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AnHoTanus. Bemmanna m3HOCa 1eTaneii pabodnx OpraHoB MallliH, SKCIUTYaTHPYIOIINXCS B aOpa3uBHOI cperie, BO MHOTOM
ompezensier ux pecypce. OIHAKO B psze CITy4acB OCTAHOBKA TEXHHUKH CBSI3aHA C M3JIOMAMH HCTIONTHUTENIBHBIX OPTaHOB BCIIEACTBHE UX
uctupanus. B aTom ciydae paboTocrocoOHOE COCTOSIHIE M3IEIHS OTIPENEIsIETCs JOITy CKaeMbIMHU HalpsDKEHUAMH. TeopeTndaeckre
MCCIICIOBAHMS 110 HAXOXKACHNIO MaTEMAaTHIECKUX 3aBUCHMOCTEH, CBSI3BIBAIOIIMX M3HOC M IOITYCKAaeMble HAIPSHKEHUS, aKTyaJIbHBL
Kpome Toro, oHM HMEIoT 00IIuiA XapakTep ¥ MOTYT OBITh IPUMEHEHBI K Pa3IMIHBIM I10 IIPUPOIE MaTEpHaIaM: METAIITY, IOIUMEDY,
KOMITO3UTY. L{enbro MccieJoBaHuHN SIBISETCS] TEOPETHUECKOE NCCIIEIOBAHUE BIMSHIS BHEITHUX CHIIOBBIX (DAKTOPOB Ha IIPOYHOCTH
KOHCOJTbHO-3aKPETUICHHBIX JIeTallel Pa3IMIHBIX TEOMETPHYECKUX (DOPM B MPOLIECCE MX aOpa3MBHOTO M3HAIMBAHMSI B TIEPUOJ SKCILTyaTalin
TIPH PaBHOMEPHOM HX Harpy>KeHHH, TO €CTh TEOPETHUECKOE ONPE/IETICHNE BETMUHMHBI IPEIEITBHOTO H3HOCA AETAIIH 110 JIOITYCKaeMbIM
HaNpspKeHUsIM. B pesynbrare ucciaeoBaHus MOMydIeHO MaTeMaTHIECKOE BBIPAKEHHUE, YCTAHABINBAIOIIECE B3aHMOCBSI3b MEXIY
MAaKCHMAJIBHO JIOITYCTUMBIMU HANPSDKEHUSIMA U BETMUIHMHOM MPEAETBHOTO N3HOCA KOHCOIMBHO-3aKPEITICHHON IETalIl P PaBHOMEPHOM
HarpyXeHuH, KOTopas IO3BOJISIET BEIYHUCIUTD 3HAYCHUSI MAKCHMAJIGHBIX PACTATUBAIONINX HAPSDKEHUH B €€ CEUEHUSIX. YCTaHOBIICHO,
YTO MaKCHMaJIbHbIE PACTSTHUBAIOIIIE HAPSDKEHNS XapaKTEePHbI UTS MECTA 3aIlEMIICHHST OalTKi HE3aBHCHMO OT €€ (JOPMBI.
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Abstract. The intensity of wear observed in the working parts of machines operating in an abrasive environment
largely determines their service life. However, in a number of cases, the downtime of equipment is associated with fractures
of the operating elements casued by their abrasion. In this case, the operational state of the product is determined by the tolerable
stresses. Theoretical studies on finding the mathematical relationships connecting wear and tolerable stresses are thus relevant.
In addition, they are general and can be applied to various materials: metal, polymer, and composite ones. The goal of the present
research is to make a theoretical study of the influence of external force factors on the strength of cantilever-fixed parts of various
geometric shapes in the process of their abrasive wear during the period of operation under uniform loading. In other words,
the authors seek to determine the theoretical value of the limiting wear of a part according to the tolerable stresses. As a result
of the study, a mathematical expression was obtained to establish the relationship between the maximum tolarable stresses
and the value of the limiting wear of a cantilever-fixed part under uniform loading. This relationship is necessary to analyse
the values of the maximum tensile stresses in its sections. It has been established that the maximum tensile stresses are characteristic

