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Abstract

:

The OSS (acronym of the Italian “Osservatorio Sismico delle Strutture”) is a network of permanent seismic monitoring systems installed on about 150 buildings in Italy. Each system consists of a number of sensors sufficient to completely describe the dynamic response of the structure. Structural typologies have been selected according to their representativeness of the public building stock and to their importance for emergency management. Data available for each building include: structural survey and in situ tests on materials, experimental modal analysis, finite element models and model updating. In the above framework, a school building located in Amatrice, a small town in the meizoseismal area heavily impacted by the 2016 Central Italy earthquake, is one of the buildings instrumented by the OSS; thus, its monitored dynamic response, including that under the main shock, is available. The building showed diffused huge damage with partial collapses. Firstly, a linear finite element model is used in the interpretation of small amplitude vibrations in order to give a reliable dynamic characterization of the initial conditions of the structure. Some relevant quantities of the recorded structural motion under seismic excitation are used to describe the experimental dynamic behaviour. The recorded displacements are then applied to a nonlinear finite element model, and the numerical results are compared with the experimental evidence. The main aim is to discuss the capability of the combined use of experimental response and computational tools in quantifying damage suffered by a structure on the basis of the measured response to an earthquake.
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1. Introduction


The school building studied in this paper was equipped by a seismic recording system within the network for monitoring public buildings, bridges and dams, the Seismic Observatory of Structure (OSS) of the Italian Department of Civil Protection (DPC). As reported with more details in [1], the seismic responses of structures are recorded for both scientific and civil protection purposes: acceleration measures are acquired at each floor in real time and processed in the OSS central server in Rome, assessing possible damage (which can be extended to buildings having similar construction typology) based on experimental inter-storey drifts. All recorded data are shared automatically via website with the technical/scientific community for both improving the knowledge of the real structural behaviour under earthquakes and providing background for technical regulations. OSS measured quantities are also a quick alert for DPC, which can accordingly mobilize the Italian Civil Protection System, including regional and municipal local authorities and operational structures as the fire brigade, Red Cross, police, volunteers, etc. Prior to the installation of the monitoring system, a survey of the monitored structures is performed, including structure design, soil properties, photographic reports, assessment of geometric and mechanic properties, development and analysis of finite element models (optimized by comparison with experimental data), and vulnerability analysis.



Between August and November 2016, three major earthquake events occurred in Central Italy. The first event (magnitude (M) = 6.1) occurred on 24 August 2016, the second (M = 5.9) occurred on 26 October 2016, and the third (M = 6.5) occurred on 30 October 2016. Each event was followed by numerous after-shocks, some exceeding M = 5. A comprehensive description of the sequence is out of the scope of this paper. A large body of literature is available about this topic; to cite only one paper, in [2], a synthesis of the observations of two post-event reconnaissance teams is reported. Analyses of the damage patterns in several towns, like Amatrice, can be found in [3]: in particular, the evolution of damage due to the seismic sequence within each vulnerability class of buildings is reported.



Several papers have been devoted to the analysis of the structural response and damage observed during the 2016 seismic sequence [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21]. They used different computational models and tools (commercial or research codes) based on a wide variety of approaches, including nonlinear, linear with kinematic constraints, non-smooth contact dynamics, macroelements, and seismic regulations codified procedures. One group [4,5,6,7,8,9,10,11] is devoted to non-monitored structures; they are limited to a prediction of structure response and have highlighted the capacity of the computational techniques adopted in satisfactorily representing the real damage scenario, even if from a qualitative point of view. More interesting is the second group [12,13,14,15,16,17,18,19,20,21], which is devoted to the analysis of monitored structures, some of which are included in the OSS set. For these structures, as the one studied in this paper, records of dynamic quantities due to environmental and seismic excitations are available.



The papers [12,16,20,21] addressed a masonry school building in Visso town and showed that the measured acceleration signals are well reproduced by a nonlinear commercial code. The papers [13,15] examined data recorded by the monitoring systems of three buildings, which were used to study the phenomenon of frequency and damping wandering during strong motion. In [14], the experimental results were used to calibrate the numerical model in order to assess strengthening interventions. The papers [17,19] focused on school buildings outside the epicentral area, slightly impacted by the 2016 seismic sequence. The paper [18] addressed a base isolated building; the authors observed that the comparison between the recorded seismic accelerations and the corresponding accelerations obtained from a numerical model showed a good correspondence in one direction; in the other direction, characterized by a high-frequency response attributed to the presence of an elevator shaft, the acceleration peaks are underestimated by the numerical model.



As is well known, structural health monitoring (SHM) techniques can be applied on data gathered from a seismic monitoring system. Even if a comprehensive review of SHMs is outside the aim of this paper, the classification reported in [22] is of interest, where the approaches proposed in the literature are distinguished as being either model-based or signal-based. In the former approaches, damage is recognized through tracking variations in the simulated measurements from a structural model, and specific parameters of this model are updated under the system’s responses, as discussed, for example, in [23]. The latter approaches rely on statistical analysis and assess the system’s response independently; therefore, they do not require additional information concerning the structure’s physical properties and parameters. One of the main issues of signal-based techniques is the limitation of the number of response quantities. As discussed in the following, combining experimental and numerical results, available response quantities can be expanded in order to obtain much information at the local level, thus allowing the estimation of damage on all relevant structural elements.



This paper is focused on the interpretation of data gathered by the OSS monitoring system installed on a school building in Amatrice while also taking advantage of interpretative numerical models. First, a linear finite element model is used for the simulation of small amplitude vibrations in order to obtain a reliable dynamic characterization of the structure’s initial conditions. Some relevant quantities of the recorded motion are selected to describe the experimental dynamic behaviour under the seismic excitation. As far as the estimation of damage degree, at present, this is performed with a simplified approach, where the maximum recorded inter-storey drifts are compared with literature reference values established for different construction typologies (masonry, reinforced concrete RC). This approach has been improved on the basis of measured quantities and the specific characteristics of the structure under study: the recorded displacements are applied to a nonlinear finite element model of the structure, and the numerical results, which satisfactorily describe the experimental evidence, furnish reliable quantification of local damage. This approach is also useful in a SHM perspective, because it allows us to expand the experimental data set and to gather information at the local level on a great number of structural elements.




2. Description of the Building Aggregate


The school building aggregate studied in this paper, belonging to a typology widely studied in a seismic perspective in the last years [24,25], is located near the centre of Amatrice. The aerial view of the aggregate is reported in Figure 1a, while in Figure 1b, the three buildings belonging to the aggregate are evidenced. The main school building C was constructed from 1933 to 1936; the structural typology was masonry made by irregular stones interrupted at regular distance by horizontal layers of clay bricks. The original wooden roof was substituted in the 1970s by ribbed slabs, similar to those of the floors. Building C has two levels above ground and one level partly under ground. RC buildings A and B were added in 1990 and 2000, respectively. Both buildings A and B have two levels above ground, while building B also has one level under ground. The floor slabs of buildings A and B were made by hollow clay bricks and RC joists; the roof slab of building A consists of corrugated steel sheets supported by steel trusses, while for building B’s roof, the same typology of floors was used. Despite the fact that masonry and RC buildings were separated by structural joints, the roof did not have evident discontinuity of the tiles.



