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Jna yumuposanus

Pyoun O.J[., Jlucuuxkun C.E., [lawenrxo ®.A.
Pa3paboTka METONMKU pacuera HalpshKeH-
HOT'O COCTOSIHUSI B TOPU30HTANIbHBIX Ceue-
HUSAX THIPOTEXHUYECKUX HOANOPHBIX CTEH
yronkoBoro Tuma // CTponTenbHas MeXaHH-
Ka MH)KEHEPHBIX KOHCTPYKLUH U COOpyKe-
Huit. 2019. T. 15. Ne 5. C. 339-344.
http://dx.doi.org/10.22363/1815-5235-
2019-15-5-339-344

Annomayus

IMonmopHsle CTEHb! YTONKOBOIO THIIA MIMPOKO PACIPOCTPAHEHB! B IUJIPOTEXHHU-
YECKOM CTpOUTeNbeTBE. VIM CBOMCTBEHHBI KPYIHBIE FA0apUThl, HEOOMIBIINE IPOLIEHTHI
apMUpOBaHusL, OJI0YHAs paspeska 1o BbICOTe KOHCTpyKuuu. OCHOBHAs Macca Cylie-
CTBYIOILMX IOANIOPHBIX CTeH cTpomiack B 1960—-1980-x rogax. JletfictBoBaBiime B 3TOT
HEPUOJ], HOPMATUBHBIE JOKYMEHTbI UMEIU OHPENIENCHHbIE HEJOCTATKH, KOTOPbIE Bbl-
3BJIM HENPOSKTHOE TIOBEIICHHE LIEOTO Psia MOMMOPHBIX CTeH. TpeOyeTcst CoBepIeH-
CTBOBAaHHE METOAMK PacyeTa xeIe300eTOHHBIX KOHCTPYKLIMI MOMOPHBIX CTEH, B paM-
Kax KOTOPBIX HeoOX01uM Oosiee MOJHBIH ydeT XapaKTepHbIX 0COOCHHOCTEH UX MOBe-
nenwst. Ilenvio paboThl SIBISIETCS COBEPIICHCTBOBAHME METOZIOB pacyeTa jkene300e-
TOHHBIX NOATIOPHBIX CTEH YTOJIKOBOTO THIA. Menoobl UCCIEN0BaHUIMA, TIPOBOIUMBIX
JUTSL COBEpILIEHCTBOBAHMSI PacueTa JKeNe300eTOHHbIX HOOPHBIX CTEH YTOJIKOBOIO THUIIA,
BKJIFOYATIM KJIACCHUYECKHE METOIBI CONPOTUBIICHHUS MATEpHAIOB, TEOPHH YIIPYTOCTH,
CTPOUTENLHON MeXaHUKH. [t onpeneneHust GpakTHIecKoro HalpshKeHHO-AehOpMU-
POBAHHOTO COCTOSIHUSI HATYPHBIX KOHCTPYKIIUH NOAIOPHBIX CTEH NPUMEHSUIUCH BU3Y-
aJIbHBIE U MHCTPYMEHTAJIbHBIE METOIBI 0OCIICOBAHMS MTOATIOPHBIX CTEH, B TOM YHCIIe
METOJI pas3rpy3Ku apMaTypsl. Pezynsmamst. J{jis onpeienenys HalpsbkeHHOTO COCTO-
SIHUSL B 2JIEMEHTAX XKeIe3006TOHHON KOHCTPYKLMH MOJIIOPHOM CTEHBI (B OETOHE U apMa-
Type) Oblia pa3paboTaHa METO/IMKA pacueTa HAIMpPSHKCHHOTO COCTOSHHS TMOJITOPHBIX
CTEH, KOTOpas II03BOJIIET ONPEENATh KOMIOHEHTh! HAPSDKEHHOTO COCTOSHUS (Hanpsi-
JKEHUs B OETOHE C)KATOM 30HBI, 4 TAKKe HAIPSDKEHUS B PACTAHYTOH M CKaTOW apMarty-
P€) B TOPU30OHTATIBHBIX CEUECHMSIX BEPTHKATBHON KOHCOJIBHON YaCTH MOATIOPHBIX CTEH.

Krouegvle coga: THIPOTEXHIUECKHE IOAIOPHBIC CTEHBI YTOJIKOBOTO THITA; XapaK-
TEepHbIE OCOOCHHOCTH; MEKOJIOYHBIE TOPH30HTAIIBHBIC ILIBbI; TPEIMHOOOPA30BaHHE; BHE-
LIEHTPEHHOE CXKATHEC; CKUMAIOIIYE U PACTATUBAIOIIYE HAMPSHKEHHUS; METOIMKA pacyera

BBenenue

HOI[HOpHLIe CTCHBI ABJIIIOTCA HCOTBEMIICMBIMU CO-
CTaBJIAOIMINMU TUAPOY3JIOB. Onn npeaHa3Ha4YCHbI 1A

YIEPKUBAHUA OT OOPYLIEHHUS U CIOI3aHMS HAXOISIINX-
csl 32 HUIMH MaccHuBOB rpyHTa. Hambonee pacmpoctpa-
HEHBbI ITOJANTOPHBIE CTEHBI YTOJIKOBOro THMA [1-6].
[oamopHsle CTEHbI UMEIOT TOPU3OHTAIBHYIO (PyH-
JAMEHTHYIO IUIUTY C JIMIICBOU M 0oJiee MPOTSIKSHHOMN

Pyoun Onez /Imumpuesuu, TOKTOp TEXHUYECKUX HAYK, TMPEKTOp (umana
AO «Muctutyt I'maponpoex» — «HUUICx».

Jucuukun Cepzeit Eezenvesuu, NOKTOp TEXHUYECKUX HAYK, 3aMECTH-
TeJb T€HEPATIbHOTO IUPEKTOPa.

Ilawenko @edop Anexkcanoposuu, reHepabHBINA TUPEKTOP.
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PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN

TBUIOBOM KOHCOJISIMH; BEPTUKAIBbHYIO KOHCOJIBHYIO
YacTh.

K KOHCTpYKTHBHBIM 0COOEHHOCTSIM TIOIOPHBIX
CTEH CJeayeT OTHECTH 3HAYUTENbHBIC pa3Mephl (Ta-
KH€ KaK BBICOTa BEPTHKAILHOW KOHCOJIH CTECHBI, BbI-
JIETHI JIMIIEBOU W THITIOBOM KOHCOJIEH (PyHIaMEHTHOM
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TUTUTBI, Pa3Mephl B KOPHEBOM CCUCHHUH U TOJIIIUHA (YH-
JTAMEHTHOW TLITUTHI, JOCTUTAONINE HECKOIBKUX MET-
poB); OeToH HeBBICOKOH Mapku (M100-M250); apma-
Typy OombIioro nuamerpa (10 60 mm) kiaccos A-II,
A-III; HeBBICOKOE copepikaHue apMaTyphl (Kak Tpa-
BHJIO, MCHEE OJTHOTO TIPOIICHTA); 00s3aTeNbHOE HaIH-
Yre TOPU3OHTAIBHBIX MEXKOJIOUHBIX IIBOB, Pa3lels-
IOLIMX TOPU3OHTAJbHBIE OJOKM OCTOHUPOBAHUS TPU
MO3TAaITHOM BO3BEACHUU U JIp.

Co CTOpOHBI THUIOBOM TPaHH, KaK MpaBHIIO, UMEI0-
1Iel HAaKJIOH, MOIOPHBIE CTEHBI 3aCHINAIOTCS TPYHTOM,
CO3/IaI0IIIMM OCHOBHBIE HAIPy3KH HA KOHCTPYKIIHIO.

BBy BBIIECKa3aHHOTO BEPTUKAIBHBIE KOHCOIb-
HBIE YaCTH MOJNOPHBIX CTEH padOTalOT B YCIIOBUSIX BHE-
LEHTPEHHOTO CkaTusl. BepTukanpHas Harpyska cosJa-
eTCsI COOCTBEHHBIM BECOM JKeIe300€TOHA KOHCTPYK-
[IUH, BECOM TPYHTA 3aCBIKH M TPYHTOBBIX BOX. [ 0-
PHU30HTaNIbHASL HAarpy3ka co3faercsi OOKOBBIM JaBie-
HUEM TPYHTA 3aCHIIIKN M TPYHTOBBIX BOJI B 3aCHITIKE.

Crnemyer OTMETHTBD, YTO OOJIBITUHCTBO TIOITOPHBIX
CTEH MpPOEKTUPOBATIOCh U cTpomsiochk 10 2000-x romos
(B ocHoBHOM B 1960-1970-x ronax). B yka3aHHBI#I
MIEPUO/T BPEMEHH HE YUHTHIBAINCH HEKOTOPBIE Xapak-
TepHbIE 0COOCHHOCTH Pa0dOTHI MOJIIOPHBIX CTEH, KOTO-
pble OOYCIOBJICHBI UX KOHCTPYKTUBHBIMH OCOOCHHO-
CTSIMH (B TIEPBYIO OUepe/ib HATMINEM TOPU30HTAIIBHBIX
MEKOJIOUHBIX IIIBOB).

HopmaTuBHBIE JOKYMEHTBI, KOTOPBIE €iCTBOBA-
T B TIEPUOJ MIPOSKTUPOBAHUS M CTPOUTENHCTBA OOIh-
MIMHCTBA TOATIOPHBIX cTeH [17—19], He yunThIBaN BeeX
oco0eHHOCTeH HX PaboThl, BCIEICTBUE YEro MpH dKC-
TUTyaTalil MHOTHX TOINOPHBIX CT€H BO3HHUKIH OT-
KIIOHEHHUS OT TIPOEKTHBIX MPEATOCHUIOK.

1. O6cy:xnenne

YKazaHHbIE BBIIIE OTKJIOHEHHUS OT MPOEKTHOIO T10-
BEJICHUSI BEIPKAITIICH B OCHOBHOM B CMEIIICHUSIX BEpXa
KOHCOJIeH, IIUPHHE PACKPBITHS TOPH3OHTATBHBIX MEX-
OJIOUHBIX IIBOB, BHICOKUX CKUMAIOIIHUX U PACTATH-
BaIOIMX HAMPSHKEHHUAX B BEPTUKAIBHOU apMaType y
JIUIIEBOM W THUIOBOMW I'paHeil, KOTOpbIe MPEeBbIIIaIn
MPOEKTHBIE 3HaYeHWs. B OTHENbHBIX CITy4asx MpOHC-
XOJUIIO pa3pylleHue NoAnopHsIX cTeH [7—10], B Tom
YHUCIIe JIEBBIX CTEH MEPBOTO Sipyca BOJOIPHEMHUKA
crposeiics 3aropekoit TADC [7-9].

Kak yxe ObIJIO OTMEUEHO, OCHOBHOH MPUYMHOM
HENPOEKTHOTO TIOBEJCHHUS TOIIOPHBIX CTEH SBUIICS
HETIOJHBIN y9eT HAUYUs MeKOJIOYHBIX TOPHU30HTANb-
HBIX CTPOMTEIBHBIX IIBOB, XapaKTepa TpemunHooOpa-
30BaHUs, a TAK)KE HEJOCTATOYHOE TIOTIEPEYHOE TOPH-
30HTaIRHOE apmupoBanwme [11; 12; 20; 21].

Oco0bIil XapakTep TPeIMHOO0pa30BaHusl, BEIpaXKa-
IOIIMICA B 00pa30BaHMM HAKJIOHHBIX TPELWH, BBIXOZS-
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IUX U3 PACKPBIBIINXCA MTOPU3OHTAJIBHBIX MEKOI0YHEIX
IBOB, MIPEACTABJICH Ha pHUC. 1.

5/

Puc. 1. dakrrueckas cxema TpeIIMHOOOPa30BaHUS
B 30HE TOPU3OHTAIBHOTO MEXKOJIOYHOTO IIBA:
1 — TOPH3OHTANBHBII MeXKOIOUHEIH MIOB; 2 — PACKPHITHE IIBa;
3 — HakyIOHHAas TpelHa; 4 — paboyas apMaTypa;

5 — neopmarnus apMaTyphl B paCKphITOM IIBE
[Figure 1. The actual scheme of cracking
in the zone of horizontal interlock seam:

I — horizontal interlock seam; 2 — opening of the seam;
3 —inclined crack; 4 — working reinforcement;

5 — deformation of the reinforcement in the open seam]|

Cremyer OTMETHTB, 4TO OOJBIIMHCTBO MPOBEICH-
HBIX paHee paboT MOCBSIIEHO MCCIENOBaHUSIM Harpy-
30K OT JIaBJICHHS TPYHTA Ha MOIIOPHBIE CTEHBI, a TaK-
K€ YCTOMYMBOCTH MOAMOPHBIX CTEH [3], B TO BpeMs
KaK OJUH W3 BaXXHEHIINX BOMPOCOB 3aKJIIOYACTCA B
OIIpeIeTICHNH MTPOYHOCTH KOHCTPYKIMA CTEH KaK TpH
MIPOCKTUPOBAHUU [6], Tak W TpU ONpeneacHUH (hak-
TUYECKOTO COCTOSIHHSL KOHCTPYKIMH MOCIE JUIUTENb-
HOU KCILTyaTaIiH.

TpeOyeTcs coBepIIeHCTBOBaHIE METOIMK pacyera
MIPOYHOCTH (BKJIIOYasi Ha3HaYeHHE apMHUPOBAHHUSA) U
MIOJIOXKEHUH HOPMATHBHBIX JIOKYMEHTOB TIpU Oojee
MIOJTHOM y4YeTe OCOOEHHOCTEH MAacCHBHBIX JKelne300e-
ToHHBIX KOHCTpyKuui ['TC (B mepByro ouepens Mex-
OJIOYHBIX CTPOUTEIBHBIX IIIBOB).

2. MaTepuaJibl M METOABI UCCIEAOBAHNIA

C menpro omnpeneneHus (GaKTHISCKOTO COCTOSHIS
KOHCTPYKLUH MOAMOPHBIX CTEH MPOBOJUINCH BU3Y-
aNbHBIE ¥ HHCTPYMEHTAIIbHBIE 00CIIeIOBaHHS IO ITOP-
HBIX CT€H, B TOM YHCJIE OTpeneieHne (PakTHIeCKuX
HanpsHKEeHUH B CTEPIKHEBOUM apMaType METOJI0M pas-
rpy3Kku apmarypsl [16]. BusyansHblie oOcnemnoBaHus
MIPOBOAMIIACH C IPUMEHEHHEM MHKPOCKOIA OTCUETHO-
ro MIIb-3, nazepHoro gajibHOMEpa, pyJeTOK, IITaH-
TEHUUPKYJIS U 1p. B paMKax MHCTpyMEHTAIBHBIX 00-
CIIEIOBaHMIA TTPOBOAMIIOCH OIPeNeiIeHHe MPOYHOCTH
0eToHa TOATIOPHBIX CTE€H Hepa3pyIIAIOIINMHA METO/Ia-
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MH: yJIBTPa3BYKOBBIM METOIOM (C MPUMEHEHUEM YIlb-
Tpa3ByKkoBoro npuodopa [lynbcap-2.2) 1 MeTofoM yripy-
TOTO OTCKOKA (C IpuMeHeHneM MosoTka [lImuara).

Omnpenenenue GakTHYECKUX HaNpsDKEHUN B ap-
MaTypPHBIX CTEPXKHAX IMOANOPHBIX CTEH MPOBOAMIOCH
METOZIOM Pa3TPy3KH apMaTyphl.

AHaIMTUYECKHE MCCIEIOBAHNS HAIIPSHKEHHOTO CO-
CTOSIHUSI JKeNe300€TOHHBIX KOHCTPYKIUH MOINOPHBIX
CTCH NMPOBOJIWINCH C IPUMEHEHUEM METOMOB CTPOU-
TEJILHOW MEXaHHWKH, CONPOTUBIICHUS] MATEPHAIIOB, TEO-
pHH Kene300eToHa.

3. Pe3yabTaThl 00cae10BaHUH MOANIOPHBIX CTeH
H pa3padoTKa MeTOANKH MX pacyeTa

B xone oOcnenoBanmii TULIEBOM TOBEPXHOCTH psifia
TIOATIOPHBIX CTEH THUIPOTEXHUYECKUX COOPYKEHHUN ObI-
JI BBISIBJIEHBl TOPU30HTAJIBHBIE TPEUIUHBI, KOTOPHIE
SABJIAJIMCE CJIEIaMU BbIXOJAd Ha JIMICBYIO IMOBEPXHOCTH
HaKJIOHHBIX TPELIWH, BHIKITMHUBAIOIINXCS U3 TOPU30H-
TaJLHBIX MEXXOJIOYHBIX IIBOB.

B xo1¢ HHCTpYMEHTAIBHBIX 00CIeI0BaHNI METO-
JIOM pa3rpy3KH apMaTypbl B BEpTUKaJIbHON apMaType
y JIUIEBOW TPaHW psza TMOIIOPHBIX CTEH OBLTH BEISIB-
JICHB! 3HAYUTENBHBIE CKUMAIOIIME HAIPSDKEHUS, Ipe-
BBIIAOMINE IPOCKTHLIC 3HAYCHUA.

g omnpeneneHys HaNpsKEHHOTO COCTOSHUS B
JJIEMEHTaX >KeNe300eTOHHONW KOHCTPYKIIUH TOIIOp-
HOW CTeHbI (B OeTOHE M apMaType) Obuta paspadboTa-
Ha METOJMKa pacyeTa HalpspKEHHOTO COCTOSHMSA MOJI-
MOPHBIX CTEH.

IIpu aToM paccMaTpUBaIOCh TOPU3OHTAIBHOE CE-
YeHHE B BEPTUKAILHON KOHCOIM CTeHbl. OIpenessuich
BHEUIHHUE YCWIHA, NEHCTBYIOLIME B PAaCUETHOM ceye-
HuU: N — BepTUKAJIbHASL CKUMAOLIAs cuiia U M — us3ru-
Garormmii MoMeHT. B ceueHnu neiicTBYIOT BHyTpeHHHE
YCWIIUSL: yCHIIHE B OETOHE C:KaTol 30HBI — Np; B CoKATOM
apMatype — N's; B pacTssHyToH apmarype — N.

YcnoBue paBHOBECHS ITPU IEUCTBUM CHIL:

Nb+N’S=N+NS' (1)

VYcnoBue paBHOBecHs TpH ACHCTBUW H3THOaro-
ITIX MOMEHTOB (OTHOCHUTEIHHO PaBHOACHCTBYIOMICH
BEPTUKAJIBHBIX CKUMAIOIIUX HANps KeHUH B OETOHE
CKaToi 30HBI):

N(ey —0,5h + 0,33x) =
= Ns(hy — 0,33x) + N'5(0,33x —a’) )

Cxema gelcTBUS Harpy30K B TOPHU30HTaJIBHOM
CEYeHUH TpeCTaBIIeHA Ha PHUC. 2.

[IpuaMManacek TpeyroiabpHast SIT0pa MPOJOITBHBIX
C)KUMAIOIIMX HaNpsHKeHU B O€TOHe, KaK Il MacCHB-
HBIX OCTOHHBIX KOHCTPYKUHH, pabOTaroUIUX B CTaIuH
SKCIUTyaTallly, HE JTOCTUTAMOIIEH MPEeaebHOTO CO-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

CTOSIHUS, YTO COOTBETCTBYeT nosoxeHusm CHull
52-01-2003.

[Tpu pa3zpaboTke yKa3aHHOW METOMUKH ObIIa TPH-
MEHeHa THIIOTe3a IUIOCKUX CEYeHHH, Ha OCHOBE KOTO-
POl yCTaHOBIIEHBI 3aBUCHMOCTH MEXIY OTHOCHTEIIBHBI-
Mu 1edopmarusaMu B OETOHE CXKATOU 30HBI €, B pPac-
TSAHYTOM (&) U CKaToi (g'y) apmarype.

Hampspkenunst B 6eToHe cKaToil 30HBI Gp, B PacTs-
HYTOM Gy U CXKaTOM G's apMaType ONpeAesIuCh Imy-
TEM YMHOXCHUSI BEJIMYMH OTHOCHTEIBHBIX nedopma-
i (&, &, €'s) HA COOTBETCTBYIOIINE 3HAYCHHUS MO-
nynst neopmaruii 6eToHa u apmarypsl (£ u E).

_ . _ . ro_
Oop =& Ep; 05 =¢5"Es; og=¢5"E;. 3)

Ontopel AedopManuii 1 HANPSHKEHUH B apMary-
pe u OeToHE PacyeTHOrO TOPU3OHTAILHOTO CEUCHHUS
MpeJICTaBJIeHbI HA puC. 3.

Pacnipenenenue BepTUKAIbHBIX CXUMAIOUINX Ha-
NpSDKEHUH G, B OCTOHE CKATOW 30HBI KOHCTPYKIHMU
MIOJIIIOPHOM CTEHBI MIPUHUMAIIOCH T10 IMHEHHOMY (Tpe-
YTOJIEHOMY) 3aKOHY (pHc. 2).

e As
No \

Ob 4\/ Ns

N's -

Puc. 2. Cxema neiicTBUS HArpy30K B TOPU30HTAIBHOM CEUCHHUH
[Figure 2. Diagram of the action of loads in a horizontal section]

s ho-x

s

Puc. 3. Dmropsl aebopmannii (¢) 1 HanpspkeHuit (6)
B HOPMAJIbHOM FOPU30HTAIIBHOM CEYCHHUN
[Figure 3. Diagrams of deformations (a) and stresses (6)
in a normal horizontal section]
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[Ipenmonararorcs nanbHEHIINE UCCISAOBAHUS B
HapaBJICHHH COBEPIICHCTBOBAHUS METOIOB pacueTa
KeJIe300€TOHHBIX TOIIOPHBIX CTEH YTOJIKOBOTO THIIA,
B TOM YHUCIIE C yYETOM COIPOTHUBICHHUS TOPU30HTAIIb-
HBIX MEKOJIOUHBIX IBOB [13—15], BIHSHHMS HaKIOHA
TBUTOBOH TpaHu [16], HATETLHOTO CONPOTHBIICHUS ap-
MAaTyPHBIX CTCPKHEH CIABHTY.

[Nocne npoBeneHuUst COOTBETCTBYIOIIMX MpeoOpazo-
BaHWI U pEIICHUs CUCTEMBI IBYX YpaBHEHUI HMeeM:

i_ls) - hox—x; & = (hox_—x) Es-

=

o= (5)es B = ()o@
-5 g

HanpsokeHust B pacTIHYTOW apMaType Oy Haxo-
IIAM TI0 hopMyIIe
_ N(ho—%x)
s = D 4

rac
D =[0,5bx (%) + A (x =) = A(ho — )| (6)

Hanpspkenust B pacTsHyToi apMmaType o5 0e3
ydeTa C)KaToi apMaTypbl HaXOAUM Mo (popmyie

N

o,s(ﬁ)i—ls’]xb—As’

(7

Gstz[

rac X — BbBICOTA CKaTol 30HBI OCTOHA.

3akaouenne

BrinonHeH aHaNM3 KOHCTPYKTUBHBIX OCOOCHHO-
CTeH MOMIOPHBIX CTEH THAPOTEXHUYECKUX COOpY-
KEHUH (KOTOPBIC OMPEIEISIOT XapaKTep UX padoThI),
B TOM YMCJIC BBI3bIBAIOIIUX OTKIIOHCHUA OT IIPOCKT-
HBIX MPEANOCHUTOK IIPH SKCILTyaTaIlH.

YCTaHOBIIEHO, YTO HOPMATUBHBIE IOKYMEHTBI, Jei-
CTBOBABIIIMUE B IEPUO IMPOCKTUPOBAHUA OOJIBIIIMHCTBA
MOANOPHBIX CTEH TMJIPOTEXHHUYECKUX COOPYKEHHIH,
HE B TIOJIHOM Mepe yUUTHIBAII XapaKTepHble 0COOEH-
HOCTH TaKHX COOPYXEHHH (B MEPBYIO OYepeab HAJH-
Yie MEXKOJOUYHBIX KOHTAKTHBIX IIBOB), YTO HPUBO-
JIAIIO K OTKJIOHEHUSIM OT MPOEKTHBIX MPEIIOCHLIOK.

B pe3ynbpTare mpoBENCHHBIX HCCIECIOBAHUN ObLIa
pa3paboTaHa METOIHKA, TIO3BOJISIIOIIAsT OTPEIETISTH KOM-
TIOHEHTHI HAIPSHKEHHOTO COCTOSIHUA (HaNpsDKeHHs B Oe-
TOHE C)KATOW 30HEBI, a TAK)KE HAIPSDKEHUS B PACTSIHY-
TOM M C)KaToil apMaType) B TOPU30HTAIBHBIX CEUEHHUSIX
BEPTUKAIBLHON KOHCOIBHOM YaCTH MOMOPHBIX CTEH.
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Abstract

Angular retaining walls are widespread in hydraulic engineering. They are
characterized by large dimensions, small percentages of reinforcement, block cutting
along the height of the structure. The bulk of the existing retaining walls were built in
the 1960s—1980s. The regulatory documents that were in force during this period had
certain shortcomings that caused the non-design behavior of a number of retaining
walls. Improvement of calculation methods for reinforced concrete structures of re-
taining walls is required, within the framework of which a more complete account of
the characteristic features of their behavior is needed. The aim of the work is to im-
prove methods for calculating reinforced concrete retaining walls of a corner type.
Methods of research carried out to improve the calculation of reinforced concrete
retaining walls of the corner type included, among others, the classical methods of
resistance of materials, the theory of elasticity, and structural mechanics. To deter-
mine the actual stress-strain state of the natural structures of retaining walls, visual
and instrumental methods for examining retaining walls were used, including the me-
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thod of unloading reinforcement. Results. To determine the stress state in the ele-
ments of the reinforced concrete structure of the retaining wall (in concrete and in
reinforcement), a methodology was developed for calculating the stress state of re-
taining walls, which allows to determine the components of the stress state (stress in
concrete in the compressed zone, as well as stress in stretched and compressed rein-
forcement) in horizontal sections of the vertical cantilever part of the retaining walls.
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PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN

Harpy3Ky IIAPOKO MCIOJIB3YIOTCS PACUCTHBIC KOMILICK-
Chl, OCHOBAHHBIC Ha WCIOJb30BAaHUHM METO/a KOHEY-
HBIX 3JIeMEHTOB: Sophistic, Midas, Nastran u npy-
rue. [Ipy co3maHnm pacueTHOW MOJAENH VIS MPOEK-
TUPYEMOTO COOPYXKEHHUSI pa3MEphl €ro AJIEMEHTOB C
HX KCTOJh30BAHHEM OPUCHTHPOBOYHO 33/1aI0T BPYY-
HyI0 0€3 BO3MOXXHOCTH MX TOCIEAYIONIEro aBTOMATH-
3MPOBAHHOTO M3MCHEHUS MPH JIANBHEHIIIEM pacueTe.
ITony4yaeMbie B 3THX CIIydasix MPU pacyeTe YCUIHS U
neopMalii B 3JEMEHTAaX COOPYXKEHHs CTPOTO CO-
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OTBETCTBYIOT 3aJIaHHBIM pazMepaM, HO 3aJlaHHbBIC pa3-
MEpBI COOPYKEHHUSI MOTYT HE yIAOBJIETBOPATH KOM-
IJIEKCY Pa3HOOOpa3HBIX TPeOOBaHMI: MPOYHOCTH,
JKECTKOCTH, MECTHOW WMIIH OOIIeH yCTOHYMBOCTH,
TPEINHOCTOMKOCTH W KOHCTPYKTUBHBIM TpeOOBaHH-
M. OTO TpeOyeT KOPPEKTHPOBKU Pa3MEPOB COOPY-
JKEHUsT METOJIOM TOCIIeJOBAaTeNbHBIX MPUOIIKEHHN
K HEOOXOMMBIM MHUHUMAJIbHO BO3MOXKHBIM pa3Mepam
B XOJIe MHOTOIIArOBOTO HWTEPAIIOHHOTO Ipolecca
BBIYHCIICHUN C BHOBb aBTOMAaTHYECKHU 33]1aBa€MBIMU
pasMepaMy C LENbI0 00ecTedeHus] OHOBPEMEHHOTO
YAOBJIETBOPEHUSI KOMIUJIEKCY TpeOOBaHWI K pa3Me-
paM BO BCEX dJIEMEHTaX COOpYXKECHHS. DPGHEKTHB-
HBI crioco0 [1-4] ompeneneHuss MOMEHTa OIHOBpE-
MEHHOTO YIOBIIETBOPEHHUSI KOMILIEKCY TpeOOBaHUIA BO
BCEX JJIEMEHTaX MOCTOBBIX COOPYKEHHH C 3aBUCHMBI-
MH pa3MepaM{ HCIIONb30BAJICI IO PEKOMEHIAINH
JOKTOpa TEXHWYeCKuX Hayk, mpodeccopa I1.M Ca-
namaxuHa acriupantamu B MAJIU mpu paspaboTke
MATHAALUATH TPOTPaMM aBTOMATH3WPOBAHHOTO MPO-
EKTUPOBaHUs Pa3HOOOPA3HBIX ABTOJOPOKHBIX MOCTO-
BBIX COOpYXeHuH [5—19] u B X Hay4YHBIX ITyOiHKa-
musax [20-25]. OTu cmocoObI B HAacTOSAIIEE BpeMsl HE
WCTIONB3YIOTCA B M3BECTHBIX, MIPOJIaBa€MBIX Ha MHPO-
BOM DPBIHKE PacueTHBIX KomIuiekcax Sophistic, Midas,
Nastran u Ipyrux, peKOMEHAYEMBIX JJIS POEKTHPO-
BaHUsI pa3HOOOPa3HBIX MOCTOBBIX COOPYXKCHHUH, YTO
MIPU MX KUCTIOJIB30BaHUH HE 00CCIICUNBACT TIOTYyUYCHHUES
MPOEKTHBIX PEIIeHNH C OJJMHAKOBOW HAJIE)KHOCTBIO MX
aneMeHToB. Kpome Toro, 3TUMH pacyeTHBIMU KOMITIEK-
caMH, PEKOMEHIyeMbIMH Ha MUPOBOM pPBIHKE B Kaye-
CTBE MMPOTrPaMM IMPOEKTUPOBAHUS MOCTOBBIX COOPY-
KEHHH, He TPeyCMaTPHBACTCS ONTUMU3AINS YHCIICH-
HBIX 3HAYEHWH HE3aBUCHUMBIX IapaMeTpPOB COOpYXKe-
HUS, IPU KOTOPBIX COOPYKEHUS YIOBJIETBOPSIOT
3a/1aBaéMOMY KPHUTEPHIO UX ONTUMANbHOCTH. OObIU-
HO TIPOEKTHPYIOTCS MOCTOBBIE COOPYIKEHHUS C MPOU3-
BOJIbHO Ha3HAYAaCMbIMHM 3HAYCHUSIMHU UX HE3aBUCH-
MBIX [TaPaMeTPOB, UYTO HE CIIOCOOCTBYET IMOIYYECHHUIO
HSKOHOMHUYECKH IEIeCO00Pa3HBIX PEIICHHH.

