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For any organization, maintenance is considered as one of the most essential logistics activities and plays a
vital role in the production phase. Due to the rapid advance in technology and economic trends, the logistics
metrics have sharply increased. However, not only are the logistics requirements associated with new
systems rising, but the maintenance and support costs of sophisticated systems are increasing at alarming
rates. Systems have become more complex and their requirements no longer meet the highlighted goals for
the current system state-of-art. As a solution to this problem, a need remains for developing a useful
methodical approach and offering a simplified multi-criteria model for enhancing the process of selecting
the most adequate maintenance strategy for macro system. The present study carries out a hybrid multicriteria approach with the support of the fuzzy analytical hierarchy process (FAHP) model for the criteria
weights evaluation and the fuzzy weighted aggregated sum product assessment (WASPAS-F) model for the
alternatives assessing. The final results of the applied model affirm that proposed approach is efficient and
appropriate for overcoming the maintenance strategy selection problem for macro system and enhancing the
future decision-making, especially, in developing world where the sources are scarce.

1. Introduction
After the technology transfer and due to the
high-risk environments, systems have become
very complex and require an interesting budget to
be supported and perform the desired functions
throughout their life cycle. Nowadays, many
organizations are starving to enhance equipment
RAMs (reliability, availability, maintainability
and supportability) as high level as possible by
adopting and implementing new management
approaches to get the back-and-forth competition
over competitors, to properly perform systems’
function at the lowest price, and to provide
opportunities in competitive environments. At the
same time, maintenance has become an
indispensable
research
topic
for
both
(management/ engineering disciplines) and a
concept widely used in many different fields.
Hitherto, those disciplines rely largely on
maintenance activities to upkeep equipment

available and reliable at lowest costs as well as to
seek for both cost-effectiveness and operational
performance. Recently, the exploitation of
reliability and maintainability concepts by
organizations have significantly increased to
ameliorate
the
corresponding
preventive
measures, the capability of responding with
emergencies, and the ability to stay competitive on
the market.
In addition, maintenance activities must be
regarded and recognized as one of the main
current crucial management issues which must be
effectively fulfilled and sustainably controlled in
different operational environments to increase the
performance of macro systems (i.e. costs,
production level, safety, etc.) (ISO 15288:2002) as
well as they must be integrated and planned under
investigation within the system life cycle and also
take into consideration the RAMs features needed
by the system itself (Liu X et al.,2015).
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The key challenge of the present paper is to
present a different systematic approach, based on
a qualitative analysis method, for enhancing the
process of the maintenance strategies selection for
complex systems. This paper provides some
insights into potential perspectives of maintenance
strategy, thereby proposing a hybrid approach that
entails a modified Analytic Hierarchy Process
(Fuzzy AHP) to determine the weights of the
criteria and Fuzzy weighted Aggregated Sum
Product Assessment (WASPAS-F) to assess the
alternatives. The obtained results indicate that the
proposed model is an adequate technique for
preventing future failures of macro systems and
selecting their adequate maintenance strategy
especially in case of the developing world
countries where they are incapable of investing in
new system acquisition due to the limited capital
access.
2. Literature Review
In this section, the literature review is
divided into four sub-sections. First, the
literature review related to the research
background is presented. Second, the review of
prior researches related to maintenance strategy
is underpinned. Third, the set of criteria
determined by prior works is furnished and also
the set of criteria used in the present work.
Fourth, a list of MCDM techniques considered
in previous studies for overcoming the problem
of the maintenance strategy selection in macro
systems is provided.
1.1.

Background

In the actual context of the modern asset
management, the adoption of cost-effective tools
has become compulsory to meet operational
requirements. Another important tendency is
featured by the fact that the current system’s
structure, such as renewable energies, petroleum
systems, comprise a large number of sub-systems
1

Source: Data is taken from ‘Technology consulting Rand Group 2011’.

and parts that are generally interrelated in a way
that the main system is readily available to

perform a set of required tasks (Rustenburg, et al.,
2001; Sleptchenko, et al., 2005; SmidtDestombes, et al., 2007). Figure 1 explains how
the RAMS elements are interrelated to notch the
operational availability of a system.

