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Abstract
This paper studies the use of fuzzy logic theory embedded in fuzzy axiomatic design to develop an integrated model with 
the analytical hierarchy process, and a selection of maintenance strategies in manufacturing systems through weighted 
sum-product evaluation. In this paper, an analysis was conducted to understand the model characteristics of combined 
fuzzy axiomatic design, analytic hierarchy process and weighted aggregated sum product assessment. The results from 
the analysis served as information to establish the best maintenance strategy. Based on the data obtained from a factory, 
which was tested on the proposed framework, it is concluded that the most preferred proactive maintenance strategy for 
the case study was preventive maintenance, followed by reliability-based maintenance while predictive maintenance is 
the least preferred maintenance strategy in the rolling mill. Accordingly, the two-stage fuzzy multi-criteria maintenance 
strategy selection approach is appropriate to select the best maintenance strategy for the factory. This paper offers a 
new method to establish the best maintenance strategy for a rolling mill. As such, the manager could install a method 
for significant improvement in engineering practices with promising business excellence and competitiveness results.

Keywords Maintenance · Decision making · Manufacturing · Optimisation

1 Introduction

Manufacturing systems operate on the premise of many 
factors – how much demand for the product is desired? 
What speed of production should be applied and to what 
product uniqueness will guarantee sales? [1, 2]. Examples 
of manufacturing systems include assembly lines [3], inter-
mittent [4], just-in-time [5], batch production [6–8], recon-
figurable [9], lean manufacturing [10], custom, flexible [11] 
and computer-integrated manufacturing [12]. From these 
examples, manufacturing systems is strongly hinged on 
the arrangement and strategic management of equip-
ment, labour, materials, information and tools. However, 
the maintenance function is the backbone of manufactur-
ing systems that should be carefully planned in terms of 
strategy [13, 14]. A maintenance strategy refers to regula-
tions of order for the scheduled maintenance, including 

predictive maintenance, reliability-centred maintenance, 
run-to-fail and preventive maintenance [15–18]. The 
appropriate selection of a maintenance strategy is criti-
cal and a very strong determinant of the manufacturing 
system’s success [19]. It improves performance and com-
petitiveness in the marketplace.

However, on the literature regarding maintenance 
strategy formulation, there are very scanty experiences 
and contributions in research and practice to discuss [15, 
16, 20]. Furthermore, merely a few articles are associated 
with strategy selection in manufacturing plants, and no 
articles of substantial importance have been proposed 
to select the maintenance strategy of a rolling mill in a 
developing country within a proactive context [21–23]. 
Also, considering all the multicriteria analysis meth-
ods none is in the public domain, which has integrated 
the analytic hierarchy process (AHP) and weighted 
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aggregated sum product assessment (WASPAS) and 
used to solve problems on strategy selection in rolling 
mills. More unfortunate is the knowledge gap that exists 
considering the integration of AHP and WASPAS; there 
is a deficiency in knowledge on any study which has 
exploited the unique context of uncertainty and impreci-
sion on maintenance strategy while combining AHP and 
WASPAS. This paper studies the use of fuzzy logic theory 
embedded in fuzzy axiomatic design (FAD) to develop an 
integrated model with analytic hierarchy process, and 
a selection of maintenance strategies in manufacturing 
systems through weighted sum-product evaluation.

Consequently, the selection of an appropriate mainte-
nance strategy is crucial to align maintenance resources. 
By deploying multicriteria models to the maintenance 
selection practice in rolling mills several workers (hot and 
cold mill engineers, hot working metallurgists, mainte-
nance engineers and process managers) will have their 
expertise compared and exploited to benefit the rolling 
mill. Using multicriteria models (AHP, WASPAS and FAD) to 
analyse the maintenance strategy problem for the rolling 
mill offers understanding into the various judgements of 
the respondents’ values. The obtained scores and weights 
in the analysis of maintenance strategy are therefore useful 
as a reference. As such, the use of multicriteria models, and 
the fuzzy axiomatic design infused into multicriteria mod-
els should attract researchers and practising maintenance 
managers in the industry. Unfortunately, in the present 
circumstance, maintenance scholars have emphasized the 
simulation and predictive characteristics of maintenance 
strategy models in crisp numeric values. However, studies 
regarding uncertainty and imprecision details have been 
limited and no single study appears to have been reported 
on rolling mills regarding maintenance strategy selection.

This article utilises fuzzy axiomatic design to integrate 
the AHP and WASPAS for a rolling mill in Nigeria because 
of its outstanding characteristics. First, FAD highlights an 
effective decision process in maintenance, and the main-
tenance manager can choose the best strategy through 
task establishment, task sequence adjustment and map-
ping of maintenance resources to equipment effectively. 
Concurrently, FAD brings competitive advantage, reduced 
failure risk and reduced maintenance expenses. The case 
study focused on the plant, whose main outputs are sheets 
(plain and patterned), coils (stucco and special rolled) 
and circles. Through a questionnaire approach with ethi-
cal compliance, the necessary elements and parameters, 
which served as inputs into the selection methodology, 
was generated. The FAD analyzed the functional and 
design requirements into criteria for maintenance sys-
tem performance as well as maintenance system design, 
respectively.

Furthermore, maintenance strategy selection has 
been a principal research topic in the maintenance litera-
ture for at least 15 years now [20, 24–28]. Wind turbines 
have been studied to create a fuel resource mechanism 
to transfer kinetic to electrical energy and avoid atmos-
pheric emissions that produce greenhouse gases [24]. 
Andrawus et al. [24] established and appraised situation-
controlled maintenance tasks regarding the life phase 
of the wind turbine to exploit return-on-investment in 
wind plants.

However, due to the novel concept of proactive selec-
tion of maintenance strategies in manufacturing systems 
as a new research concept, extremely restricted studies 
have been conducted so far to analyse selection strate-
gies in particular industries. Ilangkumaran and Kumanan 
[19] chose the utmost maintenance strategy for the 
textile industry by coupling TOPSIS with AHP. Further-
more, Ding et al. [29] optimized maintenance strategy 
in a palm oil production and revealed that preventive 
maintenance was the candidate strategy to limit system 
failures. Vishnu and Regikumar [30] selected a reliability-
motivated strategy with a test-case from a manufactur-
ing plant producing titanium dioxide up to a limit of 
20,000 metric tones per year.

Apart from the literature that treats specific applica-
tions, several other studies were successfully conducted 
and reported in the literature and some of the include 
Bashiri et  al. [31], Bertolini and Bevilacqua [32], Fou-
ladgar et al. [33], Gaonkar et al. [34], Ilangkumaran and 
Kumanan [35], Jafari et al. [36], Pariazar et al. [37], Sagar 
et al. [38], Wang et al. [39], Zaeri et al. [40] and Zain et al. 
[41].

A literature search was conducted from a multidiscipli-
nary viewpoint to establish the research gap for the pre-
sent work. The diverse areas studies include aerodynam-
ics, wind energy, thermal sciences, marine engineering 
and manufacturing industry. This results in the following 
observations and gaps:

• Early investigators studied the following areas: aircraft 
systems [20], wind turbines [24], rolling stock (railway 
vehicles; [25]), thermal power plants [28], gas turbine 
plant [26] and naval ships [27].

• Maintenance strategy selection is comparatively new 
in manufacturing systems and has very limited reports.

• Studies on rolling mills are missing in maintenance 
selection research. But rolling mills produce products 
(i.e. channel stock, angle stock, and I-beams, rails and 
bar stock) for other manufacturing plants, making it 
important.

• No process plant in Nigeria appears to have been stud-
ied regarding maintenance strategy selection process 
for improvement.
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• No single study was found on the innovative method of 
WASPAS, fuzzy axiomatic design and AHP for the selec-
tion of maintenance strategy in rolling plants.