In Italy, three seismic zones exist according to both historical and modern regulations (Zone 1 corresponds to locations with the highest seismicity), not considering Zone 4, where the seismic hazard is negligible. Amatrice was classified as seismic Zone 2 starting in 1915. In 1983, Zone 2 was confirmed, while in 2003, Zone 1 was enforced. Until 2003, seismic action was described using conventional parameters without physical meaning; starting in 2003, the seismic action began to be described using uniform hazard spectra. Thus, it is reasonable to assume that all buildings A, B and C have been designed according to the actions corresponding to seismic Zone 2; at that time, the structural design under seismic actions was performed by applying to the building a system of equivalent horizontal loads and performing allowable stress checks. Starting from 1984, and this is significant only for buildings A and B, seismic codes required a 20% increment of the horizontal loads for buildings characterized by a higher level of risk, such as school buildings, if compared to ordinary ones.



At the end of 2009, a seismic vulnerability assessment of building C was performed, leading to a seismic reliability factor (i.e., the displacement capacity/demand ratio) in the range between 0.4 and 0.6; the variability was due to different assumptions for the masonry characteristics. For buildings A and B, the estimate of the seismic reliability factor was about 0.4. The vulnerability assessment was conducted according to the Italian seismic regulation [26] with reference to a 712-year return period seismic action, greater than the 475-year return period applicable for ordinary buildings; the reference limit state was similar to the so-called life safety according to modern international seismic codes.



In 2012, structural interventions were made to buildings A and B: the columns were reinforced with fiber-reinforced polymer (FRP) material, and plastic fiber-reinforced plaster was applied to external infills and internal partitions in order to prevent the falling of debris in case of an earthquake.



After the main shock of the 24 August 2016 earthquake, in the following simply denoted as the 2016 earthquake, the conditions of the buildings were as depicted in Figure 2. Building C underwent a partial collapse, involving the portion of the building having an underground level (Figure 2 and Figure 4). The remaining portion of the building showed very heavy damage, with several diagonal cracks in the walls and an overturning of a facade owing to out-of-plane actions. Buildings A and B showed relevant damage to infills and partitions without collapse and moderate damage to structural elements. Damage was also evident to the joints between buildings C and A, where the tiles collapsed and a 15 cm opening appeared (see bottom picture of Figure 2).



Special attention must be paid to the dimensions of the structural joints between buildings A, B and C. At the time of the construction of both buildings A and B, a minimum joint dimension of 1% of the height with respect to the foundations was enforced. This corresponds to nearly 10 cm for building A and 12 cm for building B. According to the code [26] applicable for the 2012 interventions, the 1% minimum joint dimension must be multiplied by a factor depending on the site seismicity, corresponding to a 30% increment of the previously reported values. In 2011, some tests on all buildings concerning material properties, structural details, and, in particular, the joints between buildings C, A and B were performed by DPC. As documented in Figure 3 during the 2012 seismic upgrading of buildings A and B, the structural configurations of the joints were checked at all levels. At the roof level, in order to avoid damage to the tile layer in ordinary conditions, a weak connection was built to sustain the nonstructural elements. The performance of the structural joints will be discussed in the following on the basis of the recorded quantities.




3. Description of the Monitoring System


The monitoring system installed in 2010 on the aggregate studied in this paper is composed of 1 digital recording unit, 21 accelerometers (1 triaxial, 10 bi-directional, 10 mono-directional), 1 GPS receiving unit for UTC synchronisation, and 1 ADSL modem for communications with DPC server; all sensors are connected to the local recording unit by cables. The locations of the sensors are reported in Figure 4. The number and locations of the components were selected in order to describe the floor plane motion in a realistic manner. The floors of buildings A and B can be reasonably considered as rigid, while for building C, a deformation of the floors can be expected. Thus, for this building more components were deployed, as depicted in Figure 4. In particular, the sensor locations were selected in order to allow the definition of three different rigid body constraints, as discussed in the following.



The nominal full-scale of the NF sensor is ±0.5 g. For the other sensors, the nominal full-scale is ±1 g. Accelerations 33% greater than the above-reported nominal full-scale values can be recorded by the system. Indeed, a 7.5 V electric current corresponds to the nominal full-scale, while the digitizer is capable of recording up to 10 V, i.e., 33% more than 7.5 V. Thus, when the acceleration exceeds the nominal full-scale, the digitizer is still capable of recording it up to ±0.66 g for NF and ±1.33 g for the remaining ones.




4. Experimental Modal Analysis and Linear Model Updating


Prior to discussing the behaviour of the buildings under the 2016 destructive earthquake, it is useful to highlight their dynamical properties gathered from experimental modal analyses. As previously discussed, in 2012, some structural interventions on both buildings A and B and their joints were made; thus, two configurations are analyzed, before and after 2012. A 20-min ambient vibration measurement recorded in 2010 and a 1-h ambient vibration measurement before the 2016 earthquake are available. These data sets will be denoted, respectively, by 2010 and 2016 and can be suitably analyzed using linear procedures in order to determine the updated model after the 2012 interventions.



With the aim of allowing a clear depiction of modal shapes, the floors have been subdivided in 5 rectangular portions: the displacement of a generic point has been calculated by those of the instrumented points imposing rigid body constraints on each portion.



Table 1 collects the natural frequencies obtained by both 2010 and 2016 data sets, while in Figure 5, the corresponding modal shapes are depicted. The first 4 frequencies fall in a narrow frequency range (6.03–6.94 Hz). Starting from the 2010 data set, as expected, the first mode is mainly in the Y direction, while the second mode is mainly torsional. In the third mode, the main portion of building C exhibits a torsion: one wing and one RC building accomodate it, while the other parts oppose it. In the fourth mode, the main wing of building C exhibit a small translation in X, while both wings translate and rotate in opposite directions. In the fifth mode, the main wing of building C exhibits a torsion, while the secondary wings of building C and both buildings A and B oppose it. Comparing the behaviour of the structural joints near buildings A and B, it is evident that, despite a significant coupling of all buildings, building B is more independent with respect to building A.



Using the 2016 data set, a slightly different dynamical behaviour can be observed. The natural frequency of the first mode does not change; for the second to fourth mode, 3–5% increments are observed, while the fifth mode exhibit a 1% reduction. The frequency increment can be reasonably explained considering a slight increment of the stiffness of buildings A and B, where the infill walls and the partitions were covered by a reinforced plaster during the 2012 interventions. The deformed shapes are generally similar to that of the 2010 dataset, but the second mode of 2016 resembles the third mode of 2010 and vice versa. Concerning the behaviour of structural joints near buildings A and B, it is confirmed that there is a significant coupling of all buildings and an independence of building B, but also, building A appears slightly more independent with respect to the 2010 configuration, especially with reference to the first mode shape. This behaviour can be attributed to the 2012 interventions, when the joint dimensions have been verified.



Like all other structures belonging to OSS, for this aggregate, a FEM has been developed in 2011 (Figure 6a) using a commercial software [27]. The a priori model characteristics were based on the geometry and material properties purposely investigated after the installation of the monitoring system; then, the parameters of the a priori model were updated to reasonably match experimental frequencies and mode shapes obtained by small vibrations induced on the structure by letting a RC block fall on the ground near the building at the monitoring system installation time (Figure 6b).



Taking into account that the aggregate of buildings C, A and B, at least at small level sof vibration, exhibit a dynamical behaviour as a whole, a global model has been created (Figure 6a). The masonry walls of building C and the slabs have been modelled using shell elements; the columns and beams of buildings A and B and the roof trusses have been modelled using frame elements, while the corresponding plane elements in Figure 6a were used only to simulate the masses. The infilled walls of buildings A and B have been modelled using equivalent diagonal struts. For the external underground walls, the soil-structure interaction has been modelled using equivalent horizontal springs. The nodes of the model have been considered fixed at the base.



