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ABSTRACT: Soil-embedded distributed fiber optic strain sensors for the detection of 
differential soil displacements have been developed, tested in the laboratory and integrated into 
two large scale projects. One is the monitoring of a 60km pipeline section in rural Peru and the 
other one is the creeping landslide boundary detection in vicinity of an urban zone in 
Switzerland. Both projects demonstrate potential of the fiber optic sensing technology for large 
scale landslide zoning and monitoring. 

 

 

1 INTRODUCTION 

This paper describes two projects, in which soil-embedded fiber optic strain sensors are being 
used for the identification of differential soil displacements. Custom made fiber optic cables 
have been designed and manufactured for the two projects. Continuous strain measurement 
along the fiber optic sensor cable is performed using Brillouin Optical Time Domain Analysis 
(BOTDA), which allows for strain measurements along a maximally 30km long fiber with a 
spatial resolution as small as 1m. 

The first project is the monitoring of a 60km section of a 400km long, soil-embedded pipeline in 
south-western Peru, which is exposed to a significant landslide hazard. A specially protected 
fiber optic cable is buried above the pipeline, with the purpose of detecting large soil 
displacements which could threaten the integrity of the pipe over its life span. Soil displacement 
detection is here part of a comprehensive monitoring solution, as the fiber optic system serves 
additionally also for leakage and intrusion detection.  

The second project is a soil-embedded “micro-anchor”-cable system for landslide boundary 
identification in the Swiss mountain resort of St. Moritz. The idea behind this novel system is 
that “micro-anchors” ensure that a fiber cable experiences the same displacements as the soil 
around it. The landslide boundary is then identified by measuring longitudinal strain in the 
cable, providing an accurate zoning of the landslide. 
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2 DISTRIBUTED FIBER OPTIC SENSING 

2.1 BOTDA technology 

BOTDA allows for distributed strain and temperature sensing in standard single mode fibers. 
The sensing mechanism relies on the stimulated Brillouin scattering (SBS) effect, in which a 
counter-propagating light wave (probe) is amplified at the expense of a pump light wave (Figure 
1a).  The interaction between the pump and the probe reaches the maximum when the frequency 
difference between the two light waves equals the acoustic mode frequency of the fiber, known 
as the Brillouin frequency B.  Typically, the Brillouin frequency of ITU G.652 fibers is about 
10.85GHz at 1.55m (Horiguchi et al., 1989). 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 
0.05MHz/ and 1MHz/oC at 1.55m. Spatial distributed interrogation is accessed by time 
modulating the pump light wave, the probe signal remaining a continuous wave (Niklès et al., 
1996). The spatial resolution of the sensor is related to the pulse width and can be defined as the 
smallest event whose strain can be measured with the target accuracy. 

2.2 Brillouin interrogator 

The BOTDA interrogator used in the present article is the Omnisens DITEST (Figure 1b). The 
inherent stability of the system comes from the use of a single laser source and a high speed 
electro-optic modulator for the generation of both pump and probe signals. The intensity of both 
optical signals can be controlled in order to have the highest possible signal-to-noise ratio and 
reduce the acquisition time. The frequency difference between pump and probe signal is 
precisely controlled by the modulation frequency applied to the electro-optic modulator, leading 
to 10-5 precision on the frequency determination. Typically, the DITEST system performs strain 
profile measurement with 2 resolution and a spatial resolution of 1m.  Up to 50’000 distance 
points can be measured with a minimum sampling interval of 0.1m and the optical budget is 
over 20dB. The acquisition time (to get one complete profile) may vary from a second to 10 
minutes depending on the application requirements. 
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Figure 1. (a) Schematic of the interaction between probe and pump signals in a SBS based fiber optic 
sensor; (b) the Omnisens DITEST. 

2.3 Lateral displacement monitoring 

The BOTDA technique for differential soil displacement detection and monitoring is based on 
the measurement of longitudinal strain () induced on a sensing fiber. In fact, when a landslide 
occurs, the shear interface between the sections which do not move and the section of land 
which slides down is subjected to strain as illustrated in Figure 2. The section d of the cable is 
submitted to a constant strain whereas the rest of the cable remains strain free.The cable 
elongation d depends on the lateral displacement L. The conversion from lateral displacement 
to fiber longitudinal strain can be evaluated analytically: 
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Figure 2. Schematic representation of lateral displacement induced strain on fiber optic cable. 

