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Risk is inherent in the very concept of maintenance as minimizing the risk of failure of an equipment is why we
perform maintenance. The concept of risk-based maintenance has emerged as a tool for maintenance planning and
decision making to reduce the probability of failure of equipment and the consequences of failure. In this paper,
we study the purposes of predictive maintenance and we give an original classification of risk-based maintenance
methodologies in literature according to criteria. These criteria of classification include the input data, the structure
of the risk minimization process, the decision variables, the methodology adopted, the output data, the application
field and the factors that impact the quality of risk analysis. This review shows that the choice of methodologies,
input data and decision variables are highly impacted by the model of the risk minimization process adopted as well
as the context and the application fields.
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1. Introduction
Maintenance is ”the combination of all technical,
administrative and managerial actions of an item
intended to retain it in, or restore it to, a state in
which it can perform its required function” [1].
Maintenance has a strategic role in maintaining
the competitiveness of a company through reduc-
ing product/service cost. In fact, according to [2],
maintenance cost accounts for 15% to 70% of the
total production cost. Therefore, it is primordial
for companies to choose the optimal maintenance
strategy that allows them to reach competitive
market prices.
The emergence of new technologies such as ar-
tificial intelligence and internet of things has al-
lowed the widespread application of predictive
maintenance. Predictive maintenance is a mainte-
nance strategy that involves condition monitoring,
fault diagnosis, fault prognosis and maintenance
plan [3]. Condition monitoring, fault diagnosis
and prognosis can be achieved thanks to sensing
technologies that are usually combined with algo-
rithms that use artificial intelligence. According to
[4], three fundamental issues should be considered
while working on predictive maintenance: the

architecture of predictive maintenance able to em-
brace these emerging technologies, the purposes
of predictive maintenance that are sometimes con-
flictual and the approaches used for fault diagnosis
and prognosis.
In this paper, we focus on the second fundamental
problem which is the purposes of predictive main-
tenance. First, we identify the diverse purposes
of predictive maintenance according to literature.
We then focus on risk minimization as a purpose
of predictive maintenance. This choice is justified
by the fact that risk is a large concept that may
include the other purposes of predictive mainte-
nance which are cost minimization and reliabil-
ity/availability maximization.
We provide in this paper an original classifica-
tion of literature works on risk-based maintenance
methodologies according to predetermined crite-
ria and finally, we provide some conclusions.

2. Predictive maintenance purposes
Although predictive maintenance has been widely
defined in literature, we prefer as well refer to the
standard definition of predictive maintenance as
given in the European norm EN13-306:
”Condition-based maintenance carried-out fol-
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lowing a forecast derived from the analysis and
evaluation of the significant parameters of the
degradation of the item” [1].
Predictive maintenance requires the use of condi-
tion monitoring devices (sensors) and it is usually
a challenging task to analyze data, predict the
failure of the system and make decision on when
to perform maintenance [4]. The making decision
process is conditioned by the purpose to attain
from predictive maintenance.
In this paper, we describe briefly the purposes of
predictive maintenance as described in literature
review [4] and we study another purpose for pre-
dictive maintenance which is risk minimization.

2.1. Cost minimization
The maintenance strategy is based on minimizing
a total cost function that includes generally the
cost of corrective maintenance, the cost of predic-
tive maintenance, the cost of inspection and the
cost of loss of operating capacity of the system
due to maintenance. The evaluation of the total
cost uses data related to the system operation
condition such as the reliability measure or the
remaining useful life. The objective cost func-
tion may be the long-run expected cost rate, the
expected cost rate or the total cost during a time
cycle T (such as replacement cycle, planning hori-
zon. . . ). Usually, the cost minimization approach
aims at determining the optimal predictive main-
tenance threshold and the inspection planning.

