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Abstract: The definition of Preventive Maintenance policy is a very difficult task. Many authors faced this 
issue and a large variety of models and applications have been proposed. Main criteria for optimization are 
maintenance costs minimization and system availability maximization: the selection of the best maintenance 
policy is done without considering all possible risks to which an organization can be exposed when 
maintenance fails. On these considerations, the paper presents a periodical preventive maintenance policy 
based on risk analysis and evaluation. Proposed approach is applied to a production line of a pharmaceutical 
plant, where costs of down time is sensibly high.  
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1. Introduction  

The adoption of preventive maintenance policy proved to 
be effective to reduce breakdowns and maintenance total 
cost. At the same time, the definition of Preventive 
Maintenance policy is certainly a very difficult task as it 
combines both technical and economic issues. Many 
authors faced this problem and a large variety of models 
and applications have been proposed. Main criteria for 
maintenance policy optimization are maintenance costs 
minimization and system availability maximization. More 
in details, an optimal system maintenance policy may be 
the one which either (Wang, 2002): 

- minimizes system maintenance cost rate, 

- maximizes the system reliability measures, 

- minimizes system maintenance cost rate while the 
system reliability requirements are satisfied, 

- maximizes the system reliability measures when the 
requirements for the system maintenance cost are 
satisfied. 

The adoption of one of the mentioned criteria implies that 
the selection of the best maintenance policy is done 
according to standard costs and availability, without 
considering all possible risks to which an organization can 
be exposed when maintenance fails. For example, when 
calculating availability, Mean Down Time is usually 
referred to standardized situation, that is considering a 
mean value. This circumstance makes the use of  
availability maximization criteria alone not adequate when 
consequences of rare but very risky events are important. 
For example, if during maintenance interval a very rare 
component unexpectedly failed, its procurement would 
take a long time, thus causing an unbearable production 
stop.  

In pharmaceutical industry, where production losses due 
to equipment stops becomes soon unbearable, the 

adoption of risk analysis for maintenance scheduling 
seems particularly indicated. Here, the definition of most 
critical components, according to probability and 
consequences of unexpected failures, may prevent 
expensive production losses. On the other hand, even if 
maintenance costs can be considered negligible if 
compared to quality and production losses, the number of 
planned activities must be limited to guarantee the 
required production rate. 

On these considerations, the paper presents a risk 
management approach to maintenance policy selection 
where availability of critical components is maximized. In 
particular, considering all the possible approach to the 
problem (age-dependent policy, failure limit policy, etc.) 
the periodical preventive maintenance has been selected as 
it results particularly suited to all those situations, like  
pharmaceutical industry, in which operational constraints 
(e.g. production scheduling and maintenance resources) 
favour a fixed maintenance interval.   

2. Periodic Preventive maintenance models 

In periodic preventive policies, a unit is preventively 
maintained at fixed intervals kT (k=1,2…), independent 
of the failure history of the unit, and repaired at 
intervening failures. The aim of Periodic Preventive 
maintenance models is then to define T in order to 
optimize the maintenance interval. Optimization criteria is 
often maintenance cost (Nakagawa, 1986, Wang & Pham, 
1999, Zequeira & Berenguer, 2006) which is calculated 
considering the number of interventions depending on the 
type of maintenance performed (minimal, perfect, 
imperfect, replacement, etc.). The duration of 
maintenance job is then a standard value and unexpected 
events are not taken into consideration. The minimization 
of system maintenance cost rate is not sufficient to 
guarantee an optimal maintenance interval. In fact, for 
multicomponent systems, which are by far the most 



diffused in industrial plants, minimizing maintenance cost 
rate may not imply maximizing the system reliability 
measures (Wang, 2002).  This limit has been overcome 
introducing reliability performance, such as availability, in 
the optimization function (Sanchez et al., 2009, Castro, 
2009). Another approach is the availability centred 
preventive maintenance policy, in which the maximization 
of system availability determines the maintenance interval; 
maintenance task characteristics are selected on a cost 
basis. 

Following the last approach, the risk management model 
for periodic preventive maintenance has been developed 
starting from the model described in (Tsai et al., 2004). 
where tp (periodical preventive maintenance interval) is 
determined through components’ availability 
maximization. 

