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Abstract

:

This paper presents the experimental analysis on the “Municipal Headquarters” of Palagianello Town. This is a strategic building with a high complexity at planimetric and altimetric level, so it is interesting the evaluation of its structural dynamic performance in case of seismic emergency management. To this aim, environmental vibrations have been acquired in situ and accelerometers have been positioned in well-defined points. The data were analyzed with an easy and accurate process that includes the Operational Modal Analysis (OMA), to identify the natural frequencies, the mode shapes and the damping ratios with non-destructive testings. Subsequently, the experimental results were compared with those of two numerical models (with and without infill walls) defined by means of the finite element method (FEM); this allowed for better calibration of the model and to arrive at more realistic conclusions about the behavior of the structure. The paper discusses the influence of the stiffness contribution of masonry infills on the dynamic properties of the building. Moreover, it shows that the adoption of ad hoc chosen locations of the sensors could influence the accuracy of the experimental results, especially for structures characterized by irregularities.
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1. Introduction


The seismicity of the Italian territory and the recently recorded seismic events require the adoption of effective measures capable of mitigating the effects of earthquakes on structures.



The high vulnerability of the Italian built heritage is mainly associated with the high variability of the seismic hazard classification that has occurred in recent decades. The consequence of this circumstance is the existence of a great amount of the building stock realized in accordance with the seismic criteria but considering seismic forces lower than those imposed by the new seismic classification, and, in addition, a number of other buildings, the oldest ones, which have been built without any seismic criterion. Thus, in these cases, interventions to adapt the structures to the new seismic hazard are needed. To better design these types of interventions it is advisable to proceed with the structural monitoring before their execution, to obtain useful information on the building under exam. The level of knowledge acquired, in fact, strongly influences the design of structural improvement interventions.



Monitoring is one of the most important management tools to guarantee the safety of buildings and to allow an economic and effective planning of maintenance interventions. This is useful in the case of structures that must perform their function for many years and that are utilized for several uses during their service life, different from those initially foreseen.



In recent years, the Operational Modal Analysis (OMA) has become one of the most utilized techniques, leading to the identification of the unknown modal parameters of a building from the monitoring output-only analysis [1,2,3,4]. This procedure allows us to accurately evaluate in situ the actual behavior of the structures [5,6] in standard environmental conditions, without any applied force; for this reason, it is also used for buildings with monumental and historical value [7,8,9,10,11,12,13,14,15,16,17,18]. In fact, some recent studies [19,20,21,22] demonstrate that the knowledge of the modal parameters of the structure is essential for the evaluation of the seismic vulnerability and the effects of horizontal forces on structural parts and masonry infills during earthquakes. Furthermore, modern structural design techniques require the increasingly important use of mathematical models for the prediction of structural behavior such as the finite element (FE) model. The reliability of the results that can be obtained from these models depends on the underlying assumptions, i.e., the constraint conditions, the mechanical model adopted for the materials, the internal restraints, etc. For this reason, it is important to study data reprocessing techniques and their results that allow for structural identification and related parameters.



In the literature, several experimental tests on structures have been studied and carried out to improve the level of knowledge; the final aim is to define the test apparatus capable of validating the FE model and guarantee the acquisition of a high level.



However, the application to the analysis of reinforced concrete (r.c.) buildings characterized by irregularities is limited. In these cases, the irregularities influence the dynamic properties that are thus expected to be different from the usual ones and, consequently, an ad hoc definition of the testing set-up is needed. The present paper deals with these issues by analyzing the dynamic behavior of a strategic building, the “Municipality Headquarter” of Palagianello (Italy). This building is characterized by an r.c. frame and presents irregularities both in plan and elevation.



In detail, this study involved a first phase of monitoring obtained by acquiring data with the installation of accelerometers in ad hoc chosen points of the structure. The second phase was to perform OMA on the acquired data, by means of ARTeMIS software [23]. The third phase was to define a FE model by means of SAP2000 software [24], in accordance with the documentation and geometrical survey performed on the structure. The last step consists of an optimization procedure whose main aim is to change the parameters correlated with the uncertainties to reduce the percentage of error on the frequencies of the main modal shapes identified.




2. The Town Hall of Palagianello


The monitored building is the Town Hall of the Municipality of Palagianello (Taranto, Apulia, Italy) located in the northern part of the urbanized part of the town (Figure 1), at an altitude of about 130 m above the sea level. Therefore, the building falls within Seismic Zone 3 (low seismicity) following the Italian seismic classification [25,26].