3 FIBER OPTIC STRAIN SENSOR  

3.1 Strain sensing cables designs 

Commercially available optical fiber telecom cables are designed to protect optical fibers from 
mechanical stress, which may degrade data transmission performances and considerably reduce 
optical fiber lifetime. On the other hand, in a strain sensing cable, tension must be efficiently 
transferred from the outer sheath of the cable to the optical fiber, without slippage between the 
reinforcement layers, while still providing a reasonable protection for the fiber.  

The cable design and the choice of the optical fiber are made on a case-by-case basis to provide 
optimized sensing performances in terms of strain sensitivity and range, linearity, response 
uniformity along the sensor length (from some tens of meters up to several km), reproducibility, 
operating temperature extent, ability to cope with harsh environmental conditions (moisture, 
concrete, chemicals, pressure), robustness, bending insensitiveness, and ease of installation. 

In order to meet the requirements, a heterogonous family of strain sensing cables, ranging from 
cost effective solutions to highly specialized products has been developed by Brugg Cables. 
Such strain sensing cables take advantage of special upbuffer solutions with cross-linked 
materials for optimized strain transfer, rugged outer surface for increased friction with the 
surrounding environment, hermetic seal of the fiber, robust armoring as mechanical 
strengthening for direct burial in soil and as rodent protection. The choice of special grade 
stainless steel (SS) loose tube leads to a low thermal expansion coefficient, reducing measure 
biasing due to temperature influence. Besides, an accurate choice of the optical fiber is of 
crucial importance in order to reduce the effect of microbending, which increases the optical 
attenuation and drastically deteriorates measurement performances. This has been a factor 
severely limiting application of distributed strain sensors in the last decade. 

3.2 Strain sensors for the presented geotechnical monitoring projects  

In the context of the St. Moritz landslide-monitoring project, compact, metal free strain sensor 
cables (Figure 3a) have been employed for direct embedment in the soil. This sensor typology 
offers a cost effective solution and ease of installation, still providing superior strain transfer 
and advanced sensing capability. The inherent drawback of a higher susceptibility to 
temperature disturbance, when compared to the SS reinforced cable versions that was used for 
the monitoring or the LNG-pipeline in Peru (Figure 3b), is solved by installing a distributed 
temperature sensor cable in the soil alongside the strain sensor cable. The specifications of the 
two cables are listed in Table 1. 
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high bonding coating
special bonding system
between first protection layer
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better adhesion

special strain sensing optical
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high bonding coating
multi layer buffer and strain
transfer layer (optional)

0.9 mm SS metal loose tube

interlocking system between
metal loose tube and plastic
layer
metal armouring and strain
relief (embedded in plastic
layer)

TPU protective outer sheath
structure in outer sheath

(a) COMPACT METAL FREE CABLE (b) METAL ARMORED CABLE

 
Figure 3. Cross sections of the strain sensing cable used for (a) the St. Moritz project and (b) the Peru 
LNG project. 

Table 1: Fiber optics Brillouin characterization of the two strain sensors used for geotechnical monitoring. 

 
Unit 

Metal free strain sensor 

(landslide) 

Metal armored strain 

sensor (pipeline) 

Tensile strain coefficient (@1550nm) MHz/ 0.0495 0.0514 

Linearity / Correlation value r2 - 0.999 0.997 

Temperature coefficient (@1550nm) MHz/K 4.6 1.1 

Optical attenuation (@1550nm) dB/km 0.263 0.197 (0.210 installed) 

Outer diameter mm 2.8 3.5 

Cable length m 80 60000 

 

3.3 The soil embedded “micro-anchor”-cable system 

For the landslide boundary identification in an area with no infrastructure to which the fiber 
cable could be attached, a soil-embedded “micro-anchor”-cable system has been developed. The 
principle of this system is that a cable fixed to “micro-anchors” buried in soil experiences the 
same movement than the soil around it (Figure 4a).  

