Reliability Engineering and System Safety 205 (2021) 107265

FI. SEVIER

Contents lists available at ScienceDirect

Reliability Engineering and System Safety

RELIABILITY
ENGINEERING
& SYSTEM
SAFETY

journal homepage: www.elsevier.com/locate/ress o

L)

Check for

A risk evaluation framework for the best maintenance strategy: The case of [w&s

a marine salt manufacture firm

Silvia Carpitella®, Ilyas Mzougui b Julio Benitez, Fortunato Carpitella d¢ Antonella Certa’,

Joaquin Izquierdo ““, Marco La Cascia’

& Department of Decision-Making Theory, Institute of Information Theory and Automation - Czech Academy of Sciences, Prague, Czech Republic

Y Faculty of Sciences and Technologies - Abdelmalek Essaadi University, Tangier, Morocco

¢ Instituto de Matematica Multidisciplinar - Universitat Politecnica de Valencia, Valencia, Spain

4 Flulng - Universitat Politecnica de Valencia, Valencia, Spain
¢ Studio di Ingegneria Carpitella Management Consulting - Trapani, Italy
f Dipartimento di Ingegneria - Universita degli Studi di Palermo, Palermo, Ttaly

ARTICLE INFO ABSTRACT

Keywords:

Maintenance policy selection
Risk evaluation

ANP

ELECTRE III

This paper intends to contribute with a multi-criteria decision-making (MCDM) framework to support risk
evaluation for maintenance activities carried out on critical systems in industry. We propose to first select the
best maintenance strategy tailored to companies’ requirements and systems’ features, and second to perform a
risk prioritisation aimed at highlighting priorities of intervention. The Analytic Network Process (ANP) is sug-

gested to select the maintenance policy representing the best trade-off considering the complex and varied in-
terdependencies amongst a diversity of clustered elements characterising the system. Then, the main risks related
to the interventions associated to the selected maintenance policy are ranked using the ELimination Et Choix
Traduisant la REalité III (ELECTRE III) method, using the same criteria weighted by the previous ANP appli-
cation. This hybrid MCDM framework is applied to a core subsystem of a real-world marine salt manufacture

firm.

1. Introduction and research objectives

The standard BS EN 13,306:2010 [11] defines maintenance as the
combination of technical and organisational activities aimed at guar-
anteeing systems’ functioning during their whole life cycle, in terms of
retaining them in (or restoring them to) a state in which they can
perform their required tasks. The importance companies attribute to the
maintenance function has been increasing since the beginning of the
industrial era, having nowadays achieved the connotation of key factor
in improving productivity by reducing the breakdown risk at a reason-
able cost.

Effectiveness of industrial production, especially in the case of
continuous production systems [54], directly depends on maintaining
expensive and technically complex capital goods in a functioning state.
This is the reason why several companies decide to allocate huge bud-
gets on maintenance management, sometimes reaching a 70% of the
total production cost [35]. Undeniably, maintenance should not be
considered a mere cost-centred activity [62]. On the contrary, using a
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wider perspective, it is a profit-generating function that should be
considered with foremost priority by companies willing to achieve high
levels of asset performance [28]. Given this evidence, companies have
attempted to enhance maintenance efficacy through various strategies
and, in this context, being able to select the most suitable strategy is
crucial for obtaining successful outcomes. It has been reported as inef-
fective maintenance strategies may result in serious losses for companies
[74], amounting to 20% of reduction of their direct production capacity.
In the report published by IndustryWeek and Emerson [38], the esti-
mation of these losses is around $50 billion per year. Furthermore,
implementing improper maintenance strategies is responsible of circa
80% downtime increase [55]. In contrast, selecting an effective main-
tenance strategy leads to a consequent cost saving estimated up to 28%
of the total cost reduction [40].

As stressed by Badia et al. [6], designing effective maintenance
policies is important to extend the useful life of industrial systems and to
simoultaneously reduce costs derived from early and unnecessary
equipment replacements. Making decisions about maintenance
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strategies cannot be separated from undertaking proper actions of risk
management aimed at evaluating and reducing to an acceptable level
[47] the possible risks related to the execution of maintenance in-
terventions associated to a given strategy. Assessing the main risks
involved when leading maintenance operations plays a fundamental
part in enhancing conditions of safety and security at work, what is
compulsory according to the standards of reference. Given the multiple
aspects relevant to this topic, the present paper proposes a novel general
framework to be adapted and customised by companies according to the
needs of their industrial reality under analysis. Specific objectives of the
paper are:

a) selecting a maintenance strategy as the best trade-off according to
criteria and subcriteria considered important by the existing inde-
pendent literature;

b) analysing risks potentially affecting maintenance interventions
associated to the chosen strategy, and rank them according to the
established set of criteria.

The final ranking of risks will offer a structured input to plan and
implement measures aimed at optimising the process of maintenance
management. The proposed hybrid framework will be implemented in
an Italian marine salt manufacture firm, the final risk prioritisation
referring to maintenance interventions belonging to the chosen strategy
for a critical subsystem.

2. Literature review

The existing literature groups maintenance strategies into the
following main categories.

1 Reactive (or corrective) maintenance. This maintenance policy as-
sumes that interventions are accomplished after failure occurrence,
to restore an item into a functioning state [11]. As affirmed by such
authors as Ben-Daya et al. [7] and Golbasi and Turan [31], corrective
maintenance can be further distinguished into immediate and de-
ferred corrective maintenance, depending on the readiness in car-
rying out interventions upon failures. In the first case, maintenance
interventions are executed immediately after those failures directly
influencing production and/or core services by the deputed main-
tenance crew which is immediately available in site. In the second
case, interventions are not immediately carried out after fault
detection but delayed in time according to rules established by the
management. This case regards those maintenance activities that are
not so urgent or require longer execution times (due, for instance, to
their sudden or complex nature or to the need of involving an
external maintenance crew).

