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Although optical fiber sensors have been developed for 30 years, there is a gap between lab experiments and field applications.
This article focuses on specific methods developed to evaluate the whole sensing chain, with an emphasis on (i) commercially-
available optoelectronic instruments and (ii) sensing cable. A number of additional considerations for a successful pairing of these
two must be taken into account for successful field applications. These considerations are further developed within this article
and illustrated with practical applications of water leakage detection in dikes and concrete structures monitoring, making use of
distributed temperature and strain sensing based on Rayleigh, Raman, and Brillouin scattering in optical fibers. They include an
adequate choice of working wavelengths, dedicated localization processes, choices of connector type, and further include a useful
selection of traditional reference sensors to be installed nearby the optical fiber sensors, as well as temperature compensation in

case of strain sensing.

1. Introduction

Specifications for large-sized engineering structures such as
the Rion-Antirion bridge (Greece) or the Millau viaduct
(France) now commonly include instrumentation in order
to address monitoring requirements, not only during the
construction period, but also to allow lifetime structural
health monitoring.

EDF’s (French Electricity Company) potential appli-
cations include dams, dike and power plant reactors
monitoring. Andra’s (French National Radioactive Waste
Management Agency) potential applications include surface
and deep geological radioactive waste disposal structure

monitoring, for instance, within the future geological repos-
itory that would contain highly instrumented disposal cells.
LCPC is in charge of the surveillance of various French
bridges developing structural pathologies due to aging.
Controlling the state of a structure’s health, more
commonly designated by the acronym SHM (Structural
Health Monitoring), requires a large number of sensors.
For this application, optical fiber sensors [1] (OFS) are
found to be exceptional tools, especially as they enable
distributed measurements [2] thus providing data over the
entire structure instead of being limited to point data at
sensor locations. Monitoring with a single fiber can thus
provide information of the overall structure behavior, and



thus overcome limitations of traditional sensors, whose
information is restricted to local effects. Some 20 years of
developments have been necessary to overcome the initial
disappointments and fully utilize the specificities of these
sensors [3], whose application has since become state of the
art.

This article focuses on temperature and stain distributed
sensing with optical fibers for structural health monitoring.
After an initial summary description of fiber optic sensing
technologies, the focus will be put on distributed tempera-
ture and strain sensors. These will be illustrated by an in-
depth description of two field applications: Water leakage
detection in dikes using temperature distributed sensing and
concrete structure monitoring by strain and temperature
monitoring. Although commercially-available sensors and
interrogation unit are numerous, the global measuring chain
may provide disappointing monitoring results to the end-
users, unless a number of specific considerations are taken
into account. These are further developed within this article,
with an emphasis on practical reccommendations that seem
essential for a successful transition from laboratory to field
applications.

2. Overview of Optical Fiber
Sensor Technologies

An optical fiber is a waveguide with a diameter in the
order of 0.1 mm that enables conveying light upon kilometer
range distances. A wide array of optical fibers, called single-
mode or multimode, have been developed in either glass
or plastic, with solid or hollow cores, packaged in very
diverse shapes to convey signals that may be visible or
invisible. As described with great details in [1], OFS offers
many advantages when compared to traditional electronic
sensors: they are light, small (expected to be non invasive)
and insensitive to electromagnetic fields, not subject to
metallic corrosion (unless a metallic cladding is chosen), and
resist to high temperatures. They also make it possible to
take measurements over great distances (in the kilometer
range) taking advantage of very low attenuation coefficient
and multiple sensors can be multiplexed in one fiber.
Applications range from material sensing to oil exploration
and production monitoring.

A large variety of OFS have been successfully com-
mercialized in the past three decades essentially based on
Bragg-gratings and Fabry-Perot cavities (FP), providing one
or several, localized measurements [1]. These technologies
require a specific, localized treatment of the fiber, for
example localized surface grating, to create a localized,
sensitive element susceptible to produce a measurable signal.
These OFS technologies remain limited in their applications
by the predefined and “point-like” nature of data they
can provide. For civil engineering, a large number of such
“point-like” OFS need to be multiplexed to instrument
real decametric structures [4]. A wide variety of multiplex-
ing schemes have been developed to enable simultaneous
measurement of several tens of sensors. However, even if
a thousand of sensors are available, the choice of their
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locations may be highly sensitive, and is an intensive research
topic.

In comparison, distributed sensing provides a more
versatile and powerful monitoring tool as it requires much
less a priori knowledge of the structure behavior. The term
distributed sensor designates the case in which the optical
fiber itself becomes a sensor. It is thus no longer necessary to
implement anticipated sensor positions since measurements
are being performed all along the optical fiber connected to
the reading device (as well as within the extension cables).
The remainder of this article is focused on OFS technologies
allowing for such distributed sensing.

2.1. Truly Distributed Sensors: Localization Processes. Various
techniques may be utilized to develop a continuously
distributed measurement system within an optical fiber. The
most common would be orpr (for Optical Time Domain
Reflectometry), which could eventually be combined with a
study of light-matter interactions such as the Raman effect
(temperature-dependent) and the Brillouin effect (tempera-
ture and deformation-dependent) as depicted afterwards.

