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Up to 78% of oil and gas megaprojects fail to deliver on initial commitments, yet maintenance
readiness is routinely deferred until after construction decisions are already irreversible. This
study investigates the previously unexamined link between maintenance readiness and interface
management across the capital-project life cycle through a systematic literature review com-
bined with a 30-year longitudinal analysis of 941 anonymised interface lessons-learned records
spanning 21 countries. Root causes were classified using ISO 14224 of 2016, and predictive
models were validated through stratified coding (Cohen's k = 0.81) and five-fold cross-valida-
tion. The analysis revealed that five root causes drove 81.2% of all failures, including slow
interface identification (18.5%), uncertain technical definitions (17.4%), weak governance
(17.4%), unclear scope and ownership (16.3%), and cross-discipline communication break-
downs (11.6%), with key effects being performance impact (41.8%) and schedule delay
(25.7%), while 33.0% of records were classified as high or critical risk and approximately 40.3%
originated in Front-End Engineering Design. The Interface Criticality Index (ICI) correlated
strongly with high-risk classification (r =0.83), and the Random Forest classifier achieved ROC-
AUC =0.848 and PR-AUC = 0.850 respectively. The findings conclude that maintenance read-
iness should be established as a distinct, front-end-loaded discipline rather than a post-handover
activity, as embedding readiness controls upstream converts lessons-learned records from retro-
spective artefacts into proactive design constraints, enabling early intervention before costly
lock-in.
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Maintenance Readiness and Interface Management in Major Oil and Gas Projects:

A Three-Decade Evaluation of Project Delivery and Operational Transition

THE PROBLEM ‘ STUDY DESIGN

Operational instability during the transition from
project delivery to steady-state production is
driven by fragmented management of technical
and organizational interfaces.

Pragmatic mixed-methods longitudinal study (1993-2023)
Triangulation of systematic literature review and a lessons-learned
database of 941 standardized entries across 21 countries and
multiple sectors (LNG, deepwater, onshore, etc.).

Analytical techniques: Pareto, K-Means clustering, Random Forest,
Logistic Regression.
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Acronyms and Abbreviations

Abbreviation Definition Abbreviation Definition

CAPEX Capital Expenditure LR Logistic Regression

CMMS Computerised Maintenance Management System MR Maintenance Readiness

CSU Commissioning and Start-Up NOC National Oil Company

EPC Engineering, Procurement, and Construction OR Operational Readiness

FEED Front-End Engineering Design OR&A Operational Readiness and Assurance

ICI Interface Criticality Index P2A Project-to-Asset Transition

IMLL Interface Management Lessons Learned Corpus PR-AUC Precision—Recall Area Under the Curve

IMR-IM Integrated Maintenance Readiness—Interface Man- PRISMA Preferred Reporting Items for Systematic Reviews and Meta-
agement Analyses

10C International Oil Company RF Random Forest

I0GP International Association of Oil & Gas Producers ROC-AUC Receiver Operating Characteristic—-Area Under the Curve

IRAP Integrated Readiness Assurance Process SD Standard Deviation

IRV Interface Risk Variables SIP Stakeholder Implementation Protocol

ISO International Organization for Standardization TECOP Technical, Economic, Commercial, Organisational, and Political

KPI Key Performance Indicator TF-IDF Term Frequency—Inverse Document Frequency

LLDB Lessons Learned Database WC-SURU World-Class Start-Up and Ramp-Up

LNG Liquefied Natural Gas

1. Introduction

The transition from construction to production represents the most unreliable phase in oil and gas projects (Merrow, 2012).
Benchmarking data reveals that only 22% of upstream megaprojects achieve their initial objectives: 33% exceed budget,
30% are delivered late, and 64% fail to meet production targets within a two-year horizon (Merrow, 2012). By comparison,
successful projects in other industries reach approximately 50% (Merrow, 2012). Olaniran et al. (2015) contend that these
projects are consistently afflicted by cost overruns and operational execution problems once production commences. De-
structive leadership and team silence have been partially implicated in goal misalignment and project failure (Zaman et al.,
2022).

Maintenance is fundamental to production success (Abbass, 2024). Although project governance frameworks are increas-
ingly adopted, most remain inadequate in linking maintenance readiness to operational commencement (Al-Mazrouie et al.,
2020). Complex capital projects involve thousands of engineering, legal, and team interconnections; mismanagement of
these connections precipitates delays, cost overruns, and poor performance (Parraguez et al., 2016). Empirical evidence
demonstrates that formal interface management yields lower and more predictable costs (Shokri, 2014), proving most ef-
fective for communication and scope issues, though it struggles with complex hardware integration (Ahn et al., 2016).
Critically, advanced data analytics now enable identification of high-risk interface points during project scheduling (Shokri,
2014).

Three significant gaps emerge from the literature. First, maintenance readiness is typically subsumed within broader oper-
ational readiness or commissioning and start-up frameworks rather than treated as a distinct discipline (Utgard et al., 2013).
Second, empirical evidence linking maintenance readiness to interface management across the project life cycle remains
sparse (Paton & Andrew, 2018). Third, integrated governance frameworks that connect maintenance readiness controls with
project interface management are limited. This study addresses these gaps by analysing 941 anonymised interface lessons-
learned records spanning 21 countries and three decades, mapping failure patterns using an 1SO-aligned taxonomy, and
validating predictive risk models. The outcome is a practical governance framework, the Integrated Maintenance Readi-
ness—Interface Management Framework, anchored in ISO 55001, ISO 14224, ISO 19650, and ISO 20815.

This article adopts the following working definition:

Maintenance Readiness (MR) is the disciplined project-phase design, assurance, operational embedding, and validation of
maintenance governance, asset data, care strategies, material support structures, organizational capability, and lifecycle
controls required for an asset to enter service with defendable reliability, maintainability, supportability, and continuity of
operation.

