
sensors. The use of long-base SOFO
sensors allows the gapless monitoring
of the whole length of the pile, and pro-
vides average data that is not affected by
local features or defects of the pile.

Distributed Brillouin Scattering and
Distributed Raman Scattering
Sensors
Distributed sensors are able to sense at
any point along a single fiber line (as
shown in Figure 1), typically every me-
ter over many kilometers of length.

In fully distributed FOS, the optical
fiber itself acts as sensing medium, al-
lowing the discrimination of different
positions of the measured parameter
along the fiber. These sensors use an in-
trinsic property of standard telecommu-
nication fibers that scatter a tiny amount
of the light propagating through it at ev-
ery point along their length. Part of the
scattered light returns backwards to the
measurement instrument and contains
information about the strain and tem-
perature that were present at the loca-
tion where the scattering occurred.
When light pulses are used to interro-
gate the fiber, it becomes possible, us-
ing a technique similar to RADAR, to
discriminate different points along the
sensing fiber by the different
time-of-flight of the scattered light.
Combining the radar technique and the
spectral analysis of the returned light it
becomes possible to obtain the com-
plete profile of strain or temperature
along the fiber. Typically it is possible
to use a fiber with a length of up to 30

km and obtain strain and temperature
readings every meter. In this case we
would talk of a distributed sensing sys-
tem with a range of 30 km and a spatial
resolution of 1 m.

Although the fiber used for the mea-
surement is of standard telecommuni-
cation type, it must be protected inside a
cable designed for transferring strain
and temperature from the structure to
the fiber while protecting the fiber itself
form damage due to handling and to the
environment where it operates. To take
full advantage of these techniques it is
therefore important to select the appro-
priate sensing cable, adapted to the
specific installation conditions.

The article immediately following
this one is dedicated to distributed fiber
optic sensors. It presents the different
scattering sensing techniques, known as
Brillouin and Raman Scattering, and
their applications in geotechnical moni-
toring.

Conclusions
The monitoring of new and existing
structures is one of the essential tools
for modern and efficient management
of the infrastructure network. Sensors
are the first building block in the moni-
toring chain and are responsible for the
accuracy and reliability of the data.
Progress in sensing technologies comes
from more accurate and reliable
measurements, but also from systems
that are easier to install, use and main-
tain. In recent years, fiber optic sensors

have taken the first steps in structural
monitoring and in particular in civil and
geotechnical engineering. Different
sensing technologies have emerged and
evolved into commercial products that
have been successfully used to monitor
hundreds of structures. No longer a sci-
entific curiosity, fiber optic sensors are
now employed in many applications
where conventional sensors cannot be
used reliably or where they present ap-
plication difficulties.

If three characteristics of fiber optic
sensors should be highlighted as the
reasons of their present and future suc-
cess, we would cite the precision of the
measurements, the long-term stability
and durability of the fibers and the pos-
sibility of performing distributed and
remote measurements over distances of
tens of kilometers.
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Distributed Fiber Optic Sensors:
Novel Tools for the Monitoring of
Large Structures

Daniele Inaudi
Branko Glisic

Introduction
Distributed fiber optic sensing offers
the ability to measure temperatures and
strains at thousands of points along a
single fiber. This is particularly interest-

ing for the monitoring of large struc-
tures such as dams, dikes, levees, tun-
nels, pipelines and landslides, where it
allows the detection and localization of
movements and seepage zones with

sensitivity and localization accuracy
unattainable using conventional mea-
surement techniques.

Sensing systems based on Brillouin
and Raman scattering (the difference
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between the two will be explained later)
are used to detect and localize seepage
in dams and dikes, allowing the moni-
toring of hundreds of kilometers along a
structure with a single instrument and
the localization of the water path with
an accuracy of 1 or 2 meters. Distrib-
uted strain sensors are also used to de-
tect landslide movements and to detect
the onset of cracks in concrete dams.

Early applications of this technology
have demonstrated that the design and
production of sensing cables, incorpo-
rating and protecting the optical fibers
used for the measurement, as well as
their optimal locating and installation in
the structure under scrutiny, are critical
elements for the success of any distrib-
uted sensing instrumentation project.