Figure 1: System Supportability (Hunchcliffe, 2004)

A ‘reliable’ system means that a detailed and
decisive procedure is required to ensure the
quality of progress in a system and/or sub-system
operation. Therefore, when a system stops
functioning or a component breaks down, the 98%
of organizations declare downtime which
statistically costs over $100,000 per a single hour
in all industries and sectors1. This data highlights
the total high cost of downtime and underlines the
importance of selecting an appropriate
maintenance strategy as the maintenance
management in overcoming the continuous
hazardous and random breaks down for macro
systems (Mechefske et al., 2001). Whereas an
optimal maintenance strategy is based on
apprehending the dependability of system design,
the awareness of each maintenance concept in
fulfılling system performance as well as the
prevention of exorbitant failures (Tsang, 1995).
Generally, maintenance actions and their
support tasks ensure a high level of complex
systems and play a major role in asset
management. Repair of these kinds of systems
requires an important investment in maintenance
to stay available (Tysseland, 2007). Today’s
organization developments reveal the necessity of
adopting holistic based decision-making methods
that connect design and operation phases (Alfy et
al., 2010). Considering system maintainability
performance, the framework of this study is based
on maintenance strategy selection solvingISSN: 2509-0186

problem by using a mathematical approach that
entails a set of criteria
1.2. Review of Prior Researches Related to
Maintenance Strategy

In the modern industry, maintenance is
considered as an amalgamation of administrative
and technical labors to restore a system or
component to a condition in which can accomplish
its required tasks (Gandhare et al., 2012).
Maintenance guarantees the success and
competitiveness to a manufacturing firm and it
allows to realize the profitability at three different
levels; prolong the system life cycle ‘asset
management’, ensure the system function
‘availability, efficiency, and product quality’, and
safeguard the system safety ‘low energy
consumption) (Gandhare et al., 2012).
As a referring point, an improper maintenance
policy may procure to failures producing
interruption for production and collapse for
service. Subsequently, most of organizations
waste one third of maintenance actions costs as the
results of inappropriate maintenance strategy
(Mobley, 2002). For the time being, several
organizations have become responsive to
maintenance actions costs and the maintenance
strategy has transformed from ‘necessary evil’ to
‘profit contributor’ and across an accessible point
to accomplish high level of competitiveness in the
market (Waeyenbergh and Pintelon, 2002). This
conforms principally to the definition given by
Jones V. Jones (2006:4.18): ‘The probability that
a failed item can be repaired in a specific amount
of time using a specified set of resources.’
In today’s industry, maintenance strategy
selection is considered as an essential point in
attaining
organizational
aims,
boosting
productivity, minimizing parts failures, reducing
costs, and supply supportable products (Jafari et
al., 2008). According to Okumura and Okino
(2003), the reliable techniques to select the proper
maintenance strategy are mostly based on costs
and risk criteria.

In the literature context, several studies have
defined maintenance strategy selection in a variety
of ways for enhancing the system life cycle. Table
1 summarizes the indispensable approaches
adopted by previous researchers for maintenance
strategy selection and evaluation, respectively.
Table 1
Summary of prior works in applying variable
approaches for maintenance strategy
Authors

