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Development of fiber optic extensometers
Developpement d’extensom6tres a fibres optiques
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ABSTRACT : A new displacement monitoring system based on low coherence interferometry using standard telecommunication fibers is
presented. The measuring system is especially developed for the needs and conditions encountered in the field of civil engineering. The
system features a precision of 10 |im to 100 |J.m (depending on the sensor type) over a measuring length up to 100 m, an operational range of
70 mm, stability over long periods (at least two years) and insensitivity to ageing of the fiber and connector losses. The results of laboratory
and field tests show that fiber optic extensometers are promising tools for the long term monitoring and survey o f civil engineering
structures.
RESUME: Un nouveau systfeme de mesure de deplacements est presente. II est base sur rinterferometrie a basse coherence et utilise des
fibres de telecommunication standards. Le systeme de mesure est particulierement developpe pour les besoins et les conditions d ’utilisation
du genie civil. Le systfeme est caracterise par une precision de 10 |im a 100 |im (selon le type de capteur) sur une distance de mesure jusqu’a
100 m, une plage de mesure jusqu’a 70 mm, une stabilite a long terme (au moins deux ans) et une insensibilite au vieillissement des fibres et
aux pertes dues aux connecteurs. Les resultats d ’essais de laboratoire et in situ montrent que les extensometres a fibres optiques sont des
outils prometteurs pour le suivi a long terme des structures du genie civil.

1 INTRODUCTION

In geostructural engineering it exists a need for measuring
relative displacements instead of local values of strains. For
example, one wants to monitor the horizontal displacement of a
slurry trench wall, or the vertical heave of a tunnel base.
Conventional geodetic techniques are not always a good solution
mainly due to access difficulties and to a lack of accuracy.
Conventional surveying techniques will estimate settlements or
displacements with an error of as much as ±1 mm. For some
applications, this precision can be sufficient but in general the
interest - especially in the first phase of a construction - is the first
sign of a movement. And this sign can only be detected with high
precision measurements with an accuracy of 10 to 100 |im. Such a
performance is possible with the SOFO system.

Monitoring geo-structures (tunnels, dams, building foundations,
natural slopes, etc.) is becoming a major issue. The reasons for the
actual rapid development in measuring systems are numerous:
environmental concerns, sensitivity o f urban construction sites,
optimal use of material, more precisely defined performance criteria
(Total Quality Management, ISO 9000 series of codes),
introduction of new construction techniques with increased
productivity, new sensors, automatic and remote data acquisition
systems reducing costly man power. More and more sites are
instrumented to gain information before (determination of in-situ
properties, full scale testing), during (material quality control and
design validation) and after construction time (evaluation of
behaviour, information for future projects).
In the last few years, "smart structures" are growing in interest
in the civil engineering community. Many strain, displacement,
temperature and chemical sensors, mainly based on fiber optic
technology for the more recent ones, have been proposed and some
have been successfully tested, mainly for bridges (Measures et al.
1994, Vurpillot et al. 1996) but also for the mining industry
(Ferdinand et al. 1994). The authors of this paper have already
presented a series of applications of the fiber optic technique in the
field of civil engineering and in particular for underground
structures (Inaudi et al. 1995 & 1996, Vulliet et al. 1995 & 1996,
Vurpillot et al. 1996). It is believed that this new technology has a
great potential for application in geomechanics (Figure 1).

2

PRINCIPLES OF THE SOFO SYSTEM

The main constituents of the SOFO system (French acronym for
Monitoring o f Structures by Optical Fibers) are schematized in
Figure 2: the fiber optic sensors instrumenting the structure (or
soil/rock mass), the SOFO reading unit, and the portable PC. The
sensor itself consists of a pair of single-mode fibers installed in the
structures to be monitored. One of the fibers, called measurement
fiber, is in mechanical contact with the host structure, while the
other one, the reference fiber, is placed loose in a neighbouring
pipe (an example is presented later, see Figure 4). Any deformation
Monitored
structure
(e.g. pile)
to portable

PC

SOFO reading unit

Figure 2: Schematics of the SOFO low coherence double
interferometer system; the sensor itself starts at the connector (new
version with built-in coupler)

