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P eKT KOHUEHTPALMH HANIPAKEHUN B CTEPKHE MPSAMOYT0J1bHOI0 CEYCHUS
B 00J1aCTH KPeIICHUs OT NPOAOJIbHBIX YCHINH

C.H. SIxynos'?*, X.I'. Kusimos!, H.M. SIxynos!, JI.U. Xacanosa?, I.. BukmyxammeToB>

"MHCTUTYT MEXaHUKH M MAIIMHOCTPOEHHS — 000COBIEHHOE CTPYKTYpHOe noapasaenenue ®IBYH
«®DenepanbHblil uccnenoBaTenbckui NeHTp “Kazanckuil Hayunsiil neHTp Poccuiickoi akaneMuu HayK »
Poccuiickaa @edepayusa, 420111, Tamapcman, Kazanw, yu. Jlobauesckoeo, 2/31

*KasaHckuil ToCy1apCTBEHHbIH apXUTEKTYPHO-CTPOUTENLHBINA YHHBEPCUTET
Poccuiickaa @edepayus, 420043, Tamapcman, Kasanw, yn. 3enenas, 1

* ABTOp, OTBETCTBEHHBIH 32 HEPENUCKY

(nocmynuna 6 pedaxyuro: 19 nonsg 2018 r.; dopabomana: 10 vHosiOps 2018 r.; npunama xk nybauxayuu: 12 vHos16ps 2018 1.)

AxTyanbHoOcTh. /151 obecrieueHust 6e30macHoOi paboThl KOHCTPYKIMI U COOPY>KEHUH HEOOXOIMMO TOYHEE OIpeNessTh
HanpspkeHHO-AehopmupoBanHoe coctossHre (HJIC) 3meMeHTOB KOHCTPYKIHMH, BBISBISATH OOJACTH KOHIICHTPAIMH HATIpsDKe-
HUA. Borpock! pactipeneneHns HapsHKSHUH B 00JIACTIX KPEIDICHHUsI CTEP)KHEH B TPEXMEPHOH IMOCTAHOBKE OTHOCHUTEIHHO Ma-
JI0 U3y4YeHBl. B 3THX 007acTsIX MOTYT BO3HUKHYTH CYIIECTBEHHBIE KOHIICHTPAIINH HANPSDKEHUH, CIIOCOOCTBYIOIIHE BOSHUKHO-
BEHUIO U PA3BUTHUIO TPELIMH U OTKOJIOB, SIBJIIOIIMXCS NIPEIBECTHUKOM pa3pylueHus. Pa3BuTie cOBpeMEHHBIX METOJIOB pacue-
Ta, IPOrPaMMHBIX KOMIIIEKCOB U POCT BO3MOXHOCTEH BBIUMCIIUTEIBLHON TEXHUKU NO3BOJLSIFOT YTOYHSTH PACUETHBIE CXEMBI:
NIEPEXOAUTh OT OJHOMEPHOM CXEMBI pacyeTa K ABYMEPHOMH, OT ABYMEPHOW CXEMBI pacueTa K TpexmMepHou. Bee aTo naet Bo3-
MOXKHOCTB OoJiee TouHo orieHuBath HJIC 31eMEeHTOB KOHCTPYKIMI M COOPY)KEHUH, BBISBIISTH 00JaCTH KOHIIEHTPALMU Hanpsi-
JKCHUM, a TAK)KE UCCIICI0BATh BIMsAHKIE Kod(duuuenta [TyaccoHa Ha KOHIICHTPAIHIO HATPSKCHUIA.

Metoas! nccnegopanusi. OTMEUEHO, YTO B CTEPXKHAX (CTONKAxX) KBAapaTHOI'O CEYEHUS BO3HMKAIOT TPEIIMHBI U pa3-
PBIBBI B KPOMKAX IPH BO3/EHCTBUM NMPOAOJILHBIX HArpy30K. [l OlleHKH HarpspKeHHO-1e(OPMUPOBAHHOTO COCTOSIHUS HC-
MOJIB3YIOTCSl TPEXMEPHBIE AJIEMEHTHI Ha 0a3e CIUIaifHOBOTO BapHaHTa METO/a KOHEYHBIX JJIEMEHTOB M PACUETHBIH KOMILIEKC
«JINPA». CrutalHOBBII METOIl KOHEUHBIX 3JIEMEHTOB, OJIaroapsi CHHTE3y UICH MapaMeTpU3allii i METOJa KOHEYHBIX dIIe-
MeHTOB (MKD) ¢ kyOnueckol anmpoKCUManuei BceX TpeX HCKOMBIX IIEPEMEHHBIX B Mpeenax KaXIoro 3JIEMEeHTa, TI03BO-
JISIET TONyYaTh COTJIACOBAaHHBIE TPEXMEpPHBIC KOHEUHBIE 1eMeHThl. Ha 0aze OTMEUEeHHBIX METOIOB M KOMIUIEKCOB BBITION-
HEHbl YMCJICHHBIE MCCIIEOBAHNS KOHLEHTPALMN HANPSDKEHUH B CTEPXKHSX KBaJAPaTHOIO U MPSIMOYIOJBHOIO CEYEHHH, 3a-
KPEIUICHHBIX HA OJTHOM KOHILIE ¥ BOCIIPUHUMAIOUINX PACTATMBAIOLINE YCHWINS HA APYTOM KOHLIE.

BbiBoABI. YCTaHOBIIEHO, YTO B YIJIOBBIX TOYKAX CEUEHHS B 00JACTH KpEIUICHHUS MPAMOJIMHEHHBIX CTEp)KHEH, BOCIIPU-
HUMAIOIINX OCEBBIE PACTATHBAIONINE YCHINS, BO3HUKAIOT KOHIIEHTpPAIlMHM HANpsDKeHUH. Bmamm oT obnacTu KperseHus
CTEpIKHsI HanpsbKeHus BelpaBHUBatoTCs. C yBenndeHueM kod¢d¢uunenra [TyaccoHa KOHIEHTpalMs HAPsHKEHUIH BO3pacTaer
ObIcTpee, 4eM Npu MallblX 3HayeHusx. [lepexo]; OT 0THOMEPHOI pacueTHOW CXeMBbI K JBYMEPHOH 1 TeM Ooliee K Tpexmep-
HOH CXeMe MO3BOJISIET ONPEAEIATh KOHIEHTPAIMIO HANPSDKEHWH Kak B IUIaHe, Tak W MO TojimuHe. MHpopManys o KOHLEeH-
TpalLMK HANPSDKEHUH B 3JIeMEHTaX KOHCTPYKIMH MO3BOJIMT MPOEKTUPOBIIMKAM 0o0Jiee TPaMOTHO IIPOEKTHPOBATh KOHCTPYK-
IIUH ¥ COOPYKEHUSI, a IKCIUTYyaTallHIOHHUKAM CBOEBPEMEHHO BBISIBIISTH Jie(DEKTHBIE 00JIaCcTH.

Ki1roueBble cjl0Ba: CTEP)KHH, KOHIIEHTPAIMH HANPSDKEHWH, PacTATUBAIOLINE YCHIIHS, KBAJPATHOE M IPSMOYTOIBHOE
CEUCHHNE, TPEXMEPHBIE KOHEUHBIE SJIEMECHTHI, KPETIJICHUE

Brenenue MYJIIPOBaJ TOHITHE KOHIIEHTPATOPa M TEM CaMbIM 3a-

JIOKUJT OCHOBBI COBPEMEHHON MEXaHUKHU Pa3pyILICHHUS.

OpnHoli u3 HanboJIee CYIECTBCHHBIX IPUYUH Pa3- KoHmeHTpaIpio HarpsHkeHUH MOTYT BBI3BATh YCIIOBUS
PYILICHUS IIEMEHTOB KOHCTPYKIIU ABISCTCS HATUYHE KpEIUICHHS, TEOMETPHICCKUE MapamMeTpbl U Gopma d1e-
koHteHTpaToB [1-6]. Eme Jleonapao qa Burau cdhop- MEHTOB KOHCTPYKIIHH (CIIOCO0 KpeIICHUS DJIEMEHTA
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KOHCTPYKIHMH C OCHOBHBIM Y3JIOM, KOHCTPYKTUBHBIE
OTBEpCTHSI U YIIIyOJIeHHs, KOPPO3UOHHBIE NEe(EKTHI,
TMa3bl ¥ 30HBI CTHIKOB 3JIEMEHTOB, TIEpeTIapl TOJIIIH,
OCTpble KOHCTPYKTHBHBIE YTIIbI U T.1.).

Crep)KHU U CcTepikHEBbIe CHCTeMBI ((hepMbI), Oa-
KH, OQJIOYHBIC CHUCTEMBI (pambl) U CTOMKHA HAXOIAT
HIMPOKOE NPUMCHEHHE KaK B CTPOMTENBLHBIX, TaK U
MAaIIMHOCTPOUTENBHBIX KOHCTPYKUUAX [4]. OHu nme-
10T pa3nyHyio GOpMy CEUeHUs, N3TOTABIUBAIOTCS
W3 Pa3INYHBIX MAaTEPHATIOB H BOCIIPUHUMAIOT OOJIBIIINE
Harpy3KH, B TOM YHCIIe TIPOJoJIbHBIe yeuius. Hampu-
Mep, HaKIIOHHBIE CTOWKH KPYMHOTabapUTHBIX Tpajlii-
per CK-1200 nMeroT kBampatHyo GopMy Toreped-
HOTrOo ceueHwust (puc. 1), BOCOPUHUMAIOT OOJBIIHE Be-
COBBIE HArpy3KH METAIUTMYECKUX KOHCTPYKIUHN IH]-
dy30opa, KoHY30pa W KEIE300€TOHHONW YacTH IIH-
JUHAPUYECKOTO y4YacTKa, a TakKe Harpy3Ku MpUXo-
JAIIKE OT MapyCHOCTH I'PaJupHU B LiesioM. B mporiecce
JKCIUTyaTaud B pedpax CTOeK B 00JacTH KOHIICH-
Tpauy HAIPSOKEHUH BOSHUKAIOT Pa3IMIHbIE TPEI-
HBI ¥ Pa3phIBbI, KOTOPHIE CYIIECTBEHHO CHI)KAIOT He-
CYIIyIO CITOCOOHOCTh CTOWKH M B JaJbHEWUIIEM BHI-
XOJISIT U3 CTPOSL, IPUBOISI KOHCTPYKIIUIO TPATUPHU K
ABAPUHON CUTyaLUN.

Puc. 1. IIpoaosbHbIe yriioBble TPEIUHBI
B HAKJIOHHBIX CTOiKaxX KpynHoradaputHoi rpagupau CK-1200
[Figure 1. Longitudinal corner cracks
in sloping racks large-sized coolers CK-1200]

MonenmpoBaHye HaMpsHKEHHO-IEGOPMUPOBAHHOTO
COCTOSIHHSI KOHCTPYKIIUH, COCTOSIIEH M3 HAabOpa KOH-
CTPYKIMOHHBIX 3JIEMEHTOB M3 ITOJMMEPHBIX KOMIIO3H-
[MOHHBIX MATEPHAIIOB, PACCMOTPEHO, B YaCTHOCTH,
B cTaThe [7]. 3amada OTKIOHEHHS 3a)KaTOH OaaKd OT
paBHOMEPHOH Harpy3Kd METOIOM KOHEUYHBIX 3JIeMCH-
TOB paccMOTpeHa B [8].
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Borbliyio onmacHOCTh A1 KOHCTPYKIMH TPECTaB-
JISFOT CITy4au, KOTJja UMEIOT MECTO JiBa M 0ojiee UCTOY-
HUKa paspymeHus [9; 10], HanpuMep cyIiecTBEHHBIC
MeXaHUYECKUE HANPSDHKEHHsl, KOPPO3Usl U KOHLIEHTpA-
TOpBl HampsbkeHuil. KoHLIeHTpaTOpbl HanpsHKeHU! aK-
TUBU3UPYIOT KOPPO3HOHHBIN mporecc [11; 12]. Tlpu
CYIIIECTBEHHOM KOPPO3UHU IMPOUCXOIUT M3MEHEHHE He
TOJIBKO T€OMETPUYECKUX, HO U MEXaHWYECKUX Xapak-
TEpUCTUK MaTepraia. Bce 3T0 CyIIecTBEHHO CHIDKA-
€T pecypc KOHCTPYKLIUU U COOPYKEHUM.

Jns obecrieuenust Ge3omacHol pabOTHl KOHCTPYK-
LU U COOPYKEHNH HEOOXOIUMO TOYHEE OTPENeIATh
HamnpsoKeHHO-Ae(pOpPMHUPOBAHHOE COCTOSTHHE DJIEMEH-
TOB KOHCTPYKIIHUH, BBISBIAITH 00JACTH KOHICHTPAIMN
HaNpsOKEHUH U MPUHUMATH MEPBI K X YCTPAaHEHHIO.
HNuadopmanus 0 KOHIICHTPAIIUN HANPSKEHUN B DJIe-
MEHTaX KOHCTPYKIHHA TMO3BOJIUT MPOCKTUPOBIINKAM
OoJiee TPaMOTHO POEKTUPOBATh KOHCTPYKLUH U CO-
OpY’KEHHsI, a IKCILTyaTallMOHHUKaM CBOEBPEMEHHO BBI-
SIBJIATH Je(heKTHBIC 00IacTH.

Pa3BuTHE COBpEeMEHHBIX METOAOB pacyera, mpo-
IPaMMHBIX KOMIUJIEKCOB U POCT BO3MOXKHOCTEH BHI-
YUCITUTENFHOW TEXHUKH ITO3BOJITIOT YTOUHSTH Pacuer-
HBIE CXEMBI: NIePEXOUTh OT OJHOMEPHOH CXEMBI pac-
yera K JBYMEPHOM, OT IByYMEPHOM K TPEXMEPHOM.
O Ba)XHOCTH HCITOF30BAHUS TPEXMEPHBIX CXEM IMPH
pacuere YIrJIOBBIX TPyOYaThIX COCTUHEHUI TOBOPHUT-
cs B ctatbe [13]. Bee 310 mo3BossieT Goliee TOYHO Olie-
HUBATh HAMPSKEHHO-IE(QOPMUPOBAHHOE COCTOSIHHE
3JIEMEHTOB KOHCTPYKIIUN U COOPYKEHUM.

B craTtee [6] mpuBeneHbI pe3ynbTaThl UCCICAO-
BaHUs IUIOCKUMHM KOHEYHBIMU 3JE€MEHTaMH OalIKu-
CTEHKH, 3aKpEIICHHON M0 OJJHOMY TOpIy OT paBHO-
MEpHO pacrpeAelieHHONH pacTATHUBAIOIIeH Harpy3KH,
MIPIJIOKEHHON K MPOTHUBOMOIOXKHOMY TOpiry. Ompe-
JIeJieHa, B YaCTHOCTHU, KapTWHA pPacIpe/esieHus] Ha-
npspkeHuil. OTMedaeTcsi, YT0 B MECTe€ KpETUICHUS B
00J1aCTH YTIIOBBIX TOUEK HAOIIOIACTCS] KOHIICHTPAITHS
KaK HOPMAJIBHBIX Oy (pUC. 2), TaK ¥ KaCATEIBHBIX Ty,
HaIpsDKEHUH JUTSl PACCMOTPEHHBIX MapaMeTPOB OalKu-
CTEHKH. Y CTaHOBJIEHO, YTO JUISl HCCJIEIOBAHHOTO BapH-
aHTa O0aJKU-CTCHKH KOHIIEHTpAIMs HOPMaJbHBIX Ha-
MIPSHKEHUM G B YIJIOBBIX TOUKax cocTaBisieT 27-33 %.
To ecTb, B oTIHMYHE OT pacyeTa HaNpsLDKEHUH METO-
JaM{ COTIPOTHBIICHUSI MaT€pPUAIOB, MaKCUMaJIbHBIE
HOpPMAaJIbHBIE HAIPSDKEHUS MPEBBIIIAIOT 00Ul ypo-
BeHb HanpshKeHui 6omnee yeM Ha 30 %.

Taxum 06pazom, rmepexos1 OT OTHOMEPHON CXEMBI
pacdera K JAByMEpHOW CXeMe MO3BOJIsieT Ooyiee TOUHO
OTIPENeNsATh KOHICHTPAMIO HAMPSHKCHUH B TOUKAX
KperuieHusl. A U3 MeXaHWKH pa3pylIeHUs H3BECTHO,
YTO KOHIIEHTPAIUS HANpPsDKEHWH SIBISIETCS TIPEABECT-
HUKOM paspyuierus [ 1-6].
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Puc. 2. PacnpenesieHne HaNpPsisKeHUH Ox B 0aJIKe-CTEHKe
[Figure 2. Stress distribution ox in the beam-wall]

Bomnpock! pacnipenenieHns HanpsHKEHIH B 00J1aCTsIX
KpEIUIeHUs CTep)KHEeH (CTOeK) B TpeXMEepHO# mocTa-
HOBKE OTHOCHTEIBHO Majo M3ydeHbl. B 3THx obna-
CTSIX MOTYT BO3HUKHYTH CYIECTBEHHbIE KOHIICHTpA-
MU HaMpsHKEHHU, CIIOCOOCTBYIOIINE BOZHIKHOBEHHUIO
U Pa3BUTHIO TPEUIUH U OTKOJIOB, ABJISIOIIMXCS TPE-
BECTHHUKOM Pa3pyIICHUS.

Hwxe paccMoTpeHbI mpuMepsl pacdeTa HarpshKeH-
HO-1e(OpPMHUPOBAHHOTO COCTOSHHSI TPSIMOJIMHEHHBIX
CTepXHEH MPSIMOYTOJIHFHOTO M KBaIPATHOTO CEYCHHS
OT PACTATHBAIOIIMX HArpy30K Ha 0a3ze TpEeXMEepHBIX
KOHEUYHBIX 3JIEMEHTOB. BbIsIBIEHBI 00J1aCTH KOHIIEHTpa-
LMY HanpsbKeHuH. PaccMOTpeH BOIpOC BIMSHUSA KO-
s ¢unmenta Ilyaccona Ha cTerneHb KOHIEHTPAIUU
HanpsoKeHUH.

MeToabl YHCJIEHHOI0 UCCJIETOBAHMS

CoBpeMeHHbIE METO/IbI pacyeTa MO3BOJISIOT OTHO-
CHUTEIILHO TOYHO OICHUBATH HAITPSHKEHHO-IE)OPMHUPO-
BaHHOE COCTOSHHE JJIEMEHTOB KOHCTPYKIHI U COOPY-
JKeHuil. Borpock! nenosb30BaHus KyOHUYeCKOro Criiaii-
Ha JJi1 pacdeTa CIOUCTOM MIACTHUHBI paccMaTpuBa-
1oTcs B [14].

B mamHo# paboTe s ompemereHUs pacipene-
JICHUSI HAMPSHKCHUH B CTEP)KHE MPUMEHSIOTCS TPEX-
MepHbIe KOHEYHbIE 3JIeMeHTHI. Vcmomp3oBanacek mpo-
rpaMMa Ha 0a3e CIDIaifHOBOTO BapWaHTa METona KO-
HEYHBIX JIEMEHTOB C KyOWYECKOH ammpoxcuMaiuen
HCXOJIHBIX IEPEMEHHBIX.

OCHOBBI CIUIAIHOBOTO BapHaHTa METO/Ia KOHEUHBIX
3JIEMEHTOB B TpexMmepHoi noctaHoBke (CB MKD-3)
JUISL pacuera HapsKeHHO-JIe(hOPMUPOBAHHOTO CO-
CTOSIHUS 3JIEMEHTOB KOHCTPYKIUI CIIOKHOH TreoMeT-
pUH, 3aJaHHBIX B JEKApTOBOW CHUCTEME KOOpAHHAT,
M3IIOKEHBI, B yacTHOCTH, B [15]. Ha mepBom srame
pemnaeTcs 3ajava mapameTrpu3anun. PaccmarpuBa-
MBI y9aCTOK KOHCTPYKITUH (TPEXMEPHBIH 00BEKT
CJIOKHOHM T€OMETpHH), 3aHUMaeMbIii 00beM V, 3ama-
eTcs KpHBOJMHEHHBIME KOOpAMHATaMu ', £, £ enu-

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

HU4YHOTO Kyba Vi (puc. 3) Takum oOpa3oM, 4TOOBI
IpSMOYTOJIEHOIM ceTke B o0yacTé Vj COOTBETCTBO-
BaJIa KpUBOJIMHEHHAsI MPOCTpaHCTBEHHAs ceTka V-

F=r(t 12 0). (1)

Puc. 3. Ilapamerpusauus ¢pparmenra
TPeXMepHOro TeJIa CJI0KHOI reoMeTpuu
[Figure 3. Parameterization of a fragment of
a three-dimensional body of complex geometry]

Jlanee HeTPYAHO OHpeeNuTh KOOPAUHATHBIE
BEKTOpBL: 7] = ﬁf/atl , K=0F/or", R =oF/ot’ ;
KOBAPUAHTHbIE KOMIIOHEHTBI U IUCKPUMUHAHT METpH-
yeckoro Temsopa: &1 =, & =hh, &n =hh,

=83 (gngzz _glzz)_gn (gugzz _g21g13)+

+g31(g12g23_g13g22)= g3 = NI, 82 = N5,
g,; = N1, a Takke cumBoasl Kpuctoddens:
i it k J t
T, =g"(og, /ot +0g, /o' +og, /or')/2
PaccmatprBaemast 00nacTh eqMHUYIHOTO KyOa Vi
pa3OmBacTCI Ha KOHEUHbIE JIEMEHTHI (apalielieny-
Heqbl), U PeICHUE U, V U W B KaXIOM M3 HUX Hpea-
CTaBJISIETCS B BUJIE HHTEPIIOJSIIUOHHOTO SPMHUTOBOTO
KyOHM4ecKoro cruiaifHa Tpex nepemeHHsIx [11]:

”:[‘Vl(sl)x‘l’z(sz)X‘V3(S3)]®FU’
":[‘Vl(sl)XWz(Sz)XW3(S3)]®FV’ (2)
w=lu s s 52w (5 |@

e vi(s’), wa(s®), wi(s’) — BeKTOpEI KOOPIMHATHEIX
¢bynknmit; Fy, Fy, Fy— BEeKTOPBI KOMIIOHEHT MCKO-
MBIX HEU3BECTHBIX U, V, W U €r0 IPOU3BOAHBIX COOT-
BETCTBEHHO. KOBapuaHTHBIC KOMIIOHEHTHI BEKTOPa
MepeMEeIeHNs] 1 UX MPOU3BOAHBIX {jk-TO y37a CETKU
UL 4, v 1 W 0003HAYaAIOTCs Yepe3 CIACAYIOIIUE CHM-
BOJIBI COOTBETCTBEHHO!

000 . 100 010 001 110 10l ol 111
it Bigaer Wi Uijuor Wigger Wi Uijaor Uijpes

000 100 010 001 110 101 o1 11l
vi'/'k’ i,j.k? Vi,j,k’ vi,j,k’ vi,j,k’ vi,j,k’ vi,j,k’ vi,j,k’ (3)
000 100 010 001 1o __jo1 011 1
W Wiikr Wik Wijkr Wijior Wijir Wik Wijieo

IJIe IPUHATHI CISAYIONIMe 0003HAYCHUS I U (TS V
U W aHAJIOTUYHBI );
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OCHOBHBIC COOTHOIIICHUSI BHIBEACHBI U3 Bapua-
IMOHHOTO ypaBHeHUs Jlarpanxa:
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rae W — ynenbHas TOTEHIMANIbHAS 3HEeprus aedopma-
UM TPEXMEPHOTO Tena; f ', p' — KOMIIOHEHThI BEKTO-
pa MacCOBBIX M MOBEPXHOCTHBIX CHJI, P — MaccoBas

TUIOTHOCTB; U; — KOMIIOHEHThI BEKTOPa MCKOMBIX Iie-
PEMEHHBIX; S — MOBEPXHOCTh OOKOBBIX I'paHel Tema.
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Mertoz MO3BOJISET MOYYaTh COTNIACOBAHHBIE TPEX-
MepHbIe KOHEUHBIE AIIEMEHThI OJIarofaps CHHTE3Y UIeH
TTapaMeTPU3aIiK ¥ METO/Ia KOHEUHBIX dieMeHToB (MKDO)
C KyOMYECKOM almpoKCUMAITUEH BCEX TPEX UCKOMBIX
MIEPEMEHHBIX ¥, V U W B TIpeJieiax KaXI0ro AJIEMEHTA.

Jns amanmmza HampspKeHHO-IepOPMHPOBAHHOTO
COCTOSIHHMSI TaK)X€ MCIIOJIb30BAJICS PACUYCTHBIA KOM-
mwieke «JIMPAy.

Ouyenxa H/IC cmepacua npozpammoii CB MK3-3

Bremonneno yncnennoe uccnenosanue HJC crepik-
HS IPSIMOYTOJIBHOTO ceueHus (puc. 4), 3aKperieHHo-
ro mo ogHoMy Topiy (x = 200 MM) U Harpy>ke€HHOTO
PaBHOMEPHO pacTpe/iesIeHHol Harpy3koit ¢ = 500 MH/M?
Ha npyroMm topue (x = 0). Moxynp ynpyroctu mare-
puaina crepxas £ = 100 000 MlTa.

20 mm

10 mm

200 mm

Puc. 4. Cxema pa3oueHusl CTePHKHS HA KOHEUHbIE JJIEMEHTbI H reoMeTPHYeCKHe NapaMeTpbl
[Figure 4. The scheme of splitting the bar into finite elements and geometric parameters]

Puc. 5. Pacnipeniennenne HanpsizkeHHii ox B 00.1acTH KpenieHus (ceueHue x = 19 cm)
[Figure 5. Stress ox distribution in the fastening area (section x =19 cm)]

BHUIIHO U3 PHC. 5, B YTJIOBBIX TOYKaXx B 00JIacTH 3a-
JeJIKU HaOJI0JaeTCs CyIEeCTBEHHAs KOHLIEHTPAIHs
HaIpsKEHUH Oy.

Ha puc. 5 nmpuseneHo pacrpeneneHine HopMaTbHBIX
HaNpsDKEHUH Gy B cedeHWH X = 19 cM, TO ecTh
Ha paccTosHUM 1 cM OT Topia 3amemieHus. Kak
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Oyenka HanpasceHH0-0eoOpMUPOBAHHO20
COCMOAHUA CHEPHCHA
ebluuCIUmMENbHbIM Komnaexcom «/THPAy

HccnemoBaHo TpexMepHBIMU KOHEYHBIMU JIEMEH-
tamu (mporpamma «JIMPA 10.1») HIC crepxHs, 3a-
KPETUIEHHOTO 110 OJJHOMY TOPLLy M Harpy>keHHOTO pac-
TATUBAOLIEH HArpy3KOH, MPUIIOKEHHOU K APYTOMY
topuy (puc. 6). Ucxomgusie manubie: ¢ = 200 Mlla,
L=30cm, h=b=10cm, E=200 000 MIla, v=0,1;
0,2; 0,3; 0,4; 0,5 (pacueTHble BapuaHThl). PacueTHas
CXeMa: TpeXMepHbIe KOHeUHbIe AneMeHThL: 10x10%30.

Bompock! Bmustams koaddrmmenta [lyaccona mpen-
CTaBISIIOT OTIpEe/ICNICHHBIN UHTepec. Briusaue koaddu-
muenTa [lyaccona Ha k03 puUIIMeHTH KOHIIEHTPAIHH
HaNpsHKEHUH Ha TOHKHX IUIACTHHAX C KPYTJIBIMHU OT-
BEPCTHUAMH U JKECTKMMH BKIIOUECHUAMH PACCMOTPEHO,
B YaCTHOCTH, B [16].

—————

Puc. 6. Ctep:keHb KBa/IpaTHOI'O CeYeHUS
U ero reoMeTpHiecKHe NapaMeTpbl
[Figure 6. The bar of square section

and its geometrical parameters]

Ha puc. 7 npuBeseHa kapTuHa pacnpeaeaeHus
HanpsDKEHUH oy B cTepxkHe npu v = 0,1. Tabnuunble
3HAYCHUSI MAKCHUMAJIbHBIX HANPsDKeHUH B Toukax T1,
T2, T4 u T5 (mo puc. 7) npuBeAcHB B TaOIUIIE.

y ==
z
T4 y
T4
X
‘ V
Tl} y T1 Kk
T2
Pucynox 7. Pacnpenesienne HanpsizkeHHil 6x B CTep:KHe
[Figure 7. Stress ox distribution in the bar]
Tabnuya
BeinuuHbI MaKCMMAJIbHBIX HANIPSIZKEHUI B 00J1aCTH 3a/1eJIKU
[Table. Maximum stress values in the fixed support area]
MaxkcumanbHble HANpsizKeHus 6y, MIla
Touku .
[Points] [Maximum stresses ox, MPa
v=0,1 v=10,3 v=0,49
Tl 209,278 225,751 281,955
T2 202,375 206,731 227,433
T4 202,375 206,731 227,433
T5 195,472 189,366 174,631
Kax BugHO M3 pHC. 7 B YITIOBBIX TOYKaX B 00Ja- 3akJiiouenue

CTH KpeIUIeHUsI HaOIro1aeTcsl KOHIEHTPAIUs HaIlpsi-
JKeHU oy. TOo ecThb pacuer CTep>KHS TPEXMEPHBIMU
3JIEMEHTaMH TI03BOJISIET YJIaBIMBAaTh W3MEHEHUs Ha-
MPSOKCHUHM TI0 BCEM TPEM KOOPAMHATaM. DTOT (akKT
SIBIISIETCS] BYKHBIM OOCTOSATEIHCTBOM KaK JIJIsl TIPOEK-
THPOBIINKOB, TaK U JIJIs1 SKCILTYyaTaIlMOHHUKOB.

W3 TabauIer BUIHO, YTO YeM BBIMIE KO3h UIIH-
enT Ilyaccona v, Tem 3HauUMTENbHEE TIEpepacIpese-
JIEHWE HANPSHKEHUH B CEYCHNUH 3aJIeITKH.

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

[To pe3ynbpTaTaM HcCIeIOBaHUS MOYKHO 3aKJIIO-
YHUTH CJETyIOIIee:

1) pacdeT cTepKHs 1O TPEXMEPHOH CXeMe I03-
BOJISIET ONPENEJIATh KOHIICHTPALMIO HAIPSDKEHU;

2) B CTEp)KHAX KOHLIEHTpAIUs MPOJOJIbHBIX Ha-
MpsOKeHUH HaOMroaeTcsl B yIIIOBBIX TOUKaxX 00JacTu
KpeIJIeHus;

3) B eHTpadbHOM 00JACTH CEUYCHUS CTEPIKHSA
BOJIN3M 3a/I€NIKH HANpPsDKEHHS MaaloT;
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4) ¢ yBenuueHnueMm kodd¢uiuenta I[lyaccona v
KOHIICHTPAIMsl HANMPSHKEHUH BO3pAcTaeT 0oyiee MHTCH-
CHBHO, Y€M IIPH MAJIBIX 3HAYCHUAX KO3 dHUIIHEHTA V;

5) B apMUPOBaHHBIX CTEPIKHSAX (CTOMKAX TrpaIUPEH)
Ha KPOMKAaX BCJICICTBUE KOHIICHTPAIUM HATPSHKCHHH
BO3HHKAIOT TPEIIMHBI, HAYNHACTCS KOPPO3UOHHBIH
u3Hoc apMatypsl. [Ipu 3ToM KOppo3us criocoO6CcTByeT
JATBHEHIIIEMY Pa3BUTHIO TPEIUHBI JO TOJIHBIX pas-
PBIBOB, KaK 3TO HAOIIOAAETCS Ha MPAKTHKE.

© Sxynos C.H., Kuamos X.I'., flkynos H.M.,
Xacaunoga JI.U., bukmyxammeros U.1., 2018

This work is licensed under a Creative Commons
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Abstract. Relevance. To ensure the safe operation of buildings and structures, it is necessary to more accurately de-
termine the stress-strain state (SSS) of structural elements, to identify areas of stress concentration. The distribution of
stresses in the region of the fastening bars in three-dimensional formulation is relatively little studied. In these areas, there
may be significant stress concentrations that contribute to the occurrence and development of cracks and splits, which are
a harbinger of destruction. The development of modern methods of calculation, software systems and the growth of compu-
ting capabilities allow refining the design scheme: to move from one-dimensional to two-dimensional calculation scheme,
from two-dimensional to three-dimensional calculation scheme. All this makes it possible to more accurately assess the SSS
of structural elements and structures, to identify areas of stress concentration, as well as to investigate the effect of the Pois-
son's ratio on the stress concentration.

Methods of research. 1t is noted that cracks and breaks in the edges under the influence of longitudinal loads occur in
the rods (racks) of square cross-section. Three-dimensional elements based on the spline version of the finite element me-
thod and the LIRA computational complex are used to estimate the stress-strain state. The spline finite element method,
thanks to the synthesis of the idea of parametrization and the finite element method (FEM) with cubic approximation of all
three required variables within each element, allows obtaining consistent three-dimensional finite elements. On the basis of
the mentioned methods and complexes, numerical studies of the stress concentration in the bars of square and rectangular
cross-sections fixed at one end and perceiving the tensile forces at the other end are performed.

Conclusions. 1t is found that in the angular points of the cross section in the area of fastening of straight bars, perceiv-
ing axial tensile forces, there are stress concentrations. Away from the mounting area of the bar, the voltages are aligned.
By increasing the Poisson's ratio, the stress concentration increases faster than at low values. The transition from a one-
dimensional design model to a two-dimensional one, and even more so to a three-dimensional model allows to determine
the stress concentration, both in plan and in thickness. Information about the concentration of stresses in elements of struc-
tures will allow designers to more accurately design structures and facilities, and the operators to promptly identify the de-
fective region.

Keywords: bars, stress concentrations, tensile forces, square and rectangular cross-section, three-dimensional finite
elements, fastening
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CpaBHuUTeJIbHBIN aHATN3 3(PPEKTUBHOCTH UCIOJIb30BAHUS
KOHEYHBIX JIEMEHTOB pa3au4Hoil MepHocTH npu aHaauze HJAC Tonknx odos0uex

10.B. Kioukos'*, A.Il. Hukonaes!, T.A. Codoaesckas!, M.JO. Kioukos?
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* ABTOp, OTBETCTBEHHBIH 3a HEPENUCKY

(nocmynuaa 6 pedaxyuro: 12 asrycra 2018 r.; dopabomana: 15 oxradps 2018 r.; npunama x nybauxayuu: 28 oxtsi6ps 2018 r.)

AKTyajabpHOCTb. [l onpeneneHust HarpsbkeHHO-nedopmupoBanHoro cocrosiHus (HJIC) ToHkocTeHHBIX 000JI0YeK,
YUUTHIBasH CIIO’KHOCTD IOJIYYEHHsI YUCIICHHBIX PE3YJIbTaToB, ObUIa pa3padoTaHa TEOPHUSI TOHKUX 000JIOYEK C BBEJICHUEM T'H-
MOTEe3bI MPSIMO HOopManu st cBenerns Tpexmeproro HIC k nBymepHoMy. IIpu coBpeMEHHOM pa3BUTHN HU(GPOBOHA TeX-
HUKH M YUCIICHHBIX METOIOB pacueTa, B 4aCTHOCTH MeToJa KOHEUHbIX aeMeHToB (MKD), nosBuimack BO3MOXXHOCT TTOJTY-
YEHUsI YHUCIICHHBIX PE3yJIbTaTOB 0€3 MCIOJIb30BAHMUS THIOTE3bI MPSIMON HOPMalH, & UMEHHO Ha OCHOBE TEOPHU YIPYTOCTH
B TPEXMEPHOH IIOCTAaHOBKE JaXke JUIsl TOHKUX 000JI0YEK.

Hean. Llensio HacToswmel paboThI ABIAETCS CpaBHEHHE 3((GEKTHBHOCTH alrOPUTMOB HCIIOJIb30BAHMSA MATPHI] JKECT-
KOCTH KOHEYHBIX AJIEMEHTOB, ITOJIyYEHHBIX HAa OCHOBE TEOPHH TOHKUX 000JIOYEK C TUIIOTE30i MPsIMO HOPMaJId U Ha OCHO-
BE€ COOTHOILEHUI TPEXMEPHOU TEOPUU YIIPYTOCTH.

Metoasl. [IpencraBieHbl pe3ysbTaThl CPABHUTEIBHOTO aHAIN3a KOHEYHO-DJIEMEHTHBIX PAacueTOB TOHKUX 000JI0YEK
IIPU MCHOJIB30BaHUM ABYMEPHOTO 3JIEMEHTa JUCKPETH3alMu B (DOpPME YETHIPEXyrojbHOrO ()parMeHTa CpeANHHON MOBEpX-
HOCTHU ¥ TPEXMEPHOTO AJIEMEHTA B BUJI€ BOCBMUY3JI0BOTO IECTUTPAHHUKA. B kauecTBe y31I0BBIX BapbUPYEMBIX IAPAMETPOB
BBIOMpaIIICh KOMIIOHEHTHI BEKTOpa MEpEeMEIEHHs U UX NepBble Tpon3BogHbIe. DyHKIMK (HOPMBI 11 000MX THIIOB 3JIEMEH-
TOB AMCKPETH3ALUK OBUTH ITPEACTaBICHBI IPOU3BEACHUSIMHU ITOJTMHOMOB DPMHUTA TPEThEil CTEIICHH.

PesyasTaThl. Ha mpumepe pacuera 3ammeMIIeHHON M0 TOPIaM HIHHAPUIECKOH 000JOYKH MOKAa3aHO, YTO ABYMEpPHAs
MIOCTAHOBKA B pacdyeTax TOHKUX 00OJIOUEK SIBIISETCS aJ€KBATHOM M MO3BOJISET MOJIYYaTh IIPHEMIIEMBIE PE3YIIbTaThl IPH OII-
TUMAJIbHBIX 3aTPaTax MaIlIMHHOTO BPEMEHH.

Ki1roueBble cji0Ba: TByMEPHBIM AIEMEHT, TPEXMEPHBIA JJIEMEHT, Y3JI0BbIE HEU3BECTHBIE, CETKa JUCKPETH3ANN

BBenenue

ToHKOCTEHHbIE KOHCTPYKLMH M3 IUIACTUH U 000-
JIOYEK SBILIIOTCS HEOTHEMJIEMOM YacThbI0 COBPEMEHHBIX
3JTaHUM, COOPYKEHUH U apXUTEKTYypHBIX ¢opm [1-3].
B nacrosiee Bpems npu ananuze HJIC koHcTpyKuuit
13 000J104EK Ha MEPBBIN IIJIaH BBIABUHYJINCH IIpe-
MMYIIECTBEHHO YHUCIICHHBIE METOBI pacuera [4—10],
B yactHocT MKD [11-18].

B Hamm nHM MaTpHIIB! )KECTKOCTH KOHEUHBIX HJIe-
MEHTOB (pOpPMHUPYIOTCS Ha OCHOBE JIBYX TEOPHH: T€O-
pUH TOHKHX OO0OJIOYEK C HCIIOJIb30BAaHWEM TEOPHHU
npsiMoil HopManu ajst cBeneHus tpexmepuoro HC
K IBYMEPHOMY COCTOSIHHIO, a TAK)XKE€ COOTHOLICHUH
TEOPUHU YNPYTOCTH 6€3 MOMOJHUTEIbHBIX THIIOTE3 O
JIeOpMUPOBAaHUN HOPMAJIBHOTO DJIEMEHTA.

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLWIA

B mocnennee BpeMsi MHOTUME UCCIIEAOBATEIISIMUA,
3aHUMAIOIIMMHUCS JTAHHOW MPOOJIEMATUKON, BBICKA3bI-
BaETCsl MHEHUE O TOM, YTO IIPU IOCTPOCHUU KOHEUHO-
3JIEMEHTHBIX MOJeel 000I0UYEUHBIX KOHCTPYKITHH
MPEANOYTCHHUE CIICTYyeT OTNaBaTh TPEXMEPHBIM KO-
HEYHBIM 3JIEMEHTaM KaK HauOoJiee YHHUBEPCAIBHBIM.
IIpu 3TOM B KauecTBE OCHOBHBIX T'€OMETPHUUYECKUX
COOTHOIICHUH PEKOMEHIYETCS HCIIOIh30BaTh COOT-
HOIIICHUS TEOPUU YIPYTrocTu. JlaHHBIN MOAXO0 SIBIISI-
€TCsI BIOJIHE 00OCHOBaHHBIM Tipu uccienoBannu HJC
000JI0YEeYHBIX KOHCTPYKIMHA CpeaHeN TOJIINHBI U TOJI-
CTOCTEHHBIX cOocyA0B. OIHAKO, UCTIOIB30BAHUE TPEX-
MEPHBIX KOHEUHBIX 3JIeMeHTOB Ipu aHanuze HJIC Ton-
KHX 000JIOYEK SIBISICTCS] HE BIIOJHE ONpaBIaHHBIM U
TpeOyeT JeTalbHOr0 000CHOBaHUsA. B CBsI3U ¢ 3THM
JOCTaTOYHO aKTyalbHON OCTaeTcs 3ajada CPaBHUTEINb-
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HOro ananmu3a 3(()EKTUBHOCTH HCIIOJIb30BAHUS JIBY-
U TPEXMEPHBIX KOHECUYHBIX JJIEMEHTOB IMPHU OMpEelie-
Hrn HJIC ToHKUX 000/10YeK.