This system consists of two parts: the metal free strain sensor (Figure 3a) and 3-dimensional 
“micro-anchors” (Figure 4b) attached to the cable at intervals d. The anchors provide bearing 
capacity in three perpendicular planes, and therefore, prevent relative sliding between the strain 
sensing cable and the surrounding soil, particularly at large displacements. At the anchor points, 
the cable is attached to the soil, preventing the soil from flowing around the cable. Additionally, 
the anchors allow for pre-straining during cable integration into the soil.  

Figure 4. (a) Soil embedded sensor system subject to ground movement; (b) The 3-dimensional “micro-
anchor”. 

(a)  

(b) 
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Differential displacements between two anchors in the soil mass lead to a longitudinal force in 
the cable, which depends on the cable longitudinal stiffness. The “micro-anchors” transfer this 
force to the soil. Therefore, the measuring range of the strain sensing cable (approximately up to 
15000), the cable stiffness, anchor size (bearing capacity) and the sensor depth in the soil 
have to be well quantified and coupled, which is done by laboratory testing. 

4 LABORATORY TESTING OF THE SENSOR SYSTEM 

4.1 Laboratory testing of metal armored cable 

The metal armored cable has been tested by simply inducing a lateral displacement L on the 
cable over a section of length 2d (Figure 5a). As shown in Figure 5a, a 20m long section out of a 
200m long strain cable was laterally stressed with amplitude of 50cm, with induced strain of 
950 being accurately measured.  Smaller lateral displacement over shorter length can also be 
detected as illustrated in Figure 5b. It has been found that the detection of a lateral displacement 
L of minimally 5cm over a section 2d of 1m was possible. 
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Figure 5. (a) Detection of 50cm lateral displacement over 20m; (b) Detection of 5cm lateral displacement 
over 2m. In both cases, a 1.5m spatial resolution was used to perform the measurements. 

4.2 Laboratory testing of “micro-anchor”-cable system 

In order to dimension the “micro-anchors”, their longitudinal bearing behavior was analyzed 
using a 2m long, 0.2x0.2m pullout box (Figure 6a). The laboratory testing procedure involves 
the pulling out of a sensor integrated into the sand-filled box by a step motor. Displacement u 
and the pull out forces P are measured at the tip of the sensor.  

Three different test types in the box were carried out: cable failure test, anchor failure test and 
anchor interaction test (Figure 6b). The cable failure test allows for the specification of the mean 
(apparent) friction between cable surface and the sand. For longitudinal soft cables, it is also 
possible to investigate the effect of progressive failure using different cable lengths. The 
purpose of the anchor failure test is the definition of a load-displacement curve of a single 
“micro-anchor”. On the basis of this curve, anchor bearing capacity (peak load) and a design 
load, where only small relative displacements between anchor and sand occur, can be 
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determined. Finally, the choice of a meaningful spacing d between two “micro-anchors”, such 
that they do not affect each others performance, can be performed using the results of the anchor 
interaction test. 

As the mobilized friction on the cable surface and the anchor bearing capacity are highly 
dependent on the relative density of the surrounding sand (dilatancy), the tests were performed 
in sands of different compaction. Figure 7a shows the results of a cable failure test in dense sand 
and Figure 7b shows the results of anchor failure tests in dense and loose sand using medium 
and large sized anchors. The testing also showed that an increase of the overburden pressure 
causes little increase in shear stress on the cable surface, whereas the bearing capacity of the 
“micro-anchors” increases strongly as expected for such shallow anchors. 

 

(a) 

 

(b) 

Figure 6. (a) Pullout box; (b) Laboratory test setup for the pullout box. 

 

(a) (b) 

Figure 7. Pullout testing results for L=2m, p=0kPa (a) cable failure test and; (b) anchor failure test. 

5 ST. MORITZ LANDSLIDE BOUNDARY MONITORING USING SOIL-
EMBEDDED “MICRO-ANCHOR”-CABLE SYSTEM 

The “micro-anchor”-cable system was integrated into a hiking path to monitor a supposed 
creeping landslide in the Swiss town of St. Moritz. Other fiber optics landslide monitoring 
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projects (Iten et al., 2008) already exist in the vicinity of this site and in addition a large amount 
of geodetical data is available (Iten et al., 2009). 