From the foregoing, regarding novelty, this is prob-
ably the first article to apply fuzzy multi-criteria in a 
rolling mill. It takes a developing country’s context to 
analyse strategy selection for maintenance in an inno-
vative manner. The fuzzy axiomatic design, analytical 
hierarchy process and WASPAS were integrated for the 
first time in a rolling mill to solve the maintenance strat-
egy selection problem, uniquely. Thus, the maintenance 
engineer could make a sound decision on the choice of 
appropriate strategy in the global competitive rolling 
mill industry.

The next parts of the paper are arranged in the follow-
ing ways. In Sect. 2, the research methodology that was 
adopted for the selection process is described. The infer-
ences obtained from the study results are highlighted in 
Sect. 3 with the display of results preceding it. Section 4 
discusses the contributions, managerial implications, 
limitations and future research. The last section, Sect. 5 
provides concluding remarks on the subject.

2  Research methodology

In manufacturing systems, preventive  (A1), predictive 
 (A2) and reliability-based  (A3) maintenance strategies are 
among the most used proactive maintenance strategies 
for facility maintenance [17, 18]. Their importance varies 
from one manufacturing system to another. To provide an 
empirical approach for the selection of a proactive main-
tenance strategy for a manufacturing system this study 
proposes Fig. 1. The descriptions of the various techniques 
in Fig. 1 are based on some of the following notations.

AD Axiomatic design
SA System area
CR Common range
SR System range
DP Design requirements
FR Functional requirements
TrFN Trapezoidal fuzzy number
A1 Predictive maintenance
A2 Preventive maintenance
A3 Reliability-based maintenance

Fig. 1  A framework for proac-
tive maintenance strategy 
selection

Select criteria for proactive maintenance strategy selection 

Determine the weight of each criterion using the AHP approach

Identify proactive maintenance strategy for manufacturing systems 

Stage 2 

Stage 1 

Compute the weighted sum of each alternative 

Compute the weighted product of each alternative 

Combine the weighted sum and product of each alternative additively 

Rank the alternatives 

Determine the fuzzy system range values for the criteria  

Determine the fuzzy design range values for the criteria  

Compute the total information content of the alternative 

Compute the weighted total information content of the alternative 

Rank the alternatives based on their weighted total 

information content
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2.1  AHP

The weights for the criteria which are used to select mainte-
nance strategy are determined based on the AHP approach 
[42]. Production cost reduction  (G1), reduced lead-time 
 (G2), waste reduction  (G3), profitability  (G4) and production 
throughput  (G5) are considered as objectives of a manu-
facturing system. Five-scale importance intensity is used 
to determine the weights of the different criteria which are 
used for the maintenance strategy (Table 1).

2.2  Axiomatic design principles

A critical look at Table  1 showed that the relationships 
among the FRs and DRs for the various criteria are an uncou-
pled matrix (Eq. 1). This implies that the most suitable pro-
active maintenance strategy that will be selected for any 
manufacturing system based on the information in Table 1 
will meet independence axiom [43].

The desire of decision-makers to express criteria values 
in linguistic terms introduces vagueness into multi-criteria 
analysis [44]. Due to vagueness in maintenance systems 
constraints, the current considered the use of membership 
functions (fuzzy logic) as a medium for the specification of 
the design ranges. The probability (Pi) of satisfying FRi with 
DRi, then the information concept is expressed as Eq. (2). The 
information content for each sub-criterion is determined 
(Eq. 3) to obtain the total information content for a criterion 
is expressed as Eq. (4). The weighted total information con-
tent (Icl) for a maintenance strategy is expressed as Eq. (5).
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where SA is the system area, CR is a common range, and 
Icij is information content for criterion i concerning sub-
criterion j and wi represents weight criterion i.

The response of decision-makers’ judgement that a pro-
active maintenance strategy will satisfy an FR with a DR is 
partitioned into a five-level scale (Table 2 and Fig. 2). The 
design range for all the FR is the same (Table 3 and Fig. 3).    

Bojadziev and Bojadziev [45] reported that the crisp value 
for a TrFN could be determined using the values of �1 and �1 
(Eq. 6). The CR and SA are determined based on Eq. (6).

(3)Icij = log2
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)

(4)Itotal,i =
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m∑
i=1

wi

n∑
j=1

Icij
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1

2

[(
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Table 1  Intensity of importance for weight determination

Definition Intensity of 
importance

Equal importance 1
Somewhat more important 3
Much more important 5
Very much more important 7
Absolutely more important 9

Table 2  Linguistics variables and membership functions for system 
range

Linguistic variables Abbreviations Fuzzy number

Very low VL (0.0, 0.1, 0.2, 0.3)
Low L (0.2, 0.3, 0.4, 0.5)
Fairly good FG (0.4, 0.5, 0.6, 0.7)
Good G (0.6, 0.7, 0.8, 0.9)
Very good VG (0.8, 0.9, 1.0, 1.0)
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Fig. 2  Membership function for system range
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The proposed framework depends on inputs from at least 
two decision-makers in a maintenance system. This implies 
that the responses from the decision-makers must be aggre-
gated. Girubha and Vinodh [46] reported that for trapezoidal 
membership function, the aggregation of decision-makers 
responses is expressed as Eqs. (7) to (10).

(7)�ij = min
(
�ijk

)

(8)�ij =
1

K

K∑
k=1

�ijk

2.3  Essentials of maintenance strategy

2.3.1  Justification for the multicriteria approach used

In a manufacturing system, there exist different kinds of 
equipment and heavy components (production, pumps, 
rotary machinery, transformers, electric motors, circuit 
breakers, electrical equipment, batteries, valves, rolling 
bearings and heat exchangers). These types of equip-
ment perform various functions and require different 
maintenance strategies, which are implemented by first 
establishing faults through diagnostic and troubleshoot-
ing techniques (e.g. vibration analysis and non-destruc-
tive testing) and then correcting these faults. A typical 
maintenance problem is to choose an appropriate main-
tenance strategy under uncertain conditions to revive 
equipment’s health and enhance their performance and 
efficiency to their initial status.

The tradeoff between maintenance functional and 
design requirements, which include issues such as main-
tenance costs, key performance indices, maintenance 
resources and the work environment, brings about the 
difficulty in attaining successful maintenance strategy. 
Consequently, maintenance managers must consider 
the various functional and design factors using a mul-
ticriteria approach that has the potential to give more 
insights into the constituent factors of the functional 
and design issues concerned with the maintenance strat-
egy selection. Using a multicriteria approach will confine 
the crucial highlights of a real-world maintenance man-
agement system. However, the dynamic nature of the 
maintenance environment, maintenance cost, workforce 
turnover, changing government policies affecting roll-
ing mills operations and its maintenance practices has 
built-in an unavoidable uncertainty into the functional 
and design parameters of interest to this problem. This 
has nonetheless made the maintenance strategy selec-
tion more complex. Therefore, fuzzy logic theory embed-
ded in fuzzy axiomatic design to develop an integrated 
model with analytical hierarchy process, and a selection 
of maintenance strategy in the manufacturing system 
through the weighted sum-product evaluation would be 
a competent multicriteria tool to aid maintenance deci-
sions on the maintenance strategy problem.

