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DOCTORAL THESIS SUMMARY

Contributions to the development of predictive management
systems aimed at improving predictive maintenance technologies

for pipeline transportation infrastructures of liquid hydrocarbons

Research context and motivation

In Romania (due to the lack of official reporting of the number of failures in crude oil

pipelines), the assessment of these accidents, especially their classification, is deficient.

The classifications currently in place indicate that the failures are due to:

- Forces external to the pipeline transport system,

- Corrosion phenomena,

- Other defects caused by the pipeline location environment,

- Defects caused by the operator,

- Defects in the pipeline material,

- Welding defects,

- Defects in pressure measurement equipment and/or integrity control of pipeline

transport systems.

In recent times, due to the growing concerns regarding the effects of emissions due to
the combustion of petroleum products on the environment, and especially the increase in the
population's requirements regarding environmental protection (followed by the tightening of
legislation), the need has arisen to implement a pipeline integrity management system (based
on the adaptation of advanced inspection and monitoring technologies necessary for the early
detection of defects) and to introduce predictive management methods aimed at improving
anticipatory maintenance technologies.

The extremely serious consequences of defects and the costs associated with
remediation make the prevention and limitation of the effects of incidents absolute priorities.

This trend favors the adoption of repair techniques that reduce the risk of leakage during
the intervention and reduce the ecological footprint of the operation (for example, excavation-
free repairs, the use of composite sleeves).

The operation and maintenance of extensive crude oil pipeline networks are complex

processes that are subject to a variety of inherent challenges and risks.



In essence, the causes of pipeline system failure are:

a. Corrosion, which continues to be one of the most important threats to pipeline safety;

b. Pipe material failures are due to the pipe manufacturing process (defects in the pipe
body or in the longitudinal/helical weld;

c. Weld failures can occur during construction (non-compliant circumferential welds,
inadequate installation);

d. Failures of ancillary equipment (valves, fittings, gaskets or control systems) are also a
significant cause of incidents;

e. Third-party failures are defined as accidental interventions by third parties in the
pipeline safety zone, in particular through excavation or construction activities;

. Bends caused by impacts or the placement of pipelines in areas with gravel or hard rocks
are particularly dangerous and are subsequently accompanied by loss of material;

g. Natural phenomena (geological hazards) represent another relevant source of external
damage;

h. Non-compliant operation and/or human error in operating the system are mistakes made
during normal operation or in abnormal situations and can lead to serious incidents;
accidental over-pressurization, inadequate pressure or flow control, failure to comply
with operating or maintenance procedures and erroneous decisions in emergency
situations are common examples;

i. Cracking of the pipe material due to the appearance of internal stresses; these stresses
may be due to stress corrosion or cracks due to material fatigue;

j.  Embrittlement of the pipe material (it is a determining phenomenon in the case of main
crude oil pipelines);

k. Unauthorized interventions on the crude oil transportation system.

As we have specified above, failures of crude oil pipelines also lead to the triggering of
a wide range of operational, ecological and safety hazards, with a potential severe impact on
the environment.

These are:

» Safety hazards

* Environmental hazards

* Economic hazards

* Social hazards.

As such, pipeline transportation systems face exceptional challenges in terms of their

maintenance, determined including by:



a. Age of pipelines

b. Difficult access and hostile environments

c. Romania's urban development strategies

d. Compliance with applicable legislation

e. Technological limitations

f. Data management and analysis

g. Skilled workforce

h. Cost and resource management.

Against this background, we have further conducted a critical analysis of current
inspection and monitoring technologies.

The oil pipeline industry benefits from local detection systems for wall thickness and
insulation condition, as well as intelligent instruments that detect the condition of pipelines by
scanning their interior.

Thus, non-destructive testing (NDT) has as its main methods:

i. Testarea ultrasonica (UT);

j. Testarea ultrasonica cu unde distribuite pe distante mari (GWUT);

k. Inspectia cu scurgeri de flux magnetic (MFL);

. Utilizarea de traductoare acustice electromagnetice (EMATS);

m. Testarea cu curenti turbionari (ECT);

n. Emisia acusticad (AE).

NDT assessments also include in-line ILI (continuous flow pipeline inspection) inspections
using Intelligent PIGs:
a. MFL (Magnetic Flux Leakage) PIGs:

A variant of Transverse Field Inspection (TFI), it uses a different orientation of the
magnetic field and is sometimes used to detect certain types of longitudinally oriented cracks
or defects;

b. UT (Ultrasonic Testing) PIGs: Uses ultrasonic transducers to directly measure the
remaining wall thickness of the pipe.

C. Caliper PIGs: These instruments are equipped with flexible mechanical arms or
electromechanical sensors that measure the internal diameter of the pipe along its entire length.
d. PIGs for crack detection:

The standard that defines the application of In-Line technologies is the API Std 1163
standard, which establishes performance-based requirements, defining key points such as

Probability of Detection (POD), Probability of Identification (POI) and Sizing Accuracy (SA).
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As in any field, there are limitations and challenges for non-intrusive inspection (NDT)
technologies:

a. Piggability

b. Data quality

c¢. Accuracy of defect detection and sizing

d. Cost.

