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Transportadora de Gas del Peru (TGP) is a Peruvian company responsible for the design, construction, operation and
maintenance of the country's main hydrocarbon pipeline transportation system, which carries natural gas and natural gas
liquids from the Camisea fields in the Cusco jungle to the most important cities on the central coast of the country.

Camisea
Produccidon
onal
s
GM sor Huancayo
TE3 ] y /
1 Cc ] "A"}I' Sant
Lurin Nac
Megan
Distribuidoras de GN '
Grandes industrias
Generadoras
eléctricas Echarate

Pisco

Procesamiento LGN
Produccion de GLP = ‘ 32}

B 560 km — Natural Gas Liquids (NGL)

huguibambills - Challhua

Cabana Sur Chalhwanca



P —— Lo

Sector selva Sector Sierra P Sector Costa




Transportamos el gas
natural y los liquidos de
gas natural para la
transformacion del Pera.

TRANSFORMANDO
CON ENERGIA

UBICACION

HUANCAVELICA

AYACUCHO

o Los ductos de (LGN) y (GN) nacen en la selva de Cusco.

O Atraviesan las regiones de Huancavelica y Ayacucho, para
llegar a Ica.

Los LGN se entregan en Pisco, donde es fraccionado y el GN se
dirige hasta Lurin.

BENEFICIOS

80% 50%

97 %

Transportamos los LGN Transportamos Transportamos el
que equivalen al aproximadamente GN que genera
80% del GLP el 97% del hasta el 50% de
producido en Perd. volumen del GN y la energia eléctrica
LGN que produce de todo el Pert.
el pais.

ESTACIONES Y PLANTAS COMPRESORAS

Plantas compresoras
de gas natural

PRS (pressure reducing
station o estaciones
Y reductoras de presion) v

PS (pump station o
estaciones de bombeo)

Aumentan la presion de los LGN para
continuar con el recorridoy llegar a las
zonas altas.

Asegurar que los LGN lleguen a las zonas

Aumentan la capacidad de transporte. bajas de manera adecuada

PUNTO MASALTO

Se encuentra a
4880 msnm

PLANTA COMPRESORA
KAMANI
Localzada en el distrito
de Echarate - Cusco

ESTACIONES DE BOMBEO Y
REUCCION DE PRESION

A GEOGRAFIA
Costa/ Sierra / Seiva

HERRAMIENTAS PRINCIPALES DEL SISTEMA

© © O

SISTEMA DE
INFORMACION
GEOGRAFICA

Nos permite recopiiar
informacién de la
geografia que
recorremos.

SALA DE
CONTROL

Adquirimos data en
tiempo real y nos
permite opesar
remotamente el
sistema

SISTEMADE
COMUNICACION
RADIALY
MICROONDAS

Nos comunicamos
a través de 22
estadones repetidoras.

FIBRA
OPTICA

Nos permite
monitorear y
controlar el sistema
de transporte por
ductos

INSPECCIONES
Y LIMPIEZA

Monitoreamos
Intemamenta
herramientas para
asegurarnos &
correcto funciona
miento del sistema

VIGILANCIA
CONTINUA

Monitoreamos el
sisterna realizando
diariaomente
recorridos a lo largo
del ducto

OBRAS DE
GEOTECNIA

Realzamos trabajos
en la geografia
retadora en la que
opefomos para
estabilizar el terreno

LOGISTICA
AEREA

Transportamos a
nuestro personal y
equipo via area para
evitar crear caminos
en la seiva

BACK UP SISTEMA
SATELITAL METEOROLOGICO
Nos permite

Nos permite proteger recolectar datos
informacton sobre condiciones
relevante para ambientales a lo
nuestra operacion largo del sistema



06 07

NOVIEMBRE

Introduction to Geohazard Detection



Introduction

Geohazard Risks
Geohazards threaten pipeline integrity, especially in complex

geotechnical regions, risking failure and environmental harm.

Limitations of Traditional Inspections

Conventional methods detect damage only after significant
deformation, increasing risk and costs.

Advanced INS Technology

INS inspections with high-precision IMUs enable early detection
of micro-strains and subtle pipeline movements.

Predictive Integrity Management

Shifting from reactive to predictive approaches improves safety
and reduces operational costs.

IPG 2025 — International Pipeline Geotechnical Conference 6
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INS Technology Overview

INS Architecture
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High-Precision Deformation Detection

INS uses high-precision IMUs to detect pipeline micro-strain
deformations with sensitivity below 0.01%.

Data Integration for Accuracy

INS combines inertial data, odometer readings, and markers to generate
accurate 3D displacement vectors.

Incremental Deformation Tracking

Multi-pass comparison techniques track incremental pipeline
deformations over time to identify deviation patterns.

Early Geohazard Detection

INS enables early detection of pipeline movements, allowing timely
intervention before irreversible damage.
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INS Technology Overview

Sensors

Processing

Integration Outputs

e Odometer data
e GPS corrections

e Multi sensor
fusion

e 2m accuracy

e Gyroscopes
e Accelerometers
* Magnetometers

* 1000 Hz
sampling

e Kalman Filtering

e Signal fusion

* Error Correction

e Real-time
analysis

* 3D Geometry
e Strain detection

e Deformation
Analysis

* 96% accuracy

Key Performance Specifications

Gyroscope
Precision

eBias stability <
0.01°/hour

Accelerometer
Range

*+60g, <100 pg bias

Strain Detection

*Minimum 0.125%
bending

Processing
Speed

eminutes per kilometer

Position
Accuracy

eMillimeter-level
precision

Classification
Rate

*9% deformation
identification
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Performance Evolution

Advanced IMU Technologies

Tactical-grade IMUs, especially fiber optic gyroscopes, offer
unmatched stability and resistance to harsh environments.
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Performance Evolution

0.063% @ 96%

90%

] 0.125%

78% 80%

0.250%
0.25%

70%
0.500% y °

o 70%
0.50%
65%
® [ )
1.000% 0/0-80%

1.0% 60%
2015 2017 2019 2021 2023 2025

Strain Detection Threshold (%)
(]
(%) AoeIN22Y UOnERILISE)

—e~—Strain Detection Threshold (Lower = Better) —e—Clasification Accuracy (Higher = Better)

2016

Tactical-grade fiber optic
IMUs introduced to pipeline
inspection

2020

Multi-sensor fusion
algorithms achieve 2m
accuracy

2018

LSTM networks enable
odometer slip compensation

2022

CNN pattern recognition for

automated geohazard
detection

2024

Al optimization achieves real-

time processing capability

IPG 2025 — International Pipeline Geotechnical Conference

ACIEM



06 07

NOVIEMBRE

Data Processing and Artificial
Intelligence



Data Processing & Al

Signal Processing Techniques

Extended Kalman Filters and LSTM networks
improve data fusion and compensate for
odometer slip in IMU datasets.

Artificial Intelligence Models

CNNs and deep belief networks automate
classification of pipeline deformation with high
accuracy and efficiency.

Real-Time Monitoring

Advanced processing transforms INS from
post-processing to real-time operational
monitoring systems.

IPG 2025 - International Pipeline Geotechnical Conference
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Geohazard Types & Signatures

Landslide Deformation Patterns

Landslides produce S-curve bending with strain focused at inflection points, detectable via INS technology.

Settlement and Subsidence
Ground settlement and subsidence cause symmetric downward curvatures, indicating vertical ground movements.

Characteristic Pipeline Deformation Signatures

Erosion and Lateral Movement

Landslide (S-curve) Subsidence (Sag) Lateral Erosion

Erosion results in lateral ground movements, distinct
from vertical deformation patterns. /

N

Strain Thresholds & Monitoring

INS systems monitor bending strain above 0.125%,
integrating environmental data for predictive hazard
management.

IPG 2025 - International Pipeline Geotechnical Conference
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Peru Case Study — Camisea Pipeline

Challenging Environment

The Camisea pipeline crosses 1,500 kilometers of Andes and
Amazon with seismic and slope instability risks.

