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In this paper the experimental tests and the evaluation of the seismic behaviour about an 
old concrete bridge are presented. The structure is located in South Italy and crosses the 
Anapo River near Siracusa. The bridge was not designed according to the seismic code 
and is affected by severe visible damages. The total length of the bridge is about 106 m, 
with seven spans. The major span length is 31 m and is composed of four longitudinal 
in-situ cast concrete prestressed beams, transversally linked by the concrete slab; a 
reticular assemblage of steel bars also contributes transversally to the lowering of 
stresses in the two central beams. The other spans are also in-situ cast concrete beams, 
with transversal beams, simply supported at the ends. The piers are realized by frame 
structures except the two at the ends of the longer span, which are stiffened by concrete 
plates. No seismic bearings are placed between piers top and the deck, which is laterally 
restrained only by friction forces. 

 An experimental investigation was carried out in order to evaluate the reliability 
of the bridge according to the Italian seismic code. The materials were characterized by 
means of test of specimens extracted at many locations of the structure. Deep 
carbonation affects the concrete in many parts. Dynamic tests were also performed on 
the bridge. Accelerometer sensors were placed on the deck and at the top of the piers. 
The excitation was ambient and traffic-induced vibrations. Recordings were analyzed 
by means of Frequency Domain Decomposition (FDD) technique, identifying 
frequencies and modal shapes of the bridge. On the basis of the experimental data, a 
refined finite element model was developed and updated. Finally, it was performed the 
seismic analysis.  
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ABSTRACT: In this paper the experimental tests and the evaluation of the seismic 
behaviour of the seven simply supported spans concrete bridge crossing the Anapo 
River (Siracusa, Italy) is proposed. The bridge was not designed according to a seismic 
code and now is affected by visible damages. An experimental investigation was made 
in order to evaluate the reliability of the bridge regarding the recent seismic Italian code. 
The materials were characterized by means of tests on specimens extracted in different 
locations of the structure. Dynamic tests were done in order to update the finite element 
model. 

 

1 INTRODUCTION 

The bridge under study is located in the Siracusa province (Italy) and connects the two 
banks of the Anapo river. It was realized with a reinforced concrete structure, but not 
according to the seismic code. Seven simply supported spans compose the bridge. Each 
span is about 12 m, but the longer one is about 31 m (Figure 1). The piers adjacent to the 
longer span are composed by a planar frame coupled with a shear wall, while the other 
piers are realized by a spatial frame assemblage. The shorter spans present different 
characteristics with respect to the longer one. In the former case, four in-situ cast 
longitudinal beams and three transversal beams compose the deck. In the latter case, the 
deck presents some peculiarity. There are four longitudinal prestressed concrete beams 
but there are no transversal beams. These are substituted by steel bars, which guarantee 
a better collaboration of the two external longitudinal beams with the central ones, but 
do not contribute to the torsion stiffness of the deck. 

The acceleration data, based on ambient vibration (Wenzel and Pichler, 2005), were 
analyzed by means of the well known Frequency Domain Decomposition (FDD) 
(Brincker et al., 2000), which is a technique closely related to the classical peak picking 
approach (Ewins, 1984; Maia and Silva, 1997). In the hypothesis of white noise exciting 
force and with lightly damped structures, through a singular value decomposition of 
power spectral density matrix, a set of auto power spectral density functions can be 
obtained. This technique is very suitable to identify close modes. Furthermore, the 
singular vectors of the modal shapes can be estimates. The convenience and the 
reliability of natural ambient response to unknown excitations for civil engineering 
purposes has been widely demonstrated. Results in terms of frequencies and modal 
shapes are used to update a Finite Element (FE) model. The subsequent seismic analysis 
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based on the seismic Italian code evidences the lack in structural safety against seismic 
loads. The analyses emphasize the importance of the correct definition of a structural 
model through dynamic tests. 

2 EXPERIMENTAL TESTS 

An experimental vibration analysis has been performed by means of two acquisition 
systems NI PXI 4472B, equipped with 14 accelerometers PCB 39B05. Signals were 
recorded on March 15th, 2011, by placing the sensors as in Figure 1, first on the longer 
span and then in the second span. For each span, eight sensors were placed on the deck 
and three sensors on the top of the adjacent piers. The length of the recordings was 
approximately 30 s, with sampling ratio of 5000 Hz (∆t = 2·10-4 s). Six recordings were 
carried out on the longer span and eight on the short span. In order to characterize the 
strength and elastic properties of concrete and steel, some specimens were extracted 
from different location of the structure. The ultimate strength of the concrete, defined as 
the mean value of the compression tests on 30 cylindrical specimens, was equal to 
fcm = 13 MPa. Thus, by using the expression suggested by the Italian code for the 
Young modulus, a value of 2.4 Pa was evaluated. The experimental tests allowed to 
verify also the carbonation of the concrete, which in some cases affects the superficial 
layer for about 10 cm. 

3 ANALYSIS OF DATA 

3.1 Estimation of frequencies and modal shapes  

The preliminary analysis was carried out by defining the Power and Cross Spectral 
Densities (PSDs and CSDs), with the phase and coherence diagrams. The Welch (1967) 
periodogram method was adopted for this purpose. A second analysis made use of the 
FDD method, by the decomposition of the PSD matrix ( )fG  at each frequency step if , 
according to the following equation (Brincker et al. 2000):  

 ( )i i i if =G U S V  (1) 

where iS  is the singular values matrix at frequency if , iU  is the singular vectors 
matrix, orthogonal to iV . The evaluation of the first singular vector at peak frequencies 
allows the extraction of the modal components at sensor locations. In the case study the 
square matrices were of order 14.  