The building was designed in 1988 but its construction dates to 1991. The building is divided into three independent blocks, each one separated from the other by an expansion joint of 2 ÷ 3 cm and having three different service destinations: institutional Headquarters of the Municipality, Council Hall and School (in red in Figure 1). The present research investigates the block adopted as institutional Headquarters of the Municipality, indicated in blue in Figure 1. Following the Italian Decree [27,28], the building is considered a strategic one by the Civil Protection and falls into category A, which includes civil structures with functional operational support for emergency management. Table 1 shows the parameters of the structure.



Charatteristic of the Structure


The “Municipal Headquarters” of Palagianello (Figure 2) is a very articulate structure, with a complex irregularity in plan and in elevation. The building has a flat roof, and it consists of a framed structure in r.c. with masonry infill panels, r.c. and hollow tiles mixed floors. It is also characterized by the presence of some stiffening r.c. walls (with 130 × 30 cm or 170 × 30 cm sizes). The building consists of a basement level and four levels above the ground level; the heights and relative plans of the individual decks are:




	
Basement floor (Figure 3a): −1.80 m;



	
Raised floor (Figure 3b): 2.50 m;



	
First floor (Figure 4a): 6.10 m;



	
Second floor (Figure 4b): 9.40 m;



	
Roof floor (Figure 5): 12.70 m.








As shown in Figure 3, Figure 4 and Figure 5, at the first floor the structure completely changes its geometry. At the Basement and Raised floor it has an “L” shape with an arm equal to about 20 × 13 m and the other equal to about 12 × 12.50 m. At the First and Second floors, the structure splits into two bodies joined only to guarantee a passage in correspondence with the stairwell. One body has a rectangular shape of about 20 × 6 m and the other one shows an irregular rhomboid shape with sides equal to about 13 × 11 m.



In the structure there are some square pillars with 30 × 30 cm and 50 × 50 cm sizes and some rectangular pillars with 60 × 30 cm and 90 × 30 cm sizes, but the most common are the 60 × 30 cm pillars on different floors as shown by Figure 3, Figure 4 and Figure 5.





3. Experimental Campaign


A geometrical survey was performed to acquire detailed information for the definition of a finite element model of the structure; however, the documentation regarding the design of the structure was not available, and thus it was chosen to extend the analysis by including experimental tests.



In detail, to increase the level of knowledge, a survey campaign was carried out on the structure including Pacometric and Sonreb investigations on three structural elements, the mean value of the estimated concrete cubic compressive strength is equal to 40.2 MPa which corresponds to a concrete C32/40 and at an elastic modulus equal to about 33,640 MPa. At the Basement floor, the structure consists of r.c. walls which have been modeled by means of shell elements whose mechanical properties have been assumed equal to the ones considered for the frame elements. The floors have been assumed as rigid diaphragms.



It is worth highlighting that the main uncertainties are related to the masses and to the geometrical dimensions of the horizontal structural elements, but also to the mechanical properties of the concrete, because the number of the Sonreb tests is very low and it was not possible to perform compressive tests on drilled cores [29,30,31].



In Figure 6, the FE model of the structure is shown, and the irregularities are clearly visible: the structural elements at the Basement floor are characterized by stiffness quite different from that at the higher floors. Moreover, also the two parts that compose the L-shape plan have mass and stiffness distributions rather different. The structure has fix restrains at street level.



The structure was considered subjected to the self-weights of the structural elements defined in the FE model, to structural self-weights acting on each floor equal to 3.61 kN/m2 and to a non-structural dead load equal to 3.80 kN/m2. The masonry infills have been considered as uniform dead loads acting on the beams equal to 6.00 kN/m2. The live loads have been assumed equal to 1.00 kN/m2 on the floors.



The mode shapes and natural frequencies of the FE model, obtained by assuming the masses and stiffnesses defined above, have been evaluated. The results show that, as expected by observing the masses and stiffnesses distributions, the structure has mode shapes highly influenced by the torsional behavior. In detail, the first three modes have both torsional and bending components; in particular, the first and second ones are torsional-bending mode shapes along the x axis, while the third mode is along the y axis.



As previously mentioned, some assumptions have been made to completely define the FE model, which need an extensive experimental campaign for their validation.



