138Q
SEIT

£

International Journal of Scientific Research in Computer Science, Engineering and E=

l a S ,‘.‘\ Information Technology jﬁ
CS EIT  1ssN: 2456-3307 Available Online at : www.ijsrcseit.com
doi : https://doi.org/10.32628/IJSRCSEIT

Root Cause Failure Analysis and Predictive Risk Modeling of Lower Riser
Package Leak Events in Ultra-Deepwater Oilfields
Malvern Theanyichukwu Odum!, Iduate Digitemie Jason?, Dazok Donald Jambol?
IShell Nigeria Exploration and Production Company (SNEPCo), Nigeria
2[duate Digitemie Jason, Nigeria
3D-Well Engineering Nig. Ltd. (Shell Petroleum Development Company of Nigeria)

Corresponding Author : malvernodum@gmail.com

ARTICLEINFO ABSTRACT
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safety, and production continuity. This study presents a comprehensive
investigation into the root causes of LRP leak failures and introduces a predictive

risk modeling framework for early detection and prevention. A structured

methodology was employed, beginning with the acquisition and preprocessing

Publication Issue of operational, maintenance, and failure data from multiple offshore assets. Root
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Cause Analysis techniques, specifically Fault Tree Analysis and Failure Mode and
Effects Analysis, were applied to identify the principal drivers of leak events,

including design flaws, material degradation, manufacturing defects, and
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procedural lapses. These findings were used to inform the development of a
predictive model using tree-based machine learning algorithms, capable of
classifying risk states and estimating time-to-failure without reliance on
simulation data. The model achieved high precision and recall, with
environmental variables, component age, and operational stress emerging as key
predictors. The integration of predictive insights with empirical diagnostics
enables a shift from reactive to proactive maintenance strategies. This dual
approach enhances equipment reliability, informs design improvements, and
supports safer, more efficient ultra-deepwater operations. Recommendations for
expanding the model to other subsea systems and incorporating real-time
monitoring are also discussed.
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1. Introduction

1.1 Background

Ultra-deepwater oilfields, typically located at depths exceeding 1,500 meters, represent some of the most
technically demanding and capital-intensive zones of hydrocarbon extraction [1, 2]. The engineering systems
deployed in these environments must withstand extreme hydrostatic pressures, corrosive subsea conditions, and
complex dynamic forces associated with ocean currents and platform movements [3, 4]. Among these systems, the
Lower Riser Package (LRP) plays a critical role in well control and environmental protection. It is a key
component situated between the blowout preventer (BOP) and the marine riser system, enabling intervention
operations, pressure containment, and safe disconnection during emergencies. Given its positioning and
operational demands, the LRP is frequently subjected to high mechanical stress, pressure fluctuations, and thermal
cycles [5-7].

The reliability of the LRP is essential for maintaining the integrity of deepwater drilling and intervention systems.
A leak event within this unit can jeopardize not only the success of well operations but also pose a major risk to
personnel safety and the marine environment [8, 9]. Furthermore, given the remoteness and inaccessibility of
ultra-deepwater locations, failure events often lead to significant downtime and operational costs. Addressing
these challenges requires a comprehensive understanding of the mechanical, operational, and environmental
factors that contribute to LRP integrity degradation over time [10-12].

Historically, industry focus on failure management in ultra-deepwater systems has leaned heavily on reactive
strategies. While conventional inspection and maintenance techniques remain important, they often fall short in
predicting incipient failures or identifying systemic weaknesses within the riser infrastructure [13, 14]. As leak
incidents continue to occur across multiple fields globally, it is increasingly clear that a more proactive, risk-
informed approach is needed. This has prompted increased attention to root cause analysis and the development
of predictive techniques that not only diagnose failures after they occur but also anticipate them before they
manifest in operational disruptions [15, 16].

