
Practical Aspects: Industrial Implementation 

and Limitations in a Multi-criteria Context 

15.1. Introduction 

If the consideration of a purely economic criterion can be the optimal solution 
for a simple and well-known system, in practice, things are rarely as easy as a result 
of interactions with other systems. This is particularly the case for any complex 
industrial system. 

To illustrate this, we can take the example of optimizing a system of waterworks 
in a city: this system includes elements (pipes) of different ages and different types 
depending on the development of the city and neighborhoods, different loads (low or 
high road traffic), and a different environment (more or less aggressive soil in the 
case of metallic pipes for example), to illustrate only a few parameters among many 
others. 

The economic optimization of the maintenance of such a system is theoretically 
possible, provided sufficient information is available. Such information concerns the 
physical behavior, economic valuation, the failure rate or the kinetics of degradation 
by the factors mentioned above. However, this system also interacts with other 
systems in the city – sewage, electricity, and gas systems for example – which 
theoretically have their own optimal maintenance frequency. 

We must therefore consider economic optimization from a global point of view 
at the city scale or (more practically) the neighbourhood scale to avoid digging 
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through a road that was renovated a year ago in order to replace some pipes. In 
addition, other parameters that are not purely technical come into play: noise, traffic 
problems, serviceability or, more generally, anything that is related to users can also 
impact the optimization system if social criteria are integrated. 

Finally, other even more uncertain aspects are to be considered: investment 
opportunities (loss of revenue in crisis period), the change of development strategy 
related to a change of government, etc. 

This small example shows that it rapidly becomes very difficult to optimize a 
complex multi-criteria system. It is even possible for contradictory stakes to appear 
that must then be studied in different ways: global optimization weighted in 
accordance with the stakes considered, or separation and optimization of some main 
stakes. In summary, any optimization process should be understood in the context of 
a very specific reference framework that takes into account the most important 
stakes for the operator. 

An important aspect in the development of a methodology for industrial 
optimization of maintenance concerns, as outlined in the previous chapters, is the 
quantity and quality of data. Frequently, if we consider the case of large industrial 
assets, management practice is to follow the hierarchy of needs presented in 
Figure 15.1.  

Figure 15.1. Pyramid of needs for the management 
of industrial assets (from [BOE 09]) 
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Traditionally, the manager of an industrial asset follows the pyramid from the 
base to the top (arrow 1, Figure 15.1):  

– knowledge: what is the asset to be managed? The answer to this question is not 
always evident for an old structure for which the history could have been lost with 
time (fire, war, relocation, etc.). It is necessary to clearly define the perimeter of the 
asset to study before any other action is taken;  

– survey: what is the condition of the asset? This question is often perceived as 
the most important because it is prior to any optimization phase. However, it does 
not always need to be answered fully (100% of the known assets) as we shall see 
later. This step allows us to define the state of degradation of the progressively 
ageing asset or to identify the current service life of elements;  

– maintenance/repair: how will we maintain or recover the asset? To optimize 
the overall cost of maintenance actions, it is necessary to know the different 
possibilities (options) for maintaining or repairing the system, and the individual 
costs associated. In the case of infrastructure, for the same failure mode, different 
levels of maintenance actions may be available. These may have varying costs, but 
also varying efficiency. In the case of a cost/benefit approach, this element should 
not be forgotten when deciding on optimal maintenance actions;  

– ranking: what actions should be taken first? This phase requires the definition 
of one or more limit states and corresponding thresholds for optimization. In the 
context of industrial infrastructure, criteria related to safety, availability and cost are 
commonly considered;  

– decision: the final stage of the process. All previous steps provide key elements 
for decision support in relation to the various stakes considered.  

This classic bottom-up approach is often seen as applicable only if the state of 
the system is perfectly known, which is not necessarily the case. Therefore, if ageing 
is controlled, the different steps generally involve the prior knowledge of the whole 
system before continuing the process (inspection). This is disadvantageous because 
it requires potentially significant investment and time before the definition of the 
maintenance master plan. 