Firstly, a brief description of the a priori model is given. The dead weight of the slabs are reported in the following: inclined slabs with deformed steel sheets, 170 kg/m2; stairs, 500–700 kg/m2; RC floor slabs, 450–550 kg/m2; horizontal RC slabs under the roof and inclined RC slabs of the roof, 300–350 kg/m2, which leads to significant masses at the top. For the masonry walls, the unit weight was assumed to be 2200 kg/m3; for hollow clay walls, the unit weight was assumed to be 700 kg/m3; and for RC elements the unit weight was assumed to be 2200–2500 kg/m3 (depending on in situ tests). The elastic modulus was assumed as follows: RC columns, 21,000–28,000 MPa (a 0.8 reduction coefficient with respect to test values was applied to take into account the cracked properties); RC beams, 13,000–17,000 MPa (0.5 reduction coefficient for cracked properties); masonry, 2300 MPa. For infilled walls, an equivalent elastic modulus of 7900 MPa was initially set, and the transversal dimension of the equivalent strut was set to 20% of the diagonal length. In the a priori model, the structural joints were considered not effective (continuity between buildings A, B and C).



The calibration of the model, based on the minimization of the error between experimental and numerical frequencies and mode shapes, leads to the following updated parameters: the elastic modulus of the masonry was set to 1600 MPa (30% reduction); the elastic modulus of the infills of building A was increased by 10%, while that of building B was reduced by 25%; furthermore, the joints were considered effective only for building B at all floors, except at the roof level. In the framework of structural identification procedures, model updating techniques usually involves suitable analytical nonlinear procedures to drive the optimum selection of the parameters [28,29]. When the focus of the study, like in the present case, is on the analysis of the seismic performance, rather than on the analytical features of the method, a linearized modified procedure based on [30] can be effectively applied.



The results in terms of natural frequencies are reported in Table 1 under the column FEM2010. The error is generally very small, between 0 and 1%; only for the fourth mode is the error 2.2%. The mean error is 0.62%. The comparison in terms of mode shapes is reported in Figure 5, and results are very satisfactory; due to visualization approximations, buildings C and B seem connected at all floors, but in the model, they are connected only at the roof level. The modal participation masses of this model are reported in Table 2: a good agreement can be observed with respect to the description of the experimental modal shapes reported in Table 1.



With the aim to confirm the confidence in the global model of the aggregate, single models of each building are examined: they are not able to reproduce the experimental behaviour. In Table 3, the dynamical properties of the independent models are reported. The experimental frequencies are poorly approximated by separate models, while they are in good agreement with the global model FEM2010 of Table 1. It appears that the C building mainly influences the behaviour of the aggregate. The experimental first mode can be interpreted as the effect of the connection of new buildings A and B to the old building C; the resulting experimental frequency (6.03 Hz) falls in the range of the first frequencies in the Y direction of the separate models (5.78, 6.81, 7.01).



As already discussed, in 2012, some structural interventions were made. Thus, the FEM2010 model has been modified in order to approximate the new dynamical parameters reported in Table 1 under the column “Experimental 2016”. The new model, called FEM2016, reflects those structural modifications involved deletion of the connections between buildings A and C at all floors, except at the roof, analogous to building B in the FEM2010 model and a 10% increment to the elastic modulus of the masonry infills due to the reinforced plaster applied to the walls.



The results obtained in terms of natural frequencies are reported in Table 1 in the corresponding column. For FEM2016, the error is generally very small, between 0.3 and 1.7%. Only for the second mode is the error 4.2%; in this case, the mean error is 1.22%, greater than the 0.62% mean error obtained with FEM2010. The modal shapes obtained with model FEM2016 are not reported, because they are very similar to those of FEM2010 in Figure 5.



Different from the experimental results where, as already observed, there is an exchange between the second and third modes of the 2010 and 2016 measurements, this is not present in the numerical shapes. In any case, the result obtained was considered sufficiently approximate to use this model for the kind of simulations discussed in the following section.




5. Experimental and Numerical Analysis of the 2016 Earthquake Response


The 2016 earthquake was recorded by the OSS monitoring system, and several types of information can be gathered based on both the strong motion characteristics and on the building response.



5.1. The Recorded Strong Motion


A detailed analysis of the signal recorded at the base level (position NF of Figure 4) is outside the scope of this paper. Few data can be discussed in order to put the aggregate behaviour in the larger picture of the effects of the earthquake on the territory. Figure 7 shows the acceleration time history at the base of the aggregate: the peak values are about 0.45, 0.65 and 0.5 g in the X, Y and Z directions, respectively. The prevalent horizontal direction of the base motion was in the Y direction, as depicted in Figure 7d, where a single relevant cycle of about 13 cm maximum displacement is evident. This horizontal displacement was coupled to a significant maximum vertical displacement of about 6 cm. Prior to the integration, to obtain velocity and displacement, the acceleration has been processed using a high-pass filter with a 0.25 Hz corner frequency. Using a more sophisticate processing procedure [31], permanent displacements could be evidenced, but for the aims of this paper, the trajectories reported in the diagrams maintain their validity.



It is also interesting to compare the NF record (in the following called AMTS) with the signal recorded by the RAN station called AMT. RAN is the acronym of Italian accelerometric network, which consists of more than 500 stations. The position of the AMT station is reported in Figure 1a; the distance between AMT and AMTS is about 800 m, and the difference in elevation is about 80 m (AMTS is the highest). The characteristics of the soil corresponding to AMT and AMTS positions are rather different: the AMTS location can be considered more prone to significant local amplification effects with respect to AMT.



Figure 8a–c allows us to compare the spectral content of the accelerometric records of AMTS and AMT. To make the comparison more consistent from a seismological point of view, the components have been projected with respect to the fault, which is the intersection of the ideal plane representing the earthquake source and the surface of the ground. The usefulness of this projection also stems from the fact that the 2016 earthquake resulted significantly affected by near-source effects: usually these effects influence the parallel component differently from the orthogonal one [32]. The horizontal spectra are rather similar in the period range between 0 and 0.4 s; for periods greater than 0.4 s, AMTS is more severe. Peak ground acceleration is in the range 0.6–0.8 g; the maximum spectral ordinate is about 1.8 g. Figure 8d shows that the 475-year return period site amplification spectrum [33] (output microzonation) is much greater than that on stiff soil (input microzonation). Moreover, the experimental response spectra (AMTS) results are greater than the 475-year spectrum (output microzonation) for the high period range. Thus, it is interesting to evaluate the corresponding return period of this spectra. To this aim, using the information produced by the microzonation program, a spectral amplification curve can be obtained for the AMTS site. Dividing each spectral ordinate of AMTS spectrum by the amplification curve, the site amplification effects are eliminated from the record, and the resulting spectrum can be considered on stiff or reference site. At this point, several response spectra, characterized by various return periods, can be calculated with the formula reported in [26]; the spectrum with the best approximation furnishes the wanted return period. To reduce the influence of the near fault effects that are not taken into account in the code [26], it is more suitable to use the parallel component (green curve in Figure 8d), which, as it can be easily verified, is not significantly affected by this phenomenon. At the end, a return period of 700 years was estimated. For the new school buildings in Italy, the live safety performance is required for a 712-year return period. Usually, for existing buildings, the same performance of a new building cannot be expected if a seismic retrofit has not been performed. In the case at hand, as already written, for building C, a seismic reliability factor of 0.4–0.6 was estimated; by simple calculations, this means that the life safety target fulfilment was expected for an earthquake having a mean return period between 80 and 200 years. Thus, the 2016 earthquake, characterized by a 700-years return period, exceeded that corresponding to the life safety performance.