1.2 Problem Statement

The increasing frequency and severity of leak incidents within LRPs across various offshore basins raise substantial
concerns for both operators and regulators. These events are often symptomatic of underlying mechanical or
operational deficiencies that remain unaddressed due to a lack of early detection capabilities [17, 18]. Even when
periodic maintenance schedules are followed, many anomalies escape traditional inspection regimes due to the
concealed and complex nature of subsea architecture. In a sector where failure consequences include oil spills,
equipment loss, and human casualties, even minor breaches in integrity pose unacceptable risks. This reality
highlights a significant knowledge and capability gap in understanding the true failure dynamics of LRPs under
real-world conditions [19, 20].

Moreover, the limitations of current diagnostic systems stem from their reliance on threshold-based alarms or
static data interpretation. Such systems often detect issues only after substantial damage has occurred, offering
little to no time for corrective intervention [21, 22]. These challenges are exacerbated by the harsh environment
in which LRPs operate, including exposure to high-pressure differentials, flow-induced vibrations, and long-term
material fatigue. Given the increasing operational depth and complexity of offshore oilfields, a new
methodological paradigm is needed, one that integrates failure forensics with predictive intelligence to guide

timely and data-informed decisions [23, 24].
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In this context, the absence of a unified framework for systematically analyzing LRP failure modes and forecasting
risk probabilities represents a major shortfall in offshore asset integrity management [25, 26]. While some isolated
studies have explored individual failure factors such as metallurgical degradation or hydraulic fatigue, there
remains a lack of holistic modeling approaches that encompass multi-causal root factors and temporal degradation
patterns. The urgency of developing a robust analytical structure that merges empirical failure data with advanced
predictive modeling techniques thus forms the core motivation behind this study.

1.3 Objectives

The primary objective of this study is twofold: first, to conduct a rigorous root cause failure analysis of LRP leak
events in ultra-deepwater operations, and second, to construct a predictive risk modeling framework capable of
identifying potential future failures with actionable lead times. Through a multidisciplinary approach that
integrates mechanical diagnostics, systems engineering, and statistical learning, this paper aims to bridge the gap
between post-event forensics and forward-looking risk mitigation. By dissecting real-world failure data and
identifying recurring causal pathways, the study contributes to a deeper understanding of LRP vulnerabilities
under operational stress.

In addition to its diagnostic dimension, the paper proposes a structured predictive model that leverages historical
failure data and operational parameters to forecast the probability of future leak events. Such a model has the
potential to transform maintenance planning from a reactive to a preemptive strategy, reducing both downtime
and the likelihood of catastrophic failures. This predictive framework is designed to be scalable and adaptable
across multiple field configurations, making it broadly applicable to various ultra-deepwater assets. It also opens
opportunities for integration with digital twin systems and real-time monitoring infrastructures.

Theoretically, this work contributes to the evolving discourse on offshore risk analytics and mechanical reliability
engineering. It enhances the methodological toolkit available for understanding high-consequence failures in
complex subsea environments and supports the industry’s shift toward data-driven asset management. Practically,
it offers operators a more nuanced and actionable perspective on LRP integrity, equipping them with tools to
enhance safety, reduce non-productive time, and comply more effectively with stringent environmental and
safety regulations. Ultimately, the study underscores the critical importance of blending root cause clarity with
predictive foresight in managing the next generation of ultra-deepwater oilfield operations.

2. Theoretical Framework

2.1 Failure Mechanisms in Deepwater Systems

The integrity of equipment used in ultra-deepwater environments is compromised by a complex interplay of
mechanical, thermal, and chemical stresses. In particular, the components within the lower riser package are
frequently exposed to cyclic loading due to wave-induced motion, internal fluid dynamics, and thermal expansion
[27-29]. Over time, such cyclic stresses lead to fatigue failure, especially at geometric discontinuities such as weld
joints, threaded connectors, and sealing interfaces [30, 31]. The fatigue life of these components is further
influenced by strain concentrations and residual stresses induced during fabrication and assembly. Notably,
fatigue crack initiation often remains undetectable until a critical stage is reached, making it a silent but significant
failure mode in riser systems [32, 33].

