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Abstract

This paper explores the evolution of incident investigation processes and their critical role in building a stronger
safety culture across various industries. It examines historical methodologies and their transformation from
simplistic, blame-oriented approaches to comprehensive, systemic analyses. Modern investigation techniques
such as Root Cause Analysis (RCA), Failure Mode and Effects Analysis (FMEA), Bowtie Analysis, and the Human
Factors Analysis and Classification System (HFACS) are discussed in detail, highlighting their effectiveness in
uncovering underlying issues and preventing future incidents. The role of technology and data analysis, including
digital forensics, big data analytics, simulation tools, geospatial information systems (G1S), and Internet of Things
(10T) devices, is analyzed for their contributions to improving the accuracy and efficiency of investigations. The
paper also explores the profound impact of these improved processes on fostering a proactive safety culture, using
examples from industries such as aviation, oil and gas, healthcare, and nuclear power. Finally, recommendations
are provided for further enhancing incident investigation practices to sustain and advance safety cultures,
emphasizing continuous training, advanced technologies, regulatory frameworks, a just culture, continuous
improvement, and effective communication.
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l. Introduction
1.1 Background and Significance of Incident Investigation Processes

Incident investigation processes have long been a critical component in pursuing enhanced safety across
various industries. Traditionally, these processes were reactive, focusing on identifying causes and assigning
blame post-incident. Over time, the scope and methodology of these investigations have evolved significantly.
Today, they encompass a comprehensive analysis to understand underlying factors and system failures that
contribute to incidents. The evolution from a blame-oriented approach to a system-oriented approach signifies a
paradigm shift in safety management (Lee, Cameron, & Hassall, 2019).

The significance of incident investigation processes lies in their potential to prevent future accidents and
promote a culture of continuous improvement. Effective investigations help organizations learn from past
mistakes, identify hazards, and implement corrective actions. This proactive stance reduces the likelihood of
recurrence and fosters a culture where safety is prioritized, and continuous learning is embedded into
organizational practices (Zhang et al., 2020).

The primary purpose of this paper is to explore how improvements in incident investigation processes can
help prevent future accidents and contribute to a proactive safety culture across industries. By examining historical
and current practices, this paper aims to highlight the evolution of these processes and their impact on safety
management. The scope of the paper includes an analysis of significant changes in investigation methodologies,
the integration of technology, and the role of incident investigations in fostering a proactive safety culture.

Additionally, the paper will present case studies from various industries to illustrate the practical
application and benefits of improved incident investigation processes. Through these case studies, the paper will
demonstrate how industries have successfully transitioned to more effective investigation techniques and the
positive outcomes of these changes.
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1.2 Overview of Key Concepts

To provide a foundation for the subsequent discussion, it is essential to define and understand several key
concepts: incident investigation, safety culture, and proactive safety measures.

a) Incident Investigation: Incident investigation refers to the systematic process of examining incidents,
including accidents, near-misses, and other unplanned events, to determine their causes and contributing factors.
The goal is to understand what happened and why it happened, thereby identifying root causes and system
weaknesses. Modern incident investigations employ various tools and methodologies, such as root cause analysis,
failure mode and effects analysis (FMEA), and the use of incident databases (Chi, Sigmund, & Astardi, 2020).
b) Safety Culture: Safety culture is the collective mindset and attitude of an organization's members towards
safety. It reflects the values, beliefs, and behaviors that prioritize safety over competing goals. A strong safety
culture is characterized by open communication, mutual trust, shared perceptions of the importance of safety, and
the commitment of leadership to allocate resources towards safety improvements. It is both a driver and an
outcome of effective incident investigation processes (Yorio, Edwards, & Hoeneveld, 2019).

c) Proactive Safety Measures: Proactive safety measures are preventive actions taken to mitigate risks
before they result in incidents. Unlike reactive measures that respond to incidents after they occur, proactive
measures involve risk assessments, hazard identification, safety audits, and continuous monitoring. These
measures aim to address potential issues early, preventing them from escalating into accidents or significant
incidents (Steen-Hansen, Storesund, & Sesseng, 2021).

