International Journal for Restoration of Buildings and Monuments, Issue 3-4, Pages 301-320, August 2001

Lessons learned in the use of fiber optic sensor for civil

structural monitoring

Daniele Inaudi®?, Nicoletta Casanoval, Branko Glisict

Samuel Vurpillot!?, Pascal Kronenberg?, Sandra L L oret?

1 SMARTEC SA
Viaa Molino 6,CH-6916 GRANCIA, Switzerland
Tel: +41 91 993 09 24, Fax: +41 91 993 09 40
emall: inaudi @smartec.ch, Web: www.smartec.ch

2 IMAC - DGC - EPFL
CH-1015 Lausanne Switzerland
Web: imacwww.epfl.ch

Abstract

From many points of view, fiber optic sensors are the idea transducers for civil structural
monitoring. Being durable, stable and insensitive to external perturbations, they are particularly
interesting for the long-term health assessment of civil structures. On the other hand, the small size
and the relative fragility of the naked fibers are apparently incompatible with the hostile
environment usualy found in civil engineering building sites. In this contribution we will however
show that with adequate packaging and careful design of the sensors and their accessories, fiber
optic sensors can match and surpass conventional sensors, not only in their measurement
performance, but also in the ease of use and survivability.

This paper resumes the nine year long experience of our group in the installation of fiber optic
sensors in the most diverse structure types, including bridges, tunnels, dams, piles, anchors,
historica monuments, nuclear power plants and many others. To date, we have installed about
1'300 sensors in amost 70 different applications. Statistics show that, by proper handling, it is
possible to achieve 95-100% survivability during installation and for many years afterward.
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1 Introduction

The first building block of atypical health monitoring system is constituted by a network of sensors
that measure the parameters relevant to the state of the structure and its environment. For civil
structures such as bridges, tunnels, dams, geostructures, power plants, high-rise buildings and
historical monuments, the most relevant parameters are:

Physical quantities: position, deformations, inclinations, strains, forces, pressures, accelerations,
vibrations.

Temperatures.

Chemical quantities: humidity, pH, chloride concentration.

Environmental parameters. ar temperature, wind speed and direction, irradiation, precipitation,
snow accumulation, water levels and flow, pollutant concentration.

Conventional sensors based on mechanical and/or electrical transducers are able to measure most of
these parameters. In the last few years, fiber optic sensors have made a low but significant entrance
in the sensor panorama. After an initial euphoric phase when optical fiber sensors seemed on the
verge of invading the whole world of sensing, it appears now that this technology is only attractive
in the cases where it offers superior performance compared to the more proven conventional
sensors. The additional value can include an improved quality of the measurements, a better
reliability, the possibility of replacing manual readings and operator judgment with automatic
measurements, an easier installation and maintenance or a lower lifetime cost. The first successful
industrial applications of fiber optic sensors to civil structural monitoring demonstrate that this
technology is now sufficiently mature for a routine use and that it can compete as a peer with
conventiona instrumentation.

2 Fiber Optic Sensor Types

There is a great variety of fiber optic sensors [1, 2, 3, 4] for structura monitoring in both the
academic and the industrial areas.

Table 1 Fiber optic sensors for civil structural monitoring (a partial European perspective).

Measured Parameters Maturity Active groups in Europe Units

(see text for details) installed
SOFO Displacement Commercial  SMARTEC, IMAC-EPFL 1300+
Microbending  Displacement Commercia DehaCom hundreds
Bragg gratings  Strain, temperature, Fieldtrids  Stabilos project, LETI, hundreds
(displacement) EMPA, Uni. Cantabria, Uni.
Leipzig and many others.
Fabry-Perot Strain Fiedtrials BAM tens
Raman Distributed temperature  Commercial Y ork Sensors, GESO tens
Brillouin Distributed temperature Fieldtrials ~ MET-EPFL, Omnisens units
and strain
Hydr ogel Humidity, water ingress Fieldtriads  Univ. of Strathclyde units
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Unlike the USA, where most efforts seem concentrated to strain sensing, Europe is developing and
producing a more varied mix of sensors for the most disparate types of measurement and
application. In this overview we will concentrate on sensors for civil health monitoring that have
reached an industrial level or are at least at the stage of advanced field trials. Table 1 resumes the
sensor technologies that will be discussed in the next paragraphs. Values in the last column are
estimated.

SOFO Displacement Sensors

The SOFO system Gee Fig. 1) is a fiber optic displacement sensor with a resolution in the
micrometer range and an excellent long-term stability. It was developed at the Swiss Federal
Institute of Technology in Lausanne (EPFL) and is now commercialized by SMARTEC in
Switzerland [5, 6, 7] (see Fig. 2).