In this general context, the central motivation of the research contained in the doctoral
thesis arose, namely the identification, verification and proposal of modern tracking and control
techniques that would manage the suite of means listed above in an integrated manner in order

to increase the degree of operational safety of hydrocarbon transport systems.

Research objectives
This doctoral thesis is intended to be a first specialized work that analyzes:

a. Use of fuzzy control techniques in ensuring pipeline maintenance;

b. Statistical analysis of the expenses necessary for the maintenance of a pipeline
system;

c. Study of predictive methods for pipeline maintenance;

d. Risk assessment during operations to ensure the security of crude oil pipelines;

e. Analysis of the medical sensitivity of employees working in the field of crude oil
pipeline maintenance within the national company for the transport of petroleum liquids
through pipelines;

The work has a strong applied character, being the first in the world to analyze:

a. The role of petroleum fluid transport pipelines in ensuring the energy security of
NATO member countries;

b. How to increase operational safety by using modern tracking and control techniques;

c. Environmental challenges in the context of the transition to reducing greenhouse gas
emissions and using energy resources from renewable sources;

d. Decarbonization of the Romanian national petroleum liquid transport system, by
analyzing the allocation of pipelines for the transport of carbon dioxide.

The paper also aims to gain a deeper understanding of the determinants of damage and
their impact on economic costs, in order to develop effective prevention policies, improve
maintenance strategies and optimize resource allocation to reduce losses in the pipeline

transport sector.



Research methodology

The research methodology included the use of advanced analysis techniques such as
Kolmogorov-Smirnov and Shapiro-Wilks normality tests, analysis of variance (ANOVA),
Kruskal-Wallis test, multiple linear regression and decision tree models (CHAID). By using
statistical methods, predictive maintenance helps companies reduce risks, optimize costs and
extend the life of pipelines, thus contributing to a more efficient management of crude oil
transportation networks. The study focuses on the structure and distribution of failures, the
geographical distribution of failures, the economic impact of failures, the seasonality of failures,
correlation analysis and cost factor modeling.

For the research methods addressed, we used reports, previous experimental studies,
longitudinal studies and transdisciplinary studies, we collected and analyzed numerical data,
with the emphasis on measuring the scale, range, frequency of the stated phenomena, we created
simulation models for analyzing the instantaneous risk rate of a pipeline system, quantitative
risk assessment (Quantitative Risk Assessment - QRA), using mathematical models and
statistical data.

The variables in the research were selected in such a way as to ensure the best possible
analysis of the aspects related to the causes of losses and damages in the sector.

The data regarding the total cost and the average monthly cost in lei were converted into
USD based on the average monthly exchange rate published by the NBR on its website for a
better comparison of their evolution during the analyzed period.

For the continuous (numeric) variables, it was verified using the One sample
Kolmogorov — Smirnov test whether the values follow a normal distribution, at the level of the
entire sample of statistical records, in order to subsequently choose the appropriate statistical
instruments and methods.

From the presented results it was deduced that for none of the continuous (numeric)
variables there is a normal distribution and therefore non-parametric statistical methods
appropriate to "non-normal distribution" data were used.

Since for the data analysis comparisons were made between or within a group (for
example, comparisons of differences between years, between months, type of damage, etc.), the
normality of the distribution of values for continuous variables in the research was tested using

the Shapiro — Wilks test.



To analyze whether there are correlations, associations between the variables in the
research, we applied the non-parametric Spearman and Pearson correlations for the categorical
variables in the study.

To analyze whether there are significant differences in the number of damages recorded
in a month, the total cost in lei and / or dollars in a month or the average cost per month in lei
and / or dollars, we applied the One — way ANOVA method with Bonferronni correction and
the Kruskal — Wallis test for independent samples with paired comparisons to identify exactly
between which subgroups these statistically significant differences exist.

This result is also confirmed by the results of the ANOVA test for comparing the means
of these variables between the study years, and the Bonferroni test does not indicate differences
between any comparative pair of years.

However, the Bonferroni pairwise comparison test did not indicate any statistically
significant difference between the types of damaged products.

In order to identify which is the best predictor or the variable that best differentiates
between values below or above the average cost, we applied the "decision tree" method with
the CHAID algorithm, the results being presented graphically.

In conclusion, the implementation of a well-structured preventive and predictive
maintenance system will not only reduce the risks of failures, but will also optimize operational

costs, ensuring the safe and efficient operation of the infrastructure in the long term.

Thesis structure

In summary, the doctoral thesis is structured in two consistent directions:
“Analysis of crude oil pipeline transport systems in Romania”,
broadly developed in:
- Chapter I “Analysis of maintenance systems of liquid petroleum pipelines”;
- Chapter II “Current status in research on the repair management of crude oil pipelines”;
- Chapter I1I “Statistical modeling of operating expenses of the national crude oil pipeline
operator”;
- Chapter IV “Risk modeling in the repair management of crude oil pipelines”,
Respectively,
“Contributions on the optimization of the maintenance of crude oil pipeline transport
systems in Romania”,

detailed in:
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- Chapter V “Application of waiting lines and fuzzy elements in the repair of petroleum
fluid pipelines”;

- Chapter VI “Predictive maintenance of systems subject to major failures, based on the
proportional risk model”;

- Chapter VI “Modeling of greenhouse gas emissions from crude oil leaks following

damage”.

