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An increasing number of pipelines are constructed in remote regions affected by harsh 
environmental conditions where pipeline routes often cross mountain areas which are 
characterized by unstable grounds and where soil texture changes between winter and 
summer increase the probability of hazards.  Due to the long distances to be monitored 
and the linear nature of pipelines, distributed fiber optic sensing techniques offer the 
capability of detecting and localizing pipeline threats with great precision. Furthermore 
pipeline owner/operators lay fiber optic cable parallel to transmission pipelines for 
telecommunication purposes and at minimum additional cost monitoring capabilities 
can be added to the communication system.  The Brillouin-based DITEST system is a 
fiber optic monitoring system measuring strain and temperature over 100’s kilometers 
with meter spatial resolution.  Dedicated fiber optic cables have been developed for 
continuous strain and temperature monitoring and their deployment along the pipeline 
has enabled permanent and continuous pipeline ground movement, intrusion and leak 
detection.  DITEST monitoring system combines strain and temperature distributed 
measurements with signal processing that generates alarm when abnormal behaviors are 
detected.  Such comprehensive monitoring solution has been implemented to monitor 
geologically sensible area along the Perú LNG and the TGP Pipelines, two Transandean 
pipelines transporting natural gas from the production fields in the Peruvian jungle to 
Perú coastal area.  The pipeline routes cross regions with high geohazard risks.  Several 
events have been detected by the fiber optic monitoring system and correlated with field 
observations. 
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ABSTRACT: An increasing number of pipelines are constructed in remote regions 
affected by harsh environmental conditions where pipeline routes often cross mountain 
areas which are characterized by unstable grounds and where soil texture changes 
between winter and summer increase the probability of hazards.  Due to the long 
distances to be monitored and the linear nature of pipelines, distributed fiber optic 
sensing techniques offer the capability of detecting and localizing pipeline threats with 
great precision. Furthermore pipeline owner/operators lay fiber optic cable parallel to 
transmission pipelines for telecommunication purposes and at minimum additional cost 
monitoring capabilities can be added to the communication system.  The Brillouin-
based DITEST system is a fiber optic monitoring system measuring strain and 
temperature over 100’s kilometers with meter spatial resolution.  Dedicated fiber optic 
cables have been developed for continuous strain and temperature monitoring and their 
deployment along the pipeline has enabled permanent and continuous pipeline ground 
movement, intrusion and leak detection.  DITEST monitoring system combines strain 
and temperature distributed measurements with signal processing that generates alarm 
when abnormal behaviors are detected.  Such comprehensive monitoring solution has 
been implemented to monitor geologically sensible area along the Perú LNG and the 
TGP Pipelines, two Transandean pipelines transporting natural gas from the production 
fields in the Peruvian jungle to Perú coastal area.  The pipeline routes cross regions with 
high geohazard risks.  Several events have been detected by the fiber optic monitoring 
system and correlated with field observations. 

1 INTRODUCTION 
The increasing demand for energy supply and the reduction of the world oil and gas 
stocks has delocalized production to remote places such as the far north and the tropical 
jungle.  Pipelines, being essential components of the energy supply chain, have to be 
laid in regions affected by harsh environmental conditions where soil texture changes 
between winter and summer increase the probability of hazards.  Moreover, pipeline 
routes often cross mountain ranges which are characterized by steep slopes and unstable 
grounds which is the case in the oriental slopes of the Andes and along the coastal 
mountain range of Brazil (Palmer 2003, Porter 2004). Depending on the weather 
conditions and the location visual inspection is difficult or even impossible.  Therefore 
remote sensing solutions for pipelines offer significant advantages over conventional 
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inspection techniques. Fiber Optic based Pipeline Integrity Monitoring Systems (PIMS) 
have started to be used for the detection of leaks, ground movement, intrusion and 
deformation more and more in new pipeline projects (Niklès 2004, Eisler 2008, Ravet 
2008). Fiber Optic based PIMS have the advantages to offer unattended continuous 
monitoring with no dead zone and have demonstrated unmatched sensitivity leading to 
an early warning of the development of abnormal conditions. 

Due to the long distances to be monitored and the linear nature of pipelines, fiber optic 
sensors have been adopted as the technology of choice.  Omnisens Brillouin-based 
distributed temperature and strain monitoring system (DITEST) has been successfully 
implemented in several long distance pipeline projects (Niklès 2004, Ravet 2008).  In 
practice, dedicated strain and temperature cables must be installed along the pipeline in 
order to perform permanent and continuous ground movement and leak detection.  The 
DITEST also operates as a continuous real-time monitoring system reporting abnormal 
changes and alarms to third party SCADA or DCS systems. 

