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MPUMEHEHUE MAPKOBCKHX MOJEJIEA 111 PACYETA
OCTATOYHOI'O PECYPCA ITPH YCTAJIOCTHBIX OTKA3AX

3anponoHOBaHO METOMMKY HMPOTHO3YBAHHS 3aJIUIIKOBOTO PECYPCY SJIEMSHTIB KOHCTPYKIIiH Ha OCHOBI
BHKOPHCTAHHS KIHSTHUHHUX PiBHSHB JUISL OIUCY MipH MOMIKO/DKSHHS i MATEMATHYHOTO amnapaTy Teopii
MapKOBCBKHX TPOIIECciB. Y pe3ylbTaTi BU3HAUAIOTHLCS HAMOLIBIT iH(GOpMAIliiiHi TOKa3HUKA 3aJTHITKO-
BOTO pecypey — HMOBIpHICTh Ge3BiIMOBHOI poOOTH ¥ MIIBHICTh iIMOBIPHOCTI BiIMOBJICHB. MeTomuka
JIO3BOJISIE BPAXOBYBATH BHIAKOBICTh POICCY HABAHTHKSHHSI, SHIDKCHHS TPAHUII BHTPUBAIOCTI

The approach of the construction element’s residual resource prediction, based on the use of kinetic
equations for description of the measure of damage and the mathematical tool for Markoff s process
theory is proposed. As the result, the most informative reliability characteristics, such as no-failure op-
eration probability and probability density of failures, are determined. This approach allows take proper
account of the random loading, fatigue point decrease.

Ha »Tame mpoeKTHPOBAHUA PA3THUHBIX KOHCTPYKUHH, KAK MPABUIO, MPOU3-
BOJHUTCS MPOTHOZHPOBAHHUE MX Pecypca. JT0 TaK HA3BIBACMBIN IPOCKTHBIN PECypc
JTOJDKCH OBITh 00CCICUCH HA 3TANaxX M3TOTOBJICHHUS M 3KCILIYATAHH IyTCM COOITFO-
JOCHHA COOTBETCTBYIOIUMX PETIAMCHTHPYEMBIX HOPM. OIHAKO, KAaK IOKA3BIBACT
MPAKTHKA HKCIUTYATALMH MANIHHOCTPOUTEIBHBIX KOHCTPYKIHH, MPOCKTHBIH PEeCypc
MOJKET CYIIECTBCHHO OTIMYATHCA OT (JAKTHUCCKOTO Pecypca B CHIy HEIOCTOBEP-
HOCTH HJTH HEIOJHOTHI HCXOTHOH HH()OPMALMH, HCIIOIB3YESMOH IPH MPOCKTHPOBA-
HHH O PCAJBHBIX YCIOBHAX SKCIUTYATALHUH M CBOHCTBAX MATCPHANA KOHCTPYKLIHH.
B cBf3M ¢ 3THM BO3HHKACT AKTYaIbHAA MPOOJeMa OLCHKH OCTATOYHOTO pecypca
PA3IHYHBIX KOHCTPYKUHI MOCTIC OMPEACICHHOTO CPOKA SKCILTYATAIIHH.

B nmanHO# paboTe mpemnaractcd MOAXOA K MPOTHOSHPOBAHHKO OCTATOYHOTO
pecypca 3IEMEHTOB KOHCTPYKUIHMH NMPH CIyYaHHOM HATPYKCHHH H MOCTCIICHHBIX
OTKA3aX HA OCHOBC MPHMCHCHHA KHHCTHUCCKUX YPABHCHHIH 1S OMACAHMS MEp IO~
BPSIKACHAHN U MATEMATHYCCKOTO AMNApaTa TCOPHH MAPKOBCKUX MPOLIECCOB.

