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Abstract

This paper deals with the maintenance cost of etting systems. Two maintenance strategies ackest: age-
replacement and condition-based maintenance. Tgammthese two policies, degradation models aréd:use
these models characterize the degradation levelalsat the system time-to-failure. In order to comapthe
optimal condition-based maintenance cost, we sugppbat the main influencing sources are the prévent
threshold, the inspection frequency and the ingpeatost. Numerical examples illustrate the maiatex® cost
computation and compare the optimal costs of botitips.

1. Introduction which is more representative of the current system

. . . status.
Manufacturing systems are subject to differentsses 11,4 system or component wear depends on the

which depend on their operati_ng environment anetim operating environment and the conditions of use Th
Systems wear increases with usage and age uniegragation accumulation can be modeled using
failure happens. For example, the lubricationgychastic processes which are determined by the
performance of the engine oil decreases fasterafor degradation type. We will only focus on the gradual
construction truck than for a long-haul truck. = continuous degradations that are classically madele
System failures can incur high cost: if the lubtima | . gamma processes [1], [13], [17]. However
property of the engine oil reduces, the engine bl gy 10ms are more and more subject to an environment
bad lubricated. Then the vehicle will be immobitize -+ often varies [5], [17]. The system use chamyes

due to an engine breakdown. Preventive maintenancgq time and the degradation accumulation increases
aims at detecting the loss of system or componenfyii, respect to this usage. For instance, the road
performance and at deciding if the system _OTtopology influences the use of the brake pads.Hitiya
component needs to be replaced before the fa'lur%nvironment, brake pads warm up more often thaa on
appears. , _ , _ _flat road. To model this kind of degradation, an
Many preventive maintenance strategies exist: We Wi getive tool is the Markov additive process whezn
focus in this paper on age-replacement [3], [4]. [9 e the degradation accumulation according to the
[10], [18], [19] and condition-based maintenance usage.

policies [6], [7], [8], [10], [13], [14], [15], [16 The  Thig paper compares the age-replacement cost and th
first policy takes only account of the system age;,ngition-based maintenance cost for a simple
whereas the second is based on the degradatiol Iev%legradation model using gamma process and for a
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complex degradation model with Markov Additive (i X()=0,

process. Our objective is to evaluate the additioast (i) X(t) has independent increments,

that results in using a condition-based maintenance (iii) Fort > 0 andh > 0, X(t+h) - X(t) is a gamma
instead of an age-replacement policy. distribution :

This paper is organized as follows. Section 2 dessr

the degradation models. Section 3 deals with the £

maintenance models while section 4 analyses the f(x)zl'(ah) XMt/ A

sources that influence the cost of condition-based Q)
maintenance. Section 5 gives a comparison between
the costs of both policies from simulation using th with /~ the gamma function where
degradation models.
F(y)=Jgz"e%dz, Oy>0 . (2)

2. Degradation models

General concepts on reliability models are firstSuppose X a gamma process and

presented. Then we focus on two particular modelsp > 0 a fixed failure threshold. Then the probability

based on system degradation. distribution functionF of the first time to reach is
[7]:

2.1. Reliability models

: F(t) =P(T <t). 3
Meeker and Escobar [11] notice two approaches to
develop a reliability model: o ot
()  survival reliability, ey < oo expl(~ x)dx .
(i)  degradation-based reliability. ()= F(ah) : )

The first methodology aims at computing the I|f&1|m_ F is also known as the hitting time distribution.

e e caoane | DUe o the monotony propery i s possile o hode
failure rate that cém not be computed for a pasicu many _physical _deg_radatlon processes. Moreover,
component. Singpurwalla [17] pointed out that it gamma process IS a Jump process which can represent
derives frorﬁapopulation of components the accumulatlo'n of an infinite number' of ;small
The second approach develops degraldation mode hocks. The m_dependence and statlon_arlty of
which represent the behavior of the system deg@adat Rorements of this process means that this model
supposes that future degradation is independetiteof

accumulation. The time-to-failure of a particular . ot jevel of degradation but depends only an th
system can be determined due to a specified fa"ur%eriod over which the system will be allowed to be

threshold. .
) . ... deteriorated.
We will focus on the degradation-based reliability The gamma process is suitable to model gradual