B Hacrosiiieit pabote Ha mpuMepe pacuera XKeCcTKO-
3aIEMJICHHOW MO TOPIIAM IIMJIMHIPHICCKON OOOI0UKH
BBITIOJIHEH CPABHUTENIBHBIA aHAIN3 TOYHOCTH KOHEYHO-
JIEMEHTHBIX PELIECHUH, MTOJyYEHHBIX IIPHA HCIIOJIB30Ba-
HUU JIBY- U TPEXMEPHBIX 3JIEMEHTOB JIMCKPETH3AIIHH.

I'eomeTpus 000109KHN

Pagnyc-BexTop, 3a0ar0Luii CPEANHHYIO OBEPX-
HOCTb JUIMNITHIECKOTO LIIMHAPA, MOXKET OBbITh Ipe-
CTaBJIEH BBIpaKEHUEM

RO =xi +7(0)singj +7(0)cosdk, (1)

IJie X — OoceBasl KOOpAWHATA, § — YroJ, OTCUUTHIBaC-
MbIii OT ocu Oz MPOTUB XOJla YaCOBOH CTpPEJIKU B
TUIOCKOCTH, TIEPICHANKYISIPHOI ocu OXx.

Bxomsamue B (1) dyuknus »(0) onpenensercs
dhopmyJioit

r(x,0)= be , )
\/b2 c0s20 +cZsin% 0

riae b u ¢ — mapameTpbl JIUIUIICA.

KoBapuaHTHBIE BEKTOPBI JIOKATBHOTO 0a3uca Tou-
KU CPEJMHHOM MOBEPXHOCTH OMPEICIIIOTCs Audde-
penuupoBanueM (1) mo x u 6

al —RO =;
d, = Ry =(r,(0)sind+r(0)cos0) j +
+(r,(0)cosd—r(6)sin) k. 3)

OpT HOpMAIT K CPESTUHHOM TTOBEPXHOCTH OTIpe-
JCIISICTCA BeKTOpHBIM HpOI/I3BeIIeHI/IeM
-0 ‘

670— an |

“4)

[IpomsBenenue BeKTOPOB JIoKanpHOTO Oasuca (3),
(4) o x, 6 MOTYT OBITH TIPEACTABICHBI B MATPUIHOM
BUJIE CIICAYIOMINM 00pa3oM

@) =m" fa}: {asp=["Jfa"}. ©®
3x1 3x3 3x1 3x1 3x3 Ixl
race

@} ={@aa); (@) -

1x3 1x3
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T
_f=0 =0 =0\. [=0 ~0 =0 =0
_{al,x a, , a,x}’ {a,e} {ale ar ae}

1x3

matpuna [m°] — Hynesas, a B matpune [n°] Henyme-
BBIMH 3JICMCHTAMH SIBIISIIOTCS 122, H23 U N32.

[MonosxeHue TOUKKA 000JIOUKH, OTCTOSIIIEH OT cpe-
JIMHHOW TIOBEPXHOCTH HA PACCTOSIHUW ! B UCXOJTHOM
M u nedopmupoBaHHOM M ' COCTOSHUSAX, OTPEENs-
€TCSl COOTBETCTRYONIMUMHU PAJNyC-BEKTOPAMU

RY =R+ R =R"+7, (6)

rae V — BEKTOp HepeMelleHHs TOUKH M3 TOJI0Ke-
uus M " B monoxenue M.

HuddepenupoBanrem (6) mo x, 6 u ¢ MoryT
OBITh NOJTyYeHBI KOBapHAHTHBIE BEKTOPHI Oa3mca mc-
XOAHOTO U 1e()OPMHPOBAHHOTO COCTOSIHUH

~0 _ p0r _ =0, =0 _ 30t _ =0 .
h —R’x =a,; g, —R,e =a, (1+tn32),

g =R)=a"
gl :R;:§IO+V gz R,;:§S+V:e;
g =R =g/ +7, (7

Bxomsmme B (7) pow3BOIHBIE BEKTOpa IepeMe-
menus Touku M * MOTYT GBITH TIpEACTaBIIEHbl KOM-
IMOHEHTAaMH, OTHECEHHBIMH K 0a3HMCy OTCYETHOM I0-
BEPXHOCTH

17 —ta +ta +ta
17 —ta +z‘a +ta
> 1-0 2-0 -0
V,t:t3a1 +t3612 +t3a . (8)

KoBapuaHTHBIE KOMIIOHEHTHI T€H30pa Jedopma-
U MOTYT OBITh TIOJYYCHBI U3 U3BECTHOTO COOTHO-
LIECHUSI MEXAHUKU CIUIOIIHON Cpeibl

= (gmn - gr(l)m)/ 2. 9)

Bxonsmue B (9) koBapHaHTHBIE KOMITOHEHTBI
METPHYECKOTO TEH30pa OMPEIEINSIOTCS CKaJISIPHBIMU
npousBeaeHUIMU (7)

0 =0 =0 = =
Emn=8m 8n> 8mn=8m &n- (10)

CootHorieHus (8) B pa3BepHyTOM BHIE IS TPEX-

MEpHOH (POPMYITUPOBKH OyAYT UMETH CIEAYIOLIYIO
CTPYKTYypY
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¢ 0t 0.2, 0 2.

€, =1 28, =t T ayt; +a,nyt -t
¢4 )

2e, =1, +1;;

(0,2, 0 2.

€y = aply taynyt 1)

t 0,2 0 2 A
2e5, = Aty + ANyt -1 +1,; €5 =1, (11)

0 _-0 =0
rae dyy =a -aj.
DJIeMeHTHI TUCKPeTH3aIUH

DNEeMEHTOM TUCKPETHU3alliKi B IBYMEPHOH MOCTa-
HOBKE BBIOMPACTCST YETHIPEXYTONBHBIA (hparMeHT cpe-
JMIMHHOM TOBEPXHOCTH C y3lamu i, j, k, [, pacmoo-
JKEHHBIMHU B ero BepiunHaX. CToJOIbI y3JIOBBIX He-
W3BECTHBIX B JIOKANBHOU &, 1 U TI00anbHOM X, 6 cu-
cTeMax KOOPAWHAT UMEIOT clieAyromui Bux [19]:

o = b B ar

1x36 1x12 1x12 1x12
T T T T
G _ 1G 2G G
{Uy} o {vy} {vy } {vy} > (13)
1x36 1x12 1x12 1x12

T (ki i .
me (v} ={4'q’d'q'q...4 4,4}
1x12
AT PGk i 0 i ).
(@) ={ddd'dd. 44,4, };
1x12
g — KOMIIOHEHTa BEKTOPA MEPEMEIIEHNUS TOYKU CpPE-
JIMHHOW MOBEPXHOCTH.

DIIEMEHTBI MATPHIBI-CTPOKH (GyHKIUH (HOPMEI
{o}" nnst IByMepHOro 1MeMeHTa IMCKPETH3aLMK Hpe/-
CTABJIEHBI IUATHBIMHU TIPOU3BEICHUAMHU MOJUHOMOB
OpMuTa TpeTbei cTeneHu

={o} {a*)". (14)

Ix12 12x1

B kauecTtBe 00BEMHOT0O 31€MEHTA JAUCKPETU3AINN
BBIOHpACTCS BOCHMHY3JIOBOW INIECTUTPAHHUK C y3Jia-
MU I, j, k, [, m, n, p, h, pacTIOI0O’)KEHHBEIMH B €TI0 BEp-
muHax [20].

CTonOIIbl y370BBIX HEU3BECTHBIX TPEXMEPHOTO
3JIEMEHTa TUCKPETH3AIMY B JOKAJIBHOMU &, 1), C U [JI0-
OanbHOM X, 0, ¢ cUCTeMaxX KOOPJUHAT UMEIOT CIIeIy-

IOIYIO CTPYKTYPY:

{Uﬁ }T - {V;L }T {ViL }T {Vﬁ }T ; (15)

1x96 1x32  1x32 1x32

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

el =qpef el bl L ae

1x96 1x32  1x32 1x32

e (¢') ={d0d' 44" 0V d .4 G )

1x32

() =lddd' 49T e d-dd -}

1x32
¢ — KOMIIOHEHTa BEKTOpa IepeMelieHis J  TOuKH
M % oTcTOsImIEl OT OTCUETHOMH MOBEPXHOCTH Ha pac-
CTOSIHUE 1.

B TpexmepHOM 3neMeHTe qUCKpeTH3anuu (DyHK-
un (POPMBI TIPEICTABISIOT COOOH TPHAIHBIE TIPOM3-
BCACHUA ITOJIMHOMOB apMI/ITa TpeTbefI CTCIICHU:

T
a= "] )
1332 3941

MarpHiibl KeCTKOCTH U CTOJIOLBI Y3IIOBBIX JIBY-
U TPEXMEPHOTO AJIEMEHTOB JHCKpPETH3aIu (HOpMHU-
POBAJIMCh CTAHAAPTHBIM O0OpPa30M MyTeM MHHHUMH3a-
nnn pyaknuonana Jlarpamka [12; 17; 21].

IIpumep pacuera

Brimo uccnemoano HJC skecTKo 3amieMICHHOTO
0 TOpIaM IMIMHPA, HATPYKEHHOTO BHYTPEHHUM
JIABJICHUEM WHTCHCUBHOCTH ¢. [IpHHATHI clieayromue
WCXOJIHBIC TaHHBIE: PaIUyC CPEIUHHON MOBEPXHOCTH
R = 1,0 m; muHA obpasyromeit L = 1,0 M; TommmHa
creku h = 0,02 M; ¢ = 5 MIla; E = 2-:10° MIla;
v=0,3.

Pacders! BRIMOMHSIICH TT0 IBYM BapHaHTaM: B TIep-
BOM B KayeCTBE DJIEMEHTa TUCKPETU3AINH HCIIOIB30-
Bajicd BYMEpPHBIM KOHEUHBIH 31eMeHT 36%36 ¢ ne-
BATHIO HeM3BeCTHBIMH B y3ie (12), (13); Bo BTopoM
MPUMEHSIICST OOBEMHBIM KOHEUHBIH 21eMeHT 96%96
C JIBSHAJIIAThI0 Y3JIOBBIMH BapbUPyEMBIMH TapamerT-
pamu. B mepBoM BapuaHTe NpH MHTEPIIOIWPOBAHUHU
IO TIIOMIAIN JIEMEHTa MCIIONB30Balach KBaApaTypa
laycca ¢ 6X6 ToUKaMu MHTETPUPOBAHUS, a 1O TOJI-
mHe — popmyna CUMIICOHA C CEMBIO TOYKAMU WH-
TerpupoBaHus. Bo BTopoMm BapHaHTe pH HHTETPUPO-
BaHWU TI0 00BEMY 3JIEMEHTa TaK)Xe HCIOJIb30BaIach
KkBazparypa ['aycca ¢ 6xX6x6 ToukaMu MHTErpUpOBa-
HUs. B crily Hanmu4us TIIOCKOCTEH CUMMETPHH pac-
CUMTHIBAJIACh 1/8 4acTh MUIMHIPA.

PesynbTaThl MOBapuaHTHBIX PacueTOB IMPEICTaB-
JeHbl B Tabm. 1, B KOTOPOW NPUBEACHBI 3HAYCHHUS
MEpPUANOHATLHBIX HAIPsHKCHUM Ha BHYTpeHHEH ©°
1 Hapy>KHOH G" OBEPXHOCTAX IMJIMHIPA B OMIOPHOM
Y TIPOJICTHOM CEUYEHHSIX B 3aBUCUMOCTH OT T'YCTOTHI
CETKH AMCKPETU3AINH, IPUYEM BO BTOPOM BapHaHTE
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TOJIIMHA CETKH IIMIMHIpA MOJEIUPOBATIACH TOJIBKO
OJTHAM PSIOM OOBEMHBIX KOHEUHBIX AJIEMEHTOB. AHa-
T3 JaHHBIX, TIPECTaBICHHBIX B Ta0. 1, MOKa3bIBacT,
YTO ¥ B IIEPBOM, U BO BTOPOM BapHUaHTax pacuera
HaOIroMaeTcs yCTOWYHBAsh CXOIMMOCTh BBIYHCITH-

TeNBHOTO Tpolecca. OMHAKO 3HAUCHUS HANPSIKCHUI
B OTIOPHOM CEYCHHH BO BTOPOM BAPHAHTE OKA3aJIHCh
CyIIecTBeHHO MeHbIe (mpuMepHo Ha 100 MIla) mo
CPaBHEHHUIO C TICPBLIM BAPHAHTOM pacuerTa.

Tabauya 1

YuciaeHHbIEe 3HAYECHUSA Hanpﬂmennﬁ NMPH UCIMOJIb30BAHUH /IBY- U TPEXMEPHOT0 KOHCYHBIX 3JIECMEHTOB
[Table 1. Numerical stress values using two- and three-dimensional finite elements]

Ceuenne [Section] OO01Iee 9mcI0
BapnaHT pacdera | o a JMCKPeTH3aIHH Onopnoe [Reference] | IpoaerHoe [Span] HEHU3BECTHBIX
[Variant of . .
. [Sampling grid] Hanps:xenusi, MIla [Stress, MPa] [Total number of
calculation]
(o c" [ " unknowns]
2x9 460,1 -339,9 68,45 50,93 78
2x17 475,5 -356,0 68,01 51,38 158
I 2x33 479,6 -360,2 67,90 51,48 318
2x65 480,7 -361,3 67,88 51,51 638
2x97 480,9 -361,5 67,87 51,51 958
2x9x2 341,6 -230,5 63,85 53,60 216
2x17%x2 375,6 -263,6 64,45 53,52 440
I 2x33x2 381,0 -267,5 64,57 53,55 888
2x65%2 381,8 -266,7 64,61 53,57 1784
2x97x2 382,4 -266,5 64,62 53,58 2680
2x129x%2 383,0 -266,7 64,62 53,58 3576
Tabauya 2

YucsieHHbIE 3HAYEHHUSI HATIPSIPKEHN i TTPU MCMOJIH30BAHUH TPEXMEPHOT0 KOHEYHOI0 3JIeMEeHTAa
¢ TOTMOJTHUTEIbHOI TUCKpeTH3anueil MINHAPA M0 TOJIIHHE
[Table 2. Numerical stress values using a three-dimensional finite element with additional thickness discretization of the cylinder]

Yucj10 psijioB 31eMeHTOB Ceuenne [Section]
O0wee unciio
110 TOJIIHHE UHJIHHIpPA Cerka OnopHoe [Reference] | IIpoJieTHoe [Span] HeH3BeCTHBIX
[The number of rows of AMCKPETH3aLHH Hanpsikenus, MIla [Stress, MPa] [Total number of
elements through [Sampling grid] . N . N unknowns|
the thickness of the cylinder] ° c c °

2x9x3 370,3 -254,2 65,27 52,76 324

2x17%3 423,4 -299,5 65,27 52,76 660

2 2%33x3 439,4 -305,8 65,53 52,62 1332

2x65x3 445.8 -308,2 65,61 52,59 2676

2x97%3 448,0 -3104 65,63 52,58 4020

2x129x%3 449,2 -311,9 65,64 52,58 5364

2x9x4 378,0 -260,7 64,57 53,11 432

2x17%x4 442.0 -314,3 65,43 52,63 880

3 2x33%x4 471,8 -330,4 65,69 52,47 1776

2x65x4 487,9 —340,1 65,78 52,43 3568

2x97x4 491,7 —343,6 65,80 52,43 5360

2x129x4 492.8 —345,0 65,81 52,43 7152

B Tabn. 2 npuBeneHs! pe3yabTaTbl BTOPOro BapH-
aHTa pacyeTa MpH JOTIOJIHUTEIFHOM Pa3OMeHHH CTEHKH
LIJIMH/IPA 110 TOJIIMHE Ha 2 U 3 aneMeHTa. AHaiIM3 3Ha-
YEHUI HANPsLKEHUH, TIPEACTaBICHHBIX B Talll. 2, MOKa-
3bIBACT, YTO W TPH PA30MEHHUU CETKU IWIMHIpPA TI0
TOJNIIMHE Ha 2 psiia 0ObEMHBIX KOHEYHBIX 3JIEMEH-
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TOB 3HAYEHMs HANPSHKEHUH B OMOPHOM CEYEHHMH OKa3a-
JIMCh 3aHKEHHBIMU NTpAMepHO Ha 10 % 1o cpaBHEHUIO
C TIepBBIM BapHaHTOM pacuera. M Tonpko mpu pasOue-
HHUM CTEHKU LWJIMHIpa MO TONIMHE Ha 3 psna o0beM-
HBIX 3JIEMEHTOB 3HAYCHMS HAINPSDKCHUH B OTIOPHOM Ce-
YEHUH JOCTUTIIN YPOBHS 3HAYCHUM HANPsDKEHUM MepBO-
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TO BapuaHTa pacueTa (MpU CETKE AUCKPETH3AIUU 10
wioaan 2x65). 3HaueHus] HAMPSHKEHUH B TIPOJIETHOM
CCUCHNH OKA3aJIMCh MMPUMEPHO OJIMTHAKOBHEIMU B 00OMX
BapHaHTaX pacyuera MpH JIF00O0M CeTKE TUCKPETU3AIUH.

3aKiIoueHne

YuuThIBast, 4TO 0OIIEE YUCIO UCKOMBIX HEH3BECT-
HBIX IIPU CETKEe 2X65 B MEPBOM BapHaHTE pacyeTa B
5,6 paza MeHbIlIe, YeM BO BTOPOM BapHaHTe MpU aHa-
JIOTUYHOW CETKEe MUCKPETHU3aInK (TIpH Pa3OUCHUH CTCH-
KU I[WJIMHIPA 10 TOJIIWHE Ha 3 psa dIEMEHTOB),
MOXHO CIeNaTh BBIBOJ O TOM, YTO MCIOJb30BaHUE
JIBYMEPHBIX 3JIEMEHTOB AUCKPETH3AIUHU TP aHATTN3E
HJIC Tonkux 000104Y€K BIOJHE OOOCHOBAHO M SIBIIS-
ercs 0oJree 1menecoo0pa3HbIM C TOUKH 3PEHUS 3aTpaT
MAIIMHHOTO BPEMEHH U PECYPCOB MIPUMEHIEMON KOM-
MBIOTEPHON TEXHUKH.
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Abstract. Relevance. To determine the stress-strain state (SSS) of thin-walled shells due to the complexity of obtain-
ing numerical results, the theory of thin shells was developed with the introduction of the direct normal hypothesis to reduce
the three-dimensional SSS to the two-dimensional one. With the modern development of digital technology and numerical
methods of calculation, in particular the finite element method (FEM), it became possible to obtain numerical results with-
out the use of the direct normal hypothesis, namely on the basis of the theory of elasticity in three-dimensional formulation
even for thin shells.

Aims. The aim of this work is to compare the efficiency of algorithms for the use of finite element stiffness matrices
obtained on the basis of the theory of thin shells with the hypothesis of a straight normal and on the basis of the relations of
the three-dimensional theory of elasticity.

Methods. The results of comparative analysis of finite element calculations of thin shells using a two-dimensional
sampling element in the form of a quadrangular fragment of the middle surface and a three-dimensional element in the form
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of an eight-node six-face are presented. The components of the displacement vector and their first derivatives were chosen
as the nodal variable parameters. The functions of the form for both types of discretization elements were represented by

products of Hermite polynomials of the third degree.

Results. On the example of calculation of the cylindrical shell clamped at the ends it is shown that the two-dimensional
statement in calculations of thin shells is adequate and allows to receive acceptable results at optimum costs of machine time.

Keywords: two-dimensional element, three-dimensional element, the nodal unknowns, the mesh discretization
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BBenenue u mean. [Ipu pacdere 3qaHUN U COOPYKEHHH HAa 0COOBIE COUETAHUS HATPY30K, BRI3BAHHBIEC EHCTBHEM BO3-
JYIIHBIX yIapHBIX BOJH, HEOOXOIMMO ONpPENEINTh OCHOBHBIE TapaMeTphl ACHCTBYONEH Harpy3ku. HopMaTuBHbIN noaxoz,
peanu30BaHHBIA B COBPEMEHHBIX HOPMATHBHBIX JOKYMEHTAX, IPEAIaracT UCIOJIb30BaHUE YIPOILEHHBIX METONOB PacyeTa,
OCHOBAHHBIX Ha MCIOJb30BAHUU DKBMBAJICHTHBIX CTATUYECKUX HArpy3oK. Llenpro uccienoBaHus SBIAETCSA MOITY4YEHUE OC-
HOBHBIX [TAPaMETPOB BO3IYIIHBIX YAAapPHBIX BOJIH, UCIIOJIB3Ys YACIIEHHOE MOJEIUPOBAHHE, A TAKIKE PACCMOTPEHUE XapaKTe-
pa pacrpocTpaHeHust GPOHTA yAAPHOH BOIHBI IIPU PACIIONOKEHHUH SUIEHTPa B3PHIBA HA YPOBHE 3€MJIM M B BO3/IyXeE.

MaTtepuansl 1 MeToAbI. [l MOJTyuyeHHs] OCHOBHBIX NMapaMeTPOB BO3IYIIHBIX YAApPHBIX BOJIH PAaCCMAaTPUBAIOTCS YHC-
JICHHbIE METOJbI BBICOKOW TOYHOCTH, PEaIM30BaHHBIE B COBPEMEHHOM mporpaMMHoM Komruiekce LS-DYNA. Jlns omuca-
HHsI IpoLiecca B3PbIBa HCIOIb3YETCs JIarpaHKeBO-3MIIEPOBbIN OAXO.

Pesyabratsl. [ToxydeHs! u3onons u rpaduky MpeBbINICHUs] H30BITOYHOTO AaBieHust APy Hax aTMOc(hEepHBIM B pac-
IPOCTpaHsIoLIEeiics BO3AYNIHOM yAapHOH BOJNHE MpU 3MULEHTPE B3phIBA, PACIOI0KEHHOM Ha YPOBHE 3€MIM U B BO3MYXE,
a TaKKe Ha JATbHEM PACCTOSHUU OT MPOEKTHUPYEMOTO COOPYKEHHSL.

BeiBoabl. PaccmarpuBaeMblii METO YUCIEHHOIO MOJEIUPOBAHMS MTO3BOMISET NONYYUTh OCHOBHBIE ITApAMETPBI BO3TYII-
HBIX YAApHBIX BOJIH, KOTOPBIE MOT'YT OBITh UCIIOJIb30BAHbI IS TAIBHEHIIIETO paciyeTa CTPOUTEIBHBIX KOHCTPYKIHH.

KuaroueBble ciioBa: ene300€TOHHBIC KOHCTPYKIUH, B3PBIBHBIC BOSHeﬁCTBHH, BO3AYyIIHAsA yAapHas BOJIHA, HEJINHEN-

Had JWHAMHWKa, AsBHas JUHaAMHKa, MCTOJ KOHCUHBIX 3JICMCHTOB, YUCIICHHBIC MCTOIbI

BBenenue

[Ipu mpoexkTUpOBaHUH ONpEeCHHBIX 31aHHH 1
COOPY)XEHHH, TaKUX KaK KOCMOJIPOMBI, XHMM3aBOJIbI,
XpaHWIMIIA ¥ CHCTEMBI TPAHCTIOPTUPOBKH Ta3a u Tp.,
B COOTBETCTBUHM C OTE€YECTBEHHBIMH HOpMaMH' HEOO-
XO/IMMO BBIMOJHATH PacueT Ha 0COObIe BO3/ICHCTBUS
TEXHOTE€HHOTO WM NPUPOTHOTO Xapakrepa. OmHUM
UX TaKUX BO3JCHCTBUH SIBISIOTCS BO3IYyIIHBIE yap-
Hble BOHHL (BYB).

1 ®Denepanbhblii 3aKkoH Ne 68 «O 3amure HaceJIeHUs U Tep-
puTOpHUil OT YpEe3BBIYANHBIX CUTYAI[H IPUPOTHOTO M TEXHOTCH-
Horo xapakrepa» oT 11.11.1994 r.

CII 88.13330.2014. 3amurHble COOPYKEHUS TPaXIaHCKOH
oboponsl. AktyanusupoBannas pepakuus CHull 11-11-77*. M.:
Mumnctpoit Poccun, 2014. 118 c.

TIuHAD-5.6. Hopmsl cTpontensHOro npoektupoanus AC
C peaKTopaMH pa3IHYHOro TUMa. 22 c.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN

Hcrounnkom Bo3HUKHOBeHUs1 BYB sBisieTcs BbI-
COKO€ JIaBJICHHE B LIEHTpe B3pbiBa. BYB npencrasis-
eT co0ol 00JIACTh PE3KOTO CXKATHs BO3IyXa, PacIpo-
CTPaHSIONIYIOCS BO BCE CTOPOHBI CO CBEPX3BYKOBOM
ckopocteio [1]. Ha puc. 1 mpuBeneH 3aKoH H3MEHe-
HUS JIaBJICHUS B HEKOTOPOU TOUKE MPOCTPAHCTBA MPU
npoxoxjaeHun uyepe3 Hee BYB. B aToli Touke Mruo-
BEHHO CKayKOM IOBBIINIACTCS AABJICHNE Ha BEIUYUHY
n30bITOYHOTO naBieHust APy no 3HadeHus Py. B manb-
HelieM, 1o Mepe TIPOJIBIKECHUS yIapHOH BOITHBI, JaB-
JICHHE TTafaeT HIKe aTMOCHEPHOTO. 3a 30HOU CIKATHS
oOpa3zyercst 30Ha pa3psKEHUSL.

J111s1 BRITIOJTHEHUS pacyeTa KOHCTPYKIMN JOJKHBI
OBITh U3BECTHHI CIEAYIOMIHE TapaMeTphI:

— 3HaYeHUE U30BITOYHOTO JaBlIeHHS Ha QPOHTE
yaapHoi BonHbI APy, I1a;

— BpeMs AeicTBUs (a3bl CKATHS T+, C;
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— CKOpOCTHOM Hamop D, m/c;
— YAENBHBIA UMIYJIbC KOJMYECTBA JBHKCHUS 32
(dhpoHTOM ymapHOM BOIHEI i, [1a-c.

Ap(t) ,
P@
quﬁ
O I N 5
o
T, T_

Puc. 1. 3axoH u3mMeHeHHs1 JaBJIeHUS
B HEKOTOPO#i TOYKe MPOCTPAHCTBA
[Figure 1. The law of pressure change at some point in space]

IIpu sToM HM30BITOUHOE HaBjicHHE BO (PpoHTE U
CKOPOCTHOM HAIOp SIBJIIIOTCSI OCHOBHBIMM XapaKTepH-
CTHKaMH U OIPENEISIFOT Mmopaxaroinee aeicTeue YB
Ha KOHCTPYKIIUH, a 3HAYCHHUE JIABJICHUS Pa3pPsKCHUS
HE SIBJISIETCS OTPEIEIIONTNM H3-32 MAJIOW BEITHYHMHEI,
Y UM MO>KHO NPeHeOpeyb.

JaBnenne APy i cBOOOTHO pacmpoCTpaHsIo-
meics cheprudeckoi BO3MyITHON yIapHOH BOHBI YObBI-
BaeT MO Mepe ynaJeHus OoT MecTa B3phiBa. [losToMy
pacueT ero 3Ha4eHUH OOBIYHO MPOBOJUTCS HA OCHO-
BaHWUU COOTHOIIICHUH, B KOTOPBIX JIaBJICHHUE SBISAETCS
(GyHKIHEH TByX apryMEHTOB — MAcChl B3PBIBYATOTO
BemecTBa (BB) u paccTosHus oT MecTa B3phiBa.
CrnokHOCTh pa3pabOTKU W JaJbHEHIIET0 HCIOIb30-
BaHUS TAaKUX aHAUTHYECKUX BBIPAKEHUH OIpenes-
eTCsl CIeAyIomuUM 00cTosTenbCcTBOM. CKOpPOCTh craja
3HaueHuss APy 1o Mepe yJaJeHUs OT MecTa B3phIBa
M3MEHSETCS 32 CUeT BIHSHHS Ha YOApHYIO BOJHY
Cpelibl, B KOTOPOM OHA pacnpocTpanseTcs. Yem 00ib-
e PacCTOSHUE OT MECTa B3phIBa, TEM CHIIbHEE HUC-
Ka)KaeTcs XapaKTep N3MEHEHHS JaBJICHUS BO (GPOHTE
yaapHoi BonHbL. JlIg IBYX YJapHBIX BOJIH, UMEIO-
IIMX TP OJMHAKOBBIX YCIOBHSAX PACHpPOCTPaHCHHS
B HEKOTOPBI MOMEHT BPEMEHH OJHO W TO XKe 3Ha-
yeHue APy, B TIOCIEIYIOIIME MOMEHTHl 3HAYEHMUS
APy OyayT OTJIMYAThCA, €CIH MPEIbICTOPHUS pacipo-
CTpaHEHHUsS 3TUX BOJIH ObLTa pasHoi. CiemoBaremb-
HO, pacdeTHbIE COOTHOIIEHHS IJIsl OTIpe/IeTICHHS 3Ha-
yeHuil APy B OCIIEAYIOIIAE MOMEHTHI TAKXKE JOJKHBI
OBITH Pa3HBIMH.

[To 3TuM mpUYMHAM B TEXHUYECKOH JIUTEpATy-
pe [2; 3] npencTaBieH JOCTATOYHO MIMPOKHHA CIICKTP
pacyeTHBIX COOTHOIICHUU JJIS OMpPENCICHUS 3Ha-
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yeHuil APy, KaxkI0e U3 KOTOPBIX UMEET CBOIO cepy
NIpUMEHEHNs U HazHadeHue. Hanpumep, ans Bo3mym-
HOTO B3pbIBa, HA3EMHOT'O B3pBIBA, MAIIBIX PACCTOSHUI
OT MeCTa B3pbIBA, 3HAYMTEIBHBIX PACCTOSHUM OT
MECTa B3pbIBa, OTHOCUTEJIBHO HEOONbIINX 3apsiaoB BB,
KpynHbIX 3apsioB BB u 1.1, Xapakrep aedctBus yaap-
HOH BOJTHBI 3aBHCHUT OT pelibeda MECTHOCTH, METPO-
JIOTMUECKUX YCIIOBHMM, HAIpaBICHUS BETpa, a TaKxkKe
BO MHOTOM OT BHJa B3pbIBa (HA3eMHBIH, BO3LYIIHBIH,
MIO/I3€MHBIMA, TTOIBOTHBIH).

Henp mccaenoBaHust — pacCMOTPETh XapakTep
pactipoctpanenust pponta BYB npu HazemMHOM U BO3-
IYIIHOM B3pBIBaX, UCIIOJNIB3Ysl YUCIEHHOE MOJAEIHPO-
BaHUE, U MOJIyYUTh OCHOBHBIE MapameTpsl BYB nis
JaTbHEHIIEro MPOYHOCTHOTO aHaIM3a CTPOUTENBHBIX
KOHCTPYKITUH.

MaTepna.m)l U ME€TOAbI

B3pbiBHOE BO3/IEICTBUE ABISIETCS BBICOKOHETMHEH-
HBIM TIPOIECCOM, MTO3TOMY IIeJIECO00pa3HO MPOU3BO-
JUTh PacdeT YUCICHHBIMH METOAaMHU C MOMOLIBIO CO-
BPEMEHHBIX NPOTrPaMMHBIX KOMIUIEKCOB, OCHOBAaHHBIX
Ha METOJI¢ KOHEUHBIX 3JIeMEHTOB. OTHUM M3 TaKHX
KOMILJIEKCOB SIBIISIETCS IPOTPaMMHBIN KoMIUIeKe LS-
DYNA, B KOTOpOM peann30BaH HEJIMHEWHBIN JUHA-
MHUYECKUNA METOJ, NMO3BOJISIONINI BBINMOJIHATh pellie-
HUE 3a/1a4i BO BPEMCHHOHN 00JacTH ¢ MPUMEHEHUEM
SIBHBIX CXEM MPSIMOTO HMHTEIPUPOBAHUS ypaBHEHHI
JIBUKEHUSL.

Jis1 onicaHust mporiecca B3phiBa B MIPOrPaMMHOM
komriekce LS-DYNA Oyzem mcnonb3oBath 3itnepo-
BBIN MOJIX0/1, KOTOPBIM MOCTPOEH Ha MPHUHIIUIIE UCClie-
JIOBaHUS TIOBEICHUS CPEl, IBUXKYIIIUXCS depe3 HEero-
JIBIDKHYIO PACUETHYIO CETKY, KOTJa BCE MapaMeTphl
CpeIbl paccMaTpUBalOTCA Kak (pyHKIINU KOOPIUHAT U
BPEMEHH, UTO JaeT HAWIYUIIUA Pe3yNbTaT MpH U3y-
YEHUU MOBEACHUS KUAKOCTEH min razoB. B pacuerax
MIPUMEHSIOTCS] IPOU3BOJIbHBIC JIArPaH>KEBO-3MJIEPOBBIC
cetkn (ALE — Arbitrary Lagrangian-Eulerian) [4], npu
ATOM MOTYT HCIOJIB30BaThCS MPOIIEAYPHI aBTOMATH-
YECKOH MEPECTPOMKH U CITIaKUBAHUSI KOHEYHO-DJIEMEHT-
HOW CETKM MPU BBIPOKJICHUU dJIEMEHTOB. PenieHue
ypaBHEHUI Diiliepa BBHIIIOJIHEHO ¢ TTOMOIIBI0 METO1a
KOHEUHBIX pasHocTei [S5]. Ans anmpokcumaru ypas-
HEHHH B paboTe UCIIOIbh30BaH MeTo ['oryHOBa BTOpO-
To TOpPSAKa TOYHOCTH IO TIpocTpaHCcTBy [6]. UnTe-
TPUPOBaHKE YPABHEHUI MO0 BPEMEHHU OCYILIECTBIIIIOCH C
MOMOILBIO SIBHOM CXEMBbI BTOPOr0 MOPSAAKAa TOYHOCTU
(MeTox TIEHTPATBHBIX Pa3HOCTEH) ¢ COONMOICHUEM YC-
JIOBHS yCTOMYMBOCTH CXeMbI o kputeputo Kypanra.

Pemienne razoguHaMu4eckor 3agauu B 3MIepo-
BOH (hOpMyIHPOBKE OCHOBBIBAETCS Ha TPEX COCTaB-
JISTFOTINX ;
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1) ypaBHEHHE COXpaHEHUS MacChl
p+p xdiv(v) =0, (1)

rae p — NpoU3BOAHAs IUIOTHOCTU IO BPEMEHH, V —
BEKTOpP CKOPOCTH;

2) ypaBHEHHE COXpaHEHHS KOJHYEeCTBa IBU-
JKEHUS

rae p = p (p, E) — ypaBHCHHE COCTOSIHUS MaTepUaa.

IloBeaeHre NPOAYKTOB IETOHALIMU TPOTHJIA OIH-
ChIBA€TCsl ypaBHEHUEM cocTOsiHUS J[xoHCca — BUKuH-
ca—Jlu JWL) [1]

w
p =A(1 ——)e—R1V+
RV

(- nr e

2

_Po_ 7V o > .
roeV = o T OTHOCHUTEIBHBIHN YACTbHBIH 00BeM;
0

A, B, C, R, Ry, ® — SMIUpUYECKUE KOHCTAHTHI; Ey —
BHYTPEHHSIS DHEPIUs Ha eqUHUILy o0beMa; A, B u Eo—
UMEIOT SAMHHUIIBI TaBIeHUs;, R1, Ry, ® u vy — 6e3pas-
MEpHBIE.

BoszaymniHoe npocTpaHCTBO OMMUCHIBAETCS TMOJH-
HOMUHAQJIBHBIM YPaBHEHHUEM COCTOSIHUS JUIS BO3YIII-
HOM cpenbl

p =Co + Cip+ Cop® + Cap® +

+(Cy + Cop + C7p?)E, (6)

1

p=y-1 ™

rae V' — oTHOcHUTENbHBIH 00beM, £ — BHYTPEHHSIS
SHEPIruUs.

Pacuemnaa mooennv. PaccMOTpUM OCHOBHBIE
napametpbl ¢pponTa BYB npu HazeMHOM (B3phIB Ha
MOBEPXHOCTH 3E€MJIM) ¥ BO3IYIIHOM B3phIBaxX (IpH
H < 3,53/C, rne C — macca BB, kr) Ha ypoBHE 5 M 0T
MOBEPXHOCTH 3eMId. B kauectBe nctounrka BYB npu-
MEM B3pbIBYATOE BELIECTBO TPUHUTPOTOIYOJI, KOTOPOE

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

. 1
b = f —grad(p); @

3) ypaBHEHHE COXPAHEHUsI SHEPTUH
E + v x grad(E) — %(p + v X grad(p)) =0. (3

VYpaBHenust 1-3 B opToroHajabHOM cucTeme npu-
HUMAIOT CIEAYIOINNA BU:

dp dp p dp du dv dw
ac Yoy Tz P(a*a*a)
du du du 1dp
E'l'ua-}' @+WE+Eﬁ=O
dv dv dv dv 1dp
{ E+ua+vd— WE-FE@:O ’ 4)
dw dw dw dw 1dp
at Yax " Vay "Wz Tpdz
dE dE dE dE. p dp p dp
E‘FUE‘FUE‘FWE—F)—Z a d_ WE):O
p=p(p.E)

MOJIEIIMPOBAJIOCH B BUAE KyOa ¢ pazMepaMl CTOPOH
0,2 M. 3HaucHNE TUIOTHOCTH 3aps/ia MIPUHITO PABHBIM
1620 xr/m’. Macca B3pbIBYaTOTO BEIIECTBA COCTABIIS-
eT 13 kr. Bo3aymHoe mpocTpaHCTBO MPUHATO pa3Me-
pamu 10x15%20 m(h).

BBenem momymieHne, 9TO MOBEPXHOCTH 3€MIIH
SIBJISIETCST a0COJIIOTHO JKECTKOU Tperpamoit sl pac-
LIUPSIONIUXCS TTPOIYKTOB AeToHAanuu 3apsna BB,
Y ee HaJIM4Yhe B MaTeMaTHIEeCKOW ITOCTAaHOBKE yUHTHI-
BacTCA COOTBETCTBYIOIIMMHU I'PAHUYHBIMHA YCIIOBUAMU.

PesyabTathl

Hazemnuiii 63pwie. Ha puc. 2, 3 pacCMOTpPEH B3pHIB
BB na noBepxHoctu 3emnu. [Ipu TakoM mosioxeHuu
3apsiaa (GPOHT yIapHOH BOJHBI IPENCTABISIET COO0H He-
MIPEPHIBHO YBEIMYMBAIOIICECS TTOYIIIApHe, PACIIPOCTPa-
HSIIOIIIeeCs TapauIeIbHO MOBEpXHOCTH 3eMi. [1o mepe
yAaleHus OT LEHTPa CKOPOCTh YJIAPHOM BOIHBI I10-
CTENICHHO YMEHBIIIAETCS U €€ JaBJICHUE TAKXKE YMEHbB-
maercs. JlaBnenue no GpoHTYy yJapHO BOJIHBEI pac-
MIpeieNsieTCss HEPaBHOMEPHO.