HocranoBka 3agaun. [lpeanonaracrcs, YTo MpOLECC HATPYKEHUS V(f) ABIETCS
V3KOTIOJIOCHBIM CITYYAHHBIM MPOLICCCOM C OTHOAOIICH A(f) W HEeCymIeH 4acToTOH .
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BseneM Mepy HAKOILICHHA MOBPESKACHUN z(f) B SIEMEHTAX KOHCTPYKLMH TPH CIy4ai-
HOM BO3/ICHCTBHH ¥ OCTEINICHHBIX OTKA3AX, MPOUCXOIAIINX B PE3YJITATEC HAKOIUICHHS
PA3THMYHOTO PoJA MOBPEXKICHUI. B MOMEHT BpeMeHH £, z(f;) =Z,, a B MOMEHT pas3py-
wennst =1 z(f')=z. Kuneruueckoe ypasHerue rospemaemocti (KYIT), ommchi-
BAFOIIEE MPOIIECC HAKOTUICHUS TIOBPESKICHUE TPH MOCTEIICHHBIX OTKA3aX MEXaHUIECKO-
TO POUCXOKICHHA, B CAMOM OOIIICM BHAC MOYKHO TIPSACTABHTS [1, 2]

dz(” Flz(). (). 5, RO . (1)

371ech F1...] — ACTEPMHUHUPOBAHHAS HEOTPHULIATCABHAA I KyMYJIITUBHBIX MOJC-
JIcH OTKA30B CKATAPHAS TMHCHHAA WM HCIMHCHHAA (DYHKIWS, A(f) — AMILIUTYIHOC 3HA-
YCHHC NTAPAMETPA HATPYKCHCHIE TP TAPMOHITICCKOM HATPYKCHUH, V,, — CPSITHEE 3HA-
ueHUe, R(f) — BEKTOP XapPaKTEPHCTHK KOHCTPYKUMOHHOM mpouHOCTH. KuHeTmueckue
VpaBHEHWS, OTMCHIBAOIIIE CKOPOCTh HAKOIUICHISI TIOBPSKACHHH, KIACCH()MITHPYIOTCS
B 3aBUCHMOCTH OT MOJICIH, 3aJI0KCHHOW B HUX: JIMHCHHBIC, HCIMHCHHBIC W ABTOMO-
JieTbHble. B manbHelmeM paccMaTprBacTCsl aBTOMO/ICTIBHAS THIIOTE3a HAKOIUICHI T10-
BPSKACHUN, JUT KOTOPOH B mpaBoi yacTu KYIT MOKHO BBIICTHTS SBHYIO 3ABHCHMOCTD
oT (h)yHKIMH Mepbl IOBpeskacHuI [ 1, 2] u ypaBHerue (1) 3ammchIBacTCs B BUIC

dZ(f) Flz.A) = FIAIF 2] = CzA", Jz o, @

w m .
roe C = ——— No, 0}, m — KOHCTAHTBI, OTPEACIHIEMBIC 0 KPUBOH Bex-
2 Nyo "
aepa.

TIpouecc HAKOMICHHA MOBPCKACHHUI z(f) OyACM CUHTATh MAPKOBCKHM MpO-
LIECCOM, VCIOBHS NPHMCHHMOCTH 3TOH THIIOTE3bl OOOCHOBBIBAKOTCSA B padoTtax
[2,3]. B 3TOM Ccay4ac OMHOMEpHAs IUIOTHOCTh BEPOATHOCTH f{z,f) ONpeACICHHAA B
MOMEHT BPEMEHH ! Ha HHTEpBAIE z€ [0, A], YIOBICTBOPSIECT ypaBHCHHIO DOKKe-

pa-Ilnanka-Koimoropogsa [ 5]

@ = —i[A(Z)f(Z,f)]+——[B(Z)f(Z nl= —iG(Z 1, (3)
t 0z
rae (G(z,f) — OTOK BEPOATHOCTH
G(z.n)=A(2) [ (z, f)—li[B(Z)f(Z, nl. @
20z

I'paHu4HBIC YCIOBHSA:
lilonA G(z,H)=0, wm lilonA f(z,H=0. (&)

HavampHble yCIoBHS:
lim f(z.0)= fo(2) . (©)

rae fo(z) = f(z,t;) — 3HAYCHHE IIIOTHOCTH MEPHI MOBPEKICHUHA B MOMEHT Bpe-
MCHH [}
Koa(hprmerTs! A(2), B(z) ypaBHCHHS (3) OMPEACIAFOTCA B COOTBESTCTBHH CO CTO-
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xacTudeckiM () epeHIHANBHBM YpaBHEHHEM (1) TpH YCI0BHY BPEMEHHOH CHMMET-
pru QYHKIHH F | CTAIIHOHAPHOCTH Tponecca A(f) mo ceayrommM (GopMyaam
1dB(z 1dB(z
4@ =(FLAY PO )41 LE) ™
4 dz(z) 4 dz (z)°