To overcome the difficulties related to the execution of such tests, and considering the complexity of the structure and the need of acquiring a high level of knowledge, it was decided to perform tests to evaluate the whole actual behavior of the structure and its dynamic properties in particular. The dynamic tests were performed by acquiring the vibrations induced by the environmental loads. The positioning of the accelerometers was decided to obtain several monitored points adequate to estimate the mode shapes of the examined structure. On a planimetric level, the building was simplified and divided into two polygons, and a rigid plane behavior has been imposed to each one of the polygons at each level: one has a rectangular shape and the other one has a rhomboid shape. As shown in Figure 7 the accelerometers were positioned on two opposite vertices of the two polygons, when possible (Second and Roof floor), or only on one vertex (Raised and First floor); in fact, their positioning was conditioned by the accessibility of the individual rooms where the four vertices fell. Along the vertical direction the vertices of the polygons have been chosen aligned because this position favors to identify the behavior of the structure.



The testing setup was composed by n. 28 accelerometers PCB 393B31 (sensitivity 10 V/g, frequency range 0.1 to 200 Hz), n. 11 three-channel Dynamic Signal Acquisition Module (12.8 kS/channel, 30 V, capable of measuring signals from IEPE and non-IEPE sensors), n. 3 chassis CompactDAQ 9178 and RG58 coaxial cables with impedance 50 Ω.



Each CompactDAQ 9178 chassis is connected to a modem by means of an ethernet cable and connected to the others by means of a synchronization cable. The data acquired by the control units are therefore sent via wireless connection from the model to the computer on which the data acquisition software is installed. Specifically, the data acquisition software used is National Instrument’s LabVIEW (Laboratory Virtual Instrumentation Engineering Workbench), which allows customizing the way the measurement data is acquired, displayed, and managed.



The selection of the points to be monitored was made by considering dividing the plan into the polygons characterized by rigid plan behavior, thus the sensors have been installed at the vertices of these polygons in order to be able to evaluate the displacements of each part. Each point was monitored along two orthogonal directions; thus, to assure this condition, two sensors have been installed in each point on two different faces of an aluminum cube (see Figure 8).



A total number of 14 points have been monitored subdivided as follows: three points at the Raised floor (Figure 7a) and First floor (Figure 7b), four points at the Second (Figure 7c) and Roof floor (Figure 7d).



The n. 3 CompactDAQ have been installed to acquire the signals of the accelerometers; in Figure 7 each DAQ was indicated by a different color and the sensors have been drawn by utilizing the color of the DAQ to which they are connected to.



Three different tests have been conducted, each one of about 10 min and with an acquisition frequency of 1024 Hz.



A total of 28 ICP accelerometers perfectly synchronised and perfectly aligned to the orthogonal x, y directions (horizontal xy plane) in the 14 selected measurement points have been used. The very high sampling rate available for each accelerometer (1024 Hz) was fully utilised both in the acquisition phase and in the subsequent processing phase. Considering that each test was carried out with a continuous acquisition in environmental conditions of 10 min, for each accelerometer, 614,400 samples were acquired for each test, a total of 17,203,200 acceleration data. All the acquired data were used in the identification phase for each test. The acquisition system has already been widely used previously by the authors for the dynamic monitoring of structures as follows: a preliminary calibration phase was performed in the laboratory and a subsequent phase in situ provided the choice of the measurement points and the arrangement of the accelerometers which are screwed onto blocks, suitably made to maintain the orthogonality of the measurements and, in turn, connected with specific glues to the points of the structure; all these operations are widely described in previous experiences and carried out with standard methods that do not require further investigation.




4. Identification Results and Up-Dating Procedure


4.1. Structural Dynamic Identification


The acquired vibrations have been analyzed by means of ARTeMIS software [23], and thus a geometrical model has been defined introducing the directions of acquisition of the 28 installed sensors, which are reported as arrows in Figure 9 where the xyz reference system, the same of the FE model, is also indicated.



The vibrations have been analyzed by Stochastic Subspace Identification (SSI-UPC), and, considering the particularly complex shape of the building, a high number of projection channels has been considered. Figure 9 shows the channels used for the identification of the two sub-structures; in particular, the 12 reference channels are colored in magenta. Moreover, to have a confirmation of the experimental identification, also the CFDD identification method, which operates in the domain frequency, has been used for checking the detection of the frequencies identified by SSI-UPC. Figure 10 shows the results of the SSI-UPC analysis performed on the data acquired during Test 1.