'tl)'ﬁzaflﬁl(e)v:;[inpr?j\gggrsiblggot:;/noa“n?(?dglg gf ?ﬁ:ﬂgcrﬁg damage monotonically accumulation over time in a
9 9 sequence of tiny increments: Van Noortwijk [13]

reliability that have been mainly used in the : , :
. modeled dykes erosion due to crest-level declirth wi
Egintenance area [[6], [7], [8], [10], [13], [141L5], the gamma process.

2.3. Markov additive process as degradation
model

Consider a system or a component subject to a weaé id ¢ h d dati
accumulation in time which can be represented by th onsiger now a  system = Wnhose egradation

degradation variabl¥. The degradation is supposed to aC/CUFSUtLa'[IOH %gtpends fon theThoperatlrlg enyw;r;;r;)ent
be gradual and monotone. Abdel-Hammed [1]Or an € conditions ot use. These external v

proposed to use the gamma process as a proper mody exter?al cqv;anatgs (;;an ||nflu%nf[:r(]e thl\i tyl|<oe drﬁ(?:t.
for deterioration occurring at random time-instants wear rate. Ginlar [5] develope € Markov additive

The best advantage with this tool is that the nequi process which is a flexible modelling tool to regmet
mathematical calculations are relatively this kind of degradation according to the external

. covariates.
straightforward. Figure 1 shows an example of Markov additive
process degradation model with one external cowaria
The degradation level grows according to the catari
state. The degradation accumulation increasesrfaste

2.2. Gamma process as degradation model

X(t), t > 0 is a gamma process with shape parameter
a and scale parametgr
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when the covariate state equals 2 than when thd@he comparison is based on the mean maintenante cos
covariate state equals 1. per time unit. The following describes maintenance
This model takes into account the effect of otherpolicies and the methods to compute the expected
factors on the failure mechanism, and as a consegue mean cost per time unit for each policy.
gives better precision on the system behavior.

3.2. Age replacement

Age replacement policy consists in replacing a
| component upon failure or at an operational dge
: which ever comes first. We suppose that after the
j replacement, the component is “as good as new” and
1 that the time required to replace the failed sysitem

Degradation level

negligible.

. When the component has reached the #gethe
preventive replacement cost 3, and the cost of
replacing a failed item (before agg is C..

Time

2 —  —
|
3 1 |
é ! ' ] Planned Planned
3 ; ! replacement, . replacement,
i : > cost = Cp U cost=C
i Time replacement 4
' l cost I‘ (G l
Figure 1 Example of a Markov Additive Process | : % t —
degradation model L To —T, — Time t
3. Maintenance policies model Figure 2 Age replacement policy and costs [14]

The previous reliability models that describe the . _ _
system degradation may be used to compute th he time between two consecutive replacements is
maintenance cost for different strategies. called a replacement period. The mean time between
This section begins with the definition of the ditint ~ renewals with replacement aggis:

maintenance operation costs. Then two different

maintenance policies are presented. The first & th MTBRT,) = [°t.f (t)dt+T,.P(T 2 T). (6)
age-replacement policy, which is based on the dge o

the system. The second policy is the conditionbase \1erT.) = ™ (1- E(t))dt 7
maintenance, which refers to the degradation level R(To) IO ( ()) ' 0
the system.