Date

Marketset
et al.,

2001

Mechefsk
e et al.,

2001

Murthy et
al.,

2002

Levıtt

2003

Blanchar
d

2004

James
v.James

2006

Besnard
et al.,

2010

Sanchez
et al.,

2011

Balasahe
b et al.,

2012

Vishnu et
al.,

Peters et
al.,

2016

2017

Summary
Proposed the integration of the system
development and operation functions in
asset management for enhancing the
maintenance strategy.
Presented a list of complexities
throughout the maintenance actions and
highlighted
the
importance
of
maintenance selection policy.
Reviewed the role of maintenance in
modern labour markets and underlined
the overall costs of machinery operation
in different industries.
Depicted the equipment failure patterns
by employing statistical curves.
Investigated the role of the maintenance
plan in modern economies and
characterised it as an infrastructure to
support equipment during all phases of
exploitation.
Developed an approach that combines
maintenance strategies at different levels
concerning a set of criteria for
scheduling maintenance actions and
checking the availability of anticipated
resources.
Permitted a more detailed review of
maintenance strategy and proposed new
maintenance models to reach the balance
between different maintenance policies
to retain profits.
Underpinned the absence of empirical
evidence and debated the extent of
business
responsibility
for
the
maintenance optimization by taking (age
replacement policy, block replacement
policy, failure limit policy, repair cost
policy, repair tıme policy) into account.”
Explained that the improper maintenance
strategy is the focus on inconvenient
policies by a narrow view of breakdowns
factors and ensured that maintenance
strategy is directly linked to the
competitiveness and profitability of an
organization.
Developed a general approach to
implement
Reliability
Centered
Maintenance (RCM) in process plants
and considered this strategy as a recently
evolved maintenance strategy that
incorporates all the advantages of
traditional maintenance strategies in
modern industries.
Presented a generic model which allows
evaluating the economic viability of
alternative maintenance strategies for
differently sized photovoltaic plants with
variable components.”
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Chu et
al.,

As
Mohamed
et al.,

2018

2019

Applied a mathematical programming
model and quantitatively compared
different maintenance strategies for
network-level highway pavements.”
Proposed an optimum analysis for profit
maximization and conducted the genetic
algorithm to find the optimal
maintenance policy to safeguard the
system throughout its life cycle.”

1.3. Maintenance Strategy Selection Criteria
Assignment

The present section, admittedly, addresses a
list of criteria defined by prior works to
overcome the issue of selecting the most proper
maintenance strategy within modern industries
to upkeep the equipment reliable and perform
the required tasks. Arguably, there are a large
number of authors who employed an interactive
set of criteria for selecting the functional
maintenance strategy. Notwithstanding criteria
variety in what might be portrayed maintenance
policy enhancement, much work undoubtedly
falls within what would comprise the
application of traditional approaches. It is
acknowledged that this characterisation could
be the consequence of a narrow vision of
present-day industries requirements.
Table 2
Summary of Prior Works for Maintenance Strategy
Selection Criteria
Authors

Date

Associated Criteria

Wang et al.,

2007

Production quality, reliability,
cost, and safety.

Balasaheb et
al.,

2012

Availability, efficiency, and
product quality.

Aghaie et al.,

2012

Cost, strategy, and technique.

Emovon et al.,

2018

Seiti et al.,

2019

Present paper

2020

Cost, safety, added value, and
applicability.
Expected cost function,
availability, and safety.
Cost, Accessibility, Risk, and
Added values.

In the present paper, the range of criteria
(costs, risk, and accessibility) is selected based
on the maintenance strategy selection literature
review as highlighted and prior section. While an
adaptive criterion (added value) is designated as
a new criterion that respects the modern industry
requirements. The present study range of criteria

entails Cost, Accessibility, Risk, and Added value
as presented in Table 2.
1.4. Review of Previous MCDM Techniques
Used in the Maintenance Strategy Selection

Today though,
decision-makings
are
becoming indispensable part in modern business.
But most decision-making issues entail diverse
and conflicting assessment norms. Diverse
judgments among decision-makers lead to
blocking the decision-making process (Wang et
al., 2006). At present, decision-making conflicts
might be viewed as Multi-criteria decisionmaking (MCDM) problems and could be untied
by applying MCDM techniques.
As a relatively new science, MCDM methods
are considered as one of the most efficient and
reliable approaches used in operational research
(D.Jato-Espino et al., 2014). Multi-criteria
decision-making (MCDM) is a dynamic
procedure, that involves engineering and
management disciplines, allows to experts to
evaluate problems with considering various
elements and assess potential alternatives under
variable steps (Duckstein et al., 1980). Table 3
summarizes the techniques used in the previous
works for maintenance strategy selection and
evaluation, respectively.
Table 3
Review of Prior MCDM techniques Used in the
Maintenance Strategy Selection
Authors

Date

Associated Methods

Bevilacqua
et al.,

2000

Analytic Hierarchy Process
(AHP)

Wang et al.