Approaches for risk-based maintenance, such as Failure Mode, Effects and 
Criticality Analysis (FMECA, see Part 1) or Reliability Centered Maintenance 
(RCM, see Chapter 13) for example, can address the problem of optimizing 
maintenance without first having complete knowledge of the system (arrow 2, 
Figure 15.1). Given the priorities in terms of maintenance policy, the various stakes 
considered, and partial knowledge of the asset, it is possible to define an action plan 
which recommends improving knowledge of the asset or monitoring some targeted 
elements only, rather than the whole system. 
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Considering the previous example, if we consider a sewer network, it is not 
necessary to know the current status of the entire system by inspection, which would 
be very expensive and time consuming, before taking action. A preliminary risk 
analysis is used to define the highest risk areas, with some degree of uncertainty 
given partial existing data, and then enables the definition of the main areas to 
inspect in order to refine the analysis and optimize the corresponding maintenance 
actions. 

In summary, the industrial application of maintenance optimization methods 
based on a single economic optimum is difficult to implement from a practical point 
of view: given the uncertainties and complex phenomena involved, it is often more 
convenient to reason with respect to different scenarios that can encompass various 
alternatives. The following paragraph gives some examples of maintenance 
optimization in different industrial contexts. 

15.2. Motorway concession with high performance requirements 

15.2.1. Background and stakes 

This study concerns the concession of a European motorway section for which 
the contractor must provide the entire integrated project design, construction, 
financing, maintenance and operation over the next thirty years. To ensure network 
availability, security and quality for users, a penalty system was introduced at the 
initiative of the public authority. Given the significant penalties for non-compliance 
with the criteria of availability, the contractor faces a high risk potential associated 
with unplanned outages, despite the precautions taken to ensure reliable operation. 
Therefore, there is a strong challenge for the contractor, during the call for tender, to 
fund the cost of risk associated with unavailability of the motorway network. 

Unavailability can be of two different types: planned (for maintenance 
intervention) or unplanned. The challenge is to assess the residual risk associated 
with these unplanned outages. In particular, the following steps must be undertaken: 

– identify and assess the risk: 

- frequency of occurrence: identify the ageing mechanisms that might call into 
question the availability criteria, evaluate their kinetics, and determine the associated 
probability of failure; 

- severity: identify the different scenarios of penalties; 

– monetize the risk: financially quantify the amount of risk; 

– characterize the quantitative risk over 30 years. This enables us to know how 
and when to plan for risks. 
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In a second phase, the objective is to optimize the overall forecast operating 
costs over the operating period. These costs include:  

– construction costs, depending on the chosen design;

– maintenance costs over the entire concession time;

– operating costs over the entire concession time; and

– the cost of risk associated with unavailability.

The results of the study lead to a connection between a financially quantified 
residual risk, relative to unplanned unavailability, and different scenarios related to 
the quality of design and maintenance levels implemented. The more robust the 
design choices are, and the greater the level of maintenance, the lower the residual 
risk, and vice versa. The final design and maintenance choices are taken with a view 
to achieving the optimum scenario to minimize the total cost of the project. 

The asset studied consists of a 40-year old highway network of about 15 km that 
connects three highways and crosses a canal through an underwater tunnel of about 
600 m length. The existing tunnel has two partitions of one-way traffic made of two 
lanes in each direction. The decision was taken to build a new tunnel with two 
partitions parallel to the former (see Figure 15.2). 

Figure 15.2. Studied system: existing and new tunnel (from [AUG 09]) 

To minimize the possibility that the tunnel undergoes multiple unplanned 
maintenance periods, the contract for construction and operation includes a penalty 
clause related to unavailability but also some quality and comfort criteria. About 
thirty operational requirements were defined in the technical specifications, from the 
pavement quality (roughness, drainage, etc.) to the proper operation of safety 
systems (lighting, ventilation, light signals, etc.). For each of these criteria, beyond a 
certain level of system failure (such as the number of lights out of service) or 
degradation of the roadway (such as time of drainage of rain water), maintenance is 
imposed and the section over which the failure occurs is considered to be 
unavailable, triggering penalties. 
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The severity of the penalty applied depends on several factors, including the 
duration of the unavailability of the section concerned, the number of lanes closed, 
the time at which the unavailability occurs (peak, off peak, night, etc.). These 
penalties can quickly reach several million euros. 

A possible preventative measure consists of anticipating failures and planning 
maintenance actions before they are imposed. The system operator is allowed 35 
nights per year of downtime for maintenance without penalty. The challenge is to 
find the optimum maintenance program to balance the anticipation of works, which 
helps to avoid unplanned outages, and postponement, avoiding the proliferation of 
maintenance actions. 