(9)�ij =
1

K

K∑
k=1

�ijk

(10)�ij = min
(
�ijk

)

Table 3  Design range for 
proactive maintenance 
strategy selection

Criteria Design range

FR111 (0.25, 0.5, 0.75, 1)
FR112 (0.25, 0.5, 0.75, 1)
FR113 (0.25, 0.5, 0.75, 1)
FR114 (0.25, 0.5, 0.75, 1)
FR121 (0.25, 0.5, 0.75, 1)
FR122 (0.25, 0.5, 0.75, 1)
FR123 (0.25, 0.5, 0.75, 1)
FR124 (0.25, 0.5, 0.75, 1)
FR131 (0.25, 0.5, 0.75, 1)
FR132 (0.25, 0.5, 0.75, 1)
FR133 (0.25, 0.5, 0.75, 1)
FR134 (0.25, 0.5, 0.75, 1)
FR141 (0.25, 0.5, 0.75, 1)
FR142 (0.25, 0.5, 0.75, 1)
FR143 (0.25, 0.5, 0.75, 1)
FR144 (0.25, 0.5, 0.75, 1)
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Fig. 3  Membership function for design range
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2.3.2  The basis for the selection of variables

This section provides the necessary basis to select the 
variables used in this work (Table 4). In aluminium rolling 
mills, the failures of equipment [47–49] (criterion  FR122), 
for instance, aluminium circle blanking equipment, are a 
foremost hindrance to the rolling mill operations. When 
a breakdown occurs [50] (criteria  DR131,  DR121,  DR122, 
 DR123,  DR124, and  DR124), reinstating the equipment 
depends on the competence of the workforce [51, 52] 
(criterion  FR143) and the maintenance resources [53, 54] 
(criteria  DR111,  DR112,  DR113,  DR114, and  FR123) available to 
the maintenance team. Encouraging a philosophy of reli-
ability (criterion  FR134) among team members assists to 
establish the measures [55, 56], for instance, mean time 
to restore (criterion  FR121), mean time between main-
tenance (criterion  FR124), mean time between failures 
(criterion  FR122), the number of defective products (crite-
rion  DR132), maintenance workforce cost (criterion  FR111), 
spare parts cost [53, 54] (criterion  FR112), overhead cost 
(criterion  FR113), and consultancy cost (criterion  FR114) 
are constantly tracked and enhanced while adopting 
the most appropriate maintenance strategy for the roll-
ing mill plant [53, 54]. Furthermore, the decision-maker 
needs to implement strategies to minimize maintenance 
time [57, 58] (criteria  DR113,  DR121,  DR122,  DR123,  DR124, 

and  DR133) and permit the plant to function at the upper-
most efficiency (criterion  FR123) that it can.

Besides, a programme of lean maintenance with a 
remedy to reduce waste in maintenance [56] (criteria 
 DR111,  DR112,  DR113, and  DR114) needs to be concurrently 
run with the choice of a maintenance strategy. However, 
the maintenance function ought to constantly assess 
human factors training (criterion  DR143) to ascertain that 
it concentrates on actual life scenarios of human factors 
confrontations (criteria  FR141,  FR142,  FR143, and  FR144). 
Notwithstanding, the role of the maintenance function 
in the rolling mill should always be in focus. This role is 
to guarantee the complete availability of manufactur-
ing equipment (criterion  FR131), utilities, and associated 
facilities. This role should be performed at an optimal 
cost [56] (criteria  FR111,  FR112,  FR113, and  FR114) and under 
suitable states of quality (criteria  FR132 and  DR132), safety 
(criterion  DR142) and perfection of the environment (cri-
teria  DR141,  DR143 and  DR144). Maintenance key perfor-
mance indicators should always be in the focus of the 
maintenance team as it judges how well the functions in 
the rolling mill are being carried out regarding attaining 
maintenance objectives [56] (criteria  FR121,  FR122,  FR123, 
and  FR124), for instance, minimizing downtime [57, 58] 
(criteria  DR134 and  DR131) or cutting costs (criteria  FR111, 
 FR112,  FR113, and  FR114). Furthermore, the enhancement 

Table 4  Functional and design requirements

Optimise maintenance system performance  (FR1) Optimise maintenance system design  (DR1)

Minimise maintenance cost 
 (FR11)

Maintenance workforce cost 
 (FR111)

Decrease maintenance resource 
usage  (DR11)

Number of maintenance 
workers(DR111)

Spare parts cost  (FR112) Number of spare parts used 
 (DR112)

Overhead cost  (FR113) Number of non-maintenance 
workers  (DR113)

Consultancy cost  (FR114) Number of consultations  (DR114)
Optimise maintenance activities 

 (FR12)
Mean time to restore  (FR121) Decrease amount of mainte-

nance time  (DR12)
Amount of total repair time  (DR121)

Mean time between failures 
 (FR122)

Amount of operating time  (DR122)

Material usage  (FR123) Number of work orders  (DR123)
Mean time between mainte-

nance  (FR124)
Number of maintenance actions 

 (DR124)
Optimise machine performance 

 (FR13)
Machine availability  (FR131) Improve machine performance 

 (DR13)
Number of downtime  (DR131)

Product quality  (FR132) Number of defective products 
 (DR132)

Machine efficiency  (FR133) Total inputs quantities  (DR133)
Machine reliability  (FR134) Failure rate  (DR134)

Optimise human-factor perfor-
mance  (FR14)

Motivation  (FR141) Institute favourable working 
environment  (DR14)

Promotion rate  (DR141)
Workers safety  (FR142) Number of accident prevention 

 (DR142)
Workers competence  (FR143) Number of training programmes 

 (DR143)
Workers fatigue  (FR144) Amount of workloads  (DR144)
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of reliability of the rolling mill may be attained by 
improving maintenance strategies.

2.3.2.1 The hierarchical framework of the model The direc-
tives for the hierarchical framework of the developed 
model are revealed in Figs.  4 and 5. Each of the mod-
els comprises of the three stages. The first stage for the 
functional requirements hierarchical framework (Fig.  4) 
symbolizes the general aim  (FR1). The second stage sig-
nifies the principal objectives: FR11, FR12, FR13 and FR14. 
The third stage shows the options. Further, as revealed in 
Fig.  4, the complete information relating to the number 
of options, four objectives and sixteen criteria id shown 
in the Sects.  2.3.3 to 2.3.18. Also, the first stage for the 
design requirement hierarchical structure (Fig.  5) repre-
sents the general aim  (DR1). The second stage reveals the 
chief objectives while the third stage shows the options. 
Further, as shown in Fig. 5, the total information regarding 
the number of options, four chief objectives, and sixteen 
criteria is shown in the Sects. 2.3.19 to 2.3.34.

2.3.2.2 Phase 1 (Aim) The aim of the functional require-
ment hierarchical framework aspect of the work is to 
optimise maintenance system performance  (FR1). By 
considering this aim, the appraisal and selection of the 

maintenance strategy were done based on the use of 
fuzzy logic theory embedded in fuzzy axiomatic design 
to develop an integrated model with analytic hierarchy 
process, and a selection of maintenance strategies in 
manufacturing systems through weighted sum-product 
evaluation. The aim of the design requirement hierarchi-
cal structure aspect of the research is to optimise main-
tenance system design  (DR1). By considering this aim, the 
appraisal and selection of the maintenance strategy were 
done based on the use of the method discussed earlier.

2.3.2.3 Phase 2 (definition of  objectives) The major ele-
ments here are the objectives. For the functional require-
ments, the objectives are: (1) Minimise maintenance 
cost  (FR11), (2) Optimise maintenance activities  (FR12), (3) 
Optimise machine performance  (FR13) and (4) Optimise 
human-factor performance  (FR14). For the design require-
ments, the four objectives are: (1) Decrease maintenance 
resource usage  (DR11), (2) Decrease amount of mainte-
nance time  (DR12), Improve machine performance  (DR13), 
and Institute favourable working environment  (DR14)

2.3.2.4 Phase 3 (set of  criteria under  consideration) By 
reflecting on the extant literature, the set of criteria (six-
teen each for the functional requirements and design 

FR1

FR11 FR12 FR13 FR14

FR 
111 

FR 
112 

FR 
114 

FR 
113 

FR 
121 

FR 
122 

FR 
124 

FR 
123 

FR 
131 

FR 
132 

FR 
134 

FR 
133 

FR 
141 

FR 
142 

FR 
144 

FR 
143 

Fig. 4  Functional requirements hierarchical structure
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Fig. 5  Design requirements hierarchical structure
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requirements) are considered here (see Sect. 2.3.2) for this 
study towards the choice of the maintenance strategy for 
the rolling mill. As revealed in Figs. 4 and 5, the thirty-two 
criteria considered are discussed in Sects. 2.3.3 to 2.3.34.

