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ABSTRACT: The paper aimed at analyzing the base concepts to design a monitoring system for 
structures subjected to dynamic loadings, such as bridges and structures in seismic areas. Both 
traditional sensors, such as velocimeters and accelerometers, and Fiber Bragg Grating sensors 
are presented. For each of them relevant cases are recalled. Finally, in the simple case of 
cantilever beam a mixed system is used and the results are compared.  

1 INTRODUCTION  

Instrumentation of structures to measure their motion under various loading conditions is a 
widely used practice in engineering, especially for complex structures. The uncertainties in 
structural modeling, due to the uncertainties in geometrical parameters and mechanical 
properties, make the results of analytical models somewhat doubtful; besides, the excitation is 
often not known, because it cannot be measured. Therefore the experimental analysis is a 
suitable way to understand the actual behavior and to check the validity of the adopted model. 
Recent developments in technology, such as the availability of fiber optics, digital 
instrumentation and computer software, have resulted in more precise and easy-to-use 
instruments and much faster and cheaper data processing, thus making instrumentation even 
more attractive for engineers. This paper aimed at analyzing the base concepts to design a 
monitoring system for structures subjected to dynamic loadings, such as bridges and structures 
in seismic areas. The relevant cases of the Indiano cable-stayed bridge in Florence, in which a 
velocimetric networks has been used, is recalled. Then the main features of Fiber Bragg Grating 
are discussed and the recent application on the railway bridge at Seiano, Italy, is shown. Finally, 
a mixed system is suggested and tested in laboratory on the simple case of a cantilever beam.  

2 ACCELEROMETRIC AND VELOCIMETRIC ARRAYS  

2.1 The analysis of the Indiano bridge by using velocimetric array  

The main span of the Indiano Cable-Stayed Bridge over the Arno River in Florence is 189 m. 
The height of the pylons is about 55.0 m from the ground. They have steel box cross-section,  
and are fully constrained at their foundations. Each of these is founded on large piles, and linked 
to the cable anchoring by means of a pre-stressed concrete truss, which is supposed to support 
the horizontal component of the axial force in the tower. In the central portion of the girder, of 
about 130 m length, two boxes compose the cross-section, which have a width of 4.0 m and a 
height variable from 2.6 m to 1.6 m. These boxes are 6.0 m spaced and are linked one to another 
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by means of truss structures at both the upper and lower levels. The beam has a large torsional 
stiffness (Clemente & al., 2004).  

 

Figure 1. General dimensions of the Indiano Bridge and sensor layout  

An HP3566A digital recorder 16 bits dynamics and Eight Kinemetrics SS1 seismometers driven 
by a laptop composed the temporary experimental array.  

In the case study seismometers were temporarily installed in different locations on the structure 
and in free field. In more details, 11 different configurations were studied to better identify the 
bridge behavior. Ambient and traffic-induced vibrations were recorded.  

The spectral analysis of the obtained data allowed to point out the resonance frequencies, 
reported in table 1, and the corresponding modal shapes. These are very similar to those 
obtained from a finite element model, plotted in figure 2. The critical viscous damping ratios 
were estimated by the half power bandwidth method and are summarized in Table 1. Due to the 
dissipation in joints and bearings, the values of damping obtained are very high compared with 
the usual ones for cable bridges (Kawashima et al., 1993).  

Table 1. Experimental resonance frequencies and estimated damping 

Sensor location    Freq. (Hz)     
Tower longitudinal 0.61     1.41 1.61 2.25  
Tower transversal    1.04 1.15    2.61 

Deck vertical 0.61   1.04 1.15 1.41 1.61 2.25  
Deck. transversal   0.87      2.61 
Deck longitudinal 0.61 0.81    1.41 1.61   

          
Modal shape Vert Long Tran Tors Tors Vert Vert Vert Tran 

          
Damping 6.5% 6% 4.5% 4.8% - - 3% 2.5%  
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Figure 2. Modal shapes of the Indiano Bridge  

3 FIBER BRAGG GRATING ARRAY 

Many applications concerning structural monitoring of civil engineering structures by FBG 
sensors are reported in literature, and early experimental analyses in such field where carried out 
by our research team, too. In the following a recent application is presented, where FBG sensors 
were used to monitor railway technical infrastructures, namely rails and sleepers.  

