of degree 6 at the depth 2,00 m

Coefficients Values Coefficients Values
a -5,91474 E-07 d 5870787,642
b 185238,6942 e -10376421,92
c -1652879,471 f 9127859,635
g -3197723,079
By rewriting the equation with the values of the coefficients, we obtain:
Py =

—5,91474.1077185238,6942x—1652879,471x2% +
5870787,642 x3 —10376421,92 x* + 9127859,635x°—3197723,079x°.

By this method the different pressures obtained for every voids ratio allowed us to
draw the curve loading pressure-voids ratio and to compare it with the one of the test:

15 Results of model N°2
c
g
5 10
a
QO
S 85 =@ Test
5 —o-
5 0 Model
3 0 0,2 0,4 0,6 0,8
- 5 - -

Voids ratio

Graph 6: Curve loading pressure-voids ratio (polynomial form of degree 6) at the depth 2,00 m

We notice that the two curves are confounded in a first time and then we observe
a gap. We can conclude that the model under the polynomial form of order 6 presents
some results with a margin of mistake. The gap of mistake is very big for some
ranges. We will try to solve the problem by a mathematical model defined by
intervals.
4.3. Approach of the curve loading pressure - voids ratio by a defined function by
intervals at the depth 2,00m

It will be about describing the pace of the curve by a mathematical function defined
on several intervals. So the curve answers to a function defined by four intervals.
e First interval [0,447365255; 0,468333412]:
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For this interval of voids ratio we have kept for the loading pressure a function of
the type: P; = a + bx + cx?.
By the method of the least squares we have determined the coefficients a, b, and
c. So the pressure can be written: F, = 1640,9 — 6738,8x + 6913x2.
e Second interval [0,468333412;0,501657804]:
The expression of the loading pressure on this interval is in the form: P; = a + bx.
The expression with the values of the coefficients @ and b gives us:
Py = 16,732 — 33,249x
e Third interval [0,501657804 ; 0,508397569]:
The expression of the loading pressure on this interval is also in the form:
Py =a+ bx.
The expression with the values of the coefficients @ and b gives us:
P, = —488,08 + 973,03x.
e Forth interval [0,508397569 ;0,656485176]:
On this last interval, the expression of the loading pressure is:
Py =a+bx +cx* + dx3.
By the method of the least squares we determine the coefficients and the
expression becomes: P, = 20,576 + 68,01x — 313,2x2 + 246,52x3.
We can rewrite our function therefore in the form: P, =

g
{V x€[0,4473652;0,468333412] ;Rg = 1640,9 — 6738,8x + 6913x?
{V x€[0,468333412;0,5016578[ Rq = 16,732 — 33,249x
V x€[0,501657804 ; 0,5083975[ ;Rg = —488,08 + 973,03x

kV x€[0,508397569 ; 0,6564851] P, = 20,576 + 68,01x — 313,2x2% + 246,52x3

15

Model

£10
g
j}
as
Q= 0= Test
Q o
téo 0 Model
T 0 0,1 0,2 4 0,5 0,6 0,7
o . .
=5 Voids ratio

Graph 7: Curve of loading pressure- voids ratio (defined function by intervals) at the depth of 2 m

Model

=
o

(o]

—@— Creni
Test

Model

Loading pressure in
© ™ bir @

o

0,2 0,4 0,6 0,8
Voids ratio
Graph 8: Curve of loading pressure — voids ratio (defined function by intervals) to the depth 3,00 m

N

4.4. Approach of the loading curveloading pressure —voids ratio by a defined
function by inter valsat the depth 3,00m

The approach is identical to the previous and allows us at the end of works to find
again the expression of the pressure in the form: F; =
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v x€[0,515777501; 0,53983929] ; P, = 7250,51 — 27079x + 25282x>
= {V xe[0,53983929 ; 0,553613806] P, = —244,03 + 452,14x
v xe[0,553613806 ;0,72675412] ; P, = 299,8 — 1263,6x + 1816,2x> — 887,58x3

4.5. Comparison between the test to the laboratory and the one simulated by the
model
Through the figure below we superpose the odometer curve of the test and the
one obtained thanks to the mathematical model defined by intervals. We notice the
similitude of behaviour of two curves. They nearly have the same paces allowing us to
determine the parameters of compressibility.

0,7
0,65 -
.g 0,6
[}
ﬁ 0,55 —— Test
S o5 HE
= Model
0,45 —T
0,4 t
0,01 0,1 1 10
Loading pressure in bar

Graph 9: Odometer curve of the test in laboratory and simulation of the model

at the depth 2,00m
0,78
=
.2 0,68
N
g 0,58 == Test
|72} r
= == Model
© 0,48 !
> 0,01 0,1 1 10
Loading Pressures in bar

Graphl0: Odometer curve of the test in laboratory and simulation of the model at the depth 3,00m
4.6. Quality of the adjustment
" . 1
e Salvage or conditional variance: o2 = ;Zi(Pi - Pgi) 2,
. . 1 1
e Variance due to the regression: 2 = ZZi (Pgi - ZZ Pl-) 2,

e Variance of the observed values: o = %Zi (Pl- - %Z Pl-) 2,

With: Pi :the pressure of calculation of the odometer test,
Pgi :the pressure estimated by the numerical model.

