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ABSTRACT

Palazzo Marchesale in San Giuliano di Puglia (Italy) is an old masonry structure hosting the new
City Hall. It is quite complex and characterized by severa parts with different height and
foundation levels, arranged around an internal court. After the earthquake of October 31st (M
=5.4) and November 1st, 2002, (M. =5.3), the building was retrofitted and seismic joints were
realized between the different buildings, in order to regularize its dynamic behavior. The
structure has been considered for seismic monitoring in the framework of a research project
funded by the Office for the reconstruction of San Giuliano di Puglia In this context,
seismometers were used to acquire vibration data under ambient excitation. The experimental
results were used to define finite element models, by means of solid and shell elements. After
material characterization, seismic analysis, linear and nonlinear, were done. Finite element
models were developed and updated after modal identification. Therefore, afirst characterization
of the stone irregular masonry was done, with reference to existing literature. The seismic
analyses, based on linear and nonlinear models, show the major vulnerability of the tower with
respect to the other parts of the palace. Thus, the latter was checked with major detail, evaluating
cracking paths and behavior under a seismic record evaluated by amplifying a low magnitude
seismic event, recorded on the site of the palace. More in-deep investigation would be the subject
of future works about material properties.
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ABSTRACT

Palazzo Marchesale in San Giuliano di Puglia (Italy) is an old masonry structure hosting the new
City Hall. It is quite complex and characterized by several parts with different height and
foundation levels, arranged around an internal court. After the earthquake of October 31st (M,
=5.4) and November 1st, 2002,(M_ =5.3), the building was retrofitted and seismic joints were
realized between the different buildings, in order to regularize its dynamic behavior. The structure
has been considered for seismic monitoring in the framework of a research project funded by the
Office for the reconstruction of San Giuliano di Puglia. In this context, seismometers were used to
acquire vibration data under ambient excitation. The experimental results were used to define
finite element models, by means of solid and shell elements. After material characterization,
seismic analysis, linear and nonlinear, were done.

| ntroduction

Seismic analysis of historical buildings is a very complicated task, due to the difficulties in
modeling the mechanical behavior of the stone or masonry texture [1]. As a matter of fact, the
material is often characterized by non isotropic and non homogeneous behavior and tensile
strength is very low. Thus, linear models can give only approximate solutions, whereas for high
intensity loads, such in the case of strong earthquakes nonlinear models are needed.

In the framework of a research project for the monitoring of some relevant structures in
San Giuliano di Puglia (Italy), funded by the Office for the reconstruction of San Giuliano di
Puglia, the ancient Palazzo Marchesale was chosen as relevant case study. A permanent
accelerometric array was installed [2] and atemporary seismometer array was used for the test of
the permanent one and for the dynamic characterization of the structure. The experimenta
dynamic results were compared with those obtained by means of alinear finite element model.

The building is characterized by irregular stone masonry texture, with no definite weak
planes. It is worth noting that, generally speaking, the key problem for modeling masonry
structures as homogeneous material, is the definition of a constitutive law at macro-scale, by
homogenization procedures [1,3]. However, for random stone assemblages, the problem is
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largely uninvestigated. When mortar beds are not clearly defined, as in the case of irregular
masonry, the model at macro scale behaves in a concrete similar manner [4]. In this framework,
for the structure under study, reasonably hypothesis on the nonlinear characterization of the
material have been done and the seismic safety of the structure has been evaluated.

The Palazzo M ar chesale

The Palazzo Marchesale (Figs. 1), located in the historical center of San Giuliano di Puglia, was
seriously damaged by the 2002 earthquake. It is composed of a series of masonry buildings,
arranged around a central courtyard. They spreads over several levels, two completely above the
ground emerging from the courtyard (level 0 and level 1), two below (level -1 and level -2) and
then partially buried by the presence of a slope that affects the site. In more detail four buildings
can be distinguished, which are structurally separated (Fig. 2) but for the seismic monitoring
only the following ones have been considered:

e building A, developed from level -1 to level 1; alittle room on level -2 is present in the

left corner in Fig. 2;
e building B, which includeslevels 0 and 1 but also levels-1and -2 in some parts;
e thetower T, which startsfrom level 0 and presents levels 1, 2 and 3.

Figure 2. Plan view of the aggregate of buildings.

Seismic improving interventions have recently been completed. These consisted in
mortar injections in masonry, substitution of some floors with new ones having laminated wood
structure, and retrofit of vaulted roofs by means of FRP. Furthermore, the Palace was divided



into buildings of regular shape (T, A, B and C), with seismic joints between them. Therefore, the
tower, at the entrance of the courtyard is separated structurally and so are the buildings A and B,
where the municipal offices are placed. In these buildings, which belong to the loca
municipality, an accel erometric network has been installed.

The masonry texture, made of stones of various size, is irregular. Thick joints are filled
with mortar. Fig. 3a shows a masonry square with edge length of 1.2 m. The distribution of stone
areas into the panel isdepicted in Fig. 3b.