In order to distinguish clearly the dynamic behaviour and to update the global FE 
model, the vertical motion of the two instrumented spans was initially considered.  

Figure 2 shows the singular values versus the frequency of a record obtained on the 
longer span. Only six singular values are shown, the vertical sensors on the span being 
six. Figure 3 shows the first four vertical experimental modes of the longer span, which 
can be compared with those obtained by a FE model, shown in Figure 4. The FE model 
is composed by frame elements, except for the two piers supporting the second span, 
which are modeled by means of shell elements. The decks are modeled as simply 
supported, with lateral restraints. The total nodes number of the model is 863.  

The numerical model was manually updated in order to obtain a good match with the 
experimental values, especially with reference to the torsion modes. Figure 5 and 6 
show the first four modes for the shorter span, obtained from experimental and 
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numerical analysis, respectively. The other sensors were used to evaluate some lateral 
frequencies of the bridge. In this way a global model was arranged, as in Figure 7.    

 
Figure 1. Piers and deck, plan view of the bridge and sensors layout (circle: vertical 
sensor; arrow: horizontal sensor), lateral view. 

 
Figure 2. Singular values (Each curve represents a singular value of the PSD matrix).  
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Figure 3. Experimental modal shapes of the longer span.  

 
Figure 4. Modal shapes by FE model (SAP2000).  

It is worth noting that for the evaluation of stresses in the piers, the assessment of a 
whole structural model instead of a simplified approach is needed because the bridge 
piers, constituted by an assemblage of spatial frame elements, are statically 
undetermined. Thus, in this case, a global dynamic analysis would be more appropriate 
(Pinto et al., 2009). Therefore, the experimental dynamic analysis and the updating of a 
FE model is crucial in order to define correctly the model and subsequently evaluate the 
seismic safety of old bridges.  

The first lateral frequency of the bridge, evaluated analytically, was equal to 2.95 Hz, 
whereas the experimental one is equal to 2.00 Hz; this difference can be related with a 
lowering in stiffness due to the degradation of the concrete in the piers. The mode 
involves particularly the piers of the five shorter spans, on the right in Figure 1.  
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Figure 5. Experimental modal shapes of the shorter span. 

 
Figure 6. Modal shapes of the shorter span by FE model (SAP2000). 

4 SEISMIC ANALYSIS  

The seismic analysis was performed according to the Italian code. It was assumed that, 
in a retrofit intervention, lateral and longitudinal restraints for the deck should be added 
at the top of the piers. So the seismic analysis allowed to evaluate the stresses in the pier 
frame elements. The linear response spectrum dynamic analysis was used. Figure 8 
shows the higher pseudo-acceleration elastic spectrum for the site.   
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Figure 7. Extruded views of the global FE model (SAP2000). 

 
Figure 8. Elastic response spectrum according to Italian code. 

The final verification of the ductile elements was made by comparison of deformation 
capability, and strength of brittle elements was verified. The validity of the lineal 
response spectrum analysis used was verified by means of the ratio ρ  between the 
bending moment, obtained from the analysis, and the bending resistance of the section. 
The ratio between the maximum and the minimum ρ  should be lower than 2.5 (Pinto et 
al., 2009). The rotation θ  of the chord linking the two ends of the frame element is a 
verification parameter for ductile elements. The displacement at the top was evaluated 
by means of the complete quadratic combination (CQC) of modal quantities and was 
about 5 cm. In Table 1 the values obtained for two vertical elements of the fifth pier. 
The seismic load is applied transversally; /ϑ δ= H  is the rotation given by the analysis, 

vL  is the shear length, approximately equal to / 2H  for a vertical element in a frame, 

yφ  and uφ  are respectively the yielding and the ultimate curvatures of the cross-section, 

0.1pl H≅  the yielded part of the considered element, yθ  and uθ  the yield and ultimate 

rotation of the section, given by the well-known relations (Pinto et al., 2009).: 
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The values of yφ  and uφ  are calculated by means of the moment-curvature diagram, 

shown for one case in the Figure 9, whereas 1.5elγ = . The example given in Table 1 
shows that the requested rotation is greater than that offered by the section.  
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Table 1. Requested and ultimate rotation of the cross section.  
/ Hδ  ( )vL cm  yφ

 uφ  eγ  ( )pl cm  yθ
 uθ  

0.005105 119.5 6  10-6 3  10-5 1.5 23.9 0.000398 0.0005524 

  

 
Figure 9. Moment-curvature diagram, cross-section and location in the pier. 

Therefore, the bridge needs some intervention in order to guarantee the seismic safety. 
Besides, seismic restraint must be added at the top of the piers or the deck must be 
isolated by means of apposite devices.  

5 CONCLUSIONS 

In this paper the experimental and FE model dynamic analyses of a bridge located in 
Siracusa have been proposed. The aim was to obtain a reliable model in order to 
characterize the seismic behavior of the bridge, which was not designed with reference 
to a seismic code. The definition via manual updating of the FE model was also shown, 
starting from partial models defined by means of the experimental measures and 
assembled in a second time to generate the global model. The subsequent seismic 
analysis showed the necessity of interventions on the structure in order to increase its 
resistance.  

The paper evidences the reliability of the experimental tests in validation FE models, as 
well as in the retrofit of existing structures, in order to correctly estimate structural 
stresses under actions not considered in the initial design.  
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