2.3.3  Maintenance workforce cost  (FR111)

While instituting maintenance strategies for manufactur-
ing plants, determining the maintenance workforce cost 
is an important activity. In this aspect, the use of cost to 
establish trends is of great value. The cost of maintenance 
workforce is important because it has a deep influence on 
the efficiency of the workforce and the maintenance strat-
egy that the rolling mill is capable to adopt. The workforce 
maintenance cost is substantially responsible for deciding 
on how much time the workforce would spend on preven-
tive maintenance activities in comparison with the main-
tenance requirements of all the equipment.

2.3.4  Spare parts cost  (FR112)

The cost of spare parts is a principal factor while deciding 
the appropriate maintenance strategy for attaining the 
goals of maintenance. The reason is that spare parts cost 
has a direct influence on attaining a high service level and 
make the implementation of maintenance strategy more 
effective and efficient [53, 54]. The cost of spares is often 
minimal when the right maintenance strategy is imple-
mented. However, with an unplanned breakdown, the 
unavailability of essential spare parts may lead to a very 
expensive factory shutdown.

2.3.5  Overhead cost  (FR113)

The overhead cost in a rolling mill is a significant factor 
which should be considered while selecting a proper main-
tenance strategy. The reason is that expenses incurred 
in maintenance, if not properly controlled reduces the 
profit and may threaten the existence of the plant. Conse-
quently, cost-cutting drives such as lean maintenance is an 
important phenomenon to consider in this instance. Major 
success in the cost-cutting effort of the maintenance func-
tion may be achieved by waste reduction on major utilities 
used in the rolling mills, including gas, sewer, electricity 
and phone expenses.

2.3.6  Consultancy cost  (FR114)

In the process of choosing maintenance strategies for a 
manufacturing system, there is scope to integrate consul-
tancy cost. However, efforts should be made to minimise 
this factor for a successful implementation of maintenance 
strategy in a rolling plant. An avenue to reducing cost is 

the avoidance of inviting the consultants to be physically 
present in the company. Rather, the instruction may be 
received from the consultants while fine-tuning of the 
solution to the problem could be made through commu-
nication methods such as exchanges of electronic mails, 
Fax services and telephone services. This option is cheaper 
and saves cost.

2.3.7  Mean time to restore  (FR121)

Mean time to restore is an imperative factor that should be 
considered when deciding on the choice of maintenance 
strategy in a rolling mill. The production manager is eager 
to know when the production line will be restored as the 
downtime has caused production losses and idleness of 
production staff. Moreover, it is expected that the equip-
ment should be restored to the as-good-as-new state.

2.3.8  Mean time between failures  (FR122)

Frequent production interruptions directly or indirectly 
affect every worker in the rolling mill; the production 
workers are idler, the integrity of repairs is questioned by 
the production team. The justification for spare replace-
ment of the broken part(s) during the last maintenance 
exercise is questioned. The customer is anxious to receive 
the ordered good already paid for. Hence, while choosing 
the maintenance strategy for the rolling mill, it is extremely 
critical to deliberate on the mean time between failures of 
the machines. Moreover, this criterion evaluates the com-
petence of the maintenance team, skills, availability of 
repair resources and response period of the maintenance 
team to maintenance failures.

2.3.9  Material usage  (FR123)

Industries in general monitor material usage to deter-
mine the impact of the negligence of both production 
and maintenance workers on the usage. They also deter-
mine the effects of untrained staff, the use of sub-standard 
materials and the inadequate state of the equipment on 
the usage. All these help them in establishing measures 
against excessive material usage. But it is essential to con-
sider material usage when choosing a maintenance strat-
egy for the rolling mill. Moreover, deep insight on material 
and its relationship with the maintenance process is a nec-
essary viewpoint that any maintenance engineer or man-
ager should possess for success in the implementation of 
a good maintenance strategy. Besides, it is advisable for 
senior maintenance personnel in the organization to go 
and see the actual manufacturing procedures of the mate-
rial being supplied to his/her company, to observe how 
the materials are being manufactured. This brings about 
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a deeper understanding of the materials. Furthermore, 
understanding the properties of the materials in terms 
of physical, chemical and mechanical characteristics is of 
great values to the maintenance engineer.

2.3.10  Mean time between maintenance  (FR124)

Mean time between maintenance differs from mean time 
between failures in that the earlier involves preventive 
maintenance activities, which forces the machines to be 
maintained at predetermined periods. This metric is an 
essential factor that needs to be considered while choos-
ing the maintenance strategy for the rolling mill. Moreover, 
this is a metric used by the maintenance manager to evalu-
ate the performance of the rolling mills. Furthermore, it 
accounts for the timeframe between the implementation 
of maintenance activity and the other. Finally, the mainte-
nance engineer uses them to monitor the performance of 
the crew as well as to judge whether the ageing effects of 
the machines are having impacts on their availability for 
productive usage.

2.3.11  Machine availability  (FR131)

For the rolling mill, the consideration of machine availabil-
ity is essential. Thus, the incorporation of machine avail-
ability as a factor in the selection of maintenance strategy 
for a rolling mill is a worthwhile decision. Moreover, the 
availability of machines is a good metric to determine the 
level of satisfaction of the customer as continuous produc-
tion guarantees that customers’ order will be supplied on 
time.

2.3.12  Product quality  (FR132)

To guarantee continuous patronage of the company’s 
product, high-quality products are essential. Thus it is 
extremely crucial to consider product quality when choos-
ing the maintenance strategy for the rolling mill. Moreo-
ver, rolling mills products need to be of acceptable quality, 
incorporating the perceived beneficial characteristics of 
the customer into the product, and these characteristics 
are specified by the customer. Furthermore, deviations 
from the standard often attract penalties, and the sever-
ity of penalties depends on the extent of deviation of the 
product characteristics from standard and the impact of 
such product failures on the business of the customer.

2.3.13  Machine efficiency  (FR133)

A necessary level of machine efficiency for the diverse 
machines of the rolling mill is essential at the operational 
stage of a rolling mill so that funds will be conserved. Thus, 

it is essential to consider machine efficiency as a factor 
when deciding on the choice of maintenance strategy for 
the rolling mill.

2.3.14  Machine reliability  (FR134)

The failure rate of the equipment, which determines its 
ability to execute its anticipated task, varies from equip-
ment to the other. Even for a section of the rolling mill to 
another section, the machine reliability varies. In general, 
it is known that a machine cannot be reliable when it has 
broken down. Consequently, it is extremely critical to con-
sider machine reliability when choosing a maintenance 
strategy for the rolling mill.

2.3.15  Motivation  (FR141)

The motivation of a rolling mill worker is described as the 
degree of energy, demonstrated in the worker’s commit-
ment to the plant. It is also a measure of the rolling mill 
worker’s creative attributes on the job. However, motiva-
tion is one of the most significant factors to incorporate 
when considering the choice of maintenance strategy in 
a rolling mill.

2.3.16  Workers safety  (FR142)

In a rolling mill, safety refers to making the work environ-
ment safe. The equipment should operate in a risk-free 
condition and all the procedures to ascertain safety is in 
place should be adhered to strictly by all the workers and 
stakeholders in the factory. Hazards should be eliminated 
and the threats reduced with adequate safety training. 
However, with inadequate safety measures, the rolling 
mill places its workers in danger and the reputation of the 
products as well as revenues are in great danger. It is very 
important to incorporate this factor into the framework 
of analysis when considering the choice of maintenance 
strategy for a rolling mill.

2.3.17  Workers’ competence  (FR143)

The competence of a worker is the skill set and actions 
applied to the job that the worker is engaged for. It is a 
guideline to establish the expectations from the techni-
cal maintenance worker in a rolling mill and also weighed 
against the culture obtainable in the rolling mill. This 
parameter should be used as a yardstick when analysing 
the choice of maintenance strategy for a rolling mill.
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2.3.18  Workers fatigue  (FR144)

Regarding the fatigue of workers in a rolling mill, a clear 
understanding of this phenomenon is essential since 
workers will normally run shift duties for one another. 
Therefore, it is essential to consider this factor when choos-
ing maintenance strategies for a rolling mill. Furthermore, 
the worker risks injuries when fatigue is experienced and 
the safety performance of the worker drops.