J1st Toro 94TOOBI CYIIECTBYIOUIUE PACUETHBIE KOM-
TUIEKCHI MOTJIM OBITH HCITOJIE30BaHBI KakK d(PQeKTHB-
HBIE€ TIPOTPAMMBI ABTOMAaTH3WPOBAHHOTO TIPOEKTHPO-
BaHUS SKOHOMHYECKHU I1€71eCO00pa3HbIX KOHCTPYKTHB-
HBIX PEIICHUH MOCTOBBIX COOPYKECHHH, UX CIEHAyeT
OCHAIIaTh CIIOCO0aMU OIPENEIeHNs] MOMEHTa OJIHO-
BPEMEHHOTO Y/IOBJIETBOPEHUS KOMIUIEKCY TPeOOBaHMI
BO BCEX 3JIEMEHTaX MOCTOBBIX COOPYXKEHHMH C 3aBH-
CUMBIMU pa3MepaMy H CIIOCOOOM TIONYYEHHUS OMNTH-
MaJIbHBIX KOMOWHAINK 3HAUYE€HUI HE3aBUCUMBIX Ta-
paMeTpoB COOPY>KEHHUS, COOTBETCTBYIOIIMX 3a]1aBa-
E€MOMY KPUTEPHUIO €T0 ONTUMAIBHOCTH, YTO Oyaer
Croco0CTBOBATh ABTOMATH3UPOBAHHOMY TTOTYYIECHHIO
SKOHOMHYECKH 1eNIeCO00Pa3HBIX KOHCTPYKTHUBHBIX pe-
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wenuil. [Ipu aHanuse U3BECTHBIX 3apyOeKHBIX PaboOT
[26-34] mo aBTOMaTU3alMK MPOEKTUPOBAHUSI MOCTO-
BBIX COOpYKeHHH B paboTte [18] He BIABICHHI Y dek-
THBHBIE CIIOCOOBI ONTHUMHU3ALUK HE3aBUCHUMBIX Iapa-
METPOB MOCTOBBIX COOPY>KEHHH I10 331aBaeMOMY KpH-
TEPUIO0 ONTUMAJIBHOCTH.

OcHOBBI CO31aHMsI TUIIOBBIX NPOIrPaMM
aBTOMATH3MPOBAHHOIO MPOEKTHPOBAHMA
MOCTOBBIX H HHBIX HHK€HEPHBIX COOPYKeHUH
110 32/1aBA€MOMY KPUTEPHIO MX ONITHMAIBHOCTH

1. Pa3paboTKy mporpaMmMbl aBTOMaTU3UPOBAHHOTO
MIPOEKTUPOBAHKS MOCTOBOTO HMJIM WHOTO WHXKEHEPHOTO
COOPYKEHUS CIISMyeT HAYMHATE C CO3IaHMsI 0000IIeH-
HOM KOHCTPYKTMBHOM CXEMBbI COOPYXEHHSI ONpeNeyeH-
HOTO €ro Kilacca B BHJE rpaduyeckoil MOJenu BO3-
MOJKHBIX KOHCTPYKTHBHBIX PEIICHHUH, OTHOCSIINXCS K
OJIHOMY KJlaccy coopyskenuil. Kitacc MOCTOBBIX KOH-
CTPYKUUH OOBEIUHAET MHOXKECTBO HX KOHCTPYKTHB-
HBIX PEIeHU, IMEIOIINX OANHAKOBYI0 KOHCTPYKTHB-
Hy10o ¢$opMy, HO Pa3IHMYalomInXCs pa3MepaMu | ma-
pameTpamu.

O0o001meHHas cxemMa KOHCTPYKTHBHOTO PEIIeHHS
MOCTa OTIPEIEIEHHOTO Kilacca TOJDKHA BKIIIOYATH Cile-
JYIOIIYI0 HH(OPMAIIHIO: BOZMOXKHBIC THIIBI MOTIEpeY-
HBIX CEUCHHH TMPOJICTHBIX CTPOCHUIA, BO3MOXKHBINA THII
pelIeHns 2JIEMEHTOB MOCTOBOTO TTOJIOTHA (OZEXKIa MO-
CTOBOTO TIOJIOTHA, MEPUIHHOE U 3aIUTHOE OTPAXKIE-
HUS, JeopMallMOHHBIE IBEI).

R [

L
* | meked me2(ke 1] Amproet

Puc. 1. O6001meHHas KOHCTPYKTUBHAS CX€Ma BAHTOBOI'O MOCTa
[Figure 1. Generalized structural scheme of cable-stayed bridge]

L30

By

Puc. 2. O600meHHas KOHCTPYKTHBHAS CXeMa
HONEPEYHOT0 CEYEHHUSI TMIIOHOB BAHTOBOI'O MOCTa
[Figure 2. Generalized structural scheme of
cross-section of cable-stayed bridge pylons]
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Puc. 3. O6o0uieHHast KOHCTPYKTHBHAs CXeMa
HOMEPEYHOTO CEUCHHUSI OAITKH )KECTKOCTH BAHTOBOT'O MOCTA
[Figure 3. Generalized structural diagram of
the cross-section of the cable-stayed bridge stiffness beam]

Puc. 4. O60011eHHasT KOHCTPYKTUBHAS CXeMa 0JI0Ka OPTOTPOITHON
IUTMTBI POE3KeH 4acTH Ha Oajke XKECTKOCTH BAHTOBOIO MOCTa
[Figure 4. Generalized structural diagram of
the orthotropic slab of the carriageway block
on the stiffness beam of the cable-stayed bridge]

2. Ha srame pa3pab®OTKu CUCTEMBI HCXOIHBIX
JTAHHBIX HEOOXOIUMO OTIPEACITUTh MOJIHBIN ITepeUeHb
U COJICPIKaHUE MCXOIHON MH(POPMAITHH, HEOOXOTUMON
JUTSI TIPOCKTHPOBAHMSI MOCTA, BIMCHIBAIOIIETOCS B TIPH-
HATYI0 O0OOIICHHYIO KOHCTPYKTUBHYIO (hopMy COOpy-
JKeHus. B Hee JOMKHBI BOMTH JaHHBIE 0 TpeOyeMoM
rabapuTe MOCTa, O BpEMEHHBIX Harpy3Kax, O MaTepuaiax.

3. Ompenenenre mepedHs BceX MapamMeTpoB U pas-
MEPOB COOPYKEHHS, KOTOPBIC MOJICKAT YCTAaHOBIIC-
HUIO ¥ HEOOXOJUMBI TS BBIMOIHEHUS YepTexa mpo-
eKTUpyeMoro coopyxenus. [Ipu 3ToM HE0OX0IAUMO
BBIJICIIUTH CPEM HUX HE3aBHCHUMBIC Pa3Mephl WITH Ta-
pameTpbl, TaKk Ha3bIBAEMbIC MEPEMEHHBIC TPOSKTUPO-
BaHUsI, U 3aBUCUMBIE pa3Mephbl, YUCIICHHBIC 3HAYCHUS
KOTOPBIX NPUHUMAIOT €AUHCTBCHHOC 3HAYCHUC IIPpHU
3aJJaHHOW BPEMEHHOM HAarpy3Ke M yCTAHOBIICHHBIX 3Ha-
YEHHSX HE3aBHCUMBIX MapaMeTpoB. OTIHYUTETBHON
0COOCHHOCTBIO 3aBUCHMBIX Pa3MEPOB SIBJISIETCS TO, UTO
JUTSL HAXOXKJICHHUS Ka)XJIOTO W3 HUX MMEETCS BIIOJHE

6.1. BBOJI CUCTEMBI HCXOIHBIX JTAHHBIX:
— KOJINYECTBO 3aBUCHMBIX Pa3MEPOB COOPYKEHUsI MZr;

— KOJIMYECTBO HE3aBUCHMBbIX [IAPAMETPOB — Pa3MEPOB MNZr;
— KOJIMYECTBO HE3aBUCHMBbIX [IAPAMETPOB COOPY)KEHHUs mMnzp;

— CBE/ICHUS O BPEMEHHBIX Harpy3Kax;
— cBezleHns! 00 HCIIONIb3YeMBIX MaTepHanax;

OTIpENIeIEHHOE YCIIOBHE MPOYHOCTH WIJIM KOMILIEKC
YCIIOBUH (ITPOYHOCTH, KECTKOCTH, MECTHOH M 00-
el yCTOMIMBOCTH, KOHCTPYKTHBHBIC TPEOOBAHNSA).

[Ipumeps! 3aBUCUMBIX pa3MepoB: TOJIMHA JIUCTa
HACTHUIIa TIPOE3KEH YaCTH 3aBUCHT OT PACCTOSHUS MEXKITY
MIPOJOJIFHBIMU OaJIKaMH, TOJIIFHBI CTEHOK IMPOJOIh-
HBIX U MONEPEYHBIX pedep Mpoe3kel 4acTH, CTEHOK
U pa3MepoB IMOSICOB MONEPEUHBIX U TJIaBHBIX 0aJoK,
3aBUCSIIUX OT UX BBICOT.

OTiM4uTeNPHOM 0COOEHHOCTHIO HE3aBHCHMBIX Ta-
paMeTpoB U pazMEpOB SIBIAETCS TO, YTO ONTHMAaIbHBIE
WX 3HAYEHHsI MOTYT OBITh OMpejelieHbl TI0 00IIeMy
JUTS BCEX MX YCJIOBHIO: KOMIUIEKC MX 3HAYEHUH TTOJI-
KeH 00€CTIeUHnTh MOJyUYeHHE COOPYKEHHUS, YI0BIe-
TBOPSIOIIETO KPUTEPHUIO ONTHMAILHOCTH.

[IprmepamMy HE3aBUCHMBIX ITapaMETPOB M pa3Mme-
POB COOPY)KEHHS SBIISIOTCS: KOJIWYECTBO IVIABHBIX Oa-
JIOK B NONEPEYHOM CEYEHHUH MPOJIETHOTO CTPOCHMS,
PACCTOSTHUS MEXIY MPOJOIHHBIMU U IONEPEYHBIMHU
OayKaMy Tpoe3Kel YacTH, BBICOTHI TJIABHBIX M TIOTIE-
PEUHBIX 0AJIOK B COOPYKECHUHU.

[Tpn mpuHATON cHcTeMe He3aBUCHMBIX TapaMeT-
POB TIOWCK WX ONTHMAaJBHBIX 3HAYEHUH MOXKHO IIPO-
M3BECTHU C MOMOIIBIO OpPraHU3alMy [IUKJIOB MO H3Me-
HEHMIO MX YHCIICHHBIX 3HaYeHHH, C TeM 4TOOBl HAlTH
TaKyr0 KOMOMHAIIMIO WX 3HAYCHHH, P KOTOPOM, Ha-
MIpUMEp, CYMMapHasi CTOUMOCTh COOPY>KeHHS OyaeT
MUHUMAaJbHOM.

4. Onpenenenre mepevHs TaHHBIX O Pe3yJIbTaTax
MIPOEKTUPOBAHUS U cHoco0a WX BBIJAYN KOMIIBIOTE-
poM. K 3ToMy mepeuHI0 OOBIYHO OTHOCST pa3Mephl
BCEX DIIEMEHTOB COOPY’KEHUS, TAHHBIE O HAITPSHKEHHO-
ne(OpMUPOBAHHOM COCTOSHHHM BCEX DJIEMEHTOB CO-
OpY’KEHUSI, TEXHUKO-9KOHOMHYECKHE TTOKa3aTeNy dJie-
MEHTOB U COOPYKEHHS B LIETIOM.

5. Pa3paboTka 610K CXeMBI IPOTPaMMbI aBTOMa-
TH3UPOBAHHOTO TIPOEKTUPOBAHUS COOPYKEHHS U CaMOit
MporpaMMBbl C HCIOJb30BaHUEM IpeaiaraeMoil B
. 6 THIIOBOH OJIOK-CXEMBI M yY€TOM OCOOEHHOCTEH
KOHCTPYKTHBHOH (OPMBI MPOEKTHPYEMOT'O COOpY-
KEHHUS.

6. TunoBast 6JI0K-cXeMa MPOrpaMM aBTOMATH3H-
POBAHHOTO TPOEKTHPOBAHUS MOCTOBBIX FIJTH WHBIX UH-
KEHEPHBIX coopyskeHuil (cMm. 6.1-6.17).

— CBEJICHUS O HAYaJbHBIX 3HAYCHUSIX 3aBUCUMBIX pa3MepoB d (i) ameMeHToB coopyxenus mpu I ot 1 go mzr.
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L

6.2. BBox 3HaueHUS KpUTEpHUS ONTHUMAIbHOCTU COOPYKEHMsS — B KayecTBE €ro MUHMMAaJIbHOI'O 3HAUYCHUS
GRITmin = 10"50.

L

6.3. Hauaso 1IUKII0B 110 KOJIMYECTBY U JUANa30Hy 3HAUCHHUI K)XKI0r0 U3 MNZp HE3aBUCUMBIX [IApaMETPOB COOPY>KCHUSL.

d

6.4. Hauasio MKJIOB [0 KOJMYECTBY U JHANA30Hy 3HAYCHUH KaXOr0 M3 MNZr He3aBUCHMBIX Pa3MEpOB — TapaMeTpoB
COOPYKEHHSL.

4

6.5. ObHynenune saeek MaTpuIsl M(mzr,2) HHAMKAaTOpa OOHAPYKEHHSI MOMEHTA CTPOTOTO ONpeeIeHHs BCeX MUHU-
MaJIbHO BO3MOJKHBIX 3HAUCHUH 3aBUCUMBIX pa3MEpOB IIPU yCTAHOBJICHHBIX BO BHEIIHUX LIMKJIAaX 3HAYCHUSIX HE3aBU-
CHUMBIX Pa3MepOB-IIapaMeTPOB U HE3aBUCHMBIX IIAPAMETPOB COOPYIKESHUSI B XO/I€ MOCIIEA0BATEIBHOTO NPUOIMIKEHUS K
HCKOMBIM pa3MepaM I0 yCIOBUAM IPOYHOCTHU JKECTKOCTU U yCTOHYUBOCTH.

y

6.6. BeruriciieHie cOOCTBEHHOTO Beca COOPY>KEHHS C YUETOM Beca JIEMEHTOB COOPYKEHHS C 3aBUCHMBIMHU Pa3MepaMHL.

1

6.7. Co3maHne pacueTHOI CXEMbI COOPYKEHHS JUIS ONPEAEIEHHS B €T0 JJIEMEHTaX YCHIIMH OT COOCTBEHHOTO Beca U
KPHTHUYECKOTO ITOJI0XKEHUSI BPDEMEHHO Harpy3Ku.

1l

6.8. Berunicienue ycuiauii B 371eMEHTaX COOPYXKEHUs ¢ 3aBUCUMBIMU Pa3MepaMHu.

L

6.9. Brruucnenne HanpspkeHH# sigma(i) mpu 1 oT 1 10 mzr B KpUTHUECKUX TOYKAX 3JIEMEHTOB C 3aBHCHMBIMH pa3Me-
pamu.

d

6.10. Lluki o cpaBHEHHUIO HaNpsDKeHUH sigma(i) d B aieMeHTax ¢ 3aBUCHMBIMU pa3MepaMy IpH i oT 1 1o mzr u Kop-
peKTUpOBKA UX pa3mepoB npu A d(i).

Ecnu sigma(i) > R(I), To:

— npunsate d(i) = d(i) + Ad(i);

—mnocnath 1 B M(i,1) u yiiTr Ha ClleyTOIIMiA IIar UK.

Ecmu sigma(i) < R(I), To:

— npunats d(i) = d(i) — Ad(i);

—mnocnath 1 B M(i,2) u yiTH Ha CIIeAy IO AT UK.

1

6.11. BbluucieHne cyMMBbl €AMHHI] B MaTpPHLE WHIUKATOPA 3aBEPIICHUS] ONPEAENICHUST HEOOXOIMMBIX 3aBHCHMBIX
pa3MepoB, CPaBHEHHE €€ C YUCIOM 2 mZr.

Ecnu ata cymma < 2 mzr, To He0OX0ANM BO3BpAT K OJIOKY 6.6, B IPOTUBHOM CIIydae OCYLICCTBIISETCS Mepexo K 0J10-
Ky 6.12.

4

6.12. Beruucnsercs kputepuii onTuMasHOCTH coopyxenust MGRIT.

L
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6.13. Eciu GRIT > GRITmin ,to mepexox k 010Ky 6.15.

Ecmu GRIT < GRITmin, To GRITmin = GRIT.

6.14. 3amoMuHaeTcst HPOPMAIHS O BCEX 3aBUCHMBIX pa3Mepax dJIEMEHTOB COOPYKEHHS W COOTBETCTBYIOLICH KOM-
OMHAIMK 3HAUCHUI! HE3aBHCHMBIX pa3MepOB-TIapaMeTPOB U HE3aBUCHUMBIX ITapaMeTPOB B PACCMOTPEHHOM AMAna3oHe

X 3HAYCHUH.

6.15. OxoHuaHue LUKJIOB IO KOJMYECTBY U AUAIa30HY 3HAYCHHI KaXJI0Tro U3 mnzp HE3aBUCHUMBIX IMapaMe€TpoOB CO-

OPYKCHHSI.

6.16. OxoHYaHHE LUKIOB MO KOJIMYECTBY W AMANA30HY 3HAUCHHH KakKIOTO W3 MNZp HE3aBUCHMBIX Pa3MEpOB-

apaMeTpoB COOPYIKCHHSL.

6.17. Brimaua tpeOyemoil HHGOPMAIUU O CIIPOSKTUPOBAHHOM HH)KCHEPHOM COOPY)KCHHH MO 33JaHHOMY KPHTEPHIO

OIITUMAJIBHOCTH

3akaouenne

ABTOpBI CUHTAIOT, YTO TIpe/yiaraeMas OJ0K-cxema
MPOrpamMM aBTOMATH3MPOBAHHOTO MPOSKTUPOBAHHS MOC-
TOBBIX M MHBIX WH)XECHEPHBIX COOPYKCHUI MOXET U
JIOJDKHA OBITh UCTIONb30BAaHA B KayecTBe oOpasiia mpu
pa3paboTKe MporpamMM aBTOMATH3UPOBAHHOTO MPOSKTH-
POBaHMS COOPYKEHHH C pa3IMIHBIMU 0000IICHHBI-
MU KOHCTPYKTMBHBIMU CXEMaMHU I10 331aBAEMOMY KpH-
TEPHUIO ONTHMATBHOCTH.

Jerammzarus 6mokoB 6.6—6.8 mpeyiokeHHON OI0K-
CXEMBI JTOJDKHA TIPOU3BOIUTHCS Pa3pabOTIMKaMU TIPO-
TpaMM C Y4eTOM OCOOCHHOCTEH 0000LmEHHON KOH-
CTPYKTHBHOU CXEMBbI TIPOSKTUPYEMOTO COOPYIKEHHSI.

Ilenpro 3TOM pabOTHI SIBISETCS CTPEMIICHUE aB-
TOPOB CO3/1aTh OCHOBBI KOHICHIIIMA aBTOMAaTU3HUPO-
BaHHOTO TMPOCKTUPOBAHUS MOCTOBBIX M MHBIX MHKE-
HEPHBIX COOPYXKEHUH MO 3a7aBaEMOMY KPHTEPHUIO
WX ONTHMAaJIBHOCTH, MOCIEAYIONIee HCIOIb30BaHUE
KOTOPO# MO3BOJUT MPOSKTUPOBATh SKOHOMHYUECKH
1enecoo0pa3Hble MOCTOBBIC M MHBIC WHKCHEPHBIC
COOPYKCHHS.
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Abstract

In article on the basis of generalization of experience of creating in the period
from 1997 to 2015 computer-aided design of various bridge structures by fifteen
graduate students of the Department of Bridges and Transport Tunnels MADI (GTU)
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Annomayus

Ilens. B pabote npon3BOaMTCS aHAIM3 MPOLIECCa JINCTOBOM BBITSHKKH M pa3paba-
TBIBAETCS METOJMKA OMpPE/EIeHNs] MUHUMAILHOW KPUBHU3HBI TOPOBOTO CKPYIJICHHS
npr popMOo0oOPa30BaHUH IIAITHHAPUYECKOTO M3/IeNHsl (CTakaHa) C y94eTOM IUIacTHYe-
CKOT0 YTOHEHUS J1e(hOpMHUPYEMOTro MaTeprasia TOPLEBOi KPOMKOH JaBSIIEro MyaHco-
Ha. Memoowbt. TIpoananu3upoBaHa CylIecTBYIOIIAs cxeMa ()OPMOU3MEHEHHUs C HC-
T10JIb30BaHUEM JIOITYCTUMBIX KO3()(UIIMEHTOB BBITSDKKH U IIpeJiesia IPOYHOCTH MaTe-
pHaa, MPeCTaBIIOMX OCHOBY JIe(hOPMAIIMOHHO-CHIIOBOTO pacueTa, KOTOphIi 3aya-
CTYIO HTHOpUpYeT (akTop Aeh)OpMaIMOHHOTO YTOHEHHS 1 €r0 BIMSHHE Ha IPOYHOCTH
Marepuraja, 4TO B COBOKYIIHOCTH MOXKCT IPHUBECTU K IPEBLIICHUIO JIOITYCKAaCMbIX
HaIpsDKEHUH B MaTepuaiie, 00yCIIaBIIMBaOIIEMy ero pa3pbiB. PaspabarsiBactcs mate-
MaTruyecKass MoJIeNlb 0OBEMHOIO HANPSHKEHHOTO COCTOSIHHS METAIUIA, TTO3BOJISIOMIAS
OLICHUTH BEJIMYMHY YTOHEHHS NpH (PopMOOOpa3oBaHMKM TOPOBOM TOBEPXHOCTH pas-
JIMYHOM KPUBU3HBI C MOCIIEAYIOIIEN allpPOKCUMALMEH HAMIEHHBIX BEJIMYUH MOJIMHO-
MHaIIbHOH (yHKUMel. PaccMarpyBas KpuTepueM IpeleibHbIX Harpy30K YpOBEHb
PasMaIbHBIX HATIPSHKCHUHN TIPU CBOPAYMBAHUM U PACTATMBAHWMM JIMCTOBOTO Marepuasia
C Y4ETOM €ro YTOHEHMS, YCTaHaBIMBACTCSI MUHUMAJIbHAsL KPUBU3HA CKPYIVIEHHUs TOPO-
BOI MOBEPXHOCTH CTakaHa. Bu16odsl. 11omydeHHbIe pe3ysIbTaThl O3BOJISAT CMOJEINPO-
BaTh HANPSDKEHHO-AE()OPMUPOBAHHOE COCTOSIHAE METAILIA NP Pa3pabOTKe TEXHOJIO-
TMH JIUCTOBOM BBITSDKKU: YCTAHOBUTH BEJIMUMHY YTOHEHHS U OLIGHUTh YPOBEHb Paju-
QJIbHBIX HANpPSDKEHWH 1pu (opMooOpa3oBaHNN CKPYTJIEHHS] TOPOBOM MOBEPXHOCTH
JUIS TIPETYNPEKACHNS Pa3pyIleHNs] BHITAITUBAEMOTO CTaKaHa (OTPBIB JIOHBIIIKA), YTO
rapaHTUpYeT NOJyYeHHe Ka4eCTBEHHOM IPOIYKIH.

Knrouesvie cnosa: BBITSXKKA; HEUTpaIbHOE CEUEHUE; YTOHEHUE; DPaIUyC
KPHUBU3HBI; HTHTEHCUBHOCTD Je(opMaLuu
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KM, YCTaHaBJIMBAIOIIUE COOTHOIICHUE TUaMETPOB CBO-

CTOBOM IITAMIIOBKH, B YACTHOCTH — BBITSKKH, MOKa-
Ty, OCHOBHBIM KPUTEPHEM PEaTn3yeMOCTH Mpolec-
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TEOPUA NMNACTVYHOCTK

pavuMBaeMoOro MPOCTPAHCTBEHHOTO H3AENus (TOIy-
(habpukara) U IIOCKOM 3aroToBKH (puc. 1)

dy=D,my; dy=d my nr.n.,

rae dy, dy — muaMeTp BeITATHBaeMoro maemus; D, —
IUaMeTp 3aroTOBKH; My, My — KOI(Q(MHULINUCHTH BbI-

TSOKKH, YCTAHABIUBAIOIIUE BO3MOXKHOCTH Je(hOpPMH-
pOBaHMS MeTalljla U OTPaHUYMBACMBIC €0 pa3pylie-
Huewm [1-3].
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Puc. 1. Cxema BBITSKKH
[Figure 1. Schematic drawing]

VYCTaHOBJIGHHBII TaKMM 00pa3oM JHaMeTp IOIy-
(abpukara, XapaKTepHU3yeMbIH TIOMAABIO TTOTIEpey-
HOT'O cedeHUsl F' KOJNBLEBOrO dJIeMEHTa B BHIE pa3-
BEPTKU MOJIOT0 U3AeNHs, OyIeT ompenensiTh MaKCh-
MaJbHYIO CHITy nehOpMUPOBaHUS (BBITSDKKH) C yue-

TOM IIpeaeciaa IPOIHOCTH MaTepHUala C,.
P=Fo,.

Bripaxas mutomnaab KOJbIIEBOTO JIEMEHTA Yepes
€ro mepuMeTrp L U TONIIUHY CTEHKH S WU MPHUpPaB-
HUBas TIEPUMETP TOJIOTO M3ACTUS K JIUHE OKPYXK-
HOCTH LIWJIMHApUYECKoro u3nenus L = md , nerpyn-

HO TIOJYYUTh UCKOMOE BBIPOKEHHE JJIST KOHKPETHON
KOH(HUTypanun JeTa:;

F=LS=ndS. (1)

Ha atom, B 0oOmiem, u 3akanunBaercs nedopma-
LIMOHHO-CUJIOBOM pacyer, KOTOPhIA 3a4acTyl0 UTHO-
pupyet dakTop negopManuOHHOTO YTOHEHHS CTCHKH
W3JIEIHs U €TO BIMSHUE Ha MPOYHOCTH MaTepHaa,
B TIOJIB3Y OT/IENBHOTO HCCIIETOBAaHUS, MPAKTHICCKH
HECBSI3aHHOTO C BBIIICH3IIOKEHHBIMU CHJIOBBIMH T1a-
pamerpamu (opmooOpazoBaHus. XOTs OOIeTprU3HaH-
HBIM SBIISIETCS TOT (DaKT, YTO BBITSIKKA CO 3HAYH-
TEIBHBIMH AeQOpMaliIMA CO3JaeT BBICOKYIO BEPO-
ATHOCTh pa3pbiBa MeTajia B Oojiee OIMacHOM cede-
HUU — HA TOPOBOH MTOBEPXHOCTH, 00pa30BaHHOM TOPIIE-
BBIM PagNyCOM CKPYTJICHHS JaBSIIEr0 MyaHCOHA H
MpeACTaBISONIeH y4acToK Hanboliee Mporpeccupy-
IOLIEr0 YTOHEHHsI TIPU Mepexo/ie OT CTEHOK CTaKkaHa
K JIOHBIIIIKY .

[Ipu 3TOM HEKOPPEKTHO PACCMATPUBATH TOIBKO
OJHO YTOHEHHE, YMEHBIIAIOIIEee MOMepeyHOe CeueHHe
JIMCTOBOW 3arOTOBKH, TaK KaK COIYTCTBYIOIIUE 37eCh
nedopMaroHHbIE TPoIecchl (POPMON3MEHEHHS TTa-
paJuUIeNbHO MPUBOAAT K YINPOYHECHHIO MaTepuala,
TO €CTh K TIOBBIIIICHUIO €T0 HEeCyIIel CIIOCOOHOCTH.
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Takum 00pa3om, 37ech BaXKHBI ABa (akTopa — reo-
METpPUYECKOe YTOHEHUE U (U3MYECKOE YNPOYHECHUE
Marepuaia, Ipu4eM HX COBOKYITHOE BJIHSHHUE IIPO-
HCXOIUT HE M0 TUaMeTpy moirydadpurkata, a B 001a-
CTH TOPIIEBOTO pajauyca IyaHCOHA, XapaKTepH3ye-
MOTO MEHBIIMMH NEPUMETPOM H IUIOIIAJBIO IOTIe-
PEYHOrO Ce4eHHs, CO3JAIOLIMMH BEPOSTHOCTh Ooslee
CKOpOT'0 pa3pblBa MaTepHaia B CPaBHEHUH C KJIaCCHU-
YEeCKUM METOJIOM pacyeTa.