The mean number of replacements, (N(t)), in a

3.1. Maintenance cost long time interval of length t may be therefore

. : approximate as
To compare the global maintenance cost of different PP

policies, we need to introduce some maintenance ¢ ¢
operation costs. They cover the hardware and man- E; (N(t))= =— :
hour costs: MTBRT,)  [°(L~F(t))dt
(i) G is the inspection cost. The inspection
consists only in checking the system state andrhe total cost per replacement period is equah® t
store the system degradation level. replacement cosC, plus the extra costC{ - Cp)
(i) C,, the preventive cost. The preventive whenever a failure occurs.
replacement aims at replacing the system
before its breakdown. +lc. -c lP(T<T)=C.F +C_R(T
(iii) C, the corrective cost. The system has failed Co (CC Cp) ( o) = Ce F(To) +C,p R(To) (9)
and needs to be replaced. The new system i%‘he total
considered as good as new.

(8)

mean cost per unit tim€,(Ty) with
replacement ag§, is determined by:

with:
Ci<C,<C.. (5) Ca(Ty)-MTBRT,) = CC'F(TO)+Cp'R(TO) (10)

Thus,
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Degradation
level
C..F(T,)+C..R
CA(TO) = - (-I%)Rt C';t (TO) ’ (11) Corrective t
Jo* R(®) threshold Lc )'—
WhereF is the probability distribution function arf Preventive

. . e . . i threshold Lp
is the reliability function of the system which ifes:

R(t) =1-F(t). (12)

» Time

Usually the operation agd, is specified by the
manufacturer. Nevertheless this specification is th
results of durability test and deals with the comgat Oinspection preventive replacement I corrective repiacement
performance and not with the cost optimization.

Figure 3 shows the basic shape of the meanFigure 4 Condition-based maintenance policy
maintenance cost per time unit function. The fuorcti

decreases quickly to reach a minimum (optimum)The system is checked at each regular inspectioe ti

value and then increases slowly to reach a constarifterval and its degradation levldetermines the type
value. of maintenance operation.

(i) Z < L, the system is functioning. An
inspection cosg; is imputed.
(i) Lp < Z < L, the item has to be preventively
replaced with a preventive cdsg.
When the degradation level has reached the
corrective thresholdl., the component is considered as
failed and is immediately changed with a dGst

5

The cumulative maintenance cost of this policy is:

Total mean cost per time unit

Cea® =N, (1).C, + N, (H)C,

(14)
+N,(1).C, +C,.d(t)

oL, . . . . . . . L] whereN; is the total number of inspections, is the
050 T T B s A number of the preventive replacementd, is the
number of the corrective replacements.
Cq is the cost of “inactivity of the system” per tiraait
and d(t) is the time spent in a failed state in [,
Since the failed component is immediately changed,
we suppose that these two variables equal 0.

Figure 3 Function of maintenance cost per unit time of
age-replacement polidga(t)

The optimum of the average maintenance cost per tim
unit Ca(To) is such that:

dc, We focus onCg, the expected mean cost per time
dt (To) =0. (13) unit over an infinite horizon.
To represents is the optimal replacement age. Con. = lim Cee® _ i, E(Ces(t)) (15)

too t t-oo t

3.3. Condition-based maintenance

. : . Using the renewal theory [2], it is well known thiae
Condition-based maintenance policy is based on thﬂmit at infinity (15) can be changed into a rati

degradation leve¥ of the item. It consists of deC|d|ng_ expectations on a single renewal cycle,T Then,
whether or not a system may be maintained according

to its state using condition monitoring techniguesst ( )
a critical threshold is fixed by the manufacturér. C. = EC(Teycee) (16)
second threshold is variable and determines the tim o E(Tyee)

change preventively the system.
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For a given degradation process, the nuniheN,, N.  4.2. Influence of the inspection time interval
and the cycle Je depend on the preventive threshold
and the inspection frequency. We will focus on the
influence of these parameters in the next section.