3.1 The monitoring of the railway bridge at  Seiano  

FBG sensors have been installed on railway infrastructures to test and validate an innovative 
monitoring technique aimed to be integrated in a general monitoring system devoted to both 
early damage detection and maintenance planning optimization. The site of the experimental 
analysis is localized on a bridge of the track line of the Circumvesuviana Railway, at the train 
station of Seiano (Italy).  

Six FBG sensors were installed, arranged in two monitoring stations, with three FBG sensors 
each. In both monitoring stations the FBG sensors were positioned as in Figure 3a: one sensor 
on the right rail and one on the left rail, facing each other; one sensor on a sleeper. The installed 
monitoring stations allow continuous monitoring of the track, with respect to both environment 
temperature and mechanical excitation at the transit of the trains. Figure 3b shows the result of 
the monitoring of the right and left rail at one of the monitoring station, lasted about three hours. 
The data obtained show the quasi-static deformation due to the environment temperature and the 
abrupt deformations due to transits of the trains. Comparison between quasi-static deformation 
of the right and of the left rail, points out the capability of the system to monitor the occurrence 
of rail mutual disalignement, which is an actual issue in railway management.  
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Figure 3a) FBG sensors locations 

  

Station 1 - Left Rail 

Station 1 - Left Rail 

Station 1 – Right Rail 

Station 1 - Right Rail 

 

Figure 3b) results of the monitoring 
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Figure 3c. Deformation monitoring of beam rebar  

FBG sensors were installed on structural components of the civil infrastructure, as well. One 
sensor was installed directly on the rebar of one beam by means of structural epoxy resin, in the 
position where maximum excitation was expected, according to FEM numerical evaluation. To 
install the sensor, a segment of rebar, about 10 cm long, was uncovered removing the overlaying 
concrete, which was restored soon afterward thus embedding the installed sensor. Figure 3c 
shows the time history of the FBG signal relative to about 1 hour, with the evidence of four train 
transits. Figure 3c also shows an expanded view of the time history relative to the transit of a 
train: the deformation due to each of the 12 axis of the train convoy is apparent. The convoy is 
made of 3 carriages, each with 4 axes. It can be noted how the signal belonging to the first axis 
of one carriage overlaps with the signal belonging to the last axes of the adjacent carriage. The 
not fix spacing of the signals due to various axes is due to the acceleration of the train, the 
sensor being placed close to the station where the train stops and restarts. The signal showed in 
Figure 3a also shows the vibration of the beam, occurring with much lower amplitude and 
higher frequency than the quasi-static deformation due to axis transit. Permanent service of the 
installed sensor and analysis of its signal allows for precise monitoring of the integrated fatigue 
of the infrastructure.  

4 FBG VERSUS FBA: A COMPARISON  

In order to compare recordings obtained from FBA and FBG sensors a laboratory experiment 
has been set up. In a stainless steel slab, 100 cm length, 15 cm width and having a thickness of 
0.5 cm (Figure 4), 2 FBG sensors and 2 FBA have been installed. Different experimental 
analyses have been carried out by fixing the slab at different sections, having abscissa equal to 
10, 20 and 30 cm, respectively. Consequently, the span length L of the slab varied from 90 to 70 
cm. The slab was fully restrained at the mentioned sections to a metallic table by means of iron 
bolts.  

All sensors were positioned along the x axis, i.e. along the middle line of the longitudinal size 
(Figure 4). One FBG sensor was installed exactly at the fully restrained section (x = 10, 20 and 
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30 cm, respectively); the second FBG sensor was installed at the middle of the residual slab 
length (x = 55, 60 and 65 cm, respectively); the accelerometers were installed always at x = 90 
cm, i.e. 10 cm from the free end of the slab, in the longitudinal direction and in the direction 
orthogonal to this, which coincide in the horizontal undeformed configuration with x and z axes, 
respectively. The slab has been excited by deflecting its free end, and then releasing it. The free 
vibrations have been studied and the dynamic properties have been extracted.  