2007

Fuzzy AHP

Shyjith et al.

2008

AHP –TOPSIS

Momeni et
al.

2011

Fuzzy TOPSIS

Fouladgar
et al.

2012

Fuzzy AHP –Fuzzy COPRAS
(Complex Proportional
Assessment)

Houria et al.

2015

Fuzzy AHP - Fuzzy TOPSIS

Kirubakaran
et al.,

2016

Panchal et
al.

2017

Seiti et al.

2017

Analytical Network ProcessGrey Relational Analysis-TOPSIS
Fuzzy AHP- Fuzzy CODAS
(Combinative Distance Based
Assessment)”
Risk based AHP
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Present
paper

2020

FAHP and WASPAS-F

Indeed, various techniques (qualitative and
quantitative) have been proposed to overcome the
maintenance strategy selection but, the majority of
them have focused on the traditional decisionmaking techniques, with complex mathematical
applications,
such
as
AHP,
TOPSIS,
CODAS…etc., to select the adequate maintenance
strategy selection for macro systems. Therefore,
these techniques include limits and unable to fully
reflect the attitude of the decision-makers
throughout the process of maintenance strategy
selection. Moreover, the main contribution of the
proposed hybrid model is highlighted in the
following sections. The literature review related to
the research study is furnished. The methodology
of the present paper is given in the following
section.

(Weighted Product Model) for both beneficial
and no-beneficial criteria.
However, Figure 2 illustrates the proposed
conceptual model for the present work.
Accordingly, the main role of the proposed
conceptual model within this research study is to
support the decision-making process and visualize
the possible options to enhance the maintenance
strategy selection in modern industries. Also, this
conceptual model will lead to the application of a
rational approach that relies on decision science.
The following figure is divided into three
fundamental columns; the first column describes
the overall organization’s aim, the second column
denotes the dimension of the study (four main
criteria) as explained in the section above, and the
third column embodies the alternatives (the
chosen maintenance strategies).

3. Methodology
Taking up this research perspective on
decision science, Multi-criteria decision-making
(MCDM) is a methodology used to assess the
alternatives for future decisions with considering
multiple criteria that allows to the decision-makers
to analyse inherent situations according to
characteristics of the organisations’ requirements
(Tseng, 2009a). Besides, this methodology is
regarded as one of the most systematic techniques
in operations research (Tseng, 2009b).
3.1. Proposed Procedure

In this paper, a hybrid approach (Fuzzy AHP
and Fuzzy WASPAS) is proposed to define the
most adequate maintenance strategy for the
criteria list. First, Fuzzy AHP model is used to
calculate the criteria weights, confirm the
impact on each criterion, and detect the study
consistency by computing the
consistency rate (CR). Subsequently, Fuzzy
WASPAS model is considered as a suitable
method for assessing the alternatives,
calculating optimality function concerning
WSM (Weighted Sum Method) and WPM

Figure 2 Proposed Conceptual Model for the Maintenance
Strategy Selection

Accordingly, the maintenance strategies
consider: corrective maintenance (Swanson, 2001:
Waeyenbergh et al., 2002: Akhshabi 2011,),
predictive
maintenance
(Mobley,
2002:
Bengtsson, 2004: Wang et al., 2007: Sharma et al.,
2011), condition based maintenance (Al-Najjar et
al., 2003: Andrawus, 2008: Veldman et al., 2011),
reliability centred maintenance (: Moubray et al.,
2001: Takehara et al., 2008), and preventive
maintenance (Moghaddam et al., 2011).
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3.2. Fuzzy Set Theory