[ & e 0.012

- 8 - - X
gy v:as:.-';’. == 010

o - 2
T = - 0008
~= - - -

B a8 T2 0006

L= — -
——t—r e o = .
ARSI s 0004

i, e -
;':h ...:_"\. 3-.:‘"—“-"- ‘,F‘-;' 0.002
L e e i Qe 0.000

e ety G R | 100 200 300 400 500

e —— S— 2
K —— I A (cm7)
a) b)

Figure3. @) Masonry element of 1.2 m edge with typical stone texture observed in the building;
b) Statistical frequency distribution of stone areas in the panel, fitted by a log-normal
distribution.

It is apparent that masonry does not present regular texture and mortar beds cannot be
defined. Thus, in the analysis reported in this paper, the material behavior was assumed similar
to concrete and more in-deep investigation would be the subject of future works.

Experimental analysis and modal identification

An accelerometric network was designed and installed. It is composed by 26 sensors, 4 of them
are triaxial, 8 are biaxia sensors and 14 are uniaxia accelerometers [2]. The total number of
channels is 48. In order to test the accelerometric network and to characterize dynamically the
structure, an ambient vibration analysis campaign was carried out by using a Granite acquisition
system and seismometers SS-1. Sensors were deployed in 2 configurations. In the first one 15
seismometers were deployed in the tower T (Fig. 4), in the second 17 seismometers were
positioned in buildings A and B (Fig. 5). In both cases sensors positions were very close to the
accelerometers of the fixed network. In the case of accelerometers placed at the top of the level,
seismometers were positioned on the above floor. Severa test for each configurations were
carried out, each lasting 5 minutes, with the sampling rate of 250 samples/sec (At = 0.004 sec) in
analogy to the sampling rate of the fixed accel erometric network. For all recordings the analysis
was performed in the time and frequency domains.

The resonance frequencies and the dynamic behavior of the tower, which istaller than the
other portion, are apparent from the first configuration. The main peak in the X direction is at
6.59 Hz, while in the Y direction the main peak is at 5.73 Hz. A resonance frequency is also at
10.10 Hz, apparent in all sensors, which is associated to atorsional mode, as demonstrated by the



phase factors.

To assess the degree of connection of the tower T with building A, sensors V13x and
V15y were placed just beyond the joint. The transversal sensor V15y followed the behavior of
the sensors in the tower, while the longitudinal sensor V13x recorded the presence of the tower
but also other peaks typical of building A, which will be analyzed later. At least for low level
excitation the non-structural links across the joint furnish the continuity in the direction
perpendicular to the joint (V15y). Other resonance frequencies apparent in the spectra can be
attributed to the local modes present in such complex structure. These make difficult the
interpretation of the globa behavior but have less importance in the interpretation of the general
dynamics of this part of the building.

(a) Level O (b) Level 1 (c) Level 2 (d) Level 3 (floor)  (e) Level 3 (top)
Figure 4. Sensor locations in configuration 1 - Tower

In the second configuration seismometers were deployed in buildings A and B. The
complexity of these structures made the interpretation of their dynamic behavior very hard. In
the records of sensors in the transversal direction in the central portion of building A (V13y) the
prevalent resonance frequency is at 8.17 Hz. This is associated to a bending modal shape with
maximum amplitude in the central portion. In the records of sensors close to the tower (V05,
V09) the same resonance of the tower, 5.73 Hz, was found. In the longitudinal direction (\V04,
V10 and V12) the main resonanceis at 9.88 Hz.

With reference to building B, records of sensors in transversal direction (V16 and V17)
showed an apparent peak at 6.22 Hz. Only V 16 presents peaks at higher frequencies, between 10
and 11 Hz. In the longitudinal direction the record of sensor V14 has the main peak at 8.54 Hz.
Both 6.22 Hz in the transversal direction and 8.54 Hz in the longitudinal one, can be assumed as
structural resonances.

In order to support the identification of the dynamic properties from the experimental
data of the structure a finite element model was set up by means of ANSYS code. SOLID45
elements of prismatic or tetrahedral shape were used. The elastic modulus was equal to 2120
N/mn? and was obtained by matching the first frequency with the experimental value. The
building was considered as a whole, without seismic joints. This hypothesis could be useful to
analyze the behavior under very low vibrations, such as the ambient vibrations. Then the mesh
was generated. The frequencies of vibrations and the corresponding modal shapes were extracted
by mean of the subspace iteration method.

The first and second modal shapes are associated to a transversal and to a longitudinal
movement of the tower, respectively (Fig. 6). The portion around the tower is also involved in
the modes. The third modal shape consists in the transversal movement (Y direction) of building
B, while the fourth mode interests building C, not considered in the seismic monitoring. Modes 5



and 6 arerelative to the longitudinal building A.

(a) Level -1 (b) Level 0

(c) Level 1 (Floor) (d) Level 1 (Top)

Figure 5. Sensor locations in configuration 2 - Buildings A and B

Mode5 (f=7.43 H2) Mode 6 (f =7.78 H2)

Figure 6. Modal shapes obtained by the solid finite element model.



