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In this paper the results of the experimental tests on an earthquake-damaged four-storey 
concrete building located in L’Aquila (Italy) are reported. The building presents 
irregularities both in plan and in elevation. The structure is realized by reinforced 
concrete frames, with horizontal concrete floor slabs, lightened by means of clay air-
bricks. The walls are made of clay bricks with non structural behaviour. The building 
was damaged during the April 6th 2009 earthquake, especially at the first storey, 
therefore it was  classified inhabitable after the earthquake.  

Experimental dynamic tests were carried out by means of two acquisition systems 
Kinemetrics K2, equipped with GPS, and 15 seismometers Kinemetrics SS-1. Sensors 
were placed in two configurations that had in common some reference sensors, which 
allowed to scale correctly the modes in order to have 18 measurement points for 
reconstructing modes. Several time histories of 5 min were recorded, with only ambient 
vibrations as excitation source; the sampling ratio was 200 Hz.  

A preliminary analysis was performed by evaluating the auto- and cross-spectral 
densities between measurement locations. Due to the complexity of the structural 
dynamic behavior a more in-deep investigation was performed by means of Frequency 
Domain Decomposition (FDD) method in order to distinguish close frequency modes. 

Results were used to investigate the seismic induced effects on the dynamic behaviour 
of the building and to choose the most suitable intervention. 
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POST-EARTHQUAKE DYNAMIC BEHAVIOR 
OF A CONCRETE BUILDING 

Fernando Saitta1, Giacomo Buffarini1, Paolo Clemente1  
1 ENEA, Rome, Italy  

ABSTRACT: In this paper the experimental tests on an earthquake-damaged four-storey 
concrete building located in L’Aquila (Italy) are reported. The building, which is  
irregular both in plan and in elevation, was classified inhabitable after the inspections 
subsequent the earthquake of April 6th 2009. The structure is composed by reinforced 
concrete frames, with horizontal concrete slabs, lightened by means of clay air-bricks. 
The walls, also made of clay bricks, do not collaborate in the structural behavior. The 
building suffered damages during the earthquake, especially at the first level.  

 

1 INTRODUCTION 

The four-storey building under study (Figure 1) was classified inhabitable after the 
seismic event which affected the city of L’Aquila (Italy) in April 2009. ENEA was 
asked to perform an experimental investigation in order to evaluate the post seismic 
dynamic behaviour of the building (Buffarini et al., 2010).  

The building is covered by a variegate sloped roof. The first level is partly utilized as 
habitation and part as car parking. The other levels are used as habitation. The building 
is irregular both in plan and elevation; the structural conception is based on a reinforced 
concrete framed structure, with mixed concrete-lateritious floors. Concrete frames are 
infilled by means of air-brick masonry walls. Non-deep foundations complete the 
structure at the interface with the soil. Damage is localized especially at the first level, 
with visible cracks in the internal walls and in the outside walls. 

The seismometers were placed at different levels and ambient vibration testing  were 
used to obtain the numerical data (Wenzel and Pichler, 2005). The data 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 is obtained. This 
technique is very suitable to identify also close modes. Furthermore, the singular vectors 
are estimations of the modal shapes. The convenience and the reliability of natural 
ambient vibration response to unknown excitations for civil engineering purposes has 
been widely demonstrated.  

Results in terms of frequencies and modal shapes are discussed. Correlation functions 
are also calculated. The obtained modal shapes strongly depend on the irregularities of 
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the building. By means of the modal amplitudes, through a Least Square approach, the 
three modal displacements of the third and fourth levels are derived, assuming a rigid 
diaphragm behavior of the floor.  

 

 

Figure 1. Lateral view of the building. 

2 EXPERIMENTAL TESTS 

The experimental vibration analysis were performed by means of two acquisition 
systems Kinemetrics K2, equipped with 15 seismometers SS-1. Sensors were placed in 
two different configurations, C1 and C2, respectively (Figure 2). Three sensors were 
placed at the first level, along three orthogonal directions. Other sensors were placed at 
levels three and four. In the second configuration, sensors were placed along the 
perimeter, in order to better capture the torsion behaviour of the building. The length of 
the recordings was approximately 300 s, with sampling frequency of 200 Hz (time step 

0.005t s∆ = ). A total number of six recordings were obtained, three for each 
configuration.  

3 ANALYSIS OF DATA 

3.1 Estimation of frequencies and modal shapes 

The preliminary analysis has been done by defining the Power and Cross Spectral 
Densities (PSDs and CSDs), with the phase and coherence diagrams (Buffarini et al. 
2010). The Welch (1967) periodogram method was adopted for this purpose. A second 
analysis made use of the FDD method, by decomposition of the PSD matrix ( )fG  at 
each frequency step if , according to the following equation: 

 ( )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 singular vector at a given resonance frequency is an 
estimation of the corresponding modal shape. The strongest mode appears in the first 
vector. Thus, the evaluation of this vector at peak frequencies allows to extract mode 
components at sensor locations. In our case the square matrices were of order 15 and the 
frequency step was 0.003Hz≈ .    
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C1 

 

a) Level 1 b) Level 3 c) Level 4 

   

C2 a) Level 1 b) Level 3 c) Level 4 

Figure 2. Sensors layout in C1 and C2. 