B(z)= 2JKW ()dr ®)

rxe A (z) =(F[...]) - cpeance 3HaueHHE (YHKIMH [, BHIMHCICHHOS IPH YC-

noBuH z(f) = const, Kry — KOpPEIBIHOHHAS (DYHKITHS F.
Ipu ucmoms3osarnu KYII B Buae (2) ko3 dunucHTs! A () 1 B(z) B COOTBET-
CTBHH C COOTHOIICHWIMHU (7) U (8) ONPEeaC/LIIOTCS CACAYFOIIUMHU BhIPAXKCHUAMHU

A (z)= C(262)’”/22[F(m/2+1)— F*(m/2+1)] =Az, 9)

B(z)= Mi {2 (13'(];(') [F(m/2+k+1)—ﬁ(m/2+k+l):|} =Bz, (10)

n=1 1
rae I'(m)= J‘x'”’1 exp(—x)dx — ramMa-QyHxums, [ "(m) — HEemoOMHAS raMMa-
0

(yHKIEA, 0° — OECTIEPCHA MPOLECCA HATPYKEHHA, ¢ — KOI()OHIHEHT 3aTyXaHus
KOPPEILIMHUOHHON (BYHKIMH OTHOATOIIEH.

Ilpu monyuenuu cootHowmeHuu (9), (10) mpeamonaranocs, 4uro y(f) - HOp-
MAaJbHBIH MPOLCCC, OTHOAIOIMAA MPOIecca — A(f) MOIIHHACTCSA PEICCBCKOMY 3aKO-
HY, 4 TAKKE HCMOJb30BAIOCH PA3IOKCHUE IBYMEPHOM PEICEBCKON IUIOTHOCTH BE-
POSATHOCTH B PAZ IO MOJMHOMAaM Jlarepa HyJIeBOTO MOPSIKA.

YPOBHH AMHAMHYECKHUX HAMPSLKCHHH B 3IEMEHTAX KOHCTPYKLMH, KaK MPaBH-
70, HIGKE MPEACIa BRIHOCIMBOCTH, HECMOTPS HA 3TO, UMEIOT MECTO YCTAIOCTHbIC
TIOBPEIKICHUS, MPUYHUHOM KOTOPBIX, KAK H3BECTHO, ABJBICTCS CHIDKCHHCE B ITPOLIECCCE
SKCIUIyaTalMH IPOYHOCTHBIX XapPAKTCPHCTHK MATEpPHAala, B YACTHOCTH CHIDKCHHC
Tpesieaa BRIHOCIMBOCTH. YUET 3TOTO (PAKTOpa OCYMICCTBILIETCS IMyTEM ITPEICTAB-
JICHUS TIPE/IENA BEIHOCIMBOCTH B BHAC YObIBaroIIeH (PyHKIMH BpeMEHH

o, (=900 ,. an
31ech ¢(f) — yObprBaromas (yHKI BPEMCHH.

Koap¢pmumenrsr ypapaeHus OIIK B 3T0M Ciydae Takke OyIyT 3aBHCETH OT
BPCMCHH

A B -
=L 47 |- ; (12)
Az, 1) (¢)'”(t)+2¢)2'”(t)]z Az
B
B(z,n= Pe (t)Z =B(Hz". (13)

Meton pemenus. [t pemenus ypasHeHua OIIK ucmonbs3yercsa MeTon xa-
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pakrepucTraeCKuX (O)yHKOHH [3]. B COOTBETCTBHHU ¢ HCIIONB3YCMBIM MCTOIOM YM-
HOYKMM COOTHOTIEHHE (2) HA €™° W MPOMHTErPUPYEM TI0 Z B mpenenax z € [0, A].
ITponsBeas HHTETPHPOBAHKE IO YACTAM B MPABOH YACTH YPABHEHUA (2) C yUETOM
YAOBICTBOPCHUSA rpaHHqHLIX ycaosuii (4), r[onquM
90(w.1) _
ot