5.2. The Structural Response


With reference to the performance of the aggregate, Figure 9 reports acceleration time histories recorded in some points during the 2016 earthquake. In the same figure, the simulations performed with the previously updated FEM2016 linear model are also depicted. As expected [12,13,14,15,16,17,18,19,20,21,34], the FEM2016 model is able to reproduce the real behaviour until the elastic limit is exceeded. After that, a significant period of elongation of the structure is evident in the experimental results. Nonetheless, the elastic model is capable of predicting rather well the maximum accelerations at various locations (Table 4). Obviously, for the portions of the structure affected by a collapse, this comparison is not significant. In any case, the mean error in terms of accelerations results are 7.6% at level 1, 12.9% at level 2 and 15.7% at level 3. This result seems rather interesting, considering the huge nonlinearity experienced by this structure.



As is well known, the damage state of the structural vertical elements, both masonry and RC, can be correlated to the maximum inter-storey drift. Table 5 lists these values for each building. Even not considering the sensors located in the collapsed portion, very high values of about 3% were attained at the first inter-storey above ground of building C; as a reference, the code [26] for masonry buildings suggests, for the life safety limit state, maximum values of 0.4% for shear and 0.6% for flexure. The recorded values are indicative that the masonry panels at the second inter-storey attained the collapse limit. The maximum recorded drift at the third inter-storey (between levels 2 and 3) was 0.8%, close to the above-reported range for the life safety performance. At both inter-storeys, the observed damage agreed with that expected according to the code.



For RC buildings A and B, the maximum inter-storey drift was 1.1%. According to the literature [35] the drift at yielding could be assumed to be about 0.9%, while the drift value corresponding to the near collapse limit state can be assumed to be about 2.3%. The recorded value suggests that the columns exceeded the elastic range, but with limited excursion into the plastic range. This result agrees with the observed damage.



A special attention, for this aggregate, must be paid to the behaviour of the structural joints. The recorded opening of the joints at each level is reported in Figure 10. At first glance, the relative displacement curves are not symmetric: the closure is always smaller than the opening. Very high values of opening before the collapse of about 15–20 cm were registered. During the first relevant cycle, all joints tend to close and, especially at the roof level, acceleration impulses can be observed, reasonably due to the rupture of the light structures supporting the tiles. The results suggest that the minimum joint dimension, as enforced by the current Italian code, should be improved if pounding between adjacent buildings is judged to be avoided even under very severe earthquakes.




5.3. Evaluation of Local Damage Using Nonlinear Models


A combined experimental-numerical approach has been applied to evaluate local damage in the structure. The procedure is discussed by referring to building A. Nonlinear models of RC buildings have been developed according to the lumped plasticity approach for the monodimensional elements, beams and columns using the “hinge properties” definition of the code [27]. This nonlinear model does hot have a predictive aim in order to simulate the failure behaviour, but its aim is the use of measured response for the estimation of local damage quantities. The elastic characteristics of the elements were obtained from the linear model of the whole aggregate, previously updated using experimental modal data. For the nonlinear characteristics of the elements, taking into account only the flexural behaviour of the plastic hinges, the yielding   θ y   and ultimate   θ u   chord rotations and the plastic hinge length   L  p l    were calculated in accordance to the code [26]:


   θ y  =  ϕ y    L v  3  + 0.0013  1 + 1.5  h  L v    + 0.13  ϕ y     d b   f y     f c     



(1)






   θ u  =  1  γ  e l      θ y  +  (  ϕ u  −  ϕ y  )   L  p l    1 −   0.5  L  p l     L v      
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   L  p l   = 0.1  L v  + 0.17 h + 0.24    d b   f y     f c     



(3)




where   ϕ y   and   ϕ u   are the yielding and ultimate curvatures of the end sections, h is the section height,   d b   is the mean diameter of the reinforcements,   f c   and   f y   (in MPa) are the concrete compression strength and steel yielding stress, respectively,    L v  = M / V   is the shear length, i.e., the ratio between flexural moment and shear (usually assumed equal to one half of the inter-storey height), and    γ  e l   = 1.5   is the seismic action resistant elements. Moreover, the definition of the plastic hinges requires the evaluation of yielding   M y   and ultimate   M u   moments, which are determined under the simplified assumption of constant axial force. Material strength values have been obtained during the already reported survey, performed after the installation of the monitoring system.



A deformed configuration of the structure is determined on the basis of the displacement time histories recorded during the 2016 earthquake, and the deformation field of each column (Figure 11a) is estimated as well. To this aim, the recorded displacements were applied to the points of the model corresponding to the location of the sensors; the plane stiffness of the floor slabs allowed us to transfer these displacements to the remaining points. It can be easily recognized that this procedure does not require the knowledge of the nonlinear interaction between buildings C and B. An example of the moment-plastic rotation diagram is reported in Figure 11b; in Figure 11c the moment-total rotation is reported. To characterize the local damage   D l   in each element, the following quantity has been calculated:


   D l  =    θ  m a x   −  θ y     θ u  −  θ y     



(4)







Obviously, the damage index   D l   is not intended to accurately characterize each possible failure mode (flexural, shear, bond slip, joint failure) of the RC elements: its aim is rather to determine elements more heavily damaged with respect to the others. The values of local rotations and damage are listed in Table 6. At first glance, the excursion in the nonlinear range was significantly larger for a global displacement of the structure in the Y direction, confirming the results of Table 5. Moreover, the values of   D l   were greater at the base level than at the upper floor. It is well known that damage indices are generally affected by a high degree of scatter [36]; thus, in this case,   D l   can be especially useful to compare the state of damage of different columns. With this in mind, the damage level was generally moderate, with the exception of two columns, 8 and 12, adjacent to the external stairs at the second inter-storey, were   D l   was very high. This quantitative damage estimation was confirmed by a direct inspection after the earthquake; in particular, the conditions of the most damaged columns of building A can be observed in the last image of Figure 2.



While the inter-storey drift values calculated directly from the measures (Table 5) represent a mean value along a vertical alignment, the local chord rotation values calculated using the nonlinear model (Table 6) highlight the peaks of damage to the most stressed parts of the structure. For example, column A-12 attained a maximum chord rotation of 1.98% at inter-storey 2 at the upper plastic hinge, to be compared to the mean inter-storey drifts of 1.1% of sensor A11Y of Table 5.





6. Conclusions


A school building aggregate, equipped with a permanent seismic monitoring system by DPC and heavily impacted by the 24 August 2016 Central Italy earthquake was studied. The building aggregate was located in Amatrice and was composed of one masonry and two RC buildings. The main masonry building C was separated by the RC buildings, A and B, through structural joints. Building C underwent a partial collapse, while buildings A and B showed moderate damage, with few localized heavy damaged beam-column joints.



From the signal recorded at the base level of the structure, the acceleration peak value was about 0.65 g, and the prevalent horizontal component of the base motion was in the North-South direction, where a single relevant cycle of about 13 cm maximum displacement was highlighted. The comparison of this recorded motion to that of a different station in Amatrice outskirts, belonging to the national accelerometric network, showed a significant local amplification effect. Indeed, a very good agreement between the experimental response spectra and that derived by a microzonation study was observed. The acceleration response spectra recorded at the base of the building corresponded to a mean return period of about 700 years, similar to 712 years, corresponding to the life safety limit state at present required in Italy for new school buildings. In the case at hand, the seismic vulnerability of the school building was greater than that of a new building, and the same limit state corresponded to an earthquake with a mean return period between 80 and 200 years.



The dynamical properties of the buildings before the 2016 earthquake were obtained from experimental modal analyses. Two configurations of the aggregate were considered: before (called 2010) and after (called 2016) structural interventions performed in 2012. In both results, the first 4 frequencies fell in a narrow frequency range (6.03–6.94) Hz, and, despite the presence of structural joints, a significant coupling of all buildings was registered. Using the 2016 data, a slight increment of frequencies was observed due to the reinforcement interventions, and a small modification of the mode shapes was observed as well, probably related to the upgrading of structural joints between B and C and A and C buildings.