Material degradation presents another major failure pathway. Corrosion, stress-corrosion cracking, and hydrogen
embrittlement are prevalent in subsea environments where salinity, temperature gradients, and cathodic
protection interact unpredictably [34, 35]. Materials selected for deepwater applications are typically subjected to

rigorous qualification processes, yet degradation over time remains inevitable, especially in dynamic or high-
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pressure regions [36, 37]. Seal degradation is another key issue, as elastomeric and polymeric materials used in
gaskets and sealing elements are highly susceptible to chemical incompatibility, thermal aging, and mechanical
wear, all of which compromise sealing performance [38-40].

Additionally, connector malfunctions and hydraulic system failures often serve as precursors to LRP leaks. These
connectors, responsible for securing critical interfaces and transmitting control signals, are vulnerable to improper
installation, torque misapplication, and pressure surges [41, 42]. Leak paths can originate from micro-fractures in
threaded connections, misaligned gaskets, or erosion in valve seats. Such issues may not always be immediately
visible during subsea inspections, especially when concealed within enclosed housings. Understanding these
failure mechanisms at both component and system levels is crucial for any effective risk modeling and prevention
strategy. It enables targeted monitoring and focused interventions, rather than broad and inefficient maintenance
actions [43-45].

2.2 Root Cause Analysis (RCA) Principles

Root Cause Analysis (RCA) provides a systematic approach to identifying the fundamental origins of failure events
rather than merely addressing their symptoms. In the context of deepwater oilfield operations, where failures can
be multifactorial and obscure, RCA techniques offer a structured framework for dissecting incidents and revealing
their true underlying causes [46, 47]. Among the most prominent tools used are Fault Tree Analysis (FTA), Failure
Mode and Effects Analysis (FMEA), and the 5 Whys method. Each method brings unique strengths. FTA excels
at logically modeling event progression, FMEA systematically explores failure modes and their impacts, while the
5 Whys provides a simple but powerful question-based technique to drill down to the root issue [48-50].

Fault Tree Analysis is particularly effective in deepwater applications because of its top-down logic. Starting with
a defined failure event, such as a leak at a specific LRP joint, the Analysis works backward to map all possible
contributing failures in a logical hierarchy. This provides clarity on the interdependencies between mechanical,
human, and process factors. FMEA, on the other hand, allows for pre-emptive risk assessment by ranking failure
modes based on severity, likelihood, and detectability. This is especially useful in design reviews and maintenance
prioritization, where resources are limited and must be directed toward high-risk elements [51, 52].

The selection of RCA methods in this study emphasizes hybridization, a combination of FTA and FMEA
techniques is employed to leverage both event-based logic and risk prioritization. This integrated approach
ensures that root causes are not only identified but also quantified in terms of their risk contribution [53, 54].
Moreover, the chosen methods are suitable for large, noisy datasets typical of offshore operations and can
accommodate both qualitative expert inputs and quantitative historical data. Such flexibility is critical in ultra-
deepwater environments, where data quality can be variable and failure phenomena are rarely attributed to a
single factor. The goal is to create a high-fidelity failure map that supports predictive modeling and decision-
making in real operational contexts [55-57].

2.3 Predictive Risk Modeling Approaches

Predictive risk modeling in deepwater oilfield systems involves estimating the likelihood of future failures based
on historical performance, operational conditions, and system configuration. The inherent complexity and data
uncertainty in offshore environments make probabilistic approaches particularly valuable. Bayesian inference, for
example, provides a dynamic framework that updates failure probabilities as new information becomes available.
This is particularly useful when dealing with sparse failure data, which is common for components like LRPs that
are designed to be highly reliable. The Bayesian approach accommodates both prior expert knowledge and