[I1O0THOCTH BEPOATHOCTH MOKCT OBITh BBIPAKCHA YCPC3 3HAUCHHUS XAPAKTCPH-
CTHUYCCKOH ()YHKIHH B THCKPCTHOM PAAC TOUCK O(wy,f) [4]

= a;jA(z Nf(z0 e'””dz——jB(z O f(z.0)e ™ dz . (14)

1 & —ioyz
fEn== Y, O,.t)e ", (15)
k=-N
w, = 2k A, (16)

Hcnomb3ysa BeipaskeHue (15) ypasaerue (14) MOKHO IPEACTABUTH

%@y _1 2 @(wk,t)[zij(z e e dz — —jB(z t)e""ze""“dz] (17)
ot Ak ~
3anuimeM HoIyUeHHOE ypaBHeHHe B BHJC
90@.h _ 2 d,(@.00..1) . (18)
ot =
wZ
rae d,(w,1)= [zwak(w H- Tb (@, t)] 19

A
a,(®,1) = jA(z, De"dz,  b@.0)= [B(z.ne"Vdz.  (20)
0 0

Jns moboro 3Ha4YCHUI @ = @, = 2 = m /A MOKHO 3ammucars ypasHeHHE (18).

Bapbupyst m=12N +1, nonyunm cucremy 2N + 1 aud(epeHIMaNbHbIX YpaBHe-
HUH. 3aMUIIeM MOTYUCHHYF) CHCTEMY B MATPHYHOM BHIIC
8@ =D0O, 2D
at
rie ® — BekTOp C 3AcMCHTAMH O(w,.f), D — Marpuma ¢ 3JICMCHTAMH
D, = d, (w,,!). Cuctema qudpepeHINATBHBIX YpaBHCHHH (21) pemaeTca YuCIcCH-
HO. B ciryuac HE3aBHCHMOCTH MATpPHIEI D OT BPCMCHH CYHICCTBYCT AHATUTHICCKOC
petueHue ypasHeHus (21)
O =0,exp(D1), (22)

rae Oy — BEKTOpP HAYAIbHBIX YCIOBHI.

OnpeneneHne OCHOBHBIX IOKa3aTesell HaneKHOCTH. [lonyueHHbIE 3HAUCHIS
XAPaKTCPHCTHUCCKON (DYHKIMH B THCKPETHOM PAAC TOUCK ©(,,.f), TIO3BOJLIOT TOITY-
YT IUIOTHOCTh BEPOSTHOCTH MEPBI TMIOBPSKIACHUH f(Z,f), IO KOTOPBIM OTIPEACILIFOTCS
HA OTPE3KE BPEMEHH [/, /] OCHOBHBIC MOKA3ATEIH HANCKHOCTH A KYMYITHBHBIX MO-
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JIeTICH HAKOTUICHHSA MOBPSKAcHHI [ 1, 3] BeposTHOCTE Oc30TKA3HOM padoTsl (BEP)

P)= | fz.dz,  telt.1] 23)
0
H IUIOTHOCTB BEPOATHOCTH 0TKA30B (IIBO)
_dP@t)
, telt,.f]. 24
q()= 7 [£;..1] 24

[Mony M cootromerne 111 BBP wepe3 3HAUCHHUS XapaKTepHUCTHUCCKON (DY HKITHH
B JMCKPETHOM psizic TOUCK. /U1 3T0T0 BOCIOB3YEMCS COOTHOIIEHHUEM JUTS IIJIOTHOCTH
BCPOATHOCTH TOBPSKIACMOCTH (15), B CYMMHPOBAHHH BBIICTHM OCOOYIO TOUKY & =0,
yuuTbBasL, 4To O(0) = 1 1 POM3BOAI HHTCTPHPOBAHKE, HMEEM

k

P(t)zi z,+ Ee(wk,t)(#] . telt.n. (25)

Hcnom3ya momy4ueHHOE COOTHOMIECHUE (25) u ypaBHeHHE (18) 3ammmem co-
otHOmreHue 11 [IBO

q(t)———E 2 d (@, )@(wk,t)(%} telt,. 1. (26)

—N m=—N k
k;éo

Taxum 06p330M, TOJIYUCHHBIC COOTHOLWICHHUA IMO3BOJLAIOT ONPCACTIATE OCHOB-
HBIC XapPAKTCPUCTUKH HAACKHOCTH CUCTCMBI.