2. Research objectives and questions

The framework positions OR&A, CSU, and MR as parallel, not nested, disciplines: OR&A provides the assurance structure,
CSU executes technical functional verification, and MR establishes long-term reliability prior to handover. This orientation
aligns with the Integrated Readiness Assurance Process, which treats operations, maintenance, integrity, and commissioning
as co-equal responsibility domains (Nossair et al., 2012), and with established Operations Readiness, Activation and Tran-
sition frameworks (Al-Mazrouie et al., 2020). In the absence of such integration, partially defective assets risk being tran-
sitioned to operations (Ayres et al., 2026).
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Table 1
Research objectives and the questions addressed.

Research Objective Related Research Question
ROL1. Establish Maintenance Readiness as a distinct discipline in RQI1. How does MR contrast with Operational Readiness and Com-
capital project delivery. missioning and Start-Up?
RO2. Quantify the relationship between MR and project life-cycle RQ2. How do engineering, supply chain, and digital system inter-
interface management. faces impact MR?

RO3. Identify the principal interface failure modes that impair MR. RQ3. Which interfaces and project phases concentrate readiness-rel-
evant risk?
RO4. Quantify the operational, schedule, and cost implications of ~ RQ4. How do interface failures affect schedule, safety, and life-cy-

deficient interface control. cle cost?
ROS. Develop an integrated governance framework executable by  RQS5. Which controls optimise MR during the project-to-operations
project teams. transition?

3. Literature Review
Maintenance readiness draws on four intersecting research streams.
3.1 Asset Management Life-Cycle Standards

Asset management provides the foundational framework for MR. The ISO 55000 series defines asset management as "the
coordinated activity of an organization to realize value from assets" (Pais et al., 2019). According to Pais et al. (2019), the
series comprises ISO 55000 (overview, principles, and terminology), ISO 55001 (management systems requirements), and
ISO 55002 (implementation guidelines). The principal elements and requirements of ISO 55001 were articulated by Pais et
al. (2019), who noted that the standard contains seven clauses covering organizational context, leadership, planning, sup-
port, operations, performance evaluation, and improvement.

3.2 Reliability, Maintenance, and Production Assurance

ISO 20815 establishes the principles of production assurance and dependability management for petroleum, petrochemical,
and natural gas operations (Ustebo et al., 2018), serving as the production-assurance backbone for MR. ISO/IEC/IEEE
15288 defines 26 system life-cycle processes grouped into agreement, organizational, project, technical, and special adap-
tation categories (Prudnikov, 2020), providing a coordination scaffold for risk, operations, and maintenance activities. ISO
14224 guides the collection and exchange of reliability and maintenance data through a nine-segment taxonomy: Industry,
Business Category, Installation, Plant/Unit, System/Section, Equipment Unit, Subunit, Component/Maintainable Item, and
Part; its appendices enumerate failure mechanisms, causes, detection methods, maintenance activities, and failure modes
by equipment classification (Rashdan et al., 2019). This taxonomy informs the cluster interpretation presented in Section
4.5.

3.3 Systems Engineering and Information Management Across the Life Cycle

ISO 19650 governs information management across a built asset's entire life cycle (Godager et al., 2022). It distinguishes
the Project Information Model (PIM), used during delivery, from the Asset Information Model (AIM), which supports
operations (Godager et al., 2022). However, the handover of this data is notoriously problematic: the PIM-to-AIM gap
generates numerous post-handover defects (Jaskula et al., 2022; Kim et al., 2020; Zhu et al., 2019). Post-construction de-
fects, poor information quality, and disregard for end-user needs persist as industry-wide challenges (Zhu et al., 2019).
Information commissioning, anchored in advance rather than retrofitted, provides a structural foundation for MR (e.g.,
Model Requirements) (Kim et al., 2020).

3.4 Interface Management in Complex Projects

Interface management facilitates the coordination of communication, relationships, and deliverables among stakeholders
(Shokri, 2014), enabling effective risk management in capital projects (Shokri, 2014). Across 46 industrial projects, formal
IM correlates with lower cost growth and reduced cost-growth variance (Shokri et al., 2015). In 45 large-scale projects,
formal IM proves effective for complexity arising from uncertainty in scope and communication and from large numbers
of stakeholders, but less effective for complexity arising from large numbers of engineered items (Ahn et al., 2016).

Network-theoretic analyses offer a practical lens by mapping how risks propagate along pathways, providing managers with
concrete indicators of where risks cluster (Fang et al., 2012). Mapping design-team connections reveals that interface prob-
lems typically emerge where information flows between groups fail (Parraguez et al., 2016). For existing assets, Asset
Interface Management Systems formalise the interaction between maintenance and operations teams, typically via central-
ised interface registers governed by workflow-driven communication protocols (Nagbi et al., 2016).

3.5 Synthesis and Identified Gap

Three gaps persist. First, existing readiness guides focus on staffing rather than integrating maintenance as a co-equal dis-
cipline. Second, research treats interfaces as coordination tasks rather than as drivers of long-term maintenance perfor-
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mance. Finally, lifecycle standards seldom link handover protocols on the project side with readiness criteria on the opera-
tions side. To address these gaps, maintenance readiness was established as a key focus from project inception, grounded
in the ISO 55001 family approach and founded on a 30-year empirical database.

4. Research Methodology

A three-stage mixed-methods design was employed. Stage 1 comprised a systematic literature review (Page et al., 2021) to
map the field and identify the research gap; Stage 2 involved a 30-year empirical analysis of 941 interface lessons-learned
records to identify structural patterns; and Stage 3 encompassed framework validation and the development of nine opera-
tional KPIs. Fig. 1 summarises the overall study design, Fig. 2 presents the PRISMA workflow that governed Stage 1, and
Fig. 3 visualises each stage in greater detail.

