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In this paper the results of the experimental teatan earthquake-damaged four-storey
concrete building located in L'Aquila (Italy) areeported. The building presents
irregularities both in plan and in elevation. Theusture is realized by reinforced
concrete frames, with horizontal concrete floobsldightened by means of clay air-
bricks. The walls are made of clay bricks with rstructural behaviour. The building
was damaged during the Aprii"62009 earthquake, especially at the first storey,
therefore it was classified inhabitable after ¢hethquake.

Experimental dynamic tests were carried out by rmeaintwo acquisition systems

Kinemetrics K2, equipped with GPS, and 15 seismermsetinemetrics SS-1. Sensors
were placed in two configurations that had in commsome reference sensors, which
allowed to scale correctly the modes in order teeha8 measurement points for
reconstructing modes. Several time histories ofidwere recorded, with only ambient

vibrations as excitation source; the sampling ratie 200Hz

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

Results were used to investigate the seismic irdlefects on the dynamic behaviour
of the building and to choose the most suitablerir@ntion.
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ABSTRACT: In this paper the experimental tests nrearthquake-damaged four-storey
concrete building located in L’Aquila (ltaly) areeported. The building, which is
irregular both in plan and in elevation, was clgadiinhabitable after the inspections
subsequent the earthquake of Apfl B009. The structure is composed by reinforced
concrete frames, with horizontal concrete slalghténed by means of clay air-bricks.
The walls, also made of clay bricks, do not collab® in the structural behavior. The
building suffered damages during the earthquak®eceally at the first level.

1 INTRODUCTION

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

The building is covered by a variegate sloped rdbk first level is partly utilized as
habitation and part as car parking. The other feaet used as habitation. The building
is irregular both in plan and elevation; the stuuak conception is based on a reinforced
concrete framed structure, with mixed concreterit@dels floors. Concrete frames are
infilled by means of air-brick masonry walls. Noaep foundations complete the
structure at the interface with the soil. Damag@zalized especially at the first level,
with visible cracks in the internal walls and ire thutside walls.

The seismometers were placed at different levets aanbient vibration testing were
used to obtain the numerical data (Wenzel and &cBD05). The data were analyzed
by means of the well known Frequency Domain Decasitipm (FDD) (Brincker et al.,
2000), which is a technique closely related to thessical peak picking approach
(Ewins, 1984; Maia and Silva, 1997). In the hypstheof white noise exciting force
and with lightly damped structures, through a siagwalue decomposition of power
spectral density matrix, a set of auto power spédkensity functions is obtained. This
technique is very suitable to identify also closedes. Furthermore, the singular vectors
are estimations of the modal shapes. The convemiand the reliability of natural
ambient vibration response to unknown excitatiamscivil engineering purposes has
been widely demonstrated.

Results in terms of frequencies and modal shapesliacussed. Correlation functions
are also calculated. The obtained modal shapesgiyrdepend on the irregularities of
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the building. By means of the modal amplitudespuigh a Least Square approach, the
three modal displacements of the third and foustlels are derived, assuming a rigid
diaphragm behavior of the floor.

e.i‘. m-'.“ ]

Figure 1. Lateral view of the building.

2 EXPERIMENTAL TESTS

The experimental vibration analysis were perfornigd means of two acquisition
systems Kinemetrics K2, equipped with 15 seismome®&-1. Sensors were placed in
two different configurations, Cand G, respectively (Figure 2). Three sensors were
placed at the first level, along three orthogoneddaions. Other sensors were placed at
levels three and four. In the second configuratisensors were placed along the
perimeter, in order to better capture the torsiehaviour of the building. The length of
the recordings was approximately 3@vith sampling frequency of 208z (time step
At=0.005). A total number of six recordings were obtaindtiree for each

configuration.

3 ANALYSIS OF DATA

3.1  Estimation of frequencies and modal shapes

The preliminary analysis has been done by defirimg Power and Cross Spectral
Densities (PSDs and CSDs), with the phase and eoberdiagrams (Buffarini et al.
2010). The Welch (1967) periodogram method was t&dofor this purpose. A second
analysis made use of the FDD method, by decompasdf the PSD matrixG(f) at

each frequency stef) , according to the following equation:
G(f)=U,8V, 1)

where S, is the singular values matrix at frequendy, U, is the singular vectors
matrix, orthogonal tov,. The singular vector at a given resonance frequésian
estimation of the corresponding modal shape. Trengést mode appears in the first
vector. Thus, the evaluation of this vector at p&akuencies allows to extract mode
components at sensor locations. In our case thersauoatrices were of order 15 and the
frequency step was 0.003Hz.
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C a) Level 1 b) Level 3 Cc) Level 4

Figure 2. Sensors layout in @nd G.