This article presents advances in dis-
tributed sensing systems and in sensing
cables design for distributed tempera-

ture and strain
measurements .
The article also
reports on a num-
ber of significant
field application
examples of this
technology.

Distributed
Fiber Optic
Sensors
Unlike electrical
sensors and local-
ized fiber optic
sensors, distrib-
uted sensors offer
the unique charac-
teristic of being
able to measure

physical parameters, in particular strain
and temperature, along their whole
length, allowing the measurements of
thousands of points from a single read-
out unit. The most developed technolo-
gies of distributed fiber optic sensors
are based on Raman and Brillouin scat-
tering. Both systems make use of a non-
linear interaction between the light and
the glass material of which the fiber is
made. If an intense light at a known
wavelength is shone into a fiber, a very
small amount of it is scattered back
from every location along the fiber it-
self. Besides the original wavelength
(called the Rayleigh component), the
scattered light contains components at
wavelengths that are higher and lower
than the original signal (called the
Raman and Brillouin components).
These shifted components contain in-
formation on the local properties of the

fiber, in particular
its strain and tem-
perature. Figure 1
shows the main
scattered wave-
lengths compo-
nents for a stan-
dard optical fiber.
If λ0 is the wave-
length of the orig-
inal signal gener-
ated by the
readout unit, the
scattered compo-
nents appear both

at higher and lower wavelengths.
The two Raman peaks are located

symmetrically to the original wave-
length. Their position is fixed, but the
intensity of the peak at lower wave-
length is temperature dependant, while
the intensity of the one at higher wave-
length is unaffected by temperature
changes. Measuring the intensity ratio
between the two Raman peaks therefore
yields the local temperature in the fiber
section where the scattering occurred.

The two Brillouin peaks are also lo-
cated symmetrically at the same dis-
tance form the original wavelength.
Their position relative to λ0 is however
proportional to the local temperature
and strain changes in the fiber section.
Brillouin scattering is the result of the
interaction between optical and ultra-
sound waves in optical fibers. The
Brillouin wavelength shift is propor-
tional to the acoustic velocity in the fi-
ber that is related to its density. Since
the density depends on the strain and the
temperature of the optical fiber, we can
use the Brillouin shift to measure those
parameters. For temperature measure-
ments, Brillouin scattering is a strong
competitor against systems based on
Raman scattering, while for strain mea-
surements it has practically no rivals.

When light pulses are used to inter-
rogate the fiber it becomes possible, us-
ing a technique similar to RADAR, to
discriminate different points along the
sensing fiber through the different
time-of-flight of the scattered light.
Combining the radar technique and the
spectral analysis of the returned light
one can obtain the complete profile of
strain or temperature along the fiber.
Typically it is possible to use a fiber
with a length of up to 30 km and obtain
strain and temperature readings every
meter. In this case we would talk of a
distributed sensing system with a range
of 30 km and a spatial resolution (note
that “spatial resolution” is a standard
concept of distributed sensing, even
though this is not 100% correct in
metrological terms) of 1 m. Figure 2
schematically shows an example of dis-
tributed strain and temperature sensing.
Systems based on Raman scattering
typically exhibit temperature accuracy

Geotechnical News,      September  2007 9

GEOTECHNICAL INSTRUMENTATION NEWS

Figure 1. Light scattering in optical fibers and its use for strain
and temperature sensing. At every section of fiber, the incoming
wavelength 0 is scattered backwards. The backscattered light
contains new wavelengths that carry information about the
strain and temperature conditions at the location where the
scattering occurred.

Figure 2. Schematic example of a distributed strain and tem-
perature measurement.



of the order of ± 0.1°C and a spatial res-
olution of 1m over a measurement
range up to 8 km. The best Brillouin
scattering systems offer a temperature
accuracy of ± 0.1°C, a strain accuracy
of ±20 microstrain and a measurement
range of 30 km, with a spatial resolution
of 1 m. The readout units are portable
and can be used for field applications.

The optical fibers themselves are
only 1/8 of a millimeter in diameter and
are therefore difficult to handle and rel-
atively fragile. For practical uses, it is
therefore necessary to package them in
a larger cable, much like copper con-
ductors are incorporated in an electrical
cable.

