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Abstract: Over 1.1 million deaths occur annually from workplace injuries and diseases,
with higher risks in developing countries. Occupational safety studies commonly use
quantitative or qualitative methods, but these often fail to address uncertainty. This
research targets the Libyan Steel Company (LISCO), aiming to analyze safety risks and
develop a structured approach to identify optimal risk mitigation strategies. To this end,
the Fuzzy Weights by ENvelope and SLOpe (F-WENSLO) method was chosen to determine
the weights of three main safety risks and a total of 18 sub-risks belonging to them, and
the fuzzy Bonferroni mean aggregation operator is applied to synthesize expert opinions.
The Fuzzy Alternative Ranking Technique based on Adaptive Standardized Intervals (F-
ARTASI) method was used to identify and rank the most appropriate safety interventions.
While the primary risks identified under the main criteria and sub-criteria are occupational
diseases and noise-induced diseases, with weights of 0.4737 and 0.1313, respectively, the
intervention strategy deemed most effective for enhancing occupational safety is behavioral
safety programs, which hold a weight of 11.0341. The sensitivity test of the analysis results
reveals that although the criteria weights and the parameters used in the analysis vary
under various scenarios, the ranking of the alternatives remains consistent. Since the
general ranking of the alternatives is the same in other methods, decision makers will reach
similar results no matter which method they use. This shows that a flexible and reliable
decision-making approach is adopted in the process of optimizing occupational safety
risks. This research emphasizes the critical importance of prioritizing occupational diseases
and natural hazards in the formulation of occupational safety strategies and thus aims to
contribute to the protection of workers in industrial plants such as LISCO.

Keywords: occupational safety; fuzzy set; multi-criteria decision making; Bonferroni mean
aggregation operator; WENSLO; ARTASI
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1. Introduction
1.1. Significance of the Field

Although substantial progress has been made to enhance workplace health and safety,
many industrial workers in low- and middle-income countries (LMICs) continue to endure
poor working conditions. Common challenges include restricted work areas, inadequate
ventilation, limited lighting, prolonged work hours, and shortage in personal protective
equipment (PPE) [1,2]. Such unfavorable conditions increase workers’ exposure to occu-
pational hazards, making them more vulnerable to workplace injuries and illnesses [3].
In 2019, occupational injuries and diseases were responsible for an estimated 1.9 million
deaths worldwide [4]. The economic impact is significant, with occupational injuries cost-
ing countries up to 6% of their gross domestic product (GDP), while the global average is
around 4% [5].

Work-related injury risks vary globally, with LMICs facing rates 10 to 20 times higher
than those in developed countries [6]. This disparity is often due to limited focus on occu-
pational health and safety, particularly in preventing workplace accidents and illnesses [7].
A systematic review reported an occupational injury prevalence of 44.7% in Ethiopia [8],
while Uganda’s construction sector saw a 32.4% rate [9]. Common injuries include cuts,
fractures, open wounds, and concussions [10].

Occupational injuries result from a variety of factors, including personal, socio-
economic, and other influences [11,12]. The constraint-response accident model is fre-
quently used to analyze these factors, describing how each worker’s actions, limited by spe-
cific constraints, may create additional constraints for others in interconnected tasks [13,14].
This dynamic interaction between workers, management, and organizational systems con-
tributes to workplace injury risks. The model distinguishes between two primary factors
affecting injuries: proximal and distal. Proximal factors have a direct impact on injury
likelihood. Distal factors indirectly influence injury risks by shaping the broader work
environment [14].

Safety training is a crucial approach to minimizing occupational injuries [15]. Studies
in Ethiopia and Uganda have found that workers lacking safety training faced a nearly
threefold higher risk of injury [16]. Additionally, factors such as having less than two
years of work experience and limited education contribute to a higher risk of workplace
injuries [17]. Consistent use of PPE is also effective in reducing injury rates, yet in LMICs,
PPE availability is often limited, and timely replacement is challenging [18,19]. Research
has shown that not using PPE correlates with a threefold increase in injury risk [20].

1.2. Related Studies

Libya continues to grapple with the issue of occupational injuries, which have severe
consequences for workers. While previous studies have estimated the prevalence of such
injuries in various industries across the country [21,22], there remains a significant lack
of information regarding the assessment and management of occupational safety risks
within the Libyan Steel Company (LISCO). Various studies on occupational injuries and
safety risks have been conducted across Africa. In Ethiopia, Debela et al. [23] examined
safety practices among workers in the Metehara and Wonji sugar industries using a mixed-
methods approach. Barrow et al. [24] explored occupational hazards among fishermen in
The Gambia, while Debela et al. [25] conducted a systematic review to identify regional
factors influencing occupational injuries. In another study, Debela et al. [26] generated
regional estimates of injuries across Africa’s construction, manufacturing, and mining sec-
tors. In recent decades, awareness of occupational safety and health risks has significantly
increased among stakeholders in the construction industry. For instance, Tamers et al. [27]
outlined an integrated approach to worker safety and health, with key research priorities
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and next steps for practical applications. Dos Santos Leite et al. [28] examined the impact
of biomechanical, psychosocial, environmental, and individual factors on the development
of work-related musculoskeletal disorder (WMSD) symptoms, both local and widespread,
among workers in a footwear manufacturing company. Kukhar et al. [29] assessed the
impact of adopting international health and safety practices on the effectiveness of safety
management at an industrial firm. Gul [30] introduced a novel method for conducting
risk assessments in occupational health and safety (OHS). Sousa et al. [31] used a quantita-
tive model to analyze risk-based management practices in occupational safety and health
within the construction industry. Guneri et al. [32] developed a fuzzy AHP framework to
determine the optimal risk assessment methods (RAMs) for ensuring occupational safety
(OS) in small and medium-sized enterprises (SMEs). Ilbahar et al. [33] employed an inno-
vative integrated approach to assess risks in occupational health and safety. Gul et al. [34]
evaluated the risks faced by healthcare staff, aiming to support health service planning and
improve regulatory measures. Ozdemir et al. [35] introduced a risk assessment method for
university laboratory operations. Gul [36] performed an in-depth, state-of-the-art review of
OHS risk assessment research that utilizes MCDM-based methods.

1.3. The Motivation of Study

The motivation of this study is as follows.

The Weights by ENvelope and SLOpe (WENSLO) methodology developed by Pa-
mucar et al. [37] for green growth performance assessment offers significant advantages in
multicriteria decision making (MCDM). The primary advantage of the WENSLO method
lies in its independence from individual judgments or expert opinions when determining
criteria weights. This feature is crucial in any decision-making process, as it allows the
decision-maker to achieve an objective final ranking of alternatives. Additionally, a notable
benefit of the WENSLO approach is that the criteria orientation, whether it is a benefit or
cost, does not influence the calculation. This implies that the input data normalization
process remains unaffected by criteria preferences, demonstrating the method'’s reliability
and stability. The WENSLO methodology for establishing objective criteria weights is
versatile and can be applied to any MCDM approach. Since its introduction, it has been
applied to evaluate sustainable brand equity performance [38], select sustainable brand
logo [39], and select wind power plant location [40]. However, despite WENSLO’s notable
success in these domains, there exists a research gap in its application within the context of
a fuzzy framework for identifying the most pressing safety risks for the steel industry in
Libya. Our study aims to fill this gap.