observed data, allowing for continuous refinement of risk estimations [58, 59].
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Another important methodology is hazard rate modeling, often implemented using reliability functions such as
the Weibull distribution. These models describe the failure behavior of components over time and are capable of
capturing wear-out, random, or early-life failure patterns [60, 61]. By identifying the characteristic life and failure
rates of specific LRP subcomponents, such mode Is can guide the optimal scheduling of inspections and component
replacements. Hazard models also support the classification of components into different maintenance regimes,
thereby reducing unnecessary downtime and extending asset life through condition-based intervention [62, 63].
Recent advances in data analytics have introduced machine learning into the domain of offshore reliability
modeling. Techniques such as decision trees, random forests, and neural networks can process large datasets to
detect patterns and correlations that might elude traditional statistical methods [64, 65]. When trained on
historical failure logs, pressure data, and environmental conditions, these models can learn predictive features
associated with leak events [66, 67]. However, in contrast to deterministic models, machine learning approaches
require careful validation and interpretability considerations [68, 69]. Hybrid models, which combine statistical
foundations with data-driven insights, are increasingly being explored to balance model accuracy with operational
transparency. In this study, the predictive modeling strategy is aligned with both probabilistic reliability theory
and the capabilities of modern machine learning, offering a robust pathway for early failure detection and risk-
informed decision-making [70, 71].

3. Methodology

3.1 Data Acquisition and Preprocessing

A rigorous and comprehensive data collection process underpins the credibility of any analytical or predictive
framework. For this study, data were sourced from multiple offshore operators, focusing on ultra-deepwater assets
deployed in major production basins over the past 10 years. The dataset includes equipment maintenance records,
integrity inspection logs, failure reports, intervention activity summaries, and control system telemetry [72, 73].
All data was fully anonymized to comply with confidentiality agreements and data privacy regulations. Only
equipment categorized as part of the lower riser assembly, including connectors, valves, seals, and control modules,
was retained for Analysis. The collected data reflected both scheduled maintenance interventions and unplanned
leak incidents, offering a balanced view of operational health [74, 75].

Given the heterogeneity of data sources and formats, a systematic preprocessing pipeline was necessary. The initial
steps involved cleaning the data to address inconsistencies, missing fields, and duplicate entries [76, 77].
Categorical variables such as failure type or component class were standardized using controlled vocabularies to
ensure comparability across operators. Time-stamped events were normalized to a common format and
synchronized with environmental records such as seabed temperature, water depth, and pressure profiles.
Descriptive statistics and exploratory visualizations were used to identify outliers and patterns that warranted
closer investigation [78, 79].

Further, failure events were labeled using a taxonomy based on failure origin (e.g., mechanical, hydraulic, material
degradation) and failure mode (e.g., leak, rupture, loss of function). This labeling was validated through cross-
referencing with original maintenance logs and expert engineering judgment [80, 81]. To facilitate model training,
data was also segmented into training, validation, and test sets using a stratified sampling technique that preserved
the ratio of failure to non-failure events across datasets. This process ensured that subsequent root cause analysis
and predictive modeling were grounded in clean, structured, and representative input data, which is essential for

achieving reliable analytical results in high-consequence engineering applications [82, 83].

Volume 9, Issue 4, July-August -2023 | http://ijsrcseit.com



Malvern Theanyichukwu Odum et al Int. ]. Sci. Res. Comput. Sci. Eng. Inf. Technol., July-August-2023, 9 (4) : 714-729

3.2 Root Cause Failure Analysis Workflow

The root cause failure analysis conducted in this study followed a structured and iterative workflow designed to
ensure analytical traceability and practical relevance. The process began with a detailed failure categorization
protocol [84, 85]. Each recorded leak event was examined to determine its immediate cause (e.g., seal rupture,
connector misalignment) and associated symptoms (e.g., pressure drop, hydraulic fluid loss, control malfunction).
Supporting documentation, such as intervention reports and post-failure inspection notes, was used to reconstruct
the failure timeline. Events were then mapped to a preliminary cause-effect matrix, laying the groundwork for
deeper RCA application [86, 87].

The second stage involved applying hybrid root cause analysis techniques, specifically combining Fault Tree
Analysis and Failure Mode and Effects Analysis. FTA was used to develop hierarchical diagrams for each major
failure type, tracing the top event, typically a leak, to various contributing causes. These included material fatigue,
installation errors, cyclic load effects, and seal erosion [88, 89]. Meanwhile, FMEA was applied to rate each failure
mode by severity, occurrence probability, and detectability. The output was a prioritized list of failure modes that
not only caused the most disruption but also had a high risk of recurrence, enabling a risk-based approach to
component redesign and inspection prioritization [90, 91].