 

Figure 3 shows the singular values versus frequency f  for the first recording in 
configuration C1. Results show a good stability of the values for different recordings. 
Three peaks are clearly visible in the range 0-10 Hz. Other peaks can be observed at 
higher frequencies. Two peaks for frequencies close to the first two already pointed out 
in the first singular value, are also apparent in the second and third singular values. The 
experimental modal shapes are contained in the first singular vector. However, as 
already said, the second and third singular values show two other peaks. Indeed, another 
modal shape, related with longitudinal movement of the building,  corresponding to the 
three principal peaks, was revealed by the decomposition. The components are 
visualized in Figure 4 for the first three modes (red segments). The first four resonance 
frequencies are shown in Table 1. 
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Figure 3. Singular values of the PSD matrix (Test 1 – C1 . Each curve represents a 
singular value of the PSD matrix). 

Table 1. Resonance frequencies. 

Mode f (Hz) 

1 3.523 

2 3.993 

3 4.431 

4 5.280 

 

The first mode involves a lateral motion of the building; however, some unexpected 
result were found. In fact, sensor CH09, on the third floor, records a larger amplitude 
with respect to sensor CH15, which is on the fourth floor.  

The second mode, obtained by the second singular vector, is mainly a longitudinal 
mode. The third singular value (peak at 4.43 Hz) shows another peak. However, in this 
case, no structural mode were detected; the peak is certainly related to the input, 
because the sensor placed at the ground level revealed a significant vertical component 
at this frequency, which cannot be associated with a vertical mode.  

The third mode, related with the second peak in the first singular value, is clearly a 
torsional mode; the transversal components in CH06 and CH07, and in CH12 and 
CH13, have the same orientation, which is opposite to orientation of the component of 
CH09 and CH15. This occurrence suggests that the location of the center of rigidity 
should be in the left-lower side of the building (with reference to figure 4c). Thus, use 
of FDD allowed to distinguish modes, which are very close.  
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3.2 Estimation of modal floor displacements 

Assume the floors to behaves as rigid diaphragms, as usual in structural analysis of 
buildings. In this case, and in the hypothesis of small displacements, the displacement 
components of a point located on the floor at coordinates (x,y), with respect to a 
reference frame, are the following:  

 

a) 

 

b) 

 

c) 

 

 

Figure 4. First three experimental modal shapes: magnitude by red segments. 
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where u  is the vector of the three degrees of freedom (two translational and one 

rotational) of the floor. Six sensors being on the third floor and six at the fourth floor, 

with coordinates ( , )i ix y , it is possible to collect vectors as follows: 
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Figure 5. Modal displacements of the third and fourth levels, assuming a rigid 
diaphragm behaviour: a) mode 1; b) mode 2; c) mode 3. 

Obviously, u  is the unknown quantity, which can be derived in this case of over 
determined system by means of a least square error minimization:  

 1( )T T−= ℜ ℜ ℜu W  (4) 

Values of the modal displacements for the second and third floors, deduced by Eq. (4) 
and defined unless an arbitrary constant, are reported in Table 2, for modes 1 and 3. 
They are relative to a reference system with the origin coincident with the geometric 
center of the first floor of the building. Figure 5 shows the deformed modal shapes 1, 2 
and 3. 

Thus a good characterization of the dynamic behaviour of the building was given by the 
experimental analysis. It is worth noting that torsion movement is always present, even 
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for the modes with prevalent longitudinal or transversal displacements. These aspects 
could explain the damages observed after the earthquake.  

Table 2. Floors modal displacements. 

Mode 1 xu  yu  uθ  

Third level -0.0505 0.0061 -0.0060 

Fourth level -0.0655 0.0067 -0.0031 

Mode 3 xu  yu  uθ  

Third level -0.0626 0.0904 0.0258 

Fourth level -0.0877 0.1142 0.0327 

4 CONCLUSIONS 

The experimental analysis of the building allowed to evaluate its dynamic 
characteristics, i.e., the resonance frequencies and the corresponding modal shapes. The 
FDD method allowed to find out some modes, which were hidden at a first glance of the 
results. Modal shapes are strictly influenced by the in plan complex shape of the 
building. A simple method to evaluate the three degrees of freedom of the floors is 
presented, based on the least square error minimization, which allowed to give a 
suitable representation of the modal shapes.  

Some characteristics of the modes, could be related to the damages at the first floor. For 
example, the components of the translational modes indicate some non-uniformity, 
which could be related with a reduction of the stiffness, subsequent the cracks in the 
infill walls. However, the absence of previous dynamic tests on the undamaged building 
did not allow to deduce more information. All these aspects show the importance of the 
dynamic experimental tests, in order to validate analytical models and to monitor the 
health status of structures and, finally, to detect any variation after seismic events. 
Finally, the experimental behaviour gave information very useful for the choice of the 
retrofitting intervention.  
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