More the number of inspection increases, more the
system is maintaining. The system or componentdcoul
be replaced before its breakdown and then mondy wil

. . . . be saved even if the maintenance cost increases.
4. Numerical experiment and influence analysis

of condition-based maintenance

+ E=1.1,Va=05
wr- | ===E=1.1; Var1
O E=1.1;Var2
a0 ¢ E=1.1;Var=5

This section presents the results of numerical
experiments on the computed cost of condition-bases
maintenance. We suppose that the main influencing
causes are the choice of the preventive threshudd a
the choice of the inspection time interval. Consittat

the cost values are expressed in arbitrary unit:

Ci =5

C, =100

C. =500 e
The system is considered as failed when the§ " A

—— o _9-
DR U A AN Stk i S S W W ikd
C]

degradation level reaches the critical threshold = ° s © = %
Lc= 100 Inspection time interval

an maintenance cost per time unit

4.1. Influence of the preventive threshold Figure 6 Influence of the inspection time interval on

) ) ) the maintenance cost (Ci/Cc = 0.05, Cp/Cc = 0.2,
The preventive threshold determines the time toc. = 500)

change the system before the failure; it has tixeel

between the initial degradation level and the @lti  rigyre 6 shows the influence of the inspection time
threshold. Higher this threshold is, more the ckalic  jyterval on the mean maintenance cost per time unit
have a failed component is accepted. The meang the influence of the preventive threshold, the
maintenance cost per time unit depends on thigninimum maintenance cost per time unit is reached

tolerance. with an optimal inspection time interval. If the
- inspection time interval is less than the optimuhe

E" T+ wvwos] ' ' ' ‘ ‘ maintenance cost increases due to the occurreribe of
2 ol | "o e tvam: 3 inspections. In the contrary case, it increasestaltiee

'g 2 ELvees corrective actions.

8. i 5. Maintenance cost comparison

(0] /

£ Jf ] To find the optimum cost of the condition-based
|5 X / maintenance, we need to link these two influencing
5" o | sources to the cost and to find a compromise betwee
E o gy e 1 both variables. The following deals with two
g e PP IOl degradation cases and shows the evolution of tla¢ to

s 5w W v mean cost per unit time over the inspection time
Preventive threshold . .
interval and the preventive threshold.

Figure 5 Influence of the preventive threshold on the 5.1. Model 1: Gamma process degradation
mean maintenance cost (Ci/Cc = 0.05, Cp/Cc = 0.2, model .

Cc =500)

The first case is a simple degradation modeled by a
Figure 5 shows the influence of the preventive gamma process with me&h= a/B = 1.1 and variance
threshold on the mean maintenance cost per tinte univar = o/p2= 5.
An optimal preventive threshold can be determided. Figure 7 shows the degradation accumulation and its
represents the limit between the cost of preventiveprobability distribution function, which is compate
actions and the cost of corrective actions. Thém@dt  with equation 4.
cost would be the minimal value of this function,
however other variables influence the maintenawose ¢
like the inspection time interval.
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maintenance cost is lower than the optimal age-
replacement cost if the inspection cost is less ttih
Otherwise the age-replacement policy is less expens
for this type of degradation model.

0o oo o o o

Time

@® (0] Condition-based maintenance

o m— o replacement maintenance

Mean maintenance cost per time unit

Cumulative distribution function

Time l

Figure 7. Degradation level and probability " Inspectioncost &l
distribution function of time to failure.

Figure 9 Model 1: Mean maintenance cost per unit
Figure 8 compares the condition-based maintenanc&ime as a function of the inspection cost.
cost and the optimal age-replacement cost (computed
with the equations 11 and 13) with a fixed inspgtti 52 Model 2: Markov additive process
cost Ci = 5). The condltlo_n-based maintenance C(?Stdegradation model
increases due to the failure when the preventive
threshold is higher and the inspection time intesraae ~ This model represents a system which is used in two
longer. On the contrary, the optimal age-replaceémendifferent operating environments using Markov
cost is constant. The area Al represents the cogple Additive process. The accumulation of the degradati
preventive thresholds and inspection time intervalsrate is supposed to be the double in severe condliti
when the condition-based maintenance is less (i) 0<t <20 days: severe stress

expensive than the age-replacement policy. (i) 20<t <40 days: normal stress
(iif) 40<t <50 days: severe stress

/ﬁ (iv) t>50 days: normal stress
’\ . The degradation processes are represented by gamma
/ ‘ /7‘ v processes withe; = a1/B; = 1.1 andVar= a./2= 5
\ if the conditions are normal andg, = a,/3; = 2.2 and
Var = a,/B,2 = 10 if the conditions are severe.