1. MaTtemaTn4eckasi IOCTAaHOBKA 32241

OO0OBbeMHOE HANPSHKEHHOE COCTOSTHUE METAILIA TIPH
(hopMooOpa3zoBaHUKM TOPOBOM TMOBEPXHOCTH OIpEIe-
JIIeTC MEPHEHINKYJIAPHO HAlpaBJIEHHBIMU paguallb-

HBIMM HaNpsHKEHUAMH G, OTHOCHTENIBHO M3rubaeMoi
3arOTOBKH; B PE3yJbTaTe AABICHUS CIIOEB MeETajla
JPYT Ha JIpyra [0 KOHTYpPY U3Ieus AeHCTBYIOT OKPYK-
Hbl€ TAHT'€HLIMAJIbHBIE HAMIPSIKEHUS O, ; BJIOJIb 00pa-
3YIOIIEH M3JeNus ACUCTBYIOT NPOJOJIbHBIE HAMpsIKe-
HUA O, (pHuC. 2).

di
Pacyemnas naowage (40 mm)
konpueboeo snemenma

F=LS=xd, S

Irowiags (3 wm}

KonpyeBozo anemenma
B onacHoM cedeHuu
mopoBoil noBepxHocmu

(25 mm)

'] 15"
Ferdy S5

Puc. 2. Pactipenenenne HanpsHDKEHHHA B METaJLIE TIPH BBITSHKKE
[Figure 2. The stress distribution in the metal under the hood]

COBOKYITHOCTh HANPSXKEHUU, BBHI3BIBAIOIIUX HC-
KpUBJICHHE CJIOEB METalljla, HallpaBlieHa Ha BO3HHUK-
HOBEHHE PaBHO3HAYHOTO Je(hOPMHUPOBAHHOTO COCTOS-
Hus MeTayuia B ouare nedopmaruu. CorinacHo ycio-
BHIO TIOCTOSTHCTBa 00beMa, B3aMMOCBS3b IIPOJIOIb-
HBIX, paTualbHBIX W TAHTCHITHANBHBIX JehOpMaITHi
OTIUCHIBACTCS 3aBUCUMOCTBIO [4]

(1+g)(1+e, )(1+g,)=1.

[Ipu momyuieHNH paBeHCTBA TaHTEHLUANBHBIX U
NPOJOIBHBIX AeOpMalMil €, = €, yCTaHABIMBAETCA

3aBHCHMOCTB IS paIMajibHOi JeopManuu
1 1
P S P S—
T (l+g ) (1+g,) (1+89)2
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TanreHumansHas nedopMariyis, BOSHUKAIOIIAs PH
n3rube ToNoCkl, 00yCIaBIMBaeT Je(opMaIoHHOE W3-
MEHEHHE Hapy’>KHOTO M BHYTPEHHErO PaanycoB, 4YTO
NPUBOAWT K M3MEHEHHIO TOJIIMHBI PACTSHYTHIX H CKa-
TBIX CJIOEB MaTepHala, pas/ieliieMbIX PajnycoM Heii-

TpabHOM NOBEPXHOCTH P, (pHc. 3):

SGHap:ﬂ_l HSSBH:RBH_I' (2)
Py P

W3MmeHeHne Hapy»XHOTO M BHYTPEHHETO paiwy-
COB BBIPAKAETCS Yepe3 MePBOHAYAIBLHEIE PaTNyChl

RHap = Rl +(Rl _pH) 8rr-mp 2
RBH = R2 +(pH _R2)8rBH N

HapyxHslif pagryc R; mon neiicTBHEM paauaib-
HOW AedopManiiii yMEHbIAETCS, IPUHNMAs HOBOE
YCIOBHOE 3HaYeHne R,

_ RHap - Rl

€, ap = <0.
Rl_pH

BuyTpennnii paguyc R, ysemuuuBaercs 10 R,

MoJ IEWCTBUEM COOTBETCTBYIOLIEH paauajbHOMN Jie-
dopmaryn:

RBH_R2
= >
pH_R2

0.

¥ BH

&

&

HedmpanbHoe ceuveHue

Puc. 3. PactipesieneHue TaHTeHIMATBHBIX edopmariuit
0 CEYEHHUIO MOJIOCHI
[Figure 3. Distribution of tangential strain
on the cross section of the strip]

[IpupaBHUBas TaHTCHLUAIbHBIE U PagUabHbIE
nepopMaluu €, = €, , yCTaHABIUBAIOTCS BBIPAKEHUs
JUIS OTIpeAeNICHHs] Hapy>KHOTO W BHYTPEHHETrO pajiu-
YCOB U30THYTOTr'O 3JIEMEHTa [5]:

R, (R R
Hap Hap 1 .

— | | —-1|==Z-1; (3a)
pH pH RZ

TEOPUA NMNACTVYHOCTK

R By 0z |[2-Bu 21272, G6)

Pu \ Pu Py

e Z=R, / P, — KO3(QQUIMEHT, onpenemsomuii pa-
JyC HEHUTPaTbHOI MOBEPXHOCTH, BHIYUCISIEMBIA U3
YCIIOBHS paBHOBECHS M3rHOAIOINX MOMEHTOB B pac-
TSHYTBIX U C)KATBIX CJIOSIX 3arOTOBKH, BO3HUKAFOIIMX
o] BIMSHUEM TaHTCHIUAJIbHBIX HANPSOHKCHUH OTHO-
CHUTEJBbHO HEHTPabHOI MOBEPXHOCTH:

MHap :MBH'

2. AHaJIu3 pe3yJIbTATOB UCCJIET0BAHUSA

WnnrocTpaTHBHBIM IPUMEPOM MOXKHO PACCMOTPETh
BBITSDKKY ITHJIHHAPUYCCKOTO cTakaHa (J40X%3 MM
(§=3,0 MM), IMEIOIIIET0 BBICOTY MIJIUHIAPHIECKON
yact h =25 mM. ®opMooOpa3zoBaHKe TOPOBOIO pa-
Jyca CKPYTJICHHS OCYIIECTBIIICTCS TOPLIEBBIM PAIHy-
COM JIaBSIILIETO IyaHCOHA 7, = Ry =10 Mm.

PacueT, BBIMONHEHHBIN MO CPEeAHUM pa3Mepam
W3eNus, OTpeaeseT JuaMeTp 3aroToBKu [6]:

sy S ,
D, 4d h+8| r,+—| +2n|r,+—|d, +d, =
2 2

4-4()-25+8(10+%)2 +2n(10+%} 17+17% =
=74,9 MM,
rae d, — nuaMeTp JOHBIIIKA CTAaKaHa.
d,=d-2r,-85=40-2-10-3=17 mm.
B pesynbrare k03hOUIMEHT BBITSIKKA
m, =d, /D, =40/74,9=0,534 < [m,].

JlomyckaemMbiii KOO(QQUIUEHT BBITSIKKH MSIT-
KUX CTajedl IJs TepBOil omepamud COCTaBISIET
[ml ]: 0,56...0,58 , uTo MO3BOJIAET MONYYCHHE 000-

3HAYEHHOT'0 CTaKaHa y>ke Ha IMepBOM IMEepexo/Ie.

[Imomane KOIBIIEBOTO AIEMEHTA B CEUCHHH A,
00pa30BaHHOTO TOPIIEBOM KPOMKOW OKPY>KHOCTH CTa-
kaHa (1):

F=nd S=n40-3,0=377 mm’.

Takum 00pa3oM, yCTaHOBJIEHHBIE «(OpMAaTbHBIC)
HapaMeTpsl BBITSDKKU JAOT MPEACTABICHUE TOJIBKO O
BO3MOXKHOCTH CBOPAYMBAHHS JINCTOBOW 3arOTOBKH B
MPOCTPaHCTBEHHOE HM3JEIMe M HauOOJBIINX CHIIOBBIX
mapameTpax Imporecca A MMOCIeAyIoIero Beioopa
TEXHOJIOTHYeCKOro obopynosanus. IIpu 3tom Bepo-
SITHOCTb OTPBIBA JOHBIIIKA UMEET 10 OOJbIIeH YacTu
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AMITMPUYCCKYIO COCTaBJISIOIYIO0, HE OTpaKaeMyto oOIiie-
MIPUHATOW METOIMKON pacuera.

B cBs3m ¢ 3THIM Aanee Ha TEKyIEM IpHMEpPe TPo-
JIOJDKAaeM Pa3BUBATh TCOPHUIO IIACTUYECKOTO U3ruda
(BBITSDKKH) W CBSI3aHHOE C 3TUM JAe(POpMAIMOHHOE
M3MEHEHHE TONIIUHEI JINCTOBOM 3arOTOBKH, OIIPEIe-
JIIEMOE OTHOILICHUEM PaJNyCOB KPUBU3HBI:

R Ryt+S 10430
R, R 10

1,3.

HTepallioOHHBIM MepeOOpPOM MPHU COOTIOACHUH
000I0THOTO PaBEHCTBA BhIpakeHUH (3) ompenenseT-
cs kodddumment Z =0,8777 , TO3BOJISIONINI OICHATD

BEIMYHMHY Je(QOPMUPOBAHHBIX PalUyCOB:

R
—2=1,1137 u RB"=0,8795.
pﬂ pH

3HaYeHN OTHOCUTENBHBIX M3rHOArOINX MOMEHTOB
2
_ R R
MHap = [ﬂ—l (ﬂH =
Pu o
=(1,1137-1)(1,1137+1) = 0,0273253;

2
b 12 12,
Pu Pu

=(1-0,8795)" (1+0,8795) = 0,0272908.

C pasnnuneM MeHee 1 % pacyeT MOKHO CUMTATh
OKOHYEHHBIM. B IpOoTHBHOM ciydae 3HauHTEIbHOE
pacxokJeHHe B BETMUYMHAX M3THOAIONIUX MOMEHTOB
BBIHY>K/Ia€T CKOPPEKTHPOBATh IMOJIOXKEHHE HEHTpaib-
HOM MOBEPXHOCTH.

B pesynbTaTe paguyc HEUTpaibHOM MOBEPXHOCTH

P, =R,/Z =10/0,8777=11,39 nm.

Hapy>xHbIil paguyc TOpOBOro CKpyIJIeHHS U Mpo-
TSDKEHHOCTB PacTSHYTON 30HBI

RHa
R, =—2p =11137-11,39=12,69 mwm;

Hap
H

S =R —p,=12,69-11,39=13 mm.

pact Hap

Crnemyer oTMETUTB, 9TO (HPOPMOOOPA3OBaHUE TIPH
BBHITSDKKE OyAET MPOMCXOANUTH MO (PUKCHPOBAaHHOMY

BHyTpeHHeMy pamuycy R, /p, =const, o6ycios-
JICHHOMY TOPIEBBIM PaJINyCOM CKPYTIICHHS JaBsIIiie-
ro myancona 7, = R, = R =10 mm. B sToM cirydae

IMPOTAXKECHHOCTDH C)KaTOM 30HBI

S, =p,—r,=11,39-10=1,39 mm.
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B pesynbTaTe TONIKHA TOPOBOI MOBEPXHOCTH
rocie neopMUpoBaHus U KOdDOUIIMEHT YTOHEHUS

S'=S _+S.=13+1,39=2,69 my;

pact
S'/S =2,69/3,0=0,897.

Hcnonp3oBaHNE OTHOCUTENBHBIX BEIHYUH I103-
BOJISIET MOJYYHUThH O0Jiee KOMITAKTHYIO 3aBUCHMOCTb,
YIPOILAOUIYIO MPUBEIECHHYIO BBIIIE CTPYKTYPY BBI-
YHCIEHUH U, COOTBETCTBEHHO, ITOBBIIIAIOIIYI0 TOY-
HOCTh PacueToB 3a CUET MCKIIOYEHHS MPOMEXKYTOU-
HBIX BBIYMCIICHHM:

s (R_

S Z(R/R-10) p, op,

= ! 11137- 2| 0,895,
0,8777(1,3-1,0) 11,39

B Tabn. 1 npuBeneHsl pacueTsl KUHEMAaTHYECKHX
MapaMeTpoB Mpolecca BBITSDKKH U1 APYTUX OTHO-
IIEHUH Hapy>KHOTO M BHYTPEHHErO PaJHyCOB TOPO-
BOU ITOBEPXHOCTH.

Tabauya 1

KnnemaTuueckne napaMeTphl BBITSKKA
[Table 1. Kinematic parameters of the hood]

R /R, Z=R,/p, R,../P. R../p, s’/

1,01 0,9950 1,0049 0,9950 0,992
1,05 0,9760 1,0237 0,9760 0,985
1,10 0,9538 1,0450 0,9539 0,952
1,20 0,9136 1,0822 09142 0,925
1,50 0,8150 1,1642 0,8211 0,857
1,75 0,7485 1,2112 0,7634 0,824
2,00 0,6915 1,2465 0,7181 0,803
2,25 0,6417 1,2736 0,6820 0,788
2,50 0,5976 1,2947 0,6528 0,778
2,75 0,5585 1,3115 0,6290 0,771
3,00 0,5235 1,3250 0,6093 0,765

I'paduyeckas maTEpHIpeTaIlis TAOJIUIHBIX 3HA-
YEeHUH B BHUJIE KPUBOJIMHEMHON 3aBUCUMOCTH TpEA-
CTaBJeHa Ha puc. 4.

Sf
5 1,0 ‘ ‘

0,95

\ Ry =var, Rp=const

0,9 LN

0,85 s\

0,8

r—
0,75 a4

Le 1,25 1,5 1,75 20 225 25 275 30 Ra

Puc. 4. YTOHEHHE JIUCTOBOIO METaJIa IPU BBITSKKE
[Figure 4. The thinning of sheet metal in the hood]
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Jlyumiee annpokcMMUpOBaHUE MTPUBEIEHHON 3a-
BUCHMOCTHU C TMOTPEIIHOCThIO He Oonee 2 % B 000-
3HAYEHHOM HHTEpBae KPUBHU3HBI 00ECIICYNBACTCS TI0-
JIMHOMMAJIBHOM MaTeMaTHYeCKON MOJENbI0 TPETHETOo
nopsizKa

, 3 2
S 005 B o038 BL] _o9858 1165,
S R, R, R,

[Ipu nonymieHnn HanboIee MPOrPECCUPYIOIETO
YTOHEHHSI, TEOMETPHYECKU PACTIONOKEHHOTO TIO]] YTIIOM
oL =45° OTHOCHTENHLHO OOPAa3yIOILEro paguyca KpH-
BU3HBI TOPOBOM MOBEPXHOCTH CKPYIJICHHS, ONPEICIs-
€TCsI IMaMeT)p | TUIOIIa b ortacHoro ceueHus b (puc. 2):

d/=d -2(1-cosa)r, ~
~d -0,5867, =40-0,586-11,39 = 33,3 mu;

!

F':ndl'SSE:n33,3-3,0-0,895:280,9 MM,

Takum 00pa3zoM, CyxKeHHe IIIOMAAN KOJIBLIEBOTO
3JIEMEHTA B OMACHOM CEYEHHH TOPOBOI MOBEPXHOCTH
B COBOKYITHOCTH C NMPOTPECcCCUPYIOMNM Aedopmany-
OHHBIM YTOHEHHEM COCTABUIIO

F'/F =280,9/377=0,745,

4yT0 OyAeT BBI3BIBATH YBEIMYEHHE PACTATHBAIOLINX
HaNpsDKEHUH B CTEHKE CTaKaHa, OOYCIOBICHHBIX YCHU-
JIMEM BBITSDKKH, TI0OKAa OHU HE NIPEBBICAT JOITyCKAaeMbIX
HalpsbKEHUI B MaTepuaie, NPOBOLMPYIOIMX €ro pas-
peIB [7; 8].

OnHako BBHUIY OTCYTCTBUS TOYHBIX METOIUK
OTIpeIeNICHUs] YCHITUSI BBITSDKKH KPUTEPUEM TIpeJIeIib-
HBIX HArpy3ok npu aedopmupoBaHuu Oyaem pac-
CMaTpHUBaTh YPOBEHb PaJUAJIbHBIX HANPSDKEHUH IPU
CBOpAuMBAHUU W PACTATUBAHHUU JIICTOBOTO MaTepH-
aja Mo TOpLEBOM KPOMKe IyaHCoHa [6]:

c =
- 97 ¢,
Opmax = 5 Se
Py

n
O, S fz

B

C YYETOM YTOHEHUS G =

—e
pmax '
2p, S'/S
rae f — k03 PpHUIIEeHT KOHTAKTHOTO TPEHUS.

[IpuaMMas Bo BHIMaHWE PaBEHCTBO

e
¢ 2=1+16f,
HOJ'Iy‘IaCM

o, S
G max = ’
P 2p, S'/S

(1+1,6 1), 4)

TEOPUA NMNACTVYHOCTK

rae 6, — CONPOTHUBIICHUC MJIACTUYECKOM ,He(l)OpMaLII/II/II
p— n .
O, =0, +4g/; Q)

A, n — K03 UIHUEHTHl YIIPOYHEHHS NaHHOTO Mare-
puana; € — MHTEHCHBHOCThH Jedopmanuii, Xapakre-
pu3yloIas yIpodHeHHe MaTeprana U onpeaensemMas
CYMMapHBIM 3Ha4YeHHEM TaHTCHIMAJIBHBIX AedopMma-
LUI Ha HAPYXKHOU U BHYTPEHHEW MOBEPXHOCTSAX CBO-
padrBaeMOi TOPOBOM MOBEPXHOCTH cTakaHa [9]:

81‘ = 8Gnap +865H .

C HCroNb30BaHUEM 3aBHCUMOCTEHN IS TaHT€H-
nuaneHeIX Aedopmanuil (2) gaHHOE BBIPaKEHHE
MO>KHO peoOpa3oBaTh K 0ojiee IpOCTOMY BUIY:

RHa R
g =—2——= =11137-0,8795=0,234 (23,4 %).

CoPe Py
[TpuHMMas MoseTBHBIM MaTepraioM ctainb BCT3cr,
HMEIOLIYIO CPeIHUI mpefer npoyHocTd 6, =425 Mlla,

PpacCUMTHIBAIOTCS KOOPOHUIMEHTHI YIPOUHEHHs (Ta0m. 2)
[10]:

0,8  425-0,26

n= = ~ U, 5
c,—0,, 425-245
4200 42525 s
0" 26>
Tabauya 2

Mexanuueckue cBoiicrBa craiu BCt3cn (TOCT 380-94)
[Table 2. Mechanical properties of steel VSt3sp (GOST 380-94)]

Cocrostnue  Tonumua,  YcJI0BHBIH penen 0, %
MOCTABKH MM npezeJt TPOYHOCTH
[Delivery [Thickness, Texy4ecTn c,,Mlla
condition] mm| Cys® Mlla [Tensile

[Conditional strength
yield strength ¢ _, MPa]
G,,>MPal
He menee [Nevertheless]
IIpoxat rops-
YyeKaTaHbI| Ho 20 245 370...480 26
[Hot rolled]

B pesynbTaTte conpoTHBIEHUE TUIACTUYECKON Jie-
dopmarruu (5)

O, =0,,+Ag" =245+25,5-23,4"° = 414,1 MIla.

C wucnonp3oBaHueM KO3(p(ULHEHTA TPEHUS
f=0,2 [11] ycranapnuBaercsi pagualibHOE HAIPS-

KEHUE B MaTepuale pu GopMOoOpa3OBaHUU CKPYT-
JIeHHsI TOPOBOI OBEPXHOCTH cTakaHa (4):
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o, S

Y max = 1]
P 2p, S'/S

414,1 3,0

= (141,6-0,2)=80,4 MIla.
2-11,39 0,895

(1+L,61)=

JedopMamoHHO-CHIIOBBIE TIapaMeTPhl CBOPAYH-
BaHHS TOPOBOW OBEPXHOCTH IPH JPYTHX 3HAUCHHAX
KPUBU3HBI IIPUBEIEHHI B Ta0. 3.

Tabnuya 3

JedopmMannoHHO-CHIIOBBIE NAPAMETPbI BHITSKKH
[Table 3. Deformation-force parameters of the hood]

R, / R, HNutencuBnocts ConpotuBienue  PaauanbHoe
nedopmaii, €, TJIACTHYECKOM HaNPsKeHHe
' pmedopmammum  npu cBOpavHMBa-

[Strain intensity, o, Mila HIY TOPOBOI

g1 [The resistance TTOBEPXHOCTH

to plastic O pmax Mila

deformation 5_,  [Radial stress

MPa] at torus surface

folding O ®
MPa]
1,01 0,010 270,5 1,800
1,05 0,048 3104 10,10
1,10 0,091 340,9 22,60
1,20 0,168 383,6 50,00
1,50 0,343 457,7 143,6
1,75 0,448 494.6 2224
2,00 0,528 520,5 295,9
2,25 0,592 540,1 3629
2,50 0,642 5548 4220
2,75 0,682 566,2 473.,6
3,00 0,716 575,7 520,1

3akia0ueHue

AHanu3 TabIMYHBIX Pe3yJbTaTOB yCTaHABIUBA-
€T 3HAYMUTENIbHBIA YPOBEHb PAAMANBHBIX HaIpsIKe-
HUM Ha TOPOBOM MOBEPXHOCTH BBHITATUBAEMOTO CTa-
KaHa, MPUONMKAIONIMXCS K HavYadbHOMY TNpenety
TeKkyuecTd pu Ry /Ry >1,75.

MakcumMalipHasi KpHBU3HA JIOHBIIIKA CTaKaHa, KO-
TOPYIO TEOPETUUECKH MOYKHO BBITIONHITS, Ry /Ry <2.5,

TaK Kak [P 3TOM B 3arOTOBKE BO3HUKAIOT HaIpsDKe-
HUSl, CPAaBHUMBIE C NPEEIOM IMPOYHOCTH JAHHOTO
MOJENIBHOI0 MaTepuaa.

Taxkum 06pa3om, JOKa3aHbl YCIOBUS pa3pyLIEHUS]
BBITATUBAEMOr'0 CTaKaHa (OTPBIB AOHBIIIKA) IPH YMEHB-
IIEHUH KPUBU3HBI CKPYTJIEHHs €r0 TOPOBOIl MOBEPX-
HOCTH U IIPOTPECCUPYIOIIETO YTOHEHUS BBUIY BO3-
HUKHOBEHMSI 3HAUUTENIBHBIX PAaCTATHBAIOLINX HAIps-
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)KCHI/IfI, MPEBLIIITAOIIUX HavaJbHBIN npeacia TCKy4c-
CTHU MaTepurajia.
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Abstract

The aim of work. The paper analyzes the process of sheet drawing and de-
velops a method for determining the minimum curvature of the torus fillet in the
formation of a cylindrical product (glass), taking into account the plastic thinning
of the deformable material by the end edge of the pressing punch. Methods. The
existing scheme of forming with the use of permissible coefficients of drawing
and tensile strength of the material, representing the basis of deformation-force
calculation, which often ignores the factor of deformation thinning and its impact
on the strength of the material, which together can lead to excess of the allowa-
ble stress in the material, causing its rupture, is analyzed. A mathematical model
of the volume stress state of the metal is developed, which allows to estimate the
value of the thinning in the formation of the torus surface of different curvature,
followed by the approximation of the values found by a polynomial function.
Considering the criterion of limit loads the level of radial stresses during folding
and stretching of the sheet material, taking into account its thinning, the mini-
mum curvature of the torus surface of the glass is established. Results. The re-
sults obtained will allow to simulate the stress-strain state of the metal in the
development of sheet drawing technology: to establish the value of thinning and
to estimate the level of radial stresses in the formation of the torus surface round-
ing to prevent the destruction of the elongated glass (separation of the bottom),
which guarantees quality products.

Keywords: hood; neutral section; thinning; radius of curvature; strain rate
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Abstract

Relevance. Ductility of basalt fiber reinforced concrete is an interesting pro-
perty of basalt fiber reinforced concrete. However, very few experiments on this
property is documented. The aim of the work. This paper provides a summarized
analysis and review of existing publications on the ductility of lightweight basalt
fiber reinforced concrete. Methods. This paper provides a comprehensive study on
ductility of basalt reinforced concrete and lays the framework for proper labora-
tory experiment on the ductility of basalt fiber reinforced concrete. Results. From
the findings of this review paper, ductility of dispersed basalt fiber reinforced con-
crete depends not only in the percentage of basalt fiber in the concrete but in the
length and diameter of the basalt fiber. Increase in the percentage of basalt fiber in

structions and Buildings, 15(5), 360-366.
http://dx.doi.org/10.22363/1815-5235-2019-

15-5-360-366 panded clay

the concrete yielded an increase in the concrete ductility.
Keywords: reinforcement; ductility of lightweight basalt fiber concrete; ex-

Introduction
General overview

Basalt fibers are made from basalt rocks which
are the most common rock type in the earth’s crust.
The basalt fibers are manufactured from melted rock
which are then extruded through small nozzles to pro-
duce continuous basalt fiber. Basalt fiber are produced
in various forms which are used for concrete reinforce-
ment. The varieties mostly used as concrete reinforce-
ment are: basalt rebar, basalt grids (mesh), chopped
basalt fiber [1-3]. Comparing the physico-chemical
properties of basalt rocks [4], basalt fibers which are
derived from natural rocks are superior to traditional
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thermal insulation/heat-resistant substances, such as
ordinary fiberglass and asbestos. Similarly, basalt fiber
has better operational properties, in terms of environ-
mental friendliness of production [5].

Ductility can be defined as the measure of a ma-
terial's ability to plastically deform without fractur-
ing when placed under a tensile stress that exceeds
its yield strength. Ductility highly depends on a ma-
terial's chemical composition, a material's crystalline
structure, and the temperature at which the ductility
is being measured.

The term ductility in seismic design can be un-
derstood as the ability of a structure to undergo large
amplitude cyclic deformations in elastic range with-
out substantial reduction in strength. Ductile struc-
tures are noteworthy of being able to dissipate signifi-
cant amount of energy during those cyclic deforma-
tions. Therefore, to understand the effectiveness of
basalt fibres under cyclic loading in beam-column
joint, determination of ductility is crucial [6].

Ductility can also be express in formula using
the load-deflection or moment-curvature diagrams.
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For reinforced concrete sections, ductility can be ex-
pressed in the form of curvature ductility pg, [3]:
Pu
Tug = —,
He by
where ¢,, — the curvature at ultimate when the con-
crete strain reaches a specified limiting value; ¢, —
the curvature when the tension reinforcement first
reaches the yield strength.
These are illustrated in figure 1. Curvature can
generally be determined by the expression

_ €1+82
d) - h o
where €; and €, are the strains at top and bottom of
a section of height 4.
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Figure 1. Definition of ductility [7]

Concrete structures are usually reinforced because
plain concrete has strong limitations to resist tension.
One of the foremost reinforcing materials is steel; it suits
well as reinforcement but has well known pros and
cons. Fiber reinforced polymers (FRP) have over the
past years became an interesting alternative as a rein-
forcement for concrete [8]. Concrete is one of the most
widely used construction material. Concrete has seve-
ral advantages some of which are durability, forma-
bility and desired mechanical strength which gives
concrete an edge over the other conventional build-
ing material but it has few disadvantages such as low
tensile strength and strain capacity [9-12].

Literature review

Ablesimov N.E. and Malova Yu.G., 2016. In the
article [13], the authors summarized research data on
the basalt rock fibres and wool, and composites rein-
forced. In their research, the authors covered some
areas where refined basalt rock materials are used.
These areas mentioned are in the field of chemical,
automotive and economic sciences.

Roy B. and Laskar A.1, 2017. In the authors’
experimental investigation, the yield displacement was
determined based on the theory of reduced stiffness
equivalent elasto-plastic yield [14]. The reduced stif-
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fness was calculated as secant stiffness at 75% of design
load [15]. The post-peak displacement when the load-
carrying capacity underwent 20% reduction was con-
sidered as the ultimate displacement [14]. Figure 2
shows the ductility of all the test basalt fibers. Duc-
tility of basalt fiber reinforced concrete (BFRC) speci-
mens having 1 and 2% fibers were found to be de-
creased by 19 and 38% than the corresponding steel
fiber reinforced concrete (SFRC) specimens. It is note-
worthy that the ultimate displacement of both types
of specimens at respective fiber percentages was found
to be same, but specimens containing basalt fibers
had higher yield displacement compared to speci-
mens containing steel fibers (SF1 & SF2). This in
turn reduced the ductility of BFRC specimens.

15

Ductility factor

Specimens

Figure 2. Ductility factor of test specimen

A.E.A. Elshekh et al., 2014. In the research paper
evaluation, the effectiveness of chopped basalt fiber
on the properties of high strength concrete [16],
the authors stated that high amount of steel reinfor-
cement content, durability and ductility issues have
led the development of alternative types for rein-
forcement of high strength concrete (HSC) [17]. Fi-
ber reinforcement (FR) of concrete has been investi-
gated as strengthening materials with different tech-
niques such as external and bar reinforcement. This
is due to high contributions of the FR on the mecha-
nical properties of HSC such as high compressive
strength, toughness and ductility. Their main objec-
tive is to investigate the effect of chopped basalt fi-
ber stands (CBFS) on the fresh and harden properties
of HSC as a new internal strengthening material.
The experimental results showed that the workability
of HSC was affected negatively with increase of CBFS
content. It is also shown that the early and long terms
of compressive strength was not supported using the
CBFS. Whereas, split and flexural tensile strengths
were significantly improve. From the analysis it was
also observed that the brittleness was significantly
decreased and its toughness and ductility were stea-
dily improved. Therefore, it can be concluded that
the CBES is a suitable strengthening material to pro-
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duce ductile HSC. The toughness and ductility of the
chopped basalt fiber stands (CBFS) concrete cubes
were observed through the test in stress-strain rela-
tionship curves for all specimens. Furthermore, due
to improvement of tensile and flexural strength, the
toughness and ductility of HSC was enhanced.

Ludovico et al., 2010. In the authors’ paper [18]
Structural upgrade using basalt fibers for concrete
confinement, the authors used basalt fiber laminates
for confinement of concrete cylinders. The result of their
experiment showed a better performance of basalt
fiber over glass fiber-reinforced polymer in terms of
compressive strength and ductility.

High et al., 2015, Kizilkanat et al., 2015, Lipator
et al., 2015, Hannawi et al., 2016. The authors [19]
in their research studied the use of basalt fibers as
additive in concrete and they went further to observe
that there was a significant increase in flexural strength
and slight improvement in compressive strength. Similar
studies were also carried out by [20-22], where it was
found that the addition of basalt fiber in concrete
improved ductility, elastic modulus, flexural strength,
splitting tensile strength and fracture energy.

Lightweight concrete is assumed not to be con-
sidered as a special material lately because it is now
been included in many codes of practice, such as the
American Concrete Institute (ACI) [23]. In contrast
with regular concrete lightweight concrete has lower
density and increased deformability. The material pro-
perties and mechanics of lightweight concrete have
long been identified and still continue to attract in-
terest as shown in [24-26]. Many structural and bridge
applications have been reported by authors such as
authors of [27; 28]. High strength has also been
achieved by [29; 30].