Yucaennpie uccaenopanua Coornomenus (12), (13) mo3BOILIOT MOIYyIUTH
AHAMTHICCKHUC BRIPAKCHHA AT a(@), bi(@) mytem uHTErprposanms (20)
A

— A, ozo,
ay@.n =17 : @7
TZU)’ 0=0,
[_ A L2 2]E(t), 0+,
b, (@,1) = ’gw_wk) @=a,) (28)
?E(t), 0=,

Tloacrasmsaa cootHomeHus (27), (28) B (19) u mpou3Beas COOTBETCTBYIOIIUE
mpeoOpa3oBaHus ¢ yuetoM (16), moayamm

" _T0- _”’"2 b _|B®. m=k
D, = m—k itm—k) (m—k) 29)
itm A () —%ﬂzmzt_?(t), m=k
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Pucynok 2 — BEP Pucynok 3 - T1IBO

JanpHCHIIHI amrOpUTM Peaan30BaH 4YHCICHHO B cucteMe MATLAB 5.2
UUCIEHHOE MHTEIPUPOBAHUE YpaBHEHUS (21) OCymIeCTBISUIOCH METOAOM PyHre-
KyTra, HauaabHBIC YCIOBHS 33aBAUCh HOPMAJIbHBIM 3aKOHOM CO CICAYFOIIUMH

3HAUCHUSMHU MAPaMETPOB: mg =2y = 0,1; GZZO =0.0001. 3aBHCHMOCTD OT BPCMCHH
xo3(dumuentos  ®IIK 3amaBamack B cremyiomeM Buge A(f) = 001+£k,t,

E(t) = 0.001+kbt2 . PacueTs! mpowM3BOAMINCH M1 ABYX BAPHAHTOB 3HAUCHHH K,

k. TlonyueHHBIC B PE3YIBTATE YHCICHHBIX HCCICJOBAHUHN INIOTHOCTH BEPOSTHOCTH
Mepsl nospexkacHuii, BBP, TIBO npuseaeus! Ha puc. 1-6. [IyHKTHpHbIC THHUH CO-
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OTBETCTBYIOT PACUETAM C YUCTOM CHIDKCHHUSA MPEAEIA BBIHOCIUBOCTH, CIITIOIIHBIC —
COOTBETCTBYIOT PAacyeTaM C MOCTOSHHBIM MpeAeioM BeHOCTHBOCTH. Ha pme. 1-3
NPHBCICHB! PE3YNBTATHl PACUCTOB TPH CICAYIOIMX 3HAYCHHAX k,=7 - 10°,
k=610,

AHATOTHYHO HA PHC. 4-6 MPHUBEACHBI PE3YJIBTATHl PACUCTOB MPH CIICIYFOIINX
3HaueHwIx k, =2 - 107, k,=7-107°,

3.5

-

0 50 100 150

Pucynox 5 — BEP Pucynox 6 — IIBO

BoiBoabl. Pemiena 3agavya NpOrHO3HPOBAHMA OCTATOYHOTO PECYPCA MPHU CIIy-
YJAHHOM HArpy’>KCHUHU W NMOCTCIICHHBIX OTKA3aX HA OCHOBC NMPUMCHCHUA KUHCTHYIC-
CKHX YPaBHCHHU JUI ONMUCAHUA MEP MOBPEIKICHUHM W MATEMATHYECKOTO ammapara
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TCOPHH MAPKOBCKHX IPOLECCOB. [IpeaokeHHAs METOAMKA MO3BOJLICT IOIYYHTH
HamOosiee WH(MOPMAIMOHHBIC IOKA3ATEIH OCTATOYHOTO PEcypca — BEPOATHOCTH
0e30TKA3HOH PAOOTHI M IUIOTHOCTH BEPOATHOCTH OTKA30B C YUCTOM CHIDKCHHS IIpe-
Je71a BBIHOCTMBOCTH B BHJC MPOHM3BOJIBHOI ()YHKIIMH BPSMCHH, 4 TAKKS YYHTHIBATD
Pa3MMYHBIC MOJCIM HAKOIICHHS TOBPSKICHUH M Pa3IMYHBIC 3aKOHOB pacIpese-
JICHHS HAKOIICHHOH MEPBI MOBPEKACHAS B THATHOCTHPYCMBIH MOMECHT BPCMCHH.