An FEM was developed on the basis of geometric and material properties purposely investigated. Then, model parameters were updated to reasonably match the experimental frequencies and mode shapes obtained by small vibration tests. The aggregate exhibited a dynamical behaviour as a whole, and a global model was created accordingly. The results of the FEM in terms of natural frequencies and mode shapes were very satisfactory, and the updated model was used in the simulation of the response to the 2016 earthquake.



This updated FEM was subjected to the base excitation recorded during the 24 August 2016 earthquake. As expected, the model is able to reproduce the real behaviour fairly faithfully until the elastic limit is exceeded. After that, a significant period of elongation in the experimental structure response is evident. It is worth noticing that the maximum accelerations at various locations predicted using the elastic model are in good agreement with the measured values: the mean error was between 7.6% and 15.7% at the first and third building level, respectively. This result seems rather interesting considering the huge nonlinearity experienced by this structure, and suggests the need to study more in depth the capability of linear models to predict the structural response in terms of acceleration and probably in terms of force.



A special attention has been paid to the behaviour of the structural joints. It can be observed that the relative displacement curves are not symmetric: the closure is always smaller than the opening, which reached high values of about 15–20 cm, greater than the gap required by the current seismic code. This result suggests that this minimum joint dimension should be improved if pounding between adjacent buildings is deemed to also be avoided under severe earthquakes.



Nonlinear models of RC buildings have been developed from the linear model of the whole aggregate. The beams and the columns were modelled according to the lumped plasticity approach: plastic hinges were defined at each beam-column joint. The recorded displacement time histories were applied to the nodes of the model of building A, and the deformation of the elements were determined. Thus, a local damage in each element was calculated, and a damage index was introduced, which made it possible to describe the different conditions of the structural elements.



As expected, the excursion in the nonlinear range was significantly larger for a deformed configuration of the structure in the North-South direction, where the earthquake component is stronger. In any case, the damage level generally was moderate, with the exception of two columns adjacent to the external stairs, where the index reached the highest values. This quantitative damage estimation was confirmed by a direct inspection after the earthquake. While the inter-storey drift values calculated directly from the measured quantities represent a mean value along a vertical alignment, the combined use of a nonlinear model allows for highlighting the peaks of damage in the most stressed elements of the structure.



In a SHM perspective, in this paper, the use of experimental results and nonlinear models has been combined: in particular, a numerical model has been used along with experimental results to obtain information at a local level, thus allowing the estimation of damage on all relevant structural elements. This technique can be very useful in general to obtain more significant results from recorded responses.







Author Contributions


Conceptualization, A.D.S. and F.V.; methodology, A.D.S. and F.V.; validation, A.D.S., F.V., S.M. and M.N.; investigation, A.D.S. and S.M.; data curation, A.D.S. and S.M.; writing—original draft preparation, A.D.S.; writing—review and editing, A.D.S., F.V., S.M. and M.N; supervision, M.N.; project administration, M.N. and S.M.; funding acquisition, M.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The views and conclusions contained here are those of the authors and should not be interpreted as necessarily representing official policies, either expressed or implied, of the Italian Government.




Data Availability Statement


Data and results are shared in open data via web at https://oss.protezionecivile.it/osspublic, accessed on 23 June 2022. The available info on monitored structures can be found at https://servizi.protezionecivile.it/oss, accessed on 23 June 2022.




Acknowledgments


The authors acknowledge: Roberto Gerard, Giuseppe Falzone and Marco Marchioni, Civil Protection Dpt., for the supervision of the monitoring system; Leane S.r.l. for the maintenance of the monitoring system; Massimo Morelli, SGM S.r.l., for the accurate development of the finite elements models; Romeo Amici, Amatrice Municipality, for the documentation of the structural interventions to the building.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


The following abbreviations are used in this manuscript:



	DPC
	Department of Civil Protection



	FEM
	Finite element model



	FRP
	Fiber reinforced polymers



	M
	Earthquake Magnitude



	OSS
	Seismic Observatory of Structures



	RAN
	Italian accelerometric network



	RC
	Reinforced concrete



	SHM
	Structural Health Monitoring









References


	



Dolce, M.; Nicoletti, M.; De Sortis, A.; Marchesini, S.; Spina, D.; Talanas, F. Osservatorio sismico delle strutture: The Italian structural seismic monitoring network. Bull. Earthq. Eng. 2017, 15, 621–641. [Google Scholar] [CrossRef]

	



Stewart, J.P.; Zimmaro, P.; Lanzo, G.; Mazzoni, S.; Ausilio, E.; Aversa, S.; Bozzoni, F.; Cairo, R.; Capatti, M.C.; Castiglia, M.; et al. Reconnaissance of 2016 central Italy earthquake sequence. Earthq. Spectra 2018, 34, 1547–1555. [Google Scholar] [CrossRef]

	



Graziani, L.; del Mese, S.; Tertulliani, A.; Arcoraci, L.; Maramai, A.; Rossi, A. Investigation on damage progression during the 2016–2017 seismic sequence in Central Italy using the European Macroseismic Scale (EMS-98). Bull. Earthq. Eng. 2019, 17, 5535–5558. [Google Scholar] [CrossRef]

	



Di Sarno, L.; Wu, J.R. Seismic assessment of existing steel frames with masonry infills. J. Constr. Steel Res. 2020, 169, 106040. [Google Scholar] [CrossRef]

	



Jain, A.; Acito, M.; Chesi, C. Seismic sequence of 2016–17: Linear and non-linear interpretation models for evolution of damage in San Francesco church, Amatrice. Eng. Struct. 2020, 211, 110418. [Google Scholar] [CrossRef]

	



D’Altri, A.M.; Castellazzi, G.; de Miranda, S. Collapse investigation of the Arquata del Tronto medieval fortress after the 2016 Central Italy seismic sequence. J. Build. Eng. 2018, 18, 245–251. [Google Scholar] [CrossRef]

	



Poiani, M.; Gazzani, V.; Clementi, F.; Milani, G.; Valente, M.; Lenci, S. Iconic crumbling of the clock tower in Amatrice after 2016 central Italy seismic sequence: Advanced numerical insight. Procedia Struct. Integr. 2018, 11, 314–321. [Google Scholar] [CrossRef]

	



Argiento, L.; Maione, A.; Giresini, L. The corner failure in a masonry building damaged by the 2016–2017 central Italy earthquake sequence. In Proceedings of the 7th International Conference on Computational Methods in Structural Dynamics and Earthquake Engineering (COMPDYN 2019), Crete, Greece, 24–26 June 2019; Volume 1, pp. 633–650. [Google Scholar] [CrossRef]

	



Clementi, F.; Ferrante, A.; Giordano, E.; Dubois, F.; Lenci, S. Damage assessment of ancient masonry churches stroked by the Central Italy earthquakes of 2016 by the non-smooth contact dynamics method. Bull. Earthq. Eng. 2020, 18, 455–486. [Google Scholar] [CrossRef]

	



Giordano, E.; Clementi, F.; Nespeca, A.; Lenci, S. Damage Assessment by Numerical Modeling of Sant’Agostino’s Sanctuary in Offida During the Central Italy 2016–2017 Seismic Sequence. Front. Built Environ. 2019, 4, 87. [Google Scholar] [CrossRef]

	



Sferrazza Papa, G.; Tateo, V.; Parisi, M.; Casolo, S. Seismic response of a masonry church in Central Italy: The role of interventions on the roof. Bull. Earthq. Eng. 2021, 19, 1151–1179. [Google Scholar] [CrossRef]