By exploring the intersection of these concepts, this paper will demonstrate how the evolution of incident
investigation processes contributes to a more robust safety culture. Improved incident investigations provide
immediate insights into specific events and drive systemic changes that enhance overall safety performance. This
holistic approach ensures that safety is ingrained in every aspect of organizational operations, leading to
sustainable improvements and a reduction in incident rates.

1. Historical Perspective of Incident Investigation Processes
2.1 Evolution of Incident Investigation Methodologies Over Time

The methodologies employed in incident investigations have undergone significant evolution over the
past century. Initially, incident investigations were rudimentary, often limited to identifying immediate causes and
assigning blame to individuals involved in the incident. This approach, prevalent in the early 20th century, was
characterized by a lack of systematic methodology and a focus on human error as the primary cause of accidents.
Investigations were typically superficial, aiming to quickly resolve issues without delving into deeper, systemic
problems (Fu et al., 2020).

As industrial activities expanded and became more complex, the limitations of this approach became
evident. The 1940s and 1950s saw the introduction of more structured methodologies, influenced by
advancements in safety science and engineering. This period marked the beginning of formalized incident
investigation processes, with the adoption of tools such as fault tree analysis (FTA) and event tree analysis (ETA).
These methodologies allowed investigators to map out the sequence of events leading to an incident and identify
multiple contributing factors (Zaib, Yin, & Khan, 2022).

The late 20th century brought further advancements, driven by high-profile industrial disasters that
highlighted the need for more comprehensive approaches. The Three Mile Island nuclear accident in 1979 and the
Bhopal gas tragedy in 1984 underscored the importance of understanding organizational and systemic failures,
rather than focusing solely on human error. This shift in perspective led to the development of root cause analysis
(RCA) techniques, which aim to identify underlying causes of incidents and recommend systemic improvements
(Kletz & Amyotte, 2019).

2.2 Key Milestones and Pivotal Changes in Approach

Several key milestones have marked the evolution of incident investigation methodologies, each
contributing to a more nuanced and effective approach to safety management. The field of system safety emerged
in the 1960s, emphasizing the integration of safety considerations into the design and operation of systems. This
period also saw the growing recognition of human factors as critical components of safety. The work of pioneers
like Jens Rasmussen and James Reason introduced concepts such as the Swiss Cheese Model, which illustrates
how multiple layers of defense can be penetrated by aligning weaknesses, leading to incidents. This model
highlighted the importance of understanding latent conditions and organizational factors in incident investigations
(Dekker, 2019).

High-profile disasters, such as the previously mentioned Three Mile Island and Bhopal incidents,
catalyzed significant changes in incident investigation practices. These events highlighted the catastrophic
potential of systemic failures and led to regulatory changes and the establishment of independent investigation
bodies. The formation of the U.S. Chemical Safety and Hazard Investigation Board (CSB) in 1990 is one such
example. These organizations emphasized thorough, independent investigations and the dissemination of lessons
learned to prevent future incidents (Park et al., 2021).
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The advent of advanced technologies has revolutionized incident investigation processes. Digital tools,
data analytics, and simulation models now play crucial roles in understanding incidents. For instance, the use of
flight data recorders (black boxes) in aviation and similar devices in other industries provides detailed information
on the sequence of events leading up to an incident. This data-driven approach allows for more accurate
reconstructions and identification of root causes. Additionally, the integration of safety management systems
(SMS) ensures a systematic approach to managing safety, with continuous monitoring and improvement based on
incident data (Khalid, Sagoo, & Benachir, 2021).