The measurement set- up uses low-coherence interferometry to measure the length difference
between two optical fibers installed on the structure to be monitored. The measurement fiber is pre-
tensioned and mechanically coupled to the structure at two anchorage points in order to follow its
deformations, while the reference fiber is free and acts as temperature reference. Both fibers are
installed inside the same pipe and the measurement basis can be chosen between 200mm and 10m.

The resolution of the system is of 2 mm independently from the measurement basis and its
precision of 0.2% of the measured deformation even over years of operation.

The SOFO system has been successfully used to monitor more than 50 structures, including
bridges, tunnels, piles, anchored walls, dams, historica monuments (see Fig. 3), nuclear power
plants as well as laboratory models.

Microbending Displacement Sensors

An alternative fiber optic sensor useful for the measurement of length variations is based on the
principle of microbending. In that set-up, an optical fiber is twisted with one ore more other fibers
or with metallic wires [8] along its sensing length (see Fig. 4). When this fiber optic twisted pair is
elongated the fibers will induce bending in one-another and cause part of the light to escape the
fiber. By measuring the intensity of the transmitted light it is therefore possible to reconstruct the
deformation undergone by the structure on which the sensor is mounted.

A system based on this principle has been marketed for some years through Sicom and more
recently by Deha-Com in France. This system was one of the earliest commercia applications of
fiber optic sensors for the monitoring of civil structures and was installed in different bridges,
tunnels and hight-rise structures. Typically obtainable resolutions are of 30 mm for short periods
(below one day) and 100 mm for the long-term. Arrangements measuring the reflected light
intensity with an optical time reflectometer (OTDR) have also been proposed. These set-ups
potentially allow for distributed deformation measurements.

Microbending sensors are conceptually simple, however temperature compensation,
intensity drifts, system calibration and the inherently nonlinear relationship between intensity and
elongation still present some challenges. This type of sensor seems particularly appropriate for
short-term and dynamic monitoring as well as for issuing alarms.
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Bragg Grating Strain Sensors

Bragg gratings are periodic alterations in the index of refraction of the fiber core that can be
produced by adequately exposing the fiber to intense UV light. The produced gratings typicaly
have length of the order of 10 mm (see Fig. 5). If white light is injected in the fiber containing the
grating, the wavelength corresponding to the grating pitch will be reflected while al other
wavelengths will pass through the grating undisturbed. Since the grating period is strain and
temperature dependent, it becomes possible to measure these two parameters by analyzing the
spectrum of the reflected light [9]. This is typically done using a tunable filter (such as a Fabry-
Perot cavity) or a spectrometer. Resolutions of the order of 1 ne and 0.1 °C can be achieved with
the best demodulators. If strain and temperature variations are expected simultaneoudly, it is
necessary to use a free reference grating that measures the temperature alone and use its reading to
correct the strain values. Set-ups allowing the simultaneous measurement of strain and temperature
have been proposed, but have yet to prove their reliability in field conditions. The main interest in
using Bragg gratings resides in their multiplexing potential. Many gratings can be written in the
same fiber at different locations and tuned to reflect at different wavelengths. This allows the
measurement of strain at different places along a fiber using a single cable. Typically, 4 to 16
gratings can be measured on a single fiber line. It has to be noticed that since the gratings have to
share the spectrum of the source used to illuminate them, there is a trade-off between the number of
grating and the dynamic range of the measurements on each of them.

Because of their length, fiber Bragg gratings can be used as replacement of conventional
strain gages and installed by gluing them on metals and other smooth surfaces [10]. With adequate
packaging they can also be used to measure strains in concrete over basis length of typically 100
mm.

A large number of research and development projects for this type of sensors are underway
worldwide and Europe is by no mean an exception to this trend [11]. Two European projects
(STABILOS[12] and COSMUS) focus on the application of this technology to the measurement of
movements in tunnels, mines and other geostructures. In particular, an array of Bragg grating has
been installed in the Mont Terri tunnel in Switzerland. The LETI group in France has also used this
technology to monitored lock gates [13] and is introducing the system in the nuclear power industry
[14], while EMPA (Swiss Federa Laboratories for Materials Testing and Research) has installed
them in the Luzzone Dam [15] and in a cable-stayed bridge. Finally, the University of Cantabriain
Spain is developing sensors for the electrical power generation industry including strain and
acceleration sensors (also base on other sensing techniques) [16]. A comprehensive review by
Pierre Ferdinand on the applications of Bragg gratings in Europe can be found in the references
[11].