0 0.2 0.4 0.6 0.8 1

y

xFBG1 FBG2 FBAh   FBAv

Restrain

 

Figure 4. Scheme of the slab in the case L = 90 cm, and sensor locations  

4.1 Time domain analysis  

Records from both FBG sensors and the FBA were analyzed both in time and frequency 
domain. Figure 5a show the time-histories obtained in the case L = 90 cm. Each time-history is 
normalized to its own peak, in order to properly compare them.  

Figure 5b shows the same records in the shorter time interval [2.0, 3.0] s, i.e. after removing the 
pre-event time from the accelerometric records and shifting it to maximize acceleration 
correlation (negative) to the FBG measurements. It is possible to divide the time interval in two 
parts. In the first part, between 2.00 and about 2.75 s, we observe the sensors behaviour before 
reaching the edge indicating the start point for the oscillations; in particular the FBG start to be 
tensed, increasing linearly the value up to the edge.  

In order to analyze the accelerometric sensor recording in this time interval, it is worth to better 
investigate the experimental trend. The accelerometric sensor in the longitudinal direction is 
measuring the acceleration impressed (tangentially) along the same longitudinal axis of the slab 
where FBG are tensed. The FBA sensor in the vertical direction, instead, is affected by the 
motion of the slab along the vertical direction. We assume that the acceleration is positive if 
directed from down to up and from west to est. Then, as expected, the horizontal acceleration 
time-history follows the FBG trend giving a small negative acceleration almost linearly 
increasing up to 2.72 s and rapidly rising the negative edge. The vertical acceleration instead 
apart two small oscillations at 2.30 and 2.72 s respectively, shows an average value near to zero, 
then rapidly reach the negative edge as the horizontal component. Actually, the inferred 
acceleration to the slab has an up-down direction and should be instantaneously decomposed in 
the longitudinal and orthogonal directions of the slab (Figure 6). So along the slab axis, which 
coincides at each time with the horizontal accelerometric sensor direction, there will be a 
component of the acceleration impressed in the vertical direction. The amount of that horizontal 
component will depend of the value of the α(t) angle; then if a(t) is the value of vertical 
acceleration at time t, the horizontal component measured by the accelerometric sensor is 
a(t)*sinα(t). The measured acceleration (FBA) can be easily correlated to the measured strain 
(FBG).  
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4.2 Frequency domain analysis 

Fourier Amplitude Spectrum (FAS) of recorded acceleration (FBA) and recorded strain (FBG), 
both normalized to their own peak, have been computed. Figure 7 show a comparison between 
the frequency content of the two measurements. A natural frequency of about 3.5 Hz is apparent 
in all the records. This value is compatible with the first frequency of a steel cantilever beam, 
having the mentioned sizes. A second mode at 25 Hz seems to be individualized by the records 
obtained by the FBAs.  

 

 
a) 

 
b) 

Figure 5. a) Time-histories in [2, 6] s interval and b) in the [2.0 3.0] s interval  
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Figure 6. Oscillations of the slab and corresponding directions of FBAs  

5 CONCLUSIONS  

The experimental dynamic analysis is becoming a powerful tool to interpret the effective 
behaviour of complex structures. Therefore cheaper sensor are to be designed, which allow a 
more spread instrumentation, and more reliable interpretation of the experimental data. In this 
optic FBGs seem to be suitable sensors, like the comparison with traditional sensors has pointed 
out in this study. FBG sensors are certainly suitable in analyzing the dynamic behaviour. 



4th International Conference on Structural Health Monitoring of Intelligent Infrastructure (SHMII-4) 2009 

22-24 July 2009, Zurich, Switzerland 

 

 

 8

Obviously the sensor locations should be chosen case by case and the amplitudes of the effects 
should be analyzed in detail.  

 

 
a) 

 
b) 

Figure 7. Fourier Spectral Amplitude a) in the tested range, and b) in the [3.0, 5.0] interval  
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