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ABSTRACT: Permanent monitoring techniques are opening new ways for the management of large civil and
geotechnical structures (bridges, dams, pipelines, dikes, slopes etc.), especially to evaluate their efficiency
and safety during the lifetime, and for environmental risk assessment also through early-warning systems. In
this framework, optical fiber distributed sensors represent an instrument exhibiting great potentiality. In fact,
in addition to the field of telecommunication, optical fibers are used, since many years, also for the realization
of sensors, due to their characteristics in terms of minimal invasiveness, high sensitivity, immunity to elec-
tromagnetic interferences, possibility to be integrated in the structures, use in harsh environment and easiness
of multiplexing. Optical fiber distributed sensors technology will be addressed, with special emphasis on sen-
sors based on stimulated Brillouin scattering, and some recent results on structural and environmental moni-

toring will be presented, as well.

1 INTRODUCTION

Optical fibers are made from fused silica, are about
the diameter of a human hair, and transmit light over
large distances with very little loss. They can also be
made to be sensitive to their state and environment
and are therefore well suited as sensors. Optical fi-
bers sensors have been the subject of a remarkable
interest in the last 20 years, since they present some
distinct advantages over other technologies. The
principal single attractive feature of optical-fiber
sensors is undoubtedly their ability to function with-
out any interaction with electromagnetic fields. This
opens applications in the electrical power industry
and assists very significantly where long transmis-
sion distances of relatively weak signals are an es-
sential part of the sensing process. The lack of elec-
trical connections has other, broader implications.
Optical sensors have major advantages when con-
ductive fluids, such as blood or sea water, are in-
volved. Also, the need for intrinsic safety (for exam-
ple, in monitoring the presence of explosives gases
or in assessing petrochemical plants) is often para-
mount. The optical fiber is also remarkably strong,
elastic, and durable, and has found its place as an in-
strumentation medium for addressing smart struc-
tures, where the sensors must tolerate the environ-
ment to which the structure is subjected and

therefore to be immune to large physical strain ex-
cursions, substantial temperature excursions, and of-
ten a chemically corrosive operating environment.

A very important and unique feature of fiber-
optics technology consists in its capability for long-
range distributed sensing. These measurements al-
low the values of the measurand of interest to be ex-
tracted, as a function of position, along the length of
the sensing fiber. Distributed sensors are particularly
attractive for use in applications where monitoring
of the measurand is required at a large number of
points or continuously over the path of the fiber.
Typical examples of applications areas include:

a) Stress monitoring of large structures such as
buildings, bridges, dams, storage tanks, pipelines,
ships;

b) Temperature profiling in electrical power
transformers, generators, reactor systems, process
control systems and fire detection systems;

c) Leakage detection in pipelines, fault diagnos-
tics and detection of magnetic/electrical field
anomalies in power distribution systems and intru-
sion alarm systems;

d) Embedded sensors in composite materials for
use in real-time evaluation of stress, vibration and
temperature in structures.

Truly distributed sensing techniques are com-
monly based on some kind of light scattering me-
chanism occurring inside the fiber. Spatial resolution
is typically achieved by using the optical time do-



main reflectometry (OTDR) (Barnosky & Jensen
1976), in which optical pulses are launched into an
optical fiber and the variations in backscattering in-
tensity caused by measurand is detected as a func-
tion of time. Alternative detection techniques, such
as frequency-domain approaches, have been also
demonstrated.

2 LINEAR BACKSCATTERING SYSTEMS

Distributed sensing in the linear regime is commonly
based on the use of OTDR systems. The latter were
first developed, in order to locate fiber breaks or bad
splices along a fiber link. Within the linear regime,
backscattered light is due to Rayleigh scattering, and
exhibits the same wavelength than that of the inci-
dent pulse. Measuring the intensity of Rayleigh
backscatter as function of time, optical attenuation
can be measured all along the fiber. Spatial resolu-
tion is directly related to the pulse temporal width:
narrower pulses give rise to higher spatial resolution
(but also weaker backscatter signals). Standard
OTDR equipment, featuring a spatial resolution of 1
meter or higher, gives information only about optical
attenuation, and it can not be related to other meas-
urands such as temperature or strain. In order to
achieve sensitivity to these measurands by standard
OTDR equipment, specialty fibers must be em-
ployed, such as liquid-core fibers (Hartog 1983) or
doped fibers (Farries et al. 1986), by which the mea-
surand of interest modulates the optical attenuation.
These approaches have been demonstrated with a
relatively poor spatial resolution (in the order of 10
meters) and temperature accuracy (in order of 2 °C).
Consequently, whilst such systems may well have
uses in particular applications in which high accu-
racy and resolution are not required (e.g. fire alarms
in buildings), they are unlikely to find general appli-
cation as temperature monitors in industrial plant.

A recent, very interesting approach makes use of
the very high spatial resolution allowed by swept-
wavelength interferometry, in order to correlate tem-
perature and strain of the fiber with the spectrum of
the Rayleigh backscatter spatial fluctuations (Soller
et al. 2006). The most appreciable features of this
approach are: a) standard telecommunication fibers
can be used, instead of specialty fibers; b) very high
spatial resolution (a few millimeters) has been dem-
onstrated, allowing, for example, monitoring of aer-
ospace structures where very large strain gradients
may exist. On the other hand, the main disadvan-
tages are the equipment cost (a tunable laser source
is needed for the measurements), and the limited
number of sensing points (= 100).

