Jleknua Nel6
Tema BBITAKKA THJTHH/IPHYECKHUX JIETAJIEH C YTOHEHHEM
CTEHKH
Ilnan nekyuu: Qonacmo npumeneHus, Mexanum oehopmuposanus,
HANPANCEHHO-0ehopMUposanHoe coCmosnue, pamepol 3a20no6Ku, ycuiue,
cmenensb degpopmauuu, npeoesibHoe COCHoAHUE
BBITSDKKA ¢ YTOHEHHMEM CTCHKHA TNPUMEHSCTCS JUIS IOJIyYeHHS BBICOKHX
MyCTOTENBIX JIeTANICH WM IMOy(haOpHUKaToB, Y KOTOPHIX TOJIIIWHA JTHA OOJIBIIIC
TOJIIIMHBI CTCHKU. BBITSDKKA ¢ YTOHEHHEM OCYIIECTBISCTCS TMPOTITHBAHUEM
3arOTOBKH B BHJIC KOJIITAYKa (ITOJIYYCHHOTO BBITSIKKON MM KaKUM-JIHOO APYTUM
criocoboM) dYepe3 MaTpHIly, IPH ATOM 3a30p Z MEXIy IyaHCOHOM M MaTpuIleH
JIOJDKEH OBITh MEHbIIIE TOJIIUHBI CTEHKH 3aroToBKH Z = (Dy — Da)/2 < s. JlanHbIM
CIIOCOOOM BBITSDKKM TONMYYarOT JeTanu ¢ mosieM pomycka h9— hl2. [Jomyck nHa
TOJIIIMHY CTEHKHU cocTaBisieT 15—25 % HOMHHAIBHON TOJIIMHBI CTEHKH, JOITYCK
Ha BBICOTY noiryadpukata — 10 15 % ero BBICOTHI.
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Puc. 8.46. Ouar muacTudeckoi aedopmariyu, ero HanpsoKeHHOE CoCTosTHuE (a)
U CXeMa JIUCTBUS BHEUTHUX CUJI (0) IPU BBITSIKKE C YTOHEHUEM CTEHKHU

B mporiecce BBITSKKH ¢ yTOHEHHUEM MPOUCXOIUT YMEHBIIICHHE TTEPBOHAYATBHON
TOJIIIMHBI CTEHKW 3arOTOBKH TPH OTHOCUTEIHHO HEOOJBIIOM YMEHBIICHHH €€
JMaMeTpa. 3a OJIHY OIEpalMi0 MOXHO MOJYy4YUTh MOTyPadpuKaT 3HAUYUTEIIBHO
OOJBIIIEH BBICOTHI, YEM TIPU BBITSHKKE 0€3 YTOHEHHUSI.

[Tpu BBITSDKKE ¢ yTOHEHHUEM OYar IIacTUYeCKoi nedopMariui HaXOUTCs B 30HE
YMEHBIIICHUS TONIMIUHBI 3ar0TOBKUA. OH MaJ 10 CpaBHEHUIO C APYTUMH pazMepamMu
nosydabprkata ¥ OrpaHMYEH C O0EuX CTOPOH YHpyroaehopMHUPOBAHHBIMU
yuacTkamu (puc. 8.46, a).

BoITsSDKKA € yTOHEHHEM  MPOMCXOAUT B YCIOBHSX OOBEMHOro  Jie-
dbopmupoBaHHOro cocrosinua. OAHAKO, €ClAM Yy4ecTb, YTO OTHOCHUTEIIbHOE
YMEHBIIEHUE JHAMETpa Majo M0 CpaBHEHUIO ¢ JAedopMalMsIMU B OCEBOM



(yBeqMU€HUE JUIMHBI) U paAuaibHOM (YMEHBIIEHUE TOJIIUHBI CTEHKH)
HaIpaBJICHUSX, TO 0€3 0OJBLION MOrPEIHOCTH MOXHO CUMTATh, YTO BBITSIKKA C
YTOHEHUEM  MPOUCXOJAUT B  YCIOBUSAX  IUIOCKOTO  OCECUMMETPUYHOTO
1e(OPMUPOBAHHOTO COCTOSIHHUS.

[Ipu nepopmMupoBaHUM >3IEMEHTAPHOTO OOBEMA, BBIJICIEHHOTO B OYare
nedopManuy, BO3HUKAIOT HOPMAaJbHBbIE pACTATUBAIOLUINE 0, HOPMAaJIbHbIE
COKMMAIOILIUE Oy, OKPY’KHBIE CKUMAIOLLUE Oy U KacaTeJIbHbIE T HAIPSXKEHUs (CM. pHC.
8.46, a). Takum o0pa3om, MPH BHITSHKKE C YTOHEHUEM HAIPSHKEHHOE COCTOSTHUE —
00BbEMHOE.

[Ipy BBHITSDKKE 3aroToBKa CKOJIB3UT OTHOCHUTENIBHO ITyaHCOHa (BBEpX), B
pe3yiapTaTe 4Yero BO3HUKAIOT KOHTAKTHBIE CHJIBI TPEHHs, JACUCTBYIOIIHE B
HAIpaBJICHUU JIBIDKEHUs TMyaHcoHa. (OJHOBPEMEHHO 3aroTOBKa CKOJIb3HT
OTHOCHTENIFHO MAaTpUIbl B HANpaBICHUM JBIKCHUS IIyaHCOHA, TIPU OSTOM
BO3HUKAIOT  KOHTAKTHbIE  CHJIbI  TPEHMs, HAlpaBJICHHbIE B  CTOPOHY,
IIPOTUBOIOJIOKHYIO HAIIPaBJICHUIO IBUKEHUS ITyaHCOHA.