2.2. Reliability/availability maximization
The European norm EN13-306 defines reliability
as:
”The ability of an item to perform a required
function under given conditions for a given time
interval” [1].
In reality, a system is composed of different com-
ponents which are inter-dependant. A reliability
model for complex system can be derived using
the degradation process of each component and
the dependency among them. The failure time
can be approximated using simulation method.
Predictive maintenance is then planned according
to the predicted failure time.
Similarly, the availability, defined by the Euro-
pean norm EN13-306 as : ”ability of an item to
be in a state to perform as and when required,
under given conditions, assuming that the nec-
essary external resources are provided” [1], is
heterogeneous within a complex system as each
component has a different level of availability.
Generic availability model can be constructed for
different system architectures (series, parallel or
series-parallel systems). The objective is to iden-
tify the best time for inspection and maintenance
that maximize the availability of the whole com-
plex system.

2.3. Risk minimization
According to [5], ”risk analysis is a technique
for identifying, characterizing, quantifying and
evaluating the loss from a failure event”. Risk
can be defined in a quantitative or qualitative way
as the product of the probability of occurrence of
a failure event and the severity of that event [5].
The classical approach for predictive maintenance
based on risk analysis follows the next steps [5,
6]:

• Identification of failure events.
• Identification of causes of these failure events

and their probability of occurrence. A way to
evaluate the probability of occurrence of fail-
ure event is by adopting the fault tree analysis
method.

• Evaluation of consequences of failure events.
• Risk assessment.
• Setting up acceptance risk criteria.
• Comparison of assessed risk with acceptance

criteria.
• Maintenance scheduling to bring down unac-

ceptable risk to the acceptable level of risk.

Sometimes, the risk assessment is translated in
currency terms. Therefore, minimizing mainte-
nance risks goes back to minimizing maintenance
costs.

2.4. Multi-objective optimization
Usually, the predictive maintenance purposes are
conflictual. For example, minimizing the total
maintenance cost does not guarantee a high level
of system availability. This is due to the fact
that systems are usually heterogeneous and con-
tain components with different degradation pro-
cess and maintenance costs. The multi-objective
optimization aims at identifying the decision vari-
ables that achieve the best trade-off between these
different maintenance purposes. The optimal de-
cision variables determine the policy of predictive
maintenance [7, 8, 9, 10].
In appendix A, we provide an update of the liter-
ature review on predictive maintenance strategies
developed by [4].

3. Risk minimization
The literature review on risk-based maintenance
optimization methods shows that there are differ-
ent criteria for classification [11]. These criteria
include the methods of risk estimation, the type
of input data required to carry risk analysis, the
type of output data, the type of application and the
factors affecting the quality of risk analysis [11,
12]. In this section, we give a description of each
criteria. These criteria have served as a guideline
throughout this work.
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3.1. Methodology for risk analysis in
maintenance

According to [11, 12], risk analysis can be quanti-
tative, qualitative or semi-quantitative. The quan-
titative approaches attempt to give a numerical
evaluation of the risk by estimating its frequency
and consequence, while qualitative approaches
give simple descriptions of accidents, their like-
lihood and consequences. The results in the later
approaches are usually given in the form of risk
matrix [13].
Risk analysis methodologies can be classified also
into deterministic, probabilistic or a combination
of deterministic and probabilistic approaches [11,
12]. Deterministic approaches suppose that the
risk occurrence is certain while probabilistic ap-
proaches, as their name suggest, assume that the
risk occurrence is probable [11, 12].
In [11], the author suggests a classification based
on modules (units of the risk analysis process),
where the techniques of risk-based maintenance
are classified into techniques for :

• Hazard analysis
• Consequence estimation
• Likelihood estimation
• Risk estimation
• Risk acceptance
• Maintenance planning

According to [5], risk can be of different types:

• Risk of loss of system performance due to com-
ponent/unit failure.

• Risk of financial loss due to potential damage
of properties/assets following a failure event.

• Risk of human loss due for example to expo-
sures to toxic chemicals.

• Risk of environmental loss due for example
to release and dispersion in the atmosphere of
toxic chemicals.

3.2. Model of risk minimization process
According to the considered system, the available
input data and the objective to be attained, risk
minimization can take two different types:

• Optimization of an objective function: in this
case, we aim to minimize a risk under con-
straints. The decision variables are generally
the maintenance/inspection planning [14, 15].

