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Abstract

Keywords

Background and aims: Occupational accidents in complex industries present
significant challenges, and traditional analysis techniques have limitations, Occupational accidents
including insufficient emphasis on systematic deviations, human-organizational

. . ) o IRAJ technique
factors, and interdependencies. The primary objective was to evaluate the
novel Industrial Root-cause Analysis & Judgment (IRAJ) technique using the Root cause analysis
ANP-VIKOR multi-criteria decision-making method and to compare it with Accident analysis

conventional techniques.
Occupational safety.
Methods: The IRAJ technique was developed by integrating Change-Based

Analysis with the 6M framework through six main steps. Evaluation criteria—
including systematic nature, analysis depth, speed, neutrality, support for
corrective actions, organizational learning, and industrial applicability—were
derived from a comprehensive literature review. The expert panel comprised
10 HSE specialists. Criteria weights were determined using ANP (considering
interdependencies), and the techniques were ranked using VIKOR.

Results: The IRAJ technique ranked first with a score of 0.34 (FAM: 0.26,

Tripod-p: 0.22, SCAT: 0.18, CBA: 0.16, ECFC: 0.14, RCAT: 0.10). Compared

to the reference methods, the depth of analysis increased by 28%, coverage of Received: 2026/01/13
human-organizational factors improved by 31%, support for corrective actions Accepted : 2026/05/20
rose by 35%, and reliance on analyst judgment decreased by 29%. Furthermore,

the most frequent root causes were identified in management (28%) and

method (24%).

Conclusion: The IRAJ technique provides a structured, change-oriented
approach that enhances the comprehensiveness and accuracy of accident
analysis. Furthermore, the findings indicate that applying the ANP-VIKOR
method offers a scientific and standardized framework for evaluating and
ranking accident analysis techniques, ensuring that critical criteria are assessed
simultaneously and that decision-making is conducted quantitatively and
transparently.
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EXTENDED ABSTRACT

INTRODUCTION

Occupational accidents remain one of the most
significant human, economic, and social challenges
across various industries. Their consequences extend
beyond physical injuries to include a wide range
of financial, environmental, organizational, and
reputational damages. According to reports from
the International Labour Organization, millions of
occupational accidents occur worldwide each year, a
substantial portion of which are preventable and result
from systemic managerial weaknesses. This reality
underscores the urgent need for precise identification
of root causes, analysis of influencing factors, and the
design of corrective and preventive actions through
proactive and effective operational approaches at the
organizational level. Accident analysis, as a key tool in
safety management, plays a crucial role in uncovering
root causes, understanding the interactions
among influential factors, and preventing accident
recurrence. Over recent decades, several techniques
have been developed for accident analysis, each with
its own strengths and limitations. Methods such as
SCAT, Tripod-p, ECFC, CBA, RCAT, and combined
techniques like FAM adopt different approaches to
identifying accident causes. Some emphasize human
factors, others focus on organizational and managerial
structures, and still others concentrate on the sequence
of eventsand causal relationships. Despite this diversity,
no existing method comprehensively addresses all
dimensions influencing accidents, particularly in
complex and dynamic industrial environments.
Therefore, considering the importance of these issues
and the existing research gap, the primary objective
of this study is to develop and evaluate the Industrial
Root-cause Analysis & Judgment (IRA]) technique
and compare its performance with six widely used
techniques—FAM, SCAT, Tripod-f, ECFC, CBA, and
RCAT—based on a set of technical, analytical, and
practical criteria. The results of this study can support
more informed decisions regarding accident analysis
techniques, enhance the quality of safety-related
decision-making, and effectively prevent occupational
accidents in complex industrial organizations.

METHODOLOY
Study Design

This study is a methodological research project
aimed at designing, implementing, and evaluating the
novel Industrial Root-Cause Analysis and Judgment
(IRAJ) technique for occupational accident analysis.

Step 1: Identification and Selection of Evaluation
Criteria for Techniques

In this step, evaluation criteria were extracted
through a systematic review of scientific databases,
including PubMed, Web of Science, and Scopus.

Appropriate criteria for evaluating and comparing
occupational accident analysis techniques were
identified by reviewing previous studies, occupational
safety standards, and scientific papers.

Step 2: Selection of Reference Techniques for Comparison
In the second step, six widely used and popular
accident  analysis  techniques—FAM,  SCAT,
Tripod-B, ECFC, CBA, and RCAT—were selected
for comparison. These techniques represent a diverse
spectrum of analytical approaches, including event-
based, human, systemic, and change-oriented.
The reason for selecting these techniques is their
widespread industrial application, strong scientific
support, and coverage of each other’s limitations.