of the pinch point of the beam, regardless of its shape.
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Beenenue. I3HOC neraneil paboYux OpraHOB MAIIIHH,
SKCIUTYaTHPYIOIIUXCS. B aOpa3vBHOM Cpeiie BBICOKOW WHTCH-
CHUBHOCTH (TOpHOAOOBIBAOMIAs TEXHUKA, CEITLCKOX03HCTBCH-
HBIC TI0YBOOOPa0aTHIBAIOIIAE OPYAMS, arperarsl MeTaJLIyp-
THYECKOTO TPOM3BONCTBA [1-4]), BO MHOTOM OMpeneNseT ux
pecypce [5, 6]. B To xe BpeMs Hepeako MPUYMHON OCTaHOB-
KU TEXHHUKH SIBIISIIOTCS HW3JIOMbI HCIIOJIHUTENBHBIX OpPraHOB
BCJIEACTBUE UX HcTUpaHus [7, 8], TO eCTb B 3TOM cilydae pa-
00TOCTIOCOOHOE COCTOSHHE JIMMHUTHPYETCS HOIMYCKAaeMbIMU
HanpspkeHusIMUA. OIHAKO JaHHBIH BOMPOC, Jaxe MPH HaJIUYUU
COOTBETCTBYIOIIUX HCCIEIOBaHUM [9], 10 HACTOSIIETO BpeMe-
HHU PaCKpPHIT HEJOCTATOYHO, OCOOCHHO B TCOPETHUYCCKOM IIa-
He. [IpoBeieHHBIC HIDKE U3BICKAHHUS UMEIOT OOIIUI XapakTep
U MOTYT OBITH IPUMCHEHBI K Pa3UYHBIM IO MPUPOIE MaTe-
puanaM: METaNIM4€CKUM, TOJTUMEPHBIM, KOMIIO3UTHBIM.

Heanr wuccienoBaHMii: W3yueHHWE BIHMSIHUS BHEITHUX
CHJIOBBIX (DaKTOPOB Ha TPOYHOCTH KOHCOJbHO-3aKpEILICH-
HBIX JIeTaJel pa3IndHBbIX TeOMETpHUYecKUX (GopM B Impomec-
ce nx aOpa3sWBHOTO M3HALIMBAHMS B INEPUOJ AKCILTyaTaIllH
TP PaBHOMEPHOM HX HarpyeHHH, TO €CTh TEOPETHUECKOE
OITpe/ieNIeHNEe BEJIMUMHBI MPEAETHHOT0 H3HOCA JETAIN 1O J0-
ITyCKaeMbIM HaNPSHKESHHUSM.

Marepuansl u MeToabl. PacueTHas cxema NpHHUMA-
eTcs B BHJE KOHCOJBbHO-3aKpeIUIEHHOH Oankm (puc. 1, 2).
OTMeTHM, 9YTO MOAABISIONIEE OOJBIIMHCTBO TEXHUYECKUX
CpeICTB, paboTaAIOMUX B YCIOBUAX aOpa3MBHOTO M3HAIINBA-
HUSI, IMEeT pabouyre OpraHbl C TAaKUM KPEIUIEHHMEM HCIIOJI-
HUTENBHBIX KOHCTPYKTHBHBIX 3JIEMEHTOB: Harpumep, 3yObs
KOBIIEH 3KCKaBaTOPOB, KyJIBTUBATOPHBIC JIAIlbI, JIEMEXa ILIy-
ros [10-12].

y
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Puc. 1. Pacuernas cxema (a) 1 npouiIb nonepeyHoro ceyeHus 6anku (0)

Fig. 1. Design scheme (a) and cross-sectional profile of the beam (b)

Pesyabrarel uccaenoBanmii. Paccmorpum Oanky um-
HOH /, 3aIieMJIEHHYIO Ha OJTHOM M3 CBOMX KOHIIOB, U CBOOO[-
HYyI0 — Ha JipyroMm (6anka — xkoHcodp) (puc. 1). K 6anke npu-
JIO)KeHa MPOM3BOJIbHAs Harpyska g = ¢(x) (0 < x </), npen-
CTaBisoNIas co0OH CHITy, OTHECEHHYIO K €AMHHIE IJTHHEI
6anxu (ee pazmepHocTh H/M).