1.4. Contributions, Novelties and Research Gaps

The alternative ranking technique based on adaptive standardized intervals (ARTASI),
developed by Pamucar et al. [41], introduces a unique model for evaluating alternatives.
This model includes a novel algorithm for standardizing information, particularly for
min-type criteria, using a reverse sorting approach. This method of standardizing min-
type criteria maintains the original data’s structure throughout the process. ARTASI also
incorporates a new aggregation function that supports adaptable decision making and
allows for risk level simulation within the information used. Since its introduction, it has
been used for the best Big Data platform selection [41], website performance analysis [42],
and appropriate choice of commercial insurance [43]. However, despite ARTASI’s notable
success in these domains, there exists a research gap in its application within the context of
a fuzzy framework for proposing appropriate interventions to overcome the most pressing
occupational safety risks in the Libyan steel industry. Our study aims to fill this gap. Also,
none of the previously mentioned studies applied multi-criteria decision-making (MCDM)
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methods to address uncertainty, a key factor in timely safety implementation. Besides that,
no study has assessed the occupational safety risks at LISCO, identified primary hazards,
or proposed targeted mitigation strategies using the MCDM approach. This research aims
to fill these gaps.

The following succinctly describes the possible contributions of the suggested approach.

e Implementation of an integrated MCDM approach to enhance understanding of
occupational safety risks in Libya’s steel industry.

Raising awareness among stakeholders about key safety risks and effective interventions.
Offering a simple, step-by-step framework for tackling complex MCDM issues.
Showcasing the method’s versatility for solving MCDM challenges in various fields.

Providing a practical tool to support informed decision making on workplace safety.

2. Methodology

Occupational safety is a critical factor that directly affects the health and safety of
workers in the industrial environment and, therefore, identifying appropriate strategies
is vital both to increase work efficiency and to minimize potential accidents. This study
aims to effectively optimize LISCO occupational safety risks and to identify the criteria
necessary to assess these risks and to perform a systematic ranking.

In this context, the F-WENSLO method will be used to calculate the weights of the
criteria and the fuzzy Bonferroni mean summing operator will be employed to combine
expert opinions. In the final stage, the F-ARTASI method will be used to compare the
occupational safety risks and determine the most appropriate safety interventions. The
methodological framework presented in Figure 1 is based on the integration of information,
prioritization of criteria and ranking of strategic options.
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: evaluation 5
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. the initial decision matrix :
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[ Comparison with other MCDM ]
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Figure 1. Fuzzy Bonferroni mean aggregation-based F-WENSLO and F-ARTASI framework.
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This study will provide a comprehensive approach to selecting appropriate strategies
to effectively manage occupational safety risks at LISCO.

2.1. Fuzzy Sets

Zadeh [44] proposed the fuzzy idea to address uncertainty in variables and parameters.
Triangular fuzzy numbers (TFNs) have been used in various studies to turn qualitative
assertions into quantitative ones [45]. A TFN represents each figure with three numerals.
The first, second, and third integers that define a fuzzy figure reflect the lowest, most,

and highest potential values, respectively Z(l, m,u). Equation (1) defines the triangle type
membership function for fuzzy numbers.
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TFNs can be transformed into crisp values by applying the center of gravity defuzzifi-
cation technique represented by Equation (2):

I +4m+u

A
6

(2)

The recognized experts prioritized the criteria using linguistic terms from Table 1
fuzzy scale.

Table 1. Fuzzy linguistic variables.

Fuzzy Linguistic Descriptive Abbreviation Fuzzy Number
Vastly very bad VVB (0.5,1,1.5)
Very bad VB (1,1.5,2)
Bad B (1.5,2,2.5)
Medium bad MB (2,25,3)
Medium M (2.5,3,3.5)
Medium good MG (3,35, 4)
Good G (3.5,4,4.5)
Very good VG (4,4.5,5)
Vastly very good VVG (4.5,5,5)

2.2. Fuzzy Bonferroni Mean Aggregation Operator

Aggregation operators, which are mathematical functions, aggregate group members’
individual preferences, evaluations, or judgments to form a common conclusion through-
out the group decision-making process. Among the various aggregation operators, the
Bonferroni Mean (BM) operator stands out as a unique and powerful tool in accurately
reflecting complex relationships and interactions in datasets. BM combines each data point
by multiplying it by the average of the other values, and this process allows for more
precise modelling of the interrelationships between individual arguments [46]. By taking
into account the interactions of individual criteria, Bonferroni Meaning allows for more
detailed and meaningful results in decision-making processes. This feature makes BM
particularly valuable in the field of MCDM. Given that most other aggregation operators
consider independent criteria, the exceptional ability of the BM operator to reflect the
links between individual arguments makes it distinctly different [47]. The BM aggrega-
tion operator is based on fuzzy triangular number (TrFN) operators and the operation of
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n(n—

the TrFN. The Bonferroni Mean (TrFNBM) operator is provided by Equation (3) [48]; let
% = (q)}, cp}”, q)}‘) ,j=1(1,2,...,n) be a collection of TrFNs, then the TrFNBM operator,

TrENBMP (91,92, ¢n) = | sty :’] _ olel | =
N L )
pq p+q p+q
y )PX < I>q 1 Y ( m)PX( m)q 1 Yo ( u)PX ( u)q
D% = i ?j G i ?j g G L i ?j
i#]j i#] i7]
n is the number of experts, p, g > 0.
2.3. F-WENSLO Method for Prioritization of Criteria
Pamucar et al. [37] presented the WENSLO technique for determining weight coef-
ficients of criterion (crisp version). In Pamucar et al. [37], the results obtained with the
WENSLO method are compared with several methods that are widely used in the determi-
nation of criteria weight coefficients. These methods include the ENTROPY method [49],
the Criteria Importance Value through Inter-Criteria Correlation (CRITIC) method [50,51]
and the Standard Deviation (StDev) approach [52]. Figure 2 shows the comparative results
of the application of MCDM techniques.
0.3 T T T T
—WENSLO|
0.3 = Entropy
—CRITIC
——StDev
0.2§
0.2 =
0.1% -
0.1
0.0%
o C11 €12 C13 C‘:I‘t 15 CLI?‘1 c22 CQIS C31 C32 C33 C41 C42 C43 C44 C4a5 C468 CB1 C5E2 CB3

Criteria

Figure 2. Comparison with other methods for determining weight coefficients [37].

This comparison assessed the consistency and reliability of the WENSLO method with
existing methods. The use of various methodologies confirms the robustness of the weights
obtained with the WENSLO method and demonstrates the applicability and accuracy of
the method in different decision-making contexts.

The F-WENSLO method has been developed to prioritize criteria using fuzzy num-
bers [40]. Below is a summary of the key steps in the method. For detailed mathematical
explanations, please refer to the study by Demir and Ulusoy [40].

v Construction of the Decision Matrix Experts evaluated the criteria using linguistic
terms outlined in Table 1. These evaluations were aggregated into a fuzzy decision
matrix, where assessments are expressed using fuzzy numbers.

v Normalization. Normalized values for the criteria were obtained from the fuzzy
decision matrix.
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v Calculation of Criterion Class Intervals: The class intervals among criteria were
determined based on Sturges’ rule.

v/ Determination of Criterion Slope: The criterion slope was calculated to reflect the rate
of change among consecutive criteria.

v Determination of Criterion Envelope: The criterion envelope was computed as the
sum of the partial Euclidean distances between two consecutive criteria.

v Determination of Envelope Slope Ratio. The envelope slope ratio was calculated as
the ratio of the total Euclidean distance to the criterion slope.

v Calculation of Criterion Weights: The fuzzy weights of the criteria were determined
using the normalized values and class intervals. The results represent the final
prioritization of the criteria.

;Y sl sm St
~ ] _ i j j j
;?:1 S j=1%  ~j=1%j j=1%j

For detailed mathematical explanations, refer to the “Appendix A” Section.