\ s B s
STAGE 1 STAGE 2 STAGE 3
Systematic Review —» Empirical Corpus Analysis > Framework Validation
Foundational Evidence Contextual Evidence Validated Evidence
» Comprehensive search » Corpus development (documents, * Framework development from
* Study selection (inclusion/ reports, policies, records) Stages 1 &_2 ]
exclusion criteria) + Data coding and thematic analysis + Expert review (Delphi/
* Data extraction « Pattern identification panel validation)
« Quality appraisal gt hesi + Refinement of constructs
s i€unthesis offindi ross-case"synthesls and relationships
RO NG = Validation of framework
(credibility & applicability)
OUTPUT _ OuTRUT OUTPUT
Thematic map of constructs, drivers, Empirical ther:nes, Patterns Validated framework linking
enablers, challenges and outcomes and relationships eonetructsito oiitcomas
. 7 J \
| | |
INTEGRATION ACROSS STAGES
Builds from evidence > Deepens with empirical > Validates and refines for
and theory (Stage 1) context (Stage 2) robust application (Stage 3)
OVERALL OUTCOME

A rigorously validated framework grounded in literature,
enriched by empirical evidence, and confirmed for relevance and applicability.

Fig. 1. Multi-method study design, illustrating the three-stage longitudinal approach linking the systematic review to the
empirical corpus analysis and framework validation.

Stage 1 commenced with a systematic literature review conducted in accordance with the PRISMA 2020 statement (Page
etal., 2021). The PRISMA workflow guided the identification, screening, eligibility, and inclusion phases, with the resulting
corpus of peer-reviewed publications anchoring Section 3 and establishing the empirical justification for the research gap

addressed in this study.

[ Identification of documents and datasets via databases, repositories, and other sources ]

Records identified from: Records removed before screening:
* Academic databases (n = 1,248) « Duplicate records removed (n = 612)

* Organizational repositories (n = 376) « Records marked as ineligible by automation tools (n = 83)
« Government and agency websites (n = 214) bmebl’ 15\ Records removedifonotRenreasons

S ey e AL (e not I scope, non-document tems) (= 95
 Lessons learned databases and portals (n = 157)
+ Other sources (n = 91)

Total records identified (n = 2,540)

Total records removed (n = 790)

Records excluded

J [Screening] { Identification ]

Records screened + Not relevant to disaster resilience (n = 642)
(title and abstract) | * Notrelated to lessons learned (n = 388)
« Wrong document type or format (n = 176)
(n =1,750) + Non-English with no available translation (n = 64)
oy Total records excluded (n = 1,270)
Reports sought for retrieval Reports not retrieved
(full text or full document) — * Unable to access full document (n = 62)

2 (n = 480) « Link inactive or unavailable (n = 28)

= 0= Total not retrieved (n = 90)

8 v

= Reports assessed for eligibility ReFD”"'s e"td“d‘:"_ ‘”Iith "e‘sl"“s Gk 15

w s [ | * Does not contain lessons learned (n =

(Full text review) « Insufficient detail or analysis (n = 86)
(n = 390) + Out of scope / not focused on DRR (n = 62)

= « Duplicate or superseded version (n = 24)
(— v Total reports excluded (n = 300)

- Documents and datasets included

3 in qualitative synthesis i

= - 90 | Notes:

T'é (n ‘* ) |+ This flowchart follows the PRISMA 2020 framework,

S | adapted for document and dataset reviews.
=) :

!+ “Lessons learned datasets” include structured

Consolidated dataset used after data cleanup:
941 unique documents and lessons learned entries (n = 941)

repositories and portals ining p
lessons learned.

This consolidated dataset was used for bibliometric analysis, thematic synthesis,
and evidence mapping.

|« Counts represent number of records/documents.

Fig. 2. PRISMA-style workflow for the systematic literature review (Review of documents and the Lessons Learned
datasheets).

Stage 2 comprised a quantitative empirical analysis of the Interface Management Lessons-Learned Corpus (IMLL, N =
941), while Stage 3 operationalised the framework into nine KPIs. Figure 3 provides the detailed graphical overview.
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combination j Qualitative findings Not a substitute for
ICI; = average IC for (supporting segmentation) future field trials.
combination j
OUTPUT A triangulated, evidence-based framework for managing interface failure modes

that drives maintenance readiness in capital projects.

Fig. 3. Graphical methodology overview.

4.1 Data Source and Composition

The dataset comprises 941 lessons-learned records from 21 countries across four project archetypes: LNG, deepwater, on-
shore, and offshore. The records, compiled over three decades of operational work by an anonymised major LNG operating
partner and its EPC supply chain, encode categorical variables for project type, country, project phase, interface category,
root cause, consequence, severity (1-5), and frequency (1-5). Records with insufficient metadata were retained for descrip-
tive analysis but excluded from supervised model training. Direct identifiers, including project names, corporate names, and
named individuals, were removed and replaced with the TECOP categorical taxonomy and ISO 14224 functional groupings.

4.2 Data Anonymisation and Validation

A four-step protocol was applied: direct identifiers were removed; stratified validation was performed on 80 randomly
sampled records (=8.5%), which were recoded independently by a second reviewer against a structured validation work-
book; inter-rater reliability was assessed using Cohen's «, achieving 0.81 ("almost perfect agreement™) (Pérez et al., 2020);
and conflicts were adjudicated through structured consensus review, with the consensus coding used as the reference stand-
ard for the remaining records.