Bo3oywnuwtii é3puie. Ilpu BO3yIIHOM B3PBIBE
(puc. 4, a—e, 5) ynapHas BOJIHa UMeeT OoJiee CII0XK-
HYyIO KapTHHY, YeM IIPH Ha3eMHOM B3pkiBe. [Ipu BO3-
IYITHOM B3pBIBE 0Opasyercst cdepudueckas yaapHas
BOJIHA, KOTOpasi B OJIMKHEH 30HE, T.€. HA PACCTOSHUM,
MEHBIIIEM BBICOTHI B3pbiBa (R < H), majaer BHU3 U Ha-
3pIBaeTcs mafaromeit (puc. 4, 6). Joins no mosepx-
HOCTH 3€MJIM, yAapHas BOJIHA OTpaxkaeTcs, oOpasys
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OTpaXEHHYIO BOJIHY. BeriencTBrue TOpMOXKEHUST YaCTHUIT TOJIOBHOM yAapHO# BOJHBI, Ha3bIBACTCS NajdbHEH 30-
BO3yXa U CJIOXCHUS MaJaroliei U OTPaKEHHON BOJIH HOH, WJIM 30HOM HEPETYJISIPHOTO OTPAXKECHUSI.
M30BITOYHOE JTABJIEHHE yIBAaWBAaeTCs, 00pa3ys ToJIOB- Takxum 06pa3oM, mopaskatrorree eHCTBUE yIapHON
HYyI0 yIapHylo BoaHy (puc. 4, 2). bnuxHss 30Ha Ha- BOJIHBI BO3AYIIHOTO B3pbIBa B OJIMKHEH 30HE OIpe-
3BIBAETCS 30HOM peryssipHOTO oTpakeHus. O0nacTs, JeJsieTCsl NaBJICHUEM OTPaXCHHOU BOJIHBI, a B Jallb-
rae HabmomaeTcs o0pa3oBaHUE W PaCIpPOCTPAHCHHE HeM 30He — J1aBJICHUEM T'OJIOBHOM yJapHOU BOJIHBI.
JlaBnenwne P, I1a JlaBnenue P, 1la
Pressure P, Pa Pressure P, Pa
475372 194499
445661 182343
415950 170187
386240 _ 158031 _
356529 _ 145675 _
326818 _ 133718 _
121562
109406

470

Hasnenue P, I1a-10°

97250

a o
JlaBnenne P, I1a Jaenernue P, ITa
Pressure P, Pa Pressure P, Pa
74785 45853
70111 142987
65437 40121
60763 _ 37255

56089 _
51415 _
46741
42067
37393

34389

31524 _

Puc. 2. U30mo.is1 1aBjieHHii B MOMEHTBI BpeMeHu: a — 0,01 ¢; 6 — 0,018 ¢; 6 — 0,034 ¢; 2— 0,049 ¢
[Figure. 2. Isopoles of pressures at time points: a — 0,01 s; 6 — 0,018 s; 6 — 0,034 s; 2 — 0,049 s]

80 LS-DYNA keyword depk by LS-PrePgst

. 60 i i ﬁ i i i i i
= : ; : : : : ;
s b el .t in  — S
A : ; :
A, 40 : : : : : : :
g E E
2 s L L P L . L R G-
% : ' : : : : :
8 ! : ! !
A 20 ; : :
0 i ;
0 0.01 0.02 0.03 0.04 0.05 0.06

Bpewmsi ¢, ¢ [Time ¢, s]

Puc. 3. I'padpux npupamenus gasjeHust APy BO BpeMEeHH HA PACCTOSIHMU 8 M OT LIEHTPAa B3pbIBa
[Figure 3. Graph of pressure increment APy in time at a distance of 8 m from the center of the explosion]
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JlaBnenue P, I1a
Pressure P, Pa

360069
337565

315061

292556 |
270052 _
247548 _
225043
202539
180035
157530

JHagnenne P, [Ta
Pressure P, Pa

372188

348926
325665
302403

279141 _

255879 _

JlaBnenue P, Ila
Pressure P, Pa

364146
341387
318628
295869 _|
273110 _
250351 _
227591
204832
182073

JaBrenne P, Ila
Pressure P, Pa

66896

62715

58534

54353 _

50172 _

45991 _

41810
37629
33448
29267

Puc. 4. U30moJis1 1aBjieHHs] B MOMEHTHI BpeMeHH: a — 0,012 ¢; 6— 0,013 ¢; 60,016 ¢; 2— 0,03 ¢
[Figure 4. Isopoles of pressures at time points: a — 0,012 s; 60,013 s; 60,016 s;2— 0,03 5]

70 LS-DYNA keyword deck by LS-PrePost

2z
[++1 .

S
=
S
= = A S ) U Y AU S AN SO
= =
S 2
2
=

003 004 005

Bpewmsi ¢, ¢ [Time ¢, s]

Puc. 5. I'padpux npupaierus gasjeHusi APy BO BpeMeHH HAa PacCTOSSHUU 7 M OT LIEHTPA B3pbIBa
[Figure 5. Graph of pressure increment APy in time at a distance of 7 m from the center of the explosion]

Mooenuposanue npuxooawezo ¢pponma BYB
npu 60abUWIUX PACCMOAHUAX OM MeCma 83pbléd.
Bo MHOTMX mpakTHYIeCKHX 33/1a4ax, HapruMep TIPH pac-
YeTe COOpPYIKEHHH TPaXKIAHCKOH OOOPOHBI’, SIMIEHTP

2 CII 88.13330.2014. 3auiuTHbIE COOPYKEHHS IPAXIAHCKOI
00opoHbl. AkTyanm3upoBanHas peaakius CHull 1I-11-77%*.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

B3pbIBa pacrojaraeTcs Ha 3Ha4UTeabHOM (5—10 kM)
yIAJIeHUH, YTO 3aMETHO YBEJIMUYMBAET Pa3MEPHOCTh 3a-
nmaun 1 BpeMs pacdeta. [loaTomy mims MogenmpoBaHus
MPUXOZAIIET0 (DPOHTA YAAPHOH BOIHBI MOYKHO BOCIIOJb-
30BaThCsl TEOPUEH MOJ00Us MpH B3pbIBax [7], 3aaaB
IIpU ATOM BMECTO OAHOIO 3apsiaa, Hampumep, 10, kak
TToKa3aHo Ha puc. 6.
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Puc. 6. KoneuHo-3j1iemeHTHasi Mo/1eJIb BO3yLIHOI'0 NNPOCTPAaHCTBA

[Figure 6. Finite element model airspace]

Jasnenwe P,
Ila
Pressure P,
Pa

171296
160590
149884
139178 _
128472 _
117766 _
107060
96354
B5648
74942

Puc. 7. Pacnpocrpanenue ()poHTa yIapHOii BOJIHBI
[Figure 7. Shock wave propagation]

0.12 LS-DYNA keyword deck by LS-PrePost

----------------- r-A--------- R e LR R e R LRl LR

01
b o oo A [,
S&
s T 008
S
=< [N A A .
° A, 006
= @ S
= 3
2 2 004
m O
< 2 Rt e R
l:(n"
0.02
0
0 0.01

0.02 0.03 0.04

Bpewmsi ¢, ¢ [Time ¢, s]

Puc. 8. I'padpuk npupamenus nasjienusi APy BO BpeMeHH Ha PaccTOSTHUU 15 M OT leHTpa B3pbIBa
[Figure 8. Graph of pressure increment APy in time at a distance of 15 m from the center of the explosion]

Taxum 00pazoM, UCTIONB3YST CBOWCTBA OTPAKECHUS
BOJIH, 10 3aps10B CHOPMUPYIOT FOJOBHYIO YAAPHYIO
BOJIHY C TIPAKTHYECKH OAWHAKOBBLIMH TapamMeTpaMH BO
¢dponrre (puc. 7). B paccMarpuBaeMoM TipuMepe aBIie-
Hre Bo (porte BYB Ha paccrosHuu 15 M ot meHTpa
B3pbIBa cocrasmo 0,12:10° TTa = 1,21 krc/em® (puc. ).
Bpems dasbl cxxatus coctasmio 0,045 c.

BuIiBOaDBI

PaccmoTpenHblil moaxo ] MO3BOJISIET MOMYYUTh Ma-
pametpsl BYB Bo (bpoHTE I HambHEUIIIETO HUCTIONb-
30BaHMS TIPU PACUETE CTPOUTEIHHBIX KOHCTPYKITHH.

Hcnonb3yst onucaHHBIA MOAXOA MOXKHO BBIUKC-
JUTh MaKCUMAaJIbHOE JaBlieHHe BO (POHTE yIapHOI
BOJIHBI [IPY B3PbIBE ISl 3IaHUN U COOPYKEHUMU, pac-

472

MOJIOKEHHBIX HA Pa3jIM4YHOM PACCTOSHHUU OT LEHTpPa
B3pbIBA. [Ipy 3TOM MOXKHO ONpPENETUTH MapaMeTphI
BVYB s pa3nu4HbIX KOHCTPYKTUBHBIX 3JIEMEHTOB
(cTeHsl, OKpHITHE U T.1.), T.€. YIECTh IMOIHYIO Kap-
THHY BO3JCHCTBUS yIapHOU BOJIHBI HA COOPYIKEHUE.
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Numerical simulation of the front of an air shock wave
in a ground and air explosion in the software package LS-DYNA
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Abstract. Introduction and objectives. When calculating buildings and structures for special combinations of loads
caused by the action of air shock waves, it is necessary to determine the main parameters of the actual load. The regulatory
approach implemented in modern regulatory documents proposes the use of simplified calculation methods based on the use of
equivalent static loads. The aim of the study is to obtain the basic parameters of air shock waves, as well as to consider the na-
ture of the propagation of the shock wave front during an explosion on the ground and in the air, using numerical simulation.

Materials and methods. To obtain the basic parameters of air shock waves, high-precision numerical methods imple-
mented in the modern LS-DYNA software package are considered. To describe the explosion process, the Lagrangian-

Eulerian approach is used.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW
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Results. Isopoles and graphs of excess overpressure APy, over atmospheric pressure in an air shock wave were obtained when
the epicenter of the explosion was located at ground level and in the air, as well as at a distance from the designed structure.
Conclusions. The considered method of numerical simulation allows to obtain the main parameters of air shock waves,

which can be used for further calculation of building structures.

Keywords: reinforced concrete structures, explosive effects, air shock wave, nonlinear dynamics, explicit dynamics,

finite element method, numerical methods
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IIpyuMeHeHHe MeXaHUKHU IJIACTHH
JJIS1 OLEHKH 3(P(PEeKTUBHOCTH YIIPOYHAIOLIEH ApodecTpyiiHO 00padoTKH

I'.JI. Koamoropos, A.C. BeicoTun™

[lepMckuii HAIMOHAIBHBIN UCCIEN0BATENbCKUN OJTUTEXHUUECKUN YHUBEPCUTET
Poccuiickaa @edepayusa, 614990, Ilepmv, Komcomonvcxuil npocnexkm, 29

* ABTOp, OTBETCTBEHHBIH 32 MEPEITUCKY

(nocmynuna 6 pedakyuio: 24 anpens 2018 r.; dopabomana: 14 cenrsiops 2018 r.; npunama k nyoauxayuu: 11 oxtsi6ps 2018 r.)

BBenenue. B paboTe paccMoTpeHa cOBpeMeHHasi CUTyalsl B 00JacTH MOBEPXHOCTHOTO IUIACTHYECKOTO Ae(hOpMHpPO-
BaHU, 8 IMEHHO YIIPOYHEHHE JIeTale MalTMHOCTPOCHH ApoOecTpyHHOM 00paboTKOi. [10CcKOIBbKY COBpEMEHHOE MAIIMHOCTPO-
€HHUE HCIIOb3YET YIyYIIEHHBIE TEXHOJIOTHUECKHE CIIOCOOBI M METO/IBI IPEOOPa30BaHUs MaTepHana AeTalei B COCTOSHHE,
OTBEYaroIee HOpMaM AKCILTyaTalMy U3JIEJIHi, B OTEYECTBEHHOM U 3apyOeKHOM JIMTEpaType MpeuiaraeTcsi MHOXKECTBO CIIOCO00B
OLICHKH BJIMSIHUS SKCIUTYaTallMOHHBIX YCIOBHH Ha pecypc netanu. OnHako QyHIaMeHTanbHas OCHOBOIOJIAraloias TeOpus
9TOi 00J1acTy elle He CO3/aHa.

B crarpe onmcaHa cyImHOCTb Ipoliecca MOBEPXHOCTHOTO IUIACTHYECKOro AeOopMHUpOBaHMs. PaccMOTpeHBI BHIBI U IIpe-
MMyLIeCTBa pobecTpyiHON 00pabOTKH. Y MHOTHMX YHTaTelleil MOXKET BO3HUKHYThH BOIIPOC: BO3MOYKHO JIM, CHSIB CJIOW KOp-
PO3HH, YKPEITUTh MIOBEPXHOCTHEIN ol 00pabaTeiBaeMoii perann? Meron nqpodecTpyitHoi 00paboTKH XOpOIIO CIPaBIIsAeT-
s C pa3HOIUIAaHOBBIMHU 3aJadaMy, TI03BOJISISI 00padaThIBaTh JIETAIN CIIOKHOI T€OMETPHH, a TAaKXKe AETalll C TPYAHOJAOCTYTI-
HbIMH MecTamu. KadecTBo 00pabOTKH MO3BONISET HAHOCUTH HAa MOBEPXHOCTH JIETANIN JII000E MOKPHITHE O€3 JOMOIHUTENb-
HOH MOJATOTOBKH U 00€3KUPHUBAHHUS.

Heaun. OnHol 13 mpoOiIeM SBISIETCS CI0XXKHOCTb ONPEAENEHHsS YPOBHS OCTATOYHBIX HANPSOKEHUH, (JOPMUPYEMBIX B
mporecce ApodecTpyiHHONH 00paboTKU. 3HAYMMOCTH IMPOOIEMBI 3aKII0YAETCS B TOM, YTO B HACTOSAIIEE BPEMs HET TOYHOI
METOJIMKH ONpENesIeHHs] OCTATOYHBIX HANpPSDKEHUH mocie npobecTpyiHoro yrnpouHeHus. Llenb naHHOTro ucciieoBaHus —
OLEHUTH 3PPEKTUBHOCTH APOOECTPYHHOrO YIPOYHEHHS, T.€. OIPEACIIUTH YPOBEHb OCTATOUHBIX HANPsDKEHHH, (QOPMHUPYEMBIX B
npotecce ApodecTpyiHOi 00paboTKH. 3aja4a COCTOUT B TOM, YTOOBI BBIYMCIHMTH OCTATOYHBIE HAINPSDKEHUS MpH Ipobec-
TpyHHOI 00paboTKe MmyTeM M3MepeHust AedopMalii KOHTPOIBHON IIacTHHBI (00pasna-CBUIETENs), HOJTyYCHHOW TIPH OJ-
HOCTOPOHHEM HakJIeTIe B TEUECHHE ONPEICICHHOTO IIEPHO0/1a BPEMEHH.

MeTtoapl. [Tocne 00paboTKK orperessieTcst cTpeia Mpornda KOHTPOIbHOW TutacTHHEL Ilo crpene nmporuba BEIYHCII-
IOTCS OCTAaTOYHBbIE HaNpsbKeHUs B IuiactuHe. st storo ucnomns3ytorT Meron H.H. JlaBuneHkoBa, corjacHO KOTOPOMY U3
KOHTPOJILHOHM ITaCTHHBI BBIPE3AIOT MOJOCKY M TPAaBJICHHUEM IPOU3BOIST IMOCIEIOBATEIBHOE CHATHE ciioeB. [Ipu cHATHH
CJIOEB MOJIOCKAa MEHSAET TEOMETPHIO 3a CUET M3MEHEHUS HAIPSHKEHHOTO COCTOSIHMS, YTO TO3BOJISIET C UCTIOIB30BAHUEM COOT-
BETCTBYIOLINX COOTHOIIEHHH YCTAaHOBUTH PACIIPEIEIICHHE OCTATOUYHBIX HANPSKEHUH [UIACTHUHBI.

3agaueil mpearaeMoil METOAMKH SBISIETCS yNPOILEHHUE Crioco0a, CHUKEHHE TPYJOEMKOCTH BBIYMCICHUS pacIpesie-
JICHUA OCTATOYHBIX HaHpﬂ)KeHl/Iﬁ 110 TOJINIHMHE KOHTpOJ'l]:-HOﬁ IIJIAaCTUHKH, MOBBIIIEHUE TOYHOCTHU ONPEACICHUSA OCTaTOYHBIX
HAaIpspDKeHUH pu IpoOecTpyitHOM YIIPOUYHEHHH.

BriBoabl. Ha ocHOBaHMM NOJIOKEHWH MEXaHMKH IUIACTHH PACCMOTPEHO 1e()OPMUPOBAHHOE COCTOSHHE KOHTPOJIBHON
IUIACTUHBI TIpH pobecTpyiHol 00paboTke. B urore momydyeHa aHanTHYECKasi 3aBUCUMOCTD, TIO3BOJISIONIAst OLIEHUTh OCTa-
TOYHBIE HAIIPSHKCHUS B KOHTPOJILHOM TUIaCTHHE TOciie JpodecTpyiHol 00paboTKH.

KuroueBsble cioBa: apoOecTpyifHas oOpaboTKa, TOBEPXHOCTHOE IUIACTHYECKOe aehOpMUpPOBAHHE, OCTATOYHBIC Ha-
NPSDKEHUS], IIEPOXOBATOCTb, IPEAEN BHIHOCIUBOCTH, IPOTUO, yCTaIOCTh, MEXaHHKA IUIACTHH, KOHTPOJIbHAS ITACTHHA

Brenenue HBIX CIIOCOOOB PEIICHUS TaKOW MPOOIEMBbI — YIPOU-
HEHHME METOJaMH TIOBEPXHOCTHOTO TUIACTHYECKOTO Jie-

OnHa U3 aKTyalTbHBIX TTPOOJIEM MTPOMBIIIIICHHOTO (hopmupoBaHUSL.
MPOU3BOCTBA HAa CETOJHSIIIHUMN JIcHb — MOBBIIICHHUE B Hacrosiee Bpemsi pa3paboTaHO U HAIILIO IIH-
MPOYHOCTHU JIeTajel U KOHCTPYKIIHI, KOTOPHIE aK- pPOKOE TIPUMCHEHHE B aBHAIIMOHHOM J[BUTATEIECTPO-
THBHO MOJBepraTcs u3Hocy. OnauH u3 3GpPeKTHB- €HHHU JJOCTATOYHOE KOJMYECTBO PA3IUYHBIX METOJIOB
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MOBEPXHOCTHOTO TUIACTHYECKOTO AeopMupoBaHus,
00€ECTICUNBAOIIX YIPOYHEHHE MTPAKTHYECKH BCel HO-
MEHKJIaTypHI neraneii apurarencii [1-3]. Haydamsre me-
TOJIBI ¥ TIOAXOJBI IO OLEHKE 3()(HEKTUBHOCTH yNIPOU-
HsIOIIe 00paboOTKH, a TaKKe IO OIEHKE JTONTOBEY-
HOCTH JIeTajlell 1 KOHCTPYKIIMH 4acTO COBEPIICHCTBRY-
101cst. OJIHOM W3 TTIaBHBIX 33]]a4 COBPEMEHHOTO Malll-
HOCTPOEHHMS SIBIISIETCS TTOBBILICHHE PECYpca HUCTIONb3Y-
eMbIX feraneil. OMHaKo METOIbI OIIEHKH HaIpshHKeHHO-
Ne(hOPMUPOBAHHOI'O COCTOSHHUS JAIOT JIUIIB 00Iee
nperncrapieHre 00 00JIacTy Havyana paspyLieHus. Yxe
HE pa3 HAy4HO JOKa3aHO, YTO TOCIEe YIPOYHEHUS Me-
TOJIOM TIOBEPXHOCTHOTO TIACTHYECKOTO 1ehopMHUpO-
BaHUsI B IOBEPXHOCTHOM CJI0€ 00pa3yIoTCsl 0CTaTou-
HBbIC HAMPSDKEHUS, KOTOPBIE SBISIIOTCS MPUYUHON
MTOSIBJICHUST COMPOTUBIICHUS YCTAJIOCTH jaeTaneit [4].
U3 sTOrO CliepyeTt, 4TO TMOSBICHUE PACTATHBAIOLIHX
HanpsDKEHUH B MpoLecce dKCIUTyaTaluy AeTany da-
IIe BCETO MOKET MPUBECTH K TOMY, YTO MTOHIKAETCS
TpeeN BRIHOCIMBOCTHU JI€Tajl, U, COOTBETCTBEHHO,
K ee pa3pyLeHHIO.

B xone 0030pa oTeyecTBeHHOH U 3apyOeKHOM JTH-
TepaTyphl BHISIBIICHO, YTO OOJBIITIHCTBO PadOT TOCBS-
IaeTcd aHajau3y paspylleHus gerainei. Bo MHorux
paboTax MmpeacTaBiICHbl Pa3IudHbIE CIIOCOOBI OLICHKU
BIMSTHUS DKCIUTYaTallMOHHBIX YCIIOBHI Ha pecypc JeTa-
JIM, TAKOKE MPEJIararoTcs METOIBI 0 ONpeieTICHUI0 30H
Pa3BUTHS YCTAIOCTHBIX TPEIIMH [5—7].

[oBepxHOCTHOE TIIACTHYECKOE Ae(hOPMHUPOBAHIE —
9TO HANpaBJIeHHE TEXHOJIOTHH YBEIMUEHUS COTPOTHB-
JICHUS yCTAIOCTH AeTalleil, aKTUBHO HCIOJIb3yeMOoe B
pa3IuyYHBIX cepax aBUAIIMHN U MAIITHOCTPOCHUSI.

CymrecTByeT HECKOJILKO CTIOCO00B 00pabOTKH TT0-
BCPXHOCTHBIM IIACTUYCCKUM I[e(bOpMI/IpOBaHI/IeMZ

1. IpoGecTpyiiHblii METO, IPH KOTOPOM B Kade-
CTBE pabOYMX TN UCTOIB3YIOT CTANBHBIC MAPHI WIH
IpoOb, a UCTOYHUK KHHETUYECKOW SHEPTUU — CTPYS
C)KaToro BO3IyXa.

2. JIpobeMeTHBI METOA, MPU KOTOPOM B Kade-
cTBE pabOUYNX Tell WCMOIB3YIOT CTAIBHBIE MAPHI WIH
Ipo0b, HICTOUHUKOM KHHETHYECKOM SHEPTUU CIYKUT
BpalleHue poropa apobemera.

3. ITHeBMOTHIPOAPOOESCTPYHHBIH METO, TP KO-
TOPOM B KadecTBE pabovuX TEN UCHONB3YIOT CTalb-
HBIE IIapbl U APOOb, HICTOYHUKOM KHHETHYECKOU SHEp-
THH SIBIIIETCS CTPYS r'a3a ¢ KUIAKOCTHIO.

4. I'mapoapoOeCTpyHHBIA METO, TIPH KOTOPOM
B KauecTBe padOUMX Tel UCTOJB3YIOT CTAIBHBIC MIAPHI
WK Apo0b, NCTOYHUK KHHETHYECKON SHEPTHU — CTPYS
XKUAKOCTH [8].

U3 Bcex crmoco0oB 00pabOTKH MOBEPXHOCTHBIM
TUIACTUYECKUM Je(OopMUpOBaHeM Hanboinee sdek-
TUBHBIM CUUTAETCS APOOCCTPYHHBIN METOM. ITO OIUH
H3 CaMbIX PACIpPOCTPpaHCHHBIX METOAOB IMOBEPXHOCT-
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HOTO IUIACTHYECKOTO Ae(OPMUPOBAHMS, TPUMEHSEMBIX
JUTSL TIOBBIIICHUST COTIPOTUBIICHHS YCTATOCTH JCTAJICH,
paboTAaIOIINX B YCIOBHSX [IUKINYECKOTO HATPYKESHHSI.

Takxe 3T0 MPOCTOH W BHICOKONPOM3BOIUTENBHBIN
Croco0, MO3BOJSIFOIINI COKPATUTh UKI PEMOHTA, MO0-
HU3HTh Ce0ECTOMMOCTh, YBEINYHTh MEKPEMOHTHBIN
pecype. UHbIME crioBaMu, ApoOecTpyiiHOE yIpoUuHe-
HUE — 3TO TEXHOJOTUYECKUH MpHUEM MeXaHHMYECKON
00pabOTKH, KOTOPBII MOTYYHIT ITUPOKOE MPUMEHEHUE
B aBHACTPOCHUH OJiaroziapsi MpoCTOTe MCIIOIb30BAHUS
1 3 EKTUBHOCTHU TOJTYUYCHHBIX PE3YIbTATOB.

OCHOBHBIC MPEHMYIIECTBA 00PaOOTKH JeTalcH
IIPOOBIO:

— OTHOPOJHOCTH 00pabOTKM eTasei;

— MOBBIIICHHE MpeJieNia YCTAnoCTh 00padaThiBa-
€MOr0o MaTepHarna;

— obecrmeueHne TpeOyeMOro KauyecTBa IMOBEPX-
HOCTH;

— BO3MOXKHOCTh 00pabOTKHU M3JCIHUN CIOKHOM
TCOMETPHH.

HpobectpyiiHas o0paboTka 00eCreYMBaET MOBBI-
[IICHHUE MPOYHOCTHBIX XapPaKTEPUCTHK JeTaleH 3a cuer
(hopMupoBaHsI OIATONPUSATHBIX OCTATOYHBIX HATIPSI-
xeHuil. OHa MOMOTaeT COKPaTUTh OOJBIIOE KOJINYe-
CTBO TPEUIMH M MCTOHYCHHBIX YYaCTKOB Ha MOBEPX-
HOCTH JieTajiell, KOTOPbIC UCTBITHIBAIOT TOBBIIIICHHbIC
pabouue Harpy3ku. [lonoOHBIE pe3yabTaThl JOCTHTA-
10TCs 6Jarogapsi TOMy, YTO B MIpOLIeCCe BO3ICHCTBUS
Ipobu Ha 00pabaThIBaeMyI0 MOBEPXHOCTH COBEpIIA-
IOTCSl MHTCHCUBHBIC MHOXXECTBEHHBIE yIapbl IpoOu
0 TIOBEPXHOCTH MarepHuana faetan. OTcioia BO3HHUK-
HOBCHHE OCTATOYHBIX HAMPSXKCHUHN CIKATHS HA BHEIII-
HEM ciioe 00padaThIBaeMO JeTalTi. 3aTeM IPOHCXOIUT
YPaBHOBCHIMBAHUC HAIPSKCHUA Ha PACTAKCHUC, KO-
TOPOE UCIIBITHIBACT JICTANb MIPU IKCIUTyaTalu. B cBs-
34 C 9THM HEOOXOJUMO OIICHUTD BIMSIHUE OCTATOUHBIX
HAaIpsHDKEHUH Ha COTPOTUBIICHUE YCTAJIOCTH ACTANCH.

K Hemocratkam crocoba cienyer OTHECTH CIIOXK-
HOCTh peau3anuu crnocoba 3aMepa OCTATOYHBIX Ha-
TIPSDKCHUN TIPH TPOOSCTPpYHHOM YIIPOYHEHUHU OCTa-
JIeH, TPYyIOEMKOCTh M HU3KYIO TOYHOCTB OTPE/IeTICHHS
OCTaTOYHBIX HampsbkeHuidd. Kpome Toro, mpu cTpas-
JIUBAHUU CJIOCB MaTepHaia JETalu MPOUCXOIUT mepe-
pacrpeziesieHue OCTaTOYHBIX HAMPSKEHUH, YTO TAKXKe
CHHMYKAaeT TOYHOCTh MX OTIPE/ICICHUS.

Ha niepBbIii B3MIIsIT KaXKETCsl, UTO MCCICOBATENH C
JIETKOCTBHIO TOOUBAKOTCS TMTOBBIIICHHUS] BEIHOCITHBOCTH
OTBETCTBEHHBIX JeTaneidl. OfHaKO CIeayeT y4ecTb, YTo
CYILECTBYET MHOXKECTBO AMITHPHICCKUX METOIUK Ha-
3HAYCHUS PEKUMOB IpodecTpyiiHoi oOpaboTku. He-
JOCTAaTKOM HMX BCCX ABJIACTCA TO, UTO KaxKJast U3 HUX
OrpaHUuCHA YCIOBUSMH IKCIIEPUMEHTA, TP KOTOPOM
OHa co3fana. Eciy MEHSIOTCS YCITOBHS SKCIIEpPUMEH-
Ta, TO Cpa3y MOSBIACTCS HEOOXOUMOCTD MOBTOPATH
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SKCTIEPUMEHT JUTS CO3JaHus HOBBIX MeToAuK [9]. imen-
HO TO3TOMY aKTHBHO MPEANPUHUMAIOTCS MOTBITKH
pa3paboTKi W BHEAPEHUS OMpPEIeIIEHHOW METOINKH,
MO3BOJISIONICH MUHUMHU3UPOBATh 3KCIECPHUMEHTAIBHBIC
MCCIIeZIOBaHMUs, KOTOphIE OCHOBaHKI Ha 00paboTKe 00-
PasIoB C IEJTBI0 OTIAIKH MPOIIECca W OTITHMHU3AINT
PSKUMOB IpOOECTPYIHHOM 00pabOTKH.

Hean

['maBHast mpoOema Ha3HAYEHHST PEKUMOB JIpo0de-
CTpYHHOI 00pabOTKH — 3TO OTCYTCTBUE 3aBUCUMOCTEH,
OIIPENICIIAIOINX SHEPTHIO, KOTOPYIO MOTJIOIIACT Ma-
Tepuan B mporecce oopabotku. [Ipumep smmupude-
CKOTO pelIeHust 3Tol nmpobieMbl — Meto Almen stips,
Ha3BaHHBIN B 4ecTh ero cozmarens [10]. Meromom Al-
men stips TOJB3YIOTCSI MHOTHE COBPEMEHHBIC Mpe-
npustus. Ero ucmons3yroT s 3amMepa U KOHTPOJIS
nporecca IpoOecTpyHHOro yIpOYHEHUS M HaKJena.
Ha cerommsmamii nenbs Meroa Almen stips — ouH U3
OCHOBHBIX M OOLIETIPHHATHIX MPOLIECCOB MU3MEPEHUS
IUIS. KOHTPOJIBHOTO 3aMepa MHTEHCUBHOCTH yIPOYHE-
HUS TTOBEPXHOCTH TI0ciie 00paboTKH ApoOhio. MeTon
MPEAOCTABISCT JOCTOBEPHYIO KapTUHY YIPOUYHEHUS
Y HAKJIETIa TIOBEPXHOCTHOT'O CJIOSI, YTO B CBOIO OYEPEab
TTO3BOJISICT TIPUBECTH TIPOIIECC OOPAOOTKH TTOBEPXHOCTH
JIpoObI0 B COOTBETCTBHUE C 3aJaHHBIMHU XapaKTepu-
CTHUKaMH HEOOXOMMOM BETMYMHBI yIpouHeHus [11].

Lenpro AaHHOTO HMCCNEIOBAaHUS ABISIETCS OLICHKA
3 pexTUBHOCTH APOOECTPYHHOTO YIPOUHEHHS, T.C.
OIlpesieNieHue YPOBHS OCTATOYHBIX HaNpsDKEHHH, (op-
MHUpYEMBIX B TIpoIecce IpodecTpyiHOi 00pabOTKH.
3amaya COCTOMUT B TOM, YTOOBI OIPEIEIIUTH OCTATOUHBIE
HaTpsOKEHUs TPH IpobecTpyiHoi 00paboTke myTeM
n3MepeHus AedopMaliy KOHTPOJIBHOW TUIACTHHBI (00-
pasia-cBUACTENs), TOMyUYCHHON ITPH OXHOCTOPOHHEM
HaKJerne B TeYCHHE KOHKPETHOTO MEepHOJia BPEMEHH.
[Tocne 00pabOTKM BBIUKCISAIOT CTPENLy Hporuda
KOHTpOJIbHOM MacTuHEL. [lo cTperne mpornba ycranas-
JIMBAOT OCTATOYHbIC HATIPSHKEHUS B IUTacTuHe. [l 3to-
ro ucnons3zytor meron H.H. [laBuaenkosa [12], co-
IJIACHO KOTOPOMY M3 KOHTPOJBHOM IUTACTHHBI BBIPE-
3al0T MOJIOCKY U TPABJIECHUEM MPOM3BOIT MIOCIIEIOBA-
TeNnpHOe CHATHE cioeB. Ilpu cHATUUM clioeB mojlocKa
MEHSIET TEOMETPHIO 32 CUET W3MEHEHUS! HalpsKeH-
HOT'O COCTOSIHHSI, YTO ITO3BOJISIET C MCIIOJIb30BAaHUEM
COOTBETCTBYIOIIMX COOTHOIICHUM ONpeAeiauTh pac-
npeeseHne OCTaTOYHbBIX HAIPSDKEHUN TIIACTHHBI.

3amauelt npeasiaracMo METOIUKY SIBIISIETCS YII-
polIeHue crnocoda, CHIKEHUE TPYIOeMKOCTH BbISIBIIC-
HUSL PacTIpe/IeNIeHUs OCTATOYHBIX HATPSDKEHHUH 110 TOJ-
[IMHE KOHTPOJBHOH IIACTHHKH, TIOBBIIICHAE TOYHOCTH
OIIpEZIETIeHN OCTATOYHBIX HANpsDKEHUH mpu Ipode-
CTPYWHOM YIIPOYHEHUHU.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

MeToabl

B npeiaraemoit MeToIMKE HA OCHOBAaHUU TMOJIO-
KCHUH MEXaHUKH IJIACTHH MOIYyYeHO aHAIUTHIECKOE
BBIPQXEHHE CBSI3M MPOTHOa KOHTPOIBHOH IIACTUHEI
C IEHCTBYIOIIMMH OCTATOYHBIMH HANPSHKEHUSMH T10-
cie ApoOecTpyitHON 00paboTKH.

HuddepenumansHoe ypaBHeHHE U3ru0a KOHTPOIb-
HOU TUIACTUHBI ompenensercs uddepeHnnarbHbIM
ypaBHEHHEM H3rH0Oa MPSIMOYTOIBHOM MIacTUHEI [13]

*w *w 0 _p
e Tl Ty T (1

rae w(x,y) — QyHKuMs nporuda; p — momnepevHas
Eh3
12(1-p2)
KOHTPOJIBHOM IJIaCTUHBL, £ — MOJIYJIb YIIPYTrOCTH Ma-
TepHayia KOHTPOJIBHON IIACTUHEL, L — KOA(DHUITHEHT
ITyaccona mMarepuana MmiIacTHHBL, # — TOJIIMHA KOH-
TPOJBHON IIACTHHEI.
B ciydae nmporn6a macTUHBI OCTATOYHBIMH Ha-
MIPSOKCHUSAMH TIOCHIE TpoOecTpyiHHOU 00paboTKH B
ypaBHeHu# (1) p = 0 u ypaBHEeHHe IPUHUMAET BUJL

Harpyska, D = — HWIMHAPHUYICCKAs KECTKOCTh

0w 0w 0w

et V2500, T = 0. (2)

KonTpomnpHas miacTuHa B mporiecce ApodecTpyii-
HOI 00paboTKH CBOOOJHO OMUpAETCsl IO KOHTYPY,
pu 3ToM QYHKIUS TPOTHO0B, GOPMUPYIOIIMXCS B
Tporiecce Ipo0ecTpyiHOM 00pabOTKH, MMeeT B [6]

w(x,y) = wy sin%sin T;Ty, (3)

rrne a, b — pa3mepbl KOHTPOJIBLHOM TUIACTHHBI B IIAHE,
Wq — CTpera Mporuoda, COOTBETCTBYIOMIAS IPOTHOY LIEHT-
paJbHOM YacTH TUTACTHHEI.

Oyuk1us (3) COOTBETCTBYET yIpyroMy JIedopMu-
POBaHHOMY COCTOSIHHIO OT OCTaTOYHBIX HAIPSDKEHHH,
c(hopMHUPOBAaHHEIX B Tporecce apobecTpyiHoit 00-
pabotkmu.

[Mpu u3rube B CeUSHUSIX KOHTPOJIBHOHN IUIACTH-
HBI IEHCTBYIOT U3rHOAIOIIIE MOMEHTHI [6]

92w 2w
M= -D(55+ “W)’
92w 92w
My =D (55 +n53) )

B skcniepumenTax mo apo0ecTpyiHON 00pa0oTKe
0OBIYHO MPUMEHSIOT KBaJIpaTHbIE IIacTUHLI (@ = b),
[I03TOMY COOTHOIIIEHUS (4) OyAyT UASHTUYHBI

2w 92w
Me=My=-D (32 +u53) =
2w 92w
=-D (W +u5s) ®)
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UiIn 110CJIE€ MIMOACTaHOBKH COOTHOIICHMA (3) npu

a b o
X = E Yy = E JUIA KBaAPATHOU TNTAaCTUHBI MOJIYYUM

— — 2pd
M, = M, = w,T D;(1+u). (6)
ITpn m3rube TIacTHHBI OT OCTATOYHBIX HANPSKCHHIH
6M 6M
O'?ax — x’ max — y. (7)
hz 7Y h?

W3 BeIpakernii (6) u (7) mOMydnM 3HAYCHUS MaK-
CHUMAJTBHBIX OCTATOYHBIX HAIMPSHKCHUIH B KOHTPOJILHOM
TUTACTHHE, COOTBETCTBYIOIIUX IIEHTPY KOHTPOJILHOMN
TUTACTHHBI

1 Eh
ocm _— ~ocm _— 2 ,"_. (8)

BoiBoabI

Ha ocHoOBaHMU MOJOKEHUH MEXaHUKH IIACTHH
MPE/TIOKEHA METO/INKA ONPEICIICHHS] OCTATOUHBIX Ha-
npsbkeHui, GOpMUPYEMBIX B MpoIiecce IpodecTpyid-
HO# 00pabOTKM KOHTPOIBHOM TTacTuHEL [Ipn n3BecT-
HOM 3HAYEHUU CTPEIbI MPOruda w, ¢ MOMOIIBI CO-
oTHOIICHUS (8) OMPEeNeNsIOTCS OCTATOYHBIC HAMpPS-
KEHHUS Oy % U 0)'?X B IIHTpe KOHTPOJILHOM IJIaCTH-
HBI, YTO TIO3BOJISCT BBHIOPATh TEXHOJOTHMYSCKUE Ta-
paMeTpsl ApodecTpyiHOI 00paboTKH. ITO UMEET BaXK-
HOC 3HAYCHHUC JId IMOBBIIICHUA YCTAaJIOCTH Z[eTaIIeﬁ
MAaIIMHOCTPOCHUS, PA3BUTHUS U MPEOOPa30BaHUS Me-
TOJIOB aHAITH3a KOHCTPYKIIHI MAIIHHOCTPOCHUS B YCIIO-
BUSI BO3/ICHCTBHS TEXHOJOTHUYECKUX (DAaKTOPOB M pa3-
JIMYHBIX 3KCILTYyaTAIMOHHBIX HATPY30K.

Taxoke MOXKHO CJIeNlaTh BBIBOJ, YTO HANOOJNbIIICE
3HAYCHWE TPH MOBBIMICHUH 3PPEKTUBHOCTH PEMOH-
Ta I[eTaJ]efI aBHAallMOHHBIX ZIBHFaTeJIefI HUMECT yYBECIIN-
YeHHE TOCIEPEMOHTHOTO pecypca aeTajeil 3a cueT
yIpouHstomei 00paboTKH.

B pesynbraTe npoBEeJEHHOTO UCCIIEIOBAHUS MBI
MOKEM CJIeNaTh BBIBOJI, YTO, HECMOTPS Ha MHOTOJIET-
HIOK) TPAKTHUKY W3YYCHHUS TPOoIiecca MOBEPXHOCTHOTO
TUTACTHYECKOTO TehOPMHUPOBAHUS IpodecTpyHHON 00-
pabotkoii, B 3Toll 0bnactu He chopmupoBaHa (HyH-
JAMEHTallbHas TeopeTHyeckas 6asa. [ToaTomy oTCyT-
CTBYET OINpeJieieHHass METOIMKa ONTUMAILHOTO BBI-
Oopa Merona ymnpouHsoIlield o0pabOTKH I IOJTY-
YeHUs TpeOyeMOH MIEPOXOBATOCTH IMOBEPXHOCTHOIO
CJIOSl U YCTAJIOCTHOW MPOYHOCTH JAeTasieil MaIluHO-
CTPOCHHUSL.
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Abstract. Introduction. The paper considers the current state in the field of surface plastic deformation, namely the harde-
ning of machine-building parts by shot blasting. Since modern engineering uses improved technological methods and methods
for transforming material parts into a state that meets the standards for the operation of products, in the domestic and foreign
literature there are many ways to assess the impact of operating conditions on the part life. However, the fundamental underly-
ing theory of this field has not yet been created. The article describes the essence of the process of surface plastic deformation.
The types and advantages of shot blasting are also considered. Many readers may wonder: is it possible, after removing
the corrosion layer, to strengthen the surface layer of the workpiece? The method of shot blasting copes well with these diverse
tasks, allowing to handle parts of complex geometry, as well as parts with hard-to-reach places. The quality of processing al-
lows to apply any coating to the surface of a part without additional preparation and degreasing.

Aims. One of the problems is the difficulty of determining the level of residual stresses generated in the process of shot blas-
ting. The significance of the problem lies in the fact that at present there is no exact method for determining residual stresses after
shot peening. The purpose of this study is to evaluate the effectiveness of shot peening, i.e. determination of the level of residual
stresses generated in the process of shot blasting. The task is to determine the residual stresses during shot blasting by measuring
the deformation of the control plate (witness sample) obtained by one-sided bead over a certain period of time.

Methods. After processing, the deflection of the control plate is determined. According to the deflection arrow, the re-
sidual stresses in the plate are determined. To do this, the N.N. Davidenkov’s method is used, according to which a strip is
cut out from the control plate and the layers are removed by etching. When removing the layers, the strip changes the geo-
metry due to a change in the stress state, which makes it possible to determine the distribution of the residual stresses of
the plate using the appropriate ratios. The objective of the proposed technique is to simplify the method, reducing the com-
plexity of determining the distribution of residual stresses across the thickness of the control plate, improving the accuracy
of determining the residual stresses during shot peening.