Another approach, in which standard fibers can
be used for temperature and strain monitoring, is the
polarization-optical-time-domain reflectometry
(POTDR). It represents a polarimetric extension of

OTDR (Rogers 1980, Rogers 1981). Whereas, in
OTDR, the power Ilevel of the Rayleigh-
backscattered radiation, from a propagating optical
pulse, is time-resolved to provide the distribution of
attenuation along the length of the fiber, in POTDR
it is the polarization state of the backscattered light
which is time resolved; this provides the spatial dis-
tribution of the fiber’s polarization properties. With
the determination of the spatial distribution of the
polarization properties of the fiber comes the capa-
bility of measuring the distribution of any external
field which modifies those properties, such as strain,
pressure, temperature, electrical field and magnetic
field. While the reported performances for POTDR
systems compare very well with other techniques,
(e.g. (Ross 1981) reports an inaccuracy of 1% for
measurement of 3 pstrain over 0.1 m of spatial reso-
lution), the technique possesses several disadvan-
tages. Firstly, it cannot discriminate amongst the
various effects (e.g. simultaneous temperature and
strain) all of which are capable of modifying the po-
larization properties. Secondly, polarization infor-
mation is partly lost in backscattering. Any rotation
of the polarization state which occurs on the forward
passage of light through the fiber is cancelled on
back-reflection through the fiber: hence all knowl-
edge of a pure rotation is lost in backscatter. Conse-
quently, the loss of information prevents one from
having full knowledge of the distribution of the fi-
ber’s polarization properties (Rogers 1999).

3 NONLINEAR BACKSCATTERING SYSTEMS
BASED ON BRILLOUIN SCATTERING

In Brillouin effect an optical pump wave is scattered
by acoustic waves leading to Stokes (a longer wave-
length than that of the pump) or anti-Stokes (a short-
er wavelength than that of the pump) components

(Fig. 1).
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Figure 1. The Brillouin spectrum.

Essentially, scattering occurs as a result of a Bragg-
type reflection from moving diffraction gratings cre-
ated from the refractive-index variations caused by
acoustic waves propagating axially in the fiber mate-



rial. These acoustic waves can be generated sponta-
neously by thermal excitation and, when this is the
case, the resulting scattering effect on optical waves
is known as ‘spontaneous’ Brillouin scattering.
Thus, the Stokes scattered wave will be from an axi-
ally propagating acoustic wave moving away from
an optical ‘pump’ pulse and the anti-Stokes wave
from one moving towards it. The Brillouin effect
leads to a Stokes and anti-Stokes frequency shift in
the optical fiber which is given by (Agrawal 2001):

2nV,
vp =% ) (1)

where 7 is the refractive index of the fiber material,
V, is the acoustic velocity and A is the free-space
pumping wavelength. For silica fiber at a pumping
wavelength of 1.55 um we have vg ~ 10.8 GHz.

As Brillouin frequency shift depends on both the
optical refractive index and the acoustic wave veloc-
ity, it changes whenever these quantities change in
response to local environmental variations and can
be used to deduce the temperature and strain along
the fiber. Several experiments have demonstrated an
excellent linearity of the Brillouin frequency shift
with respect to both fiber strain and temperature, for
a wide range of these quantities. At a pump wave-
length of 1.32 um, a typical temperature coefficient
of 1.36 MHz/°C and strain coefficient of 594.1
MHz/% are reported (Ippen & Stolen 1972).

In spontaneous Brillouin scattering based sys-
tems, the scattered power level is also dependent on
the temperature and longitudinal strain, since the
scattering cross-section depends upon these meas-
urand parameters. Hence it is possible to exploit the
simultaneous dependence of Brillouin shift and
power from temperature and strain, in order to
measure both measurands. A considerable amount of
work has been done in this area (Parker et al. 1997,
Parker et al. 1998, Wait & Hartog 2001, Alahababi
et al. 2004). The technique has been designated Bril-
louin optical time-domain reflectometry (BOTDR).

If an acoustic wave propagates in a medium, the
variations in pressure give rise to variations in the
refractive index of the medium, via the strain-optical
effect.

Some acoustic waves will always be present in a
medium, above the absolute zero of temperature,
since the molecules are in motion and will couple
some of their energy into the dynamic modes of the
structure.

Optical scattering from these thermally excited
acoustic waves comprises the phenomenon of spon-
taneous Brillouin scattering. However, as the optical
pump power is increased the wave scattered back-
wards from an acoustic wave will increase in ampli-
tude and will interfere significantly with the for-
ward-traveling pump wave. An optical beat signal
arises within the fiber, which generates a pressure

wave having the same frequency as the optical beat
signal, via the phenomenon of electrostriction (Fig.
2); this pump-induced index grating scatters the
pump light through Bragg diffraction.
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Figure 2. Principles of stimulated Brillouin scattering in optical
fibers (after Thévenaz L. et al. 1998).