• Comparison of the evaluated risks with risk
acceptance criteria: in this case, the decision
variable is the risk that we evaluate and which is
compared to risk acceptance criteria in order to
identify the best time for maintenance [5, 16].

The model of the risk minimization process must
be considered in the first step before the method-
ology for risk analysis.

3.3. Decision variables
Methodologies for risk analysis in maintenance
differ in the decision variables used to plan main-
tenance. For example, in [14], the remaining
useful life, defined as the expected interval of
time the system is likely to operate before it falls
down, is used as a decision variable to plan main-
tenance. In [15, 17], the maintenance time and the
maximum length of time between two consecutive
inspections that result in a minimum accepted
risk are the decision variables of a mathematical
optimization program while in [5], the classical
risk evaluated as the product of consequence and
likelihood of a failure scenario is used as a deci-
sion variable to plan maintenance.

3.4. Input data and output data
The input data required to carry risk analysis for
maintenance can be classified into :

• quantitative : such as failure probability, equip-
ment costs, and historical knowledge

• qualitative : such as expert opinion, description
of equipment functioning and operating condi-
tions, safety barriers...

We refer to the work of [12] for further details on
input data needed for risk analysis in maintenance.
We suggest in this paper another classification for
input data according to the source of the input
data. In fact, input data can be historical (acci-
dent records, historical database...) [16], expert
knowledge [5] or inspection data coming from the
process of system monitoring [14].
Similarly, the output data of risk-based main-
tenance approaches can be classified into two
classes :

• qualitative data: such as recommendations
based on expert opinions. The output results
are less precise and adopted in case of lack of
sufficient data to perform numerical evaluation
of risks [11].

• quantitative data: such as index of risk level
[11].

For further details on the output data of risk anal-
ysis in maintenance, we also refer to the work of
[12].

3.5. Type of application
The literature review shows that there are two
types of application for risk-based maintenance
approaches:

• Industrial applications including mechanical,
chemical and electrical fields [11, 12].

• Transportation of dangerous goods [11, 12].
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3.6. Factors affecting the quality of risk
analysis in maintenance

In [18], the author presents a comparative study
based on three independent risk analyses per-
formed on a hydro-power plant and identifies
through this comparison the various factors that
affect the quality of the risk analyses in mainte-
nance. These factors are:

• Hazard identification and initial consequence
analysis

• Risk estimation
• Results

This list is not exhaustive. We refer to the work of
[14] for more details. Fig. 1 gives an overview of
the different factors impacting the quality of risk
analysis in maintenance.

Quality 
of risk analysis

Risk estimation

Method

Frequency estimation

Consequence estimation

Function analysis

Uncertainty and 
sensitivity  analysis

Results

Qualitative

Quantitative

Hazard identification 
and initial consequence 
analysis

Preliminary 
hazard analysis

Data
and information

Method

Fig. 1. Factors impacting the quality of risk analysis in main-
tenance [11, 18]

3.7. Classification of risk-based
maintenance methodologies

In this section, we give a classification of papers
on risk-based maintenance since 2000 following
the classification criteria cited above.
In Fig.2, the sub-criteria that are proposed in this
paper are framed in a rectangle. We mention that
in Fig.2, the classification according to ”factors
impacting the quality of risk analysis” means that
some of these factors are missing in the paper,
which can impact the quality of the results.

3.8. Discussion
Following the classification shown in Fig.2, the
above conclusions can be drawn :

• We identify in all the studied papers the pres-
ence of both qualitative input data (system
description, failure event description,...) and

quantitative input data (historical database, fail-
ure mode distribution...). The input data that
are coming from historical database/records are
generally accompanied with expert knowledge
in order to transform this raw data into process-
able data [5, 13, 15, 27]. The input data coming
from the inspection process do not necessarily
require expert knowledge [14, 21, 24]. The in-
spection process is generally used in the scale of
a unit [14, 21, 24]. The output of the inspection
process is a parameter used later to evaluate
the probability of occurrence of failure event.
The parameter varies according to the studied
system and its context of application [14, 21,
24, 26].