INS Technology Benefits

INS allows early detection of erosion and landslides, enabling
timely maintenance and prevention.

Thermal vs Mechanical Detection

The system differentiates thermal stress from mechanical strain,
essential in high-activity environments.

o g
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Validation of INS Effectiveness

This project validates INS performance in complex, diverse
geotechnical conditions of the Camisea pipeline.
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Peru Case Study — Camisea Pipeline

INS + distributed sensing enabled early identification of erosion and landslide activity.

Reports:

TGP’s Internal Inspection Plan

MFL/DEF
* Critical Anomalies Report
* Preliminary Report

Jungle Sector INS+DEF NGL 14" PS1 - PS3 Twice a year * Final Report
147 Pipeline  JEVRR NGL 14" PS3 — PS4 Annually

Pipeline Section Frequency

INS

e Standard BSA (Level 1)
* Detailed BSA (Level 2)
* Pipeline Movement

* Comparative Report

All other
CIET T EEL O M FL+DEF+INS All others Every 5 years
sections

IPG 2025 — International Pipeline Geotechnical Conference

ACIEM



06 07

NOVIEMBRE

Operational Protocols and
Integration



Thresholds & Response Protocols
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AN 0.477

0.636

0.250"

0.386
0.514
0.544
0.725

0.280"

0.452
0.603
0.610
0.813

0.312"

0.518
0.691
0.677
0.902

0.344"

0.587
0.783
0.745
0.993

0.375"

0.653
0.871
0.812
1.082

0.438"

0.788
1.051
0.947
1.262

* Level 1 involves minor strain triggering continuous monitoring
and assessment within hours—typically normal settling
requiring observation but minimal risk.

* Level 2 activates for considerable displacement, requiring
enhanced monitoring, field verification within a day, and
additional equipment deployment to address developing
conditions.

* Level 3 addresses significant deformations with immediate
assessment, potential operational restrictions (pressure/flow
reductions), and emergency team deployment for serious
structural changes.

* Level 4 represents critical emergencies demanding immediate
shutdown, pipeline isolation, emergency response
coordination with authorities, and full incident command
activation for imminent integrity threats.

Each level progressively shortens response times and intensifies
intervention measures based on deformation severity.

IPG 2025 — International Pipeline Geotechnical Conference
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Integration with Management Systems

Seamless System Integration

INS systems integrate with SCADA, GIS, and maintenance
platforms to unify pipeline integrity management.

Systematic Management Framework

The Plan-Do-Check-Act cycle enables continuous assessment
and effective decision-making in pipeline monitoring.

Tiered Alert Protocols

Multi-level alerts filter data streams to minimize false alarms
and ensure accurate incident detection.

Maintenance Scheduling

Maintenance is scheduled using real-time pipeline data,
reducing downtime and operational costs effectively.

05658
042435

02829

FFS Analysis of a Wrinkle
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Validation & Results

INS System Validation

Field studies confirm INS systems are technically credible for
monitoring large pipeline networks with high accuracy.

High Classification Accuracy

China-Russia Crude Qil Pipeline data shows 96% classification
accuracy using advanced algorithms in INS systems (*).

Global Pipeline Validation

INS effectiveness is validated on pipelines in Peru, demonstrating
adaptability in diverse environments.

Superior Geohazard Detection

INS detects changes at about 50% of critical geohazard sites,
outperforming traditional monitoring methods significantly (**).

= g =

-
= L

(*) Li, Q., Shi, Y., Lin, R., Qiao, W., & Ba, W. (2024). A novel oil pipeline leakage
detection method based on the sparrow search algorithm and CNN. Measurement,
203, 111933.

(**) Zhang, D., Liu, X., Fu, M., Liu, S., Shao, J., Chen, P,, . . . Cheng, J. (2025). A
novel local deformation pipe section identification method via IMU detection data
and hybrid deep learning model. Mechanical Systems and Signal Processing,
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Future Directions

Quantum-Enhanced Sensors

Quantum sensors will significantly improve INS precision and
predictive accuracy in future technologies.

Digital Twin Integration

Digital twins enable advanced scenario modeling and optimization
for complex system management.

Artificial Intelligence Evolution

Al will advance from pattern recognition to predictive modeling,
allowing early hazard intervention.

Smart Infrastructure Networks

Connected infrastructure will facilitate regional hazard assessment
and collaborative threat identification.

IPG 2025 — International Pipeline Geotechnical Conference 6
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Conclusions

Predictive Integrity Management

INS technology enables proactive pipeline safety by detecting
geohazards before failures occur.

Precision and Al Integration

Millimeter-level accuracy combined with Al enhances detection
and decision-making in geohazard management.

Global Implementation and Standards

Frameworks and standards ensure reliable and compatible INS
deployment, reducing industry risk.

Future Challenges and Solutions

INS technology prepares infrastructure to tackle future challenges
like climate change and urban growth.

IPG 2025 — International Pipeline Geotechnical Conference 6
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EARLY GEOHAZARD DETECTION THROUGH ADVANCED INERTIAL NAVIGATION
SYSTEM INSPECTIONS: A PROACTIVE APPROACH TO PIPELINE INTEGRITY
MANAGEMENT

John Malpartida Moya
Transportadora de Gas del Peru
Lima, Peru

ABSTRACT

Geohazards represent a significant threat to pipeline
mechanical integrity, with traditional inspection methods often
detecting deformations only after substantial damage has
occurred. This paper introduces an innovative approach using
advanced inertial navigation system (INS) inspections for early
geohazard detection, enabling proactive intervention before
catastrophic pipeline failures.

The inspection methodology employs state-of-the-art high-
precision inertial measurement units (IMUs) capable of
detecting micro-strains and subtle pipeline movements indicative
of active geohazards. These advanced sensors achieve detection
sensitivities of less than 0.01% strain, enabling identification of
pipeline deformations during their incipient stages. Multi-pass
comparison techniques systematically track incremental
deformations over time, establishing baseline profiles and
monitoring deviation patterns that signal emerging geohazard
impacts. Integrated navigation systems combining INS with
precision odometers enhance spatial resolution and detection
accuracy for various geohazard signatures, providing
comprehensive three-dimensional displacement vectors.

Key findings demonstrate that INS tools effectively identify
distinct  deformation patterns associated with different
geohazards: characteristic S-curve bending patterns indicate
active landslides with measurement precision sufficient to detect
small movements,; gradual vertical displacements signal ground
settlement or subsidence; and lateral movements reveal
riverbank erosion or creep. Critical threshold values have been
established for intervention based on deformation rates, with
categories ranging from monitoring-only status to immediate
intervention requirements. The detailed analysis of INS data
correlated with geological findings, real-time weather data, and
seismic monitoring networks helps to predict geohazard
progression over time. Case studies from Andean and Amazonian

Edisson Yanqui Vivanco
Transportadora de Gas del Peru
Lima, Peru

Ivett Vargas Aguilar
Transportadora de Gas del Peru
Lima, Peru

jungle regions validate the effectiveness of this approach in
diverse geotechnical environments.

Implementation strategies include integration with existing
integrity management systems, development of alert protocols
using tiered response frameworks, and cross-validation with
ground-based monitoring systems including inclinometers,
piezometers, and LiDAR inspections. The methodology enables
predictive maintenance scheduling based on scientifically
derived deformation rates rather than prescriptive intervals,
reducing operational costs.

This comprehensive approach represents a paradigm shift
from reactive to predictive pipeline integrity management,
significantly reducing failure risks while optimizing maintenance
resources in geotechnically challenging environments. Early
detection capabilities enable intervention before irreversible
pipeline deformation occurs, potentially preventing losses in
catastrophic failures and environmental impacts.