2.4. F-ARTASI Method for Ranking Alternatives

Pamucar et al. [41] presented the ARTASI technique for ranking alternatives (crisp
version). The F-ARTASI method has been developed to prioritize criteria using fuzzy num-
bers [53]. Below is a summary of the key steps in the method. For detailed mathematical
explanations, please refer to the study by Demir [53].

v Construction of the Initial Decision Matrix: The identified experts evaluate the alter-
natives using the linguistic terms provided in the fuzzy scale (Table 1).

v/ Calculation of Absolute Minimum and Absolute Maximum Values: Absolute maxi-
mum and minimum values of the criteria are determined.

v Standardizing the Initial Decision Matrix: The method recommends standardizing

the criteria values to the range [‘F(l ), ‘I’(”)} , (1, 100) when the number of alternatives
exceeds 10. For fewer alternatives, smaller intervals may be used.

v Determine the Degree of Usefulness of Alternatives: Determine the degree of useful-
ness relative to ideal value and degree of usefulness relative to anti-ideal value.

v Aggregated Degrees of Utility: Total utility relative to ideal value and total utility
relative to anti-ideal value are calculated.

v/ Calculate Final Utility Functions and Rank Alternatives: The final utility functions of
the alternatives are determined.

b= (5 +5 ) » vaxf(aj*)ml_a) (3 -

((<3f>’+ 7)) % ffaxs(3) +a-w (3, 5
(@) + @) x faxs(3r) + 0w x£(5)",
(N + @) = (/a < f(37) + -0 x £ (57’

¢ €[1,00),a€0,1].
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f(fg) _ 3 :< (o7)" (9:)" )
j ~t I N (AT (N (VL (-
3 +7; ) + @0 G +E)T G +3))
The utility function of alternatives has two parameters, ¢ and a. For more information,
the reader is referred to [41]. For the final ranking of the alternatives, the final utility
functions are used, where the alternative is desired to have the highest value. For detailed
mathematical explanations, refer to the “Appendix B” Section.

3. Case Study

Figure 3 illustrates the number of occupational accidents reported at LISCO over the
five-year period from 2019 to 2023. The data show a clear upward trend in the number of
accidents, with a significant increase in 2022 and 2023. In 2019, the company experienced
81 accidents, which slightly declined to 75 in 2020. However, starting in 2021, the num-
ber of accidents rose sharply, reaching 94, and continued to increase to 119 in 2022
and 123 in 2023. This upward trajectory indicates a growing safety concern that needs
immediate attention.

2019 2020 2021 2022 2023
YEAR

NO.OF ACCIDENTS

Figure 3. No. of accidents at LISCO.

The overall trend suggests that despite efforts to manage occupational risks, the
frequency of accidents has escalated over time, with 2023 seeing the highest total. This
indicates a possible gap in the effectiveness of current safety measures or the need for more
robust interventions, particularly in addressing the factors driving the increase in general
accidents. The data further emphasize the importance of implementing targeted safety
interventions, as highlighted by the focus on behavioral safety programs in the analysis.

Figure 4 suggests that, given the significant gap between human injuries and phys-
ical damage incidents while damage to infrastructure or equipment is being managed
effectively, there is a pressing need to focus more on preventing injuries to workers. This
highlights the importance of targeted safety programs, such as enhanced behavioral safety
programs and strict adherence to safety protocols, to mitigate the rising trend of human
injuries. Also, the statistics of clinic visits at LISCO indicate that approximately 10% of
visitors attend the Ear, Nose, and Throat (ENT) clinic, while around 55% visit the Internal
Medicine clinic.
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Year

Figure 4. Type of accidents.

The experts selected as decision-makers in the process of assessing occupational safety
risks at LISCO hold important positions in different sectors and bring diverse areas of
expertise. A total of four experts participated in the study: two academics and two industry
professionals. The two industry experts are employed at LISCO, where their work is
directly related to occupational safety, with more than 20 years of experience each in
safety management and risk mitigation. Their contributions play a critical role in assessing
occupational safety risks and determining appropriate safety interventions.

The information provided by the experts made a significant contribution to both
the assessment of occupational safety risks and the identification of potential solutions,
taking into account the specific challenges associated with working in an older industrial
environment such as LISCO.

3.1. Occupational Safety Risks and Strategies of Workplace Safety Interventions

The three main criteria and their sub-criteria determined to evaluate the occupational
safety risks at LISCO are presented in Table 2 in a comprehensive manner. These main
criteria are grouped as ‘Occupational Accidents (Physical Hazards)’, ‘Occupational Diseases’
and ‘Natural Hazards’. Each main criterion is divided into sub-criteria in order to examine
in depth the occupational safety risks that can be encountered in an old industrial facility
such as LISCO. The initial list of these criteria was created based on an extensive literature
review, and was subsequently refined by passing it to experts at LISCO, who selected the
final list.

Table 2. Main and sub-criteria of occupational safety risks.

Main-Criteria Code Main-Criteria Description Sub-Criteria Code Sub-Criteria
C11 Risk of electric shock
C12 Risk of falls from height
. Risks from electric C13 Risk of falling objects
c1 Work injuries shocks, falls, Cl14 Risk of unguarded machinery
(physical hazards) unguarded machinery, C15 Risk of contact with hot molten metal
and unsafe acts Cl6 Risk of human error or unsafe acts
C17 Risk of slips and trips
C18 Risk of safety issues
: C21 Diseases caused by noise
Eg?;;h ;rlrili?sifé%? C22 Diseases caused by indoor emissions
C2 Occupational Diseases vibrations, poor €23 . Diseases caused by vibration
ventilation, and C24 Diseases caused by inadequate ventilation
ereonomic strain C25 Skeletal and muscular diseases
& 26 Diseases caused by inhalation of mineral
dust like the sensitivity of chest and nose
Risks from supply C31 Risk of raw material supply
shortages, operational C32 Risk of business interruption
@ Natural hazards interfupﬁol;s, fires, C33 Risk of fires and explosions

and economic crises C34 Risk of economic crisis
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Each main criterion is supported by sub-criteria identified to comprehensively assess
the occupational safety risks that LISCO may face in the old industrial structure. This
structure provides an analytical framework to guide the development and implementation
of safety strategies.

Based on recommendations from LISCO experts, various intervention strategies have
been developed to effectively manage and mitigate occupational safety risks at the facility.
These strategies are diversified according to the nature and severity of the risks and the
characteristics of the work environment. Each strategy aims to protect the safety and health
of workers by implementing them in accordance with the established occupational safety
criteria. Table 3 presents the main strategies used in occupational safety interventions.

Table 3. Workplace safety intervention strategies.

Alternative Code

Alternative Description

Engineering controls Modify equipment or processes to eliminate hazards
Administrative controls Implement policies to reduce exposure to risks
Personal Protective Equipment Equip workers with PPE to minimize injury
Behavioral safety programs Encourage safe behaviors to prevent accidents
Safety training and education Educate workers on identifying and managing risks

The strategies in Table 3 represent LISCO’s key approaches that can be implemented
to systematically reduce occupational safety risks and ensure that employees work in a safe
work environment.

3.2. F-WENSLO Method Application Results

The F-WENSLO approach was used to assess the importance of both main and sub-
criteria. The initial decision matrix for the main criteria developed by four experts in the
first step of the procedure is shown in Appendix C. In Appendix C, the normalized value
of Expert 1 for criterion C1 is obtained as follows.

~ 4 4.5 5
t = 7 7
EXPERTICL ( (5+5+5+45) (45+45+5+4) (4+4+45+35) )
— (0.2051,0.2500,0.3125)

Similarly, the normalized decision matrix obtained by calculating the normalized
values for all criteria is presented in Appendix D. Criterion class interval is calculated and
given in Table 4. The class interval of the C1 criterion in Table 4 is obtained as follows.

~ ( 0.2308 — 0.1795 0.2778 —0.2222  0.3125 — 0.2813

- — (0.0198 0.0215 0.0121
Per 1—|—3.322><log3'1+3.322xlog3'1+3.322><log3> (0.0198 0.0215 0.0121)

Table 4. Values in the F-WENSLO method.