Conclusions. Thus, based on the positions of the mechanics of plates, the deformed state of the control plate during
shot blasting was considered. Finally, an analytical dependence was obtained, allowing estimating the residual stresses in
the control plate after shot blasting.

Keywords: shot blasting, surface-plastic deformation, residual stress, roughness, limit of endurance, sag, fatigue, me-
chanics of plates, control plate
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HAYYHAS CTATbA

Oco0enHocTH padoThl KAPKacoOB
00JIbIIENPOJIETHBIX METAINYECKHUX KYII0JIOB B Mpolecce UX BO3BEACHUS

E.B. Jleoean

Hanunonanbnblil uccnenoBaTenbckuil MOCKOBCKUN TOCYAapCTBEHHBIN CTPOUTENbHBINA YHUBEPCUTET
Poccuiickaa @edepayusa, 129337, Mocksa, Apocrasckoe wiocce, 26

(nocmynuaa 6 pedaxyuro: 12 asrycra 2018 r.; dopabomana: 05 oxradps 2018 r.; npunama x nybauxayuu: 16 oxtsi6ps 2018 r.)

Hesn. lath XapakTepuCTHKY Tporeccy (GopMHpOBaHMS KapKacoB OOJIBIIEHPOIETHBIX METAIMYECKUX KYIIOJIOB IPU
UX BO3BE/ICHWU. BBIMONHNTH aHamu3 pabOThl KOHCTPYKLIMH IPH MOHTa)XE KYMOJBHBIX KapKacOB IO PACUETHBIM CXEMaM,
OTJIIMYAIOMIAMCS OT TPOSKTHOM, M3-32 YeTO B MX KOHCTPYKTHUBHBIX 3JIEMEHTaX BO3HUKAIOT MOHTaXXHbIE ycwuius. [IpuBectn
TEOMETPHUECKUE CXEMBI KYITOJIBHBIX KapKacoB (pEOPHCTHIX, peOPUCTO-KOIBIEBEIX W CETYATHIX) M MPUHIIUIIBI HX 00pa3oBa-
Hus. [Tokas3ats, Kak 00pa3yroTCs ceTyaThle KyHOIbHbIE KAPKAChl, 1 00BSICHUTH, IOYEMY OHH SIBIISIFOTCS] TPOCTPAHCTBEHHBIMU
CTEep’KHEBbIMU cucteMaMu. OmHcaTe 0COOEHHOCTH KOHCTPYKTHBHBIX PEIIEHUH ONHOMOSCHBIX M JBYXIIOSICHBIX KYyIOJBHBIX
KapkacoB. OTMETHTh, YTO TEXHOJOTHYECKAss CXEMa MOHTa)Xa KOHCTPYKIMH OONBIIEHPOJIETHBIX METAJUIMYECKUX KYIIOJIOB
3aBUCHT OT KOHCTPYKTHBHOT'O PEIIEHHs U Coco0a BO3BEIEHHSI X KapKacoB. BkpaTiie oxapakTepu3oBaTh pa3iMyHbIE CIIO-
C06bl BO3BC/ICHHA KapKacoB 6OHbLLlerOHCTHbIX MCTAJUIMYCCKUX KYIIOJIOB U KOJIMYECTBO MMPUMEHACMBIX ITPU 3TOM BPEMCH-
HbIX OTIOP U MEXAHU3MOB.

O030p. [IpyHIMIHAIBEHO pa3IMYHbIE CHOCOOBI BO3BEAEHHS, KaK peajbHO NPUMEHEHHbIE, WUIIOCTPATUBHO MOKa3aHbI
Ha MpUMepax HECKOJIBKUX KOHKPETHBIX M3BECTHBIX KYIOJIBHBIX COOPYKEHHI Mupa. JlaHa OlleHKa BIUSHHS KaXIOT0 CIIOCo-
0a Ha paboTy KOHCTPYKIMH B mpouecce MOHTaxa. OnucaH Xapakrep pabOThl OTIEJIFHBIX KOHCTPYKIMH M Kapkaca B Ipo-
1iecce BO3BEICHUS OOJIBIIETIPOJIETHBIX METAJUIMYECKUX KynosoB. CaenaH akIeHT Ha CYIIECTBEHHBIC Pa3Indus B XapaKkTepe
pabOTBI KOHCTPYKTHBHBIX CHCTEM KYTIOJIBHBIX KapKacoB IPH Pa3HBIX CIIOcO0ax MX MOHTaXKa.

Hccaenosanne. Pa3zpaboTaHbl KOMIIBIOTEPHBIE MOJIENIN OJHOTIOSICHBIX METAJUIMYECKHX KYTOJIOB U3 CTAIbHBIX JBYTaB-
POB C KECTKHMHU CONPSDKEHUAMH B y31ax. Co3JaHbl JOMOTHUTEIbHBIE MOETH HETMOJIHOTO KapKaca Ul HCCIIeIOBaHUA pa3-
JIMYHBIX CIIOCOO0B MOHTa)Ka KYIIOJIOB. J[/I Kax 10 MOHTaXHOW MOJENH KyIOJIBHOTO KapKaca BBIITOJIHEHbI KOMIIBIOTEPHBIC
pacdeTsl Ha JelicTBHE COOCTBEHHOro Beca. B pesynbrare pacyeToB OmnpeiesieHbl HAPSHKEHUS! B KOHCTPYKTHBHBIX 3JIEMEH-
TaxX KapKacoB, KOTOPbIE CPAaBHUBAINCH C HANPSHKEHUSIMU COOTBETCTBYIOIINX 3JIEMEHTOB Ha JEHCTBUE COOCTBEHHOI'O Beca B
KapKace MPOEKTHOM CXEMBI.

Pesyabrarel. Crenan BBIBOJ O HEM30EKHOCTH TOSBIICHHS HANpPSDKEHWH B AJIEMEHTaX KapKacoB OOJIBIIENPOJIETHBIX
METaIMYECKUX KYIIOJIOB TP MX BO3BeAeHHH. OTMeUeHa HEOOXOANMOCTh 00sI3aTeNIbHBIX PACUeTOB KapKacoB Ha MOHTaX-
HBIE COCTOSHUS NP ITPOEKTUPOBAHUH OOJIBIICTIPOIETHBIX METAJUIMYECKHX KYIIOJIOB.

KiroueBble ciioBa: 60HLH.ICHPOJICTHBI€ KynoJja, METAJNTMIECKHUE KapKachl, TCOMETPUIECKNUE CXEMBI, KOHCTPYKTHBHBIC
pemenus, CITIOCOOBI BO3BCICHHA, MOHTaX KOHCprKI_[I/Iﬁ, KOMITBIOTEpHAsA MOJCIIb, HATIPSHYKEHUSA B DJIEMEHTaX

BBenenue

Kapkachl GOJIBLIICIIPOJIETHBIX METAIHICCKHUX
KYIOJIOB 00Pa3yrOT MPOCTPAHCTBEHHBIC CTEPIKHEBBIC
CUCTEMBI. JTO CIIOCOOCTBYET TOBBIIICHHIO HKECTKOCTH
Y HaJIGKHOCTH KYTIOJIBHBIX TMOKPBITUI TMPH UX 3KCILTY-
aTaluu. OIlHaKO KapKaCI)I TaKUX CHUCTEM HC ITOABJISA-
IOTCSl HA MECTE CTPOUTEIbCTBA CPa3y M ICTHKOM.
[IpoekTHyIO reoMeTprUecKyto ¢hopMy OHH TTPHOOpe-
TarOT MOCTENICHHO, B TCYCHUE JAJUTEIILHOTO BPEMCHH,
YTO B UTOTC PEATU3YETCS BHIPA3UTEIBHBIM BHEIITHUM

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN

00JIMKOM KymnoibHOTO MOKpeITHS [1; 2]. B mporecce
BO3BEJICHUS CHAyYalla MOSBIISIOTCS JIUIIb OT/EIbHBIC
KOHCTPYKITUH KyTojia. 3aTeM 3TH KOHCTPYKITUU 00h-
eIMHSIOTCS BO (pparMeHTHl KYMOJbHBIX KapKacoB,
KOTOPBIE IMOCTENCHHO YBEIMYUBAIOTCS ITyTEM MIPHUCO-
eIMHEHHS APYTUX (parMeHToB, T.€. HAPAIIWBAIOTCS.
3aBepriaeTcsi MOHTaX CTEpPIKHEBOM CHCTEMBI 00pa-
30BaHUEM IIEJIBHOTO KYIOJIILHOTO KapKaca MPOCKTHOM
(hopmbl. MOHTaX COTIPOBOKIAETCS TIOSIBIICHUEM H UC-
YEe3HOBEHHEM CO BPEMEHEM BCIIOMOTATENbHBIX KOH-
CTPYKIHUH, TTOIEPKUBAIOIINX OT/ACITbHBIE KOHCTPYK-
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UK WK (PparMeHThl KapKacoB KYIIOJIOB, KOTOPBIC
Ha3bIBAIOT BpEeMEHHBIMU omopamu [3]. BpemeHHbIe
OTIOpPBI MOTYT OCTaBaThCS BILIOTH A0 MOJHOTO 3aBEp-
IIEHUS] MOHTa)kKa KaK KYyTOJFHOTO MOKPBITHS, TaK U
BCEX KOHCTPYKIUH MEXTy MOCTOSHHBIMH OTOPaMu
(cTeHOBOTO Kapkaca). DTO XapaKTepHO I Iporiecca
BO3BEJICHUS KapKacoB BCEX OOJIBIIECTIPOIETHBIX MeTal-
JIMYECKHUX KYTIOJIOB.

KymnonpHble kapKachl B poIiecce BO3BEACHUS
coOmparoTcs M3 O0OJBIIOr0 KOJTHWYECTBA DJIEMEH-
TOB, TO-Pa3HOMY OPUEHTUPOBAHHBIX B MPOCTPAHCTBE,
a Tak)Ke 3a4acTyI0 UMEIOIINUX pa3HOe KOHCTPYKTHUB-
HOE pelIeHne (MM morepeynoe ceueHne). KoHerpyk-
THBHAsI CIIO)KHOCTh KYTIOJNBHBIX KapKacoB U CIIOCO0
WX BO3BEICHHUS BO MHOTOM 3aBHCAT OT T€OMETpHUe-
CKOMl CXEMBI MX CTEPKHEBBIX CHCTEM, pPa3MepoB
MPOJIETa ¥ BBICOTHI.

Kapxkacel MeTaimmuecknx KymoJIoB 10 TeOMeTpH-
YeCKOil cXeMe MOTYT OBbITh PeOpPHCTBIMH, peOpHCTO-
KOJIBIIEBBIMU ¥ ceTdatbiMu [4]. PebGpucTthie Kymona
COCTOSIT M3 MEPUIHOHAIBHBIX pedep, YCTaHOBIEHHBIX
Ha ONOpHOE (HIDKHEE) KOJIBII0 U 00BbEIMHEHHBIX B BEp-
IIMHE COSIMHAUTEHHBIM (BEPXHIM) KOJIBIIOM (puc. 1, a).
B peOprcTO-KONBIEBBIX KYMOJNAaX MEXITy HIKHAM U
BEpXHHUM KOJIBIIAMH MEpUANOHANBHBIE peOpa OmosChI-
BalOTCS PETyJSIPHO YCTAHOBJICHHBIMH MPOMEKYTOUHBI-
MU KoJnbliamu (puc. 1, 6). biaromaps um s¢dexr mpo-
CTPaHCTBEHHON COBMECTHOW PabOTHI AIIEMEHTOB Kap-
Kaca Bo3pacTaeT. B 4eThIpex 0ceCHMMETPUYHBIX CEK-
TOpax 3TUX KYIOJOB BO BCEX YETHIPEXYTOIbHBIX
s4eiikax, 00pa30BaHHBIX peOpaMu U MPOMEKYTOUYHBI-
MH KOJbIIaMHU (WM KPOBEIBHBIMH TIPOTOHAMH), yCTa-
HaBJIMBAIOTCS CBA3M KPECTOBOro BHa. biaronaps stum
CBSI35IM B KYTOJBHBIX KapKacax MOBBIMIAETCS IPO-
CTPaHCTBEHHAsI )KECTKOCTh M COIPOTHUBIISIEMOCTh H3-
THOHO-KPYTHJIFHOMY BUYy Je(opMaluy OT BHEITHHUX
Harpys3ox.

Ecnu xpecToBBIE CBSI3U, KOTOpPHIE paboTaloOT Ha
pacTsiKeHHe, YCTaHOBJICHBI B KaXKIOW YeThIPEXyToilhb-
HOW sUelike Kapkaca peOpHCTO-KOJIBIIEBOTO KYIIOJIA,
TO Takas TeOMEeTpUYEcKas cXxeMa Ha3bIBaeTCs KYIIO-
nom IlIBemnepa (puc. 1, 6). [lockonbKy BeCh KyIOIb-
HBIIl KapKac COCTOHUT U3 TPEYTOJIbHBIX SYEEK, OH CTa-
HOBUTCSI HEU3MEHSEMBIM B CBOEH COOCTBEHHOW yc-
JIOBHOHM 00O0JIOYKE, YTO MPHIAET KYIMOJy IMOBBIIICH-
HYIO TIPOCTPAHCTBEHHYIO KECTKOCTb.

Kapxkacpel ceTdaThIX MO0 T€OMETPHUYECKOH CXeme
KyTOJIOB Pa30MBarOT COOCTBEHHYIO YCIIOBHYIO 000-
JIOUKY Ha TPEYTOJIbHBIC STYEUKH, YTO 00CCIIeUnBACT
TeOMETPUYECKYIO0 HEM3MEHAEMOCTh 00pa3yeMoil MU
MIPOCTPAHCTBEHHON CTEP’KHEBOM CUCTEMBL. B oTinmuune
ot xynona [1IBemnepa B Takux Kapkacax HET CIEIH-
ANBHBIX CTepXHEH, paboTaloMMX TOJIBKO HA pPacTs-
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JeHre. B ceTdaThIX Kapkacax, B OTJIMYKE OT MPebl-
OYUIUX, pa3Mephl SUeeK B BEPIIMHE U Y OCHOBAHHUS
KYIOJIOB HE3HAUHUTENIFHO OTJIMYAIOTCS IPYT OT ApYyTa.
Ilo npuHIAITY TE€OMETPUIECKOTO TOCTPOEHUSI KapKa-
Chl CETYATBIX METAJUIMYECKHX KYIOJOB pPa3leIsOT
Ha 0CECUMMETPHYHBIE U T€0JIC3UUECKUE.

B ocecuMMeTpHUHBIX CeTyYaThIX KyIIOJIaX I'eo-
MeTpHUYecKas CXxeMa KapKacoB XapaKTepu3yeTcsl Mo-
BTOPSAEMOCTBIO SIBHBIX (Kak Kymon LlIBemnepa) niu
YCIIOBHBIX CEKTOPOB M A4YCHKaMH pa3HBIX pa3MepoB
OT KOHTypa K cepeaune. Hanbonpiuee pacrnpoctpa-
HEHHUE CPEIH CETUATBIX OCECUMMETPUYHBIX KYTIOJIb-
HBIX KapKacoB MOJIy4MJIH 3Be314aThiil (cxembl DEmn-
s — puC. 1, 2) U CEKTOPHAIIBHO-CETYATHIN (CXeMBI
UusutTa — puc. 1, 0), UMEIOIIHE BEIPAKEHHBIE KOIb-
LIEBBIE DJIEMEHTBHI.

I'eomeTprueckue cxeMbl KapKkacoB re0Ie3NIECKHUX
KYIOJIOB IOJy4aroT U3 BIMCAHHBIX B cepy MHOTO-
TPaHHUKOB C MPaBUIBHBIMU TPEYTOIbHUKAMH, TISITH-
YTOJIbBHUKaMU W IIECTHyrolbHUKaMu (cxema Dyi-
nepa — puc. 1, e). BepmuHs MHOTOTPaHHUKOB U
CIIpOELMPOBaHHbIC Ha cdepy LEHTPHl I'paHell co-
SAMHSIOT IyraMy OOJIBLIOTO KpyTra WM reofe3nye-
CKUMHU JIMHUSIMH, MOJy4Yask CETKy C TPEYTroJIbHBIMHU
s;ueiikaMu. TakuMu ke JyraMH COSIUHSIOT Cepeiy-
HBI CTOPOH TPEYTOJIBHBIX STUEEK.

CoznaroTcst 1 KOMOMHUPOBAaHHBIE T€OMETpUYE-
CKHE CXEMBI KapKacoB. B peOpHCTO-KOJIBLEBBIX Ky-
[ojlax KOJMYECTBO pedep MOXKET yMEHbIIAThCA B
BEpPXHEH YacTH KyIIOJla WM 4YepeloBaTbed IO spy-
caMm peOpucTO-KoJbLEeBas cxema co cxemoil LlIBen-
nepa. PeOpucTO-KOIbIIEBOM KapKac KyIoyia MOXET
TaKXKE€ COYETAaThbCsA C CEeTYAThIM KymojoM. Bozmoxk-
HO TaKXe MPUMEHEHUE PA3JINYHBIX T€OMETPHUECKUX
CXEM IOCTPOEHUS OCECHMMETPHUYHBIX CETYATBIX
KYIIOJIOB B HWKHEW 4acTU U Y BEPIUIUHBI, U3MEHEHNE
KOJIBLIEBOM PETYNSPHOCTH SUYEEK CEeTYaThIX KYIOJIOB
IO BBICOTE, a TAKXKE TEOMETPHUECKON (HOPMBI sTIeeK
Yy OCHOBAHHS U BEPUINHEI.

Kapxkacbl 04MHAaKOBBIX T€OMETPUIECKUX CXEM
PEOPHUCTO-KOMBLEBBIX U CETYATHIX KYIOJIOB MOTYT
OTJINYAThCS APYT OT Apyra KOHCTPYKTHBHBIMH pellle-
HUAMH. Haunbonee BakKHBIM M3 HUX SIBIISIETCS KOJIMYe-
CTBO 10sIcOB. [10 3TOMYy KOHCTPYKTUBHOMY IpH3HAa-
Ky KYIIOJIa MOTYT OBITh OJHOIOSICHBIMH U JBYXIIO-
SICHBIMH, €CJTH PEUb HIIET O PEOPUCTHIX U peOPHUCTO-
KOJIBLIEBBIX KYNOJIaX, 1 OMHOCETYATEIMHU M ABYXCET-
YaTBIMH, €CJIM OIHUCHIBAIOTCS CeTdaThle KyIoJa.
Crep:KHEBBIC 3JIEMEHTHl OAHOIMOSICHBIX PEOPUCTHIX
1 peOpUCTO-KOJIBLEBBIX KYTIOJIOB, TaK K€ Kak M OJI-
HOCETUYATHIX KYMOJBHBIX KapKacoB, paboOTarT B OC-
HOBHOM Ha C)KaTue ¢ M3ruOOM B HOPMaJIbHOM IO
OTHOLICHHUIO K CBOEH YCIOBHOW 000JIOUYKE Hampas-
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neHud. [loaToMy ceueHus IMeMEHTOB UX KapKacoB
OOBIYHO HA3HAYAIOT JBYTABPOBBIMH. DJIEMEHTHI Kap-
KacoB JBYXIOACHBIX PeOPHCTBIX U PEeOPUCTO-KOIb-
LEBBIX KYIOJIOB POEKTUPYIOT PEIIETIYATbIMY, B BUJIE
(bepM C mapaIeTHbBIMU MOSCaMH, CTEPKHH KOTOPBIX
pabotatoT Ha npononbHbIe ycunus. 1o 1ol mpuunHe
UX Ha3HayaloT U3 MPOKATHOTO MPOQHIBHOTO Me-
Tajula — IapHbIX YTOJIKOB, TPYO, HIBEJUIEPOB U Jp.

B nByxceT4aTsIx KyMOJBHBIX KapKacax MOsICHbIE
CTEPKHH MOTYT OBITh PacHoyIOKEHbI HEMTOCPEICTBEH-
HO YT Haja OpyroM WM CO CMELICHHEM Ha II0JIO-

BHHY S4YeWKM ceTKH. B mepBom ciydae nByxcerda-
TBI KapKac KyIoJOB OyJeT aHaJOrM4eH OJHOCeTYa-
TOMY, B KOTOPOM 3JIEMEHTBI KapKaca INPOEKTUPYIOT
B BHJE (hepM C MapauieTbHBIMU MOSICAMH M TPEYTOJIb-
HOU pemieTkoil. Bo BTOpoM cilydyae IByXcCeTudaThlil
KapKac KyIoJjia CTAHOBHUTCS ITIOXOXHM Ha CTPYKTYp-
HbI€ KOHCTPYKLIUHU C TPEyToJbHBIMU sueiikamu. O0a
BapHaHTa JIByXCETYaThIX KYIOJIbHBIX KapKacoB Mpe.-
CTaBJISIFOT COOOH MHOT'OCBSI3HBIC ITPOCTPAHCTBEHHBIE
CTEep’KHEBBIE CUCTEMBI, U MPOEKTUPYIOT UX B OCHOB-
HOM U3 TpYO.

Puc. 1. 'eomeTpuyeckne cxeMbl KAPKACOB MeTALNINYECKUX KYIOJIOB:
a — peOpHCTBII KyIoi;, 6 — peOpUCTO-KOJIBbLIEBOH KyIoJ; 6 — Kynou LlIBemiepa;
2 — 3Be3YaThlil KYIOJI; 0 — CEKTOPUAIbHO-CETYATHIN KYIIOJ, € — Fe0IC3MICCKHUI KYIIOJI
[Figure 1. Geometrical schemes of frames of metal domes:
a —ribbed dome; 6 — ribbed-rings dome; ¢ — Schwedler dome;
2 — star-lattice dome; 0 — sectoral-lattice dome; e — geodesic dome]

Borpliioe 3Ha4YeHHE IS KOHCTPYHPOBAHMUS M pac-
YeTa UMEET CIoCO0 COTIPSDKEHUS CTEP)KHEBBIX JJIEMEH-
TOB KYTIOJIGHBIX KapKacoB MeXIy co0oit. CrepikHeBas
cHcTeMa B OJIHOTOSICHBIX PEeOpPUCTO-KOJBIIEBBIX H
OJTHOCETYATHIX KYTOJNaX JUIsl COXPAHCHUS TeOMeTpHYe-
CKOM HEM3MEHSEMOCTH M MPOCTPAHCTBEHHOM JKECTKO-
CTU JTOJDKHA UMETh B HOPMAJBHOM K YCJIOBHOU 000-
JIOUKE HATIPABJICHUH KECTKUE Y3TOBbIC COMPSKCHUS.
B T0 e BpeMsl B IUTOCKOCTSIX CBOMX sYeeK (KacaTellb-
HBIX K YCJIOBHOM OOOJIOUKE) COSIMUHEHUS CTEP)KHEH B
OJTHOCETYATHIX KYIOJIaX MOTYT OBITh BBITIOHEHBI IIap-
HHUPHBIMU. B peOpHCTO-KONBIEBBIX KyTOJIaX B Kaca-
TENBHBIX TJIOCKOCTSAX MPUMEHSIOT MPUMBIKAIOIINE
IapHUPBL 1711 KOJIBIEBBIX CTep)KHeﬁ " B COIIPSKCHUN

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

MEPUIUOHATTBHBIX pebep ¢ OMIOPHBIM M BEPXHUM KOJIb-
aMu. B IBYXHOSICHBIX peOpHCTO-KOJBLEBBIX KyIoiax
AJIEMEHTHI KapKaca IMPeJCTaBISIFOT COOOW TUIOCKHE
(dbepMbI, T.e. TEOMETPUYCCKH HEU3MEHSEMbIC KOH-
CTPYKIIMM B HOPMAITBHBIX TUIOCKOCTSX. Benencrue
Yero COSMHECHHE CTePKHEH B HUX BBIMONHSIIOT IIap-
HUPHBIMU. B KacaTebHBIX K KyMOJIbHON 000JI0UKe Ha-
MPABJICHUSIX MX TAKXKE JICNAIOT [IIaPHUPHBIMU. B 1BYX-
CeTYaThIX KYIOJIaX OOpa3yrTCs peuieT4aThie 00heM-
HbIe (DepPMBI B K&KIOM TIOBTOPSOIIEMCS 110 BCel 000-
Jo4Ke parMenTe kapkaca. [1o3ToMmy ¥ B HOpMaILHOM
K YCJIOBHOI 00O0JIOYKE KYIOJIa HAIPaBICHUH, U B Ka-
caTeNbHBIX HAMPABJICHUSIX COMPSDKCHHS CTEPIKHEH BbI-
TIOJIHAIOTCS IIApHUPHBIMU.
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XapakTep MOHTa)ka KOHCTPYKLMIA OONBILICTPOIIET-
HBIX METAJTIMYECKHUX KYIIOJOB 3aBHUCUT OT KOHCTPYK-
THBHOT'O PEILECHNS U Cr1oco0a BO3BEACHMUS NX KapPKACOB.
Crioco6® BO3BENIEHUsI METAUIMYECKUX KYIOJIOB BBIOHU-
paeTcst UCXOsl U3 pa3MEpOB KOHCTPYKTUBHBIX YacTed
KapKacoB MJIM UX OTAEIBHBIX 3JIEMEHTOB U UX CIIOCO0-
HOCTH BOCIIPUHUMATbh MOHTAKHBIC HArpy3KH. YYuTHI-
BAIOTCSI TAK)KE€ BO3MOYKHOCTH MPUMEHSIEMBIX MOABEM-
HO-TPAHCIOPTHBIX MAIllMH WM 3aMEHSIOIINX HX Me-
XaHU3MOB. 3-3a TOro, 4TO KYTIOJIbHBIC KapKacChl B 1€~
JIOM SIBJISIFOTCS. MHOTOCBSI3HBIMH ITPOCTPaHCTBEHHBIMU
CTEPKHEBBIMU CHCTEMaMH, X BO3BEICHHE MPEACTAB-
JISIeT cOO00M TEXHUYECKU CIIOKHYIO 3amady. Heob6xo-
MO YK€ B IIpoIlecce MPOCKTHPOBAHUS BHIOPATH
croco0 BO3BeIeHUs, pa3paboTaTh CXeMy IOCIEA0Ba-
TEJIBHOCTH MOHTaXa KOHCTPYKLIMH, 110 BO3MOKHOCTH
UCIIONB30BaTh YKPYITHUTENBHYIO COOpPKY Ha 3eMIle H
Ha3HAYUTH BHJ CONPSDKEHMS OTIETBHBIX 3JIEMEHTOB
KapKkaca MeKIy cOOOH.

[ockonbKy KynonbHbIE KapKachl (popMHPYIOTCS
MIOCTENICHHO, a pealbHble KOHCTPYKIMU B OOJIbIIE-
HPOJIETHBIX METAUIMYECKUX KYyIOJax 00JagaroT 3Ha-
YUTENHLHBIM COOCTBEHHBIM BECOM, BO3HHKAeT HEOOXO-
JUMOCTb UX OTHOCHUTCIIBHO AOJITOBPEMEHHOI'O (bI/IK-
CHPOBaHMS B NIPOCTPAHCTBE. DTO JIOCTUIAETCS TEM,
YTO B MpoLEcce BO3BEACHUS KYIMOJIOB OTACIbHBIC UX
KOHCTPYKIUH WM (PparMeHThl KapKacoB yCTaHABIIH-
BAlOTCSl Ha BPEMEHHBIE ONOPHI WM MPUKPEILIAIOTCS
K paHee CMOHTHPOBAaHHOW YacTu Kynona. U B onHOM,
U B JPYIroM Ciiy4dasixX MOHTaXHas pacCy€THasd CXeMa
PaboThl KOHCTPYKUMH MM (PParMEHTOB KyNOJbHBIX
KapKacoB OTJIMYaeTcsi OT pabOTHl B COCTaBe IMOJHO-
CTBIO CMOHTHUPOBAaHHOTO KapKaca MPOeKTHOH pacuer-
HOI cxembl. [ToaToMy B mpoliecce BO3BEACHUS KyIIO-
JIOB B MX KOHCTPYKTHBHBIX 3JIEMEHTaX BO3HHMKAIOT
MOHTaXHbIC BHYTPECHHUC YCUIIWA, OTJINYAIOIIHUECA OT
YCHWIMH B 3JIEMEHTaX KapKacoB IPOEKTHBIX CXEM.
MoHTaXHBIE yCHUIIUS B DIIEMEHTaX Kapkaca He TOJb-
KO TIPH Pa3HBIX CIOCO0aX BO3BEICHHS KYIOJOB,
HO U Ha Pa3HbIX €ro CTaAMAX OTIMYAIOTCS APYT OT
npyra. [Ipu 3TOM 3HauMTENBbHOE BIMSHUE HA BETMYH-
HBI U XapakTep 3TUX YCHJIHH OKa3bIBaeT KaK CIoOco0
BO3BE/ICHUS KYIIOJIBHOTO KapKaca, TaKk ¥ BUJ MOHTaX-
HBIX COTIPSDKEHUH €ro 3JIEMEHTOB.

BozBenenne OONBIIETPOSICTHRIX METALTHYCCKIX
KyTIOJIOB BBINOJIHSACTCS] OHUM U3 CIEIYIOIIUX CIIOCO-
00B [3—5]: ¢ BpeMEHHOH LIEHTPaNIbHOH OMOPOH, IIeH-
TPAJILHOM M HECKOJIbKUMHM ITPOMEXKYTOUHBIMU BPEMEH-
HBIMH OIIOPaMH, CO CIUIOIIHBIX CTPOUTEIbHBIX JIECOB,
cOopka Ha 3emJie ¢ TOCIEeIYIOUIUM MOIbEMOM, MOH-
Ta)k HABECHBIM CIIOCOOOM M KOMOWHHMPOBAHHBIN MOH-
TaX. BpeMeHHas neHTpajbHas OIopa yCTaHaBIIMBa-
€TCsl Ha OCH BpalleHus 00pa3yIolel KynoinbsHOi 000-
JIOYKH TIOJ] BEPXHUM KOJIBIIOM PEOPUCTO-KOIBLIEBOTO
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KyToJia Uy aHAJIOTUYHON €My CTep>KHEBOM yacTu
ceTyaToro kynoiua. [Ipu MoHTaxke ¢ HECKOIbKUMHU
POMEXYTOYHBIMH BPEMEHHBIMHU OTIOPaMH Ha PaBHOM
PACCTOSTHUH OT IICHTPAILHOM (IT0 OKPYKHOCTH) yCTa-
HaBJIMUBAIOT elle pan onop [6]. Takux psaoB MOXKET
OBITH HECKOJIBKO, a UX Pa30MBOYHBIE OCH HAIlOMU-
HAIOT KOHIICHTPHYECKHE OKPY>KHOCTH BOKPYT II€H-
TpanbHOU omopsl. Ecim kapkac cobupaercst Ha 3eM-
jie, TO MOJHUMAIOT €ro Ha MPOEKTHYIO BBICOTY IPH
MTOMOIIY TTIOIHEMHBIX KPAHOB WJIH CIIEIUAIBHBIX Me-
XaHU3MOB (J1€0€lI0K), MPUKPEIUICHHBIX K OMOPHOMY
KOHTYpY ¥ pabOTaloMX CUHXPOHHO. [Ipn HaBeCHOM
MOHTa)X€ OTIENbHBIE (PparMEHTHI CTEP)KHEBOTO KYy-
MTOJILHOTO KapKaca pa3MepoM C OJIHY HITH HECKOJIBKO
sTYEeK CeTKH YCTaHABJIMBAIOTCS MOCIEOBATEIBHO IO
BEpXHEW TpaHMIle YaCTH BO3BEAEHHOTO KYIOJIHHO-
ro kapkaca. HempeMeHHBIM yCIIOBHEM HABECHOTO
MOHTaXa SIBJISICTCS 3aMKHYTOCTh KOHTYpa Kapkaca B
poriecce BO3BEACHUS KyIIoa.

[Tpu mobom criocoOe Bo3BeeHHS KYIIojia COOH-
paroTcs U3 OTAENBHBIX KOHCTPYKIUH WM U3 MOH-
Ta@XHBIX YacTel KapKacoB Pa3HOM CTEMEHU YKpYyITHe-
Hus. VX Hajo Mo HUMATh, IepeMelaTh B IPOCTPaH-
CTBE M YCTaHABIMBATh B IIPOEKTHOE MoJioxkenue. [Ipu
MOHTa)k€ OOJIBIIIENPOIETHBIX METAJUTMUECKUX KYTIOIOB
KaK OTAEIbHBIMU KOHCTPYKIIUSIMHU, TaK U (hparMeHTa-
MH KapKacoB MPUMEHSIOTCS OallleHHBIC MOIbEMHEIC
KpaHsbl, MEPEBUTAIOIINECS IO PEITbCaM, H CaMOXO/-
HBIE CTPEJIOBBIE KPaHbI Ha TYCEHMYHOM HITH KOJIECHOM
xomy [3; 5; 7]. BeicoTta 6ameHHOTO KpaHa WU JTHHA
CTpEeINBl TYCEHHYHOTO, KaK M UX TPYy30MOIBEeMHOCTB,
3aBHCAT OT Pa3MEpPOB KYIIOJIOB U CTETIEHH YKPYITHE-
HUS MOHTaXHBIX ()parMeHToB Kapkaca. B cmyuae
NPUMEHEHUs BPEMEHHOW IEHTPAJIbHON OMOpHI Ha
Hell MOXeT OBITh YCTaHOBJICHA TOBOPOTHASI CTpelia
GarleHHOro KpaHa WM MoBOpOTHas |-o0pa3Hast 4acTh
KO3JI0BOTO KpaHa.

00630p

C BpeMeHHOI1 LIeHTpaIbHOM OMOpoii BO3BOHIIACH
apeHa «Komuzeit» B [llapmorre (CILIA, 1955 1.). Ilo-
KpbiTHeM «Komm3zes» ciy>XUT 0AHOMOSCHON peOpHcTo-
KOJbIIeBOM Kymon mposietoM 100 M u BEICOTOM
16,4 M [8]. 'uOKme KpecToBbIEe CBA3M YCTAaHABIMBAUCH
B K&)KJOH siYeiiKe, 4TO JeNaeT ero OJM3KUM K KyTOIy
[IBennepa. MepuaroHaabHBIE pedpa U3 IBYTaBPOB
MIPH MOHTKE YCTaHABJIMBAJIMCH HA OMIOPHOE KOJIBLIO 1O
BEpXy BBICOKMX, HaKJIOHEHHBIX Hapy>Ky KOJOHH M Ha
peIeTyaTyro Madry B IeHTpe (puc. 2). O4eBUIHO, YTO
IPH BO3BENICHHH Kapkaca pedpa paboTanu Kak JByTaB-
POBBIE apKH C ONIOPaMH Ha Pa3HbIX IO BBICOTE YPOBHSIX.

C BpeMeHHOH IEHTPATLHON OITOPOH BO3BOAMIIACH
u «Apena-Cesep» B Kpacnosipcke (2011 1.). [Tokpsi-
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THEM apeHbI CIYKHUT ABYXIIOSICHON pEeOPHUCTHINA KyIIOJ
nponeroM 80 M [9]. MepunroHansHbIe pedpa Kymona
BBITIOJTHEHBI U3 TUIOCKUX PEIIeTYaThIX MOIyapoK B BUE
dbepM ¢ mapaeNnbHBIMH TTosicaMu (00IIIETro JIOMaHo-
TO OUepTaHWs) U TPEYroibHOU pemerkoi. [lomyapku
nomnapHo (depe3 ceKTop) 00beAMHEHBI MEXKITY COOOM
HIOJTyPACKOCHBIMH CBSI3SMH B YPOBHSIX IIOSICOB I10 BCEil
BeIcOTEe Kymoisa. Kapkac kymona omupaercst Ha Me-
TaJUTMIECKUE KOJIOHHBI (pHC. 3), KOTOPHIC B OTOJIOB-
Kax OIOSICaHbl ONIOPHBIM KOJIBLIOM CIUIOIIHOTIO Ceye-
Hus. IIpu Bo3BeneHun Kapkaca pebpa paboTainu Kak
peuierdaTble MPOCTPAHCTBEHHBIE apKU C ONOPaMH B
Pa3HBIX yPOBHSIX.

C 1eHTpanbHOM U HECKOJILKUMHE PSaMU BOKPYT
HEe BPEMEHHBIX OMOpP BO3BOIAMWJICS CTAaJUOH IS
OeiicOona U amepukaHckoro (yrdona «AcTpogom»
(Astrodome) B Xproctone (CLIA, 1965 r.). [TokpsI-
THEM «ACTPOJOMay» CIYKUT JIBYXIIOSICHOHM Kapkac
CEKTOPHAIBbHO-CETYaToOro Kymosa (cxema YuBuTTa)
mpojieToM 196 M u BeIcoTOM 28,4 M [4; 10]. Kymon
YCTAaHOBJICH Ha BBICOKHE BEPTHUKAIbHBIC MapHBIC
KOJIOHHBI (puc. 4). Kaxaplii U3 371eMEHTOB ABYXCET-

4aToro KymoJIbHOTO KapKaca BBITIONIHCH B BUJE (ep-
MBI C TapaJUIeTbHBIMU TOSICAMH U TPEYTOIBLHOU pe-
meTkol. BpemMeHHble onophl B BUJE pelieT4aThiX
OallicH yCTaHaBIIMBAIKNCH MO y3JIaMU HAa TPaHHIIAX
CEKTOPOB M MEXJy HUMH 10 JABYM KOHIICHTpHYE-
CKHUM OKPYKHOCTSAM-psifaM u B 1ieHTpe. [Ipu Bo3Be-
ACHUU KapKaca KyIiojia OTACJIbHBIC 3JICMCHTBI MC-
PUAMOHAILHOTO HANpaBJICHUs pabOTaId KaK IMOJIO-
rHe apKy C OTIOpPaMHU Ha Pa3HBIX YPOBHSX, a KOJbIIe-
BbI€ JIEMEHTHI PadoTaIH 10 0ATOYHOI cxeme.

C UeHTpaTbHOM U HECKOJIBKUMU PSIaMH BPEMEH-
HBIX OTIOP BOKPYT HE€ BO3BOIUIICA M CTAJHOH JIISI
amepukanckoro ¢yroona «Cymepmom» (Superdome)
B HoBom Opneane (CLIA, 1975 r.). [TokpsiTHeM
«CymnepmomMay Takke CIYKUT ABYXIOSICHOW KapKac
CEKTOPHATBHO-CETIATOTO Kymona (cxema YwmBuTTa)
mposieroM 207 M u BeicoToit 32,2 M [11]. Kymon
YCTAaHOBJICH Ha BBICOKUE, U30THYTHIC, KaK OyMepaHr,
KOJIOHHBI, TTOJICP’KHBAaeMbIe KOHCTPYKIHSMH TPHOYH.
ITo reomeTpuueckoii cxeme, KOHCTPYKTUBHOMY pellie-
HUIO U CIIOCO0Y BO3BEICHUS 3TOT KYTMOJILHBIN KapKac
aHaJIOTHYeH «ACTpPOJIOMY» B XBIOCTOHE.

iy

Puc. 2. MonTax kynoJya «Koauzes» B Illapaorre
[Figure 2. Installation of the Coliseum in Charlotte]
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Puc. 3. MonTax kynoJja «Apena-Cesep» B KpacHosipcke
[Figure 3. Installation of the Arena-Sever dome in Krasnoyarsk]

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW
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C ucnonp3oBaHHEM KOMOUHAIIUHN CTPOUTEIBHBIX
JIECOB W LIEHTPaJIbHON OMOPHI BO3BEAECH TOPTOBO-
pasBiekatenbHbIi 1eHTp «[modan Cutu» B Mockse
(2007 r.). [lokpeiTHEM OCHOBHOI YacTH IIEHTpa CIy-
JKUT OJHOTIOSICHOM KapKac CEeKTOPHAaIbHO-CEeTYaTOro
kynona (cxema Yusurra) npoaerom 60 m [12]. Ky-
MOJILHBIN KapKac OMHUpacTcs Ha MPOCTPaHCTBECHHOE
pelieTdaToe KOJBI0 (geTLIpexyroanoro CKBO3HOTO
CCUCHMSI), YCTAHOBJICHHOE HA BBICOKHE DPEIIeTYATHIC
KOJIOHHKI (puc. 5). Bce cTep)kKHEBBbIC 3JIEMEHTHI BbI-
MOJTHEHBI U3 Tpy0. CHavana ¢ WCIob30BaHUEM Bpe-
MEHHOH IEHTPaJbHON peIIeTyaToll ONMOPHI B BHUJEC
OalrHu ycTaHABIUBAIUCH pedpa KyIoJia Ha TpaHuIax
CEKTOPOB, a OCTAJIbHEIE AIEMEHTH MOHTHPOBAIUCh
CO CTPOUTEIBHBIX JIECOB. PeOpa Ha rpaHuIax CEKTO-

POB paboTanu Kak apKy ¢ OIOpaMH Ha pa3HbIX YPOB-
Hix. CTep)KHU B Ipejeniax KaxIoro cekTopa pabo-
TaJM Kak OAJIKK ¢ ONIOpaMH B y3J1ax.

