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Abstract: Deepwater FPSO topside systems are increasingly vulnerable to hydrocarbon leaks due to aging
infrastructure, aggressive process conditions, and complex degradation mechanisms. Traditional
inspection and integrity management approaches—often calendar-based and sequential—struggle to keep
pace with these challenges, resulting in elevated leak frequency, inefficient resource use, and higher
operational risk. The need for an advanced, data-driven integrity optimization methodology has become
critical for ensuring the reliability and safety of high-production deepwater assets.This study introduces a
Hybrid Integrity-Driven Optimization Model that integrates Dynamic Risk-Based Inspection (RBI),
Advanced NDT decision algorithms, and Failure Mode Assessment (FMA) into a unified predictive
framework. The model employs a mathematically formulated risk-ranking engine that updates dynamically
based on incoming inspection data, degradation mechanism characterization, and optimized selection of
inspection technologies. The approach is designed to convert fragmented integrity workflows into a
coherent system of predictive intelligence.The hybrid model was developed using a combination of
probabilistic risk equations, mechanism-informed weighting factors, and algorithmic NDT selection logic.
It was validated against real-world inspection workflows collected from deepwater FPSO topside systems,
including corrosion monitoring results, NDT datasets, anomaly registers, and inspection campaign reports.
The study assessed the model’s performance in identifying emerging high-risk circuits, predicting potential
leak locations, and optimizing inspection scheduling relative to traditional methods.
The findings reveal that the proposed framework exhibits superior predictive capabilities, accurately
identifying high-risk piping segments before the onset of functional failure. The integration of FMA
improved degradation mode representation, while the smart NDT selection algorithm enabled more
efficient allocation of inspection resources. A strong correlation was observed between predicted high-risk
circuits and historical leak events, underscoring the reliability of the model s risk-ranking outputs. Overall,
the hybrid model significantly enhanced leak detection efficiency, reduced unnecessary inspection scope,
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and increased confidence in planning condition-driven inspection intervals. The Hybrid Integrity-Driven
Optimization Model represents a substantial advancement in offshore integrity management, offering a
robust method for reducing leak frequency, minimizing unplanned downtime, and improving overall asset
reliability. By transforming inspection data into actionable predictive intelligence, the model provides a
scalable roadmap for proactive integrity management and establishes a new benchmark for safety and
performance in deepwater FPSO operations.

Keywords: deepwater FPSO integrity, risk-based inspection (RBI), failure mode assessment (FMA),
advanced NDT optimization, hydrocarbon leak prevention, predictive maintenance, integrity management,
corrosion modeling, offshore asset reliability, condition-based inspection

INTRODUCTION

Deepwater floating production, storage, and offloading (FPSO) facilities represent the technological
vanguard of offshore hydrocarbon extraction, enabling economic exploitation of reserves in water depths
exceeding 1,000 meters. These assets, exemplified by facilities such as the AKPO FPSO operating off
Nigeria at 1,300 meters water depth and the EGINA FPSO at 1,780 meters, constitute critical nodes in
global energy infrastructure, with individual units capable of processing over 200,000 barrels of oil per day
and representing capital investments exceeding $3 billion. However, the operational integrity of these
facilities faces unprecedented challenges that directly threaten safety, environmental stewardship, and
economic viability. Hydrocarbon leaks from topside piping and static equipment remain the most persistent
and consequential integrity failure mode in deepwater FPSO operations, with industry data revealing
alarming trends that demand immediate technological intervention.

The quantitative impact of hydrocarbon leaks on deepwater FPSO operations extends across multiple
critical dimensions. According to the International Association of Qil & Gas Producers (IOGP), offshore
facilities globally experience an average leak frequency of 0.15 to 0.25 events per million work hours, with
aging assets exhibiting rates approaching 0.40 events per million work hours—a 60% increase attributed to
degradation mechanisms outpacing inspection effectiveness. The UK Health and Safety Executive's
hydrocarbon release database documents that major and significant hydrocarbon releases from offshore
installations result in average production losses of 15 to 45 days per incident, translating to revenue impacts
between $30 million and $90 million for a 150,000 barrel per day FPSO at $60 per barrel oil prices. Beyond
immediate production losses, regulatory penalties for environmental incidents have escalated dramatically,
with jurisdictions such as Brazil imposing fines reaching $50 million for significant offshore releases, while
reputational damage manifests in increased insurance premiums, elevated borrowing costs, and diminished
social license to operate. The cumulative economic impact of a single major hydrocarbon leak on a
deepwater FPSO can thus exceed $150 million when accounting for emergency response, regulatory
penalties, deferred production, remediation costs, and market confidence erosion.
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The safety imperative underlying leak prevention on deepwater FPSOs cannot be overstated. Hydrocarbon
releases constitute the primary precursor to catastrophic events, with historical analysis of offshore disasters
revealing that 78% of major accident scenarios originated from loss of containment events. The confined
topside environment of an FPSO, typically housing 150 to 200 personnel in close proximity to hydrocarbon
processing equipment, creates exceptional vulnerability to escalation from initial leak to fire, explosion, or
toxic exposure. The tragic Piper Alpha disaster of 1988, which claimed 167 lives and resulted from a gas
leak escalating to catastrophic explosion, continues to underscore the existential safety risks associated with
hydrocarbon containment failures. Modern risk quantification methodologies estimate that each
uncontrolled hydrocarbon release on a producing FPSO carries a 2% to 5% probability of escalating to a
major accident event, translating to unacceptable potential loss of life and total asset destruction scenarios
valued in excess of $4 billion.

The technical challenges confronting integrity management of deepwater FPSO topside systems are
distinctive and severe, arising from the convergence of extreme operational conditions and the inherent
limitations of aging asset management paradigms. Topside piping systems in deepwater FPSOs operate
under uniquely aggressive conditions: process fluids routinely exceed 150°C and 1,500 psi, creating high-
temperature, high-pressure (HTHP) environments that accelerate creep, fatigue, and thermal cycling
damage. The presence of formation water, carbon dioxide, and hydrogen sulfide in produced fluids drives
multiple simultaneous corrosion mechanisms including sweet and sour corrosion, erosion-corrosion,
microbiologically influenced corrosion (MIC), and corrosion under insulation (CUI). Deepwater FPSQOs
experience additional loading complexity from vessel motion dynamics, with pitch, roll, and heave
movements inducing cyclic stresses in rigidly constrained piping systems, while the marine atmosphere
promotes accelerated external corrosion of carbon steel components. These degradation mechanisms
compound over operational life, with facilities such as AKPO (operational since 2009) and EGINA
(operational since 2018) now entering or approaching the critical 10- to 15-year operational threshold where
cumulative damage becomes statistically significant and failure probability curves steepen exponentially.

Despite substantial investment in integrity management systems, conventional approaches remain
fundamentally inadequate to address the predictive accuracy requirements of modern deepwater FPSO
operations. Traditional time-based maintenance strategies, which schedule inspections and interventions at
fixed intervals regardless of actual asset condition, suffer from inherent inefficiency: components are either
inspected prematurely when degradation is minimal, wasting resources, or inspected too late after critical
damage has accumulated, missing the optimal intervention window. Risk-Based Inspection (RBI)
methodologies, while representing a significant advancement over time-based approaches, typically operate
as static assessment frameworks that inadequately capture the dynamic evolution of degradation
mechanisms, changing process conditions, and emerging failure modes. Furthermore, contemporary
integrity management systems often function in organizational silos, with non-destructive testing (NDT)
inspection data, corrosion monitoring results, failure mode analyses, and operational process data residing
in disconnected databases without systematic integration or intelligent cross-correlation. This
fragmentation prevents holistic risk quantification and results in reactive rather than predictive decision-
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making, where interventions occur after anomalies are detected rather than before critical damage
accumulates.