Keywords: Inertial navigation systems, pipeline integrity
management, Geohazard detection, Pipeline deformation
monitoring

NOMENCLATURE

P: pitch angle

A: heading angle

K: Total curvature

Kv: Vertical curvature
Kh: Horizontal curvature
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1. INTRODUCTION

Advanced inertial measurement technologies have emerged
as transformative tools for proactive pipeline geohazard
detection (Liu et al., 2018; Zhang et al., 2025), achieving
approximately 50% detection rates at critical geohazard sites
while enabling millimeter-level precision in displacement
monitoring across extensive pipeline networks. This
technological evolution represents a paradigm shift from reactive
to predictive pipeline integrity management, particularly crucial
for complex environments such as South America's challenging
Andean and Amazonian terrains (American Petroleum Institute
[API], 2021). The integration of high-precision inertial
navigation systems with multi-sensor fusion algorithms now
enables operators to detect micro-strains, track three-
dimensional pipeline movements, and predict geohazard
progression with unprecedented accuracy (Liu et al., 2019).
Recent validation studies demonstrate that properly
implemented INS systems can reduce unplanned pipeline
failures by 30-50% while optimizing maintenance schedules and
regulatory compliance across diverse geological conditions
(Chen et al., 2022).

The significance of this technological advancement extends
beyond simple detection capabilities, fundamentally
transforming how pipeline operators approach integrity
management in geohazard-prone regions. Traditional inspection
methods often fail to capture the subtle, progressive
deformations that precede catastrophic failures, particularly in
environments characterized by slow-moving landslides,
differential settlement, or seismic activity (Wang et al., 2024;
Federal Register, 2019). Advanced inertial measurement units
now provide continuous, high-resolution monitoring that bridges
this critical gap between routine inspections and real-time hazard
awareness (Advanced Navigation, 2024).

The development of strain-based design and assessment
methodologies, combined with sophisticated data processing
algorithms, has enabled the oil and gas industry to achieve
remarkable precision in pipeline geometry monitoring
(American Society of Mechanical Engineers [ASME], 2019; Liu
etal., 2019). Modern fiber optic gyroscope systems demonstrate
bias stability below 0.01°/hour, while accelerometer
performance reaches sub-milligravity —accuracy levels
(Guidenav, n.d.; Navigation, 2023). These specifications
translate directly into operational capabilities that can detect
bending strains as low as 0.125% - well below the threshold
levels that typically trigger pipeline integrity concerns (Wang et
al., 2024; Zhang et al., 2025).

2. STATE-OF-THE-ART INERTIAL MEASUREMENT
TECHNOLOGY CAPABILITIES

The technical foundation of advanced INS pipeline
inspection rests on sophisticated inertial measurement unit

architectures that have evolved dramatically over the past decade
(Suvorkin et al., 2024, Liu et al., 2019). Leading manufacturers
including Northrop Grumman, MicroStrain, and Advanced
Navigation have developed specialized IMU systems optimized
specifically for pipeline inspection applications, achieving
performance levels that seemed impossible just a few years ago.

Fiber optic gyroscope systems currently dominate high-
precision pipeline monitoring, representing approximately 80%
of deployed systems due to their exceptional long-term stability
and environmental resistance (Guidenav, n.d.). The Northrop
Grumman LN-200 series exemplifies this technology class,
delivering gyroscopic bias stability below 0.5°/hour while
maintaining robust operation in the harsh conditions typical of
pipeline inspection environments. These systems feature
tactical-grade performance with over 40,000 units delivered
worldwide, establishing a proven track record in demanding
applications. More advanced systems like the LR-500 Quad
Mass Gyro achieve bias stability below 1°/hour in compact 6
cubic inch packages, demonstrating the rapid miniaturization
occurring in high-performance inertial sensing.

The precision specifications achieved by contemporary
IMU systems enable detection of extraordinarily small pipeline
movements and strain accumulation (Advanced Navigation,
2024). Modern accelerometer performance reaches bias stability
below 100 microgravity levels, while measurement ranges
extend to £60g for shock and vibration tolerance. Sampling rates
now routinely exceed 200 Hz, with high-performance systems
achieving 1000 Hz data acquisition rates. This temporal
resolution enables capture of dynamic pipeline responses to
environmental loading, seismic events, and operational pressure
changes that could indicate developing integrity threats.

Sampling Cost Pipeline Typical
LLbEees (Hz)  (USD) Suitability Applications
High-precision
Tactical $10k- pipeline
Grade <0.01 <01 200-1000 50k v Excellent inspection, LN-
200 series
General
"“;'9"’““" 00110 0.1-1.0 100500  $1k-10k A Limited ERE LT
rade automotive

systems

Consumer $10- X Smartphones,
Grade 10-1000 1100 SR 100 Unsuitable  gaming controllers
Pipeline Target 0.125% minimum

Requirement <01 <1.0 > 200 Variable Spec strain detection

capability

Figure 1: IMU Performance Comparison for Pipeline
Applications

Figure 1 presents the performance comparison of different
IMU grades for pipeline inspection applications. Only tactical-
grade IMUs provide sufficient precision for reliable geohazard
detection at the 0.125% strain threshold.

2 © Courtesy of ASME



Advanced signal processing algorithms have proven
essential for extracting meaningful geohazard information from
high-density IMU datasets (Liu et al., 2019). Extended Kalman
Filter implementations enable fusion of inertial data with
precision odometer measurements and above-ground marker
corrections, reducing position errors from typical 8.75-meter
uncertainties to approximately 2-meter accuracy levels. Long
Short-Term Memory networks demonstrate effectiveness for
compensating odometer slip during challenging operational
conditions (Liu et al., 2019), enabling robust navigation even
when wheel-based position measurement systems experience
degraded performance.
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Figure 2: IMU Detection Sensitivity Evolution Timeline
(2015-2025)
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Classification
Rate
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Figure 3.IMU Technology Architecture for Pipeline
Inspection Systems.

Machine learning integration represents the cutting edge of
IMU data processing, with convolutional neural networks
achieving 96% classification accuracy for pipeline deformation
pattern recognition (Li et al., 2024). Deep belief networks

3.1.Comprehensive

optimized through particle swarm algorithms can identify
characteristic  strain  signatures associated with specific
geohazard types, enabling automated threat classification and
risk assessment (Wang et al., 2022). These artificial intelligence
applications process data at remarkable speeds, achieving
analysis rates of 0.02 minutes per kilometer of pipeline
inspection data while maintaining high classification reliability.

3. GEOHAZARD DETECTION
geohazard detection and
characterization methods

Pipeline systems face diverse geological threats that
manifest through distinct deformation patterns detectable by
advanced inertial measurement systems (Pipeline and Hazardous
Materials Safety Administration, 2019). Understanding these
characteristic signatures enables predictive hazard management
rather than reactive response to pipeline failures, fundamentally
improving safety and operational reliability across diverse
geological environments.

Landslides represent perhaps the most complex and
dangerous geohazard affecting pipeline systems (Nyman et al.,
2008; Ravet et al., 2024), particularly in mountainous regions
where slopes approach stability limits (Saha, 2024).
Translational landslides create progressive S-curve deformation
patterns in affected pipeline segments, with maximum bending
strain concentrations occurring at inflection points where the
pipeline transitions between stable and moving ground.
Rotational landslides produce different signatures characterized
by deeper, curved failure surfaces that create more distributed
strain patterns extending over longer pipeline distances. The
characteristic development time for these strain patterns varies
dramatically, with rapid debris flows potentially creating
catastrophic loading within hours, while soil creep may develop
strain signatures over decades (Federal Register, 2019).

Ground settlement and subsidence hazards produce
distinctly different deformation patterns compared to slope
stability failures. Consolidation settlement typically creates
symmetric downward curvature with maximum tensile strain
developing on the upper pipeline surface and compressive strain
on the lower surface. Mining subsidence often produces more
abrupt deformation profiles with sharp strain gradients at
subsidence  boundary  locations.  Groundwater-induced
subsidence creates gradual, distributed settlement patterns that
may extend over kilometers of pipeline length, requiring
sophisticated trend analysis to distinguish from normal
operational settling (Wang et al., 2024).