Fabry-Perot Strain Sensors

Extrinsic Fabry-Perot Interferometers (EFPI) are constituted by a capillary silica tube containing
two cleaved optical fibers facing each others, but leaving an air gap of a few microns or tens of
microns between them (see Fig. 6). When light is launched into one of the fibers, a back-reflected
interference signal is obtained. This is due to the reflection of the incoming light on the glass-to-air
and on air-to-glass interfaces. This interference can be demodulated using coherent or low
coherence techniques to reconstruct the changes in the fiber spacing. Since the two fibers are
attached to the capillary tube near its two extremities (with a typical spacing of 10 mm), the gap
change will correspond to the average strain variation between the two attachment points[1,9].
Contrary to the rest of the world, Europe seems to pay relatively little attention to this
interesting sensor technique. A notable exception is the group a BAM in Berlin (Germany), which
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is using these sensors to monitor the early-age deformations of mortars [ 17] and has applied them to
the monitoring of a concrete bridge in Charlottenbourg [ 18].

Raman Distributed Temperature Sensors

Raman scattering is the result of a nonlinear interaction between the light traveling in a fiber and
silica. When an intense light signal is shined into the fiber, two frequency-shifted components
called respectively Raman Stokes and Raman anti-Stokes, will appear in the back-scattered
spectrum. The relative intensity of these two components depends on the local temperature of the
fiber. If the light signa is pulsed and the back-scattered intensity is recorded as a function of the
round-trip time, it becomes possible to obtain a temperature profile along the fiber [19]. A system
based on Raman scattering is commercialized by York Sensorsin the UK. Typically atemperature
resolution of the order of 1°C and a spatial resolution of less than 1m over a measurement range up
to 10 km is obtained for multi- mode fibers A new system based on the use of singlemode fibers
should extend the range to about 30km with a spatial resolution of 8 m and a temperature resolution
of 2°C.

These systems have been successfully used by GESO in Germany to detect leaks in dams
and pipelines.

Brillouin Distributed Temperature Sensors

Brillouin scattering sensors show an interesting potential for distributed strain and temperature
monitoring [ 20]. Systems able to measure strain or temperature variations of fibers with length up to
50 km with spatial resolution down in the meter range are now demonstrating their potential in the
first field trials. For temperature measurements, the Brillouin sensor is a strong competitor to
systems based on Raman scattering, while for strain measurements it has practically no rivals.

Brillouin scattering is the result of the interaction between optical and sound waves in
optical fibers. Thermally excited acoustic waves (phonons) produce a periodic modulation of the
refractive index. Brillouin scattering occus when light propagating in the fiber is diffracted
backward by this moving grating, giving rise to a frequency shifted component by a phenomenon
similar to the Doppler shift. This processis called spontaneous Brillouin scattering.

Acoustic waves can also be generated by injecting in the fiber two counter-propagating
waves with a frequency difference equal to the Brillouin shift. Through electrostriction, these two
waves will give rise to atraveling acoustic wave that reinforces the phonon population. This process
is called stimulated Brillouin amplification. If the probe signal consistsin a short light pulse and its
reflected intensity is plotted againgt its time of flight and frequency shift, it will be possible to
obtain a profile of the Brillouin shift along the fiber length.

The most interesting aspect of Brillouin scattering for sensing applications resides in the
temperature and strain dependence of the Brillouin shift [21]. This is the result of the change the
acoustic velocity according to variation in the silica density. The measurement of the Brillouin shift
can be approached using spontaneous or stimulated scattering. The main chalenge in using
spontaneous Brillouin scattering for sensing applications resides in the extremely low level of the
detected signal. This requires sophisticated signal processing and relatively long integration times.
A commercia system based on spontaneous Brillouin scattering is available from ANDO (Japan).

Systems based on the stimulated Brillouin amplification have the advantage of working with
a relatively stronger signal but face another challenge. To produce a meaningful signal the two
counter-propagating waves must maintain an extremely stable frequency difference. This usualy
requires the synchronization of two laser sources that must inject the two signals at the opposite
ends of the fiber under test. The MET (Metrology laboratory) group at Swiss Federa Institute of
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Technology in Lausanne (EPFL) proposed a more elegant approach [22]. It consists in generating
both waves from a single laser source using an integrated optics modulator. This arrangement offers
the advantage of eliminating the need for two lasers and intrinsically insures that the frequency
difference remains stable independently from the laser drift. Omnisens and SMARTEC
(Switzerland) commercialize a system based on this principle. It features a measurement range of
10 km with a gpatial resolution of 1 m or a range of 100 km with a resolution of 10 m. The strain
resolution is 20 e and the temperature resolution 1°C. The system is portable and can be used for
field applications (see Fig. 7). These values are close to the theoretical limits of a Brillouin system.