Initially created to analyze losses inside optical telecom-
munication lines [5], OTDR is categorized as an optical
pulse-echo technique. The technique consists in injecting a
laser pulse within an optical fiber and then measuring the
backscattered intensity versus time: a period At corresponds
to a pulse round-trip between the lead and a given point on
the fiber located at ¢/(2n - At) from the lead. The temporal
width of the pulse necessitates an oTDR spatial resolution; a
10-ns width corresponds to a resolution of 1 m. OTDR serves
to carry out intensity variation measurements over distances
in the tens of kilometers, with a spatial resolution at the meter
scale.

Other localization techniques are available whose per-
formances are quite complementary; some for example
are based on frequency modulations, hence the acronym
OFDR (Optical Frequency Domain Reflectometry). Detailed
principle can be found in [5-7]. OFDR spatial resolution
can reach 10 ym, although the corresponding measurement
range (possible fiber length) diminishes considerably to
around 100 meters.

Whatever the technique, a major issue of distributed
sensing is the uncertainty on the measurement locations
along the fiber as will be illustrated in the field application
descriptions provided in the following.

2.2. Scattering at the Origin of Truly Distributed Sensors. As
shown in Figure 1, the light backscattered by an optical fiber
segment without any defects or abnormal characteristics is
spectrally decomposed into three distinct peaks correspond-
ing to three outstanding phenomena.

The first relates to Rayleigh scattering, originated from
interaction between the electromagnetic wave propagating in
the fiber core and silica impurities. Intensity variations in the
backscattered signal at the same wavelength as the injected
wave are related with local optical fiber modifications: an
abrupt return peak is interpreted as a mirror reflection (con-
nector or damage on the fiber), and a sudden drop in inten-
sity corresponds for example to shear loss. Beyond detection,
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Figure 1: Backscattering spectrum of a monochromatic wave
within an optical fiber.
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FIGURE 2: Raman scattering sensitivity to temperature (“PSD”
stands for power spectral density).

to conduct temperature or strain measurements, the value
of the Rayleigh backscattering signal in optical fibers must
be associated with another technique, the simplest being an
association with punctual sensors, such as microbend sensors
or another configuration that incorporates precalibrated
losses [8]. In this case, the continuously-distributed aspect
of the measurement would be lost. In single-mode fibers,
polarization measurements may be added [9], parameter
quite interesting when application requires pressure or
magnetic field sensing.

Another possibility is to perform correlation between
various Rayleigh measurements as proposed by the optical
backscattered reflectometry (OBR) instrument described in
Section 2.2.3. An alternative is to use the two other scattering
lines, Raman and Brillouin, described in Sections 2.2.1 and
2.2.2, respectively.

2.2.1. Distributed Temperature Sensing Based on Raman Scat-
tering. To perform distributed temperature measurement,
Raman scattering [1, 10] is the most advanced technology.
Raman scattering originates from laser light photon
interaction with thermal vibration of silica molecules (ther-
mal phonons). More precisely, as sketched in Figure 2, the
anti-Stokes absorption mainly depends on temperature. As
a consequence, Raman distributed sensing systems may use
OTDR pulsed technique to perform distributed intensity

measurement of the anti-Stokes backscattered light. How-
ever, the anti-Stokes intensity evolution must be augmented
with a reference measurement since optical fiber losses vary
with time (increase with fiber aging, connector dirt, or
optical fiber curvatures, etc.). A number of commercially
available distributed temperature sensing devices automati-
cally compensate for this loss by analysing the ratio between
the Anti-Stokes and Stokes absorption line intensities.

Paired with multimode fibers and OTDR localisation
techniques, repeatability of Raman distributed temperature
devices are on the order of 0.1°C for distance ranges of
several kilometres and spatial resolution of 1 m. It degrades
with increasing distance but can be maintained by increasing
the device acquisition time. Maximal distance range is
30km. Applications include leakage detection along oil
and gas pipelines, monitoring of underground storage and
boreholes, fire detection [10], monitoring of waste disposal
sites and seepage detection in dams and dikes [11]. Few
instruments offer the possibility to perform Raman scatter-
ing measurement into single-mode fiber. A preliminary test
is reported in Section 5.2.2.

2.2.2. Distributed Temperature or Strain Sensing Based on Bril-
louin Scattering. As sketched in Figure 1, another inelastic
phenomenon occurs when an optical pulse is launched into
an optical fiber, called Brillouin scattering. This Brillouin
frequency shift vg is linked to the acoustic mode phase
velocity [12]. As a consequence, the Brillouin shift variations
are known to be proportional to temperature (AT) and strain
(&) variations [13] as in:

Avg = CrAT + Cee. (1)

Cr and C; are characteristics of the optical fiber type. At the
operating wavelength (1550 nm), for standard G652 single-
mode fiber, Cr and C, are in the order of 1 MHz/°C and
0.05 MHz/ue [13].

