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ABSTRACT
SOFO is a structural monitoring system using fiber optic deformation sensors. It is able to measure deformations between
two points in a structure, which can be from 20 cm up to 10 meters (or more) apart with a resolution of two microns (2/1000
mm) even over years of measurements. The system is composed of optical deformation sensors adapted to direct concrete
embedding or surface mounting, the cable network, the reading unit and the data acquisition and analysis software. The
system is particularly adapted to precise short and long-term deformation monitoring of large structures.
An array of more than 60 sensors have been installed on the pier of San Giorgio Levante in the Genoa harbor. These sensors
allow the measurement of the pier displacements during the dredging works, ship docking and in the long term. The sensors
measure the curvature changes in the horizontal and vertical planes and allow a localization of settlements with a spatial
resolution of 10 m over a total length of 400 m. The sensors can be measured automatically and remotely.
This paper presents the sensor installation and the results from the first monitoring period.
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1. SAN GIORGIO LEVANTE PIER MONITORING
The San Giorgio Levante pier (Figure 1) is part of the Genova harbor and is operated under the responsibility of the Genova
harbor authority.
This pier is mainly used for loading and unloading of coal and other bulk goods. Its has a length of approximately 400m and
a width of 40m. In order to increase the water depth from the current 11m to 14m, it has been decided to reinforce the pier
foundations with jetting columns and anchorages (Figure 2).

Figure 1 The San Giorgio Levante Pier

Figure 2 Pier cross-section. The new jetting piles and anchorages are shown
The aim of the instrumentation is to monitor the pier longitudinal and transverse deformation in the short and long term. The
sensors will be used to measure both the local and global pier deformations during pier dredging, during ship docking and in
the long term.

2. SENSOR NETWORK
The instrumentations is based on the use of SOFO® fiber optic sensors (see the paper entitled " Civil Structural Monitoring
with Long-gage Optical Sensors" in this same conference). These sensors allow the measurement of deformation of the
order of a few micron over measurement bases up to 10m with excellent long-term stability and no temperature crosssensitivity.
In the case of the San Giorgio Levante pier it was decided to install 10m long sensor in the cable gallery inside the pier
itself. The sensors are placed parallel to the pier length and are reunited in 24 groups of 3 sensors (see Figure 3 and Figure
4). Some of the sensor near the end of the pier are also installed in grooves machined in the pier concrete (see Figure 5).
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Figure 3 Sensor installation in the pier gallery

Figure 4 Sensor installation in the pier gallery

Figure 5 Sens or installation along the pier
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The sensors are installed in standard cable ducts and attached to concrete using L-bracket adapters (see Figure 6)

Figure 6 Sensor installation with L-brackets
The cable from the sensors is than routed to 3 connection boxes. From there, three multi-fiber cables connect to the
measurement system located in a container and easily accessible without interfering with the pier operation.
The readout is based on the SOFO system and is located in an easily accessible location with connection to the Genova
harbour data network. The sensors are measured fully automatically thanks to an optical switch that sequentially connects
the sensors to the reading unit (see Figure 7). The system is programmed to measure at pre-defined intervals or on request.
The measurements are stored into a relational database that can be read remotely through the harbour fiber-optic data
network.

SOFO Reading Unit
SOFO Switching Unit
Industrial PC with SOFO
DB software and network
connection
Connections to the multi-fiber
cable
fiber cables

Figure 7 SOFO reading unit , optical switch, control PC and cable connections
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3. DATA ANALYSIS
The three sensors installed in each pier section allow the reconstruction of the plane of deformation of the upper concrete
beam. By double integration of the measured bi-dimensional curvature it is then possible to reconstruct the horizontal and
vertical bending of the pier. In beams, slabs, vaults and domes, it is possible to measure the local curvature and the position
of the neutral axis by measuring the deformations on the tensile and compressive sides of a given element. In many cases,
the evolution of the curvature can give interesting indication on the state of the structure. For example, a beam, which is
locally cracked, will tend to concentrate its curvature at the location of the cracks. Furthermore, by double integration of the
curvature function, it is possible to retrieve the displacements perpendicular to the sensor direction. This is particularly
interesting since in many cases the engineers are interested in deformation that are at a right angle to the natural direction in
which the fiber sensors are installed. For example: in a bridge fibers are installed horizontally, but vertical dis placement are
more interesting. In a tunnel the fibers are placed tangentially to the vault, but measurement of radial deformation is
required. In a dam the fibers are installed in the plane of the wall but displacements perpendicular to it have to be measured.
In the case of the San Giorgio Levante pier we have to deal with a non homogeneous structure which does not necessary
deform like a continuous beam. Several joints are placed along the pier and the pier itself was constructed in phases over
long periods of time. This means that the cross-section is not constant. The analysis of the measurements therefore requires
particular attention. In this first phase, we will observe the pier in its initial state and learn its behavior under changing
conditions like coal load, ship docking and crane position. When the dredging will start, we will than compare the measured
deformations with the ones recorded in the training phase. This should allow the detection of the onset of abnormal
deformations and avoid damage to the structure.

4. CONCLUSIONS
This application shows how long-gage fiber optic sensors can be conveniently used to monitor a large structure with a
reasonable number of sensors. This global monitoring system allows the detection of any degradation that has an effect on
the structural performance of the system. When irregularities are found at that level it is usually necessary to proceed to a
deeper investigation and possibly additional local instrumentation. The described sensor network can be seen as an
equivalent to our nervous system that signals any problem in its functions with the apparition of pain and urges us to call the
doctor for further investigation.
This instrumented pier is only the first step to the realization of an "intelligent harbour" capable of self-diagnosis and able to
provide information on its state to increase its security and, most of all, to give quantitative data useful for the management
of the structure maintenance.
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For further information on the SOFO project look at the following WWW home pages: \\www.smartec.ch and
\\imacwww.epfl.ch.
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