In this study, the fuzzy set theory is used and
applies triangular numbers illustrated in Figure 3.
̃ = (𝒅𝜶 , 𝒅𝜷 , 𝒅𝜸 ), and 𝒆̃ = (𝒆𝜶 , 𝒆𝜷 , 𝒆𝜸 ) are
Suppose that 𝒅
two positive triangular fuzzy numbers. The
arithmetic operations for these fuzzy numbers are
demonstrated as follows (Zimmermann, 1992):

Step 3: The fuzzy weight of each criterion is
calculated as follow:
̃

𝑹𝑺𝒊
̃𝒊
∑𝒏𝒋=𝟏 𝑹𝑺

̃𝒊 =
𝒘
̃𝒊𝒋𝜶
∑𝒏𝒋=𝟏 𝒌
=

̃𝒊𝒋𝜶 + ∑𝒏𝒒=𝟏, 𝒒≠𝒋 ∑𝒏𝒋=𝟏 𝒌
̃𝒊𝒋𝜸
∑𝒏𝒋=𝟏 𝒌
̃ 𝒊𝒋𝜸
∑𝒏𝒋=𝟏 𝒌

,

̃𝒊𝒋𝜷 ,
∑𝒏𝒋=𝟏 𝒌
,
𝒏
̃𝒊𝒋𝜷
∑𝒒=𝟏 ∑𝒏𝒋=𝟏 𝒌

̃𝒊𝒋𝜸 + ∑𝒏𝒒=𝟏, 𝒒≠𝒋 ∑𝒏𝒋=𝟏 𝒌
̃𝒊𝒋𝜶
∑𝒏𝒋=𝟏 𝒌
(
̃ 𝒊𝜶 , 𝒘
̃ 𝒊𝜷 , 𝒘
̃ 𝒊𝜸 )
= (𝒘
𝒊, 𝒋 = 𝟏, … 𝒏

Table 4
Linguistic Variable for FAHP Model
Codes
Linguistic Variables
Extremely Important
(EI)
Very Important
(VI)
Important
(I)
Moderately Important
(MI)
Equally important
(EI)
Figure 3 Triangular Number

̃ + 𝒆̃ = (𝒅𝜶 + 𝒆𝜶 ,𝒅𝜷 + 𝒆𝜷 ,𝒅𝜸 + 𝒆𝜸 )
 Addition: 𝒅
̃ − 𝒆̃ = (𝒅𝜶 − 𝒆𝜸 ,𝒅𝜷 − 𝒆𝜷 , 𝒅𝜸 − 𝒆𝜶 )
 Subtraction: 𝒅
̃ × 𝒆̃ = (𝒅𝜶 × 𝒆𝜶 , 𝒅𝜷 × 𝒆𝜷 , 𝒅𝜸 × 𝒆𝜸 )
 Multiplication: 𝒅
̃ /𝒆̃ = (𝒅𝜶 , 𝒅𝜷 /𝒆𝜷 , 𝒅𝜸 /𝒆𝜶 )
 Division: 𝒅
̃ 𝒆̃

 Exponent: 𝒅 =

𝒆𝜸
𝒆
(𝒅𝜶𝜸 ,

𝒆𝜷 𝒆
𝒅𝜷 ,𝒅𝜸𝜶 )

The arithmetic operations, employed in this
present study, are arranged with respect to the
Figure 3.
3.3. Modified AHP Method

The steps of fuzzy AHP are described as
follows (Calabrese et al., 2013):
Step 1: The decision-maker assigns the
linguistic scores for comparison of criteria, and
uses the linguistic values as given in Table 4. The
Fuzzy pairwise comparison matrix is structured as
follows:
̃ 𝒊𝒋 ) 𝒏×𝒏
̃ = (𝒌
𝑲
(1)
Where,
̃𝒊𝒋 = (𝒌
̃𝒊𝒋𝜶 , 𝒌
̃𝒊𝒋𝜷 , 𝒌
̃𝒊𝒋𝜸 ), and
𝒌
−𝟏
̃𝒊𝒋 = ( 𝟏 , 𝟏 , 𝟏 ) 𝒊, 𝒋 = 𝟏, … 𝒏; 𝒊 ≠ 𝒋 (2)
𝒌
̃
̃
̃
𝒌
𝒌
𝒌
𝒊𝒋𝜸