Scattered light is down-shifted or up-shifted in
frequency because of the Doppler shift associated
with a grating moving at the acoustic velocity Va.
This positive feedback, backscattering process is
known as the ‘stimulated Brillouin scattering’
(SBS). It leads to much larger backscattering at the
Stokes and anti-Stokes frequencies than in the spon-
taneous case and, indeed, causes depletion problems
in narrow-band optical-fiber telecommunications
systems (Cotter 1983), although several schemes
have been proposed to overcome this limit. These
schemes include the use of fibers with a Brillouin
frequency shift distribution (Shiraki et al. 1996),
Bragg gratings which are used for reflection of the
scattered light (Lee & Agrawal 2003), and the si-
multaneous amplification of more than one lasing
frequency (Tsubokawa et al. 1986, Welels et al.
2004).

The basic arrangement of a Brillouin Optical
Time-Domain analysis (BOTDA) system is shown
in Figure 3. A coherent pulse of light acts as the
pump, and a counterpropagating CW is scanned in
frequency around the Stokes line. When it coincides
with the Stokes line it will receive gain from the
pump via the SBS process. Essentially what is hap-
pening in this case is that the CW is giving rise to a
large-amplitude interference with the pump, thus
generating the acoustic wave from which the pump
is strongly reflected.

By observing the probe level as a function of time
and frequency as the pump propagates, the Stokes
frequency can be mapped as a function of position
along the fiber.

The first experiments along this line achieved a
strain resolution of 2-10°, equivalent to a tempera-
ture resolution of 3 °C, with a spatial resolution of
100 m over 1.2 km (Horiguchi & Tateda 1989, Tat-



eda et al. 1990). Later systems have improved the
spatial resolution to 1 m over a 22 km fiber (Horigu-
chi et al. 1994). Further developments of the system
have attempted to overcome the problem of pump
depletion, as a result of the strong backscattering, by
using the anti-Stokes, rather than the Stokes line. In
this case the CW probe is attenuated and the pump is
amplified. This technique, designated “loss BOT-
DA” has achieved a 1 °C temperature resolution, a
spatial resolution of 5 m and a total length of 51 km
(Bao et al. 1995).
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Figure 3. Basic configuration for BOTDA. (a), (b) and (c)
show the Stokes signals acquired when the frequency offset be-
tween the two lasers is tuned to the Brillouin frequency shift at
region 1, 2 and 3, respectively.

Spatial resolution in SBS-based sensors is limited
by the phonon lifetime: Brillouin profile is broad-
ened to a Gaussian-like profile as the pulse width
decreases below the phonon lifetime (i.e. when sub-
meter spatial resolution is needed), thus reducing the
accuracy of temperature/strain measurements (Hori-
guchi et al. 1995a). An intense research activity has
been devoted to overcome this limit. As regards
time-domain schemes, many proposed approaches
are based on the use of opportunely shaped pump
pulses. Specifically, it has been demonstrated that
using a pump beam with a small dc component, re-
sults in a spectral narrowing of the Brillouin gain
spectrum. Such a narrowing arises from the back-
ground acoustic intensity generated by interaction of
the cw beam with the baseline of the pulsed beam
(Bao et al. 1999, Lecoeuche et al. 2000). Other ap-
proaches based on pre-pump (Kishida et al. 2005) or
dark pulse (Brown et al. 2005) have been demon-
strated. However, the use of complex pulse shapes
also results in a distortion of the Brillouin gain
curves, leading to errors in the determination of the
Brillouin frequency (Bao et al. 1999, Bao et al.
2006). The opportunity to use accurate reconstruc-
tion algorithms has been suggested, which would al-
low corrections of the recorded spectra and thus a
more-precise estimation of the fiber condition (Bao
et al. 1999, Minardo et al. 2007). Different ap-
proaches working in the frequency-domain have

been also demonstrated, in which the dependence of
the Brillouin gain on the modulation frequency is
taken into account in order to compensate from Bril-
louin spectrum distortion (Bernini et al. 2006a).

The major advantage of BOTDA, with respect to
spontaneous scattering based systems, is that of a
strong signal, thus an easing of detection problems,
with the associated beneficial spatial resolution
trade-off. This provides valuable performance over
very large distances. The major disadvantage, apart
from a more demanding requirement on the source
coherence, is that there is now no dependence of the
signal power on temperature or strain, since the scat-
tering process is now controlled by the wave inter-
ference rather than by the intrinsic fiber properties.
Consequently, it is no longer possible to measure
strain and temperature simultaneously, as in the
spontaneous case. Each can only be measured if var-
iations in the other are known to be absent, or are
independently determined. The most practical way
to achieve this consists in deploying the fiber in such
a way that half of it is subjected to only temperature
changes, whereas the other half is mechanically at-
tached to the structure to be monitored, so that both
temperature and strain changes are detected. Bril-
louin frequency shift measurement in the first region
allows subtracting temperature effects from the mea-
surement taken in the second half (Smith et al.
1999). Another solution exploits the weak depend-
ence of the Brillouin gain peak on temperature, so
that the combined measurement of Brillouin fre-
quency shift and Brillouin power can provide the
additional information required for tempera-
ture/strain discrimination (Bao et al. 2002). Finally,
another interesting approach involving the use of
dispersion-shifted fibers (DSF) is worthy to be re-
ported (Lee et al. 2001). In DSF fibers, the non-
uniform refractive index transverse profile gives rise
to multiple peaks in the Brillouin gain spectrum,
each resonance peak being associated to a definite
acoustic mode of the fiber. Lee and his co-workers
reported simultaneous temperature and strain sens-
ing by monitoring the frequency position of more
than one peak in the Brillouin spectrum (Lee et al.
2001).