Instruments based on Brillouin scattering would thus
perform either temperature or strain measurements. In 2002,
the first commercial B-OTDR system was implemented. In
2007, the market had expanded to include at least five
suppliers of Brillouin interrogation systems. The perfor-
mance derived is on the order of 1°C or 20ue and I m
of spatial resolution, over spans extending several tens of
kilometers. The most widespread application is currently
pipeline leak detection, based on temperature measure-
ments [14]. Compared with Raman sensing, sensitivity is
reduced by a factor 10. However, Brillouin sensing enables
measurement along longer distance ranges, up to 80km.
Both differences are mainly related to the optical fiber type,
respectively, multimode and single-mode for Raman and
Brillouin sensing.

2.2.3. Distributed Temperature or Strain Sensing Based on Rel-
ative Rayleigh Measurements: The OBR Instrument. Another
approach to perform strain or temperature distributed
measurement consists in carrying out relative Rayleigh
measurements, as offered by an instrument called “Optical



Backscatterd reflectometry” (OBR) commercialized by the
American company Luna Technologies.

It relies on two OFDR (see Section 2.1) measurements,
the ongoing measurement and a reference state, processed
with an advanced correlation method that analyses the
spectral lags of the Rayleigh backscattering peak. As detailed
in [7], the frequency shift Av of the Rayleigh backscatter
pattern is proportional to temperature or strain changes
along the fiber axis. For standard single-mode fiber G652
type, at 1550 nm typical values are —0.1499 (GHz/e) and
—1.248 GHz/°C.

OBR has been commercially available since spring 2006.
It enables measuring approximately optical fiber deforma-
tions (at homogeneous temperature) over 100 m with a
centimeter-sized spatial resolution and a level of precision
equal to a few microstrains (resp., 0.1°C at homogeneous
strain).

2.3. Influence of the Optical Fiber outside Coating. Up to
this point, optoelectronic devices have been described. A
distributed sensing system pairs such an instrument with a
sensitive part including an optical fiber. A major difficulty
encountered during the transition from the laboratory to
the field is that the optical fiber cannot be used wrapped
in its standard coatings. Either external coatings are far
too fragile for outdoor test, or the coatings developed by
the telecommunication industry isolate the fiber from its
environment in order to protect it. The related question is
how to transform an optical fiber into a transducer, as will be
illustrated for the two applications described further.

3. A Simple Qualification Methodology

Despite many advantages described in Section 2.1, truly
distributed optical fiber sensors have not invaded SHM
applications yet, due to a lack of standardization in claimed
performances and dedicated qualification processes.

The described overall process is inspired from [15]. The
global chain evaluation must be adapted to the application.
For OFS, it was chosen to study both sensing cables and
optoelectronic instruments separately, before pairing such
elements and focusing on data processing. Global test
sequence includes the following.

(1) The SHM system is selected regarding commercially-
available technologies versus needs and require-
ments. If they do not match, internal developments
are engaged, as illustrated for strain sensing cables
(see Section 5.1).

(2) Special test benches are developed in laboratory to
qualify metrological behaviour of the whole sensing
chain under controlled conditions. For instruments,
basic test can be performed in laboratory as illus-
trated for Raman distributed temperature device
tests in Section 4.1. For embedded sensors, spatial
resolution drives test structure size, which may lead
to mock-up realisation as detailed in Section 4.2 for
temperature sensing and Section 5.1 for strain sens-
ing. Controlled conditions are necessary to develop
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quantitatively fitted data processing algorithms, as
shown in Figure 7.

(3) The on field-implementation-specific requirements
are finally analysed, addressed in Sections 4.3 and
5.2.3.

This qualification methodology is put in practice for two
main applications: dike monitoring with Raman temperature
sensing and strain distributed measurements for concrete
structure monitoring. As many technical aspects were already
reported elsewhere, the article rapidly mentions references
dealing with the first two global test sequences, to focus on
caveats for field implementation.

4. Raman Scattering into Optical Fibers Applied
to Water Leakage Detection in Dikes

Internal erosion is a major cause of failures of embankment
dams and dikes. This pathology, characterized by water
leakage in the structure, remains nowadays detected by
conventional method based on visual inspection. In order
to improve the safety of the installation, new monitoring
methods are developed.

Temperature is a good tracer of seepage [16]. Two main
techniques are proposed. The passive technique is based on
seasonal temperature variations in the water channel and in
the ground. The active method is based on heating-up the
soil.

To perform temperature measurement, optical fiber dis-
tributed sensors is a good candidate as it provides continuous
monitoring in space and time. Since the beginning of the
2000s [17], EDF has launched several research programs on
optical fiber instrumentation and data processing so as to get
an automated Structural Health Monitoring technique able
to detect seepage flows in dikes with minimized false alarm
rate. The developed system relies on optical fiber technol-
ogy. Although it takes advantage of commercially available
elements, many difficulties had to be solved before EDF
recently decided to spread the technique to various exploited
structures. The following paragraphs detail difficulties to
transform a laboratory instrument into a monitoring system
suited to field use.