Cicox mrepatypsr: 1. Foromun B.B. IIporHo3HpoBaHUe pecypca MALUH U KOHCTPYKIWMH. — M. Maruso-
cTpoerne, 1984. —312 c. 2. I'yces A.C. ConpoTuBiICHHE YCTATOCTH Y JKUBYUSCTh KOHCTPYKIHH IIPH CITydali-
HBIX Harpyskax. — M.: Mammnoctpoenue, 1989. — 248 ¢. 3. JKogoax B A., Muwenxo H.B. IIporaosupoBaHue
HA/ISKHOCTH JIEMESHTOB KOHCTPYKITH € YUETOM TEXHOIOIMUSCKAX 1 SKCIUTYaTallHOHHBIX (akTopoB. — Xaps-
koB: XITIV, 1999. — 120 c. 4. Tuxonos B.J. Cratuctiueckasi paguorexuuka. —M.: Pamio u cBssb, 1982, —
624 ¢. 5. Tuxonos B.H., Muponos M.A. Mapkosekue mporiecchl. — M. :CoB. pammo, 1977. — 488 c.
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YPAXYBAHHYA TEOMETPUYHOI HEJTHIMHOCTI
Y PO3PAXYHKAX HA IOB3YYICTh TOHKOCTIHHHX
EJEMEHTIB KOHCTPYKIIIA

B po6oTi HajilaHO MeTOJI PO3B’SI3YBAHHS TCOMETPHUHO HEiHIMHUX MOYATKOBO-KpaOBHX 3a1au Teopii
TOB3YUOCTi 0O0JIOHOK 0OepTaHHs, Mo modymoBaHi Ha 6a3i MeTomny ckiHueHHHX eneMenTiB (MCE) Ta
PIBHSIHL CTaHy 3 YpaxyBaHHSM MOIMKOPKYBAHOCTI MaTepiany. B o6omoHkax BpaxoBaHo Ae(opMaliiio
TIOTIEPEYHOTO 3C¢YBY. POSTISIHYTO MPUKIIA], 38 IKAM BCTAHOBJICHO SIKICHI BIIMIHHOCTI PO3B’SI3KiB 38141
Y TEOMETPHYHO JiHilHI 1 HeMHifHIl TOCTAHOBKaX.

In article the method of the solution of the initial-boundary value problems of the creep theory of shells of
revolution is given, which one are constructed on the basis of finite element method (FEM) and equations of
state with allowance creep-damage process. The shells with deformation of transversal shift and geometrical
nonlinearity are reviewed at final normal displacements. The example of geometrically nonlinearity calculation
is given.

AKTyaTbHICTH TeMH. TOHKOCTIHHI O0OJIOHKH € BAKIIMBHMHE CICMCHTAMHE Pi3HO-
MAHITHUX KOHCTPYKINH, MO HAHOLIBIN TOMHpCHI y TYpOIHOOYIYBAHHI, KOCMIYHIH,
aBlamifiHii Texuim. TOHKOCTIHHIME 00O0JIOHKAMH € TCPMCTHYHI BiACIKH, Oaku, TpyOo-
TPOBOHM 1 0araTo HMMX KOHCTPYKUIHA. Y TPOIeCi iXHBOT TPHBAIOI CKCIUTyaTalli BUHH-
Ka€ ABUIIC TOB3YYOCTL, INO € CKIAZHOI) HAYKOBOK mpoOmemMoro. Meroam
PO3B’I3YBAHHSA 33024 TOB3yUOCTi 00 €KTIB, MATCMATHYHHMHE MO/ICIIMH AKHX € 000JI0H-
ki 00cpTanHH:, 100pe BigoMi 3 mteparypH, Hanmpukaz [1-4]. PasoM 3 mm, 3a aHATIR0M
TyOJTiKALiH MOYKHA 3pOOHTH BHCHOBOK, IO 3AJIMINAKOTHCSA HEIOCTATHHO BHBUCHAMH TAKi
TATAHHSA, K BPAXyYBaHHA Ac(OPMAIIii TOTICPSUHOTO 3CYBY Ta TCOMCTPHYHOI HCITHIHHO-

77