Temperature sensing capabilities of Brillouin-
based distributed sensor can be exploited for electri-
cal power cables monitoring, in particular for hot-
spot localization (Bernini et al. 2007). For this pur-
pose the fibers can be bundled in the screen layer of
the power cable: The perfect dielectric properties of
the fiber, makes light propagation insensitive to the
extreme electromagnetic environment of such a ca-
ble. Brillouin-distributed temperature sensing can be
also of use for temperature monitoring in lakes,
oceans, for environmental issues, or in tunnels for
realizing an alarm detection system. A demonstra-
tion of the use of a Brillouin-distributed temperature
sensor for monitoring the thermal gradients in bore-



holes in volcanic areas has been recently reported
(Zeni et al. 2007).

As regards strain sensing capabilities, fiber strain
is an important parameter to be measured for assess-
ing the reliability of optical-fiber cables, because
strain can cause degradation in fiber strength (stress
corrosion), leading eventually to fiber failure. There-
fore, Brillouin-based strain measurement has found
many applications in the research and development
of optical fibers and cables and their related tech-
nologies (Horiguchi et al. 2005b). Reports have been
published on the strain evaluation of optical-fiber
communications cables (Tateda et al. 2000).

Strain sensing also permits structural health
monitoring (SHM) of civil structures. For many en-
gineering works of strategic significance like
bridges, pipes, high rise buildings, dams and tunnels,
safety should be continuously assessed over their
complete lifetimes. It is worthy of note that the re-
sponse of these structures, which by their nature
could be damaged by severe load conditions, has to
be monitored throughout the whole construction
process. Several experimental demonstrations of
SHM by use of SBS-based distributed optical fiber
sensors have been reported (Bernini et al. 2003, Bao
et al. 2001, Murajama et al. 2004). On the other
hands, strain sensing via SBS permits also environ-
mental risk assessment through early-warning sys-
tems. For example, pipeline monitoring could be of
use in geotechnical applications, in which the de-
formation of a buried pipeline can be correlated to
landslide movements.

4 STRUCTURAL MONITORING BY
DISTRIBUTED FIBER-OPTICS SENSORS

Structural health monitoring systems have the poten-
tial to reduce operational maintenance costs by iden-
tifying problems at an early stage, and to verify the
effectiveness of repair procedures. Moreover, moni-
toring systems help increase understanding of the
real behaviour of a structure, such as a bridge, and
aids in planning maintenance interventions [Burder
1998].

Distributed fiber-optic sensors have a great po-
tentiality in the field of structural health monitoring,
as they permit to measure continuously the deforma-
tion (strain) of civil structures. In particular, fiber-
optic sensors based on stimulated Brillouin scatter-
ing (SBS) have the unique capability of allowing the
measurement of strain at each point along the fiber,
on a truly distributed basis.

As an example of application of distributed sen-
sors in the field of SHM, we report the results of
strain measurements carried out along an 8-meters-
long “I” steel beam subjected to load (Bernini et al.
2006). In particular, the measurements were carried
out by using a transportable prototype able to carry

out SBS distributed sensing in the time-domain.
Two tests were performed: the first one refers to the
integral beam, while the second one was performed
after the intentional formation of a defect localized
over a 10cm-long portion of the beam. The results,
shown in Figures 4 and 5, demonstrated the capabil-
ity of the sensor to identify both position and
amount of damage.

Distributed strain measurements can be carried
out also by using a detection scheme operating in the
frequency-domain. In this case, pump beam intensity
is sinusoidally-modulated, and the corresponding
modulation induced on the cw probe beam is coher-
ently measured in amplitude and phase.

=F
lr :l r
> ¥
]
T T

= 2,00

Bending rromsant 1 (1 = 16Mm)
Aature © (1= 2 4 1oy
o =223407"

anrm

|
ddbihonson

Figure 4. Strain profile measured along the integral beam, and
comparison with the theoretical profile (after Bernini et al.
2006).
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Figure 5. Strain profile measured along the beam with a defect,
and comparison with the theoretical profile (after Bernini et al.
2006).

Synchronous detection offered by frequency-
domain schemes allow for spatial resolution and ac-
curacy typically higher than time-domain ap-
proaches (Bernini et al. 2002). As an example, we
report strain measurements carried out along a 4m-
long, L-shaped aluminium beam, subjected to a 2kg-
load at the beam middle section (Bernini et al.
2007).

The comparison between the measurement and
the strain profile calculated by a finite-elements
method (FEM), shown in Figure 6, demonstrates the
high level of accuracy offered by frequency-domain
SBS approaches.
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Figure 6. Strain profile measured along a 4-meter beam, and
comparison with the theoretical profile (after Bernini et al.
2007).

Another interesting application of fiber-optic dis-
tributed sensor, consists in the monitoring of pipe-
lines. In particular, it has been demonstrated that by
measuring the strain profile along three longitudinal
directions of the pipe, it is possible to identify the
position and the vectorial amount of pipe dislocation
(Bernini et al. 2008). Such a technique can be ap-
plied, both directly for pipeline integrity monitoring,
both in the geotechnical field for the monitoring of
deformation of the soil surrounding the pipe itself.
Experimental tests were performed by using a fre-
quency-domain SBS-based sensor. In particular, a
1.5m-long polyethylene (PE) pipe was used, along
which strains were read by attaching an optical fiber
running along three longitudinal directions angularly
spaced of 120°. As an example, we show in Figure 7
the measurements carried out after displacing a
25cm-long section of the pipe of 20cm along the —x
direction.