4.3 Study Limitations
Three limitations apply.

e Institutional culture. Proprietary datasets often contain hidden biases; sample selection and reporting habits con-
strain how widely results generalise, paralleling concerns observed in clinical claims research (Dahlen et al., 2025).

e Replication. Confidentiality rules prevent public release of raw records, which restricts independent reanalysis, a
known challenge in industrial machine learning studies, where reproducibility and progress are often limited (Da-
crema et al., 2021). Cross-site heterogeneity further complicates generalisation (Chen et al., 2021).

e Longitudinal consistency. Record-keeping practices evolved across three decades, so all models were fitted with
sector x decade stratification, consistent with established multi-source integrative data analysis methods (Curran
& Hussong, 2020).

These limitations imply that the framework must be locally recalibrated when implemented by organisations with different
reporting conventions, asset mixes, or contract structures.

4.4 Risk Measurement
For each lesson i, the Interface Criticality Index is calculated as

ICIl ZSL'XFi, (1)
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where S; € {1, ...,5} is severity and F; € {1, ...,5} is frequency. The total Risk Score for combination j is

RiskScore; = n; X mj, (2)

where n; is the number of records in j and mj is the mean ICI of that combination. To surface informative terminology
and suppress background noise, we applied Term Frequency—Inverse Document Frequency weighting (Doslu & Bingol,
2016), then ran K-means clustering with k = 5 (silhouette score = 0.31) to identify failure-mode groupings. The data-driven
clustering was supplemented by qualitative thematic analysis, which is recognised as essential when maintenance data are
heterogeneous and information-system integration is incomplete (Polenghi et al., 2021).

4.5 Cluster Alignment to ISO 14224:2016

The five empirical clusters - (i) coordination and team interfaces, (ii) contractor boundaries, (iii) offshore installation inter-
faces, (iv) control-system interfaces, and (v) spare-parts and materials interfaces - were mapped onto the ISO 14224:2016
taxonomy. This taxonomy provides a rich ontology for failure, maintenance, and parameter data points grouped by equip-
ment classification (Rashdan et al., 2019), enabling cross-operator, cross-asset benchmarking.

4.6 Framework Development
Only the framework elements that are backed up by satisfactory evidence which is independent in nature and from at least

two distinct sources, one being the quantitative findings from IMLL corpus. Multi-operator field validation remains a re-
search priority (Section 8.1).

Table 2
Provenance map of analytical elements.

Research focus Data source Rationale
Project risk, root causes, performance metrics, predictive IMLL corpus (N = 941) Primary data source
models
Visualisation of variable interactions IMLL corpus Performance visualisation
Thematic analysis, thematic clusters, patterns IMLL corpus and ISO 14224:2016 mapping Verification of findings
Life-cycle asset management, data integrity, compe- ISO 55000, ISO 55001, ISO 55002 (Pais et al., 2019), (Alsyouf Industry-standard alignment
tence, policy frameworks etal., 2018), (Silva & Souza, 2020)
Process-safety fatality event data and benchmarking IOGP reports (Fargie et al., 2024) Industry benchmarks
Performance standards for major projects Construction Industry Institute best-practice manuals Performance benchmarks
Interconnectivity of complex project components Peer-reviewed literature Broader research context
5. Results

Across 941 lessons-learned records, the mean Interface Criticality Index (ICI) was 9.82 (SD = 2.41); 311 records (33.0%)
were classified as high- or critical-risk. Models were evaluated using ROC-AUC and PR-AUC under fivefold cross-valida-
tion with sector x decade stratification. Comparable Al-supported inspection work in oil and gas has achieved 92.33%
accuracy and 84.58% precision (Rachman & Ratnayake, 2019), confirming that predictive models perform effectively in
this sector. Higher levels of front-end loading have also been shown to yield more predictable costs and shorter schedules
in offshore megaprojects (Kim et al., 2018). Fig. 4 illustrates predictive model performance across outcomes.
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Fig. 4. Predictive model performance: fivefold cross-validated ROC-AUC and PR-AUC for high-risk, schedule-impact,
cost-overrun, and operational-disruption outcomes.
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Technical failures showed the strongest link to high-risk outcomes (r = 0.83). The Random Forest classifier achieved ROC-
AUC = 0.848 and PR-AUC = 0.850 for high-risk flags, outperforming the Logistic Regression baseline (ROC-AUC =

0.830).

5.1 Key Trends and Patterns

Percentage (%)

Cumulative (%)

Table 3
Failure-mode frequency and cumulative percentage (N = 941).

Failure Mode Frequency (N)
Slow interface identification 174
Governance gaps 164
Vague technical definitions 164
Unclear scope and roles 153
Communication and coordination gaps 109
Poor interface tracking 96
Other causes 81

18.5
17.4
17.4
16.3
11.6
10.2
8.6

18.5

359

533

69.6

81.2

91.4
100.0

Five issues account for 81.2% of the failures. Since these few sources cause the bulk of these cases, focusing efforts on

these areas will yield the greatest improvements.

Pareto Analysis of Root Causes

Cumulative Percent
40 60

0 20 80 100
1 1 1 1 1 1
Late Interface Identification _—_
General Management Weakness _ _-
Insufficient Technical Definition _— -
[ T
a Unclear Scope / Responsibility _-— -
:?I Poor Communication / Coordination _—_I \
8 Inadequate Interface Register / Controls _-- \
Contract / Procurement Gap _I -\
Change Management Weakness - 0\
Resource / Competency Gap - L
(I) 2I5 SIO 7I5 1(|)0 155 1%0 1;5
count
Fig. 5. Root causes of failure, ranked by frequency.
Table 4
Most frequent consequences (N = 941).
Consequence Type Count Frequency (%) Cumulative (%)
Potential Performance Impact 393 41.8 41.8
Schedule Delay 242 25.7 67.5
Operational Disruption 115 12.2 79.7
Safety/Environmental Impact 81 8.6 88.3
Cost Overrun/Rework 52 5.5 93.8
Quality/Technical Defect 51 54 99.2

Performance impacts represent the highest percentage at 41.8%, followed by schedule delays at 25.7% and operational

disruptions at 12.2%.