Abdelhamid et al., 2014. In the authors’ paper [31],
they presented analytical and experimental results on
ductility of reinforced lightweight concrete beams and
columns in the form of moment curvature relation-
ships, and compared the response with that of normal
reinforced concrete members. From the experimental
part of their research, it is limited to flexural tests on
beams made of lightweight concrete. The latter is
obtained with natural lightweight aggregates. Further
in the research, lightweight concrete beams and columns
showed a more ductile behavior than normal con-
crete members and the analytical model reproduced
the response with very good accuracy. The analysis
shows the lightweight ductility was more pronounced
in columns subjected to axial compression forces and
bending.

Buchkin A.V., 2011. The author in the project
work [32] explained that the construction of modern
buildings and structures requires the use of concrete
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with high performance properties, such as compressive
and tensile strength, crack resistance, impact strength,
wear resistance, corrosion resistance, frost resistance,
etc. To achieve these, the transition to new types of
concrete was facilitated by advances in the plastici-
zation of concrete and mortar mixtures, and the emer-
gence of new, more active mineral additives. Modifi-
ers of concrete of the MB type, developed and manu-
factured on an industrial scale, made it possible to
obtain fine-grained concrete of strength classes up to
B90 with low permeability and corrosion resistance.
At the same time, such concretes have insufficient
tensile strength during bending, as well as high tem-
perature and shrinkage deformations due to the in-
creased consumption of cement. The challenge of
improving the operational characteristics of fine-
grained concrete is solved by reinforcing it with vari-
ous types of metallic and non-metallic fibers of mi-
neral or organic origin.

Problem statement

This paper is a comparative review of earlier
publications on the ductility of basalt fiber reinforced
concrete, it analyzes and compares the ductility of
lightweight BFRC and gravel BFRC.

Method and analysis

This research paper is based on the review of re-
search and experimental papers of other authors from
which analysis will be drawn.

Ductility of lightweight
basalt fiber reinforced concrete (BFRC)

High strength of lightweight aggregate concrete
leads to increased brittleness, therefore fiber reinforce-
ment should be considered for improving strength
and ductility.

Analyzing from the reviews detailed in this paper,
lightweight aggregate concrete and the usual gravel
coarse aggregate has the capability to increase it duc-
tility when reinforced with basalt fiber. The volume
of the fiber in the concrete mix affects the ductility
growth. From 0.5% fiber increment in the concrete,
a significant increase in the ductility of the concrete
is seen. Adding lightweight aggregates to the con-
crete mix decreases the ductility of the concrete and
at the same time increases the brittleness of the mate-
rial. The shear and flexural definition of ductility
index p consist of the ratio of the area of the load-
deflection response. Shear ductility should only be
measured on shear deformation [33].

Fiber volume fraction of 1.5% or higher achieves
strain hardening faster than lower fiber volume frac-
tions. By the addition of 10-20% fly ash and silica-
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fume cement substitutes, the ductility and flexural
strength of lightweight fiber-reinforced concrete are
improved. This yields an increment of 50-150% fle-
xural displacement (ductility) at ultimate load [24].
For lightweight aggregate fiber-reinforced concrete,
ductility results from enforced crack resistance due
to the fiber bridging concrete layers [34]. It can be
concluded that adding fibers into the lightweight
concrete mixtures increases the compressive strength
of the concrete by 20%, tensile strength by 80% and
flexural strength by 90% [35]. In multi-story build-
ings, the dead load is decreased by using structural
lightweight concrete [19; 36; 37].

Conclusion

Review of the literatures reveal that till date,
significant research has been conducted regarding
the strength of lightweight concrete incorporating
basalt fibers. Most of these studies are limited to the
application of basalt fibers in enhancing mechanical
properties of concrete under monotonic loading. How-
ever, little attempt has been made so far to investi-
gate the effect of chopped basalt fiber on reinforced
cement concrete (RCC). The enlisted authors above
have been able to conduct some experiments on duc-
tility of basalt fiber reinforced concrete and light-
weight concrete. An attempt that therefore shows
the behavior, ductility and energy dissipation capaci-
ty of basalt fiber reinforced concrete.

The brittle nature of lightweight aggregate con-
crete leads to sudden and precipitated failure. There-
fore, adding fiber reinforcement improves ductility
of lightweight concrete or normal-weight high-strength
concrete. The addition of fibers to lightweight aggre-
gate concrete increases the peak and residual frictional
stresses. Fiber reinforcement may prevent congestion
when additional reinforcement is required to provide
ductility.

Lightweight concrete beams and columns were
seen to show more ductile behavior than normal con-
crete members and the analytical model reproduced
the response with very good accuracy. Lightweight
ductility was more pronounced in columns subjected
to axial compression forces and bending.

From the review, it can be stated that concrete
containing basalt fibers could depict less ductile be-
havior compared to concrete with other types of fi-
bers for all volume fraction of fibers. Basalt fiber rein-
forced concrete has higher energy absorption capaci-
ty and the increased ductility. Basalt fibers easily
disperse within the concrete mix without causing
segregation and that the fibers lose their shape due to
the flexible structure.

TEOPUA NMNACTVYHOCTK

Lightweight concrete offers undeniable isolation
advantages but the reduction in the overall cost gene-
rated by the lower dead loads is often overwhelmed
by the higher production cost, especially with factory
produced expanded clay lightweight aggregates. Light-
weight concrete becomes however more challenging
when using natural volcanic rocks reserves to pro-
duce lightweight aggregates. On the other hand, even
if the reduced stiffness of lightweight concrete re-
quires a tighter deflection control, its higher ultimate
strain confers a major advantage to lightweight con-
crete in the form of improved ductility and better
energy absorption capacity.
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JMaMeTpa U JUTHHBI 0a3aJIbTOBOM (UOpHI. YBEIMYEHUE TIPOLICHTA JIUCIIEPCHO apMH-

CrpourtenbHas MEXaHUKa WH)KCHEPHBIX KOH-
cTpykuuii u coopyxenuit. 2019. T. 15.
Ne 5. C. 360-366. http://dx.doi.org/
10.22363/1815-5235-2019-15-5-360-366

PpoBaHHOrO 6a3aIbTOPUOPOOETOHA YBEMMIMBAET IIIACTHIHOCTD OETOHA.
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Annomayus

ILlenu. B crathe MpoM3BeNCH aHATN3 U CPABHEHHE PE3YJIBTaTOB CTATHIECKOTO
pacyera 000JI0UeK Ha JIefiCTBUE paclipe/esIeHHON Harpy3ku Tuna coOCTBEHHOTO
Beca. VccnenoBanbl 000JI0YKH IIEPEHOCa C OJMHAKOBBIMH TabapUTHBIMH pa3Me-
paMy 4eThIpeX BHJIOB: IIOBEPXHOCTH II€pEHOCA IENHOH JIMHHUU IO LENHOH,
OKPY>XHOCTH IO OKPY>KHOCTH, DJUIMIICA IO JUINICY W CHHYCOHUIBI IO CHHYCOHIE.
Memoowl. JIns pacueToB NPUMEHSIICS METOJ KOHEYHbIX 3JeMeHTOB. Mccneno-
BaHME NPOBOJMIOCH ISl 000JI0YEK M3 MaTepHaia ¢ XapaKTePUCTUKaMHU YCJIOB-
Horo xene300eToHa. Pe3ynromamut. CpaBHUTENbHBIA aHAU3 PE3YJIbTATOB MOKA-
3a)1, YTO HauOoJiee BBITOJHOE VISl CTPOUTEIBHBIX KOHCTPYKIMH ITOBEACHHE IO
Harpy3Koil JeMOHCTPUPYIOT 000JI0UKU B (popMe MOBEPXHOCTH MEPEHOCA LICITHOM
JIMHUM IO TETTHOM W OKPY>KHOCTHU 10 OKPY>KHOCTH. Hamxynmmmmu amst xkesne3o-
OETOHHOTO CTPOUTEJBCTBA SBISIOTCS 000JIOYKH B (pOpME MOBEPXHOCTH NEPEHO-
ca dIUIHIICA TI0 JUTUIICY. BBISBIEHBI 0COOCHHOCTH HaNPsHKEHHO-1e(OPMUPOBAHHOTO
COCTOSIHUSI IEPEUYHCIICHHBIX 00BEKTOB, PEACTABISAIOLINE HHTEPEC ISl IOTCHIIU-
QIPHOTO BHEJPEHHUS TAKOBBIX B IIPAKTUKY IPOSKTHPOBAHUS U CTPOUTEIHCTBA.

Knrouesvie cnosa: MOBEPXHOCTHU IIPAMOI0O IEPEHOCA; TOHKUEC YIIPYTHUE 000-
JIOYKH,; METOJL KOHCYHBIX 3JICMCHTOB, CTaTUYCCKUI pacuer

BBenenune

O6omouku B (hopMe MOBEpPXHOCTEH mepeHoca
HMMEIOT TIEPCIEKTUBBI ISl IPUMEHEHUS B apXUTEKTYPE
BBHUJY UX 3CTETUYCCKON BBIPA3UTEIBHOCTH B COYE-
TaHUM C MAJBIMHU BECOM B 00beMOM MaTepuaina [16].

Bri6op ob6omodek ¢ OMU3KUMH TaOapUTHBIMH
pa3Mepamul ¥ pa3iMyHON reoMeTpruen 3aHUMaeT yye-
HbIX-MeXaHukoB HauuHas ¢ B.B. Hosoxwioa [1].
MHuorue paboThI TTOCBSIICHBI UCCICTOBAHUIO TaKOH

mpoOJaeMbl, HO MOJABIAIONIee OOJIBIIMHCTBO HCCIIe-
JIOBaHUU pealn30BaHbl IS YKe XOPOIIO U3yIEHHBIX
U 3apeKOMEH/IOBaBIINX ceOsi (OpM, B YACTHOCTH KY-
[I0JIOB HA OCHOBE Pa3IMYHbIX NOBEPXHOCTEH Bpalle-
Hus [1-4]. UMeroTcs Takke UCCIEIOBaHUSA HA TEMY
CPaBHUTENHHOTO aHAJM3a HaTPsHKEHHO-Ie(hOpMUpPOBaH-
HOTO COCTOSIHUSI 000JI0UEK BpalleHHs HEKaHOHHUYe-
ckoit popmer [5-9]. [lomumo 3Toro, It 0OOIOUEK
BpaIeHus: pa3paboTaHbl M anpoOMPOBAHEI HECKOJIb-
KO KpuTepHueB ux ontuManbHocTH [10]. Pabor, mo-
CBSILIEHHBIX BHIOOPY ONTHUMAJBHBIX 000J0YEK Iepe-
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TEOPUA TOHKIX OBONOYEK

Ku B (hopMe MOBEPXHOCTEW TepeHoca, mepeKphIBato-
mue KBaapaTHbli Iuiad. Ilpeamonaraercs, 4To KOH-
CTPYKLIMHU MOTYT OBITh M3TOTOBJIEHBI IIyTEM TOPKpeE-
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TUPOBaHUs, HAHECCHUsT OETOHHOTO PacTBOpa Ha ap-
MaTypHBIE CETKH COOTBETCTBYIOIIEH reoMeTpuu. BbI-
Opans! HOPMBI, KOTOPHIE TEXHOJIOTHIECKH BO3MOKHO
OBLIO ObI M3rOTOBHUTH M3 METATMYCCKHUX CTEPKHEH
WIH CETOK: MOBEPXHOCTh MEePEeHOCa OKPYKHOCTH TIO
OKPYXHOCTH, IIEMTHOM JIMHUU TI0 IIEMTHON JIMHUU, 3JI-
JIUTICA TI0 3JUTUIICY ¥ CUHYCOUABI 10 CHHYCOHU/IE.

1. Hean ucciieioBaHUsA

Ienbto naHHOW pabOTHI SBISAETCS BBIOOP ONTH-
MaJIbHOM C TOYKH 3pEHHs HaNpsHKeHHO-1e(hOopMHUpO-
BAaHHOTO COCTOSIHUSI (POPMBI OOOIOUKH TSI TOKPBITUS
KBaJIpaTHOTO B IUIaHE 3[aHUs pazMepoM 6X6 M U3
xkene3oberoHa. Ha mpumepe Takoro oObmekTa mpen-
MoJIaraeTcsi U3y4nuTh 0COOEHHOCTH paboThl 000I0UeK
YeThIpeX pasHbIX (OpM B BHE MOBEPXHOCTEH mepe-
HOCa, BEIOPATh M3 HUX ONTUMAIbHBIC I PUMCHE-
HUA B IIPAKTUKE CTPOUTEILCTBA, BBIABUTHL HEpaAUoO-
HaJIbHBIE BapHaHTHI, 0003HAYUTh OCHOBHBIE TPYIHO-
CTH, BO3MOXHBIC MPH TPOCKTUPOBAHUHU, U MYTH HX
paspelieHus..

2. MaTepuaJjbl 1 METOIbI

YpaBHEHHUS TOBEPXHOCTEH MPSMOTO TIepeHoca
obmensBecTHRl. OHEM TIPUBOIATCS B uTeparype [11;
12]. [Ipou3BeieHO TeOMETPUUECKOE MOJICITHPOBAHNE
Y KOHEYHO-3JICMEHTHBIN aHan3 000JI0UeK Ha OCHO-
BE€ UETHIPEX SIBHBIX YPAaBHEHUM MMOBEPXHOCTEH.

2.1. Ilogepxnocmo nepenoca uenHou JTUHUN
O YenHou TUHUU

7
r//I[,
s,

Puc. 1. [ToBepXHOCTH IEpeHOCa IIETTHOM JIMHKH 10 LEITHOM JIMHUK
[Figure 1. Surface of translation of catenary curve along catenary curve]

x—b b
z= —a-ch(—)+a-ch(—)—
a a
y—c c
—d-ch (T) +d-ch (E)'
c=b=3ma=d=4657746M, (1)
r1e a ¥ d — mapameTphbl, CBA3aHHbIE CO CTPEJION MOIb-
eMa; b U ¢ — MOJIOBHHA pa3Mepa B IUIAHE BIOJb KO-
OpAMHATHBIX OCEH X M ) COOTBETCTBEHHO.

368

Crpena noasema B JaHHOM CIIydae OIpejene-
Ha ¢ HEKOTOpPOi morpemHocThio (mopsaka 1076 m),
IIOCKOJIBKY HE MOJKET OBITh BBIpa)k€Ha B SIBHOM BHUJIE
13 ypaBHEHUS MIOBEPXHOCTH.

2.2. losepxnocms nepenoca okpyscnocmu
no oKkpyscnocmu (mopoud)

Puc. 2. IToBepXHOCTE MepeHOCA OKPY>KHOCTH IO OKPYKHOCTH
[Figure 2. Surface of translation of circle curve along circle]

= (- r3)) (-6 -

0.5 0.5
b\? b\?
t-0-3)) -(=-G))

a=b=6mr1r=1=5M, 2)

r7e a u b — pa3Mepsl B TUTaHE BJIOJIb KOOPAHHATHBIX
oceHl X W y; 71 U r2 — PaIAyChl HAIIPABJIIONICH 1 00-
pa3ytoliei OKpyKHOCTEH COOTBETCTBEHHO.

2.3. Hosepxnocmb nepenoca INIUNCA RO IAUNCY

Puc. 3. IloBepxHOCTH MEpeHOCA IUTUIICA 110 IIHUIICY
[Figure 3. Surface of transition of ellipse along ellipse]

z=f1—b+§- (az—(x—§)2)+

tho=m 2 (= (- 9)).

a=n=3b=m=1c=d=6f=f=1, (3)
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e fi — CTpena MoAbeMa SIUTUIICOB, JISKALUX B TUIOC-
kocTsix y = 0 n y = d; f, — cTpena nmoxbeMa 3JUIMIICOB,
JeKaIUX B INIOCKOCTSIX X = 0 M x = ¢; ¢ u d — pa3me-
pHI B IU1aHE; @, b — TOIYOCH 3JUIUIICOB, OITYYaOIINX-
Csl B CEUCHMAX IUIOCKOCTAMH y = const; 7, n — MOJy-
OCH 3JUIMIICOB, MOIYYarOLINXCS B CEUCHUSX X = const.

2.4. Iloeepxnocmb nepenoca CuHycouovl
no cuHycouoe

= i o= L s

=

Puc. 4. [ToBepxHOCTB NIepeHOCA CHHYCOUBI TI0 CUHYCOUJIE
[Figure 4. Surface of transition of sinusoid curve along sinusoid]

z:c-sin(“jT'x)+d-sin(mT'y),
a=b=6Mc=d=1Mm,

re a u b — JUIMHBI OTPE3KOB, HA KOTOPHIX yYMeIIaeT-
Csl OZTHA TIOJYBOJIHA CHHYCOHUIBI B HAMPaBIEHUAX X
1 ) COOTBETCTBEHHO; C U d — aMIUTUTYAbI CHHYCOUI,.
Kaxxnast o0omouka nMeet pa3mepsl B IDIaHe 6X6 M,
cTpeiy mojabeMa 2 M U TOJIIUHY 8 CM, pacueTHbIE
XapaKTepUCTUKH MaTepualla — YCIOBHOTO jkene300e-
toHa £ = 325Mmna, v = 0.17 O0010YKH OmMHUparoTcs
Ha JKecTKre nuadparmbl, TaKHM 00pa3oM, TI0 BCeM Kpa-
M 3aKperuieHne xectkoe. K o0ooukam mpuioxeHa

=43, 0%
-E31.34€

=T70.813

BHEIIHISI HArpy3Ka TUIIa COOCTBEHHOTO Beca BEIIUYH-
Hoit 10000 H/m?.

MeTonoM KOHEYHBIX 3JIEMEHTOB IIPOU3BEICH
CTaTUYECKHUI pacdeTr 00o10uek. MeToa KOHEYHBIX
AJIEMEHTOB pEaIN30BaH B MPOTPaMMHOM KOMILIEKCE
ANSYS 15 APDL mnpu oMoy 4eThIpeXyTroIbHbIX
anemenToB shell181 [13].

Jnna ctopoHs! sneMenTa 25 cM. Mogens 000-
JI0YKU uMeeT 27%27 =729 y3110B U, COOTBETCTBEHHO,
676 311€MEHTOB, YTO JIOCTATOYHO IS LIeJIEH JaHHOTO
pacuerta.

[TorydeHsr H30M0Ms TIepeMEIIEHUH 1 CUIIOBBIX
(hakTOpOB, a TaKk)Ke AMIOPHI BAOJID JMHHUH, TPOXOMIS-
el yepe3 MeHTpP OOOJIOUKH M CePEeIMHBI MPOTHBO-
JIEKAITUX CTOPOH.

Ha nepBblit B3I/, HOCTPOESHUE SKBUBAJIEHTHBIX
HanpsokeHu (mo Musecy) sl yCIOBHOTO MaTepua-
na 0e3 ydera apMUPOBaHUS HE UMEET CMBICIA, HO Ha
caMOM JIeJie 3TH H30IOJII MOTYT JaTh MPUMEPHYIO
KapTHHY PaCIOIOKEeHHS MPOOJIEMHBIX C TOYKH 3pe-
HUS apMUPOBAHUS 30H, TPEOYIONINX YCUICHUS.

3. Pe3yabTaThl

Janee npuBeseHbI SMIOPHI B CEPEIUHHBIX Ce-
yeHUsMX (TOJOBUHA, TaK KaK CXeMa CHUMMETPUYHAS).
Ha pucynkax smopbl ¥ U30M0JS pa3MEIICHBl B Clie-
JYIOIEM TIOPSIAKE: @ — NI TTOBEPXHOCTH IepeHoca
LIETTHOM JIMHUU 1O IETHOW, 6 — I TOBEPXHOCTH
MepeHoca OKPY>KHOCTH IO OKPY>KHOCTH, 8 — IJIA T0-
BEPXHOCTU MEPEHOCa AIUIUIICA MO 3JUIUICY, 2 — AJA
MOBEPXHOCTH MEPEHOCA CUHYCOUIBI 110 CHHYCOUJIE.

B 000moukax THIIA «IJUIAICOU[ IO SJUIHIICOU-
Iy» U «CHUHYC 10 CUHYCY» BO3HUKAIOT TaKXKe IoIle-
pEUHBIE U TIEPEPE3BIBAIOIINE CHIIBI, COTIOCTABUMBIE C
HOPMAaJILHBIMH.

=B, B

-771.821 01

L 1

-1123 &76]

-1387.008,

-1473.037, et
2397004 /
133,065 | /

=1387.134. )“

=d173.153. Il.‘- 1'{
~2i47.182 \— /

il 1.951 1 L] L.3%8 3. 884

A k2R

Puc. 5. N11 HOpMaJIbHBIE CHIIBI
[Figure 5. N1 is axial force]
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Tabnuya
CpaBHeHHE MAKCUMAJIbHBIX YCUJIMII U NlepeMeneHu i
[Table. The comparison of maximum stresses and strain]
M N2 M M, uz [0)%) N1z Ok [Oequiv|

Llennas [Catenary] —1886 2448 435 23,45 4,616 - - 51152

Oxpyxnocts [Circle] -1996 —2498 3,34 17,97 5,18710°¢ - - 44900

Omnmunc [Ellipse] +1118/-3684 -3684 -10,87 -61,33 2,117103 592 146 79780

Cunyc [Sinus] —2347 -2190 6.33 31.36 9,18"0-6 — 175 84910
BoiBoabl TOHHOH 000J7I04KH BpameHus / MexIyHapoIHbIA Hayd-

[o pe3ynbTaTaM MPOBEICHHBIX YHCIICHHBIX 3KC-
MIEPUMEHTOB MOKHO CEINATh CIEAYIOINE BEIBOIBI:

— MTOBEPXHOCTH TIEPEHOCA OKPYKHOCTH TI0 OKPYK-
HOCTH Y LEMHOW JIMHUMW MO IICHON MMEIOT CpPaBHU-
TEIHHO MEHBIINE 3HAUYCHUS HOPMAIBHBIX CHJ M MO-
MEHTOB;

— TOBEPXHOCTh TEPEeHOCa CHHYCOWA 0 CHHY-
COUJIC UMECT HAMMEHBIIINIA MPOTUO B LICHTPE M JIOKAJb-
Hble MAaKCUMYMBI MOMEHTOB (MaKCHMYyMBbI pacIiojia-
raroTcs HE B IIEHTPe 000I0UKH);

— BJUTUNC TIO 3JUIMIICY — HAMMEHEEe BBITOIHAS
000JI09Ka TI0 3HAYSHUSIM CHJIOBBIX (DAaKTOPOB, BO3HH-
KalOT pacTATHBAIOIINE, TOTIEPEYHbIe M Tepepe3biBa-
FOIITUE CHJTBL, JUTS KeJIe300eTOHa TPeOyeTcs YCUIICHHOE
apMHpPOBaHUE;

— Bce 00O0JIOUKH WMEIOT 30HBI OOJNBIINX SKBH-
BAJICHTHBIX HAIPSDKEHUH 110 KOHTYPY ONUpaHUs U B
yrinax. Haumenee 3ta npobiiema BeIpakeHa B ClIydac
MOBEPXHOCTH MEPEHOCa OKPYKHOCTH IO OKPYKHO-
cTH, Hanbosee ocTpo (camblie OOJBITHE HATIPSKCHHSI )
y MOBEPXHOCTH TEPEHOCA CHHYCOH/IA 110 CUHYCOH/IE.
Jns >xene300€TOHHOW KOHCTPYKIIMHM 3TO O3HA4aerT,
YTO TOTpeOyeTcsl YCHUIIEHWE apMHUPOBAHHS JJISI BOC-
MPUATUS JAHHBIX HANPSKEHUI.

[lepcriekTUBBI TAHHOTO MCCICIOBAHUS 3aKITHO-
YJaloTCs B JAILHEHIIIEM paCCMOTPEHUH OCOOESHHOCTEH
paboThl TAKUX 000JIOYEK C TOYKH 3PEHHUS yCTOHUM-
BOCTH, IMHAMUKHU U YJAPHBIX BO3ICHCTBHIA.
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Abstract

The aim of the work. The static analysis and comparison of the results for
translational shells under equally distributed load of dead weight are provided.
The shells of the similar general dimensions in plan and rise of four different types:
translation of catenary along catenary, circle along circle, ellipse along ellipse and
sinusoid along sinusoid are investigated. Methods. The finite element method was
applied for the analysis. The research was conducted for the shells of material of
reinforced concrete characteristics. Results. The comparison has shown that shells of
catenary and circle translation surface demonstrate the most advantageous behavior
under loading; the worst results for reinforced concrete were got for ellipse along
ellipse translation shell. The peculiarities of each type behavior were revealed, that is
of interest for their prospective reduction to practice of structural design.

Keywords: translational surface; thin elastic shell; finite element method;
static analysis
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Annomayus

Axmyansrocms. TOHKOCTEHHbIE KOHCTPYKIIM THITA 00O0JIOUEK COCTaBILIOT 00-
LIMPHBIHA KJ1aCC B apXUTEKTYPE, IPaXKJaHCKOM M IIPOMBIIIEHHOM CTPOUTENBCTBE,
MAIIMHOCTPOESHUH U MPHOOPOCTPOECHUH, B aBHA-, PAKETO- U KOPaOIECTPOCHUH U T.[,
Kaxknias IoBEpXHOCTh UMEET OIpeJIeIeHHbIE NIPeUMyIecTBa nepea Apyrumu. Tak,
TOPCOBAs OBEPXHOCTH MOXKET OBITh Pa3BEPHYTA Ha IIOCKOCTh BCEMH €€ TOUKaMH 0e3
CKITAZIOK M Pa3phIBOB, TP 3TOM JUTMHBI KPUBBIX U YTIIBI MEXKLY JTFOOBIMH KPUBBIMHL,
IPUHAATIEKAUME TOBEPXHOCTH, HE U3MEHsI0TCs. VccnenoBaHue HanpsHKeHHO-
nepopmupoBanHoro cocrosiaus (H/IC) 0060104KM 0/IMHAKOBOIO CKaTa ¢ HaIpaBJIsiio-
IIFM 3JUTAIICOM B OCHOBAHHH TPE/ICTABICHO Ha CCTONHAIIHMI JICHb B MaJlOM 00BEME.
Ilens. TomyyeHue NaHHBIX 111 CPAaBHUTEIBHOIO AHAIM3A PE3YJIbTATOB HAIPSKEHHO-
Je(OpPMUPOBAHHOTO COCTOSHUS TOPCOBBIX OOOJIOYEK OJMHAKOBOIO CKaTa C HaIpaB-
JISIOLMM 3JUIAIICOM B OCHOBAHMM METOJOM KOHEYHBIX 3JIEMEHTOB M BapUALMOHHO-
Pa3sHOCTHBIM MeToioM. Memoost. I OIECHKH HaIpsKeHHO-1e()OpPMUPOBAHHOTO
COCTOSIHHSI 0OOJIOYKH OIFHAKOBOTO CKaTa C HAMPABJIAIONIMM AJUIMIICOM B OCHOBAaHHH
ucnonb3yercs: Beraucautenbeiii kommieke SCAD Office Ha ocHOBe MeTona KOHEU-
HBbIX 31eMeHToB U nporpaMva PLATEVRM, HamucaHHasi Ha OCHOBE BapHAllMOHHO-
pasHOCTHOro Metona. Pezynvmamupt. IloiydeHbl U IPOAaHATU3UPOBAHBl YUCICHHBIC
PpesymIbTaThl HAMPHKEHHO-Ie(OPMUPOBAHHOTO COCTOSIHHSI TOPCOBOH OOONIOUKH OfH-
HAKOBOT'O CKaTa ¢ HalpaBILIONMM SJUIAIICOM B OCHOBAHUM, BBISIBJICHBI IUTFOCHI U MU-
HYCBI Pe3yJIbTaTOB PacueToOB METOI0M KOHEUHbIX 31eMeHToB (MKD) 1 BapualoHHO-
pazHocTHEIM MeTozioM (BPM).

Kniouesvie cnosa: Teopust TOHKHX 000JIOYEK; TOPCOBast 000JI0UKA; IIOBEPXHOCTh

OJIMHAKOBOTO CKAaTa; TEOMETPUUECKOE MOJIETMPOBAHHE; BHIUHCIUTENBHBIA KOMILIEKC
SCAD Office; MeTo1 KOHEUHBIX AJIEMEHTOB; BApHAIIOHHO-PA3HOCTHBIN METO

BBenenne

C nosiBIIeHUEM AHAJIMTUYCCKUX, a 3aTEM 1 YHCJICH-
HBIX METOJAOB pacucTa 060)’[0‘161(, BO3HUKIINX B pPC-

3yJbTaTe YCIEXOB CTPOUTEIBHON MEXaHUKU U TE€XHU-
KM BO3BEJIEHUS 3JaHUN U COOPYKEHUM, CTPOUTENHLCTBO
U apXHTEKTypa 000OTaTHIINCh HEH3BECTHHIMHU paHee
KOHCTPYKTUBHO-aPXUTEKTYPHBIMH 3yieMeHTaMu. Co-
BPEMEHHOE Pa3BUTUE BBIYMCIUTEIBHON TEXHUKU H

Heanoe Bauecnae Hukonaesuu, T0KTOp TEXHUUECKUX HayK, npodeccop
JlenapTaMenTa cTpouTenseTa MmkenepHoi akagemun. ORCID iD: 0000-
0003-4023-156X. eLIBRARY SPIN-kox: 3110-9909.

Anéwuna Onvea Onezoena, UHXEHEP, ACTIUPAHT JAENapTaMEHTa CTPOU-
TenbcTBa MHkenepHo# akagemun. eLIBRARY SPIN-kon: 8550-4986.

© Heanos B.H., Anémuna 0.0., 2019

This work is licensed under a Creative Commons Attribution 4.0

International License

https://creativecommons.org/licenses/by/4.0/

374

COCTOSIHME CTPOMTEIBHON c(hephl MO3BONSIOT Ooee
IIMPOKO BHEAPSITH OOJBIICHPOIETHBIE TTPOCTPAHCTBEH-
HbIC KOHCTPYKIIUA B TIPAKTUKY CTPOUTEIHCTRA.