Figure 1: Typical applications for fiber optic extensometers:
monitoring of soil/rock masses (1), piles (3,5), retaining walls (8),
foundations and subsoil (4), tunnels (6,7)
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of the structure will then result in a change of the length difference
between these two fibers.
To make an absolute measurement of this path unbalance, a lowcoherence double Michelson interferometer is used. The first
interferometer is made of the measurement and reference fibers,
while the second is contained in the portable reading unit SOFO
(Figure 2). This second interferometer can introduce, by means of
a scanning mirror, a well-known path unbalance between its two
arms and eventually compensate for the length difference between
the fibers in the structure. Because of the reduced coherence of the
source used, interference fringes are detectable in this case only. If
this measurement is repeated at successive times, the evolution of
the deformations in the structure can be followed without the need
of a continuous monitoring. This means that a single reading unit
can be used to monitor several fiber pairs in multiple structures.
The reading unit is portable, battery powered and waterproof,
making it ideal for dusty and humid environments as the ones
found in most building sites. Each measurement takes only a few
seconds and all the results are automatically analysed and stored for
further interpretation by the external laptop computer. A more
detailed description of this measuring technique can be found in
other references (Inaudi et al., 1995).
The optical fiber sensor used in this experiment give only one
elongation at a time. By introducing partial reflector pairs on both
the measurement and the reference fiber it is however possible to
obtain the deformation relative to different fiber section separately
(Inaudi 1995, Inaudi 1997).

3

SENSORS

3.1 Sensor types
Different types of sensors (measuring length so far 200 - 8000
mm) have been developed and tested, and are steadily improved.
The first one is called IMAC sensor and was designed and
constructed at EPFL; the second one can be seen as an
improvement of the first one and is now built under industrial
manufacturing environment at Diamond, Switzerland. The third
type of sensors is called LMS and was developed at EPFL; it was
particularly designed for long active (or measurement) length.

Figure 3: The Diamond sensor (diam. 8 mm, length max 6000 mm)

3.2

IM AC sensor

The sensor consist o f a pair o f single mode fibers with an
polyimide coating. The measurement fiber is pre-strained between
the two anchorage points of the sensor (in order to measure both
elongation and shortening) and free elsewhere. These points
consist of a mechanical piece transmitting the structure
displacements to the fiber. The measurement fiber is directly fixed
on the mechanical piece with an appropriate two component epoxy
glue. The reference fiber is free in the tube and no displacement of
the structure should strain it. Both fibers are placed in a 5 mm
diameter nylon tube which is joined to the mechanical piece with
pneumatic accessories. Both fibers have a loose-tube jacket
protection (near the connector), a silvered end facet (acting as a
mirror) and a Diamond E2000 connector (with integrated dust cap).
Sensor were assembled, pre-tensioned at 0,5 % and tested in the
IMAC-EPFL laboratory. The pre-tensioning of the measurement
fiber withstood by the external nylon tube allows easy placement of
the sensor in the structure to be monitored.
3.3

DIAMOND sensor

The Diamond sensor design is similar to the IMAC one. But the
Diamond sensor is produced with mechanical pieces already
existing on the market. Two types of Diamond sensor were
developed: one with the integrated coupler and one without. In the
case of the sensor with integrated coupler the measurement is made
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Figure 4: Schematic representation of two LMS sensors: reference fiber either nude (U) or in microtube (R)
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with a direct connection to the reading unit and the coupler is
drowned in the concrete/grout. In the other case the measurement is
made by interposing an external coupler between the SOFO reading
unit and the passive part of the sensor. Fig. 3 shows the Diamond
sensor, its diameter is 8 mm while its length depends on the needs.
3.4