Transandean pipelines and in particular Perú LNG and TGP pipelines are very good 
examples of pipelines constructed and now operating in challenging terrain. The Perú 
LNG pipeline stretches over 400 km, connecting to the TGP pipeline in Chiquintirca at 
an altitude of 3000m on the oriental slopes of the Andes and continuing until reaching 
the Peruvian coast.  The Perú LNG pipeline reaches nearly 5000m of elevation making 
it the highest gas pipeline in the world.  The TGP pipeline transports natural gas down 
from the jungle to the Peruvian coast and extends over 700km mostly in the Andes.  The 
first 200km of both routes presents the most critical area as the slopes climbed by the 
pipelines reach nearly 45° as illustrated in Figure 1.  In addition, the whole region is 
subjected to heavy precipitation during the rainy season so the utmost precautions must 
be taken to avoid erosion or landslide.  Moreover, the region is ecologically sensitive 
with the presence of numerous archeological sites and it is under constant media and 
international community scrutiny.  Finally, the region of interest is isolated and remote 
limiting the possibilities of patrolling or the effectiveness of traditional geotechnical 
monitoring techniques. 

 
Figure 1. First kilometre of Perú LNG pipeline. 

These challenges and difficulties lead both pipeline owners-operators to the selection 
and the implementation of an innovative geotechnical monitoring system based on the 
Omnisens DITEST AIM system which is designed to perform remote, unattended and 
continuous monitoring of infrastructures.  As landslides and erosion are the major 
causes of pipeline incidents, such a prevention technique was preferred.  Temperature 
measurements detect and locate erosion and soil property changes that are a threat for 
the pipeline health.  Strain measurements are used to locate and quantify cable 
elongation induced by the landslide at the shear interface.  The implemented systems 
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also perform continuous leak detection and localization.  Finally, distributed 
temperature information may be used for flow assurance purposes to monitor pipeline 
operational changes whatever fluid is transported. 

2 MEASUREMENT PRINCIPLE 

2.1 Physical principle of sensing technology 
The Omnisens DITEST relies on BOTDA based technique in which the sensing 
medium is a standard single-mode optical fiber.  The sensing mechanism is based on the 
stimulated Brillouin scattering (SBS) effect consisting in the amplification of a counter-
propagating lightwave (probe) at the expense of a pump lightwave.  The interaction 
between the pump and the probe reaches the maximum when the frequency difference 
between the two lightwaves equals the acoustic mode frequency of the fiber, known as 
the Brillouin frequency νB.  Typically, the Brillouin frequency of ITU G.652 fibers is 
about 10.85 GHz at 1.55 µm.  The Brillouin frequency is proportional to strain and 
temperature variation, turning the approach into a method of choice for the sensing of 
mechanical and thermal effects.  As an example, strain and temperature coefficients are 
0.05 MHz/µε and 1 MHz/oC at 1.55 µm.  Distributed properties are accessed by time 
modulating the pump lightwave, the probe signal remaining a continuous wave.  The 
spatial resolution of the sensor is related to the pulse width (∆τ) and is mathematically 
defined as w=c∆τ/2n where n is the fiber refractive index.  More rigorously, the sensor 
spatial resolution can be defined as the smallest event whose strain can be measured 
with define or target accuracy (Niklès 2007).  Further details on the measuring unit 
configuration and fiber sensitivity to strain and temperature can be found in Niklès 
works (Niklès 1996 and 1997). 

Strain and temperature measurements combined with time resolved measurements allow 
the prevention of geohazards through detection and localization of landslide, erosion 
and soil property change.  In addition temperature can be used to detect leaks.  These 
capabilities are detailed in the next sections. 

(a) (b) (c)

SMC
SMC SMC

 
Figure 2. (a) Landslide parallel to pipeline or longitudinal displacement; (b) landslide 
perpendicular to pipeline or axial displacement; (c) General case with combined 
longitudinal and lateral displacements. 

2.2 Applications: landslide, soil property change and leak detection 
The BOTDA technique for geotechnical monitoring is based on the measurement of 
strain along a sensing fiber, or strain measurement cable (SMC).  Strain is effectively 
the parameter that can be monitored to detect a landslide (Ravet 2008, Iten 2009).  
Depending on pipeline and hence SMC orientation, three directions of soil 
displacements can induce a measurable strain increase as illustrated in Figure 2.  These 
soil motions are identified as longitudinal and lateral displacements, the third 
displacement being a combination of the two others. 
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SMC Longitudinal displacement induced by ground motion along the pipeline axis is 
detected with a high efficiency.  In fact, very small displacement can be detected in the 
axial direction as the fiber strain response is longitudinal (Niklès 1997, Ravet 2008).  In 
the case of a lateral motion, the soil displacement must be transferred into an axial strain 
on the SMC (Ravet 2008, Iten 2009).   In fact, when a landslide occurs, the shear 
interface between the sections which don’t move and the section of land which slides 
down is submitted to strain.  Thanks to the high sensitivity strain measurement 
capability, small cable displacement be detected and localized with meter accuracy 
anywhere along tens of kilometer of SMC. SMC cable qualification results have been 
discussed by Iten (2009) showing examples simulating long (20m) and short (2m) 
ground movement transition zones.  Any combination of longitudinal and lateral 
displacements shall be detected as the DITEST measures both strain induced motions 
with sufficient sensitivity.  Note that vertical settlements push down the sensing cable 
similarly to the lateral displacement inducing measurable elongation by the DITEST. 