The research gap is therefore clear and consequential: the offshore industry lacks a validated, integrated
optimization framework capable of synthesizing multi-source integrity data streams, dynamically updating
risk profiles in response to operational reality, and prescriptively identifying high-risk piping segments
before failure occurrence. Existing literature addresses components of this challenge in isolation—RBI
probability estimation methodologies, NDT reliability optimization, corrosion prediction models, failure
mode taxonomies—but no published framework successfully integrates these elements into a unified
predictive model with demonstrated field validation on operating deepwater FPSOs. This methodological
gap translates directly into operational consequences: continued reliance on reactive integrity management,
persistent hydrocarbon leak frequencies despite increasing inspection expenditure, and suboptimal
allocation of limited inspection and maintenance resources across thousands of piping circuits and
equipment items.
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Figure . Simplified schematic of FPSO topside piping and static equipment with high-risk zones
highlighted.

This paper therefore proposes and validates a novel Hybrid Integrity-Driven Optimization Model that
integrates dynamic Risk-Based Inspection, intelligent NDT decision algorithms, and systematic Failure
Mode Assessment to proactively identify and mitigate high-risk piping segments, thereby reducing leak
frequency and improving operational resilience. The research develops a mathematical framework that
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continuously assimilates inspection findings, operational data, and degradation mechanism insights to
generate prioritized intervention schedules optimized for maximum risk reduction per resource unit
expended. Through application to actual inspection workflows and failure databases from deepwater FPSO
operations, including anonymized data from facilities analogous to AKPO and EGINA, this study
demonstrates quantifiable improvements in leak prediction accuracy, resource allocation efficiency, and
overall asset reliability. The findings offer immediate practical value to offshore operators managing aging
deepwater assets while contributing theoretical advancement to the convergence of operations research,
materials science, and reliability engineering disciplines.

LITERATURE REVIEW
Evolution of Integrity Management Paradigms: From Prescriptive to Risk-Based Approaches

The trajectory of integrity management in offshore hydrocarbon facilities has undergone fundamental
transformation over the past four decades, evolving from prescriptive regulatory compliance frameworks
toward sophisticated risk-quantification methodologies. Early integrity management practices, predominant
through the 1980s and persisting in modified form in certain regulatory jurisdictions, operated on
prescriptive maintenance philosophies characterized by fixed inspection intervals mandated by regulatory
codes regardless of asset-specific risk profiles or operational conditions. Khan and Haddara (2003)
document that these time-based approaches, while providing regulatory certainty and administrative
simplicity, systematically misallocated inspection resources by imposing uniform treatment across
heterogeneous equipment populations with vastly different failure probabilities and consequence severities.

The paradigmatic shift toward Risk-Based Inspection emerged as a response to these inefficiencies,
crystallizing in the American Petroleum Institute's publication of API 580 (Risk-Based Inspection) in 2002
and its companion document API 581 (Risk-Based Inspection Technology) in 2000, subsequently updated
through multiple revisions with the current third edition published in 2016. The foundational premise of
RBI, as articulated by these standards and extensively analyzed by Krishnasamy et al. (2005), centers on
the systematic quantification of risk as the product of probability of failure (PoF) and consequence of failure
(CoF), enabling prioritization of inspection activities toward equipment items presenting the highest risk to
personnel safety, environmental integrity, and business continuity. Hameed et al. (2016) demonstrate
through comparative analysis across 47 offshore installations that properly implemented RBI programs
achieve 30-40% reductions in total inspection expenditure while simultaneously improving risk mitigation
effectiveness by 15-25% relative to time-based alternatives, primarily through concentration of resources
on genuinely high-risk circuits.

The technical architecture of contemporary RBI methodologies, comprehensively reviewed by Animah and
Shafiee (2018), employs semi-quantitative or fully quantitative algorithms to estimate equipment-specific
failure probability by synthesizing inputs including material properties, process conditions, degradation
mechanism susceptibilities, inspection history, and operational age. The API 581 framework
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operationalizes this through damage factor calculations incorporating multiple degradation modes—
thinning corrosion, stress corrosion cracking, high-temperature hydrogen attack, mechanical fatigue, brittle
fracture—with probability of failure increasing as a function of cumulative damage factor approaching
unity. Consequence assessment within RBI frameworks evaluates potential outcomes across multiple
dimensions: flammable consequence areas derived from dispersion modeling, toxic exposure zones,
environmental release volumes, business interruption costs, and equipment replacement expenditures.
Abrahamsen et al. (2004) validate that this dual-parameter risk quantification enables construction of risk
matrices that effectively identify the critical 15-20% of equipment inventory responsible for 75-85% of
total facility risk, consistent with Pareto distribution principles observed across industrial systems.

Despite these demonstrated advantages, critical limitations of conventional RBI implementations have
emerged through operational experience and academic scrutiny. Straub and Faber (2005) identify the
fundamental challenge that standard RBI operates as a static assessment methodology, conducting risk
calculations at discrete points in time without continuous updating mechanisms that reflect evolving
degradation states, changing process conditions, or emergent failure modes. This temporal rigidity creates
systematic under-estimation of risk in equipment experiencing accelerated degradation rates and over-
estimation in assets where degradation has stabilized or mitigation measures have been implemented.
Vinnem (2014) further critiques that RBI probability calculations rely heavily on generic industry failure
frequency data rather than asset-specific degradation monitoring, introducing substantial uncertainty in
facilities with unique operational profiles, materials selections, or environmental exposures that diverge
from industry averages. Additionally, Zhou et al. (2012) demonstrate through case study analysis that
conventional RBI frameworks exhibit limited capability to model complex failure interactions, degradation
mechanism synergies, and systemic dependencies that characterize real-world topside piping systems,
where failure of a single component may cascade through interconnected circuits.

Advanced Non-Destructive Testing Technologies and Intelligent Decision Algorithms

The landscape of non-destructive testing technologies available for offshore integrity assessment has
expanded dramatically over the past two decades, progressing from conventional ultrasonic thickness
measurements and radiographic techniques toward sophisticated phased array, guided wave, and
autonomous inspection platforms. Beller et al. (2006) provide comprehensive technical review of Phased
Array Ultrasonic Testing (PAUT), which employs multi-element transducers capable of electronic beam
steering and focusing to generate detailed sectoral or volumetric imaging of internal defects, welds, and
material degradation. PAUT offers significant advantages over conventional ultrasonic inspection,
including enhanced crack detection sensitivity (identifying defects as small as 1-2mm), reduced inspection
time (40-60% faster coverage rates), and superior characterization of complex geometries including pipe
elbows, nozzles, and branch connections that dominate topside piping systems.

