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¢ pal:cxe.s' were co:z.s'tmcted. To- mvestxgare thimt i sophisticated Monre—CarIo mo
loped. Simulation approved that developed Maintenance policy enables to decrease fotal Tepair ¢ and dowm:zm ] per'umr tim nat
lexs.| 0% in comparison with the repair-at failure:and: penadtc repair: policies” : . g
T el zmplemenf the elaborated maintenance.policies, it is necessary regularly predict an zlcm s nemammg I:fetzmc ut:ltzmg the mfomnon
w1 the current technical state and opemnng time of an item. This data can be obtained due to non-destructive. diagnostics (z.e inspection).
e operating. and mvnmental condmons io-be kmown-or not to c}mn szgn{ﬁcantly,_ WE! construct an, adequate agmg model

 conditional distri ution of remdining life-time.: % gE : :
The ped softwam package (for IBM PCIAT compatible com ter) erzables fo pred:cr Expectcd Re.miual Lq"e-tzme, Opnma!’ Time
: Intava! fo the next inspection, Total Expected Maintenance and Downitime. Cost; and othér' important characteristics using the conditional
fm'hne probability function. - Its thorotigh verification versus actual inspection’ resitlfs showed accqafable Tevel of predtcrzon accuracy and
consisiency (e.g a relative expected error does not exceed 14%). : : .

2. Bas;c Deﬂmt:ons, Assumptlons and Notatmnsw

We consider a unit or assembly capable of. performing. a specific function which normally operates as a part of a
long-term using equipment or as a s;ngle-umt system. ltem’s failure rate mcreases steadliy L .
The main assumpt:ons T
1) Aging (or physical. degradatlon) is the pnmary reason for.item’s faliures
2) An ltem is, repa:rab!e or replaceable. as a.whole in case of cntlcal faaiure. . :
3). Item S current operating state can be identified by.a cntlcal pen‘orrnance parameter (or vector) A( t )
a4y ‘Regular mspections allow to ascertain-critical performance parameter value a at any operatmg time :
5) The aging status, ‘when a critical performance parameter exceeds the predefmed control limit " A7, 18 mterpreted aslts
critical failure. A term “crzt[cal“ is used as we consider failures causing item’s overhaul ‘or replacement.’
8) A predefined contro] limit of a critical performance parameter will-also.be referred to as aYeritical’.one.-
Examples- of actual ob;ects are-as follows? an intérnal-combustion: engme with the“Gap-between.a. plston and cylmder‘_ e
&% a critical performance parameter; a mechanical gear wath "Thickness-of pinion’s teeth®-an eIectrlcal motor w:th “Gap |n
the’ bearmgs" a tlre thh "Depth -of t:res tread" ete, T LR A SRRt

Let us introduce the followmg notat:ons. -
1) Cm.,. Cﬂ are cost of preventwe ‘and failirre repair, respectwely, S ST s
2) Qlxla(t)= ac] ts a condlt:onal fallure probabllity, ie.a probabitlty of a fadure gwen a c:rmca! parameter vatue IS equal

to a, at the operatmg time E,

S ' 3 Cost-Effectwe RCM PO]ICIES

The followmg appiications-of the Preventwe Condltion-Dtrected Mamtenance (PCDM), wh:ch minimize total expected
maintenance and downtime cost per unit time, can be defined. The principal advantage of these policies is a possibility to
reschedule:any item's.-renewal'in accordance: with'its actual technical state identified by an actual current value of xts cntlcal
parameter and operatmg tlme The other beneﬂcna! point-is a mmpl;city of thelr :mpiementatsen wrnt e
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_‘,‘In otherwords, cost, per unit. operatmg tlme,for lmmedlate preventive repair. G,
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a) If an item under consideration can be :nspected and/or repalred at any {or almost any) schedyled time, then it is worth
estimating optimal resrdual hfenme of th sAttem b otal expected cost per unit operating

time as a function of remaining i:fenme x, The' reguired opt:mal res:dua! lifetime is such’ argument vaiue, which minimizes
the following expression:

) . G0 -=‘{cp,-+(c,;+' )GLx| at)=a,)] {t—c—%ﬁr~£-"ar-'t¢1‘h{te)* ]

The developed” cost-efrect:ve ‘PCDM policy i i5 presented in Figure 1. . o

- We shouid take into:account poss:ble deviations and-errors; mciudmg methodlc, ‘measi
ones. Therefore, it is recommended to:usé intérval’ ‘estimations rathér than' point' ones:
with possible deviations for two examp!e sels of source data arp shown in Figure 2.

rementdiagnostic
The graphs of the functional Gfx)

b) If the item under consideration can be Rreventwe!y réstored {repajred or replaced) only durmg mspectlon dowmlma,

and if the Maintenance Schedule has been already specified for the entire. system along with certain inspection interval Tine

e may _est:matg eﬁlc:ency of immediate preventive repair (replace}.in. .comparison. with. operating -until. next.- mspection.

2 Cpe/-to Should be compared with total, expected
the end of the.next inspection interval; whach ‘may be cal -

FIGURE 1. THE Flow Diagram. of the
Developed Cost-ErreCTvE PCDM PoLicy

inspection mtervat tm shoiﬂd be, subst:tuied in; place of the remaining hfetlme X,
decls:on ava:]able here j ls obvrous. '

c¢).if an-item under consrderat:on is: concerned wrth safety orits reixabihty has be Iocated, we'ar nab!e
safe resmiual hfeﬁme ef thlS ltern w:th the aimto prowde the reqwred survwai probab:hty P To -‘obitain this resuit’

lve‘the fol!owmg obwous equat:on_ ‘
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el Pred;ctaon Results“ or only optlmal Remammg hfetirne (1 & “Next lnterch ‘ngmg Pomt‘ veness of item operating

'-.3unttl the‘next 'schéduled: inspection. ™" ' N
i Onee caleulation is completed, a user may recewe severai reports. The program prowdes both table i
Flg ure 5 presents an example of the table With Gernéral predictlon results, and Figures 2,6 shows three graph'kmds available,
To investigate and verity. developed ! PCDM paoticy, a complex Monte-_Carlo Slmu!atlon Mode! was created..lt perrmts to
tochast:c degradation pr 1 es_ses along wuth ma'onty exi tmg ctasses of mamtenance strateg;es that i s

- -‘fepé:r—at—fallure (i-. only corrective “maintenarce); ' e . s

- restoring in accordance with preliminary schedule‘

R W variats of PCDM and'RCM policies.. ! ) S ’
..~ The.estimated total.repair and" downtirne cost pér unit time for the descnbed PCDM stra eg' was 9 to 12% less than the

-same criteria for the 'rep'air-at-failure and penodm repa:r pollcaes

DEFINE DATA . - e ol CALCULATION TRV R R'Es'umsi

X H_consmm'.r DATA

COST & nisCELLANE

COST DATA ASSOCIATE Wlt

Hdosﬁu,of NEW ;tlre._aoo 00 - ‘Cost,. of “RETREADED tlre.,zoo,ool
Cost of tirers, mountlngmdlsmountlng- 15. 00 .
- Post " of ‘tire’'s PHST procadures. o000 ¢

oo Cost ‘of veh;cle s downtlme losses.‘ao 00

IR | mspac'rxou INTERVAL " duration: 10000 . m
STANDARD  DIMENSION ASSOCIATE with . TRERD

'Ncrmal depth of NEW tread, mm: 25 0'
Critical limit depth of WORH tread , mm: 5.00

' (TIRE's POSITION . on. axie . . —
: ERE Front
Left oxr Right: Right_, T Front ‘or Rear .| Reaxr [

Use [ f<PgUp>/<Bghn> to move/scroll, <EN'1‘ER> to. select, <ESC> to abort
- Choose . a tire's- posxtlon FRONT -or. REAR s :