Cuibl TpeHHsI Ha TTOBEPXHOCTH KOHTAKTa 3arOTOBKU U IyaHCOHA Pa3rpyKaroT
OMaCHOE CEYEHHE, YMEHbIlas pacTATUBAIOIINE HANpsKeHUs g,. CuUibl TpEeHUS Ha
NOBEPXHOCTU KOHTaKTa 3arOTOBKM M MAaTpPUIbl CIIOCOOCTBYIOT YBEJIMYEHHUIO
PaCTATMBAIOIINX HAMPSKEHUH 0.

Oco0eHHOCTh HAPSYKEHHOTO COCTOSIHUS ITPU BBITSKKE C YTOHEHHEM 3aKJIF0UaeTCsl
B TOM, YTO KacaTeJIbHbIC HAMPSKEHHSI T HAa TTIOBEPXHOCTH KOHTAKTA 3arOTOBKH
MaTpPUIIbI ¥ TyaHCOHA HAMPABJICHBI B Pa3HbIE CTOPOHBI M CKUMATOIIHNE
HANPSDKEHUS 0, TI0 aOCOTIOTHOMY 3HAUYEHHUIO BETTUKU MO0 CPABHEHHIO C
HaNpsDKEHUSIMU T, 0, U 0. PaccMoTpeHHas 0cOOEHHOCTh HAIPSKEHHOT'O COCTOSIHUS
ouara racTU4ecKoi neopMaliu — OCHOBHAS IPUYMHA TOTO, YTO JOIyCKaeMas
CTETEeHb JieOpMaIH TPU BRITSDKKE C YTOHEHHEM BBIIIIE, YEM MPH BBITSIKKE 0e3
YTOHEHUS CTEHKH.

BoisicHum MexaHu3M 1eOpMUPOBaHUS P BBITSIKKE C YTOHEHUEM C YUETOM
BJIMSIHUSL OCHOBHBIX (DAaKTOPOB M CTPEMJICHHUS IMOJYYUTh MAaKCHUMAJIbHO IMPOCTHIE
3aBHCHUMOCTH C TOMOUIbIO MPUOIMKEHHOT0 MeTo1a padboT. PaccmMoTpum mporecc Ha
JTalme  yCTaHOBUBIUETOCS  JAehopMHpOBaHMs, a  COCTaBisioOUIMe  pabOThI
nedopMUpOBaHUs HaWIEeM Kak CpelHue Ui Bcero nedopmupyemMoro odbema.
OCHOBHBIE COCTaBJISIONIME PAaOOT NPU BHITSHKKE C YTOHEHHMEM BHYTPEHHHUX CHII,
CO3/1aBa€MbIX HAMPSIKCHHUSIMH Op U Op, @ TaK K€ KacaTeJIbHBIMU HAMPSDKEHUSIMHU,
JNeHCTBYIOIIMMU B oyare JedopManud B pagdalbHOM W TaHT€HLHMAJIbHOM
HaNpPsHKEHUU.

1) BHemiHue CHIBI — 3TO IyaHCOH JABHT Ha JIOHBIIIKO, CO3/IaCT B CTEHKAaX

MPOTSHYTOMN YaCcTH 3arOTOBKU PACTATHBAIOIIEE HANIPSHKEHHUE O.

T.k. dA, =0, -F-dh—jgaer s1neMeHTapHyr0 paboTy TAHYIIEH CUIIBL.

2) paboTa cuj TepHUS U3 HAPYKHOU MMOBEPXHOCTH.
3) paboTa cui TpeHusl Ha BHYTPEHHEH MMOBEPXHOCTU 3arOTOBKHU.
C yueToM CKa3aHHOTO YCJIOBHUS PaBEHCTBA PaOOT BHEUIHUX U BHYTPEHHUX CHJI IS
paccMaTpuBaeMoro mpoiecca
dAaZ - dAmp.M. - dAmp.n. = dAo‘,, + dAch +dA +dA,, ; +dA,, (1)



Haiinem BeTWYUHBI OTAEIBHBIX COCTABIISIIOIINX, BXOASAIIUX B paBeHCTBO (1).
Cnengyer ormeruth, uto 3Hauenus g ( 0,1, T.x. xopomas cmaszka. [lorTomy
HANPSDKEHUE 7B Paj. U TAHT€H. HAIIPABJIICHUAX CPABHUTEIIBHO MAJIbI.

HerpyaHo 3aMeTUTB, 4TO

dA, +dA, +dA =dA, -TIpeaCTaBIsAET coboif paboty dopMoU3MEHEHUs, KOTOpasl

OTpEAEIACTCS
A, ZIII(GigidV) (@)

rie V — o6bem ouara gedopMarium.
Ecau npuHATh, 4TO yIPpOYHEHHUE OTCYTCTBYET, TO HHTEHCUBHOCTH HAIPSKCHUM
o= os=const.
Y4uThIBasi, 4TO CIBUTOBBIC AehOPMAIIHH MaJIbl, MOYKHO TIPUHSTH U3 CXEMBI TUIOCKON
nehopMalui—> &, = —&, — ABIAETCA INIABHBIMU JTUHEHHBIMU J€hOpMaMAMU