An appealing aspect of such measurements is the
possibility to reconstruct, section by section, the spa-
tial deformation of the pipe. Actually, by making
simple calculations based on the Bernoulli theory,
pipe dislocation along the x- and y- directions can be
deduced at each pipe section. A 3D reconstruction of
the deformed pipe, obtained by opportune process-
ing of the data shown in Figure 7, is reported in Fig-
ure 8, along with the ideal reconstruction obtained
by using the numerically calculated deformations.

5 LANDSLIDE MONITORING BY
DISTRIBUTED FIBER-OPTICS SENSORS

Monitoring of active landslides is fundamental for
the design of stabilization measures, but is also im-
portant to check the behavior of stable slopes which
may suddenly become unstable, as a consequence of
any change in boundary conditions, experiencing a
catastrophic failure. The information provided by fi-
ber-optics sensors can be of great help for the rapid
assessment of flowslide development as well as to

further clarify the physical process leading to slope
failure.

A quasi-distributed fiber-optic sensor for land
slide monitoring was recently proposed, based on a
multiplexed fiber optic bend-loss type sensor (Kwon
et al. 2006). The sensor employed an OTDR equip-
ment in order to detect the bending of each segment.
However, the sensor provided only five sensing
points, and tests were performed only in the labora-
tory (sensor was not embedded into soil). An ex-
perimental demonstration of the capability of such a
sensor for landslide monitoring was later given (Hi-
guchi et al. 2007), on a test bed located at the Taki-
saka Landslide (eastern Japan). OTDR was em-
ployed in order to perform displacement
measurements at up to five sensing points for each
optical fiber cable, with a minimum detectable dis-
placement of 1 mm. Figure 9 shows some results ob-
tained over about 1 year of monitoring, demonstrat-
ing the consistence of optical-fiber measurements
when compared to conventional sensors.

Figure 7. Experimental (marked, red line) and numerically cal-
culated (blue line) strain profiles along fiber A (a), fiber B (b)
and fiber C (c), for a 20-cm displacement of the pipeline along
the negative x-direction (after Bernini et al. 2008).

A more interesting approach is offered by fully
distributed sensors, in which soil displacement is de-
tected all over the sensing fiber length. An example
of this approach is given by Dai et al. 2008, in which
a distributed sensor based on polarization mode
coupling in a polarization-maintaining (PM) fiber,
was used in order to measure the stress over a range
from 0 P to 15 MPa, a spatial resolution of 10 cm
and a measuring range 0.5 km. While the proposed
sensor showed high spatial resolution, polarization-
based sensors generally suffer from the relatively
low birefringence sensitivity to stress. Actually, in
the cited work every sensing location needed to be
embedded in a special assembly formed by a fixed
plate and a mobile plate, aimed to convert the exter-
nal pressure in a periodic stress acting on the PM fi-
ber.



Deforméd pipe acﬁ:ordingtq experimé.ﬁfé. T

01

Qos—f i 7

¥ [m]

005 F

01-f
0.1

0 005 gy 0 z [m]

015 02 g%
]

Figure 8. 3D representation of the deformed pipe, estimated
according to the experimental strains (leftmost red pipe) and
the FEM numerically calculated strains (rightmost blue pipe)
(after Bernini et al. 2008).
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Figure 9. Displacement measurements carried out at Takisaka
Landslide by use of an OTDR-based optical fiber sensor, and
comparison with measurements provided by a conventional
sensor (after Higuchi et al. 2007).

The high strain sensitivity of Brillouin-based sen-
sors suggests the use of these sensors in landslide
monitoring (Olivares et al. 2009). A demonstration
of the capability of SBS-based sensors for landslide
monitoring has been recently given (Zeni et al.
2008), in which experiments were carried out by us-
ing an instrumented flume (Fig. 10).

Two strands of optical fiber, each having a length
of 1 meter, were embedded into the soil under the
longitudinal direction of the flume. Each strand was
fixed at both ends of the flume, so as to translate any
soil deformation in a tensile strain applied to the
embedded fibers. A preliminary measurement of the
tensional stress along the sensing fiber was per-
formed before the experiments took place, so that
any successive measurements could be compared to
it in order to reveal any changes in the measured sig-
nals.

Figure 10. Instrumented flume at the Department of Civil En-
gineering — Second University of Naples — Italy.

After this measurement, the slope of the flume
was tilted to an angle of 40°; then, a uniform rainfall
with intensity of 40 mm/h was produced through
spray nozzles located 0.4 m above the ground sur-
face, until soil failure occurred.

During the whole experiment, optical measuring
set-up was operated continuously, so that an updated
strain profile was available every five minutes.

Soil failure occurred about 65 minutes after that
the rainfall was started, so that a number of 13 strain
profiles were captured during the experiment. It is
interesting to show the temporal evolution of the
Brillouin frequency shift in correspondence of the
embedded fiber section comprised from z = 14 m
and z= 15 m (Fig. 10).
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Figure 11. Brillouin frequency shift evolution in correspon-
dence of the first fiber strand embedded into the soil (after Zeni
et al. 2008).