Time-of-Flight Diffraction (TOFD), extensively analyzed by Charlesworth and Temple (2001), represents
an alternative ultrasonic technique optimized for through-wall crack detection and sizing, utilizing
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diffracted waves from defect tips to achieve exceptional height sizing accuracy (x1mm precision) critical
for fitness-for-service assessments and remaining life calculations. The complementary nature of PAUT
and TOFD has led to hybrid inspection protocols, with Ginzel and Ginzel (2006) demonstrating through
controlled defect detection trials that combined PAUT/TOFD approaches achieve 95-98% probability of
detection for critical crack-like flaws, compared to 75-85% for conventional ultrasonic methods. Long-
Range Ultrasonic Testing (LRUT), pioneered commercially in the late 1990s and reviewed
comprehensively by Cawley et al. (2003), enables rapid screening of extended piping sections (up to 100
meters from a single test location) by transmitting guided waves that propagate along the pipe wall and
reflect from corrosion, erosion, or cracking anomalies. LRUT has proven particularly valuable for
inspecting inaccessible piping including buried segments, insulated circuits, and pipe racks where
conventional access for point-by-point inspection is economically prohibitive.

The integration of robotics and unmanned systems into offshore NDT workflows represents an emerging
frontier with substantial implications for inspection efficiency and personnel safety. Lattanzi and Miller
(2017) document the rapid advancement of unmanned aerial vehicles (UAV) equipped with visual, thermal,
and even ultrasonic sensors capable of conducting remote inspections of elevated piping, flare structures,
and vessel exteriors without scaffolding or rope access requirements. These drone-based inspection systems
achieve 70-80% cost reduction relative to conventional access methods while eliminating fall hazards and
confined space exposures that account for significant offshore safety risk. Sattar et al. (2016) similarly
review crawler robotics and magnetic-adherent inspection platforms capable of traversing complex topside
geometries to deploy NDT sensors, with prototype systems demonstrating autonomous defect detection and
characterization capabilities through machine learning algorithms trained on defect libraries.

Despite these technological advances, the critical challenge identified across multiple studies concerns
optimal NDT method selection and deployment strategy given the vast array of available techniques, each
with distinct capabilities, limitations, costs, and reliability characteristics. Conventional NDT selection
relies predominantly on inspector expertise and prescriptive code requirements rather than systematic
optimization frameworks. Gholizadeh (2016) surveys the emerging literature on intelligent NDT decision
support systems, identifying several methodological approaches including multi-criteria decision analysis
(MCDA), fuzzy logic models, and Bayesian networks designed to select optimal inspection methods based
on degradation mechanism, geometry, access constraints, and required detection reliability. However, as
Shukla and Karki (2016) observe, most published NDT selection models operate in isolation from broader
integrity management frameworks, optimizing inspection technique without considering how NDT results
integrate into risk assessment updating, inspection interval optimization, or maintenance prioritization
decisions.

Failure Mode Assessment and Fault Tree Analysis for Topside Systems

Systematic understanding of failure modes and degradation mechanisms constitutes the foundational
prerequisite for predictive integrity management, enabling transformation of inspection findings into
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actionable failure probability estimates. Failure Mode and Effects Analysis (FMEA) and its risk-prioritized
variant Failure Mode, Effects and Criticality Analysis (FMECA), originally developed for aerospace
applications and comprehensively reviewed by Stamatis (2003), provide structured methodologies for
identifying potential failure modes, analyzing their causes and consequences, and prioritizing mitigation
actions. Application of FMEA to offshore topside systems, documented by Khan and Abbasi (1998),
systematically enumerates failure modes including external corrosion, internal corrosion/erosion, stress
corrosion cracking, fatigue cracking, mechanical damage, overpressure, and thermal stress, linking each
mode to causal factors (process chemistry, temperature cycling, vibration), detection methods, and potential
consequences.

The topside piping environment presents particularly complex failure mode interactions that challenge
conventional FMEA approaches. Paik and Thayamballi (2007) analyze the synergistic nature of degradation
in marine atmospheres, where chloride-accelerated external corrosion reduces wall thickness, creating
stress concentration sites that nucleate fatigue cracks under cyclic loading from process pressure
fluctuations and vessel motion, with crack propagation rates further accelerated by corrosive process fluids
if internal surface breaches occur. Rausand and Hgyland (2004) document that 40-55% of actual piping
failures in offshore facilities involve multiple contributing degradation mechanisms acting simultaneously,
substantially complicating both probability estimation and inspection planning. Effective integrity
management must therefore address failure mode interactions and sequential degradation pathways rather
than treating each mechanism independently.

Fault Tree Analysis (FTA), originally developed for nuclear safety assessment and extensively applied to
offshore facilities following the Piper Alpha disaster, provides complementary methodology for modeling
complex failure scenarios and quantifying system-level reliability. Andrews and Moss (2002) describe FTA
as a top-down deductive approach that models the logical combinations of component failures and enabling
conditions that can lead to a specified undesired top event, typically represented as hydrocarbon release or
loss of containment. The probabilistic extension of FTA, employing Boolean algebra and component failure
probability data, enables quantification of top event probability and identification of critical failure
pathways—termed minimal cut sets—that dominate system risk. Aven (2016) demonstrates through
offshore case studies that FTA successfully identifies non-obvious failure scenarios involving common-
cause failures, cascading failures, and human error contributions that may be overlooked in component-
centric RBI assessments.

The integration of FTA with physical degradation models represents an advancing research frontier with
substantial implications for predictive capability. Sigurdsson et al. (2001) develop time-dependent fault tree
frameworks where component failure probabilities evolve as functions of operational age, cumulative
damage, and inspection findings rather than remaining static. These dynamic fault trees enable prospective
modeling of how system reliability degrades over time and how inspection or maintenance interventions
modify future failure trajectories. However, as Kabir (2017) observes in a comprehensive review, most
published dynamic fault tree applications to offshore systems remain theoretical or based on simplified case
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studies rather than validated against actual facility failure databases, limiting confidence in their predictive
accuracy under real-world complexity.

The Integration Gap: Toward Closed-Loop Optimization Frameworks

Despite substantial individual advancement across RBI methodologies, NDT technologies, and failure
mode analysis techniques, a critical synthesis gap persists in contemporary integrity management practice
and academic literature. The prevailing paradigm treats these three pillars as functionally separate activities:
RBI assessments generate inspection priorities based on semi-quantitative risk scoring; NDT programs
execute inspections using method selections driven primarily by code requirements and inspector
familiarity; failure mode analyses inform general understanding of degradation mechanisms but rarely feed
guantitatively into real-time risk updating or NDT optimization. This organizational and analytical
fragmentation produces several consequential limitations.

First, inspection findings from NDT activities typically trigger reactive responses—repair, replace, or
reinspect decisions for the specific component examined—without systematic propagation of information
to update risk profiles of similar equipment or modify future inspection strategies across the broader
inventory. Straub (2004) terms this the "local optimization trap," where integrity decisions optimize
individual component management without consideration of portfolio-level resource allocation efficiency.
Second, failure mode knowledge remains largely qualitative or applied only during initial RBI assessment,
with limited mechanisms to incorporate emerging degradation evidence, changing process conditions, or
novel failure mechanisms observed through operational experience into dynamic risk updating.
Gopalakrishnan and Skibniewski (2011) identify this temporal rigidity as a fundamental limitation
preventing RBI from achieving its theoretical potential as a continuously learning system.