• The choice of the model for maintenance risk
minimization determines the decision variables
to adopt. The correspondence between the two
typologies is shown in Fig.3. Fig.3 shows the
differences between both typologies. It ex-
plains different approaches to perform mainte-
nance risk assessment which can be a safety
approach by comparing risks to acceptance cri-
teria or an economic approach by minimizing
a cost function. Both approaches are to be
carried out in research on risk assessment in
maintenance.

• Different methods to analyse failure scenar-
ios, to estimate risk and to decide for mainte-
nance/inspection planning are used according
to the corresponding module of maintenance
risk analysis. Some methods are based on ex-
pert opinion (brainstorming, analytical hierar-
chy process, technique for order of preference
by similarity to ideal solution...) [23,33] while
others are not (failure probability, availability
model, ...) [16, 27]. Therefore, it is judicious
to model the uncertainty on decision making
through introducing fuzzy logic for example
[29, 30, 31]. Otherwise, this may impact the
quality of risk analysis [18].

• The type of risk varies according to the studied
system and the context of application. How-
ever, we can always come back to an aggregated
classification of risks into: financial (system
performance loss [14, 25], loss of image [20,
28]), environmental (noise [32], explosion [32],
fire [33]) and human risks (toxicity [21], human
injury [21, 28]). This can also be translated in
terms of monetary risks; for example, the cost
of a human injury can be evaluated by the cost
of compensation due to the employee.There is
so much to be done in risk evaluation, mainly
in human risk as human risk remains a crucial
topic.

• The qualitative output data consists generally
in an appreciation of risk level which does not
guarantee an accurate maintenance planning
[20, 21]. The time for maintenance is not de-
termined mathematically. However, the results
are given in the form of check-list on priority
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 Classification criteria

 Factors affecting the 
 quality of risk analysis

 Hazard identification and initial 
 consequence anlysis

 Preliminary hazard analysis [13, 15, 20, 23, 25, 26, 27]

 Data and information [13, 15, 20, 23, 25, 26, 27]

 Method [19, 20, 23, 25, 26, 27]

 Risk estimation

 Method [29, 30]

 Frequency estimation [19, 28]

 Consequence estimation [19, 24, 28, 29, 30, 32, 33]

 Function analysis

 Uncertainty and sensitivity analysis  [5, 16, 19, 20, 21, 22, 24, 25]

 Results
 Qualitative [19, 20, 21, 28]

 Quantitative [16, 29]

 Application field

 Industrial field

 Mechanical field [5]

 Electrical field [25]

 Chemical field [16, 19, 21, 24, 27, 28, 30]
 Transportation systems [13, 15, 20, 22, 23, 26, 29, 31, 32 ,33]

 Output data
 Qualitative [19, 20, 21, 28]

 Quantitative [5,13, 16, 20, 22, 23, 24, 25, 30]

 Methodology for risk-
 analysis

 Quantitative [5,14, 15, 16, 20, 24, 25, 26, 27, 29, 30, 31, 34]
 Qualitative [19, 28]

 Semi-quantitative [21, 23]
 Deterministic

 Probabilistic
 [5, 13, 14, 15, 16, 19, 20, 22, 23, 24, 25, 26, 27, 
 28, 29, 30, 31, 32, 33, 34]

 Deterministic and 
 probabilistic

 Module of risk analysis

 Hazard analysis

 Worst case analysis [16, 29]

 Maximum Credible 
 Accidents (MACS) [5, 22]

 Event tree development [21, 24]

 Delphi process [28]

 HAZard and OPerability analysis (HAZOP) [29, 30, 31, 33]

 Consequence etimation

 Number of fatalities [15, 16]

 Mathematical model (source models, impact intensity 
 models, toxic gas models, explosion and fire models) [5, 13, 22]

 Matrix for gravity classification [19, 28]

 Brainstorming/expert opinion [20, 25]

 Monte Carlo simulation  [20]