It can be seen that the tensile strain of the fiber
strand gradually increased during the experiment,
indicating a progressive deformation of the soil.
Note that the occurrence of soil slipping could be
detected much before soil rupture. Actually, Figure
11 indicates that Brillouin frequency shift increased
of about 10 MHz before soil rupture, corresponding
to a fiber deformation of about 200 pe.



It is also useful to compare the whole Brillouin
frequency shift profile, as acquired at the beginning
of the experiment, to the profile acquired immedi-
ately before soil rupture. This comparison is shown
in Figure 12, in which the increase in Brillouin fre-
quency shift along the second strand is evident. As
stated before, such an increase could only be attrib-
uted to soil slipping, as independent measurements,
carried out by use of a thermocouple, permitted to
verify that the local temperature kept constant dur-
ing the experiment. On the contrary, the changes in
Brillouin frequency shift along the fiber regions not
embedded into soil, shown in Figure 11, were to be
attributed to changes in fiber temperature, resulting
from both room temperature changes and rainfall-
induced fiber cooling.
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Figure 12. Brillouin frequency shift profile along the fiber, as
measured before rain-falling (solid line), and immediately be-
fore soil rupture (dotted line). The dashed lines enclose the fi-
ber regions embedded into the soil (after Zeni et al. 2008).

6 CONCLUSIONS

Distributed optical-fiber sensor systems, in par-
ticular those based on Brillouin scattering, will have
a large part to play in the monitoring and diagnostics
of critical extended structures, as well as in the field
of environmental monitoring. Despite the unique
opportunities offered by fiber-optics sensor technol-
ogy, commercialization of the ideas emerging has
been slow. One of the main obstacles to more effec-
tive deployment is the interface problem, i.e. that of
ensuring an optimized interaction, between the fiber
system and the measurand field. For example, in
case of strain sensing, the problem of optimal strain
transfer from the host structure to the fiber is still an
open issue (Lee et al. 2007). On the more positive
side, the rapid advance of optical fiber telecommu-
nications has given rise to a large range of high-
performance and low-cost components and fiber
types which have assisted considerably in the ad-
vance of the fiber sensors technology. As the re-
quirement for ever greater understanding, monitor-

ing and control of large structures increases its
demands on sensor technology, more and more
technical and commercial attention will be paid to
the powerful advantages offered by distributed opti-
cal-fiber sensing methods.

Landslide monitoring is expected to take advan-
tage from the development of distributed fiber-optic
systems. In particular, the high sensitivity and spa-
tial resolution offered by SBS-based sensors offers
the possibility to sense even small soil deformations
foregoing soil rupture. This would permit to get con-
tinuous spatial and temporal information concerning
the slope behavior, prefiguring the use of distributed
fiber optical sensors as effective, precocious land-
slide alerting systems.

7 REFERENCES

Agrawal, G.P. 2001. Nonlinear Fiber Optics. San Diego: Aca-
demic Press.

Alahbabi, M.; Cho, Y.T.; Newson, T.P. 2004. Comparison of
the methods for discriminating temperature and strain in
spontaneous Brillouin-based distributed sensors. Optics
Letters 29(1): 26-28.

Bao, X.; Dhliwayo, J.; Heron, N.; Webb, D.J.; Jackson, D.A.
1995. Experimental and theoretical studies on a distributed
temperature sensor based on Brillouin scattering. /EEE
Journal of Lightwave Technology 13(7), 1340-1348.

Bao, X.; Brown, A.; DeMerchant, M.; Smith, J. 1999. Charac-
terization of the Brillouin-loss spectrum of single-mode fi-
bers by use of very short (<10-ns) pulses. Optics Letters
24(8): 510-512.

Bao, X.; DeMerchant, M.; Brown, A.; Bremner, T. 2001. Ten-
sile and compressive strain measurement in the lab and
field with the distributed Brillouin scattering sensor. Jour-
nal of Lightwave Technology 19(11): 1698—1704.

Bao X., Smith, J.; Brown, A.W. 2002. Temperature and strain
measurements using the power, line-width, shape and fre-
quency shift of the Brillouin loss spectrum. In Y.J. Rao et
al. (eds.) Advanced Sensor Systems and Applications,
Shanghai, China. Proc. SPIE 4920: 311-322.

Bao, X.; Yu, Q.; Kalosha, V.P.; Chen, L. et al. 2006. The in-
fluence of prolonged phonon relaxation on the Brillouin
loss spectrum for the nanosecond pulses. Optics Letters
31(7): 888-890.

Barnoski, J.K. & Jensen, S.M. 1976. Fiber waveguides: A nov-
el technique for investigating attenuation characteristics.
Applied Optics 15(9): 2112-2115.

Bernini, R.; Crocco, L.; Minardo, A.; Soldovieri, F.; Zeni, L.
2002. Frequency-domain approach to distributed fiber-optic
Brillouin sensing. Optics Letters. 27(5): 288-290.

Bernini, R.; Crocco, L.; Minardo, A.; Soldovieri, F.; Zeni, L.
2003. All frequency domain distributed fiber optic Bril-
louin sensing. IEEE Sensors Journal 3(1): 36—43.

Bernini, R.; Minardo, A.; Zeni, L. 2007. Accurate high resolu-
tion fiber optic distributed strain measurements for struc-
tural health monitoring. Sensors and Actuators A 134: 389-
395.