2.3.19  Number of maintenance workers  (DR111)

The repair workers are engaged in a wide variety of tasks 
in the rolling mills, including electrical repairs, plumb-
ing, repair of air conditioning and heating systems, floor 
repairs and painting. The number of maintenance workers 
required in one rolling mill differs from the other since the 
capacity of the plants varies. This, this factor, i.e. the num-
ber of maintenance workers has become a most essential 
one to consider while selecting maintenance strategy for 
the rolling mill.

2.3.20  Number of spare parts used  (DR112)

The spare parts needed in a rolling mill could be consuma-
bles or repairable. In the present-day situation where it is 
increasingly difficult to have storage space, the factor i.e. 
number of spare parts becomes an essential one to con-
sider in the choice of maintenance strategy for a rolling 
mill. Moreover, this factor is necessary to determine the 
number of workers to engage in the stores’ department of 
the rolling mill that will be responsible for the safeguard 
of the spares.

2.3.21  Number of non‑maintenance workers  (DR113)

Non-maintenance workers often work with the techni-
cally-oriented repair workers on projects in the rolling 
mill. However, it is essential to incorporate this factor i.e. 
number of non-maintenance workers when considering 
the choice of maintenance strategy in a rolling mill.

2.3.22  Number of consultation  (DR114)

In the rolling mill, consultations are required to solve tech-
nically complex maintenance problems. A case is the intro-
duction of new technology to produce coils, in which the 
machine ceases to function despite following the speci-
fied guidelines for operation in the manuals. Consultations 
are needed to solve this problem. Thus, it is necessary to 
incorporate this factor i.e. number of consultations when 
considering the maintenance strategy selection in a roll-
ing mill.

2.3.23  Amount of total repair time  (DR121)

The sum of repair time is necessary to restore a failed 
component is an essential metric of maintenance per-
formance. However, for a large plant as a rolling mill with 
many equipment and sub-equipment, analyzing this 
could be cumbersome. But understanding this is essen-
tial for progress in the maintenance of the rolling mill. 
Therefore, the incorporation of this factor i.e. the amount 
of total repair time when considering the selection of 
maintenance strategy for a rolling mill is important.

2.3.24  Amount of operating time  (DR122)

The time standard used to carry out maintenance tasks 
varies and also varies for equipment. But this factor, i.e. 
amount of operating time, need to be considered when 
selecting maintenance strategy for a rolling mill. Moreo-
ver, there is a necessity to control it so that resources 
may be conserved.

2.3.25  Number of work orders  (DR123)

Often, a machine operator submits a work request as 
the equipment malfunctions. Based on a review by the 
maintenance manager, some additional information may 
be included. Such information is the schedule for the 
task and the assignment of the job to a technician. This 
document becomes a work order. However, the number 
of work orders varies from one organization to another 
and within the equipment units. Thus, the number of 
the work order is one of the very important factors to 
be included in choosing the maintenance strategy for 
the rolling mill.

2.3.26  Number of maintenance actions  (DR124)

In restoring failed equipment or retaining a functional 
facility, steps are taken to ensure that the system works 
according to the operating conditions. Furthermore, the 
aim is to attain the utmost useful life of the equipment. 
However, maintenance actions should be regulated. Thus, 
the number of maintenance actions becomes an impor-
tant factor when choosing the maintenance strategy for 
the rolling mill.

2.3.27  Number of downtime  (DR131)

In rolling mills, downtime impacts on operations drag pro-
ductivity and profit. However, it is important to incorporate 
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this factor, i.e. number of downtime when considering the 
maintenance strategy for the rolling mill.

2.3.28  Number of defective products  (DR132)

Defective products from a rolling mill are poor quality 
outputs that degrade the image of the company. Defec-
tive products are many times linked to inadequate main-
tenance activities on machines. It is generally known that 
everybody dislikes defective products and efforts are 
made by the rolling mill workers to reduce the quantity 
and rate at which defective products are produced from 
their machines. This factor is very essential to be incor-
porated into the framework for analysing the choice of 
maintenance strategy in a rolling mill.

2.3.29  Total inputs quantities  (DR133)

In a production system, inputs, output and the transforma-
tion process are the important elements that judge the 
effectiveness of the system. However, the total input quan-
tities used for production is very important and it is often 
associated with machine usage, which translates into the 
likelihood of a machine breaking down early if more mate-
rial inputs are used than the capacity of the machine. Con-
sequently, the total input quantities become an important 
factor when choosing the maintenance strategy for the 
rolling mill.

2.3.30  Failure rate  (DR134)

Rolling mills equipment fails at different frequencies, and 
this is captured as the failure rate of the equipment. His-
torical data on failure rate serves as information for the 
maintenance manager to do the actual future prediction 
of the pattern of failure frequency. Such information helps 
to plan for materials and human resources as well as the 
maintenance strategy to adopt to combat such failures. 
Failure data collected over a long period serves also as 
essential information to establish adequate equipment 
management and the analysis of equipment lifecycle. 
Thus, the failure rate factor becomes a significant factor 
when choosing the maintenance strategy for the rolling 
mill.

2.3.31  Promotion rate  (DR141)

Promotion entails the relocation of a rolling mill worker 
to a different rank, implying elevated benefits, wage, or 
rank weighed against the previous rank. However, of more 
interest to the rolling mill worker is the promotion rate, 
which is regarded as a work environmental factor that 
may stimulate retention of the worker on the job or his/

her turnover. The promotion rate defines the ratio of the 
sum of promotions in an assessment period (usually for 
12 months) to the number of workers in the rolling mill. 
Thus, the promotion rate becomes an important factor 
when choosing the maintenance strategy for the rolling 
mill.

2.3.32  Number of accident prevention  (DR142)

An accident is a mishap that may lead to injury, loss of 
parts of the body or loss of lives. A favourable work envi-
ronment is one such that the number of accidents that 
occur in a planned period is minimized. Human factors 
play a significant role in controlling the number of acci-
dents and this could be closely associated with the selec-
tion of maintenance strategy. Accident prevention is the 
central activity of many organizations that invests in safety. 
This factor is very essential to be incorporated into the 
framework for analysing the choice of maintenance strat-
egy in a rolling mill.

2.3.33  Number of training programmes  (DR143)

Training refers to a worker’s development through new 
skill acquisition and knowledge attainment to enhance the 
competence of the worker on the job. This could be an on-
the-job training or off-the-job training programme. Tech-
nical and non-technical training programmes are essential 
for all cadres of rolling mills workers. However, assuming 
there is standardization in the training programme such 
that all training programmes meet the training needs of 
the worker, the issue now is how many of these training 
programmes would aid in achieving effective maintenance 
strategy deployment of the rolling mill. This factor is very 
essential to be incorporated into the framework for analys-
ing the choice of maintenance strategy in a rolling mill.

2.3.34  Amount of workloads  (DR144)

Maintenance workers vary in degrees of responsibilities 
and the level of administrative and technical contents of 
the jobs. Though the manager in the rolling mill engages 
in more administrative tasks than lower-level workers, the 
workload may be the same for two workers at different 
levels; this is in terms of what to do. However, it is difficult 
to evaluate this. Workload refers to the amount of work 
the rolling mill workers have to do. This is often viewed 
from how difficult the duties to be accomplished are and 
the actual amount to do. The workload is linked to main-
tenance strategy for effective goal attainment. Conse-
quently, the amount of workloads becomes an important 
factor when choosing the maintenance strategy for the 
rolling mill.
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2.4  WASPAS

Over the years, the use of WASPAS approach for the 
selection of alternative to be used as a solution to a 
problem is gaining more attention among researchers 
and industrial practitioners across the globe [59, 60]. The 
wide application of WASPAS is due to its ease of usage 
and quality solution generation. The basic stages for 
WASPAS implementation are as follows [59, 60]:

Stage 1: Determination of the relative importance of 
maintenance strategy

The relative importance of each maintenance strategy 
is determined using the weighted sum method (Eq. 11) 
and weighted product method (Eq. 12).

where wi is the weight for criterion l.
Stage 2: Ranking of maintenance strategy

This stage entails the aggregation of weight sum and 
weighted product methods results additively (Eq. 13) 
using a constant parameter (λ).

where � = 0, 0.1,… , 1 ; and Ql represents the WASPAS value 
for proactive maintenance strategy l.