2 Preventive maintenance. Interventions belonging to this category are
based on such criteria as time, age, usage or condition information
[20] and take place prior to the occurrence of failures with the aim of
keeping equipment in specified conditions through organized
check-up, detection and prevention of potential failure [66]. Such
authors as Christer and Lee [17] also refer to this strategy with the
definition of “time-based maintenance”, which can be further
grouped into:

3 Maintenance scheduled at planned intervals. Interventions are car-
ried out according to an established schedule, as in the case of age-
based and clock-based maintenance (respectively referring to the
time that a system achieves a certain age and a particular calendar
time, as underlined by [2]). Faghihinia and Mollaverdi [25] cite
Wang [72] specifying the existence of other categories depending on
different criteria (for instance failure or repair limit) as well as the
need to elaborate preventive maintenance models to be as much as
possible adherent to the given problems.

4 Condition-based maintenance. It belongs to the preventive mainte-
nance category, but includes a combination amongst condition
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monitoring, investigation and testing, by performing analyses on
results of maintenance actions. Interventions are scheduled not at
established intervals but as needed on the basis of asset conditions.
Predictive maintenance is a type of condition-based maintenance
carried out based on predictions derived by collecting results from
repeated analyses on significant parameters related to the wearing
process of items [11]. As underlined by Sahu and Palei [59],
including an effective fault prediction process in the preventive
maintenance policy can be strategic to significantly reduce failures
and downtimes of systems.

5 Opportunistic maintenance. This strategy aims to combine preven-
tive and corrective maintenance strategies. In other words, when a
component of a system fails, not only is the action of corrective
maintenance performed, but also interventions of preventive main-
tenance are carried out on other units not yet failed in order to
prevent future failures [44]. Khazraei and Deuse [42] discuss the
usefulness of establishing a strategy to decide which kind of pre-
ventive maintenance is more suitable in each specific case.

It is fundamental to underline that maintenance management stra-
tegies have to be adapted and integrated based on the characteristics of
the industrial context one is dealing with [22], in accordance to needs,
equipment and location. Each equipment is characterised by specific
designation and features, having then associated a specific value of
probability of failure and reliability. This is the reason why the present
section aims to offer a detailed literature review about techniques used
to select the best maintenance strategy on the basis of a company’s
practical needs along with current topics related to risk evaluation
practises.

2.1. Frameworks used in the literature for the problem of maintenance
strategy selection

The existing literature shows plenty of works aimed at providing
management with tools for selecting the best maintenance strategy
based on the specific needs of the industrial reality of reference. The
frameworks mainly used (Fig. 1) have been summarized by Ding and
Kamaruddin [24], which related them to specific conditions of analysis.

With relation to conditions of analysis, Ding and Kamaruddin [24]
take into account the three possible degrees of certainty defined by the
certainty theory continuum [67]. The considered scenarios refer to
certain, risk-based and uncertain contexts, being each one of them
related to the degree of information available about the states of the
system under analysis. Risk-based and uncertainty conditions respec-
tively refer to the possibility to contemplate different assumptions and to
the presence of vague information. On the one hand, risk conditions are
associated to known states of systems that can be stochastically
described to predict future conditions useful for establishing which
maintenance strategy is more appropriate. On the other hand, uncertain
conditions of analysis reflect unknown states of systems for which in-
formation has to be collected on the basis of subjective evaluations.

As we can observe, graphical models are suitable when dealing with
certain contexts. In this case, a maintenance strategy can be selected on
the basis of the most desirable outcomes without using complicated
optimisation procedures. The same authors underline as, given the dif-
ficulty to assume conditions of analysis as certain and determined, re-
sults produced by graphical models have been criticised for lack of
accuracy, and, as a result, various risk-based stochastic methods have
been proposed to overcome such an issue. As examples we may cite the
use of Motecarlo simulations [9,46], Markov methods [33,78] or
mathematical models based on probabilistic approaches [19,39]. How-
ever, despite the wide use of stochastic approaches in the existing
literature, their main and more obvious disadvantage is the high degree
of complexity for application, what makes this type of models suitable
just for theoretical research and not for real-life applications [24].

As highlighted by Vinodh and Varadharajan [70], MCDM methods
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Fig. 1. Frameworks used in the literature for the problem of maintenance strategy selection in diverse conditions of analysis [24].

are amongst the most popular and effective tools adopted in mainte-
nance strategy selection processes. Despite these techniques being
heuristic, thus not guaranteeing the optimality of final solutions [68],
they enable to consider multiple and often conflicting objectives of
decision-making problems, apart from effectively dealing with uncer-
tainty. Many studies have approached the problem of maintenance
policy selection under a MCDM perspective by considering the large
number of tangible and intangible aspects involved [45]. MCDM
methods assure high measurement efficiency with less unrealistic as-
sumptions [24], being then capable to help in collecting a comprehen-
sive understanding about maintenance management without limitations
derived from the use of financial aspects as the unique parameter of
analysis.

The Analytical Hierarchy Process (AHP), first developed by Saaty
[56], has been widely used to deal with many diverse analysis problems.
Bertolini and Bevilacqua [8] implemented a programming method
based on AHP to select the best maintenance strategy for an Italian oil
refinery. Chandima Ratnayake and Markeset [13] used the method to
perform a selection of maintenance strategies in the oil and gas sector by
considering health, safety, environment, awareness and cost as evalua-
tion criteria. Muinde et al. [52] suggested the same technique for a
cement factory in Kenya by involving the maintenance staff during the
stage of pairwise comparisons’ formulation. Furthermore, the AHP was
applied by Vishnu and Regikumar [71] to select a maintenance strategy
for the whole set of equipment of a metal process plant manufacturing,
and by Chandrahas et al. [14] to select the best maintenance strategy by
following the philosophy of total productive maintenance.