Since the Brillouin frequency shift depends on both the local strain and temperature of the
fiber, the sensor set-up will determine the actual sensitivity of the system. For measuring
temperatures it is sufficient to use a standard telecommunication cable. These cables are designed to
shield the optical fibers from an elongation of the cable. The fiber will therefore remain in its
unstrained state and the frequency shifts can be unambiguously assigned to temperature variations.
If the frequency shift of the fiber is known at areference temperature it will be possible to calculate
the absolute temperature at any point along the fiber. Measuring distributed strains requires a
specially designed sensor. A mechanical coupling between the sensor and the host structure along
the whole length of the fiber has to be guaranteed. To resolve the cross-sensitivity to temperature
variations, it is also necessary to install a reference fiber aong the strain sensor. Similarly to the
temperature case, knowing the frequency shift of the unstrained fiber will allow an absolute strain
measurement.

Hydrogel Distributed Humidity Sensors

Many of the degradations that can occur to the most used structural materials: concrete and steel,
have a chemical origin. It is therefore interesting to monitor the presence and the concentration of
potentially harmful chemicals such as humidity, chloride as well as the variations of pH. Chemical
measurements with fiber optic sensors are much less developed than those of physical parameters
and temperature. It is therefore interesting to cite the development of a distributed humidity sensor
that is based on the use of a particular hydrogel capable of transforming a humidity variation in a
change in its dimensions [23]. This allows the transformation of a difficult chemical measurement
in a much easier strain or elongation measurement. A first sensor, developed at Strathclyde
University, is based on a hydrogel that swells when wetted. The expansion of the hydrogel induces
microbending losses in an optical fiber that can be detected with a standard Optical Time Domain
Interferometer (OTDR). The system shows potentia for measurement of water ingress and
humidity in large structures and in areas that are difficult to inspect. In one of the first field
demonstrations, the system was used to detect an incomplete grouting of a post-tensioning cable
duct [ 24]. By using another type of hydrogel, it is expected that this type of sensors will be capable
of measuring other chemical parameters and in particular the pH chances associated with
carbonation in concrete.

3 Installing Fiber Optic Sensors in Civil Engineering Structures

Since different type of structures and different materials need specific sensors, sensor packaging has
to be adapted to each particular application. In our group, efforts have been directed towards the
development of a reliable sensor for new concrete structures (see Fig. 8 and Fig. 9), but some tests
were also conducted on metallic and timber structures, as well as on existing structures where only
surface installation was possible. The following remarks are based on our experience with the
installation of SOFO sensors, but can be viewed as more general regarding the use of FOS (Fiber
Optic Sensor) in civil structural monitoring.
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The sensor must respond to different requirement both from the optical point of view as on
its mechanical solidity and transmission of the displacements from the structure to the fiber.

Optical requirements: The sensor has to encode a displacement of the structure into a change of
the length of an optical fiber. On the other hand, optical fibers present a disturbing cross-sensitivity
to temperature changes and to obtain a pure displacement or strain reading it is necessary to
compensate for this effect. The easiest way to achieve this aim is to use one measurement fiber
following the structure displacement and one reference fiber independent of it. Obvioudly, the fibers
have to be intact and microbending must be reduced to minimize the losses.

Mechanical requirements: The measurement fiber has to be in mechanical contact with the host
structure. All axia displacements have to be transferred from the host structure to the fiber. Creep
effects have to be avoided since the fina aim of the system is long-term measurements. It was
found that using polyimide coated fibers and epoxy glues it was possible b obtain an excellent
mechanical coupling between the fiber and the anchorage. The long-term solidity of the fibers has
to be guaranteed by avoiding any induced brittleness of the fibers due to superficial micro-cracks.
The fiber coating has to be removed only when strictly necessary and only on fiber sections that are
not under permanent tension in the sensor. Extensive data is available on the long-term durability of
optical fibers installed in telecommunication cables under small tensions. If the strain of the fiber
does not exceed 0.5%, the fiber should have a typical life of more than 40 years before a failure is
likely to occur. Therma and mechanical fatigue can aso decrease the life span of the fibers. We
have successfully fatigue tested SOFO sensors for more than 18 millions cycles (corresponding to
40 yearsin a highway bridge) and with amplitudes of afew mm typical for concrete structures.