C1 C2 C3

0.0198

0.0215 0.0121 0.0242 0.0276 0.0298 0.0221 0.0250 0.0287

0.8752

1.2000 1.7604 0.7824 1.1667 1.8755 0.6943 1.1481 1.8904

0.1072

0.1162 0.0577 0.1154 0.2298 0.2474 0.1335 0.1507 0.1731

0.0609

0.0968 0.0659 0.0615 0.1969 0.3162 0.0706 0.1313 0.2493

0.0965

0.2278 0.3414 0.0974 0.4633 1.6381 0.1119 0.3089 1.2912
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The slope of the C1 criterion in Table 4 is obtained as follows.

o — (020514 ... 401795 02500 +...+0.2222 03125 +...+0.2813
91—\ (4—1)x 03125 ' (4—1)x02778 ' (4—1) x 0.2308
= (0.8752 1.2000 1.7604)

The criteria envelope is calculated using Equation (A5) and given in Table 4. The
envelope of criterion C1 in Table 4 is obtained as follows.

te1 = \/ (0.2051 — 0.2051)* + (0.0198)* 4 ... + \/ (0.1795 — 0.2308)* + (0.0198)?,
\/ (0.2599 — 0.2500) + (0.0215) + ... + \/ (0.2222 — 0.2778)* + (0.0215)?,
\/ (0.3125 — 0.3125)% + (0.0121)* + ... + \/ (0.2813 — 0.3125)* + (0.0121)?

ec1 = (0.1072 0.1162 0.0577)

The envelope-slope ratio is calculated and given in Table 4. The envelope—slope ratio
of the C1 criterion in Table 4 is obtained as follows.

~ 0.1072 0.1162 0.0577
dc1 =

1.7604” 1.2000" 1.7604> = (00609 0.0968 0.0659)

The fuzzy weight of each criterion was calculated, and the values are given in Table 4.
The fuzzy weight of criterion C1 in Table 4 is obtained as follows.

~ 0.0609 0.0968 0.0659
17 1 0.0659 + ... +0.2493" 0.0968 + ...+ 0.1313” 0.0609 + ... + 0.0706
= (0.0965 0.2278 0.3414)

The fuzzy weights for main criteria are obtained and the crisp weights are given in Table 5.

Table 5. Fuzzy and crisp weights of main criteria.

w;

Main Criteria w j (Normii lize) Rank
Work injuries (physical hazards) 0.0965 0.2278 0.3414 0.1780 3
Occupational Diseases 0.0974 0.4633 1.6381 0.4737 1
Natural hazards 0.1119 0.3089 1.2912 0.3483 2

The weights determined for the three main criteria during the assessment of oc-
cupational safety risks at LISCO are as follows: C1 (Occupational Accidents/Physical
Hazards) = 0.1780, C2 (Occupational Diseases) = 0.4737 and C3 (Natural Hazards) = 0.3483.

e  Work injuries: This criterion focuses on occupational accidents and physical hazards
and has a weight of 0.1780. This result shows that although occupational accidents
are an important safety risk, they are a lower priority compared to the other two
criteria. Protection of employees against occupational accidents is of course of critical
importance, but its lower weight compared to other risk factors may indicate that
occupational accidents are risks that are more effectively controlled or encountered
with lower frequency.

e  Occupational diseases: The weight of the criterion related to occupational diseases
has the highest value, with 0.4737. This indicates that occupational diseases are the
most critical risk factor for occupational safety at LISCO. Workers may face health
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problems caused by factors such as noise, vibration, indoor emissions or inadequate
ventilation as a result of long-term exposures. Therefore, the management of risks
related to occupational diseases should have the highest priority in occupational safety
strategies. The high weight indicates that the impact of these risks on the health of
workers and the sustainability of the enterprise is great and effective interventions
are needed.

e Natural hazards: The natural hazards criterion has the second highest importance
with a weight of 0.3483. This reveals that the organization is seriously confronted
with threats arising from external factors such as natural disasters, raw material
supply problems or fire and explosion risks. These risks are capable of causing
workplace disruption, disruption of production processes and even major financial
losses. Therefore, effective management of natural hazards is of great importance to
ensure business continuity.

These weights show that occupational diseases are the most critical area in terms of
occupational safety at LISCO, followed by natural hazards, and occupational accidents
have a relatively lower priority. Accordingly, it can be concluded that the greatest focus of
occupational safety interventions should be on measures to prevent occupational diseases,
while at the same time, significant investment should be made in the management of
natural hazards. Occupational accidents are also an important risk, but with a lower
priority compared to the other two criteria.

The evaluations of the sub-criteria by the four experts using Table 1 are presented
in Appendix E. The same procedure used to determine the weights of the major criteria
was also used to determine the weights of the sub-criteria. The global weights produced
by multiplying the weights of the major criteria by the weights of the sub-criterion are
displayed in Table 6.

Table 6. Weights and rankings of sub-criteria.

Local Weights Global Weights

Criteria Fuzzy Weights (Normalize) (Normalize) Rank
Work injuries (physical hazards) (C1) (0.0965, 0.2278, 0.3414) 0.1780
Risk of electric shock (C11) (0.0051, 0.0156, 0.0507) 0.0158 0.0088 18
Risk of falls from height (C12) (0.0246, 0.0824, 0.2967) 0.0869 0.0483 9
Risk of falling objects (C13) (0.0239, 0.0845, 0.3221) 0.0913 0.0508
Risk of unguarded machinery (C14) (0.0105, 0.0334, 0.1137) 0.0344 0.0191 16
Risk of contact with hot molten metal (C15) (0.0138, 0.0352, 0.0421) 0.0262 0.0146 17
Risk of human error or unsafe acts (C16) (0.0199, 0.0568, 0.1176) 0.0487 0.0271 15
Risk of slips and trips (C17) (0.0150, 0.0512, 0.1865) 0.0542 0.0301 14
Risk of safety issues (C18) (0.0224, 0.0715, 0.2432) 0.0736 0.0409 11
Occupational Diseases (C2) (0.0974, 0.4633, 1.6381) 0.4737
Diseases caused by noise (C21) (0.0289, 0.0830, 0.3089) 0.0887 0.1313 1
Diseases caused by indoor emissions (C22) (0.0336, 0.0974, 0.2364) 0.0880 0.1302
Diseases caused by vibration (C23) (0.0220, 0.0778, 0.2965) 0.0840 0.1243 3
Diseases caused by inadequate ventilation (C24) (0.0155, 0.0393, 0.0421) 0.0287 0.0425 10
Skeletal and muscular diseases (C25) (0.0148, 0.0473, 0.1609) 0.0487 0.0721 4
Dlseaiﬁi‘;jﬁﬂ&{yﬂ?iﬁgﬁé r;‘érs‘gr(ﬁg‘)‘“ like (0.0126, 0.0294, 0.0385) 0.0225 00333 12
Natural hazards (C3) (0.1119, 0.3089, 1.2912) 0.3483
Risk of raw material supply (C31) (0.0093, 0.0288, 0.0951) 0.0293 0.0319 13

Risk of business interruption (C32)

0.0158, 0.0549, 0.2044) 0.0587 0.0639

(
Risk of fires and explosions (C33) (0.0151, 0.0585, 0.2459) 0.0661 0.0719
(

Risk of economic crisis (C34)

0.0168, 0.0528, 0.1769) 0.0541 0.0589
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The ranking in Table 6 makes it clear which risks the occupational safety strategies at
LISCO should focus on. All sub-criteria weights are given in Figure 5.

Sub-Criteria Weights

o

0.00RS

'“"”[W“Ih

0.04 0.06 0.08 0.1 0.12 0.14

H Sub-Criteria Weights

Figure 5. Sub-criteria weights.