Failure instances were correlated with mechanical and environmental stressors to complete the workflow.
Parameters such as deployment depth, temperature variation, component age, and dynamic loading frequency
were statistically analyzed against the occurrence of leak events. Multivariate regression and principal component
analysis were used to isolate which combinations of stressors were most predictive of failure. This correlation
phase helped move beyond mere descriptive forensics toward a more systems-based understanding of how real-
world conditions interact with equipment design to create vulnerabilities. The entire RCA workflow thus yielded
actionable insights that served both diagnostic and predictive purposes, forming a strong empirical foundation for
the risk modeling phase [92, 93].

3.3 Predictive Model Development

The predictive modeling phase aimed to transform historical failure data into a decision-support tool capable of
identifying future leak risks within LRP systems. Model development began with the selection of candidate
algorithms based on the characteristics of the available data, mixed categorical and numerical variables,
imbalanced class distribution, and moderate sample size [94, 95]. After initial benchmarking, tree-based models
such as Random Forest and Gradient Boosted Trees were selected due to their robustness to non-linear
relationships, high interpretability, and ability to handle missing or noisy data. These models were trained to
classify operational periods as either “leak-prone” or “normal” based on a variety of input features, including
component age, environmental stressors, and maintenance history [96, 97].

To train and validate the models, the dataset was divided into 70% training, 15% validation, and 15% test sets.
Cross-validation techniques were employed to guard against overfitting and ensure generalizability. Feature
importance rankings were generated to determine which operational or environmental parameters contributed
most strongly to leak risk [98, 99]. This allowed the model not only to predict but also to explain its outputs, a
crucial capability in high-stakes engineering contexts where decision-makers must understand model rationale.
Model performance was evaluated using metrics such as precision, recall, and the area under the ROC curve, with
a focus on minimizing false negatives due to the critical consequences of missed leak predictions [100, 101].
Finally, a risk scoring framework was constructed by translating model outputs into actionable categories: low,

medium, and high-risk operational states. These risk scores can be integrated into offshore operators’ digital asset
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dashboards or maintenance planning systems to support real-time decision-making. The framework also includes
a retraining protocol, allowing the model to improve as new failure data becomes available. In sum, this predictive
modeling approach bridges the gap between empirical failure analysis and operational risk management, offering
a forward-looking mechanism for safeguarding the integrity of lower riser systems in ultra-deepwater
environments [102, 103].

4. Results and Discussion

4.1 Key Root Causes Identified

The root cause analysis conducted across the dataset revealed several dominant contributors to leak events in
lower riser packages. One of the most frequently identified causes was poor system design integration, particularly
at the interfaces between modular components. Misalignment between riser joints and control connectors created
stress concentrations that accelerated fatigue and increased the risk of seal misplacement. Additionally, geometric
discontinuities such as sharp internal radii and inadequate stress relief features were often present in components
with a higher incidence of cracking. These design flaws were more prevalent in earlier-generation LRPs,
suggesting that incremental engineering improvements had not fully resolved systemic vulnerabilities [104, 105].
Manufacturing and material inconsistencies emerged as another major source of failure. Analysis of maintenance
records and metallurgical evaluations indicated that variations in weld quality, heat treatment, and surface
finishing played a significant role in early-life failures. In several cases, incomplete penetration in critical welds
and residual stresses from substandard machining led to microcrack formation under cyclical loading.
Furthermore, elastomeric seals exhibited premature aging due to incompatibility with hydraulic fluids and subsea
temperatures beyond rated design conditions. These findings underscore the need for stricter quality assurance
protocols and more rigorous qualification testing, especially for materials and components destined for ultra-
deepwater deployment [106, 107].