Bernini, R.; Fraldi, M.; Minardo, A.; Minutolo, V.; Carannan-
te, F.; Nunziante, L.; Zeni, L. 2006. Identification of de-
fects and strain error estimation for bending steel beams us-
ing time domain Brillouin distributed fiber sensors. Smart
Materials and Structures. 2:612-622.

Bernini, R.; Minardo, A.; Persiano, G.V.; Vaccaro, A.; Vil-
lacci, D.; Zeni, L. 2007. Dynamic Loading of Overhead



Lines by Adaptive Learning Techniques and Distributed
Temperature Sensing. [ET Generation Transmission and
Distribution 1(6): 912-919.

Bernini, R.; Minardo, A.; Zeni, L. 2008. Vectorial dislocation
monitoring of pipelines by use of Brillouin-based fiber-
optics sensors. Smart Mateials and. Structures. 17:015006,
2008.

Brown, A.W_; Colpitts, B.G.; Brown, K. 2005. Distributed sen-
sor based on dark-pulse Brillouin scattering. /[EEE Photon-
ics Technology Letters 17(7): 1501:1503.

Burdet, O. 1998. Automatic deflection and temperature moni-
toring of a balanced cantilever concrete bridge. Fifth Inter-
national Conference on Short Medium Concrete Bridges,
Calgary, Alberta, Canada.

Cotter, D. 1983. Stimulated Brillouin scattering in monomode
optical fibre. J. Opt. Commun. 4: 10-19.

Dai, Z.Y.; Liu, Y.; Zhang, L.X; Ou, Z.H.; Liu, Y.Z. 2008.
Landslide Monitoring Based on High-Resolution Distrib-
uted Fiber Optic Stress Sensor. Journal of electronic sci-
ence and technology of China 6(4): 416-419.

Farries, M.C.; Fermann, M.E.; Laming, R.I.; Poole, S.B;
Payne, D.N.; Leach, A.P. 1986. Distributed temperature
sensor using Nd**-doped optical fibre. Electronics Letters
22(8): 418-419.

Gauthier, R.C. & Ross, C. Theoretical and experimental con-
siderations for a single-mode fiber optic bend-type sensor.
Applied Optics. 36(25): 6264-6273.

Hartog, A.H. 1983. A distributed temperature sensor based on
liquid core optical fibres. IEEE Journal of Lightwave Tech-
nology 1:498-509.

Higuchi, K.; Fujisawal, K.; Asail, K.; Pasuto, A.; Marcato, G.
2007. Application of new landslide monitoring technique
using optical fiber sensor at Takisaka Landslide, Japan. 7s¢
North American Landslide Conference Vail, Colorado.

Horiguchi, T. & Tateda, M. 1989. Optical fiber attenuation in-
vestigation using stimulated Brillouin scattering between a
pulse and a continuous wave. Optics Letters 14(8): 408-
410.

Horiguchi, T.; Kurashima, T.; Koyamadaet, Y. 1994. 1m spa-
tial resolution measurement of distributed Brillouin fre-
quency shift in single-mode fibres. IEEE Technical Digest
of Symp. on Optical Fibre Measurements, Boulder CO pp
73-6.

Horiguchi, T.; Shimizu, K.; Kurashima, T.; Koyamada, Y.
1995a. Advances in distributed sensing techniques using
Brillouin scattering. Distributed and Multiplexed Fiber Op-
tic Sensors V, J. P. Dakin and A. D. Kersey, Eds., Proc.
SPIE 2507: 126-135.

Horiguchi, T.; Shimizu, K.; Kurashima, T.; Tateda, M.; Koya-
mada, Y. 1995b. Development of a distributed sensing
technique using Brillouin scattering. [EEE Journal of
Lightwave Technology 13(7): 1296-1302.

Ippen, E.P. & Stolen, R.H. 1972. Stimulated Brillouin Scatter-
ing in Optical Fibers. Applied. Physics Letters 21(11): 539-
541.

Kishida, K.; Li, C.H.; Nishiguchi, K. 2005. Pulse pre-pump
method for cm-order spatial resolution of BOTDA. 17th In-
ternational Conference on Optical Fibre Sensors. M. Voet
et al. (eds) 5855: 559-562.

Kwon, [.B.; Kim, C.Y.; Seo, D.C.; Hwang, H.C. 2006. Multi-
plexed Fiber Optic OTDR Sensors for Monitoring of Soil
Sliding. XVIII Imeko World Congress Metrology for a Sus-
tainable Development September, 17 — 22, 2006, Rio de
Janeiro, Brazil.

Lecoeuche, V., Webb, D.J., Pannell, C.N., Jackson, D.A. 2000.
Transient response in high-resolution Brillouin-based dis-
tributed sensing using probe pulses shorter than the acous-
tic relaxation time. Optics Letters 25(3): 156-158.

Lee, C.C.; Chiang, P.W_; Chi, S. 2001. Utilization of a disper-
sion-shifted fiber for simultaneous measurement of distrib-

uted strain and temperature through Brillouin frequency
shift. IEEE Photonics Technology Letters 13(10): 1094-
1096.

Lee, H. & Agrawal, G.P. 2003. Suppression of stimulated Bril-
louin scattering in optical fibers using fiber Bragg gratings.
Optics Express 11(25): 3467-3472.