[ condition-based maintenance
-Age~replacemen| policy

8

i

Mean maintenance cost per time unit

Degradation level
suusBs838883
T

Ti;e
Figure 8 Mean maintenance cost per unit time of age-
replacement and condition-based policies. (Ci/Cc =
0.05, Cp/Cc = 0.2, Cc =500)

The condition-based maintenance cost depends on tt
inspection frequency and the tolerance to havdwada
but also on the inspection cost. We suppose that th
inspection cost is now variable but always lowenth
the preventive costFigure 9 shows the optimal Figure 10 Degradation level and cumulative function
maintenance cost per time unit (according to theof time to failure

preventive threshold and to the inspection frequenc

as a function of the inspection cost for both peic  Figure 11 shows the maintenance costs of condition-
We can see clearly that the optimal condition-basedased (with fixed inspection co€t = 5) and of age-

Cumulative distribution function

El
Time
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replacement policy. The condition-based maintenancét the beginning of the component life, the inspmtt
cost increases with the occurrence of inspectioth antime interval should be higher because of the low
the tolerance to have a failure. The optimal age-probability of failure. This inspection frequendyosild

replacement cost

is always constant over theséncrease with time. Another parameter should akso b

variables. The area A2 represents the couples ofonsidered: the usage. When the conditions of use a
preventive thresholds and inspection time intervalmore severe, the inspection time should be sharter
values where condition-based maintenance is lessrder to detect earlier the preventive replacenaeak

expensive than age-replacement policy.

[—Icondition-based maintenance
-Age~veplacemenl policy

Mean maintenance cost per time unit

Preventive threshold

Inspection time interval

Figure 11 Mean maintenance cost per unit time of
age-replacement and condition-based policies. (Ci/C
=0.05, Cp/Cc = 0.2, Cc =500)

avoid the component failure. It would be interegtio
define the inspection time interval according tahea
condition of use and time. Then, the influenceifet
and the inspection frequency will be more importamt
the condition-based maintenance cost.

The critical threshold should also be variable.ekexdl
this threshold is supposed to be constant butttdco
depend on the operating environment. Since the-time
to-failure depends on the critical threshold, thgable

of this setting will influence the occurrence of
corrective replacement in condition-based
maintenance. Thus, the cost per time unit will vaung

to the corrective cost and the time of the openatio
cycle.

These perspectives could provide a better follovelip
the system degradation. It would be interesting to
compute the condition-based maintenance cost per
time unit with these assumptions. Then, it would be
possible to evaluate the cost benefit of this golidth

As the model 1, an inspection cost study is donethe optimal age-replacement maintenance cost.

Figure 12 shows that the optimal condition-based
maintenance cost increases with the inspection tost
this case, if the inspection cost is less thart #6rmore
interesting to choose the condition-based mainteman
instead of the age-replacement policy.

_ Condition-based maintenance

I —_—

Age-replacement maintenance

Mean maintenance cost per time unit

L L L L
E] E] w© E]

Inspection cost Ci

Figure 12 Model 2: Mean maintenance cost per unit
time as a function of the inspection cost.

5.3. Perspectives

6. Conclusion

This paper is only a preliminary study in order to
compare two different maintenance policies with the
cost criterion. Age-replacement policy is a
maintenance policy which consists in replacing the
system when it reaches a fixed operational agehenw

it fails. Condition-based maintenance is a monilgri
maintenance which decides the maintenance operation
(inspection, preventive or corrective replacement)
according to the degradation level of the system.

These policies are compared by simulation on a same
component in two different operating environmelfits.
the component operates in a same environment
(modelled by gamma process), there is a small margi
to have a condition-based maintenance less expmensiv
than an age-replacement policy.