4.1. Laboratory Evaluation of Commercially Available Systems.
As summarized in Section 2.2.1, several commercially-
available optoelectronic devices perform distributed tem-
perature measurements using the Raman effect. As seepage
detection threshold depends on the uncertainties of the
measuring system, it is of major importance to determine the
metrological behavior of the optoelectronic device. As direct
comparison of specification sheets of the different products
is not obvious, EDF decided to perform a common testing
program for different commercially-available devices.

Fiber bending radius is known to influence measurement
quality. Moreover, unlike standard sensors (small electronic
devices), Raman measurement is averaged over 1 meter scale,
because instruments rely on OTDR technique. As a result,
it is mandatory to ensure a very stable temperature over
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Figure 3: Different optoelectronic devices comparison thanks to a
specific bench composed by a climatic chamber including a water
bath equipped with fiber cables.

few meters with as less enrollment as possible. Finally,
performances are expected to be closely related to average
time and distance range.

A specific bench was developed, suited to water leakage
application. Described in great detail in [18], it enables
measuring stable temperature over 20 m, every 1 km, up to
4km. As shown in Figure 3, a commercially available cable
that includes 4 multimode fibers is partially installed in a
bath placed into a climatic chamber. Doing so, the cable
has a minimum curvature radius of 35cm. Temperature
is controlled with a platinum probe (Pt100 type) whose
measurements show a 0.01°C stability over several hours. As
derived from [19], repeatability is defined by the dispersion
of successive measurements in the same conditions; error
is derived from the difference between the device measure-
ments and the Pt100 measurements.

Between 2005 and 2008, the same test program was
applied to 7 multimode devices from different suppliers.
It includes range of temperature of the bath between 0°C
to 50°C and acquisition time between 30s to one hour. It
resulted [20] that for each device (i) the error revealed to
be quite independent from the selected parameters (bath
temperature, acquisition time and distance to the device)
over the spans explored during the tests; (ii) the repeatability
did not depend on temperature (between 0°C and 50°C) but,
as shown in Figure 4, was strongly affected by acquisition
time and distance to the device.

As these laboratory tests were performed using a com-
mon procedure, the results could be compared giving a
common grid evaluation that could be used to guide device
choice. For instance, for an acquisition time of 5-minutes
at a distance of 4000 m and at a temperature of 20°C,
repeatability and error of the 7 devices tests with the
described procedure are given in Table 1.

If the need is to get a device which demonstrates a
repeatability of 0.1°C and an error of +1°C, over 4 km with
5 minutes acquisition time, the common comparison grid
reveals that only one device is acceptable.

5
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FIGURE 4: Example of repeatability results for one device tested
showing the influence of acquisition time and distance from the
device.

TaBLe 1: Example of compared performances obtained with the
described procedure for 7 devices, for an acquisition time of 5
minutes, at a distance of 4 km and at a temperature of 20°C.

Raman device no. Repeatability °C Error °C
A 0.06 <0.1

B 0.11 -0.2
C 0.11 -0.2
D 0.29 4.6

E 0.43 -0.4

F 0.57 —-0.2
G 0.58 0.6

Meanwhile tests were being performed, Raman technol-
ogy improved significantly. The comparison grid must be
regularly up-dated.

4.2. Mock-up Evaluation of the SHM Technique. In order
to evaluate the whole SHM system, that is to say an
optoelectronic device paired with a sensing cable and a
data processing method, a mock-up evaluation proved
to be necessary. More precisely external parameters (air
temperature, solar influx. ..) may compromise detection.

A full-scale moke-up was designed: a basin was built
in 2006 at the Cemagref facilities, in the South of France,
during the Eureka HYDRODETECT project. As described
in [21] and sketched in Figure 5, the basin is composed of
controlled soil materials. It enables realising artificial leaks
with controlled flow rate. The optical fibers are included
inside the mock-up and connected to an optoelectronic
Raman device installed in a specific cabinet near the basin.
Pt100 sensors, used as reference sensors, complete the
instrumentation.

Raman raw measurements give a poor sensitivity to leaks
(Figure 6).

As illustrated in Figure 7, specific data algorithms proved
to be essential for efficient leakage detection.
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FIGURE 6: Raman temperature measurements obtained along one fiber when 3 leaks are created on the west side of the basin.
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FIGURE 7: Detection of 3 leakages imposed in the West side of

the basin based on raw Raman measurements given in Figure 6
processed with a specific algorithm.

At this stage, the data obtained with this mock-up
enabled determining the sensitivity of the whole sensing
system for leakage detection: it enables detection with a
flow-rate as low as 1L/m/min [22]. In the future, beyond
detection, the data will then be used to provide quantitative
information. To do so, it is planned to develop a more
complex algorithm to assess leakage flow rate based on dike
modelisation. The moke-up will be essential for algorithm
validation as leakage flow rate cannot be accurately measured
on field with traditional instrumentation as flowmeters.