Li, HN.; Zhou, G.D.; Ren, L.; Li, D.S. 2007. Strain transfer
analysis of embedded fiber Bragg grating sensor under non-
axial stress. Optical Engineering 46: 054402.

Minardo, A.; Bernini. R.; Zeni, L. 2007. Stimulated Brillouin
scattering modeling for high-resolution, time-domain dis-
tributed sensing. Optics Express 15(16): 10397-10407.

Murayama, H.; Kageyama, K.; Naruse, H.; Shimada, A. 2004
Distributed strain sensing from damaged composite materi-
als based on shape variation of the Brillouin spectrum. J.
Intell. Mater. Syst. Struct. 15(1): 17-25.

Olivares, L.; Damiano, E.; Greco, R.; Zeni, L.; Picarelli, L.;
Minardo, A; Guida, A.; Bernini, R. 2009. An Instrumented
Flume to Investigate the Mechanics of Rainfall-Induced
Landslides in Unsaturated Granular Soils. Geotechnical
Testing Journal. 32(2).

Parker, T.R.; Farhadiroushan, M.; Handerek V.A.; Roger, A.J.
1997. A Fully Distributed Simultaneous Strain and Tem-
perature Sensor using Spontaneous Brillouin Backscatter,
IEEE Photonics Technology Letters 9(7): 979-981.

Parker, T.R.; Farhadiroushan, M.; Feced, R.; Handerek, V.A.;
Rogers, A.J.  1998. Simultaneous Distributed Measure-
ment of Strain and Temperature from Noise Initiated Bril-
louin Scattering in Optical Fibers. IEEE Journal of Quan-
tum Electronics 34(4): 645-659.

Rogers, A.J. 1980. Polarization optical time domain reflecto-
metry. Electronics Letters 16(13): 489-490.

Rogers, A.J. 1981. Polarization-optical time domain reflecto-
metry: a technique for the measurement of field distribu-
tions. Applied Optics 20(6): 1060-1074.

Rogers, A.J. 1999. Distributed optical fibre sensing. Measure-
ment Science and Technology. 10(8): R75-R99.

Ross, J.N. 1981. Birefringence measurement in optical fibers
by polarization optical time domain reflectometry. Applied.
Optics 21(19): 3489-3495.

Shiraki, K.; Ohashi, M.; Tateda, M. 1996. SBS threshold of fi-
ber with a Brillouin frequency shift distribution. /EEE
Journal of Lightwave Technology 14(1): 50-26.

Smith, J.; Brown, A.; DeMerchant M; Bao X.; 1999. Simulta-
neous distributed strain and temperature measurement. 4Ap-
plied Optics 38(25): 5382-5388.

Soller, B.J.; Gifford, D.K.; Wolfe, M.S.; Froggatt, M.E.; Yu,
M.H.; Wysocki, P.F. 2006. Measurement of localized heat-
ing in fiber optic components with millimeter spatial reso-
lution. Optical Fiber Communication Conference, 2006
and the 2006 National Fiber Optic Engineers Conference.
OFC 2006.

Tateda, M.; Horiguchi, T.; Kurashima, T.; Ishihara, K. 1990.
First measurement of strain distribution along field-
installed optical fibers using Brillouin spectroscopy. /EEE
Journal of Lightwave Technology 8(9): 1269-1272.

Thevenaz, L.; Nikles, M; Fellay, A.; Facchini, M.; Robert, P.A.
1998. Truly distributed strain and temperature sensing us-
ing embedded optical fibers. Proc. Of SPIE vol. 3330.
Smart structure and materials 1998: Sensory Phenomena
and Measurement Instrumentation for Smart Structures
and Materials (Claus R.O. & Spillman W.B. eds), pp. 301-
314.

Tsubokawa, M.; Seikai, S.; Nakashima, T.; Shibata, N. 1986.
Suppression of stimulated Brillouin scattering in a single-
mode fibre by an acoustic-optic modulator. Electronics Let-
ters 22(9): 473-475.

Wait, P.C. & Hartog, A.H. 2001. Spontaneous Brillouin-Based
Distributed Temperature Sensor Utilizing a Fiber Bragg



Grating Notch Filter for the Separation of the Brillouin Sig-
nal. IEEE Photonics Technology Letters 13(5): 508-510.
WebBels, P.; Adel, P.; Auerbach, M.; Wandt, D.; Fallnich, C.
2004. Novel suppression scheme for Brillouin scattering.

Optics Express 12(9): 4443-4448.

Yuan, L; Zhou, L; Jin, W. 2000. Quasi-distributed strain sens-
ing with white light interferometry: a novel approach. Op-
tics Letters. 25(15): 1074- 1076.

Zeni, L; Minardo, A; Petrillo, Z; Piochi, M; Scarpa, R; Bernini,
R. 2007. Distributed optical fiber sensors: an approach for
monitoring the thermal gradient at the Campi Flegrei cal-
dera. European Geosciences Union (EGU 2007), Vienna,
Austria. 9(04074).

Zeni, L.; Minardo, A.; Bernini, R.; Damiano, E.; Olivares, L.;
Picarelli, L. 2008. Distributed optical fiber sensors for pre-
cocious alerting of rainfall-induced flowslides. Proceedings
of The First World Landslide Forum, United Nations Uni-
versity, Tokyo, 18-21 November 2008, pp. 697-700.