3. Availability centred model 

3.1 Maintenance actions 

To illustrate the proposed approach, it is necessary to 
introduce the availability centred maintenance model 
proposed in (Tsai et al., 2004), which represents the 
starting point of the methodology. This model is based on 
the definition of three different maintenance actions: 

(1a)-maintenance (mechanical service). This type-action 
emphasizes on maintaining a system on normal operating 
condition, improving the extrinsic state (the deteriorated 
environment) so that it can tune the system to a more 
good condition. Typical activities for this type are 
lubricating, adjusting/calibrating the position or load 
carried to the mating parts, tightening the loose parts, 
cleaning the dust, etc. 

(1b)-maintenance (repair). This type-action generally 
includes the activities of (1a) and repairing/replacing for 
some simple parts such as springs, seals, belts and 
bearings, etc. It can rightly recover the intrinsic damage 
except the extrinsic condition improved. Examples for 
this type are engine overhaul, engineering structure 
reinforcement and surface treatments to the moving parts, 
etc.  

(2P)-maintenance (replacement). This type-action is to 
replace the subsystem/component with a new one. It is 
frequently adopted for the key subsystems/components 
to avoid serious damage occurred. In addition, the 
subsystem/component which undergone several times 
(1a) and (1b) and were not worthy to go on using, may 
also take this type-action. 

When maintenance actions are performed, system 
reliability is improved. In particular, failed parts of the 
system are recovered by repair or replacement, whereas 
survival parts are restored by anyone of the three actions 
described. To evaluate the effect to reliability that each 
maintenance action produces, the age reduction model is 
used and the reliability of the component on the jth 
interval can be defined as: 

, ∙ ,  

(1) 

where R0,j is the initial reliability of the jth stage, i.e. the 
probability of system surviving undergoing j-1 times of 
maintenance, and Rv,j the reliability degradation of 
surviving parts on this stage. Considering periodical 
preventive maintenance, whose interval is tp, reliability of 
surviving parts is defined as 

,
1

1  

(2) 

where m1 (0≤ m1≤1) is the improvement factor of (1a). It 
can be regarded as the ratio of the life of the surviving 
parts to their original life. In particular, m1 is equal to 1 if 
the survival parts are restored to as good as its original 
condition. Depending on the type of maintenance action, 
the effects to R0,j and Rv,j can be evaluated as follows: 

Mechanical service (1a): failed parts are not recovered but 
system degraded velocity can be declined by adopting this 
action. The resulting Rv,j is modelled with (2), whereas R0,j 
is defined as: 

, , , ∙  
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where R0,j-1, Rf,j-1 indicate the initial and final reliabilities of 
systems on the (j-1)th stage. 

Repair (1b): action not only can improve the surviving 
parts of systems but also recover the failed parts. 
Generally, the improvement of (1b) to the failed parts can 
be measured by an improvement factor, m2 (0≤ m2≤1). 
The initial reliability can be expressed as  

, , ,  

(4) 

where R0 denotes the initial reliability of the new system. 

Replacement: normally this action would restore the 
system to its original condition, then R0,j=R0 and surviving 
parts reliability becomes: 

, 1  

(5) 

 

3.2 Maintenance planning 

In Tsai’s model maintenance interval is obtained 
optimizing system availability. Operational availability is 
defined as: 

 

(6) 

MUT=mean up time 

MDT= mean downtime 

Considering periodical replacement, MUT and MDT can 
be expressed as follows: 
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where tp, ta and tb are the maintenance interval, the 
preventive and the corrective times on replacement, 
respectively, and h(t) the hazard function, which is 
defined: 
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(9) 

The resulting expression for operational availability is 
then: 

 

(10) 

Maintenance interval which maximize the availability of 
each single component or subcomponent of the system  
can be derived by differentiating equation (10) by tp: 

 

 

(11) 

Then, availability can be calculated for each component or 
subcomponent of the system, according to its reliability. 
In order to schedule maintenance actions, the model 
select the lowest tp of the system. For all those 
components whose optimal maintenance interval is higher 
than the selected tp, if reliability at the next stage is less 
than the set minimum reliability requirement, (i.e. 
R2tp<Rmin) it needs to be maintained on this stage. Action 
type for each component is decided with the following 
maintenance-benefit analysis: 
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where the subscript i, k denote the ith component and the 
three actions, respectively. The numerator indicates the 
extended life of component i by action k. The 
denominator is the corresponding maintenance cost. The 
action which leads to the maximum maintenance benefit 
would be selected. Once maintenance actions are 
determined, system availability at any stage can be 
calculated: 