4.3. On-Field Implementation. To complete laboratory and
mock-up evaluations, two field installations were realized.
The first dike installation is located in the South-East of
France and was equipped in 2002 with a 2.3km hybrid
cable including 4 multimode optical fibers and 6 cupper
wires. Electrical wires ensure heating mandatory to test active
method [16]. Figure 8 is a picture of the dike and related
cable. The second dike installation is located in the North-
East of France and was equipped in 2006 with 2 similar cables
of 1km. The cables are embedded at the toe of the dikes at
about 1 m deep.

4.3.1. Material Recommendations. These installations ena-
bled testing and validating several aspects of an on-field
implementation. First, the cable has to be robust in order
to endure real civil engineering works conditions: handling,
soil compaction, and so forth. Moreover, it must resist
to chemical aggressive environment (water and salinity).
Inside dikes, rodents happened to destroy a cable, which can
be solved by metallic protections. As a consequence, it is
recommended to choose hybrid telecommunication cables
meant for soil embedment. Moreover, its rigidity limits
bending radius to approximately 0.5 m. For instance, Leoni
supplies the cable described above.
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Second, attention must be paid to selection of com-
plementary materials. For both cases, the Raman devices
were located within hydraulic power plants. The electromag-
netic interferences generated by transformers and ambient
temperature variations ruined measurements: approximately
50% time for the first two years of acquisition. Optoelec-
tronic devices had to be included inside shielded and temper-
ature regulated cabinets, with Uninterruptible Power Supply.
Apart from the interrogation unit, E2000/APC connectors
were chosen for eye safety reasons. At the other extremity,
at the end of the cable, the fiber was placed inside a closure
within a cable connection pit for ulterior extension of the
installation.

While dealing with distributed data, a major difficulty
is accurate event localization. Indeed, optoelectronic devices
provide measurements in curvilinear abscissa along the
sensing cable, which is far from the Euclidian distance at the
surface of the dike. In practice, the sensing cable crosses a
cable connection pit every 1km. Such access points enable
creating artificial events by cooling or heating the cable, thus
producing a clearly recognizable signal to which a known
position on the structure can be attributed.

Similarly with longitudinal localization difficulty, trans-
versal positioning is required. When an event is detected
by this SHM technique, the soil needs to be dug to verify
whether it is due to a leakage. To facilitate detection of cable
position, in order to minimize digging works, commercially-
available RFID devices were buried with the cable. This
significantly enhances practical use of the technique.

Third, as instrumented structures are distant from end-
users, remote controlled solutions were implemented to
provide rapidity in data processing and related warnings.

Last, but not least, to perform valuable measurements,
Raman systems require reference measurements, as clearly
learnt from experience. To do so, Pt100 are included in the
cabinet to enable easy and periodic device calibration. What
is more, the 4 fibers are spliced by pair at the far extremity
of the cable in order to create an optical loop. As a result,
the Pt100 is artificially compared to Raman measurements at

two locations, one extremely closed and the second very far
from the device. It also avoids maintaining reference sensors
on-field.

4.3.2. Data Processing. Raman temperature measurements
have been successfully acquired continuously for several
years on both sites.

Various analysis methods were developed [22, 23] and
compared. For one site, one year measurement postprocess-
ing identified suspected areas. These results are in accordance
with visual inspection reports from the owner.

4.4. Dike Monitoring Conclusions: A Success. Distributed
temperature sensing thanks to Raman scattering into optical
fibers was studied by EDF since the beginning of 2000s
to detect leakages in dikes. The qualification methodology
based on (i) laboratory (ii) mock-up evaluation under
controlled conditions, and (iii) on complementary on-field
tests was positively conducted. The metrological behavior of
optoelectronic Raman devices of the market was evaluated.
The sensitivity of the SHM technique was determined
thanks to a Full-scale basin. Two industrial installations were
realized in real conditions.

On the basis of the positive results obtained during
the last years, EDF concludes to the qualification of this
SHM technique and decides to improve the surveillance
of 2 industrial sites per year by this monitoring tech-
nique. Overall results demonstrated efficiency of this whole
leakage detection system based on Raman optical fiber
sensing. Ongoing developments focus on quantification of
leakages.

Another perspective is to take advantage of similar
systems with embedded optical fibers into dikes to perform
underground hole detection, as recently reported [24, 25]. As
a matter of fact, internal erosion has two main consequences:
water leakage and soil deformation. For this perspective,
strain distributed measurements are needed.



FIGURE 9: Sensor coating design with finite element calculations.

5. Structural Health Monitoring of
Concrete Structures Based on Strain
Distributed Optical Fiber Sensors

Optical fiber distributed strain sensing systems were evalu-
ated in view of concrete structure monitoring. Instrumen-
tation of this structure material is of major importance for
Andra, as underground repository galleries and intermediate
level radioactive long-lived waste disposal cells within future
geological repository are likely to have an instrumented
concrete lining. Similarly, LCPC and EDF are in charge
of many concrete structures where safety is to be justified
to authorities. Thus, monitoring is implemented in power
plants, concrete dams, and a few bridges having particular
features.