Since the application of AHP in maintenance selection seems to have
reached a state of maturity, the literature proposes the combination of
other MCDM methods. For example, Karthik et al. [41] optimise a
maintenance strategy by integrating the AHP with the Project Evalua-
tion and Review Technique (PERT) for systems simulation. Shyjith et al.
[64] adopted the Technique for Order of Preference by Similarity to
Ideal Solution (TOPSIS) to select the optimal maintenance policy for ring
frames of spinning mill systems in the textile industry. The TOPSIS was
applied to determine that maintenance policy helpful in reducing sys-
tems’ failure risk [23] also in such particular cases as the palm oil in-
dustry [22]. The same technique has been integrated with the AHP [55],
also managing the uncertain nature of maintenance selection processes
by using fuzzy numbers [5,53,73]. Currently, the use of fuzzy data has
been integrated within MCDM frameworks to obtain more robust tools
that avoid crisp values, and treat strategic problems through triangular
fuzzy numbers [21]. Kirubakaran and Ilangkumaran [43] proposed the
fuzzy grey relational analysis (GRA), the fuzzy AHP (FAHP), and the
fuzzy TOPSIS (FTOPSIS) to select the optimal maintenance strategy. The

study was aimed at ordering selected corrective maintenance, predictive
maintenance, time-based preventive maintenance and condition-based
maintenance as alternatives on the basis of four criteria, namely
safety, cost, added value, and feasibility. Borjalilu and Ghambar [10]
applied the FAHP to select the optimal maintenance strategy with
relation to a set of five possibilities in order to improve production on a
manufacturing unit. Abdulgader et al. [1] combined three fuzzy MCDM
methods to establish the best maintenance strategy for industrial
application. They used the fuzzy DEcision MAking Trial and Evaluation
Laboratory (DEMATEL) to identify interrelationship amongst criteria,
the FAHP to calculate the vector of criteria weights, and the FTOPSIS to
achieve a final ranking of alternatives.

What appears more relevant to sort out the problem of interest is that
the evaluation criteria used to perform the selection of the best strategy
are not independent amongst them. Considering the existence of these
dependencies is crucial in such a fundamental issue as component
maintenance since, as affirmed by such authors as Antomarioni et al.
[4], especially in the case of continuous processes, occurrence of an
event may have a significant impact on other aspects (even in terms of
potential occurrence of failures). In this context, particular attention
should be dedicated to the preliminary reliability analysis of multi-state
machining systems with common cause failure aimed at designing
suitable safety measures [63]. For this reason, the use of the Analytic
Network Process (ANP) proposed in the present paper appears to be
particularly suitable for various applications, i.e. railway systems [16],
vehicle assembler [15], project management [12], and so on.

2.2. Relevant criteria and subcriteria

The existing literature highlights the following six criteria as mostly
impacting maintenance strategy selection: safety and security, cost,
reliability, availability, feasibility, and added value. A literature review
synthetizing the mentioned criteria and the related subcriteria used to
perform the selection of the most appropriate maintenance strategy is
given in Table 1.

2.3. Evaluating risks related to the selected maintenance strategy

Once selected the most suitable maintenance strategy, performing an
effective risk evaluation is a fundamental step for a globally effective
maintenance management. As asserted by Fukushige et al. [29], the
phase of risk assessment is of utmost importance to support and select an
appropriate maintenance scenario. The authors define the simulation of
effects of maintenance as a promising approach to systematic mainte-
nance service design. By making use of the classical risk definition, Tan
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Table 1

Criteria, subcriteria and references.

Criteria

Subcriteria

Reference

Safety and
Security

Cost

Reliability

Availability

Feasibility

Added-Value

Human safety

Environment safety

Facility and machinery safety

Damage and loss in production

Spare parts costs/hardware

Programming maintenance
and software

Training cost

Replacement
Fault identification

Labour cost

Average time between failures

Inspection accessibility and
errors-free

Reliability of techniques

Average time for repair

Inherent availability
On demand availability
Acceptance by personnel

Policy effectiveness
Technology accessibility
Production quality

Waste reduction

Spare parts inventory

o Mohamed and Saad [50];
e Momeni et al. [51];

o Seiti et al. [61];

o Kirubakaran and
Ilangkumaran [43].

e Mohamed and Saad [50];
e Momeni et al. [51];

e Seiti et al. [61];

e Kirubakaran and
Ilangkumaran [43].

e Mohamed and Saad [50];
e Akhshabi [3];

o Seiti et al. [61];

e Kirubakaran and
Ilangkumaran [43].

e Mohamed and Saad [50];
e Wang et al. [73];

e Akhshabi [3];

e Kirubakaran and
Ilangkumaran [43].

e Mohamed and Saad [50];
e Momeni et al. [51];

o Seiti et al. [61];

o Kirubakaran and
Ilangkumaran [43].

e Mohamed and Saad [50];
e Akhshabi [3];

e Seiti et al. [61];

o Kirubakaran and
Ilangkumaran [43].

e Xie et al. [75];

e Wang et al. [73];

e Akhshabi [3].

o Kirubakaran and
Ilangkumaran [43].

o Kirubakaran and
Ilangkumaran [43].

e Mohamed and Saad [50];
e Momeni et al. [51];

o Akhshabi [3];

e Seiti et al. [61];

e Kirubakaran and
Ilangkumaran [43].

e Mohamed and Saad [50];
e Xie et al. [75].

e Mohamed and Saad [50];
e Wang et al. [73];

e Akhshabi [3].

e Wang et al. [73];

e Akhshabi [3];

e Kirubakaran and
Ilangkumaran [43].

e Mohamed and Saad [50];
e Wang et al. [73];

e Akhshabi [3].

e Mohamed and Saad [50]
o Mohamed and Saad [50]
e Xie et al. [75];

e Wang et al. [73];

o Kirubakaran and
Ilangkumaran [43].

e Xie et al. [75];

e Momeni et al. [51].

e Momeni et al. [51];

e Akhshabi [3];

o Kirubakaran and
Ilangkumaran [43].

e Momeni et al. [51];

e Akhshabi [3];

o Kirubakaran and
Ilangkumaran [43].

e Momeni et al. [51];

o Akhshabi [3];
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Table 1 (continued)

Criteria Subcriteria Reference
o Kirubakaran and
Ilangkumaran [43].
Maintainability o Kirubakaran and
Ilangkumaran [43].
Procedure o Kirubakaran and

Ilangkumaran [43].