(11)Q
(1)

l
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m∑
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(12)Q
(2)

l
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m∏
l=1

x̄
wl

il

(13)Ql = �Q1
l
+ (1 − �)Q2

l

3  Case study

The studied factory is a large rolling mill in Nigeria. The 
factory has different cadres of personnel, including arti-
sans, technicians, engineers, managers and senior man-
agers in maintenance. The major equipment in the plant 
includes continuous casting machine, overhead crane, 
cold shearing, rotary shearing machines (billet shearing, 
rotary shearing machines), pre-heating furnace, induc-
tion furnace, heavy capacity, pinion gearboxes, hydraulic 
power packs, mill strands, controlled lifting table, conveyor 
roller tables, compressors (single-phase double perform-
ing and double-phase single performing), water pumps. 
The input parameters were selected as they seem to reveal 
the most or the least important maintenance strategy for 
the rolling mill. The selection of a proactive maintenance 
strategy for a roll milling factory was used to verify the 
application of the proposed conceptual framework. Three 
decision-makers were considered during the framework 
application. The total number of manufacturing goals was 
five, while the total number of maintenance criteria was 
four. Linguistics responses from the decision-makers were 
converted to crisp values using trapezoidal membership 
function. The importance of the maintenance criteria was 
determined for three decision-makers (Table 5). Similarly, 
the importance of the manufacturing goals was also deter-
mined for three decision-makers (Table 6).

Based on the decision-makers responses, the second 
and third decision-maker’s responses showed that the 
most important manufacturing goal was  G1 (Produc-
tion cost). The first decision-maker’s responses indicated 
the least important manufacturing goal  G5 (production 
throughput), while the most important manufactur-
ing goal was (profitability). The second decision-maker 
believed that  G3 (waste reduction) was the least impor-
tant manufacturing goal. The last decision-maker believed 
that  G3 and  G5 are the least important manufacturing 

Table 5  Importance of 
maintenance criteria

Decision-
makers

Criteria G1 G2 G3 G4 G5

D1 C1 0.4836 0.1007 0.4534 0.1901 0.0740
C2 0.2424 0.4868 0.1660 0.1901 0.5678
C3 0.2424 0.3863 0.2091 0.3802 0.2841
C4 0.0317 0.0262 0.1715 0.2396 0.0741

D2 C1 0.2043 0.0473 0.5973 0.0520 0.3064
C2 0.0067 0.2286 0.1236 0.3967 0.3461
C3 0.2491 0.1814 0.1396 0.4480 0.3069
C4 0.5399 0.5427 0.1396 0.1033 0.0406

D3 C1 0.2043 0.3288 0.2212 0.4369 0.0147
C2 0.0067 0.1712 0.2212 0.1599 0.5410
C3 0.2491 0.3288 0.2788 0.3198 0.4295
C4 0.5399 0.1712 0.2788 0.0833 0.0148
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goals (Table 6). The average values of the decision-makers 
manufacturing goals importance showed that  G3 was the 
least important manufacturing goal (Table 6).

The weights for the maintenance criteria (Table 7) were 
obtained by considering the information in Tables 5 and 6. 
The weights for the maintenance criteria that were used 
for the analysis were taken as the average weights from 
the three decision-makers (Table 7). The most important 
maintenance criterion for the case study was C4 (human-
factor), while  C2 (maintenance activities) was the least 
important maintenance criterion (Table 7).

Based on the linguistic information obtained from three 
decision-makers  (Dk), the information in Tables 1 and 2 
was used to determine the crisp functional requirements 
values for the different proactive maintenance strategies 
(Tables 8, 9, 10 and 11).    

The trapezoidal fuzzy numbers for the system range 
(Table 12) were obtained using the information presented 
in Tables 8, 9, 10 and 11. This was achieved based on the 
expressions in Eqs. (8) to (11).

The crisp values for the different functional require-
ments for the case study were determined using Eq. (7) for 

Table 6  Importance of manufacturing goals

Goals D1 D2 D3

G1 0.3175 0.5852 0.5852
G2 0.0976 0.1331 0.1331
G3 0.0976 0.0154 0.0154
G4 0.4618 0.1484 0.2508
G5 0.0254 0.1179 0.0154

Table 7  Criteria weights

Criteria D1 D2 D3 Average weight

C1 0.2973 0.1789 0.2765 0.2509
C2 0.2429 0.1359 0.0786 0.1525
C3 0.3179 0.2747 0.2798 0.2908
C4 0.1465 0.4105 0.3642 0.3071

Table 8  Importance of sub-
criteria concerning  FR11

FR111 FR112 FR113 FR114

D1

A1 (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9) (0.4,0.5,0.6,0.7) (0.6,0.7,0.8,0.9)
A2 (0.6,0.7,0.8,0.9) (0.4,0.5,0.6,0.7) (0.6,0.7,0.8,0.9) (0.4,0.5,0.6,0.7)
A3 (0.2,0.3,0.4,0.5) (0.4,0.5,0.6,0.7) (0.2,0.3,0.4,0.5) (0.2,0.3,0.4,0.5)
D2

A1 (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9)
A2 (0.6,0.7,0.8,0.9) (0.8,0.9,1.0,1.0) (0.6,0.7,0.8,0.9) (0.8,0.9,1.0,1.0)
A3 (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9)
D3

A1 (0.6,0.7,0.8,0.9) (0.4,0.5,0.6,0.7) (0.4,0.5,0.6,0.7) (0.2,0.3,0.4,0.5)
A2 (0.4,0.5,0.6,0.7) (0.6,0.7,0.8,0.9) (0.4,0.5,0.6,0.7) (0.6,0.7,0.8,0.9)
A3 (0.6,0.7,0.8,0.9) (0.8,0.9,1.0,1.0) (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9)

Table 9  Importance of sub-
criteria concerning  FR12

FR121 FR122 FR123 FR124

D1

A1 (0.4,0.5,0.6,0.7) (0.6,0.7,0.8,0.9) (0.4,0.5,0.6,0.7) (0.6,0.7,0.8,0.9)
A2 (0.4,0.5,0.6,0.7) (0.2,0.3,0.4,0.5) (0.4,0.5,0.6,0.7) (0.6,0.7,0.8,0.9)
A3 (0.4,0.5,0.6,0.7) (0.2,0.3,0.4,0.5) (0.4,0.5,0.6,0.7) (0.6,0.7,0.8,0.9)
D2

A1 (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9) (0.8,0.9,1.0,1.0) (0.8,0.9, 1.0,1.0)
A2 (0.8,0.9, 1.0,1.0) (0.8,0.9, 1.0,1.0) (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9)
A3 (0.6,0.7,0.8,0.9) (0.8,0.9, 1.0,1.0) (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9)
D3

A1 (0.6,0.7,0.8,0.9) (0.8,0.9, 1.0,1.0) (0.8,0.9, 1.0,1.0) (0.4,0.5,0.6,0.7)
A2 (0.4,0.5,0.6,0.7) (0.6,0.7,0.8,0.9) (0.8,0.9, 1.0,1.0) (0.6,0.7,0.8,0.9)
A3 (0.4,0.5,0.6,0.7) (0.2,0.3,0.4,0.5) (0.4,0.5,0.6,0.7) (0.6,0.7,0.8,0.9)
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Table 10  Importance of sub-
criteria concerning  FR13

FR131 FR132 FR133 FR134

D1

A1 (0.4,0.5,0.6,0.7) (0.4,0.5,0.6,0.7) (0.6,0.7,0.8,0.9) (0.4,0.5,0.6,0.7)
A2 (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9)
A3 (0.4,0.5,0.6,0.7) (0.4,0.5,0.6,0.7) (0.4,0.5,0.6,0.7) (0.6,0.7,0.8,0.9)
D2