 Use of physical and chemical properties to assess the impact [21]

 Analytical Hierarchy Process (AHP) [23]

 Cost data for inspection,  failure and replacement [26, 27]

 Cobb-Douglas production function relating 
 consequences to safety investment [31]

  Intuitionistic Fuzzy Analytical Hierarchy Process (AHP) [31]

 Likelihood estimation

 Frequencey of a fatality [16]

 Fault Tree Analysis [5, 13, 21, 22, 25, 27, 29, 30, 31, 32, 33]

 Matrix for occurence classification [19, 28]

 Analytical Hierarchy Process (AHP) [20, 23, 29, 30, 31]

 Unreliability function  [14, 15, 24, 26, 34]

 Availability model [27]

 Bayesian network [29, 32]

 Fuzzy logic [29, 30, 31, 33]

 Risk estimation
 Product of consequence and probability [5, 13, 16, 19, 20, 21, 22, 23, 24, 25, 26, 27, 32, 33]

 Product of consequence, probability and exposure [28]

 Risk acceptance

 Dutch acceptance criteria, As Low As Reasonably 
 Practicable (ALARP), USEPA acceptance criteria [5, 13, 22]

 Frequency-Severity Matrix relating to risk level [19, 21, 23, 27]

 Cost-benefit analysis [20, 24]

 Historical records [25]

 Objective function to minimize [14, 15, 26, 27, 34]

 Setting the probability of major basic event to 0 [30, 33]

 Setting minor risk at 100% probability [32]

 Maintenance planning

 Reverse Fault Tree Analysis [5, 13, 22, 30,31]

 Recommandations on maintenance planning [19, 20, 21, 28]

 Analytical Hierarchy Process (AHP) [23]

 Cost-benefit analysis [24]

 Decision variable of an optimization program [14, 15, 26, 27, 34]

 Pareto optimal solutions [31]

 Backward analysis of Bayesian network [32]

 Technique for Order of Preference by Similarity to Ideal 
 Solution (TOPSIS)  [33]

 Risk type

 Financial/economic [5, 13, 14, 23, 24, 28, 30, 31]

 Human [5, 13, 14, 20, 21, 28, 31]

 Environmental [5, 13, 14, 20, 23, 28, 31, 32]

 System performance loss  [5,13, 14, 25, 34]

 Societal [16, 23]

 Explosion [19, 21, 22, 32, 33]

 Loss of production [20]

 Loss of image [20, 28, 31]

 Loss of commodity [20]

 Loss of property [20]

 Fire [21, 22, 33]

 Toxicity [21, 22]

 Maintenance cost [14, 25, 26, 27]

 Power outage [15]

 Noise [32]

 Damage third part [32]

 Structure of the process of risk minimization
 Optimization function [14, 15, 26, 27, 31, 34]

 Comparison with risk acceptance criteria [5, 16, 19, 20, 23, 24, 25, 28, 30, 32, 33]

 Decision variables

 Risk [5, 16, 19, 20, 21, 22, 23, 25]
 Remaining useful life [14]

 Maintenance planning [15, 26]
 Inspection planning [14, 26, 34]

 Input data

 Qualitative
 Quantitative [5, 13, 14, 15, 16, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29]

 Historical  [5, 13, 15, 16, 19, 22, 23, 24, 25, 26, 27, 28]

 Expert knowledge [5, 13, 15, 19, 20, 22, 23, 25, 26, 27, 28]

 Inspection process

 Failure distribution [14, 24, 34]

 Temperature [21]

 Degradation rate [26]

 [5, 13, 14, 15, 16, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29]

Fig. 2. Classification of risk-based maintenance methodologies according to criteria related to input/ output data, methodology
used, type of application and factors impacting the quality of risk analysis
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actions [20] or list of recommendations [21].
• The factors impacting the quality of risk analy-

sis that are frequently missing in the studied pa-
pers are : hazard identification and initial con-
sequence analysis [13, 15, 20], consequence es-
timation [29, 30, 32] and uncertainty/sensitivity
analysis [5, 16, 19]. In some papers, it is
on purpose to focus more on a risk analysis
module than another [22]. In other papers, we
carry only a qualitative analysis of risk which
remain less accurate than quantitative analysis.
Therefore, the results on maintenance planning
are usually in the form of check-list on priority
actions [20], list of recommendations [21] ...