Potential Performance Impact

Schedule Delay

Operational Disruption

Safety / Environmental Impact

Cost Overrun / Rework
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Stakeholder / Commercial Dispute

o
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Fig. 6. Breakdown of consequence types.
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Interface failures degrade project performance, disrupt schedules, and increase rework (Shokri, 2014). Managing these in-
terfaces well is vital for keeping projects on track and mitigating cost, time, and quality risks (Shokri et al., 2012). Fig. 7

shows the dependency relationships between interface category, root cause, and consequence.
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Fig. 7. Interface category — root cause — consequence dependency.

5.2 Risk Ranking, Predictive Insights, and Correlation

ICI was strongly associated with a high-risk rating (» = 0.83) and frequency (» = 0.73). Severity also drives high risk (» =
0.58) and operational disruption (» = 0.52). Figure 8 presents the correlation matrix for these interface risk variables.

Correlation Matrix for Interface Risk Variables
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Fig. 8. Correlation matrix for the interface risk variables.
Table 5
Top 10 interface risk-variable failure modes, ranked by Risk Score.
Rank Category Cause Impact Frequency Average ICI (ICI;) Risk Score
1 General Interface Management ~ Management Deficiency Performance 60 9.50 570.0
2 Technical Design Interface Insufficient Technical Definition ~ Performance 43 10.00 430.0
3 General Interface Management ~ Management Deficiency Operational Disruption 18 22.22 400.0
4 Technical Design Interface Late Interface Identification Schedule Delay 22 16.00 352.0
5 Technical Design Interface Insufficient Technical Definition  Safety and Environment 14 25.00 350.0
6 Technical Design Interface Insufficient Technical Definition ~ Operational Disruption 13 25.00 325.0
7 Technical Design Interface Late Interface Identification Schedule Delay 20 16.00 320.0
8 Technical Design Interface Late Interface Identification Operational Disruption 11 20.00 220.0
9 Technical Design Interface Undefined Scope/Responsibility Schedule Delay 13 16.00 208.0
10 Technical Design Interface Insufficient Technical Definition  Performance 18 10.00 180.0

Governance and technical clarity issues dominate the risk profile, mirroring the governance and planning drivers observed
in broader megaproject literature (Carydias & Kennedy, 2025).

5.3 Why Projects Fail: Patterns and Interfaces

Management gaps and technical clashes largely drive project failure (Carydias & Kennedy, 2025). Figure 9 shows the
distribution of interface categories across the corpus.
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Correcting errors after construction starts is expensive; therefore, early planning is critical. Our data show that 40.3% of
all issues start in Front-End Engineering Design. We supported a 'shift-left' approach, that is, “preparing thoroughly be-
fore committing to procurement”. Cost and schedule overruns are common, but machine-learning methods layered atop
reference class forecasting can help refine project estimates (Natarajan, 2022). Fig. 12 visualises how maintenance prob-
lems spread across data, procurement, and start-up controls, highlighting interface dependency pathways.

Interface Dependency Network — Category, Root Cause, Consequence
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Fig. 12. Interface dependency network - category, root cause, and consequences.

Treating these dependencies as a network reveals their root causes rather than treating them as isolated events. Five inter-
vention areas emerge: team coordination, contractor boundaries, offline installation, control systems, and spare-parts man-
agement.
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Table 6
Why these factors matter for success.

Critical Success Factor Why It Matters
Early interface planning Early identification of connections mitigates schedule and cost risks (Shokri, 2014).
Clear roles and ownership Clear roles remove confusion during design, procurement, and construction (Shokri, 2014).
Standardised data handover Ensures systems work together during the construction-to-operation transition (Kim et al., 2020).
Controlled interface register Enables real-time progress tracking and early identification of delays (Nagbi et al., 2016).
Managing asset data Converts project data into actionable maintenance documentation (Zhu et al., 2019).
Spare parts and materials Ensures availability of necessary parts for maintenance and start-up (Driessen et al., 2014).
Skilled teams and competence Successful completion of major maintenance projects requires such personnel (Pieterse et al., 2022).
Early, active inspections Enables identification of readiness gaps prior to operation (Chime, 2024).

Focusing on these factors ensures project efficiency and reduces cost, schedule, and quality variance (Shokri et al., 2015).
6. Discussion

These findings show that maintenance readiness should not be an afterthought; it is a vital link between project design,
supply chain, and operations from the outset.

6.1 Maintenance Readiness is About People and Systems

MR relies on people, process, and technology in equal measure. It fails when task definitions remain unclear, when account-
ability is absent, or when teams lack effective communication (Section et al., 2023; Sharam et al., 2021). As Odili et al.
(2024) observe, "This represents a life-cycle approach that targets readiness factors to prevent operational disruptions before
they occur." Real-world experience demonstrates that practitioners frequently fail to utilise available maintenance data be-
cause systems are not aligned with how maintenance actually functions (Polenghi et al., 2021). Our evidence indicates that
valuable data is systematically ignored at two critical junctures: during the handover between project and asset systems, and
at the late identification of high-risk interfaces.

6.2 Underlying Causes of Systemic Failure

MR failures are largely boundary failures - problems that occur between organisational and technical groups rather than
within any single discipline. The most serious failures occur where groups - design, procurement, construction, commis-
sioning, and operations - overlap. This pattern is consistent with the boundary-spanning framing of design interfaces ob-
served in organisational networks (Parraguez et al., 2016) and with empirical evidence that formal IM is integral to project
success (Ahn et al., 2016). Interfaces are therefore both a managerial tool and a structural property of the delivery network.