Critical strain thresholds for intervention have been

established through extensive field validation and materials
testing programs (API, 2021). Modern pipeline steels typically

3 © Courtesy of ASME



withstand tensile strains of 0.5-2.0% for X65 and X70 grades,
while compressive strain limits remain lower at 0.3-0.5% due to
local  buckling considerations. However, operational
intervention thresholds are typically set much lower, with INS
systems configured to report bending strain features above
0.125% to provide adequate safety margins for assessment and
response planning.

The correlation between environmental factors and pipeline
strain development has become increasingly sophisticated
through integration of multiple monitoring technologies (Chen
et al., 2024). Rainfall-strain correlation studies demonstrate
strong relationships between precipitation intensity and
landslide-induced pipeline loading, enabling predictive models
that can forecast hazard development based on weather patterns.
Groundwater monitoring integration provides early warning of
subsidence development through piezometer data fusion with
INS measurements. Seismic monitoring correlation enables
rapid assessment of earthquake-induced permanent ground
deformation and its impact on pipeline integrity across
seismically active regions (Ozkan et al., 2024).

Predictive  modeling  capabilities have advanced
significantly through application of artificial intelligence and
machine learning techniques to large IMU datasets (Yang et al.,
2024). Weight of Evidence models combined with Genetic
Algorithm-Backpropagation networks achieve area under curve
accuracy levels with high percentage of geological hazard
prediction. These models successfully integrate multiple
environmental factors including topography, geology,
hydrology, and seismic activity to predict locations and timing
of potential pipeline threats. Random forest ensemble methods
provide robust prediction even when individual factor
relationships are non-linear or poorly understood.

3.2.South American pipeline challenges and regional
applications

South American pipeline systems operate in some of the
world's most geologically complex and environmentally
sensitive regions, presenting unique challenges that have driven
innovation in INS technology applications (Zamora & Mora,
2022). The Andes creates extraordinary engineering challenges
through its combination of extreme elevation changes, active
seismic zones, and unstable slope conditions that affect
thousands of kilometers of energy transportation infrastructure.

The Camisea Gas Project in Peru exemplifies the challenges
facing Andean pipeline systems, with its almost 1,500 kilometers
of pipeline (730 kilometer of route) traversing elevations
exceeding 4,800 meters while crossing diverse geological
terranes from the Amazon Basin through the Andes to coastal
desert regions. This system experiences temperature variations
from tropical jungle conditions to alpine freeze-thaw cycles,
creating complex thermal stress patterns that must be
differentiated from geohazard-induced strains. The pipeline

crosses numerous active fault systems where seismic hazards
compound slope stability risks, requiring sophisticated
monitoring systems capable of distinguishing between different
threat mechanisms.

Trans-Andean export projects such as the Vaca Muerta
Norte-Otasa Pipeline connecting Argentina's shale development
to Chilean Pacific terminals face similar challenges while
operating in extremely remote locations that complicate
emergency response and maintenance operations. These systems
must navigate regulatory frameworks spanning multiple
countries while maintaining environmental protection standards
in sensitive mountain ecosystems. The 110,000 barrel-per-day
capacity system demonstrates the economic importance of
reliable geohazard monitoring in enabling energy export
development.

Amazonian pipeline infrastructure presents entirely
different but equally challenging conditions characterized by
extreme environmental sensitivity, indigenous territory
considerations, and aggressive corrosion environments (Amazon
Watch, 2024). The North Peruvian Pipeline's operational history
spanning five decades illustrates both the potential and the risks
of pipeline operations in tropical rainforest environments.
Recent major spills affecting indigenous communities highlight
the critical importance of proactive integrity monitoring in
environmentally sensitive areas where failure consequences
extend far beyond economic considerations.

Brazilian Amazon infrastructure managed by Petrobras
demonstrates advanced integration of INS technology with
comprehensive integrity management programs (Petrobras,
2024). The company's extensive subsea pipeline network
exceeding 4,000 kilometers has pioneered innovative inspection
approaches for challenging pipeline geometries, including
development of specialized tools for unpiggable lines that
represent approximately 50% of the network (Corbani, 2024).
Partnership with technology providers has yielded innovative
solutions such as baseball-sized free-floating multi-sensor
systems capable of detecting unauthorized pipeline taps through
artificial intelligence-powered magnetic signature analysis.

Regional geological conditions significantly influence INS
system performance and interpretation requirements. Andean
volcanic soils create complex chemical environments that
accelerate external corrosion while providing unstable
foundation conditions prone to seismic amplification.
Amazonian acidic soils with high organic content create
aggressive corrosion conditions that must be distinguished from
mechanical damage through sophisticated data analysis. The
seasonal variation in environmental conditions across both
Andean and Amazonian regions requires INS systems capable of
adapting detection thresholds and correlation algorithms to
account for predictable environmental influences.
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South American regulatory frameworks increasingly
emphasize environmental protection and indigenous community
consultation, creating additional requirements for INS
monitoring systems (Amazon Watch, 2024). Environmental
impact  assessment  protocols  require  comprehensive
documentation of pipeline integrity status and response
capabilities, making advanced monitoring systems essential for
maintaining operational permits. Indigenous consultation
protocols often require real-time environmental monitoring data
to demonstrate proactive protection of traditional territories and
water resources.

3.3.Practical implementation frameworks and system
integration

The successful deployment of advanced INS systems for
pipeline geohazard detection requires comprehensive integration
with existing pipeline integrity management infrastructure while
ensuring compliance with evolving regulatory requirements
(DNV, 2024; Guan et al., 2020). Implementation success
depends critically on phased deployment strategies that build
operator expertise while demonstrating value through pilot
projects before system-wide expansion.

Pipeline Integrity Management System integration
represents the foundational requirement for effective INS
deployment, demanding seamless data flow between inertial
monitoring systems and existing SCADA, GIS, and maintenance
management platforms (Asint, 2024). The Plan-Do-Check-Act
framework established by APl and ASME standards provides the
structural foundation for this integration, ensuring that INS data
contributes meaningfully to systematic integrity assessment and
decision-making processes (Mora et al., 2016). Modern PIMS
architecture requires standardized data formats and API
compatibility to enable vendor-agnostic integration while
avoiding proprietary system lock-in that could limit future
technology evolution.

Alert protocol development must address the reality that
INS systems generate continuous data streams requiring
intelligent filtering and analysis to avoid overwhelming
operations personnel with false alarms (Pipeline Safety
Management Systems, 2024). Tiered alert classification systems
typically implement four escalation levels ranging from routine
monitoring alerts through emergency shutdown protocols. Level
1 alerts indicate routine deviations requiring monitoring
escalation, while Level 4 emergency alerts trigger immediate
shutdown and emergency response activation. The transition
thresholds between alert levels must be carefully calibrated
based on pipeline-specific risk tolerance, operational constraints,
and regulatory requirements.

Cross-validation ~ methodologies  provide  essential
confidence in INS-based decision making through integration
with ground-based monitoring systems including inclinometers,
piezometers, and LiDAR surveys (Fan et al., 2025). Statistical

correlation methods such as minimum-distance projection
algorithms establish point correspondences between different
monitoring technologies, enabling Dynamic Bayesian Networks
to assess the reliability of individual measurements. Monte Carlo
simulation integration provides uncertainty quantification that
enables risk-based decision making even when individual sensor
readings contain significant uncertainty.

Predictive maintenance scheduling represents one of the
most valuable applications of INS technology, enabling
condition-based maintenance strategies that can reduce
downtime and decrease maintenance costs (Splunk, 2024).
Machine learning algorithms trained on historical INS and
maintenance data can predict equipment failures and optimize
maintenance timing to minimize operational disruption
(RisingWave, 2024). Asset Performance Management
integration  enables  comprehensive  Enterprise  Asset
Management with Risk-Based Inspection methodologies that
prioritize maintenance activities based on actual pipeline
conditions rather than arbitrary time-based schedules.