𝒊𝒋𝜷

𝒊𝒋𝜶

Step 2: Each row of fuzzy pairwise comparison
matrix is summed as:
̃𝒊𝒋 = (∑𝒏𝒋=𝟏 𝒌
̃𝒊𝒋𝜶 , ∑𝒏𝒋=𝟏 𝒌
̃𝒊𝒋𝜷 , ∑𝒏𝒋=𝟏 𝒌
̃𝒊𝒋𝜸 ) (3)
̃ 𝒊 = ∑𝒏𝒋=𝟏 𝒌
𝑹𝑺

)

(4)

Fuzzy Scores
(7/2,4,4/2)
(5/2,3,7/2)
(3/2,2,5/2)
(2/3,1,3/2)
(1,1,1)

3.4. Modified WASPAS Method

The steps of WASPAS-F are demonstrated as
below (Turskis et al. 2013):
Step 1: The decision-maker assigns linguistic
score for ranking of alternatives and uses the
linguistic values as presented in Table 5. Then,
structuring the fuzzy decision matrix (𝑇̃).
̃ = [𝒕̃𝒔𝒊 ]𝒍×𝒏
𝑻

(5)

Step 2: Normalizing the values in fuzzy
decision matrix is calculated by using the
following equations.
𝒓̃𝒔𝒊 =
𝒓̃𝒔𝒊 =

𝒕̃𝒔𝒊
𝒎𝒂𝒙𝒊(𝒕̃𝒔𝒊)
𝒎𝒊𝒏𝒊(𝒕̃𝒔𝒊)
𝒕̃𝒔𝒊

(For Beneficial Criteria)

(6)

(Non-Beneficial Criteria)

(7)

Step 3: Calculate optimality function with
respect to WSM (Weighted Sum Method) and
WPM (Weighted Product Model).
𝒏
̃ (𝟏)
̃ 𝒔𝒊 𝒘
̃𝒋
𝑷
𝒔 = ∑𝒊=𝟏 𝒓
(𝟐)
𝒏
̃
∏
̃
𝑷𝒔 = 𝒊=𝟏(𝒓𝒔𝒊)𝒘̃𝒋

(8)
(9)

Step 4: Fuzzy values are converted by equation
given below.
(𝟏)

𝑷𝒔 =

(𝟏)

(𝟏)

(𝟏)

(𝑷𝒔𝜶 +𝑷𝒔𝜷 +𝑷𝒔𝜸 )
𝟑

(𝟐)

, 𝑷𝒔 =

(𝟐)

(𝟐)

(𝟐)

(𝑷𝒔𝜶 +𝑷𝒔𝜷 +𝑷𝒔𝜸 )
𝟑

(10)

Step5: Calculate final score for each
alternative by applying the following equation.
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(𝟏)

(𝟐)

𝑷𝒔 = 𝟎. 𝟓𝑷𝒔 + 𝟎. 𝟓𝑷𝒔

(11)

Table 5
Linguistic Variable for WASPAS-F Model
Linguistic Variables
Very High
High
Medium
Low
Very Low

Codes
(VH)
(H)
(M)
(L)
(VL)

Fuzzy Scores
(7,9,10)
(5,7,9)
(3,5,7)
(1,3,5)
(1,1,3)

4. Empirical Case
The following case study, about maintenance
strategy selection for complex systems, validates
the effectiveness of the proposed hybrid model.
According to the above analysis, there are four
main criteria [Cost (C), Accessibility (A), Risk
(R), Added value (AD)] where 𝑗 = 1,2, … 4, and
five alternatives [Corrective maintenance (CM),
Predictive maintenance (PDM), Condition based
maintenance (CBM),
Reliability centred
maintenance (RCM), Preventive maintenance
(PM)] where 𝑖 = 1,2, … 5. Besides, the data was
collected from experts working in the engineering
and management department.