2.3 Examples of Major Incidents That Shaped Current Practices

Several major incidents have profoundly impacted the evolution of incident investigation practices, each
serving as a catalyst for change and improvement in safety management. The collision of two Boeing 747s on the
runway at Tenerife Airport remains the deadliest aviation accident in history. The investigation revealed multiple
contributing factors, including miscommunications, poor visibility, and procedural non-compliance. This disaster
led to significant changes in aviation safety, including the development of Crew Resource Management (CRM)
training to improve communication and decision-making among flight crews (Kanki, 2019).

The explosion and subsequent fire on the Piper Alpha oil rig in the North Sea resulted in 167 fatalities.
The investigation highlighted deficiencies in safety procedures, emergency response, and maintenance practices.
The Cullen Report, which followed, led to comprehensive changes in offshore safety regulations and the
establishment of the Offshore Safety Division of the Health and Safety Executive in the UK. This incident
underscored the importance of robust safety management systems and the need for continuous improvement
(Markowski, Krastawski, Vairo, & Fabiano, 2021).

The Deepwater Horizon oil spill in the Gulf of Mexico, caused by a blowout on the Macondo well,
resulted in 11 deaths and a massive environmental disaster. The investigation identified multiple systemic failures,
including poor risk management, inadequate safety procedures, and a lack of regulatory oversight. The incident
led to significant regulatory changes in the oil and gas industry, including establishing the Bureau of Safety and
Environmental Enforcement (BSEE) and implementing more stringent safety and environmental protection
measures (Makocha, Ete, & Saini, 2019).

The Fukushima Daiichi nuclear disaster, triggered by a massive earthquake and tsunami, resulted in
reactor meltdowns and widespread radioactive contamination. The investigation revealed significant
shortcomings in disaster preparedness, regulatory oversight, and crisis management. This incident prompted a
global reevaluation of nuclear safety standards and the implementation of more robust safety measures, including
enhanced emergency preparedness and improved reactor designs (Funabashi, 2021).

1. Current Best Practices in Incident Investigation
3.1 Description of Modern Incident Investigation Techniques

Modern incident investigation techniques have advanced significantly, driven by the need for more
comprehensive and effective analyses of incidents. These techniques aim to go beyond identifying immediate
causes to uncover underlying systemic issues that contribute to incidents. By doing so, organizations can
implement changes that prevent future occurrences and enhance overall safety culture.

One of the cornerstone techniques in modern incident investigations is Root Cause Analysis (RCA)
(Latino, Latino, & Latino, 2019). RCA involves a structured approach to identifying the fundamental reasons
behind an incident, rather than focusing solely on superficial symptoms. This method typically employs tools such
as the "5 Whys" and Fishbone Diagrams (Ishikawa Diagrams) to dissect the sequence of events and identify
contributing factors systematically. The "5 Whys" technique involves repeatedly asking "why" an event occurred
until reaching the root cause, while Fishbone Diagrams help visualize potential causes across various categories
like human factors, machinery, methods, and materials (Khanduja, 2024).

Another crucial technique is Failure Mode and Effects Analysis (FMEA). FMEA is a proactive method
used to identify potential failure modes within a system and assess their impact. Although traditionally used in
product development and manufacturing, it has been adapted for incident investigations to anticipate and mitigate
risks before they result in incidents. Organizations can identify vulnerabilities and implement preventive measures
by systematically examining each component or process step (Liu, Zhang, Ping, & Wang, 2020).

Bowtie Analysis is also gaining traction as a valuable tool in incident investigations. This method visually
maps out the pathways from potential hazards to incidents, illustrating the preventive and mitigative controls in
place. The "bowtie" shape represents the relationship between hazards, threats, and consequences, providing a
clear overview of risk management measures. This technique is particularly useful for communicating complex
risk scenarios to stakeholders and ensuring a shared understanding of safety controls (Sotiralis, Louzis, &
Ventikos, 2019).

Human Factor Analysis and Classification System (HFACS) is another advanced method that focuses on
human error and organizational influences. Developed from the Swiss Cheese Model, HFACS categorizes human
errors into four levels: Unsafe Acts, Preconditions for Unsafe Acts, Unsafe Supervision, and Organizational
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Influences. This comprehensive framework helps investigators understand how organizational culture,
management practices, and individual behaviors interact to contribute to incidents (Jalali, Dehghan, Habibi, &
Khakzad, 2023).