,
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where n is the number of components, ti,k,a is the required 
time to perform (1a), (1b) and (2P) of component I, which 
can take the same scale as well as the cost Ci,k. tb,m is the 
mean corrective maintenance time of system. Further, the 
maintenance cost of system at any stage is defined as: 

 

C , C , C ∙t , h , t dt 

(14) 

where the two items indicate the preventive and the 
corrective maintenance costs of system. C0 denote the 
corrective maintenance cost of system per unit downtime. 

4. Risk management approach 

The availability centred maintenance model uses as tp the 
minimum maintenance interval obtained applying (11) to 
the system. This circumstance determines that the system 
is stopped frequently and components with higher 
optimal maintenance intervals are maintained even if not 
necessary. Moreover, maintenance actions performed on 
these components (1a or 1b) do not sensibly improve 
their reliability, which is destined to decline before the 
next maintenance job. This practice may cause increasing 
maintenance costs when considering critical components. 
For example, in many cases the selected tp is associated to 
low cost components that require frequent but rapid 
maintenance actions. Then, if a component with a low 
maintainability (in terms of supplier lead time) does not 
overcome the reliability lower limit at tp, the model may 
suggest to perform action 1a. But before 2tp the reliability 
of the component could assume a low value. This 
situation becomes very risky as an unexpected failure of 
this type of components causes a long stop. Furthermore, 
the enlargement of the maintenance interval towards 
optimal tp of the critical component could have a 
beneficial effect: failures of less critical components 
usually have less negative consequences. In addition, tp 
calculated with (11), using mean values for up time and 
down time, doesn’t take into account extraordinary 
situations, which usually are the most critical.  

On these considerations, the paper proposes some 
changes to the original approach in order to emphasize 
components’ criticality and associated risks. The 
methodology follows the steps illustrated in Figure 1. First 
of all, a work breakdown structure (WBS) of the analyzed 
equipment is necessary to identify system components 
and subcomponents. Only items subjected to preventive 
maintenance must be considered in the analysis. Then, 
reliability parameter must be estimated or collected (if 
already available). According to reliability distribution 
(Weibull, Poisson, etc.) different parameters are required 
(for example, in case of a Weibull distribution the scale 
parameter α and the shape parameter β are needed). For 
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Table 6. Maintenance scheduling 

 

Developed methodology has been compared to the one 
proposed in (Tsai et al. 2004) by using the lowest tp 
obtained by (10), which corresponds to 15.000 minutes. 
By adopting this maintenance interval, the most critical 
component (BF3) would be maintained only at the third 
cycle (45.000) when its reliability would be about 40%. 
Considering the risks associated to its failure, this result 
seems not indicated for this type of component.   

6. Conclusions 

In contexts where production losses due to equipment 
stops are important, the use of a risk management 
approach allows to plan maintenance activities according 
to organization’s priorities, thus mitigating negative effects 
to targets achievement. At the same time, proposed 
approach, based on availability maximization of critical 
components, enables the definition of a maintenance plan 
characterized by limited interventions, so that frequent 
stops are avoided. 

Criticality analysis has been designed starting from experts 
indication ad aggregated information. The use of detailed 
data, such us downtimes caused by unexpected events and 
the preparing time for each kind job, would improve this 
stage of the model. Moreover, a deeper comparison 
between the two methodologies (proposed one and Tsai’s 
one) is needed: the use of a simulation model could help 
quantifying consequences of the adoption of one model 
or the other. 
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Component tp2 tp 

PF1-pump 1a 1a 

PF2-motor null null 

PF3-gear null 1a 

PF4-belt 1a 2p 

BF1-bearing 2p 2p 

BF2-motor null 1b 

BF3-motor null 1b 

BF4-gear null 1a 

BF5-motor null null 

BF6-gear null 1a 

BF7-motor null 1a 

BF8-gear null 1a 

BC1-pump 1a 1a 

BC2-motor null null 

BC3-belt 1a 2p 

BC4-valve 2p 2p 

BM1-conveyor 1a 1a 

BM2-bearing 2p 2p 

BM3-motor null null 

BM4-gear null 1a 

BM5-gear null 1a 