5.1. Sensing Cable Design and Experimental Validation. As
mentioned in Section 2.3, special attention is to be paid to
the way the optical fibers are linked with the structure, in
order to perform accurate distributed temperature and strain
measurements.

LCPC started developing a sensing cable dedicated
to concrete instrumentation in 2002 within the EOLBUS
French national project. At that time, distributed strain Bril-
louin sensing units were becoming commercially available,
but very few related sensors were offered. More precisely,
in order to perform continuous measurement of concrete
strain over very long distances, the challenge is to ensure a
continuous link between the host material and the optical
fiber with an optimized transfer of strain and temperature
fields.

As described in great detail in [26], a composite-made
wave-like sensor coating was designed so as to enable
continuous bonding between optical fiber and concrete. As
illustrated in Figure 9, finite element analysis showed that the
stiffness of the optical fiber can be adapted to the concrete’s,
reducing strain concentrations and the need for a theoretical
calibration factor. Moreover, unlike the body of traditional I-
shaped sensors (for instance vibrating wire sensor), wave-like
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FiGure 10: Experimental laboratory validation of interferometric
wave-like sensors placed into small-concrete samples.

sensor body should enable symmetrical response in tensile
and compressive loadings whatever the contact conditions
may be.

First, experimental validations were performed with low-
coherence interferometry measurements instead of truly
distributed measurements. Indeed, the 1 m spatial resolu-
tion of Brillouin-OTDR instruments prevents from direct
comparison with reference sensors whose lengths are around
10 cm. Partial mirrors were inserted inside the optical fiber
core so as to realise short optical fiber gauges that can
be interrogated by a low-coherence interferometer [26].
Experiments with 10cm sensors embedded into concrete
cylinders placed under press (see Figure 10) as well as field
trials with 70 cm sensors [27] showed a very good agreement
between the wrapped optical fiber extensometers and the
reference extensometers placed nearby. Strain measurement
threshold as low as =1 ym per meter of extensometer basis
was reached. Despite its wave-shape, the proposed sensor
body does not introduce any losses or strain that would result
from fiber microbendings.

Then, the experimental validations were performed
with truly distributed measurements [28]. One major dif-
ficulty encountered at this stage was the realization of
representative-scale test structures, compatible with the 1 m
spatial resolution of commercially-available Brillouin-OTDR
(at the time, Brillouin instruments with centimetric spatial
resolution were restricted to laboratory experiments). A 3 m
long concrete beam (300 x 50 X 25cm?) was equipped
with electronic temperature sensors and mechanical strain
gauges near 2.8 m optical fiber sensing cables. These sensors
were composed of standard single-mode optical fiber (G652
type and others) wrapped into the wave-like composite
coating and paired with a commercially available Brillouin-
OTDR. Temperature measurements during concrete beam
casting agreed with reference measurements, and showed
the significant sensor coating influence. A month later,
strain measurements performed during a four-point bend-
ing experiment showed promising results: linearity and
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FIGURE 11: Picture of concrete slab pouring when concrete embeds
reference sensors.
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Figure 12: Optical fiber sensing cables fixed on reinforcing bar
frame embedded into a concrete slab.

reliability of measurements were demonstrated, under tensile
as well as compressive loadings.

These developments lasted from 2002 to 2006. They
highlighted that Brillouin sensing practical implementation
is restrained by three major limitations: (i) the 1m spa-
tial resolution, (ii) the poor repeatability in the order of
magnitude of 1°C and 20 ym/m, and (iii) the separation of
temperature and strain influences.

Spatial resolution has recently been improved with cen-
timeter spatial resolution claimed by two industrial suppliers
of Brillouin instrument and extensively demonstrated in
laboratories [6, 29-32]. Moreover, although not based on
Brillouin scattering, the OBR instrument claims distributed
strain sensing with the centimeter spatial resolution (see Sec-
tion 2.2.3). Separation of temperature from strain influence
has also been extensively studied for the last 3 years. Both
improvements have been tested in an outdoor test described
in Section 5.2.3.

5.2. Outdoor Test. As illustrated in Figure 11, Andra’s
Technological Exhibition Facility construction was an oppor-
tunity to compare the laboratory performances of optical
fiber measuring chains (sensors and optoelectronics) with
field conditions. It is a 4700 m? industrial building hosting
exhibits of various prototype equipments such as containers,
large machines for radioactive waste handling (for instance,
a waste disposal container pushing robot), with the purpose
of communicating with the general public and enhancing
their understanding of geological repositories for radioactive
wastes.

As illustrated in Figure 12, several optical fiber sensing
cables were installed at the core of the building concrete
slab during summer 2008 construction. Five commercially-
available sensors meant for distributed strain sensing had
been selected after prior mechanical and thermal laboratory
tests. Only two appeared promising for strain distributed
sensing, among which the wave-like sensor depicted in
Section 5.1.

