Maintenance Policies

Maintenance

Maintenance can be defined as the combination of operations allowing the system being considered to be maintained in a desired state of performance. The possible operations include inspections, repairs and replacements. This chapter defines various types of maintenance, as well as some definitions related to structural lifetime, T. Remember that the failure probability is denoted as P f and reliability by R = 1-P f . The failure rate, given as ) (t λ , and measured at time t, can be simply defined as the number of failed items per unit time. Readers can refer to a number of works [LAN 05], [MOR 01], [NAK 02] for more details concerning the concepts related to the evaluation and management of ageing industrial systems, in a wider scope than just for construction.

Lifetime distribution

Distribution of lifetime T, denoted f T , can be estimated either by a physics approach or by statistical approaches. For most industrial systems, the specification of "mean lifetime" m T does not present a useful indicator (Figure 13.1), as a very high failure probability leads to undesired consequences in terms of economic and life losses. By contrast, the specification of "guaranteed lifetime", corresponding to very low failure rate, implies the under use and underating of a system, and consequently leads to economic losses that could be avoided. We can therefore define the "technical-economic lifetime" as the service time behind which either the Alaa CHATEAUNEUF, Franck SCHOEFS and Bruno CAPRA.

industrial risk is considered very high, or required additional investments cannot be refunded during the system's future life. An optimal compromise can be found on the basis of this technical-economic lifetime, corresponding to the minimum expected total cost. This solution can be obtained by optimal balancing of initial and additional investments, risk of losses and costs of monitoring and maintenance actions. 

Maintenance cycle

At the beginning of a service life, a structure is in a state of good operation until the occurrence of its first failure (Figure 13.2). In many cases, a system is partially or totally repairable (or replaceable) and can re-start a new life-cycle until the next failure. The consideration of failure in service is generally accompanied by some administrative and technical delay which should be taken into account before starting effective repair operations which themselves require a specific time interval. Knowing that uncertainties cannot be avoided, the duration corresponding to each state is intrinsically random and, consequently, we should not only consider the mean values but also the associated dispersions. Figure 13.2 illustrates the evolution of a system in service, and we can distinguish the following periods:

-Mean Time To (first) Failure (MTTF): corresponding to the expected time for the occurrence of the first failure after the beginning of the system's operation. For unrepairable systems, the MTTF corresponds to the expected lifetime; -Mean Time Between Failures (MTBF): corresponding to the expected time between two successive failures of the same component/structure, including the down time during maintenance (i.e. this time is defined by the interval between the 

Maintenance planning

The utility of a structure depends on its capability to ensure good operation on one hand, and the socio-economic conditions, on the other hand. The capability of ensuring good operation is generally sensitive to the use conditions, the environment (especially climatic and geotechnical), the quality applied (materials, methods of analysis, transport or construction, etc.) and the procedures of maintenance and inspection. The use conditions are often affected by climatic, geotechnical and socio-economic environment. The maintenance itself is affected by the environment and by the applied quality (Figure 13.3). Maintenance planning should be based on equilibrated combination of preventive and corrective operations, in coherence with inspection results. The maintenance policy provides the sequence of decisions at various stages of the structure's life. At the design stage, the maintenance parameters should be defined in an optimal way. At the operation stage, the designer and the user/owner should specify the inspections and actions in order to allow for better knowledge and management of the structure's lifetime and performance (Figure 13.4). The inspection parameters are the time span between successive inspections on one hand, and the depth of those inspections on the other hand. The inspection depth depends on the methods to be applied and their quality (i.e. technique, operator qualifications, etc.). The inspection results should lead to enough information to allow a decision to be made, with more or less precision, about whether maintenance
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Operating conditions Quality actions should or should not be performed. The main objective in this tree consists of minimizing the maintenance cost1 , by taking into account safety constraints, and respect of standards, codes and regulations, without forgetting the limits of the available budget.