Operational overstress and human error also contributed substantially to failure events. Over-torquing during
assembly, improper installation of hydraulic couplings, and incorrect calibration of control systems led to subtle
misalignments and pressure surges. Maintenance lapses, such as extended intervals between inspections or the use
of incorrect replacement parts, were frequently observed in failure logs [108, 109]. Notably, several incidents
involved failure to detect early warning signs, including minor pressure anomalies or low fluid levels in the control
pod, which were either misinterpreted or ignored. The cumulative effect of these oversights was the gradual
degradation of system integrity, eventually culminating in a leak. These results emphasize the importance of
improved training, stricter procedural adherence, and real-time diagnostics in operational workflows [110, 111].

4.2 Predictive Model Findings

The predictive model developed in this study demonstrated strong performance in identifying leak-prone
operational states. Using a combination of historical failure records, environmental stressor data, and maintenance
histories, the Gradient Boosted Tree model achieved an overall classification accuracy of 87% on the test dataset.
More importantly, the model achieved a precision of 82% and a recall of 90% in identifying true leak events. This
high recall rate is particularly critical in the context of offshore risk management, where false negatives can have
severe consequences. The model was robust across different types of LRPs and operational environments,
indicating generalizability beyond the original training dataset [112, 113].

Feature importance analysis provided valuable insights into which factors most strongly influenced the model’s
predictions. Component age, frequency of hydraulic actuation, and water depth were ranked among the top

predictors of leak risk. Interestingly, time since last maintenance intervention and operational temperature cycles
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also emerged as strong indicators, often serving as precursors to material or seal degradation. The model identified
interaction effects, for instance, older components operated under extreme temperature variation showed
significantly higher failure probabilities. These correlations reinforce the findings from the root cause analysis
and suggest that both time-dependent and load-dependent variables must be monitored simultaneously to ensure
predictive reliability [114, 115].

Another key output of the model was its ability to estimate time-to-failure windows based on current operational
conditions. Although the model does not rely on simulations, it can project risk evolution trends by updating risk
scores as new data becomes available. For example, components flagged as medium risk could be upgraded to high
risk if certain thresholds in usage hours or environmental parameters are exceeded. This temporal capability
allows operators to prioritize inspections and interventions well before a failure occurs, optimizing resource
allocation. Overall, the model serves not only as a classification tool but also as a dynamic risk monitoring system
that evolves with the operational profile of the asset [116, 117].

4.3 Implications for Deepwater Operations

The combined findings from the root cause analysis and predictive risk modeling carry significant implications
for the design, maintenance, and management of deepwater drilling systems. One of the most immediate benefits
is the shift from reactive to proactive maintenance strategies. By identifying components that are at elevated risk
of failure, well before any visible symptoms emerge, operators can schedule targeted interventions that reduce
both downtime and costs. This approach also extends component life by ensuring that issues such as seal wear or
connector fatigue are addressed in a timely manner, preventing secondary damage to adjacent systems [118, 119].
Moreover, these findings support a more data-driven approach to asset integrity management. Traditional
maintenance regimes rely heavily on time-based schedules, which can either lead to premature part replacement
or catastrophic oversight. The risk-informed maintenance model derived from this study offers a smarter
alternative by aligning interventions with actual risk levels [120]. This not only optimizes logistics and workforce
but also enhances overall system reliability. Operators can now integrate predictive insights into digital twins and
condition monitoring platforms, enabling real-time visualization of riser system health and allowing onshore
engineers to make informed decisions based on live data from subsea assets [121].

Finally, the results highlight critical design feedback that should inform future iterations of LRP and riser system
development. Manufacturers can use the root cause findings to eliminate design vulnerabilities such as stress
concentration zones and material incompatibilities. Standards bodies and regulatory agencies can also benefit by
revising qualification protocols to reflect the multidimensional risks identified in this study [115]. Beyond
individual component design, the industry as a whole stands to gain from embedding predictive intelligence into
the lifecycle of deepwater assets, from initial design through commissioning and operational management. In this
way, the integration of empirical Analysis and predictive modeling creates a safer, more efficient, and more
resilient framework for deepwater oilfield operations [122, 123].