	



De Silva, F.; Piro, A.; Brunelli, A.; Cattari, S.; Parisi, F.; Sica, S.; Silvestri, F. On the soil-structure interaction in the seismic response of a monitored masonry school building struck by the 2016–2017 central Italy earthquake. In Proceedings of the 7th International Conference on Computational Methods in Structural Dynamics and Earthquake Engineering (COMPDYN 2019), Crete, Greece, 24–26 June 2019; Volume 1, pp. 1853–1862. [Google Scholar]

	



Lorenzoni, F.; Lazzarini, L.; Calabria, A.; de Conto, N.; da Porto, F. Assessment of the dynamic response of monitored masonry buildings after the central Italy earthquake swarm in 2016. In Proceedings of the 7th International Conference on Computational Methods in Structural Dynamics and Earthquake Engineering (COMPDYN 2019), Crete, Greece, 24–26 June 2019; Volume 1, pp. 1863–1872. [Google Scholar]

	



Calabria, A.; Lorenzoni, F.; da Porto, F. Parametric assessment of strengthening interventions on a monitored masonry building after the 2016 central Italy earthquake. In Proceedings of the 7th International Conference on Computational Methods in Structural Dynamics and Earthquake Engineering (COMPDYN 2019)), Crete, Greece, 24–26 June 2019; Volume 1, pp. 1537–1546. [Google Scholar]

	



Cattari, S.; Degli Abbati, S.; Ottonelli, D.; Marano, C.; Camata, G.; Spacone, E.; da Porto, F.; Modena, C.; Lorenzoni, F.; Magenes, G.; et al. Discussion on data recorded by the Italian structural seismic monitoring network on three masonry structures hit by the 2016–2017 central Italy earthquake. In Proceedings of the 7th International Conference on Computational Methods in Structural Dynamics and Earthquake Engineering (COMPDYN 2019), Crete, Greece, 24–26 June 2019; Volume 1, pp. 1889–1906. [Google Scholar]

	



Brunelli, A.; de Silva, F.; Piro, A.; Parisi, F.; Sica, S.; Silvestri, F.; Cattari, S. Numerical simulation of the seismic response and soil–structure interaction for a monitored masonry school building damaged by the 2016 Central Italy earthquake. Bull. Earthq. Eng. 2021, 19, 1181–1211. [Google Scholar] [CrossRef]

	



O’Reilly, G.; Perrone, D.; Fox, M.; Monteiro, R.; Filiatrault, A.; Lanese, I.; Pavese, A. System Identification and Seismic Assessment Modeling Implications for Italian School Buildings. J. Perform. Constr. Facil. 2019, 33, 04018089. [Google Scholar] [CrossRef]

	



Clemente, P.; Di Cicco, A.; Saitta, F.; Salvatori, A. Seismic Behavior of Base Isolated Civil Protection Operative Center in Foligno, Italy. J. Perform. Constr. Facil. 2021, 35, 04021027. [Google Scholar] [CrossRef]

	



Gara, F.; Regni, M.; Carbonari, S.; Balducci, A.; Dezi, L. Dynamic behaviour of a retrofitted school building subjected to the after-shock sequence of the 2016 Central Italy earthquake. Procedia Eng. 2017, 199, 2084–2089. [Google Scholar] [CrossRef]

	



Graziotti, F.; Toninelli, P.; Solenghi, M.; Guerrini, G.; Penna, A. Numerical simulation of the nonlinear earthquake response of a monitored URM school building. In Proceedings of the 7th International Conference on Computational Methods in Structural Dynamics and Earthquake Engineering (COMPDYN 2019), Crete, Greece, 24–26 June 2019; Volume 1, pp. 1827–1838. [Google Scholar] [CrossRef]

	



Ferrero, C.; Lourenço, P.; Calderini, C. Nonlinear modeling of unreinforced masonry structures under seismic actions: Validation using a building hit by the 2016 central Italy earthquake. Frat. Integrita Strutt. 2020, 14, 92–114. [Google Scholar] [CrossRef]

	



Gharehbaghi, V.R.; Noroozinejad Farsangi, E.; Noori, M.; Yang, T.Y.; Li, S.; Nguyen, A.; Malaga-Chuquitaype, C.; Gardoni, P.; Mirjalili, S. A Critical Review on Structural Health Monitoring: Definitions, Methods, and Perspectives. Arch. Comput. Methods Eng. 2022, 29, 2209–2235. [Google Scholar] [CrossRef]

	



Benedettini, F.; De Sortis, A.; Milana, G. In field data to correctly characterize the seismic response of buildings and bridges. Bull. Earthq. Eng. 2017, 15, 643–666. [Google Scholar] [CrossRef]

	



Vatteri, A.; D’Ayala, D.; Gehl, P. Bayesian networks for assessment of disruption to school systems under combined hazards. Int. J. Disaster Risk Reduct. 2022, 74, 102924. [Google Scholar] [CrossRef]

	



Ruggieri, S.; Perrone, D.; Leone, M.; Uva, G.; Aiello, M. A prioritization RVS methodology for the seismic risk assessment of RC school buildings. Int. J. Disaster Risk Reduct. 2020, 51, 101807. [Google Scholar] [CrossRef]

	



International Maritime Organization (IMO). Norme Tecniche per le Costruzioni; Decree of January 14, Building Code; Ministry of Infrastructures and Transport: Rome, Italy, 2008. (In Italian)

	



Computers and Structures Inc. SAP2000 Integrated Software for Structural Analysis and Design; Computers and Structures Inc.: Berkeley, CA, USA, 2000. [Google Scholar]

	



De Sortis, A.; Antonacci, E.; Vestroni, F. Dynamic identification of a masonry building using forced vibration tests. Eng. Struct. 2005, 27, 155–165. [Google Scholar] [CrossRef]

	



De Sortis, A.; Paoliani, P. Statistical analysis and structural identification in concrete dam monitoring. Eng. Struct. 2007, 29, 110–120. [Google Scholar] [CrossRef]

	



Douglas, B.M.; Reid, W.H. Dynamic tests and system identification of bridges. J. Struct. Div. 1982, 108, 2295–2312. [Google Scholar] [CrossRef]

	



D’Amico, M.; Felicetta, C.; Schiappapietra, E.; Pacor, F.; Gallovič, F.; Paolucci, R.; Puglia, R.; Lanzano, G.; Sgobba, S.; Luzi, L. Fling effects from near-source strong-motion records: Insights from the 2016 M w 6.5 Norcia, Central Italy, Earthquake. Seismol. Res. Lett. 2019, 90, 659–671. [Google Scholar] [CrossRef]

	



Chopra, A.; Chintanapakdee, C. Comparing response of SDF systems to near-fault and far-fault earthquake motions in the context of spectral regions. Earthq. Eng. Struct. Dyn. 2001, 30, 1769–1789. [Google Scholar] [CrossRef]

	



Working Group of Experts under the Coordination of Centro MS. Seismic Microzonation of the Territory of Amatrice Municipality; Special Commissioner for the Reconstruction after the 2016 Central Italy Earthquake; Publications Office of the European Union: Luxembourg, 2017. (In Italian) [Google Scholar]

	



Greco, A.; Fiore, I.; Occhipinti, G.; Caddemi, S.; Spina, D.; Calio’, I. An equivalent non-uniform beam-like model for dynamic analysis of multi-storey irregular buildings. Appl. Sci. 2020, 10, 3212. [Google Scholar] [CrossRef]

	