TO & = o =1,15€Q

V3
OmpenenseMm ¢, u dV.,
Ecnmu cMemenre Touek B paJiaibHOM HaIpPaBJICHHUH MPU p = r 0003HAYUTH Yepes
dh, , To panranbHOE CMEIIEHNUE TOUYEK JISKAITUX Ha TIPOU3BOJILHOM paguyce o OyaeT
paBHO

r
dh, = —dh, .

o,

Torna nepopmanus &, MOXKET ObITh HalICHA 110 BENUYMHE cMelIeHus dh,

dh
:_p:L:dhr
p P

O4eBuIHO, YTO IEMEHTAPHBIH 00BEM JTFO00TO IJIEMEHTA PaBEH

dV = pa-dp.
[Tocre mocTaHOBKY HalACHHBIX BeTMUWH N (2) ¥ BEIHECEHUS TTOCTOSHHBIX BEJTUYHH
r,dh,, o 3a 3nak uHTErpaa

&g

R
dA, =1150crdnr[ % = 1150 ardhrin ®.
L P r

Jlns ynpolieHus mpuMeM, 4To peieHue WET M0 TUIOTE3€ Max KacaT. HalPsyKSHUSL.
Torna 1,15 He Hy)XeH

dA, = asa.rdhrlng.

JInst oThICKaHUS pabOT CUJT TPEHUST HEOOXOIUMO OIICHUTH BEIIMYUHBI CMEIICHUN B
pax-oM HampabieHHH. Ha KOHTaKTHBIX IMOBEPXHOCTAX MATPHUIBI M ITyaHCOHA
cMeinenre dh, TOYEK 3ar0TOBKM OTHOCHTEIBHO MATPHIIBl YMEHBILAECTCS OT

r
dh, (npu.p =r)oo.dh, = Edhr (npu.p =R).
CMCH_ICHI/IG TOYCK 3arOTOBKM OTHOCHTCIIBHO ITYaHCOHA OIIPCACIACTCA

r
dh, = dh, —dh, =—(L——)dhn



Pa3HOCTBIO CMEIIEHHUI TOYEK 3arOTOBKH U TOUYEK ITyaHCOHA, 3HAK (-) YKa3bIBAET, YTO
HAaITp. CMEIIEHUI TOUEK 3arOTOBKM OTHOCUTEINILHO ITyaHCOHAa 00paTHO HAIIPABJICHUIO
CMENICHUS TOYEK 3aTOTOBKU OTHOCUTEIILHO TTOB-TH MaTPHUIIbI.

PaboTy cui TpeHus onpenenum, Kak Mpou3Be/ICHUE BEIMUUHbBI CPEAHEH s
KOHTaKTHOW MMOBEPXHOCTHU CUJIaM TPEHHUS Ha BEIMYMHY CPEIHETO NIEPEMEIICHHUS.
[Tocne coBM. pelieHust ypaBHEHUS PaBHbI U MJIACTUYHOCTH

c,=0; InE;.aQ =-0(1- LE)
p p

CpeaAHCC HAIIPAKCHUC
1 R
o, =—os(1-=In—
O s ( 2 r)

cpeaHee CMEIICHUE Ha Hapy>I<H0171 IMOBEPXHOCTHU
dh, +dh r.dh
dhw =" R =-(1+-)—

' 2 R™ 2
HCHOJ’IBSY}I YKa3aHHBIE COOTHOIIIEHUS W NpPUHHMAasg BO BHHUMaHHE, YTO JUIMHA
KOHKPETHOT'O yqaCTKa=R-r U YYUTBIBas, 4YTO CWJIa TPECHUS paBHA IIPOU3BEIAECHUIO
HOpPMaJIbHOM CHJIBbI Ha Koatb(bHuI/IeHT TPEHUSI UMEEM:

1. R r
—In—=)(R-r)@+—)dh,
2 r R
AHaJIOTUYHO HAUJIEM pa60Ty 110 ITyaHCOHY, YYHUTEIBAsA, YTO CpEAHES IIEPEMEIICHUE
TOYEK 3arOTOBKHU I10 IYaHCOHY PaBHO CPEIHEMY apI/I(bMeTI/ILIeCKOMy
r
0-(1-—)dh
dh, +dhg, r

dheh, = - R™ " __q_rydn
2 2 R’ 2

dAmA, = ua—;(l—

C y4eToM CKa3aHHOTO, IIOJIy4aeM:
o 1. R r
dAmn =—pu=5(1-=In—)(R-r)1-—)dh,
2 2 r R
Teneps ompenensieM BeIMYMHY pabOTHI CABUra Ha rpaHulax ouyara aedopmanuu
O
Tg =—>.
2
Ecnu cuurtaTh, 4TO CMeENIeHHME TOYeK B odyare JedopMmaivi MNPOUCXOJUT B
panuaIbHBIX HAMPSKSHHUSIX TO M3MEHEHHE X Ha yroa Q mpu nepexoje u3 yrnpyrou
o0JacTM B IUIACTUYECKYIO, a HAo0OpOT, TO CMEUICHUE OIpeAessieTcs U3
r€OMETPUYECKUX COOOPAKEHUI

dh, =dhstgd u dh, =dhtgo

B sTux ycnoBusx pabGoTa clIBura 1o rpaHuiiaMm odara jaed-1uu: MPOU3BEACHUS
CYMMApHOTO YCUJIUS CABUTA HA CPEAHIOI0 BEJTMUNHY TAHTEHII. CMEIICHUS

dA

co6.R

=% Radhtg? = TS RaLdhtg® =5 radhtg s
2 2 2 ‘R "2 72 2
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[Tocne noacranoBku B (1)
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Ecmu npussth, uto dA, =0,S,dh 1 yCTaHOBUTH CBsI3b MeX Ty dh u dh, U3 ycioBus