Therefore, the objective of a maintenance policy is to maintain the structure in a state of "good operation". The aim is to keep "the observed reliability during operation", called "operational reliability", higher than the "target reliability", called "intrinsic reliability". This reliability-based maintenance policy consists of defining the tasks related to the following aspects:

-failure modes; -failure causes; -detection tools; -maintenance tools; -procedures, methods and systems provided to realize maintenance; -quantities (in terms of the outcome of maintenance and inspections), as well as the corresponding decisions.

Types of maintenance

Various classifications of maintenance action appear in the literature. According to Figure 13.5, the maintenance can be either preventive or corrective. Preventive maintenance can be either systematic, according to a time schedule defined in advance, or conditional, continuous or on request, or scheduled as a function of the information collected during the service life. At the same time, corrective maintenance can be either delayed, if the system can operate without risk until the scheduled time, or performed urgently, when repair is necessary to ensure safety and good operation.

Choice of the maintenance policy

The choice of a maintenance policy depends on at least three criteria: (i) the impact of maintenance on the requirements of safety, availability and cost; (ii) the data characterizing the degradation; and (iii) the quality of performed inspections. When the impact of preventive maintenance is low, we prefer to wait until failure; corrective maintenance must be adopted for failed components (Figure 13.6).

However, if the failure cost is high, then preventive maintenance becomes necessary. If the mean time to failure can be estimated, verified or checked, preventive maintenance can be planned at regular time intervals (whether calendar time, real operation time, or any other specific time function).

Figure 13.5. Classification of various types of maintenance [CEN 01]

If the degradation can be inspected or monitored, preventive maintenance should be based on the knowledge of the real state of the system. However, in some cases, the programming of maintenance is not possible, due to large uncertainties regarding failure rates. We may face this situation when the induced failure cost is very high although the state of the system cannot be inspected, or when the failures are recurrent with low costs. In this latter case, the system should be re-designed in order to ensure appropriate robustness.

In addition to safety obligations, which are often mandatory and dominant, preventive maintenance is justified by the economic consequences when the following two conditions are satisfied:

-the preventive operations, or inspections, planned at fixed dates, cost globally less than the inevitable random corrective operation that could sometimes be performed at critical moments; -the failure rate of the system for which we intend to apply a program of preventive maintenance, increases due to degradation of the components of the system with an increase in financial consequences.

In continuous production sectors, such as energy production plants and petrochemical plants, economic dependence is a result of production losses when the system is down, during corrective or preventive maintenance. In the case of corrective downtime, additional costs have to be supported to take into account the direct and indirect consequences of failure (i.e. delay, de-damaging, urgent operation, etc.). During preventive or corrective operations, maintenance allows either the complete restoration of the components concerned or just the repair of the failure, with or without modifications of the ageing mechanisms. During corrective maintenance of a component, it is possible to take the opportunity of replacing other components of the same system preventively; in that case, we talk about "opportunistic maintenance".

Finally, maintenance actions remain possible right until the stage of high degradation, whether this involves regular inspections of a system to know its state and the quality of its previous maintenance, in order to decide about the correction to perform on the observed damage, or what to repair in order to bring the system back to a state close to its initial state, or, ultimately, the replacement of components when they reach a state of technical obsolescence. 

Maintenance program

A maintenance program consists of actions performed preventively (systematic or conditional) or correctively [ZWI 96]. Although systematic maintenance is performed at pre-defined times, conditional maintenance is performed when the acceptance criterion is reached, and corrective maintenance is performed urgently when failure occurs. Observations and inspection results lead to identification of the following states: acceptable operation, system to be monitored, or failed system. On the basis of the available information, (inspection results, experience feedback, expert opinion, etc.), the possible decisions concern the programming of alternatives (i.e. tasks of preventive and corrective maintenance) are made. 

Inspection program

An inspection program starts by defining the system and the performance criteria (Figure 13.8); this step implies the collection of data concerning the system and its environment. A Qualitative Risk Analysis (QRA) is therefore performed to determine the failure modes, as well as their causes and consequences (using, for example, RAMS methods, as described in Part One). In this step, the logical representation of the system must be established, in order to define the required functions and the interactions between components and sub-systems. The next step consists of estimating the failure rates and consequences, in order to allow for ranking according to risk levels. We can therefore distinguish between two cases:

-the case where defect measurement is sufficient to indicate the level of degradation and performance (direct evaluation of the limit state); and -the case where measurement, using models, can help to evaluate the limit state (by measurement of material properties, degradation parameters, etc.); this case is most commonly observed in real systems.