LMS sensor

The schematic representation of two types of long displacement
LMS sensors is given in Figure 4. In the two cases, the reference
fiber is inside a microtube allowing the free displacement of the
fiber without any change in length (see proof test later). The
microtube itself is contained in a plastic tube with inside diameter
of 6 mm and outside diameter of 8 mm. In the case of LMS-R
sensor, the measurement fiber is contained in a microtube while in
the case of LMS-U sensor it is nude.
After different configuration tests, best results were obtained
with an optical fiber built with a polyimide coating. This extends
the temperature range from -65°C to +180°C and enhances the fiber
durability in the harshest environments, what is usually prevailing
in civil engineering applications in particular during the
construction period. These fibers were proof tested by the
manufacturer at 50 kpsi (345 MN/m2). The cladding diameter of
the fiber is 125 |im and the coating diameter 155|im. Diamond E2000 connectors are used.
In the proposed configuration, the two reference and
measurement fibers are in two distinct plastic tubes. Preliminary
tests showed that a separation of the two fibers was necessary to
avoid interaction and thus measurement errors. To allow for a
quick and easy installation of the sensor in a borehole, the two
protecting tubes can be joined together with tape of wire.

4
4.1

Figure 6: Test results on the reference fiber (sensor length 8 m)
chosen small to allow comparable superficial
and internal
shrinkage.
On Figure 5 the expansion period of the concrete from the
moment of setting can be clearly seen; further, a good match is
demonstrated between measurements obtained by the internal fiber
optic sensor and by the external mechanical gauge.
4.3

The sensors were also used to monitor the behaviour of a beam
under thermal loading. The beam with external dimensions
20x30x660 cm was made of high resistance material with no
traditional reinforcement and is prestressed from the 28th day.
Twenty fiber optic sensors IMAC (active length o f 2 m) and
Diamond (active length lm ) were installed lengthways, on three
heights of the sample. At the same locations, thermocouples were
installed to measure temperature inside the material.
During the first week after concreting shrinkage and hydration
heat were measured (the room was kept at 20°C and 50% rel.
hum.). During five days of the second week, the beam was
submitted to a dry thermal treatment at a temperature of 90°C (At
until 90°C < 10°C7h) in a special oven gifted with openings for the
coming out of the sensors connectors. Test results were quite
satisfying.

TESTS
Corrosion test

The corrosion test consists of immersing the active part o f the
sensor with the mechanical parts in a bath of water and salt
(saturated solution) during four weeks at 20°C.
Both IMAC and Diamond sensors (without integrated coupler)
were tested at IMM SA. After 21 days of immersion the mechanical
parts of the IMAC sensor showed evident corrosion signs while
the Diamond sensor was absolutely not attacked.
4.2

4.4

The shrinkage tests were performed at IMM SA (Grancia,
Switzerland) by installing fiber optic sensors in a prismatic
concrete sample prior to concreting. The shrinkage was measured
every two hours during the first day, then once a day during one
week, and then once a week during at least one month. For sake of
comparison, measurement were also made starting at the second
day with a conventional mechanical gauge fixed on the sample
surface.
About ten IMAC and Diamond sensors (without integrated
coupler) were tested, installed in prisms measuring 10x10x100 cm,
at 20°C and 50% relative humidity. The prism dimension have been
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Tests on the LMS bench

The long LMS sensors were developed using a specially built 10 m
long testing bench. This rigid bench was designed to allow the
mechanical testing of sensors o f up to 10 m in length at ambient
temperature. For most tests, the room temperature was
permanently maintained between 19 and 21°C. However, particular
tests were performed under different temperature and humidity
degree. The set-up allows for imposing a displacement with a
precision of 1/100 mm by means of micrometrical bolts. Imposed
displacements were recorded using precision dial gages.
One key condition of the proposed technology is that the
reference fiber is absolutely free to move inside its tube while the
structure is deforming. Even small friction or adhesion could
provoke an elongation o f the reference fiber and thus a
measurement error. In this test, a 8 m long reference fiber was
tested on the bench. The tube containing the microtube and the
fiber was fixed at the two end carriages o f the bench.
Displacements were imposed to the left carriage first and then two
the right carriage with a total elongation of 2% (160 mm elongation
of the 8 m long tube) and then released to the original
configuration. Figure 6 shows that the maximal error is 10 (lm,
thus quite satisfactory.
Several other configurations were also tested and showed that
this point is delicate to solve. We believe that the presented set-up
is a good candidate for accurate measurement.
Being assured that the reference fiber would not be affected by
any elongation of the sensor, test on the complete sensor were
undertaken. The 8 m long LMS-U sensor was tested in tension
with three cycles of 0 to 80 mm total elongation (0 to 1% strain).
Results measured displacement (using the SOFO unit) versus
imposed displacement is presented in Figure 7. It can be seen that
the reversibility and linearity is very good. The absolute value of
the mean error is practically zero with a maximum value o f 200jim.