Research results

Effective repair management cannot be separated from broader pipeline integrity
management (PIM) and safety management systems (PSMS) strategies.

These modern techniques provide a structured and proactive approach to identifying,
assessing and mitigating risks throughout the pipeline’s life cycle, informing decisions
regarding inspections, maintenance and repairs.

Pipeline Integrity Management (PIM) is defined as a systematic, comprehensive and
integrated process designed to assess and mitigate risks associated with pipeline operations,
thereby ensuring their safety and reliability.

A typical PIM program involves a continuous cycle of activities:

Risk Identification: Recognizing all potential hazards that could affect the integrity of the
pipeline (e.g. corrosion, mechanical damage, material defects, natural forces, operational
errors);

Data Collection and Integration: Gathering all relevant information about the pipeline
(construction characteristics, operational history, inspection and monitoring data,
environmental conditions);

Risk Assessment: Analyzing data to estimate the probability and potential consequences
of a failure for each pipeline segment, allowing for prioritization of high-risk areas;
Integrity Assessment: Using appropriate inspection methods (e.g. ILI, direct assessment,
hydrostatic testing) to determine the current condition of the pipeline, especially in high-
risk areas or areas with potential high consequences (HCA);

Repairs and Preventive Measures (P&MM): Implementing the necessary actions to
correct identified defects (repairs) or to reduce the probability or consequences of a failure
(preventive measures, such as improving cathodic protection, or mitigating measures, such

as installing quick-closing valves);
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Performance Evaluation and Continuous Improvement: Monitoring the effectiveness
of the PIM program through performance indicators (metrics) and continuously adjusting
strategies and processes based on results and lessons learned.
In the dimension of improving pipeline safety management systems (API RP 1173
Standard), which aims to proactively and systematically manage safety risks in all operational
and decision-making aspects of the company, we created an Al model to develop a safety
management platform.
The key components of the platform are:
1. Operational Control Panel:

o Interactive Map: A visual representation of the pipeline network in Romania;

0 Real-Time Information: (pressure, flow and static risk level of the respective area)
2. Artificial Intelligence Engine (Simulated):

0 Anomaly Detection;

o Smart Alerts;
3. Predictive Maintenance:

o Risk Graph: This graph is updated in real time and shows the probability of failure
estimated by an Al model (simulated) for each segment in the next six months.

o Decision Making: This tool allows maintenance teams to prioritize their efforts,

focusing on the segments with the highest risk of failure, before an incident occurs.

Regarding risk assessment and risk modeling in the operation of a pipeline system, we
started from:

1. analysis of the pipeline condition (operating pressure) depending on the wall
thickness;

2. evaluation of metal defects and their classification by five intervention classes;

3. evaluation of insulation defects and their classification by five intervention classes;

4. integration of data on the state of the environment (geological data, meteorological
data, etc.);

5. risk analysis of damage to an oil pipeline;

6. creation of a risk assessment model based on artificial intelligence;

7. optimization of the model.

Within this model we used:

1. pipeline condition databases;

2. Monte Carlo simulation to assess the uncertainty and distribution of possible accident

outcomes;

12



3. Modeling the dispersion of both crude oil and volatile organic compounds;
4. Assessing the risk to the health of employees and contractor personnel;

5. Assessing the risk of accidents of oil pipelines on the environment (buildings, etc.).

In this PhD thesis, I wrote a Python program on risk assessment in the operation of crude
oil pipelines.

The Python script demonstrates a simplified approach, based on a model that uses risk
definition scores.

When the numerical risk is greater than 60, the activity is critical, for a value greater
than 35 and less than 60 the risk is high, for a value greater than 15 and less than 35 the risk is

medium and below 15 the risk is low.

I transferred the model I proposed previously into a model that uses artificial intelligence
(AI).

The model I developed in Al starts from the definition of a pipeline system (a large set
of historical data about the pipelines, including which ones have had failures and which have
not).

For this chapter, I generated the software for calculating the operational risk through
Machine Learning by:

1. Simulating over 1000 pipeline segments;

2. Including their properties and the number of failures per section;

3. Using the RandomForestClassifier algorithm, trained on 80% of the data we entered;

4. Evaluating the model performance (on the remaining 20% of pipelines that are new
segments);

5. Obtaining data on the most important factors in predicting a failure (e.g. pipeline age
or environmental corrosion).

The model described by calculating the risk is based on elements defined by the expert
who makes the prediction.

The one defined with the help of Al learns on its own what are the hidden patterns and
correlations in the data with a high risk of damage.

The output data consisted of:

1. Classification reports (in the console);

2. Confusion matrix graph (this graph is essential to understand the type of errors each

model makes);
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3. ROC curve graph;
4. Factor importance graphs.

The software runtime data is presented in Annex no. 1 of this summary.

Next, we addressed, with the aim of improving, the issue of analyzing pipeline systems
using queues.