An inspection program can be defined in terms of available tools and methods for each type of degradation. It is also important to take into account the positive impact (improvement of the state of knowledge; see "Model 1" below) or negative impact (system degradation) of inspections on the failure probability of the system. A comparison between different strategies allows us to make a judicious choice and to study the sensitivity of the results in terms of inspection parameters, leading to decisions regarding the maintenance plan and actions to be undertaken.

An inspection result is itself a product of modeling and operation, for a given context. We can therefore mention two families:

-Model 1: the inspection indicates the state of the system with negligible error.

-Model 2: in situ inspection is affected by non negligible errors, either at the detection level, or in the measured defect.

Besides updating the limit state function, Model 1 allows us to update the degradation model itself. In particular, we can use the collected information to update the probabilistic model of the measured parameter. This can be performed, for example, by means of Bayes theorem (Part Four, Chapters 10 to 12). Model 2 is more frequently met in industrial cases. It requires a probabilistic modeling of the inspection process itself (see Chapter 2). In fact, much research has been carried out to measure the possibilities of updating the probabilistic model in this case, though the problem is not considered in this book.

Maintenance models

Preventive and corrective actions can be classified in terms of their effect on the operational performances of a structural system:

-perfect maintenance: As Good As New (AGAN), where the system is brought back to its new state; -minimal maintenance: As Bad as Old (ABAO), where the system is brought to its state just before failure; -imperfect maintenance: Better than Old (BTO), where the performances are improved significantly; -bad maintenance: Worse than Old (WTO), where performances deteriorate after maintenance.

It is clear that the classification should also take into account the physical aspects of the structure and the complexity of the system, in addition to the performed actions (repair, replacement of failed components, general or partial revisions, etc.). If the system is more or less complex, the maintenance is rather ABAO than AGAN.

It should be noted that maintenance models can also be established on the basis of the As Low As Reasonably Practicable (ALARP) concept.

Model of perfect maintenance: AGAN

A perfect maintenance is one which restores a system to its new state; we can say that the system becomes "as good as new" (AGAN). This model is particularly convenient for replacement of structures or members without any effect on the rest of the system (Figure 13.9).When perfect maintenance is performed at time t i , the state of the system depends only on its history between t i and t. Knowing that the system is perfectly repaired at each failure, its state can be described by "a renewal point process": the failure rate ( ) λ ⋅ is therefore a function of the time elapsed since the last failure/repair action:

( ) ( ) i t t t h H t - = λ [13.1]
where ( ) h ⋅ is the hazard function, t H is the history of the structure, t indicates the time and t i is the time at the last operation. 
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are independent variables which are identically distributed. There is no trend for evolution of this variable with time. A special form of this process corresponds to a constant failure rate. In that case, the time intervals between failures are exponentially distributed. The assumption of perfect maintenance is not always verified by observations on real ageing systems; it is generally unproven to say that a repair operation makes a system new, unless we only look at it at the component or member scale.

Model of minimal maintenance: ABAO

Minimal repair is generally a corrective maintenance operation allowing a system to be restored to its state just before failure; we can say that the system becomes "as bad as old" (ABAO). When minimal maintenance is performed at i t , the failure rate ( ) ⋅ λ after repair is identical to the one just before failure:

= - + - + i i t i t i H t H t λ λ [13.2]
where i t and + i t are respectively the times just before the i-th failure and just after the i-th repair.

In this type of maintenance, the reliability function is not affected by the events: failure-repair and the system have the property of "memory loss". If the system is subject to minimal maintenance at each failure without applying preventive maintenance, the failure rate remains a continuous function for the whole lifetime of the structure and does not depend on the history of the process, but only on the operating time:

( ) ( ) t H t t ρ λ = [13.3]
where ) (t ρ is the failure intensity, defined as the number of failures per unit time.