The sub-criteria given in Figure 5 are ranked according to their importance in relation
to the main criteria to which they belong. The weight of each sub-criteria was evaluated
according to the priority of the main criterion to which it is related and accordingly played
a role in the prioritization of occupational safety strategies. This approach allows risks
to be analyzed from a more holistic perspective and emphasizes the relative importance
of each risk in determining occupational safety strategies. Thus, it is aimed to develop
more targeted and effective interventions to prevent hazards and minimize risks to which
employees may be exposed in industrial facilities such as LISCO.

e  Occupational Diseases (C2)—(47.37%): Occupational diseases have been identified as
the most important criterion in terms of occupational safety. Under this criterion, it
is emphasized that factors such as noise, indoor emissions and vibration can cause
serious health problems for workers.

Diseases caused by noise (C21)—the most important sub-criterion (0.1313): Noise is
considered the most critical hazard for occupational health and safety. Noise exposure is
recognized as having significant effects on the health of workers at work. Diseases caused by
noise are ranked first with the highest global weight. Illnesses caused by indoor emissions
(C22)—0.1302: The hazards posed by indoor emissions are also very important. Inhalation
of harmful gases and chemicals in the working environment seriously threatens the health
of workers. This sub-criterion was ranked second. Vibration-related diseases (C23)—0.1243:
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Vibration is a common cause of occupational disease, especially in environments where
heavy machinery is used. This hazard can damage the musculoskeletal system of workers
and lead to long-term health problems. This sub-criterion is ranked third.

e Natural Hazards (C3)—(34.83%): Natural hazards are another important criterion
affecting occupational safety. Risks that may affect the production processes of the
factory and the safety of workers are categorized under this heading.

Fire and explosion risk (C33)—0.0719: Fire and explosion risks in the factory environ-
ment are one of the most serious natural hazards. The high level of this risk poses a major
threat to the health of workers and the factory’s operations. This sub-criterion is ranked
fifth. Risk of business interruption (C32)—0.0639: The risk of business interruption is a
threat that can stop the operation of the factory, especially as a result of natural disasters
or technical failures. This risk was ranked sixth. Risk of economic crisis (C34)—0.0589:
Economic crisis is considered as an external threat that may have negative impacts on the
sustainability of factory operations. This risk is ranked seventh.

o  Work Injuries (Physical Hazards) (C1)—(17.80%): Occupational accidents is a criterion
that covers physical hazards that may occur in the workplace. These hazards can
directly affect the safety of workers. However, this category has a lower importance
than occupational diseases and natural hazards.

Risk of falling from height (C12) and risk of falling objects (C13)—ninth and eighth
place, respectively: Falls from height and falling objects are some of the most important
hazards among occupational accidents. These risks are common in the factory environ-
ment and can lead to serious injuries. Safety risks (C18)—0.0409: General occupational
safety issues and the possibility of accidents are another important factor to consider.
This sub-criterion is ranked 11th. Electric shock (C11), contact with hot molten metal
(C15) and unprotected machinery (C14): These types of physical hazards were ranked
18th, 17th and 16th, respectively. These hazards were found to be less critical than other
occupational accidents.

Occupational diseases, especially noise- and emission-related diseases, are considered
as the most important hazards in occupational safety. This is one of the areas that requires
the most attention in the plant’s occupational safety strategies. Natural hazards, especially
events such as fire and business interruption, pose serious threats to the operational
sustainability of the factory. Although occupational accidents are of lower importance
than occupational diseases and natural hazards, risks such as falls from height and falling
objects should still be prioritized.

3.3. Fuzzy Dombi Bonferroni Aggregation Operator Application

The decision makers interpreted the performance of the alternatives according to
Table 1. In order to bring these individual evaluations together, a combined fuzzy decision
matrix was obtained and is given in Appendix F.

3.4. F-ARTASI Method Application Results

The combined fuzzy decision matrix given in Appendix F is used as the initial decision
matrix mentioned in the first step of the method. In the second step of the method, the
absolute maximum and absolute minimum values of the jth criterion are calculated and
given in Table 7.

The fuzzy absolute maximum and fuzzy absolute minimum values of the C11 criterion
in Table 6 are obtained as follows.
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Table 7. Fuzzy absolute minimum and fuzzy absolute maximum values.

C11 C12 C13 C14 C15
5;."“ 55830 6.1133 6.3797 5.4453 5.9768 6.2461 4.9103 5.4453 59768 4.7526 5.2917 5.7013 4.7783 5.3140 5.5621

~min 7479 22097 26756 13877 1.8483 23132 11513 1.6107 2.0745 1.7479 22097 2.6561 1.5703 2.0398 2.5115

Cl16 C17 C18 C21 C22
5;."“ 5.0496 55830 6.1133 5.1725 5.7063 6.1087 4.9165 5.4506 5.9816 b5.5830 6.1133 6.3797 5.7165 6.2461 6.3797

~min 4022 1.8606 23239 16174 20803 25469 1.8545 23185 27861 1.7543 22153 2.6805 2.0974 25620 3.0300

C23 C24 C25 C26 C31
%;"ux 4.6479 5.1840 5.7165 5.8510 6.3797 6.3797 5.3195 5.8510 6.3797 5.8510 6.3797 6.3797 5.4506 5.9816 6.3797

~min 10089 17543 22153 1.7543 22153 2.6805 2.0974 25620 3.0300 1.9753 24397 29075 0.1974 0.6264 1.0698

C32 C33 C34
g);"ux 54453 59768 6.2461 55830 6.1133 6.3797 5.5830 6.1133

~mit 01692 0.6054 1.0531 1.7479 2.2097 2.6756 0.0801 0.5077

max {4.2475 ... 3.8730} + {/{2?%{4.2475 ... 38730},

1<i<5

~max

Pen = | [ {47478 ... 43732 +€/ max {47478 ... 43732}, | = (5.5830 6.1133 6.3797)
max {5.0000 ... 48734} + »/max {50000 ... 48734},
1=i<5 1<i<5

- ([min {42475 ... 38730} — o/ min {42475 ... 38730},
~MmMin . :
Pci1 = @1;15{4'7478 .. 43732} — %@1&{47478 43732}, | = (17479 22097 2.6756)

min {5.0000 ... 48734} — {)/1%?5{5.0000 ... 48734},

The third step of the procedure was to standardize the elements of the Appendix G
matrix. The criteria values from Appendix G were translated into the criterion interval
“[1, 10]”, with the limit values ¥() =1 and ¥ = 10. Limit values for criteria intervals
¥() =1 and ¥(*) = 10 were determined based on expert judgments and the assumption
that the interval [1, 10] offers a suitable range for the distribution of utility functions of four
options. The next section describes the standardization technique for the element in table
Appendix G positions A1-C11.

(10-1) 4oy, (55830 x 117479 x 10)

(5.5830 — 1.7479) (5.5830 — 1.7479) ’
(10—-1) 47478 + (6.1133 x 1 —2.2097 x 10)

Pmen = (6.1133 — 2.2097) (6.1133 —2.2097)  ’
(10—1) « 5.0000 - (6:3797 x 1-2.6756 x 10)

(63797 — 2.6756) (6.3797 — 2.6756)

= (6.8660 6.8517 6.6476)

All calculations were performed similarly and the standardized matrix is given in
Appendix G.
The previous values are standardized using the reverse sorting algorithm:
—6.8660 + max {6.8660 ... 59870} + min {6.8660 ... 5.9870},
1<i<5 1<i<5
—6.8517 6.8517 ... 5.9880 in {6.8517 ... 5.9880}, | =
+ max { }+ min { } (3.9221 3.9610 4.2052)
—6.6476 + max {6.6476 ... 6.3400} + min {6.6476 ... 6.3400}
1<i<5 1<i<5

Garcn =

In the fourth step of the method, procedures are used to determine the usefulness
level of the alternatives using the ideal and anti-ideal values, Appendices H and I, re-
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spectively. The next section demonstrates how to define the degree of usefulness from
Appendices H and I at positions A1-C11 (type min). Degree of usefulness of alternative Al
for criteria C11 in relation to the ideal value is as follows:

3.9221
max{3.9221 ... 48011}
3.9610

x 0.0051 x 10,
~F

Sarcn = | ax(39610 .. 48247}
42052

x 0.0156 x 10, | = (0.0291 0.0903 0.3210)

x 0.0507 x 10

max{4.2052 ... 4.5128}

Defining the usefulness of alternative A1l for criteria C11 in respect to the anti-ideal
value, we find that:

min{3.9221 ... 4.8011}

' o x 0.0051 x 10,
min{3.9610 ... 4.8247}

dar,cn = x 0.0156 x 10, | = (0.0510 0.1562 0.5075)

, 39610
min{4.2052 ... 4.5128}

12052 x 0.0507 x 10

Also, we determine the degree of usefulness of alternative Al for criteria C11 in
proportion to the anti-ideal value:

N_ —0.0510 + max{0.0510 ... 0.0417} + min{0.0510 ... 0.0417},
Ya1c11 = | —0.1562 + max{0.1562 ... 0.1282} + min{0.1562 ... 0.1282}, | = (0.0291 0.0903 0.3210)
—0.5075 + max{0.5075 ... 0.4729} + min{0.5075 ... 0.4729}

The remaining values from Appendices H and I are calculated in a similar way.
In the fifth step of the method, procedures are used to define the total utility of the
alternatives and are given in Table 8.

Table 8. Aggregated utility degrees of alternatives.

~+ ~—
Jj Jj

Al 2.4400 7.7686 24.4446 2.5833 8.2091 25.5383
A2 2.6527 8.4832 27.2371 2.6774 8.5522 27.3997
A3 2.5711 8.1465 25.6121 2.6370 8.3524 26.2382
A4 2.7353 8.6868 27.5194 2.8351 9.0054 28.5714
A5 22153 7.1152 23.9446 2.2448 7.2059 241499

The aggregate usefulness levels of the alternatives in Table 8 are obtained by summing
the criterion values of Appendices H and I within each alternative.

In the sixth step of the method, the final utility functions of the alternatives were
calculated and are presented in Table 9. For the calculation of the terminal utility functions,
@ =1and a = 0.5 values are accepted.

The calculation of the final utility function of alternative Al was performed as follows.

~+ 2.4400 7.7686 24.4446
= , = (0.4857 0.4862 0.4891
f (31‘“) (2.4400 +2.5833" 7.7686 + 8.2091" 24.4446 + 25.5383) ( )
~ 25.5833 8.2091 2.5833
Ja ) = = (0.5109 0.5138 0.5143
f (J Al) (25.5833 +24.4446 8.2091 + 7.7686" 2.5833 + 2.4400) ( )

(24400 + 2.5833){0.5 x 0.4857! + (1 — 0.5) x 051091 }'/*

Qa1 = | (7.7686 + 8.2091){0.5 x 0.4862! + (1 —0.5) x 051381 }'/" | = (25033 7.9889 25.0746)
(24.4446 + 25.5383) {05 x 0.4981! + (1 — 0.5) x 051431 }'/*



Mathematics 2025, 13, 301 17 of 29
Table 9. Fuzzy values of the utility functions of the alternatives.
~+ ~— ~
5) 1)

Al 0.4857 0.4862 0.4891 0.5109 0.5138 0.5143 2.5033 7.9889 25.0746
A2 0.4977 0.4980 0.4985 0.5015 0.5020 0.5023 2.6628 8.5177 27.3411
A3 0.4937 0.4938 0.4940 0.5060 0.5062 0.5063 2.6033 8.2495 25.9326
A4 0.4910 0.4910 0.4906 0.5094 0.5090 0.5090 2.7864 8.8461 28.0338
A5 0.4967 0.4968 0.4979 0.5021 0.5032 0.5033 2.2275 7.1606 24.0753

Then, fuzzy values are converted into crisp values and given in Table 10.

Table 10. Ranking alternatives and utility functions.

Alternatives Q; Rank
Engineering controls 9.9222 4
Administrative controls 10.6791 2
Personal Protective Equipment 10.2556 3
Behavioral safety programs 11.0341 1
Safety training and education 9.1575 5

Table 10 presents the prioritization and ranking of various workplace safety interven-

tion strategies for addressing occupational safety risks at LISCO. Five different intervention

strategies were evaluated based on relevant criteria, and the effectiveness of each was

measured using a specific scoring system. The ranking is as follows:

Behavioral Safety Programs—11.0341 (Rank 1): This strategy received the highest
score, ranking first. Behavioral safety programs aim to reduce workplace accidents
and hazards by encouraging employees to adopt safe behaviors. These programs are
considered an effective approach to enhancing workplace safety by changing workers’
risky behaviors. In facilities like LISCO, which have older and more hazardous
working conditions, such programs can play a crucial role.

Administrative Controls—10.6791 (Rank 2): Administrative controls ranked second,
holding an important position among workplace safety interventions. These controls
aim to organize work processes and develop policies that minimize hazardous situa-
tions in the workplace. In older industrial environments, such measures can be highly
effective in ensuring the sustainability of workplace safety.

Personal Protective Equipment (PPE)—10.2556 (Rank 3): PPE ranked third as an effec-
tive strategy for protecting workers from direct hazards. PPE helps shield employees
from physical risks and contributes significantly to reducing workplace accidents.
However, compared to other strategies, its impact on workplace safety may be limited
because PPE does not prevent accidents entirely but only reduces risks.

Engineering Controls—9.9222 (Rank 4): Engineering controls, which manage risks at
their source, ranked fourth. This method helps prevent hazards from occurring and
ensures safety. However, it can be costly and challenging to implement, which is why
it ranked lower than other strategies. Despite this, it remains a critical safety measure.
Safety Training and Education—9.1575 (Rank 5): Safety training, aimed at educating
workers about risks and safe behaviors, ranked fifth. While an important aspect of
workplace safety, it had a lower impact compared to other strategies. Training can
increase workers’ awareness and improve safety in the long run, but its effect is ranked
lower relative to other interventions.

Behavioral safety programs were identified as the most effective intervention strategy,

making them critical for enhancing workplace safety by raising employees’ safety aware-

ness. Administrative controls and PPE also make significant contributions to workplace
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safety, ranking second and third, respectively. Engineering controls and safety training
ranked lower but still play important roles in workplace safety strategies. These results
provide guidance to LISCO management on the most effective interventions to reduce
occupational safety risks and indicate where more attention should be focused.

4. Sensitivity Analysis and Validation of the Results

Sensitivity analysis and validation of the results obtained using the F-ARTASI method
were performed. The sensitivity analysis takes into account the variation of the Bonferroni
mean summation operator parameters (and). The comparison of the F-WENSLO and
F-ARTASI model with other models in the literature is presented as part of the validation
results. For the comparison of the results of the considered MCDM models, a statistical
correlation with the initial results was performed.

4.1. Sensitivity Analysis—Variation of p and q Parameters

The overall effect of the parameters p and g presented in the Bonferroni mean ag-
gregation operator on the ranking of the presented alternatives in the proposed optimal
intervention strategy selection management approach is analyzed using a sensitivity analy-
sis. Firstly, it can be observed that when the values of p and g are varied from 1 to 5, the
ranking of all alternatives remains the same. Then, if we fix any of the parameters between
0 and 1, the difference in the ranking of the alternatives was also analyzed. Again, the
ranking of all alternatives remained the same. The results of the sensitivity analysis by
changing the parameters are shown in Figure 6.