Since the Brillouin frequency shift
depends on both the local strain and
temperature of the fiber, the sensor
set-up will determine the actual re-
sponse of the sensor. For measuring
temperatures it is necessary to use a ca-
ble designed to shield the optical fibers
from an elongation of the cable. The fi-

ber will therefore remain in its
unstrained state and the frequency shifts
can be unambiguously assigned to tem-
perature variations. Measuring distrib-
uted strains also requires a specially
designed sensor.
A mechanical
coupling between
the sensor and the
host s tructure
along the whole
length of the fiber
has to be guaran-
teed. To resolve
the cross-sensitiv-
ity to temperature
variations, it is
also necessary to
install a reference
fiber along the
strain sensor. Spe-
cial cables, con-
taining both free
and coupled fibers
allow a simulta-

neous reading of strain and tempera-
ture. Figure 3 shows examples of
temperature, strain and combined ca-
bles.

Application Examples
This section presents brief application
examples of distributed sensing for the
monitoring of civil and industrial struc-
tures.

Temperature Monitoring in a
Concrete Dam
In this application, a Brillouin scatter-
ing sensor system was used to monitor
the temperature development in the
concrete used to build a dam. The
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Figure 3. Distributed sensor cables examples. Left-top: temperature sensor;
Left-bottom: strain sensor; right: combined strain and temperature sensor.

Figure 4. Contour plot (isothermal lines) of the temperature
measurements in °C at the Luzzone Dam 30 days after
concrete pouring (courtesy of L. Thévenaz).

Figure 5. Plavinu Dam in Latvia.

Figure 6. Strain sensor installation in the Plavinu Dam
inspection gallery.



Luzzone concrete arch dam was raised
by 17 meters to increase the capacity of
the reservoir. The raising was achieved
by successively concreting 3m thick
blocks. The measurements concen-
trated on the largest block to be poured,
the one that rests against the rock foun-
dation at one end of the dam. An ar-
mored cable installed in a zigzag pattern
during concrete pouring constituted the
Brillouin sensor and was placed in the
middle of the concrete block thickness.
The cable therefore became embedded
in the concrete.

The temperature measurements
started immediately after pouring and
continued over six months. The mea-
surement system was proved reliable
even in the demanding environment
present at the dam (dust, snow, and tem-

perature excur-
sions). The temp-
erature distribu-
tions after 30 days
from concrete
pouring are
shown in Figure
4. Comparative
m e a s u r e m e n t s
obtained locally
with conventional
thermocouples
showed agree-
ment within the
error of both sys-
tems. This exam-
ple shows how it
is possible to ob-
tain a large num-
ber of measure-

ment points with relatively simple sen-
sors. The distributed nature of distrib-
uted sensing make it particularly
adapted to the monitoring of large struc-
tures where the use of more conven-
tional sensors would require extensive
cabling.

Monitoring Bitumen Joints in a
Dam
Plavinu dam belongs to the complex of
the three most important hydropower
stations on the Daugava River in Latvia
(see Figure 5). One of the dam inspec-
tion galleries coincides with a system of
three bitumen joints that connects two
separate blocks of the dam. Due to abra-
sion of water, the joints loose bitumen,
and a redistribution of loads in the con-
crete arms appears. Since the structure

is nearly 40 years old, the structural
condition of the concrete can be com-
promised because of its ageing. Thus,
the redistribution of loads can crack the
concrete and as a consequence the inun-
dation of the gallery. In order to increase
the safety and enhance the management
activities it was decided to monitor the
average strain in the concrete next to the
joints. A Brillouin scattering system,
combined with a strain and temperature
sensing cable is used for this purpose
(see Figure 6). The strain sensors are
coupled to the concrete with bolted me-
tallic plates every two meters. The read-
out unit automatically performs mea-
surements every 15 minutes and a
threshold detection software sets off
warnings and alarms to the Control Of-
fice. Fortunately, so far this has never
been the case.

Since it is not possible to predict
where a crack might appear along the
length of the dam, instrumenting it with
conventional discrete sensors, even
long-gage ones, would have required the
installation of hundreds of sensors,
along with their cables and data acquisi-
tion systems. Thanks to distributed sens-
ing the same goal can be achieved with
just two cables and a single readout unit.