De Sortis, A.; Vestroni, F. Seismic Retrofit of Low-Rise Reinforced-Concrete Buildings: A Modified Displacement-Based Design Procedure. J. Archit. Eng. 2020, 26, 04020008. [Google Scholar] [CrossRef]

	



Park, Y.J.; Ang, A.S. Mechanistic seismic damage model for reinforced concrete. J. Struct. Eng. 1985, 111, 722–739. [Google Scholar] [CrossRef]








[image: Buildings 12 00907 g001 550] 





Figure 1. (a) Aerial view of Amatrice before the 2016 earthquake: location of the aggregate studied in this paper (red circle) and of the strong motion accelerometric station AMT (white circle). (b) Aerial view of the buildings belonging to the aggregate. 
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Figure 2. Views of the buildings before (left) and after (right) the 24 August 2016 earthquake; the letters refer to the nomenclature of the buildings reported in Figure 1b. The photographs on the left were taken prior to the 2012 interventions. 
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Figure 3. Details of the structural joints upgraded during the 2012 interventions (from left to right): increment of the distance between floor slabs; effective distance between floor slabs visible after the interventions; waterproof layer on the joint between two roof slabs; corrugated steel sheet between adjacent buildings A and C under the joint (photo courtesy of R. Amici). 
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Figure 4. Location of the sensors. The corresponding elevations are reported as dashed lines in the small sections (respectively, levels 0, 1, 2 and 3); the arrows represent the recorded components that are similar on each vertical alignment. Positive directions of x- and y-axis are also reported; hatched areas correspond to collapsed elements during the 2016 earthquake. The aggregate has global dimensions of about 47 m along the x-axis and about 30 m (except the semicircular portion) along the y-axis. 
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Figure 5. First 5 modal shapes obtained with the experimental modal analysis before (2010) and after (2016) the 2012 structural interventions and comparison with those calculated with the finite element model (FEM) updated to match the 2010 results. 
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Figure 6. (a) View of the FEM. (b) Vibration excitation after the monitoring system installation with a RC weight falling on the ground. 
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Figure 7. Acceleration time histories (a,c,e) and phase plane diagrams (b,d,f) at the base of the aggregate in the (a,b) X direction (see Figure 4); (c,d) Y direction; (e,f) Z direction. 
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Figure 8. (a) The 5% damping acceleration response spectra measured by the OSS station (AMTS, blue curve) and by the RAN station (AMT, orange curve), with components projected in direction orthogonal to the fault; (b) like (a) but the components are projected in direction parallel to the fault; (c) like (a,b) but the vertical components are plotted; (d) comparison of AMTS response spectra with the results of the microzonation [33]. 
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Figure 9. Time histories (time interval 11–22 s) of the recorded accelerations (Experimental), compared to the linear simulations (FEM2016): (a,b) Bldg. A lev. 2; (c,d) Bldg. A lev. 3 (roof); (e,f) Bldg. B lev. 2; (g,h) Bldg. B lev. 3; (i,k,l) Bldg. C lev. 2; (j,m,n) Bldg. C lev. 3. 
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Figure 10. Time histories of the structural joint openings (in cm) between masonry and RC buildings (black curves) and of the relative (with respect to the ground) accelerations (red curves, in cm/s2): (a) level 3, joint near sensor A19; (b) level 3, joint near sensor A16; (c) level 2, joint near sensor A11; (d) level 2, joint near sensor A7. Sensor locations are reported in Figure 4. 
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Figure 11. (a) Column numbers of building A. (b) Column 2, second inter-storey, X-direction rotation, moment-plastic rotation diagram. (c) Moment-total rotation diagram. 
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Table 1. Natural frequencies (f) of the first 5 modes obtained with the experimental modal analysis and comparison with the numerical simulations. Shape: Y = mainly translational in Y, T = torsional, CT + 1WO = torsional (building C) + one wing opposing CT, CX + ABOX = mainly translational in X (building C) + X translation in opposite directions (both wings), CT + 2WO = torsional (central portion) + both wings opposing CT. X and Y positive directions are reported in Figure 4. FEM 2010: model updated using 2010 data. FEM 2016: modification of FEM 2010 to reproduce the effects of 2012 interventions.
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Experimental 2010

	
Experimental 2016

	
FEM 2010

	
FEM 2016




	
Mode n.

	
f (Hz)

	
Shape

	
f (Hz)

	
Var. (%) 2016/2010

	
Shape

	
f (Hz)

	
Error (%) FEM/Exp.

	
f (Hz)

	
Var. (%) 2016/2010

	
Error (%) FEM/Exp.






	
1

	
6.03

	
Y

	
6.03

	
0

	
Y

	
6.06

	
0.5

	
6.06

	
0

	
0.5




	
2

	
6.16

	
T

	
6.48

	
5.2

	
CT + 1WO

	
6.16

	
0

	
6.21

	
0.8

	
−4.2




	
3

	
6.35

	
CT + 1WO

	
6.52

	
2.7

	
T

	
6.41

	
0.9

	
6.41

	
0

	
−1.7




	
4

	
6.71

	
CX + ABOX

	
6.94

	
3.4

	
CX + ABOX

	
6.86

	
2.2

	
6.96

	
0.4

	
0.3




	
5

	
7.87

	
CT + 2WO

	
7.79

	
−1

	
CT + 2WO

	
7.83

	
−0.5

	
7.71

	
−1.5

	
−1
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Table 2. Modal participating masses of models FEM2010 and FEM2016 (in parentheses).
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	Mode
	1
	2
	3
	4
	5





	Mass X
	0 (1)
	34 (32)
	28 (31)
	4 (3)
	0 (0)



	Mass Y
	66 (64)
	0 (3)
	0 (0)
	0 (0)
	0 (0)



	Mass RZ
	0 (3)
	29 (29)
	34 (33)
	0 (0)
	4 (5)



	 Σ  Mass X
	0 (1)
	34 (33)
	62 (64)
	66 (67)
	66 (67)



	 Σ  Mass Y
	66 (64)
	66 (67)
	66 (67)
	66 (67)
	66 (67)



	 Σ  Mass RZ
	0 (3)
	29 (32)
	63 (65)
	63 (65)
	67 (70)
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Table 3. Numerical natural frequencies (f) of the first 5 modes obtained by models of the three buildings (A, B and C) completely independently and comparison with the 2010 experimental values. For the description of modal shapes refer to the caption of Table 1, adding: TX = torsional + translation along X; X = translation along X.
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Bldg. A

	
Bldg. B

	
Bldg. C

	
Experimental 2010




	
Mode n.

	
f (Hz)

	
Shape

	
f (Hz)

	
Shape

	
f (Hz)

	
Shape

	
f (Hz)

	
Shape






	
1

	
5.45

	
TX

	
5.09

	
TX

	
5.78

	
Y

	
6.03

	
Y




	
2

	
6.81

	
Y

	
7.01

	
Y

	
5.96

	
T

	
6.16

	
T




	
3

	
9.17

	
T

	
9.09

	
T

	
6.44

	
X

	
6.35

	
CT + 1WO




	
4

	

	

	

	

	
7.30

	
ABOX

	
6.71

	
CX + ABOX




	
5

	

	

	

	

	
8.66

	
CT + 2WO

	
7.87

	
CT + 2WO
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Table 4. Maximum absolute accelerations (in g) recorded (Rec.) and calculated (Num.) for the 2016 main shock. The location of the sensors is reported in Figure 4, and their names are completed with the axis direction; sensors located in collapsed portions are evidenced with an asterisk. The sensors are grouped with respect to the corresponding elevation (Level 1, 2 and 3).