5.2.1. Material Recommendations. Sensor connections are
of major importance. They necessitate extreme care during
any handling which slower the instrumentation process.
The optical fiber line was 250 m long interrupted by 18
FC/APC connectors and two splices. Unexpectedly, few fiber
splices were degraded, whereas connectors appeared well
suited even in terms of power budget. For civil engineering
application, standard telecommunication splices revealed too
stiff. Yet connectors are likely to degrade because dust size is
similar with optical fiber core one.

Uncertainty on the measurement location remains a
challenge. Following prescription proposed in [33], as the
fiber line was composed of different sensor types, all assigned
to a specific Brillouin frequency shift, localisation was
already ensured every 10m. Moreover, inspired by dike
instrumentation know-how, the instrumentation map was
drawn with a heating device enabling various controls prior
to concrete pouring.

5.2.2. Data Processing: Temperature Influence Compensation.
To filter out temperature influence on strain measurements
performed by Brillouin scattering instruments, various
methods were developed based on the signal analysis [34] or
the choice of the optical fiber type [35-37]. These solutions
remain at a research and laboratory stage. As industrial
solutions, loose tubes (where the optical fiber is supposed to
be mechanically isolated) are often implemented, sometime
inserted inside the same sensing cable [14]. An alternative is
to pair a single-mode Raman device (single-mode is manda-
tory for strain sensing) with a distributed strain sensing
instrument into a single optical fiber. These two industrial
solutions were implemented during concrete pouring of
Andra Technological Space slab: loose tube and combination
of Raman and Brillouin scattering were implemented for
temperature compensation.

The results reported in [38] and illustrated in Figure 13
highlighted the need for careful means while associating
Raman and Brillouin technologies. Raman temperature
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FIGURE 13: Distributed temperature measurement during concrete
hardening: Reference sensors versus Raman and Brillouin dis-
tributed optical fiber sensors taken at the center of the frame.

measurements turned out to be more accurate than B-OTDR
ones. The confidence acquired for dike instrumentation
presented in Section 4 is, however, restricted to multimode
Raman distributed temperature sensing, which was also
previously tested in the laboratory. When single-mode fibers
were used, sensitivity to curvature was enhanced and skewed
measurements obtained during our field application (see
Figure 13 after 25-hour measurements). Therefore, as no
Brillouin device is available to provide measurements on
multimode fibers, the necessary use of single-mode fibers
prevents a combination with Raman measurements on the
same fiber. While choosing a Raman single-mode device,
special attention must be paid to the optoelectronic instru-
ment working wavelength related to the sensing cable fiber.
Raman Stokes intensity is a few times larger than anti-Stokes
intensity and its bandwidth is usually much larger than
the pump spectrum which degrades accuracy. Moreover,
some of the phenomena at the origin of optical fiber losses
(bending losses especially in single-mode fibers, hydrogen
darkening...) are wavelength-dependent, which may ruin
the method mentioned in Section 2.2.1, based on the ratio
of the intensity of the two Stokes and Anti-Stokes lines:
the wavelength separation between these two lines reaches
80nm at 1.55um (typical single-mode device working
wavelength) versus 10 nm at 514.5 nm. Recent developments
implemented in most recent instruments combine various
laser wavelengths [39]. To conclude, single-mode Raman
device advantages and drawbacks are to be evaluated as
proposed in Section 4.1.

The test of the alternative solution, the association
of Brillouin instrument with sensing cable isolated form
mechanical solicitation, is also detailed in [38]. It has been
observed that loose tubes suffered from frictions were locally
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F1IGURE 14: Picture of containers movements on the instrumented
concrete slab.

sensitive to strain and therefore cannot be yet considered as
temperature sensors while paired with B-OTDR.

5.2.3. Strain Sensing Outdoor Test with OBR (Correlated
Rayleigh Measurements). The instrumented part of the
concrete slab is now hosting heavy concrete containers,
up to 15tons that can be handled thanks to an overhead
travelling crane. Distributed strain measurements can thus
be performed.

Among the five sensing cables (2 loose tubes, 2 metallic
sensors, 1 wave-like sensor), one broke during the first
months after concrete pouring. It could be withdrawn of
the sensing chain thanks to a connection pit inspired by
dike instrumentation know-how, as detailed in Section 4.3.
Without such care, the entire distributed measurement
system would have been compromised.

Brillouin-OTDR measurements were performed few
months after pouring. Seasonal thermal variations are the
main detected phenomenon. Few measurement points do
not follow the global sensing chain behavior, but the
1 m spatial resolution and the 20 yum/m repeatability limit
accurate interpretation. New optoelectronic Brillouin units
with improved spatial resolution have not been tested yet.
The distributed strain sensing experiment described in
this subsection deals with relative Rayleigh measurements
performed by the OBR instrument.