et al. [65] investigate both the probability of occurrence and the impact
of possible failures, under the support of risk-specific code, to prioritise
and plan inspections in the oil and gas industries. In such a way, the
authors aim to support companies in making decisions about suitable
maintenance tasks and techniques with a multiple purpose, in other
terms, shifting from a reactive maintenance regime to a proactive one,
promoting teamwork spirit and implementing effective risk manage-
ment tools. By pointing out the dynamic nature of maintenance, Seiti
et al. [60] underline as the presence of both predictable and unpre-
dictable factors may negatively influence equipment reliability. The
authors propose a new model based on different risk scenarios for pre-
ventive maintenance planning. Yu et al. [76] stress the benefit derived
from applying the ELimination Et Choix Traduisant la REalité (ELEC-
TRE) methods to solve the so called “prioritised decision-making prob-
lems”. For these kinds of problems, criteria are assumed interdependent
since a sort of prioritisation amongst them exists. The authors explain
this concept by providing as examples safety and cost criteria: safety has
always higher priority than cost. Hashemi et al. [34] contribute to this
issue by affirming as comparisons amongst elements cannot be
completely definitive because of vague information about evaluations of
criteria and alternatives. This is the reason why the authors integrate
ELECTRE III with the intuitionistic fuzzy set theory. Fancello et al. [26]
propose ELECTRE III algorithms to sort out a real case study involving
various sections of a motorway with respect to safety conditions, and to
identify intervention priorities by ranking critical sections.

We claim that ELECTRE III methods can be effectively used to rank
the risks involved in the execution of maintenance actions and, conse-
quently, to get a comprehensive understanding about how to prioritise
interventions aimed at reducing/preventing highly critical risks. More-
over, this method will be integrated with the ANP technique so that
dependence existing amongst the main aspects of maintenance problems
can be captured.

3. Methods and materials

The present research suggests first the application of the ANP to
select that maintenance strategy representing the best trade-off ac-
cording to a set of interdependent criteria, and second ELECTRE III is
used to suitably rank the risks. These two particular methods have been
chosen for the following reasons:

1) ANP allows to consider dependencies existing amongst the main el-
ements of the problem, thus to offer results more adherent to the
actual industrial reality;

ELECTRE III is efficient to rank a set of alternatives on the basis of
outranking relations and by establishing specific indifference, pref-
erence and veto thresholds on criteria;

the integration between both methods has been proved to be suc-
cessful in various fields of literature [12], and it is applied for the first
time to the problem under analysis.

2

—

3

-

The ELECTRE III ranking of the risks related to the execution of
maintenance interventions is done with a twofold objective [36]: 1)
guaranteeing the best level of safety and security for all the workers and
stakeholders involved in maintenance operations; 2) responding to the
existing standards about safety and security related to work
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environment and equipment.

To the best of the authors’ knowledge, it is the first time that a
framework integrating ANP and ELECTRE III is applied in the field of
maintenance strategy selection with relation to the risk evaluation
process. This framework tool is eventually implemented in a real-world
industrial context, namely a marine salt manufacture firm, with relation
to maintenance operations to be performed on critical machines
belonging to the production system. Fig. 2 details the proposed approach
for the process of maintenance strategy selection and following risk
prioritisation.

We specify that the application of our framework for a real industrial
system is supposed to follow a careful preliminary evaluation about the
different potential maintenance strategies in terms of difficulty/possi-
bility of implementation (for instance due to the large amount of his-
torical failure data to be collected or to the possibility of monitoring
systems condition, and so on). These preliminary evaluations will allow
to outline and design maintenance strategies on the basis of the partic-
ular system/components’ characteristics. Such a task usually takes place
in the company, resulting from the cooperation amongst the diverse
stakeholders such as general management staff, maintenance respon-
sible, maintenance crew, and technical consultant, what will allow to
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gain a complete and complementary overview about the whole process.
As soon as the diverse maintenance strategies will be thoroughly inter-
nally evaluated, our framework will be applied to achieve as final output
the prioritisation of risks connected to the selected maintenance
strategy.

3.1. The ANP to weight criteria and to select the maintenance strategy

AHP is a powerful MCDM method with several advantages of
application, including simplicity, flexibility, and possibility to review
consistency of judgments. Since AHP is typically top-down (unidirec-
tional), its main drawback consists in the impossibility of dealing with
interdependent elements of the same level or cluster, and bottom-up
(feedback) relations. For this reason, it is difficult to represent many
real-world decision-making problems in industry, since the various el-
ements involved may present various degrees of interaction [77]. This is
often the case of real complex maintenance problems, due to the exis-
tence of high degrees of dependency amongst the main involved aspects.
First of all, components of systems, especially the critical ones, are
generally not independent of each other, what leads to the necessity of
evaluating and modelling their mutual influences to not neglect

Goal of the decision-making problem:
Prioritising risks impacting on the selected maintenance strategy

AN

/ Set of main evaluation criteria \

Safety and

Cost Reliability

Security

Availability | | Feasibility | |Added Value

«I 15t stage W

Determining the set of subcriteria for each

evaluation criterion and analysing the

relations of mutual dependence.

&

Reactive maintenance

Preventive maintenance

Opportunistic maintenance

—‘ ANP to select the strategy }7

N/ I 274 stage }‘

Using criteria weights calculated in the

previous stage by means of ANP and listing

risks related with the selected strategy.

s

Maintenance Risk 1

Maintenance Risk 2

Maintenance Risk 3

Maintenance Risk n

L ELECTRE III to rank risks

Fig. 2. Proposed MCDM framework.
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important effects derived from their interactions. The same consider-
ation is valid when it comes to the evaluation criteria related to main-
tenance analysis. It is not realistic to assume that some relevant
maintenance aspects, such as for instance safety and cost, are indepen-
dent. Similarly, it is possible that perfectly consistent results are actually
not feasible or ineffective. The ANP was proposed by Saaty [57] to
capture dependence and feedback amongst decision-making elements to
produce more effective and reliable results; this is why ANP seems to be
particularly useful for real maintenance applications. ANP considers
elements (also called nodes), namely objective, criteria, subcriteria and
alternatives, grouped in clusters according to common characteristics
(typically, for a linear hierarchy, as we consider in this paper, the
clusters are the objective, the set of criteria, the set of subcriteria, and
the set of alternatives). Elements and clusters integrate the network
[30]. Dependence between elements may be internal, for elements in a
same cluster, and external, for elements of different clusters; also,
dependence between entire clusters is considered to weigh relations
between elements of different clusters. In addition, (back-propagation)
feedback may also be considered. The ANP method can be performed
through five steps as detailed next.