Jlnist pacdeTa CIOXKHBIX CTPYKTYP U 00O0JIOYEK HC-
MOJIB3YIOTCS PA3NIUUHBIC aHanUTHUecKue [1], ducieH-
HO-aHAJIMTUYECKUE U YHCIIeHHBbIE MeTobI [2]. K unc-
JIEHHBIM METOJaM OTHOCSIT METOJ KOHEYHBIX 3JIEMEH-
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toB (MKD), BapuarrionHo-pa3HOCTHEIH MeTo (BPM),
MeToJ| KoHeuHbIXx pasHocteit (MKP) u ap., x uuc-
JIEHHO-aHAJIMTHYeCKUM — MeToj; KanTopoBuua — Bia-
coBa, metoa Putna — Tumornienko, metoq byOHOBa —
lanepkuHa u Op. AHAIUTUYECKUE METOIbI IMpPHUMeE-
HSIOT JIJIA y3KOTO KJjlacca MPOCTPAHCTBEHHBIX KOH-
CTPYKIMH WU IS MX MPUOJUKEHHOTO pacueTa.
CoBpeMeHHbIE POCTPAHCTBEHHBIE KOHCTPYKIIUU
BO3BOJATCSI C UCIIOJB30BAaHUEM Pa3HOOOpa3HBIX BUIOB
MaTepuaoB, B TOM 4yucie xene3oberona [3], mepe-
Ba [4], mimactmacc u koMmo3utoB [5]. Hlupoko mpu-
MEHSIOTCS] KOMIBIOTEPHBIE PACUETHI, SKCIEPUMEHTAITb-
HbI€ UCCJIEIOBAHUS, COBPEMEHHBIE METOJbI MOJICIIH-
poBaHus [6; 7], HOBbIC TEXHOJOTUHA U BO3ZMOXXHOCTH
CTPOUTEITFHO-MOHTA)XHOTO 000PY/IOBaHUSI.

1. MeToa KOHEYHBIX 3JIEMEHTOB

Ha cerognsimiHuii A€Hb CYIIECTBYIOT HECKOJBKO
YHCIICHHBIX METOJIOB ONpPEIeIeH s HanpshKeHHO-Tedop-
mupoBanHoro coctosiHus (HJIC) 3manuit u coopyke-
HUH, KOTOpbIe PeaJr30BaHbl B BHIE PACUETHBIX PO-
rpamMM. Haubonee mmpoko MpUMEHSIETCS METOJ KO-
HEYHBIX JJIEMEHTOB.

Metoa KOHEUHBIX 3JieMeHTOB [8; 9] Hawanm pas-
pabatbiBaThes B cepenute 1960-x rooB U SBISETCS
B HACTOsIICE BpeMs caMbIM 3((HEKTUBHBIM CIIOCOOOM
YHUCIIEHHOTO PEIICHUS OTPOMHOTO Psiia CTATHIECKAX
Y TMHAMUYECKUX 3a1a4. JlaHHBII MeTox pacueTa peau-
30BaH BO MHOTHX KOMITBIOTEPHBIX KOMIUIEKCax B Poccrm
u 3a pyoexom, Hampumep, ANSYS (www.ansys.com),
NASTRAN (www.mscsoftware.com), COSMOS (www.
cosmosm.com), a taoke SCAD (www.scadgroup.com)
[10] u PROKON (www.prokon.com).

JlocTOMHCTBOM JTI000# KOMIIBIOTEPHOI pacueTHOM
cucreMmsl Ha 0aze MKD saBnsieTcs TO, 4TO MONB30Ba-
TEJbh MOXET HE 3HATh HU IPUHIIUITBI, HU MOCIIEI0BA-
TETBHOCTH, HU OCHOBHI JTaHHOTO MeToza. MHxkeHep
JIOJDKEH 3HATh pelIaeMylo 3aJady U yMeTb BBECTH HC-
XOJIHBIE JTAHHBIC TaK, YTOOBI MOXKHO OBLIO MCIOJIB30-
BaTh BBIYMCIUTENBHBIN KoMInieke. [Ipu pacuere 3x1a-
HUSL WA COOPY>KEHHUs ¢ ToMonpio O9BM mpemycmar-
pHUBaeTCs 3aMeHa pealbHOM KOHCTPYKLIHMH COOTBET-
CTBYIOLLEH pacyeTHOU cxemoil. [laHHas omepauus
SIBJISIETCSI CAMOW OTBETCTBEHHOH M Ba)KHOW YacCThIO
BBIUMCIIMTEIBHOTO IPOIecca, MOITOMY HE0OX0IUMO
CO3J1aTh PacyeTHYIO MOJIENb, KaK MOKHO OJIMKE CO-
OTBETCTBYIOIIYIO JEHCTBUTENBHBIM YCIOBUSAM pabo-
Thl. [Ipu co3aHUM pacyeTHON CXEMBbI YUUTHIBAKOTCA
TeOMETPUYECKHE U (PU3UUSCKUE XaPAKTEPUCTUKU KOH-
CTPYKIIUH, YCIIOBHUS OIMPAHUS, paclpeiesieHHe Harpy-
30K U T.M. B pe3ynpTare pacdera moxydaeM mepeme-
IICHHS Y3JI0B, HANPSHKEHHUS B 3JIEMEHTaX 00O0JIOUKH
Y BHYTPCHHUE YCUJIHS B CTEPIKHEBBIX 3JICMCHTAX.

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

HecmoTps Ha Kaxylryrocsi MPOCTOTY HCIOJIB30-
BaHUS PACUYCTHBIX MPOTPAMM, CYIIECTBYIOT CI0XKHO-
CTH ¥ JIAXE MHUHYCHI PabOThI C JAHHBIMH KOMIIBIOTEP-
HBIMU KOMIUIeKCamMH. HEBO3MOXKHOCTh MOJIHOTO CO-
OTBETCTBUS PEATbHON KOHCTPYKIMU U PACUECTHOH MO-
JIEITN, HETOYHOCTH MOJICTIHPOBAHHS (AITIPOKCHMAITHH )
pacquHoﬁ CXEMBI SABIIAIOTCA OJHUMH M3 OCHOBHBIX
ommbok [11; 12]. Kpome Toro, A.B. Ilepensmytep
OTMEYAET: «...0TBETCTBEHHOCTh 33 HCIOJIB3YEMBbIC pe-
3yJIbTaTbl KOMIIBIOTCPHBLIX ITPOTPaMM JIC)KHUT Ha I10JIb-
3oBarene. Jaxxe Ha abcoNOTHO 6€301IHO0YHYO TTPO-
rpaMMy HeEJb3s1 BO3JIOKHUTh OTBETCTBEHHOCTH 3a JI0-
CTOBEPHOCTH 3a7aBaeMoil nHpopmaIuu u TeM Ooiee
3a INPUHHUMACMBIC PACUCTHBIC MNPCAINOCHIIKH. N st1o0
OTHOCHUTCS K HauboJee CI0KHOW YacTH aBTOMATH3H-
POBaHHOTO TPOCKTUPOBAHUS — BBHITIOJHEHUIO CTATH-
YECKUX M TUHAMHYECKHUX PAcueTOB O0BEKTA...» [12].

YuuteiBasi OTMEUCHHBIE BhIlIe JocTOMHCTBA MKD,
MOJIOXKM €r0 B OCHOBY JAbHEHIINX HCCIETOBAHUN
HJIC nuneiiyaThiXx 000JI0YEK OJUHAKOBOTO CKaTa.

2. BapuanuoHHO-pa3HOCTHBI MeTOA

BapuannoHHO-pa3HOCTHBI METOJ] TAKXKE XOPOLIO
3apeKoMeHJ0Bajd ce0s U MHUPOKO MCIIOIb3yeTCs Ha
npaktuke [9; 13]. O6a, BPM u MKD, ocHOBaHBEI Ha
npuHuune Jlarpanxa, To €CTb B OCHOBY IOJOXKEH
TIPUHITITT MUHAUMYMa TIOJTHOM DHEPTUH JIehopMaIuii.
B oriuruune or MKD, B KOTOpOM coopy)eHHE pa30ou-
BAaeTCS Ha KOHEUHBIE 3JIEMEHTHI, U MEpPEMEIEHHS B
9THX KOHEYHBIX DJIEMEHTAX alpPOKCUMHUPYIOTCS (PYHK-
musivua popmer, B BPM Ha moBepXHOCTh PacCUUTHI-
BaeMOM KOHCTPYKIIMM HAaHOCHUTCSl pa3HOCTHAs CETKa,
MIPOW3BOHBIE B (PYHKIIMOHAJIE TIOJHOW SHEPTUH Je-
(hopmaruii 3aMEHSFOTCS Pa3HOCTHBIMU OTHOIIICHUSIMU.

BapuanmoHHO-pa3HOCTHBIN MeTo[ o0nagaer He-
OCIOPHUMBIM NPEUMYIIIECTBOM, MO3BOJIIET HHKEHEPaM-
pacueTyuKaM CaMOCTOSATENILHO HAMUCATh IPOrpaMMBbl C
MIOMOLIBIO A3BIKOB IMPOI'paMMHUPOBAHUA I pacyeTa
KoHCTpyKiumil. Takum o0pazom, y maHHOro mMerona 0o-
Jiee mpocTasi mporpaMMmHasi peaiausauus. bonee Toro,
B pabote [9] moauepKuBaeTcs, YTO CpaBHEHHE Pe3yiihb-
taroB pacuera MKO u BPM npu oanHakoBbIX ceT-
Kax ITOKa3bIBaeT OJIM3KYIO TOUYHOCTH, a B PsJie CIIydaeB
BPM nmaet naxe OOJBIITYIO0 TOYHOCTH PE3yIIHTATOB.

IIpoBepuM 310 yTBEpPKIECHHE HA NPUMEPE TOHKOM
000JI0YKH OJJMHAKOBOTO CKaTa C JJUIMIICOM B OCHO-
BAHUH.

3. Kparkas undpopmanus
00 000JI0YKaX OJMHAKOBOI'0 CKATa

[ToBepXHOCTh OIMHAKOBOTO CKaTa SIBISIETCS pas-
BEPTHIBAIOIIEHCS] TIOBEPXHOCTBI0, KOTOpasi 00pa3oBbI-
BaeTcsl KacaTeNIbHBIMU JIMHUSIMU K CBOeMY peOpy BO3-
Bparta. Y KoHyca peOpo BO3BpaTa BBIPOXKIAETCS B TOU-
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Ky, a y IIMJIMH/IpA YAAJsIeTcsl Ha OeckoHeuHOCTh. Eciu
B3STh JUIMIIC B KAYECTBE HAPABJISIONICH KPUBOii, TO
NpsIMbIE JIMHAN PaBHOTO HAKJIOHA K TUIOCKOCTH 3JITHII-
ca OyzmyT 00pa3oBBIBATH TOPCOBYIO MOBEPXHOCTh OJH-
HakoBoro ckara (puc. 1). OGonouka, uMeromas Io-
BEPXHOCTh OJIMHAKOBOTO CKaTa B KayeCTBE CpPEIMH-
HOU TOBEPXHOCTH, OYAET, COOTBETCTBEHHO, HA3bIBATh-
cs1 000JI0YKON OJJMHAKOBOTO CKAaTa.

Puc. 1. Pacuernas mozens (oOmuii BUI)
[Figure 1. Computational model (general view)]

IlycTe HanpaBiAOMMI 3JUIMIIC B OCHOBAHUHM 3a-
JTaeTCsl ypaBHEHUSAMHU

x =x(v) = acosv, y=y([v) = bsiny, (1)
Toraa nmapaMeTpuiYCCKUC YpaBHCHUA IMOBECPXHOCTHU
OJJMHAKOBOTO CKaTa OyayT UMETh CIEAYIOUMHA BHUJL
[1; 14; 15]:

ubcosacosv

va?sin?v + b2cos?v

x = x(u,v) = acosv —

ubcosasinv

va?sin2v + b2cos2v

y = y(u,v) = bsinv —

z = z(u) = usina. 2)

Panee 0005m09kM OJTHAKOBOTO CKaTa C 3JUTUTICOM
B OCHOBAaHHMH YK€ TIPUBJICKAIM BHUMAHUE HCCIIEIO-
Bareneil kak ¢ reomerpuyeckoit [1; 15-18], tak u
¢ IpOYHOCTHOM Touek 3peHusd [1; 14; 19; 20]. 3to
MOKAa3bIBACT, YTO pacCMaTPUBACMbIC 000JIOUYKH MOTYT
HANTH NPUMEHEHUE B CTPOUTETHCTBE, APXUTEKTYPE WK
B MaIlIMHOCTPOCHUH.

4. UccaenoBanue
HaNpsizKeHHO-1e()OPMHUPOBAHHOT0 COCTOSIHUS
000/104KH oquHAKOBOro ckata MKD u BPM

Uccnenyem HanpsbkeHHO-Te(hOPMUPOBAHHOE CO-
CTOsTHHE 00OJIOUKH OJMHAKOBOIO CKATa C HAIPABIISIO-
[IAM SJUTUIICOM B OCHOBAHUHU CO CIICAYIOIIUMH T'eo-
METPHUECKHUMH MapaMeTpaMu 3JIIUNca: a = 3 M,
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b =2 M. Yron HakJIOHa TIPSMOJIMHEHHBIX HATIPABIIs-
omux o = 60°, qMUHAa OPSIMOJUHEHHBIX HAIpPAaBII-
omux ¢ = 2 M [14], TonmuHa 000709KH & = 5 CM,
MaTepHuai — cranb, koapduuuent [lyaccona v = 0,3.
KoHcTpykimst paccunThIBaeTCS Ha BOCTIPHUSATHE TOJIBKO
CTATUYECKOTO PaBHOMEPHO-PACIPEACICHHOTO CO0-
CTBEHHOTO Beca.

Puc. 2. Ceuenns ans cpaBHeHus pe3ynsTatoB MKO u BPM
[Figure 2. Cross sections for comparison of FEM and VDM results]

[lepBeIit pacyeT BBIMOJIHASTCS B BBIYUCIUTEIEHOM
komruiekce SCAD Office, mpeacraBisoneM HHTE-
TPUPOBAHHYIO CHCTEMY NPOYHOCTHOTO aHAIN3a U TIPO-
eKTUPOBaHUS KOHCTPYKIMH Ha OCHOBE METO/a KOHEU-
HBIX AJIEMEHTOB. By pacueTHol Moenu npy armpok-
CHMAIl{ CPEAWHHOH MOBEPXHOCTH COBOKYITHOCTBIO
YETBIPEXYTOJBbHBIX M TPEYTOJBHBIX MJIOCKUX 3JEMEH-
TOB IMOKa3aH Ha puc. 1. MakcumanbHOE paccTOsHHUE
MEXIy y3J1aMu KoHeuHbIX 3jeMeHToB 0,235 m. Ko-
nrgecTBO dneMeHToB — 1600, y310B — 1680.

BTopoii pacueT BBINOJHAETCA B Iporpamme
SHELLVRM, nanwcaHHOW Ha OCHOBE BapHAIMOHHO-
Pa3HOCTHOTO METO/Ia M COCTOSIIEN U3 YIIpaBIsomeit
IIporpaMMsl U 5 noanporpamm. B ynpasmsrolei mpo-
rpamMMe BBOZSTCS MCXOJIHBIC TaHHBIE, OTPEACIISIOTCS
pa3Mepbl pabOYNX MAacCHBOB M IPOMCXOIUT 0Opa-
meHue K mommporpammam. Ilogmporpamma SHESF
(hopMupyeT MaTpuIly *KECTKOCTH, MOANpOoTrpaMma
SHLOAD opranusyeT BBOA Harpy3ok u (Gopmupyer
MIPaByIO YacTh CUCTEMBI YpaBHEHMM, OAIPOTpaMma
DSLT pemaer cucteMy aire0Opandeckux ypaBHECHHN
JIeHTOYHOoro tuna, noanporpamma SHSORT opranu-
3yeT peopraHu3aluio MepeMelIeHnuil ¢ y4eToM Tpa-
HUYHBIX YCIOBHUH M IOATrOTaBJIMBAET MAacCUB AJA
pacdera aeopmanuii ¥ BHYTPEHHUX YCHIINH, B MO/~
nporpamme SHRES paccuurtsiBaroTcs nedopmanmm,
BHYTPEHHHE yCUJIUS U OPTaHU3yeTCs BBIBOJ PE3YJIb-
TaToB. PacueTHas ceTka aHanornyna cetke B MKO.

CpaBHeHHE TIOTyYEHHBIX Pe3yJbTaTOB METOJOM
KOHEYHBIX 3JIEMEHTOB M BapHalMOHHO-PA3HOCTHBIM
MeTOJ0M BhIONHSAETCA o 11 ceuenusim (puc. 2),

NUMERICAL METHODS OF ANALYSIS OF STRUCTURES
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B CTaThe MPE/ICTABIICHBI PE3YJILTATHI B BUIC TAOIHIL IS
ceuenuit 1-1 (tab6m. 1), 3-3 (tabxa. 2), 5-5 (tadmn. 3),
7-7 (tabm. 4), 9-9 (tabmn. 5), 11-11 (Tabmn. 6), mia ce-
yeHuit 2-2, 4-4, 6-6, 8-8, 10—10 mpencraBicHbI BbI-

Yuc/ieHHbIE Pe3yJIbTAThI pacyeToB — ceyenune 1-1
[Table 1. Numerical results of calculations — section 1-1]

OOpOUHBIE Pe3ybTaThl B BU/E SM0p (puc. 3—7), Takxke
TPUBOJISITCS TIOJISE PACTIpe/IC/ICHHs] HOPMAIbHBIX HaIpsi-
JKEHUI M M3THOAIOMINX MOMEHTOB M3 BBIYHCIUTENb-
Horo komruiekca SCAD Office (puc. 8-9).

Tabauya 1

Koopaunarta NvMKD M~MBPM NuMKI NuBPM MvMK3 MyvBPM MuMKD MuBPM
CpeIHHHON MOBepX- (xH/m) (xH/m) (xH/m) (xkH/m) (H-m/m) (H-m/m) (H-m/m) (H-m/m)
HOCTH 000J10YKH [FEM [VDM [FEM [VDM [FEM [VDM [FEM [VDM
o ocu U (m) (kN/m)] (KN/m)] (KN/m)] (kN/m)] (N'm/m)] (N-m/m)] (N-m/m)] (N-m/m)]
[Coordinates of
the middle surface
of the shell along
the U-axis (m)]
0,000 -3,2365 -3,2962 —-10,7885 -10,9872 6,1712 6,2853 20,5706 20,9542
0,200 -3,2155 -3,2147 -10,2200  -10,2122 -0,1415 -0,0726 4,6682 4,7274
0,400 -2,7115 -2,7311 -9,2780 -9,2744 -2,9337 -2,8380 -0,9024 —0,7987
0,600 -2,3045 —2,3348 -8,2500 —8,2453 -3,8115 -3,6532 —1,6332 —-1,5853
0,800 -2,0140 —2,0503 -7,1575 —7,1554 —4,4339 —4,1379 -1,5809 —-1,5255
1,000 -1,7770 -1,8207 —6,0060 —-6,0076 -5,6731 —5,1532 -2,0134 -1,8776
1,200 -1,5625 -1,6187 —4,7965 —4,8049 —7,9972 —7,1485 -3,1254 -2,8596
1,400 -1,3695 —1,4431 -3,5420 -3,5581 -11,8114  -10,4869 -5,0523 —4,5695
1,600 —-1,2400 -1,3214 -2,2800 -2,2995 -17,5136  —15,5292 —-7,9335 -7,0916
1,800 -1,2825 —1,3342 —1,0915 -1,1036 -24,8724  -22,2000 -9,6594 -8,8378
2,000 —0,8245 —0,9791 —0,1985 —0,0322 -33,5112 29,7537 1,8510 0,0759
Tabnuya 2
YuciaeHHbIe pe3yJbTaThl pacyeToB — ceyeHue 3—3
[Table 2. Numerical results of calculations — section 3-3]
Koopaunara Nv MKD Nv BPM Nu MKD Nu BPM My MKD MyBPM MuMKD MuBPM
CpeIMHHON NMOBepX- (xH/m) (xH/m) (xH/m) (xH/m) (H-m/m) (H-m/m) (H-m/m) (H-m/m)
HOCTH 000J10YKH [FEM [VDM [FEM [VDM [FEM [VDM [FEM [VDM
o ocu U (M) (kN/m)] (kN/m)] (KN/m)] (kN/m)] (N'm/m)] (N-m/m)] (N-m/m)] (N-m/m)]
[Coordinates of
the middle surface
of the shell along
the U-axis (m)]
0,000 -2,9650 -3,0352 -9,8825 -10,1141 2,0433 2,0434 6,8110 6,8121
0,200 -3,2225 -3,2363 -9,3590 -9,3784 0,2817 0,3520 4,7915 4,8805
0,400 -3,1500 -3,1686 -8,4920 —-8,5082 -2,4946 —2,4594 1,5497 1,5863
0,600 —2,9485 —2,9656 -7,5270 -7,5390 —4,9726 —4,9482 -0,9186 —0,9457
0,800 -2,7020 -2,7154 —-6,5010 —6,5099 —6,8915 —6,8356 —2,4354 -2,4623
1,000 —2,4490 -2,4613 —5,4380 -5,4446 -8,5050 -8,3915 -3,3194 -3,3109
1,200 -2,2050 -2,2180 —4,3505 —4,3556 —-10,2395 —10,0454 —4,0085 -3,9534
1,400 -1,9760 —1,9895 —3,2445 -3,2471 -12,5282 —12,2135 —4,9523 —4,8138
1,600 —-1,7880 -1,7923 -2,1300 -2,1298 -15,6879 15,1859 -6,3502 —6,0822
1,800 —-1,6840 -1,6618 —-1,0360 -1,0271 -19,5379  -18,9137 -6,3678 —6,3902
2,000 —-1,0700 —1,1301 —0,1790 0,0205 -23,4915  -23,2399 2,3406 —0,0492
Tabauya 3
YucJieHHbIE Pe3yJbTATHI PACYETOB — cedeHne 5-5
[Table 3. Numerical results of calculations — section 5-5]

Koopaunara NvMK3 N~MBPM NuMKD NuBPM MvMK3 MyBPM MuMKD MuBPM
CpeMHHOI MoBepX- (xH/m) (xH/m) (xH/m) (xH/m) (H-m/m) (H-m/m) (H-m/m) (H-m/m)
HOCTH 000J10YKH [FEM [VDM [FEM [VDM [FEM [VDM [FEM [VDM

1o ocu U (m) (kN/m)] (kN/m)] (kN/m)] (kN/m)] (N'm/m)] (N-m/m)] (N-m/m)] (N-m/m)]
[Coordinates of
the middle surface
of the shell along
the U-axis (m)]
0,000 -2,3385 -2,4191 —7,7945 —8,0684 -9,9630 -10,3201 -33,2101 —34,4135
0,200 -3,0175 -3,0656 -7,3825 —7,4536 0,0796 0,1123 —-0,2808 -0,1756
0,400 —3,9255 -3,9701 —6,7330 —6,7875 1,2306 1,1792 8,4997 8,4503
UWCTEHHBIE METOOb! PACYETA KOHCTPYKLIV 377
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Okonuanue maobn. 3

Koopaunara Nv MKD Nv BPM Nu MKD Nu BPM My MKD MyBPM MuMKD MuBPM
CpeIMHHON MOBepX- (xH/m) (xH/m) (xH/m) (xH/m) (H-m/m) (H-m/m) (H-m/m) (H-m/m)
HOCTH 000J10YKH [FEM [VDM [FEM [VDM [FEM [VDM [FEM [VDM
o ocu U (M) (kN/m)] (kN/m)] (KN/m)] (kN/m)] (N'm/m)] (N-m/m)] (N-m/m)] (N-m/m)]
[Coordinates of
the middle surface
of the shell along
the U-axis (m)]
0,600 —4,3840 —4,4174 -5,9860 —6,0341 -1,6618 -1,7923 5,7629 5,6486
0,800 —4,4020 —4,4282 =5,1735 -5,2160 -5,0150 -5,2140 0,8965 0,7887
1,000 —4,1860 —4,2085 —4,3305 —4,3664 -7,3595 —7,6400 -2,3648 —2,4525
1,200 -3,8975 -3,9181 -3,4810 -3,5090 -8,5274 —-8,9291 -3,6117 -3,7092
1,400 -3,6120 -3,6287 -2,6310 -2,6516 -8,8174 -9,4048 —-3,5497 -3,7170
1,600 —3,3445 -3,3560 -1,7705 —1,7844 -8,5330 -9,3999 -2,6921 -3,0823
1,800 -3,0410 -3,0627 -0,8910 —0,8938 -7,8912 —-9,1841 -0,6767 —-1,6971
2,000 —2,4645 —2,5418 -0,1790 0,0044 —7,3781 —9,2557 1,7156 —0,0089
Tabnuya 4
YuciieHHbIE Pe3yJbTATHI PACYETOB — ce4eHune 7—7
[Table 4. Numerical results of calculations — section 7-7]
Koopaunara Nv MKD Nv BPM Nu MKD Nu BPM My MKD My BPM Mu MKD  Mu BPM
CpeIHHHON MOBEPX- (xH/m) (xH/m) (xH/m) (xH/m) (H-m/m) (H-m/m) (H-m/m) (H-m/m)
HOCTH 000J10YKH [FEM [VDM [FEM [VDM [FEM [VDM [FEM [VDM
o ocu U (m) (kN/m)] (kN/m)] (kN/m)] (kN/m)] (N'm/m)] (N'm/m)] (N'-m/m)] (N-m/m)]
[Coordinates of
the middle surface
of the shell along
the U-axis (m)]
0,000 —-1,7255 -1,7923 -5,7520 -5,9733 -26,6859 27,6348 88,5929 92,1159
0,200 —2,5595 -2,6242 -5,4670 -5,5534 -3,2352 -3,3089 -16,3604 16,4906
0,400 —4,3880 —4,4528 -5,0790 -5,1385 6,1452 6,0459 14,0328 13,8517
0,600 —-5,7535 -5,8105 —4,6155 —4,6637 6,9748 6,8533 18,2650 18,1289
0,800 —6,3545 —6,4030 —4,0865 —4,1300 4,6782 4,5263 12,6330 12,5666
1,000 —6,3905 —6,4324 -3,5085 -3,5483 2,3227 2,1258 6,2603 6,2470
1,200 —6,1440 -6,1793 -2,8940 -2,9273 1,0163 0,7490 2,3885 2,3672
1,400 -5,8115 -5,8389 -2,2460 -2,2730 0,7689 0,3888 1,0796 0,9243
1,600 -5,4820 -5,5054 -1,5590 -1,5784 1,1785 0,6191 1,3079 0,7899
1,800 -5,1740 -5,2209 -0,8170 —-0,8294 1,8038 0,9908 1,9206 0,7616
2,000 —4,9795 —5,0502 —0,2140 —0,0039 2,1826 1,3126 1,2296 0,0007
Tabauya 5
Yuc/ieHHbIE Pe3yJbTAThl pacyeToB — ceyeHne 9-9
[Table 5. Numerical results of calculations — section 9-9]
Koopaunarta NvMKD M~MBPM NuMKD NuBPM MvMK3 MyvBPM MuMKD MuBPM
CpeIMHHON NMoBepX- (xH/m) (xH/m) (xH/m) (xH/m) (H-m/m) (H-m/m) (H-m/m) (H-m/m)
HOCTH 000J10YKH [FEM [VDM [FEM [VDM [FEM [VDM [FEM [VDM
o ocu U (M) (kN/m)] (KN/m)] (KN/m)] (kN/m)] (N'm/m)] (N-m/m)] (N-m/m)] (N-m/m)]
[Coordinates of
the middle surface
of the shell along
the U-axis (m)]
0,000 -1,3600 —-1,4009 —4,5335 —4,6696 —40,9204 42,4381 -136,4013 —141,4602
0,200 -2,1680 —2,2298 —4,3335 —4,3949 —8,1522 —-8,3395 -35,4499 35,9733
0,400 —4,5375 -4,6078 -4,1190 —-4,1496 8,2662 8,1600 14,3722 13,9989
0,600 —6,6085 —6,6786 -3,8400 -3,8593 13,3517 13,3318 28,2120 28,0468
0,800 -7,8020 —7,8686 -3,4990 -3,5169 13,0467 13,1062 24,9814 24,9959
1,000 —8,2005 —8,2630 -3,0980 -3,1176 11,2335 11,3404 17,1469 17,2656
1,200 -8,1020 —-8,1570 -2,6370 -2,6575 9,7411 9,8689 10,5854 10,6929
1,400 -7,7830 -7,8313 -2,1095 -2,1298 9,0203 9,1164 6,6897 6,6178
1,600 —7,4295 -7,4791 —1,5045 -1,5235 8,8630 8,8731 4,6470 4,1516
1,800 -7,1650 -7,2417 —-0,8040 -0,8218 8,9442 8,8300 3,1393 2,0022
2,000 —7,1840 -7,2771 —0,2335 —0,0055 9,0038 9,0576 0,9647 0,0036
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Tabauya 6
YucJieHHbIE Pe3yJabTAThl pacuyeToB — ceyeHue 11-11
[Table 6. Numerical results of calculations — section 11-11]
Koopaunarta NvyMKD3 M~MBPM NuMKI NuBPM MvMK3 MyvBPM MuMKD MuBPM
CpeMHHON NMOBepX- (xH/m) (xH/m) (xH/m) (xkH/m) (H-m/m) (H-m/m) (H-m/m) (H-m/m)
HOCTH 00010YKH [FEM [VDM [FEM [VDM [FEM [VDM [FEM [VDM
o ocu U (M) (kN/m)] (KN/m)] (KN/m)] (kN/m)] (N'm/m)] (N-m/m)] (N-m/m)] (N-m/m)]
[Coordinates of
the middle surface
of the shell along
the U-axis (m)]
0,000 —1,2495 -1,2782 —4,1645 —4,2615 —46,3761 —48,1181  —154,5870 —160,3935
0,200 -2,0310 -2,0866 -3,9910 —4,0358 -10,4431 -10,6831 —43,7826  —44,4982
0,400 —4,5665 —4,6323 -3,8300 -3,8426 8,5468 8,4337 13,4742 13,0081
0,600 —-6,8890 —6,9563 -3,6060 -3,6081 15,3333 15,3527 31,5612 31,3724
0,800 -8,3200 —8,3856 -3,3200 -3,3217 15,9322 16,0786 29,8679 29,9009
1,000 —-8,8860 —8,9457 -2,9720 -2,9783 14,4501 14,6758 21,8237 21,9940
1,200 —8,8725 —8,9242 -2,5580 -2,5673 12,9670 13,2337 14,2560 14,4207
1,400 -8,5780 —8,6230 -2,0680 -2,0797 12,1247 12,3802 9,1828 9,1390
1,600 —-8,2250 —8,2708 —1,4880 -1,5019 11,8268 12,0074 6,0593 5,5672
1,800 -7,9725 —8,0491 —-0,7995 -0,8139 11,8121 11,8799 3,6652 2,5182
2,000 —8,0460 —8,1384 —-0,2375 —0,0004 11,8271 12,1448 0,7421 0,0040
” ===
1.5
il
0.5
0
- 10 -5 0
Mu2FE, Mu2 MudFE , Mu4

Puc. 3. CpaBaenne nsrubaromux momentoB Mu (H-m/m)
B CeUeHHHU 2-2:

MKD — crnommsast tuaus; BPM — myHKTHpHAS THHAS
[Figure 3. Comparison of bending moments Mu (N-m/m)
in section 2-2:

FEM - solid line; VDM - dotted line]

2
1.5
|
0.5
0 -,
-6 —4 -2
Nu6FE , Nué

Puc. 5. CpaBaenne HopMmanbHbIX cuit Nu (kH/M) B ceuennn 6—6:
MKD — crutominast nmuaust; BPM — nmyHkTHpHas TuHUS

[Figure 5. Comparison of normal forces Nu (kN/m) in section 6—6:

FEM - solid line; VDM - dotted line]
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Puc. 4. CpaBaenne n3rudaromux momentoB Mu (H-m/m)
B ceueHnH 4—4:

MKD — cinomnas nuaust; BPM — myHKTHpHAS THHUS
[Figure 4. Comparison of bending moments Mu (N-m/m)
in section 4—4:

FEM - solid line; VDM - dotted line]

2
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=
~30 20 ~10 0 10
MVBFE , Mv8

Puc. 6. CpaBHerne u3runbaromux MmomenTos My (H-m/m)
B ceueHuu 8—8:

MKD — crutominast nuaust; BPM — nmyHkTHpHas TuHUS
[Figure 6. Comparison of bending moments Mv (N-m/m)
in section 8-8:

FEM - solid line; VDM - dotted line]
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P,

L.5

0.5

~——

-8 —6 ' =i
Nv10FE, Nv10

Puc. 7. CpaBrenue HopManbHbIx cuil Nv (kH/m) B ceyennn 10-10:
MKD — crtomnast munus; BPM — myHkTHpHas TMHUS
[Figure 7. Comparison of normal forces Nv (kN/m) in section 10-10:
FEM - solid line; VDM - dotted line]

1098|9651
9651|8331
5321|6992
6992|5662
5662|4333
4333 |-30,03
3003|1674
S1674 |-344

-216,16 -202,87
-202,87 -188.57
-189.57 -176,28
-176,28 -162,98
-162,98 -148,69
-149,68 -136,39
-136,38 -123,1

-123.1 -1088

Puc. 8. HopmansHoe Hanpspkenue Nu (kH/M?) BIOJIb IPSIMONMHEHHBIX HAIIPABIISIOIINX
[Figure 8. Normal stress Nu along the linear coordinates U of the surface (kN/m?)]