Queue theory, also known as queuing theory, is a field of applied mathematics that
studies waiting lines or queues.

This is essential in the context of repairing oil pipelines, where efficient resource
management and repair times are critical for optimal operation.

Queue theory is based on mathematical models that describe the behavior of queues.

These models use variables such as arrival time, service time, number of servers, and
queue capacity.

The most common models include:

- M/M/1 (single queue with Markovian arrivals and services);

- M/M/c (multiple servers with Markovian arrivals and services);

- M/G/1 (single queue with Markovian arrivals and general services).

Being the most complex, it approached, for improvement, the M/M/c model.

In the model we defined:

* M (Markovian): Describes the process of failure occurrence and assumes that failures
occur randomly over time, but at a constant average rate.

The time between two consecutive failures follows an exponential distribution.

* The second letter M (Markovian): Describes the process of repairing the pipeline. It
assumes that the time required for a repair also follows an exponential distribution. All "c"
maintenance teams are assumed to be identical in terms of their average working speed.

* ¢: Represents the number of servers (maintenance teams) available to perform the

repairs.

And at this stage of the doctoral thesis I created a software program that combines
queuing theory with artificial intelligence (AI).

Given that an M/M/c model is based on fixed probability distributions, and an Al
program can use historical data to make specific predictions, thus improving the accuracy of

the simulation, the software created is a machine learning model that predicts the time required
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for a repair, based on some characteristics of the failure, instead of using a fixed average service
rate.
This program is a simulation, not just a calculation of formulas, the key steps being:

1. Synthetic data: The program creates a training dataset that links the type of failure
and location with a repair time. This simulates the historical database that a maintenance
company has.

2. Al model: A simple linear regression model from the scikit-learn library is trained on
this data. Its role is to predict how long a repair will take.

3. Simulation: The program simulates the occurrence of failures (at random intervals)
and asks the Al model to predict the repair time, then places them in a queue for maintenance
teams.

4. Results: At the end of the simulation, indicators such as the average waiting time and
the average number of failures in the system are calculated.Acest program demonstreaza cum
un model de Al poate oferi o estimare mai granulara si mai realistd a timpului de service, facand

simularea mult mai precisa.

In the next chapter, we addressed predictive maintenance of systems subject to major
failures, based on the proportional hazards model.

The role of this work technique is to anticipate failures before they occur. Predictive
maintenance uses real-time data and statistical models to estimate the likely time of a failure.

A particularly powerful statistical methodology in this context is the proportional
hazards model (COX model), which allows the analysis and prediction of major failures by
identifying risk factors that influence the lifespan of a system.

In conclusion, this methodology transforms raw data, collected by sensors, into a
strategic risk management tool, ensuring a safer, more efficient and more cost-effective
operation of critical transport infrastructure.

We created a model for CONPET in the COX system.

For this pipeline system, we generated, in stage I, an Al program for 2500 historical
data and divided the model into 2000 training points and 500 test points (figure 6.2).

We used all four Al tests, namely Linear Regression, Random Forest, XGBoost and
Neural Network.

The performances were expressed by MSE (lower means better) and we obtained for:

- Linear Regression : 0.001923;

- Random Forest : 0.001040;
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- XGBoost : 0.001057;

- Neural Network : 0.001109.

In the second stage of this study, we created a simulation model with 2000 data points
simulating the problems that can affect the integrity of crude oil pipelines, namely:

a. Illicit activities;

a. Cathodic protection status;

b. Soil aggressiveness;

c. Pipeline age;

d. Poor maintenance funding;

e. Poor management;

f. Material defects;

g. Control equipment failure;

h. Pipeline material failure.

The program I created using Cox methods returned the time to failure (days).

In the third stage, I created the Survival Curves (an extremely intuitive graph).

This program provides us with a complete and robust analysis, exactly as a data analyst
in an oil and gas company would do to prioritize inspections and repairs.

I also generated in an Al program the selection of the best model in assessing the effects
on pipeline damage.

I generated over 2000 damage points obtaining:
- Linear Regression : 18287.353611;
- Random Forest : 20300.916058;
- XGBoost : 24616.211764;
- Neural Network : 17477.628347.

Interpreting the graphical results led to the conclusion that, although using a completely
different approach, advanced Al models can successfully "rediscover" the main risk factors
from a complex data set, providing results aligned with those of classical statistical methods,

but with potentially greater flexibility.

Next, we analyzed ways to model greenhouse gas emissions from spilled crude oil
following accidents.
Although there are not many numerical modeling relationships in the specialized

literature, I managed to create some numerical relationships based on linear regression data by
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determining the quantities of crude oil spills in the field and especially by measuring the
emissions of various compounds.

Linear regression is a "transparent" (white box) model that produces a simple and
directly interpretable mathematical equation.

SVR, Random Forest and Gradient Boosting models are "black box" models.

They are often much more accurate, but do not produce a simple algebraic formula.

Their prediction is the result of a complex algorithm, represented as a function
f(variables).

Advanced models (SVR, Random Forest, Gradient Boosting) provide a more accurate
prediction through complex modeling of H2S volatility depending on the physical properties of

crude oil.

