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Abstract

Maintenance constitutes major cost components in the oil and gas industries and
play a vital role in maintaining production capacity and preventing accidents and
unplanned damage costs. Despite the potential benefits of Industry 4.0
technologies, the development of this sector has been relatively slow,
highlighting the need to identify and analyze the key success factors of
Maintenance 4.0 in oil and gas industries to address existing limitations. This
study was conducted in two parts: a qualitative phase (aimed at identifying key
success factors) and a quantitative phase (aimed at modeling and scenario
analysis). The analysis methods included thematic analysis in the qualitative
section and the use of DEMATEL and Fuzzy Cognitive Mapping (FCM) in the
quantitative section. The findings revealed 58 initial codes categorized into 15
key success factors. Backward scenario analysis indicated the importance of
“system connectivity and integration” and “smart equipment condition
monitoring,” while forward scenario analysis highlighted “system connectivity
and integration,” “investment,” and “smart equipment condition monitoring” as
the most influential factors. Therefore, the synergy among technical factors (data
collection, transmission, and storage), organizational factors (transformational
leadership, skilled workforce, and change management), and environmental
factors (efficient supply chain) should be carefully considered to successfully
implement Smart Maintenance in the oil and gas industry under the Industry 4.0
framework.
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Introduction
Increasing global competition, growing production complexity, and the
emergence of Industry 4.0 technologies have elevated maintenance management
to a critical success factor for industrial organizations (Rojek et al., 2022; Kumar
& Galar, 2018). In this context, Smart Maintenance, enabled by technologies such
as the Internet of Things (loT), artificial intelligence, and data analytics, facilitates
continuous condition monitoring, early failure prediction, and informed decision-
making, thereby enhancing operational efficiency, reliability, and safety (Cao et
al., 2020; Jasiulewicz & Gola, 2019). The oil and gas industry, characterized by
asset-intensive operations and high operational criticality, represents one of the
most promising domains for the implementation of Smart Maintenance. However,
challenges including high implementation costs, limited availability of reliable
data, difficulties in integrating emerging technologies with legacy systems, and
cybersecurity concerns continue to hinder its widespread adoption (Majstorovic,
2022; Mojarad et al., 2018; Achouch et al., 2022). Accordingly, this study seeks
to address the following research questions:

What are the critical success factors for Smart Maintenance Management
implementation in the oil and gas industry within the Industry 4.0 paradigm?

What is the relative importance of these factors in terms of their influence and
dependence?

What causal relationships exist among the identified critical success factors?
And which intervention scenarios can most effectively enhance these factors and
facilitate the successful implementation of Smart Maintenance Management?

Literature Review

A review of the literature indicates that research on Smart Maintenance has
primarily focused on two main streams: investigating the opportunities and
challenges associated with the implementation of Industry 4.0 technologies and
identifying the success factors and barriers to Smart Maintenance adoption across
various industries. Previous studies have confirmed the critical role of factors such
as technological infrastructure, data quality, digital skills, management support,
systems integration, and cybersecurity in the successful implementation of Smart
Maintenance. In the oil and gas industry, research has mainly concentrated on the
development of technical architectures, failure prediction models, and data-driven
approaches to enhance maintenance performance. Nevertheless, existing studies
have largely examined technical, managerial, or organizational dimensions
separately and have paid limited attention to a comprehensive analysis of Smart
Maintenance success factors within the specific context of the oil and gas
industry. Furthermore, only a few studies have addressed the prioritization of
these factors, the investigation of their causal relationships, and the development
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of intervention scenarios for performance improvement. Therefore, a
comprehensive framework for identifying, prioritizing, and analyzing the
dynamics of critical success factors for Smart Maintenance in the oil and gas
sector is still lacking.

Methodology

This study employed a mixed-methods (qualitative—quantitative) design with an
integrated approach conducted in three phases (the first phase being qualitative
and the second and third phases being quantitative). In the first phase, with the
aim of identifying the critical success factors of Smart Maintenance management
in the oil and gas industry, qualitative data were collected through semi-structured
interviews with experts in maintenance engineering and the oil and gas sector.
The data were analyzed using thematic analysis based on Braun and Clarke
(2006). In the second phase, the factors identified in the previous phase were
further examined through a structured questionnaire to determine their levels of
influence and dependence. This analysis was conducted by integrating the
DEMATEL method and Fuzzy Cognitive Mapping (FCM), where the total
relation matrix (T) derived from DEMATEL was used as the input interaction
matrix for the FCM model. The FCM analysis was implemented using FCMapper
software, while the network visualization was performed in Pajek. In the third
phase, based on the results of the second phase, forward and backward scenarios
were developed to analyze the effects of interventions on the critical factors. The
validity and reliability of the findings were ensured through the criteria proposed
by Guba and Lincoln, along with the calculation of the Holsti reliability
coefficient.

Results

The findings indicate that the successful implementation of Smart Maintenance in
the oil and gas industry depends on the identification and effective management of
critical success factors. In the qualitative phase, a total of 58 critical success
factors were identified and classified into 15 thematic groups. The results revealed
that intelligent condition monitoring, system integration and connectivity, and
investment are the most central factors, exhibiting the highest level of centrality
and the strongest relationships with other identified factors. In the second and
third phases, the study focused on ranking the identified factors, developing a
fuzzy cognitive map model, and conducting scenario analyses. Based on the
proposed FCM model, among the 15 groups of critical success factors, “system
needs recognition,” “appropriate organizational culture,” and “efficient supply
chain” were identified as driving factors, while “change management” was
classified as a receiver factor, and the remaining factors were categorized as
ordinary factors. The backward scenario analysis highlighted the importance of
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system integration and intelligent condition monitoring, whereas the forward
scenario analysis emphasized the critical roles of system integration, investment,
and intelligent condition monitoring in enhancing the effectiveness of Smart
Maintenance implementation.

Discussion

The findings indicate that the critical success factors for Smart Maintenance
implementation in the oil and gas industry can be categorized into three main
groups: technical, organizational, and environmental, with their synergy being a
fundamental requirement for success. Technical factors include digital
infrastructure, data quality and integration, intelligent condition monitoring,
cybersecurity, and process optimization, which collectively form the operational
foundation of the system. Organizational factors play a decisive role in technology
adoption and utilization, encompassing strategy, change management,
organizational culture, skilled human resources, and top management support.
Environmental factors are mainly related to the specific characteristics of the oil
and gas industry, such as harsh operational conditions and supply chain
constraints, which directly influence system effectiveness. The results show that
weakness in any of these three dimensions can significantly undermine the overall
system performance. Ultimately, the successful implementation of Smart
Maintenance requires the simultaneous integration of technical, organizational,
and environmental factors within a holistic systems-oriented approach.

Conclusion

This study aimed to identify and rank the critical success factors of Smart
Maintenance in the oil and gas industry using an integrated DEMATEL and Fuzzy
Cognitive Mapping (FCM) approach. In the qualitative phase, 58 factors were
identified and categorized into 15 groups, among which intelligent condition
monitoring, system integration, and investment exhibited the highest centrality.
The FCM results indicated that “system needs recognition,” “organizational
culture,” and “supply chain efficiency” act as driving factors, while “change
management” functions as a receiver factor. Scenario analyses further emphasized
the importance of system integration, intelligent monitoring, and investment.
Overall, the findings highlight that the success of Smart Maintenance relies on the
synergy of technical, organizational, and environmental factors.

Keywords: Smart Maintenance, Industry 4.0, Oil And Gas Industries, Key
Success Factors, Scenario Analysis.
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