15.2.2. Methodology 

A preliminary analysis showed the requirements of the most critical operation: 

– pavement roughness;

– accumulation of water on the roadway;

– operation of the ventilation system in tunnels;

– operation of traffic detectors;

– operation of the monitoring and management system (control room).

The approach adopted for the study of unavailability related to a problem of 
pavement roughness and to failure of the ventilation is presented below. In general, 
the probability of failure over time was calculated initially on the basis of available 
feedback. The probability of failure was then used to determine the cumulative 
probability of a failure during the concession period of 30 years. 

15.2.2.1. Roughness of the pavement 

The roughness of a roadway increases during the first year of operation due to 
the gradual erosion of the binder around the aggregates, which then become sharper. 
The initial friction coefficient may therefore be relatively low and the probability of 
non-compliance with the roughness requirement is then non-zero. When the surface 
binder has disappeared, the coefficient of friction decreases due to aggregate 
polishing and stabilizes after about 5 years. The probability of failure increases 
during this period until the road surface is renovated (≈ 10 to 13 years). 
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Figure 15.3. Cumulative probability of unavailability  
due to the roughness of the pavement [AUG 09] 

The cumulative penalties cost, shown in Figure 15.4, is based on the number of 
lanes that would be impacted by the unavailability and takes into account the 
specificities of different sections of the roadway. 

 

Figure 15.4. Cumulative penalty costs for unavailability  
due to non-compliance with roughness requirements 

15.2.2.2. Ventilation system in tunnels 

For these kinds of systems, the probability of failure was determined according 
to the manufacturers’ data using a Weibull type law. The probability distribution for 
each component was fitted on the basis of expected lifetimes (frequency of planned 
replacement), the mean time between failures (MTBF) provided by manufacturers, 
and usual lifetimes during which a failure is very unlikely to occur.  
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For ventilators, the combination of the probability of failure of the devices 
themselves (wear of propellers) and electronic and electrical components is 
considered.  

 

Figure 15.5. Probability of failure of a ventilator  
(no electronic or electrical device considered) 

To calculate the probable cost of penalties, several design choices were available 
including possible redundancy of ventilators (Figure 15.6). 

 

Figure 15.6. Cumulative cost of residual risk of unavailability due to failure 
of ventilators depending on the design choices 

15.2.3. Results 

The approach taken has helped to assign a financial cost to the risk of 
unavailability associated with performance requirements, in terms of quality and 
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comfort for users, throughout the concession period. For each requirement, the 
accumulation of penalties has been estimated to determine the full cost penalties 
associated with the residual risk of unavailability considering the planned 
maintenance (Figure 15.7). 

 

Figure 15.7. Cost of residual risk of unavailability for different requirements 

 

Figure 15.8. Cost of residual risk associated with unplanned unavailabilities of the road 

The calculation of the total cost of penalties for unavailability was used to 
validate design choices: between an optimum design resulting in less downtime but 
with higher initial cost (e.g. redundant systems) and the gain provided by this 
solution in terms of cost of risk associated with these penalties. Similarly, the 
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residual cost of risk was also calculated by considering different maintenance 
intervals. 

At the end of the study, the contractor obtained a probabilistic estimate of the 
penalties they would have to pay with costs distributed over the 30 years of 
operation. This allows identification of periods where preventive maintenance would 
have to be done to avoid “peaks” of failure. The results obtained lead to a 
quantitative view of the residual risk associated with unplanned unavailability of the 
motorway network. In addition, knowledge of the potential penalty distribution for 
the next 30 years enables the optimized programming of budgets. 

The resulting value of around €35 million over 30 years (averaging close to €1 
million per year) is significant compared to the magnitude of the total project cost of 
approximately €500 million. This result is related to the very high penalties for non-
compliance with the availability criteria. The benefit of such a comprehensive 
approach to infrastructure lifecycle management applies to the building owner, 
prime contractor, contractor or operator. In all cases, the method has many 
advantages: 

– clear definition of performance objectives, criteria and associated indicators;

– clear allocation of responsibilities to each party;

– transparency towards the identified risks and their methods of treatment (who
is responsible? What actions should be implemented?) 