Table 4. Maximum absolute accelerations (in g) recorded (Rec.) and calculated (Num.) for the 2016 main shock. The location of the sensors is reported in Figure 4, and their names are completed with the axis direction; sensors located in collapsed portions are evidenced with an asterisk. The sensors are grouped with respect to the corresponding elevation (Level 1, 2 and 3).





	
Level 1

	
Rec.

	
Num.

	
Error (%)

	
Level 2

	
Rec.

	
Num.

	
Error (%)

	
Level 3

	
Rec.

	
Num.

	
Error (%)






	
A1X

	
0.36

	
0.47

	
32.7

	
A5X

	
0.52

	
0.91

	
77

	
A14X

	
0.89

	
1.36

	
52




	
A2X

	
0.41

	
0.47

	
14.6

	
A6X *

	
1.33

	
1.01

	
−24

	
A15X *

	
1.33

	
1.38

	
3.8




	
A2Y

	
0.75

	
0.66

	
−12.2

	
A7X

	
0.53

	
0.91

	
73.8

	
A16X

	
1.12

	
1.41

	
25.7




	
A3X

	
0.39

	
0.48

	
23.4

	
A7Y

	
0.9

	
0.84

	
−7.5

	
A16Y

	
1.27

	
1.65

	
30.4




	
A3Y

	
0.73

	
0.67

	
−8.3

	
A8X *

	
0.53

	
0.91

	
70.8

	
A17X *

	
1.33

	
1.32

	
−0.9




	
A4Y

	
0.69

	
0.66

	
−4.8

	
A8Y *

	
0.72

	
0.94

	
30.3

	
A17Y *

	
1.33

	
1.67

	
25.4




	

	

	

	

	
A10Y

	
0.76

	
0.91

	
19.6

	
A18Y

	
1.33

	
1.51

	
13.1




	

	

	

	

	
A11X

	
0.78

	
0.83

	
5.3

	
A19X

	
0.97

	
1.09

	
12.3




	

	

	

	

	
A11Y

	
0.99

	
0.86

	
−13.7

	
A19Y

	
1.33

	
1.35

	
0.9




	

	

	

	

	
A12X

	
1.06

	
0.76

	
−28.2

	
A20X

	
0.79

	
1.11

	
41.2




	

	

	

	

	
A12Y

	
1.33

	
0.95

	
−28.6

	
A20Y

	
1.33

	
1.48

	
11




	

	

	

	

	
A13X

	
0.85

	
0.68

	
−20.3

	
A21X

	
1.24

	
0.91

	
−26.4




	
Mean

	
7.6

	
Mean

	
12.9

	
Mean

	
15.7
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Table 5. Maximum inter-storey (2nd = inter-storey between levels 1 and 2; 3rd = inter-storey between levels 2 and 3) drifts (in %) recorded by the monitoring system. Sensor locations and level numbers are reported in Figure 4; sensor names are completed with the axis direction. For sensors located in collapsed portions, evidenced with an asterisk, the values before the collapse are listed.
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	Bldg. C
	A12X/A20X
	A6X/A15X *
	A8X/A17X *
	A12Y/A20Y
	A8Y/A17Y *
	A10Y/A18Y





	2nd
	0.4
	2
	0.5
	3.3
	2.3
	3



	3rd
	0.2
	2.5
	1
	0.8
	1.5
	0.8



	Bldg. A
	A13X/A21X
	A11X/A19X
	
	A11Y/A19Y
	
	



	2nd
	0.4
	0.4
	
	1.1
	
	



	3rd
	0.2
	0.5
	
	0.7
	
	



	Bldg. B
	A5X/A14X
	A7X/A16X
	
	A7Y/A16Y
	
	



	2nd
	0.2
	0.15
	
	0.6
	
	



	3rd
	0.15
	0.3
	
	1
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Table 6. Numerical response quantities of the columns of building A based on the experimental results. ID is composed by three symbols: building, inter-storey (see the caption of Table 5 for the corresponding numbering), and column (ref. Figure 11a).   θ y  ,   θ u   and   θ  m a x    are the chord rotations (in %), respectively, at yielding, ultimate and maximum attained during the earthquake;   D l   is the local damage parameter from Equarion (4). An asterisk is reported where the elastic range is not exceeded.
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Global Rotation Axis = X

	
Global Rotation Axis = Y




	
ID

	
   θ y   

	
    θ u    

	
    θ max    

	
    D l    

	
    θ y    

	
    θ u    

	
    θ max    

	
    D l    






	
A-2-1

	
0.88

	
2.57

	
1.5

	
0.37

	
1.16

	
2.77

	
1.24

	
0.05




	
A-2-2

	
1.16

	
3.08

	
1.63

	
0.24

	
0.88

	
2.48

	
1.04

	
0.1




	
A-2-3

	
1.16

	
3.08

	
1.62

	
0.24

	
0.88

	
2.48

	
1.03

	
0.1




	
A-2-4

	
0.88

	
2.57

	
1.49

	
0.36

	
1.16

	
2.77

	
1.1

	
*




	
A-2-5

	
0.57

	
1.27

	
1.1

	
0.76

	
0.63

	
1.71

	
0.44

	
*




	
A-2-6

	
1.19

	
3.18

	
1.69

	
0.25

	
0.9

	
2.16

	
0.96

	
0.05




	
A-2-7

	
1.19

	
3.18

	
1.7

	
0.26

	
0.9

	
2.16

	
0.96

	
0.05




	
A-2-8

	
0.75

	
1.86

	
2.04

	
1.16

	
0.96

	
1.78

	
0.98

	
0.02




	
A-2-9

	
0.89

	
2.54

	
1.46

	
0.35

	
1.16

	
2.63

	
0.72

	
*




	
A-2-10

	
1.14

	
3.53

	
1.68

	
0.22

	
0.88

	
2.56

	
1.12

	
0.15




	
A-2-11

	
1.14

	
3.53

	
1.69

	
0.23

	
0.88

	
2.56

	
1.12

	
0.15




	
A-2-12

	
0.73

	
1.98

	
1.98

	
1

	
0.92

	
2.04

	
1.21

	
0.25




	
A-3-1

	
0.97

	
3.07

	
1.13

	
0.08

	
1.27

	
3.16

	
1.31

	
0.02




	
A-3-2

	
1.25

	
3.66

	
0.97

	
*

	
0.96

	
3.13

	
1.11

	
0.07




	
A-3-3

	
1.25

	
3.66

	
0.7

	
*

	
0.96

	
3.13

	
1.1

	
0.06




	
A-3-4

	
0.97

	
3.07

	
0.6

	
*

	
1.27

	
3.16

	
1.21

	
*




	
A-3-5

	
0.97

	
2.87

	
1.3

	
0.18

	
1.29

	
3.09

	
0.8

	
*




	
A-3-6

	
1.26

	
4.03

	
1.42

	
0.06

	
0.96

	
2.95

	
1.04

	
0.04




	
A-3-7

	
1.26

	
4.03

	
1.34

	
0.03

	
0.96

	
2.95

	
1.05

	
0.04




	
A-3-8

	
0.97

	
2.87

	
1.13

	
0.08

	
1.29

	
3.09

	
0.92

	
*




	
A-3-9

	
0.97

	
3.07

	
1.2

	
0.11

	
1.27

	
3.16

	
1.01

	
*




	
A-3-10

	
1.24

	
4.43

	
1.41

	
0.05

	
0.94

	
3.17

	
1.19

	
0.11




	
A-3-11

	
1.24

	
4.43

	
1.35

	
0.03

	
0.94

	
3.17

	
1.19

	
0.11




	
A-3-12

	
0.97

	
3.07

	
0.54

	
*

	
1.27

	
3.16

	
1.29

	
0.01
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