Step 1: Building a model and representing a decision-making prob-
lem through a network structure. After identifying the clusters, it is
necessary to build the network structure. A brainstorming may help
identify all the possible relationships of interdependence and feed-
back amongst the considered elements and clusters. Relationships
are represented by links between the elements involved. Links may
go between clusters, and between elements in the same cluster (inner
dependence) or in different clusters (outer dependence). In the case
of inner dependence between two elements of the same cluster, the
cluster is linked to itself and a loop appears. Once this structure is
fully clear, it is possible to build the so-called influence matrix, a
square block matrix of the size of the number of elements, with
blocks corresponding to the clusters. An entry a;;  equal to one
denotes that there is a link between element j in cluster i and element
lin cluster k. Otherwise that entry will be 0. The influence matrix
serves as a guide for the non-zero elements of the supermatrix to be
built in the next step.

Step 2: Comparing nodes. In this step, all the nodes for which a
connection exists with a given element are pairwise compared with
respect to this element, and this comparison is performed by attrib-
uting values from the Saaty’s nine-point scale [58]. The AHP method
is used to obtain the weights associated to the comparisons per-
formed, which correspond to corresponding 1-entries in the influ-
ence matrix. This enables to build the so-called unweighted
super-matrix, expressing various effects of interdependency on
different elements of the process [48]. In this step, the clusters’
mutual influence is also compared, and a vector of corresponding
priorities is obtained and put aside.

Step 3: Generating the weighted supermatrix. This supermatrix is
obtained by modifying the unweighted supermatrix by coherently
multiplying its elements by the weights obtained from de compari-
sons of clusters and normalizing the columns to sum one. This way
the weighted super-matrix becomes stochastic (columns with non-
negative entries summing to one), something essential for the next
step.

Step 4: Calculating the limit matrix, whose columns are equal and
represent the global priorities [27]. To obtain the limit matrix, the
weighted matrix is raised to successive powers. As the weighted
supermatrix is stochastic, its largest eigenvalue is equal to one, and
the limit of these powers exists [49]. Each power of the matrix
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captures all transitivities of the order of that power. This way, all
order transitivities are captured by this series of powers. The prior-
ities of the alternatives (or any set of elements in a cluster) are ob-
tained by normalizing the corresponding values in the appropriate
places of the limit matrix. Observe that when the supermatrix has
zeros and is reducible the limit can cycle and a Cesaro average over
the different limits of the cycles is taken.

Step 5: Extracting the sought information from the accumulated
interdependencies revealed by the limit matrix. For example, if the
main objective is selecting the best alternative in an existing cluster
of alternatives (usually placed last) to meet a given objective (usually
placed first), the final weights of the considered alternatives are
accessible from the last block of the first column in the limit super-
matrix. As usual, the alternative with the associated largest weight is
considered the best choice.

3.2. The ELECTRE III to prioritise risks related to the chosen maintenance
strategy

As previously pointed out in the literature review section, ELECTRE
methods are very useful to deal with prioritised decision-making prob-
lems, such as the problem of maintenance-based risks prioritisation. The
integration of the ELECTRE III application in the proposed framework
would allow, once selected the most suitable maintenance strategy by
means of the ANP application, to effectively rank for prioritisation
purposes the risks involved in the execution of maintenance actions.
This will help with achieving a structured knowledge about the practical
organisation of maintenance interventions as well as in implementing
effective measures of risks reduction/prevention.

ELECTRE III permits achieving a final ranking of alternatives
across different application areas [32]. Such a ranking may be built by
means of two procedures, known under the name of ascending and
descending distillation chains [69]. The method considers a fuzzy
outranking. The outranking relation has actually associated the
function 5(A;, Aj), varying within the range [0, 1], and expressing the
degree of credibility related to the preference of alternative A; with
respect to alternative Aj.

The ELECTRE III method requires the preliminary collection of the
following input data: 1) set of alternatives to be ranked, A; 2) eval-
uation criteria, By; 3) vector of criteria weights, wy; 4) numerical
evaluation of alternatives with respect to the considered criteria,
ur(A;). Moreover, three numerical thresholds have to be fixed for each
criterion [18], to properly take into account uncertainty affecting
alternatives evaluation. These thresholds thus refer to the difference
uk(Aj) — ux(A;), which is the difference between the numerical eval-
uations of the two alternatives A;and A; under the criterion Bg. In
particular, the indifference threshold I is the minimal difference
considered significant to express a preference between two alterna-
tives; the strong preference threshold Si is the minimal difference to
express a strong preference between two alternatives; the veto
threshold Vi expresses the minimum value beyond which the two
alternatives are considered not comparable. The condition Iy < Sk < Vj
has always to be verified.

Once collected the input data in a matrix and established the
mentioned thresholds for all criteria, the development of the procedure
is organized in two phases.

The first phase is made up of the following four steps.

Step 1.1. Building the matrices of concordance indices Cx(A; Aj), one
matrix for each criterion.
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Concordance indices can be calculated by means of the rules:

if ue(A;) > ux(4;), then Cy(A;,4) = 1; €Y}

1
[l/lk(A,') + Sk — Uy (Aj)]
Sk — I
0

if 1 (A;) < u(4;), then C(Ar,A;)={

This first step produces as output a number of squared matrices equal
to the number of criteria, each matrix reporting the concordance indices
Cx(A;, Aj) obtained for each pairwise comparison.

Step 1.2. Building the aggregated concordance matrix C(A; Aj).
The output of this step will be a single squared matrix C(A; A;) whose
elements are obtained by aggregating and weighting the relative ele-

ments belonging to the former matrices of concordance indices.

Step 1.3. Building the matrices of discordance indices Dx(A;,
matrix for each criterion.

Aj), one

Discordance indices are determined by following these rules:

0
" iy if Cy(A;, A7) #0;
Dk(AivAj): { [ k(A) j(S ) Sk} if S < uk( ) Mk(A, (2)
K 1fuk( )7uA(A,)Z

1

The output of this step consists of as many squared matrices as the
number of criteria and, in each matrix, the discordance indices Di(A; A;)
are obtained for each pairwise comparison.