A1 (0.8,0.9, 1.0,1.0) (0.8,0.9, 1.0,1.0) (0.8,0.9, 1.0,1.0) (0.8,0.9, 1.0,1.0)
A2 (0.6,0.7,0.8,0.9 (0.4,0.5,0.6,0.7) (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9)
A3 (0.8,0.9, 1.0,1.0) (0.8,0.9, 1.0,1.0) (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9)
D3

A1 (0.6,0.7,0.8,0.9) (0.4,0.5,0.6,0.7) (0.6,0.7,0.8,0.9) (0.8,0.9, 1.0,1.0)
A2 (0.4,0.5,0.6,0.7) (0.2,0.3,0.4,0.5) (0.8,0.9,1,1) (0.6,0.7,0.8,0.9)
A3 (0.4,0.5,0.6,0.7) (0.6,0.7,0.8,0.9) (0.4,0.5,0.6,0.7) (0.4,0.5,0.6,0.7)

Table 11  Importance of sub-
criteria concerning  FR14

FR141 FR142 FR143 FR144

D
A1 (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9) (0.4,0.5,0.6,0.7) (0.4,0.5,0.6,0.7)
A2 (0.4,0.50.6,0.7) (0.6,0.70.8,0.9) (0.4,0.5,0.6,0.7) (0.4,0.5,0.6,0.7)
A3 (0.2,0.3,0.4,0.5) (0.4,0.5,0.6,0.7) (0.4,0.5,0.6,0.7) (0.4,0.5,0.6,0.7)
D2
A1 (0.4,0.5,0.6,0.7) (0.8,0.9, 1.0,1.0) (0.6,0.7,0.8,0.9) (0.4,0.5,0.6,0.7)
A2 (0.6,0.7,0.8,0.9) (0.8,0.9, 1.0,1.0) (0.8,0.9, 1.0,1.0) (0.8,0.9, 1.0,1.0)
A3 (0.6,0.7,0.8,0.9) (0.8,0.9, 1.0,1.0) (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9)
D3
A1 (0.8,0.9, 1.0,1.0) (0.8,0.9, 1.0,1.0) (0.6,0.7,0.8,0.9) (0.6,0.7,0.8,0.9)
A2 (0.6,0.7,0.80.9) (0.8,0.9, 1.0,1.0) (0.4,0.5,0.6,0.7) (0.8,0.9, 1.0,1.0)
A3 (0.8,0.9,1.0,1.0) (0.4,0.5,0.6,0.7) (0.6,0.7,0.8,0.9) (0.8,0.9, 1.0,1.0)

Table 12  Trapezoidal fuzzy number for system range of proactive maintenance strategies

FR111 FR112 FR113 FR114

A1 (0.60,0.70,0.80,0.90) (0.40,0.63,0.73,0.70) (0.40,0.57,0.67,0.70) (0.20,0.57,0.67,0.50)
A2 (0.40,0.63,0.73,0.70) (0.40,0.70,0.80,0.70) (0.40,0.63,0.73,0.70) (0.40,0.70,0.80,0.70)
A3 (0.20,0.57,0.67,0.50) (0.40,0.70,0.80,0.70) (0.20,0.57,0.67,0.50) (0.20,0.57,0.67,0.50)

FR121 FR122 FR123 FR124

A1 (0.40,0.63,0.73,0.70) (0.60,0.77,0.87,0.90) (0.40,0.77,0.87,0.70) (0.40,0.70,0.80,0.70)
A2 (0.40,0.63,0.73,0.70) (0.20,0.63,0.73,0.50) (0.40,0.70,0.80,0.70) (0.60,0.70,0.80,0.90)
A3 (0.40,0.57,0.67,0.70) (0.20,0.50,0.60,0.50) (0.40,0.57,0.67,0.70) (0.60,0.70,0.80,0.90)

FR131 FR132 FR133 FR134

A1 (0.40,0.70,0.80,0.70) (0.40,0.63,0.73,0.70) (0.60,0.77,0.87,0.90) (0.40,0.77,0.87,0.70)
A2 (0.40,0.63,0.73,0.70) (0.20,0.50,0.60,0.50) (0.60,0.77,0.87,0.90) (0.60,0.70,0.80,0.90)
A3 (0.40,0.63,0.73,0.70) (0.40,0.70,0.80,0.70) (0.40,0.57,0.67,0.70) (0.40,0.63,0.73,0.70)

FR141 FR142 FR143 FR144

A1 (0.40,0.70,0.80,0.70) (0.60,0.83,0.93,0.90) (0.40,0.63,0.73,0.70) (0.40,0.57,0.67,0.70)
A2 (0.40,0.63,0.73,0.70) (0.60,0.83,0.93,0.90) (0.40,0.63,0.73,0.70) (0.40,0.77,0.87,0.70)
A3 (0.20,0.63,0.73,0.50) (0.40,0.63,0.73,0.70) (0.40,0.63,0.73,0.70) (0.40,0.70,0.80,0.70)
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the different proactive maintenance strategies (Table 13). 
From Table 13,  A3  (FR122) and  A2  (FR132) had the lowest 
values of functional requirements. The crisp functional 
requirement value for  FR142  (A1 and  A2) had the highest 
values when compared with other crisp functional require-
ments values (Table 13). Proactive maintenance strategy 
 A1 had four crisp functional requirements values that were 
0.68, while six of the crisp functional requirements values 
for proactive maintenance strategy  A2 were 0.68. The 
number of crisp function requirements values for proac-
tive maintenance strategy  A3 that was 0.68 was five. The 
crisp functional requirement value for  FR134 was the same 
for all the proactive maintenance strategies. Similarly, all 
the proactive maintenance strategies had the same crisp 
functional requirement value for  FR143 (Table 13).

The expression in Eq. (6) was used to convert the infor-
mation that is presented in Table 13 to information con-
tents for the various proactive maintenance strategies 
(Table 14).

To determine the rank of each of the proactive main-
tenance strategy, the weights for each of the criterion 
and the total information content for each of the proac-
tive maintenance strategy were considered (Table 15). It 
could be deduced that the most preferred proactive main-
tenance strategy for the case study is  A1 (Table 15).

The different values of � the rank of each of proactive 
maintenance strategy did not change (Table 16). Based on 

the WASPAS results, it could be deduced that the most pre-
ferred proactive maintenance strategy for the case study 
was  A1, while  A2 is the least preferred proactive mainte-
nance strategy (Table 16). These results are consistent with 
those obtained from the FAD principle (Table 15).

4  Contributions, managerial implications 
and limitations

4.1  Contributions to knowledge

By relating research on maintenance strategy to roll-
ing mills, the authors search to make contributions to 
maintenance management practice. First, despite a 
scanty but growing debate on maintenance strategy 
in other practice endeavours and fields such as wind 
turbine and thermal plants, there is substantially less 
effort on manufacturing processes and no work on roll-
ing mills. The efforts committed by authors in this work 
extend previous research by revealing how uncertainty 
and imprecision can influence the selection of main-
tenance strategy in a rolling mill. Second, unlike pre-
vious debates, the theory and practice proposed here 
focus on rolling mills rather than textiles, palm oil and 
chemical producing plants. Rolling mills belong to the 
heavy material industry with many subsidiary products, 

Table 13  Crisp functional requirements system range for proactive maintenance strategies

FR111 FR112 FR113 FR114

FR11

A1 0.75 0.68 0.62 0.62
A2 0.68 0.075 0.68 0.75
A3 0.62 0.75 0.62 0.62

FR121 FR122 FR123 c

FR12

A1 0.68 0.82 0.82 0.75
A2 0.68 0.68 0.75 0.75
A3 0.62 0.55 0.62 0.75

FR131 FR132 FR133 FR134

FR13

A1 0.75 0.68 0.82 0.82
A2 0.68 0.55 0.82 0.75
A3 0.68 0.75 0.62 0.68

FR141 FR142 FR143 FR144

FR14

A1 0.75 0.88 0.68 0.62
A2 0.68 0.88 0.68 0.82
A3 0.68 0.68 0.68 0.75
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thereby making them major plants in which their per-
formance could significantly affect other manufacturing 
outputs. Thus, this industry (rolling mill) may be used as 
test cases in a synergic analysis of the other subsidiary 
company’s performance.