[Nonaraem, 4to cedeHUe OATKU — MPIMOYTONBHUK IIAPH-
HOU b u BbICOTOM A (puc. 10). Ecnu p(x) (H/mM?) — naBnenue
Ha TIOBEPXHOCTh OaJKM, K KOTOPOW INPHUIIOKECHA HArpy3Ka

q(x), TO
qg(x)=b-p(x)(0<x<). (1)
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Kak u3BeCTHO U3 COMPOTUBIICHHS MATEPHAIOB', OCHOB-
HBIM TAPaMETPOM, XapaKTePU3YIOIIUM IIPOYHOCTHh HU3TH0Oa-
eMBIX OaJlOK, SIBIISETCS BEIMYMHA PACTATUBAIONIUX HATIPS-
JKEHHUH G(X), BO3HUKAIONINX HAa BBIMYKIBIX MOBEPXHOCTIX
0ajox:

M(x

G(x)=—( )(OSxSl), 2)
w

rae M(x) — u3rudaroluii MOMEHT B ceueHuu x Oanku; W —

MOMEHT COIPOTHUBIICHUS ceueHus: Oanku. [Ipu mpsiMoyroib-

HOM CeUYeHHH OajKu (puc. 2)

e

w .
6

3)
Wzrubaromuit MomMeHT M(x) B ce4eHHH Xx Oalku CO3-
JlaeT Harpys3ka ¢(x), mpujoKeHHas K Oalke TmpaBee ce-
YeHHs X, TO €cTh Ha mpoMexyTtke (x <t</). Hcxoxnsa
u3 Toro, uro dF =q(f)dt — cumna, mpuiaoxeHHas K Oankxe
Ha €e y4YacTke [f;f+dt], a Tiedo 3TOW CHIIBI paBHO [ — X,
T0 dM(x) = (t —Xx) - q(t)dt — MmomeHT cmitel dF = g(f)dt oTHOCH-
TenpHO ceueHud x. [lomHbIl MOMEHT M(Xx) B CE€UeHHMH X Hail-
JIeM CYMMHPOBaHUEM MOMEHTOB dM(x) Ha yuacTke x <t < [:

M (x)= Y dM (x)= 3 (t=x)g (Mt = [ (1= x)q(1)dr. (4)
C ygerom (1)
M(x)=b-['(1-x) p(0)dt 0 <x 1) (5)

Taxum o06pasom, cormacHo (2), (3) u (5) momydaem:
6 !
c(x)zﬁ.jx(t—x)p(t)dt (0<x<l). (6)

3710 ¥ ecTh pacyeTHas Gpopmyra I PacTATUBAIOIIIX Ha-
MPsDKCHAN G(X), BO3HUKAIOIINX Ha BBHIMYKION (HIDKHEH) cTO-
poHe OaNKm.

B wactHocTH, ecnu p(f) = p, = const (Harpy3Kka Ha OajiKy
pacrpezeneHa 1o Bcell ee JUIMHEe PaBHOMEPHO), TO

3;}’ (I-x) (0<x <)), )

o(x) =

[TpounocTs u3rubdaemMoii 6anku onpenesercs BeIUIUHOMN
MAaKCHMaJIbHBIX PAaCTATUBAIOIIUX HaNpshkeHul [o(x)], ., BO3-
HUKAaIOMMX B ceueHusx Oanku. Ecnu Tonmuza 4 G6anku mo-
CTOsIHHA 110 Bceil ee AMHe, TO

[6(6) ). =5(0) =3, (%) ®)

Takue HanpsHKEHHUs BO3HUKAIOT 1pu X = 0, TO €CTh B TOU-
KC 3aIeMJICHUS OaJIKH.

Paccmorpum Gosice CIOKHBIN Cly4ail, KOrma TOJIIIHU-
Ha h Gallku SBJISETCS HENOCTOSHHOW IO ee JUIUHE, TO €CTh
h =h (x) — dysakus ot x. OT0 OyJeT UMETh MECTO, €CIIH,
HampuMmep, B pe3yJbTare AKCIUTyaTalldu Oajika HepaBHO-
MEpPHO H3HANIMBAETCS HM3HAYAIbHO OblLla HEPaBHOMEPHOM
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mo tosiuae. Toraa mpu paBHOMEPHOW Harpyske Ha Oajky,
cortacHo (7),

l—x

G(x)=3p0( j (0<x<)). 9

HNubiMu croBamu,

o, () = 20— 3(%) 0<x<1),

(10)

rae o, (x) — Oe3pa3MepHbIe PpACTATHBAIOIINE HAMPSDHKCHUS
B ceueHMIX x O6anmku. OHM OyIyT MakCHMalbHBIMU IPU 3HA-
YEHHH X, IIPU KOTOPOM (YHKIHS

f(x):}lz(_—xx)(0£x£l) (11)
HpI/IMeT CBOC MAaKCHUMAJIbHOC 3HAYCHHUC. HpI/I 9TOM
o0 =22 3O )

