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ABSTRACT: A large scale fibre optic sensing network has been set up in order to control and 
manage the construction of two high speed train bridges as well as to structurally assess their 
behaviour during service life. The presented paper aims to describe in detail the fibre optic 
based structural health monitoring system implemented for the Deza and Anzo II viaducts. The 
sensors design and its integration into a complex sensing network, their implementation, 
installation and performance are also described.  

 

 

1 BRIDGES DESCRIPTION 

The Deza and Anzo II bridges are part of the new Santiago-Ourense high-speed railway line 
from the Spanish high speed network. The line Ourense-Santiago integrates the North-
Northwest railway corridor and will allow the connection of the Northwest of the Peninsula with 
the North and the centre through the Madrid – Segovia - Valladolid line. In the future it will link 
to the Atlantic line allowing the connection between Ferrol - A Coruña – Santiago – Pontevedra 
–Vigo - Portugal, Adif (2009). 

Both bridges are being constructed using the incremental launching method, widely used for 
high-speed railways with this range of spans, Manterola (2004). 

The Anzo II Bridge is 735 m in length and is divided into 70 m spans, with 10 piers varying 
from 10 m to 70 m in height. 

The Deza Bridge is 1175 m long and is inscribed into a circular axis shape with a 9500 m radius 
and a vertical inclination of -1.4%. The total length of the viaduct is divided into 19 spans as 
follows: 48+2x64+56+52+2x56+4x64+4x72+3x64+48. Over the deepest part of the Deza valley 
the support is an arch shaped as an inverted V. The arch was constructed by erecting the two 
halves vertically, and then rotating them to the definitive position. The central piers and the arch 
are over 90 m in height, thus monitoring their rotation and displacements is of major importance 
for construction as well as for the service life of the bridge. 
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2 OPTICAL MOTINORING SYSTEM 

2.1 Sensors 

The monitoring sensing network described in this article is based on fibre Bragg grating (FBG) 
sensors. 

FBG sensors are becoming more and more usual for continuous structural health monitoring 
applications, Ansari (2005). Comparing a conventional sensing system to a fibre optical one we 
can point several advantages to the later. FBG sensors have high sensitivity and reduced 
dimensions, and enable long transmission distances. They are also immune to EMI/RFI hence 
suitable for use in railway applications where electrical sensors would evidence interferences 
created by the strong electromagnetic fields, Boffi (2006), Wang (2006). 

There are yet two remarkable characteristics of FBG sensors which are their multiplexing 
capability and their ability for self referencing. This means that several sensors, with different 
functionalities, can be connected in series on a single fibre over long lengths without signal 
cross-talk. Being the measurement for each grating a reflected wavelength, which is an absolute 
parameter, there is the possibility of turning off or changing the measurement unit without the 
need to calibrate or determine a new “zero”. 

2.1.1 Fibre Bragg gratings 

The FBG is a microstructure of small dimensions – i.e., few millimetres in length and a 
diameter of 0.125mm – that can be permanently inscribed inside the core of an optical fibre. 
This microstructure is a periodic change of the refractive index on a determined fibre location, 
Othonos (1999). 

In Figure 1 there is a scheme of the manufacturing process of a FBG using the phase mask 
method. This technique is the most common for large scale manufacturing. 

 

Figure 1 - FBG manufacturing process based on the phase mask technique 

When a phase mask, which is a diffractive element, is illuminated with a perpendicular UV laser 
beam it generates two main orders of diffraction that interfere right after the mask, creating an 
interference pattern. If a photosensitive optical fibre is placed in front of the mask, changes on 
the refraction index will occur at locations where the interference is maximal. These changes 
create a periodic microstructure - the Bragg grating. The FBG is a wavelength selective mirror 
reflecting a narrow band of an incoming broadband spectrum. The resonance of the spectral 
response is centred at the Bragg wavelength, λB, and is determined by the equation (1), 

BefB n2 Λ=λ , (1) 
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where nef is the effective refractive index of the core guided mode and ΛB is the period of the 
phase mask grating. 