12,8755 61,2025
61,2025 49,5254
49,5294 31,8563
37,8563 26,1832
26,1832 14,5102
14,5102 28371
2,837 5,836
8,33 20,508
20,508 32,1821

154,587 42514
142,914 -131,2409
1312409 | 1195678
195678 |-107,8%7
07,9947 | 96,2217
96,2217 34,5486
34,5456 72,8755

Puc. 9. Usrubarouumit MomenT Mu (kH-M/M) BIOJb IPSIMOTIMHEHHBIX HAMIPABIISIOIINX
[Figure 9. Bending moment Mu along the linear coordinates U of the surface (kN-m/m)]

CpaBHEHHE pe3ylbTaTOB PACUETOB METOJOM KO-
HEYHBIX 3JIEMCHTOB M BapUAl[IOHHO-Pa3HOCTHBIM Me-
TOZOM HIOKa3bIBAET XOPOLIEe CXOKACHUE.

OTKIIOHEHUS Pe3yNbTaTOB B HCCIIEIYyEMbIX Y3/1ax
coctaBisatoT ot 1 1o 10 %, ToapKo B y371ax ¢ Koop-

380

muHatamu 1,6, 1,8 u 2,0 M 1o mpsIMONMHEHHBIM Ha-
npassonmM U pacxoxaeHus goxonsat ao 100 % B
HOPMaJIbHBIX cHilax Nu, n3rudaroummx MoMeHTax Mu
u Mv. Ilpu 3HaUYE€HNUU MPSIMOJIMHEWHBIX HAMPAaBIISIO-
umx U = 0 M 3aKpemjieHHe JIIUICa B OCHOBAaHHUH
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JKeCTKoe (3a7eNika), TIPU 3HAYCHUU TPSIMOJIMHEHHBIX
Hanpaisttonmx U = 2 M — cBOOOAHBIN Kpaii, cieno-
BaTeIbHO, B JAaHHOM HaIpaBJICHUH (HAIpaBICHUH
MPSIMOJIMHEHHBIX Hampasisiromux U) TopcoBas 000-
nouka paboTaeT KaKk KOHCOJb. M3 compoTuBieHns
MaTepHaJIoB M3BECTHO, UYTO 3HAUYCHUE M3THOAIOIIETO
MOMEHTA OT PAaBHOMEPHO-PACIIPEACICHHON HArPy3KU
Ha KOHIIE KOHCOJIM PaBHO HYJIIO, TAKUM 00pa3oMm,
pe3ynbTaThl, MOJyYSeHHbIE IPU PEIICHUH BapUalli-
OHHO-Pa3HOCTHBIM METOJIOM [JIsl M3THOAI0IEero Mo-
MeHTa Mu B y37ax 00OJIOUKH C KOoopAuHaTamu 1,6,
1,8 u 2,0 M o mpsIMOJIMHEHHBIM Hampasisiomum U,
TouyHee. Takke 3HAUYCHUS Pe3yIhbTaTOB HOPMAIIbHBIX
cun Nu B y31ax 000JI04kH ¢ KoopauHatamu 2,0 M
M0 MPSIMOJIMHEWHBIM HampaBisitomuM U SBISIOTCS
0oJiee TOYHBIMH.

3HadyeHUs] HOPMANIBHBIX HAMPSXCHUU BIOJH
MPSIMOJTMHEHHBIX ¥ KPUBOJIMHEHHBIX HAMIPABJISIOIINX
000JI0YKH CBUIETENBCTBYET O TOM, YTO JaHHas 000-
JI0YKa OJIMHAKOBOTO CKaTa C HAMPABIISIOIIAM 3JIIHII-
COM B OCHOBaHMU paboTaeT Ha cxkatue. Takum oOpa-
30M, O0OJIOYKH JAHHOTO KJIAcCa MOTYT W3TOTABINBATH-
¢ U3 OOJIBINIOTO pPsSAa CTPOUTEIHHBIX MaTEpHAIIOB,
YTO SIBIACTCS O€3YCIOBHO OOJBIIUM ILTIOCOM TIpHU
BEIOOpE U3 PAa3HBIX BHJIOB 000IOYECK.

3akarouenue

bnaromapst pesynbpTataM, MOJy4Ye€HHBIM NPH HUC-
CIIEOBAHHUU HANpsHKEHHO-E(GOPMUPOBAHHOTO COCTO-
SIHUSI TOPCOBON O0OJIOUKH OJMHAKOBOTO CKaTa C 3II-
JUTICOM B OCHOBAaHHWH MOXXHO PE3IOMHPOBATH, YTO
JTAaHHBIN BUJ 000JIOYEK JOCTOMH BHHUMAHUS apXUTCK-
TOpoB. ClieyeT OTMETUTh BO3MOXKHOCTh U3TOTOBIIE-
HUS JTaHHOW OOOJIOYKHM W3 JUCTOBOTO Marepwuana,
Oaromapsi CIIOCOOHOCTH Pa3BOPAYMBATHCS HA TLIOC-
KOCTb 0€3 CKJIAJOK M pPa3pbIBOB, TaKUM 00pasom,
BEITIOTHEHNE ONAITyOKH TIPYU BO3BEICHUHU TaKUX 000-
JIOYEK M3 MOHOJMTHOTO >Kele300eToOHa HE BBI3OBET
OonbIINX CI0OXKHOCTEH [1].

CpaBHeHHe pe3ybTaToOB, MOMYUYEHHBIX METOIOM
KOHEYHBIX JJIEMEHTOB M BapHallMOHHO-Pa3HOCTHBIM
METOJIOM, TTOKa3bIBAEeT IIIOCHI M HEJOYETHI KaKJ0r0o
13 MeTo/IoB. VCnonb30BaHNE BBHIYMUCIUTEIFHOTO KOM-
wrekca SCAD Office Ha 6aze MKD sBistercsa 6oiee
YHUBEpCAIBHBIM IO cpaBHeHUIO ¢ BPM s peme-
HUS CIOXHBIX IPOCTPAHCTBEHHBIX KOHCTPYKUUHI U
coopyxeHuit. OTHAKO TOTydYeHHBIE PEe3yNIbTaThl B He-
KOTOPBIX y3JIaX 000JI0YKH SBJISIOTCS 00jIee KOPPEKT-
HBIMH U IIPaBUIbHBIMHU IIpH pemenur BPM. [l pasb-
SICHEHHS TaHHOTO BOIIPOCA aBTOPHI TOTOBST IHCHMO B
penaxito SCAD Office. Taxxke O.0. Anémmna pa-
0oTaeT HajA MOJTY4YEHHEM AaHAJTUTUYECKOTO PEUIeHUS
st Berarcaenus HAC obonouek oquMHAKOBOTO CKa-
Ta C DIUIMIICOM B OcHOBaHMH. llocie HaxokmeHUs

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

AHAIMTUYECKOrO pellieHusl OyIeT BBHIMOJIHEHO CpaBHE-
HHUE HanpsbKeHHO-Ie(hOPMHUPOBAHHOTO COCTOSIHUSI JIaH-
HOHM 000JIOUKH TpeMsl pa3HBIMHA METOJJAMH PEIISHUSI.
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Abstract

Relevance. Thin-walled structures of shells constitute a large class in archi-
tecture, in civil and industrial construction, mechanical engineering and instrument
making, aircraft, rocket and shipbuilding, etc. Each surface has certain ad-vantages
over the other. So the torso surface can be deployed on the plane of all its points
without folds and breaks, with the length of the curves and the angles between any
curves belonging to the surface, do not change. The investigation of the stress-
strain state of the equal slope shell with a director ellipse at the base is presented to
date in a small volume. The aim of the work. Obtaining data for comparative ana-
lysis of the results of the stress-strain state of equal slope shells by the finite ele-
ment method and the variational-difference method. Methods. To assess the stress-
strain state of the equal slope shell, the SCAD Office computer complex based
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BBeaenne

JlokanbHBII U3HOC MeTajia — paCIpOCTPAHEHHBIH
BHJI TIOBPEXICHHUSI HA 00OPYIOBAaHUAX H TPYOOIPO-
Boax. OCHOBHBIM MEXaHU3MOM 3TOTO MOBPEKICHUS
SBJISIETCSI SPO3UOHHO-KOpPO3nOHHBIH n3HoC (DKN).
OTOMy npoueccy HOABEP)KEHbI IPAKTUUECKU BCE dJIe-
MEHTBI KOHJICHCATHO-IIUTATEIFHOTO U TIApOBOTO TPAK-
ToB TypOoycranoBok ADC u TOC. Jlpyrue Bumbl
M3HOCA MeTajula B OOJNBILIMHCTBE CITy4YaeB MPOTEKAIOT
COBMECTHO C 3THM IIPOILIECCOM, KaK MOKa3aHO B Hay4-
HBIX Tpynax [1-5]. Cocynsl maBieHus U TpyOoOmpo-
BOJIHBIE CHCTEMBI SICPHBIX SHEPIeTUUECKUX YCTaHO-
BOK OTHOCATCSI K KATETOPUU KPUTUUECKU BAXKHBIX JJIe-
MEHTOB, B 3HAYUTEJIBHON CTENEeHH OIpPeAeNIAIONINX
UX Pecypc, HAAEKHOCTD, )KUBYUECTh U OE30IaCHOCTh
akcruTyatanud. Jjis obecriedeHnsT TeXHOTEHHOM 0e3-
omacHocTd ADC HCIONB3YIOT COBPEMEHHBIE TEXHO-
JIOTHH, MO3BOJISIIOLINE pa3paboTaTh U BHEAPUTD paz-
HOOOpa3HbIe CUCTEMBI 0€30MTaCHOCTH [6].

IToBpexxnenne MeTayuia B mporecce KU mpuso-
JIWT K crienuduyeckuM 00beMHBIM (popMaM U3HOca —
YTOHEHUSIM [7]. YTOHEHUS BIEKYT BO3HUKHOBEHUE
KOHILICHTPALIUY HANpPSDKEHUH B 3JIEMEHTAaX KOHCTPYK-
muit [8—11]. Jlns oOecrieyeHUs MPOYHOCTH U TIPO-
THO3UPOBaHUS pecypca 000pynoBaHUS U TPyOOIpo-
BOJI0B, IoniBepkeHHBIX DKW, HeoOXoammMo uccieno-
BaTh HANpsDKEHUS B 30HE JIOKAJIBHBIX YTOHEHHUH B 3a-
BUCHMOCTH OT T€OMETPHUECKHX MapaMeTpPOB, a TaKkKe
YTOYHUTh MEXaHHU3M KOPPO3HOHHOTO BO3IEHCTBHUSA,
BIIMAIOLIETO HAa (OPMY M IPOTSKEHHOCTH JIOKAJIbHO-
ro yroHeHus [12—16].

Konnenrparop Hanpspxenwuii (o) [17] — 310 0T-
HOIIICHHE MaKCHMAJIBHBIX HANPSHKCHUN (Oyp,x) B 30HE
JIOKQJIbHOTO YTOHEHHUS! K HOMUHAJIBHBIM HaIPsDKEHU-
M (Oyoy) B TOH ke 30He 0€3 MOBPEXICHUN dIIeMEH-
TOB 000pyI0BaHUs WK TPpyOOIpoBOa:

ANSYS

TLEMENTS

o
aw
RIS,

Ay
S
““\'3.-_“"
D ::“,ﬁ

o

File: D:\worklansys\pipe\\pipel.x_t

a

Ay = Zmax, (1)
Onom

B X04e€ uccijaeaoBaHUus 6I>IJ'IO paCCMOTpeHO BJIN-
STHAE Pa3UYHBIX (OpM yTOHEHHS Ha HAIPSKEHHO-
ne(hOPMHUPOBAHHOE COCTOSHHUE, 4 TAKIKE OIMPEICICHO
KpI/ITI/I‘{eCKoe yTOHeHI/Ie JUIA HpHMOHHHeﬁHBIX y‘laCT—
KOB TpyOOIIPOBOAOB, IOABEPKEHHBIX MexaHu3zmy DK

C Y4ETOM aBapUHHBIX PEKUMOB.

1. MeToabl Hccae10BaHUH

Pacuem Konyenmpamopa HanpayiceHuil
npU 1OKAAbHOM chepuiecKkom YymoHenuu

Jis pacderoB ObUIa B3siTa IMIMHApHYECKas 000-
JIOYKa ¢ BHEIIHUM auameTrpoM (D) 530 mm, Tonmu-
HOI (5) 28 MM. PacueTHBIE MOZIeNT OBUTH ITOCTPOCHBI
B nporpamMHoM Komruiekce ANSYS Mechanical (-
nens3usa Ne 662207 ot 21.03.2012). Ins noctpoeHUs
MOJIETM UCTIOIB30BAJICS TPEXMEPHBIN AJIeMEHT 00b-
€MHOT0 HampsHKeHHO-1e(hOPMHUPOBAHHOTO COCTOSHHSA
¢ 20 yznamu — SOLID186.

HcxonHple naHHBIE HE3aBUCHMO JPYr OT Apyra
BapbUPOBAIMCH B CIIEAYIONINX AMANa30HaX:

— OTHOCHUTEJIbHAS IIyOMHA YTOHEHUs (a/s) — U3-
MeHsIachk B quamnas3one ot 0, /s 1o 0,9s ¢ marom 0, s,
I/ie @ — TITyOWHA YTOHCHUS;

— yTOHEHHE MOJEITMPOBAIIOCH KaK YacTh yCEUeH-
HOH cdepsl, MPOTSHKEHHOCTh YTOHEHUsI — L ¢ IpoTs-
’KEHHOCTbIO, KpaTHOU BHeLIHeMY quameTpy D u 0,5D.

Pacuernas moxenb mpejicTaBiieHa Ha puc. 1, a.
B pesynbrare pacueToB moxydeHbl 3HaUCHUsI KO3(QhU-
LHEHTa KOHIEHTPaLX HapsDKEHUH OT OTHOCHUTENBHO-
TO YTOHEHUS IWIMHApHIecKoi obomoukn. Ha puc. 1, 6
MPEICTaBICHbI TpadUKU 3aBUCUMOCTH K03 duiireH-
Ta KOHLEHTpAlMU HANPSHKEHUH OT OTHOCHTEIHLHOTO
YTOHEHUsI TPyOOIpoBoa, TAe KpuBasi 1 COOTBETCTBYET
YTOHEHHIO C MMPOTSHKEHHOCThIO D, a kpuBas 2 — 0,5D.

10

0 1 1 1 1 1 1 1 1
0 0102030405 0,6 0,708 0,9

a’s

o

Puc. 1. Pacuernas moznens (a) u 3Ha9eHHs KOd()(HUNMECHTa KOHIEHTPAIUN HAIIPSDKEHUH OT BETMUUHBI c(hepHIecKoro yToHeHus (0)
[Figure 1. Calculation model (@) and value of stress concentration coefficient of spherical thinning value (6)]
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Pacuem konyenmpamopa nanpax;cenui
npu 00WIUPHOM 10KATTLHOM YHOHEHUU

s pacdyeTta HampspDKEHUH TpHU OOMTUPHOM JIO-
KaJbHOM YTOHEHHUH HCIOJb30Bajach MOAUPHUIHPO-
BaHHas aHanuTH4eckas (opmyina [18], koTopas mo3-
BOJISICT TOYHO ONPEAEIUTh MEMOpaHHBIE HampsDKe-
HUS B MAKCUMAJIBHO YTOHEHHOM MecTe (4):

2R? [RZ+(R—s+%)z—2%(R—s+%)—%2]

°=Pp ([(R—s+%)2+Rz]-[R2—(R—s+%)2—2%(R—S+%)—%Z] B 1)’ @

rae R — HapyXHBIH paguyc OMIHHAPUICCKON 000-
JIOUKW; § — TOJIIMHA CTCHKH TpyOompoBoja; a —
riryOvHa YTOHEHUS, p — BHYTPEHHEE JIaBJICHHE.

12

S N B~ O

Ha puc. 2, a npencraBieHa pacyeTHas cxema,
Ha puc. 2, 6 — TpaduK 3aBUCUMOCTH Kod(DdunmeHTa
KOHIICHTPAIIMN HAINpPSDKEHHH OT OTHOCHTENBHOTO yTO-
HEHUsI 000JIOYKH.

Pacuem Konyenmpamopa Hanpaxyicenuil
npU pa6HOMEPHOM YHOHEHUU

Jlist pacuera HanpsHDKEHUN OT BHYTPEHHETO J1aB-
JICHUSI P PAaBHOMEPHOM YTOHEHUH HCIIOIB30BAUCH
HOpMAaTHUBHBIE 3aBUCUMOCTH [19]:

p(D-s)
0=——" 3
), 3)
rne D — HapyXHBIH TuaMeTp TpyOOoIpoBojaa, S — TON-
ITMHA TPYOOIpoBOIa O€3 YTOHCHHUS.

o o1 02 03 04 05 06 0,7 08 09

a’s

o

Puc. 2. Pacuernas cxema (@) u 3Ha4eHHs K03 dUIMCHTA KOHICHTPALMK HAIPSDKSHUI OT BEIMYMHBI OOLIMPHOTO yTOHEHUS (6)
[Figure 2. Settlement scheme (a) and value of stress concentration coefficient of extensive thinning value (6)]

Q
a
>

[
—_—

S—NWhAh U IO

i (f' 2

i - X
Y'-oe-—o--t-"""'"

02 03 04 05 06 07 08 09 1
== &= 0T BHYTPEHHETO JABICHUI a’s

0 0,1

ee@°° OT U3rudarOIIEro MOMEHTA

o

Puc. 3. Pacuernas cxema (@) ¥ BeIHIMHBI KO3 GHUINEHTa KOHIEHTPAILIMY HANPSHKEHUH TP paBHOMEPHOM YTOHEHHH (0)
[Figure. 3. Settlement scheme (@) and value of stress concentration coefficient with even thinning (6)]
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IIpu pacuere MakCHUMaIbHBIX HAaNpsHKEHUH B 30HE
JIOKJIHOTO YTOHEHHS TOJIIMHA CTEHKH paBHA S — a,
rzae a — riayOuHa yTOHEeHHU.

Hampspkenus ot u3rudaroIiero MOMeHTa:

o = 5 )

rane M — uzrubaronii MOMeHT; /W — MOMEHT compo-
THUBJICHMS.

HUcnonezysa ¢opmynst (1), (3) u (4) MoxkHO ompe-
JITTUTh KO3 (OUIIMEHT KOHIEHTPALUN HANPSIKCHUH
TpH IEHCTBUH Ha TPyOOIPOBOJ] BHYTPEHHETO J1aBJie-
HMS 1 U3ru0aroIero MOMeHTa:

p(D-s+a), M
2s w

Pacuernas cxema mokazaHna Ha puc. 3, a, rpaguk
3aBUCHMOCTH IPEACTABICH Ha puc. 3, 0.

CxopocTs yBenuueHus (PyHKIIMH KOHIIEHTPATO-
pa HampsDKEHUH OT BHYTPEHHETO JaBJICHHs OOJbIIe,
yeM OT m3rubaromero Momenrta. Ecnu usrubarommii
MOMEHT paBeH HYJI0, TO GYHKIMS OyIeT COOTBETCTBO-
BaTh KpuBo# 1 (puc. 3, 0), Ipu BHYTPEHHEM JaBICHUH,
PaBHOM HYJIIO, — KPHBOH 2, PH NX KOMOMHAIMH (PyHK-
s OyZeT JiexaTh MEXAY 3TUMH ABYMsI KPUBBIMHU.
KoHcepBaTUBHO OlLlEHMBAaTh AOMyCKaeMOE€ yTOHEHHE
110 KpUBO#l | — OT BHYTPEHHETO NaBJICHHUS.

2. O0o01meHue pe3yabTATOB

Ha puc. 4 npeacraBneHo o6o01ieHne pe3ynbra-
TOB ¢ popMamMu YTOHEHHUH: chepruecKoe, OOIUpPHOE
U paBHOMEPHOE.

Oo
10,00 + f
s
8,00 | 42
6,00 | £
j 4
4,00 N
- - oa —
2,00 b = ; .__‘g,.'g,ﬁ:.'!
0,00 . . . . L . .
0 0,1 0.2 032 0.4 0.5 0.6 0,7 0.8 0.9
a’s
—a—Cepuuecroe - 0.5D - m= Chepnueckoe-D & Ofumpnoe

= #= PagHOMEpHOE =@ Macrep-kpusas

Puc. 4. I'paduku 3aBucuMoCcTd K03 GHUIHCHTA KOHIICHTPALIU
HaIPsDKEHUI OT OTHOCUTEIIBHOTO YTOHEHUS TpyOOIpoBoa
[Figure 4. Graphs of the stress concentration coefficient
on the relative thinning of the pipeline]

[Ipu 0000IIEeHNH TONYYEHHBIX PE3YIBTATOB I10-
NydeHa ormbaromas cBepXy KpuBas o (MacTep-
KpHBas), TAe 3a 0a30BYI0 (QYHKIHIO IPUHATA HOPMa-
THBHAsI KpUBas NIPU PaBHOMEPHOM YTOHEHUH, CpeJ-
HSIS IOTPeUTHOCTSh 3,5 %:

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

o =[(12-2)%cos® (2) + 1]as.  (6)

MHoxutens B popmyine (6) KOHCEpBATUBHO
YUUTBIBACT BIMSAHUE OT Pa3IHYHBIX (JOPM YTOHEHHH.
J71st OLIeHKH ITPOYHOCTH TPYOOIPOBOAA C YTOHCHUEM
WK JJ1s1 ONPEAENIEHHS IOy CKAaeMBbIX TOJIIIUH CTEHOK
B TPyOOIPOBOIaX PEKOMEHYETCs HCIIONb30BaTh

6= [(1.2 - %)%cos3 (Z—‘S‘) + 1] p(z‘zs‘—_s:)“) 7)

Onpeoenenue Kpumuueckux 6enu4ut
Ko3(hpuyuenma Konyuenmpayuyu HANPAHCEHUI
u degpopmayuii 6 10KATLHOU 30He

st onpeneneHuss KPUTUYECKUX BEIMYMH KOH-
LEHTPAIUN HANpsHKEHUH, BOCIIONB3YEeMCSl KPUTEPH-
€M HOpM pacueTra Ha IpOoYHOCTH [19]

(0)gv mu1 (0)rx < 2R} 2, (8)

rae (0)gy — pa3Max NpPUBEICHHBIX HANPSHKCHHUN B
snemeHnTax obopynosanus, MIla; (0)gx — pa3smax
MIPUBEACHHBIX HANpPSDKEHUH B 3JIeMEHTax TPyOompo-
BogoB, Mlla; Rgo,z — MHMHHMMAJIbHO TapaHTUPOBaH-
HOE 3Ha4YeHUE Ipejesia TeKyuecTH IIPU TeMIepaType
skciuryatanyuu, Mlla.

[lepeoGo3HaunM HampsHKEHHS B JIEBOW YacTH KpHU-
Tepus (7) Ha MaKCUMaJbHBIC HAMPSHKEHUS (Oppax) B
JIOKaJbHBIX 30Hax yToHeHus OKU. MakcumasnbHbIe
HanpsDKEeHUs onpeaesseM u3 ypaBHeHus (1), ciaeno-
BaTeNbHO, KpuTepui (8) mpruMeT BU

— T
Omax = Ouom%o = 2RpO,Za (9)
2RY
< Zfpoz2
o < — (10)

BBeneM MOHSATHE KPUTHYECKOTO KO3(duimeHTta
KOHIICHTpAIMKM HANpPsHKCHUH B JIOKAJIBHON 30HE aﬁp
IIPY KCIIOJIb30BAHUU BMECTO HOMMHAJIBHBIX HAIps-
KCHHIH MaKCHMAJIBHO JIOITYCTUMBIX HAMpsKEHUU B
aBapUHOM PEXKHME C yIETOM BHYTPEHHETO JaBIIC-
HHS U m3rubarommx MomMeHToB [19]. HoMuHanbHEBIC
HamnpspKeHUsl orpaHudeHsl kputepueMm 1.8[c], a mo-
ImyCcKaeMblil K03(h(PHUIIMEHT KOHIEHTPAIK HaTpsDKe-
HUU IpUMET BUJT

T
2R
Kp po.2 _ 1.66;
o 1.8[0o]
2rT T (11)
Kp P02 _ 5 gg P02
o = 1.8[c] : T

rae R, — MUHMMAaJBHO rapaHTHPOBAHHOE 3HAUCHHE
BPEMEHHOI'O CONPOTUBIICHUS NPH TEMIIEpaType K-
IUTyaTaluy; RgO,z — MHHHUMAQJIBHO I'apaHTUPOBAHHOE
3HaueHME Tpejesa TEeKy4ecTH NMpH TeMIeparype dKc-
IIyatanuu; [0] — JomycKaeMble HAIPSHKEHUS.
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Ucnonszys dopmymy (6) u xpurepmii (11) ompe-
JETMM KPUTHYECKOE YTOHEHHE TOJIIMHBI CTCHKU MPH
aBapuiftHoM pexxume 0,27s.

Konuenrparop aedpopmarnmii (o) B ynpyromia-
cTudeckoi obmactu, cormacHo M.A. buprepy [17],
ompeeIIsieTCs U3 CIASAYIOIIEr0 COOTHOIICHHS:

o - of = (0,8 +0,9)a2, (12)

T7Ie Og ¥ Oy — KOHIEHTPATOPhl HaNpsDKEHUH U Je-
(opmanuii B ynpyromiacTu4eckoi o0macTH.
Muoxwutens (0,8 + 0,9) 3aBHCUT OT CTEIIEHH
yrnpouHeHus1 Matepuaia. KoHeHTpaTop HanpspKkeHUH
B YIPYTOIJIACTHUECKON 00JacTH OTrpaHHYECH Mpee-
JIOM TEKy4YeCTH U MOKET OBITh OIpeielieH ypaBHEHHEM

RT
ay = 22, (13)
Ouom
JleficTBy1011IME HANIPSDKEHUS B 30HE YTOHEHUS MO-
TyT MPEBBILIATH NPEJEN TEKY4EeCTH B aBAPUMHBIX pe-
JKUMaX, TIO3TOMY OINPEACINM KpUTHUECKUH ko3 du-
[UEHT KOHIIEHTpauuu nedopmarnmid. Mcmomssys co-
oTHomeHue (12), ompemenwM IOIMyCKaeMbI Ko03¢-
(UIMEHT KOHIIEHTpaIuK aeopmanuii B yrpyroria-
CTHYECKOH 30HE:

KpY 2
@“:aé%} (14)

Jna aBapuiiHONM CHUTyalM KPUTHYECKUH KO-
¢UIMEeHT KOHIeHTpauuu aedopMannit

o P< 2.64;

ag’ < 4.59%. (13)
Hcnons3ys hopmysr (6), (12), (13) u kpurepuit
(15) ompenenuM KpUTHYECKOE YTOHEHUE TOJIIUHBI
CTCHKH IIPU aBapUHHOM peKUME dYepe3 Kodh(ULUEeHT
KOHIIeHTparmu Aedopmanuit — 0,37s (1 pacdeToB
MpUHATO: BHyTpeHHee nasienue — 11,7 Mlla; npenen
Texyuyectr — 196 MIla; Temnepatypa cpeast — 170 °C).
Hcxons u3 mory4eHHBIX pe3yIbTaToB MO KPUTe-
pusm (11) u (15), KOHCEepBaTUBHO HCIIONIE30BaTh KPH-
TEpUil KOHLIEHTPAMK HanpsoKkeHuH (15).