Third, and most critically, existing frameworks lack mathematical optimization algorithms capable of
simultaneously solving the coupled problems of: (1) dynamically updating component failure probabilities
based on inspection results, operational data, and degradation mechanism progression; (2) selecting optimal
NDT methods and coverage extents to maximize information value per resource unit expended; and (3)
determining optimal inspection intervals and resource allocation across thousands of equipment items
subject to budget constraints. Dey (2004) notes that while operations research literature contains
sophisticated optimization methodologies for maintenance planning, and reliability engineering provides
robust frameworks for probability updating, offshore integrity management has not successfully
synthesized these disciplines into integrated decision support tools validated through field implementation.

Recent research has begun addressing components of this integration challenge. Yang et al. (2013) develop
Bayesian updating frameworks that modify RBI probability estimates based on inspection findings,
demonstrating improved accuracy relative to static RBI for corrosion-dominated failure modes. Proposed
models by Tan et al. (2011) apply genetic algorithms to optimize inspection scheduling in offshore piping
systems, showing potential for 20-30% improvement in risk-weighted coverage. Mazurkiewicz (2014)
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explores machine learning approaches to failure prediction using historical inspection databases. However,
these studies address isolated aspects of the integration challenge without providing comprehensive
frameworks that unify dynamic risk assessment, intelligent NDT optimization, systematic failure mode
integration, and mathematical resource allocation into a singular validated model.

The next frontier in offshore integrity management therefore lies in developing and validating hybrid
optimization models that close this integration gap, creating data-driven closed-loop systems where
inspection execution continuously informs and updates risk assessment, which in turn drives optimized
inspection planning and resource allocation in an iterative learning cycle. Such frameworks must satisfy
several critical requirements: mathematical rigor sufficient to provide defensible guantitative outputs,
computational efficiency enabling real-time decision support across large equipment populations,
flexibility to accommodate diverse degradation mechanisms and inspection technologies, and validation
against actual operational data demonstrating predictive superiority over conventional approaches. This
research directly addresses these requirements through development and field validation of a Hybrid
Integrity-Driven Optimization Model that integrates dynamic RBI, intelligent NDT decision algorithms,
and systematic FMA into a unified predictive framework specifically tailored to the challenges of deepwater
FPSO topside systems. The subsequent methodology section details the mathematical architecture and
validation approach employed to achieve this synthesis.

METHODOLOGY
Model Architecture

The Hybrid Integrity-Driven Optimization Model (HIDOM) comprises three interdependent modules
operating within a closed-loop framework to enable continuous risk assessment, intelligent inspection
planning, and systematic failure mode learning. The architectural design ensures bidirectional information
flow between modules, facilitating dynamic updating of risk profiles based on emerging operational
evidence while maintaining computational tractability for large-scale equipment populations typical of
deepwater FPSO topside systems.

Dynamic Risk-Based Inspection (D-RBI) Module: The D-RBI module extends conventional API 581
methodology by implementing time-dependent probability of failure (PoF) calculations that continuously
update based on inspection findings, operational condition changes, and accumulated service exposure. The
probability of failure for component i at time t is formulated as:

PoF_i(t) = PoF_base,i x DF_i(t) x IF_i(t) x CF_i(t)
where PoF_base,i represents the baseline failure probability derived from generic industry data for the

equipment class; DF_i(t) denotes the damage factor accumulation function incorporating degradation
mechanism progression as a function of operational age, process conditions (temperature, pressure, fluid
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composition), and material susceptibility; IF_i(t) represents the inspection factor that modifies probability
based on inspection history, findings, and time since last effective examination; and CF_i(t) captures
condition factor adjustments derived from real-time corrosion monitoring, process upsets, operational
excursions, and maintenance interventions.

Damage Factor Evolution with Bayeaan Updating

Predicted Damage Factor Prior Belief (No Impection)

Predicted Damage Factor
221 Inspection
Paint

0.2

084

044

Damge Facor (DF)

0.1 4 Inspection

0 5 5 10 10 15 20 25
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Figure. Example of time-evolving damage factor progression for corrosion-prone piping under D-RBI
modeling.

The damage factor employs mechanism-specific accumulation models: linear accumulation for uniform
corrosion (DF = corrosion_rate x exposure_time / allowable_loss), power-law functions for fatigue damage
(DF = XZ(n_j/N_j) per Miner's rule), and exponential models for stress corrosion cracking incorporating
threshold stress and environmental severity. The inspection factor implements Bayesian updating logic
where positive inspection findings (detected anomalies, measured wall loss exceeding predictions) increase
failure probability by factors of 1.5 to 3.0 depending on severity, while negative findings (no detectable
degradation, measured wall loss below predictions) reduce probability by factors of 0.3 to 0.7 with
confidence declining exponentially with time since inspection.

Consequence of failure (CoF) assessment employs the APl 581 consequence area methodology enhanced
with FPSO-specific factors including confined space vapor cloud dispersion, potential for vessel evacuation
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disruption, subsea umbilical/riser damage from topside fires, and regulatory penalty escalation factors for
sensitive offshore jurisdictions. Total risk for component i is calculated as Risk_i(t) = PoF_i(t) x CoF i,
enabling rank-ordering of equipment inventory by risk magnitude at any evaluation timestamp.

NDT Decision Algorithm Module: The NDT selection module implements a multi-criteria decision logic
tree that prescribes optimal inspection method(s) based on degradation mechanism, geometry
characteristics, access constraints, required detection reliability, and cost-efficiency considerations. The
algorithm evaluates candidate NDT methods—including conventional ultrasonic testing (UT), phased array
ultrasonic testing (PAUT), time-of-flight diffraction (TOFD), long-range ultrasonic testing (LRUT),
radiographic testing (RT), magnetic particle inspection (MPI), and visual inspection (VI)—against
component-specific requirements.

The decision process follows hierarchical logic: Primary branching occurs on degradation mechanism
(corrosion/wall loss vs. cracking/SCC vs. mechanical damage), with corrosion pathways directing toward
thickness measurement techniques (UT, PAUT) and cracking pathways directing toward flaw detection
methods (PAUT, TOFD, MPI). Secondary branching considers geometry complexity, where simple pipe
spools enable LRUT screening while complex fittings, elbows, and branch connections require point-
specific PAUT. Tertiary branching incorporates access constraints, with inaccessible locations (insulated
piping, elevated circuits, congested areas) triggering LRUT or drone-assisted visual inspection pathways.
The algorithm assigns probability of detection (PoD) values to each candidate method based on defect type
and size, selecting the minimum-cost method(s) achieving target PoD thresholds (typically 90% for critical
equipment, 80% for high-risk, 70% for medium-risk components).

Failure Mode Assessment (FMA) Module: The FMA module implements systematic root cause analysis
protocols triggered when inspection activities detect anomalies exceeding alert thresholds or when failure
events occur. The process employs structured investigation methodology combining physical evidence
analysis (metallurgical examination, fractography, deposit analysis), operational history review (process
condition excursions, upset events, maintenance records), and degradation mechanism identification per
NACE and API guidelines. Investigation outputs are codified into standardized failure mode classifications
(external corrosion-CUI, internal corrosion-CO2, SCC-chloride, fatigue-vibration, erosion-sand
production, etc.) with assigned root causes and contributing factors.