Cost-benefit analysis frameworks must account for both
avoided costs and operational optimization benefits to accurately
assess INS implementation value. Initial capital investments
typically include hardware procurement, software licensing,
system integration, and training costs, while operational
expenses encompass ongoing maintenance, data management,
and specialized personnel requirements. Return on investment
calculations typically demonstrate payback periods of few years
for comprehensive INS implementations, driven primarily by
prevention of catastrophic failures and optimization of
inspection and maintenance activities.

Industry standards compliance requires adherence to API,
ASME, and NACE standards while meeting regulatory
requirements from agencies as PHMSA (Federal Register, 2022)
or OSINERGMIN in Peru. Documentation requirements include
comprehensive inspection records with timestamp and location
precision, quality assurance procedures for data validation, and
complete audit trails for regulatory compliance. Personnel
qualification programs must ensure technical competency in INS
technology interpretation while maintaining current knowledge
of evolving standards and regulatory frameworks.

4. INSPECTION THRESHOLDS

Pipeline bending strain detection relies on fundamental
relationships between structural curvature and material stress.
Within elastic deformation ranges, bending strain maintains
proportional relationships to pipeline curvature, enabling
calculation through accurate centerline position measurements
(Li et al., 2020). The methodology utilizes pitch angle (P) and
heading angle (A) variations to determine total curvature and its
vertical and horizontal components (Li et al., 2016).

The mathematical foundation employs the relationship
where pitch angle changes represent pipeline inclination
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variations relative to horizontal planes, while heading angle
changes indicate angular deviations from due north directions.
Total curvature (k) and its components (Kv for vertical, Kh for
horizontal) are calculated using established geometric
relationships incorporating centerline length measurements (As)
and angular variations (AP and AA) (Liu et al., 2022).

4.1.Feature Classification and Anomaly Detection

Pipeline IMU inspection systems must distinguish between
various anomaly types including dents, bends, girth weld
anomalies, and bending deformation sections. Each anomaly
type exhibits characteristic strain signatures that enable
classification through advanced pattern recognition techniques
(Liu et al., 2022). Dents produce local elastic-plastic deformation
with obvious surface curvature changes, while bends create
controlled directional changes for operational requirements.

Girth weld anomalies, including miter joints, excessive
reinforcement, and staggered edges, generate impact and
vibration signatures as inspection tools traverse these features.
Bending deformation sections, often resulting from geological
instability or natural disasters, produce large lateral displacement
patterns with elevated strain concentrations requiring immediate
attention for integrity management purposes.

4.2.Mathematical Foundations and Algorithms

The fundamental mathematics underlying IMU-based
bending strain calculation utilizes differential geometry
principles to relate attitude measurements to pipeline curvature.
The total curvature formula incorporates both vertical and
horizontal curvature components:

k = V(Kv? + Kh?)

Where:
Kv = AP/As (vertical curvature component)
Kh = AA-cos(P)/As (horizontal curvature component)

This relationship enables direct calculation of pipeline
curvature from IMU attitude measurements, providing the
foundation for subsequent bending strain determination through
established structural mechanics relationships (Liu et al., 2022).

4.3.CSA 7662:23 implements risk-based threshold
approach

The Canadian Standards Association Z662:23 updates
introduce a comprehensive Safety Class approach with
quantitative risk thresholds. Individual risk tolerability ranges
from 1x107¢/yr (broadly acceptable) to 1x10~%/yr (maximum
tolerable), while environmental risk spans 2.4x1072 m*/km-yr
(broadly acceptable) to 2.4 m*/km-yr (maximum tolerable).

The standard maintains 6% strain threshold for plain dents
and 4% strain limit for dents interacting with defect-free welds,
while introducing 4% measured curvature strain limits for dents
>6mm depth interacting with welds. Enhanced finite element
analysis requirements apply to dents with "complex geometry,
critically located in high consequence areas."

4.4.Comprehensive action
protocols

plans and response

Effective deformation monitoring requires structured
response protocols that escalate appropriately with threat
severity. This investigation proposes a four-level classification
system that will provide clear guidance for operational responses
to detected deformation events. This framework balances
operational continuity with safety requirements while ensuring
appropriate resource allocation.

e Level 1 deformation events, characterized by very small
displacement of strain, trigger continuous monitoring with
increased data collection frequency. Response protocols
require assessment completion within first hours, focusing on
data verification, baseline comparison analysis, and
documentation of deformation patterns and progression rates.
These minor events often indicate normal operational settling
or seasonal ground movement that requires monitoring but
poses minimal immediate risk.

e Level 2 responses activate when displacement or strain
reaches considerable values, demanding enhanced
monitoring with field verification within the following day.
Procedures include deploying additional monitoring
equipment, conducting visual inspections where accessible,
activating automated alert systems, and notifying integrity
management teams. This level often indicates developing
conditions that could progress to more serious scenarios
without intervention.

e Level 3 protocols engage for significant deformations or
displacement, requiring immediate assessment with potential
operational restrictions within few hours. Emergency
response activation includes considering pressure reduction
or flow restrictions, deploying emergency response teams,
coordinating with control center operations, and preparing
for potential pipeline isolation. These events suggest serious
structural changes requiring immediate professional
assessment.

e Level 4 critical deformations or displacement mandate
emergency shutdown with immediate intervention within the
following hours. Procedures include executing emergency
shutdown sequences, isolating affected pipeline segments,
deploying emergency response teams, coordinating with
local authorities, and initiating incident command systems.
These events represent imminent threats to pipeline integrity
requiring maximum response resources.
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The decision-making framework incorporates multi-criteria
analysis considering deformation magnitude and rate, pipeline
operating pressure, product type and hazard level, environmental
sensitivity, population density, weather conditions, and repair
accessibility. This comprehensive assessment ensures response
appropriateness while considering all relevant safety and
operational factors. An example of the deformation level,
considering the CSA-Z662 Standard in a 14in pipeline is shown
in Table 1.

Compressive Strain Limit CSA - Z662 (14in pipeline)

Wall
Thickness

Level 1 0.320 0.386 0.452 0.518 0.587 0.653 0.788

0.219"  0.250" 0.280"  0.312" 0.344" 0.375" 0.438"

Level 2 0.426 0.514 0.603 0.691 0.783 0.871 1.051

Level 3 0.477 0.544 0.610 0.677 0.745 0.812 0.947

Level 4 0.636 0.725 0.813 0.902 0.993 1.082 1.262
Table 1. Compressive Strain Limit for a 14in Pipeline

5. VALIDATION STUDIES AND PERFORMANCE
ASSESSMENT RESULTS

Comprehensive field validation studies have established the
technical credibility and operational value of advanced INS
systems for pipeline geohazard detection across diverse
geological conditions and operational environments (Li et al.,
2024). The China-Russia Crude Qil Pipeline database represents
the most extensive validation dataset available, encompassing
33,177 sample sections from 5,023 kilometers of inspection data
collected over six inspection rounds spanning multiple years of
operation.

Statistical analysis of this comprehensive dataset
demonstrates remarkable classification accuracy using state-of-
the-art signal processing algorithms (Li et al., 2024). Sparrow
Search Algorithm-optimized Convolutional Neural Networks
achieve 96% classification accuracy for pipeline deformation
type identification while processing data at rates of 0.02 minutes
per Kkilometer. This processing efficiency enables real-time
analysis capabilities that support immediate decision-making
during inspection operations, transforming INS from a post-
processing analysis tool into an operational monitoring system.