Step 1.4. Building the outranking credibility matrix 5(A;, A)).

The outranking credibility matrix requires the following rules:

if V k Di(Ai,4;) = 0,then 6(4;, A;) = C(A;,A))
if 3 k for which Dy (A;, A;) )0, then §(A;, A))

= C(A,A;) it Vk Dy (A;, A)) (C(A;, A)) 3

if 3k for which D;- (A, A;) > C(Ai,A;), then8(4;, 4))
1 — Dy (A1, A; N
= C(A,.,AJ.).HM Yk
s [1=-C(AL4))]

The output will be a square matrix in which elements express the
degree of credibility related to the preference of alternative A; with
respect to A;.

Once the first phase is accomplished, the second phase consists of the
next three steps.

Step 2.1. Determining the minimal value of outranking credibility,
0.
This value corresponds to:

50 = ﬁmax - s((sm(u); (4)

Smax being the maximum numerical value of the elements belonging
to the outranking credibility matrix 6(A; Aj), and $(Smax) the
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discrimination threshold, the latter obtained as:

$(Bmax) = —0.15- Sax +0.3. 5)

if uk(Aj) - uk(Ai) < Iy
if I < uk(A,-) - le(A,') < Sk;
if Uy (Aj) — Mk(A[) > Sk‘

Step 2.2. Building the Boolean matrix T(A; A)).

This matrix can be calculated on the basis of the following test:

1 if 8(A;, Aj) = 8 and (A, A;) — (A, Ai))s(Smar)

T(Ai ) Aj) =A{ 0 otherwise ©

Step 2.3. Defining the qualification degree of alternatives and
building the final ranking.

The qualification of alternative A;, q(A;), corresponds to the differ-
ence between the number of alternatives outranked by A; and the
number of alternatives outranking A;. Two rankings have to be lastly
built by means of two procedures of distillation, namely ascending and
descending distillation chains [69]. These procedures respectively
consist in deleting the row and column from the outranking credibility
related to the alternative characterised by the highest and lowest qual-
ification degree, and in reiterating the second phase until all the alter-
natives have been assigned in both rankings. If two alternatives are
characterized by the same qualification degree, a distillation procedure
has to be carried out just for the two rows and columns related to the two
alternatives of the outranking credibility matrix 6(A; A;). The two
rankings must coincide, thus constituting the final ranking of the whole
set of alternatives. If the two rankings were not equal, it would mean
that incomparability amongst alternatives occurs.

3.3. Use case

The present use case refers to an Italian marine salt manufacture
firm. We focus on a core subsystem belonging to the packaging plant of
the company, called “cardboard boxes line”. Specifically, upon the
production stage, marine salt is ready to be distributed to the packaging
plant, to be then dispatched and/or stored. The packaging plant is made
of as many different lines as the number of different kinds of packages
for the final product (plastic bags, cardboard boxes, big bags). Being the
activity of the company directly related to the correct functioning of the
mentioned subsystems, planning and executing suitable maintenance
interventions is fundamental to guarantee the normal course of activity.
Our case study focuses on the “cardboard boxes line” of the packaging
plant, represented in Fig. 3 through a block diagram.

By observing the block diagram, we can note as manufactured and
controlled salt is lead into the cartoning machine from the silo by means
of a dedicated loading hopper. Empty cardboard boxes to be filled with
salt are manually inserted in the cartoning machine by a dedicated
operator, who is in charge of managing and supervising the filling
operation. After having passed a further control of foreign bodies (salt
would be discarded otherwise), boxes pass to the bundler, where
another operator will organise packaging materials and will supervise
the passage of loads to the shrink-wrapped and successively to the
palletizer. Assembled pallets will lastly travel towards the wrapping
machine through a specific roller conveyor and wrapped pallets will be
moved to the storage area by the forklift driver.
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Fig. 3. Block diagram representing the “cardboard boxes line”.

With relation to the described system, we will proceed by first
identifying the most relevant subcriteria (amongst those resulting from
the literature analysis process and reported in Table 1) to perform the
selection of the most suitable maintenance strategy by means of the
ANP.

Secondly, once selected the strategy, the corresponding maintenance
operations will be analysed to highlight the potential related risks,
which will be evaluated and prioritised by means of the ELECTRE III
method. Such a prioritisation will be carried out according to the same
criteria used by the ANP, together with the corresponding vector of
weights.

With reference to the first objective, criteria shown in Table 1 —those
emerged from the literature review (Section 2.2.) —, have been further
analysed to manage and reduce redundancy existing amongst some
subcriteria. Table 2 presents the subcriteria considered as mainly rele-
vant for our case study, along with the related justifications. The choice
of subcriteria derives from a long process of brainstorming undertaken
with the maintenance stakeholders of the company. Their contribution
was fundamental to identify which aspects should have played an
important part in the selection process, and which aspects could have
been omitted, being not really relevant for the particular case study
setting. Example of subcriteria that have been herein omitted are “in-
spection accessibility and errors/free” and “reliability of techniques”
with relation to the “reliability” criterion. This choice was justified by
the evidence that the MTBF would have been an exhaustive indicator to
represent the whole criterion. The same consideration has been made for
the criterion “availability”, when deciding to omit the subcriteria
“inherent availability” and “on demand availability” to consider just the
MTTR as relevant indicator. Other examples can be made, with relation,
for instance, to the added/value criterion. Maintenance stakeholders
agree that, for the specific industrial process of reference, the most
important aspects are “production quality” and “waste reduction”, so
that the other subcriteria (namely “spare parts inventory”, “maintain-
ability” and “procedure”) were excluded from the analysis.

All the selected subcriteria in Table 2 are thus relevant for the topic
herein treated. The same criteria will be used both in the ANP and in the
ELECTRE III applications. Fig. 4 and Fig. 5, respectively, present the
hierarchy structure of the decision-making problem, and the network of
relationships linking criteria and subcriteria. The maintenance strate-
gies described in Section 2, namely reactive (A;), preventive (Ay),
condition-based (A3) and opportunistic (A4), are considered as alterna-
tives for the ANP application.