Step 3: Development of the Industrial Root-Cause
Analysis and Judgment (IRA]) Technique

In this step, the Industrial Root-Cause Analysis
and Judgment (IRAJ) technique was developed by
integrating two primary approaches:

« Change-based analysis focuses on identifying
meaningful deviations from normal working
conditions.

o The 6M Framework consists of Man, Machine,
Method, Material, Management, and Environment.
The reason for combining Change-Based Analysis and
6M is its ability to dynamically identify deviations and
comprehensively cover system dimensions, addressing
limitations of single-dimensional methods.

Step4: Selection of Sample Accidents and Implementation
of Techniques

To evaluate the developed technique in practice,
five sample occupational accidents from various
industries were selected. The selection criteria
included industrial diversity, variation in the types of
outcomes (human, financial, and organizational), and
access to sufficient information.

Step 5: Evaluation and Scoring of Techniques Using the
ANP-VIKOR Method

After conducting the analyses, the performance
of each technique was evaluated by experts using six
selected criteria on a five-point scale. The collected
data were first normalized. Then, the Analytic Network
Process (ANP) was applied to determine the weights
of the criteria, taking into account interdependencies
and feedback loops. This process involved creating a
criteria network, performing pairwise comparisons,
and calculating the final normalized weights. After
calculating the weights, the VIKOR method was
applied to rank the techniques.

Step 6: Data Analysis and Final Ranking
In the final step, the normalized scores and final
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weights of the techniques were combined to determine
the overall ranking of the techniques.

RESULTS
Comparison of Techniques Based on Main Evaluation
Criteria

Details of the experts are as follows: average
age 45 years (range 35-55 years), 8 males and 2
females, with backgrounds in oil (3), mining (2),
chemical (2), construction (2), and manufacturing
(1) industries. Experts were selected using purposive
sampling to ensure diversity in experience and
expertise for comprehensive viewpoints. To evaluate
the performance of the techniques, the average
normalized scores for each technique were calculated
based on seven main criteria: systematism, analysis
depth, dependence on the analyst, clarity of causal
path, time efficiency, support for corrective actions,
and industrial applicability. Scoring was performed
using a 5-point Likert scale (1: very weak to 5: very
strong), and normalization was performed using
the Min-Max method to ensure the values were
between 0 and 1. As shown in Table 1, the IRAJ
technique achieved the highest scores in all criteria,
particularly in the components of analysis depth (4.6),
systematism (4.7), and clarity of causal path (4.8). This
superiority reflects IRAJ's ability to integrate change-
based analysis with the 6M framework, effectively
covering the interactions of human, technical, and
organizational factors.

Weighting and Ranking with ANP-VIKOR

Using ANP, the interdependencies and feedback
loops between the criteria were modeled, and the final
weight for each criterion was calculated. Then, with
the VIKOR method, the techniques were ranked based
on their proximity to the ideal option. The Industrial
Root-cause Analysis & Judgment (IRA]) technique
ranked first with a weight of 0.31.

Comparison of Analytical Performance of the Proposed
Technique with Reference Techniques

Quantitative analysis of the results showed that
the IRAJ technique increased the analysis depth by
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22%, reduced reliance on individual analyst judgment
by 27%, improved clarity of causal paths by 25%, and
increased time efficiency by 18% compared to the
average performance of the six reference techniques.
These improvements were achieved by utilizing
dynamic change analysis and the 6M framework,
which enables the identification of complex system
interactions.

Identification of Root Causes in the 6M Dimensions

Using the novel Industrial Root-cause Analysis &
Judgment (IRA]J) technique, five real-world accidents
from various industries (oil, mining, chemical,
construction, and manufacturing) were analyzed,
and root causes were identified and categorized
into the six dimensions of the 6M framework. This
analysis, based on the identification of systematic
changes and interrelationships between dimensions,
provided a deeper extraction of underlying and
root causes. The most frequent root causes were
found in the management dimension (28%) and the
method dimension (24%), indicating the central
role of organizational and procedural weaknesses in
accidents.

Comparison of the Number of Causes Identified by the
Techniques

The average number of root causes identified in
each accident by the techniques was also evaluated.
The IRAJ technique identified the most causes
(18 average causes), demonstrating the depth and
comprehensiveness of the analysis.