The Camisea Pipeline in Peru (operated by TGP) provides
an excellent case study of INS technology performance in
challenging jungle environments, with its route crossing in its
first 200 kilometers challenging soil conditions through diverse
geological terranes. Distributed fiber optic sensing integration
with temperature and strain monitoring has enabled early
detection of erosion events and landslide activity, demonstrating
successful  correlation  between  different  monitoring
technologies. The system's ability to distinguish between thermal

effects and mechanical strain represents a significant technical
achievement given the high activity of the jungle environment.
Figure 4 shows a plot of pipeline movement analysis between
two consecutive runs — 6 months apart — using an advanced
software in TGP’s pipeline.

Figure 4.Pipeline Movement Analysis between two
consecutive runs.

Trans Adriatic Pipeline validation studies in Albania's
Pindus Mountains demonstrate INS effectiveness in high
landslide susceptibility environments (TAP AG, 2024). The 50-
kilometer mountain crossing utilizes a comprehensive
Geotechnical Monitoring System integrating distributed sensors
with real-time hazard identification capabilities. Multi-sensor
integration proves essential for comprehensive monitoring in
complex geological environments where individual sensor
technologies may have limitations or blind spots.

Petrobras subsea pipeline applications represent the frontier
of INS technology implementation in marine environments, with
over 4,000 kilometers of subsea rigid pipelines requiring
specialized inspection approaches (Petrobras, 2024). The
development of baseball-sized free-floating multi-sensor
systems demonstrates innovative solutions for challenging
pipeline geometries, particularly the approximately 50% of
pipelines classified as unpiggable due to design constraints.
Acrtificial intelligence-powered data analytics enable detection of
unauthorized pipeline taps within 8.5-kilometer test sections,
showcasing the versatility of modern INS systems beyond
traditional geohazard detection applications.

The 2023 Kahramanmaras earthquake in southeastern
Turkey provided an unfortunate but valuable validation of INS
technology for seismic hazard assessment (Ozkan et al., 2024).
Analysis of 21 documented pipeline incidents demonstrated a
high correlation between pre-existing landslide and liquefaction
susceptibility mapping and actual pipeline damage locations.
This correlation validates the predictive capability of
comprehensive geohazard assessment when properly integrated
with INS monitoring systems.

Performance metrics demonstrate that INS systems detect

changes at approximately 50% of critical geohazard sites,
representing substantial improvement over traditional inspection
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methods while acknowledging that comprehensive hazard
management requires integration with complementary
technologies (Van Hove et al., 2024). Detection sensitivity
achievements include millimeter-level precision over 300-meter
distances, with bending strain error reduction from 0.037% to
0.014% through advanced signal processing algorithms.

6. FUTURE DIRECTIONS AND TECHNOLOGICAL
EVOLUTION

The rapid evolution of inertial navigation technology for
pipeline inspection continues to accelerate, driven by
convergence between advancing sensor technologies, artificial
intelligence capabilities, and increasing demand for proactive
infrastructure management (Advanced Navigation, 2024).
Quantum-enhanced inertial sensors represent the next frontier in
precision measurement, potentially achieving performance
levels that could detect strain changes orders of magnitude
smaller than current capabilities.

Artificial intelligence integration will likely expand beyond
current pattern recognition applications toward comprehensive
predictive modeling that can anticipate geohazard development
based on subtle precursor signals currently below detection
thresholds (Li et al., 2024). Machine learning algorithms trained
on growing datasets from global pipeline operations may
eventually achieve geohazard prediction accuracy approaching
weather forecasting reliability, enabling preventive interventions
weeks or months before critical conditions develop.

Digital twin technology integration promises to
revolutionize pipeline integrity management by creating
comprehensive virtual replicas of physical pipeline systems that
incorporate real-time INS monitoring data (DNV, 2024). These
digital twins could enable scenario modeling and optimization
that allows operators to evaluate intervention strategies and
predict their effectiveness before implementation, significantly
reducing the risks and costs associated with integrity
management decisions.

Industry 4.0 and Internet of Things integration will likely
expand INS systems beyond standalone monitoring toward
comprehensive smart infrastructure networks that share
information across multiple pipeline systems and operators
(RisingWave, 2024). This connectivity could enable regional
hazard assessment and collaborative threat identification that
transcend individual company boundaries, particularly valuable
in areas such as South America where pipeline systems often
cross international borders and traverse shared geological hazard
zones.

The convergence of environmental monitoring, climate
change adaptation, and pipeline integrity management represents
an emerging research frontier where INS technology could play
a crucial role (Chen et al., 2024). Climate change impacts on
geological stability, precipitation patterns, and extreme weather

frequency will likely require more sophisticated and responsive
monitoring systems capable of adapting to changing
environmental baselines and hazard characteristics.

7. CONCLUSION

Advanced Inertial Navigation System technology has
fundamentally transformed pipeline geohazard detection
capabilities, evolving from experimental monitoring tools into
essential components of modern pipeline integrity management
systems. The achievement of millimeter-level displacement
detection accuracy, combined with sophisticated data processing
algorithms and artificial intelligence integration, enables
proactive hazard management that was impossible using
traditional inspection methods.

The technical maturation of INS systems demonstrates
remarkable progress across all performance dimensions (Li et
al., 2024), from sensor precision and environmental resistance to
data processing speed and integration capabilities. Current
systems achieve detection rates of approximately 50% at critical
geohazard sites while maintaining false alarm rates low enough
for practical operational implementation. This performance
level, while not perfect, represents substantial improvement over
reactive inspection approaches and provides the foundation for
continuous technological advancement.

The South American experience demonstrates both the
challenges and opportunities for INS implementation in complex
geological environments (Amazon Watch, 2024). Successful
deployments in Andean and Amazonian conditions prove the
technology's versatility while highlighting the importance of
regional adaptation and integration with local regulatory
frameworks and environmental considerations. The evolution
from experimental pilot projects to operational monitoring
systems across major pipeline networks validates the
commercial viability and technical reliability of modern INS
approaches.

Implementation frameworks and integration strategies have
matured to the point where systematic deployment can be
accomplished with predictable costs and benefits (Asint, 2024).
Return on investment calculations consistently demonstrate 2 to
3-year payback periods through avoided failures, optimized
maintenance  scheduling, and regulatory  compliance
improvements. The availability of industry standards and proven
integration methodologies reduces implementation risks while
ensuring compatibility with existing pipeline integrity
management systems.

The convergence of advancing sensor technologies,
artificial intelligence capabilities, and increasing regulatory
emphasis on proactive infrastructure management positions INS
technology for continued rapid evolution (Advanced Navigation,
2024). Future developments in quantum sensing, comprehensive
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digital twin integration, and predictive modeling promise to
further enhance detection capabilities while expanding
applications beyond traditional geohazard monitoring toward
comprehensive smart infrastructure management.

The transformation from reactive to predictive pipeline
integrity management represents more than technological
advancement - it embodies a fundamental shift toward proactive
infrastructure stewardship that prioritizes prevention over
response (DNV, 2024). This paradigm change becomes
increasingly critical as aging pipeline infrastructure faces
evolving environmental challenges including climate change
impacts, urbanization pressures, and heightened environmental
protection requirements. Advanced INS technology provides the
technical foundation for meeting these challenges while
maintaining the safe, reliable energy transportation systems
essential for modern society.

ACKNOWLEDGEMENTS

We gratefully acknowledge the valuable collaboration and
support provided by TGP and its dedicated workers throughout
the development of this paper. Their expertise, commitment, and
willingness to share insights have been instrumental to the
research and analysis presented here.

REFERENCES

Advanced Navigation. (2024). Inertial measurement unit (IMU)
- An introduction. Advanced Navigation.
https://www.advancednavigation.com/tech-articles/inertial-
measurement-unit-imu-an-introduction/

Amazon Watch. (2024, October 16). Oil over life: The cost of
Petroper('s environmental catastrophe in the Peruvian
Amazon. Amazon Watch.
https://amazonwatch.org/news/2024/1016-oil-over-life-the-
cost-of-petroperus-environmental-catastrophe-in-the-
peruvian-amazon

American Petroleum Institute. (2021). In-line inspection systems
qualification standard (3rd ed.) (Standard No. API 1163).
API.