NnoCTOsTHHOTO 00bema S,dh=ra.dh,; dA, =o,radh,.
ITocnie mojcTanoBku dA, B ypaBHEHHWE () M COKpamias Ha ra.dh, moixy4yaem
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Yceunue nepopmanuu
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HanpspkeHus, BO3HUKAIONIUE B CTEHKAX MPOTSIHYTOW YacTH 3arOTOBKH B ITEPHO.T
YCTaHOBUBIIETOCS J1e(hOPMHUPOBAHMS, ONMPEACIISAIOT, MCIOIb3YsS OJWH M3 METOIOB
peIICHUs 33Ja4M O IUIAaCTHYeCKOM (POPMOU3MEHEHHH, a UIMEHHO — METOJ padoT,
METO/T JINHUN CKOJIbXKCHHMSI, METOJT BEPXHEH OICHKH, METO KOHECYHBIX JJIEMEHTOB
(MK?9) u ap.

[TpuBenem Qopmyay s ONpEISICHUS HAWOOJBIIETO PACTATHBAIOIIETO
HaNpsOKEHUST B OCEBOM HAIPABJICHWW IPH BBITSDKKE C YTOHCHHWEM CTCHKH,
MOJIYYCHHYIO METOJIOM padoT [23]:

c,=0o.- {{1+ Lul +(ay, + 1) In(R/mn/go}- In(R/r)+ (p/Z}, (8.44)

IJIe @ - Yyroj HakjJoHa oOpasyroiled MaTpuilbl (yroia ckaTta MaTpullbl); (i -



KO3 (ULHUEHT KOHTAKTHOTO TPEHHSI IO MATPHULIE; K2 - KOIPPUIIUEHT KOHTAKTHOTO
TPEHUS M0 MyaHCOHY; R U I - paguychl Oy, OrpaHUYMBAIOIIMX OYar MIACTHYECKON
nedopmanuu (puc. 8.47).

Ananmu3 ¢opmyisl (8.44) mokaspIBaeT, YTO yBelnYeHUe KodpduiueHTa TpeHus
(2 TIO TIyaHCOHY TPUBOJUT K YMEHBIIEHUIO 07. OJIHAKO 3TO €llle HE 3HAYUT, YTO
KOO PUIIMEHT TpeHHsT MOXHO YBEJIMYMBATH OECHpelleIbHO, TaK KaK C €ero
YBEJIMYECHUEM YBEIIMYUBAETCS BBIJEICHUE TETUIOTHl HA KOHTAKTHOW MOBEPXHOCTH,
YTO MOXET MPUBECTH K HAIMIIAHUIO (CXBAaTHIBAHWIO) METAJUIA M, CIIEJOBATEIHHO,
MOSIBJICHHUIO 3a/IUPOB.

Pacuetst mo popmyne (8.44) maroT HAMMEHBIIYIO TOTPENTHOCTH 1O CPABHEHHUIO C
AKCIIEPUMEHTAIBHBIMU TAHHBIMHU TIPH cTeneHu nedopmanuu y>0,4 mpu Bcex yriax
ckara mMatpuIlsl ¢. [Ipu Maneix crenensx aedopmaruu (w<0,3) u GOMBIIUX yTiax
HaKJIOHA MaTpuLbl (¢>18+20°) pacXoxkaeHHs 3HAYUTENBHO OoJibLie [6].

Ecnu ycrioBus TpeHUsl O TIyaHCOHY M MAaTpUIE OJUHAKOBBI, TO w1 =p=u. s
JTAHHOTO CITy4as BBITSHKKY MPU 3aMEHE OTHOIICHUS PaJyCOB OTHOIIICHUEM TOJIIUH
(R/r=s/s,) popmymna (8.44) mpumet BUI

o, =c. -[1+(ulp)-In(s/s,)+pl2] (8.44a)

Puc. 8.47. CeTka IMHHN CKONBXKEHUA NPHU T = (; pa3pbIBHOE KHHEMATHYECKU
JOMYCTUMOE T10JIe U Toforpad CKOpOCTel MPH BHITSHKKE C YTOHEHUEM

UccnenoBanne nanHoi (GopMysibl TO3BOJISIET HAWTH ONTHUMAIbHOE 3HAYCHHUE
YT @onr. IPA KOTOPOM 3HAYEHHUE 0, HAUMEHBIIIEE:

Pore =~/2- 1-IN(s/s,) 180"/ 7 . (8.440)

ITpu otHotennn $/5,=2 u 1=0,05 @or,=15°.

OnTuManbHBId yroyl HakjoOHa MAaTPHUIbl Qonr YBEIMUYMBAETCS C YBEIUYEHUEM
koa(duienTa TpeHus u crenenHu aehopMarui.