Since the grating’s resonance wavelength is a function of the refractive index and of its own 
period, then the wavelength variations can be written as a function of the parameters that 
influence these two characteristics, namely temperature and mechanical stress. When both 
temperature and strain are combined, the wavelength shift can be described by the linear 
relationship represented in (2): 
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In this equation, ΔT is the temperature change the fibre is subjected to, Δε is the strain variation 
applied to the fibre, α the thermal expansion coefficient of the fibre (which is the same as pure 
silica 0.55x10-6 /ºC), ζ a thermo optic coefficient that establishes the variation of the silica 
refractive index with temperature (6.7x10-6 /ºC for temperatures below 200ºC and infrared 
wavelengths) and pe is the photo-elastic constant of silica (~-0.22). The thermal sensitivity for 
wavelengths around 1550 nm is 11 pm/ºC and the strain sensitivity is 1.2 pm/µε. 

2.1.2 Fibre Bragg grating based sensors 

The tiltmeters have their sensing principle based on two FBG that are strain actuated in a push-
pull configuration by a pendulum mass, so that for a given tilt one sensor experiences an 
increasing strain while the other experiences a decreasing strain. The sensor is designed in such 
a way that temperature changes are common to both gratings, so the compensation of this effect 
is straightforward, Barbosa (2007). Figure 2a) shows a picture of the tiltmeter. This sensor was 
developed and delivered by FiberSensing. 

The developed embedded FBG strain gauge consists on a stainless steel tube containing the 
sensing element with two anchor plates for a perfect tying. The input/output fibres are protected 
with 3 mm PVC buffer with internal stainless steel coil and reinforcing braid (Figure 2b)). The 
sensor is designed to have the equivalent Young modulus of concrete so that it does not become 
an intrusion to the structure. The core of the sensor is moisture-isolated by the means of sealing 
o-rings. This sensor was developed and provided by FiberSensing. 

The temperature sensor core is well established and tested. The FBG must be isolated from any 
mechanical stress becoming sensitive only to temperature changes. For embedding on concrete, 
the temperature sensing core has been protected with a stainless steel tube and sealing o-rings 
(Figure 2c)). Each temperature sensor is individually calibrated. The sensor is subjected to a 
temperature cycle and its behaviour fitted into a second order polynomial curve. This sensor 
was also fully developed by FiberSensing, which provided all the optical devices used in the 
bridges. 

 

Figure 2 - a) Tiltmeter; b) Embedded strain sensor; c) Embedded temperature sensor. 
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The Load cells have been especially designed for this project. Their development has been a 
conjoined effort from OFITECO and FiberSensing. OFITECO great experience in this kind of 
sensor integration allied with FiberSensing’s know-how in fibre optic sensors resulted in the 
design of an efficient large scale load cell. The sensor has been designed to be embedded into 
the concrete on the top of the piers under the POT supports with a maximum range of 3500 ton. 
It consists on an alloy steel cylindrical base instrumented with 4 Polyimide Strain Sensors and 
one temperature sensor (Figure 3). The load cell is then sealed and mechanically protected. 
Fibres are guided and protected out of the concrete through a flexible armoured hose. 

The pressure sensors (Figure 3c)) are a GaveaSensors standard Product, GaveaSensors (2009). 
They are designed for pore-water pressure measurement, but were adapted in order to measure 
oil pressure of an oil chamber installed under the arch shoes. The sensor has two fibre Bragg 
gratings so that the pressure measurement can be thermally compensated.  

The used Accelerometers (Figure 3d)) are BPS-700 model from Tokyo Sokushin Co., Tokyo 
Sokushin (2009). They have a frequency band form DC to 40 Hz and a range of ± 20m/s2. 

Together with the load cells, FiberSensing has specially designed the alarm buttons for this 
project (Figure 3e)). With this design it was possible to receive the alarm from 12 different 
locations using only one fibre, which was connected to the same measurement unit used to 
interrogate all the FBG based sensors installed in the bridges. The alarm buttons consist on a 
simple strain FBG sensor that is actuated through the pushing of the red button. Once pushed, 
the strain measurement suffers a step that is real-time monitored. If the strain step exceeds a 
predefined limit, the software generates an alarm and the pushing process is stopped. 