American Society of Mechanical Engineers. (2019). Pipeline
transportation systems for liquids and slurries (Standard No.
ASME B31.4). ASME.

Asint, Inc. (2024). Pipeline integrity management system
(PIMS): Advanced insights for the modern energy sector.
Asint, Inc. https://asint.net/pipeline-integrity-management-
system-pims-advanced-insights-for-the-modern-energy-
sector/

Camisea Gas Pipeline Project. (2024). Camisea gas pipeline.
Global Energy Monitor.
https://www.gem.wiki/Camisea_Gas_Pipeline

Chen, H., Wang, X., Li, Y., & Zhang, M. (2022). Advanced
pipeline monitoring systems for geohazard detection using
machine learning algorithms. Sensors, 22(8), 2945.
https://doi.org/10.3390/s22082945

Chen, Y., Liu, Z., Wang, F., & Zhang, L. (2024). Climate change
impacts on pipeline geohazard assessment: A comprehensive
review. Environmental Earth Sciences, 83(4), 145.
https://doi.org/10.1007/s12665-024-11234-x

Corbani, M., Nogueira, P, Wagner, R. (2024) Inspection strategy
for optimizing subsea pipeline integrity management. 19%"
Pipeline Technology Conference. https://www.pipeline-
conference.com/abstracts/inspection-strategy-optimizing-
subsea-pipeline-integrity-management

DNV. (2024). Synergi Pipeline | Are you getting the most out of
your inline inspection data? DNV.
https://www.dnv.com/article/are-you-getting-the-most-out-
of-your-inline-inspection-data--56188/

Fan, Z., Zhang, L., Wang, X., Shen, Y., & Deng, F. (2025).
LiDAR, IMU, and camera fusion for simultaneous
localization and mapping: a systematic review. Artificial
Intelligence Review, 58(6), 1-59.
https://doi.org/10.1007/s10462-025-11187-w

Federal Register. (2019, May 2). Pipeline safety: Potential for
damage to pipeline facilities caused by earth movement and
other geological hazards. Federal Register.
https://www.federalregister.gov/documents/2019/05/02/201
9-08984/pipeline-safety-potential-for-damage-to-pipeline-
facilities-caused-by-earth-movement-and-other

Federal Register. (2022, August 24). Pipeline safety: Safety of
gas transmission pipelines: Repair criteria, integrity

management improvements, cathodic protection,
management of change, and other related amendments.
Federal Register.

https://www.federalregister.gov/documents/2022/08/24/202
2-17031/pipeline-safety-safety-of-gas-transmission-
pipelines-repair-criteria-integrity-management

Guan, L., Cong, X., Zhang, Q., Liu, F., Gao, Y., An, W., &
Noureldin, A. (2020). A comprehensive review of micro-
inertial measurement unit based intelligent PIG multi-sensor
fusion technologies for small-diameter pipeline surveying.
Micromachines, 11(9), 840.
https://doi.org/10.3390/mil11090840

Guidenav. (n.d.). How Do IMUs Enhance Monitoring and
Integrity of Oil and Gas Pipelines? Retrieved from
Guidenav: https://guidenav.com/how-do-imus-enhance-
monitoring-and-integrity-of-oil-and-gas-pipelines/

Li, R., Cai, M., Shi, Y., Feng, Q., Liu, S., & Zhao, X. (2016).
Pipeline bending strain measurement and compensation
technology based on wavelet neural network. Journal of
Sensors, 2016(1), 8363242.
https://doi.org/10.1155/2016/8363242

Li, R., Wang, Z., & Chen, P. (2020). Development the method
of pipeline bending strain measurement based on
microelectromechanical systems inertial measurement
unit. Science progress, 103(2), 0036850420925231.
https://doi.org/10.1177/0036850420925231

9 © Courtesy of ASME


https://www.advancednavigation.com/tech-articles/inertial-measurement-unit-imu-an-introduction/
https://www.advancednavigation.com/tech-articles/inertial-measurement-unit-imu-an-introduction/
https://amazonwatch.org/news/2024/1016-oil-over-life-the-cost-of-petroperus-environmental-catastrophe-in-the-peruvian-amazon
https://amazonwatch.org/news/2024/1016-oil-over-life-the-cost-of-petroperus-environmental-catastrophe-in-the-peruvian-amazon
https://amazonwatch.org/news/2024/1016-oil-over-life-the-cost-of-petroperus-environmental-catastrophe-in-the-peruvian-amazon
https://asint.net/pipeline-integrity-management-system-pims-advanced-insights-for-the-modern-energy-sector/
https://asint.net/pipeline-integrity-management-system-pims-advanced-insights-for-the-modern-energy-sector/
https://asint.net/pipeline-integrity-management-system-pims-advanced-insights-for-the-modern-energy-sector/
https://www.gem.wiki/Camisea_Gas_Pipeline
https://doi.org/10.3390/s22082945
https://doi.org/10.1007/s12665-024-11234-x
https://www.pipeline-conference.com/abstracts/inspection-strategy-optimizing-subsea-pipeline-integrity-management
https://www.pipeline-conference.com/abstracts/inspection-strategy-optimizing-subsea-pipeline-integrity-management
https://www.pipeline-conference.com/abstracts/inspection-strategy-optimizing-subsea-pipeline-integrity-management
https://www.dnv.com/article/are-you-getting-the-most-out-of-your-inline-inspection-data--56188/
https://www.dnv.com/article/are-you-getting-the-most-out-of-your-inline-inspection-data--56188/
https://doi.org/10.1007/s10462-025-11187-w
https://www.federalregister.gov/documents/2019/05/02/2019-08984/pipeline-safety-potential-for-damage-to-pipeline-facilities-caused-by-earth-movement-and-other
https://www.federalregister.gov/documents/2019/05/02/2019-08984/pipeline-safety-potential-for-damage-to-pipeline-facilities-caused-by-earth-movement-and-other
https://www.federalregister.gov/documents/2019/05/02/2019-08984/pipeline-safety-potential-for-damage-to-pipeline-facilities-caused-by-earth-movement-and-other
https://www.federalregister.gov/documents/2022/08/24/2022-17031/pipeline-safety-safety-of-gas-transmission-pipelines-repair-criteria-integrity-management
https://www.federalregister.gov/documents/2022/08/24/2022-17031/pipeline-safety-safety-of-gas-transmission-pipelines-repair-criteria-integrity-management
https://www.federalregister.gov/documents/2022/08/24/2022-17031/pipeline-safety-safety-of-gas-transmission-pipelines-repair-criteria-integrity-management
https://doi.org/10.3390/mi11090840
https://guidenav.com/how-do-imus-enhance-monitoring-and-integrity-of-oil-and-gas-pipelines/
https://guidenav.com/how-do-imus-enhance-monitoring-and-integrity-of-oil-and-gas-pipelines/
https://doi.org/10.1155/2016/8363242
https://doi.org/10.1177/0036850420925231

Li, Q., Shi, Y., Lin, R., Qiao, W., & Ba, W. (2024). A novel ail
pipeline leakage detection method based on the sparrow
search algorithm and CNN. Measurement, 203, 111933.
https://doi.org/10.1016/j.measurement.2022.111933

Liu, S., Zheng, D., Wang, T., Dai, M., Li, R., & Feng, Q. (2018).
A novel algorithm for pipeline displacement and bending
strain of in-line inspection based on inertia measurement
technology. Advances in Mechanical Engineering, 10(12),
1687814018816755.
https://doi.org/10.1177/1687814018816755

Liu, S., Zheng, D., & Li, R. (2019). Compensation method for
pipeline centerline measurement of in-line inspection during
odometer slips based on multi-sensor fusion and LSTM
network. Sensors, 19(17), 3740.
https://doi.org/10.3390/s19173740