Tabauya

3HayeHHsI MAKCHMAIIbHO BO3MOKHBIX YTOHEHU i
[Table. The maximum possible value of thickness]

]ﬁﬁeﬂfq’e:z? JlokajibHOe yTOHEeHHe Tpemuna
de feycpt] [Local thickness] [The crack]
Kpurepuii Mpu oy Tpu e, ® Merox HITII
[Criteria] [af] [azcT] [The method LPC]
Kpurnueckas
TOJIIIAHA 0,27s 0,37s 0,18s

[Critical crack]
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B tabmune npuBecHBI 3HAYCHUS MAKCUMAIIBHO
BO3MOXKHBIX YTOHEHWA, ITOyYeHHBIX U3 PE3yJIbTATOB
o kputepusiM (11) u (15) 1 MeToIOM Harpy3KH IuTa-
ctuueckoro mapuupa (HIIL) [20] ¢ oceBoit u xob-
LIEBOH TpeIMHAMHY B aBAPHITHOM PEXKHUME.

3akjoueHmne

PaccMoTpens! pazindHbie (OpMBI JIOKATBHBIX YTO-
HEHUH, KOTOpbIe TUMWYHBI A TPyOOIpPOBOAOB, MOJI-
Bep)KEHHBIX MEXaHU3MY JeTpajalid SPO3NOHHO-KOP-
PO3HOHHOTO M3HOCA: chepHIecKoe, OOMIMPHOE U PaB-
HOMEpHOe yToHeHHs1. Ha ocHOBe MoTy4eHHBIX TaHHBIX
rmocTpoeHa orubaromias mMactep-kpuBas (6) i Ko-
s dunmeHTa KoHIEHTpanuy HanpspkeHui. [Tomryde-
Ha (GopMyJia JJs OLEHKH MPOYHOCTH C YUYETOM pa3-
JTUYHBIX (opM yToHEHUH (7).

[Tosy4yeHbl KpUTEpUHM KPUTHUECKUX 3HAYEHUN KO-
3¢ dunreHToB KoHIeHTpanuy Hanpsbkenuit (11) u me-
¢dopmanmii (15), KOTOpbIe MO3BOJAIOT ONPEACIATD
KpUTHYECKVE 3HAYCHHs] YTOHEHUH B aBapUHOM pe-
KUMe JKCIUTyaTalHH.

Kpurepun nomyckaembIx 3HayeHHH Koadduim-
€HTOB KOHIIEHTPAIlMH HAIpsHKEHUH CIPaBEITMBO HC-
[OJIb30BaTh TOJIBKO B TE€X CIyd4asX, KOTJa 3HauYeHUS
HaNpsDKEHUH B 30HE YTOHEHHUS! HE MPEBBIIIAIOT 3HA-
YeHUH mpejesia TeKyuecTH, B MPOTHBHOM cllydae
HE0OXOAMMO HCIOB30BaTh KpUTepnu Kodhduimen-
Ta KOHIIEHTparuu nedopmariuii.
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Abstract

Relevance. The nuclear power plant contains a large number of equipment
and pipelines subject to flow acceleration corrosion. As a result of a combination
of various parameters — sizes (diameters, wall thickness), operational parameters

(internal pressure, temperature), steels and elements types — the number of de-
sign cases is tens of thousands, without counting the possible forms of thinning.
The process of maintenance and repair at the stations are doing an assessment of
the accordance of actual and allowable values of wall thicknesses. The ensuring
safe operations of equipment and pipelines have been introduced correction
functions for regulatory functions, taking into account the forms of thinning, to
determine the permissible thinning. The aim of the work. The task is to deter-
mine the influence of the forms and types of thinning on the stress-strain state
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and to determine the most critical thinning for straight sections of pipelines sub-
ject to flow acceleration corrosion taking into account emergency conditions.
Methods. The allowable values of stress concentration factors (deformations) of
pipelines subject without flow acceleration corrosion was determined taking into
account allowable values, the requirements of the federal norms and rules for
emergency operating conditions. For researches of the stress concentration coef-
ficients were used the finite element method and analytical methods for various
shapes, sizes and depths of thinning. Results. A method has been developed, that
allows getting the maximum allowable values of stress concentration factors
(deformations) for emergency operation, which afford to determine the maxi-
mum allowable depth of thinning in emergency conditions — an above criterion.
The researches have been carried out definition of the stress concentration fac-
tors for local thinning with various types of these thinning. The functions of con-
centration coefficients depending on the geometric parameters of local thinning
wall thickness were determined for a straight section of the pipeline. As a result
of the research, the dependences of the sizes of thinning on the concentration
coefficients for straight pipelines were created and a master-curve was obtained.
The researches were carried out take into account the load from internal pressure
and bending moment.

Keywords: pipelines; flow acceleration corrosion; volume thinning, stress con-
centration coefficient; strength
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Annomayus

L]envto viccrnienoBanust SBISIETCS OMpeiesieHne Hanbomnee 3QHEeKTHBHBIX ceiicMO-
3AIIUTHBIX YCTPOMCTB, @ TAKKE CTEMEHU MX HAICKHOCTH B Pa3IMYHBIX YCIOBHSX.
JlaHa MeToqyKa CpaBHHUTEIIEHOIO pacyera JUlsl ONpeaesieH!s KadecTBa celicMO3alinT-
HbIX ycTpoiicTs. [IpuBeneH npumep pacuera s aemidepa u racuress. Pacuerst no-
Ka3bIBAIOT, YTO UCIOJb30BaHHE CEHCMO3ALIUTHBIX YCTPOUCTB YMEHBIIAET KO3 (HIHM-
eHT K3 Oonee yem B aBa paza. CelicMo3alura sBISIETCS aKTyalbHON MpoOieMoi He
TOJIBKO B CTPOUTENECTBE, HO M BO BCEX OTpacisix TexHocdepsl. PaccmarpuBaercst BO3-
MOXKHOCTD HICTIOJIb30BAHHUSI CEHCMO3AIMTHBIX YCTPOWCTB B JICTATENBHBIX alliapaTax.
Memoowi. TIpoBOIUTCS CPAaBHUTENBHBINA pacueT MOBECHUS racuTeNeld u AeMiepoB ¢
y4eToM KO3((DHUIIMEHTOB TPEHUS frp, CYMMBbI BEPTHKAIBHBIX HATPY30K Y Ok, CyMMap-
HOM nepepesbiBatolell ceticMuueckoit cuibl ) Syu. IIpencTaBieHsl pucyHKU — CXEMBI
PAacIIONOXKEHHsI CEHCMO3AIUTHBIX YCTPOIMCTB (IeMIiepa U TacuTest) o/ 30aHHeM,
a TaKKe BAapUaHTHI UX YCTAHOBKY B JICTATENBHBIX anmaparax. CpaBHUTENBHEIC pacye-
ThI TIPOBOJISITCS C HAIMYUEM CEHCMO3AILIUTHBIX YCTAHOBOK U Oe3 HUX. Pezynvmamu.
Io mroram umccienoBaHus BBUIBICHO M3MEHEHHE BEJMYHMHBI TOPH3OHTAIBHBIX Cel-
CMHYECKHX Harpys3ok Si B mpenenax 2,26-2,46 pasa. 910 00CTOSTENBCTBO TO3BOJISIET
CHeNaTh BBIBOJ, UTO IHPEIOKEHHOE AEMII(EPHOE YCTPOUCTBO CHIDKAET celicMuue-
CKYIO Harpy3Ky, NPUXOJLIIYIOCs Ha 3alIMIIaeMOe COOpYyXKeHHe, Ha 1-2 Oarwa, To ecTh
TIOYTH C TaKo# e 3P PeKTHBHOCTHIO, Kak racuteiu (omtiuue B 0,3 paza).

Knouesvie cnoga: ceiicMO3alllUTHBIE YCTPOUCTBA; AemIdep; celicMoracu-
Telb; Ko3()(UIUEHT TUCCUNAIMY; IeKPEeMEHT KoinebaHus; ceiicMoBO3eHCTBYE;
3[IaHUS U COOPY>KEHUS; JIeTaTe IbHbIE aIllapaThl; CEHCMUYECKHE HArPY3KU; TOPH-
30HTAJIbHBIE ¥ BEPTHKAIBHBIC HATPY3KH
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HUSIX U COOPYKEHUSX, a TAKXKE B JICTATCIILHBIX anma-
patax. Ilpu ceiicMuueckoil Harpy3Ke NpOUCXOAUT pa3-
pyllIeHHE 3[JaHUi U COOPY>KEHHH, a TaKkKe OTACIbHO
CTOALINX (MM HaXOISIIUXCS B aHTapax) JIeTaTelb-
HBIX anmapatoB. OXHIAETCS, 9TO BO3MOXKHO CHIKE-
HHME CEeMCMUYECKOW Harpy3kH NMpy MPUMEHEHUH Ceul-
CMO3AaLIUTHBIX YCTPOUCTB.

[pomsBeneH pacyeT cmocoOHOCTH KKIOW U3 ycTa-
HOBOK CHHU3HUTh BEPTHUKAJbHBIE W TOPH3OHTAJBHBIE Ha-
rpy3KH, Opuxojsimecs Ha KoHCTpykiuu. Ha puc. 1
U 2 JaHbl CXEMBbl YCTaHOBKH AEeMI(EpPOB U TracuTe-
neit B 3panusx. Ha puc. 3 — cxeMa ycTaHOBKU Ha JieTa-
TENTbHBIE alapaThl.

[Haccn mpexacTasisger coboil aemiipepHyIo CTOM-
Ky, K KOTOPOH KpEMHTCS KoJeCHas TelexKa (y THA-
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POILIaHOB — IMOILTABOK). B 3aBUCHMOCTH OT Macchl ca-
MoJieTa paznu4aroTcs KoH(purypanuu mmaccu. Hawmbo-
Jiee 9acTO BCTPEUAIONIecs: OJHa TIEPeHss CTOHKa U
nBe ocHoBHBIX (Ty-154, A320), onHa mepenHss u Tpu
ocHOBHBIX (M11-96), omHa mepenHss U 4eThipe OCHOB-
HBIX (bowHr 747), nBe TIepeMHIX U IBE OCHOBHBIX (B-52).
Ha puc. 4 nanbl GopMbl U CBOOOHBIC KOJCOaHUS
3MIaHUNA U COOPYXEHUI MPU UCHOIH30BAHUU AKTHB-
HBIX CEeHCMO3aIUTHBIX cucTeM [ 1-3].

Hcxonnblie pacuyeTHbIe JaHHbIE,
¢opmyabl u cxembl

IIpu pacdere cTemneHW BIMSIHUA CEHCMHYECKHUX
BO3/ICHCTBUI C y4E€TOM aKTHBHOM CEMCMO3aIIUThI Ha
00BEKT MCCIICIOBAHUS TPUICPKUBAIOTCSI HOPMATUBHBIX
naHHbIX, 3anokeHHbix B KMK 2.01.03-96 «Ctpou-
TETHCTBO B CEHCMHUYECKUX paiioHaxy (Kypwumum metiop
Koimanapu — CTpouTeNbHbIE HOPMBI U TIPaBUJIA).

A

Puc. 1. Cxema pacriosioxxeHust [eMIIepHbIX YCTPOHCTB MOJT 3aHHEM:
A — Bun dacaza 3aauust; b — aKCOHOMETPHS 1eMII()EPHOTO yCTPOHCTBA;
B — pacnionoxenue 23 neMdepHBIX yCTPOUCTB MO 31aHUEM;

1 — mapoHHTOBOE IeMII(epHOE YCTPOICTBO; 2 — METAJUIMIECKUE
TUIACTHHBI KPEIUICHHUST; 3 — )Kene300eTOHHAsI HOIyIIIKa
(moTynoABaIBHBIH IPOU3BOACTBEHHBIH OTCEK)

[Figure 1. The scheme of an arrangement of damping devices
under the building:

A — view of the facade of the building; 5 — axonometry of
the damper device; B — location of 23 damper devices under
the building; / — paronite damping device; 2 — metal mounting plates;
3 — reinforced concrete cushion (basement production compartment) |

BBonutcst k03pQUIMEHT CHIKEHUS aMILIUTY T
yckopenuid K3 (K3 — k03 UIMEHT CHUKEHUS aMILIH-
Tyl TOPH3OHTAIBHBIX YCKOPEHHMIT), KOTOPBI HEo0Xo-
JIAM ISl y4eTa COBOKYIHOTO BO3JIEMCTBUSI YCTPOHCTB
aKTUBHOW CEMCMO3AILUTHI Ha 3allMIIaeMOE COOpYIKe-

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

uue (tabm. 2.7 n. 2.13 KMK HopMupyet ko3hdunm-
€HT O B 3aBUCUMOCTH OT CEHCMHYHOCTH TUIOMIAIKA
CcTpouTeNnbCcTBa (B Oamiax)) [4]. PacuerHoe 3HaueHne
K3, kak nokasano B padore JI.JI. ConnmatoBoii [5—6],
orpesenseTcs U3 YCIOBUS HE MPEBBIMICHUS] CyMMap-
HOW Tiepepe3bIBaloIEeN CHUJIBI YPOBHS CKOJIB3SIIETO
nosica 1o opmyiie

n

K =fin 20 Oi % S (1)

k=1

rIe fip — KOOQQUIIUEHT TPEHNS CKOJIBKEHHS B OITOPax
TIPH UCTIOJI30BAHNU CEUCMO3AIUTHBIX YCTPOUCTB.

Puc. 2. Cxema pacnonoxeHus racuTenei o 3gaHueM:
A — Bun Qacana 3naHus; 5 — cxema racutens; B — pacrnonoxeHue
7 racutelneil noJ 31anueM; | — racurelib; 2 — IHEBMOHATHETATEb;

3 —Kene300eTOHHast OYIIKA (TOTyTIOABAIbHBIMN POU3BOJICTBEHHBIN OTCEK);
4 —CcTepXeHb C MOPIIHEM; 5 —KHUAKOCTb [UIsl TAlllCH s KOJleOaHuii
[Figure 2. Layout of vibration transducers under the building:
A — view of the facade of the building; 5 — vibration transducer scheme;
B — the location of 7 vibration transducers under the building;

1 — vibration transducer; 2 — air blower;

3 —reinforced concrete cushion (basement production compartment);
4 —rod with piston; 5 — liquid for vibration damping]

Jfip IIOIIyCKAeTCsl YTOYHSATH HA OCHOBE MOJIEIIb-
HBIX WJIH HATYPHBIX UCTIBITAHUH.

Hnst cnydast pacuera 0e3 ceHCMO3aIUTHOTO
ycTpoiicTBa st 6eToHa fr, = 0,445.

st nemrdepHoro ycrpoiicTsa frp, = 0,2775.

s racureneii fr, = 0,1304.

> Okn — CyMMa BEPTHKAIBHBIX HArpy3oK IIpU HC-
TTOJTL30BaHMH eMItdepa.
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> Sy — cymMMapHasi mepepesbIBaroliasi ceiicMide-
CKas cuJjia MPH UCTONIL30BaHUU aeMidepa.

> O — CyMMa BEPTHKAIGHBIX HATrPy30K TPH HC-
MOJIb30BAaHUH TaCUTETIS.

> Stk — CyMMapHas mepepe3bIBarolias cecMuye-
CKasl CUJIa TPY UCTIONBE30BAaHUU TaCUTEIS.

Psin yrounenuii B3st Takxke n3 KMK (koaddumm-
eHT o ompeAessuics mo Tadm. 2.7 B 3aBUCUMOCTH OT
CCHCMUYHOCTH TUIOIIAAKH CTPOUTENHCTBA) ISl OTpe-
neneHust Si.

Sit = Ko Ku K Kp Soik, (2)

rae Ko— xo3hduiimeHT 0oTBeTCTBEHHOCTH, IPUHUMA-
MBI 10 Tab. 2.3, 3aBUCSIIMIA OT TPHHATOTO IS 3/1a-
HUA TIPEENbHOTO COCTOSIHHSA, JUISI COOPY>KEHUH IO
CTETICHH Ba)KHOCTH TIOJIOOHBIM 3JIEKTPOCTAHIMU TIPH-
HUMaeTcs paBHEIM 1,5 [4]; Ky — ko durmerT ydera
MTOBTOPSEMOCTH 3eMJICTPSICEHUM, 10 Tadn. 2.4 mpu-
HUMaeTcst paBHBIM 1,2; Ky — koadument, 3aBu-
CALIUN OT 3TAXXHOCTU 3AaHus, no M. 2.17 npuHuma-
ercst paBHBIM 1; K, — KO3 UIMEHT peryspHOCTH,
onpeAensieMblil 1o M. 2.25, IpuHUMaeTcs paBHbIM 1;
Soik — CpeAHee 3HAUEHUE CEHCMHYECKOW Harpys3Ku,
COOTBETCTBYIOIIEE i-My TOHY COOCTBEHHBIX KoJjebha-
HUM, omnpesenseMoe B MPENoI0oKEHHH YIIPYTroro Je-
(opMHPOBaHHS KOHCTPYKLMH 1O GopMyIie

// / a—\\\ = \\\\—E

Soir= 00k Wi Ksnjx (3)

rae O — Harpy3KH (ITIOCTOSTHHBIE U BPEMEHHEIE), BHI-
3BIBAIOIIIE HHEPIIMOHHYIO CHIIy B TOYKE k, ompene-
msroruecs 1o 1 1.3 KMK; nx — kosdduiment, 3aBu-
CAIUiA OT GopMBI ieopMaliK 3AaHUS TIPU €T0 CBO-
O0OIMHBIX KoJeOaHwsIX, MpuHUMaeTcs . 2.18 u 2.19
KMK.

Heo0xoqumMo yuuTBIBaTh, YTO B TEXHOJOTHHU IIO-
CaJIKil JIETATEIFHBIX allapaToB ceiiyac aKTUBHO HC-
MOJIB3YIOTCSl aMOPTU3aTOP — YCTPOMCTBO JJIs Tallie-
HUS Koebanuil (neMndupoBanus) U NOTIOIICHHUS
TOJTYKOB W YJapOB IOJBIDKHBIX 3JIEMEHTOB (TI0/[BEC-
KM, KOJIEC), a TaK)Ke KOPITyca CaMOro TPaHCIIOPTHOTO
CPEICTBa IOCPECTBOM TPEBPALICHUS] MEXaHUIECKON
SHEpPTrUM JBIKEHUs (KoilebaHui) B TEIUIOBYIO [7-9;
11-14]. CeiicMo3amuTy JIeTaTENBHBIX allapaToB MOXK-
HO YCHJIUBATh JIOTIOJIHUTEIIEHBIM BCTPaUBaHUEM BHYTPH
JeTaTeNbHOTO anmnaparta racureneid (puc 3.), mo3Bo-
JSIOMIMX KHHETUYECKYI0 SHEPTHIO, PHHOCHMYIO Ceii-
CMOHArpy3Koi, MpeBpamaTh B MOTCHINATBHYIO.

n n
ﬂikZszl QJXJ‘/Z 0 X° 4)
J= =

P77 777777777

II

Puc. 3. PacuetHble cxeMbl A1 femrdepa ¥ racuTesst ¢ BO3MOYKHOCTBIO AJIsl yCTaHABIMBAHUS B JIETATENIbHBIX alllapaTax:

1 — cpaBHUTENBHBIE CXEMbI YyCTOHUMBOCTH JIETaTeILHOTO anmapara: 6e3 aemmndepHoro ycrpoiictsa (4) u ¢ gemndepHsM yerpolictBoM (B) [15-16];
O — Harpy3Ka, IPUXOALIASICS Ha coopyskeHue; I — pacueTHast cxema ¢ JMHAMUYECKAM racHTeIeM KOJIeOaHMii [UIst JIETaTe/IbHbIX alllapaTos:
m(x) — IOrOHHAsI Macca KOHCTPYKLHIA; X(X) — OpJHATa HOPMHUPOBAHHON (HOPMBI COOCTBEHHBIX KOJIEOaHHI 10 OCHOBHOMY TOHY (OpJMHATa B TOUKE
I0/[BECA FACUTEIs IPHHUMACTCS PABHOM €IMHMUIIE); /My — Macca KOHCTPYKIHIT K Harpy3Ke, COCPEIOTOYCHHAs! B TOUKE C KOOPAMHATOM Xi;

h — obwiast BEICOTA; /1 — OBIIEee YHCIO COCPEJOTOUCHHBIX Macc Fy, — CHila cyxoro TpeHus B racurene; C, — K03 PHUIUEHT BSI3KOTr0 TPEHHS B raCUTEIIE;
Vi — yckopeHue ocHOBaHuUs NpH 3emiierpsicenuu [17—18]

[Figure 3. Design schemes for the damper and vibration transducer when installed in aircraft:

1— comparative stability schemes of the aircraft: without damper device (4) and with damper device (5) [15—16]; O — the load attributable to the structure;
1I — the design scheme with a dynamic vibration transducer for aircraft: m(x) — the linear mass of structures; X(x) — the ordinate of the normalized
form of natural oscillations in the basic tone (the ordinate at the point suspension of the vibration transducer is assumed to be equal to one);
my— the mass of the structures to the load, concentrated at the point with the coordinate xi; 4 — is the total height;

n — is the total number of concentrated masses; F,, — is the dry friction force in the vibration transducer;

C,— is the coefficient of viscous friction in the vibration transducer; ¥, — acceleration of the base in an earthquake [17-18]]
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Puc. 4. Pacuernas cxema: 4 — cBoOoHBIe KoaeOaHus (¢ neMIIpepoM, racuTeneM U 0e3 3aIliThl);
5 —1 12 dhopmbl cBOOOIHBIX KOJI€OaHUH 3/1aHNUS IIPU UCIIOIB30BAHUH aKTUBHBIX CHCTEM CEHCMO3aIHUTHI:
8 — ocna0ieHne KoeOaH i aKTHBHON CEHCMUYECKON 3aIUTBI; f, — KOB(DHUIMEHT TPEHHS CKOJIBKEHHS IPH HCIIOJIb30BAHUH aKTUBHOM celicMo3anuTsi [14; 17]
[Figure 4. The design scheme: 4 — free oscillations (with damper, vibration transducer and without protection);
b5 — 1 and 2 forms of free oscillations of the building when using active seismic protection systems:
8 — attenuation of oscillations of active seismic protection; f;, — coefficient of sliding friction when using active seismic protection [14; 17]]

Ilpakmuueckuii pacuem. [1jis1 napaMeTpoB 3/a-
HUSl, IPUBEICHHOTO Ha pHC 1, A, pacueTHOe 3HAYCHUE
N« 6e3 ceficmozamuTel — 1,049, mns coyyas ucmosns-
30BaHMs AEMI(EPHOTO YCTPOUCTBA TMjtn — 1,213, s
Clly4dasl UCIOJIb30BaHUs racuteis Niw— 1,104, Ks — xo-
3¢ GUIMEHT, YYUTHIBAIOIIHA TUCCUTIATHBHEIE CBOM-
CTBa KOHCTPYKLUH, MPUHUMAETCS coriacHo 1. 2.16
KMK mno ¢opmyre: o — xkoapduuneHt, onpeaese-
MBI 110 Tabi. 2.7 B 3aBUCUMOCTH OT CEHCMUYHOCTH
IJIOIIAIKA CTPOUTENbCTBA; W; — CIIEKTpalIbHBIM KO-
a¢duMeHT, onpeaenseMslii o 1. 2.14 B 3aBHCUMO-
CTH OT Tlepruoaa cOOCTBEHHBIX KOJIeOaHUN 37aHUS,
B HareM ciydae npuaAT paBHbM 0,83 [10]. [Ipu sTom
B KauecTBE IMEpuoJa HCIOJNB30BaH Mepuoj cBoOoI-
HBIX KOJIeOaHUH, HAWICHHBIA 3KCIIEPUMEHTAIBHBIM
nyteM, To ecth 7= 0,5 cek.

Pacuemnoe 3nauenue:

k= 13,59 kI1a; (0,548 — V8)(0,1+0,7T1); Ks=e, (5)

rae O — JEKPEMEHT KojeOaHus, IPUHUMAEMBIH IO pe-
3yJbTaTaM HAaTYpPHBIX HCIBITAHUH B YIPYTOH CTaauU
3IaHUH (COOPY>KEHHIT), aHATIOTUYHBIX IPOSKTUPYEMOMY.
CoryacHO pe3ysbTaTaM 3KCIIEPUMEHTATIBHBIX JaH-
HBIX, 11 30aans 0e3 memmdepa & = 0,10. s coydas
npuMeHeHus1 aemriepHoro ycrpoiictea & = 0,15. s
ciydast mpumeHenus racurens o = 0,18. T1 — mepuon
COOCTBEHHBIX KOJICOAHW 3MaHUS C YICTOM HCITONb-
30BaHUsI AaKTUBHBIX CEHCMO3AIIUTHBIX CHCTEM, IMPH-

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

HUMaeTcs paBHbM 0,5 cek., Uit 3naHus 0e3 aemrdep-
HBIX cucteM — 0,3 cek. CienoBaTenabHO:

(0,548 —N0,18)(0,1 + 0,7 / N0,5);
Ks acurens) = € = 1,23;
(0,548 —0,15)(0,1 + 0,7 /N0,5);
K5 (rempep) = € = 1,28;
(0,548 —0,10)(0,1 + 0,7 / N0,3);
K (6e3 nemngepa) = € = 1,73.

[ToncTaBuB MOTy4YeHHBIC 3HaUCHUS B (3), orpee-
JIUM, 9TO S, TIpU 8 Oasutax 0e3 aeMIi)epHOro yCTpoii-
cTBa paBHO 5,68 kH, npu ucnonp3oBanuu aemrdep-
Horo ycrpoicTtBa — 6,01 kH, Ha ocHOBe racurens —
6,2 kH.

Brruucnenne Si:

Sik(racmenb) =1x 0,9 X 1,23 = 1,107 KH,
Sik resmep) = 1 % 0,9 x 1,28 = 1,15 xH;
Sik (6e3 3ammTE) — 1 x 0,9 X 1,73 = 1,557 kH.

[MonyueHHbIe AaHHBIC TAFOT BO3MOYKHOCTh BBIUHC-
uTh Ko pumment Ki:

K:’) (racureis) = 0,296 X 14,61 / 1,107 = 3,906;
K; (memmdep) = 0,32 X 14,61 / 1,15 = 4,065,
K3 6es sauwmny = 0,13 X 14,61 /1,557 = 1,219.
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Cxema JeHCTBHS THUIPABINYCCKOTO JIBYXTPYOHOTO
celicMOaMOpTH3aTopa, YCTAHABIMBACMOrO B JieTaTesb-
HBIE aIlapaTsl, IpeacTaBieHa Ha puc. 5 [13; 18].

< o 0o
= l

\
© w w

Puc. 5. [IByxTpyOHBIH THApaBINYSCKUI aMOPTH3ATOP:
A — HarHETAIOIINI CTepXkKEHb; B — BHEILIHss TpyOa;
C — BHYTpeHHsIs TpyOa; D — YIUIOTHSIOIINI TOPIIEHD;
E — nemndupyromast >KUIKOCTh; /' — 0OpaTHEIH KIanaH
[Figure 5. Double tube hydraulic shock absorber:
A — discharge rod; B — external pipe; C — internal pipe;
D — sealing piston; E — damping fluid; F — check valve]

Tlocne omnpenenenus K3 MOHWKEHHBIE 3a CUET MPU-
MEHEHHS IeMII(pEPHON CUCTEMBbI BEJTHYMHBI TOPU3OH-
TaJbHBIX CEHCMUYECKHX HArpy3ok Si, ¢ yU4eTOM KO-
TOPBIX HEOOXOOMMO PacCUUTHIBATH HAA3EMHBIE KOH-
CTPYKLUU 37aHUSA, HAXOJATCS MPHU MOMOILTH (POpMyT
(1) u (3) c 3ameHo#1 3Ha4YeHHH o Ha 3HaYeHne 0.K3 [19].

S[k(racmem,)* = Sik (racurens) X K; (racuTens) — 1,107 x 3,906 = 4,32,
Sik (ﬂeMnd)ep)* = Sik(z[eMmbep) X K3 (memndpep) — 1,15 x 4,065 = 4,67,
Sik (6e3 3aLuym,1)* = Sik (6e3 sampter) < K; (6e3 3amuTh) —

=1,557 x 1,219 =1,899.