COopKoif KyHoJIbHOTO KapKaca Ha 3eMJie C I0-
CIIEAYIOUIMM OABEMOM €TI0 Ha MPOEKTHYIO BBICOTY
MIPOU3BOIMIIOCH BO3BEICHUE TTOKPBITUS AIIEKTPOIETIO
MoOCKOBCKOI MOHOPEIBCOBOW TPAHCIOPTHOW CHUCTE-
Ml (2004 t.). [lokpeiTHEM TpaHCOOpAEpa IEKTPO-
JIENIO CITY>KUT OAHOMOSICHOM CETYaThlid KYTIOJ TpoJie-
ToM 46 M u BbIicoTol 8 M [13; 14]. Kymon BbinosHeH
0 3BE3I4aTON CXeMEe C U3MEHEHUEM PETYJISIPHOCTU B
BepxHel yact. Kapkac kyrnona coOupaicst Ha 3emiie
U3 IBYTaBPOB, a 3aTeM MOJHUMAJICS MPHU ITOMOIH Jie-
00K, 3aKpeIUIEHHBIX Ha OMIOPHOM KOHTYpPE, YCTaHOB-
JICHHOM Ha METaJUIMUECKHE KOJIOHHBI (pHC. 6).

Puc. 4. MoHTa:K KynoJia cTaJHOHA «ACTPOIoM» B XbIOCTOHE
[Figure 4. Installation of the Astrodome Stadium dome in Houston]
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Puc. 5. Monrax kynosa TPI «I'1o6an Cutu» B MockBe
[Figure 5. Installation of the dome of the Global City Shopping Mall in Moscow]
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B nponecce noasemMa kapkaca Kynoja 3JIEKTpo-
JIENOo XapakTep ero paboTsl OB B ONpeneleHHOM
CTENCHN AHAJIOTMYEH NMPOEKTHON CXEME, TOJIBKO OIIO0-
POM CIy>KWJI JIMIIb Ka)X[bIii BTOPOM y3€ll KOHTypa
(TTOJTIOBMHA OT MMPOEKTHOM CXEMBI).

P
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Puc. 6. MoHTa) KyNoJia 3JIeKTPoIeno
MocCKOBCKOH MOHOPE/IbCOBOI TPAHCIIOPTHOI CHCTEMbI
[Figure 6. Installation of the Depot dome
Moscow monorail transport system|

MoHTax KyHOJbHOI'O KapKaca HaBECHBIM CIIO-
co0OM TPUMEHSUICS IJIsi aMEPHUKAHCKOTO TTaBUIIbOHA
«buocdepa» (cetiuac — Kananckuit Mmy3eit BOIHBIX

skocucteM) B Monpeane (Kanana, 1967 r.), xoto-
PBIH CTaN 3HAMEHUTON JAOCTONPHUMEUYATENHHOCTHIO.
ITaBuibon 3anpoektrpoBad P.b. dynnepom kak reo-
Je3MYECKHUI KYIION B BUJE YCEUEHHOH cephl IBYX-
CETYATOro BUAA AUaMETPoM 76 M U BBICOTOH 62 M
[15; 16] (puc. 7). CeTka Kapkaca CHapyXH KyIojia
HMEET TPEYTOJIbHbIC SUYCHKH, a BHYTPU — IIECTH-
yroyibHbie. Bce cTepKHU KyIoja BBIIIOJHEHBI U3
TpyO. P.b. dymnepom paspaboraHo GONBIIOE KOIH-
YEeCTBO Ie0/Ie3NYECKUX CETYATHIX KYIIOJIOB aHaJo-
TUYHOTO BHJIA U APYTUX THUIOB, BKIIOYAIOIIMX TO-
JIOTHE KYTIOJNA.

HaBecHolt MOHTaX MOHpPEAJIbCKOIo KyIoJja He
IpeaycMaTpuBal HCHOIb30BaHHUSI BPEMEHHBIX OTIOp
Y TIPOU3BOIMIICS CTEPKHEBBIMU (hparMeHTaMH pasz-
MEpOM 0 ABYX IIECTHYTOJBHBIX f4YeeK (BHYTPEH-
Helt cetku). [1ogoOHBIM 00pa3oM OCYIIECTBIISIOCH
PaBHOMEpPHOE HapalluBaHUE KYIOJIBHOIO KapKaca Io
BceMy KOHTYpY. Takoi MOHTax IMPUBOAUT K HanOO-
Jiee CII0)KHOMY TIPOIIECCY IMPeoOpa3oBaHUsS CTEPK-
HEBOH MPOCTPAHCTBEHHOW CHCTEMBI KYMOJIBHOTO
Kapkaca OT OIIOPHOTO KOHTYpa 0 MOJHOU 3aBep-
MIEHHOCTH. B 3TOM mporecce BO3BENEHHS HEmpe-
PBIBHO MEHSIOTCS MOHTaXHBIE CXEMBI pPadOTHI
CTEP)KHEBOH CHCTEMBI, BOCIIPMHUMAIOIIE COOCTBEH-
HBI1 BeC.

Puc. 7. MonTa:x KynoJa napuwiboHna «buocpepa» P.b. ®ysiiepa B MonpeaJie
[Figure 7. Installation of the dome of the Biosphere pavilion by R.B. Fuller in Montreal]

HccaenoBanue

C 1enpio BBISICHEHHUS XapakTepa HanpsKeHHO-
Jne(OpMHUPOBAHHOTO COCTOSIHUSL M BETWYHH BHYT-
PEHHUX MOHTa)XHBIX YCHUIIUHA B CTEPKHAX MeETal-
JTUYECKUX KYMOIBHBIX KapKacoB aBTOPOM OBLTH

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

BBIMOJIHEHBI CHEIUANbHBIE KOMIIBIOTEPHBIE HCCTIE-
noBanus [17]. UccnegoBaHus mpoBOAMINCE HA KOM-
MBIOTEPHBIX MOJAEIIIX KYTOJBHBIX KapKacoB Kak IPO-
CTPAHCTBEHHBIX CTEP>KHEBBIX CHUCTEM B IPOrPaMMe
SCAD [18]. O0bexTamu viccTIeA0BaHMS CITYKUIIH OJHO-
TTOSICHBIE KapKachl peOpPHCTO-KOIBIICBOTO W CEKTOPH-
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aIbHO-CETYaToro KyIHoJioB, M300paskeHHBIE Ha pHcC. 8.
Kymnona cdepuyeckue, ¢ pagumycoM KpuBU3HE 30 M,
nposietom 48,2 M 1 BeicoToi 12,2 M. Bo Bcex y3max
KYIOJIbHBIX KapKacoB NMPUHSATHI KECTKHE COMpsIKe-
HUSL MEXIY CTEpKHSAMH. B peOprCTO-KOIBIIEBOM KY-
moJie peOpa Ha3HAYEHBI M3 CTATLHOTO aByTaBpa 351111,
KoJbpla — u3 aByTtaspa 231 1. B cetyaTom kymose
BCE 3JIEMEHTHl Ha3HAu€Hbl U3 CTAJBHOIO JBYTaBpa
201I1I1. Kapkachel KynoJioOB ONUPAIOTCA HA KOPOTKHE
CTOMKM M3 CTaJbHBIX TPYO Uepe3 IIapHUPHBIE CO-
MPSKEHUS.

Bruta paccMoTpena onperneneHHas MPOMEXKyTOU-
Hasl CTaJuA BO3BEJICHHS TIPH Pa3HBIX CIIOCOOaX MOH-
Taxa. J1s Kaxmoro u3 HUX co3AaBaliach OTJENbHAs
pacueTHast MoJieNlb (MOHTa)KHasl CXeMa) KyMoJIbHOTO
kapkaca [17]. JJns peOpHucTO-KOIBIIEBOTO KyITOJia
WCCIIEZIOBAHbI TPU CXEMBI MOHTaXKa: C LIEHTPaIbHOMN
U 3 psagamMu MPOMEXYTOUHBIX ONOp, HEHTPaIbHOMN
1 1 psiioM MPOMEXKYTOUHBIX OMOP, TOJIBKO C ICH-
TpasibHOU omopoit. [leHTpasibHas onmopa MoJaepKu-
BaeT YCUJIIEHHOE paJiMajIbHBIMU CTEP)KHAMHU BEpXHEe
KOJIBIIO, K KOTOPOMY KPEIsITCS MEepUIUOHAIbHBIC
pebpa. [y cekTopuaibHO-CeTIaToro KyIoja uccie-
JIOBAaHBI YETHIPE CXEMBI MOHTaXa: CO CIIJIOIIHBIMHU
JiecaMH, ¢ LEHTPaJIbHON U 3 paaaMu IpOMEKYTOU-
HBIX OTIOp, IIEHTPAJILHOW U | pAIoM TIPOMEKYTOUHBIX
Omop, TOJBKO C LEHTpaJIbHOM onopoil. I{eHTpanbHas
OTopa MOAJEPKUBAET BEPIIMHHBINA y3€l WM CTEPK-

HEBYIO YacTb BEPILHMHBI KYIOJIa, K KOTOPBIM KPEIISTCS
MOHTa)KHBIE JIEMEHTHI HJIM ()ParMEeHTHI CETIATOTrO
KyTIOJIa.

Bo Bcex MOHTaXHBIX cxeMax (MoIelsix) pedpH-
CTO-KOJIBLIEBOTO U CEKTOPHAIBHO-CETYATOrO KYIOJIOB
YCIIOBHO CYHTAJIOCh, YTO OTIEIbHBIE CTEPKHH H
(parMeHTHl KapKacoB B MECTE COIPSIKCHHUS C Bpe-
MEHHBIMU OTIOpaMH €llIe HEe COCIMHEHBI MEKAY CO-
0ot (puc. 9), HO yCTaHOBIICHBI Ha OIOPHI Oe3 BO3-
MOKHOCTH cMelleHHs. [103ToMy conpsiKeHUs] MOH-
Ta)KHBIX CTEP)KHEBBIX 3JIEMEHTOB M ()parMEeHTOB Kap-
KacoB JPYyT C JIPYrOM U C BPEMEHHBIMH OIOPaMHU
OPUHATH MAapHUPHBIMU. CONpSIKEHUS MOHTaX-
HBIX CTEPIKHEBBIX JIEMEHTOB M ()parMeHTOB Kap-
Kaca B MecTax NPUMBIKaHUS K BEPXHEMY KOJbBILY
WIM CTEP)KHEBOW YacTH BEPIIMHBI KYIIOJIa TaKKe
MPUHSTHI IAPHUPHBIMH.

HccnenoBanne nMpou3BOIMIOCH HA OCHOBE CTa-
THYECKOTO pacdyeTa KOMITBIOTEPHBIX MOZeNei Kap-
KAaCOB MPOEKTHOW M KaKIOW U3 MOHTaXHBIX CXEM
MPOMEKYTOYHOH CTaguM BO3BEIEHHUS KYIIOJIOB Ha
JeliCTBUE HArpy3KH TOJBKO OT COOCTBEHHOTO Beca
CTEp KHEBBIX JIEMEHTOB. PaccmarpuBanace Takas
CTaJI¥isl BO3BEACHUS KYIIOJIOB, KOT/Ia Ha TIOCTOSHHBIC
U BPEMEHHBIC ONOPHI YCTAaHOBJIEHBI CTEPKHEBBIC
YaCTH TPEX M3 IIECTH CEKTOPOB KYITOJBHBIX KapKa-
COB C KPYTOBBIMH NPOMEKYTKaMHU B OJMH CEKTOP
(puc. 10) [17].

Puc. 8. Uccienyemble KynoJbHble KAPKACHI:
a — peOPHCTO-KOJIBIIEBON KYIIOJ; 6 — CEKTOPHUAIbHO-CETYATHINH KYIIOJ
[Figure 8. Investigated dome frames:
a — the ribbed-rings dome; 6 — the sectoral-lattice dome]

B mporiecce nccnenoBaHus Kaxaoro KyHoJIbHOTO
Kapkaca OBUTH TIOJTyYeHBI HalpsDKEHHO-IeQOpMUPO-
BaHHBIC COCTOSIHUS BCEX MOHTQXXHBIX U MPOCKTHOU
CXEM, KOTOPbIC CPaBHUBAIUCH JPYT C APYroM. AHAIN3
HAIPSDKEHHBIX COCTOSIHUM 3THX KYTIOJbHBIX KapKacoB
TMIPOU3BOAUIICA 110 HOPMAaJIBHBIM HAIIPSKCHUAM B CCUEC-
HUSIX UX KOHCTPYKTHBHBIX JIEMEHTOB.

IIpu paboTe KyMONBEHBIX KapKacoB Ha COOCTBEH-
HBII BEC MX DJIEMEHTHI HAXOJATCS TOJ| NCHCTBUEM
MPONONBHOM cuibl ¢ u3rubom. [lpuyem momaBms-
rolee OOJBITMHCTBO CTEPIKHEBBIX JIEMEHTOB HC-
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MBITHIBAET COKMMAFOIIHNE TPOAOIBHBIE CHIIBI, KOTO-
pBIE€ U OTIPENENAIOT HECYIIYIO CIIOCOOHOCTH KYIIO-
noB. Ilpu nccrnemoBaHUy BBRIYUCISUTICH HOPMAIlb-
HbIe HAmpsKEHUSA B KaXKAOM i-OM 3JIEMEHTE IO

¢dopmyne
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B kauectBe Kputepus OLEHKH MPUHUMAIUCH Ha-
MPSHKEHUS B 3JIEMEHTAX CO CKUMAIOIIEH PO 10 IbHON
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CWJIOH CO CTOPOHBI CIKATHIX MOSCOB (MJIH CTOPOH Ce-
YeHWsI) JBYTaBPOBBIX AIIEMEHTOB KYIMOJIBHBIX KapKa-
coB. MckitoueHneM SIBISITUCH JIEMEHTHI C PaCTsITH-
BaloLIEH NPOJOJIbHON cuilol. B Tex ciydasx, koraa
CXKMMAOIIUE HANPSHKEHUS B CEYCHUH OT M3rudaro-
X MOMEHTOB B MOHTa)XHBEIX CXEMaX OKa3bIBAINCh
C TOM XK€ CTOPOHBI OT HEUTPAIBHOW OCH JABYTaBPO-

BOTO CTEP>KHS, YTO M B MPOEKTHBIX CXeMax, MpH
BBIYUCICHUU O; Hepel COOTBETCTBYIOLIMMH ciara-
€MBIMHU HCIIONIB30BANICS 3HAK «+», €CIIH JKe€ C TIPOTHU-
BOITOJIOXKHOW CTOPOHBI, TO 3HAK «—». AHAJIOTHYHOE
MPaBUWIO MPUMEHSUIOCH U IIPU BBIYUCICHUU PACTs-
THUBAIOIINX HAMPSHKEHUH.

L e
6 il

/ N A N

Puc. 9. MonTaKHbIe CXeMBbI KYNOJbHBIX KAPKACOB:
a — €O CIUIOLIHBIMU JIECaMH; 6 — C LIEHTPAIbHOM U 3 psiJaMu ITPOMEXYTOUYHBIX OIIOD;
6 — C IICHTPAJIBHOM U 1 PS/IOM MIPOMEKYTOUYHBIX OIIOP; 2 — C IEHTPAJILHOM ONOpOit
[Figure 9. Installation schemes of the dome frames:
a — with continuous scaffolding; 6 — with a central support and 3 rows of intermediate supports;
6— with a central and 1 row of intermediate supports; 2 — with a central support]

Puc. 10. CMOHTHPOBaHHbIE CEKTOPBI KYNOJIbHBIX KAPKACOB:
@ — peOPUCTO-KOJIBLIEBO# KyIOJ; 6 — CEKTOPUAIBHO-CETYATBIN KYIIO
[Figure 10. Assebled sectors of the dome frames:

a — the ribbed-rings dome; 6 — the sectoral-lattice dome]

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLN
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PesyabTarsl

B peOpucTO-KOMBIIEBOM KYIIOJIE CTEPIKHEBBIC
3NIEMEHTHI KapKaca IpHHaIekat oo pedpam, oo
KOJIBLIaM Kapkaca. B cexTopHaibHO-CeT4aToM Kyriole
CTEepyKHEBBIE IEMEHTHI PACIIONIOKEHBI 110 JIMHUSAM Me-
PUAMOHAIILHOTO HAIPABIICHUS, TI0 TUATOHAIISM STYEeK
(HAKIIOHHBIM K MEPHIHOHATBHBIM JIMHKSIM) H IO KOJb-
IIEBBIM JIMHUSIM. Y CJIOBHO TIPUHATO CTEP)KHEBBIE dJie-
MEHTHI Ha TPaHUIaX CEKTOPOB Ha3bIBATh MEPHUINO-
HaJBbHBIMH, 3JIEMEHTHI 10 KOJIBLIEBOMY HAIIPABICHHUIO —
KOJIBLICBBIMH, @ IMarOHAJIbHBIC YJIEMEHTHI B sTYeHKax
MEK/Ty KOJBIIAaMH — PACKOCHBIMH. 371eCh PACCMOTPEHBI
JIMArOHAITLHBIE CTEPKHH BO3JIC TPAHHI] CEKTOPOB.

HampspkeHnst B pa3HBIX 31eMeHTax O, OIXHOTHUII-
HBIX KOHCTPYKUHMH j KapKacoB peOpHUCTO-KOJIBIIEBOTO

(3;IeMeHTH pebpa WIIM KOJIbIIa) U CEKTOPHATBHO-
cerdaroro (MepHIHOHANIbHBIC, PACKOCHBIE WITH KOJNb-
[IEBBIC DJIIEMEHTHI) KYTIOJOB KaK MPOEKTHBIX CXEM,
TaK ¥ MOHTQ)XHBIX CXEM WMENH IMUPOKUH TUaa30H
3HaueHui. IlosToMy g aHanM3a HANPSDKEHHBIX
COCTOSIHUH KyHOJBHBIX KapKacoB MPU Pa3IHYHBIX
criocob0ax MOHTaxa yJo0Hee CpaBHHBATh MaKCH-
MaJIbHBIE TI0 a0CONFOTHOH BEJIMUMHE HANPSKEHUS

OJHOT'0 3HaKa B OOHOTHUIIHBIX JJICMCHTaX Gj max

C MaKCHMaJbHBIMU HaNpPsDKEHUSIMU MIPOSKTHOH cxe-
Mmbl [17].

OnHako mpoCTOE CpaBHEHUE MaKCHUMAaJbHBIX
HanpsDKEHUH B MOHTQ)KHBIX CXEMax ¢ HalpshKeHUs-
MH B NPOEKTHOH cXeMe HEeJOCTaTOYHO YEeTKO OTpa-
XKaeT UX 3HAYMMOCTb Ul 3KCIUTyaTallMOHHOHN pabo-
TBI KyTIOJNLHBIX KapKacoB B 11eNIoM. [1o3ToMy B JaHHOM
cllydae IpeajiaraeTcs CpaBHEHHE OTHOIICHHH Mak-
CHUMAJIBHBIX 110 a0COJIOTHOM BEIMYMHE HAaNPsLKCHUN
K pacyeTHOMY COIpOTHBIEHHUI0 ctamun C245, B pe-
3yJIbTATe YCrO MOJTYUCHbI 3aBUCHUMOCTH G ; . / R, .

OTH 3aBUCUMOCTH XapaKTEpPU3YIOT CTENEeHb HC-
MOJIb30BAHUSI MPOYHOCTH 3JIEMEHTOB KYIIOJBbHBIX
KapKacoB OT JEHCTBUA WX COOCTBEHHOTO Beca Io-
cJe 3aBeplUIeHHs MOHTaxa (IPOeKTHas CXema) M Ha
paccMaTpuBaeMOi CTaAuK BO3BEICHUS IIPU Pa3IUU-
HBIX CIT0c00ax MOHTa)a (MOHTaXHBIC CXEMBI).

Ha puc. 11 npexacraBieHsl nuarpaMMbl CTere-
HEW UCIIONH30BaHUS MTPOYHOCTH OJHOTHITHBIX 3JIEMEH-
TOB KapKaca peOpHCTO-KOJIBIIEBOTO KYIOJa B TIPOSKT-
HOHM M TpeX MOHTaXHbIX cxemax. Ha puc. 12 npen-
CTaBJICHBI JUATPaMMBI CTETICHN WCIIONB30BAHUS IIPOY-
HOCTH OJHOTHUIIHBIX 3JIEMEHTOB KapKaca CeKTOpH-
ANBHO-CETYATOTO KYIIOJIa B MPOEKTHOW M YeTHIPEeX
MOHTQXHBIX CXEMaX.
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Crioco6b1 MOHTaXa KyHOJIBHOTO KapKaca
Methods of installation of a dome framework

Puc.11. ¢, / Ry B 3JIEMEHTAX KapKaca pe0pHCTO-KO0JIbLEBOro KynoJa:

J,max

1 — mpoekTHas cxema paboThI KapKaca; 2 — MOHTaX C LIEHTPaJIbHOU U 3 psiaMH IIPOMEKYTOUHBIX OIOp;
3 — MOHTaX C LEHTPAIBHOI U 1 PSIOM IPOMEXYTOUHBIX OIOP; 4 — MOHTAX C LEHTPAIBHOMN OIOPOH;
a — cxaThe B pedpax; 6 — CKaThe B KOJIBLAX; 6 — PACTSDKCHUE B KOJIBIAX

Figure 11. 6 / R, in the elements of the framework of the ribbed-ring dome:

1 — the design scheme of the frame work; 2 — installation with a central support and 3 rows of intermediate supports;
3 — installation with a central support and 1 row of intermediate supports; 4 — installation with a central support;
a — compression in the ribs; 6 — compression in the rings; 6 — tension in the rings

Huarpammel puc. 11 CBUIETENBCTBYIOT O TOM,
YTO B TIpoOIlecce BO3BEACHHS OJHOTOSCHBIX KapKa-
COB peOPHUCTO-KOIBIIEBBIX KYITOJIOB M3-3a paOOTHI Ha
COOCTBEHHBIN BEC B CEUEHHUSIX MX KOHCTPYKTHBHBIX
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3JIEMEHTOB BO3HUKAIOT MOHTaXKHBIC HATIPSIKCHUS,
HE TOJIFKO COTIOCTABUMEIE TI0 BEJIMYMHE C HAIpsDHKe-
HUSMH TPOEKTHON CXeMbI pabOThI, HO W TPEBHIIIA-
IOIIUE HX.
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[Ipu sTOM B ceueHHsX pebep BENUYMHBI CKUMA-
IOLUX HAMpPSKEHUH B MOHTaKHOM CXEMe C BPEMEH-
HOM LIEHTPAJIBLHOW OMOpoH U 3 psaaMHu MPOMEXY-
TOYHBIX omop Jocturaiot 2,0 % pacuyeTHOTo COmpo-
TUBJICHHS, YTO SKBHUBAJICHTHO PaboTe KOHCTPYKIIHHA
B NpoeKTHOU cxeme. [Ipu MOHTake ¢ BpeMeHHOMU
HEHTpaIbHON Oomopoit U 1 psAAOM MPOMEXKYTOUHBIX
OTIOp BEJIMYUHBI CKUMAIOIIUX HAMPsHKEHUM BO3pac-
TarT 110 2,4 % pacyeTHOro CONPOTUBIICHUS, a 3aTeEM
1o 3,1 % mpu MOHTaXke TOJIBKO C BPEMEHHOI IIeH-
TpaJbHOM OMOpOiA, uTo B 1,5 pa3a GoJble MPOEKT-
HOH cxeMbl. MOXHO OTMETUTh, YTO C YMEHBIIEHU-
€M KOJIMUECTBAa BPEMEHHBIX ONOP BEJIHYHMHBI CHKU-
MAaIOIIUX HAMPSIKEHUA B ceUueHUAX pebep oT pabo-
Thl KapKaca B IMPOLIECCE MOHTa)Xa CYIIECTBEHHO
BO3paCTAlOT.

B cedenusix komer CXUMAIOIIUE HAMIPSHKCHUS B
MOHTa)XHBIX CXeMax MPUOIMKAIOTCSA K HAIpsKSHH-
M TIPOEKTHOW CXeMBI, KOTOopble nocturaiot 1,7 %
pacyeTHOro CONMpoTUBICHUS cTanu. [IocKONbKy Be-
JINYUHBl PACTATUBAIOIIUX HANPSI)KCHUU B HPOECKT-
HOH cxeme paBHBI 4,2 % pacdeTHOro COIMpPOTHBIIE-
HUA, TO POCT UX 10 BenuuuH 4,6 u 4,7 % B nByX
MOCIIEIHUX MOHTQ)XXHBIX CXEMaxX HE MOXET OBITh OT-
HECEH K cyllecTBeHHOMY. POcCT ke pacTsaruBaromumx
HaIpsHKEHUH B CEUCHUIX KoJell 10 5,6 % mpu MoH-
Take C BPEMEHHOM LIEHTpaJIbHON Onopol u 3 psiaa-
MU MIPOMEXYTOYHBIX OMOP OOBIACHSIETCS U3THOOM
KOJIBIIEBBIX DJIEMEHTOB M3 IUIOCKOCTH HAaWOOJbIIEH
’KECTKOCTH €IEe HE KECTKO 3aKpEIUICHHBIX HaJ nep-
BBIM OT Hapy>KHOTO KOHTYypa PsAOM IPOMEKYTOY-
HBIX BPEMEHHBIX OIOP.
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Croco0bl MOHTaXa KyIOJIBHOTO KapKaca
Methods of installation of a dome framework

Puc. 12. ¢, /Ry B 3JIEMEHTAaX KapKaca CeKTOPHAJIbHO-CETYATOIr0 KyInoJia:

Jjmax

1 — mpoexTHas cxeMa paboTHI kKapKaca; 2 — MOHTaX CO CIUIOLIHBIX CTPOHTEIBHEIX JIECOB;
3 — MOHTaX C LEHTPAJILHOM U 3 pAaMy MPOMEKYTOUHBIX OIOP; 4 — MOHTaX C LIEHTPAJIbHOU U 1 pSAIOM IPOMEKYTOUHBIX OIIOP;
5 — MOHTaX C IIEHTPaIbHOM OMOPOH; @ — CXKATHE B MEPUAMOHATIBHBIX 2JIEMEHTAX;
6 — cXKaTHe B PACKOCHBIX JJIEMEHTAX; 6 — CIKATHE B KOJIBIIEBBIX JIEMEHTaX

[Figure 12. 6 / R, in the elements of the framework of the sectoral-lattice dome:

1 — design scheme of the frame work; 2 — installation from continuous scaffolding;
3 — installation with a central support and 3 rows of intermediate supports;
4 — installation with a central support and 1 row of intermediate supports; 5 — installation with a central support;
a — compression in the meridional elements; 6 — compression in the diagonal elements; ¢ — compression in the ring elements]

Huarpammel puc. 12 CBUAETEIBCTBYIOT O TOM,
YTO B MPOLIECCE BO3BEICHUS KAPKACOB CEKTOPUAIILHO-
CeTYaThIX KYIIOJIOB M3-32 pabOThl HA COOCTBEHHBIN
BEC B CEUCHMAX MX KOHCTPYKTHBHBIX 3JEMEHTaX TakK-
K€ BO3HMKAIOT MOHT@)KHbIC HANPSDKEHUS, HE TOJBKO
COTIOCTaBUMBIE 0 BETUYHMHE C HANPSKEHUSIMHU IpO-
EKTHOW CXeMbI paOOThI, HO U MPEBBIIAIONINE UX.

Jnst coxuMaromux HanpspKeHUH B CEUEHHSIX pac-
KOCHBIX 3JIEMEHTOB MPOEKTHOI cxemsbl 1,9 % pacuer-
HOT'O COIPOTHUBJICHUS BENIMYMHBI HANpPSKEHUU NpHU
MOHTaK€ CO CIIJIOLIHBIX JIECOB YBEIMYUBAIOTCS 110
2,6 %, ipy MOHTaXKe C BPEMEHHOH [IEHTPAIFHOH OI10-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

poit u 3 psaaMu NPOMEXKYTOUYHBIX OMOP BEIUYHUHBI
CKMMAIOIIMX HaNpshKeHui BospacraroT 1o 3,0 % pac-
YETHOI'0 CONpPOTUBIICHUS. [lanbpHelilliee yMEHbIIEHNE
KOJIMYECTBA NMTPOMEKYTOUHBIX ONOpP NMPAKTHUECKU HeE
HA3MEHSIET 3TUX BEJIUYHH.

s coxuMaromyx HanpsyKeHUH B CEUEHUSIX Me-
PUIMOHANBHBIX 3JIEMEHTOB MPOEKTHOM cxembl 2,2 %
pacueTHOrO CONMPOTHUBIICHUS IPU MOHTAXKE CO CILIOLI-
HBIX JIECOB MX BEJIMYMHBI HECYLIECTBEHHBL. [Ipyn MOH-
Ta)ke€ C BPEMEHHOU LIEHTpaJIbHOM OMopoil u 3 psaaMu
MIPOMEKYTOUHBIX ONOP BEJIMYMHBI CKUMAIOIIMX HaIpsi-
JKEHHH B HHUX BO3pacTaroT 10 3,8 % pacueTHOro co-
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MPOTHUBJICHNUS, KOTOPHIC C YMEHBIIICHHUEM KOJIUYSCTBA
MIPOMEXYTOUYHBIX OMOP M3MEHSIOTCS HE3HAYMTENIBHO.
OHAKO MOHTAX TOJIEKO C IICHTPAIEHONW OMOPOH TIPH-
BOJIUT K BO3PACTAHUIO BEITUYUHBI CKUMAIOIUX Ha-
MPSDKEHUH B CEUYCHUSIX MEPUAMOHAIBHBIX AIIEMEHTOB
1o 5,8 % pacueTHOro COmpOTHBIIEHHS, 9TO B 2,6 pa3a
0OJIBIIIEe IPOSKTHOTO 3HAYCHHISL.

BenuuuHbl CKMMAIONIMX HANPSHKEHUM B CEUCHU-
SIX KOJIBIIEBBIX AJIEMEHTOB MPOEKTHOW CXEMbI HEBEIIH-
ku — 1,7 % pacdgerHoro conpotuBieHus. x poct 10
2,6 u 2,1 % mpu MOHTa)Xe Ha CIUIOIIHBIX Jiecax U
MOHTa)KE C IIEHTPAIBHON U | PAIOM MPOMEKYTOUHBIX
oTop 00BACHAETCS U3TUOOM OTAEITBHBIX KOJBIIEBHIX
AIIEMEHTOB U3 IIOCKOCTH HAMOOJBITIEH KECTKOCTU €IIIe
HE JKECTKO 3aKPEIUICHHBIX HaJl BpEMEHHBIMH OTIOPaMHU
B OJIDKHUX K OMOPHOMY KOHTYPY SIpycax.

B mpocTpaHCTBEHHBIX CTEPIKHEBBIX CHCTEMaX,
K KOTOPBIM OTHOCSITCSI METAJUIMYECKUE KyMOJbHBIC
KapKachl, HECYIIas CHOCOOHOCTh CXKATBIX MJIM CXKAaTO-
M3ru0aeMbIX 3JIEMEHTOB UCUCPIIBIBACTCS B PE3YJIbTaTe
noTepy ycToidnBocTH. [losiBIeHIe HEYUITEeHHBIX BHYT-
PEHHUX yCHIAN OT pabOThl KOHCTPYKITHUIA TTO MOHTaX-
HBIM PAaCYCTHBIM CXE€MaM MOXXCET OKa3aThb BJIMAHHC Ha
o0l1ee HaPsHKEHHO-1S(OPMUPOBAHHOE COCTOSIHUE Me-
TaJUTMYECKHUX KYTOJIHHBIX KAPKACcOB, BOSHUKAIOIIEE OT
JIEHCTBHS pacueTHBIX JKCIUIYaTaI[MOHHBIX HArPy30K.
CrnenoBartenbHO, K paboTe 3JIEMEHTOB KYIOJIBHBIX Kap-
KacoB B MPOIIECCE MOHTaXa CIIEAyeT OTHOCUTHCS C
JIOJDKHBIM BHEMaHHUEM, U 0053aTeIbHO BBITIONHATE Pac-
YeThl C YYETOM BIMSHHS MOHTQ)KHBIX YCHIMM Ha Ha-
MPsHKEHHO-IePOPMUPOBAHHOE COCTOSHHE KYTIOIBHBIX
KapKacoB OT JKCILTyaTal[MOHHBIX HarPy30K.

BriBoabl

Ha ocHoBaHuM M310KEHHOTO MaTepuana MOKHO
CAeNaTh CIEeAYIOINE BEIBOIBI.

1. B mportecce Bo3BemeHUS OOJBIICITPOICTHBIX
METAJUTMYECKUX KYTIOJNOB B CEYEHHIX KOHCTPYKTHB-
HBIX 3JIEMEHTOB UX KapKacoB HEU30EKHO MOSBICHUE
HaAIPSDKEHHUH MTPH TFI0O0M CIIOCcO0e MOHTaXKa.

2. XapakTep MOHTQXHBIX HANPSHKEHUH 3aBUCHUT
0T crmoco00B MOHTa)XXa M B KOHCTPYKTHUBHBIX 3Je-
MEHTax pa3HbIX THUIIOB MPOABIAETCS MO-pPa3HOMY,
9TO OOYCJIOBIICHO OTIMYMEM MOHTAXXHBIX CXEM HX
paboTHI OT IPOEKTHBIX CXEM.

3. BennuuHBl MOHTa)XHBIX HaNpsKeHUH B cede-
HUSAX 3JIEMEHTOB, UMEIOIINX TOT K€ XapakTep, 4To B
MPOEKTHBIX CXEMaX, COMTOCTABUMBI C HAPSIKECHUSIMH
OT cOOCTBEHHOTO Beca KapKaca B MMPOEKTHBIX CXeMax
Mpu GOJBIIOM KOJMYECTBE BPEMEHHBIX OIMOp M Tpe-
BOCXOJAT MX NPU MHUHUMAJIBHOM KOJMYECTBE Bpe-
MEHHBIX OTOp, WCIIOJIB3YEMBIX B TIpoIlecce BO3BEe-
HUS KYTIOJBHBIX KapKacoB.
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4. HarpsbkeHHsl B CCYCHUSX KOHCTPYKTHBHBIX BJic-
MEHTOB TP MOHT@KE KapKAaCOB C MUHMMAJIBHBIM KO-
JINYECTBOM BPEMEHHBIX OIOP MOTYT OKa3aTh BIIUSHUC
Ha o0I1Iee HAPSHKEHHO-1e(hOPMUPOBAHHOE COCTOSTHUC
OOJTBIIETIPOTICTHBIX METATITMIECKHUX KYTIOJIOB.

5. st obecniedeHnsI HAIEKHOCTH OOJBIIEIIPO-
JIETHBIX METAUTNYECKUX KYIOJIOB HEOOX0MUMO 00sI-
3aTeJIbHOE BBIMOJIHEHUE PACYCTOB C YUYETOM BIIUSHHUS
MOHTQ)XHBIX BHYTPEHHHUX YCHJIMI Ha 0oOlee Hamps-
KEHHO-1e(hOPMUPOBAHHOE COCTOSIHHE UX KAPKACOB.

6. HeoOxomuMo TIpOBEACHUE HMCCICIOBAHUIA IO
OIICHKE CTEMCHU BIUSHUS BHYTPECHHUX YCUIUN B
KOHCTPYKTHBHBIX DJIEMEHTaX KapKacoB, BOSHUKAFOIIHX
n3-3a pabOThI IO MOHTKHBIM CXEMaM, Ha HaIPsHKEHHO-
Je(hOpMUPOBAHHOE COCTOSTHUE METAJUTMICCKUX OOJTBIIIC-
MIPOJIETHBIX KYIOJIOB B IIPOIECCE IKCILTyaTaAIIHH.

© Jle6ens E.B., 2018
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Behavior of the frames of large-span metal domes
in the process of their installation
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Abstract. Goal. The goal of this paper is to characterize the process of forming the frames of large-span metal domes
during assembly process. The load-bearing structural schemes during the assembly of frames differ from those, adopted for
their analysis and design. Due to this fact, initial internal forces appear in the structural elements of frameworks that are
called assembly forces. Geometric schemes of dome frameworks and the principles of their formation are described for
ribbed domes, ribbed domes with annular rings and lattice domes. It is shown how lattice dome frameworks are formed and
why they are considered as spatial bar systems. Specific features of the structural solutions for single-layer and double-layer
frameworks are described. It is noted that the technological scheme for the assembly of structures of large-span metal domes
depends on the structural systems of frameworks and on the methods of their erection. A brief description is given of differ-
rent methods for erecting frameworks of large-span metal domes and of the number of temporary supports and mechanisms
used in this process.

Review. Different methods of erection are illustrated with the examples of several well-known dome structures built in
the world. The evaluation of the influence of each process on the behavior of structures during the installation is given.
The nature of the work of individual structures and a frame is described for the process of erecting large-span metal domes.
The emphasis was made on the significant differences in the nature of work of structural systems of dome frame-works with
different ways of their installation.

Research. Computer models of the lattice metal domes are made of steel I-bars with rigid connections at the joints.
Additional models were created for incomplete frameworks to study alternative ways of erection. For each assembly model
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of the dome framework, computer analysis was performed for the action of its self-weight. Stresses in the structural mem-
bers, obtained as a result of the analysis, were compared with the stresses in the corresponding elements of the design model

of the framework under the self-weight.

Conclusions. The conclusion is made that the stresses in the elements of frameworks of the large-span metal domes are
unavoidable when they are erected. The necessity of compulsory analysis of frameworks for erection conditions in the de-

sign of large-span metal domes was noted.

Keywords: large-span domes, metal frameworks, geometric schemes of domes, structural systems, design solutions,
methods of erection, assembly of structures, computer model, element stresses
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Abstract. Introduction and objectives. Russian steel construction does not cover the chart method for steel beam design and
experimental works need to be implemented to investigate the behavior of the charts However, the experimental tests are expen-
sive, tedious and time consuming to be conducted. The objective of this paper is to compare and validate the accuracy and reliabil-
ity of the chart method for steel beam design by correlating moment capacity and bracing length (®M,, L;) curves between differ-
ent sections and this strategy is more helpful in determining the lightest steel sections without trial and error.

Materials and methods. Alternatively, a strategy to use the AISC-LRFD's chart-based method, which plots the rela-
tionships between the flexural capacities of steel sections and their unbraced lengths of lateral bracing and weights, will be
helpful in determining the lightest sections in terms of their lateral bracing requirements and moment capacity. In other
words, the most optimum steel sections can be obtained without trial-and-error process.

Results. 1f the design with a chart-based method using the Russian steel sections is developed, it can be used to design

steel beams more quickly and economically.

Keywords: lateral torsional buckling, ideal beam design, design chart, optimum steel sections

Introduction

During the analysis of steel structures, coming
up with the stability resistance is one of the most
crucial verification since normally the loss of stabi-
lity is the governing job. In selecting a high-grade steel
for a particular structure tends to produce slender struc-
tural elements so that the design of a steel beam is
commonly governed by its stability and also by a con-
straint due to the limitation of steel variation sections
available in the market. Those would represent all
the issues which should be considered in steel struc-
tural designs. The trial and error processes in evalu-
ating a range of steel sections and lateral bracing
configurations with the lighter weights are needed in
order to achieve an optimum design. By implemen-
ting the design based on the chart, we can find
the optimum steel sections easily. The nominal flexu-
ral strength of W shapes is illustrated as a function of
a braced length, L, and the available strength is de-
termined as ®M,, which mast equal to the required
strength (bending moment) M, [1]. It uses the curve
of the bending moment capacity versus the lateral
bracing distance of a wide range data of steel sections.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN

In the manual, the existence of a steel section with
a dotted line indicates that in certain conditions and
lateral bracing configurations, the performance is less
optimal than the other sections indicated by a full line.
Steel sections with a full line show a greater capacity
but it is lighter than the weight of the steel section
with a dotted line. The existence of a graphical method
using a design curve would facilitate its economic
steel design [1]. So, if the design curve can be created
to provide the steel sections, it will certainly be widely
used by those engineers since this graphical method
can easily generate the optimal design of steel struc-
tures, thus saving the costs of construction.