Figure 3 shows the singular values versus frequeficyor the first recording in

configuration G. Results show a good stability of the values fifiecent recordings.
Three peaks are clearly visible in the range (H¥0Other peaks can be observed at
higher frequencies. Two peaks for frequencies dodge first two already pointed out
in the first singular value, are also apparentmdecond and third singular values. The
experimental modal shapes are contained in thé dirggular vector. However, as
already said, the second and third singular vadhesv two other peaks. Indeed, another
modal shape, related with longitudinal movementhefbuilding, corresponding to the
three principal peaks, was revealed by the decoitios The components are
visualized in Figure 4 for the first three modesd(segments). The first four resonance
frequencies are shown in Table 1.
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Singular values (dB)
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Figure 3. Singular values of the PSD matrix (Test C; . Each curve represents a
singular value of the PSD matrix).

Table 1. Resonance frequencies.

Mode f (H2)

1 3.523
2 3.993
3 4.431
4 5.280

The first mode involves a lateral motion of thelthmg; however, some unexpected
result were found. In fact, sensor CHQ9, on thedtfioor, records a larger amplitude
with respect to sensor CH15, which is on the fotldbr.

The second mode, obtained by the second singuleoryas mainly a longitudinal
mode. The third singular value (peak at 43¥} shows another peak. However, in this
case, no structural mode were detected; the pealerisinly related to the input,
because the sensor placed at the ground levelleglvaasignificant vertical component
at this frequency, which cannot be associated avitartical mode.

The third mode, related with the second peak infits¢ singular value, is clearly a
torsional mode; the transversal components in CHG6é CHO7, and in CH12 and
CH13, have the same orientation, which is oppdsiterientation of the component of
CHO09 and CH15. This occurrence suggests that ttetibm of the center of rigidity

should be in the left-lower side of the buildingittwreference to figure 4c). Thus, use
of FDD allowed to distinguish modes, which are velnse.
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3.2  Estimation of modal floor displacements

Assume the floors to behaves as rigid diaphragmajsaial in structural analysis of
buildings. In this case, and in the hypothesismél displacements, the displacement
components of a point located on the floor at coatgs K,y), with respect to a
reference frame, are the following:

0

c)
Figure 4. First three experimental modal shapegnmade by red segments.
W, 1 0 - t
= y u, or w=Ru 2
W, 0 1 x y

9
where u is the vector of the three degrees of freedom (trmslational and one

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

with coordinategx, y), it is possible to collect vectors as follows:
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Figure 5. Modal displacements of the third and floulevels, assuming a rigid
diaphragm behaviour: a) mode 1; b) mode 2; c¢) nBde

Obviously, u is the unknown quantity, which can be derived hrs tcase of over
determined system by means of a least squareramamnization:

u=(0'0)0'w (4)

Values of the modal displacements for the secombthind floors, deduced by Eq. (4)
and defined unless an arbitrary constant, are teghan Table 2, for modes 1 and 3.
They are relative to a reference system with thgirorcoincident with the geometric
center of the first floor of the building. Figureshows the deformed modal shapes 1, 2
and 3.

Thus a good characterization of the dynamic behawbdthe building was given by the
experimental analysis. It is worth noting that tonsmovement is always present, even

-6 -



5th International Conference on
Structural Health Monitoring of Intelligent Infrastructure (SHMII-5) 2011
11-15 December 2011, Canctin, México

ath

DECEMBER 11-15

for the modes with prevalent longitudinal or tragsal displacements. These aspects
could explain the damages observed after the aakag

Table 2. Floors modal displacements.

Mode 1 u, uy Uy
Third level  -0.0505 0.0061 -0.0060
Fourth level  -0.0655 0.0067 -0.0031

Mode 3 u, u, U,
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 eévaluate its dynamic
characteristics, i.e., the resonance frequenciggtancorresponding modal shapes. The
FDD method allowed to find out some modes, whichewgdden at a first glance of the
results. Modal shapes are strictly influenced bg th plan complex shape of the
building. A simple method to evaluate the threerdeg of freedom of the floors is
presented, based on the least square error mirtiomzawvhich allowed to give a
suitable representation of the modal shapes.

Some characteristics of the modes, could be retatdae damages at the first floor. For
example, the components of the translational maddgate some non-uniformity,
which could be related with a reduction of thefségs, subsequent the cracks in the
infill walls. However, the absence of previous dymatests on the undamaged building
did not allow to deduce more information. All thesspects show the importance of the
dynamic experimental tests, in order to validatalyital models and to monitor the
health status of structures and, finally, to det@cy variation after seismic events.
Finally, the experimental behaviour gave informatieery useful for the choice of the
retrofitting intervention.
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