Pasmepsl 3aroroBku. IIpy BBITSDKKE C YTOHEHMEM TOJIIMHY 3arOTOBKH
NPUHUMAIOT PABHOM TOJIIUHE JHA, BBITArHBaeMOro monydadpukata (S=Sy).
Huametp 3arotoBku Dg ornpenenstoT u3 ycloBUSl paBEHCTBA 00beMa 3aroTOBKH U
JIeTalld ¢ Y4eTOM 00beMa MeTajula Ha MPUITYCK MO 00pe3Ky. ITO yCIOBUE MOKET
OBITH MPEJICTABJICHO B BUJIC 0,785°s'D?=¢"V,, OTKYyJla

D, =113-,[&-V /s, (8.45)

rae ¢ — K03 GUIUEHT, yYUTHIBAIOIMINI 00BEM METaJlIa, UAYIIET0 Ha 00pe3Ky



HEPOBHOTO Kpas nonydadpukara; V, — o00obeM getanu.

3nHauenne ¢ 3aBUCUT OT OTHOCUTEIBHOM  BBICOTBHI  BBITATMBAEMOIO
nonydadpukara h/d, u usmensercs ot 1,08 go 1,15, uem 00JbIlle OTHOCUTEIbHAS
BBICOTA, TeM OoJiblie ¢. B ToMm ciyuae, Korjja HeU3BeCTeH 00bEM JeTalu, JUAMETP
3arOTOBKM MOYKET OBbITh MPHUOJMKEHHO oOmpeneieH B (YHKIMH €€ pa3MepoB
(BbICOTHI N, HapyxHOTO MriameTpa Uy, TOJIUHBI CTEHKH Sy):

Doz\/dj+@-(h+m—s)-sﬂ. (8.46)

[Ipu BeIBOZE (hopmyibl (8.46) HE yUTEHO CKpYIJIEHHE YIJIOBBIX YYaCTKOB JIHA
nosrypadpukara, IOITOMY MPHUITYCK Ha 00pe3Ky HEpOBHOTO Kpas Ah mpHHHMArOT
MHHUMAJIbHBIN.

Jlepopmupyrwmee ycuame. Ilpy BBITSDKKE € yTOHEHHMEM  CTEHKH
nehopMUPYIOIIEE YCUITUE COCTOUT U3 IBYX COCTABIIAIOIINX: YCUIIHS, BBI3BIBAIOIIETO
B J1e(OPMUPOBAHHBIX CTEHKax Moiy(]adpukaTa pacTATUBAIOLINE HAMPSKEHUS 0y
(TAHYIIETO YCUIIUs), MPUI0KEHHOTO K JOHHOM €ro 4acTH, U paBHOACHCTBYIONICH
CWJI KOHTAaKTHOIO TpPEHHsS IO IIyaHCOHY, HAlpaBI€HHOM B CTOPOHY,
NPOTHBOIOJOXKHYIO JIBIKCHHIO IyaHcoHa (puc. 8.46, 6). YuuTeiBasg 3TO,
CyMMapHO€ yCUJIME BBITSIKKH OyeT paBHO [23]

R
P=z-d-s,-o,+z-d -u~as-j[l—|n(R/p)]dp.

[MpuHuMast BO BHUMaHHUE, 4TO I'= S,/SIN @, MOCJIe HHTEPUPOBAHHUSI ITOJTydacM
P=rx-d-s, ol -[L+(u/ @) In(RIT)+ @2+ (u-sing)-In(R/T)].

[TpuHSB u/sinp~ul/p W 3aMEHUB OTHOIICHHE paanycoB R/I oTHoIIeHUEM
TOJIIIUH CTEHKH S/S; MPH YCIOBHH, YTO KO3(DUIMEHTHI TPEHUS HA HAPYXKHOH U
BHYTpPEHHE!N NOBEPXHOCTH 3ar0TOBKHU B ouare fiepopmManuy OJMHAKOBBI, C YYETOM
(8.44a) momyuum

P=r-d-s, o [1+2-ulp)-In(s/s,)+pl2]. (8.47)

Ecnu ucnonp30BaTh CTENEHHYIO allIPOKCUMAIUI0 KpuBoi yrnpouHeHus (mo C.
N. T'yOkuny), TO mpu cpeAHeil, mo oyary nedopmanuu, cteneHu aedopmaiuu
wep=0,5"(S-Sy)/S HanpspKeHHe TeKydecTH o, B popmyse (8.47) Oyaer paBHO