Monitoring a Gas Pipeline
About 500 meters of a buried 35-year
old gas pipeline, located in Italy, lie in a
landslide-prone area. Distributed strain
monitoring was selected in order to im-
prove an existing vibrating wire strain
gage monitoring system. The landslide
progresses with time and could damage
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Figure 7. Strain and temperature sensing cables installed on a
gas pipeline. The picture shows a sensor line attached to the top
of the pipeline and one on the side. The sensors are protected
with an black neoprene pad. Another sensor line is attached
symmetrically on the opposite side. The temperature sensing
cable is also installed on top of the pipe. The vertical tube at the
center of the picture, brings the optical cables form the pipeline
to the junction box.

Figure 8. Strain distribution over the monitored part of the
pipeline measured by the three distributed strain sensors.
Each curve is composed of 500 individual strain points.



the pipeline until it would be put out of
service. In the past, three symmetrically
located vibrating wires strain gages
were installed in several sections at a
distance typically of 50 to 100m, cho-
sen as the most stressed locations ac-
cording a preliminary engineering eval-
uation. These sensors were very
helpful, but could not fully cover the
length of the pipeline as they provide
only local measurements.

Distributed strain and temperature
sensing cables were installed at the pro-
ject. Three parallel lines consisting of
five segments of strain sensing cable
were installed over whole length of the
pipeline for which there were concerns,
at approximately 0°, 120° and –120°
around the pipeline circumference (see
Figure 7). The sensing cables were ep-
oxy-glued to the surface of the pipeline
along their whole length and protected
with a neoprene mat. This instrumenta-
tion allows the monitoring of strain,
curvatures and deformed shape of the
pipeline every meter (corresponding to

the spatial resolu-
t ion of the
Brillouin system
in use). The tem-
perature sensing
cable was in-
stalled onto the
upper line (0°) of
the pipeline in or-
der to compensate
the strain mea-
surements for
temperature and
for leakage detec-
tion purposes. All
the sensors are

connected to a central measurement
point by means of optical extension ca-
bles and connection boxes. They are in-
terrogated from this point using one
single readout unit. Since the landslide
process is slow, the measurement ses-
sions were performed manually once a
month.

In case of need, a dedicated readout
unit can be installed onsite and the data
transmitted wirelessly to the pipeline
owners. All the measurements obtained
with the system are correlated with the
measurements obtained with vibrating
wire strain gages placed at a few se-
lected locations.

Figure 8 shows the strain changes re-
corded after burying the pipeline. This
figure contains more than 1,500 strain
measurement points, a coverage that
could never be achieved with any con-
ventional strain sensing technology.

During the installation of the sensors
and the burying of the pipeline, a gas
leakage simulation test was performed
by installing an empty plastic tube over

a distance of 50m at the beginning of the
first monitored segment, connecting the
surface of the pipe at that point with the
open air. Carbon dioxide was injected
into the tube, cooling down the pipe end
to mimic conditions expected in the
case of a gas leakage. A reference tem-
perature measurement was performed
before injecting the carbon dioxide. Af-
terwards temperature measurements
were performed every two to ten min-
utes and compared with the reference
measurement. The results of the test are
presented in Figure 9. The test was suc-
cessful, and the point of the simulated
leakage was clearly observed and
localized (encircled area in Figure 9).

Conclusions
The use of distributed fiber optic sen-
sors for the monitoring of civil and
geotechnical structures opens new pos-
sibilities that have no equivalent in con-
ventional sensors systems. Thanks to
the use of a single optical fiber with a
length of tens of kilometers it becomes
possible to obtain dense information on
the strain and temperature distribution
in the structure. This technology is
therefore particularly suitable for appli-
cations at large or elongated structures,
such as dams, dikes, levees, large
bridges and pipelines.

Daniele Inaudi and Branko Glisic,
SMARTEC SA, Roctest Group, Via
Pobiette 11, 6928 Manno, Switzerland,
Tel. +41 91 610 18 00,
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email: glisic@smartec.ch

GEOTECHNICAL INSTRUMENTATION NEWS

12 Geotechnical News,     September  2007

Figure 9. Results of leakage test; leakage is detected as
temperature drop at the leakage location.
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