Conclusions and future research directions

Despite all the progress made, a number of significant challenges and areas requiring

further research remain:

e Managing Aging Infrastructure: Effectively managing the risks associated with
aging pipelines, which constitute a significant part of the global network, remains a
major technical and economic challenge.

e Detecting Complex Defects: Reliable detection and sizing of certain types of defects
remains difficult. Complex cracks (e.g. SCC colonies, interacting cracks, cracks in
areas with complex geometry or high residual stresses), certain weld defects, or early
stages of corrosion or mechanical deterioration may escape detection or be incorrectly
sized by current technologies.

e Unpiggable Pipelines: A significant proportion of existing pipelines cannot be
inspected by conventional ILI methods due to geometric or operational constraints.
The development and validation of alternative inspection methods (e.g. enhanced
direct assessments - ECDA) or new technologies (e.g. internal inspection robots) for
these segments are essential.

e Data integration and validation: Effectively combining data from multiple and

heterogeneous sources (ILI with different technologies, NDT, sensors, operational data,

history) into a coherent and reliable risk model is an ongoing challenge. Ensuring data

quality, quantifying uncertainties, and managing missing or incomplete data are critical
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issues.

e Long-term performance of new materials: Although composite repairs are
standardized, validating their durability and performance over very long terms (decades)
under real operational and environmental conditions requires the accumulation of field
data and further research into long-term degradation mechanisms.

e Human factors and safety culture: Human error remains a significant contributor to
incidents. Implementing and maintaining a robust organizational safety culture that
encourages vigilance, open communication, and continuous learning is an ongoing and
essential process.

e Economic profitability: Finding the optimal balance between the investments required
to implement advanced inspection, monitoring and repair technologies and comprehensive
PIM/PSMS programs, and operational budget constraints, remains a constant managerial

challenge.

Future trends and research directions

The future of pipeline repair and integrity management appears to be shaped by the

convergence of several technological and strategic trends:

AI/ML Integration: An increasing use of artificial intelligence and machine learning is
anticipated throughout all stages of the PIM cycle. This includes more sophisticated
algorithms for automated analysis of NDT and ILI data for defect detection and
characterization, more accurate predictive models for degradation estimation, optimization
of risk assessments, and development of intelligent decision support systems for operators.
Digital Twin: The concept of creating a detailed virtual replica of the physical pipeline,
updated in real time with sensor and inspection data, is gaining traction. Digital twins allow
for the simulation of pipeline behavior under various operational or failure scenarios,
optimization of predictive maintenance strategies, risk visualization, and virtual testing of
interventions.

Advanced Robotics: Continued progress is expected in the development of robots for
inspection and repair, with a focus on increasing autonomy, navigation in complex
environments (non-pigable pipelines, underwater), dexterity of manipulators and the range
of tasks they can perform (e.g. welding, composite application, advanced NDT).

Improved Sensors and Monitoring: Research focuses on the development of more
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sensitive, reliable, cheaper and easier to deploy sensors (including wireless and self-
powered sensors) for continuous monitoring of key parameters of the pipeline and the
surrounding environment. Remote sensing technologies (satellite, drones) will benefit
from better spatial and temporal resolutions and more powerful image analysis algorithms.

e Advanced Materials: Continued research and development of new materials for pipeline
construction and repair, with superior mechanical properties, increased durability and
improved resistance to corrosion and other forms of degradation. Developing suitable
materials for hydrogen transport is also an emerging priority.

e Data Fusion and Visualization: Developing more efficient platforms and techniques for
fusing data from multiple and heterogeneous sources and creating intuitive and interactive
visualizations that facilitate rapid understanding of integrity status and associated risks.

e Sustainability and ESG (Environmental, Social, Governance) considerations:
Increased attention will be paid to reducing the environmental impact of pipeline
operations, including minimizing leakage and emissions (related to product or
maintenance activities), selecting materials and technologies with a low environmental
footprint, and improving transparency and engagement with communities.

o Cybersecurity: As pipeline control and monitoring systems become increasingly
digitalized and interconnected, protecting them against cyberattacks becomes an essential
component of risk management.

The convergence of advanced digital technologies — AI/ML, IoT sensors, robotics and
digital twins — heralds a new era in pipeline integrity management, often referred to as “Pipeline
4.0”.

This paradigm promises a much more automated, real-time data-driven and
fundamentally predictive management, with the potential to dramatically improve the safety,
efficiency and reliability of operations.

However, achieving this vision requires overcoming significant barriers related to
investments in technology and data infrastructure, developing standards for interoperability,
ensuring cybersecurity and, perhaps most importantly, transforming the workforce skills to
operate and manage these complex systems.

In addition to technological advancements, sustainability and environmental impact
considerations are becoming increasingly influential factors in integrity management strategies.

Public and regulatory pressure, coupled with increased corporate awareness, is pushing
the industry to adopt practices that not only ensure immediate safety, but also minimize the

long-term environmental footprint.
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This can influence the choice of inspection and repair technologies (favoring non-
invasive or low-emission solutions), the selection of materials, and the prioritization of
investments in leak detection and prevention.