Nevertheless more and more systems like truck
components are subjected to different stresseshwhic
depend on the operating environment and on the
conditions of use which usually change (modelled by
Markov additive process). In this case, the linfitre
inspection cost to have a cheaper condition-based
maintenance is higher than the previous case.

Further works can be developed including a variableThis paper shows that it would be interesting talgt

inspection time interval for condition-based
maintenance according to age and usage. In thily,stu
we considered only a fixed inspection time interval
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further the parameters which influence the inspecti
cost limit which determines the cheaper maintenance
policy for a deteriorating system in a dynamic
environment.



Bouvard Keomany, Artus Samuel, Bérenguer Christopbequempot Vincent
Maintenance cost study for deteriorating systenge-eeplacement policy vs. condition-based mainteaglicy

References [17] Singpurwalla, N. (1995). Survival in Dynamic

[1] Abdel-Hameed, M. (1975). A gamma wear proce
IEEE Transactions on Reliabilit4(2), 152-153

[2] Asmussen, S. (1987)Applied Probability and
Queues. Wiley Series in Probability and
Mathematical Statistics, New York.

[3] Aven, T. & Jensen, U. (1999%tochastic Models in
Reliability, Series Applications of Mathematics -
Stochastic Modelling and Applied Probability,
Springer, vol. 41.

[4] Barlow, R. E. & Proschan, F. (1996). Mathematical
Theory of Reliability, SIAM, Classics in applied
mathematicsvol. 17, 1996, Previously published
by John Wiley \& Sons, Inc., New York.

[5] Cinlar, E. (1977). Shock and Wear Models and
Markov Additive Processedn The Theory and
Applications of Reliability, Academic Press, New
York. 193-214.

[6] Dagg, R. A. (1999).Optimal
Maintenance for
SystemsPh.D. thesis.

[7] Dekker, R. & Scarf, P. A. (1998). On the Impact
of Optimisation Models in Maintenance Decision
Making: the State of the Art, RESSvol. 60, n° 2,
111-119.

[8] Grall, A. Bérenguer, C. & Dieulle, L. (2002). A
condition-based maintenance policy for
stochastically deteriorating systemdReliability
Engineering & System Safe#6,167-180.

[9] Gertsbakh, 1. (1977).Models of Preventive
Maintenance North-Holland, Amsterdam - New
York — Oxford.

[10] Gertsbakh, 1. (2000)Reliability Theory - With
Applications to Preventive MaintenanceSpringer,
Berlin.

[11] Meeker, W.Q. & Escobar, L.A. (1998%tatistical
Methods for Reliability DataJlohn Wiley & Sons.

[12] Nikulin, M. & Gerville-Réach, L. & Couallier, V.
(2007). Statistiqgue des essais accélériavoisier,
Paris.

[13] Van Noortwijk J. M. (2007).A survey of the
application of gamma processes in maintenance.

[14] Rausand, M. & Hgyland, A. (2004)System
Reliability Theory. Models, Statistical Methodsdan
Applications. Second EditionJohn Wiley &
Sons,Inc., Hoboken.

[15] Scarf, P. A. (1997). On the Modelling of Condition
Based Maintenancein Advances in Safety and
Reliability — Proc. of the ESREL'97 Internatbn
Conference on Safety and Reliability7-20 june,
1997, Lisbon, Portugal - Vol.}3Guedes Soares,
C., Pergamon, 1701-1708.

[16] Scarf, P. A. (1997). On the Application of
Mathematical Models in MaintenanceJOR vol.
99, num. 3, 493-506.

Inspection and
Stochastically Deteriorating

92

[19] Wang, H.

EnvironmentStatistical Scienge/ol. 10, 86-103.

18] Valdez-Flores, C. & Feldman, R. M. (1989). A

Survey of Preventive Maintenance Models for
Stochastically Deteriorating Single-Unit Systems.
NAVAL vol. 36, 419-446.

(2002). A Survey of Maintenance
Policies of Deteriorating SystemBJOR,vol. 139,
469-489.