 

Figure 3 - a) Load cell; b) Sensor position; c) Pore pressure sensor; d) Accelerometer; e) Alarm button 

2.2 Sensing network Design 

This project has two particularities that influenced the sensing network design. Firstly, since the 
Anzo Bridge was only to be monitored during construction, the used sensors in Anzo should be 
reused in Deza. Secondly, the beginning of the construction of Deza would start before the end 
of Anzo, meaning that the resources would have to be shared. There are 203 installed sensors on 
the Deza Viaduct, 22 of which had been previously used in Anzo II.  

2.2.1 Construction monitoring 

For monitoring during the deck construction, the optical sensing network consisted mainly on 
tiltmeters and Alarm Buttons on the piers. There were also two surface temperature sensors 
installed on two piers of both bridges at mid-height.  

The purpose of monitoring these bridges during the construction phase was to control the 
launching of each deck segment. The optical instrumentation should readout the rotation and 
displacement of the top of the piers as well as the sun effect on these structures. Emergency stop 
was also controlled with the fibre optic alarm buttons.  
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All the sensors that were used in Anzo II were reused in Deza Viaduct, except for the 4 surface 
temperature sensors of Anzo II. During the project it was determined that it would not happen 
so, because the cost of removing the sensors from its position was higher than using new 
sensors. On Figure 4 and Figure 5 there is a scheme of the bridge with the fibre Bragg sensors 
position for the construction phase. 

During construction, tiltmeters were acquired at a 100 S/s acquisition rate in order to remove 
vibration effects on the measurements. Optical buttons and temperature sensors did not required 
such high acquisition rates being acquired at 1 S/s. 

 

Figure 4 - Anzo II optical fibre sensing network 

 

Figure 5 - Deza optical fibre sensing network 

2.2.2 Service life monitoring 

As previously stated only Deza Bridge is to be long term monitored for its service life. With the 
exception of the alarm buttons, all sensors from the construction phase network will be reused 
together with embedded strain and temperature sensors, accelerometers, pressure sensors and 
load cells, on the implementation of the long term monitoring system. The permanent 
monitoring of the service life of the bridge aims to closely control important structural 
parameters such as: rotation and movements of the central arch and piles foundations; thermal 
gradient of the piles, central arch and deck through both longitudinal and transverse directions; 
flexion moments and shear forces on the deck; axial force on the piles and arch; horizontal 
reaction of the arch closing; transferred tension to the ground from the main shoes; vertical 
accelerations of the deck due to traffic loads and bi-directional accelerations on the head of the 
piles due to traffic loads and wind. 

FBG sensors with distinct spectral features have been arranged over all optical branches so that 
the star-like network was optimized. Factors such as cable length, installation easiness and 
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access, as well as sensor particularities (e.g. terminal sensors), were taken into account while 
defining the sensing network. 

When the sensing network is complete, there will be 250 FBG to be interrogated. 
Accelerometers will be simultaneously acquired at a 100 S/s sampling rate and the rest of the 
network will be interrogated using a 1 S/s measurement unit with 4 optical channels and 4 
optical switches, meaning that there will be at least 1 sample in every 10 seconds, as originally 
required. 

2.3 Measurement Units 

2.3.1 Optical interrogators 

For the permanent monitoring of the Deza Viaduct, two optical interrogators will be employed. 
Both measurement units are FS5200 Benchtop BraggMETER, but with different acquisition 
rates: 1 S/s and 100 S/s. These units were developed and produced by FiberSensing. 

The 1 S/s BraggMETER has 4 parallel optical channels. Each of these is connected to one 
optical PXI Multiplexer of 1x8. The multiplexers have a switching time between channels of 
approximately 1 second. This means that the measurement unit can read 4 optical channels at 
the same time, then switch to another 4 after a defined period and so on for 8 times. Summing 
up, the FS 5100 Benchtop BraggMETER can interrogate more than 250 sensors in less than a 
minute. The 100 S/s BraggMETER also has 4 parallel optical channels simultaneously acquiring 
at an acquisition rate of 100 S/s. Both measurement units integrate the FiberSensing’s iLog 
software, an intuitive and easy-to-use graphical user interface that provides the user with 
datalogging functions for automated sampling, archiving and transmission. 