Finally, despite all the technological innovations, the fundamental challenges of
managing physical infrastructure, especially aging infrastructure, and ensuring rigorous quality
control throughout the pipeline’s lifecycle—from material selection and fabrication, to
construction, operation, and, crucially, during repair activities—remain relevant.

Technology is a powerful tool, but it cannot replace sound engineering principles,

meticulous quality assurance, and vigilant long-term asset management.

Recommendations for future research and industry adoption

To continue progress in the field of oil pipeline repair management, concerted efforts are
needed in both research and industrial implementation:
e Priority research directions:
- Long-term validation of composite repair performance and durability under diverse
operational conditions and development of models to predict their degradation.
- Improving the accuracy, robustness and interpretability of AI/ML models for predictive
maintenance and complex defect characterization from inspection data.
- Developing and validating reliable and cost-effective NDT techniques for the detection
and sizing of critical defects (e.g. SCC cracks, weld defects) in non-penetrable or hard-to-
reach pipelines.
- Advancing robotic capabilities for complex repair tasks (e.g. precision welding,
application of internal repairs in difficult conditions) and increasing their autonomy and
reliability.
- Standardizing data formats from various inspection and monitoring technologies to
facilitate multi-source integration and analysis.
- Researching new materials for pipelines and repairs, with a focus on durability, resistance
to aggressive environments and compatibility with future fluids (e.g. hydrogen).
o Recommendations for industry adoption
- Accelerate the adoption and rigorous implementation of PSMS frameworks (API RP

1173) to strengthen safety culture and holistic risk management.
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- Strategic investments in data management infrastructure and in developing internal
analytical capabilities to harness the potential of integrity data.

- Wider adoption of quantitative risk assessment (QRA) and predictive maintenance
strategies to optimize decisions and resources.

- Actively support standardization efforts for emerging technologies (robotics, Al in
PIM) to facilitate their safe and efficient adoption.

- Encourage collaboration and exchange of best practices between operators, technology
providers, research institutions and regulators.

- Prioritize workforce training and development programs to ensure the necessary skills

in the use of new technologies and in analyzing complex data.

Concluding remarks

Pipeline repair management has evolved significantly from a reactive approach to a
proactive, integrated and data-driven one.

Advances in inspection, monitoring and repair technologies, together with the
development of increasingly sophisticated integrity and safety management frameworks (PIM
and PSMS), have contributed to improving the safety and reliability of this critical
infrastructure.

However, major challenges remain, particularly those related to managing aging
infrastructure, detecting complex defects, managing massive data volumes and ensuring quality
throughout the life cycle.

The future of the field is closely linked to continued technological innovation, especially
through the integration of artificial intelligence, robotics and advanced monitoring, and to the
widespread adoption of predictive and quantitative approaches in risk management.

Ensuring the long-term safety of pipelines requires a continuous commitment to
research, development, standardization and implementation of best available practices.

Collaboration between all stakeholders — operators, suppliers, researchers and
authorities — is essential to address complex challenges and capitalize on the opportunities
offered by new technologies, thus guaranteeing the safe and responsible transport of vital

energy resources.
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Annex 1

The software runtime data are:

[14.84] Defect nou a aparut (ID: 1, Severitate: 10)

[15.00] Echipa 0 a inceput reparatia defectului 1 (Severitate: 10). Timp de
asteptare: 0.16

[16.21] Defect nou a aparut (ID: 2, Severitate: 9)

[16.58] Defect nou a aparut (ID: 3, Severitate: 1)

[17.00] Echipa 1 a inceput reparatia defectului 2 (Severitate: 9). Timp de
asteptare: 0.79

[17.00] Echipa 2 a inceput reparatia defectului 3 (Severitate: 1). Timp de
asteptare: 0.42

[17.04] Defect nou a aparut (ID: 4, Severitate: §)

[19.60] Defect nou a aparut (ID: 5, Severitate: 9)

[23.09] Echipa 0 a finalizat reparatia defectului 1. Durata reparatiei: 8.09
[23.09] Echipa 0 a inceput reparatia defectului 5 (Severitate: 9). Timp de
asteptare: 3.49

[23.85] Defect nou a aparut (ID: 6, Severitate: 10)

[24.09] Defect nou a aparut (ID: 7, Severitate: 8)

[26.07] Defect nou a aparut (ID: 8, Severitate: 2)

[26.14] Echipa 2 a finalizat reparatia defectului 3. Durata reparatiei: 9.14
[26.14] Echipa 2 a inceput reparatia defectului 6 (Severitate: 10). Timp de
asteptare: 2.28

[26.53] Echipa 2 a finalizat reparatia defectului 6. Durata reparatiei: 0.39
[26.53] Echipa 2 a inceput reparatia defectului 4 (Severitate: 8). Timp de
asteptare: 9.49

[27.65] Defect nou a aparut (ID: 9, Severitate: 10)

[32.89] Defect nou a aparut (ID: 10, Severitate: 8)

[34.89] Echipa 0 a finalizat reparatia defectului 5. Durata reparatiei: 11.80
[34.89] Echipa 0 a inceput reparatia defectului 9 (Severitate: 10). Timp de
asteptare: 7.24