The dynamic identification was carried out considering all the acquired data, with a sampling frequency of 1024 Hz. The final analysis, which led to the identification here presented, was carried out in the interval [0–12.8] Hz. The robustness of the identification was ascertained both by verifying the results obtained by means of various identification techniques and modifying some parameters which must be chosen during the numerical elaboration of the recoded data. For the sake of simplicity, four channels were considered in the identification shown in Figure 10, but the same results were obtained considering a greater number of channels. Furthermore, a resolution of 4096 was considered and the order was set to its maximum value equal to 100 for the SSI decomposition in the diagram shown in Figure 10. However, numerous tests were carried out even for these parameters by varying them in reasonable intervals and obtaining the same results. Finally, further proof of the goodness of the identification is ensured by the extreme repeatability of the results in different tests conducted on the structure. In addition to the three tests (Test 1, Test 2 and Test 3) reported in the present work, other experimental tests were carried out giving the same results and, for sake of brevity, not reported in this article.



The identification results of the first three frequencies identified with both the identification methods and for all the three different tests, named Test 1, Test 2 and Test 3, are reported in Table 2.



To complete the estimation of the modal parameters, also the damping corresponding to the identified frequencies have been inserted in Table 2.



The mode shapes have been evaluated: the experimental identification results principally show that the first detected modes do not, in any case, have a purely flexural behavior (first or second flexural along x or y). The modes relating to the first frequencies all have a flexural-torsional behavior with an evident torsional component, due to the particularity of the analyzed structure, constituted by two main asymmetrical bodies, as widely described above. Figure 11 shows the first mode characterized by a torsional component and a bending component along the x axis, Figure 12 plots the second mode characterized by a torsional component and a bending component along the x axis, and Figure 13 shows the third mode characterized by a torsional component and a bending component along the y axis.



It is worth noting that the results show a quite high repetitiveness of the frequency values and that the complexity and irregularities of the structure need a high number of sensors to accurately identify the mode shapes. The chosen position for the accelerometers corresponds to the opposite vertices of the polygons, the rectangle, and the rhombus, for each floor. In fact, it was not possible to insert the sensors as described in all the building corners on each floor, due to the impossibility of accessing to some rooms.



Several setup configurations have been analyzed by excluding in the identification procedure some sensors and evaluating the frequency values and the mode shapes. In Table 3, the frequency values of first three modes estimated for the effective setup configuration and those established by excluding some sensors are summarized. In detail, Test 1.a has been performed by excluding the sensors installed in nodes 46, 38, 30 and 22 (see Figure 12) and, Test 1.b by excluding the sensors installed in nodes 14, 25, 33, 31, 23, 39 and 41. It has been verified that the ‘limited’ configurations also allow for the identification of the first frequencies, unless if it has been necessary to reduce the number of reference channels to four.



The experimental results obtained for the installed sensors are considered for the updating procedure of the FE model, to obtain an accurate numerical model for the vulnerability evaluation.



The experimental acquisitions have been analyzed by means of OMA method by decreasing the number of considered sensors, with the final aim of verifying how the number and location of sensors may influence the identification process for this complex and irregular structure. Thus, three different setups of sensors have been examined; the results show that a reduction in sensors does not significantly influence the identified frequency values, which manifest very low percentage variations; however, the most significant modification is recorded on the modal shapes. Indeed, the identified modal shapes change by considering a reduced number of accelerometers, and this reduction does not permit us to identify with certainty the shape typology, and thus the comparison with the dynamic FE model behavior worsens. In particular, the identified mode shapes related to the Test 1.a (analysis without the sensors placed at nodes 46, 38, 30, 22, as indicated in Figure 9) lose the torsional component for the third mode (torsional-bending along the y axis), and also for the second one (torsional-bending along the x axis) that may be easily exchanged as purely bending modes, making very difficult the comparison with the model that, on the contrary, shows clearly the torsional effects. Additionally, the identified mode shapes related to the Test 1.b (analysis without the sensors placed at nodes 41, 33, 25, 14, 39, 31, 23) lose their torsional characteristics, especially for the second and third. In order to show the important difference between the modes identified with all the accelerometers (shown in Figure 13), in Figure 14 and Figure 15, the second and third mode identified without sensors as indicated for Test 1.a and Test 1.b, respectively. The identification results clearly show that with a reduced configuration of accelerometers, probably due to the complexity of the building, it is not possible to determine the typology of the modal forms that may appear (see Figure 14 and Figure 15 for the second and third modes) only bending modes, losing the torsional characteristic that was, instead, evident and clear with the original configuration of accelerometers.