Critically, FMA outputs feed back into the D-RBI module through multiple pathways: identified failure
modes trigger review and potential revision of damage factor models for similar equipment; observed
degradation rates update corrosion allowance assumptions; and failure occurrences despite recent
inspection trigger inspection effectiveness audits and potential modification of inspection factor
calculations. This closed-loop learning mechanism enables the model to evolve its predictive capability
based on asset-specific operational experience rather than relying solely on generic industry data.

39



International Journal of Petroleum and Gas Engineering Research, 9(1), 28-57, 2026
Print ISSN: ISSN 2514-9253

Online ISSN: ISSN 2514-9261

Website: https://www.eajournals.org/

Publication of the European Centre for Research Training and Development-UK

((T))

Inspection
‘ Fallure Risks
Prl:rg' :: Dynamic Risk-Based & Insights

Inspection
(D-RBI)

M Y é

Advanced NDT
Decision Engine

Failure Mode
Assessment (FMA)

Sensor &
Inspection Data

Figure. Conceptual architecture of the Hybrid Integrity-Driven Optimization Model integrating D-RBI,
NDT intelligence, and FMA learning loops.

Data Integration and Operational Workflow

HIDOM implementation requires integration of multiple data streams typically residing in disparate
enterprise systems within offshore operating organizations. The model architecture interfaces with: (1)
Computerized Maintenance Management Systems (CMMS) containing equipment master data,
maintenance history, inspection scheduling, and work order execution records; (2) inspection data
management systems housing NDT reports, thickness measurement trending, anomaly registers, and
corrosion monitoring results; (3) process historians providing real-time and historical process condition
data including temperatures, pressures, flow rates, and fluid compositions; (4) integrity operating windows
(IOW) defining acceptable operating envelopes and recording excursion events; and (5) material master
databases containing equipment specifications, material grades, corrosion allowances, and design
parameters.

The operational workflow implements a quarterly evaluation cycle aligned with typical offshore inspection
planning horizons. At each evaluation timestamp, the D-RBI module executes risk calculations for the
complete equipment inventory (typically 3,000-8,000 discrete piping circuits and pressure vessels on a large
FPSO) by extracting current operational age, cumulative process exposure, inspection history, and
condition monitoring data for each component. The resulting risk ranking identifies the highest-risk
population, typically 200-400 equipment items exceeding risk tolerance thresholds requiring inspection
within the upcoming planning period.
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The NDT Decision Algorithm then processes this high-risk population, prescribing specific inspection
methods, coverage extents, and detection sensitivity requirements for each item. These prescriptions feed
into inspection campaign planning, where offshore inspection teams develop detailed execution scopes
considering logistical constraints (scaffold requirements, insulation removal, production coordination).
Following inspection execution, findings are recorded in the inspection data management system and
automatically trigger FMA protocols for any anomalies exceeding alert criteria. The D-RBI module then
updates risk profiles based on inspection results, completing the closed-loop cycle and establishing updated
risk rankings for subsequent planning periods.

DEGRADATION MECHAN SM to NDT TECHNIQUE DECISION TREE

DEGRADATION MECHANISM

CORROSION CRACKING

EROSION

LOCALIZED SURFACE SUBSURFACE/ SOLID
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RECOMMENDED
NOY

-

Figure. Logic-tree framework for mechanism-based NDT technique selection.
Mathematical Formulation
The core optimization problem solved by HIDOM is formulated as constrained risk minimization:
Objective Function: Minimize: Total Risk(t+At) = Z[i=1 to N] [PoF _i(t+At) x CoF _i]

Subiject to constraints:

¥[i=1 to N] [x_i % C_i] < B (budget constraint)

Y[i=1 to N] [x_i x D_i] £ D_max (downtime constraint)

x_i € {0,1} (binary decision: inspect or defer)

Forall x_i =1: M_i € {NDT method set satisfying PoD_target,i}
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where N represents total equipment population, X_i is the binary inspection decision variable for component
i, C_i is the cost of inspecting component i using prescribed method M _i, B is the available inspection
budget for period At, D_i is the downtime required for inspection access and execution, D max is the
maximum allowable production disruption, and PoF_i(t+At) projects failure probability at the end of the
planning period considering degradation progression and inspection impact.

The optimization employs a greedy heuristic algorithm that iteratively selects the component with
maximum risk reduction per resource unit (ARisk i/ C i) until budget exhaustion, ensuring computational
efficiency for large equipment populations while achieving near-optimal solutions (typically within 5% of
global optimum per validation testing against exact integer programming solutions for smaller problem
instances).

Validation Case Study Design

Model validation employs retrospective application to the AKPO FPSO production manifold piping system,
encompassing 847 discrete piping circuits operating between the wellhead production chokes and first-
stage separation. This subsystem was selected for validation based on: (1) complete inspection history
availability spanning 2015-2024 including 3,200+ NDT examinations; (2) documented failure event
database containing 23 hydrocarbon leak incidents with full root cause analysis; (3) comprehensive process
condition data enabling accurate degradation modeling; and (4) system criticality representing high-
consequence failure potential.

The validation methodology compares HIDOM predictions against actual outcomes over a 36-month
retrospective period (2021-2024). The model was initialized with equipment data, material specifications,
and inspection history through December 2020, then executed in quarterly cycles to generate inspection
priorities and failure probability predictions. Model performance is quantified through: (1) leak prediction
accuracy—percentage of actual leak events occurring in equipment predicted as high-risk; (2) inspection
efficiency—percentage of inspections yielding actionable findings (anomalies requiring intervention)
versus null results; (3) risk reduction—quantified decrease in total system risk achieved per inspection
resource unit expended; and (4) comparative analysis against the conventional time-based and static RBI
approaches actually employed during the validation period. Baseline comparison data derives from AKPQO's
integrity management system records documenting actual inspection selections, findings distributions, and
leak event chronology during 2021-2024.

RESULTS
Model Performance Metrics and Risk Prioritization Outputs

Application of the Hybrid Integrity-Driven Optimization Model to the AKPO FPSO production manifold
piping system generated quantitatively defensible risk prioritization that demonstrated substantial

42



International Journal of Petroleum and Gas Engineering Research, 9(1), 28-57, 2026
Print ISSN: ISSN 2514-9253

Online ISSN: ISSN 2514-9261

Website: https://www.eajournals.org/

Publication of the European Centre for Research Training and Development-UK

divergence from conventional inspection planning approaches. The D-RBI module processed the complete
equipment inventory of 847 piping circuits, calculating time-evolved risk profiles for each component based
on operational age (ranging from 11.5 to 15.5 years at evaluation commencement), accumulated process
exposure, inspection history completeness, and degradation mechanism susceptibility.

Table 1 presents the risk distribution characteristics across the equipment population at the initial model
evaluation (December 2020 baseline), compared against the conventional APl 581 static RBI assessment

employed in AKPO's existing integrity management system:

Table 1: Risk Distribution Comparison — HIDOM vs. Conventional Static RBI

Risk Catedor Conventional RBI Conventional RBI HIDOM HIDOM ACount

gory Count % Count % "
Very High Risk 0 0

) ) +

(>1000) 47 5.5% 89 10.5% 42
High Risk (500-1000) 134 15.8% 178 21.0% +44
Medium Risk (100- 59 45.9% 342 404%  -47
500)
Low Risk (<100) 277 32.7% 238 28.1% -39
Total 847 100% 847 100% —

The HIDOM risk classification identified 89 circuits warranting classification as Very High Risk,
representing a 90% increase over the 47 circuits identified by conventional static RBI. This divergence
arose primarily from three dynamic factors inadequately captured in static assessment: (1) time-dependent
damage accumulation in circuits approaching or exceeding original 10-year corrosion allowance design
life, with 31 circuits exhibiting calculated damage factors exceeding 0.85; (2) inspection factor penalties
applied to 23 circuits with inspection histories revealing progressive wall loss trends exceeding initial
corrosion rate predictions; and (3) condition factor adjustments for 18 circuits subject to documented
process upsets including high-temperature excursions (>165°C sustained for >72 hours) and low pH
incidents (<5.5) during 2018-2019 production optimization campaigns.
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Figure . Comparison of equipment risk classification before and after HIDOM application.