[34.94] Echipa 1 a finalizat reparatia defectului 2. Durata reparatiei: 17.94
[34.94] Echipa 1 a inceput reparatia defectului 7 (Severitate: 8). Timp de
asteptare: 10.84
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[40.05] Defect nou a aparut (ID: 11, Severitate: 5)

[41.49] Echipa 2 a finalizat reparatia defectului 4. Durata reparatiei: 14.96
[41.49] Echipa 2 a inceput reparatia defectului 10 (Severitate: 8). Timp de
asteptare: 8.60

[43.41] Defect nou a aparut (ID: 12, Severitate: 1)

[44.65] Defect nou a aparut (ID: 13, Severitate: 3)

[47.10] Echipa 2 a finalizat reparatia defectului 10. Durata reparatiei: 5.61
[47.10] Echipa 2 a inceput reparatia defectului 11 (Severitate: 5). Timp de
asteptare: 7.04

[47.83] Echipa 1 a finalizat reparatia defectului 7. Durata reparatiei: 12.89
[47.83] Echipa 1 a inceput reparatia defectului 13 (Severitate: 3). Timp de
asteptare: 3.18

[49.39] Defect nou a aparut (ID: 14, Severitate: 5)

[50.05] Defect nou a aparut (ID: 15, Severitate: 6)

[51.49] Defect nou a aparut (ID: 16, Severitate: 2)

[52.09] Defect nou a aparut (ID: 17, Severitate: 1)

[55.87] Defect nou a aparut (ID: 18, Severitate: 5)

[59.78] Echipa 2 a finalizat reparatia defectului 11. Durata reparatiei: 12.68
[59.78] Echipa 2 a inceput reparatia defectului 15 (Severitate: 6). Timp de
asteptare: 9.73

[60.74] Echipa 2 a finalizat reparatia defectului 15. Durata reparatiei: 0.96
[60.74] Echipa 2 a inceput reparatia defectului 14 (Severitate: 5). Timp de
asteptare: 11.35

[62.60] Defect nou a aparut (ID: 19, Severitate: 1)

[68.61] Echipa 2 a finalizat reparatia defectului 14. Durata reparatiei: 7.87
[68.61] Echipa 2 a inceput reparatia defectului 18 (Severitate: 5). Timp de
asteptare: 12.74

[70.80] Echipa 2 a finalizat reparatia defectului 18. Durata reparatiei: 2.19
[70.80] Echipa 2 a inceput reparatia defectului 8 (Severitate: 2). Timp de
asteptare: 44.72

[71.13] Echipa 0 a finalizat reparatia defectului 9. Durata reparatiei: 36.24
[71.13] Echipa 0 a inceput reparatia defectului 16 (Severitate: 2). Timp de
asteptare: 19.64

[72.19] Echipa 0 a finalizat reparatia defectului 16. Durata reparatiei: 1.07
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[72.19] Echipa 0 a inceput reparatia defectului 12 (Severitate: 1). Timp de
asteptare: 28.79

[72.21] Echipa 2 a finalizat reparatia defectului 8. Durata reparatiei: 1.41
[72.21] Echipa 2 a inceput reparatia defectului 17 (Severitate: 1). Timp de
asteptare: 20.12

[72.39] Echipa 1 a finalizat reparatia defectului 13. Durata reparatiei: 24.56
[72.39] Echipa 1 a inceput reparatia defectului 19 (Severitate: 1). Timp de
asteptare: 9.78

[72.58] Defect nou a aparut (ID: 20, Severitate: 8)

[75.72] Echipa 0 a finalizat reparatia defectului 12. Durata reparatiei: 3.52
[75.72] Echipa 0 a inceput reparatia defectului 20 (Severitate: 8). Timp de
asteptare: 3.13

[77.29] Echipa 2 a finalizat reparatia defectului 17. Durata reparatiei: 5.08
[80.10] Echipa 1 a finalizat reparatia defectului 19. Durata reparatiei: 7.72
[80.59] Defect nou a aparut (ID: 21, Severitate: 9)

[81.10] Echipa 1 a inceput reparatia defectului 21 (Severitate: 9). Timp de
asteptare: 0.52

[81.95] Defect nou a aparut (ID: 22, Severitate: 10)

[82.29] Echipa 2 a inceput reparatia defectului 22 (Severitate: 10). Timp de
asteptare: 0.34

[83.66] Echipa 0 a finalizat reparatia defectului 20. Durata reparatiei: 7.95
[86.60] Defect nou a aparut (ID: 23, Severitate: 10)

[86.66] Echipa 0 a inceput reparatia defectului 23 (Severitate: 10). Timp de
asteptare: 0.06

[93.98] Echipa 2 a finalizat reparatia defectului 22. Durata reparatiei: 11.69
[94.09] Echipa 0 a finalizat reparatia defectului 23. Durata reparatiei: 7.43
[94.22] Defect nou a aparut (ID: 24, Severitate: 3)

[94.98] Echipa 2 a inceput reparatia defectului 24 (Severitate: 3). Timp de
asteptare: 0.76

[100.87] Echipa 2 a finalizat reparatia defectului 24. Durata reparatiei: 5.89
[100.93] Defect nou a aparut (ID: 25, Severitate: 9)