Steel beam behavior in lateral-torsional buckling

Beams are structural elements loaded in a traverse
direction, in other way beam may be defined as a mem-
ber subjected essentially to bending and shear force
but its behavior is dominated by its bending defor-
mation [2; 3]. The behavior of a steel member under
bending is influenced by its material properties, sec-
tion slenderness, member slenderness and lateral and
torsional restraints [2]. As lateral torsional stabi-
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lity is one of the special type of general buckling.
It occurs when the beam is transversely loaded in
the plane of the main stiffness of cross section and by
the same time the transverse deflation along the beam
length is not prevented. This state is characteristic by
spatial deformation covering the flexural bending and
the torsional displacement. Due to the bending ac-
tion, the upper flange is in compression and acts like
a strut. Being free to move, the compression flange will
be likely to buckle sideways dragging the tension flange
with it. The tension flange resists this sideways move-
ment, therefore, as the beam buckles, the section twists
with the web no longer vertical and this action is
known as lateral torsional buckling (LTB) [4]. It is
assumed that during deformation of the ends of beam
can rotate freely with respect to the principal axes of
inertia, and while rotation with respect the third axis
is prevented by constraint [4]. Since the phenomena
is a buckling phenomenon the strength vs slenderness
curve follows the general form of the curve used for
LTB [6; 7]. Lateral bracing must be adequate to hold
the braced beam in position. Thus, stiffness as well
as strength is required. As a general rule, bracing
will be adequate if each lateral brace is designed for
2% of the compressive force in the flanges of
the beam it braces [8]. Two threshold values for un-
braced length namely L, and L, are defined in AISC.
The L, value provides a dividing line between plastic
and inelastic buckling behavior. Similarly, the L, value
provides a dividing line between inelastic and elastic
buckling behavior. According to AISC, plastic mo-
ment capacity of a compact member can develop if
the unbraced length is less than L, and using this va-
lue in design represent the optimum use of steel [2;
7; 9]. The member’s capacity reduces linearly between
M, and 0.7 M, if the unbraced length is between L,
and L,. If the unbraced length is greater than L,, then
elastic buckling is expected to occur and the capacity
can be found using elastic critical buckling moment
(M.). The nominal bending moment curve of the steel
beam of figure 1 shows the capacity of a single steel
section (W16x26) across a wide range of lateral bra-
cing distances (L5) and shapes of the moment (C;) [3].

Like all buckling, the force that gets on LTB is
depend on the effective length or slenderness ratio.
The shape and dimensions of the cross section,
the slenderness ratio and the type of loading affect
the lateral torsional buckling behavior [8].

If the length is short enough, the member can de-
velop its full plastic strength and for longer laterally
unbraced lengths remains elastic buckling In-between,
there is inelastic buckling. Similarly, the nominal fle-
xural strength curve of 6012 (Russian steel con-
struction section) shows the assessment of capacity
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of a single steel section across a wide range of lateral
bracing (L) and shapes of the moment with (C, = 1
and C,= 1.2) as shown in figure 2. In this curve, based
on the required values for the limits of ,= 11.1 ft and
L,=34.9 ft their moment capacities are M, = 998.4 fi-k
and M, = 554.5 ft-k respective. Accordingly, depen-
ding on the lateral bracing length, there are three dif-
ferent regions for nominal bending moment: plastic
(Ly < 11.1 ft), inelastic buckling (11.1 ft < L, < 34.9 ft)
and elastic buckling (L, > 34.9 ft).

Theory
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to the nominal bending moment capacity of steel beam
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Figure 2. ®M. vs Ly for 601112

Different types of steel beam section
in Russian steel construction

Steel beams are extremely crucial and necessary
for the construction any building or structure, such as
bridges, etc. They come in a wide range of sizes and
shapes. The commonly used I beam sections are 111 and
b sections which are the most economical and most
widely used sections. The steel section follows the fol-
lowing format 35b1, 4061, 50L2, etc., the initial
number is used to differentiate the Russian steel sec-
tion based on the height and the alphabets are used
for the type of I section example b stands for regular
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I-beams and III is used for wide flange and suffix
number is used to differentiate for beams with similar
height for example a group of steel sections with simi-
lar heights have a classification as 401111 and 401112,
or 1061 and 1062 [10].

The concept of curve designs

Lateral-torsional buckling is a global buckling mode
in which the in-plane deflection of a laterally unbraced
beam changes to a mixed lateral deflection and twis-
ting. According to the AISC [1]. The general form of
the LTB limit state follows the typical buckling curves,
as we know that the steel design manual [1; 15] pro-
vides a wide variety of such curves for AISC steel
sections only. In this paper, the method of steel de-
sign requires moment capacity curve from a wide-
ranging of Russian steel sections available on the mar-
ket because creating a local design curves using
the commonly available steel section will definitely
help to select the optimal steel section easily. On
the curve the nominal moment capacity, ®M, placed
on the ordinate and distance of lateral bracing, L, on
the abscissa as shown in figure 3. The curve is pre-
sented in a basic scheme of the nominal flexural
strength (®M,) as a function of the unbraced length
(Ls). The horizontal segment of the curve at the far
left, between L, = 0 ft and L, is the range where
the strength is limited by flexural yielding. In this
region, the nominal strength is taken as the full plas-
tic moment strength of the section as given by AISC
Specification Equation F2-1 AISC. In the range of
the curve at the far right, starting at L,, the strength is
limited by elastic buckling. The strength in this re-
gion is given by AISC Specification Equation F2-3
AISC. Between these regions, within the linear re-
gion of the curve between M, = M, at L, on the left,
and M, = 0.7 M, = 0.7 F,Sc at L, on the right,
the strength is limited by inelastic buckling and
the region is provided in AISC Specification Equa-
tion F2-2 [9]. The curve plotted as a heavy solid line
represents the case where C, = 1.0, while the heavy
dashed line represents the case where C, exceeds
one. The point of the curve indicates that the magni-
tude limit is independent of the nominal moment L,
conditions, as determined by the plastic moment of
the sections (DM, = M,), if L, < L,. The point L, on
the curve is shown as coordinate. The point of anoth-
er curve showing the cross section may have been
yielded at first but failed to establish its plastic mo-
ment if L, < L, < L,. Steel sections with the condition
Ly > L, is not efficient because the collapse (LTB)
occurs in the elastic condition, while it has not under-
gone its plastic or yielding state, DM, < M,,. The curve

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

shown in figure 2 is only for a section 601112 sepa-
rately so that it could be compared with another sec-
tion, which would be a similar curve of a steel sec-
tion in the same chart figure 3. If the nominal moment
of the two curves meets and intersects at a point,
the effective section based on the nominal weight of
the two sections can be selected, the curve which
describes the line of the economic section is a curve
with a thick continuous line, while the steel sections
with a broken line curve is not economical. Even though
graphs and tables simplify the design process, it is
equally important to understand the basic principle of
steel structural designs and be accountable for the re-
sults. Necessities of the curve taken at C, = 1, which
shows that the form of moments cause of LTB is
considered constant, and also the strength reduction
factor, @ of 0.9 according to the AISC specification [10].
A strategic use of the moment curves to select the op-
timum steel section is described in figure 3. In this ex-
planation, two choices are assumed: Section A 401113
(123.4 kg/m) and Section B 501111 (114.4 kg/m), both
displayed in the form of the moment curve (®M,)
versus lateral unbraced length (L5).

The nominal moment curves of the two different
kinds of sections show an intersection of curves and
lines which are under the other curve because it is
heavier and turns into a dotted line. To design the chart
needs an assessment of different cases of the (DM,)
versus L, of the beam sections. Case I (refer figure 3),
the coordinate position with L, ®M,_;, within
the two curves, Sections A and B can be selected, but
the light section is Section B (lower section). Case 11
with coordinates Ly 2, DM, », then Section B is the ideal
section through its lightweight and strong section.
Case III, the coordinate of L, 3, ®M, 5 is outside
the two curves therefore both sections are not appropri-
ate sections but in this case adjustment in lateral bra-
cing can be done by reducing the value of Ly3to L’53
then section be can be selected. Case IV with the coor-
dinates L4, ®M,_4 it is with in one curve so section A
can be selected. Case V (Lps, DM, s) due to its posi-
tion on top of the two curves, at this moment no suffi-
cient steel sections available and adjustment of L; is
impossible accordingly we must use another section.

600

v 40W3 (123.4 Kg\m)

500 Py

50U1 (114.4 Kg\m)

400

300
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200 NS

100
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Figure 3. ®M, vs L, for S01lI1and 401113
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Development of design chart
to select the optimum steel section

In beam design, tables and charts in AISC helps
as design schemes based on the principle of steel
structural designs, in the charts Cj is taken as unity
for uniform bending moment, and also the strength re-
duction factor, ®, of 0.9 according to code'. The Cj
coefficient is a modification factor that takes into
account the non-uniform bending moment diagrams
in the beam [13]. If the beam is subjected to a constant
bending moment along the length L;, then the deve-
loped chart is used to select the light weight and best
fit Russian steel section for the given ®M, and L,
knowing the factored moment (M,) including self-
weight of the beam; it should be less than or equal to
the design strength (®M,,). Select a shape that satisfies
the flexural strength requirement based on the distance
of unbraced length. The design chart can be built to
calculate the capacity moment of Russian steel I-sec-
tion at a certain distance of lateral bracing. Moreover,
the confirmation is also done through comparison with
the manual analysis to calculate the most optimum steel
sections [11; 13].

F), =40 Kips
DM, (ft-k) Wide flange 111 shapes available moment
Cr=1 vs unbraced length
LRFD

600

®Mn(ft-k)

0 5 10 15 20 25 30 35 40
Lb (ft)

Figure 4. ®Mn vs Ly design chart

! CHwlI 11-23-81. 2017.
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Chart method
to select the optimum of steel section

As the chart is developed for Russian steel I-sec-
tions, we can select the most optimal beam section based
on the specified moment capacity and lateral bracing.
Let we consider a beam with specified L, = 15 ft and
M, =360 ft-k, as our goal is to find the optimum steel
sections (refer figure 5). The first step is to align
a horizontal line corresponding the required moment
(M, = 360 ft-k) and construct another vertical line which
begin from the specified lateral bracing (L, = 15 ft)
then the two lines will intersect at a point. Draw a ver-
tical line from the intersection point up to the second
intersection point between the vertical line and any curve
with solid line; this curve is the optimal one (401113)
finally dragging the horizontal line from the second
point to the vertical axis to find the available moment
(®M, = 376.5 ft-k), as the available moment is greater
that moment capacity (®M, > M,) the ideal section is
401113. The design of the beam with C, > 1.0, can be
done, by dividing M, by Cs. Then, it should be com-
pared with the nominal bending strength which is speci-
fied in the curves. The selected section does not ex-
ceed the plastic moment capacity of the cross-section
available.

F), =40 Kips
DM, (ft-k) Wide flange III shapes available moment
Cr=1 vs unbraced length
LRFD

600

®Mn(ft-k)
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Figure S. ®M, vs L for optimal section
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Conclusion

As the objective of this paper is to compare and
validate the accuracy and reliability of the chart method
for steel beam design by correlating moment capacity
and bracing length (®M,, L;) curves between different
wide flange sections. In Russian steel construction spe-
cifications, due to the limited number of steel section
the graphs are with wide gaps and there is not more
overlapping of graphs to each other’s. The chart is do-
minated by unbroken lines and it’s unwieldy to select
the effective section based on the nominal weight of
different sections because the nominal moment of
the two curves don’t intersects to each other alike AISC
charts. As an outcome, the Russian steel construction
form of wide flange steel section list has been effective-
ly transformed into the design curves for graphical me-
thods. This paper concludes that the graphical method
is simpler, faster, and with the same precision to
the manual analysis of the non-graphical method.

© Gebre T.H., 2018
This work is licensed under a Creative Commons
&Y Attribution 4.0 International License
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HAVYHASA CTATbA

Pa3paboTka rpaguueckoro MeToa NpOeKTUPOBAHUSA CTAJIBbHBIX 0AJI0K
¢ MOMOIIbI0 AUATPAMM JIJI1 POCCHMCKOr0 COPTAMEHTA CTAJIbHBIX MpoduJiei

T.X. I'edpe

Poccuiickuii yHuBepcUTET IpyKOBI HAPOJOB
Poccuiickas @edepayus, 117198, Mocksa, yr. Muxnyxo-Maxnas, 6

(nocmynuna 6 peoaxyuio: 19 cenrsiops 2018 r.; dopabomana: 05 nosopst 2018 r.; npunsma k nyéauxayuu: 10 HosOps 2018 1.)

BBenenne u meam. ['paduueckuii MeToJ pacdera M MPOCKTHPOBAHUS CTAIBHBIX OAllOK C IMOMOINBI0 JHarpaMM He
BKITFOYCH B POCCHUCKHE HOPMATHUBBI IO MPOCKTHPOBAHUIO CTAIBHBIX KOHCTPYKIUH, YTO MPUBOJUT K HEOOXOJAUMOCTH BbI-
MOJTHEHHUS TPYAOSMKHX, JUTUTEIBHBIX U JOPOTOCTOSIINX SKCIICPUMEHTAIBHBIX UCCIeT0BaHui. [lens JaHHOW CcTaThh — CpaB-
HUTH U MPOBEPHUTH TOYHOCTH M HAJIE)KHOCTH METO/Ia THATPaMM JIJISl IPOSKTHPOBAHUS CTATBHBIX OAJIOK IyTEM CONOCTaBIIC-
HUS KPUBBIX HECYINEH CIIOCOOHOCTH 10 M3THOAIIEMy MOMEHTY M pacdyeTHOW AmuHbl (DM, L;) cTalbHBIX 0allOK, IMEIO-
IIMX Pa3InYHbIC TONEPEYHbIC ceueHus. JJaHHBIN MOaX0x ropa3ao yAoOHee U MpakTHYHEE IS ONpeIeieHusT Hauboiee 3¢-
(DEeKTUBHBIX M HAMMEHEE METAIUIOEMKHUX CTAIBHBIX MPOQUIICH, YeM POCKTHPOBAHUE METOJOM IIPOO ¥ OIIHUOOK.

Martepuajbl H MeTOABI. AITBTCPHATHBHBINA MOAXO] K MPOCKTUPOBAHUIO CTALHBIX OAJIOK C UCIIOJNB30BaHUEM Tpadu-
yeckoro Meroga AISC-LRFD Ha ocHOBe inarpamm W3ruOHOM Hecylel CliocOOHOCTH CTaNbHBIX Npoduiieii 1 ux pacueTHON
JUTHHBI B OOKOBOH MEPHCHIUKYISPHONW IIOCKOCTH ACUCTBUS M3THOAIONIET0 MOMEHTA MO3BOJSCT 3HAYUTEIBHO YIIPOCTHTH
moI00p HAUMEHEE METAJUIOEMKHX U HanOosee 3 (EKTUBHBIX CTABHBIX OANOK T 00ECIIEYCHHH UX MaKCUMaIIbHOU U3THO-
HOW HeCyIIel CiocOOHOCTH M ONTUMAIBHOW JUTMHBI PACKPEIUICHHUS B OOKOBOM IIOCKOCTH 0€3 MCITOB30BaHUS METOa MPOd
1 OIIHOOK.

PesyabTaThl. Pa3zpaboTka rpaduueckoro MeToja MPOSKTUPOBAHMS CTANBHBIX OAJOK HA OCHOBE POCCHIICKOTO COPTa-
MEHTA MPOKATHBIX MPO(HIICH MO3BOIUT 3HAYUTEIHFHO ONTUMU3UPOBATH MPOLIECC IPOSKTUPOBAHMSI OATTOYHBIX KOHCTPYKIIUH
1 OJJHOBPEMEHHO 00CCIIEYHT MX MaKCHMAaIBbHYIO 3)()EKTUBHOCTh M SKOHOMHYHOCTb.

KiawueBble ciioBa: 00KoBas KpyTWibHasA NoTepsA YCTOﬁqHBOCTH, nacajibHast KOHCTPYKIUA 6am<1/1, pacyeTHad cxema,

OIITUMAJIBHBIC CTAJIbHBIC HpO(i)I/IJ'II/I
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Abstract. Aims. Thin shells in the form of cylindroids are fourth-degree ruled shells for which few works are devoted.
In this paper, their geometric modeling is worked out and their middle surface are plotted, using the software MathCAD.
Their stress-strain state are instigated with two building material: reinforcement concert and qualitative steel.

Methods. This linear investigation is done for fixed and hinged supports and for various thicknesses in the software
SCAD. The numerical values of their maximum and minimum displacements of their middle surfaces are given. Based on
these displacements, conclusions are made for the whole paper.

Results. The linear analysis for reinforced concrete and metallic shells, computed using the software SCAD gives
the numerical and graphical results that are presented.

Conclusions. The investigations of the stress-strain state are done for shells with the shape of cylindroid with two directrices
ellipses and cylindroid Frazer. For the same thickness, loading and span, the reinforced concrete shells has minimum displacements.
For thickness, 20 cm the steel shells have the same maximum displacements. For the thickness 30 cm the maximum
displacement is more in steel shells. It is more optimal to use reinforced concrete shells than the one in steel. A large span
(till 30 m) shells can be designed with reinforced concrete.

Keywords: cylindroid surfaces, linear investigation, geometric modeling, stress-strain state, displacements, middle

surfaces

Introduction

Cylindroid surface is a fourth-degree ruled surface,
generated by a straight line D, which continuously
changes direction, lying on two curves that are dif-
ferent in space, G1 and G2 and which is always paral-
lel to a plane P (figure 1) [1].

Cylindroids — ruled surface, formed by the move-
ment of a rectilinear generatrix along two curvilinear
directrices, and in all positions the generating straight
line is parallel to each plane of parallelism. Cylindroids
are negative Gaussian curvature surfaces. That's why
they cannot be turned into a plane without tears and
folds. They belong to the family of Catalan surfaces.
A cylindroid, excluding screw cylindroid (direct
helicoid) cannot have a constant mean curvature.
A cylindrical surface can be obtained as particular cases
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of cylindroids, for example, a cylindroid with two
directory circles in mutually perpendicular planes.

A cylinder, which one of the two directrices is
straight, is a conoid. Thus, a conoid is a special case
of a cylindroid. For example, if two parabolas are
taken as the guide curves of a cylindroid.

For example, if the directrix curves are two
parabolas, then the implicit definition is:

c(y?-b?)

X = O,Z = b—z

2_p2
nx=1,z="020 ()

where ¢ and f are the distances from vertices to
parabolas, lying in planes x = 0 and x = [ res-
pectively, to z = 0 (rising height), and for the plane
of parallelism the plane y = 0, then we get a para-
bolic conoid (see “Parabolic conoid”).

THEORY OF THIN ELASTIC SHELLS
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[P]

directix plane

G2

directix curve

B D ruling

Figure 1. The creation of cylindroid surfaces

Helical cylindrical surface, generated by a straight
line, which moves in space, parallel to the parallelism
plane, all the time intersecting the helix and the surface
of a straight is a circular cylinder. The axis of the helix
of the cylinder coincides forming a straight line and the
axis is crossed at right angles, therefore, the plane of
rising height. If two directrices curves are given:

rl =ri(u) =x1(w)i+ yl(w)j + z1(w)k
ur2 =r2(v) =x2w)i+y2(w)j + z2w)k. (2)

Figure 2. Kinematic of cylindroids

This vector equation of a cylindroid, generated on
these two directrices curves (figure 2), can be written as

R=RQu) =
=rl(uw) —Arl@w) —r2(v = f(w), ()

where 0 < A < 1. After the plane of parallelism is
chosen [6] (directrices plane) dependence v = f(u).
For example, if the coordinate plane is taken as the

TEOPUA TOHKUX YMPYTX OBONOYEK

plane of parallelism XOYV, then the condition must be
met z1(u) — z2(v) = 0, where the dependency is
v = f{u). If the plane YOZ (x = 0) taken as a plane of
parallelism, it is necessary to fulfill the condition
x1(u) —x2(v) = 0, and then find v =£fu) .

Constructed according to triangulation method,
i.e. flat figure, bounded by a closed broken line and
divided into triangles, so that the segments of broken
lines were sides of triangles, the ends of these segments
would be vertices of no more than four triangles.

Classification of cylindroids according to the shape
1. Cylindroid with two directrices ellipses (figure 3)

The parametric equations are
x=x(u)=a—ax*u,
y =y, v) = [b—u(b—d)]  cos(v),
z =z(v) = ¢ *sin(v), 4)

where0 <u<1,0<v<2m

Figure 3. Model cylindroid with two directrices ellipses
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2. Cylindroid with two directrices circles
in mutually perpendicular planes (figure 4)

The two circles are with the same radius and direc-
trices curves for a cylindroid. The parametric definition is:
x =x(u,v) =a(l+ cosu)(1 —v),

y =y, v) = ax*v(l+ cosu),
z =z(v) = a = sin(u), %)

where 0 <u < 1,0 < v < 2m, and « is the radius of
the circles.

L1775 e
s

7 i
W

Figure 4. Model cylindroid with two directrices circles
in mutually perpendicular planes

Thus, this case of cylindroid with circles in mu-
tually perpendicular planes will be an elliptic cylindroid,
that is, the surface has zero Gaussian curvature (figu-
re 5). Their parametric forms of definition are:

x=x(u,v) =a(l+cosu)(1—v),
y =y, v) = ax*v(l— cosu),

z =z(v) = a *sin(v), (6)

where0<u<1,0<v<2m

Figure 5. An elliptic cylindroid
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3. Cylindroid Fraser

This cylindroid is shown in figure 6 and paramet-
rically is defined as follows:

x=x(u,v)=(;)(1+u),
y=ywv)= (g) (1-w),
z=2zu,v) =4r% — (v—p)? +%*(1—u),

-1<u<l,p—-r<v<p-+r, (7)

where r is the semicircle radius.

Figure 6. A model of cylindroid Fraser

If ¢ = 0, then the parametric equations will be:

x=x(u,v) = (g) 14w,
y =y =(3)a-w,

z=z(u,v) =r? — (v—p)2. ®)

4. Cylindroid with a parabola
and sinusoid at parallel ends

Consider a cylindroid whose parabola and sine
wave are directrices (figure 7). Their parametric form
of definition is:

x=x(wv)=v-l,y=yuv) =1,

z=zwv)=1-v)*x(b-a-u?)+

n-u-m
+|d+c-cos — 5 v,

2
a
0Su£1,—\/ESvS\]E. 9)
a a
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Figure 7. Model cylindroid with a parabola
and sinusoid at parallel ends

5. Bolla’s cylindroid

The parametric form of definition is:
x =x(r,0) =71-cos(0),
y = y(r,0) =r-sin(6),
z=z(u,v) = k-cos(0) -sin(0), (10)

where k — constant depending on the parameters of
the two screws (pl-p2) from the shortest distance
between these screws and from the corners between
the axes of the screws.

ﬂl'

IL | TL,I‘I||,| |'|‘|'|'I
| ||

Figure 8. Model of Bolla cylindroid

Overview of literature

Many works are devoted to the geometrical in-
vestigations of cylindroid shape of thin elastic shells.
In paper [1], Z.Z. Wang and L.Y. Jiang, investigated
thin cylindroid shells subject to internal linearly-in-
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creased pressure. Close cylindroid shells are used for
it. Membrane theory of shells is used to take an ana-
lytical solution to investigate the internal force distri-
butions and deformation laws of such shells. The result
shows that, under the condition of two-point simple
supports, among three force components (meridional
force T, circumferential force 75, and shear force 71,),
T is the dominant one, which is negative (compres-
sional) in the vicinity of the neutral axis, and beco-
mes positive (tensional) after being away from the neut-
ral axis. The shear force 71, is rather like a sine curve,
which changes its sign at the neutral axis. Guo Ying
Yin Zhixiang in article [2] made the nonlinear ana-
lysis for the prestressed lattice shell structure of two-
layer cylindroid. A new form of cables for the pre-
stressed lattice shell structure is put forward. It means
all the down string poles are replaced by the high
strength steel cables along the short span and different
prestresses are applied to every cable. By calculating
the model example of two layer cylindroid prestres-
sed lattice shell structure, based on the nonlinear
analysis by ANSYS, the character of the stress and
displacement of the structure are got, which will give
necessary parameters to actual engineering design.
Korotkiy V.A., Usmanova E.A., Khmarova L.I. [3]
investigated the geometric modeling of cylindroids.
The geometric model of a surface is formed taking
into consideration the set of functional, structural,
technological, economic, and aesthetic requirements.
These requirements are formulated in terms of geo-
metry and are expressed through the surface para-
meters. The surface is modeled with the help of either
the kinematic method or the two-dimensional inter-
polation method. In accordance with the kinematic
method, the surface is formed as a continuous one-
parameter set of curves, which forms the simulated
surface. The kinematic method studied in the article
is based on the curves of the second order with
variable eccentricity. In order to control the shape of
the constructed surface, directing ruled surfaces are
used. The authors develop a computer program which
determines the eccentricity of the forming curves
depending on the boundary conditions. In paper [4]
Liliana Tocariu shown that cylindroid surfaces are
part of the ruled surfaces category which are largely
used in industrial product design, in construction work,
in architecture. They appear in practice under the form
of sheets (thin surfaces) that limit the different zones
of some solids. For instance: the roofs of halls with
large base structures, parts of the bodies of different
cars, pieces of furniture, forms of original packages,
forms of food products, different objects, etc.

Alba Perez and J.M. Mccarthy show that Bennett’s
linkage [5] is a spatial 4R closed chain that can move
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with one degree of freedom. The set of relative dis-
placement screws that form the one-dimensional work-
space of this device defines a ruled surface known as
a cylindroid. The cylindroid is generally obtained as
a result of a real linear combination of two screws. Thus,
the workspace of Bennett’s linkage is directly related to
a one-dimensional linear subspace of screws. In this
paper, we examine in detail Bennett’s linkage and its
associated cylindroid, and introduce a reference pyramid
which provides a convenient way to relate the two.
These results are fundamental to efficient techniques for
solving the synthesis equations for spatial RR chains.

Additional information on geometry, static and
dynamic strength analyses, and application of cylin-
droid shells is given in the encyclopedia [6] and in
the manuscript [7].

Linear analysis of some cylindroid shape thin shells

Let us consider two types of cylindroid shape —
metallic and concrete thin shell. The shells are subject
to the following loads:

1) self weight;

2) live loads (2 kN/m?);

3) dead loads (10 kN).

The shells are investigated each with two types
of support:

1) fixed support;

2) hinge support.

The load combinations in the used software SCAD
is: (1.2 - self-weight + 1.3 - live loads + 1.1 - dead
loads).

a — FE model of cylindroid with two directrices
ellipses.

The maximum span is 20 m.

Figure 9. FE model of cylindroid with two directrices ellipses

The linear analysis for reinforced concrete and
metallic shells, computed using the software SCAD
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gives the numerical and graphical results that are
presented in the following tables.

Table 1
The result of the analysis for reinforced concrete shell
Concrete B30
Maximum e
Thickness | displacement (mm) Stability factor
(cm) Fixed Hinge Fixed Hinge
support | support | support | support
15 33.58 75.07 3.7422 1.091
20 17.36 33.6 7.9682 2.2011
25 10.37 20.38 12.6648 3.3531
30 6.55 13.01 19.2451 4.94

When using metal as a material, the results of
the analysis gave large values for displacements, which
indicates the efficiency of using concrete in this type
of elements with a large span and in terms of econo-
mic feasibility also.

Table 2
The result of the analysis for steel shell
. Maximum -
Steel Thickness . Stability
o . displacement
qualitative (cm) factor
(mm)

Fixed 20 50.7 20.96
support 30 20.6 46.98

Let us consider now a FE model of cylindroid
Fraser as shown in (figure 10). The model is plotted
in the software SCAD 11.5.

Figure 10. FE model of cylindroid Fraser

This shell is subject to the following loads:

1) self weight;

2) live loads (2 kN/m?);

3) dead loads (10 kN).

The shell is investigated with a fixed support.

The load combinations in the used software SCAD
is: (1.2 - self-weight + 1.3 - live loads + 1.1 - dead
loads).

The span is 25 m.

THEORY OF THIN ELASTIC SHELLS
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Table 3
The result of the analysis for the span of 25 m
Concrete Thickness Maximum Stability
B25 (cm) displacement (cm) | factor
Fixed 20 25.6 6.46
support 30 13.36 14.47
Table 4
The result of the analysis for the span of 25 m
Steel Thickness Maximum Stability
qualitative (cm) displacement (cm) | factor
Fixed 20 2591 4.75
support 30 4.84 39.15
Conclusions

The investigations of the stress-strain state are
done for shells with the shape of cylindroid with two
directrices ellipses and cylindroid Frazer.

1. For the same thickness, loading and span, the re-
inforced concrete shells has minimum displacements.

2. For thickness 20 cm the steel shells have the same
maximum displacements. For the thickness 30 cm
the maximum displacement is more in steel shells.

3. It is more optimal to use reinforced concrete
shells than the one in steel.

4. A large span (till 30 m) shells can be designed
with reinforced concrete.

© Gil-oulbé M., Qbaily J., 2018
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Heas. Torkre 060109KH B BUE IIMIMHIPOUIOB MIPEACTABISAIOT COOON JTMHEHYIAaThIe 000I0UKH. VX N3ydeHHIo MOCBS-
IIEHO HECKOJIbKO paboT. B naHHOM cTaThe BEIpabOTaHO reOMETPUYECKOe MOCIMPOBAHNE TOHKHX 000JI0YEK B BUIE LIMJIMH-
JIPOMJIOB M MTOCTPOCHBI CPEUHHBIE TOBEPXHOCTH C MOMOIIBI0 porpaMMHoOro obecrneueHus MathCAD. HanpsokenHo-
JeopMUPOBAHHOE COCTOSIHUE UCCIIEIOBAHO JUIS CTAIBHBIX U JKeJIe300€TOHHBIX 000J10YeK B (hOpME LIMINHIIPOHUIOB.
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Mertoasl. JIuHeiHOE HCCTeJOBaHUE BHITIOTHEHO JUTSI )KECTKO 3alIeMJICHHBIX M MAPHUPHBIX OIOP, a TAKXKE IS Pa3ind-
HBIX TOJINKH B mporpaMMHoM komiuiekce SCAD. [IpuBeieHBI YHCIICHHBIC 3HAYCHHUSI MAKCUMAaIbHOTO U MUHUMAIIEHOTO
MepeMEIICHUN X CPEIHMUX OBEPXHOCTEH, HA OCHOBE KOTOPBIX CICJIAHbI BHIBOJIBI.

Pesyabrarbl. J[aHHbIe, MONTyYSHHBIC TTyTEM JIMHEHHOTO pacyera jKelie300€TOHHBIX U METAJUIMYECKHX 000JI0YEK, BbI-
MTOJTHEHOTO ¢ TIOMOIIBI0 TIporpaMMHoro obecrieuenuss SCAD, mpecTaBiICHbI B YHCIOBOM U TPaprIecKOM BUJIE.

3akirouenue. VccnenoBanusi HarmpsHKeHHO-Ie(OPMUPOBAHHOTO COCTOSIHUSI TPOBEEHBI JJIsi 000JI04eK B (opMe IH-
JUHAPOUAA C IByMs IPSMBIMH JIUIMIICaMH | ItHHAponaa Opesepa. [Ipu oMHAKOBBIX TOJIIUHE, HATPY3KE U TPOJIETE JKe-
71e300eTOHHBIE 000JI0YKH UMEIOT MIHUMANbHBIE TIepemenienns. g Tomumasl 20 cM cTambHBIe 000JI0YKH UMEIOT OMHA-
KOBbIC MaKCUMaJIbHbIe TiepemenieHus. s Tommuabl 30 cM MakCUMaJIbHOE MIepEeMEIIeHIE OO0JIbIIE B CTABHBIX 000JI0UKaX.
06o0mouku 60sbmI0r0 TIposieTa (10 30 M) MOTYT OBITh CIIPOCKTHPOBAHBI U3 )KEIC300ETOHA.

KuaoueBble cioBa: MOBCPXHOCTU HUIMHAPOUIOB, JIHHEHHOE Hucciaea0BaHUC, TCOMCTPUYCCKOC MOACIUPOBAHUC,

HaHpSDKeHHO—I[e(l)OpMHpOBaHHOC COCTOSIHUE, TICPCMCUICHUEC Cpe,HHHOﬁ MMOBEPXHOCTHU
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Abstract. Introduction. 1t is instructive to assemble a list of applications from a historical point of view, and to take as
a connecting theme the way in which the introduction of the thin shell as a structural form made an important contribution
to the development of several branches of engineering. The following is a brief list, which is by no means complete and
complicated features and their solutions for analysis of such structures.

Solution technique, methods. The linear theory of thin elastic shells with arbitrary shape of the middle surface is de-
rived on the basis of Kirchhoff’s assumptions that were used in the development of the plate bending theory introduced in
Part I. These assumptions are formulated for the linear theory of thin shells of an arbitrary shape. The problem of the study
of this article is to identify simple way of solution to analyze complicated features of thin shell structure by introducing
modern and new programmable theories and aspects. Especially the intersecting line of connecting thin shell structures.

Results. 1t is possible to successfully model explicitly a panel profile that can be used for optimization studies for use
as possible future test studies. It has also been shown, that if test data exists, a numerical solution can be very accurately
modeled to match the test data by modifying the material properties of the model.

Discussion. The article should encourage structural engineers to solve complicated features in thin shell structures
and design for construction of such structure which are rarely constructing in country like Nepal due to lack of skilled

manpower.

Keywords: spatial structure, thin shells, surfaces, Monge surfaces, methods of analyses

Introduction

From the perspective of structural engineering,
thin shells due to their spatial and complicated curva-
ture, possess a structurally efficient way of carrying
loads acting perpendicular to their surfaces. However,
the nature and geometry of thin shells makes them
complicated to understand or predict their structural
behavior and analyze them [2—4].

It has been widely recognized by structural engi-
neers and designers that shell structures are often
the best option for the weight efficiency or the genuine
use of materials. This is the reason why various types
of shells keep being used despite their high-skilled
workmanship demand. Real life shells such as large-
span coverings of buildings, cooling towers, structural
elements of nuclear power stations or offshore plat-
forms are usually complex in geometry, complicated to
analyze them and very expensive structures. The highest

TEOPUA TOHKUX YMPYTX OBONOYEK

level of reliability that is required for these structures
is heavily depended on the accuracy of measurements
and the reliability and confidence of their structural
analysis for structural engineers. The most popular and
often the only tool available for this analysis is
the finite element method [5-9] or global (super)
element method [10—17]. But unfortunately, the re-
sults obtained using some FEM packages or software
are not so reliable. The second way to test software
for numerical analysis is to compare its results against
a known analytical or programmed solution written with
variation differential methods. But analytical solutions
exist or cannot be obtained for complex geometrical
structures. At the beginning of the FEM introduced,
the finite difference method served as an alternative
method for numerical analysis of thin-shell structures.
But it did not gain much popularity because there are
several disadvantages inherent in the conventional
finite difference method: problems with convergence
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of numerical results, pick stresses, intersecting line
of connecting shells and difficulty in approximating
differences of rigidities of such shell structures, dif-
ficulty in incorporation of the boundary conditions at
types of boundaries, and limitations of generating fine
meshes complicated features of such shell structures
should be faced by structural engineers and who must
tackle to get results in accuracy for proper design.
In this paper a non-traditional and very new proce-
dure for the elastic analysis of thin-walled structures
is presented. This procedure is based on a new nu-
merical method — solution of various existing unknown
forces and stresses, which is similar to the finite dif-
ference method, but in simple way to understand their
features by students. Moreover, such types of struc-
tures can be used to resist earthquake forces which is
more important for our country Nepal.

The linear theory of thin elastic shells with arbitrary
shape of the middle surface is derived on the basis of
Kirchhoff’s assumptions that were used in the develop-
ment of the plate bending theory introduced in Part 1.
These assumptions are formulated for the linear the-
ory of thin shells of an arbitrary shape, as follows:

1. Normal to the undeformed middle surface
remain straight and normal to the deformed middle
surface and undergo no extension. This assumption
implies that all the strain components (normal and
shear) in the direction of the normal to the middle
surface vanish.

2. The transverse normal stress is small compared
with other normal stress components and may be ne-
glected. Novozhilov showed that the error introduced
by the Kirchhoff hypotheses in the theory of thin shells
is of the order A4/R in comparison with unity, in which
h and R are the shell thickness and radius of curva-
ture of the middle surface, respectively. It is assumed
that the thickness of the shell is small compared with
other dimensions, for example, the smallest radius of
the middle surface of the shell (see the inequality.
We also assume that the displacements of an arbi-
trary point of a shell are small in comparison to its
thickness. As a consequence of this assumption,
the products of the displacements and their partial de-
rivatives will be neglected as second-order quantities
of smallness. Furthermore, we can refer all calcula-
tions to the original configuration of the shell and ensure
the differential equations will be linear. From here
on we assume that the material of the shells is homo-
geneous, isotropic and that it obeys Hooke’s Law.

Envelopes of thin shell designs is used in differ-
rent areas of mechanical engineering, shipbuilding,
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construction, the aviation and space industry. In this
report work linear theory of envelopes based on hy-
potheses Kirchhoff — Love is used. Thus, restriction
by frameworks of the technical theory can be proved
the general complexity of a problem and enough greater
class of designs for which hypotheses of the classical
theory of envelopes are corrected

Apparently, from a brief review at analysis or cal-
culation of thin shells of complex geometry, the varia-
tion difference method and the finite element method
are the used numerical methods. It is connected with
complexity of the initial equations of the theory of shells
of complex geometry. By consideration of new types
of shells, it is necessary to study, first of all, the geo-
metry of the middle surface to receive necessary geo-
metrical characteristics: coefficients of square-law forms,
the main radiuses of curvature necessary for prepara-
tion of the basic equations of shells. It speaks that in
the special literature, the devoted geometry of the cer-
tain types of surfaces, in the majority of cases analy-
tical expressions of these characteristics are not con-
sidered. In this report, shells in the form of carved
surfaces of Monge are considered [2—4; 15; 16; 18].
It is studied surfaces of Monge (figure 1) [15] and their
geometry is stated, formulas of factors of square-law
forms. The algorithm variation-differential method [4;
9; 19-21] is developed and realized on the structural
analysis program too.

Description and solution at intersecting line of shells;
creation of complexity

The problem of the study of this report is to
identify simple way of solution to analyze compli-
cated features of thin shell structure by introducing
modern and new programmable theories and aspects.
Especially the intersecting line of connecting thin shell
structures and having different rigidities has to be
identified and enormous nodes selecting along those
intersecting lines to be analyzed with various simple
methods like force and displacement or matrix methods
which is known by students and using those they can
analyze even more complex structures in geometry and
types of loadings.

Nepalese skilled manpower who wants construct
structure in healthy, complex in geometry and econo-
mic sense will be involved in field survey, lab work.
Appropriately qualified and well motivated students
for field exposure are identified, will be given orien-
tation and employed for research work in this re-
search topic.
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Figure 1. Thin shell with complexity in intersecting line

Results and Discussion

The conclusions based on this paper are as follows.
It is possible to successfully model explicitly a panel
profile that can be used for optimization studies for
use as possible future test studies. It has also been
shown, that if test data exists, a numerical solution
can be very accurately modeled to match the test data
by modifying the material properties of the model.
This modification will take into account any stiffe-
ning effects, as well as the influence of geometric
parameters that cannot be readily accounted for, such
as panel corrugation. In addition, upon verification
of a modified material stiffness curve which accu-
rately matches recorded test data, the stiffness curves
can be used to model full scale buildings by applying
the characteristics of the stiffness curves to various
portions of the full scale model. The claims made by
other researchers stating that a linear elastic solution
cannot be used to solve problems involving thin shell
arch panels has been confirmed by the research in
this paper. Rather, a nonlinear solution (figure 3) is
the most precise method for obtaining accurate solu-

TEOPWS TOHKMX YMPYTX OBONOYEK

tions to the panel in question. For future tests, it is
suggested to evaluate multiple material thickness
panels to establish any existing relationship between
material thickness and panel radius concerning with
finite element method. It is surmised and theorized
that the trend of ultimate failure load decreasing as
radius is decreased will hold true for various material
thickness. The theory stating that the loads will be
lower if the material thickness is decreased, and
the loads going higher if the material thickness is
increased.

Figure 2. Complexity after deformation of shell structure
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Figure 3. Deflection contour created in SAP2000
Figure 4. Shell model created near School of Engineering, Pokhara University
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Other Results

1. Examples of thin-walled designs from crossed
sectors of shells are lead.

2. Conditions of the teamwork, crossed sectors of
shells are received.

3. The algorithm of calculation of crossed sectors
of shells is developed by a method of global elements.

4. The module of a program complex of calcula-
tion thin-walled spatial designs variation-differential
method by a method, realizing calculation of crossed
sectors of shells is developed.

5. Calculations of crossed sectors of shells with
application variation-differential method and a method
of global elements on various kinds of loadings are lead.

6. Are constructed graphics internal efforts and
pressure, the analysis of the is intense-deformed condi-
tion of crossed sectors of shells on the basis of the re-
ceived numerical results is lead and created model
(figure 4).

Conclusion

The research paper is devoted to the specific re-
search for analyses of crossing sectors of shells or
plates, design and construction and also development
and realization on the calculation of a method of global
elements of crossed sectors of shells with complex
geometry.

The various examples of crossing sectors of shells
are briefly shown in dissertations and are considered
various constructive forms, for example crossing plate
designs, plate-shell crossing designs and shell to shell
crossing designs.