3.2 Role of Technology and Data Analysis in Investigations

Technology and data analysis play pivotal roles in modern incident investigations, transforming how
information is collected, analyzed, and utilized to prevent future incidents. The integration of digital tools and
advanced analytics has significantly enhanced the accuracy, efficiency, and depth of incident investigations. One
of the most impactful technological advancements is the use of digital forensics. In aviation, transportation, and
manufacturing industries, devices like flight data recorders (black boxes) and event data recorders capture detailed
information about an incident's timeline. These devices record a wealth of data, including mechanical
performance, environmental conditions, and human interactions, providing investigators with a comprehensive
view of the events leading up to an incident. By analyzing this data, investigators can reconstruct incidents with
high precision and identify critical factors that may not be apparent through traditional investigation methods
(Wang, Ng, & Brook, 2020).

Big Data analytics and machine learning are increasingly used to identify patterns and trends contributing
to incidents. Organizations can uncover hidden correlations and predict potential risks by analyzing large datasets
from various sources, such as incident reports, maintenance records, and operational data. Machine learning
algorithms can detect anomalies and predict future incidents based on historical data, allowing for proactive
interventions. For example, predictive maintenance programs use data analytics to identify when equipment is
likely to fail, enabling timely repairs and preventing incidents (Nassar & Kamal, 2021).

Simulation and modeling tools are also vital in modern incident investigations. These tools allow
investigators to recreate incident scenarios and test different hypotheses in a virtual environment. For instance,
Computational Fluid Dynamics (CFD) models can simulate the behavior of gases and liquids during a chemical
spill, helping investigators understand the spread and impact of the incident. Similarly, virtual reality (VR)
simulations can recreate complex environments, allowing investigators to explore incident sites in detail without
physical constraints (Zhao, 2021).

Geospatial Information Systems (GIS) provide another layer of analytical capability, particularly useful
in incidents involving large-scale environments, such as natural disasters or industrial accidents. GIS technology
allows investigators to map out incident locations, track the movement of hazardous materials, and visualize the
spatial relationship between various factors. This spatial analysis helps understand the broader context of incidents
and identify geographic patterns that may contribute to risk (Albrecht et al., 2020).

Cloud-based incident management systems have revolutionized the way information is shared and
collaborated upon during investigations. These platforms allow for real-time data collection, storage, and sharing
among investigators, stakeholders, and regulatory bodies. By providing a centralized repository for incident data,
these systems facilitate better communication, coordination, and transparency throughout the investigation
process (ReddyAyyadapu, 2023).

Drones and unmanned aerial vehicles (UAVS) are increasingly being used to access hard-to-reach areas
and gather high-resolution imagery and data. In construction, mining, and emergency response industries, drones
can quickly survey incident sites, capture detailed images, and monitor ongoing conditions without putting
investigators at risk. This technology enhances situational awareness and provides valuable data for analysis. The
integration of Internet of Things (10T) devices further enhances incident investigations by providing real-time
monitoring and data collection. 10T sensors can be deployed in various environments to continuously track
conditions such as temperature, pressure, vibration, and chemical composition. This real-time data allows for
immediate detection of anomalies and rapid response to potential incidents (Tang, Shelden, Eastman, Pishdad-
Bozorgi, & Gao, 2019).

V. Impact of Improved Incident Investigation on Safety Culture
4.1 Correlation Between Thorough Investigations and Accident Prevention

The relationship between thorough incident investigations and accident prevention is well-established
across various industries. Comprehensive investigations provide a detailed understanding of what happened
during an incident and why it happened. This deep dive into the root causes and contributing factors enables
organizations to implement effective corrective and preventive measures, reducing the likelihood of similar
incidents occurring.