Hence, the obtained criteria weights in Fuzzy
AHP model are integrated with WASPAS-F
model to assess the alternatives. Equations 6 and
7 are integrated into the Fuzzy decision matrix to
convert Fuzzy values, in the same matrix, into
Fuzzy normalized values for both beneficial
criteria and non-beneficial criteria. These
normalized values are given in Table 9.
The optimality function with respect to WSM
(Weighted Sum Method) and WPM (Weighted
Product Model) are calculated by applying
Equation 8 and 9 as presented in Table 10.
The Fuzzy values are converted by applying
Equation 10 and the final score for each alternative
are computed by applying Equation 11. The
calculation of these last steps leads the study to the
final destination where the final score of each
maintenance strategy is found by ranking the
value of 𝑷𝒔 in decreasing order. Table 11 explains
in details the final results of the proposed hybrid
model (FAHP and WASPAS-F).

The quantitative data collected from experts
has been translated into qualitative data with the
use of Table 4. The Fuzzy comparison matrix is
constructed by applying Equation 1 and 2 as
described in Table 6.
The row sums of the Fuzzy comparison matrix
is calculated by applying Equation 3 and the Fuzzy
weights of criteria are computed by using
Equation 4 as explained in Table 7.
After obtaining the criteria weights by
applying FAHP model, the Fuzzy decision matrix
for Fuzzy WASPAS model is constructed by
applying Equation 5 and with regard to the
preferences of decision-makers working in
engineering and management department. The
Fuzzy decision matrix for WASPAS is described
in Table 8. Table 5 is used to translate the
qualitative obtained from experts into quantitative
data.
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Table 6
Fuzzy Pairwise Comparison Matrix for AHP Model
Criteria
Cost
Accessibility
Risk
Criteria
1.0 1.0 1.0 1.5 2.0 2.5 2.5 3.0 3.5
Cost
0.4 0.5 0.7 1.0 1.0 1.0 0.7 1.0 1.5
Accessibility
0.3 0.3 0.4 0.7 1.0 1.5 1.0 1.0 1.0
Risk
Added Value 0.2 0.3 0.3 0.4 0.5 0.7 0.4 0.5 0.7

Table 7
Criteria Weights of the Fuzzy AHP Model
Fuzzy
Criteria
Criteria
Weights

Added Value
3.5
1.5
1.5
1.0

Fuzzy
Weights

(0.4,0.5,0.6)

Risk

(0.2,0.2,0.3)

Accessibility

(0.2,0.2,0.3)

Added Value

(0.1,0.1,0.2)

A
5
3
7
7
5

4.5
2.5
2.5
1.0

Table 11
Results of the Proposed Hybrid Model
Table 10
Optimal Function for WASPAS-F Model
Results
Criteria
C
A
Alternatives Alternatives

Cost

Table 8
Fuzzy Decision Matrix for WASPAS Model
Criteria
C
Alternatives
7
9 10 3
CM
1
1
3
1
PM
3
5
7
5
RCM
1
3
5
5
CBM
1
1
3
3
PDM

4.0
2.0
2.0
1.0

CM
PM
RCM
CBM
PDM

R
7
5
9
9
7

5
1
3
1
5

7
3
5
1
7

Table 9
Normalized Decision Matrix for WASPAS-F Model
Criteria
C
A
Alternatives
CM
0.04 0.05 0.24 0.06 0.14 0.42
PM
0.12 0.5
1.8
0.02 0.08 0.3
RCM
0.04 0.1
0.6
0.12 0.2 0.54
CBM
0.08 0.15 1.8
0.12 0.2 0.54
PDM
0.12 0.5
1.8
0.06 0.14 0.42