o, =0,ll-¢,) [(s-s,)/2-s-y,
P. Xunnowm, a 3atem JI. A. Illo¢pmanom ObUTO MOKa3aHO, YTO, UCTIONIB3YSI CETKY
muand - ckonbkeHuss (ABCD), TOCTpOCHHYIO MPUMEHHUTEIBHO K BBITSDKKE C
yTOHeHHEM CTeHKH (cM. puc. 8.47, a), MOXKHO OIpPEIeIUTh AehOPMHUPYIOIIEe
yCWJIME KaK MPOU3BENICHNUE YIEIbHOTO YCHIIMS Ha IUIONIA/lb TOTIEPEYHOTO CEUCHUS
nehopMUPOBaHHOTO (ITPOTSIHYTOT0) y4acTka moirydadpukara:
=) :4-_05’_(1+2_ﬂ/¢).—(1+(p)-§in(p.
3 1+2-sing
OnTuManbHBIA  yrod HAKJIOHA MATPUIBl  Qopr. TPU  KOTOPOM  yCHIIHE
nehopMUPOBaHHUSI MHHHMAJIBHO, MOYKHO OMPEISIUTh METOJIOM BEPXHEH OIICHKH,
WCITOJIB3YSI JJISI TOI0 KHHEMAaTHYECKH JIOMyCTUMOE pa3phIBHOE IOJIe M Tojorpad
CKopocTeill. B pe3ynbTare MUHUMU3AIUKA YCTAHOBIICHO, UTO Ponr = 15+25°.
DKCIepUMEHTAIBHBIC MCCIICIOBAHUS BBITSHKKHA C YTOHCHHEM CTEHKH ITOKa3aJlH,
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YTO HamOoJiee CYIIECTBEHHOE BIHUSHUE Ha Ae(pOpMHUpYIOIIee YCHINE OKa3bIBAET
yroJ HAaKJIOHAa MAaTpUIbl TOJBKO MpU Maibix cteneHsx nedopmanuu (10 30 %).
Hamnpumep, nipu crenenn nedopmaiuu 20 % yBeanyeHue yria HaKJIOHa MaTPUIIbI C
6 10 30° BBI3BIBAET YBEJIUUCHHUE YCHIIHS BBITSDKKU CTaIBHBIX MOJy(HaOpHUKaToOB B 2
pasa, naTyHHbIX B 2,4 pa3a. [Ipu Oosiee BHICOKHUX CTEMEHAX JedopManuu ycuiue
BBITSDKKM OT yrja HaKJIOHA MAaTpUIbl MPAKTHUYECKH HE 3aBUCUT. Takxke
YCTAaHOBJICHO, YTO C YyBEJIMYEHHEM OTHOCHUTEJIbHOM TOJIIMHBI  CTEHKHU
nosrydabpuKkaTa ycuiine BBITSDKKH yMeHbImaetcs [6]. Ctenenp aedopmanuul mMpu
BBITSDKKE C YTOHEHHEM XapaKTePU3yeTCsl OTHOCUTEIbHBIM YMEHBIICHUEM IIIOIAAN
MIOTIEPEYHOT0 CEUEHUS BRITATMBaeMoil fetanu (noiydadpukata). Ecniu 0003HaunTh
Fn-1 1 FN — COOTBETCTBEHHO MIIOMIAAM MTOTIEPEYHOTO CeUeHUs oaypadpruKaToB 110
U Tocie BHITSOKKH; Oyi W Oy — HOMHHAIBHBIE HAapYXHBIE JIAAMETPHI
1oy (hadprKaTOB JI0 ¥ TIOCJIE BHITSDKKH M Oy — HOMUHAITGHBINA BHYTPSHHHUN THAMETP
BBITSITMBAEMOM JIeTalu, TO CTeneHb Aedopmanuu OyneT paBHa
y=F-R)IFRL= (dri—1 - dri)/(dri—l - dBZ) . (8-48)

3Hast y, Un-1 1 dg, 13 hopMyitel (8.48) MOKHO ONPENETUTh HAPYKHBIN THAMETD
nonyabpukara, MOTy4aeMOro BBITSDKKOW C YTOHEHHEM IPH MPHUHITONW CTETCHU
nedopmanyu:

dy =\di,+y (05, -d)) . (8.48a)

W3meHnenne nuamerpa noiygaOpukara MpHU BBITSKKE C YTOHEHHEM Majo IO
CPaBHCHUIO C H3MEHCHHEM TOIIIMHBI CTEHKH, MO3TOMY HpUHUMAIOT On.1~dy.
YduThIBas 3TO, CTENEHB AeopMaIii MOXKET ObITh TIPUHSTA PABHOM =(SN-1-SN)/SN-
1=1-Sn/Sn-1. OTHOMIEHUE Sn-1/Sn HA3BIBAIOT KOA(PQPHUIIMEHTOM YTOHEHUS u 0003Ha-
4aioT ero K.

CymiectByeT KpuTHYecKasi (IIpeesibHas) CTENEeHb ACPOPMALUU Yy, @ TAKKE
KpUTHYECKH KOd(P(UIIMEeHT yToHeHUs Ky, IPU KOTOPOM HAMpPSHKEHHUS B OMACHOM
ceueHHM ONM3KM K paspymaronmMm. Kputhdeckas creneHb ae@opManuu i
teopetnyecku onpenenena W. 11. Penne n3 ycnoBus o0;<c,. lIpemnoxennas um
(dopMyIa AJis ONPEAENIEHUS Wi, MOXKET OBITh IIPEACTABIIEHA B CIEAYIOLIEM BUJE:

v, =1-1exp[V3-1+n)/2-C,],  (8.49)

I'ne C,=1+(@1-y,) A+ u-cgy)-¢.

@opmyna (8.49) sBisieTCs TPAHCLEHACHTHBIM ypPaBHEHHEM C OJHUM
HEU3BECTHBIM ¥/, KOTOPOE PEIIACTCS METOJOM UTEPALIUH.

ConocTaBnenre pe3ysibTaroB pacuera no ¢opmyne (8 49) c oskcme-
PUMEHTAIFHBIMUA JTaHHBIMH TIPUMEHUTENBHO K BBITSDKKE JIATYHHBIX M CTaJbHBIX
3aroTOBOK II0Ka3aJl0, YTO pacueTHble 3HAYEHUS Y, Ha 10—15 % Oombiie
(bakTHuecKuX. DTO PACXOXKICHHE OOBSICHSETCS TEM, YTO pa3pylICHUE CTEHKH
MIPOUCXOJIUT B PE3yJIbTaTe 00pa30BaHUs TPEUIMH, KOTOPbHIE COBMAJAIOT C TPaHULIAMU
MJIACTUYECKOW 00JIaCTH, SBISIIOUIMMUCS JIMHUSIMU pa3pbiBa CKOPOCTEH TEUYEHUS.
3HaYUTENbHbIE JOKAJIbHBIE AeQOopMallK CABUTa, BO3PACTAIOUINE C YBEIMUYECHUEM
yria HakjIOHAa MaTpHUIbl MPU HAJMYMU PACTITUBAIOIIMX HANPSKEHUH, AENaroT
METaJlJT BECbMa YYBCTBUTEIBHBIM K Je(pEKTaM CTPYKTYphl, KOTOpPbI€ B JaHHBIX
YCIOBUSIX IPUBOJAT K pa3pyLICHHIO.