The assumption of minimal repair leads to a Poisson process (i.e. a counting process where the increments are independent and distributed according to Poisson law). The occurrence probability of k events in the interval [ ]

t t t Δ + ,
can be written as: 

[ ] [ ] ( ) 0 1 2 k M ( t ,
1 - i Z t z f i of i
Z depends on the last failure time, noted as 1

- i t : ( ) ( ) ( ) 1 1 1 0 for 0 i z Z i i i f z t t z exp t u du z ρ ρ - - - = + - + ≥ [13.4]
Contrary to renewal processes, only the first interval ] , 0 [ 1 t is characterized by a failure rate equal to ) (t ρ .

Model of imperfect or bad maintenance: BTO/WTO

In most cases, maintenance operations lead to an improvement of the state of the system, without making it new; we say that the system is "better than old" (BTO). Among the possible reasons for this situation, we can mention imperfections in repair methods, defects induced by the operation itself, the effect of human factors, the impact of the procedures on the rest of the system (e.g. assembly, disassembly), etc. In some cases, maintenance can be bad when the induced errors and defects are significant, if the maintenance staff is not qualified or has insufficient experience, or the working conditions are difficult or inappropriate; in such cases we say that the maintenance is "worse than old" (WTO). Another reason for BTO/WTO maintenance is the application of a "minimal repair time" policy instead of a "minimal repair" policy, in order to increase system availability. Several models have been developed to describe this type of maintenance.

Arithmetic Reduction of Age (ARA) model

The Arithmetic Reduction of Age (ARA) model consists of a reduction of the structural age with an amount proportional to the operation time elapsed since the last maintenance action [DOY 04]. In other words, each maintenance operation allows us to reduce the damage developed since the previous maintenance. The age reduction can be obtained by the expression:

( ) ( ) 1 0 1 t i i t H h t t for and t t t ι λ γ γ -1 - = - ≤ ≤ ≤ ≤ [13.5]
where γ is the efficiency parameter. In this case, the failure rate contains jumps at each maintenance operation. The special cases of minimal or perfect repairs are obtained when the efficiency parameter is equal to 0 or 1, respectively.

Non Homogeneous Gamma Process (NHGP)

The effect of imperfect or inefficient maintenance can be considered by assuming that the system is subject to jumps, also called "shocks", which happen according to a Non Homogeneous Poisson Process (NHPP) of intensity ( ) t ρ . The failure takes place, not at all the jumps, but only at the k-th jump. For k > 1, the component is in a better state after maintenance and, consequently, the process describes the case of imperfect maintenance. However, for k < 1, the state of the component is degraded after each maintenance operation (i.e. in the case of WTO maintenance). The random variable "numbers of jumps":
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independent and identically distributed according to Gamma law with identical scale and shape parameters, equal to k. The failure rate is given by: (
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the expectation of the number of jumps between the last failure and the time t. The process indicated above is called a Non Homogeneous Gamma Process (NHGP). For k = 1, this process is reduced to a Non Homogeneous Poisson Process (NHPP), corresponding to minimal repair; when

( ) c t = ρ
, the process becomes a renewal process with times between failures distributed according to Gamma distribution, with scale parameter c and shape parameter k.

Lawless-Thiagarajah model

An interesting form of the failure rate which allows the inclusion of time dependence and the effect of observed failures can be written as:

( ) = = n i i i t t g H t 1 ) ( exp θ λ [13.7]
where i θ are the model parameters and ) (t g i are functions depending on the time and on the history of the process H t . Particular forms of this equation can be written:
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where u(t) is a time function. The two last forms of the failure rate are, respectively, associated with renewals of the Weibull and Weibull log-linear models.

Arithmetic Reduction of Intensity (ARI) model

Another way to take into account the beneficial effect of maintenance consists of reducing the failure rate, either by a constant quantity, or proportional to the failure rate before maintenance. The intensity reduction can be obtained by: ( ) ( )
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The parameter δ indicates the maintenance efficiency, while 1 < δ corresponds to imperfect maintenance, 1 > δ indicates worse than old maintenance, and 1 = δ corresponds to minimal repair. At the i th failure, the failure rate is written as:

( ) ( ) 1 + ≤ < = i i i t t t t with t H t ρ δ λ [13.9]
where ( ) t ρ is the failure intensity before the first failure.