6.3 Adopting a Forward-Looking Approach

ISO 55001 helps organisations to manage the assets could be through performance, risk, and cost (Pais et al., 2019) Not just
after the handover, project teams must apply this discipline before. By embedding maintenance strategy and training early,
they avoid deferring readiness until the project is complete.

6.4 Lessons Learned as Design Evidence, Not as a Casual Record.

A recurring pattern in capital projects is that lessons are documented but due to high turnover rate of personnel, these lessons
are rarely turned into early-stage checks that prevent recurrence. This is analogous to the bias-variance problem in machine
learning, when training data do not match deployment conditions, performance collapses on out-of-distribution inputs
(Heim et al., 2025). Industrial systems fail for the same reason - they ignore the assumptions hidden in their records. We
therefore use automated clustering to convert legacy project reports into structured, actionable design constraints.

6.5 Alignment with Broader Megaproject Evidence.

Independent analysts indicate that only about 22% of upstream oil and gas megaprojects succeed. It means 78% do not
deliver on their initial investment promises. As Merrow notes in 2012, one in three projects has an overrun of the cost by
33% and delays in the schedule by 30% and 64% of projects get into trouble with producing within first two years of start-
up. Over 64% of the world’s hydrocarbon megaprojects suffer from cost overruns, critical reviews suggest. Complex in-
teractions among project characteristics, people, technology, structure, and culture drive these issues. “Approximately 65%
of megaprojects fail if they have cost overruns of 25% or more, schedule delays of 5% or more, or significant operational
problems” (Carydias & Kennedy, 2025). Our parallel finding shows that 81.2% of failure modes stem from five root-cause
categories, mostly failures of governance and technical definition.
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6.6 Front-End Loading and Shift-Left Governance

Our records confirm that 40.3% of failures are concentrated in FEED, validating the economics of resolving design-phase
ambiguity before final commitment. Reference-class forecasting shows that substantial cost overruns typically originate
from poorly managed decisions made at earlier stages, not from unexpected issues during construction. To gain a clearer
picture, we recommend relative-efficiency benchmarks rather than static cost and schedule numbers (Thanassoulis, 2000).

7. Integrated Framework

The framework guides stakeholders from concept selection through commissioning into early operations. It comprises seven
steps: identify maintenance needs early and define clear ownership; maintain consistent life-cycle data aligned with ISO
19650 (PIM — AIM); build maintenance requirements into engineering deliverables; prepare the operations team during
construction; verify readiness through inspections and audits; treat interfaces as a network of people, processes, and data
whose integrity is central to MR; and close the loop by converting lessons learned into early-stage design constraints.

Fig. 13 and Fig. 14 set out the severity—frequency scoring matrices that operationalise interface prioritisation under the
framework.

5x5 INTERFACE RISK ASSESSMENT MATRIX

Based on the Cranfield Interface Severity & Consequence Methodology
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Fig. 13. Severity—Frequency matrix: interface issue frequency.
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Table 7
Interface importance ranking (severity x frequency scoring rubric).
Score Severity Level Impact Frequency Occurrence Recommended Action

1  Low Minor change; negligible impact 1 Rare/isolated ~ Begin monitoring
2 Moderate Small issue; needs repair 2 Occasional Assign owner; set deadline
3 High Affects multiple teams; quality risk 3 Recurring Report to interface manager
4 Very High Major delay; high cost 4 Frequent Resolve issue; review results
5  Extreme Severe safety breach; total system failure 5 Constant Follow safety plan; notify management

Fig. 15 integrates the seven steps, the scoring rubric, and the ISO standards into a single architectural diagram.

SIX-STAGE FRAMEWORK FOR MAINTENANCE READINESS
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Better interface management materially improves the probability of successful start-up and sustainable operations.

Fig. 15. The IMR-IM framework: integrating ISO standards for asset management, systems engineering, and interface
management.

The map facilitates tracking of risk propagation through the system (Fang et al., 2012). This enables risk-owner grouping
and supports decisions that prevent risk from escalating before it manifests. The framework aligns with the seven ISO 55001
clauses (Silva & Souza, 2020) - context, leadership, planning, support, operations, performance evaluation, and improve-
ment - demonstrating how compliance is maintained across the asset life cycle.

7.1 Stakeholder Implementation Protocol

Table 8 shows the stakeholder implementation protocol.

Table 8
Stakeholder Implementation Protocol.
Stakeholder Priority Actions

Asset Owners Embed maintenance requirements in the Project Execution Plan; define ownership, equipment boundaries, and readiness
checks during FEED.

Operators Define information requirements before design is locked; ensure spare parts availability and a ready team before start-up.

EPC Contractors Integrate maintenance preparation into engineering, procurement, fabrication, and construction workflows and handover
packages.

Maintenance Organisations Lead equipment reviews, assess criticality, and define the maintenance strategy.

Regulators and Assurance  Verify safety and integrity; review gaps to lower risk before operations commence.

Bodies

Future Projects Use smart screening of lessons-learned records; establish diverse review boards; track late changes to catch issues early.

7.2 Measurement and Predictive Layer

KPIs are anchored in past data and validated against predictive models. Seven leading indicators track readiness before
failures occur; three lagging indicators track realised consequences. Machine learning combined with reference-class fore-
casting supports prediction of budget and schedule overruns for individual offshore megaprojects (Natarajan, 2022).

Table 9
KPIs with leading/lagging classification.