Jliis onpeenieHust MpeesibHO TOMYCTUMOM CTeNeHH Je(OopMaIiK MIPH BBITSKKE



C YTOHEHHEM MOXHO HCII0JIb30BaTh (popmyny (8.49), BBess MHOXKUTEIb, PABHBIM
0,85—0,9. Torna, mpubiMXeHHO, TIPEJACIBHO TONMyCTUMAas CTENEeHb JepopMariuu
Oyzner paBHa [6] w= (0,85 — 0,90) .

JlomyctuMas crerneHb jAeopMali MPH BBITSHXKKE C YTOHEHHWEM 3aBUCUT OT
MaTepuaia 3aroTOBKH, YHMCIA IMOCJIEI0BATEIbHO YCTAHOBJIEHHBIX MATPHI[ U yIJia
HakJIoHa MaTpulbl cp. [lpu w<18° nomyctumas cteneHs aedopmainuu paBHa: Mpu
BhITSKKE Msirkoi ctamu (C<0,12 %) uepe3 oany matpuiyy 0,45—0,55; uepes nse
matpunbl 0,60— 0,70; yepe3 tpu Marpuubl 0,75—0,80; npu BBITSKKE JIaTyHU
(Zn=25+32 %) cootBerctBenHo: 0,55—0,60; 0,60—0,70 u 0,75—0,85 [11].

[lepBas omeparusi BBITSDKKH (CBEPTKA) B OOJBITMHCTBE CIy4aeB BBITIOIHSICTCS
0e3 yronenusi. CpeIMHHBIA TUaMeTp CBEPTKH Ugp OnpeiernisieTcst Kak MPU BBITSKKE
0e3 yroneHust creHkd: Oop=Do/K;. XKematensHo, 4TOOBI BHYTpPEHHUH auaMeTp
CBEepTKA ObUT OBl paBEeH BHYTPEHHEMY IHAMETPY JETaldd, 3TO OOECICYHBACT
MUHUMAJIBHYIO Pa3HOCTEHHOCTh, MUHUMAJIbHYIO KOCHHY KPOMKH U KPUBHU3HY IPO-
JOJIbHOM ocu monydabpukara. 3a30p Ha BXOXKICHHE ITyaHCOHa B 3aroTOBKY
npuHuMaroT paBHbIM 0,005 quamerpa rmyaHcoHa.

[Tocnenytomue oneparuu BHITSXKKA BEIyTCS ¢ YTOHEHUEM MPU HE3HAYUTEIHHOM
YMEHBIIIEHUHU HapYy>KHOTO InaMeTpa noiydadpukara. B 3aBucuMocT oT MmaTepuaiia
3arOTOBKM M €ro COCTOSIHUA (HaKJICHMaHHBIM, OTOXOKEHHBIM) MO HOPMATHUBHBIM
JTAHHBIM BBIOMPAIOT JOIMYCTUMYIO CTENeHb aedopMaiuu Wik KodQPUIMEHTHI
yroueHust Kyi/Kyp, ..., mocie 4ero ompenenstoT AUAaMETphl M TOJIIMHBI CTECHOK
nonydabpukaroB 1o omnepauusM BBITSOKKH. OOmee uwcino oneparuii N,
HEOOXOMMOEe ISl TIONYyYCHHsI JeTald ¢ TpeOyeMbIMU pa3MepamMHu, MOXKHO
ONPENIENINTh, UCTIOJB3Ysl 3aBUCUMOCTD [11]:

N=(In Fn-In Fo)/In (1-wcp), (8.50)

rne Fo m Fy - COOTBETCTBEHHO IUIONMIAN TIOTMIEPEYHOTO CEUCHUS 3arOTOBKU
(CBEpTKHM) U JCTANIU; YWep=Yy - JOTIyCTUMasI CTeTeHb iehopmanuu. CpeaHIO0 BBICOTY
nonypabprKaToB ONpENeIIIIOT U3 YCIOBUS PaBEHCTBA 00BbEMa IIJIOCKOH 3arOTOBKHU
nrameTpoM Do 1 cooTBeTCTBYyIOIIErO ToNydadpuKara:

rae Oy U SN\ — COOTBETCTBEHHO HAPYXKHBIA JUAMETP W TOJIIMHA CTEHKH
nonydabpukara. dDopmyna monydeHa s Toiaydadpukata, HE HMMEIOIIETO
TJIABHOTO COMPSDKEHUsS JHA M CTEHOK B YIJIOBBIX y4YacTKaX, MO3TOMY pacyeTHas
BbICOTA Mony(adpukara HE3HAUUTEIHHO MIPEBBINIAET CPEIHIOI0 (DAKTUUECKYTO.
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Puc. 8.48. Ueptex neranu (a) u mepexo/ibl €€ MTaMIioBKH (0)



B mpormecce BHITSKKA C YTOHCHHEM MPOUCXOIUT WHTEHCHUBHOE YIPOUYHCHUE
MaTepuana 3aroTOBKM (HaKJEM), TMpPU 3TOM CYUIECTBEHHO IIOBBIIIAETCS €€
TBEpAOCTh. JlJI1 BOCCTAHOBJICHMS TJIACTUYECKUX CBOWCTB 3arOTOBKH, IO MEpE
HEOOXOJAMMOCTH, TIOCNI€ BBITSKKU MPOBOJAAT PEKPUCTATUIUZAIUOHHBIA OTXKUT
(ckenmaTenbHO B HEUTpasibHOM aTMocdepe) ¢ MOCIHEAYIOINIMM TpaBICHUEM,
MIPOMBIBKOM U CYIIIKOM.