Complex maintenance policy

A complex maintenance policy is made up of a combination of elementary maintenance actions, in order to minimize the cost or to increase availability. Various maintenance policies can be introduced, as summarized in Figure 13.10.

Sequence of perfect and minimal repairs, without preventive maintenance

Consider the following case: a structure is repaired when failure occurs, without preventive actions. The system is assumed to be subject to two types of failure: catastrophic with probability p and minor with probability 1-p. The latter is corrected with minimal repair. A Non-homogeneous Poisson Process (NHPP) starts at each perfect repair. The distribution of times between successive perfect repairs is given as:

( ) [ ] p p t F t F ) ( 1 1 1 - - =
and the corresponding failure rate is:

( ) ) ( 1 t p t p λ λ = .
The intensity is given by: ( ) ( ) is the failure rate of the "time at the j th failure" during the "i th cycle of maintenance", j i t , are the corresponding times and j c are regression coefficients.

Imperfect repairs with perfect preventive maintenance

This scheme consists of performing repairs of type BTO when failure occurs, combined with component renewal during preventive maintenance of type AGAN. This policy represents the case of repairs in difficult conditions, the case of incident events, and complete replacement at planned times as part of preventive maintenance. This policy is probably the closest one to real structures. A minimal repair can always be expected in case of failure, while preventive maintenance cannot often be perfect. This policy aims at minimizing the down time due to failures and consequently maximizing system availability.

Type of maintenance

Conclusion

This chapter has introduced the vocabulary related to maintenance of structural components and infrastructures. Corrective or preventive maintenance can be divided into many types of actions, to be selected in an optimal way. The rich literature available should be consulted to provide simple analytical models. These models should be completed to include degradation mechanisms which are defined by complex phenomena with large uncertainties. A solution can therefore be obtained by applying numerical methods and optimization algorithms. The probabilistic approach allows us to take account of uncertainties related to degradation processes and to inspection and maintenance operations.

A probabilistic model of failures and degradations can be a decision-making tool for engineers and decision-makers, allowing the selection of an appropriate maintenance strategy. This choice can be a delicate one, for example, choice between valid techniques for which there is field experience and new techniques for which other advantages are interesting (in terms of performance, economy, etc.).

Finally, throughout the optimization process, we have to be aware of the comparison between the efficiency of various maintenance operations, and the consequences of heavy and delayed investments.
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  occurrence of successive failures). The MTBF is divided into an operation period, known as the Mean Up Time (MUT), and a non-operating period, known as Mean Down Time (MDT); -Mean Up Time (MUT): corresponding to the expected operation time from the end of repair till the next failure; -Mean Down Time (MDT): corresponding to the expected time during which the system is stopped, from the occurrence of failure till the effective re-start of operation after repair. MDT itself can be divided into two parts: Mean Waiting Time (MWT) and Mean Time To Repair (MTTR); -Mean Waiting Time (MWT): corresponding to the lapse of time before discovering the failure, for administrative procedures and for waiting for ordered or transported spare parts; -Mean Time To Repair (MTTR): corresponding to the time necessary to carry out the repair operation, after having the material and human resources, until the total recovery of the service.
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 138 Figure 13.8. Flowchart of an inspection plan. ("Defining the possible damage" implies the definition of degradation mechanisms; counting failures and degradations is usually sufficient, compared to evaluation of the failure rate)
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	Figure 13.3. Inter-dependence of the conditions defining a structure's utility

  In this scheme, preventive maintenance renews the state of a structure. In each time interval, a minimal repair is performed when failure occurs. In other words, at each maintenance cycle, a piecewise Non-Homogeneous Poisson Process (NHPP) can be defined. The variations of operating and environmental conditions between different cycles can be considered by introducing a covariance between the cycles:
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The terminology of optimization under maintenance constraint (i.e. minimization of the expected total cost or maximization of expected utility) will be specified in Chapter 14.