4. Results and discussion

The present section reports the results of the ANP and ELECTRE III
applications for the above described real use case. Discussion about final
results in terms of practical implications for the company are aimed at
highlighting the advantages that can be derived by the integration of our
MCDM framework in the management system of the company.

4.1. ANP results

As said before, the ANP method is used to calculate the importance
weights of the four maintenance strategies. These values will allow us to
classify them, and to select the best maintenance strategy, namely that
with the highest weight.

After having identified the relationships amongst the elements of the
problem, the AHP is extensively used to obtain, through suitable pair-
wise comparisons, the weights for the various relationships, giving the
priorities in bold in Table 3, which presents the unweighted matrix.
Specifically, pairwise comparisons have been performed between pairs
of connected elements (the related relations are shown in Fig. 5). The 9-
point Saaty scale has been used to get matrices of pairwise comparison of
the various sets of relationships and the classical AHP has been applied
to get the vector of weights for each relationship. These values are those
collected in the unweighted matrix, which then contains non-zero values
when a relationship exists between two elements and a null value
otherwise.

From Table 3, following step 3 of the ANP method, we obtain the
weighted matrix, given in Table 4. To normalize (to sum one) the un-
weighted matrix’s columns, weights for the problem clusters, derived
from straightforward application of AHP, have been used.

The limit matrix can be calculated as described in step 4, raising the
weighted matrix of Table 4 until all the columns eventually have the
same values. Any of these corresponds to the Perron eigenvector of the
weighted matrix, whose eigenvalue, 4 = 1, is semisimple [49].

This vector has to be normalised to characterise the mutual impor-
tance of criteria, subcriteria and alternatives. Values related to criteria
and alternatives are shown in Table 5 as well as the related weights
expressed in percentage. These weights will be the input for the ELEC-
TRE III application.

From Table 5, looking at the alternatives’ weights, one can see that
preventive maintenance represents the best trade-off under the whole
set of criteria and subcriteria herein considered. For this reason, pre-
ventive maintenance will be the final solution of the considered
decision-making problem, and the maintenance policy suggested to be
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Table 2

Justified selection of criteria and sub-criteria.

Criteria

Subcriteria

Justification of choice

G
(Safety and
Security)

Ca
(Cost)

C3
(Reliability)

Cq
(Availability)

Cs
(Feasibility)

Ce
(Added-Value)

SCy1: Human safety

SC;2: Environment

safety

SC3: Facility and
machine safety

SCy: Damage and loss
in production

SCyo: Spare parts
costs/hardware

SCay3: Manpower cost

SCs: Average time

between consecutive
failures

SCy4: Average time for
repair

SCs;: Acceptance by
personnel

SCsy: Policy
effectiveness

SCe;: Production
quality

SCeo: Waste reduction

Maintenance Managers have the
duty to guarantee safety of
operations for each worker and, in
general, to continuously maximise
human safety conditions.

Keeping a safe work environment is
among the most important
objectives of the maintenance
management process.

Safety of equipment, machines and
plants is crucial to contribute to
enhance the whole level of safety
when leading operations.

Damage and loss in production are
amongst the less desirable events for
managers, leading to consistent
financial loss and also increasing
risks for customer warranty.

Spare parts are one of the main
aspects leading to costs increasing in
maintenance operations. Hardware
refers to operations to be undertaken
through/on informatics devices.
Cost related to manpower, extra
workers or training represents a
financial constraint for maintenance
management. A maintenance
strategy cannot be effective without
thinking about the optimal
manpower organisation.

The average or mean time between
failures (MTBF) is the predicted time
interval between two consecutive
failures of a system, occurred during
normal condition of system
operation. The MTBF indicates
whether maintenance operations
improve equipment reliability and is
a fundamental indicator to track
company effectiveness.

The average or mean time to repair
(MTTR) is a basic measure of
maintainability for repairable items.
It represents the average time
required to repair a failed
component or device. The MTTR is a
key indicator used to track the
reactivity of maintenance operations
and the effectiveness of
interventions of preventive
maintenance.

Workers involved in maintenance
technically know equipment
features and their impact on
machines. They have to be
completely aware about the strategy
and share its principles, since a
possible resistance to change can
lead to acts of sabotage with
negative consequences in terms of
acceptance and cooperation.
Changing strategy requires an initial
cost and has various implication.
The investment needs to be
profitable and the implemented
changes have to be effective.

The modern attitude towards
maintenance is centred on
continuous improvement in terms of
operations to enhance production
quality and strengthen company
competitiveness.

An efficient waste management is
another pillar in improving
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Table 2 (continued)

Criteria Subcriteria Justification of choice

efficiency and competitiveness of
company by controlling
maintenance costs.

implemented by the company.

4.2. ELECTRE III results

Once preventive maintenance has been selected as the most suitable
maintenance strategy for the analysed system, the list of maintenance
interventions referring to this policy is shown in Table 6, which presents
the related risks as well. The highlighted risks are the following: Ry,
physical/mechanical risks; Ro, electrical risks; R3, chemical risks; Ra,
biological risks; Rs, postural and ergonomic risks; Re, tripping/entan-
glement/falling risks. Risks not mentioned are considered not present or
insignificant for that specific maintenance intervention.

The given information has been collected thanks to the help of the
Responsible of the Prevention and Protection Service, the Responsible of
the Maintenance function and the Consultant of the company. We
specify that interventions are carried out during a single working turn,
and that all the operations of mechanical maintenance are executed after
switching off the machines.

All the highlighted risks may have a negative impact on the execu-
tion and the performance level of one or more maintenance in-
terventions, apart from the safety for operators, that is the primary
objective to consider. In this sense, prioritising risks represents a best
practice to support the management of the company in understanding
which risks are more critical for the adopted maintenance policy and
should be thus managed with priority. To such an aim, we apply
ELECTRE III by considering the same evaluation criteria used for
selecting the best maintenance strategy, according to the evaluations
provided and the threshold established by the decision-making team of
the company. Specifically, risks have been evaluated in terms of their
negative impact on the mentioned criteria by using a ten-point scale.

Table 7 and Table 8 respectively present input data for the ELECTRE
III application and the outranking credibility matrix with the final
ranking position for each risk, highlighting priorities.