2.3.2 SCADA system integration 

The different types of systems (including optical and conventional signals) are integrated into 
one single supervising server. This main PC, in charge of monitoring and supervising the 
structural health of the structure, has a SCADA software package running. 

The communication between the SCADA and both optical interrogators is achieved with a 
communication server that has been developed under LabVIEWTM and that is running in parallel 
with the iLog software on the BraggMETERs. This communication server reads shared 
variables from the iLog software containing data channels and timestamps and transfers the 
information to the SCADA software using UDP communication protocol. On the other hand the 
main PC has another communication server developed under LabVIEWTM that receives the 
UDP frames from the optical interrogators and passes through memory to the SCADA package 
for processing, alarming, datalogging and monitoring. Both communication servers keep a 
minimum architecture for low resource use in both ends. They have been prepared with robust 
design for 24 hours operation, during 365 days a year, for continuous health monitoring 
operations. 

2.4 Installation 

The installation of the optical monitoring system is still taking place, while the construction of 
the Deza Bridge is still in progress. Every installation had to be scheduled with the progress of 
the construction works. 
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For the construction period, there is an optical cable supported by a tensioning steel wire 
between each pier that connects all different sensing branches and all series of sensors. At the 
end, the network will be reconnected to match the service life configuration. Figure 6 shows 
some illustrative pictures of the installation of optical fibre sensors in Anzo II and Deza Bridges. 

 

Figure 6 – a) Pier and superstructure nose; b) Central arch construction; c) Surface temperature sensors 
installation; d) TiltMeter installation; e) Embedded sensors installation before concreting; f) Alarm button 
installation; g) Splicing between sensors; h) Optical fiber fusion to the optical cable. 

3 SYSTEM PERFORMANCE 

The system has been working since February 2008 to control the launching operations of 
Anzo II Bridge. The whole process is controlled in real-time with the SCADA integration. 
Variables from the optical fibre sensors were computed into displacement at the top of the piers 
according to their height and rigidity. Alarms were programmed to stop the launching in case 
the displacement limits were exceeded. In Figure 7 there is an example of data collected during 
the launching operation with the fixed limit values. It shows that the rotation at the top of the 
piers has not crossed the defined limits for that event. 
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Figure 7 – Tiltmeter data during launching operation for pier 2, 3 and 4. 

Alarm buttons also had a threshold that would stop the process when pressed. Other 
measurements were also controlled with different sensing technologies, such as lifting, pushing 
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and retaining pressures on the hydraulic jacks and wind speed and direction. 

For a fortnight, Deza and Anzo II Bridges were being controlled at the same time. This meant 
that the observation cabinet and all the equipment had to be moved from one launching site to 
the other according to the launching schedules. 

The number of failures is extremely reduced. Although initially some of the sensors had to be 
replaced during the construction phase because of faults that occurred while installing, the issue 
was overcome with the practice. The construction site conditions were severe and the fibre optic 
sensor technology new to the construction professionals. Particularly difficult was to manage 
the losses caused by the provisory cable that was hangued from a wire from pier to pier. But it 
was possible to deal with long sensing branches, with large number of sensors and connections. 

4 CONCLUSIONS 

Deza and Anzo II bridges, which integrate the high speed railway network of Spain, are being 
constructed using the launching method. A large fibre optic sensing network has been 
implemented in order to control the launching of the bridge’s decks. 

The fibre Bragg grating based sensors are interrogated with FiberSensing’s measurement units, 
which are integrated into a SCADA system that manages all information generating alarms and 
emergency stops. 

Long term monitoring is being prepared for the Deza Bridge. More than 250 FBG based sensors 
are being deployed on the bridge’s piers and deck allowing the structural assessment of 
displacements, inclinations, stresses and temperatures due to traffic loads, wind and temperature 
gradients. 

Until now, the installed system has been an important tool in terms of construction support, by 
managing the sensor outputs in real time, generating alarms and stopping the launching 
operations if measurements fell out of the expected and pre-defined values. 

It is also our expectation that the installed structural health system will be of major importance 
during the service life of the bridge by providing accurate data which can be used to assess the 
bridge structural behaviour and efficiently plan maintenance actions. 
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