For calculation of crossing sectors of shells of
complex geometry the program of the variation dif-
ference method and global element method is used.
The module of the program complex realizing calcu-
lation of crossed sectors of shells will be developed.
The given algorithm is universal enough and allows
calculating various designs on uniform algorithm.
Under the realized program test calculations of tradi-
tional designs which were compared to known deci-
sions are lead. Calculations have shown good con-
currence of results. Calculation of a thin-walled de-
sign of shells is executed. Calculations are lead on
action of a self-weight and wind load. The received
numerical results have no analogues will be in the
literature. Finally it will be worth evaluation for Pokha-
ra and Mid-Western University leading support to
development of country in modernization in structu-
ral engineering.

TEOPUA TOHKUX YMPYTX OBONOYEK

Recommendations

The report should encourage structural engineers
to solve complicated features in thin shell structures
and design for construction of such structure which
are rarely constructing in country like Nepal due to
lack of skilled manpower.

© Govind Prasad Lamichhane, 2018

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

KoHCTpyKTHBHBIE 0CO0CHHOCTH U UX peleHne
NPHU pacyeTe TOHKUX 000104Y€eK U MJIACTHH

I'osunpa Ilpaccax Jlamuuxane

Mid-Western University
Post Box 21700, Kuhine Pani, Birendranagar, Surkhet, Nepal

(nocmynuna ¢ peoaxyuro: 02 aBrycra 2018 r.; dopabomana: 08 oxtsi6ps 2018 r; npunsma k nybruxayuu: 10 Hosiops 2018 1.)

[ToyuuTenbHO ¢ UCTOPUYIECKONH TOYKH 3pPEHUSI pacCMOTPETh, KAaKMM 00pa3oM BHEIAPEHHE TOHKOI 00O0JIOYKH KaK KOH-
CTPYKTHBHOH (DOPMBI BHECIIO BaKHBINA BKJIAJl B Pa3BUTHE HECKOIBKHUX OTpaciieil MalIMHOCTpOeHH. B craTthe maH KpaTKuit
0030p, HE MPETEHAYIONNHA Ha BCEOOBEMHOCTb, PEILICHNH ISl pacyeTa TaKUX KOHCTPYKIIHH.

Tonkast 000J104Ka — 3TO TPEXMEpPHasi IPOCTPAHCTBEHHAs] KOHCTPYKLUS, COCTOSILAs U3 OJHOM MIIM HECKOJIBKUX M30THY-
TBIX IUTMT WM CJIOKEHHBIX IUIACTHH, TOJIIIMHA KOTOPBIX MaJa 10 CPaBHEHHIO C APYTHMMH HX pazMepaMu. TOHKHE 000JI0UKH
XapaKTepU3yI0Tcs TPEXMEPHBIM HECYLIMM MOBEIEHHEM, KOTOpOe OmpeenseTcs reoMerpueil ux ¢popm. ToHKHE IUIACTHHBI
W3HAYaIIbHO TPEICTABIAIOT CO00I MIOCKNE KOHCTPYKIMHU, OTPaHUYEHHBIE ABYMSI MTapajuIeIbHBIMU IUNIOCKOCTSIMH, Ha3bIBae-
MBIMH TPaHSAMH, ¥ IWIMHAPHYECKON TTOBEPXHOCTHIO, Ha3plBaeMoW pedpoM (wimm rpanuieir). OOpa3yromue InHApHYIe-
CKOW ITOBEPXHOCTH NEPHEHANKYJISPHBI IUIOCKAM TpaHsAM. ['eoMeTpu4ecKy IUIacCTHHBI OrpaHUYEeHbl MO0 NPSMBIMH, JTHO0
HU30THYTBIMU T'paHUIAMM. CraThuecKkue HIu JAUHAMHUYCCKUC HaArpys3ku, NEPEHOCHUMBIC INIACTUHAMH, MPEUMYIICCTBECHHO
NEepHEeHANKYJISIPHBI X TOBEpXHOCTsIM. Hecyiiee neiicTBUe MIacTHHBI B HEKOTOPOIl CTENEHU aHAJOTMYHO JEHCTBUIO OaloK
i Kabeneil; Takum 00pa3oM, B 3aBUCUMOCTH OT M3THOHOM KECTKOCTH KOHCTPYKIUI MIACTHHBI MOTYT OBITh allIPOKCUMHU-
POBaHBI CETKOHN M3 OECKOHEYHOTO YMCIIa OAIOK HMIIM CEThI0 M3 OECKOHEYHOTO KoimdecTBa Kabenel. B pesympraTe aBymep-
HOTO KOHCTPYKTHBHOTO AEHCTBUS IUIACTUH KOHCTPYKIMH MOY9atoTCst 00Jiee JIETKUMHM, YTO 1AeT MHOTOYHCIICHHBIE 9KOHO-
MHUYECKHe NpenMyecTa. [lnactuna, Oy yun n3HadaubHO INIOCKOW, Pa3BUBAET IONEPEUHbIE CHIIBI, H3THOAIONINE U KPYTsI-
M€ MOMEHTBI, YTOOBI MPOTUBOCTOATH MOINEpPeUHbIM Harpy3kam. [Ipu pacuerax WH)KEHEP-CTPOUTENb JOJIKEH YYHUTHIBATb,
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YTO TOHKHE 00O0JIOYKH, CBSI3aHHBIE APYT C APYIOM, MOTYT UMETh Pa3jIMUHYIO JKECTKOCTh. YHCIEHHbIE PEIIeHHs TT0I00HbBIX
CIIOKHBIX 3a]1a4 OCYILECTBIIIOTCS C TIOMOIIBIO CHCTEM aBTOMAaTH3HMPOBAaHHOTO TMpoekTupoBanus, Harpumep SAP2000 (CAII2000),

Staad Pro (Craax I[Ipo) u T.1.

KiroueBble c10Ba: IpOCTPaHCTBEHHAs KOHCTPYKIMS, TOHKHE 000JIOUKH, TTOBEPXHOCTH, ITIOBEPXHOCTH MOHXKa,
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Henn. PaccmarpuBaercs 3a1a4a noctpoeHus AndGepeHnnanbHbIX ypaBHEHUH, XapaKTePUCTHK U COOTHOILICHUH Ha HHX,
a TaKkXe OIpeeIeH s CKOPOCTEH pacrpoCTpaHEeHHs IFIOCKMX BOJIH JieOpMaIMii CIBUTra B CIUIOIIHON Cpelle, MEXaHHYeCKOoe
MOBEJICHHE KOTOPOH OMUCHIBAETCA T€OMETPUUECKH-HEIMHEMHBIMY aHAJI0raMU MaTEMAaTUYECKUX MOJIENIEH CIUIOIIHBIX Cpef,
HanpsHKeHHO-1e(OpPMUPOBAHHOE COCTOSIHUE KOUX OIpPEeIsieTCsl MPOU3BOIbHBIMH, BOOOIIE TOBOPS, EPEKPECTHBIMU 3a-
BHCHUMOCTSIMH MEXIY IEPBBIMA HHBapHAHTAMH TCH30POB M BTOPHIMH WHBapHAaHTAMH JIEBUATOPOB OOOOIIEHHBIX HAIpshKe-
HUH 1 HEMUHEWHBIX Te(OpMannii.

MeToambl. B kauecTBe mpumepa cTposATCsS rpaduKH MPUBEACHHBIX CKOPOCTECH BOJH Ae(OPMAIIUil CABHra B 3aBUCHMO-
CTH OT WHTEHCHUBHOCTH JIe(hopMaluii CABATA U 3HAYEHUS] MEXAaHWYECKHX KOHCTAHT MaTepHaja Uil TPEeX MaTeMaTHYeCKUX
MOJIeTIel CIUTOIIHOM CPeAbl: MOAETh | COOTBETCTBYET T€OMETPHUYECCKU-HENMHEWHOMY aHAJIOTY JIMHEHHOI TEOpHH yIpyTOCTH;
MOJIETIb 2 COOTBETCTBYET I€OMETPHYECKU-HEIIMHEHHOMY aHAJIOTy TEOPUH MaJIbIX YIPYTro-IIacTHYECKUX AedopMaiui; Mo-
JIelTb 3 COOTBETCTBYET reOMETPUUYECKU-HEIMHEHHOMY aHaJIOry 1e()OpMallMOHHON TEOPHH IJIACTUYHOCTH ChIITy4Yel CpeJibl.

BoiBoabl. OTMeUeHO, YTO B TOJYIPOCTPAHCTBE, MEXaHHMYECKOE MOBEJICHHE KOTOPOTO ONMCHIBACTCS ypaBHEHUsIMH Jiedop-
MAalMOHHON TEOPUH IIIACTUYHOCTH CBITy4ei Cpeibl, MOTYT BO3HHUKATh YAAPHBIE BOIHBI IIPU HEMPEPBIBHBIX KPAEBBIX YCIOBUSIX.

KiroueBble cj1oBa: Imiockas 3ajJa4a, IIJIOCKHEC BOJIHBI He(bOpMaIII/Iﬁ CABUTA, CKOPOCTU paCpOCTPaHCHHA BOJIH ,ue(bop—

Manui, reoMeTpuueckas 1 (pu3ndecKas HeTMHEHHOCTh

BBenenue

3amaua omnpeneneHus HaupsDKEHHOro U nedopmu-
POBAHHOTO COCTOSIHMHM TOJIYIIPOCTpAaHCTBA MpH JAci-
CTBUHM Ha €r0 MOBEPXHOCTH JUHAMHYECKHUX HOpPMallb-
HBIX p(?) U KacaTelbHBIX ¢(?) HArpy30K CBOIUTCA K
HCCIIEIOBAHUIO 3aKOHOMEPHOCTEH paclpoCTpaHEHUs
BOJIH JeopMalvii B CIUIOIIHON Cpelle U oIpesese-
HUIO UX TapaMeTpPOB.

st crutonHoM cpenpl, MeXaHHYeCKOe TIOBEACHHE
KOTOPOH OIUCBHIBAECTCSA YPABHEHUSMH TE€OPUH ILIACTH-
YEeCKOro TeUeHHsI, TMOO0 YPaBHEHUSAMH AUHAMUKH TPYH-
toB C.C. I'puropsiaa, b0 ypaBHEHUSIMH OWIMHEWHOH
TEOPHH IUIACTHYHOCTH, 0030p pEIIeHNH TaHHOH 3a1a-
YM U3JI0KEH B MOHOTpaduu [1].

HccnenoBannio 3aKkOHOMEPHOCTEN pacripocTpaHe-
HUS IBYMEPHBIX NPOJOJIBHO-IIONEPEYHBIX BOJH Je-
(dopmanuii B CIUIONIHOM cpesie, MeXaHHYecKoe TIoBe-
JIeHHE KOTOPOH OIMUCBIBAETCS MEPEKPECTHBIMU 3aBU-
CHUMOCTSMHU MEXAY NEPBBIMU MHBAPHAHTAMU TEH30-
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POB U BTOPHIMU MHBapHAaHTaMH JIEBHATOPOB HarpsKe-
HUH ¥ gedopManuii ¢ yuyetoM u Oe3 ydera reoMeTpu-
YeCKOW HENMHEHHOCTH, MOCBAIIeHb! padoTs [2] u [3].
Bompocs! pacnpocTpaHeHHs INUIOCKAX OJXHOMEPHBIX
W JIBYMEPHBIX BOJH nedopMmanuii ciaboro paspeiBa
IUISl TAKUX CpeJ] pacCMaTpUBAIUCh B padboTe [4].

Bo MHorux paborax mocieqHero BpeMeHU MpH-
CTaJIbHOE BHUMAaHHE yJIEJAeTCs] BOIPOCcaM pacIipocTpa-
HeHusl BOJIH Aedopmanuii casura. Tak, B pabote [5]
paccMaTpUBalIOCh PACIPOCTPAHEHUE CABUIOBOM BOJTHBI
B YNPYTO-IJIACTUYECKON cpelie, MOBEIeHHE KOTOPOn
OIUCHIBAETCA NMEPEKPECTHBIMU 3aBUCUMOCTAMH MEXKITY
MEpPBBIMU MHBAPUAHTAMU TEH30POB U BTOPBIMHU HH-
BapHaHTaMH JICBHATOPOB HAPSHKCHUH M IehopMaIinii.
CraBuiachk 3ajada OmpeJiesieHns] BOZMOXKHOCTH TeHe-
panuy BTOPO TapMOHUKH CIIBUTOBOM BOJIHBI, HE OITH-
ChIBa€MOM B paMKax KJIACCHUYECKON TEOPHH YTIPYTOCTH.

Hcxonsa u3 o0mux ypaBHEHHMH TUIOCKOHN 3amadu
TEOpHUHU YIPYTOCTH B paboTe [6] mocTpoeHsb! ypaBHe-
HUSl YTOUHEHHON TEOPHU CTaTHYECKOrO M JTUHAMHYe-
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CKOT'0 M3rMOO0B JUIMHHOW YIPYTOW TMOJOCHI, YUUTHIBA-
tomieit cieruroBbie nedopmary. MccnenoBanme cBOWCTB
00pazyronmxcst BOJH CABHUTa MPU yaape MO3BOIUIIO0
pa3paboTaTh HOBYIO MOJICIh Pa3pyIIECHUSI BEICOKOTO
3/1aHUs.

HccnenoBanne CTPYKTYpBI U YCIIOBHS peajin3ye-
MOCTH TOTICPEYHBIX TUCCHITATUBHBIX yIAPHBIX BOJH
KOHEYHOU aMIUIUTYIbI C YYETOM BSI3KHX M TeMIIepa-
TypHBIX 3(()EeKTOB BBHIIOTHEHO B pabore [7] Ha oc-
HOBE TCOPHH TEUCHHSI TIACTHUCCKOU CPEbI IIPH UH-
ctoMm capure. [TokazaHno, 4To Jiokanu3anus aepopma-
Ui cIBUTA B Y3KHUX 30HAX C MOCIENYIOMIMM 00pa3o-
BaHHEM KOHTAKTHBIX Pa3pbIBOB BO3MO)KHA B CITyHae TEM-
nepaTypHOTo pa3ynpoyHeHHus Marepuaia. OTMedeHo,
YTO B paMKax TEOPUH MAIbIX Ae(opMaliii TeopHs pas-
PBIBHBIX PEHICHWH THUMA YIPYTOIUIACTHYECKUX yAap-
HBIX BOJIH M3Yy4YeHa JOCTATOYHO MOAPOOHO.

HccnenoBanue 0THOMEPHBIX PEIICHUM, OMUCHIBA-
IOIIHX TUIOCKUE TPOJIOITbHEIE, TIONIEPEYHBIEe CABUTOBBIE
C BpaIlleHHEM YacTHIl, a TAK)KEe KPYTHIIbHBIE BOJIHEI,
BBITIOTHEHO B pabore [8]. B kauecTBe MexaHHUECKOM
MOJIEM CIUTONIHOW CpeAbl paccMaTpHBallaCh MaTe-
MaTH4YecKas MoJienb KoHTHHyyMa Koccepa.

B pa6ote [9] Ha ocHOBE aHaU3a CEHCMHUYECKUX
C/IBUTOBBIX BOJH JedopMaiuii ¥ TeMreparypbl BbIsSB-
JSeTCS TIepeXoAHas 30Ha OT YNPYTUX K IIACTUIHBIM
nedopManusaM B 3eMHOH Kope. Pemienne ctpoutcs
METO/IOM CETOK C MOIIATOBBIM MPUMEHEHUEM METO1a
Pynre — KyTThL.

HccnenoBannio MEXaHMYECKOTO TIOBEICHHS allto-
MUHHUEBBIX COT MOJ BO3ACUCTBUEM TUHAMHYECKOU
MYJIbTHAKCHAIIEHOW HArpy3Kd TMOCBSIIEHAa 3KCIIEPH-
MeHTanbHas padora [10]. BrisaBieHo cymiecTBEeHHOE
BIIMSIHUE Ha HAIpshDKEHHOE-Ie(hOPMHUPOBAHHOE COCTOSI-
HUE aJTFOMUHHMEBBIX COT YIJIa HAKJIOHA JEHCTBYIONICH
Harpy3KHu.

K coxanenuro, BOIpOCkl pacpoCTpaHEHUs IJI0C-
KUX BOJIH JiehopMaIlvii CIBUTA B CIUIOUTHBIX M JTUC-
KPETHBIX Cpelax C y4eTOM Te€OMETPHYECKOW HEeIH-
HEHHOCTH emle He TOMYYHIN JOJDKHOTO BHUMAaHUS.

B nanHoit paboTe paccMaTpUBArOTCs BOIIPOCHI Pac-
MPOCTpaHEHMsI TUIOCKUX BOJIH AedopManuii cisura B
CIUTOIIHBIX Cpelax, MEXaHWIeCKOe IMOBEICHNE KOTO-
PBIX OMHCHIBACTCS T€OMETPHUCCKI-HETMHEUHBIMU aHa-
JIOTaMH TIPOU3BOJIHBIX TIEPEKPECTHBIX 3aBUCUMOCTEH
MEXIy TIEPBHIMU MHBAPHAHTAMH TEH30POB G M € U
BTOPHIMH MHBapuaHTamu aesuatopoB T  u I 0606-
IICHHBIX HANpsOKeHUN U nedopMariuii:

o'=3K"(e".T")e"s T'=G (¢, T7)I", (1)
rae K'(¢', T") — reomerpuuecKku-HenMHeHHbIH aHamor
MOJTyJIsl 06BEMHOTO pacimpenus (cxatus); G (e, T7) —

reOMETPHYECKU-HETMHEHHBIA aHAIOT MOJIYJIS C/IBH-
ra [4].

[POBNEMbI TEOPUM YMPYTOCTH

BeiBOA 1MHAMMYECKUX YPABHEHUI

[lycTh Ha OBEPXHOCTH TMOIYIPOCTPAHCTBA B Ha-
MIPaBJICHUM OCH Y JCHCTBYET paBHOMEPHO-pacpe/ie-
JICHHAs CIBUTAIOIAs HArpy3Ka ¢(), 6ECKOHEUHO Mpo-
TsDKEHHAsS B HallpaBieHun oceil ¥ u Z (puc. 1).

{,
qlt
\

—_— —— —<p —>

/////‘/ P

v
1
7
L

p—

X

Puc. 1. PacueTHas cxema
[Figure 1. The design scheme]

[NomynpocTpaHcTBO OyZEeT HAXOMUTHCS B YCIIOBH-
X TUTOCKOH Aedopmanun. KoMITOHEHTHI mepeMertie-
HUH B MOJYNPOCTPAHCTBE OYIyT ONMPEACIAThCS CO-
OTHOIIICHUSIMU

u=0, v=v(x,t), w=0. (2)

[Ipu 3TOM KOMIOHEHTHI TeH30pa AehopMaliH TIPU
y4eTe T€OMETPUUYECKON HEIMHEHHOCTH, JEUCTBYIOIINE
B Twiockoctu XOY, OynyT paBHbI [4]

auY (ovY | 1(ov .
E=—t+-l|— |t =—| |[=Z| | =¢ (x,t),

o 2f\ax) \ax) | 2\ex) 7

2 2

&

. ov 1|(ou ov .
gy:_+_ — | | = :0’ 8220’
» 2\o) \&) |
. . Ou Ov oudu oOvov ov .
e A )
0y Ox Ox0dy Oxody o&x
v, =v,=0 v, =y.=0 3)

CrnenmoBaTensHO,

*

£ =g, +¢€, =¢,, ﬁz%\/4(81)2+3(y;)2. (4)

dusznueckue ypaBHEHUS JJIs Fe€OMETPUUECKU-
HEJNUHEHHON MOJENH CIUIOMIHOM Cpeabl MpH IIIOCKOM
nedopManyu, Kak ©3BECTHO, IMEIOT BH]T

* * 4 * * * E

6 =K +=G |g; . =Gvy_;

x 3 Xy Xy

* * 2 * * *

o, = K _EG € yz=0,

* * 2 * * *

c.=| K —EG e; 1,.=0. &)
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IToactaBum cootHouieHus (5) B TUHAMUYECKUE
ypaBHEHUS paBHOBeCHsI 03 yueTa 00beMHBIX CHI:

CH U Ui _p@zv ©)
oyl ox oy) " o
IIpuaumast Bo BHIMaHwue 3aBucuMoctH (1) u (4),
MOJYYHM JIBa YPaBHEHHSL:

any — 0;
ox
1

{E(K +§G*jy§y +7,, (Ayxy +B)+

B

(viy )2 oG" || ov,, ) v,
or’

+ Cy, +G + (7)

£

Ox or

31ech BBEAEHBI 0003HAUECHUS

ox’ 7 o

3uauennst kodhuueHToB A, B, C paBHBI

A:(K* +§G*j+(8K +i8G* Jg* +

oe" 3 0e
2
A(e') (k" 406G
+ * *+_ *;
3 or 3ar
BZSYW(GK +48G}

2

r lor 3o
. [(0G"  4g" 0G”
C = ’Yx * + * * .
"\ og” 3@ or
IIpucoenunss k ypaBHeHHIO (62) YpaBHEHHE CO-
BMECTHOCTH

€)

0 0
oy o )
ot Oox

MoJy94aeM CUCTEeMY IBYX nuddepeHInanbHbIX ypaB-
HEHUU MIEpBOro MOpsJKa B YaCTHBIX MPOU3BOJHBIX
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ov, Oy, Ov

OTHOCHTEIBHO BEIMUMH —, — 2

o ot ot ex

Cucrema nuHaMHUYeCKuX ypaBHeHU# (72), (10) omm-

CBIBACT MPOIIECC PACTIPOCTPAHEHHUS BOJIH JeopMaIii
C/IBUTA TIPU YYETE TCOMETPUICCKON HETMHEHHOCTH.

Uro xacaercst ypaBHeHUS (71), TO, TOCKONBKY B # 0,

0, (x1) =0. (11)
ox

Wnrerpupys audpdepeHumansHoe ypasHeHue (11)
Y YUYUTBIBasl COOTHOIEHHE (81), OIydaeM JTHHEHHBIN
XapakTep pacupeecHus IepeMeieHuH v(x,t) BIoIb
ocH X JUTsl KaKIOro MOMEHTa BPEMEHHU:

v(xt)=f(t)x+o(t). (12)

[MocTosiHHbBIE (TI0 OTHOILICHHIO K TMIEPEMEHHOM X)
WHTETPUPOBAHUS f() M ((?) OMpenenstoTcs U3 Tpa-
HUYHBIX YCIIOBHM:

—mpu x =0, v(O,t)=v0(t);
—IIpU X = X,,, v(xo,t)zvm(t).

3nech x9p — royOrMHA C)KUMaeMOM TOJIIH TONTY-
MPOCTPAHCTRA; Vy(?) — CMEIICHNE MMOBEPXHOCTH MOMY-
TIPOCTPAHCTBA B HAIIPABJICHUH OCH Y; Vu(t) — Tepe-
MeIlleHHe B HampaBlIeHHH OCH Y Ha TIyOHHE X = Xo.
OOBIYHO Ha TITYOHHE CHKUMACMOM TOJIIN MOIYTIPOCTPaH-
CTBa MEPEMEILCHHS IPUHIUMAIOTCS PABHBIMH HYJIIO.

OnpeneeHue XapaKTePUCTHK U COOTHOLIEHUIA HA HUX

B marpuunoit popme cuctema ypaBHeHUi (72),
(10) umeeT BUA
ou . ou
A=+B—=0. (13)
ox ot

3nech MaTpuilbl A 1 B paBHBL:
A= {an a12} B= {bn b12:|’
a, A4y b, by,
npryeM
1( « 4 .
4, = {E(K +§G jyiy Ty (Ayxy +B)+

(v,) a6’

+ Oy, +G +
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Bexkrop-cronbery u wuMeer CTPYKTYpY u= [y Wl

XapakTtepucTrdeckie KpruBble ypaBaeHus (13) orr-
PEICISIOTCS Ty TeM PEIICHUS YPaBHCHHS |A—(xB| =0,

a
o 11
WM B pa3BepHYTOH opme

=0, BemecTBeH-

HBIE PElICHHUsT KOTOPOTO 33Jaf0T XapaKTepPHCTHUECKIE
KpHUBBIE, ONFICHIBaeMbIe TG PepeHITnATbHBIMHA YPaB-
HCHUSIMH:

o —@ (14)
Yodr
3necy O =+ f@, o, =— f&
p p

Huddepennmansasie ypaBHeHus (14) ompene-
JISTIOT /1B CEMeHCTBa XapaKTePUCTHYECKUX KPHUBBIX.
Cuctema ypaBuenuii (72), (10) Oyzer runepbonnye-
CKOT'O THIIa, €CJIH /1> OYAYT BEIIECTBCHHBIMH.

Haiinem cooTHoIIEHHS BAOJIb XapaKTEPUCTHUECKIX

HarpasJeHui. Beenem BexTop ZZ[II 12]. Komrio-

HCHTBI BCEKTOpa l ABJIAIOTCA PCHICHUEM YpaBHC-

s [ -(A —oB ) =0, orkyna Haxomum

al,—ol,=0

1171 2 (15)
apl,—1,=0.

COOTHOIIIEHHsT BIIOJIb XaPAKTEPUCTHK HaiijieM Ha

- du
ocHOBaHMH ypaBHenus [ - B - % =0, 1o ecTh
dy dv
I,—=—pl,—==0. 16
2 TP (16)

Hcnonp3ys mamee 3aBucuMoctH (15), ypaBHe-
Hue (16) nmpuBeaeM K BUIY

Sigy  +dv, =0. (17)
p

Wrak, BIOMb OBYX ceMeicTB xapakTepucTuk (14)
BBITIONIHAIOTCS cooTHoeHus (17).

3anuiieM ypaBHeHue (72) B TEPMHHAX TepeMeliie-
Huil. Ucnionb3ys cooTHomeHus (8), ypaBaeHue (72)
MPHUBEIIEM K BUIY

o’v ov
allyzpy' (18)

Ypasuenue (10) mpu 3TOM YIOBIETBOPSIECTCS TOXK-
JIECTBEHHO.

[POBNEMbI TEOPUM YMPYTOCTH

Omnpenenenue ckopocreii BOIH AedopManuii

Js ompeneneHusi CKopocTei BOJH AedopMaruii —
HECTallMOHAPHBIX OBEPXHOCTEH CHIIBHBIX Pa3phIBOB
BTOPBIX TPOM3BOAHBIX TIEPEMEIICHHI, SIBIIIOIIMXCS T10-
BEPXHOCTSIMU CJIa0BIX pa3phIBOB jAedopManuii U cKo-
poCTeil YacTull, BOCIOJB3YEeMCSl KMHEMAaTHYECKHUMHU
U TUHAMAYCCKAMH YCIOBHUSAMH COBMECTHOCTH [11].
[lycts o(x, f) = 0 — ypaBHeHHE JTUHUU pa3pbiBa Ha Qa-
30BOH Tuiockocty XOf. O003HAYast CHMBOJIOM |...] cKa-
4oK (pyHKIMH Tpu Tiepexoe depes THHU0 o(x, 1) =0
U, IPUMEHSSI KHHEMaTHYECKHE YCIOBUS COBMECTHO-

2
CTH v = 8_@8_me K ypaBHenuio (18), mo-
0x ,0x; 0x; Ox,

JIYYUM JUHAMHUYECKOEC YCIIOBHUE COBMCCTHOCTHU!

oY oY
O I

[TockombKy K03 PUITUEHT MPEPHIBHOCTH A, # 0,
U YYUTBIBASL, YTO CKOPOCTh PACIPOCTPAHEHUS JIMHUN
paspeiBa ®(x, f) = 0 ompenenseTcs BBHIPAKCHUEM

oY /(oY

N*=| — — | w3 coornowenus (19), momy-
or o (19), momy
qaeM:
a
N? =21, (20)
p
IToCKONBKY B TJIABHBIX OCSIX Yiy = Yj/x =0, on-
* ' a * .
HAKO Ny #0 u Ny # (0, U, KpOME TOro, IS JaH-
0x oy

N
HOM 3a1a4u Y,, =7,,, TO

a,=G. (21)

Takum 00pa3oM, CKOPOCTh PaCIIPOCTPAHEHUS Te0-
METPUYCCKU-HETMHEWHBIX BOJH JAeopMaliuii CIBUTa
B IJIABHBIX OCSIX OJHO3HAYHO ONPEAEISIETCS] BEUYMHON
rEOMETPUYECKHU-HENMHEWHOT0 aHaI0ra MOyJIsl CIBUTA.

Pe3y.]'leaTbl YUCJICHHBIX pacyeToB

qI/ICJ'ICHHI)Ie HNCCIICOOBAHUA HpI/IBCZ[CHHBIX CKOpO—
2
pN

0
METPUYECKON HEIMHEUHOCTH BBITIOIHSIIUCH JJISI TPEX
MaTEeMaTHYECKUX MOJIEeN CIUIOIIHON CPEeIbL.
Mooens 1. MexaHNYECKOE TIOBEJCHUE CIUIOITHOM
Cpellbl OIUCHIBACTCS IMHEMHBIM 3aKOHOM, TO €CTh JIe-
(hopmarrioHHbIC 3aBUCUMOCTH (1) UMEIOT BUIT

o =Kz, T =GJI. (22)

cren BOJH Je(hOpMalInii CABUTA C YYETOM T'€0-
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Mooens 2. MexaHn4YeCcKOe TIOBEICHUE CILIOIIHON
CpeIpl ONHCHIBACTCS KBAJPATUYHBIM 3aKOHOM B OTHO-
IIICHWN CIBUTOBBIX AehopManuid. JledopMarmoHHbIe
3aBUCUMOCTH (1) B 3TOM clly4ae UMEIOT BU]L

£

£ r *
T :GO l_f F (23)

s

£ *

c =Kk ;

Mooens 3. MexaHnuecKoe MOBEICHNUE CILIOIIHOM
Cpe/bl OMUCHIBACTCS MEPEKPECTHBIMU 3aBUCHMOCTSI-
MH MEXTy MHBapHaHTaM{ HaMPsHKEHHOTO U 1ehopMu-
POBAaHHOIO COCTOSIHUI:

£\2 «\2
. q r I .
6 =K|1-—=|2—||—| [g;
% € I )\I,
F* r* 21—‘* *

. q € | &
T'=|G|1l-— |+Kf—|2— | —Kf—|[". @

oo ri r)r, "r

Mogens 1 coOTBETCTBYET T€OMETPUYECKU-HETH-
HEWMHOMY aHaJIOTy JIMHEWHOW T€OpUH YNpPYTrOCTH, MO-
JIeNb 2 COOTBETCTBYET T'€OMETPUUECKHU-HEINHEHHOMY
aHaJIOTy TEOPHH MaJIbIX YIIPYTO-TUIACTHYECKHX JIedop-
MaIuif, MOJIeTIb 3 COOTBETCTBYET T€OMETPHUCCKHU-HE-
JIMHEHHOMY aHaJOry Ae(opMalnoHHON Teopuu Tia-
CTUYHOCTH chimy4ell cpensl [4; 12].

B dopmynax (22), (23), (24) ob6o3navueHo: Ko —
Ha4yaJIbHBIN MOIYJb OOBEMHOTO pacIIMpeHus (CXKaTus);
Go — HaYaITBHBIN MOAYJIH CIIBUTA TIPH YHCTOM C/IBHTE; f—
aHayor ko3 uIFieHTa BHYTPSHHETO TPEHUS; ¢ — KO-
sa¢dunmeHt munaraHcuu; ['s — npeeabHas HHTEHCUB-

HOCTPh Aedopmanuii cipura, mpudeM () < — < 1.
FX
HccnemoBaHust cKOopocTelt BOJH aedopmarimit
CIIBUTa MOKA3AJIN:
1. Ina monenu 1 mpuBeAEeHHbIE CKOPOCTH BOJIH
neopManyii caBUra MOCTOSIHHBL M HE 3aBUCST HU OT

1 ! ! ! !

3HAYCHHST MEXAHUUYECKHX KOHCTAHT CIUIOIIHOW CPEIbL,
HU OT YPOBHS Pa3BUTHUS NehOpMaIii.

2. IlpuBencHHBIE CKOPOCTH BOJIH Jaedopmartuii
C/IBUTA, BBIYMCIICHHBIC JIJISI MOJETH 2, CYIIECTBEHHO
3aBHCAT OT YPOBHS PasBHUTHs JeHOPMHUPOBAHHOTO CO-
CTOSIHVIS: TIPH BO3PACTAHWW WHTEHCHBHOCTH AedopMa-

r

it cagura — Ha uHTepBaie [0,1] 3HaueHus npu-
l—‘S

BEJCHHBIX CKOPOCTEil BOMH AedopMalyii CIBUra MOHO-

TOHHO yOBIBatoT ot 1,0 mo 0,5.

3. Uto kacaercss MOAENH 3, TO 3HAUEHUS IMIpPHBE-
JEHHBIX CKOPOCTEH BOJH AedopManuii caBura cy-
LIECTBEHHO 3aBHCAT KaK OT 3HAYCHMS MEXaHMUECKUX
KOHCTaHT CIUIOIIHON Cpeabl, TaK U OT YPOBHS Pa3BU-
Tus nepopmaunii. [lpu yBenuueHnn kodpduuneHTa
BHYTPEHHETO TPEHUSI CKOPOCTH BOJH YMEHBLIAIOTCS
U HyJteBoro ko3dduimenrta qumaTancun (puc. 2, a).
Ecin xosp¢uument aunarancun g/T' >0, To mpu

yBEIMYEHUU KOPPPUIUEHTa BHYTPCHHETO TPEHHS
CKOpPOCTH BOIIH Bo3pacTaroT (puc. 2, 6). Ilpu yBenu-
yeHUU Kod()(PuIHeHTa AUIATAaHCHU CKOPOCTH BOJH
TaK)Ke BO3PACTAIOT. 3aBUCUMOCTh MPHBEIECHHBIX CKO-
pocteii BonmH nedopMaluii ciBura ot ypoBHs nedop-
MHPOBAHHOTO COCTOSIHWSI HEOJHO3HAYHA M TIPU BO3-
pacTaHWM MHTEHCUBHOCTH IedopMaluil cIBUTa MO-
XKeT KaK yBeJIMYUBATHCS, TaK U yMeHbIIaTbes. Ecnun
CKOPOCTH pacrpoCTpaHEeHHUs BOJH JeOpMaIiil C/IBU-
ra yBEeJIMYMBAIOTCS B MpOLECCEe BO3PACTaHUSI UHTCH-
CHBHOCTH JedopManii cisura (B mporecce Harpy-
JKEHHsI), TO BHYTPH MOIYIIPOCTPAHCTBA BO3MOXKHO 00-
pa3oBaHHE yJapHOM BOJNHBI (BOJHBI CHIIBHOTO pa3pbl-
Ba) IIPY HETPEPHIBHBIX KPaeBbIX ycioBusx [13].

Ha puc. 2 u3o0paxeHsl rpaguku IpUBEACHHBIX
CKopocTel BoJH nedopmaruii casura, TOCTPOCHHBIC
no ypasHenuto (20), 1y moxenu 3. 3HaueHUs Mexa-
HUYECKUX KOHCTAHT MPUHUMAIUCH CIEAYIOIIUMH:

Ko 11547, Lot 0 Z o115,
G, I ‘

0 K
4]
2 2T
pN 'o"--\\
G, ’ S
o st # .
V4 '.—°-°~.‘.
o’ ~.
i -
\ F
0.5 t t t t 1

0 02 04 06 08 11,

Puc. 2. Cxopoctu BoJH aedopmanuii caBura: a —q=0;6—q =T,
[Figure 2. Velocities of shear strain waves: a —¢=0;6—g¢=T]
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Ha puc. 2 cruomHast TMHHUS COOTBETCTBYET KO-
sd¢unmenty tpenus f = 0,1; MTPUX-yHKTUPHAS —
f=0,5; myaktupHas —f=0,9.

BoiBoabI

YucnenHsle uccieq0BaHus MOKa3bIBAIOT, YTO CKO-
POCTH pacIpoCTpaHeHHs BOJIH AeOpMaIiii caABUra ¢
Y4ETOM FE€OMETPUUYECKON HETMHEHHOCTH CYLIECTBEHHO
3aBUCAT KAaK OT BUJA MaTeMaTUYECKON MOJEIH, OlU-
CBIBAIOIIEH HaNpsHKEHHO-1e(OPMHUPOBAHHOE COCTO-
SITHUE IOJYIIPOCTPAHCTBA, TAK U OT YPOBHS HaIpSKCH-
HOTO U 7e(OPMUPOBAHHOTO COCTOSIHUU B paccMar-
pUBaeMON TOYKE Cpellbl, a TAKXKE OT BEITHMYUHBI PU-
3MYECKUX KOHCTAHT MaTepHalla CIUIOIIHONW CPeBl.

3akiIouyenne

[IpuBeneHHbIE B CTaThe COOTHOIIEHUS MOTYT OBITH
WICTIOJNIE30BaHBbI TIPH TIOCTPOSHNH AJITOPHTMOB pacyeTa Ha-
NPSHKEHHO-Ie(OPMHUPOBAHHOTO COCTOSIHHSI T€OMETpHYC-
CKU 1 (PMBUYECKU HEJIMHEHHBIX TIOYTIPOCTPAHCTB, HaX0-
JUIIIAXCS B YCTIOBUSIX TUIOCKOM Jie(hopMaIivy OT IeUCTBHS
Ha MOBEPXHOCTH C/IBATAIOIINX TMHAMUYECKHUX HAIPY30K.

© bakymes C.B., 2018
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v Attribution 4.0 International License
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Abstract. Aims. The problem of differential equation construction characteristics and balances is being analyzed; and
also the definitions of the planar wave rotational deformation travel time in the continuum, the mechanical character of
which is described by the mathematical models geometrically nonlinear analogues in continuous body, the stress-strain stain

[TPOBNEMbI TEOPUM YMPYTOCTY
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of which is described by the undefined, basically, by the cross-connections between the first tensor invariant and the second
invariant deviator of the stresses and nonlinear deformations.

Methods. As an example let’s plot the specific speed of the transverse waves depending on the intensive rotational
transverse deformation and the meanings of the material mechanical constants for the three mathematical models of the con-
tinuum: model 1 corresponds to the geometrically nonlinear analogue of the elasticity linear theory; model 2 corresponds to
the geometrically nonlinear analogue of the small quantity elastoplastic strain theory; model 3 corresponds to geometrically
nonlinear analogue of deformation theory of the loose medium plasticity.

Conclusions. 1t is stated that in half-subspace the mechanical behavior of which is described by the deformation theory
equations of the loose medium plasticity, the shock waves can appear in continuous boundary conditions.

Keywords: plane problem, rotational deformation plane waves, the deformation wave travel time, geometrically and

physical nonlinear effect
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HAVYYHAS CTATbBA

MaTtemMaTudyeckKue MOJA€EIU
MHOT'OCTBOJIBHBIX CTPOUTEIbHBIX APTULJIEPUICKUX OPYAM I

O.J1. ®urosckuii'*, O.I'. Ienckunii

' Acconmanus uzobperateneit M3paus
POBox 73, Migdal HaEmek 10550, Israel

*[TepMcKHii TOCYIapCTBEHHBII HAIMOHATBHBINA HCCIIEI0BATENBCKHIT YHHBEPCUTET
Poccuiickas @eoepayus, 614990, Ilepmo, ya. Bykupesa, 15

* ABTOp, OTBETCTBEHHBIH 3a IEPENUCKY

(nocmynuna 6 peoaxyuio: 23 cenrsiops 2018 r.; dopabomana: 14 nos6pst 2018 r.; npunama k nyéauxayuu: 19 nosdps 2018 r.)

B cratbe MpUBEACHDbI IPUHIUITUATIBHBIE CXEMbI U MATEMATUYCCKHUEC MOJICIIN MHOT'OCTBOJIBHBIX apTHHHepHﬂCKHX CUCTECM,
MpE€AHAa3HAYCHHBIX MJI 3aCTPEIIMBAHUSA U U3BJICYCHUS CTPOUTEIIbHBIX 3JIEMEHTOB M3 I'PYHTA, OIIMCAHBI PE3YJIbTAThl YUCIICH-
HbIX 3KCIICPHUMCHTOB, BBIIIOJHCHHBIX Ha OCHOBEC IPEIATOKCHHBIX MAaTEMATUYCCKUX MOJIeJIE M ITO3BOJISIONINX u3yJatb Ou-
HaMHUKY MHOT'OCTBOJIBHBIX CTPOUTEIBHBIX apTCUCTEM BO BPEMS BBICTPEIIA. I[aHbI MAaTEMATHYECKUE ITPOTHO3EI 110 3arny6ne—
HHIO CBail B T'PYHT, MAKCUMAJIbHOMY HAaBJICHHWIO B KaHaJIaX CTBOJIOB, BEJIMYMHLI U CKOPOCTHU OTKATa NYHICK JIS PA3JIMIHBIX
yCJ'IOBI/Iﬁ 3apsAiKaHrg CTBOJIOB U UX TEXHUYCCKUX XapPAKTCPUCTHUK. B kauectBe BCpI/I(i)I/IKa]_[I/II/I npegjiara€MblX MaTeéMaTn4e-
CKHMX MOJEJEH OIMCaHbI PE3YyJIbTAaThl OKCIICPUMEHTOB JI1 OAHOCTBOJIBHBIX apTHHﬂepHﬁCKHX Opy]lldﬁ, SABJIAOIIMUXCS 4acCT-
HBIM CJIy4a€M MHOT'OCTBOJIBHBIX ITyIICK.