‘DEFINE DATA i CALCULATION

Ll
e

INSPECTION & OPERATION CONDLITION DATA--

* Previous :.nspectl.cns ‘data: DISTANCE run, km Txead DEpTg o T
, e i 10000 T e

720000

30000

Cu::rent '.[.‘OTAL RUN, km 40000 T

Current tread DEPTH, mm : 12.5

;PAVEMENT type

Asphalt, ccncrete

TRAFFIC type"01ty&towns

Normal 7( dryy

"Degxee of LOBDING: MAX .. Degree of~GRIP~with~r6ad} . Wet:.
- o |eslippery. -

-Ambient TENPERATURE: Warm & . 0 . | varied:

- Use //<PgUp>/<PgDn> to move/scroll <ENTER> to select, <ESC>-to -abort
Choose a degree of GRIP w;th pavement ‘ - :

FIGURE 3. INPUT WINDOWS FOR CONSTANT (A) AND CURRENT INSPECTION (B) DATA.
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Fiaie 6. CONDITIONAL FAILURE PROBABILITY (A) AND DENSITY (8) AS A FUNCTION OF REMAINING LIFETIME (EXAMPLES FOR 3 DATA SETS).
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5""Apoendlx- Brlef Mathematical Foundatzon

To construct the requrred mog_el of monotone agmg, a large sampie iot about’15 sets of act car-out data (such
critical’ performance ‘parameters;as’ gap between a piston‘and-cylinder in‘a diesel: engine; thrckness ‘of pinfon’s teeth, depth .
llected Stochastlc data set for each random proc -onsists of some 1010 18 -

of tire’s iread, gap in: bearmgs, etc }'was co :
time-series measur_e ith. definite anspectton interval Preliminary mvestrgatlon of scatter_dl ] ,'ms for.this data indicated, -

* that'any process-of type- appears:to have fairly high correlation between its successwe crose-secttons [1]. Finally, &
stochastic mode! of onotone change'cf a crltrcal performance parameter whrch prowdes the best itto actua! degracdation

data is identified By the mode
@ ‘

where B isa para er's. ncmmal va!ue dependtng on: actuai rnea'surernent bas
V, is a random:index of parameter speed change, whlch ;s consndered t ‘be constantfor

the observed operatmg interva
Q is a vector of ‘constants, which indicates inherent mechamsm of phiys

performance parameter and defines the"sharp of the parameter’s trend; - - ;
“eft) is a-stationary normal random process, which: defines actual data dewations from the trend-'ct each rea!tzatlon

The main statistical characteristics of the process e(t) are apprcved to be as toliows
. an expectation function-is: ‘obviously equal to zero; .
- a standard- deviation may be considered -as conslant g

dependence Is stochasticaily insignificant.
- an autocorrélation interval Yooz ~algbcan be treated as’a. Ccornigtant’ for (=T performance parameter so that an

autocorre!atlon process function may be approxrmated as with:the . hnear) function, that is:
(8) pe(‘i‘} {1 "7!7:0” ff =t~ t1<€c¢u'

efsewhere
The vector O should be estimated utilizing the-entire data sample on definite critical performance parameter with the heip
of the standard Least Square Method {LSM).

A(t) _‘p - Vk s(rn) 4+ e(t}, o

rticular item over

each critical

(for each partlcu!ar performance parameter), as iis tima

It we know not less than 4 values of cntrcal parameter for a particular item, the

speed index also can be estlmated accurately enough according to LSM.
In order to infer conditional failure distribution, we’ll use the process mo
expression for a section of the normal random process e(ﬂ at the known cperatmg trme (rete

onstruct the requrred condltlonal probabilrty functron we ll wr:te the to!!owmg correct transformation:'

del- (3) and specn‘y the condition as the following
r to [6] for more detarls)

)= a-Vilo. Toec
)- PIf > x<T§e(t) =a, th 1= Pla(t, +x)>1 {e(tg a V,,t ]-
-P{e(t +x)>1 -~V (i, +x)°‘ le(tc) =l V,‘tc]
Here we may apply the known tormu!as for the cond:tzcnai probab:irty of two correlated and normally distributed random

variables e(t) and e(t,+x), we can easily infer a distribution of the conditional failure probability {2) taking into account
necessity of truncation of the normal law with the aim to keep non—decreasmg property of the stochastlc agmg process
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