2 2
For the analysis and the interpretation of the results, the relations: U—CZ ;U—C2 have
oy 0y
2 2
been calculated: %% = 0.003700659, 5 = 0.00370217.

r 14
0,37% of the Pi variance are due to the gaps of the Pi to their conditional
average. We deduct from these results, a good quality of the adjustment. The recorded

mistake is of the order 0f0,03%.
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Quality of the adjustment

Quality of the adjustment

Voids ratio

Loading
Pressure

(Pi)

Pressure
calculated by the
model (Pgi)

Equations

(P - Py)?

1
(=2 2.7

)

) 1
{r-a2m

0,447365255

9,727

9,732915864

Pg=
1640,9-
6738,8x+6913x"2

3,49975E-05

70,249329

70,150196

0,468333412

1,16

1,160382384

Pg=16,732-33,249x

1,46218E-07

0,036498

0,036644

0,501657804

0,052

0,052379675

Pg=16,732-33,249x

1,44153E-07

1,687528

1,688514

0,508397569

6,61

6,626086564

Pg=-488,08+973,03x

0,000258778

27,822016

27,652573

0,563064549

35

3,580065378

Pg=
20,576+68,01x-
313,2x"2+246,52x"3

0,006410465

4,966822

4,616359

0,602379

1,935

1,780088

Pg=
20,576+68,01x-
313,2x"2+246,52x"3

0,023997489

0,183749566

0,340555612

0,618480

1,16

1,155887

Pg=
20,576+68,01x-
313,2x"2+246,52x"3

1,69145E-05

0,0382364

0,036644898

0,639074118

0,766

0,467297

Pg=
20,576+68,01x-
313,2x"2+246,52x"3

0,089223225

0,781687874

0,342726612

0,639074

0,766

0,467297431

Pg=
20,576+68,01x-
313,2x"2+246,52x"3

0,089223225

0,781687874

0,342726612

0,639822

0,377

0,444727809

Pg=
20,576+68,01x-
313,2x"2+246,52x"3

0,004587056

0,822106273

0,949511041

0,640946

0,247

0,411209961

Pg=
20,576+68,01x-
313,2x"2+246,52x"3

0,026964911

0,884011035

1,219762469

0,641882

0,377

0,383588382

Pg=
20,576+68,01x-
313,2x"2+246,52x"3

4,34068E-05

0,936714632

0,949511041

0,642069

0,182

0,378097981

Pg=
20,576+68,01x-
313,2x"2+246,52x"3

0,038454418

0,947372438

1,367563184

0,642818

0,117

0,356249

Pg=
20,576+68,01x-
313,2x"2+246,52x"3

0,057240489

0,990380693

1,523813898

0,642818

0,182

0,356249

Pg=
20,576+68,01x-
313,2x"2+246,52x"3

0,030363009

0,990380693

1,367563184

0,642818

0,247

0,356249

Pg=
20,576+68,01x-
313,2x"2+246,52x"3

0,011935529

0,990380693

1,219762469

0,64843402

0,377

0,19823034

Pg=
20,576+68,01x-
313,2x"2+246,52x"3

0,031958558

1,329865943

0,949511041

0,649183765

0,247

0,177948436

Pg=
20,576+68,01x-
313,2x"2+246,52x"3

0,004768118

1,377055628

1,219762469

0,65068149

0,182

0,137946702

Pg=
20,576+68,01x-
313,2x"2+246,52x"3

0,001940693

1,472538247

1,367563184

0,65068149

0,137946702

Pg=
20,576+68,01x-
313,2x"2+246,52x"3

0,019029293

1,472538247

1,826359184

0,655923529

0,117

0,0039093

Pg=
20,576+68,01x-
313,2x"2+246,52x"3

0,012789507

1,815808188

1,523813898

79




Structural Mechanics of Engineering Constructions and Buildings, 2016, N2 4

Pg=20,576+68,01x-

0,656485176 | 0,052 -0,009895298 313.2x°2+246,52x3 0,003831028 1,853202679 | 1,688514612
SUM 28,38 28,35486072 0 0,4530714 122,429912 122,3799543

Salvage or ariance due to variance of
conditional M u the observed

. the regression
variance values
. 1,351428 .
1/my Pi 571 Interpretations 0,021574829 5,829995809 [5,827616873
0,003700659
0,00370217

5. Conclusion

This work permitted us to write a model capable to predict the compaction of the
clayey soils of Mass¢ from four samples taken from different depths where the tests of
identifications and mechanical have been achieved in a first time in the laboratory.
Then, a geometric interpretation of the Odometer curves gotten from the tests has
been achieved. It emerges that the polynomial function expressing better the pace of
these curves would be at least of degree 6 because each of the curves loading
pressures-voids ratio presents at least three points of inflection and three extrema.
Thanks to the obtained results we noticed that the gap of mistake is very big with the
model in the polynomial form of degree 6 for some ranges. So we tried to solve the
problem by intervals with a defined mathematical model. The results reveal a good
quality of the adjustment. The observed mistake is negligible of the order of 0,3%.
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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
naTuHCKUMU 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 CTaThH FOTOBATCS C MOMOLIbI0 penakropa Gopmyn 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 aBTOPAaMU CTaThy.

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

Penaxius ¥Meer mpaBo CHUMATh C MYOJUKAlMU CTAaThH, HE OTBEYAIOUINE YKAa3aHHBIM
TpeOOBaHMUSM, WJIH, €CJIH Ha CTAThIO MOCTYIIAT JBa OTPULATENFHBIX OT3bIBA PELIEH3EHTOB, WK
YJICHOB PEJAKIIMOHHOTO COBETA, WIIM YICHOB PEIKOJUIETHH )KypHaJIa.