• According to our study, the areas of application
that stand out the most are the domain of chem-
ical industry [24, 25, 27] and transportation
of dangerous goods [20, 22, 23]. This can
be explained by the fact that systems in these
domains require a high level of reliability : a
failure on these systems may have irreversible
damage on human health and environment.

• The uncertainty on input data and the attitude of
the decision maker to risk make the process of
decision making a complex task. In fact, the
work of [35] has demonstrated the impact of
cognitive knowledge on risk assessment, while
in [36], it has been demonstrated that human
emotions play a major role in rational decision-
making. Unfortunately, these aspects have not
been well studied in previous papers on mainte-
nance risk assessment.

• The quantitative implementation of a risk-
analysis approach depends on the sector, the
strategy adopted by a company (whether to en-
hance security or economize money), the type
of risks concerned by the sector, the available
data that a company dispose and other factors.
A lot of work needs to be done to identify the
best practices in risk analysis adapted to com-
pany’s context and needs. There is therefore
no better methodology to carry risk analysis in
maintenance.

Typology 1:Comparison 

with risk acceptance 

criteria

Typology 2: Objective 

function to minimize

Risk acceptance criteria Risk and cost  minimization 

under constraints

Risk as a decision variable

Maintenance strategy as

a result
Maintenance decision as

a result

Maintenance/inspection

planning as a decision variable

Fig. 3. Proposed correspondence between the two typologies
of risk-based maintenance

4. Conclusion
In this paper, we define the concept of predic-
tive maintenance and its purposes according to

literature. We point a major purpose of predic-
tive maintenance that has not been tackled in [4]
which is risk minimization. The literature review
on risk-based maintenance methodologies shows
that there are two main typologies of risk-based
maintenance methodologies : in the first typol-
ogy, we evaluate the level of risk and compare
it with risk acceptance criteria [5, 16, 19], while
in the second typology, we minimize an objective
function (risk) and identify the decision variables
that consist usually in the maintenance/inspection
planning [14,15, 26, 34]. We have also identified
different types of risks and different techniques to
estimate risks and plan maintenance accordingly.
The classification presented in this paper serves
as a guide for experts to easily identify the best
tools and techniques to carry risk analysis. There
is no better technique to carry risk analysis: we
leave the choice of the technique to the skill of the
expert.
This classification can always be improved by
aggregating some criteria or by crossing criteria
that can be intercepted or redundant. It is always
possible to further detail the classification by in-
troducing more advanced sub-criteria. Finally, we
mention that it may be interesting to define, ac-
cording to the area of application, a standard that
defines the best practices and techniques to carry
risk-based maintenance. Our proposed method of
classification can be a preliminary step towards
establishing this standard.
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Appendix A. Literature review of
optimizing predictive maintenance
strategy
The following table can be added to work of [4]
in order to complete the literature review on opti-
mizing predictive maintenance strategies:

Table 1. Table 1. Continuation of the work of [4] on literature review on optimizing predictive maintenance strategies

Reference Objective function Equipment Solving methodologies

[2] Risk Oil refinery -
[11] Risk Heating Ventilation and air condi-

tioning system
Heuristic

[13] Multi-objective Shear pump bearings Physical programming approach
[15] Multi-objective Aircraft fleet Two-models-fusion
[16] Multi-objective Manufactured components Rosenbrock method
[19] Risk Ethylene oxide production facilities Heuristic
[21] Risk Aging power systems LINDO solver, Branch and Bound

framework
[20, 40] Risk cost Generic industrial systems Heuristic
[23] Risk Oil pipelines Heuristic
[26] Risk Oil pipelines -
[27] Risk Chemical installation (reactor) -
[29] Risk Oil and gaz pipelines -
[30] Risk Steam turbines Heuristic
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