3akiIoueHne

YMeHblieHue Sy UIA Cilydash HCIOJIb30BaHUS
JeMI(pEpHOro yCTPOKWCTBA 10 CPAaBHEHHUIO C BapHaH-
TOM 0€3 WCIOJIE30BAHMS CEHCMO3AIIUTHOTO yCTPOi-
ctBa — 4,67 / 1,899 = 2,46 paza. Ilo cpaBHEHHIO C
BapuaHTOM c racutenem — 4,32 / 1,899 = 2,276 pasza.
Takum 00pa3oM, pacueThl MOKA3bIBAIOT, YTO UCTIOIb-
30BaHHE CEMCMO3AIIUTHBIX YCTPOICTB YMEHBIIIAeT KO-
s¢dumment K3 Oonee yem B J1Ba pasza. DTO 00CTOsI-
TEIBCTBO TO3BOJIIET CIIENATh BBIBOJ, YTO TPEIOKEH-
HOE JeMIT(hepHOE YCTPOHCTBO CHIKAET CEHCMIUECKYTO
HarpysKy, MPUXOIAIIYIOCS Ha 3allUIaeMOe COOpy-
JKeHue Ha 1-2 6anna, To ecTh IMOYTH C TaKou ke 3-
(eKTUBHOCTHIO, KaK racuTenu (oraudue Ha § %).
OpHako HEOOXOAUMO YUHTHIBATh, YTO CEOECTOMMOCTh
JeMIn(epHbIX YCTPOHCTB Topa3fo HUXKE MO CpaBHE-
HUIO ¢ racutensimu. Kpome storo, memmdepHbie
YCTpOMCTBa UMEIOT BBICOKYIO CTEIIEHb B3amMO3aMe-
HsieMocTH. J[Jsl yCTIOBUIA e JIeTaTelIbHBIX allapaToB
Haubonee 3(pPEeKTHBHO yCTaHABIUBATh YK€ BHYTPH
He nemrdepbl, a IMEHHO TaCUTeNN CEHCMOHATPY3KH
(puc. 5), Tak Kak B IIaCCH TEXHUYECKH MPETyCMOT-
peHo nemndupoBaHue 3a CYET aMOPTHU3aTOPOB.
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Calculation of seismic qualities of the damper and vibration transducer
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Abstract

The aim of the work. The article aims to determine the most effective seismic
protection devices, as well as their degree of reliability in different conditions.
The method of comparative calculation for determining the quality of seismic protec-
tion devices is given. An example of calculation for the damper and vibration trans-
ducer is carried out. Calculations show that the use of seismic protection devices
reduces the coefficient of K3 more than twice. Seismic protection is an urgent prob-
lem not only in construction, but also in all branches of the technosphere. The option
of using seismic protection devices in aircraft is also considered. Methods. A com-
parative calculation of the behavior of dampers and vibration transducer taking into
account the friction coefficients fr, the sum of vertical loads > O, the total shear
seismic force Y Sa is considered. The diagram of the location of seismic protection
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devices (damper and vibration transducer) under the building is presented, as well as
the options for installation in aircraft are given. Comparative calculations are carried
out with the presence of seismic protection installations and without them. Results.
The total result is given taking into account the change in the value of horizontal
seismic loads Si, which has changed in the range of 2.26-2.46 times. This circum-
stance allows to conclude that the proposed damping device reduces the seismic load,
which falls on the protected structure, by 1-2 points, with almost the same efficiency
as the vibration transducers (difference of 0.3 times).
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Annomayus

IJenu. PaboTa noCBsIIEHa SKCIIEPUMEHTATEHOMY ONPEACIICHUIO TapaMeTpoB
BHYTPEHHETO TpeHUs B Matepuaie. Memoost. BHyTpeHHee TpeHHe U3ydaeTcsl yTeM
PaccCMOTPEHNS 3aTyXaIOIIMX KOJIeOaHI SKCIIEPUMEHTAIBHON YCTaHOBKH, KOTOpast
COCTOUT M3 BEChbMa XXECTKUX JHCKOB U CTAIBHOTO 00pa3sia, HUCIBITHIBAIOIIETO
HAIpPsDKEHHOE COCTOsIHUE, ONM3KOoe K YuCTOMy M3ru0y. Marepuan oOpasia — Ma-
JIOYTJICPOMCTas CTallb, IIONEPEUHOe ceueHHe 00pasiia — TOHKOCTEHHBI KopoOya-
Tei mipodmie. Crioco® 3amucu Kojde0aHWi OCHOBAH HA 3alKMCH MEepeMEICHHUS
IITHA JA3ePHOTO JIy4a Ha 3KPaHe, YTO MOJHOCTHIO HCKIIIOYAaeT MOTePH SHEPIHH,
CBSI3aHHBIE C KOHTAKTOM JJaOOPaTOPHOH YCTAHOBKH C 3aIMCHIBAIOIINM YCTPOHCTBOM.
I[J'lﬂ CB€ICHUA K MUHUMYMY IIOTEPb DHEPIruru B MECTaX KPCIUICHUSA IMPEIJIOKEHO
YCTaHABJIMBATH ONOPHI B TOUKAX MOKOs. TOYKH ITOKOSI ONPEIEISIOTCS P TTOMOLIN
KOHEYHO-3JIEMEHTHOI0 pacyeTa ¢ PacCMOTPCHHEM CBOOOJHBIX KOJICOaHMI Hesa-
KPEIUICHHOW MOJIEINH, YTO M PealM30BaHo B padote. Pezynvmamor. Kak npumep
IPUBOJIATCS KPUBBIE 3aTyXaHUH, KOTOpbIE IEMOHCTPHPYIOT BECbMa MalIbIii Jorapud-
MHYECKHH IEKPEMEHT KOJIeOaHMIA M YaCTOTHYIO HE3aBHCUMOCTh BHYTPEHHETO TPSHHSL.
OCHOBHBIM PE3YJILTATOM PA0OTHI SIBISIOTCA OMPOOOBAHHBIC YCOBEPIIEHCTBOBAHUS
9KCHEPUMEHTABHOH METOIMKH, CPE KOTOPBIX OCHOBHBIM SIBJISIETCSI HCIIOJIB30Ba-
HHE TOYEK HOKOS IS ONPECNICHASI MECT 3aKPEILICHHM JITAO0PaTOPHOH yCTaHOBKHL.

Knioueevie crosa: 3xcniepuMEHTaIbHOE ONPEIEICHUE BHYTPEHHETO TPEHUS
B Marepuaie; j1abopaTopHas 3KCIEpUMEHTalIbHAsl YCTAHOBKA; OIPENEICHUE TO-
YeK TIOKOS METOJOM KOHEUYHBIX 3JIEMEHTOB; MMHHMMHU3ALMA IMOTEPh DHEPIHH B
ONOPHBIX TOYKAX; JIOTapH()MHIECCKHIl TEKPEMEHT KOIeOaHMUi; JYacTOTHAS He3a-
BHCUMOCTb BHYTPEHHETO TPEHUS

BBenenue

BHyTpeHHee TpeHue SIBISETCS BaXKHBIM IapaMeT-
pPOM MaTepHaia, OKa3bIBAIOLUINMM 3HAYUTEIIBHOE BIIM-
SIHUE Ha HalpsHKEHHO-Ie(POPMUPOBAHHOE COCTOSHHE

KOHCTPYKLMH MpU TUHAMUYECKOM HarpyxeHuu [1-3].
Bompocam ydeTta BHYTpeHHETO TPEHHS B HACTOSIIIHIA
MOMEHT yJensercs Oonplioe BHUMaHWE, HamOoiee
4acTO OHO BBOJAUTCS B pacdeT Onaroaaps pazinyHbIM
MAaTEMaTUYECKUM aJropuTMaM U MeTtogukam [4—7].
OnHako N3y4YEeHHIO BHYTPEHHETO COTPOTHBIEHHS OITbIT-

3vinee Bnaoumup Bopucosuy, TOKTOp TEXHUYECKUX Hayk, rpodeccop, HBIM ITyTEM YACIISICTCSI HAMHOIO MEHbIIIC BHUMAHUA [8],

3aBeAyIOIMH Kadeapoil CTPOMTENLHOM MEXaHUKH.

ITnamrnos Ilasen Onezosuy, aciupanr, kadeapa CTPOUTEIILHON MEXaHHUKH.
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OKCNEPUMEHTANBHBIE UCCNELOBAHMA

HECMOTpSI HAa OTCYTCTBHE IOCTATOYHOM IKCIEPUMEH-
TaJbHON 0OOCHOBaHHOCTH MAaTEMaTUYECKHX MOJICTICH.
B nanHoi1 cTaThe MpejioxKEHO ONPEAETATh MapaMeTPhI
BHYTPEHHEI0 CONPOTUBJICHUS MaTepuaia IyTeM pac-
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CMOTPEHUS 3aTyXarIUX KojeOaHui B JIaOOpaTOPHOI
ycTaHoBKe. UTOOBI M3yYHTh HMEHHO CBOWCTBA Marte-
puana, He0OX0ANMO MAaKCHUMAaJIbHO YMEHBIIUTH Tpe-
HUE, CBS3aHHOE C JPYruMu (hakropaMu JeMIpupo-
BaHUS, OCHOBHBIMHU M3 KOTOPHIX SBISIIOTCS: TPEHUE
B OIOPHBIX YaCTAX; PacCcesHUE YHEPTHH Yepe3 OTop-
HBIC YaCTH B BUJC BOJH Je(opMaiuii, yXOAAIIUX B
OCHOBaHHE; TPECHHE B COWICHCHUSX; CHIIBI COMPOTUB-
JICHUS BO3/TyIITHON CPEIbL; CHITBI CONPOTHBIICHHUS B TIPH-
Oopax, 3amuchIBaroNMX KojeOanus. [Ipy BEITIOTHEHUH
sKcriepuMeHToB B sabopatopuu PYT (MUUT) mbr
MPHUIIUTA K HCIIOJNB30BAHUIO TOYEK ITOKOS, KOTOpHIE
TTO3BOJISTIOT OCJIA0WTH TaIlleHre KoJeOaHwit yepe3 ormop-
HBIC YaCTH.

1. MeToauka ucciaeI0BaHuKi

3ajaya 1Mo yCTpaHEeHHIO HETaTHBHOTO BIHISTHHS pac-
MpOCTpaHEHHsI BOJH JeopMAaIiid, HCXOASIIHX OT OIOp-
HBIX 3aKperuIeHHi Tpy KoieOaTebHOM NpoIecce, CBO-
JIJIAach K OIPEJIEICHUI0 MECTOTIOJIOKEHHS TOUEK 10~
kosi. HaxorxaeHre HenoABM)KHBIX TOUYEK KOHCTPYKIIMH
MOTJIO OBITh PEaJM30BaHO PA3IUYHBIMHU CIIOCOOAMH.
Mpl paccMaTpHBaIi MEpBYIO (HOpMy COOCTBEHHBIX KO-
JieOaHni He3aKPEIUICHHONW CHCTEMBI, KOTOPYIO OIpe-
JIeNSUTA C MCIOJIb30BaHHEM METO/a KOHEYHBIX 3Je-
MEHTOB PAaCUYETHBIM ITyTEM, OJTHAKO JaHHAs METO]IH-
Ka B MPUHIWIE CIpaBeIiIuBa M IS IpyTux (hopm
COOCTBEHHBIX KOJICOaHUA.

[Nocne Toro kak hopma cOOCTBEeHHBIX KoNeOaHU
OBLIa TOyYeHa PacCUETHBIM ITyTeM, OCYIIECTBISICS
MOWCK TOYEK KOHCTPYKIIMH, HE UMEIOIINX JINHEIHBIX
nepemMenienuid. Jlanee OyneM Ha3bIBaTh MX TOYKAMHU
nokos. [Ipu pasMemeHnn B 3TUX MeCTaX OIOPHBIX
3aKpeTUIeHHH, IPETSATCTBYOIINX TTOCTYTIaTeIbHBIM TIepe-
MeIIeHHsIM, 00eCIIeUnBACTCSI COXPAHEHUE YacTOThI U
(hOopMBI COOCTBEHHBIX KOJICOAHMIA, a TAKIKE CBEIACHUC
K MUHAMYMY JWHAMHUYECKHX COCTABIISFOIINX OMOPHBIX
peakuuii 1, Kak CieJCTBUE, MOTEPh SHEPTHU 32 CUET
BOJIH, YXOJISIIUX B OCHOBAaHUE.

[NomoxxeHre ToYek TIOKOSL, CIIPABETMBOE TS OJTHON
(hopMBI COOCTBEHHBIX KOJIeOaHUH, HYKIaeTCs B TIepe-
OTIpe/IeIeHUH TIPU paccMOTpeHnH npyrux ¢opm. [lo-
MHMO BBIIIECKA3aHHOTO, CIEAYET elle OTMETUTh, YTO
TOYKH MOKOS OCTAIOTCS HEM3MEHHBIMH JIUIIb TIPH
MaJIBIX JTUHEHHBIX Kosebanusax. Jlanee mepeitaeM K
OTHMCAHUIO HallleH 3KCIIEPUMEHTAIBHON YCTaHOBKH.

YcTaHOBKA COCTOUT M3 HCIIBITYEMOTO CTEPIKHS,
PacIoIOKEHHOTO TOPU30HTANBHO, ¥ TIPUKPETIICHHBIX
K €ro KOHI[aM HJICHTHYHBIX BEChMa JKECTKUX CTajlb-
HBIX UT. [lomepednoe cedyeHne crepikHs KopobOya-
TO€, 4X2 cM, ¢ ToinuMHOM cTeHoK 1,5 MM. XKectkue
TUTMTHI UMEFOT TONIIMHY 5,5 ¢M 1 Maccy 71 Kr kakaasi.
OObeMHEHNE CTEPXKHS U TUTUT TMPOUCXOTUT MPUTSI-

400

TUBaHHEM APYT K JApyry mmnuibkamu M12 uepes
HaKJIaJaK{A TOJIIUHON 16 MM.

BryTpHn o6pazma ¢ KopoOJaTeM TOTIEPETHBIM Ce-
YEeHHEM TOMEIIAIOTCS CTaJbHbIe BCTABKH, M3TOTOBJICH-
HBIE TOYHO I10 pa3MepaM BHYTPEHHEH MOoIocTH o0pasia
C TAKUM PacdeToM, YTOOBI IIPH 3aTATUBAHUH IITIHIIEK
BEPXHSS W HWKHASA TOJIKH 00paslia CXXUMAaNCh U
CO3J1aBaJIOCh KperuieHue, OJI13Koe K TIyXO0i 3ajernke.

Hcnonb3oBancs crepskeHb AIMHOM mposieta 278 cM.
OObeMHEHHAsT KOHCTPYKIHS BBIBEIIMBAIACH HA CTATb-
HBIX KaHaTax, KOTOpbIe 00ecreynBaIi BO3MOKHOCTh
HeOOJBIINX TMPOJONIFHBIX TIepeMeIIeHHIH, HEN30EKHBIX
pu m3rude oOpasma. ITo 00YCIOBICEHO TEM, UTO B
pearbHOM JKCIIEPUMEHTE MBI BCETAa UMEEM Malble,
HO BCe )K€ KOHEYHbIe TiepeMeleHns. Ecim nomycTuTs,
9T0 00pazel] M3rudaeTCst Mo OKPY>KHOCTH, U TIPH 3TOM B
KpaifHUX BOJIOKHAaX BO3HUKAET HAIPSHKCHUE TIOPSIKA
2000 Kr/cM%, TO MOYKHO OMpeIeTHTh COMIKEHNE Kpaii-
HUX TOuYeK oOpasma. HecnoxxHbIe BBEIUMCICHUS TPU-
BOIAT K 3Ha4YeHMIO Topsaka 0,9 cM s cOnmKkeHus
KpailHuX B MPOJIETE TOYEK 3a CUET UCKPUBJICHUS €r0
ocru. OTMETHM, YTO JTMHEHHBINA pacyeT HUKaK He (PUK-
CHpYET 3TO TepeMeIIeHne, U OHO Oy/IeT yMEHbIIAaTh-
Csl ¢ YMEHBILICHHEM aMIUTUTY bl KOJIeOaHNH.

B MecTax KperuieHns: TpOCcOB K IUIUTaM TIPH KoJie-
OaHMSIX Taroke Oy/leT BO3HUKATh HeXeJaTelbHas yTed-
Ka DHEpruH 3a CYeT UX M3ruda, Mo3ITOMY ISl KCIIe-
pUMEeHTa OBbUIH CMOHTHUPOBAHBI OJIOKH C ITOALIMITHH-
KaMH KayeHWsl, HA KOTOpPbIE 0/IEBAIINCh TPOCHL.

Jnst naHHOW SKCHEpUMEHTAIbHONW yCTaHOBKHU
MpeIyCMOTpeHa BO3MOXKHOCTh U3MEHEHUSI JJIMHBI TIPO-
nera oOpasiia, a TaKke JOOaBIeHHS JOMOTHUTEIEHBIX
Macc, KOTOPBIE KPEMsATCsS K JKeCTKUM IUIHTaM depes
LINMWIBKH ¢ raiikamu. CucreMa NpucoenHeHus 00-
pasia K IUIMTaM MO3BOJISIET UCTIONB30BATh CTEPIKHU C
JIPYTHMHU pa3MepaMH IMOTIEPEYHOTO CEUSHISI.

YcTaHOBKa MO3BOJISET CABUTATh TOYKU TOJBECA
[0 TOPU30HTANIHN, YTO AAaeT BO3MOXKHOCTH YCTaHABIIH-
BaTh UX B TOukax mokos. [Ipu moboit Mogudukammm
[IEPBOHAYAIFHON CHCTEMBI HEM30EKHO MEHSIOTCS Ya-
crota u ¢opma COOCTBEHHBIX KOJE€OaHHUH U, Cileno-
BaTeNbHO, MOJOKEHHE TOYEK TIOKOsI, KOTOPOE TIPUJIET-
Csl OTIPEACTTUTH HOBBIM PACUETOM.

KomnbioTepHass Moaens yCTaHOBKU M HCCIEAY-
emas (¢opma KosebaHui MprUBeAEHHI Ha puc. 1.

Hanuuue TpeHus o BO3AyX mpu KoyieOaHUAX
KOHCTPYKITUH BBI3BIBACT HEXXENATEIHFHOE 3aTyXaHHe.
OrneHka BEeJIMYMHBI BIUSHUS CONPOTUBICHUS CPEbI
ObLTa mpowm3BeneHa B paboTe [9] mpu moMOIIN Yric-
JICHHOTO MOJEITUPOBAHMS HETMHEHHBIX KOJCOAHMIA.
CxeMa KperureHuss KopoOdaToro odpasma B pabdore [9]
OblUIa KOHCOJBHOM, OJJHAKO cedeHue obOpasia ObLIo
TEM JKe, UTO U B Hacrosmie padote. Takxke Onu3Ku-
MU OBLIM M YaCTOTHI 3aTyXalolux KojieOanuii. Bce
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9TO MO3BOJISIET BBHICKA3aTh MPEANONIOKEHHE O TOM, UTO
CHUJIaMH COTIPOTHBIICHHS BO3/IyXa B pacCCMaTpUBACMOM
3/IeCh clydae MOXKHO MpeHeOpeys WiIH, 1o KpaitHel
Mepe, OLICHUBATh UX KaK NPEHEOPEKUMO MaJIbIe.

Taroke TONONHUTENBHOE PacCesTHAE SHEPTHH MOYKET
BO3HUKATh TIPH 3aITHCH TIporiecca 3aTyxanus. [lpn wc-
IMOJI30BAHUH PA3JINYHBIX 3allMCBIBAIOIINX yCTpOﬁCTB
MPOUCXOJUT KOHTAKT 3TOTO YCTPOHCTBA ¢ 00pa3iom,
YTO CKa3bIBaeTCS Ha BCEM KOJIeOaTeTbHOM ITPOIIECcCe.
B nammx OKCIIEPUMEHTAX Mbl HCIOJB3YEM OITHYC-
CKHI METOJT — JIa3epHas yKa3Kka MpoenupyeT kKoyieda-
HUS Ha 9KpaH, IPU 3TOM HUKaKUM 00pa3oM He BIHAS
Ha 3aTyXaHHe.

Puc. 1. Dopma coOCTBEHHBIX KOJICOAHHUH,
HCIOJIb3yeMasi B IKCIIEPHMEHTAX
[Figure 1. The form of natural oscillations used in experiments]

®dopma xonebanwii, U3ydaeMas B SKCIIEpUMEHTAX,
npuBenieHa Ha puc. 1. YToObI ompenenuTh MoIoKeHne
HETIOJIBIXKHBIX TOYEK CUCTEMBI, OBLIO BBIIIOJIHEHO MO-
JIETMPOBaHNEe KOHCTPYKIIMH B TPOrPAMMHO-PACIETHOM
komiuiekce Femap with NX Nastran. Oco0eHHOCTBIO
MOJICTIH SIBJISICTCSI OTCYTCTBHE B HEH OMOPHBIX 3aKpeTI-
nennit. COCTOMT MOJIEeNb U3 CTepKHEBBIX (bar) W rmiac-
TUHYATHIX (plate) KOHEUHBIX JIEMEHTOB Pa3MepoM 4 MM.
Bcero monens Brirouaer B ce0sa 26 204 KOHEUHBIX
JJIEMEHTA.

Touka nokos
[Fixed point]

Puc. 2. ®parMeHT KOHCTPYKIMH C TOYKOH TIOKOSI, KOTOpas
JIETKO OTIPENEIACTCS IPH PACCMOTPEHHU POPMBI KoNeOaHui
[Figure 2. A fragment of a construction with a fixed point
that is easily determined by considering the form of
natural oscillations]

ITouck Touek NOKOs MPOBOAWIICS BU3YyAJIbHO IIpU
paccMOTpeHUHN aHUMAalH COOCTBEHHBIX KoJeOaHW

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

HCCIIeyeMOl ()OPMBI C MHOTOKPATHBIM YBEIHUYCHU-
eM Mmacirada n3o0paxeHus. HaiiieHHbIe HEToIBIX-
HbIE€ TOYKH MO BBICOTE HAXOAWINCH MPAKTUUECKHU HA
HEUTPAJIbBHOW OCH HCHBITBIBAEMOTO CTEpKH. Dpar-
MEHT KOoJIeO0aHWN KOHCTPYKIIMH MPU ONpPEIelICHUH
MOJIOXKEHUSI TOUYKH MOKOS MOKa3aH Ha puc. 2.

CxeMa dKCIIEpUMEHTATHHOW YCTAaHOBKU IPUBE-
JieHa Ha puc. 3.

Oxpan
170

278 em

Puc. 3. DxcnepuMeHTanbHas yCTaHOBKA, ITOIBEIICHHAS
Ha Tpocax (paccTOsIHHE 10 SKpaHa Ha PHCYHKE JaHO He B MaciuTabe)
[Figure 3. Experimental model hanging on steel cables
(the distance to the screen in the figure is not giving in scale)]

BepTukanbHbIil 5KpaH pacroyiokeH Ha paccTos-
HAW 12 M 10 HapaBIICHUIO BIOIH CTEPIKHS OT OJFK-
HEH K 9KpaHy TOYKH MOKOSA. DKpaH pacuepueH C Iia-
roM B 10 cm Mexay otmetkamu —170 u 170 cm.

[Ipu BBIBeIEHWH CTEP)KHS W3 TOJOXXKEHUS PaB-
HOBECHSI 10 MCCIIeyeMoi (hopMe B HEM TOSBISAETCS
nedopmanus, BecbMa ONM3Kas K YUCTOMY H3THOY,
YTO OBLJIO MPOBEPEHO PaCUETHBIM ITyTeM. Takxke ObI-
JIO OTMPEJENICHO, YTO, KOT/a JIa3epHOe IMATHO Momaja-
eT Ha oTMeTKy 170 cM, B KpaifHUX BOJIOKHaX 00pa3-
11a BO3HHKAIOT Hanpskenus 2000 kr/cm”. B kauecTse
pacdeTHOTro JOIyIIEHUS! MBI IPUHSUIA, YTO YTOJ T0-
BOPOTa TOUYKH I10/IBECA MPOMOPIIHOHATIEH CMEIIEHUIO
JIa3€pHOTO IATHA HA 3KpaHE M0 BEPTHKAJM NP paB-
HOMEpHO pacuepueHHOH mikane. [luranue mazepa ocy-
MIECTBIIUIOCH OT OaTapew, TaKUM 00pa3oM KoyieOaHus
HE CTECHSJINCH ITPOBOIAMHU.

Kak HenmocraTtok paccMaTpuBaeMoOil METOIUKH
MOKHO OTMETUTh TO OOCTOSITEIILCTBO, YTO OOpaser
HMMEET CTeHKH, B Mpe/enax KOTOPBIX 3IM0pa MEHAETCS
T10 JINHETHOMY 3aKOHY, YTO MPUBOAUT K 3aHUKEHUIO
rmapaMeTpoB JeMIiprpoBaHus Matepuana. Wmean, k ko-
TOPOMY HaJ0 CTPEMHTHCS, UMEET MECTO MPH OIHOOC-
HOM pacTsbkeHuHU. PaccmMaTpuBaemblii HAMHM UYHCTBIN
M3TUO JUIIE TPUOIMKAECTCA K STOMY HJealy.

Jlaee BBIMOJHSCTCS 3alWCh JBIKEHHS JIA3EPHOTO
JIy4a Ha BHJIeOKaMepy. 3alvcaHHble KOJIeOaH!s UMEIOT
4acTOTY, XOpOLIO COBIMAAAIONIYI0 C TEOPETHUECKO,
YTO TOATBEP)KAAET YyIOBJIETBOPUTEIBHOE KadeCTBO
SKCIIEPUMEHTATIBHONH (OPMBI M KOHEYHO-3JIEMEHTHOM
monaenu. Crmoco6 3amucu KojeOaHWi, OMMCAHHEIN
BBIIIIe, paHee ObLT MCIIONIB30BaH B padorax [9; 10].
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2. Pe3yabTaThl HCCJIeT0BAHUI

bruto mpoBeneHo ABa 3KCIIEpUMEHTA IS TMHBL
npojera ctepxkus 278 cM. Bo BTopom ciiydyae Mbl
YMEHBIIAIN YacTOTy COOCTBEHHBIX KOJIEOaHUH myTeM
noOaBieHHs TPY30B K cucteMe. I'py3sl o 5 Kr kpe-
MWIACH K JKECTKUM IUINTaM MPH MOMOIIHM IINUJIEK H
IJIOTHO IPUTATUBANIUCH raiikaMu. Ha kaxyro ity
Obu10 HaBemeHo 1o 40 kr. [Tocne 3Toro ToUKH NOKOs
BBICTABIISUIMCH B HOBOE TOJIOKEHHE.
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Puc. 4. I'padux 3aryxanus KojaeOaHui KOHCTPYKIMH IPH
v1° = 2,22 I'y (ycTaHOBKa 6€3 TOTOTHUTENIBHBIX TPY30B)
[Figure 4. The graph of the damped oscillations at frequency
vi® = 2,22 Hz (model without additional weights)]
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Puc. 5. I'padux 3aryxanus KoneOaHUH KOHCTPYKIIUH
mpu v2° = 1,58 'y (ycTaHOBKA C MOMIOTHUTEILHEIMU IPY3aMH)
[Figure 5. The graph of the damped oscillations at frequency

= 1,58 Hz (model with additional weights)]

ITocne ananuza Bueo3anucelt ObIIH MOCTPOESHBI
rpaduKy 3aTyxaHus A nepBoix 40 nUKIOB Koeba-
HUH 15 oboux cimydaeB. ['paduiku mpeacTaBiIeHbl Ha
puc. 4 u 5. Taxxe ObUIH TOTYYEHBI IKCIIEPUMEHTANb-
HBIE 3HAUCHUS TEXHUUECKUX YaCTOT COOCTBEHHBIX KO-
neGaHui ist MBYX ciydaeB. OHHM OKa3alluCh PaBHBI
v’ = 2,22 I'm, v2° = 1,58 I'it. PasHoCTh 9acToT, Kak
BHUIHO, JOCTATOYHO 3HAYUTCIBbHAA AJIs TOTO, 4TOOBI
MOIJIa MPOSBUTHCA YaCTOTHAs 3aBUCUMOCTH BHYTPEH-
HEro TPEHUs B COOTBETCTBUU C Teopueil doiirra.

ITo rpadukam BHIHO, YTO 3aTyXaHUE KoJcOaHUI
NpOHCXOAMUT cnabo. B 00omxX paccMOTpEHHBIX CIy-
YasiX aMIUTMTY/Ia 33 OJMH LUK yOBIBaeT MEHEe YeM
Ha 1 % (= 0,9 %). OTO TOBOPHUT O TOM, UTO JTOJIS 3a-
TyXaHHs, OTHOCSIIASACS K BHYTPEHHEMY CONPOTHBIIE-
HUIO MaTepuala, ecTb KpaifHe HeOOoIbIIas BEIMIHHA.
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JlorapudmMuueckue IEKpPEMEHTHl C OCpEaHe-
HI/IGM o nepBbM 40 IUKIaM 0Ka3ajuCh PaBHBIMHU
81" =0,0076, 3,* = 0,0082. Otcrona MOXKHO caenaTh
BBIBOJI, YTO BEJIMYHHA JIOTapu()MHYECKOTO JICKPEMEHTA
IIOYTH HE 3aBUCHUT OT YaCTOTHI KOJeOaHHA, 9TO TPO-
TUBOpEUUT runoreze Doilrra, 4To TakKe OTMEYAIOCH
psaaoMm crenmamuctos [11-15]. Kpome Toro, npu cuib-
HOM YMCHBIIICHUHM aMIUIATYIbl JICKPEMEHT KoieOa-
HUN pe3ko yMmeHblmaerca. OTMEeTHM, 4TO B 000WX
HCCIIEIOBAHHBIX CIy4asxX IOJIHOE 3aTyXaHHe KoJie-
OaHuii He HacTynano u yepe3 10 MUHYT HaOIIOCHUS
(B 3TOT MOMEHT BPEMEHH 3aITUCh MPEKPAIANIACh).

BriBoabI

Touky MOKOS JIETKO OMPEACISAIOTCS TeOpeTHYE-
CKUM ITyTeM, ¥ UX WUCTOJIH30BAHHE MOXXHO PEKOMEH-
JIOBATh B DKCIIEPUMEHTAX MO BHYTPEHHEMY TPEHHIO.

Jns oObIYHON MaoyTJIEpOJUCTON CTanmu AeKpe-
MEHT KoJicOaHui oka3zancs HeOoabpmmM (okosio 0,008)
Y TIPAaKTHYECKH HE3aBUCHMBIM OT YaCTOTHI KOJIEOaHHI
TIPY MaKCUMAJTHHBIX HAIPSHKECHISIX ITAKIIA TIOPSIKA TIpe-
JieTa YIPyrOCTH.
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Abstract
The aim of the work. The work is devoted to experimental research of internal

friction parameters of the material. Methods. The research of internal friction is car-
ried out by consideration of damped oscillations of the experimental system that con-
sist of rigid plates and a specimen in a state of pure bending. We propose to locate
bearings in the fixed points to minimize energy losses in support fastenings. Fixed
points are determined by using a finite element complex with consideration of free
oscillations of the loose model. Results. Damping curves were determined, which
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demonstrate a very small logarithmic decrement of oscillations and frequency inde-
pendence of inertial friction. The main result of the work is the tested improvements
of the experimental technique, among which the main one is the use of fixed points
for determining the places of fastening of the laboratory installation
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