Thorough investigations identify underlying systemic issues, such as process deficiencies, equipment
malfunctions, or organizational shortcomings, that might not be apparent from a superficial analysis. By
addressing these root causes, organizations can make informed decisions to enhance their safety protocols and
operational procedures (Adebayo, lkevuje, Kwakye, & Emuobosa, 2024; Olajiga, Olu-lawal, Usman, &
Ninduwezuor-Ehiobu, 2024; Samira, Weldegeorgise, Osundare, Ekpobimi, & Kandekere, 2024). This proactive
approach is instrumental in preventing accidents, as it targets the foundational elements that contribute to risk.
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For example, detailed investigations of near-miss events and minor incidents in the aviation industry are critical
in preventing catastrophic accidents. The meticulous analysis of flight data, pilot interactions, and aircraft systems
often reveals latent issues that, if left unaddressed, could lead to severe consequences. By continually refining
safety measures based on investigation findings, the industry has achieved significant improvements in safety
performance over the decades (Adebayo, Ikevuje, Kwakye, & Esiri, 2024; Aderamo, Olisakwe, Adebayo, & Esiri,
2024a, 2024b).

4.2 How Improved Investigation Processes Foster a Proactive Safety Culture

Improved investigation processes are a cornerstone of a proactive safety culture. A proactive safety
culture is characterized by an organization's commitment to anticipating and preventing incidents before they
occur, rather than merely reacting to them. The insights gained from thorough incident investigations facilitate
this shift from reactive to proactive safety management.

Firstly, improved investigation processes promote a learning-oriented environment. When organizations
conduct detailed investigations and openly share their findings, it fosters a culture of transparency and continuous
learning. Employees at all levels become aware of the importance of safety and are encouraged to report incidents
and near-misses without fear of blame or retribution. This open communication channel is crucial for identifying
potential hazards early and addressing them promptly (Wallo, Kock, Reineholm, & Ellstrom, 2022).

Secondly, the data and insights derived from thorough investigations inform better risk management
practices. Organizations can develop targeted training programs, enhance safety procedures, and implement
technological solutions based on the specific issues identified during investigations. For instance, if investigations
reveal that a particular piece of equipment is prone to failure under certain conditions, the organization can
redesign the equipment, improve maintenance protocols, or provide specialized training to operators (Braglia,
Castellano, & Gallo, 2019).

Additionally, improved investigation processes strengthen leadership commitment to safety. When
leaders prioritize and invest in comprehensive investigations, it signals to the entire organization that safety is a
top priority. This commitment is essential for cultivating a strong safety culture, as employees take cues from their
leaders' attitudes and behaviors. Leaders who demonstrate a genuine concern for safety and are willing to allocate
resources for thorough investigations set a positive example for the rest of the organization (Phillips IV, 2021).

4.3 Examples of Industries That Have Successfully Enhanced Their Safety Culture

Several industries have successfully enhanced their safety culture by adopting improved investigation
practices. These industries serve as exemplary models for how thorough investigations can lead to significant
safety advancements. The aviation industry is often cited as a leader in safety culture due to its rigorous incident
investigation processes. The establishment of independent bodies such as the National Transportation Safety
Board (NTSB) in the United States has been pivotal in this regard. The NTSB conducts in-depth investigations of
aviation accidents and incidents, publishing detailed reports and recommendations. These findings are widely
disseminated and used by airlines, manufacturers, and regulatory agencies to improve safety standards. As a result,
the aviation industry has seen a dramatic decline in accident rates, making it one of the safest modes of
transportation (Wilson, 2023).

The oil and gas industry, particularly in offshore operations, has made significant strides in safety culture
through improved investigation practices. The aftermath of the Piper Alpha disaster 1988 led to adopting more
robust safety regulations and forming dedicated safety oversight bodies. Companies now employ advanced
investigation techniques to analyze incidents and near-misses, using the findings to enhance safety protocols and
emergency response plans. This proactive approach has substantially reduced major incidents and improved
overall safety performance in the industry (Woolfson, Beck, & Foster, 2019).