4.2. Optimization Updating Procedure


The FE model has been updated to match the experimental results; the adopted criterion is to minimize the errors of the frequency values of the first three modes. The main uncertainties are related to the masses and the stiffnesses. Two different updating procedures have been conducted on the finite element model of the structure. In the first model, the masonry infills have been modelled only by inserting their contribution on the seismic mass acting on the beams of the r.c. frame. In the second model, starting from the same assumptions on the involved masses, the updating was firstly conducted by inserting diagonal strut in the positions of the infill walls.



In the model without the infills (Figure 6), due to the particular condition which was conducted during an out-of-service period of the structure, an accurate evaluation of the masses was possible, and the uncertainties were expected to be of low amplitude; in addition, a not significant influence of such uncertainties was reasonably expected on the natural frequency values. Thus, on the first model, the updating procedure was performed by changing the elastic modulus of the concrete to match the experimental frequency results. In this way the concrete elastic modulus was set equal to 38,640 MPa.



In the second model, starting from the same assumptions on the involved masses, the updating procedure was firstly conducted by inserting diagonal struts in the positions of the infills whose properties have been established according to [32]. In particular, the gross cross-sectional area of the equivalent diagonal strut was defined starting assuming a depth equal to the real size of the infill walls, while the other dimension of the transversal section was established according to [32], whereas the elastic modulus E adopted for the equivalent strut is that of the masonry itself equal to 2.9 MPa. The diagonal strut was not inserted only in the windowed walls. Thus, the updating strategy was to modify the elastic modulus of the concrete, which at the end of the updating was set equal to 33,640 MPa, i.e., a reduction of 13% of such value. It is worth noting that this new value is close to the survey campaign values



The first three modes are equal to 4.94 Hz, 7.67 Hz and 8.44 Hz. Following the plots of the first three mode shapes are reported in Figure 16, Figure 17 and Figure 18.



The second FE model has been improved considering including the infill walls into the model as shown in Figure 19. This has allowed us to consider the contribution of the masonry infill walls as regards the stiffness and not only the mass as in the first FE model.



The infill walls were modelled as diagonal strut with axial stiffness only and their properties have been established according to [32]. In particular, the gross cross-sectional area of the equivalent diagonal strut was defined starting to the real size of the infill walls, whereas the elastic modulus E adopted for the equivalent strut is that of the masonry itself equal to 2.9 MPa. The diagonal strut was not inserted only in the windowed walls.



The updating strategy was to modify the r.c. elastic modulus E of the concrete starting from the same assumptions of the first model for the involved masses. The final r.c. elastic modulus was set equal to 33,640 MPa, i.e., a reduction of 13% of such a value from the first FE model. It is worth noting that this new value is close to the survey campaign values.



Table 4 shows the results of the two FE models and the comparison with these frequencies with the ARTeMIS values; it highlights the influence of masonry infill walls. The mode shapes do not change between the FE models with and without the infill walls.





5. Discussion


The ARTeMIS and the second FE models report concordant results for the identified first three modes which occur at almost coincident frequencies and have comparable modal shapes. Therefore, it can be assumed that the 3D FE model has reached a good approximation after the second updating phase and the importance of the insertion of the infill and the relative increase in the stiffness of the model.



Due to the irregularity of the structure in plan and elevation, the participating masses and the variation of the center of masses at each level is identified for each FE model in Table 5 and Table 6, in order to evaluate how these geometric irregularities affect the building dynamic behavior, as indicated in [33,34].



In Table 5, the constant presence of a torsional component is highlighted for all the first three natural frequencies of the structure; this component is almost certainly due to the structural irregularity.



Table 6 demonstrates that, as previously indicated, the mass between the two FE models does not vary having almost coincident centers of mass, as can be seen from the comparison of the coordinates.