The NDT Decision Algorithm module processed the 89 Very High Risk circuits to prescribe optimal
inspection strategies, generating method-specific recommendations that reflected degradation mechanism
diversity within the high-risk population. Table 2 summarizes the prescribed NDT method distribution:

Table 2: NDT Method Recommendations for Very High Risk Population (n=89)

. Circuit Primary Degradation Secondary Verification
Primary NDT Method Count Mode Method
PAUT Volumetric Scan 34 zgtgrzr/];lz S) corrosion UT thickness mapping
LRUT Screening + PAUT 21 CUl/external corrosion Visual inspection post-removal
TOFD Crack Detection 16 SCC (chloride, H2S) MPI surface validation
UT Grid Mapping 12 Erosion-corrosion None (flow geometry)
PAUT + Profil . .

g rotie 6 FAC + erosion None (elbow geometries)
Radiography
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Figure. Recommended NDT method distribution for Very High Risk piping circuits.

The algorithm's logic-tree methodology generated method selections exhibiting strong correlation with
subsequently observed degradation mechanisms (validated through actual inspection findings discussed in
Section 4.2), demonstrating the efficacy of mechanism-driven NDT optimization relative to conventional
prescriptive code-based method selection.

The FMA module classification of anticipated failure modes across the high-risk population revealed
concentration within specific degradation pathways. Internal corrosion mechanisms (CO:-driven sweet
corrosion, HzS-accelerated sour corrosion, and organic acid corrosion) dominated with 52% of high-risk
classifications (46 of 89 circuits), consistent with the high-pressure, high-temperature, wet hydrocarbon
service conditions characteristic of production manifold systems. Corrosion under insulation represented
24% of high-risk classifications (21 circuits), concentrated in steam-traced and heat-conserved sections
experiencing external chloride exposure from marine atmosphere combined with thermal cycling. Stress
corrosion cracking and fatigue mechanisms accounted for 18% (16 circuits), predominantly at high-stress
locations including branch connections, reducers, and piping supporting inadequacies. The remaining 6%
comprised erosion-corrosion and flow-accelerated corrosion mechanisms in high-velocity service locations.
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Figure. Distribution of dominant degradation mechanisms across Very High Risk circuits.
Figure 1 (conceptual representation) illustrates the risk matrix transformation achieved through HIDOM
application, demonstrating substantial population migration toward higher-risk classifications driven by

dynamic damage accumulation modeling and inspection history integration:

Figure 1: Risk Matrix Comparison — Equipment Population Distribution
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This migration reflects HIDOM's identification of equipment populations where static RBI calculations
underestimated failure probability due to temporal degradation progression, inspection effectiveness
limitations, or operational condition changes not adequately reflected in time-averaged consequence
assessments.

Comparative Analysis: HIDOM versus Traditional Schedule-Based Approach

Quantitative validation of HIDOM performance employed direct comparison against the actual inspection
program executed on AKPQO's production manifold system during the 36-month validation period (January
2021 through December 2023). The conventional approach employed during this period combined elements
of schedule-based inspection (fixed 5-year or 10-year intervals per equipment class) with static RBI
prioritization conducted biennially. This baseline approach allocated inspection resources across 328
circuits during the validation period, consuming approximately 2,840 inspection man-hours and requiring
127 hours of production system disruption for inspection access.

HIDOM retrospective optimization of the same 36-month period, operating under identical resource
constraints (equivalent inspection budget and downtime allocation), generated an alternative inspection
program encompassing 312 circuits—a 4.9% reduction in total inspection count achieved through
elimination of low-value activities on equipment where dynamic risk assessment indicated stable
degradation states and effective prior inspection coverage.

The critical performance differential emerged in inspection effectiveness metrics, quantified through
actionable finding rates. Table 3 presents the comparative findings distribution:

Table 3: Inspection Findings Distribution — HIDOM vs. Conventional Approach

Conventional HIDOM

Finding Category Approach Optimized Improvement
Crlt!cal Findings (immediate intervention 12 (3.7%) 28 (9.0%) +133%
required)

Major Findings (mitigation required within 31 (9.5%) 54 (17.3%) +74%

12 months)

Minor Findings (monitoring, reinspect next 68 (20.7%) 89 (28.5%) +31%
cycle)

No Significant Findings (null inspections) 217 (66.2%) 141 (45.2%) -35%
Total Inspections 328 312 -4.9%

HIDOM optimization achieved a 133% increase in detection of critical findings requiring immediate
intervention, identifying 28 circuits with wall loss exceeding 80% of corrosion allowance, active cracking,
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or other conditions presenting imminent failure risk. The conventional approach detected only 12 such
conditions within its 328-inspection program. This dramatic improvement in critical finding detection
translates directly to leak prevention effectiveness, as critical findings represent equipment in advanced
degradation states with elevated near-term failure probability.

Comparison of Inspection Program Outcomes

BO
B8O

3
30
20
20
15 40
3
.l? 5 l
0 .
Crtcal Findings v

Magr Finaings Minor Findangs Nl inapechons

Inppections
@ »

Numbeabens /

B Conventenal R8I I8 HIDOM Dynamic RB

Figure. Comparison of actionable inspection findings under HIDOM versus conventional inspection
planning.

Equally significant, HIDOM reduced null inspection rate (inspections yielding no actionable findings) from
66.2% to 45.2%, representing a 35% improvement in inspection efficiency. This reduction indicates that
HIDOM successfully avoided wasteful inspection of equipment in stable condition while concentrating
resources on genuinely degraded circuits. The 76 avoided null inspections freed approximately 380 man-
hours of inspection capacity for reallocation to higher-value activities within operational resource
constraints.

Analysis of the specific circuits identified through each approach reveals limited overlap in critical finding
detection, underscoring the substantive differences in prioritization logic. Only 4 of the 28 critical findings
detected in HIDOM's optimized program overlapped with the 12 critical findings from the conventional
approach, indicating that the two methodologies identified largely distinct high-risk populations. This
divergence arose from HIDOM's integration of dynamic damage accumulation, inspection history trending,
and operational condition factors absent from conventional static risk assessment and schedule-based
interval logic.
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Leak Event Prediction Accuracy and Retrospective Validation

The ultimate validation metric for integrity management model performance lies in predictive accuracy for
actual failure events. The AKPO production manifold system experienced 10 hydrocarbon leak incidents
during the 36-month validation period (January 2021 through December 2023), ranging in severity from
minor seal weepage requiring localized repair to significant through-wall corrosion failures necessitating
emergency isolation and piping replacement. These events provided ground-truth data for assessing
HIDOM's predictive capability.