In the healthcare sector, the adoption of thorough incident investigation processes has been instrumental
in improving patient safety. The implementation of Root Cause Analysis (RCA) in the investigation of medical
errors and adverse events has allowed healthcare organizations to identify systemic issues and implement
corrective actions. For instance, the introduction of standardized protocols for medication administration and
surgical procedures has been driven by insights gained from RCA. These measures have significantly reduced the
incidence of medical errors and improved patient outcomes (Ekpobimi, Kandekere, & Fasanmade, 2024; Hamdan,
Al-Salaymeh, AlHamad, lkemba, & Ewim, 2023).

The nuclear industry has also benefited from rigorous incident investigation processes. The lessons
learned from incidents such as the Three Mile Island and Fukushima Daiichi nuclear disasters have led to
comprehensive changes in safety protocols and regulatory oversight. The industry now employs sophisticated risk
assessment tools and simulation models to predict and mitigate potential hazards. Continuous learning from past
incidents has fostered a strong safety culture, with an emphasis on preventing accidents through proactive
measures and stringent safety standards (Luangdilok & Xu, 2020).
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V. Conclusion and Recommendations
5.1 Summary of Key Findings

The evolution of incident investigation processes has significantly contributed to enhancing safety culture
across various industries. Incident investigations have historically transitioned from simplistic, blame-focused
approaches to more sophisticated methodologies emphasizing systemic analysis and root cause identification.
Modern techniques such as Root Cause Analysis (RCA), Failure Mode and Effects Analysis (FMEA), Bowtie
Analysis, and the Human Factors Analysis and Classification System (HFACS) have proven to be effective in
uncovering underlying issues and preventing future incidents.

The integration of technology and data analysis has further revolutionized incident investigations. Digital

forensics, big data analytics, simulation tools, geospatial information systems (GIS), cloud-based incident
management systems, drones, and the Internet of Things (10T) have enhanced investigations' accuracy, efficiency,
and depth. These advancements allow for precise reconstructions of incidents, predictive maintenance, real-time
monitoring, and comprehensive data sharing, all of which contribute to proactive safety management.
The impact of these improved investigation processes on safety culture is profound. Thorough investigations
foster a learning-oriented environment, promote transparency, and strengthen leadership commitment to safety.
This proactive approach reduces the likelihood of future incidents and embeds safety as a core organizational
value.

5.2 Recommendations for Further Improvement in Incident Investigation Processes

To continue advancing the effectiveness of incident investigation processes and further strengthen safety culture,
several recommendations can be made:

e  Continuous training and education for investigators and employees are essential. Organizations should invest
in advanced training programs that cover modern investigation techniques, the use of technological tools, and the
principles of human factors analysis. This ensures that all personnel have the knowledge and skills necessary to
conduct thorough investigations and contribute to a proactive safety culture.

e Continued integration of advanced technologies such as artificial intelligence (Al), machine learning, and
virtual reality (VR) can further improve incident investigations. Al and machine learning algorithms can analyze
vast amounts of data to identify patterns and predict potential risks, while VR can be used for immersive training
simulations and incident reconstructions.

e Regulatory bodies should enhance frameworks to mandate comprehensive incident investigations and the
implementation of recommendations. This includes establishing standardized investigation protocols, ensuring
independence and transparency in investigations, and fostering collaboration between industry stakeholders and
regulatory agencies.

e Organizations should cultivate a "just culture™ where employees feel safe to report incidents and near-misses
without fear of blame or punishment. This encourages open communication and the identification of potential
hazards before they result in incidents. A just culture emphasizes learning and improvement rather than assigning
blame.

e Organizations should adopt a continuous improvement mindset by regularly reviewing and updating their
investigation processes. Benchmarking against industry best practices and learning from the experiences of other
organizations can provide valuable insights for enhancing investigation methodologies and safety practices.
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