Numerical modeling

In order to analyze the static and seismic behavior of the structure a second model, based on shell
elements except for the tower, was built in accordance with the modal results obtained with the
previously defined solid model. Also in this case the model was updated in order to obtain the
coincidence between the first experimental and numerical frequencies. The comparison with the
other frequencies gave quite good results and the same conclusion can be gathered in terms of
modal shapes. The comparison between the higher frequencies and the corresponding modal
shapes is quite hard, especialy for building A. Further recordings, including seismic events,
could be useful.

The mean compressive strength of the homogeneous material was assumed equal to 3.0
N/mn?, the tensile stress equal to 0.2 N/mn?, and the elastic modulus, as aready said, equal to
2120 N/mn. Irregular masonry, such as that treated herein, usually exhibits brittle mode failure,
with no post-peak response [4]. Thus, a simple elastic perfectly plastic constitutive law was
assumed. In the linear analysis a Mohr-Coulomb failure criterion was chosen (t =c¢ + pu G, with
c=0.5 N/mn?* and 1=0.6). The assumptions were based on literature data [4,5] for irregular stone
masonry. For nonlinear anaysis, the Willam and Warnke failure surface [6], for tri-axial stresses
was used. The latter choice was motivated by the implementation of such failure surface in the
Ansys code for SOLID65 element. The shear transfer coefficient for open cracks has been
assumed equal to 0.3, and equal to 0.5 for re-closed cracks.

Response spectrum analysis

The linear analysis allows to have a first glance at the dynamic global behavior of the structure
without the huge computational effort needed in the case of large systems with high number of
degrees of freedom. The elastic spectrum given by the Italian code for rigid soil at the site was
used, with PGA = 0.273g (return period = 950 years). The first 20 modal shapes were used in the
response spectrum analysis.The maximum value of displacement occurs at the top of the tower,
with avalue of about 0.01 m (Fig. 7).

Figure 7. Displacement solution for response spectrum analysis.



Figs. 8 show the vertical normal stresses and the tangential stresses in the yz plane (the
plane of the main fagade). Figs. 9 show the principal stresses in the main fagade. These are added
to the static stresses and the corresponding nodal point stresses are shown in Fig. 10 with the
failure domain (compression is taken as positive). Depending on the sign of seismic effects, the
examined part can be safe or not. Indeed, as the principal stresses in Fig. 9 show, depending on
the seismic direction, the principa major stress component can be tensile or compression
stresses. Thus, the link between the tower and the lower building at its right side can be
advantageous because enlarge the section of the compressed (or tensioned) strut.
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Figure8. Normal stresses in vertical direction and tangential stresses in the plane of the main

facade (y2).
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Figure 9. Principal stresses on the main facade.



Nonlinear seismic analysis

Due to the complexity of the structure and the large number of degrees of freedom, the nonlinear
analysis was used at first instance to evaluate the cracking paths of the tower block, which seems
to be the “weak” element of the aggregate, more vulnerable than the others. The tower was
modeled using SOLID65 elements in Ansys, suitable for concrete elements. However, due to the
absence of preferable weak planes, this element type can be aso used for the purposes of our
investigation.
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Figure 10. Failure domain and stresses in the main facade for opposite seismic actions.

A nonlinear static analysis was first performed, assuming a force distribution simulating
the first modal shape. The cracking paths on the fagade are represented in Fig. 11, for the two
opposite directions of the seismic action. They correspond to displacements of the tower top
nodes of about 0.7 cm. Obvioudly, the results of the linear case are not completely comparable
because of the different failure criterion adopted.
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Figure 11. Crack pathsfor opposite seismic actions in the tower.

The seismic displacement demand was finally verified by means of a nonlinear time
history analysis. The seismic acceleration reported in Fig. 12a was used, obtained by scaling the
values registered at the site for areal event, in order to obtain an accelerogram compatible with
the elastic spectrum at the site given by the Italian code (Fig. 12b).



The displacement time history of a node point at the top of the tower is shown in Fig.
13a. The maximum displacement is equal to about 1.1 cm. Fig. 13b shows the cracks on the
facade. Seismic displacement under arealistic seismic scenario confirm the high vulnerability of
the tower.
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Figure 12. @) Acceleration time history registered at the site, amplified to match the code
spectrum; b) Spectrum of the Italian code compared with the one obtained through
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Figure 13.a) Displacement time history of a node point at the top of the tower; b) cracks in the

facade.

Conclusions

The results of both experimental and numerical dynamic analyses of the Palazzo Marchesale in
San Giuliano di Puglia are presented in this paper. Finite element models were developed and
updated after modal identification. Therefore, a first characterization of the stone irregular
masonry was done, with reference to existing literature. The seismic analyses, based on linear
and nonlinear models, show the major vulnerability of the tower with reference to the other
buildings of the palace. Thus, the latter was checked with major detail, evaluating cracking paths
and behavior under a seismic events recorded at the site.



More in-deep investigation about material properties would be the subject of future
works. In particular, extensive experimental characterization of the resistance offered by stones
and mortar would be suitable, associated with numerical investigations for the complete
definition of a more precise failure surface. Seismic analyses of all the buildings that compose
the structure would be carried out.
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