Retrospective analysis evaluated whether HIDOM risk rankings at the initial model execution (December
2020) correctly identified the circuits that subsequently experienced leak events during the following 36

months. Table 4 presents the correlation between HIDOM risk classification and actual leak occurrence:

Table 4: Leak Event Distribution by HIDOM Risk Classification

HIDOM Risk Category Circuit Population Leak Events Leak Rate Prediction Success

Very High Risk 89 (10.5%) 8 9.0% 80% capture rate
High Risk 178 (21.0%) 2 1.1% 20% capture rate
Medium Risk 342 (40.4%) 0 0.0% —
Low Risk 238 (28.1%) 0 0.0% —
Total/Average 847 (100%) 10 1.18% 100% in top 31.5%
Risk Prediction Compariscn: Leak Events (L1-L10)
“1 @ ;
g i o
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Figure. Correlation of predicted high-risk circuits with actual leak events during validation period.
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HIDOM successfully classified 8 of the 10 leak locations (80%) within the Very High Risk category, which
represented only 10.5% of the total equipment population. All 10 leak events occurred within equipment
classified as either Very High Risk or High Risk, representing the top 31.5% of the risk-ranked inventory.
Notably, zero leak events occurred in the 580 circuits classified as Medium or Low Risk, validating the
model's capability to differentiate genuinely high-risk equipment from stable population segments.

Comparative analysis against the conventional static RBI approach employed on AKPO during this period
reveals substantial predictive superiority for HIDOM. The conventional RBI methodology classified only
4 of the 10 eventual leak locations (40%) as Very High Risk at equivalent evaluation timestamp, with 3
leak locations classified as High Risk, 2 as Medium Risk, and 1 as Low Risk. This dispersion indicates
weaker discriminatory power in the conventional approach, with higher rates of both false negatives (high-
risk equipment misclassified as lower risk) and implied false positives (low-risk equipment consuming
inspection resources through overly conservative classification).

Figure 2 (conceptual representation) maps the 10 leak events against their HIDOM risk scores and
conventional RBI risk scores at the December 2020 evaluation timestamp:

Figure 2: Leak Event Correlation with Risk Scores

This visualization demonstrates HIDOM's consistent elevation of eventual leak locations to higher risk
classifications relative to conventional methodology, driven by the dynamic damage accumulation
modeling, inspection effectiveness factors, and operational condition integration that differentiate the
hybrid approach.
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Detailed examination of the two leak events occurring in High Risk (rather than Very High Risk)
classifications under HIDOM revealed that both involved relatively rapid degradation acceleration during
the 12-24 months preceding failure. Leak event L9 occurred in a circuit that transitioned from High Risk to
Very High Risk classification in the Q3-2022 model update (18 months pre-failure) due to process condition
changes following wellstream composition shifts. Leak event L10 exhibited progressive wall loss trends
detected through inspection findings in Q1-2022 and Q2-2023, with each inspection updating triggering
risk escalation, ultimately reaching Very High Risk classification 4 months prior to failure occurrence.
These cases demonstrate HIDOM's dynamic updating capability, though they also highlight opportunities
for enhanced early detection through incorporation of real-time corrosion monitoring data and more
frequent risk recalculation cycles.

The 80% capture rate of leak events within the Very High Risk category (10.5% of inventory) translates to
a risk concentration factor of 7.6x, indicating that HIDOM successfully identified equipment with failure
rates 7.6 times higher than population average. This concentration enables efficient allocation of enhanced
inspection intensity, monitoring deployment, and preemptive mitigation measures to the equipment subset
presenting disproportionate failure risk, directly supporting the operational objective of reducing leak
frequency through predictive intervention rather than reactive response.

DISCUSSION

The findings from this study demonstrate that the proposed Hybrid Integrity-Driven Optimization Model
offers a meaningful advancement in the management of hydrocarbon leak risks in deepwater FPSO topside
systems. By integrating Risk-Based Inspection (RBI), Failure Mode Assessment (FMA), and advanced
NDT selection algorithms into a single decision framework, the model addresses several long-standing
challenges in offshore integrity management—particularly those associated with unpredictable degradation
kinetics, competing inspection priorities, and resource constraints on high-production facilities such as
AKPO and EGINA. The discussion below contextualizes the results in relation to existing industry
practices, analytic constraints, and evolving expectations for digital-enabled asset reliability.

Efficacy of the Hybrid Approach

The hybrid model demonstrates a clear improvement in the ability to identify high-risk piping circuits
before functional failure, primarily due to the synergistic interaction between the FMA feedback loop, RBI
guantification, and the intelligent NDT selection algorithm. The evidence indicates that FMA provides
critical insight into degradation mechanisms that are often insufficiently represented in traditional RBI
frameworks. For instance, topside circuits subjected to complex multi-mechanism degradation—such as
CO2-H:S corrosion, erosion-corrosion interaction, and thermal fatigue—typically show high variance in
remaining life calculations when assessed with RBI alone. The introduction of FMA allows the system to
embed mechanism severity, defect morphology, and failure propagation tendencies into the risk
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recalculation process. This results in a more dynamically calibrated risk ranking that better reflects actual
field conditions.

Equally important is the contribution of the smart NDT decision algorithm. Current inspection planning
often suffers from a mismatch between degradation mode and NDT technique applied, resulting in data
gaps or false confidence in “clean” circuits. By linking the predicted failure mode to optimum inspection
methods—such as PAUT for complex geometries, LRUT for screening long lines, TOFD for weld integrity
assurance, or Eddy Current Array for corrosion under insulation—the hybrid model minimizes this
mismatch. The results show that NDT resource utilization becomes more targeted, reducing redundant
inspections while increasing the probability of detecting early-stage anomalies in high-risk regions.

The interaction between the three components—RBI, FMA, and NDT intelligence—also creates a
feedback-driven optimization loop. As new inspection data are incorporated, the FMA recalibrates
mechanism likelihoods, which subsequently updates the RBI risk ranking. This dynamic adjustment ensures
that risk priorities evolve with actual degradation behavior, thereby improving predictive accuracy. In this
sense, the hybrid approach overcomes a major limitation of static RBI models: the assumption that
degradation progression follows predictable, linear, or historically derived profiles. Overall, the model’s
efficacy is attributed to its ability to collapse multiple integrity insights into a unified risk-optimized
workflow, enhancing the accuracy, timeliness, and reliability of leak-risk predictions.

Practical Implications for Offshore Operators

The practical impact of the proposed model on deepwater FPSO operations is significant. One of the most
direct implications is the reduction in unplanned shutdowns, which remain a major operational and financial
burden for high-production assets. By predicting high-risk circuits with greater accuracy, the model enables
operators to intervene proactively—scheduling repair work, executing targeted inspections, and managing
replacement of degrading components well before leakage or rupture thresholds are reached. This shift from
reactive maintenance to informed proactive intervention improves operational continuity and reduces the
likelihood of emergency production deferments.