We specify that the same ranking has been obtained by the ascending
and descending distillation procedures, so we can affirm that no
incomparability relations exist amongst the alternatives considered.

4.3. Discussion and practical implication

The preventive maintenance policy has been selected amongst other
maintenance strategies as an alternative satisfactorily matching the
evaluation of six criteria (i.e. safety and security, cost, reliability,
availability, feasibility and added value) and related subcriteria. Sub-
criteria have been chosen amongst those proposed by the existing
literature to be relevant in a practical use case. The object of study is a
core subsystem of the packaging line of an Italian manufacture
company.

As we can see from the final results, some risks should be managed
with priority when it comes to maintenance interventions belonging to
the preventive policy. We can observe that the occurrence of physical/
mechanical risks, tripping/entanglement/falling risks, and postural and
ergonomic risks, apart from impacting on operators’ safety, may have a
negative influence on the general execution and performance of in-
terventions. On the contrary, despite being present, biological risks are
less critical within the context of analysis. The final ranking of risks
provides decision-makers with a useful input to plan preventive/miti-
gation measures aimed at reducing the negative impact of risks on
maintenance interventions, with relation to the maintenance policy
implemented by the company.
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Each risk belonging to the ranking should also be further analysed
with respect to the associated probability of occurrence, directly
depending on such parameters as the time necessary to carry out in-
terventions and the number of interventions carried out within a defined
time lapse. Moreover, by observing Table 6, it is possible to note as the
most critical risks are also those related to all the maintenance

10

interventions planned by the company. This means these risks will also
have associated higher probability of occurrence with respect to the
other risks, what confirms their critical nature. Main preventive/miti-
gation measures, for instance, should aim at supporting the maintenance
crew so that the workload can be shared amongst diverse human re-
sources, with the objective of reducing the exposition time of each
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Table 5 operator to main risks and, thus, of reducing the related degree of po-
Criteria and alternatives’ weights. tential dangerousness.
ID Criteria/Alternative Value Weight
C Safety & Security 0.0245 17.58% 5. Conclusions
Cy Cost 0.0321 23.02%
Cs Reliability 0.0298 21.39% The present paper proposes a MCDM framework for the evaluation of
Ca Availability 0.0192 13.75%

the main risks related to maintenance interventions. Specifically, the

SZ iﬁféﬂxﬁu e g:gfgg ;Zg?/zﬁ’ ANP is first used to select the best maintenance strategy as an alternative

A Reactive Maintenance 0.0131 19,67% within a complex decision-making problem with many interdependent

A, Preventive Maintenance 0.0238 35,83% evaluation criteria and subcriteria. After a thorough analysis of the

A Condition-based Maintenance 0.0160 24,08% existing literature, we collected all the main aspects and selected,

Ad Opportunistic Maintenance 0.0136 20,42% amongst them, those subcriteria relevant for our field of interest, and

applied the problem to a salt manufacture firm based in South Italy.

Once selected the most suitable maintenance policy for the case under

study, the ELECTRE III method has been applied to rank a set of major

risks related to the execution of interventions corresponding to the

Table 6 chosen maintenance strategy for a core subsystem of the packaging line
Risks related to maintenance interventions belonging to the selected policy. of the mentioned manufacturer.

Selected policy Maintenance intervention Maintenance To the best of the authors’ knowledge, it is the first time that this

Risk combination of methods is proposed to support the specific problem

Preventive Accomplishing for each work phase such Ry, Rs, Ry, Rs, object of study. The obtained results are of practical interest for the

Maintenance periodic activities as greasing and Re company, since the approach represents a structured way to deal in

lubricating, according to manuals of use and advance with main criticalities so as to minimise the impact of potential

maintenance related to each machine.
Managing and coordinating the necessary Ri, R4, Rs, Rg
arrangements for the normalization

risks on such a crucial process as maintenance management. The com-
pany has now implemented our framework in its management system.

operations and periodic settings. We specify that the proposed framework is very flexible and can be
Organising and carrying out periodic R1, Ra, Ry, Rs, tailored to other specific industrial needs. We also claim that it can be
emergency simulations. Re

straightforwardly extended to any system or subsystem in which per-

Controlling power supplies to machines’ Ry, Ry, Ry, Rs, . . e s

. . forming maintenance activities is necessary.
panels and checking operational Re
functionality of each work section with
particular regard to safety and shutdown CRediT authorship contribution statement
elements.
Functional checking of pneumatic supply Ri1, R4, Rs, Rg . . L. . L.
including compressor and approved tank. Silvia Carpitella: Conceptualization, Formal analysis, Investigation,
Carrying out cleaning and sanitizing R1, Rs, Ry, Rs, Methodology, Validation, Visualization, Writing - original draft, Writing
interventions of machines to adhere to the Re - review & editing. Ilyas Mzougui: Conceptualization, Formal analysis,

HACCP manual and to the COVID-19

) : A Investigation, Methodology, Validation, Visualization, Writing - original
protocol, including the necessity to keep

safety distance of 1.5 m amongst operators draft, Writing - review & editing. Julio Benitez: Writing - original draft,
[371. Writing - review & editing. Fortunato Carpitella: Data curation, Re-
sources, Writing - original draft, Writing - review & editing. Antonella
Certa: Writing - original draft, Writing - review & editing. Joaquin
Izquierdo: Formal analysis, Investigation, Methodology, Validation,
Visualization, Supervision, Writing - original draft, Writing - review &
editing. Marco La Cascia: Writing - original draft, Writing - review &

Table 7 .
Input data for the ELECTRE III application. editing.
Cy C, Cs Cy4 Cs Ce
weights 0.1758 0.2302 0.2139 0.1375 0.1669 0.0757 Declaration of Competing Interest
thresholds 0-1-4 0-1-4 0-1-4 0-1-4 0-1-4 0-1-4
Ry 5 2 8 8 2 5 . X .
R, 9 9 4 4 9 9 The authors declare that they have no known competing financial
Rs 2 2 4 4 2 2 interests or personal relationships that could have appeared to influence
R4 2 2 2 2 2 2 the work reported in this paper.
Rs 2 2 5 5 2 5
Re 5 2 6 6 2 5
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