5. Conclusion

This study provides a comprehensive exploration into the underlying causes and predictive indicators of lower
riser package leak events in ultra-deepwater oilfields. Through a structured root cause failure analysis, it was
established that leaks predominantly arise from a combination of design shortcomings, material degradation,
manufacturing inconsistencies, and operational oversights. Key design-related issues included geometric stress

concentrations and inadequate integration between components, while material failures were often linked to seal
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incompatibility and weld imperfections. Human and procedural errors during installation and maintenance
further exacerbated the vulnerability of LRP components to mechanical and hydraulic stressors.

The predictive modeling framework developed in this study complements the diagnostic findings by enabling
proactive risk identification. Utilizing historical failure records and operational data, the model achieved a high
degree of accuracy and recall, successfully flagging leak-prone conditions ahead of time. Crucially, the model’s
output was not only predictive but also interpretable, offering insight into the interaction between environmental
conditions, component aging, and usage intensity. The inclusion of time-to-failure projections added further value
by enabling maintenance teams to optimize intervention schedules and preempt component degradation.
Together, the root cause analysis and predictive model constitute a dual-pronged approach to failure mitigation,
diagnosing past issues and forecasting future risks. This holistic perspective ensures that operators are better
equipped to manage complex subsea systems in challenging environments. The findings affirm that enhancing
data granularity, improving procedural compliance, and embedding predictive intelligence into asset management
frameworks are critical steps toward reducing LRP failure rates and enhancing operational resilience in ultra-
deepwater drilling contexts.

Theoretically, this paper advances the body of knowledge in offshore risk assessment by combining causal
inference with predictive analytics. It moves beyond traditional linear failure models by illustrating the
multifactorial and interdependent nature of LRP degradation under real-world subsea conditions. The use of
hybrid RCA techniques alongside data-driven modeling supports a systems-level understanding of failure,
integrating structural mechanics, environmental physics, and human reliability engineering. These contributions
offer a replicable template for similar risk analysis in other critical subsea systems, thereby enhancing the
theoretical foundations of deepwater reliability engineering.

From a practical standpoint, the study presents actionable pathways for offshore operators seeking to reduce
operational disruptions and maintain system integrity. The predictive model, once embedded into routine
maintenance systems, can transform the way failure risks are perceived and managed, shifting from reactive,
schedule-based maintenance to proactive, condition-based strategies. This realignment has direct implications for
safety performance, cost efficiency, and regulatory compliance. Operators can avoid costly shutdowns by
anticipating component failure, while also ensuring that maintenance efforts are directed where they are most
needed.

In addition, the findings support improvements in procurement, manufacturing quality assurance, and
engineering design processes. Equipment manufacturers can use identified failure patterns to refine component
geometry and materials, while operations teams can incorporate predictive alerts into their digital dashboards.
Regulatory bodies may also consider adopting these insights to evolve offshore standards that account for
probabilistic failure behavior and real-time integrity assessment. By connecting root causes to predictive outcomes,
this study enables smarter decision-making across the lifecycle of subsea systems.

While this study has made significant strides in diagnosing and predicting LRP failure events, several avenues
remain open for further exploration. One key recommendation is to expand the scope of predictive modeling to
other subsea components such as control pods, flexible joints, and flowlines. These systems often share similar
operational profiles and degradation pathways, making them ideal candidates for risk modeling using the same
methodological framework. Cross-system modeling could also uncover shared failure indicators, enabling the

development of more holistic asset management systems.
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Another important direction involves the integration of real-time monitoring data into predictive models.
Currently, many offshore operators rely on time-delayed maintenance logs and scheduled inspections.
Incorporating live data streams from sensors, such as pressure transducers, vibration monitors, and thermal gauges,
could significantly enhance the model’s predictive precision and responsiveness. This would support the creation
of digital twins capable of simulating component behavior in real-time and issuing early warnings of abnormal
trends.

Lastly, improving the fidelity and availability of historical data will be vital for scaling these models across the
industry. Standardizing failure reporting, enhancing data interoperability between systems, and incentivizing
cross-operator data sharing will increase the volume and quality of data available for training and validation. These
steps will help drive broader adoption of predictive risk analytics in ultra-deepwater operations and support the

industry’s ongoing efforts toward safer, smarter, and more sustainable offshore energy production.
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