Inside the same sensing line, measurements were per-
formed in June 2009 with the OBR instrument described in
Section 2.2.3. As relative measurements are needed to derive
strain, concrete containers were (i) lifted as illustrated in
Figure 14 and then (ii) piled up one on the other.

Although total weight could reach 19T (6.6 T and 12.4 T
for first and second containers, resp.), induced strain in the
slab did not exceed a few microstrains. With such small
events, temperature variations, although smaller than 0.8°C,
induced misinterpretations. Once corrected, the two types
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FiGure 16: Distributed strain measurement performed by relative
Rayleigh-OFDR measurements along the “loose tube” and the two
metallic sensors, highlighting the influence of the anchors.

of optical fiber sensor coating, namely, wave-like composite
coating and metallic coating, detect charges as showed in
Figure 15. Differences between the two sensors can be
correlated with (i) cable transfer functions and (ii) slightly
different locations. As stated in Section 2.3, this experimental
test highlights the influence of the sensor coating.

Another example of sensor coating influence is shown in
Figure 16, which plots the measured strain along the loose
tube and the two metallic sensing cables. As a reminder
(cf. Figure 12), these metallic sensing cables differ by the
addition of anchors every 50 cm on one of them, with the
intention to enhance sensor adhesion to concrete. Localized
strain peaks are observed every 50 cm. They reflect artificial
measurements induced by the presence of these anchors.
The anchors’ addition thus revealed unnecessary (it did not
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improve sensor adhesion to concrete) and degraded the
strain field transfer function.

Figure 16 also showed that the specific loose tubes
dedicated to temperature measurement and theoretically
insensitive to strain were as sensitive to strain as the strain
sensing cables. At this stage, it would however seem pre-
mature to generalize this result to all commercially available
loose tubes.

Moreover, false events occurred along all sensing cables
(not shown), in locations corresponding to outside coating
variations, such as entrance into protective tubes to reach
extracting cable room. Importance of an accurate instru-
mentation map is enhanced. As will be described elsewhere,
measurements are also in great accordance with theoretical
response and with the VWS placed nearby. This test con-
firmed that distributed sensing gives access to the complete
data curve describing structure response to a solicitation,
and thus allows for example to locate and measure the
strain field maxima. Results obtained using only localized
sensors are highly sensitive to the initial choice of location
and may “miss” the location and magnitude of maximum
strain. This outdoor test, despite the difficulties and lessons
learnt in relation to adequate choice and implementation of
material, as well as to adequate temperature compensation,
could nevertheless demonstrate the usefulness of distributed
measurements for structural health monitoring. It therefore
highlights the key advantages of distributed optical fiber
sensors over localized, optical fiber of other traditional
sensors, in providing for a more comprehensive monitoring
of a civil engineering structure.

5.3. Conclusions on Strain Sensing in Concrete Structures.
As a conclusion, strain distributed sensing systems are
still limited by temperature influence. Neither loose tube
nor association with Raman instrument proved to be
efficient within the described field applications. For concrete
structure monitoring, sensing systems based on Brillouin-
OTDR are limited by poor accuracy (1 m spatial resolution
combined with 20 um/m resolution). However, using the
same fibers and pairing them with a high-spatial resolution
and high-strain-sensitive optoelectronic instrument (OBR),
two types of strain sensing cable showed very promising
results to monitor concrete slab evolutions.

6. Overall Conclusion

Civil engineering instrumentation is in rapid evolution, in
particular because optical fiber sensors are moving from the
laboratories to the field applications after almost 30 years of
developments.

Various types of optoelectronic instruments are com-
mercially available and may be paired with many different
sensing cables to provide either temperature or strain
distributed measurements. As a result, it may be difficult to
select the combination of technologies (sensing cable and
optoelectronic interrogation method) best suited for a given
application.
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Two civil engineering applications were described: water
leakage detection in dikes and concrete structures moni-
toring. Laboratory validation process revealed mandatory
before any outdoor experiment. Specific methods are pro-
posed to evaluate (i) commercially-available optoelectronic
instruments namely, Raman distributed temperature instru-
ments and (ii) sensing cable including optical fibers for
strain sensing. Pairing these different sensing chain com-
ponents needs advised end-user as successful outdoor tests
require careful consideration of all elements influencing
the measurement chain, as well as considerations related
to an adequate choice of reference sensors and related to
temperature compensation. A number of recommendations
and lessons learnt were described in this article.

In particular, signal location along the distributed mea-
surements over the fiber, and the correlation with actual
structure position proved to be a major issue. Descrip-
tions of various localization processes were proposed. The
importance of optical fiber ends (connectors, splice, cable
connection pits) was underlined. The influence on the
sensing cable outside coating has also been highlighted.
For water leakage detection in dikes, advanced data pro-
cessing revealed mandatory. In the future, it should enable
improving the ability of the optical fiber system from
detection to quantification of water leakage. For concrete
structures monitoring, a remaining limitation is temperature
compensation on strain measurements.

Taking into account these considerations, distributed
temperature and strain sensing now proves to be an efficient
and unmatched tool for structural health monitoring.
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