The reference fiber is supposed to be unaffected by the structure displacements and change
its optical length only under the influence of temperature variations. Furthermore it is important that
the measurement fiber and the reference fiber always have the same temperature locally. This will
greatly reduce the parasite sensitivities in the temperature. Installing the reference fiber freely inside
the same pipe housing the measurement fiber satisfies these requirements. This fiber has an extra
length and will therefore remain unstressed when pre-stressing is applied to the measurement fiber.

Environmental requirements: The sensor has to survive the construction and, if possible, the
whole live span of the structure. During the construction phases the sensor is exposed to a hostile
environment and has therefore to be rugged enough to protect the fibers from external agent.

Chemical aggression has to be taken into account since concrete can be particularly aggressive
because of its high alkalinity. These requirements are often contrasting with the ones of the previous
point. To protect the fiber one tends to isolate if from the environment by using thicker or multiple
layers of coating. This has the side effect to impede the strain transmission from the structure to the
fiber. Finaly, the sensor must be easy to use by inexperienced persons and has to be installed
rapidly without major disturbance to the building yard schedule. The standard SOFO sensors
respond to all these requirements. They can either be embedded into concrete, instaled on the
surface of an existing structure or secured inside a borehole by grouting. We have fabricated and
installed more than 1400 such sensors with a surviva rate between 90% and 100% depending on
the type of application. In our experience, the survival of sensors depends not only on the reliability
of the sensor packaging, but also on the careful design of the installation details and in particular of
the connections (cable ingress and egress points, connectors, extension cables, connection boxes,
cableducts, ...), (seeFig. 10 and Fig. 11).

4 Conclusions

The monitoring of new and existing structures is one of the essentia tools for a modern and
efficient management of the infrastructure network. Sensors are the first building block in the
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monitoring chain and are responsible for the accuracy and reliability of the data. Progress in the
sensing technology can therefore be focused to more accurate measurements, but also to systems
that are easier to install, use and maintain. In the recent years, fiber optic sensors have moved the
first steps in structural monitoring and in particular in civil engineering. Different sensing
technologies have emerged and quite a few have evolved into commercial products.

It is difficult to find a common reason for the success of so diverse types of sensors. Each
one seems to have found a niche where it can offer performance that surpass or complement the
ones of the more traditional sensors. If three characteristics of fiber optic sensors should be
highlighted as the probable reason of their present and future success, we would cite the stability of
the measurements, the potential long-term reliability of the fibers and the possibility of performing
distributed and remote measurements.

The success of fiber optic sensors depends not only on the underlying optical technology,
but even more on the ability of practically and reliably installing the sensors in real structures, with
minimum disturbance to the construction progress or the normal operation of the structure. To
achieve these goals it is important to develop ad-hoc packaging and accessories (cables junction
boxes, etc.) that make it possible for non-specialists to use fiber optic sensors in the field.
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5 Figure Captions

Figure 1. SOFO System Set-up

Figure 2: SOFO Reading Unit

Figure 3: SOFO Sensor Installed on a Church Vault

Figure 4: Microbending Sensor Functional Principle

Figure 5: Fiber Bragg Grating Functional Principle

Figure 6. Extrinsic Fabry-Perot Interferometers Functional Principle

Figure 7: Luzzone Dam: Temperature Distribution Measured with the Brillouin System 15 and 55
Days after Concrete Pouring (Courtesy of L. Thévenaz and Ph. Robert, MET-EPFL,
Switzerland)

Figure 8: SOFO Sensor Being Installed in a Concrete Bridge Deck

Figure 9: Bundle of SOFO Sensors Ready for Installation in a Pile for Lateral Friction Analysis

Figure 10: Connection Box for Mating Sensor Cable with Multi-fiber Extension Cables

Figure 11: SOFO Sensors with Protection Pipe Mounted and Removed
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Figure 1. SOFO System Set-up
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Figure 3: SOFO Sensor Installed on a Church Vault

Figure 4: Microbending Sensor Functional Principle
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Figure 5: Fiber Bragg Grating Functional Principle
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Figure 6: Extrinsic Fabry-Perot Interferometers Functional Principle
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Figure 7: Luzzone Dam: Temperature Distribution Measured with the Brillouin System 15 and 55
Days after Concrete Pouring (Courtesy of L. Thévenaz and Ph. Robert, MET-EPFL,
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Figure 9: Bundle of SOFO Sensors Ready for Installation in a Pile for Lateral Friction Analysis
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Figure 11: SOFO Sensors with Protection Pipe Mounted and Removed
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