Shrinkage test
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Shrinkage and thermal treatment o f a concrete beam
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Figure 5: Shrinkage test of a concrete prism
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Figure 7: Test of the LMS-U sensor, this graph contains three
cycles of imposed displacements (sensor length 8 m)

The long sensors (6 m and more) can be seen as extensometers
and are ideal for monitoring geostructures (walls, foundations,
etc.), where the relative displacement of two distant point is to be
measured. They can replace the conventional Invar rod type of
mechanical extensometer or even the more sophisticated sliding
micrometer.
The system itself permits repeated disconnection without loss of
accuracy. Temperature effects or change in the fiber characteristic
with time is automatically compensated by the reference fiber of the
sensor. Although some more testing is needed, this system is
thought to be adequate for long term measurement o f civil
engineering structures.
The next generation will deal with multiple partial reflectors,
allowing the use of a single chain of sensors in series to measure
several strains in different locations.

ACKNOWLEDGEMENTS
The 95% confidence interval is within ±100 |im which represents a
relative error with respect to the maximum imposed displacement
of 0.13% (100 |im /80 mm).
In terms of absolute strain measured in an equivalent 8 m long
structure, the error on the strain is A e=±1.2510'5 (100 (im / 8 m).
Since it is usual to work in civil engineering (and particularly in
geotechnical engineering) with strains up to e=10‘', the precision is
extremely good. Note that this precision incorporates all the
following influences: stability of the testing bench and carriages,
precision in measuring the imposed displacements with the dial
gages, influence of the connectors and extension fiber, influence of
the reading unit with precision of the internal moving mirror.
4.5

Field tests

Several field tests have been undertaken, most of them for bridges
but also for underground structures.
Bridges monitored with the new fiber-optic sensors are the
Venoge and Versoix bridges on the Lausanne-Geneva N1 freeway,
Moesa bridge on the Gothard railway line, Lully viaduc on the N 1
freeway, Lutrive bridge on the N9, and the Bissone-Lugano bridge
(see Inaudi et al., 1996c)
Geostructures are more difficult experimental sites for new tech
nologies since the working conditions are in general very difficult.
First informations on the installation procedure were obtained on a
slurry trench wall in Lausanne (Les Grottes), on piles in Morges,
in precast tunnel linings (Tunnel des Vignes, Fribourg), and for the
Emosson dam. Encouraging measurements were obtained in a tun
nel excavated with conventional drill and blast technique. The tun
nel is 10 m wide and 7.8 m high and serves as an expansion chamberfor the Luzzone dam (Switzerland). Two smaller tunnels were
first excavated, thus leaving a central pillar to support the rock
vault. At this time, fiber optic sensors with active length between
1.5 and 4.5 meters were installed into bore-holes parallel to the one
used for passive nails and injected with grout. Some sensors were
placed vertically to monitor the vault displacement. After removing
the central pillar it was possible to quantify the radial movements of
the vault and walls. By comparing the measurements of sensors
having different length and installed in the same hole, it was possi
ble to assess the depth of the zone influenced by the tunnel con
struction. Furthermore it was proven that the fiber optic sensors
and cabling could be protected sufficiendy to withstand multiple
blasts near the sensor location.

5.

CONCLUSION

Examples presented in this paper show that the fiber optic
technology is now ready for civil engineering applications.
Manufacturing of both sensors and reading unit has started.
The short sensors (0.2 to 6 m) are ideal for monitoring
structures; they work as strain transducers and can be seen as
replacement for other sensors like resistive or vibrating wire gages.
However, they do not give a local value o f the strain, but rather an
average over the length of the sensor.
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