– argued defense of budgets;

– optimization of the total costs of infrastructure projects in relation to the entire
life cycle;  

– consideration and preservation of the specific stakes of each party;

– risk-based monitoring and maintenance of infrastructure driven by the dual
consideration of ageing mechanisms and impacted stakes, according to the parties 
and the periods considered.  

This example shows the importance of proper consideration of short-term 
choices (design, construction methods) and short-term stakes (from day-to-day 
availability), and the long-term implications of these choices (maintenance costs and 
condition of the structure at the end of the concession contract) as well as long-term 
challenges (asset condition, sustainable management). 
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15.3. Ageing of civil engineering structures: using field data to update 
predictions 

15.3.1. Background and stakes 

Risk management of ageing assets, particularly civil engineering infrastructure, 
is an important issue for the future. The technical challenge is not only to build new 
infrastructure but also to maintain what already exists because the economic stakes 
are considerable. The prediction of ageing through modeling allows management of 
the risks associated with the expected service life of infrastructure. The use of 
updating techniques enables the best use to be made of monitoring instrumentation 
and inspection data in order to define optimized maintenance strategies. Benefits for 
the asset owners include better risk management and savings on maintenance 
budgets. To anticipate and optimize these costs, it is necessary to use ageing models 
which are as representative as possible of the real physical asset, and input data 
which is as reliable as possible. 

In the field, some characteristic ageing parameters can be measured more or less 
accurately. Bayesian approaches (Chapter 11, section 11.3) are a technique well 
adapted to this type of problem to update the ageing prognosis. This kind of 
prediction is generally based on the use of physical models where various 
parameters of the models may be uncertain. This uncertainty can be divided into two 
types: 

– the inherent variability of these parameters, such as the compressive strength of 
concrete which will vary within a single mix because of the heterogeneity of the 
material;  

– uncertainty of measurement linked to the device used to quantify the parameter 
or a lack of knowledge about these parameters.  

In practice, some physical material characteristics can be measured, as well as 
the consequences of ageing. However, like any measurement, these parameters have 
some uncertainty. In addition, there are generally relatively few measurements made 
because the techniques are expensive and of varying accuracy. It is therefore 
important to use them effectively with proper data processing. Bayesian methods 
can be used to process data and update the ageing prognosis. 

15.3.2. Corrosion risk of a cooling tower 

The physical phenomenon considered here is the carbonation of concrete. 
Carbon dioxide from the atmosphere penetrates concrete due to its porosity and 
dissolves in the pore solution. The carbonic acid formed then reduces the pH of the 
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concrete. If the carbonation front reaches the rebars, they are no longer protected by 
the highly basic pH of sound concrete and will therefore gradually be affected by 
corrosion. Corrosion is the most common cause of deterioration of reinforced 
concrete structures and also the most expensive to repair. It is therefore crucial to 
assess the risk of corrosion to optimize the maintenance of structures that may be 
susceptible to this pathology [ELL 95]. 

The example presented here concerns a nuclear plant’s cooling tower [CAP 07]. 
Considering the dimensions of the structure (height greater than 100 m) and the 
environment to which it is subject over time (wetting/drying cycles, temperature 
gradients, moisture, etc.) material properties and solicitations vary in time and space. 
During an inspection campaign after 25 years of operation, samples of concrete were 
taken from the structure. The values of compressive strength and carbonation depth 
were measured and are summarized in Table 15.1. 

 Mean 
value 

Standard 
deviation 

Number of 
measurement 

Compressive strength Rc (MPa) 48.8 4.7 15 

Carbonatation depth X (mm) 6.3 2.8 9 

Table 15.1. Statistics derived from the experimental campaign 

In parallel, measurements of concrete cover (d) were also carried out (see Figure 
15.9). 

 

Figure 15.9. Experimental data and modeling of the statistical distribution 
of concrete cover (d) 
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An exhaustive visual inspection of the structure was carried out to measure the 
total length of the unprotected steel reinforcement. Rebar corrosion causes cracking 
of the concrete cover because the volume occupied by the corroded steel is larger 
than that occupied by sound steel. The inspection determined that the total length of 
exposed steel was 115 m out of a total of about 500 km of reinforcing steel in the 
whole outer wall of the cooling tower. This means the order of magnitude of the 
proportion of exposed rebars to the cumulated length of steel is 10-4. We can 
therefore deduce that the real proportion of corroded reinforcement at 25 years is 
greater than this value of 10-4 because a certain amount of steel is corroded without 
external signs, i.e. having yet reached the pressure needed to produce cracking or 
spalling of the concrete cover. 