5 Q—Q— P — P — QP —P— P — QP — P —QP—QP—P—P—P—P—P—P—P—P—P—
[v SN Sy S Iy vy By Say Sy By p—y Sy SRy Sa—y Sy S Sy S S—— E— f— )

DR e B D B B L e I I B D ™ | O 9 9 9

2 . J B B B L D 2 R B B R B ™ DR S IR B B }

p=1g9=1

p=2g=1

p=29=3 p=39=3 p=4q9=3 p=509=5 p=29g=0.1 p=4 g=0.1 p=0.1 g=1 p=0.1 g=3 p=0.1 g=5
—=@=Engineering controls @— Administrative controls

@=Personal Protective Equipment ==@==Behavioral safety programs

=@==Safety training and education

Figure 6. Sensitivity analysis by varying the parameters p and 4.

The fact that the alternatives are in the same order in all combinations in Figure 6
reveals a remarkable situation in terms of the consistency and reliability of the approach
adopted in the identification of LISCO occupational safety risks and selection of opti-
mum response strategies. This situation in the context of LISCO occupational safety risk
identification and selection of optimal response strategies is summarized in Table 11.

Table 11 highlights the importance of the consistency of the ranking of alternatives in
LISCO’s efforts to optimize safety risks.
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Table 11. Parameter-based sensitivity analysis results.

Evaluation Description

The consistent ranking of alternatives across all combinations indicates
that the criteria used have a significant and effective impact on the

Impact of Criteria evaluation process. This situation demonstrates that the established

criteria play an important role in managing LISCO’s occupational safety
risks and that the alternatives are ranked reliably.

Certainty of the Decision-Making Process

The fact that the same ranking is obtained for the alternatives in every
case suggests that the decision-makers’ (DMs) perceptions and opinions
regarding these alternatives are clear. This can lead to more definitive
and resolute actions regarding safety measures to be taken at LISCO.

The emergence of the same ranking across all combinations indicates that
the methods used are based on a systematic and analytical approach.

Strength of the Systematic Approach This situation proves that the decision-making processes implemented by

LISCO to effectively optimize occupational safety risks are grounded on
solid foundations.

Strategic Planning and Implementation

The consistent ranking across all combinations can provide consistency in
the planning and implementation of LISCO'’s safety strategies.
Decision-makers can effectively execute the identified strategies by
taking this consistency into account.

Possibility of Achieving Goals

The fact that alternatives yield the same ranking in every combination
helps LISCO experience less uncertainty in achieving its occupational
safety objectives. This situation provides a stronger basis for optimizing
safety management processes and minimizing risks.

4.2. Validation of Results—Comparison with Other MCDM Techniques

The results of the F-ARTASI method are compared with traditional multi-criteria mod-
els in the literature. For the comparison, the CoCoSo method [54,55], TOPSIS method [56],
WASPAS method [57], MARCOS method [58] fuzzy versions were preferred. Figure 7
shows the results of the comparison of the mentioned FMCDM techniques.

Figure 7 allows us to compare the results calculated by different methods and to
analyze the consistency between them. Here are some important comments that can be
drawn from these rankings:

o  Consistency and Stability: The most significant among the alternatives is that A4
(Behavioral safety programs) ranks first among all methods. This shows that this
alternative is considered as the most critical factor for occupational safety by all
methods. Similarly, A2 (Managerial controls) and A3 (Personal Protective Equipment)
have the same ranking in all methods (A2 ranked second and A3 ranked third). This
consistency indicates that the relative importance of these two alternatives is also
largely unchanged and stable across methods.

e Differences: Al (Engineering controls) and A5 (Safety training and information) have
minor differences. In the proposed method and some other techniques (F-CoCoSo,
F-WASPAS), A1l is ranked fourth, while in E-MARCOS and F-TOPSIS methods, this
alternative is ranked higher. This indicates that the importance of engineering controls
is emphasized more by some techniques. A5 was ranked higher in F-MARCOS and
F-TOPSIS methods, while it was ranked last in other techniques. This shows that some
methods give more importance to safety training and information programs.

Since the overall ranking of the alternatives is the same in all methods, decision makers
will reach similar results no matter which method they use. This shows that a flexible and
reliable decision-making approach is adopted in the process of optimizing occupational
safety risks. The statistical correlation between the rankings obtained by the F-ARTASI
procedure and the other procedures was determined by Spearman Correlation Coefficient
(SCC). The findings regarding the comparison of the rankings by applying SCC are given
in Table 12.
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Figure 7. Ranking stability of alternatives using various MCDM techniques.
Table 12. Rank correlations of the tested models.
F-CoCoSo F-MARCOS F-WASPAS F-TOPSIS

F-ARTASI 1 0.9 1 0.9

From the results presented in Table 12, it can be concluded that there is a high correla-
tion (average 0.95) between the MARCOS approach and the other four CRM procedures.
As a result, it is possible to conclude that the ranking obtained from the proposed procedure
is valid and reliable.

4.3. Validation of Results—Examining the Impacts of Changing Criteria Weights

The effect of changing the weight of the most important criterion (C21) on the ranking
results was analyzed. Firstly, 20 new weighting factor vectors were created and classified
according to 20 different situations. In each case, the weight of the C21 weight factor was
reduced by 2% and a new weight factor vector was created. For this purpose, Equation (6)
was applied [59].

g = (1 w,m)< “p ) ©)

1—w,
where w5 represents the new weight values calculated for the criteria. wy, denotes the
reduced value of the criteria. The original value of the criteria is denoted by wg, while the
original value of the reduced criteria is denoted by w,,. As a result, the variation range
of w3 is produced in the range wy; € [0.0592, 0.0887]. In this case, wp; = 0.0869 represents
the weighted value in Scenario 1 (S1), while wy; = 0.0592 represents the weighted value
in Scenario 20 (S20). For instance, the calculation for the first scenario (S1) is as follows.
The S1 value for C21 is 0.0869 because the actual weight value is reduced by 2%, 0.0887,
(0.0887 — 0.0887 x 0.02 = 0.0869). Next, the values of the remaining criteria are as follows:

(1-0.0869) x 0.0158 _
(1—0.0887)

 (1—0.0869) x 0.0661

= 0.0542
(1—0.0887) 005

w11 =

Consequently, the updated weight values of the criteria obtained based on the
20 scenarios are illustrated in Figure 8.
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Figure 8. Modifications in weights based on different scenarios.

The ranking obtained according to the sub-criteria weights varying according to each
scenario is presented in Figure 9.

N W O
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—&— Engineering controls ~— Administrative controls
Personal Protective Equipment Behavioral safety programs

== Safety training and education

Figure 9. Importance ranking of criteria according to scenarios.

In the analysis, although the criteria weights were changed under 20 different sce-
narios (S0 to 520), there was no change in the ranking of the alternatives. Behavioral
safety programs (A4) were always ranked first as the most important option, while Safety
education and information (A5) remained ranked fifth as the least important option in all
cases. This consistency shows that changing the criteria weights does not have a significant
impact on the overall ranking.

The important aspects of the unchanged rankings and the conclusions that can be
drawn in terms of the management of occupational safety risks are given in Table 13.

The fact that the ranking of alternatives does not change in all scenarios supports the
robustness and reliability of the decision-making process in terms of occupational safety
management. This shows that decision makers can rely on the same strategies and make
decisions with less uncertainty, regardless of the circumstances, because in such systems,
the question of how to address uncertainty plays a significant role in the improvement of
system performance in uncertainty reasoning, concluded in a study [60].
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Table 13. Sensitivity analysis based on varying criteria weight.

Evaluation Description

The unchanged ranking of alternatives indicates that the importance of
the alternatives relative to each other is clear, and that these relationships
remain constant even if the criteria weights change. This provides
decision-makers with a reliable and robust decision-making process.

Stability and Robustness

Changes in the criteria weights have not significantly affected the
ranking among the alternatives. This indicates that the impact of the
criteria is balanced and that there are no noticeable differences that
would alter the ranking.