Seasonal change also affects buried pipelines and is a source of hazards.  The 
temperature sensing system can allow the operator to monitor the condition of a pipeline 
and locate potential erosion events, especially for a buried pipeline operating at warmer 
temperatures than the environment (Eisler 2008, Ravet 2008).  Erosion and possible 
exposure of a pipeline may be detected and located through temperature changes 
observed along the TMC.  Cable only needs to be installed in close proximity of a 
buried pipeline.  The system can also be used as a mean to monitor permafrost thaw 
settlement which is often the source of upheaval buckling in arctic conditions (Eisler 
2008). 

DITEST leak detection relies on accurate distributed temperature measurement along a 
TMC located in the vicinity of the pipeline.  Two approaches need to be distinguished 
depending on the type of fluid that is transported by the pipeline (Niklès 2004, Ravet 
2008).  Should a pressurized gas leak occur, the surrounding of the pipeline will be 
cooled as expected under the Joules Thomson effect.  The fluid being in adiabatic 
regime, any pressure change, as caused by a leak for instance, induces a temperature 
drop which affects the TMC.  The interrogator detects then the temperature change 
leading to the leakage detection and localization.  Typical figures are 0.5°C/bar x ∆P 
which indicates that a small pressure change would induce a significant temperature 
variation.  Transported liquids such as crude oil, brine or heating system fluids are at a 
temperature higher than the temperature of the environment.  A leakage then leads to an 
increase of temperature in the vicinity of the pipeline.  The occurrence of a hot spot is 
the signature of a leakage. 

3 DITEST AIM DESCRIPTION 
The DITEST AIM is composed of the following components (Ravet 2008): 

• strain and temperature interrogators (DITEST), including combinations of 
measuring units, remote signal regeneration modules and optical switches; each 
of these units constitutes an optical node located in a pipeline node such as a 
pumping or compressor station; 

• SMC and TMC as strain and temperature sensing elements; TMC is also 
transporting signals stations; 

• data communication interface between monitoring units and the AIM Server in 
the control station; 
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• Monitoring software including measuring unit control, visualization and 
configuration as well as alarming capabilities (HMI) 

Strain Measurement Cables (SMC) are robust fiber optic cables specifically designed 
for ground movement detection. They integrate rodent protection and are suitable for 
direct burial with adequate impact, crush and abrasion resistance.  SMC are designed for 
the detection of small ground movements in the 10cm range while maintaining excellent 
robustness and integration capabilities.  Mechanical and optical characteristics of the 
cable are in compliance with IEC 794-1 Optical Fibre Cables Specifications.  SMC 
description and installation along the Perú LNG pipeline has been introduced by Ravet 
(2008) and Iten (209).  The fiber is embedded in a stainless steel tube wrapped in 
galvanized steel wire and protected with an external HDPE layer.  It was designed to 
support long term axial strength up to 600 N and crush resistance of 500N/cm. Such 
metal armored cable has also been tested to qualify its ability to detect lateral 
displacement (Ravet 2008, Iten 2009) 

Cable manufacturers have developed a variety of telecommunication fiber optic cables 
suitable for harsh environment such as direct burial and submarine applications. These 
cables can accommodate a large fiber number of optical fibers integrated in lose tubes 
and their outer protection is designed to resist to impact, crush, abrasion, installation 
requirements and even rodent, while offering lifetime in excess of 30 years. Selected 
and qualified standard armored telecommunication fiber optic cables can be used for 
temperature sensing applications. The cable integrates optical fibers used for 
temperature monitoring, for data and services transmission as well as communication 
between the DITEST measuring units and the control room.  Mechanical and optical 
characteristics of the cable are in compliance with IEC 794-1 Optical Fiber Cables 
Specifications. 

Instrumented section

 
Figure 3. Pipeline overall route map (left) with elevation profile (right) of instrumented 

section (60km). 