KPI Indicator Type Definition Cadence
Open critical interfaces exceeding age threshold Leading Number of critical interfaces exceeding age limit Weekly
Interface closure rate Leading Ratio of closed to scheduled interfaces (%) Weekly
Late interface identification rate Leading New high-risk connections found after design freeze (%) Monthly
Interface query response cycle time Leading Median time to acknowledge a query (days) Weekly
Interface register completeness Leading Interface metadata completion rate (%) Weekly
Cross-discipline review attendance Leading Required participants present or represented (%) Weekly
Vendor interface document overdue rate Leading Ratio of overdue to planned vendor interface documents (%) Weekly
Interface-driven rework hours Lagging Aggregate rework hours from interface misalignment (h) Monthly
Interface-related schedule slippage Lagging Project time lost due to interface issues (days) Monthly

Interface-related cost variance Lagging Cumulative cost deviation from interface anomalies ($) Monthly
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Table 10
Predictive model performance on the IMLL corpus.

Qutcome Positive Rate (%) RF ROC-AUC LR ROC-AUC Records
High-risk flag 33.0 0.848 0.830 941
Schedule-impact flag 25.7 0.846 - 941
Cost-overrun flag 5.5 0.786 - 941
Operational-disruption flag 12.2 0.745 - 941

The Random Forest model consistently outperformed Logistic Regression. The latter was retained for interpretability ra-
ther than peak performance.

8. Conclusions
8.1 Theoretical, Methodological, and Empirical Contributions

This study makes three distinct contributions that extend the current state of knowledge on readiness, interface manage-
ment, and the project-to-operations transition. Each is positioned here in relation to what the existing literature has already
established.

8.1.1 Theoretical Contribution: Reconfiguring Maintenance Readiness as a Distinct Discipline

Prior research has consistently treated maintenance readiness as a subset of either Operational Readiness and Assurance or
Commissioning and Start-Up (Utgard et al., 2013; Al-Mazrouie et al., 2020; Nossair et al., 2012). This study re-frames
MR as an independent discipline anchored in ISO 55001's asset-management architecture (Pais et al., 2019; Silva &
Souza, 2020; Alsyouf et al., 2018) and grounded in ISO 20815's production-assurance principles (Jstebe et al., 2018).
The integrated Maintenance Readiness—Interface Management framework presented in Section 7 is, to our knowledge, the
first empirical framework that positions MR as a parallel, not nested, discipline to OR&A and CSU, each operating con-
currently from the earliest stages of project inception.

Whereas previous readiness literature has concentrated on staffing models and operations preparation (Utgard et al., 2013),
this study establishes MR as a life-cycle discipline governed at the front end. In doing so, it addresses a gap that prior
reviews have identified (Paton & Andrew, 2018): the absence of an integrated governance structure linking maintenance
controls to project-side interface management. The framework's architecture, organised around the seven ISO 55001
clauses, context, leadership, planning, support, operations, performance evaluation, and improvement (Silva & Souza,
2020), provides a normative scaffold that future theoretical work can extend.

8.1.2 Methodological Contribution: A Validated, Longitudinally Grounded Mixed-Methods Design

The empirical base of this study is a 30-year longitudinal corpus of 941 interface-management lessons-learned records
drawn from 21 countries and four major project archetypes. The scale, duration, and cross-jurisdictional spread of this
corpus align with, and extend, recommendations for long-horizon empirical inquiry in megaproject research (Natarajan,
2022).

Two methodological advances warrant particular attention. First, the validation protocol used stratified recoding by an in-
dependent reviewer, achieving Cohen's k = 0.81, which is conventionally interpreted as "almost perfect agreement” (Pérez
et al., 2020). This represents unusually high inter-rater reliability for industrial lessons-learned corpora, where reporting
conventions, taxonomies, and narrative styles are heterogeneous (Polenghi et al., 2021). Second, the Random Forest classi-
fier, validated under fivefold sector x decade cross-validation, achieved ROC-AUC = 0.848 and PR-AUC = 0.850 for high-
risk interface flags, outperforming a Logistic Regression baseline (ROC-AUC = 0.830). This level of predictive perfor-
mance establishes a benchmark for analogous Al-assisted monitoring in oil and gas (Rachman & Ratnayake, 2019), and
signals that the empirical structuring of legacy records can yield deployable early-warning models rather than anecdotal
insight.

8.1.3 Empirical Contribution: Five Root Causes and Front-End Concentration of Failure Risk

The study's most substantive empirical finding is the concentration of interface-driven failures within five identifiable root
causes: slow interface identification (18.5%), governance gaps (17.4%), vague technical definitions (17.4%), unclear scope
and ownership (16.3%), and cross-discipline communication breakdowns (11.6%). Together, these five root causes account
for 81.2% of the 941 documented failures, a Pareto-distributed pattern that supports targeted intervention rather than diffuse
readiness activity. The dominant consequence categories are performance impact (41.8%) and schedule delay (25.7%),
consistent with prior cost-and-schedule analyses of oil and gas megaprojects (Merrow, 2012; Olaniran et al., 2015; Carydias
& Kennedy, 2025).

Critically, approximately 40.3% of records originate in Front-End Engineering Design. This empirical distribution corrob-
orates the broader case for front-end loading advanced in reference-class forecasting literature (Natarajan, 2022) and in
offshore EPC schedule-cost studies involving the Detail Engineering Completion Rating Index System (Kim et al., 2018).



84

The empirical evidence here moves beyond previous work (Ahn et al., 2016; Shokri et al., 2015) by demonstrating that
interface-driven readiness failures are not randomly distributed across the life cycle but are instead disproportionately gen-
erated upstream, precisely when shift-left governance is most actionable.

The Interface Criticality Index developed in Section 4.4, computed as the product of severity and frequency scores, corre-
lated strongly with high-risk classification (r = 0.83) and frequency (r = 0.73). This dual correlation establishes ICI as a
usable triage tool for prioritising interface governance effort at the project level, a contribution that bridges quantitative risk
modelling with the day-to-day governance practices that interface teams must execute.

8.2 Advancing the Field: How the Findings Reshape Existing Understanding
Three advanced contributions warrant separate articulation because each addresses an identified gap in prior literature.