KuarwueBble ciioBa: apmnnepnﬁcxaﬂ CHUCTEMA, MATEMATHYCCKasd MOJCIb, CTPOUTCIIHLCTBO, CTPOUTCIIBHBIC 3JIEMCHTHI,

CBasl, M3BIICUCHHUE CBalt

BBenenue

B nacrosee Bpemst B P® npoBogstcest uccneno-
BaHMs IO CO3JIaHUI0 MHOTOCTBOJIBHBIX apTHILICPUIi-
CKHX CHCTEM, NpeIHA3HAYCHHBIX IS PEeIICHHS 3a/1a9
CTPOUTENBCTBA. BBIOOp apTWIEepHiCKIX OpyAui I
pelIeHus: 3TUX 3a1a4 o0yCIIOBJIEH TEM, YTO B Kaue-
CTBE OPYIHA MOKHO BBIOpATh ITyIIKH, CHITHIE C BO-
OpY’KEHUS U WIYIINe Ha MEePETIaBKy B METaJIONIOM,
a B KauyeCcTBE NMOPOXOB MOXKHO HCITIOJIb30BaTh YCTa-
pEBIIHE MOpOXa, MOJISKAIINES YTHIM3ANNH. JTH (hakK-
TOPBI B YUCIIE TIPOYMX TTO3BOJIIOT ITOIYIUTH OOJBIITYIO
9KOHOMUYECKYI0 3((HEKTUBHOCTh NPH CO3JAaHUH H
paboTe MUPHBIX IYIIEK.

B coBpeMeHHBIX CTPOUTENHHBIX TEXHOJOTHUSIX B
HacTosIIIee BPeMsI BCE BO3pacTarollee 3HAYE€HHUE IpHU-
obperaer Maremarmdeckoe mopaenupoBanue [1]. Tlpu-

OKCNEPUMEHTANBHBIE UCCNELOBAHMA

BCAEM MATEMATHYCCKHEC MOACIN MHOI'OCTBOJIBHBIX
CTPOUTECIIbHBIX apTHHHepHﬁCKHX CHUCTEM.

MaTtemMaTH4YecKHe MOeJTH
3acTpeJIMBaHUs CBAl B IPYHT
U3 MHOT'OCTBOJIbHBIX APTUJ/LIEPUIICKUX CHCTEM

Ha puc. 1 npuBeneHa npuHIMNMaIbHag cXxeMa
MHOTOCTBOJIBHON apTHIIICPUMCKON YCTaHOBKHU.

Pabotaet ycraHoBKa ciemyrommmM o0pazom. B cTBo-
761 1 BeraBisteTcss (PUTYpHBIA MOpIeHs 3 ¢ miatdop-
MOM 2, KOTOpasi OmupaeTcs Ha CTPOUTEIbHBIN 3Jie-
MEHT 4, ynuparluiicd Ha MOBEPXHOCTh I'PyHTa 5.
Bo Bpems BrIcTpena miatdopma 2 TaBUT Ha CBaro 4,
B Pe3yJbTaTe 4ero cBas 4 NPOHUKAET B TPYHT 5.

Jis onucaHusl TMHAMUKH MMITYJIbCHOT'O BIaB-
JIMBAHUA aJallTHPOBaHA TEPMOAMHAMUYECKAs TEOPUS
BBICTpeNa 1t 00eBBIX opyauit [2].
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=

(

Puc. 1. IlpuHnunuajbHasi CXeMa MHOIOCTBOJILHOI
CTPOUTEIbHOM APTHIJIEPUIICKOI YCTAHOBKHU
[Figure 1. Schematic diagram of
a multi-barreled construction artillery installation]

HyCTB n — KOJIMYECTBO CTBOJIOB B apTCUCTEME,

i — IOpPSAAKOBBIN HOMED CTBOJA, i =1,7.

IIpenBaputenbHbIil NEPUOJ BBICTPENA JUIS KAXK-
JIOTO U3 CTBOJIOB ONMCHIBAETCS M3BECTHOH (POpMy-
JIO¥ BHYTpeHHEH OammcTuku [2]:

11
A, 9,
\Po,i :ﬁ’ (D)
7’_’_&[ R
pO,i 61

.
e A,=——, o,, W,., 9, f.,py;q — mior-
0.i

HOCTb 3apsiKaHudA, MacCa 3apsiaja, 00BeM KaMOpB&I,
IJIOTHOCTh IOpOXa, CUJIa IOpoxa, AABJICHHUC (l)OpCI/I—
poBaHMA, KOBOJIFOM ITOPOXOBBIX I'a30B B CTBOJIC I

ITycts L, — abCOMIOTHBIE CKOPOCTH H ITyTh CBau
(cTpoUTENBHOTO 3JIEMEHTa) B TPYHTE, /71 — Macca CTPOU-
TEJBHOTO 31eMeHTa, (). — BeC OTKATHBIX YacTeil ImyI-

KN ¢ HOMEpOM i, L - IOyTbh OTKaTa OTKAaTHbIX 4Ya-

p.i
cTell myImIku ¢ HomepoM i, M, — Macca OTKaTHBIX
YacTell MyIIKA ¢ TOPSIKOBHIM HOMEPOM i B MHOTO-
CTBOJILHOM CHCTEME, ¢ — BEC CTPOHMTEIHLHOTO JIEMEH-
Ta, [ — Bpems, V, — CKOpOCTh OTKara CTBONA i, p; U
S; — naByeHre B KaHAIE W TUIOMIAIb MOMEPEYHOTO Ce-
YeHHsl [-TO CTBOJA COOTBETCTBEHHO, 0, — mokasa-
TeNb aauabaThl IOPOXOBBIX Ta30B 0€3 eIMHULBL, |/, —
OTHOCHUTEJNIbHAS YacTh CTOPEBIIIEr0 3apsiia B CTBOJIC ,
W vy, — cBOOOJHBIH 00BEM KaMOPEl K MOMEHTY Cro-
paHus B HEH 4acTH 3apana \,, j — HOPSAIKOBBINA HO-
Mep UMITYJILCHOTO BIIaBIUBaHUS, X ; — CyMMapHoe 3a-
[yOJIeHHE CTPOUTENBHOTO 3JIEMEHTA B TPYHT B PE3Yiib-
Tare j BraBmuBanuii, rae X, =0, F(Ua, L,+ Xj ) -
CHJIa COTIPOTHBIICHUSI TPYHTA JBHXKCHHUIO B HEM CTPOH-
tensHOrO dnementa, G(V, Lp,l.) — CHJIa COTMPOTHB-
JICHUS OTKATy i-TO CTBOJIA.

Bo Bpewmst mepBoro nepuoa BeICTpeNna aBJicHUE

B CTBOJIaX OIMCBIBACTCS YPAaBHCHUAMUA

Jio, ¥, TP —0;| 0 L ¥, +S8 V. + S0,

dp, dt 8, | dt .
dt S,(Ly, +L,,+L,)

0, F (v, L, + X, v, ~0,m0, e _0 MgV 0.7, 2
+ t dt @)

S, (Ly, +L,,+1L,)

_e[G(Vi’Lp,i)I/i +eimgua +eiuazSipi

. i

S,(Ly, +L,,+L,)
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W . A, 1
e L, =—=|1-—-A|a, ——|¥.
Y, Si 6[ i i 8[- i
dDa n
m 7 :ZSipi+mg—F(Da,La+Xj), (3)
i=1
dv.
Mi=pS-Mg-G(V,L ), 4
i dt pl i 1g ( i p,l) ( )
TJ€ g — YCKOPEHUE CUJITBI TSKECTH.
Loy ©)
au v
Loy (6)
"

Cornacao pabore [2] uisi BBIYHCICHUS OTHOCH-
TETHHOMN YacTH CTOPEBIIEr0 TPYyO4aToOro 3€pHEHHOTO
MOpPOXa MOXHO BOCTIOJIb30BaThCSl PABEHCTBOM

d¥. 1
—t=— = F,‘ i (7)
a1 T
e Fi = ——— YyJACiIbHasi1 HHTCHCUBHOCThH ra3006pa—

p.i
30BaHMUA, Ipi — HIMIIYJIbBC IIOpOXa B i-M CTBOJIE.

TakumM 00pa3oM, MoydeHHas! cucTeMa OOBIKHO-
BeHHBIX muddepeHnmansHpx ypaBaenni (2)—7) omnu-
CBIBAET MEPBbIN IIEPHOA BBICTPETA B CTBOJIE i.

HauanbHble yciioBHS U1l PELLIEHUSI 9TOU CHCTE-
MBI YpaBHEHUI UMEIOT BUJL

pi0)=piy, v,(0)=0, V,(0)=0,

®)
L(0)=0, L,,(0)=0, ¥0)=¥,,.

Tak kak BTOpOW NEPHUOA BBICTPENA COOTBETCTBYET
anuadaTHIecKOMy PaCIIMPEHHIO TOPOXOBBIX I'a30B, TO
YpaBHEHVS] MOJIETIMPOBAHYIA IS TABJICHUSI p; IPUMYT BHJ

1+9;

p _ p L‘{",-:l,k +Lp,1',k +La,i,k (9)
i ik B

L\P’:u + Lp,i +L,
rie L‘PI:U :%(I—Al_ai); L,;,— abcomoTHbIit

i
IIyTh MOPLIHA B KOHIIC IEPBOI'0 IIEpHOAa BBICTPEIIA AJId

I-M CTBOJIA, L — BEJIMYMHA OTKara i-ro CTBOJIA B

p.ik
KOHIIC IIEPBOIo II€pruoga BbICTPEIIA, pi  — HAaBJICHHUC

B [-M CTBOJIC B KOHIIE MEPBOT0 MEpHo/a BhICTpEa.
OueBHTHO, YTO BTOPO# NIEPHOJ] BBICTpENa JIsi CTBO-
Jia i omHCHIBaeTCs cucteMoi ypasaenui (3)—(6), (9).

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

HavanbHble ycnoBus Ijisi 3TOM CHUCTEMBI ypaB-
HEHUU UMEIOT BUJT

Da (0) = Da,k’ V:(O) = Vi,k’

(10)
L0)=L,, L, (0)=L

pik >

rae v ak abcomoTHast CKOpPOCTBb CTPOUTEIILHOI'O 3JIC-

MCHTA B KOHLC NEPBOro Mnepruojia B CTBOJIC i; Vk -

1
CKOPOCTh OTKAaTa i-r0 CTBOJIA B KOHIIE MEPBOTO IIE-
puoaa BBICTpEna.

Bo Bpems BhICTpea MHOTOCTBOJIBHOM CTPOUTENh-
HOM apTUJUIEPUIICKON CHUCTEMBI TIEpBBIN U BTOPOH Tie-
PUOAbI BBICTPEIIA MOTYT 3aKaHUYMBATHCA U HAUYWHATD-
sl B pa3Hble MOMEHTHI BpeMeHH. [loaToMy pacueTsi ¢
TIOMOIIIBIO TIPUBEICHHBIX YpaBHEHHUI BHYTpPEHHEH Oai-
JIMCTUKH HY>KHO BBIIIOJIHATH COTJIACHO IIpaBUITy: €CJIN

anst opyaust i Bemonnsiercs ycaosue W () <1, To

JUISL ONIMCAHMs BHYTPUOAIIMCTUIECKUX MPOLECCOB
pemaercs 3agaua Komm (2)—~(8). Ecrm W (#) =1 u

Lp,i +L,<L,,, To pemaercs 3anaua Komm (3)—(6),
(9)’ (10), rae Ld,i —
L,,+L,>L,,, tonasnenue p, (t)=0.

JUIMHA KaHalia ctBona i. Ecim

Od4eBuAHO, YTO MOCIIE BBIXOJA MOPIIHS U3 BCEX
KaHaJIOB CTBOJIOB JBUXEHUE CBAaW B TPYHTE OIUCHI-
Baercs 3anaueit Kormu:

m P~ R, L+ X )+ mg,
dt
dL,
—4a — Ua’
dt
v,(0)=v,,,
L(0)=L,,,

rie v, , — abCoNI0THAsA CKOPOCTh CTPOUTEIBHOIO

AJIEMEHTa B MOMEHT BBIXOJIa TTOPIITHS M3 KaHaJla CTBOJIA,
B KOTOPOM JIOJIBIIIE BCErO JBHTANCS TOpIIeHb; L , —

aOCOJIOTHBIN IMyTh MOPLIHA 10 KaHally CTBOJIA, B KO-
TOPOM JIOJIBIIIE BCETO TepeMeNalcs MOpPIIeHb B CyM-
MapHOEe BpeMsi TIEPBOTO ¥ BTOPOTO TIEPHOJIOB BBICTPENA.

BenmunHa npoHWKaHHST CTPOUTEIBHOTO AJIEMEHTa
B TPYHT B pe3yNbTaTe OIHOTO MMITYJIbCa COOTBETCTBY-

€T 3HaueHni0 L, pu KOTOPOM BBITIONHAETCS PaBeH-
cro v, =0n X, =X, +L,.

B pabote [3] npeanoxxeHbl MaTeMaTHYECKHE MO-
JeTM UMITyJIbCHOTO BJIABJIMBAHUS CTPOUTENIBHBIX 3JI€-
MEHTOB B TPYHT W3 MHOTOCTBOJIBHBIX OPYIHii C OMHA-
KOBBIMU TEXHHUYECKUMHU XAPaKTEPUCTHKAMU U YCIIOBH-
SIMA 3apspkadrs. OTIIMYUTEFHON 0COOCHHOCTRIO YPaB-
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Henuit (1)—(10) sBRsieTCs TO, YTO OHM OMHUCHIBAIOT
UMITYJIbCHOE B/IAaBJIMBAaHUE, OCYILIECCTBISIEMOE 3a CUET
UCIIOJIb30BaHUSI MHOT'OCTBOJIBHBIX apTCHCTEM C pa3-
HBIMH TEXHUYECKMMH XapaKTEPUCTUKAMHU U yCIIOBH-
MU 3apsDKaHUST KOKIOTO U3 OPYAUH, BXOISLIUX apT-
cucreMy. TexHHYecKHe PeIleHus Ul yCTPaHeHUs 110-
BOPOTHBIX MOMEHTOB JIJIsl TAKUX OPYIHI MPUBEACHBI,
Hampumep, B padote [4].

Pacuers! OyzneM mpoBOAUTH ISl TIIMHUCTOTO TPYH-
Ta ¢ KoHcuctenmuen 0,5. Jlmsg sToro rpyHTa cuia
COTMPOTUBIICHUSI [ BUKEHHMIO CBaW YIOBJIETBOPSIET
COOTHOIIIEHUIO [3]

F=S (avj +c) +rzL (1),

rne Se — IUIoaab MUAEIEBOTO CEYCHUS; Vy — CKOPOCTh
JBUKEHUSA CTPOUTEIBHOTO 3JIEMEHTa B TPYHTE; ¥ —
yAenbHas Cuiia TpeHUs] OOKOBOM MOBEPXHOCTH CTPO-
UTENIBHOTO 3JIEMEHTa O TPYHT; z — IepUMETpP MuJe-
JIEBOTO ceUYeHUs; L,(?) — MOrpy>keHUE CTPOUTEIHLHOTO
AIIEMEHTa B TPYHT; ¢ — BpeMs; KO3(HUIMEHTBI COMPO-
THBJICHHS TJIMHHCTOTO TPyHTa — a = 3422 m*c’/m?,
¢ =2 000 000 ITa, »=35 000 ITa.

UncneHHble SKCIIepPUMEHTHI, OCHOBAaHHBIE Ha TIPel-
JIO)KEHHBIX MaTEMAaTHIECKUX MOJIEIISIX, TIOKA3bIBAIOT BO3-
MOXKHOCTb 3aCTpPEJIMBaHUs CBail B INIMHUCTBIA TPYHT
¢ koHcucteHuuei 0,5 Ha ryOuny Oonee 30 M mpu
TEXHHYECKUX MapaMeTpax CBaW, OPYAHN U YCIOBUH
3apspKaHus, IPUBEICHHBIX B Ta0m. 1.

PacueTHble XapaKTepUCTUKH KaXJI0TO U3 UMITYJIb-
CHBIX BIaBIMBaHUI MPUBEACHEI B TA0I. 2.

AHanmu3 Ta0ia. 2 MO3BOJISET BHIIBHHYTH THIIOTE-
3y 0 BO3MOYXHOCTH NPUMEHEHHUSI MHOTOUMITYJIECHOTO
BJIaBIMBAHUS NPU PEIICHUH 3a/1a4, CBA3aHHBIX C He-
00X0IMMOCTHIO 3a0MBKH CBail Ha OOJBITYIO TITyOHHY
B IPYHTBI CpPEAHEN IUIOTHOCTH.

Tabruya 1

TexHnyeckne XapaKTepUCTHKH APTCHUCTEMBbI U CBaU
[Table 1. Technical characteristics of the artillery system and piles]

KonnuecTBo cTBONIOB 4
[Number of stems]

Kamubp xaxxnoro ctBoia, M 0.170
[The caliber of each stem, m] ’
Macca OTKaTHBIX YacTeil KaKI0ro CTBOJIA, KT 3600
[Mass of sliding parts of each stem, kg]

JImiHa Ka)XI10ro CTBOJIA, M 2345
[The length of each stem, m] ’
Macca cBau, Kr

[Pile weight, kg] 600
Juametp cBau, M

[Diameter of pile, m] 0,168
JomyctiMast CKOpocTh CBOOOIHOTO OTKATa, M/C 6.5
[Admissible free kickback speed, m/s] i
JomycTiMoe MaKCHMAIbHOE JABICHUE B KAXKIOM

crBoie, klla 250
[Admissible maximum pressure in each stem, kPa]
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Ha ocHoBaHum KmaccHuecKod TepMOJHMHAMHYE-
CKOW TeOpUH BBICTpeia O0EBBIX OPYAMH IS BBIYHC-
JIeHUsT KOd(DPUITMEeHTA MTOJE3HOTO AEHCTBUS MHOTO-
CTBOJIbHBIX apTHJUIEPUICKUX CHUCTEM IpeasaraeTcs
cienyromas MoauduIupoBanHas popmyna [3]

2
my,,

La}'l
+ j F(v,,L,+X,)dL,
0

Y,

0

KIIJ, =

2

rje v, — OyJlbHas CKOpOCTh cBau; L, — abcomot-

HBIH HAaNOONBIINN TyJIBHBIN ITyTh CBaU.

Tabauya 2

PacueTHbIe XapaKTePUCTHKH HMIYJILCHBIX BAaBJIUBAHHIA
[Table 2. Impulse impact calculation characteristics]

IopsaaxoBbrit Macca Hmmyase | O0bem | 3army0-
HOMep 3apsiia, KT | T0poXa, | Kamophl, | JIeHHe, M
umnyiascHoro | [Charge klla w3 [Deepen-
BaaBauBaHus | weight, kg| [Gun- [Volume of | ing, m]
[Pulse powder | chamber,
indentation impulse, m’|
sequence kPa]
number]|
1 1,000 800 0,0020 8,3
2 0,875 0,0016 13,3
3 0,850 0,0020 17,3
4 0,800 0,0020 20,7
5 0,725 0,0014 23,7
6 0,675 0,0011 26,4
7 0,650 0,0010 28,2
9 0,450 0,0006 30,8

Bebruncnenusi, mpoBeieHHbIe IS IEPBOTO UMITYITh-
CHOTO BJIaBJIUBaHUS U1l OAHOCTBOJIEHOTO OpYMS THIIA
Y3AC-2 [3], mokazanu, 9T0 KO3 PHUIMEHT MMOJIe3HO-
ro AeicTBus paBeH 45 %.

MartemMaTH4YecKHEe MOJEIH
U3BJICYEHUS] CBAH M3 TPYHTA C IOMOLIbIO
MHOTOCTBOJIBHBIX APTHJLJIEPUIICKUX CHUCTEM

[Ipyn rpagocTpoUTeNbCTBE 3a4acTyl0 BO3HHMKA-
10T 3a7a4¥ JIMKBUAAIMHM TaK HAa3bIBA€MBIX JIOJTO-
ctpoeB. OHUM U3 BUJIOB PabOT, BRIMOIHICMBIX JJIs
3TOTrO, SIBJIAETCS U3BJICUCHUE CBall U3 rpyHTa. MHO-
TU€ U3 CYLIECTBYIOIINUX METOJOB, PELIAIOIINX ATY 3a-
Jlady, TPyJHO NPUMEHUMBI IIPU TOYEYHON 3aCTPOM-
K€ 3JaHuK.

Ha puc. 2 u 3 onucana npuHIUNIUaIbHAS cXeMa
MHOTOCTBOJIbHOM OTKaTHOW apTWIIEpUMCKON cucte-
MBI, MTO3BOJISIONICH U3BJICKATh CBAU M3 IPYHTA 3a CUCT
SHEPIruy OTKAaTa CTBOJIOB IPHU OAHOBPEMEHHOM BBI-
CTpeJie U3 CTBOJIOB [5; 6].

EXPERIMENTAL INVESTIGATIONS
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Puc. 2. [IppanunuaibHas cxeMa U3BJIeYeHUs CBaii U3 TPyHTA
€ IOMOLIBI0 MHOTOCTBOJILHBIX OTKATHBIX aPTHIIEPUIHCKHUX OPYAUid (610 cOOKY)
[Figure 2. Schematic diagram of the extraction of piles from the ground
with the help of multi-barreled retractable artillery guns (side view)]

3

.

Puc. 3. IlpuHnMnuajbHasi cXeMa U3BJICYCHHUS CBail U3 IPyHTa
¢ MOMOIIBI0 MHOTOCTBOJILHBIX OTKATHBIX APTHJIJIEPHIICKUX OPYUil (610 ceepxy)
[Figure 3. Schematic diagram of the extraction of piles from the ground
with the help of multi-barreled retractable artillery guns (top view)]

Crioco6 m3BJIeUEHHS CTPOUTEIILHBIX 3JIEMEHTOB U3
TPYHTa C IOMOIIBI0 MHOTOCTBOJIBHBIX apTHIIEPUICKIX
OpyAMH BKIIOYAET CJIEAYIOLIYIO MTOCIEA0BATENBHOCTh
onepanuin:

— IITamIbl 6 BCTABISIOT B CTBOJIBI apTUILIEPHIA-
CKUX OpyAuii 2;

— Ha Ka3€HHbIC YaCTU apTUILIEPUNUCKUX OpyIaui
4 ycTaHaBIMBAaIOT TUIATQOPMY B BUJE Kpyra 3 ¢ TO4Y-
KaMH{ CONPUKOCHOBEHMS Ha KOHLIAX TUaMeTpa Kpyra,
NpUYeM KaXKasl apa OTKAaTHBIX YacTed apTHILUIEpHi-

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

CKHX OpY/JWH yCTaHABIMBAETCS HA MPOTHBOIOIOKHBIX
KOHI[aX JUaMETPOB IIaT(HOPMEI 3;

— LeHTp Kpyra miaTdopMmbl 3 MPUKpEILIIeTCs
K TOJIOBE HM3BJIEKAEMOTO CTPOUTENBHOTO 3JIeMeHTa 7
C TOMOIIBIO HATSIHYTOTO Tpoca 5;

— MPOU3BOJIAT CHHXPOHU3UPOBAHHBIN BBICTpET
U3 BCEX OPYIUi;

— miaTdopma 3, MOJIHUMASICh BBEPX 3a CUET OT-
KaTa IpU BBICTpEJe, U3BJIEKAeT U3 rpyHTa 1 cTpou-
TEJbHBIN 3JIEMEHT 7.
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OnuireM MaTeMaTHYECKy0 MOJEIb U3BJICUEHUS
CBall U3 IpyHTa OTKATHBIMU YacTSIMH MHOTOCTBOJIb-
HBIX OPYyIHWH C ONMHAKOBBIMHA TEXHUYECKHMHU XapaK-
TEPUCTUKAMU U YCJIOBUSAMH 3apsDKaHUS KaKIOro W3
CTBOJIOB, BXOJAIIIMX B ApTCUCTEMY.

Jmst pa3paboTKM MaTeMaTHIecKOd Monenu Oy-
JIeM OCHOBBIBATHCS Ha TEPMOJUHAMHYECKON TEOPUHU
BBICTpENIa B paMKax JOMYIIEeHUH 3Toi Teopuu [2; 7]
IIPY MCIIONB30BAHUH TPYOUaTOro 36pHEHOr0 OPOXa.

IIpenBapuTenpHplii MEPUOJ BBICTpENA U Kax-
JIOTO U3 CTBOJIOB ONKCHIBAETCS U3BECTHON QopMyIon

1.1
=t (1)
Po 0

rie A — IIOTHOCTD 3apsiKaHUsT;, 6 — IJIOTHOCTB MOPO-
xa; [ — cuia mopoxa; po — JaBieHue (HOpCUPOBAHUS
IITaMIIa; o — KOBOJIOM ITOPOXOBBIX T'a30B.

bynem mpenmnonarathe, 4TO Mepei BBICTPEIOM
IITAMITBl YIUPAIOTCS B TPYHT.

[Ipu ananmse mporecca BeICTpeNia BO BpeMs 3a-
CTpENIMBAHHA IITAMIIOB B TPYHT HEOOXOAMMO Y4H-
TBIBaTh HE TOJNBKO YaCTh DHEPTUH ITIOPOXOBBIX Ta30B,
KOTOpasl IPEeBpaIaeTcsi B KHHETHUECKYIO SHEPTHUIO TI0-
CTYNaTeNIbHOTO JIBIKEHHSI CTPOUTEIHFHOTO DIIEMEHTA,
HO W DHEPIHI0, 3aTPauNBaeMyl0 Ha COBEPILICHHE APY-
roro Buaa paboT. DTO MO3BONUT YCTAHOBUTD MTOJIHBIN
OayraHc SHEpTHUH MPH BRICTpeEne [2; 7].

[lycTh 1 — KOMMYECTBO CTBOJIOB B MHOTOCTBOJIb-
HOU cHucCTeME.

OmnpenenuM paboTy IO MPEOAOTICHUIO CHUITBI CO-
MPOTHBIICHUSI TPYHTA OBIKEHHUIO B HEM IITaMIIOB,
BBINOJTHEHHYTO 33 CUET YHEPIUHU MOPOXOBBIX TA30B.

IycTb v, — abcomroTHast CKOPOCTh OTHOTO IIITaMIIa,
l, — aOCONIFOTHBIN My TH IITaMIIa IO KaHay CTBOJA.
B sTux 0003Ha4YeHUAX CUIY CONPOTHBIICHHS IPyHTa
F MoXHO 3amucarh B BHJIE COOTHOIICHHS

F=F®,L),).

Torma sHepruto, HeOOXOIUMYFO /IS BIABIUBAHUS
MITAMITOB, KOIMYECTBO KOTOPHIX PABHO 71, HA TIyOHHY
L, MOXKHO 3amucaTh B BUJIIE

LII
Z = n'[ F(v,,x)dx,
0

rome —=v .

dt °
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Taxum 00pazom, BeIM4rHa Z| IPUMET BHJ

La
Zy=n [F(v,,x)dx,
0
rue ﬂ—l
a

O4eBUIHO, YTO KUHETUIECKAs! SHEPTHSI, KOTOPYIO
OyIyT UMETh IITaMIIbl MACCOM 7 B MOMEHT BPEMEHHU
¢, yIOBIIETBOPSIET COOTHOLIEHUIO

HanoMHum, 4TO CTBOJIBI apTHUIIIEPUICKON cHCTeE-
MBI PacroJIOKEHbl BEPTHUKAILHO U TAKMM 00pazom,
YTO IITaMIIBI BO BpeMs BBICTpeNa IBHKYTCSA BHU3. To
€CTb JHEPTUs MOPOXOBBIX I'a30B UAET HA NIEPEMEICHUE
CTBOJIOB U cBau BBepX. CoBepumaerca paborta, KOTO-
PYIO MOXHO BBIPa3UTh COOTHOIIEHUEM

Z3 = (nQ+qc)Lpﬂ

rae O — Bec OTKaTHBIX YacTeH-CTBOJIOB KaKAOTO ap-
THJUIEPUHCKOTO OpPYIUsl, BXOZSIIETO B MHOI'OCTBOJIb-
HYyI0 apTCUCTEMY; ¢. — BEC M3BJIEKaeMoM cBau; L, —
MepeMelIeHNEe OTKATHBIX YacTel.

Kpowme Toro, 3Heprus mopoxoBbIX Ta30B COOOIIAET
OTKAaTHBIM YacTsIM apTHJUIEPUICKOTO OPYAHsS U H3-
BJIEKaeMoOH cBau ckopocTh V. CnenoBarenbHO, KUHE-
THUYECKasl SHEPTUSl OTKATHBIX YacTei yHOBIETBOPSIET
paBEHCTBY

2
_ (nM +m.)V
2

rae M — macca OTKaTHBIX 4acTell OTAEIbHOMN MYyIIKH;
m. — Macca CBaH.

DHeprus, pacxoayeMasl Ha MPeoJIoeHIe CHIIBI CO-
MPOTUBJIEHUS] OTKAaTa, UMEET BU]L

Zy

b

Lp
Zs = j[nG(V,lp)—i-Ft,]dlp,
0
rae L, — nyte otkata; G(V, [,) — cuna conpotusie-
HUS OTKarta; F; — cuiia TpeHUs OOKOBOM MOBEPXHO-
CTH U3BJIEKaEMOM CBau O TPYHT.

Tak kak mramIIbl ABUIXYTCSI BEPTHUKAJIBHO BHU3,
TO CHJIA TAXKCCTH CaMa BBIITOJIHACT pa60Ty

Z() = nqLa’

KOTOpasi He BXOAUT B CyMMy paOOT, COBEpIIIAEMbIX 3a
CYET SHEPTUU MMOPOXOBBIX TA30B.
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Ilyctes £ — »Heprusi MOPOXOBBIX ra3oB, 3a CUET
KOTOPOW COBEPINAIOTCS PaOOThl Z;, Zs, Z3, Zs Zs.
Torna o4eBUIHO COOTHOIIIEHHE

5
E=YZ7-Z,. (12)
i=1

1

BennunHay £ MOXXHO armmpoOKCHMHPOBAaTh B Clie-
nytorem Buze [2; 3]

Ezn[%m‘l‘—%h%q, (13)

,{iml}l_ p(W\,,e-i—sL):l _

~

q 2
my
=n|F(v,,x)dx+n—*

+(nQ+q,.)L,+

=

(nM +m,) y?
2

rae 0 — ko3 punueHT aguadaThl MOPOXOBHIX Ta30B
0e3 eIMHHUIIBI; (O — Macca 3apsijia B KaKJIOM CTBOJIE;
Y — oTHOCHTENbHAS YacTh CTOPEBIIETO 3apsia B Kax-
JIOM CTBoOJIe; P — naBlieHue B KaHajaxX CTBOJIOB; Wy —
CBOOOMHBI 00BEM KaMOPBI B KaXIOM CTBOJIE K MO-
MEHTY CropaHus B Heil yacTtu 3apsana \V; s — miomanb
MIOTIEPEYHOr0 CeYeHMsI KaHajla KakJ0ro cTBoya; L —
Iy Th [ITAMIIA TI0 KaHATY KaXKJIOTO CTBOJIA.

3amensas B cooTHommeHuM (12) 3HaUeHUA Z; BX
anreOpanuecKUMH BBRIPAKCHUSIMHA U YIUTHIBasT (Hop-
Mmyay (13), momy4um paBeHCTBO

LP
—ngl, + j [nG(V,1)+F,1dL,. (14)
0

U3 ypaBuenus (14) nonyvaem, auddepeHuupys mapaMeTp JaBJICHHs B KaHAIE CTBOJA p 1O BPEMEHH f, CO-

OTHOIIICHUEC

/
dp_ "9 dt

n—mﬁ—nvaF(va,La)—nmva

dt nW‘*' +sL

(nM+mc)VCiZ+V[nG(V,Lp)+F”]+

. Wy +sL

OueBHaHbI CIEAYOIIE YPAaBHEHN, ONMCHIBAIOLINE
MOCTYIIAaTEeIbHOE ABMKCHHE IITAMIIA, OTKATHBIX 4a-
CTel MKW U U3BJIEKAEMOH CBau:

mdva =ps—-F(v,L,)+q, (16)
dt
dL
—L =y, 17
e (17)
(nM+mc)d—V:
dt
=nps—nG(WV,L,)-F,-0-q, (18)
L _y (19)
dt

CornacHo 3aKOHY TOPEHUS TPyOUaTOro 3epHEHOTO
mopoxa [2] crpaBeIuBBI COOTHOIICHHUS:

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

dv dLP de
(I_n _ i
dt ’ dt 1. dt
np( any +sv, +5V)
! (15)
d¥ dL
oy, o g, 20
" P " alp (20)
w, 1 1
a4, =22 (0—~), T =—,
o ( 5) 1

p

rae 1, — MONHBII UMITYJIbC TaBJICHUS OPOXOBBIX Ta-
30B 32 BpeMs CTOPaHUs OPOXa.

HauvasnpHble yciioBust Uist peleHust CHCTEMBbI -
(epeHanbHBIX ypaBHeHuH (15)—(20) 3anmiiem B Buie

Piico = Po>Vasizo =0,
Vo = 0, Y, =Y,
L,.,=0, Lp/t:0 =0.
CornacHo TepMOJTUHAMUYECKOM TEOPHHU BBICTpENa

3amada Komwu [8] onuchiBaeT mepBBIA MEPUOT BBI-
crpena [2].
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VYpasuenus (15)—(19) Broporo neprosa BeICTpe-
na [3] SKBUBAJICHTHl YPABHEHUSIM MIEPBOTO MEPHO/IA BbI-
crpena npu yenosun WV =1. Ypasuenue

vy -

a7
B CHUCTEMY ypaBHEHUW He Bonaer. HauanpHble yc-
JIOBHS TS PEIICHUSI CHCTEMBI OOBIKHOBEHHBIX TH(-
(hepeHIIMaIbHBIX YPaBHEHHH ISl BTOPOTO MEPHO/Ia BbI-
CTpeJia paBHBI KOHEUHBIM 3HAUCHUSM HUCKOMBIX (DYHK-
uuit 3agaun Ko, onuckiBarolell nepBblil mepuos
BEICTpEa.

Ha puc. 4 npuBeieHa 0THOCTBOJIbHAS apTUILIC-
puiickas ycraHoBKa (n = 1) IuIst 3aCTpeNvBaHuUs aH-
KEPOB U CBail B TPYHT U U3BJICUEHUS CBall U3 TPyHTA
Y3AC-2 [3; 9], xoTopas co3nana B [lepmu. Ilpu us-
BJICUCHUH CBail U3 TPYHTA BO3MOKHO HCIIOJIb30BaHUE
YCTaHOBKH clieAyronuM odpasoM. B cTBon momera-
€TCsI LITaMII C OOJIBIION IJIOIA/IbI0 MUIETIEBOTO Ce-
YeHUsT OCHOBaHMA. K OTKaTHBIM YacTsM MYIIKH JKECT-
KO TIPUKPETUISETCS TOI0Ba U3BJIEKAEMOI U3 TPYHTA CBaH.
Bo BpeMs BeIcTperna mraMn Ha HEOONBIITYIO TITYOHHY
MPOHUKAET B TPYHT, a OTKATHBIC YaCTU MYIIKU TOJ-
HUMAIOTCS BBEPX, U3BJIEKas CBaro U3 rpyHra. [Ipose-
JIEM pacdeTsl MOAEITUPOBAHUS IWHAMUKH H3BJede-
HUS CBaW U3 rpyHTa ¢ moMomsio Y3AC-2.

Puc. 4. Ycranoska Y3AC-2

¢ 3aCcTpeJHBAEMbIM B TPYHT HITAMIIOM
[Figure 4. Installation of UZAS-2
with a stamp being shot into the ground]

PaccMoTpUM TIMHUCTBIA TPYHT C KOHCHUCTEHIIH-
eit 0,5.
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Cuna conportuBieHus 3Toro rpysta (H) npoHu-
KaHUIO MITaMI1a ONPENEsieTCs] COOTHOLIEHUEM [ 3]

F=F(,L)=
=3422v%s, +2 000 000s, +35 000nd.L,,

rIe Ss, ds — IUIOIIAh MUJICIICBOTO CEUCHHS U TUAMETP
KaXKJIOTO IITaMIIa, M.

Cunet G(V, Lp,) n F, ynoBmeTBOpsieT paBeH-
ctBam (H):

G(V,L,)=0, F, =35000nd,(H,~L,),

rne H. — mepBoHaYaIbHOE 3ariayOlieHre H3BIeKaeMOit
CBaum.

Jly1s urcieHHOTO peleHuns 3a1a4i TUHAMHUKH BbI-
CTpela MPUMEM CIIEIYIONIUE XapaKTEPUCTUKH OPYIHs,
YCIIOBHSA 3apshKaHus, apaMeTphl IITaMIIa U U3BJICKae-
Moii cBau [9]: nnuHa kaHana cTtBoja — 1,8 M, Bec 3apsi-
na — 3 H, kaymop ctBosa — 0,170 M, 00beM KaMOpbI —
0,001026 ™, cuna mopoxa — 950 000 mK/KT, TLIOT-
HOCTB Topoxa — 1600 Kr/M’, mokasaTess anuadars! mo-
POXOBBIX Ta30B — 1,2, KOBOJIIOM MOPOXOBBIX Ia30B —
0,98-107° ™m*/xr, monHsIit UMIYJIbC JAaBJIEHUS Ta30B
BO BpEeMs CTOpaHHs Mopoxa (MMITYJIbC TTOpoxa) —
376 500 Ila/c, Bec oTkatHbIX YacTeit opyaust — 36 000 H,
JUaMeTp roJoBHOM yactu mramna — 0,5 M, Macca
mrammna — 800 kr, nuaMeTp HU3BJIEKAeMOH CBaMl —
0,168 M, macca cBau — 240 kr, mepBOHAYAIBHOE
MIPOHUKAHUE CBau — 4 M.

[l pacyera nuHaMuKu opyaus Obiia pa3pabora-
Ha criermanbHas mporpamma [10]. Jlist perrenus 3amad
Komm wucnonb3oBancs meron Pynre — KyrtTer 2-ro
nopsKa ¢ maroM uaTerpupoBanuu 10 ¢ [2; 3].

Brruncienns mo3BOIWIN TOXYYHUTH CIEAYIONINE
JIMHAMUYECKHE TIOKa3aTeny K KOHITy BBICTpesia: MaKCH-
MaJIbHOE JIaBJIeHHEe B KaHalie cTBojia — 654 MIla, nymnb-
HOE JaBJIEHHE MOpPOXOBbIX razoB — 4,2 Mlla, Benu-
YUHA MPOHUKAHMS LITaMmia B rpyHT — 1,13 M, Benu-
YUHA U3BJIEUEHUs cBau U3 rpyHTa — 3,46 M. OTHOCH-
TeNbHAs MOTPEITHOCTh PE3YNbTATOB BHIYUCICHUN OT
SKCIIEPUMEHTAIBHBIX JAHHBIX HE MPEBbIaeT 6 %o.

3akjaouenue

YucneHHble SKCIICPUMEHTBI, OCHOBaHHbBIE HA OIH-
CaHHBIX B CTaThe MAaTEMATHYECKHX MOMEIAX, TEOPETH-
YeCKH TIOKa3ay A(QPEKTUBHOCT, TMPUMEHEHUS MHOTO-
CTBOJIBHBIX apTHJUICPUHMCKUX CHCTEM ISl 3aCTpesMBa-
HUS CBall B IPYHT W U3BJICUCHUS CBall U3 TpyHTa. DKC-
MIEPUMEHTBI, TPOBEACHHBIE Ha OIHOCTBOJBHBIX CHCTE-
Max, SIBJISIOIINXCS YaCTHBIM CITy4aeM MHOTOCTBOJIBHBIX
IyIIEK, 0Ka3aIH PAKTUKOW TEOPETUUECKUE BHIBO/IBI.

© ®urosckuit O.J1., [Tenckuit O.I'., 2018
This work is licensed under a Creative Commons
&Y Attribution 4.0 International License
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Abstract. The article presents the schematic diagrams and mathematical models of multi-barrel artillery systems de-
signed for shooting and extraction of building elements from the ground, describes the results of numerical experiments
carried out on the basis of the proposed mathematical models and allow to study the dynamics of multi-barrel building artil-
lery systems during the shot. Mathematical forecasts on the depth of piles in the soil, the maximum pressure in the channels
of the stems, the magnitude and speed of the guns rollback for different conditions of loading the stems and their technical
characteristics are described. As a verification of the proposed mathematical models, the results of experiments for single-
barrel artillery guns, which are a special case of multi-barrel guns, are described.

Keywords: artillery system, mathematical model, construction, building elements, pile, extraction of piles
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