6. Conclusions


This research has the goal of identifying the structural behavior of the “Municipal Headquarters” of Palagianello Town, a building with a strategic importance. The case study gives us the opportunity to discuss the importance of a correct design of the test setup in the presence of in-plan and in-elevation structural irregularities. The dynamic identification was made considering the structure subjected only to environmental actions and through the installation with “classical” distributions of highly sensitive sensors; so, the latter collected accelerations data during ordinary service conditions. The advantages of the OMA technique are the precision of the results and the possibility to collect the vibration data when the structure is under its operating conditions; so, there is no activity interruption during the monitoring phases in the structure. The latter highly facilitate the monitoring and the determination of the dynamic characteristics and the vulnerability of the “strategic” buildings.



The present paper investigates and analyses two questions:




	
The variation of the identified frequency values by assuming two different configurations of the installed sensors;



	
The efficacy of the FE model to match the experimental results by including diagonal strut connected at the intersection points of the r.c. frame.








The experimental acquisitions have been analyzed by means of OMA method by changing the number of considered sensors, with the final aim of verify how the number and location of sensors may influence the identification process. Thus, three different setups of sensors have been examined, and the results show that a reduction in sensors does not influence significantly on the frequency values, which manifests a very low percentage variation; however, the more significant modification is recorded on the modal shapes. In fact, the identified shapes change substantially, losing (second and third identified mode) the torsional characteristic that is very important for a correct comparison with the FE model.



The paper shows that the adoption of ad hoc chosen locations of the sensors could modify the experimental results, and the influence of the masonry infills on the frequency values may be significant. Furthermore, the paper discusses the influence of the stiffness contribution on the dynamic properties of an irregular building which is usually neglected into the updating procedures, but as demonstrated, it is important for a correct model improvement.
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Figure 1. Location of the Town Hall of Palagianello (source Google Earth Pro). 
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Figure 2. Principal façade of the “Municipal Headquarters” of Palagianello. 
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Figure 3. Building Plans: (a) Basement floor; (b) Raised floor. 
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Figure 4. Building Plans: (a) First floor; (b) Second floor. 
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Figure 5. Plan of the Roof floor. 
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Figure 6. 3D view of the FE model of the “Municipal Headquarters” of Palagianello without infill walls defined by means of SAP2000. 
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Figure 7. View of the directions of acquisition of the accelerometers installed at the Raised floor (a), the First floor (b), the Second floor (c) and the Roof floor (d). 
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Figure 8. View of the sensors installed in one of the monitored points. 
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Figure 9. Model of the “Municipal Headquarters” of Palagianello defined in Artemis software. The arrows show the position and direction of each installed accelerometer. 






Figure 9. Model of the “Municipal Headquarters” of Palagianello defined in Artemis software. The arrows show the position and direction of each installed accelerometer.



[image: Applsci 12 03445 g009]







[image: Applsci 12 03445 g010 550] 





Figure 10. Results of the SSI-UPC identification analysis performed on the data acquired during Test 1. 
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Figure 11. First experimental mode is a torsional-bending mode along x (in green the un-deformed configuration and in blue the mode shape): (a) 3D view; (b) plan view. 
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Figure 12. Second experimental mode is a torsional-bending mode along x axis (in green the un-deformed configuration and in blue the mode shape): (a) 3D view; (b) plan view. 






Figure 12. Second experimental mode is a torsional-bending mode along x axis (in green the un-deformed configuration and in blue the mode shape): (a) 3D view; (b) plan view.



[image: Applsci 12 03445 g012]







[image: Applsci 12 03445 g013 550] 





Figure 13. Third experimental mode is a torsional-bending mode along y axis (in green the un-deformed configuration and in blue the mode shape): (a) 3D view; (b) plan view. 
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Figure 14. Experimental mode shapes identified for Test 1.a (without sensors placed at nodes 46, 38, 30, 22) plan views (in green the un-deformed configuration and in blue the mode shape): (a) second mode (bending along x axis); (b) third mode (bending along y axis). 
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Figure 15. Experimental mode identifies for Test 1.b (without sensors placed at nodes 46, 38, 30, 22) plan views (in green the un-deformed configuration and in blue the mode shape): (a) second mode (bending along x axis); (b) third mode (bending along y axis). 
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Figure 16. First mode is a torsional-bending mode along x axis with frequency equal to 4.94 Hz (in grey the un-deformed configuration and in blue the mode shape): (a) 3D view; (b) plan view. 
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Figure 17. Second mode is a torsional-bending mode along x axis with frequency equal to 7.67 Hz (in grey the un-deformed configuration and in blue the mode shape): (a) 3D view; (b) plan view. 
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Figure 18. Third mode is a torsional-bending mode along y axis with frequency equal to 8.44 Hz (in grey the un-deformed configuration and in blue the mode shape): (a) 3D view; (b) plan view. 
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Figure 19. 3D view of the FE model of the “Municipal Headquarters” of Palagianello with infill walls defined by means of SAP2000. 
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Table 1. Structure Parameters.
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	Use Class
	Nominal Life