4 PERÚ LNG PIPELINE PROJECT 
In the Andes mountains, pipeline incidents caused by geohazards reach 50% of the total 
number of incidents while ground movement remain a minor threat (<1%) in 
geologically stable regions such as Western Europe (Porter 2004). The first section of 
the Perú LNG pipeline route crosses the mountain range from East to West where 
geohazards are frequently occuring. The project consists of a 408 km, high pressure 34 
inch gas pipeline system to transport natural gas from a take-off point on the existing 
TGP Pipeline System at Chirquintirca to a new LNG facility constructed approximately 
170 km south of Lima on the coast of Perú, at Pampa Melchorita.  The first 60 km 
pipeline section crosses the eastern slopes of the Andes which is characterized by a 
rough topography and subjected to heavy rain falls (Figure 1 and Figure 3).  Soils are 
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highly unstable and subject to frequent landslides.  These are the reasons why that 
pipeline section is instrumented with a DITEST AIM system. The monitoring system 
includes combined ground movement and leak detection with meter localization 
capabilities. 

The complete monitoring system includes one DITEST measuring unit which is located 
in the first valve station.  The DITEST measures sequentially TMC and SMC sensing 
cables installed in the trench at a depth of 1.5m but above the pipeline in soft backfill 
material.  The complete monitoring system is composed of a multiple channel DITEST 
strain and temperature interrogator, SMC for geotechnical monitoring and TMC for leak 
detection, which is part of the telecommunication optical fiber cable. The TMC is used 
for the communication between the interrogator and the AIM Server in the control 
room. The monitoring system is required to operate uninterrupted for continuous leak 
and ground movement detection over the complete distance.  The monitoring system 
shall generate immediately alarm as soon as abnormal strain and temperature behaviors 
are detected. 

Since the beginning of the pipeline operation in June 2010, environmentally related 
events have been detected by the DITEST AIM and displayed on the HMI.  These 
behaviors are correlated with events observed later by patrols.  These visual inspections 
were triggered by the early warning information provided by the DITEST AIM.  
Various examples are presented and commented in Figure 4 to Figure 8. 

 
Figure 4. Temperature event detected at KP25+600 and displayed on the HMI (Left) 

where the top graphic shows the zone temperature history and the bottom graphic shows 

the zone temperature profile at a specific time; a superficial tension crack (7 cm wide 

and 80 cm deep) was observed at KP25+600 (Right); the event was caused by water 

infiltration which caused the temperature to quickly drop; later the temperature returned 

to the initial values while the soil was slowly drying out. 
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Figure 5. Display on the HMI of the detection of soils settlement; Top graphic shows 

the history of the strain measurements in the soil settlement area; Bottom shows the 

strain profile just after the soil settled 

Let us discuss in particular two events detected respectively by abnormal temperature 
and strain changes.  Figure 4 shows that a temperature variation is correlated to a soil 
structure change at KP25+600.  A tension crack developed allowing water infiltration 
when a sudden rainfall arouse.  The temperature dynamics appears in the historical data 
of Figure 4. .  The infiltration provoked a fast temperature drop.  As expected per heat 
transfer theory, the soil returned then slowly to the ambient value (Hillel 1982) after 
completely drying out.  Figure 5 depicts a strain event.  It illustrates how the strain 
measurements tracked soil settlement after rocks had fallen on the pipeline ROW 
(Figure 6).  It corresponds to a localized strain increase of about 0.1% at KP27+900.  
Other events such as landslides were detected by the DITEST as illustrated in Figure 7 
and Figure 8.  These events were evidenced early enough to evaluate soil structural 
change and its potential impact on pipe integrity.  Eventually, remediation geotechnical 
works were conducted to protect the line. 

 
Figure 6. Initial landslide detected in Figure 10 and  identified as a tension crack at KP 

27+900; rock/soil movement was visually observed; the continuous monitoring helps to 

take some geotechnical action to control this movement. 
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Figure 7. At Kp 34+750 a settlement and soil movement were taking place. This 

geotechnical problem was detected by DITEST system and closely watched.  There was 

no damage to the natural gas pipeline 

 
Figure 8. At Kp 33+123, there was a seepage problem that lead to the collapse of part of 

the Right of way. This problem was detected by the DITEST.  There was no damage to 

the natural gas pipeline. 

5 CONCLUSIONS 
The DITEST AIM system was developed to address the requirements of pipeline 
owner/operators in terms of integrity monitoring, aiming at the early detection of major 
pipeline cause of failure such as ground movement and soil property changes.  Due to 
its preventive nature, such technique allows the implementation of preventive 
geotechnical works.  The DITEST AIM has been implemented to monitor geologically 
sensible area along a Transandean pipeline route, the Perú LNG Pipeline. The DITEST 
AIM uses single-mode optical fibers as sensors deployed alongside the pipeline in order 
to perform a continuous uninterrupted monitoring. The real-time availability of pipeline 
geohazard risk is an important improvement of integrity management program, resulting 
in potential reduction in maintenance and surveillance costs as well as health, safety and 
environmental risks.  
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