B kauectBe mpumepa peaymmzanuu (opmyssl (12) paccmo-
TpUM OaJIKy, TOJIIMHA /(X) KOTOPOH paBHOMEPHO YOBIBACT B Ha-
MIPABJICHUH OT €€ 3aIlIEMJICHHOTO KOHIIa K CBOOOIHOMY (pHC. 2).

qglx)= b =const

Puc. 2. PacueTHas cxema
NPU HEPABHOMEPHOM M3HOCe 0aJIKU

Fig. 2. Design scheme
with uneven wear of the beam

B stoMm ciyuae dyukius A(x) OymeT UMETh BHI:

h(x):ho—(ho—hl)§(0£x£l), (13)
rae h, — TONmMHA OanKh B MecCTe €€ 3alleMIICHUS
(mpu x = 0), a h, — Ha ee cBOOOAHOM KOHIIE (TIpr X = [).

Torma
l—x l—x
f(x)=h = . 0<x<)). (14)
(X) ho_(ho_h1)7

Ecmu uccnenoBath QyHKIMIO f{X) C MOMOIIBIO €€ MPOU3-
BOJIHOM, TaK Kak

#<0

J”(x)=—(ho__(ho_hl));)2

(15)

JUTA BCeX X, TO QyHKIMA f{x) sBisercs yobiBaromeit. Cremo-
BaTeIbHO,

/
! Monotuuxos B 1. Kypc conporusienus marepuaios. M.: Jlans, Lf ()] = f(0) = e (16)
2016. 384 c. 0
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Torna cornmacuo (12) moxydaem

[6()] _ 5(0) _ 3( o j
Po Py hy
®opmyna (17) cosmamaer ¢ dopmymnoit (8). Oto 3Ha-
YWT, 4TO MPU PABHOMEPHOH Harpy3ke Ha OajKy MakcuMaib-
Hble (Hamboyee OMacHbIE) PaCTATHBAIONINE HAIPSKEHUS
[6(x)],.. Ha BBITYKJIOH CTOPOHE OAKKM MMEIOT MECTO B TOUKE
3amemiieHus 6anku (mpu x = ()). OHM UMEIOT OJHO M TO XKe
3Ha4YEeHHE HE3aBHCUMO OT TOTO, IOCTOSIHHA 110 TONIIMHE Oaika
WITH 3Ta TOJIIIMHA PABHOMEPHO YOBIBAET K CBOOOTHOMY KOHILY.
Bripazum h, u3 hopmynsr (17):

(17)

3p
oy =1 0 (18)
[6()] ax
3mece hOnp SIBIISIETCSI OCTATOYHOM TOJIIMHON JIETAIN B MeE-
CTe ee 3ameMiIeHus. 3a1aBasich MAaKCUMAaJIbHO JOMYCTUMBIMH
HanpsokeHusIMH [o(x)] ., To dopmyne (18) stoT mapamerp
MOYKHO BBIYHCIIUTE.
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[loncunras 0CTaTOYHYIO TONLIMHY JIETAIH /i, B MECTE €€
3alIeMJICHHs 1 3Hasl Ha4aJlbHOE 3HAUeHHE /i, 3TON TOJIINHBI,
MOJyYMM BBIPAXKEHUE ISl OIPEAEIEeHUs IPeAeIbHOTO U3HO-
ca JieTanu:

3p,

Ahy=h, — 2P
[0(X)] s

h, -1

Onp: H

(19)

BriBoabI

1. ITonmy4ennas popMyra IO3BOJISIET ONPESITUTH BETUIH-
HBI MaKCHMJIBHBIX PacTATUBAIONINX HAINPsHKEHUH B CEUCHH-
SIX KOHCOJIbHO-3aKPETUICHHOH OalIky IIpH ee M3rude MpH paB-
HOMEPHOM Harpy>K€HHUH.

2.Ilpu paBHOMEpHOI Harpy3ke MaKCHUMallbHbIE pacTs-
THBAOIIUE HANPSHKEHUS. UMEIOT MECTO B TOUKE 3alIEMIICHHS
HE3aBHCUMO OT ()OPMBI OAJIKH.

3. Ilomy4eHO MaTeMaTH4YECKOE BBIPAXKEHUE, IO3BOJISIO-
miee BBIYHUCINUTH MPEAEIbHBI U3HOC JETalld 4epe3 MaKCH-
MaJIBHO JIOITyCTHMBIE HAPSDKEHUS TIPH U3TH0E IeTallH.
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