First, on the integration of maintenance into project governance, prior work has established that compliance with ISO
55001 produces organisational performance benefits (Alsyouf et al., 2018) and that ISO 55001 reconciles naturally with
Total Productive Maintenance (Silva & Souza, 2020). This study extends those findings by demonstrating empirically,
through a corpus spanning 30 years, that project-side maintenance readiness controls are most effective when applied to
design-phase interfaces, before contradictions and ambiguities cascade into construction rework.

Second, on the effectiveness of formal interface management, prior evidence has shown that formal interface manage-
ment correlates with lower and more predictable cost growth (Shokri, 2014; Shokri et al., 2015), and that it is most effective
in projects characterised by communication and scope complexity (Ahn et al., 2016). This study adds a nuance: interface
management is not equally effective across all categories. The findings here reveal that the highest-risk interface categories
cluster around management deficiencies in general interface orchestration and around insufficient technical definition in the
technical design category, the same categories that empirical work has previously identified as coordination hotspots
(Shokri, 2014; Shokri et al., 2012). This convergence strengthens the case for treating specific interface categories as gov-
ernance priorities rather than treating all interfaces uniformly.

Third, on information handover from project to operations, prior research has documented that the gap between the
Project Information Model and the Asset Information Model generates persistent post-handover defects (Godager et al.,
2022; Jaskula et al., 2022; Zhu et al., 2019), and that information commissioning should be front-loaded into the design
phase rather than retrofitted (Kim et al., 2020). This study adds evidence on the consequences of failing to act on that
guidance: a measurable share of post-handover performance impacts is attributable to interface failures traceable to insuf-
ficient technical definition in the design phase.

8.3 Implications of the Study
The findings translate into differentiated implications for three audiences.

For researchers, the priority is to extend the IMLL corpus across multiple operators and contractors under a shared anon-
ymisation protocol. Future research should treat the five root-cause categories identified here as a starting hypothesis set
rather than a fixed taxonomy, and should examine whether the same Pareto distribution persists across other capital-inten-
sive industries, mining, petrochemicals, and large-scale infrastructure. The validated Random Forest model offers a meth-
odological template for combining legacy qualitative records with quantitative risk prediction. The simplest version of the
model is available by request, on condition of a data-use agreement, to support reanalysis.

For industry practitioners, the practical implication is direct. Readiness controls must be relocated upstream, into the
design and engineering phases, rather than concentrated near handover. The ten KPIs derived from this study (Section 7.2)
translate the framework into measurable indicators that can be deployed in current project management systems. Three
lagging indicators, complemented by seven leading indicators, support both short-cycle correction and longer-horizon im-
provement. Practitioners should treat the five root-cause categories as the operational lever set for shift-left governance.

For policymakers and assurance bodies, the implication is that gate processes should scrutinise readiness evidence at
FEED milestones, not solely at mechanical completion. Mandating periodic interface-governance audits, drawing on the
validated ICI methodology and supported by an independent review board that represents diverse functional perspectives,
would align policy frameworks with the empirical concentration of risk.

8.4 Boundaries of the Evidence and Honest Acknowledgement

The study's contributions are bounded by the structure of its evidence base. First, the dataset is proprietary, restricting direct
replication. Second, although cross-validation produced strong performance metrics, external deployment validation re-
mains a prerequisite before the model is used to gate high-stakes project decisions. Third, record-keeping practices have
evolved across three decades. Although stratification by sector-decade may mitigate this, residual heterogeneity cannot be
eliminated altogether. Consequently, the findings are best understood as directional evidence rather than as certainties that
are legally or commercially transferrable.

For these reasons, the framework must be locally recalibrated by organisations with different reporting conventions, contract
structures, and asset mixes. Treating the IMR-IM framework as a universal prescription would oversimplify the context-
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sensitivity that this study has documented. We position the framework, instead, as an architecture that should be parame-
terised to local conditions.

8.5 Priorities for Future Research

Four research priorities emerge. The first is the establishment of an anonymised multi-operator data-sharing protocol to
enable independent benchmarking. The second is longitudinal tracking of interface management across one full project life
cycle for multiple operators, to test the persistence of the 81.2% root-cause concentration. The third is the standardisation
of performance metrics for inspection and maintenance alongside established process-safety reporting frameworks (Fargie
et al., 2024). The fourth is the integration of the validated Random Forest early-warning model with live interface registers,
converting registers from static documents into active operational tools that support both shift-left prevention and real-time
intervention. A further priority is the development of comparative-efficiency benchmarks for capital-project estimate qual-
ity, analogous to the data envelopment analysis methods used in regulated utilities (Thanassoulis, 2000), so that lessons-
learned analysis becomes a proactive, comparative exercise rather than a retrospective review.

8.6 Closing Statement

The principal finding of this study is consequential, though deliberately limited. Of the 941 interface failures examined over
three decades, 81.2% are attributable to five identifiable root causes, 40.3% are generated in Front-End Engineering Design,
and 33.0% carry high- or critical-risk designations. Predicting these failures is feasible to a measurable degree of accuracy,
and acting on a five-factor intervention set is operationally tractable. The contribution of this work is therefore not to suggest
that oil and gas megaproject readiness is unsolvable; rather, the contribution is to demonstrate that readiness becomes a
tractable problem, at industrial scale and across thirty years of project data, once maintenance readiness is treated as a
discipline in its own right, integrated with interface management from project inception, and anchored in the standards that
already exist. The IMR-IM framework presented here offers practitioners, researchers, and assurance bodies an executable
architecture for that shift. What remains is the discipline to apply it before, not after, costly lock-in, and the institutional
willingness to learn from the lessons that the industry has long possessed but, until now, has not operationalised.
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