Sensitivity of Criteria

Behavioral safety programs (A4) have consistently ranked as the most
important strategy, coming in first place in all scenarios. In contrast,
safety training and awareness (A5) has always ranked last, indicating a
lower priority compared to other strategies.

Ideal Strategies

Even with changes in criteria weights, the ranking of alternatives has
remained consistent. This provides decision-makers with a flexible
Flexible Decision-Making Process process, ensuring that the same strategies remain valid across different
scenarios. As a result, consistent outcomes are achieved under both
optimistic and pessimistic scenarios.

5. Discussion

The assessment of occupational safety risks at LISCO demonstrates that occupational
diseases represent the most critical risk, with a weight of 0.4737, significantly surpassing
the weights assigned to natural hazards (0.3483) and occupational accidents (0.1780). This
indicates that, at LISCO, long-term exposures to factors such as noise, vibrations, and
indoor emissions present the greatest threat to worker health. Diseases caused by noise
(C21) emerged as the most critical sub-criterion, further highlighting the need for targeted
interventions to mitigate this risk. The relatively lower weight of occupational accidents
suggests that while these physical hazards are important, they are either better controlled
or less frequent in comparison to the other risks. This outcome underscores the need for
LISCO'’s safety strategies to focus primarily on preventing occupational diseases while
maintaining effective management of natural hazards, such as fire or business disruptions,
which still pose significant threats to operational continuity.

The prioritization of safety interventions based on the Fuzzy Alternative Ranking
Technique (F-ARTASI) revealed that behavioral safety programs ranked first, with a score
of 11.0341, making them the most effective strategy for addressing occupational safety
risks. This aligns with the need to shift from reactive protection measures to proactive
prevention strategies. Administrative controls and personal protective equipment (PPE)
ranked second and third, respectively, demonstrating their importance in organizing safety
processes and protecting workers from physical harm. Interestingly, engineering controls
and safety training and education ranked lower, likely due to the costs and implementation
challenges of engineering controls, and the lower perceived impact of training on immediate
safety improvements. However, all five interventions play crucial roles in LISCO’s safety
management approach. The results, validated by sensitivity analysis, showed that the
ranking of interventions remained stable across different scenarios, further demonstrating
the robustness of the decision-making process. This consistency ensures that decision-
makers can rely on these rankings to guide their actions confidently, regardless of variations
in risk factors or criteria weights.

6. Conclusions

In conclusion, the occupational safety risk assessment at LISCO has revealed that
occupational diseases pose the greatest threat to workers, with a significantly higher weight
compared to natural hazards and occupational accidents. The analysis highlights the critical
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need to prioritize interventions aimed at mitigating long-term exposures, particularly those
related to noise and indoor emissions, which were identified as the most significant risks.
This finding emphasizes the importance of targeting safety strategies that address health
risks stemming from the work environment, as these factors have a substantial impact
on both the health of workers and the operational sustainability of the plant. Although
occupational accidents are considered important, their lower weight suggests that these
risks may be more effectively managed or occur less frequently in comparison to the more
pressing issues of occupational diseases. Furthermore, the ranking of safety interventions
demonstrated that behavioral safety programs are the most effective strategy for reducing
risks, followed closely by administrative controls and personal protective equipment (PPE).
These results indicate that encouraging safe behaviors and implementing comprehensive
administrative policies can significantly enhance workplace safety. The stability of the
intervention rankings, confirmed through sensitivity analysis, reinforces the robustness
and reliability of the decision-making framework. This ensures that LISCO can confidently
adopt these safety strategies, knowing that they are flexible and adaptable to various
scenarios. Ultimately, this research provides valuable insights into optimizing safety
management at LISCO, advocating for a stronger focus on preventive measures, particularly
in the context of occupational diseases and natural hazards, to ensure the well-being of
workers and the continuity of operations. While this study provides valuable insights,
several limitations have been identified. Firstly, it lacks a systematic literature review or a
detailed process for justifying the selection of criteria and alternatives. Secondly, the study’s
findings may have limited applicability to other African countries due to variations in
local conditions. Replicating this research framework in other steel-industrialized nations,
such as South Africa, Egypt, Nigeria, and Algeria, would provide comparative insights
and enhance generalizability. Lastly, this study operates within a fuzzy environment.
Future research could explore advanced extensions of fuzzy sets, including interval-valued
intuitionistic fuzzy sets, spherical fuzzy sets, Fermatean fuzzy sets, and Pythagorean fuzzy
sets, to broaden the methodological scope.
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Appendix C. Evaluation of Main Criteria for Experts
Experts C1 C2 C3
Expl VH M MH
Exp2 VH H H
Exp3 VVH M VH
Exp4 H H MH
Appendix D. Normalized Decision Matrix
Normalise C1 C2 C3
Expl 0.2051 0.2500 03125  0.1563 0.2143 0.2692 0.1714 0.2258 0.2963
Exp2 0.2051 0.2500 03125  0.2188 0.2857 0.3462 0.2000 0.2581 0.3333
Exp3 0.2308 0.2778 03125  0.2188 0.2143 0.2692 0.2286 0.2903 0.3704
Exp4 0.1795 0.2222 02813  0.2188 0.2857 0.3462 0.1714 0.2258 0.2963
max 0.2308 0.2778 03125  0.2188 0.2857 0.3462 0.2286 0.2903 0.3704
min 0.1795 0.2222 02813  0.1563 0.2143 0.2692 0.1714 0.2258 0.2963
Appendix E. Evaluation of Sub-Criteria for Experts
Experts  Cl1 C12 c13 C14 C15 C16 C17 C18
Expl VH M MH MH H H H VH
Exp2 VH VH MH H VVH MH M M
Exp3 VH MH ML H VVH H MH H
Exp4 H MH H VH VH VVH H VH
Experts ~ C21 C22 C23 C24 C25 C26
Expl H VH MH VVH H VH
Exp2 MH MH ML VH MH VVH
Exp3 ML M MH VVH VH VVH
Exp4 H VVH H VH H VVH
Experts C31 C32 C33 C34
Expl H MH MH H
Exp2 VH M ML VH
Exp3 H H M MH
Exp4 VH MH M CH
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Appendix F. Combined Fuzzy Decision Matrix

C11

C12

C34

Al 4.2475

4.7478 5.0000 3.9948
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A2 29930
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5.0000
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2.6061

A5 3.8730
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4.6188 4.8734
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2.2361

Appendix G. Standardized Aggregated Decision Matrix

C11
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6.7705 6.8588

5.3355 5.3770

5.6178

3.9610 4.2052 3.6848

3.7339 3.9575
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2.9249
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Al 6.8660
A2 39221
A3 6.5621
A4 39221
A5  5.9870
max  6.8660
min  3.9221

3.9610 4.2052 3.6848

3.7339 3.9575

2.6668 2.7654
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Appendix H. Degrees of Usefulness of Alternatives in Relation to the

Ideal Value
C11 C12 C34
Al 0.0291 0.0903 0.3210 0.1380 0.4688 1.7119 0.1107 0.3517 1.1514
A2 0.0510 0.1562 0.5075 0.2460 0.8243 2.9668 0.0573 0.1872 0.6709
A3 0.0314 0.0971 0.3445 0.2054 0.6915 2.4545 0.1681 0.5285 1.7691
A4 0.0510 0.1562 0.5075 0.1978 0.6654 2.3508 0.1506 0.4748 1.5811
A5 0.0357 0.1100 0.3445 0.1285 0.4372 1.7119 0.1636 0.5149 1.7218

Appendix I. Degrees of Usefulness of Alternatives in Relation to the
Anti-Ideal Value

C11

C12

C34

Al 0.0291

0.0903 0.3210 0.1454

0.4927 1.7119

0.1383 0.4344

1.4092

A2 0.0510

0.1562 0.5075 0.2460
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