The soil-embedded sensing system was placed in the ground beneath a hiking path. About 50m 
downhill from that path, a building was severely damaged in 2006 due to differential 
displacements. At that point, concerns began to rise that a creeping landslide may exist at this 
location, but this could not be proven so far. It is assumed that the landslide is almost not 
moving under normal conditions, but may have been triggered in 2006 by a nearby excavation, 
undertaken for the construction of a new building. 

For the installation of the sensor system, an approximately 0.4m deep trench was cut along 80m 
of the path (Figure 8a). It was anticipated that part of the trench is on stable ground while the 
rest is in the creeping zone, allowing for the sensor to cross the possible landslide boundary. The 
bottom of the trench was then filled with a 10cm layer of compacted sand. On that sand, the 
sensor cable was placed in the trench and the “micro-anchors” attached to the cable (Figure 8b). 
The sensor was slightly pre-strained and covered with about 15cm of compacted sand (Figure 
8c). At the top, the original soil was poured and the path restored by vibration compaction. In 
addition to the “micro-anchor”-cable system, a strain cable without anchors was put in the 
trench for the sake of comparison and validation. For temperature compensation means, a loose 
tube cable was placed as well. 

Reference readings of the strain were taken the day following the installation in July 2008 and 
serviceability of the sensor was successfully checked in October 2008. First results from strain 
monitoring are expected for summer 2009, as the larger part of a yearly displacement on such 
landslides in Switzerland usually happens during the wet spring season. 

 

 

Figure 8. (a) The trench cut in the hiking path; (b) Attachment of the “micro-anchors” to the cable and; 
(c) Compacting of the soil above the cable. 

6 PERU LNG PROJECT – GEOTECHNICAL SENSING SOLUTION FOR PIPELINE 
INTEGRITY MONITORING 

Pipeline routes often cross mountain ranges which are characterized by unstable grounds and 
landslides which increase the probability of hazards.  For example, in the Andes, pipeline 
failures 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 
e.g. Porter et al. (2004). This is the reason why online Pipeline Monitoring System (PMS) 
equipped with ground movement detection become important components in such projects. 
Ground movement detection tool can be efficiently coupled with intrusion and leak detection in 
fiber optic based PMS solution, e.g. Ravet et al. (2008).  The solution is a comprehensive 
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monitoring system relying on the combined measurement and analysis of strain and temperature 
changes induced in the pipeline surroundings on dedicated strain and temperature sensing fiber 
optic cables. Note that the temperature sensing cable can be a high quality and strengthened 
telecom cable. 

Such a geotechnical fiber optic monitoring system is currently being installed in Peru. The 
project consists of a 408km, high pressure 34 inch gas pipeline system (Peru Liquid Natural Gas 
- PLNG -Pipeline) to transport natural gas from a take-off point on the existing Transportadora 
de Gas del Peru (TGP) pipeline system to a new liquid natural gas facility constructed 
approximately 170km south of Lima on the coast of Peru, at Pampa Melchorita. The first 60km 
pipeline section, which is the most likely to suffer from geohazards, is instrumented with a 
dedicated fiber optic-based geotechnical monitoring system complemented with a leakage 
detection and localization component (Ravet et al., 2008).  The complete monitoring system 
includes monitoring equipment (DITEST) which will be installed in a shelter and strain and 
temperature sensing cables (also used for telecommunication), installed in the trench in backfill 
material some 0.6 to 1.5m below the ground surface and 15 cm above the pipeline. 

7 CONCLUSIONS 

Possible distributed fiber optic strain sensor applications for the detection of differential soil 
displacements have been implemented based on two large scale monitoring projects. Laboratory 
testing of the sensor systems created the basis for the sensor selection and validated the 
serviceability. The first meaningful monitoring results will be available and reported in the 
summer 2009. Meanwhile, development of additional cables and their laboratory testing in 
configuration with different anchor types is continuing (a prototype of a duplex version with 
intrinsic temperature compensation has been already developed by Brugg Cables). Additionally, 
the introduction of a corrugated cable might close the gap between a sole smooth cable and the 
point fixed “micro-anchor”-cable system. Overall, it can be concluded that BOTDA distributed 
sensing has a potential to become a new tool in differential soil displacement monitoring and the 
health monitoring of vulnerable infrastructure in the vicinity of moving ground. 
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