Mora, R. G., Hopkins, P., Cote, E. I., & Shie, T. (2016). Pipeline
integrity management systems: A practical approach. New
York, NY: ASME Press. https://doi.org/10.1115/1.861110

Navigation, A. (2023, February 13). Inertial Measurement Unit
(IMU) — An Introduction. Retrieved from Advanced
Navigation: https://www.advancednavigation.com/tech-
articles/inertial-measurement-unit-imu-an-introduction/

NDT Global. (2024). IMU pipeline inspection - Inertial
measurement. NDT Global. https://www.ndt-
global.com/technologies/inertial-measurement/

Nyman, D. J., Lee, E. M., & Audibert, J. M. (2008). Mitigating
geohazards for international pipeline projects: Challenges
and lessons learned. International Pipeline Conference,
48593, pp. 639-648. https://doi.org/10.1115/IPC2008-64405

Ozkan, M. Y., Akbas, B., & Cetin, K. O. (2024). Impact of
seismic geohazards on water supply systems and pipeline
performance: Insights from the 2023 Kahramanmaras
earthquakes.  Engineering  Geology, 331, 107432.
https://doi.org/10.1016/j.engge0.2024.107432

Pipeline and Hazardous Materials Safety Administration. (2019,
May 2). Retrieved from Pipeline Safety: Potential for
Damage to Pipeline Facilities Caused by Earth Movement
and Other Geological Hazards:
https://www.federalregister.gov/documents/2019/05/02/201
9-08984/pipeline-safety-potential-for-damage-to-pipeline-
facilities-caused-by-earth-movement-and-other

Petrobras. (2024). Annual report 2024. Petrobras.

Pipeline Safety Management Systems. (2024). Integrity
management program. Pipeline Safety Management
Systems. https://pipelinesms.org/get-started/more-pipeline-
safety-resources/integrity-management-program/

Ravet, F., Moureaux, D., Stimaratzis, T., Grecco, C., & Rochat,
E. (2024). Natural Hazards Events Identification Along the
Trans Adriatic Pipeline Monitoring with Geotechnical

Monitoring System. International Pipeline Conference.
88575, p. VO04T06A019. American Society of Mechanical
Engineers. https://doi.org/10.1115/IPC2024-133985

RisingWave. (2024). Boost predictive maintenance with real-
time data processing. RisingWave.
https://risingwave.com/blog/boost-predictive-maintenance-
with-real-time-data-processing/

Saha, A. (2024). Application of sparrow search swarm
intelligence optimization algorithm in identifying the critical
surface in slope-stability. Discover Geoscience, 2(1), 70.
https://doi.org/10.1007/s44288-024-00070-w

Splunk. (2024). What is predictive maintenance? Types, uses
cases, and how it works. Splunk.
https://www.splunk.com/en_us/blog/learn/predictive-
maintenance.html

Suvorkin, V., Garcia-Fernandez, M., Gonzalez-Casado, G., Li,
M., & Rovira-Garcia, A. (2024). Assessment of noise of
MEMS IMU sensors of different grades for GNSS/IMU
navigation. Sensors, 24(6), 1953.
https://doi.org/10.3390/s24061953

TAP AG. (2024). Trans Adriatic Pipeline (TAP). Trans Adriatic
Pipeline AG. https://www.tap-ag.com/

Van Hove, J., Barlow, P., & Dowling, C. (2024, February). The
Use of Inertial Measurement Unit Data for Managing Slow-
Moving Landslides. In Proceedings of the 2024 36th
Pipeline Pigging and Integrity Management Conference (pp.
12-16).

Wang, S., Wang, J., Xu, Z., Wang, J., Li, R., & Dali, J. (2022). A
novel feature identification method of pipeline in-line
inspected bending strain based on optimized deep belief
network model. Energies, 15(4), 1586.
https://doi.org/10.3390/en15041586

Wang, D., Liu, Y., Chen, H., & Zhang, P. (2024). Integrated risk
assessment of mountainous long-distance oil and gas
pipelines based on multisource spatial data. ACS omega,
30492-30507. https://doi.org/10.1021/acsomega.4c02086

Yang, X., Li, H., Wang, Z., & Chen, Q. (2024). Machine learning
applications in pipeline geohazard prediction: A
comprehensive review. Applied Sciences, 14(8), 3421.
https://doi.org/10.3390/app14083421

Zamora, G., & Mora, A. (Eds.). (2022). Andean Structural
Styles: A Seimic Atlas. Elsevier.
https://doi.org/10.1016/C2020-0-02398-4

Zhang, D., Liu, X., Fu, M., Liu, S., Shao, J., Chen, P., . . . Cheng,
J. (2025). A novel local deformation pipe section
identification method via IMU detection data and hybrid
deep learning model. Mechanical Systems and Signal
Processing, 112091
https://doi.org/10.1016/j.ymssp.2024.112091

10 © Courtesy of ASME


https://doi.org/10.1016/j.measurement.2022.111933
https://doi.org/10.1177/1687814018816755
https://doi.org/10.3390/s19173740
https://doi.org/10.1115/1.861110
https://www.advancednavigation.com/tech-articles/inertial-measurement-unit-imu-an-introduction/
https://www.advancednavigation.com/tech-articles/inertial-measurement-unit-imu-an-introduction/
https://doi.org/10.1115/IPC2008-64405
https://doi.org/10.1016/j.enggeo.2024.107432
https://www.federalregister.gov/documents/2019/05/02/2019-08984/pipeline-safety-potential-for-damage-to-pipeline-facilities-caused-by-earth-movement-and-other
https://www.federalregister.gov/documents/2019/05/02/2019-08984/pipeline-safety-potential-for-damage-to-pipeline-facilities-caused-by-earth-movement-and-other
https://www.federalregister.gov/documents/2019/05/02/2019-08984/pipeline-safety-potential-for-damage-to-pipeline-facilities-caused-by-earth-movement-and-other
https://pipelinesms.org/get-started/more-pipeline-safety-resources/integrity-management-program/
https://pipelinesms.org/get-started/more-pipeline-safety-resources/integrity-management-program/
https://doi.org/10.1115/IPC2024-133985
https://risingwave.com/blog/boost-predictive-maintenance-with-real-time-data-processing/
https://risingwave.com/blog/boost-predictive-maintenance-with-real-time-data-processing/
https://doi.org/10.1007/s44288-024-00070-w
https://www.splunk.com/en_us/blog/learn/predictive-maintenance.html
https://www.splunk.com/en_us/blog/learn/predictive-maintenance.html
https://doi.org/10.3390/s24061953
https://www.tap-ag.com/
https://doi.org/10.3390/en15041586
https://doi.org/10.1021/acsomega.4c02086
https://doi.org/10.3390/app14083421
https://doi.org/10.1016/C2020-0-02398-4
https://doi.org/10.1016/j.ymssp.2024.112091

	Diapositiva 1
	Diapositiva 2
	Diapositiva 3
	Diapositiva 4
	Diapositiva 5
	Diapositiva 6: Introduction
	Diapositiva 7
	Diapositiva 8: INS Technology Overview
	Diapositiva 9: INS Technology Overview
	Diapositiva 10: Performance Evolution
	Diapositiva 11: Performance Evolution
	Diapositiva 12
	Diapositiva 13: Data Processing & AI
	Diapositiva 14
	Diapositiva 15: Geohazard Types & Signatures
	Diapositiva 16
	Diapositiva 17: Peru Case Study – Camisea Pipeline
	Diapositiva 18: Peru Case Study – Camisea Pipeline
	Diapositiva 19
	Diapositiva 20: Thresholds & Response Protocols
	Diapositiva 21: Integration with Management Systems
	Diapositiva 22
	Diapositiva 23: Validation & Results
	Diapositiva 24: Validation & Results
	Diapositiva 25: Future Directions
	Diapositiva 26
	Diapositiva 27: Conclusions
	Diapositiva 28: ¡Gracias!