15.3.3. Bayesian updating 

To cope with uncertainty about the parameters of the carbonation model used to 
describe the evolution of phenomena and reflect data from the experimental field, an 
updating technique based on a Bayesian network was developed using a Monte 
Carlo Markov Chain (MCMC) approach, given the available measurements at 
different nodes of the network (Figure 15.10). 

 

Figure 15.10. Bayesian network used for the carbonation model 
(RH: relative humidity) 

The graph of this Bayesian network represents a carbonation model developed to 
calculate the probability of corrosion initiation of steel in reinforced concrete 
considering existing measurements of Rc (concrete compressive strength) and X 
(depth of carbonation). Nodes linked by solid lines represent physically dependent 
random or deterministic variables; the dotted lines represent the links between 
random variables and parameters. The model inputs, i.e. RH (relative humidity) and 
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Rc (compressive strength), are modeled by conditional laws depending on a number 
of parameters p 1, ..., p 4. Each of these parameters is modeled by a random variable. 
Each measurement is modeled by a random variable depending on the input it 
measures. In addition, the output variables X (depth of carbonation) and X> d (limit 
state function: depth of carbonation X greater than concrete cover d = initiation of 
corrosion), and measurement variables of X , depend on time t. 

To calculate the probability of corrosion initiation over time, a Beta distribution 
law has been postulated for the variability of the compressive strength according to 
data from Table 15.1 and the fact that, physically, this parameter is bounded by 
minimum and maximum values (estimated from Table 15.1). 

A deterministic approach is not capable of representing the apparent ratio of 
corroded steel observed on the structure (approximately 10-4 after 25 years) as it 
does not take into account the variability that affects the corrosion process. The 
probability of corrosion initiation obtained by using the carbonation model in the 
probabilistic approach gives a value of about 10-2 after 25 years. This value is higher 
than the observed ratio because it does not correspond to the same indicator: the 
corrosion process has to be sufficiently advanced (a certain amount of corrosion 
products i.e. of steel loss) before cracks appear at the surface of the structure. The 
order of magnitude predicted here is a good estimate if we consider that cracks 
appear for a loss of steel cross-section of about 100 to 200 μm. 

Figure 15.11. Probability of corrosion initiation over time, P(X(t) > d) 

A Bayesian network is a probabilistic graphical model that can acquire and use 
information to update system knowledge. In this example, forecasting the evolution 
of carbonation depth based on experimental data collected after 25 years of 
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operation and estimated initial data has been updated (Figure 15.12). Compared to 
the initial prediction of carbonation depth, it can be seen that feeding field data into 
the updating process has led to a decrease of the mean value but also the uncertainty 
associated to the carbonation front (time fractiles at 5 and 95% are closer to the 
mean). 

 

Figure 15.12. Initial and updated evolutions of the depth of carbonation  
(mean value and fractiles at 5% and 95%) 

The use of techniques such as Bayesian networks, amongst others, is a useful 
way to consider real data from the field. These tools help to update the knowledge of 
the system, and then to predict its future state, which is particularly interesting for 
the aim of optimizing maintenance actions, for example. These techniques are 
particularly useful when few data are available (meaning the statistical approach is 
difficult to implement). Nevertheless, despite the usefulness of this type of approach, 
it must be noted that the model must be as representative as possible in its 
description of the phenomena modeled in order to be reliable. 

15.4. Conclusion 

In the global process of the management of maintenance of civil engineering 
structures, there are opportunities for optimization from the design stage to the 
extension of the life span, as illustrated by the two previous examples. 

Like any complex system evolving with time, there is some uncertainty about the 
condition of structures and, generally, few experimental data to characterize them as 
these are costly to obtain and may require costly unavailability periods. 
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Therefore, numerical modeling of the ageing process is one solution for the 
structure’s owner to estimate the future evolution of their asset. Many uncertainties 
exist related to the parameters of these models, and reliability approaches can 
provide richer results for decision-making than purely deterministic approaches. 
When field data exist, it is possible to update the initial prediction and therefore 
adapt the planned maintenance schedule. The combination of these different 
approaches enables the acquisition of a maximum amount of elements that are 
helpful for the manager in their decision-making process. 
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