4.2  Managerial implications

The outcomes of this research provide some significant 
implications for maintenance managers and general man-
agers of rolling mills. First, it appears that maintenance 

managers ought to be conscious of the various magni-
tudes of maintenance strategies in their plants and the 
implications that they have towards the attainment of 
manufacturing goals in their plants. They ought to appreci-
ate that scientific and appropriate strategy selection tools 
for maintenance can significantly enhance the quality of 
their maintenance decisions and reduce the errors made 
in over- or under-estimating decision variables. As mainte-
nance managers use multicriteria models to judge which 
maintenance strategy to adopt for the rolling mill, they 
should ascertain that the models incorporate the unique 

Table 14  Information content for the alternatives

FR111 FR112 FR113 FR114

FR11

A1 0.2630 0.1217 − 0.0116 − 0.0116
A2 0.1217 0.2630 0.1217 0.2630
A3 − 0.0116 0.2630 − 0.0116 − 0.0116

FR121 FR122 FR123 FR124

FR12

A1 0.1217 0.3918 0.3918 0.2630
A2 0.1217 0.1217 0.2630 0.2630
A3 − 0.0116 − 0.1844 − 0.0116 0.2630

FR131 FR132 FR133 FR134

FR13

A1 0.2630 0.1217 0.3918 0.3918
A2 0.1217 − 0.1844 0.3918 0.2630
A3 0.1217 0.2630 − 0.0116 0.1217

FR141 FR142 FR143 FR144

FR14

A1 0.2630 0.4936 0.1217 − 0.0116
A2 0.1217 0.4936 0.1217 0.3918
A3 0.1217 0.1217 0.1217 0.2630

Table 15  Total information 
index and ranks of proactive 
maintenance strategies

Ic1 Ic2 Ic3 Ic4 Ictotal Rank

Weights 0.2509 0.1525 0.2908 0.3071
A1 0.3615 1.1682 1.1682 0.8668 3.5648 1
A2 0.7694 0.7694 0.5921 1.1288 3.2597 2
A3 0.2283 0.0554 0.4948 0.6281 1.4066 3

Table 16  Maintenance 
strategies WASPAS results for 
different values of �

Q1

i
Q2

i
Qi

λ = 0.1 λ = 0.2 λ = 0.3 λ = 0.4 λ = 0.5 λ = 0.6 Λ = 0.7 λ = 0.8 λ = 0.9

A1 4.4395 0.7943 1.1588 1.5233 1.8879 2.2524 2.6169 2.9814 3.3459 3.7104 4.0749
A2 4.0889 0.8018 1.1305 1.4592 1.7879 2.1166 2.4453 2.7741 3.1028 3.4315 3.7602
A3 1.8091 0.3137 0.4633 0.6128 0.7623 0.9119 1.0614 1.2110 1.3605 1.5100 1.6596
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circumstance of uncertain activities of maintenance and 
the imprecise judgements of both themselves and the 
stakeholders they interact with to achieve manufactur-
ing goals. To achieve the advantages of reliable decision 
making on maintenance strategy choice, the rolling mill 
maintenance manager and the general manager should 
ensure that there is increased interactions between them 
and all the relevant stakeholders (co-workers, suppliers of 
spares and government) to ensure that a thorough under-
standing of the strengths and limitations of stakeholders is 
taken into account during the formation of the uncertain 
aspects of the selection model.

This research again provides many important practical 
implications to the general manager that makes policy 
for the rolling mills. The outcomes of this research prove 
that although it is necessary to engage on predictive and 
reliability-based maintenance for the upkeep of the plant, 
embarking on a preventive maintenance scheme for the 
plant is crucial if the general manager would enhance the 
quality of performance in the rolling mill. Thus, the general 
manager should contribute more efforts to strengthen the 
preventive maintenance activities of the plant by the pro-
vision of additional resources and training of the mainte-
nance personnel, thereby making the optimal usage of the 
workforce and the resources at the disposal of the general 
manager.

4.3  Limitations and future work

In the course of conducting this research, some knowledge 
was gained, which reveals the limitations of the method-
ology and research designs proposed in this article. With 
this insight, it is worthwhile to outline additional methods 
that could be pursued in future to extend the frontier of 
knowledge on maintenance strategy concerning rolling 
mills. There is room to enhance the study in future discus-
sions in a variety of manners. First, the use of AHP and 
WASPAS are mainly for selection purposes but optimiza-
tion is important in any process. However, this research has 
not considered this kind of data. Thus, future studies may 
analyse the role that optimisation plays in a concurrent 
optimization and selection of maintenance strategy for 
rolling mills. A few optimization kits may be interesting in 
the non-traditional optimization area: genetic algorithm, 
greedy heuristics, among others. Another path of research 
in the future relates to the sensitivity analysis of the impor-
tant variables in a concurrent optimisation and selection 
process for maintenance strategy in rolling mills. Nowa-
days, the economy has a great impact on manufacturing 
activities and the incorporation of economic terms such 
as inflation and interest rate factors into the model that 
concurrently optimize and select maintenance strategy in 
a rolling mill is advocated. Furthermore, the outcomes of 

this research may fruitfully be complemented by research 
in similar industries but outside Nigeria such as rolling 
mills in India and China to track the dynamic influence 
of environmental and economic factors on the choice of 
maintenance strategy in a situation where optimization 
and selection of strategy are concurrently considered. 
Also, this research calls for a new theory concerning the 
introduction of uncertainty theory. In this work, the fuzzy 
axiomatic design has been applied. However, several other 
fuzzy theories may be applied. These are advocated for 
application in the context of selection only and the con-
current optimization and selection of maintenance strat-
egy in a rolling mill.

5  Conclusions

The central problem tackled in this paper is that of select-
ing maintenance strategies in a manufacturing plant 
under uncertainty condition. This was achieved by the use 
of fuzzy logic theory embedded in fuzzy axiomatic design 
to develop an integrated model with analytic hierarchy 
process, while the selection of maintenance strategies 
in the manufacturing system was through the weighted 
sum-product evaluation.

The following issues are drawn as conclusions:

1. The proposed multicriteria model integrating FAD, 
AHP and WASPAS is an efficient methodology to select 
a maintenance strategy for a rolling mill.

2. The model indicates that preventive maintenance is 
preferred to the other two types (i.e. predictive and 
reliability-based maintenance).

3. It was observed that the reliability-based maintenance 
strategy was the least preferred maintenance strategy 
for the case study.

4. The results obtained from the proposed framework 
showed that the framework identified the level of pri-
ority that should be given to each type of proactive 
maintenance strategy for a manufacturing system.

The uniqueness of the proposed model is that the num-
ber of functional and design requirements in the proposed 
framework can be adjusted to suit many maintenance 
systems. Furthermore, the proposed framework could be 
applied to determine the service system proactive main-
tenance strategy with minor modifications.

An open issue that occurs from the paper here relates to 
the audience that filled the questionnaire. Two sub-issues 
arise here regarding the size of the questionnaire admin-
istered and the positions that the respondents occupy. 
In this work, three decision-makers were considered and 
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the respondents were not top managers but middle-class 
managers. Although the respondents had decision-mak-
ing responsibilities the strength of such responsibilities 
is not as strong as in the top management position. It 
is suggested that top management should be the tar-
get of such future administration of questionnaires and 
analysis and the number of respondents should be sig-
nificantly enlarged. In this way, more reliable results may 
be obtained. Furthermore, the application of TOPSIS (tech-
nique to order preference by similarity to ideal solutions) 
to replace WASPAS could be useful to better understand 
the differences between models and the situations under 
which each model is best applicable.
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