0.14 0.22
0.24
0.43 0.67
Corrective
Maintenance
0.28 0.71
1.8
0.31 0.60
Predictive Maintenance
0.14 0.32
0.6
0.53 0.72
Reliability Centred Maintenance
0.22 0.39
1.8
0.53 0.72
Condition-Based
Maintenance
0.28 0.71
1.8
0.43 0.67
Preventive Maintenance

R
0.02
0.04
0.02
0.06
0.02

(𝟏)

𝑷𝒔

0.02
0.06
0.04
0.2
0.02

̃ (𝟐)
𝑷
R𝒔

1
5
7
5
5

3
7
9
7
7

0.18
0.9
0.3
0.9
0.18

0.01
0.05
0.07
0.05
0.05

𝑷𝒔

0.03
0.08
0.1
0.08
0.08

0.07
0.13
0.14
0.13
0.13

Ranking
AV

0.84 0.43
0.31
0.79 1.36
0.38

0.46
0.11
0.57
0.34

0.71
0.27 0.63
0.98
0.85 0.74

0.70
5
0.78
2

0.72

0.88

0.53
0.2
0.72
0.37
0.46
0.27

0.79 0.77
0.48
0.98 0.74
0.91
0.71 0.74
0.72

0.79
4
0.78
1
0.78
3

0.82

0.31
0.76
0.88 0.43
1.44
0.84 0.31
1.17

AV
9
5
7
3
9

AV

5
9
10
9
9
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0.82
0.82
0.82

5. Results
As a result of the proposed model
application, the condition-based maintenance
(CBM) is ranked the first among the
maintenance strategies tackled in the present
research. So, this strategy presents the most
appropriate maintenance strategy for complex
systems in industry field. According to the final
results generated in table 11, the obtained score
𝑷𝒔 of the condition-based maintenance is high
with a value of 0.91. While the second
appropriate maintenance strategy is the
predictive maintenance with a value of 0.85.
There are two advantages here, the first and
the most obvious is that the condition-based
maintenance (CBM) is realized depending on
the collection of realistic data. This sort of data
is measured by taking ‘vibration monitoring,
lubricating analysis and ultrasonic testing’ into
account for each macro system or equipment in
the manufacturing company. Secondly, this
maintenance policy is proper for high capital
cost systems, complex irreplaceable parts, and
costly components that fail over time due to
excessive usage. Additionally, the conditionbased maintenance (CBM) is devoted to
resolving the rotation and reciprocation
problems in manufacturing types of machinery
such as ‘turbines, centrifugal pumps and
compressors’. Therefore, the lack of accurate
and precise data about system function may lead
to a weak condition-based maintenance
implementation. For this reason, a strong
knowledge of failure rate, full diagnosis
detection, and maintenance planning are
compulsory for efficient execution of conditionbased maintenance policy.
6. Conclusion & Direction for Future
Research
As was noted above, some approaches are
using complex statistical models and unpractical
techniques for enhancing maintenance strategy
selection process and this also might be quite

difficult for managers who do not have a solid
background in mathematics. Therefore, the
present paper provides a simple and practical
approach to decision-makers for selecting the
proper maintenance strategy adequate to the
organisation requirements,
especially,
in
developing countries where sources for
investments are scarce.
The proposed model considers a hybrid
approach of Fuzzy AHP and Fuzzy WASPAS.
Five essential maintenance strategies and four
main criteria were taken into account for the
proposed model application. The final obtained
results from the empirical case affirm that this
hybrid approach could be applied within other
organizations with the employment of a broader
range of criteria such as (cost, quality, labour
qualification, energy and time consumption…etc.)
and supplementary alternatives such as
(Opportunistic maintenance (OM or time-based
preventive maintenance).
Furthermore, the proposed hybrid multicriteria approach could be useful for future
researches in the different fields of study, due to
its simplicity and applicability in a very short time,
e.g. renewable energy, supplier selection and 3PL
provider selection, biology, agriculture, and so on.
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