DISCUSSION

The results of this study demonstrate that the
Industrial Root-Cause Analysis & Judgment (IRAJ)
technique provides a comprehensive, systematic,
and change-oriented approach to occupational
accident analysis. It offers significant advantages
over established methods such as FAM, SCAT,
Tripod-p, ECFC, CBA, and RCAT. These findings are
consistent with previous research, both scientifically
and practically, underscoring the importance of
integrating a systematic framework and change-based

Table 1. Comparison of Average Scores of Techniques Based on Main Criteria

. Analysis . Analyst Causal Path Time Industrial
Technique Systematism ) . o
Depth Dependence Clarity Efficiency Applicability
SCAT 2.8 2.6 2.4 2.7 4.1 3.9
Tripod-p 39 4.2 3.1 4.0 2.6 3.2
ECFC 35 3.7 3.4 3.8 2.9 3.1
CBA 3.6 3.4 33 3.6 2.3 3.0
RCAT 3.2 3.1 2.9 33 35 3.4
FAM 4.1 3.4 3.6 4.2 3.0 3.6
Industrial Root-cause Analysis & 46 47 41 48 36 42
Judgment (IRAJ)
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analysis in root cause investigations of accidents.

The results demonstrate a significant superiority of
the novel IRAJ technique compared to the six reference
methods (SCAT, Tripod-B, ECFC, CBA, RCAT, and
FAM). Asshownin Table 1,IRAJachieved higher scores
across all criteria: analysis depth (4.6), systematism
(4.7), analyst dependence (4.1), causal path clarity
(4.8), time efficiency (3.6), and industrial applicability
(4.2). This superiority is not only quantitative but also
qualitatively meaningful. For instance, the high scores
in analysis depth and causal path clarity highlight
IRAJs capability to identify complex root causes
and systemic interactions, accomplished through
the integration of dynamic change analysis with the
6M framework (Man, Machine, Method, Material,
Management, and Environment).

A study employing the ANP-VIKOR method to
evaluate Root Cause Analysis (RCA) techniques in
occupational safety found that hybrid approaches,
such as combining DEMATEL with VIKOR, enhance
analytical depth by up to 25%. This improvement is
comparable to the 22% increase observed by IRAJ in
our study. However, the referenced study concentrates
on urban industries and does not address specific
techniques like SCAT, whereas IRAJ demonstrates
broader applicability in complex industries,
emphasizing systematic changes.

By employing the Analytic Network Process
(ANP) to model interdependencies among criteria
and the VIKOR method for ranking, IRAJ achieved
the highest score of 0.34, followed by FAM with 0.26
and Tripod-p with 0.22. This ranking reflects IRAJ’s
closeness to the ideal solution, as ANP determined the
criteria weights by accounting for complex feedback
loops—such as the interaction between analysis depth
and systematism—while VIKOR calculated the relative
advantage. This quantitative approach enhances
decision-making transparency and demonstrates that
IRAJ more effectively balances criteria like analysis
depth and industrial applicability. The practical
implication is the ability to make better-informed
choices regarding techniques in organizations to
reduce accident risk, given that IRAJ has the smallest
distance from the ideal.

These improvements align with findings from
systematic reviews. For example, a study on root cause
analysis in industrial manufacturing demonstrated
that hybrid methods (combining knowledge-based
and data-driven approaches) enhance the depth
of analysis but often neglect the issue of analyst
dependence. Our study addressed this gap by reducing
analyst dependence by 27%.

This study has several key strengths that distinguish
it from similar research. First, the development of the
novel IRAJ technique, which combines change-based
analysis with the 6M framework, offers a systematic

and multidimensional approach that overcomes the
limitations of traditional methods, which often focus
solely on surface-level factors. This integration enables
more accurate identification of systematic deviations
and complex interactions among human, technical,
organizational, and environmental factors.

Despite its strengths, this study has several
limitations that should be considered when
interpreting the results. First, reliance on expert
opinions from 10 HSE specialists with at least 10
years of experience may introduce bias, although
the use of ANP-VIKOR was intended to mitigate
this risk. Second, the sample size was limited to five
accidents from various industries; while this ensured
some diversity, it restricts the generalizability of
the findings across all industrial sectors. Third,
the performance evaluation of the techniques was
conducted in a controlled research environment
under the supervision of the developers, which may
not accurately reflect real-world industrial settings
where such guidance is unavailable. Additionally, the
absence of larger quantitative datasets, such as those
derived from computer simulations, and the study’s
focus on qualitative-quantitative analysis represent
further limitations.

CONCLUSION

In conclusion, this study demonstrated that
the IRAJ technique, which utilizes change-based
analysis and the 6M framework in combination with
ANP-VIKOR, outperforms traditional methods
such as FAM, SCAT, and Tripod-p (which scored
0.34). It enhances the comprehensiveness, accuracy,
and applicability of occupational accident analysis.
By reducing reliance on individual judgment and
increasing support for corrective actions, this
technique serves as an effective tool for accident
prevention in complex industrial organizations. The
findings emphasize that hybrid approaches like IRAJ
are essential for improving safety and organizational
learning and can contribute to reducing the global
accident rate.
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