[Years]
	Use

Coefficient
	Period

[Years]
	Soil Type
	Topographic

Category





	III
	50.0
	1.5
	75.0
	A
	T1
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Table 2. Identified frequency values.
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Mode

	
Test 1

	
Test 2

	
Test 3

	
Mean

Frequency




	

	
Frequency

[Hz]

	
Damping Ratio [%]

	
Frequency

[Hz]

	
Damping Ratio [%]

	
Frequency

[Hz]

	
Damping Ratio [%]

	
[Hz]






	
1

	
5.17

	
1.25

	
5.14

	
1.75

	
5.35

	
1.30

	
5.20




	
2

	
7.68

	
2.75

	
7.65

	
2.58

	
7.66

	
2.98

	
7.66




	
3

	
8.86

	
2.09

	
8.63

	
1.93

	
8.79

	
2.06

	
8.76
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Table 3. Comparison between the identified frequency values for different set-up configurations.
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	Mode
	Frequency Test 1

(Identification with All Sensors)

[Hz]
	Frequency Test 1.a

(Identification without Sensors Placed at Nodes 46, 38, 30, 22)

[Hz]
	Frequency Test 1.b

(Identification without Sensors Placed at Nodes 41, 33, 25, 14, 39, 31, 23) [Hz]





	1
	5.17
	5.12
	5.13



	2
	7.68
	7.66
	7.69



	3
	8.86
	8.71
	8.78
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Table 4. Comparison between the identified frequency values for different set-up configurations.
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	Mode
	FE Model without Infill Walls Frequency

[Hz]
	FE Model with Infill Walls Frequency

[Hz]
	ARTeMIS

Mean Frequency

[Hz]





	1
	4.94
	5.26
	5.20



	2
	7.67
	7.72
	7.66



	3
	8.44
	8.83
	8.76
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Table 5. Modal Participating Mass Ratios.
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Mode

	
FE Model without Infill Walls

	
FE Model with Infill Walls




	

	
Period

[s]

	
Ux

[-]

	
Uy

[-]

	
Rz

[-]

	
Period

[s]

	
Ux

[-]

	
Uy

[-]

	
Rz

[-]






	
1

	
0.202

	
0.260

	
0.050

	
0.331

	
0.189

	
0.297

	
0.068

	
0.304




	
2

	
0.130

	
0.365

	
0.067

	
0.163

	
0.129

	
0.394

	
0.080

	
0.207




	
3

	
0.118

	
0.000

	
0.490

	
0.096

	
0.113

	
0.003

	
0.485

	
0.163
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Table 6. Center of Mass coordinates of the two FE Model for each floor.
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Axis

	
FE Model without Infill Walls

	
FE Model with Infill Walls




	

	
U1

	
U2

	
U3

	
U1

	
U2

	
U3






	
Raised floor




	
x

	
10.35

	
10.35

	
6.02

	
10.36

	
10.36

	
6.02




	
y

	
8.88

	
8.88

	
12.32

	
8.88

	
8.88

	
12.32




	
z

	
0

	
0

	
0

	
0

	
0

	
0




	
First floor




	
x

	
9.36

	
9.36

	
7.47

	
9.36

	
9.36

	
7.47




	
y

	
9.71

	
9.71

	
10.01

	
9.71

	
9.71

	
10.01




	
z

	
3.60

	
3.60

	
3.60

	
3.60

	
3.60

	
3.60




	
Second floor




	
x

	
7.29

	
7.29

	
7.13

	
7.31

	
7.31

	
7.13




	
y

	
10.21

	
10.21

	
10.93

	
10.21

	
10.21

	
10.93




	
z

	
6.90

	
6.90

	
6.90

	
6.90

	
6.90

	
6.90




	
Roof floor




	
x

	
7.07

	
7.07

	
7.03

	
7.10

	
7.10

	
7.03




	
y

	
9.80

	
9.80

	
10.82

	
9.80

	
9.80

	
10.82




	
z

	
10.20

	
10.20

	
10.20

	
10.20

	
10.20

	
10.20
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