[101.09] Echipa 0 a inceput reparatia defectului 25 (Severitate: 9). Timp de
asteptare: 0.16

[102.34] Echipa 0 a finalizat reparatia defectului 25. Durata reparatiei: 1.25
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[108.34] Defect nou a aparut (ID: 26, Severitate: 10)

[108.87] Echipa 2 a inceput reparatia defectului 26 (Severitate: 10). Timp de
asteptare: 0.52

[109.95] Defect nou a aparut (ID: 27, Severitate: 1)

[110.34] Echipa 0 a inceput reparatia defectului 27 (Severitate: 1). Timp de
asteptare: 0.38

[115.09] Defect nou a aparut (ID: 28, Severitate: 6)

[119.71] Defect nou a aparut (ID: 29, Severitate: 10)

[125.83] Echipa 2 a finalizat reparatia defectului 26. Durata reparatiei: 16.97
[125.83] Echipa 2 a inceput reparatia defectului 29 (Severitate: 10). Timp de
asteptare: 6.13

[126.42] Defect nou a aparut (ID: 30, Severitate: 9)

[127.33] Echipa 2 a finalizat reparatia defectului 29. Durata reparatiei: 1.50
[127.33] Echipa 2 a inceput reparatia defectului 30 (Severitate: 9). Timp de
asteptare: 0.91

[128.25] Defect nou a aparut (ID: 31, Severitate: 8)

[130.85] Defect nou a aparut (ID: 32, Severitate: 3)

[139.13] Echipa 2 a finalizat reparatia defectului 30. Durata reparatiei: 11.80
[139.13] Echipa 2 a inceput reparatia defectului 31 (Severitate: 8). Timp de
asteptare: 10.88

[142.57] Defect nou a aparut (ID: 33, Severitate: 3)

[143.13] Defect nou a aparut (ID: 34, Severitate: 2)

[146.13] Echipa 1 a finalizat reparatia defectului 21. Durata reparatiei: 65.02
[146.13] Echipa 1 a inceput reparatia defectului 28 (Severitate: 6). Timp de
asteptare: 31.04

[148.70] Defect nou a aparut (ID: 35, Severitate: 2)

[154.06] Echipa 0 a finalizat reparatia defectului 27. Durata reparatiei: 43.72
[154.06] Echipa 0 a inceput reparatia defectului 32 (Severitate: 3). Timp de
asteptare: 23.21

[156.56] Defect nou a aparut (ID: 36, Severitate: 4)

[157.87] Defect nou a aparut (ID: 37, Severitate: 7)

[159.66] Defect nou a aparut (ID: 38, Severitate: 6)

[162.36] Echipa 1 a finalizat reparatia defectului 28. Durata reparatiei: 16.23
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[162.36] Echipa 1 a inceput reparatia defectului 37 (Severitate: 7). Timp de
asteptare: 4.49

[163.16] Echipa 2 a finalizat reparatia defectului 31. Durata reparatiei: 24.03
[163.16] Echipa 2 a inceput reparatia defectului 38 (Severitate: 6). Timp de
asteptare: 3.50

[164.14] Echipa 2 a finalizat reparatia defectului 38. Durata reparatiei: 0.98
[164.14] Echipa 2 a inceput reparatia defectului 36 (Severitate: 4). Timp de
asteptare: 7.58

[168.15] Echipa 1 a finalizat reparatia defectului 37. Durata reparatiei: 5.79
[168.15] Echipa 1 a inceput reparatia defectului 33 (Severitate: 3). Timp de
asteptare: 25.58

[169.16] Defect nou a aparut (ID: 39, Severitate: 3)

[173.16] Echipa 1 a finalizat reparatia defectului 33. Durata reparatiei: 5.01
[173.16] Echipa 1 a inceput reparatia defectului 39 (Severitate: 3). Timp de
asteptare: 4.00

[177.05] Echipa 1 a finalizat reparatia defectului 39. Durata reparatiei: 3.89
[177.05] Echipa 1 a inceput reparatia defectului 34 (Severitate: 2). Timp de
asteptare: 33.92

[177.46] Defect nou a aparut (ID: 40, Severitate: 6)

[179.86] Defect nou a aparut (ID: 41, Severitate: 6)

[181.29] Defect nou a aparut (ID: 42, Severitate: 3)

[187.48] Echipa 2 a finalizat reparatia defectului 36. Durata reparatiei: 23.34
[187.48] Echipa 2 a inceput reparatia defectului 40 (Severitate: 6). Timp de
asteptare: 10.02

[188.30] Echipa 2 a finalizat reparatia defectului 40. Durata reparatiei: 0.82
[188.30] Echipa 2 a inceput reparatia defectului 41 (Severitate: 6). Timp de
asteptare: 8.44

[195.54] Echipa 2 a finalizat reparatia defectului 41. Durata reparatiei: 7.23
[195.54] Echipa 2 a inceput reparatia defectului 42 (Severitate: 3). Timp de
asteptare: 14.25

[197.99] Defect nou a aparut (ID: 43, Severitate: 7)
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