Another notable implication is enhanced optimization of inspection budgets. Deepwater FPSOs operate
with substantial inspection requirements, and traditional calendar-based inspection campaigns often lead to
unnecessarily broad scopes that strain personnel, time, and logistics. The hybrid model supports a transition
to condition-driven inspection planning by quantifying risk in more granular and dynamically updated
terms. This allows operators to allocate inspection resources to circuits with the highest predicted failure
potential, reducing the scope of low-value activities. In environments with restricted access windows, high
environmental loads, and simultaneous operations constraints, this prioritization greatly improves
efficiency without compromising safety.
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The model also contributes to extending asset life, especially for aging FPSOs where degradation kinetics
may intensify after long-term exposure to corrosive fluids, cyclic loading, and micro-environmental
variations. By delivering an early warning mechanism for circuits approaching critical degradation
thresholds, operators can implement life-extension strategies—including localized cladding, enhanced
corrosion monitoring, or pipe spool replacements—at optimal times. This reduces the cumulative damage
that typically accumulates due to delayed interventions and enhances confidence in prolonged operation
beyond initial design life.

Furthermore, the shift from calendar-based to condition-based campaigns encouraged by this model aligns
with global industry trends toward digitally enabled reliability management. The results indicate that
operators can progressively adopt risk-triggered inspection intervals, updated in real time as degradation
signals emerge. This increases the agility of inspection planning and fosters a more responsive integrity
culture—an important advancement for facilities where hydrocarbon leak tolerance is effectively zero.

Limitations and Model Assumptions

Despite the clear advantages, the model’s performance is dependent on several constraints and assumptions
that should be acknowledged. First, the reliability of predictive outputs is strongly influenced by the quality
and completeness of underlying inspection and corrosion data. Inconsistent reporting formats, limited
defect characterization, or low-resolution NDT data can introduce uncertainties that propagate through the
FMA and RBI calculations. Deepwater operations are sometimes characterized by data discontinuities
caused by access limitations, weather constraints, or restricted campaign durations, which may reduce
model fidelity.

Second, the model assumes expert validation of algorithm-generated recommendations. Although the
integrated framework is computationally robust, it does not replace the need for engineering judgment—
particularly when interpreting subtle degradation patterns or investigating ambiguous NDT signals.
Operator oversight remains essential to prevent misclassification of degradation modes or inappropriate
assignment of inspection techniques. Therefore, the model is best positioned as a decision-support tool
rather than a fully autonomous integrity management system.

A further limitation relates to the challenge of modeling rare, high-impact events. Catastrophic failures on
topside systems—such as sudden rupture due to manufacturing defects, violent process upsets, or extreme
mechanical loading—may not follow the probabilistic patterns captured by the model. Such events often
arise from non-linear interactions, latent defects, or improbable coincidence of operational stresses. While
the hybrid framework improves detection of common degradation pathways, its predictive accuracy for
low-frequency, high-severity incidents remains constrained by the limited availability of historical data and
the difficulty of modeling their stochastic behavior.
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Additionally, the model assumes stable operating conditions for much of the prediction window. In reality,
deepwater FPSOs may experience abrupt changes in reservoir composition, fluid corrosivity, throughput,
or operating temperature, which can alter degradation rates in ways not immediately reflected in available
data sets. Incorporating more adaptive continuous monitoring tools may be required to reduce these
uncertainties.

Pathways for Enhancement

Several opportunities exist to further strengthen and extend the hybrid optimization model. One promising
direction is the integration of digital twin technology. A digital twin of topside systems—incorporating
process parameters, real-time corrosion monitoring data, and structural response metrics—would enable
continuous updating of the hybrid model. This pairing would significantly improve prediction accuracy,
allowing near-instant recalibration of risk rankings based on operational deviations. Such integration would
also support scenario testing, enabling operators to simulate the integrity impact of proposed process
changes or maintenance deferrals.
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Figure. Closed-loop predictive integrity cycle enabling continuous risk learning and optimized inspection
planning.

Another key enhancement is the use of machine learning for anomaly pattern recognition. While the current
model relies on deterministic algorithms and rule-based FMA logic, advanced machine learning could
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identify subtle correlations between defect morphology, temperature cycles, vibration signatures, and leak
precursors that may not be immediately apparent to human analysts. Techniques such as convolutional
neural networks for NDT image interpretation or clustering algorithms for corrosion rate profiling could
greatly enhance early detection capability and reduce false negatives.

Additionally, expanding the model to include subsea flowlines, risers, and manifolds presents a compelling
opportunity. Although the present work focuses on topside piping and static equipment—where leak
frequency remains high—the integration of subsea systems would allow for a holistic integrity management
platform covering the entire production stream. Subsea assets experience their own unique degradation
modes, such as hydrate formation, fretting, and HPHT effects, and a unified predictive framework could
significantly enhance overall field reliability.

Finally, future work should explore the integration of probabilistic consequence modeling to complement
the failure probability emphasis of the current model. This would enable a richer understanding of risk
exposure, guiding even more efficient allocation of inspection and maintenance resources while aligning
with corporate risk tolerance thresholds.

Overall, the proposed hybrid optimization model represents a robust and practical contribution to the field
of offshore asset integrity, offering both theoretical advancements and actionable value for deepwater FPSO
operators.

CONCLUSION

Deepwater FPSO facilities such as AKPO and EGINA face persistent challenges stemming from complex
degradation mechanisms, harsh operating environments, and the high operational consequence of
hydrocarbon leaks. Traditional integrity approaches—Ilargely sequential, siloed, and heavily reliant on
calendar-based inspection planning—struggle to deliver the predictive accuracy and efficiency required for
modern deepwater operations. This study addressed that gap by developing a Hybrid Integrity-Driven
Optimization Model that integrates Risk-Based Inspection (RBI), Failure Mode Assessment (FMA), and
advanced NDT selection algorithms into a unified mathematical framework. The intent was to create a
scalable, systematic, and data-informed methodology capable of reducing leak frequency and improving
reliability across topside piping and static equipment.

The findings demonstrate that the hybrid model substantially enhances the ability to anticipate high-risk
circuits, allocate inspection resources strategically, and shorten the response time between anomaly
detection and mitigation. By embedding FMA insights directly into the risk-ranking process, the model
improves the representation of degradation mechanisms that traditional RBI approaches often oversimplify.
The smart NDT decision algorithm further refines this process by ensuring that inspection techniques are
precisely matched to predicted failure modes, resulting in more reliable detection of early-stage defects.
Collectively, the integrated framework outperforms sequential legacy methods in both predictive accuracy
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and resource optimization, enabling operators to transition from broad, time-driven inspection campaigns
to focused, condition-driven strategies.

A core contribution of this research lies in its demonstration that inspection data, when organized through
a mathematically coherent model, can become a powerful source of predictive intelligence. Instead of
serving merely as historical records, inspection results continuously recalibrate risk profiles and guide the
selection of appropriate surveillance techniques. This dynamic feedback loop transforms integrity
management from a reactive, schedule-bound process into a proactive system capable of forecasting
degradation pathways and informing timely, cost-efficient interventions. The model is also inherently
scalable, offering applicability across a range of deepwater assets and supporting integration with emerging
digital technologies.

Ultimately, this study reinforces that proactive integrity management requires more than incremental
improvements to existing methods; it demands a holistic rethinking of how data, inspection strategy, and
degradation modeling interact. The Hybrid Integrity-Driven Optimization Model provides such a blueprint.
Its adoption has the potential to set a new benchmark for deepwater FPSO reliability by enhancing safety
performance, preventing unplanned shutdowns, and delivering measurable economic benefits. As offshore
assets age and production demands intensify, frameworks of this nature will become increasingly critical—
enabling operators to navigate complexity with greater precision, resilience, and operational foresight.
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