Ecnu BBITSDKKA ¢ YTOHEHHMEM COMPOBOXKAACTCS CYIIECTBEHHBIM YMEHbIIICHUEM
nuameTrpa mnonydalOpukaTta, €€ Ha3bIBalOT KoMmOuHuposaunHou. VccnemoBaHue
mpoiecca KOMOWHUPOBAaHHOW  BBITSDKKA — TTOKA3aJio, 4YTO  OJHOBPEMEHHOE
YMEHBITIICHUE TOJIIWHBI CTCHKH M AuaMmeTpa moirydadpukata (B OMpeaeIeHHbBIX
mpejesnax) He TOJBKO HEe CHIDKACT MPEeeIbHO JOMyCTUMYIO CTeNeHb nedopmarium,
HO JIaK€ HECKOJIbKO YBEJIMUUBAET ee [S].

[IpumeHsisT KOMOMHMPOBAHHYIO BBITSDKKY, 32 OAHY (IIEpBYIO) OIEPALHIO
MOJIY4aroT JeTalb BICOTOM 10 1,5 ee AuameTpa, B TO BpeMs Kak MPHU BHITSKKE 03
YTOHEHHMSI JIETallb TaKOM BBICOTHI MOKHO MOJYYUTh TOJIBKO 32 JIBE, TPU OINEpaluu
(unu niepexojia). ITo OOBSICHSAETCS TEM, YTO MPU KOMOMHHUPOBAHHOM BBITSKKE, Kak
U TIPU BBITSDKKE C YTOHEHHEM, MOJIE3HbIE (aKTUBHBIE) CHIIBI TPEHUS CYIIECTBEHHO
pasrpy’KaroT oracHoe ceueHue nonydadpukara.

KoMOuHupoBaHHas BBITSKKA MO3BOJIET HE TOJIBKO COKPATUTh YHCIIO OTEpalluii,
HO U yJYYIIUTh KaueCTBO MOBEPXHOCTH MOTy(dadpukaTa, MOBBICUTH TOYHOCTD €r0
JTUaMeTPaTBHBIX pa3MepoB. OHaA MPUMEHSICTCS IS TIOJTYYCHHSI IeTaleH, Y KOTOPBIX
TOJIIIIAHA CTEHKW MEHBIIIE TOJIIIUHEI THA.

Cremenp gedopmanvii NPH KOMOWMHMPOBAHHON BBITSDKKE OIPEICIISCTCS
COOTHOIIICHHEM

y=(FRu-R)/ Ry =1-F /R =1-dy s /(dy_ - Sy) -
Wmes B Buay, uto K, =d,-dy 1 K =s,,-s,, IOIy4HUM
w=1-1/K, K, =1-1/K,,
rae K, =K, K, — koddpdunuent popMon3MeHEHHs TPU KOMOMHMPOBAHHOM

BBITSKKE, OH PaBEH MPOU3BEIACHUIO KOAIDPUIIMEHTOB BBITSHKKU Ky M BBITSIKKH C
yroHeHueM K., 3Has 3HaueHus K, u Ky, MOXXHO OIpelenuTh TOJIUHY CTEHKU U
JTUaMeTphl 1oTy(haOpUKaToB MO ONEparusiM KOMOMHUPOBAHHOW BBITSKKH:
dy =D, /K,,; s, =s/K,,; Ay =i / Kias s, =5,/K

Ay = A/ K Sy =Sya/K

B ToMm ciydae, korma TpeOyeMblil 1O YepTexy AeTainu auameTrp Ocp moiaydeH
BBITSDKKOM, a TOJIIIMHA CTEHKU NoJTy(hadbpukata Oosbiine Tpedyemon (dep=d u SN>S),
BBITSDKKA TIPOJIOJDKACTCS TOJBKO C YTOHEHHEM CTEHKH; MPHU SN=S, HO mpH Oy o,>d
BBITSDKKA MPOIOJDKAETCs 0€3 YTOHEHUS CTCHKH.

BricoTy monyhaOpukaToB MO OIMEpamusiM BBITSHKKA OTPEICNISIIOT U3 YCIOBHUS
paBeHCTBa OOBEMOB 3aroTOBKM ¥ COOTBETCTBYIOIIETO Toiyhabpukara u
MOJICUUTHIBAIOT 10 opmyiie (8.49).

OcHoBoMoJIararoue TEOPETUYECKUE U IKCIEPUMEHTAIbHBIE HUCCIEIOBaHMUS
BBITSDKKH C YTOHEHHEM ¥ KOMOMHUPOBAHHOM BBITSKKHU BBIMIOJTHEHBI KOJIJIEKTUBAMHU
yueHslx MBTVY nm. baymana n TynbCKOro noJIMTEXHUYECKOTO HHCTUTYTA.

1(cp) By2

ByN *



